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Analytical asymptotic velocities in linear Richtmyer-Meshkov-like flows
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An analytical model to study the perturbation flow that evolves between a rippled piston and a shock is
presented. Two boundary conditions are considered: rigid and free surface. Any time a corrugated shock is
launched inside a fluid, pressure, velocity, density, and vorticity perturbations are generated downstream. As the
shock separates, the pressure field decays in time and a quiescent velocity field emerges in the space in front
of the piston. Depending on the boundary conditions imposed at the driving piston, either tangential or normal
velocity perturbations evolve asymptotically on its surface. The goal of this work is to present explicit analytical
formulas to calculate the asymptotic velocities at the piston. This is done in the important physical limits of
weak and strong shocks. An approximate formula for any shock strength is also discussed for both boundary

conditions.
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I. INTRODUCTION

Shock waves have been studied for approximately the past
200 years, with contributions coming from mathematicians,
engineers, and physicists alike [1]. During the past century,
the field of shock waves has seen a renewed interest because
of its capabilities of generating matter with extreme conditions
of pressure and temperature with different substances in the
gas, liquid, or solid phases. An important problem in this
field concerns the dynamics of corrugated shocks and the
corresponding flows that develop downstream. Rippled shocks
have been studied in different contexts and environments
since the middle of the past century [2-27]. Around 1950,
A. E. Roberts [2] was the first person to study the dynamics
of the flow induced by a two-dimensional corrugated shock
front in planar geometry with an analytic model, using
Laplace transforms. Some 20 years later, R. D. Richtmyer [3]
studied the problem of a planar shock crossing the corrugated
boundary between two ideal gases. He numerically solved
the fluid equations in order to follow the normal velocity
perturbations at the corrugated interface as a function of time.
He showed that, in this class of problems, the fluid velocities
(within the domain of validity of the linear theory), reached an
asymptotic value when the shock separated from the contact
surface a distance on the order of the perturbation wavelength.
Almost simultaneously, E. E. Meshkov in the former Soviet
Union [4] designed a series of experiments that confirmed,
at least qualitatively, the previous theoretical predictions of
Richtmyer. More or less at the same time, other researchers
were also studying this type of flow with the aid of shock tubes,
as, for example, in the works of Briscoe and Kovitz [5]. By
the end of the 1990s, the flows generated behind corrugated
shock waves (and also behind corrugated rarefaction waves)
began to be called Richtmyer-Meshkov-like flows (RM) [6].
Because of the rippled shape of the shock surface, velocity,
and pressure perturbations are created behind the wave which
affect the whole fluid downstream. As a consequence, as
the shock separates from the piston driving it, significant
hydrodynamic perturbations are generated behind it which
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may drive the compressed fluid into a state of turbulence
if it enters the nonlinear regime. This kind of flow occurs
in many different contexts, ranging from laboratory-created
experiments, as in the irradiation of inertial fusion targets,
to natural environments like astrophysical events after the
explosion of massive stars in the form of supernovas. Recently,
the use of corrugated shock waves has been suggested as an
important tool to diagnose material properties [7-9] within the
domains of high-energy-density physics (HEDP) experiments
or within the domain of geophysics or planetary sciences [10].
Therefore, analytical models that reveal the details of the linear
phase are extremely important in order to develop consistent
nonlinear theories of the perturbation evolution [11-13] or
helping in the design of experiments [9] and/or assisting
in the benchmarking of simulation hydrocodes dealing with
RM-like flows. The work shown here is a natural extension
of previous work on the subject [15,16] and the objective is
very specific: to obtain accurate analytical estimates of the
asymptotic velocities in an RM-like environment. The two
simplest cases with a single fluid are studied: corrugated rigid
piston and corrugated free surface. The free surface situation
was for the first time analyzed within the context of RM-like
flows in Ref. [17] and some years later it was studied again
in Ref. [18] for the particular case in which the shock is
infinitely strong and the fluid is extremely compressible. So
far, no theoretical work has yet examined the dependence of
the tangential and normal asymptotic velocities at the surface
of the piston (be it a rigid or a free surface) as a function
of the shock strength and fluid compressibility in the whole
range. The aim of this work is to show the scalings of those
velocities as a function of the shock Mach number and the
fluid isentropic exponent. Even though the main equations to
be used had already been obtained in a previous work [16], they
have never been used to study in detail the problems posed here.
These calculations would serve as a first step towards more
ambitious calculations aimed at obtaining similar formulas
to the asymptotic velocities in the general RM environment
dealing with two fluids for any shock Mach number and
arbitrary fluids compressibilities. We structure the work in the
following manner: In Sec. II we briefly review the linearized
equations of motion in the space between a piston and a
corrugated shock. They are necessary to settle the notation
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used in the rest of the work. The pressure-wave equation is
studied and the functional equation that governs the temporal
evolution of the pressure perturbations is presented. In Sec. 111
the solutions for different boundary conditions at the piston
are shown: rigid and free surfaces. We show the asymptotic
velocities for different values of the shock Mach number and
fluid compressibility. An approximate analytical formula and
important scalings are obtained. In Sec. IV a brief summary is
presented. The reader who is only interested in the final results
may go directly to Sec. III. However, the notation and all the
analytical ingredients necessary to assimilate those results are
elaborated on with the corresponding depth in Sec. II.

II. LINEARIZED EQUATIONS

We consider an ideal gas with constant specific heat ratio y,
initial pressure p;, and mass density p; bounded on the left by
a planar surface that acts as a piston (Fig. 1). The piston starts
to move at ¢ = 0 to the right with speed +U % in the laboratory
reference frame. A shock moving with speed D is launched in
front of the piston. The pressure driving the shock is py > p;
and the density of the compressed fluid is p, > p;. The sound
speed in front of the shock is ¢; = +/yp1/p1. The compressed
fluid sound velocity is ¢, = /Y p2/p2. The upstream shock
Mach number is M} = D/c; > 1 and the downstream shock
Mach number is My = (D — U)/cy < 1.

A. Boundary conditions at the corrugated shock front

Compressed fluid quantities are connected with the up-
stream values through the Rankine-Hugoniot relationships
(conservation of mass, momentum, and energy) [19]. We have,
for the density ratio, the following:
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FIG. 1. A corrugated piston drives a rippled shock inside an ideal
gas. The shock moves with speed D — U in the piston reference
frame. The downstream perturbations are indicated as well as the
tangential velocity fluctuations just behind the shock (§vy,).
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and for the pressure ratio,
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The ratio of sound velocities across the shock front is
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and the shock Mach number with respect to the compressed
fluid is therefore
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The results shown in the previous equations relate the quanti-
ties at both sides of the shock wave assuming a planar shock,
without perturbations and, as such, they serve us as background
values. Our interest lies, however, in the situation in which the
piston surface is slightly rippled with perturbation wavelength
A and an initial corrugation ¥y < A. As discussed in Sec. I, the
shock ripple will induce the generation of pressure and velocity
perturbations in the space between the piston and the shock
surface (see Fig. 1). We assume an initial piston corrugation of
the form v/,(0) = g cos ky, where vy is the ripple amplitude
and k = 27 /A is the perturbation wave number. From now on,
we study the problem in a reference frame that moves with the
piston. In the compressed fluid, perturbations in density (5p),
velocity (v, and §v, for the two components), and pressure
(8p) are generated. We use the following definitions for the
downstream perturbations:

8

o _ p(x,t)cosky,

02

8
Lzz = p(x,t)cosky,
P26,

v, Q)
— = ,(x,t)cos ky,

2

8
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The normalizations defined above are best suited for solving
the pressure-wave equation with the formalism presented here.
However, when analyzing the asymptotic velocities at the
piston, it will be useful to change the units of velocity. Each
situation will be discussed accordingly in Sec. III.

The shock corrugation is a function of time and of
the transverse coordinate: W(y,t) = v,(t)cosky. The di-
mensionless shock ripple amplitude is &(t) = ki (¢). It
is clear that at r =0, the initial shock ripple amplitude
coincides with the piston corrugation amplitude. That is,
Ys(t = 0) = Y. We define a dimensionless time t = kc»t.
The different perturbed quantities just behind the shock front
are related with each other through the conservation equations
across the shock. Linearizing the conservation equations for
mass, x momentum, y momentum, and energy, we arrive
at the following relationships just behind the corrugated
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front [3,20]:

dg, _ R M?—1
= Aspsv Ay = —— B s (6)
dt R—-1 2M1 M2
M? +1
Uy = Axﬁss Ay = ]2+ s (7)
2M2M,
1
s = Ap[)ss Ap = 55> (8)
MM
f)ys = Ay‘i:s’ Ay = M(R —1). 9
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An index “s” is always used to indicate that the quantity is
evaluated at the shock front position, as in ¥, and so on.

B. Linearized fluid equations: Pressure-wave equation

At first, we write the linearized versions of the fluid
equations in the compressed fluid. We define the dimensionless
space coordinates as follows: ¥ = ky, § = ky. The mass
conservation equation reads as follows:

ap 0y

dt X
The normal x-direction and tangential y-direction momentum
equations are, respectively,

— B, (10)

37, p

=, 11
ot 0x (b
W p (12)
or

Finally, the energy equation reduces to the conservation of
entropy on the compressed fluid particles, as we assume an
adiabatic flow between piston and shock. The only source
of entropy perturbations lies at the shock surface. But once
entropy is generated, it remains frozen to the fluid elements.
In the reference frame used here, this condition leads us to the
following familiar relationship:

op 9p

at  dt’
The above equations can be recast into the familiar two-
dimensional (2D) wave equation for the pressure,

13)

¥p_p

oz oz U (19
The wave equation [Eq. (14)] has been solved in the recent
past in the context of the RM instability and in the interaction
of isolated shock fronts with upstream turbulent flows with the
aid of a very useful coordinate transformation [5,16,20-22].
We define the variables r and y as follows:

X = rsinh x,
(15)
T =rcoshy.

Surfaces with x = const represent planar fronts moving
behind the shock following the trajectory ¥ = t tanh x. All the
x surfaces start to move at T = 0 and spread as time evolves.
The shock front coordinate is defined by tanh y; = M,. At the
shock front, the value of r = r, is equal to t,/1 — M22. After
some long algebra, the wave equation inside the compressed
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fluid [Eq. (14)] can be rewritten in terms of the new coordinates
in the following convenient form [16,20]:

32p  ap oh
i p=—, 16
r8r2+3r+rp dx (16)
where the auxiliar function £ is
- lop
h=-2P (17)
rox

Following the procedure described in Ref. [16] the wave
equation can be reduced to a functional equation in the domain
of the Laplace variable s of the Laplace transform theory.
To this end, we define for any quantity ¢(x,r) its Laplace
transform (which will be indicated with capital letters) as

CD(X,S):/O d(x,r)exp(—sr)dr. (18)

Thus, after some algebra, and making the variable change
s = sinh g, Eqgs. (16) and (17) can be rewritten as follows:

0 ~ oH
—(coshg P)4+ — =0,
aq ax

- (19)
d - oH

—(coshg P)+ — = 0.

ax aq

Integration of the last equation by changing to the auxiliary
variables g + x and g — x leads us to the following decom-
position for the perturbations P and H:

Filg =)+ F(g+x0)

P(x.q) = coshg :

H(x.q9) = Filq — x) — Fx(qg + x).

where F); and F, are functions to be determined with the
boundary conditions at the shock and at the piston surface. In
the next subsection we write the appropriate form of the RH
boundary conditions at the shock in terms of the new variables
q and .

(20)

C. Laplace transform of the shock boundary conditions

In Ref. [3], Richtmyer combined Egs. (7)-(9) into a pair
of first-order partial differential equations coupling the shock
ripple amplitude and the pressure perturbation behind the
shock front. The procedure is straightforward: We take the
total time derivative of Eq. (7) following the shock trajectory
and combine it with the remaining equations to obtain the
following:

ap ap
— (M + AX)E =1+ MZAx)g + MyA,&;. (21)

The last equation is coupled to Eq. (6). The Laplace transform
of Egs. (6) and (21) are written in the domain of the variable
q as

gs() + As cosh Xs ﬁs(Q)

)

sinh g (22)
I:Iv(q) = _Ax Sinhq Isv(q) - MZAy cosh Xs Ev(q)

Es(‘]) =

The function E;(q) is the Laplace transform of the dimension-
less ripple corrugation & (ry). In addition, the initial value of the
pressure perturbation at the shock has been taken as p;o = 0.
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In the cases of interest here, the shock surface and the piston
are infinitely near at = 0 and it is reasonable to assume that
Pso = 0 [3]. As the piston has an initial corrugation, the value
of ¥;(0) # 0 coincides with the piston corrugation at ¢ = 0.
We have defined &y = k. After some additional algebra,
the last two equations can be solved for the shock pressure
perturbations as [16,22]

H(q) = a1(q) Py(q) + a2(q), (23)
where
. o a
ai(q) = ajosinhg + m ax(g) = Sinhg' (24)
M?+1
ajp=—Ay=— i ;
2MM,
1
- 25
ai A (25)

Q0 = _Ayés() sinh Xs-

Itis noted that, in the above equation, «y( is proportional to the
initial tangential velocity created behind the shock at r = 0:
Us0 = Ayéso'

D. Boundary conditions at the piston surface and functional
equations for the shock pressure perturbations

1. Rigid piston

Equation (23) relates the pressure perturbations H, and P,
which is equivalent to relate the auxiliary functions F; and
F>, presented in Eq. (20). Which set of unknown functions to
use is a matter of taste or convenience. In order to express the
boundary conditions at the piston (x = 0), it will be convenient
to deal with F; and F5. As discussed in Ref. [16], if the shock
is driven by a rigid piston, the natural condition is that the
normal velocity is zero at x = 0 for any value of the time 7.
When this is translated into the language of the x, g variables,
requiring the vanishing of the normal pressure gradient there,
we get

Fi(q) = F2(q) = F(q). (26)

Using this information, and going back to Eq. (20), together
with Eq. (24), we arrive after some calculations to the following
functional equation for the function Py(q):

Py(q) = M(q) + 2(q) Py(q + 2x5), 27
where
(g) = on(q) +oa(q +2xy)
N = T eoshg — anlg) o8
COSh(CI +2x5) + 061(61 + 2x5)
A(g) = .

coshg — a1(q)

For an ideal gas equation of state (EOS), the denominator
of X1, has no singularities in the complex plane, other than
branch points at s = &+i, where i is the imaginary unit.
This peculiarity explains the late time decay of the pressure
perturbations, as will be discussed in the next section. For
other substances, with nonideal EOS, the previous functional
equation and its solutions have been briefly studied in the
context of spontaneous acoustic emission of sound waves
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[23]. The mathematical complexity of Eq. (27) has made
it impossible, up to now, to get an exact analytic solution
expressible in finite form, that is, a solution that involves
only a finite number of terms. We can only show, as in
Refs. [16,22,23], a solution given by the infinite series,

n—1

Pi(q) = (@) + Y il +2nx) [ [ralg +2jx)- (29)
n=1 j=0

Equation (29) is a particular solution to Eq. (27). Besides, it can
be easily shown that the solution of the homogeneous equation
must be identically zero for an ideal gas EOS. Therefore,
Eq. (29) is the correct solution of the functional equation.
All the information about the perturbation fields (pressure,
velocity, etc.) of the whole compressed fluid can be obtained
from the above solution for P;. Indeed, getting P; as a function
of the Laplace variable ¢ [or, equivalently, p,(t) in the domain
of the real time 7 after a standard Laplace inversion] gives us
complete information on the shock perturbation dynamics.
Furthermore, knowing P, at the shock front allows us to
know P at any other surface x and hence in the whole fluid
downstream. As will be seen below, not only information on
the irrotational sound waves but also the exact information
about the asymptotic, steady-state, rotational velocity fields
is also contained inside 2. Unfortunately, in order to get
that amount of information, it is necessary to deal with the
functional equation Eq. (27) above, which does not admit, to
our knowledge, an exact solution expressible in finite terms.
The particular solution shown in Eq. (29) and the iterative
process described later are the only ways to analytically deal
with it. No other solution, so far, except Eq. (29), can be shown
at the moment. The number of factors that compose each of
the products increase with the index inside the summation.
In general, this should be important only for very critical
situations at high compressions and with fluids with y very
near unity. Nevertheless, we can show approximate solutions
to the functional equation, which provide us with very accurate
results for the asymptotic velocities, even in situations where
high compression effects dominate, at the expense of not
approaching the boundary y = 1 which would require the
infinite terms in the sum.

2. Free surface

The free surface boundary condition in the context of RM-
like flows was considered for the first time in Ref. [17] as a
particular case of the Riemann problem in a fluid. This situation
can be handled also within the formalism presented here by
choosing the appropriate relationship between the pressure
auxiliary functions F; and F>, as briefly discussed in Ref. [16].
The boundary condition at x = 0 consists in requiring the
vanishing of the piston pressure fluctuations: p(x = 0,7) = 0.
In the language of the variables x, g, this is fulfilled if we
require

Fi(g) = —Fx(q) = F(q). (30)

Correspondingly, the shock pressure perturbations Laplace
transform also satisfies a functional equation, identical in form
to Eq. (27) but with different functions A; and A,. We write
below the corresponding functions A , that guarantee the free
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surface boundary condition as follows (we correct here a typo
in Eq. (44) of Ref. [16]):
a2(q) — (g + 2xs)
coshg — a1(q)
cosh(g + 2x;) + ai(g + 2x5)
coshg —ai(q) '

r(g) =

€Y

ra(g) = —

E. Useful approximations to Eq. (27)

Certainly Eq. (29) is the only exact solution known to date
for Eq. (27). Its predictions have been compared successfully
with the results of the linear simulations of Ref. [24] some time
ago [16]. However, as it is expressed by an infinite series of
very complicated terms (an iterative process to get its value is
also possible, see Ref. [16]), it is much more convenient to have
approximate analytical expressions that are easier to handle,
valid at least in different limits of physical relevance: weak or
strong shocks or high compression limits. The discussion that
follows is general and holds for both boundary conditions at
the piston. We start with the weak shock regime.

1. Weak shock limit

We need an expression for Py(q = x,). It is not difficult
to see that the solution to Eq. (27) can always be formally
expanded as a Laurent series in powers of s = sinhgq in the
following form:

~ D P D 1
Pf<q)=@+%+%+o(s—g>, (32)

for arbitrarily large values of s = sinh g. The coefficient py;
is essentially the first time derivative of p,(ry) as a function
of the dimensionless time r; and the other coefficients will be
related to higher-order time derivatives of the shock pressure
perturbations att = 0+-. The values of p,;, ps3,and pys . .. can
be obtained by direct substitution inside Eq. (27) and equating
equal powers of 1/s. Once we have them, we substitute s =
sinh x; into the last equation above to obtain the value of
P;(xs). The resulting expression has to be expanded in powers
of M| — 1 and we get the desired formula in the weak shock
limit. This will be done in the next section when studying the
asymptotic velocities. The number of coefficients that must be
included in each case depends on the order of accuracy we
want to achieve with this particular expansion. Retaining only
the first coefficient (p;;) gives a result that is accurate to the
third orderin M — 1 (for the rigid piston asymptotic tangential
velocity). Retaining the following term will give a result which
is accurate up to the fourth order and so on. For the free
surface, instead, it will be seen that the first coefficient gives
an asymptotic velocity which is accurate only up to first order
in M| — 1. Retaining p,3 will be accurate up to second order
and so on. Getting p,; for larger values of index j is tedious and
not useful, because 1/ sinh y; increases fast when the shock
Mach number increases. Expansions like Eq. (32) are useful
inside their circle of convergence which might decrease very
fast for moderate to strong shocks. Those limited expansions
are useful only for very weak shocks. As we cannot easily
get the general term p; in analytical form in order to apply
usual convergence tests, we can only compare the prediction
of the first few terms with the exact solution obtained from
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the functional equation. As a general rule, we see that the
expansion shown in Eq. (32) is good up to M; =~ 1.4. Adding
a few more terms would not increase accuracy significantly
because of the very slow speed of convergence.

2. Strong shock limit

The expansion used in Eq. (32) is good for weak shocks,
because integer powers of 1/ sinh x; become very small in this
regime. The expansion shown in Eq. (32) is not practical for
stronger shocks (typically M; > 1.5). We can circumvent this
difficulty by solving the functional equation in an approximate
way by iterating it one time, as was done numerically
in Ref. [16]. The iterated solution then may be expanded
analytically in powers of 1/M, for sufficiently strong shocks
and the solution thus obtained compared with the complete
solution given by the whole series implied in Eq. (29). The
idea was proposed in Ref. [16], even though it was never used
to get approximate analytical estimates in this limit. We first
solve Eq. (27) for ¢ > x, and obtain a seed function I?Y[O] (@)
as follows:

A1(q)
1 — ()’

and iterate upon it, using Eq. (27), thus getting an improved
estimate of the pressure as follows:

Pg) = (33)

P(g) = 11(g) + 22(q) PNg + 2xy). (34)

This approximate choice gives enough accuracy for strong
shocks if y is not very near unity. If the fluid becomes
very compressible, more iterations will be needed, because
in that limit, sound reverberations are more important, which
is manifested here in a significant number of shifts inside the
argument of P;. When evaluating the asymptotic velocity at
the piston surface, we only need to substitute g = x, inside
the result given in Eq. (34) above and expand in powers of
1/M,. This procedure will be done in the next section when
studying the rigid piston and free surface asymptotic velocities
separately.

F. Vorticity generated by the corrugated shock front

As the corrugated shock starts to move inside the fluid,
tangential momentum must be conserved at both sides of
the shock wave [19]. Because of this, a tangential velocity
perturbation is created just behind the shock, according to
Eq. (9) [3]. As discussed in previous works [16,20], the
velocity field behind the shock is the superposition of two
different fields: an irrotational part, created by the pressure
gradients radiated in the form of sound waves downstream,
and a rotational part, only created at the shock, due to the
conservation of the tangential velocity. In fact, the amount
of vorticity created at the corrugated shock can be easily
calculated taking into account this fact. The details are the
same whether the shock is isolated, as in Ref. [20], or not, as is
the case here. We briefly review the derivation of the vorticity
profile in order to settle the notation to be used in the next
section. In a planar problem we are only concerned with the Z
component of the vorticity. The Z component of the vorticity
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is defined by the following:

S — ddv, 88vx’
ox ay
which in dimensionless form is as follows:
B Sw av  _\ .
®=—=|—+1i)sinky. 35)
ke 0x

Vorticity only can be generated behind the front. The second
term in the right-hand side of the last equation (i) can be easily
calculated by using Eq. (7). The first term has to be calculated
from Eq. (9). To this scope, we take the total time derivative
of Eq. (9) following the shock in its trajectory [15,20]. After
some algebra, we get the final result,

) . . X
@ = g(X)sinky, g(X) = p; <rs = = ) . (36)
sinh y;

where it is seen that vorticity is only a function of the position
of the particle and does not change in time (because no
dissipative processes are assumed, in the absence of viscosity).
Furthermore, the amount of vorticity generated at position x
depends on the value of the shock pressure perturbation at the
time the shock arrived to that position in space. The quantity
2 is dependent on the compressibility of the fluid and on the
shock strength and can be seen to be equal to the following:

A A, — 1
M,

(M2—1)* 2y M? —y +1

- . (37)
M2 [(y — M2 + 2]

Q=A, +

As @ is not time dependent, the rotational velocity field
associated to it does not depend on time either and is the
only velocity perturbation that remains in the fluid when the
shock moves very far from the piston. In fact, when the shock
is still very near the piston surface, its ripple oscillates and
radiates sound waves which modify the velocities. However,
when the shock is very far, the pressure perturbations would
have entered the asymptotic regime, becoming vanishingly
small, and then the steady-state velocity profile emerges (given
by the rotational part of the velocity field).

G. Velocity fields generated behind the corrugated fronts

After some algebra, the linearized equations of motion
[Egs. (10)—(12)] can be combined into wave equations for
the velocity components as follows:

%0, 8%, B
FR T
] i (38)
9’0, 9D, .
b = g 8w

where g/(¥) is an abbreviated form indicating the derivative
dg/dx in the last equation. As discussed in Ref. [20], the
solution to the previous equations is the superposition of a
rotational and an irrotational part,

ﬁx = I/lr(i) + uin—(i,t), (39)
ﬁy = v, (%) + vie(%,2).
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When the shock front is still near the piston, the influence of the
pressure waves reverberating inside the fluid gives rise to the
irrotational part of the velocity. As the shock separates and its
distance to the piston is larger than a perturbation wavelength,
the shock ripple decreases as does the pressure field. Hence,
the irrotational velocities tend to zero and the steady state,
asymptotic contribution (the rotational part) emerges. As
discussed in Ref. [16], the late time velocity components
satisfy the ordinary differential equations as follows:

dur @)

&~y = —g(%),
;’;‘v (40)
Wﬂ) — v, = g'(%).

Both equations can be integrated with the Laplace transform
technique, multiplying both sides by exp(—o %) and integrating
in the interval 0 < ¥ < co. We only show the final result for
the function u, as follows:

o -~
U (o) = / u.e °rdx
0

_ ou, — v, — Qsinh Xsf’s(s = o sinh y;) @1
o2 —1 ’

where u, is the normal velocity (for # — 00) and v, is the
asymptotic tangential velocity, both evaluated at the piston
surface. An index “p” is always used to indicate that the
corresponding quantity is evaluated at the piston surface. It
is noted that P,(s = o sinh x,) in Eq. (41) above is understood
with P, as a function of the Laplace variable “s” and not
of “g =sinh™'s” The main objective of this work is to
characterize both piston velocities in the two cases of rigid
and free surface boundary conditions. As the function u, is
finite everywhere, the Laplace transform U, must be finite for
o = 1. This means that the numerator in the previous equation
must vanish for ¢ = 1. Hence, the characteristic equation that
determines the asymptotic velocities at the piston surface is

equal to the following:
up — v, = Qsinh x, P(q = x5). (42)

The equation above is the unique and exact contact surface
boundary condition to be used in any RM-like problem when
we want to determine the tangential and normal asymptotic
velocities at the piston (or contact surface in the more
general RM problem with two fluids). It becomes clear that
both velocities are never independent of each other. For the
boundary conditions considered in this work, their difference
is proportional to an integral of the pressure perturbations at
the shock front during its whole time history (or, equivalently,
to a special space average of the vorticity profile generated by
the shock). The value of u, — v, is strongly influenced by the
compressibility of the gas and the shock strength. Each case,
rigid or free surface, deserves a separate discussion and the
study of the previous equation for different values of y and
M, is done in the following section.
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III. ASYMPTOTIC VELOCITIES: WEAK AND STRONG
SHOCK LIMIT EXPANSIONS

Within the range of validity of the linear theory (that
is, when the initial amplitude of the surface corrugation is
very small compared to the corrugation wavelength), the
conservation of tangential momentum across the shock is
the mechanism responsible for generating tangential velocity
perturbations behind the front which in turn drive a lateral
mass flow [14]. This transverse mass flow is essential to create
a modulated pressure perturbation profile just after the shock
front which radiates downstream in the form of sound waves
(see Fig. 1). These pressure fluctuations evolve in the whole
fluid between the shock front and the piston thus inducing
an irrotational velocity field everywhere, which is time and
space dependent. Besides creating the sound-wave field, the
conservation of tangential momentum across the shock wave
is also responsible for generating vorticity. If viscosity is
negligible, this vorticity field is conserved in the fluid elements
and becomes an important ingredient to correctly describe
the asymptotic evolution of the velocity field, even more so
in the high-compression limit. In fact, as will be discussed
later, vorticity generation is more important for strong shocks
and for fluids with high compressibility. Then, as the shock
travels farther from the piston surface, the velocity field that
develops in the whole fluid downstream can be decomposed as
the sum of an irrotational component (due to the fluid pressure
fluctuations) and a rotational part (due to the vorticity created
just behind the shock, that is, the divergence free perturbation
mode commented in Refs. [13,14]). As is known, a shock
moving inside an ideal gas is stable [23]; this means that
pressure perturbations downstream of the shock will be zero
for t — oo. The shock becomes planar after it has traveled
several wavelengths from the piston. Therefore, asymptotically
in time, as the shock regains its planar shape and the pressure
field becomes vanishingly small, the fluid elements do not
experience any more accelerations due to the sound waves and
the asymptotic velocity field becomes steady. While the shock
is still near the piston, the sound waves radiated by the shock
reflect at the piston and go back to the shock surface. Thanks
to this reflection, the shock knows about the conditions on the
piston and, hence, consistently modifies the amount of vorticity
that is being continuously generated. The process repeats itself
as long as the shock travels away. We might expect a different
kind of solution to the velocity field, depending on whether
the piston is rigid. It is the main purpose of the work shown
here to obtain analytical approximations to the asymptotic
velocity field near the piston surface in two important kinds
of RM-like flows inside ideal gases: when a shock is driven
by a rigid piston and when it is driven by a free surface.
Even though they are the simplest cases to be considered for
a single shock moving inside a fluid, the mathematical details
are cumbersome and, therefore, they need some explanation
and will be provided later.

A. Rigid piston

For arigid piston, we have dv,(x = 0) = dv,, = 0. Hence,
we need only to determine the asymptotic tangential ve-
locity at x =0. From Eq. (42) we need the value of
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ﬁs(q = Xs)»

dvy,

Up _ = —-Q Sinhxsps(XS)i (43)

kroea |0
where it is understood that év,, = dv,(x = 0). From di-
mensional arguments, we can always write the following
relationship:

UP = F(y1p17p2)7 (44)

where the function F is an unknown function that must be ob-
tained after solving the equations of motion with the boundary
conditions. It is clear that F is dimensionless. Hence, according
to the standard procedure in dealing with dimensional analysis
[28], we can substitute it by a dimensionless function of
dimensionless parameters. It is clear that p,/p; is a function
of y, M,. Hence, the governing dimensionless parameters are
y and M. Therefore, we write the previous relationship in the
following form:

Up :f(y»Ml)s (45)

for some dimensionless function f. The exact calculation of
f in the range 1 < M| < oo for any value of y can be
accomplished by means of the infinite series provided by
Eq. (29) and the definitions of Eq. (28). For weak shocks, the
first term will be enough and as the shock strength increases,
more terms are needed. In Fig. 2 we show v, at the piston,
in units of kyocy, as in Eq. (43) above. The infinite sum
displayed in Eq. (29) has been used and the number of terms
used was varied according to the values of M; and y until
four significant digits were assured. We would be tempted to
assume complete similarity, as is usual in dimensional analysis
[28], and eliminate, for example, the Mach number M, as an
argument of the function f for very strong shocks and hence
infer that the function f is only dependent on y for M; > 1.
The validity of this assumption can be confirmed by looking
at Fig. 2 in the strong shock limit. In Fig. 3 we show the same

100 ¢ S ————

10 |

0.1

0.01 |

2(M- 1)°+0[M - 1Y

M
1

0.001 —_— —
1 10 100

FIG. 2. (Color online) The tangential velocity év,, at the rigid
piston surface when the shock is very far away as a function of the
shock Mach number M, for different values of y. The perturbation
velocity is normalized in units of kygc;.
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FIG. 3. (Color online) The tangential velocity dv,, at the rigid
piston surface when the shock is very far away as a function of the
shock Mach number M, for different values of y. The perturbation
velocity is given in units of kyc;.

tangential velocity vy, as a function of M; for different values
of y butin units of k¢, . This requires us to multiply the result
of Eq. (43) by the ratio ¢, /c; given in Eq. (3). We see that all
the curves are parallel straight lines for strong shocks in the
logarithmic plot. This means that the dimensional velocity §v,,
is proportional to the shock speed D at high-enough values of
M. The proportionality factor is dependent on the nature of
the fluid and will be estimated soon below in the strong shock
limit as a function of y. In the following subsections, Eq. (43)
will be studied in the different relevant physical limits of very
weak and very strong shocks. The scaling seen in Fig. 3 at high
values of M; can be easily deduced from the scaling obtained
in Fig. 2. In fact, we have written above the following:

Svy,

Kocs . = f(y,My), (46)

for some dimensionless function f. For very strong shocks,
we know that M| > 1 is not a relevant parameter and hence

f.M > 1) =gi(y), 47)

for some dimensionless function g;. Besides, it is easy to
see from Eq. (3) that ¢; oc ¢y M) in the strong shock limit.
Therefore, upon substitution in the equations above, we get
for the asymptotic velocity at the piston surface

Sv Sv
Y,
yp < yp

& M. (48)

T—>00

2 s al

If y = 1, from Eq. (3) we see that ¢, = ¢, which explains the
behavior observed in Figs. 2 and 3.

1. Weak shock regime (M, —1 <K 1)

The weak shock limit is interesting, as it requires the sim-
plest mathematical description and is more easily accessible
in laboratory experiments [5]. For very weak shocks, we get

PHYSICAL REVIEW E 90, 053007 (2014)

from Eqgs. (4), (15), and (37) the following:

sinh x, & ! ks 3y)VMi ~ 1
VM =T 42+ 1)
Q21 — 38y + 5y2)(M, — 1)*2
32(V2(y + 1)?)

+ O[(M; — 1)°/?],
4AMi =17 8(y — (M — 1)}

Q=
y+1 (y + 1)?
(29 — 30y + 5y (M, — D* 5
M; —1)°].
+ S + O[(M, — 1)°]
(49)

For the value of B,(x,) we go to Eq. (32), substitute s =
sinh x;, and use the coefficients py;, py3, and pgs. These
coefficients have to be obtained directly from the functional
equation [Eq. (27)] and expand up to order 5 in powers of
M; — 1. We only show the final results, as writing explicitly
the analytical formulas for py; is actually very lengthy and
does not clarify the physics much more here. We thus write
for v, the following:
. vy,  8(M; — 1)}
! kroca M—1«1 (y + 1)2

(25 = 39y)(M; — 1)*

(y +1)°
(71 = 190y + 123y2) (M, — 1)° 6
+ iy + O[(M; — 1)°).
(50

We can also express the tangential velocity in units of koD,
which amounts to multiplying the above result by ¢/ D,

Svy, ~ (M, — 1)?
m M—1«1  (r+ 12
(=31y + H(M; — 1)*
(y+17°
4(17y% — 8y + N(M; — 1)’
(y +1r
+O0l(M; - 1)°], (51)
or in units of kY U, after multiplying Eq. (50) by ¢,/ U,
Svy, o 2M = 1)
kU {4, 1« Ty +1
(=19y + 13)(M; — 1)}
4y + 1)?
47y* — 146y + 63 M — 1)
8(y +1)°
+O[(M; —1)°]. (52)

In Fig. 2 we have only shown the envelope of the above
equation for y = 1 with the velocity normalized with c¢,. In
Fig. 4 we show év,, in units of kiU for three different
gases with y equal to 7/5, 5/3, and 3. Weak shock asymptotic
expansions [Egs. (50)—(52)] are shown superposed to the exact
curves.
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FIG. 4. (Color online) The tangential velocity dv,, in units of
kyoU at the rigid piston surface when the shock is very far away as
a function of the shock Mach number M, for different values of y.
The weak shock asymptotic from Eq. (52) is shown.

2. Strong shock limit (M; > 1)

In this other regime, the plots look apparently different
depending on the normalization used. When using ¢, as a
characteristic velocity, we see from the strong shock behavior
that the curves tend to a constant for M; >> 1, with the limiting
value being a function of y. If we use c; as the normalization
velocity, the plots look like straight parallel lines in the double
logarithmic plot. This means that the asymptotic velocity is

J

PHYSICAL REVIEW E 90, 053007 (2014)

proportional to the shock speed and the proportionality factor
is afunction of y. In the ideal limit of y — 1, this factor equals
unity. The limiting behavior for y = 1 at very strong shocks
can be easily inferred from Eq. (27). At first we note that for
y = land M; > 1 itis as follows:

QZM?+O !
) mt)’
(53)
= o ()
sinh x; = — — .
M; M;

The value of P;(¢ = x;) needs to be obtained from the
functional equation again. In this limit, we see that sinh x; &~ 0,
hence it is enough to compute P;(0). The functions A; and A,
must be evaluated at sinhg = 1/M,. Going back to Eq. (31)
and expanding in powers of 1/M; we obtain the following:

. 4
M=y
: (54)
Ay = —1,
which gives, after substitution into Eq. (43),
U,(y =L,LM; > 1) = M. (55)

For other realistic values of y > 1, the asymptotic velocity
at the piston is always proportional to D for strong shocks
(typically for M; > 3). The proportionality factor depends on
y and can be calculated with an appropriate expansion in
powers of 1/M;. We change the normalization velocity from
¢, to D and make an expansion in powers of 1/M; for each
factor that enters into the formula for 9,,. Actually, it is enough
to calculate the limiting values of these expressions in the limit
M; > 1. We show each factor separately as follows:

Q= N +0 (i> ,
-7\
sinhy, = [Y "1 10 <L> : (56)
y+1 M}
Bix) = 2y — DQ2y* 4 165y° — 253y% + 95y — 1)\/ﬁ.
Qy — D(y? +291y* — 476y3 + 228y2 — 29y + 1)

We show the strong shock limit of the tangential velocity at the piston, in units of k¢, koD, and kyoU, respectively,
vy, ~ 202y* 4+ 165y3 — 253y2 + 95y — 1) | 2y 57
kyoca 51 Qv — Dy +291y* —476y3 +228y2 — 29y + D\ y — 1’
vy, _ 4y (2y* + 165y — 2532 +95y — 1) 58)
kyoD |y (v + DRy — D(y> +291y* — 476y3 +228y2 — 29y + 1)’

vy, _ 2y Q2y* +165y3 — 2532 +95y — 1) . 59)
kyoU |y 51 Qy — D(y> +291y* — 476y3 +228y%2 — 29y + 1)

In Fig. 5 we show vy, /(kyoU) as a function of M; and the
results are compared with the strong shock limits given in
Eqgs. (57)—(59).

[
B. Free surface

In this case, we require the vanishing of the piston pressure
perturbations at any time. By looking at Eq. (12), we realize
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FIG. 5. (Color online) The tangential velocity dv,, in units of
kyoU at the rigid piston surface when the shock is very far away as
a function of the shock Mach number M, for different values of y.
The strong shock asymptotic from Eq. (59) is shown.

that the piston tangential velocity does not change in time and
hence dvy, = Tsokoc,. Thus the boundary condition relating
the normal and tangential velocities at the piston [Eq. (42)]
now reads as follows:

Svy,

up — = ﬁso + Qsinh Xbﬁs(q = X_s) (60)

kvroca |7 o0

The value of P, has to be evaluated from Eq. (29) and the
functions must be defined in Eq. (31). In Fig. 6 we plot the

100 ¢ —————ry
L ov /(kvg,)
10 E 2M-D+0[M 1)) E
gz =11 71
TE y=53 77" 3
0.1 .
0.01 .
»=1000 M
0.001 —_—_ ] — P
1 10 100

FIG. 6. (Color online) The normal velocity év,, at the rigid
piston surface when the shock is very far away as a function of the
shock Mach number M, for different values of y. The perturbation
velocity is normalized in units of kyyc;.
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FIG. 7. (Color online) The normal velocity év,, at the rigid
piston surface when the shock is very far away as a function of the
shock Mach number M, for different values of y. The perturbation
velocity is normalized in units of kygc.

value of u, as a function of the shock Mach number M; for
different values of the adiabatic exponent y. The same is done
in Fig. 7, but the normalization velocity used here is c; instead
of ¢,. Very high values of y have been included as case studies
in Figs. 6 and 7. Even though these values do not correspond to
ideal gases, itis known that high values of y are used to roughly
model substances in liquid or solid state. At a given value of
M, the dimensionless velocity dv,, /(kyycy) increases at first
as y decreases from higher values, reaching a maximum value
at some lower y to later decrease as y — 1. The curious
result is that for the ideal case of y = 1, the dimensionless
asymptotic velocity tends to 7 /2 in the strong shock limit.
This last result was derived for the first time in Ref. [18],
when studying the physics of corrugated shocks driven by
an ablation surface. Here we confirm that prediction in the
limit of highly compressible fluids and very strong shocks.
To reach this limit, the number of terms used in Eq. (29)
is very high, above 100 terms inside the summation, and the
number increases further as M is increased. For this particular
case, the solution found for the functional equation is very
slowly convergent, as high-order shifts are needed to increase
accuracy. This is due to the fact that in the ideal case of y = 1
and M; > 1, the shock and the piston travel essentially at
the same speed and it may take an almost infinite amount of
time for the shock to separate from the piston. Hence all the
infinite reverberations are important to describe the pressure
field between both surfaces. This is mathematically equivalent
to include higher and higher-order shifts in multiples of 2y,
inside the arguments of the functions A; and X,. As discussed
for the rigid piston situation, a similar dimensional analysis
leads us from the scaling shown in Fig. 6 to Fig. 7. It is enough
to change 6v,,, for §vy,. In the strong shock limit we get, from
Fig. 6 the scaling

o g2(y) (61)
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FIG. 8. (Color online) Normal velocity perturbation at the free
piston surface in units of kY U for three different values of y (7/5,
5/3, and 3) as a function of the shock Mach number M,. Also shown
are the asymptotic limits for weak shocks as explained in the text.

for some dimensionless function g,. As ¢; &« Mjc; in the
strong shock limit, it follows the proportionality seen in Fig. 7
in the strong shock regime. When y = 1, the independence of
dv,p, on My > 1 follows directly from Eq. (61) and the fact
that ¢, = ¢; as deduced from Eq. (3).

As we have done in the previous subsection, we now discuss
the limit of weak shocks.

1. Weak shock regime (M; —1 <K 1)

For very weak shocks, we use the same scalings as in
Eq. (53). However, P;(q = x,) has a different behavior with
respect to y and M. The values of p,i, py3, and pys for this
case are calculated from the corresponding functional equation
for the shock pressure perturbations in the free surface case
(Figs. 8 and 9). We expand them in powers of M| — 1, use the
formulas shown in Eq. (49), and substitute into Eq. (60) and
write the following:

up(M; —1<1)

 su, _ A — 1) (=10y + 6)(M; — 17
ko M—1«1 oy +1 (y + 17

26y — 36y +2)(M; — 1)}

26y 3(;“))3( DT L o — 4 62)

We also show the expansion for the same velocity but in units
of kyry D as follows:

Sv, LA - D) 6y — 1)
koD M —1«1 y+1 y+1
8y (M, — 1)} 4
———— 4+ O[(M; — 1)*]. (63
S ol - 1 @)

This scaling differs from the scaling found in the weak shock
limit of the rigid piston for the tangential velocity. From
Eq. (62), we see that the normal velocity is proportional to

PHYSICAL REVIEW E 90, 053007 (2014)
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FIG. 9. (Color online) Normal velocity perturbation at the free
piston surface in units of kY U for three different values of y (7/5,
5/3, and 3) as a function of the shock Mach number M;. Also shown
are the asymptotic limits for strong shocks as explained in the text.

the fluid velocity M| — 1, for very weak shocks, as does
the compressed fluid velocity in that limit. Therefore, it
may be useful to rewrite the previous formula using U as
the normalization velocity. From the above equation, after
multiplying by ¢,/U and expanding up to third order, we
obtain the following:

2M; — 1) ;
=1 -2 T L oM, - 1)), (64
307D + O[(M; — 1)’]. (64)

Sy,
kyoU M, —1«1

We see that all the curves start from unity at M; =1,
which means that for weak shocks it is dvy, = kyoU and
the approximation is not too bad up to shocks of moderate
strength. The scaling changes drastically for very strong
shocks, similarly to what happened with the tangential velocity
for the rigid piston situation. As the shock strength increases,
the normal velocity perturbation is no longer proportional to
U but becomes proportional to D. This behavior is shown in
the following subsection.

2. Strong shock regime (M; > 1)

We proceed similarly as with the rigid piston. We only need
to calculate the corresponding value for Py(q = x,). We get
the following:

=i

Cy@y+D

y 122y% — 227y% +139y% — 25y — 1
14494 —239y3 + 11592 — 13y + 1

PS(XS) =

(65)
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We use 2 and sinh yx; from Eq. (56). The asymptotic value of the initial tangential velocity is U9 = +/2/[y(y — 1)]. Collecting
these results together, we obtain the desired asymptotic limit as follows:

Svsp ~  8Gy — DU2y* =15y +5)2y(y = 1) (66)
kvroca |y, 1 T Qy — D(144y* —239y3 +115y2 — 13y + 1)
The previous expansion of the velocity dv,, can also be expressed in units of koD as follows:
Svxp ~ 16y (y — D@y — D(12y* — 15y +5) -
kyoD |y s (v + DQy — D(144y* —239y3 + 115y2 — 13y + 1)’
or, in units of kv U,
Sy ~ 8y(y — D@y — 1)(12y* — 15y 4 5) 68)
koU |y, 51 T Qy — D(144y* —239y3 + 1152 — 13y + 1)’

IV. ASYMPTOTIC VELOCITIES: APPROXIMATE
FORMULA FOR ANY SHOCK STRENGTH

In the previous section we have shown the asymptotic limits
of the piston velocities either for rigid or free surfaces in
the limits of weak and strong shocks. The main conclusion
of Sec. II is that at any surface driving a corrugated shock,
asymptotically in time, normal and/or tangential velocity
perturbations develop on it. These velocities are, in some
cases, accessible to experimental measurement or numerical
calculation, which makes them an exquisite tool with which
to test the theoretical models used to describe the particular
problem under study. Therefore, they become an important
quantity for research in the domain of HEDP. This is the
main reason why analytical models that study hydrodynamic
perturbations from first principles, like the calculations shown
here, are relevant. In Sec. II we have arrived at the conclusion
that the normal and tangential velocity components at the
piston are always related in the way shown in Eq. (42). This
is the unique boundary condition to be asked at any “passive”
surface like the piston in the problems considered here. The
relationship between dv,, and dv,, expressed in Eq. (42) is
not trivial and not evident a priori. In fact, we have had to
develop the whole perturbation theory for the shock and the
downstream profiles in order to arrive at it. Equation (42)
is the only correct boundary condition to be applied at any
“passive” surface driving a shock if we want to successfully
calculate those velocities in any range of shock strengths or
fluid compressibilities. In this work, we have concentrated
on a single fluid, inside which a single shock is moving, as
the calculations are simpler and serve as a starting step to
the more complex problem of two fluids. The weak shock
expansions shown in Egs. (50)-(52) for the rigid piston case
and Eqs. (62)—(64) for the free surface case are valid for Mach
numbers below approximately 1.4. To go further we would
need a larger number of coefficients (ps7, etc.) inside the
expression of Py( Xs), which makes this expansion not practical
for M; > 1.4 and it probably could not go much beyond
that. On the opposite side, for very large Mach numbers, we
have obtained the limiting values of the velocities, which are
functions of y, as given in Egs. (57)—(59) for the rigid piston
and Egs. (66)—(68) for the free surface problem. The question
that remains to be answered is as follows: What can we say

(

for the range of moderate strength shocks, that is, inside the
very important interval 1.4 < M| < oo. Interpolating between
the asymptotic expansions certainly could be a way, but
the formulas so obtained might not respect the physics that
underlies the perturbation dynamics in that range. Fortunately,
the function [Eq. (34)] suggested in Sec. II is a very good
estimate for the shock pressure function P; for not very
compressible gases at any M, value. This requires us to use
y > 1.1 as a constraint. If we want to study lower values of
y, more iterations should be performed. Therefore, we can
write approximate and accurate formulas for the asymptotic
velocities under these restrictions. We have, for the rigid piston
tangential velocity at the piston,

e h)
T = Q sinh {M(Xs) + Aa(Xs) |:1 — )\,2(3Xs):| } ’

(69)

where A1(q) and A,(gq) for the rigid piston case are given in
Eqgs. (28). For the free surface, the approximate expression for
the asymptotic normal velocity at the piston is given by the
following:

OV _ 5o+ Qsinh . {m(x.o + 2001 [M} }
kyroca 1 —223%s)

(70)

where 50 = 8v,,(0+)/(k¥oc2) is the dimensionless initial
tangential velocity created between the shock and the piston
at t = 0+. The functions X;(g) and X,(g) that enter the last
equation for the free surface case are given in Eq. (31). In
Fig. 10 we compare the predictions of Eq. (69) with the exact
result for the rigid piston case for three values of y. The same
is done with Eq. (70) for the free surface case in Fig. 11.
To summarize the discussion of the past two sections, we
may add that the results of the expansions of Sec. III are
easy to use, without any sophisticated software, and could be
ideally implemented with a pocket calculator, when needed, as
they involve polynomial expressions in M| — 1, or 1/M, and
rational expressions of y. However, the approximate formulas
given in Egs. (69) and (70) need at least a symbolic software
like MATHEMATICA or MAPLE in order to define all the quantities
given in Sec. II, as a function of shock strength M; and fluid

053007-12



ANALYTICAL ASYMPTOTIC VELOCITIES IN LINEAR ...

0.7 e

oo b e/ (K¥,0)

— i — — —
—

05|

r=5/3

04|
03|

0.2 |
r=3

0.1}

100
FIG. 10. (Color online) Comparison of the exact and approxi-

mate values [according to Eq. (69)] of the piston tangential velocity
perturbation as a function of the shock Mach number.

isentropic exponent y in order to define the functions A; and
A2, which is necessary to get the asymptotic velocities.

V. FREE SURFACE NORMAL VELOCITY

DEPENDENCE ON y

To see the absolute dependence of dv,, on y, we show
the normal velocity in units of v.kvy, where the characteristic
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FIG. 11. (Color online) Comparison of the exact and approxi-
mate values [according to Eq. (70)] of the free surface normal velocity
perturbation as a function of the shock Mach number.
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FIG. 12. (Color online) Normal velocity perturbation at the
piston normalized with v. as a function of y for different values
of M 1-

velocity v. = 4/p1/p1, in Fig. 12. In this way, there is no
dependence on y for the factor we use to normalize the
perturbation velocity. We see in Fig. 12 that at any given value
of M| the normal velocity reaches a maximum value for some
value of the isentropic exponent which we indicate with y,,.
We also show the curves (dashed) that represent the asymptotic
expansion of 8v,,/(kyov.) in powers of 1/y. This expansion
is given in Eq. 71 as follows:

8vxp L2(Mi—1) 1
krove y>1 M yi2
1
* —72M " + 84M7 — 32M] + 4AM}
x (205M* — 559M° + 628 M} — 390M

4 2 1
+ 141M} — 27M} +2) =5 (71)
)

In Fig. 13 we show the dependence of y,, on M. We note that
there is a maximum value for y,, equal to y,;** =2.822.. .,
reached at M; > 1.In Fig. 14 we show the maximum value of
the normal velocity perturbation (§vx,, ), achieved only at y =
¥m as a function of M;. The curious result, not obvious from
the equations used to obtain it, is that §vy,,, scales linearly for
almost any value of M| > 1, except perhaps very near M| = 1.
The dashed line in Fig. 14 satisfies dvy,, ~ 0.724 M,. For a
given shock Mach number, this is the maximum attainable
perturbation velocity at the piston and for any other fluid with
¥y # ¥Ym, and the piston velocity perturbation would be smaller
than the value predicted from Fig. 14.
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FIG. 13. (Color online) Value y,, of the isentropic exponent for
which the normal velocity perturbation at the piston is the maximum
possible at the given shock Mach number M.

VI. SUMMARY

We have presented an analytic model to study the linear
RM-like flow that develops between a corrugated shock and
the piston driving it. Rigid and free surface conditions were
imposed at the left piston surface. Even though the solution to
the wave equation is independent of the equation of state, the

“0wr———7——1———
35 _ é‘vxpm /k vV,

30 ; é
25} :
20 _ ~0.724 M, _
-f
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FIG. 14. (Color online) Maximum value of the normal velocity
perturbation at the piston, reached at y = y,,, as a function of the
shock Mach number M.
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results shown here consider an ideal gas but are not limited
in principle with this constraint. The asymptotic velocities
that develop between both surfaces are strongly dominated
by the vorticity generated at the shock during the whole
time evolution, which is dependent on the shock pressure
perturbations. In the reference frame of the compressed fluid,
these velocity fields are steady state and the perturbations
at the piston reach an asymptotic value when the shock is
far enough. The accurate determination of these velocities
(either tangential or normal to the piston surface) is an
important diagnostic tool, useful for the design of numerical
or real experiments. The results and the method of calculation
developed here constitute the first step of more complex
calculations aimed at deriving explicit analytical expressions
for the classical two-fluid RM instability problem. The main
mathematical difficulty to get the asymptotic velocities at an
arbitrary shock strength or fluid compressibility is represented
by the mathematical complexities of the functional equation
for the shock pressure fluctuations. We cannot avoid dealing
with Eq. (27). It has the information of the perturbation
fields (pressure, velocities, densities, etc.) in the whole space
between the shock and the piston. For all these years we have
been unable to find a closed-form expression for the solution of
that equation and this is the reason why we have to rely either
on approximate expansions at some physical limits (weak or
strong as in Sec. III) or to devise an approximate formula that
describes the whole interval (1 < M; < 00) in some restricted
domain of the isentropic exponent y. In fact, in Sec. IV
we see that iterating once on the functional equation allows
us to get at least two-digit accuracy for shocks of arbitrary
strength if we stay above y > 1.1. As we approach the high
compressibility limit (M; > 5, y — 1 « 1), the shock takes a
longer time to reach its asymptotic planarity and its ripple
makes more oscillations which in turn are responsible for
generating larger vorticity. Equivalently, we could say that
sound-wave production becomes very important as the shock
Mach number increases and the interaction with the piston
surface lasts for a longer time. The effect of this prolonged
interaction is in the final values of the tangential or normal
velocities at the piston, depending on the piston boundary
condition. The advantage of the results of Sec. III is that those
expansions can be easily calculated without any sophistication
in mathematical software. The disadvantage of those results
is that they are limited to M| < 1.4. The best strategy we
have found for the interval M; > 1.4 is to use the results of
Egs. (69) and (70). The agreement between the exact solution
and the approximate ones is very good for almost any shock
Mach number if y is not very near unity, as can be seen in
Figs. 10 and 11. From dimensional arguments, the scaling
8vyp,8vy, ~ D can be seen in the strong shock limit for
both piston boundary conditions. For weak shocks, the useful
scaling Sv,, ~ U is noteworthy in the free surface problem.
Finally, we show here two additional plots, for the rigid and
free surfaces, respectively. In the horizontal axis we plot the
asymptotic velocity at the piston in units of the shock speed and
in the vertical axis we plot the same velocity but in units of the
compressed fluid velocity. These figures have curious shapes
and reveal in qualitative form the complex behavior of the
asymptotic velocities as a function of the shock Mach number.
In Fig. 15 we show this for the tangential velocity at the piston
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FIG. 15. (Color online) Exact tangential asymptotic velocity at
the rigid piston for different ideal gases. The horizontal axis is scaled
with the shock speed and the vertical axis is normalized with the
compressed fluid velocity.

and all the curves practically overlap each other for the range of
y values studied. The weak shock limit starts at the point with
coordinates (0,0) and the very strong shock limit asymptotic
is the ending point of each curve. In the plots shown here,
M; = 100 was used, which was considered enough to reach
the high-compression limit. The same is shown in Fig. 16.
The weak shock limit here corresponds to the point with
coordinates (0,1). All the curves start practically together and
separate when M; > 1.4 and show a distinctive behavior as
compared to the rigid piston in the strong shock limit.

The results shown here are preliminary calculations before
studying the standard RM instability with two fluids in order

PHYSICAL REVIEW E 90, 053007 (2014)
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FIG. 16. (Color online) Exact normal asymptotic velocity at the
free surface for different ideal gases. The horizontal axis is scaled
with the shock speed and the vertical axis is normalized with the
compressed fluid velocity.

to obtain useful and accurate analytical expressions for shocks
of arbitrary strength and fluids with arbitrary compressibility.

ACKNOWLEDGMENTS

The authors thank A. R. Piriz and A. Bret (UCLM) for
encouragement and support. In particular, thanks are given
to A. R. Piriz for discussions about the strong shock limit
behavior. J.G.W. thanks T. Sano from Osaka University for
encouraging discussions. F.C.C. acknowledges support from
INEI (UCLM). The authors of this work received support from
MINECO under Grant No. ENE2013-45661-C2-1-P and from
JCCM Grant No. PEI11-0056-1890.

[1] J. N. Johnson and R. Cheret, Classic Papers in Shock Compres-
sion Science (Springer, New York, 1998).

[2] A. E. Roberts, Los Alamos Scientific National Laboratory
Report No. LA-299 (unpublished). See National Technical
Information Service Document No. PB2004-100597.

[3] R. D. Richtmyer, Commun. Pure Appl. Math. 13, 297
(1960).

[4] E. E. Meshkov, Fluid Dyn. 4, 101 (1969).

[5] M. G. Briscoe and A. A. Kovitz, J. Fluid Mech. 31, 529
(1968).

[6] A. L. Velikovich, J. P. Dahlburg, A. J. Schmitt, J. H. Gardner,
L. P. Phillips, F. L. Cochran, Y. K. Chong, G. Dimonte, and
N. Metzler, Phys. Plasmas 7, 1662 (2000).

[7] A.R.Piriz,J.J. Lopez Cela, N. A. Tahir, and D. H. H. Hoffmann,
Phys. Rev. E 74, 037301 (2006).

[8] A.R.Piriz,J.J. Lopez Cela, N. A. Tahir, and D. H. H. Hoffmann,
Phys. Rev. E 78, 056401 (2008).

[9] G. Dimonte, G. Terrones, F. J. Cherne, T. C. Germann, V.

Dupont, K. Kadau, W. T. Buttler, D. M. Oro, C. Morris, and
D. L. Preston, Phys. Rev. Lett. 107, 264502 (2011).

[10] G. H. Miller and T. J. Ahrens, Rev. Mod. Phys. 63, 919 (1991).

[11] S.I. Abarzhi, Phys. Scr. T 132, 014012 (2008).

[12] M. Herrmann, P. Moin, and S. 1. Abarzhi, J. Fluid Mech. 612,
311 (2008).

[13] A.L. Velikovich, M. Herrmann, and S. I. Abarzhi, J. Fluid Mech.
751, 432 (2014).

[14] G. Fraley, Phys. Fluids 29, 376 (1986).

[15] J. G. Wouchuk and K. Nishihara, Phys. Plasmas 4, 1028 (1997).

[16] J. G. Wouchuk, Phys. Rev. E 63, 056303 (2001).

[17] A. L. Velikovich, Phys. Fluids 8, 1666 (1996).

[18] V. N. Goncharov, O. V. Gotchev, E. Vianello, T. R. Boehly, J. P.
Knauer, P. W. McKenty, P. B. Radha, S. P. Regan, T. C. Sangster,
S. Skupsky, V. A. Smalyuk, and R. Betti, Phys. Plasmas 13,
012702 (2006).

053007-15


http://dx.doi.org/10.1002/cpa.3160130207
http://dx.doi.org/10.1002/cpa.3160130207
http://dx.doi.org/10.1002/cpa.3160130207
http://dx.doi.org/10.1002/cpa.3160130207
http://dx.doi.org/10.1007/BF01015969
http://dx.doi.org/10.1007/BF01015969
http://dx.doi.org/10.1007/BF01015969
http://dx.doi.org/10.1007/BF01015969
http://dx.doi.org/10.1017/S0022112068000315
http://dx.doi.org/10.1017/S0022112068000315
http://dx.doi.org/10.1017/S0022112068000315
http://dx.doi.org/10.1017/S0022112068000315
http://dx.doi.org/10.1063/1.873986
http://dx.doi.org/10.1063/1.873986
http://dx.doi.org/10.1063/1.873986
http://dx.doi.org/10.1063/1.873986
http://dx.doi.org/10.1103/PhysRevE.74.037301
http://dx.doi.org/10.1103/PhysRevE.74.037301
http://dx.doi.org/10.1103/PhysRevE.74.037301
http://dx.doi.org/10.1103/PhysRevE.74.037301
http://dx.doi.org/10.1103/PhysRevE.78.056401
http://dx.doi.org/10.1103/PhysRevE.78.056401
http://dx.doi.org/10.1103/PhysRevE.78.056401
http://dx.doi.org/10.1103/PhysRevE.78.056401
http://dx.doi.org/10.1103/PhysRevLett.107.264502
http://dx.doi.org/10.1103/PhysRevLett.107.264502
http://dx.doi.org/10.1103/PhysRevLett.107.264502
http://dx.doi.org/10.1103/PhysRevLett.107.264502
http://dx.doi.org/10.1103/RevModPhys.63.919
http://dx.doi.org/10.1103/RevModPhys.63.919
http://dx.doi.org/10.1103/RevModPhys.63.919
http://dx.doi.org/10.1103/RevModPhys.63.919
http://dx.doi.org/10.1088/0031-8949/2008/T132/014012
http://dx.doi.org/10.1088/0031-8949/2008/T132/014012
http://dx.doi.org/10.1088/0031-8949/2008/T132/014012
http://dx.doi.org/10.1088/0031-8949/2008/T132/014012
http://dx.doi.org/10.1017/S0022112008002905
http://dx.doi.org/10.1017/S0022112008002905
http://dx.doi.org/10.1017/S0022112008002905
http://dx.doi.org/10.1017/S0022112008002905
http://dx.doi.org/10.1017/jfm.2014.312
http://dx.doi.org/10.1017/jfm.2014.312
http://dx.doi.org/10.1017/jfm.2014.312
http://dx.doi.org/10.1017/jfm.2014.312
http://dx.doi.org/10.1063/1.865722
http://dx.doi.org/10.1063/1.865722
http://dx.doi.org/10.1063/1.865722
http://dx.doi.org/10.1063/1.865722
http://dx.doi.org/10.1063/1.872191
http://dx.doi.org/10.1063/1.872191
http://dx.doi.org/10.1063/1.872191
http://dx.doi.org/10.1063/1.872191
http://dx.doi.org/10.1103/PhysRevE.63.056303
http://dx.doi.org/10.1103/PhysRevE.63.056303
http://dx.doi.org/10.1103/PhysRevE.63.056303
http://dx.doi.org/10.1103/PhysRevE.63.056303
http://dx.doi.org/10.1063/1.868938
http://dx.doi.org/10.1063/1.868938
http://dx.doi.org/10.1063/1.868938
http://dx.doi.org/10.1063/1.868938
http://dx.doi.org/10.1063/1.2162803
http://dx.doi.org/10.1063/1.2162803
http://dx.doi.org/10.1063/1.2162803
http://dx.doi.org/10.1063/1.2162803

F. COBOS CAMPOS AND J. G. WOUCHUK

[19] L. D. Landau and E. M. Lifshitz, Fluid Mechanics, 2nd ed.
(Butterworth-Heinemann, Oxford, 2000).

[20] J. G. Wouchuk, C. Huete Ruiz de Lira, and A. L. Velikovich,
Phys. Rev. E 79, 066315 (2009).

[21] P. M. Zaidel, J. Appl. Math. Mech. 24, 316 (1960).

[22] A. L. Velikovich, J. G. Wouchuk, C. Huete Ruiz de Lira, N.
Metzler, S. Zalesak, and A. J. Schmitt, Phys. Plasmas 14, 072706
(2007).

[23] J. G. Wochuk and J. Lépez Cavada, Phys. Rev. E 70, 046303
(2004).

PHYSICAL REVIEW E 90, 053007 (2014)

[24] Y. Yang, Q. Zhang, and D. H. Sharp, Phys. Fluids 6, 1856 (1994).

[25] C. Huete Ruiz de Lira, A. L. Velikovich, and J. G. Wouchuk,
Phys. Rev. E 83, 056320 (2011).

[26] C. Huete, J. G. Wouchuk, and A. L. Velikovich, Phys. Rev. E
85, 026312 (2012).

[27] C. Huete, J. G. Wouchuk, B. Canaud, and A. L. Velikovich,
J. Fluid Mech. 700, 214 (2012).

[28] G. 1. Barenblatt, Scaling, Self-Similarity, and Intermediate
Asymptotics, 1st ed. (Cambridge University Press, New York,
1996).

053007-16


http://dx.doi.org/10.1103/PhysRevE.79.066315
http://dx.doi.org/10.1103/PhysRevE.79.066315
http://dx.doi.org/10.1103/PhysRevE.79.066315
http://dx.doi.org/10.1103/PhysRevE.79.066315
http://dx.doi.org/10.1016/0021-8928(60)90035-6
http://dx.doi.org/10.1016/0021-8928(60)90035-6
http://dx.doi.org/10.1016/0021-8928(60)90035-6
http://dx.doi.org/10.1016/0021-8928(60)90035-6
http://dx.doi.org/10.1063/1.2745809
http://dx.doi.org/10.1063/1.2745809
http://dx.doi.org/10.1063/1.2745809
http://dx.doi.org/10.1063/1.2745809
http://dx.doi.org/10.1103/PhysRevE.70.046303
http://dx.doi.org/10.1103/PhysRevE.70.046303
http://dx.doi.org/10.1103/PhysRevE.70.046303
http://dx.doi.org/10.1103/PhysRevE.70.046303
http://dx.doi.org/10.1063/1.868245
http://dx.doi.org/10.1063/1.868245
http://dx.doi.org/10.1063/1.868245
http://dx.doi.org/10.1063/1.868245
http://dx.doi.org/10.1103/PhysRevE.83.056320
http://dx.doi.org/10.1103/PhysRevE.83.056320
http://dx.doi.org/10.1103/PhysRevE.83.056320
http://dx.doi.org/10.1103/PhysRevE.83.056320
http://dx.doi.org/10.1103/PhysRevE.85.026312
http://dx.doi.org/10.1103/PhysRevE.85.026312
http://dx.doi.org/10.1103/PhysRevE.85.026312
http://dx.doi.org/10.1103/PhysRevE.85.026312
http://dx.doi.org/10.1017/jfm.2012.126
http://dx.doi.org/10.1017/jfm.2012.126
http://dx.doi.org/10.1017/jfm.2012.126
http://dx.doi.org/10.1017/jfm.2012.126



