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The results of a companion paper are extended to encompass the flow about smooth,
but otherwise general body shapes. The wave behaviour depends on three important
parameters, namely the body thickness ratio ¢, the quantity 4, which is proportional to
the difference between the frozen and equilibrium sound speeds, and the ratio A of a
relaxation time to a characteristic flow time. Both analytical and numerical solutions
have been obtained; account is taken of nonlinearity for complete spectra of the three
parameters, enabling an assessment to be made of the evolution of the wave forms for
a host of situations. In particular, it is possible to predict the structures of the shock
waves in various regions, and it transpires that under certain conditions vibrational
relaxation can overwhelm other dissipative effects.

1. Introduction

An aircraft moving supersonically produces a complicated shock pattern, and far
from the aircraft these waves become dominated by the head and tail shocks. A theory
based solely on transport phenomena indicates that the fine-structures of the shocks
correspond to the classical, Taylor, one-dimensional profile (Lighthill 1956, p. 287)
superimposed on the discontinuous field, and the thicknesses of the shocks normally
remain small except at very large distances (Chong & Sirovich 1973). However, field
measurements have divulged shock thicknesses much greater than those expected on
this basis (Lilley 1965; Pierce & Maglieri 1972), and the present study aims to clarify
this problem by formally solving the axisymmetric configuration.

It is well known that non-equilibrium phenomena can have significant effects on the
propagation of waves through a gas (see, for example, Clarke & McChesney 1976). The
probable relevance of relaxation effects to the sonic boom (Hodgson & Johannesen
1971; Hodgson 1973) constitutes one reason for re-opening the question of wave
propagation through a relaxing gas; the present theory encompasses both chemical
and thermal non-equilibrium, but this paper is aimed primarily at wave propagation
through atmospheric air, where the vibrational relaxation of diatomic molecules is the
pertinent process. A variety of configurations, both linear and nonlinear, have been
studied analytically in the past (e.g. Lighthill 1956; Lick 1967; Clarke & McChesney
1976; representative Russian work may be found in the papers by Kraiko 1966;
Ryzhov 1971; Rudenko, Soluyan & Khokhlov 1974; Tkalenko 1975); although some
early work exists on the linear theory of axially symmetric flow, with one exception

1 Present addresa: Department of Applied Mathematical Studies, University of Leeds, England.



718 Y. L. Stnat and J. F. Clarke

(Clarke & Sinai 1977) there has been no attempt to date to analyse the nonlinear f:
field of such a flow. Numerical and semi-empirical techniques (e.g. Stephenson 196¢
Sedney & Gerber 1963) are of course useful, particularly when disturbances are larg
but closed-form solutions, if attainable, are more desirable. In a companion pape:
Clarke & Sinai (1977, hereafter referred to as I) presented results for the general linea
theory in regions where its predictions begin to break down, and went ahead to analys
the nonlinear waves attached to a cone. The purpose of the present paper is to exten
the analysis to general (but smooth) body shapes.

An interesting study of the problem has been carried out by Chou & Chu (1971; se
also Chou 1972), but their technique is based on the method of characteristic para
meters, and it consequently cannot be used to examine the truly distant flow fielc
(Clarke 1965).

The basic small parameter in the present theory is ¢, the thickness ratio of the body,
and all other small (or large) parameters are measured against it. In fact, we shall use
the second-order frozen theory (Landahl & Lofgren 1973) as a basis for comparison
whenever we have to decide whether a given term is negligible or not.

A convenient measure of the energy content of the non-equilibrium mode is the
quantity doc afy/ag, — 1, where a,, and a,, are the free-stream frozen and equilibrium
sound speeds respectively; when the process under consideration is internal energy
relaxation, é is related to the fraction of the total thermal energy which is contributed
by the relaxing mode. An important feature of the vibrational relaxation of atmo-
spheric oxygen and nitrogen is the smallness of & (e.g. Hodgson & Johannesen 1971).
With & typically lying between 10— and 10-3, this process has understandably been
neglected during calculations of the flow field near the body. However, as was pointed
out by Hodgson & Johannesen (1971), geometric attenuation can give rise to distur-
bances as small as § (Whitham 1952), and when considering the far field, one cannot
dismiss relaxation as a higher-order effect.

Of the studies published in the West, the pioneering work on the small-é situation is
due to Blythe (1969) and Ockendon & Spence (1969). Both papers deal with the piston
problem, although Blythe includes the steady, two-dimensional, supersonic flow in the
small-§ context. Both studies have been confined (explicitly or implicitly) to § = O(1)
and & = O(e), and it transpires (Sinai 1975; Clarke & Sinai 1977) that the comparable
small-§ situation in the axisymmetric problem is & = O(¢?); in contrast to previous
studies, Clarke & Sinai (1977) analysed the complete spectrum of 8 between unity and
its ‘small’ value.

In passing we note that in typical aeronautical situations 4 lies a little above the
very small value of ¢*; for example,ife = 0-05,¢* ~ 10-5, whichis an order of magnitude
less than & at sea level (it should however be emphasized that & decreases with altitude).

A third important parameter is the ratio of the relaxation time 7’ to a characteristic
flow time. It so happens that 7’ is very sensitive to the humidity (e.g. Sutherland
1975), and typically it varies between 10-3s and 10-%s under dry and humid conditions
respectively (the reader is referred to the pertinent comments by Hodgson &
Johannesen 1971).

Seeing that some of the present analysis closely follows that in I, we shall avoid
superfluous repetitions and the reader is referred to I for preliminary details. Section 4
deals with ord 8 > ¢!, including the near-frozen front and the near-equilibrium fully
dispersed wave. Section 5is devoted to ord § = ¢4, and contains discussions of numerical
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as well as perturbation solutions of the governing equation. The paper concludes, in
§ 6, with an analysis of the situation ord § < €.

Finally, we should list the limitations of the theory: account is taken of only one non-
equilibrium process (transport phenomena are neglected), and this paper ignores the
influences of lift, aircraft manoeuvres and atmospheric non-uniformities.

2. Conservation equations

The notation used in this paper is virtually identical to that in I; so we shall avoid
repeating minor points. The dimensionless governing equations for the steady non-
equilibrium flow of a gas in the absence of molecular transport are

V.Vp+pV.V =0, (2.1)
pV.VV 4+ Vp =0, (2.2)
V.Vp+pa3(V.V+0V.Vq) =0, (2.3)
AV. Vg = M, (q,—9), (2.4)
h=hkp,T,q), g =q.p,9) (2.5), (2.6)

Two of the differential equations can be replaced by the important characteristic
equations (e.g. Hayes & Probstein 1966, p. 538):

Dfp  pVED}6 cos,u,tan2,u,( ,5inf VWY

Dr * B, Dx 7 cos(0+pu,) pVE——+ a? ) =90 (2.7a,5)
D# 0
m—5—+tan(ﬁi‘uj)5, (2 8)

The three vital parameters in our problem are given by the relations
r=¢f(x), A=7U'[L, (2.9), (2.10)
8 = (a,,/a, )2 — 1 = [0(2q,/2p),),- (2.11)

Equation (2.9) describes the body shape, and we shall regard ¢ as the basic small
parameter; A, A-! and § will be measured against ¢, as discussed in §1. Obviously,
the thermodynamic state of the undisturbed gas is independent of ¢, but for a given
practical situation it will be clear how these parameters are related, and we should
expect the solutions in different regimes of parameter space to ‘match’ across the
boundaries between these regimes.

3. Linear theory

The first step in the analysis is the determination of the solution of the linearized
problem; it is of intrinsic interest, and forms a basis for identifying regions of non-
uniformity and for providing boundary conditions for the appropriate equations. The
linear theory was first dealt with by Clarke (1961), and then by Li & Wang (1962),
Kraiko (1966) and Sinai (1975, in terms of matched asymptotic expansions). We shall
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therefore only quote the salient results here. Briefly, one finds that perturbations in all
six dependent variables are of the same order in the mid-field limit, i.e.

Y(z,7; €) = O+ 2D (x, 7) + Ofe?), (3.1
where $ = (p,p,%,9,4,¢)" (3.2)
&nd ‘-P(O) = (po/poa%,, 17 -ano: 07 1, I)T- (3.3)

For our purposes it will suffice to quote two asymptotic results derived in I for the axial
velocity perturbation «™:

-M B £ Of rok

D) ~ J0 74 _— 2 _2
e A B 34
where W(x) = 517—1 :i;(_'l_/)yd)‘g (3.5)
and S=mnf2, E=x—f,r, 8=DM%8/p%, u=Pnd/2A (3.6)

Equation (3.4) evidently describes a near-frozen region where the non-equilibrium
effects are confined to a simple exponential decay along the linearized frozen
characteristics.

The second result, which does not appear to have been derived previously in the
literature, is analogous to the large-time result obtained for the piston problem (Clarke

1965):
1 - M, @ (ge'_'y)2 dy A 'gel
w ~ oot [ e | -CE g 140 (5755 ﬂf.ms)]’ @.7)
where B = p4A8/2b%, b = B4/Pre: }
£ =2—for, Bl=Mh—1, My=TV'/dy (x=cf).

Sirovich (1968) and Chong & Sirovich (1970) analysed the problem for a viscous
conducting gas instead of a relaxing one; they too determined the asymptotic values
in the far field but their papers do not contain an expression similar to (3.7). Seeing
that the process in both cases is one of dilatation, the existence of an equivalent bulk
viscosity leads one to suspect that some manipulation of Chong & Sirovich’s integrals
might well lead to the form (3.7). Observe that a statement equivalent to (3.7) is

Bazw/agg = Bw/ar, w(g,, 0) = — ]M_fo(zﬂel))—i W (), (3.9)

(3.8)

where w = riu®, (3.10)

We are now in a position to analyse the nonlinear waves, and we shall find the near-
frozen and near-equilibrium regimes amenable to calculations. In practice these
domains are very far apart in physical space, and bridging can probably be achieved
only by numerical techniques.

In the following sections we extend the results of I to encompass general, pointed,
smooth bodies of revolution, and this means that besides € and & the role of A has to be
accounted for.
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4. Intermediate ¢

The phrase ‘intermediate 6’ is taken to mean 1 > ordé > ¢*; the reason for the
critical size of § being ¢4 will transpire in the analysis (Sinai 1975; Clarke & Sinai 1977).
Before we continue let us define a quantity

v = Aet/6. (4.1)

4.1. Near-frozen front, ordv < 1
Consider (3.4); if £ € 1 we may approximate %~ by its value for small argument, which

leads to
3
U ~ My —e2n—1M;,8”(0) (——2 /ff 7) exp(—ﬂfzolfr). (4.2)
0

We may now follow exactly the same procedure as in I to show that the linear theory
breaks down (in its ability to predict wavelet positions) when § = O(e*A/d) with
ré/A = O(1). In other words, the re-scaled co-ordinates should be

B =0E/Aet, R =¢or/A. (4.3)

It is unnecessary for us to solve this problem formally; for, besides the results in I,
there is ample evidence (e.g. Jones 1964; Wegener, Chu & Klikoff 1965; Blythe 1969;
Ryzhov 1971; Chou & Chu 1971) to suggest that in those regions where high frequency
convection is important one may apply the method variously described as the PLK
or strained co-ordinates technique (Van Dyke 1975, p. 99) or the nonlinearization
method (Whitham 1974, p. 312). If we label the nonlinear characteristics by  and
invoke the relation (I, p. 509)

(0F/0r), =~ €2B70'Tyo Migu®, (4.4)
where L, = a;Yo(pas)/0p)s, o»
we can immediately deduce that when E and R are O(1)
u ~ Mo —e2Mm=18"(0) (/2f,o7) exp (— pr), (4.5)
£ = a—eT;y M}, f7628"(0) (Aa/m8)t exf (ur)t. (4.6)

The analysisleading to (4.3)is vital, however, inasmuch asit indicates the permissible
ranges of ¢, A and 8 which are implied in (4.5) and (4.6): since we stipulated that £ < 1,

(4.3) requires ord (A/8) < e4. (4.7)

Using the weak shock fitting rule (Whitham 1974, p. 321), the shock locus is found
from [see (3.6)]

ab = flerf (ur )k, (4.8)
=3, o —3(Ae\TH M} . e
£ = TPl (i = 15 (5 ) LS8 5°(0) arf (o, T, (4.9)
where ! = e2Bt(2mu)~t Ty M3, 87(0) (4.10)

and the subscript s denotes values on the frozen discontinuity. This has a bearing on
the interesting result derived by Chou & Chu (1971), who deduced (as do we) that the
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shape and strength of the frozen discontinuity emanating from the tip depend only
on the tip angle. However, Chou & Chu concluded that this phenomenon occurs when
A = O(6), and the present theory indicates that the ‘decay length’ A/8 is permitted to
lie in the far greater range dictated by (4.7).

The determination of the shock strength and of the relaxation zone behind the
discontinuity are described in I.

Near-frozen conditions may be expected to arise wherever the body profile is not
sufficiently smooth, and partly dispersed shocks will therefore appear downstream of
the bow shock; this is an interesting feature of the problem which merits further study,
but it will not be pursued in the present paper. We confine ourselves to the conjecture
that the characteristic-parameter (or strained co-cordinates) method, which is the one
employed by Clarke (1965), Chou & Chu (1971) and Chou (1972), may be valid in such
regions.

In conclusion we point out that when the specific process under consideration is
vibrational relaxation, A is normally so small that the inequality (4.7) is easily satisfied.

4.2. Near-frozen flow, ord (Ae?/d) > 1

When ord v > 1 we observe from (4.3) that £ is no longer small, and we are forbidden
to employ the small-argument asymptotic expression for %#". We could retain the
exact #” but that would lead to algebraic complexity when ordv = 1 and to large-
argument asymptotics of " when ord v > 1. Moreover, (4.3) gives the false impression
that the breakdown region moves away from the body as A — co; in fact we know that
in the frozen limit the non-uniformity arises where { = ord 1 andr = ord¢~4 (Landahl &
Lofgren 1973; Sinai 1975). A more satisfactory treatment can therefore be achieved by
looking at the latter region together with a careful assessment of the rate equation; this
will lead to a Varley-Rogers equation (Varley & Rogers 1967) with a term proportional
to A1, and the Varley-Rogers equation itself will transform into the one governing
classical frozen flow as A — 0.
The new co-ordinates are therefore £ and R, where

R = e, (4.11)

Let us write
Y R) = YO+ Ge) ¥V(E, R) + ..., (4.12)
where Gy; = By(€) 0y, (4.13)

d,; 18 the Kronecker delta and A, is the gauge function associated with the dependent
variable . It is easily shown that

A, =48,=48,=47,=47, =¢t (4.14)
and the rate equation (2.4) shows that a consistent formulation can materialize only if
A, = et/A. (4.15)

In fact since ordv > 1, ord A, < €8/8. The momentum and continuity equations show
that
M RO = B VOO, YO = g U®, PO = _ M, U®, (4.16)

(2.4) yields Q) = QM + 0(AY) (4.17)
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and the perturbation in the equilibrium value of ¢ is

Q(l) [(aQe/ap s]OPﬂ) (418)

In employing (2.7) it is necessary to use the following expression for the slope of the
frozen characteristies:

tan (0 + x,) = (a2~v?)[ +a (V2 —ad)t —uv]. (4.19)

An equation for U® can be found by employing the entropy relation (see I), (2.7a), (2.8)
and (2.11) and all of (4.14)-(4.19). This yields

K, UOUD 4+ 2UP + RAUW+ f,4(6/2e4) UL = 0, (4.20)
where K, = 2T s M}/ Byo. (4.21)

Since the second-order term in the frozen far field is O(¢®) (Landahl & Lofgren 1973)
we adopt the view that the last term in (4.20) is truly negligible when ord (Ae?/6) > €.
The parametric solution of (4.20) is

RUM = H(a)exp (— froRO/2Ae%), (4.22)
where the parameter « is determined from
£ = G(a)+ 3H(a) K, (2mAet/ By, )t exf (B, RO/ 2A€%)}. (4.23)

The arbitrary functions G and H must be chosen so as to satisfy the matching require-
ments; these are found by substituting (4.11) in (3.4) and (3.1) and taking the limit
€ - 0 with £ and R fixed. It transpires that U® should satisfy the condition

UDE, R 0) ~ — My(2B,0 R) 2 H7(E). (4.24)
On comparing (4.22) with (4.24) it is clear that
H(a) = — M,(280) t # (). (4.25)
It is also apparent from (4.23) that since we wish to identify « with £ as B | 0,

Ga)=a (4.26)
and (4.23) becomes

£ = a— e[ M} B7&(mA/8)2 W (a) exf (B, 0r/2A)1. (4.27)

As expected, the solution has turned out to be a generalization of (4.4) and (4.5),
the classical frozen result (Whitham 1952) being recovered as A - co. The loci and
strengths of frozen discontinuities are determined from

tere (P47 ) [W‘<a03:0;/1"<a1>]’ (4.28)

2fa' W (y)dy = (ag— o)) [# (o) + # ()], (4.29)

where ky = €2T,0 M}, BrE(mA/8)h. (4.30)
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4.3. Equilibrium wave, ord (A8) > €?

The near-frozen analysis has concentrated on regions where ér/A for ord (Aef) < &, or
¢'r for ord (Aef) > 8, is O(1). When ér/A is large (3.7) is the relevant linear estimate, and
low frequency eonvection is evidently important.

We could attempt to use the linear theory to estimate the wavelet shapes; this is
done by invoking (4.19) with the subscript freplaced by ¢ and by following elementary
thermodynamic manipulations:

(%5;) ~ 62T 0 Mitu®/ M o (4.31)

However, substitution of (3.7) effectively leaves us with an unwieldy integro-
differential equation for £, as a function of 7 on the curves o = constant. We shall
therefore follow a formal and less awkward procedure as follows. If we introduce the

general stretching E=ALL, R=Ar (4.32)
we may focus our attention on a far field by insisting that £, < r, i.e.

A <A, (4.33)

Substituting (4.32) and (4.33) in the governing equations, it immediately follows that

[see (4.13)) Ay=A8,=A,=A,=A, =A, (4.34)

My RO = B, VO U0, PO = M UO, PO =_ L, UD, (4.35)

Turning now to the rate equation, we are at present interested in those regions of the
far field where conditions are close to equilibrium, and we therefore insist that

A, =4, B;=0(8), §=9—¢. (4.36)
It then follows from (2.4) that
A= ADD, GO = [M,(39,/2p)lo UL (4.37)

Equation (4.36) implies that all thermodynamic quantities can be evaluated at the
local equilibrium state with a relative order Az, i.e.

V.Vp+pad¥V.V+0,V.Vg) ~ 0. (4.38)
This equation may also be deduced from the expression given by Ryzhov (1971):

%ft_’eragv.V:(a_?i) Do Q(@) Dq

3Q), Dt T\as), ,Dt’
where @ = (0h/dq),, ,. Clearly (2.7a,b) now apply with the subscripts f replaced by e,
and with W = (pa*), V. Vg. (4.39)
Moreover, these two equations indicate that
A=A /A (4.40)
and AdA A, = AA,,
ie. Ay, = A/AS, A, =A%A8 (4.41a)

and A; = A%/8. (4.41b)
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In passing we note two facts: first, that A is as yet unknown and will be determined
during the matching process; second, that (3.7) can be rewritten as

w0 [ W Ay exp - €y, (4.42)

where §, = £,(2b728,,A0r)"Y, A, = (4Br)t. (4.43)
In view of all that has been said, we define the new co-ordinates by

E=Af /A8, R =A%/A. (4.44)

In order to place subsequent work in this section in perspective, let us apply the
matching rule before we derive the governing equation. Writing the far-field series
again asin (4.12) and (4.13), we wish to find a boundary condition on U®; substituting
(4.44) in (4.42) gives

=My (A% \E[ 28 g\
W A ro (A% 4 A8 (B

-~ gmilan) |7 (FRy)ee|-(Fmy) e we
Where ¢ = (22t (4.46)

The assumption ord (Ad) > A is in fact implicit in (4.44) because in the limit A - 0
breakdown occurs where £, = O(1) and r = O(¢~%), in the same way that an analogous
breakdown occurs in the frozen limit (see §4.1). We therefore need the asymptotic
behaviour of ¥ '(x) as x - c0:

8'(1) 8'(1)—8(1)
W) ~ 2mxt 4mzd

+0(@h). (4.47)

It is not unusual for #” to decay faster than x—# if the body is finite; for example, if
f(1) = 0 then 8(1) = 0 = §’(1). Clearly, #" ~ 2™ with n < — } if the body is finite, but
in order to include semi-infinite bodies in our analysis, let us write

W (x - 00) ~ 2™ (4.48)

on the understanding that n < } (} corresponds to the cone, and we cannot allow the
body to grow faster than the cone as x ~> 00). Substituting (4.48) in (4.45) we find that

ifn>0 A = A3[e2(A8) 1]V, (4.49)

However, when the body is finite, so that §”(x) vanishes when z > 1, we find that
A = Ad/e*; seeing that A8 can be O(1), this result is patently inadmissible, and the
matching rule indicates that the linear theory is valid in the present region (evidently
the diffusivity B is sufficiently large for the nonlinear effects to be relatively unim-
portant). These conclusions are analogous to Blythe’s (1969) deductions for the piston
problem, although he did not consider the implications of A and § taking on extreme
values in the ‘intermediate §’ context, except for allowing A to be large. Observe that
since 0 < n < },1—1/2n < 0and (4.44) and (4.49) still apply as A - co; this domain of
non-uniformity is simply shifted away from the body as A increases, although the
near-frozen results of § 4.2 then apply in the ‘usual’ far field.

Using equation (8) of I, the perturbation to the equilibrium sound speed is found to be

AY = My Mg (T — 1) U™, (4.50)
where T, = a;'[0(pa,)/2p],. (4.51)
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The equilibrium form of (4.19) then shows that

D Ad 1 Ao Ara

- - 4 — KW — T B

De ~maEtp, KU ]( ﬂe“A&aE+ABaR)’ (4.52)
where K+ = M7 M2(T o fd M2 —1 £ 1) A. (4.53)

Invoking (2.7a), (4.35), (4.37) and (4.52) we finally derive an axisymmetric version
of Burgers’ equation:

K, U0UD 4+ 2UQ + R1UO = B85 UL, (4.54)
where K, =2Mz'p5'T o M4, (4.55)
Equation (4.45) provides a boundary condition; U® should behave like

- n © = 2
as R {0 with ER-1 fixed (0 < n < 1).

As far as can be ascertained, no exact analytical solution of the axisymmetric
Burgers equation has yet been published. Parker (1975) has applied the Cole~Hopf
transformation (e.g. Lighthill 1956) to a general class of equations and obtained a
spatially dependent diffusivity multiplying a logarithmie term (Leibovich & Seebass
1974, p. 124); subsequent linearization of this term allowed him to obtain closed-form
solutions. The need to match U™ with the mid-field result unfortunately invalidates
this procedure in the present case; in fact, Parker’s solution is apparently unable to
satisfy a singular boundary condition involving terms like R-™, m > 0 (Sinai 1975).

Mention should also be made of similarity solutions, but we shall postpone such
a discussion until the next section, where it will be more relevant.

Let us digress on the matching procedure [cf. (4.45)]. Specifically, we shall try to
answer the following question: why does the diffusivity Ad have a critical size O(et)?
It has already been shown that, when ord (Ad) is greater than the initially unknown A,
A turns out to depend on the body shape. Now consider a situation where

ord (Ad) < A.

Here we need to use the asymptotic behaviour of %" for small argument, namely
W'(x) ~ xt, and it transpires that A = €* and hence ord (A8) < A if ord (Ad) < €. These
thoughts are further consolidated by (4.49), for it confirms that ord (Ad) > A when
ord (A8) > €? provided only that n > 0. In addition to these arguments we know (as has
been mentioned before) that when A = 0 breakdown occurs where £, = ord 1 and
r = ord ¢~* [consult the pertinent comments above (4.11)].

4.4. Equilibrium wave, ord (AS) < €*

Let us define the quantity v* = 28/et < ord 1. (4.57)
In view of the aforementioned, a study of the ord (»*) < 1 situation will be facilitated
by examining the region in which £, = O(1) and r = O(¢™*), i.e. the new independent
variables should be £, and R, where

B = ¢tr. (4.58)
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It transpires that Ay=A,=A, =8, =4, = ¢, (4.59)

and this time the rate equation indicates that
A, =€, Az = At (4.60)

Observe that since ord (Ad) < €4, ord (A;) < €8/6. The subsequent analysis is almost
identical to that in the previous section, and U® is found to satisfy an equation which
is barely (but usefully) different from (4.54):

K UOUP +2UP + R1UD = (A8/e*) BB UL, (4.61)
Again, the diffusive term on the right-hand side is deemed negligible when
ord (Ad/e?) < €.

The reasons why (4.61) is considered more useful than (4.54) are twofold. First, (4.61)
issusceptible to perturbation techniques when ord »* < 1, and this inequality is norm-
ally satisfied in the context of vibrational relaxation in the atmosphere. Second, it tran-
spires that the boundary condition on (4.61) is a much simpler one than (4.56). In fact,
the matching condition corresponds to classical equilibrium requirements, as can be
verified by direct manipulations or by invoking the properties of the Dirac delta
funection; hence

UDE, R 0)~ — Mpu(2Bo R)HH (E,). (4.62)
Write w = RYUO, (4.63)
Then K, R Yww, +wp = p*w,,,, (4.64)
where K, =31K, u*=2A80%/28¢". (4.65)

Let us find perturbation solutions to (4.64) in the practically relevant case ord v* < 1
(Hodgson & Johannesen 1971). Equation (4.61) is immediately recognized as a
singular perturbation problem (Cole 1968; Murray 1968; Van Dyke 1975); initially we
seek an ‘outer’ solution of the form

w = w0+ p*u® +o(u*) (4.66)
and we find, with the aid of (4.62), that
WO = F(B) = — Mo(2B0) 2 #(B), £ = B+KF(B)ERL, (4.67)

T 2B
w()—W(lnT+T 1"‘1)—11‘!0-]‘%‘%%(1—77 '—InT), (4.68)

where T =1+ K, F'(B)R} = (0,/98)r- (4.69)

The breakdown is highlighted in (4.68); 7' vanishes on the envelopes of the charac-
teristics # = constant, i.e. breakdown occurs near the shock waves. Be that as it may,
we can locate the shock waves (with an error O(u*)) by the standard techniques, and
values of w ahead of and behind these equilibrium shocks, denoted by W; and Wy, will
be required during the ‘inner’ calculation for the shoeks’ structures. Writing the inner

expansion as
w(n, B) = WO+ *WO +o(u*), (4.70)

where 7 = [E.—~O(R))/n* (4.71)
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and 0(R) is the value of £, along the shock calculated from (4.67), we derive an equation
which has appeared in similar form several times in the literature:

}E,RAWOWD —(d0/dR) WO - WD = 0. (4.72)

Integrating twice and applying the conditions W® = W, and W, = 0 as 9 -~ —oo0 and
WO = Wy and W, = 0 as 9 — o0, we find that

dd K,
K, W~ WO \
m(m— WR)” =In (W}(‘OKWI;)'FH(R,, (4.74(1)
W —wo K (W —Wg) (£.—0)
or I/—Vj—;a).——.W; = exp[ A Ri:* —H], (4.74b)

where H is an undetermined funection (assumed to be O(1)). Equation (4.73) is no more
than the ‘mean wavelet direction’ condition for weak shocks (e.g. Whitham 1952), and
(4.74a,b) correspond to the classical, Taylor, diffusion-resisted structure (e.g. Light-
hill 1956, p. 287), with the shock thickness (defined in the usual way) proportional to a
diffusivity and inversely proportional to the velocity change across it. In fact, com-
parison of (4.74b) with the classical result indicates that the dimensional diffusivity

i
0* is given by &% = U'L'ASB%) MY = 1,U23,6 | M4, = 1i8ad/ak. (4.75)

It should be noted that in any compression wave W; > W© > W,. At sufficiently large
R the viscous region will engulf the whole Mach zone, as pointed out by Chong &
Sirovich (1973; see also Sanchez-Palencia-Hubert 1976). If we denote the dimensional
widths of the shock and Mach zones by ¢, and 4,, respectively, we know from previous
considerations and the classical Whitham theory that at sufficiently large distances

8, ~ &*(r'|L"}fe2U’, &, ~eL'(r'/L'R. (4.76)

Like Chong & Sirovich we declare that the viscous and inviscid zones may not be
regarded as ‘separate’ for radii larger than that at which 8, = O(edy,), i.e. when

¥ JL' = O(e%R%), (4.77)
where (in our case) Ry is a ‘relaxation Reynolds number’ given by
RR = U’L,/a* = Mzn/ﬂfzoAa. (4.78)

It should be observed that when R is not larger than O(e~*) the critical »'/L’ is not
large; this may well be related to the comments made at the end of §4.3, and
(4.77) constitutes another pointer at ¢! as the critical order of magnitude of the
diffusivity. These thoughts are related to the ‘lobe Reynolds number’ discussed by
Lighthill (1956, p. 333) and Leibovich & Seebass (1974, p. 120).

We can assess the importance of relaxation in the present region by comparing the
equivalent bulk (kinematic) viscosity 8* with the shear viscosity v, of air. Let us assume
the following typical values for the parameters:

Gy =300m/s, 8§=10"4, v, =10"1m?/s.

Substituting in (4.75) gives 8* [y, ~ 1067, (4.79)
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with 7; expressed in seconds. Since (e.g. Hodgson & Johannesen 1971; Sutherland
1975) 7, varies typically in the range 10-3s (dry conditions) to 10~%s (humid condi-
tions), we see that in some atmospheric environments the equivalent bulk viscosity
can overwhelm the shear viscosity (Lighthill 1956, p. 281); under such circumstances
omission of 8* leads to gross under-estimation of the shock rise times. These results
provide the information we sought regarding the detailed structure of the N-wave.
Let us now turn to the matter of similarity solutions of (4.64). Sinai (1976) found
a body satisfying the similitude requirements in terms of the grouping £, B-%, but that
calculation was carried out in the equilibrium limit A — 0 with § small, i.e. ord § = ¢%.
However, the matching condition (4.62) is identical to the one implemented by Sinai,
and we therefore conclude that the solution discussed in that paper is relevant under
the present circumstances as well, due care being taken to account for the different
coefficients in Burgers’ equation (these differences are negligible when ¢ is small).

5. Small ¢

The phrase ‘small §’ implies that ord d = €*; under such circumstances the source
term in (2.7) undergoes a vital change in character, resulting in an equation which is
less tractable than those encountered so far. Before continuing, let us define

A =26/et, A=25/ (5.1)

5.1. ThecaseordA =1

It was pointed out in I that when 4 is as small as O(e*) the mid-field result is the familiar
frozen estimate,

©D ~ — Myo(2B50r) A H(E), (5.2)

provided only that £ < r. Breakdown therefore again occurs where § = O(1),r = O(e™),
and the co-ordinates defined in §4.2 apply directly, as do (4.14) and (4.16). Unlike
the previous cases, the thermodynamic state in the far field is neither nearly frozen
nor close to equilibrium, and according to (2.4) and (2.11)

=€ (5.3)
AQP + QW = — (8%,6/ Myy04) U, (5.4)
Subsequent calculations follow those in § 4.2 very closely, and (2.7 a) leads to
K, UOU® 4+ 2UP + RIUD = (Myy0,/fy06%) Q8- (5.5)
Equations (5.4) and (5.5) may be combined to yield
(A0/0E+1) L, U+ AB,, UYL = 0, (5.6)
where %, is the familiar differential operator
&, = K,U9/oE+20/0R+ R, (5.7)

Equation (5.6) describes an axially symmetric flow which is analogous to the
small-energy problems considered by Blythe (1969), Ockendon & Spence (1969),
Ryzhov (1971) and Rudenko et al. (1974). Unfortunately no analytical solutions of
these equations are known as yet. Blythe (1969) presented numerical solutions of the
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small-§ (piston problem) equation for the expansive case; in our case the front is
essentially compressive, but we shall postpone our discussion of numerical solutions of
(5.6) until a subsequent section. A significant contribution to an understanding of the
general features of the small-d equation was made by Blythe, who studied the equation’s
characteristic form. Clarke & Sinai (1977) used certain features of the same technique,
although the changed geometry alters the details somewhat, and the calculation set
out below hardly differs from the corresponding analysis in that paper (we confine our
attention to the front, or bow, shock).
First, transforming the variables via

X =£/A, Y =(4Af,R/20)}, w = K(R/248,,A)} U®, (5.8)
we find that w satisfies the following parameter-free equation:
(0/0X +1) 2uwx +wyp)+2Ywy = 0, (5.9)

This equation’s characteristics are Y = constant (which approximate the streamlines)
and o = constant (which approximate the nonlinear frozen Mach wavelets), where

(2X/[eY), = 2w. (5.10)

Application of what may be called the Von Mises transformation, with the aid of (5.10),
leads to an equation for X as a function of « and Y:

Xy + X Xpp+2YX,y =0. (5.11)
If we identify « with £ on Y = 0, the integral of (5.10) is

A

and the matching condition (4.24), together with (5.8) and (5.10), translates into the
following boundary condition:

o Y
X=—+2f w(e, y)dy (5.12)
0

Xp(x, 0) = ~3 KA1 #(a), (5.13)
where K =2M,K,/A3p,,. (5.14)
Furthermore, (5.12) implies that
X(a<0,Y)=a/A, X(a>00)=a/A (5.15), (5.16)
For a small and positive, X may be written as a series:

X=%a"X (), (5.17)

from which we find that "
£ =—HAa/mE KS"(0)erf ¥ +a{l +A(Y)], (5.18)

where 8”(0) is the limit of S”(x) as « decreases to zero from above, and

o) =[S [ [wr-perty+ Fexp | exp(-yray. (519

The reader is referred to I for the pertinent comments regarding the behaviour of the
head shock (we may assume, without loss of generality, that §7(0) = 2m).
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The analysis which we have completed is admittedly of a limited nature; in addition
to the restrictions on a, we have not described the rear shock. However, the problem
is a complex one, and we shall now content outselves with, first, a look at the behaviour
for extreme A, and second, numerical solutions of (5.6).

5.2. ThecaseordA < 1

First, it is to be observed that, in terms of the linearized equilibrium characteristics £,,
(5.6) reads

(/\ é% + 1) (K, UDUD + 2UP + R-1UV] = A4S, UL, +0(3). (5.20)
e
Note too that, since ord § = €%, K, = K, to within our order of accuracy [see (4.21) and

(4.55)].
It has already been pointed out that A is normally small; in their studies of this

situation Blythe (1969), Ockendon & Spence (1969) and Rudenko et al. (1974) ‘iterated’
on their analogues of (5.6) to obtain Burgers’ equation

K,UOUD 42U + R-1UD = A48, UL, +0(A%), (5.21)

which is identical to (4.61) to O(8). However, it was pointed out by Sinai (1975) and
Crighton (1975, private communication) that Burgers’ equation is invalid in certain
regimes; in fact, (5.20) is a typical singular perturbation problem, the iterated equation
yielding the ‘outer’ solution.

In the notation of §4.4, (5.20) can be written as

(A0/0E, + 1) (K; R-Ywwy, +wg) = $fpv*we ¢, (5.22)
It quickly follows that the outer solution is identical to (4.66), (4¢.67) and (4.68), with
#* = 3Br*. (5.23)

In terms of the variables defined in (4.70) and (4.71), we find that the first inner term
is governed by

, d6 , do
KjRAWOWY -2 WP + LK RWO*

dR
Applying the upstream and downstream matching conditions, we find that (see
§4.4)

WO =148, WO+ Q(R). (5.24)

d8/dR = }K;R—YW,+ W),
o) = Ly reiin, | (6:29)
An additional integration yields
(1-D)In[W,— WO+ (1 +D)In[WO - W] = —y+ H(R), (5.26)
where D = 248, Rt | K (W,— Wp). (5.27)

Relations like (5.26) have appeared numerous times in the literature; specifically,
the wave is partly dispersed wherever R~3(W,— Wy) is sufficiently large for D to be less
than one. Conversely, the wave is fully dispersed wherever D > 1.

The interesting fact has thus emerged that in the near-equilibrium limit the shock
waves can be partly dispersed when & is sufficiently small, and the concept of an
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equivalent bulk viscosity can be spurious. Moreover, this critical size of § depends on
the geometry, being O(¢) and O(e¢?) for planar and axisymmetric configurations
respectively.

Whilst D can be determined formally for any particular body shape, we can provide
an estimate of the position, on the front shock of all bodies, at which D = 1, If we
assume that this position is sufficiently far from the body for the »—% decay (Whitham
1952) to hold in the vicinity of this position then we may estimate the value of R at the

critical point b
P Y RY~ Mjet (Fﬂ)"/l/o)i (5.28)
§ \oigh )’
where W, = fdo"/f/(y)dy (5.29)
0

and g, is the first zero of #” in o > 0. Normally #7, is rather insensitive to the body
shape, and for the purpose of illustration we assume a value which actually holds for
a semi-infinite body with a parabolic nose, namely #, ~ 0-2. R, is quite sensitive to
the Mach number, and if we choose M, = 2-0, we find that D = 1 when r is approxi-
mately 0-5¢-¢ body lengths; at larger radii the shock is fully dispersed, and despite
the fact that ord § = €* the bulk viscosity (which can only be used where D > 1) may
still be comparatively large, as discussed in § 4.4.

5.3. The caseordA > 1
In the near-frozen limit A - o0 we may iterate on (5.6):
AL UMY OE+ A 18,0 AUP = O(A-?). (5.30)
A single integration leads exactly to (4.20), and the results of §4.2 apply directly.

5.4. Numerical solutions

In view of the complexity of the problem when there are no small (or large) parameters,
numerical calculations have been carried out for a particular body shape. The shape
which was chosen was a semi-infinite cylinder with a parabolic nose; referring to (2.9),

x—3a?, O0<zx<1,

f) = {%, 1<z

Figure 1 presents %  for this particular body.

The matter of multi-valuedness is obviously dealt with most easily with a knowledge
of the shape of the characteristics, and it was felt (with justification, we feel in hind-
sight) that the shock fitting would be best implemented via a direct solution of (5.11)
with (5.10) providing values for the primitive variables (e.g. pressure). In fact, the
numerical calculations were performed not on (5.11), but on the following equivalent
equation:

2ARZ o+ (2RZ pp+ Zp)[Z,+ 1~ kW' (@) R¥]+ (AR R+ A) 2, = 3kW (o) RE,

(5.31)
where E=Z+a—-k# ()RS, (5.32)
k= ]M}OKI(2IBIO)“§, (5.33)

31K, U = (8£/2R),. (5.34)
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FIGURE 1. # (x) for a semi-infinite cylinder with a parabolic nose.

F1oure 2. Numerical solutions of the small-8, parabolic-nose problem: a typical view of §(«, R)
from the octant @ < 0, # < 0, § < 0 (the surface is viewed from underneath, approximately in
the direction of the arrow marked e in figure 3).

Equation (5.31) is derived by transforming (5.6) with the aid of (5.34) in a manner
exactly equivalent to the derivation of (5.11) from (5.9). Equation (5.31) was solved
instead of (5.11) simply because (5.11) was found after the computations had been
completed. Despite the simpler structure of (5.11) we are in no doubt that differences
between numerical solutions of (5.11) and (5.31) would be utterly negligible (except,
possibly, at large o and R) for the following reason: our explicit finite-difference
scheme, which uses a six-star molecule, employs (5.31) to express the value of £ at one
point in the &, R plane in terms of the values of £ at the other five points. Hence the
only difference between the algorithms from the two equations would be this final
expression for £ at the sixth point; numerical answers would therefore be virtually
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FIGURE 3. A numerical solution of the small-8 equation for the parabolic nose, depicting £ vs. a
for fixed R. The finite-difference grid in the a, R plane has an expanding step size and successive

curves in this figure do not correspond to identical changes in R. The relevant parameters are
=64 A =10, My, = 20, Tyy = 1-2.

identical (the computations were carried out in double precision anyway), except
perhaps for a build-up of cumulative errors at large values of « and R. Note that the
present analogue of (5.11) is

2YX py+ X 2YXpp +Xp)+2Y+1) X,y =0.

Be that as it may, (5.32) constitutes a ‘subtraction of the singularity’ (Ames 1965,
p- 411) and it leads to homogeneous boundary conditions on Z:

Z(O,R) = 0 = Z(,0), Zg(a,0)=0. (5.35)

Subject to these conditions, (5.31) was solved numerically using first-order explicit
finite differences, to obtain the values of £ in the quadrant & > 0, R > 0. The solution
surface is rather complicated in shape, and for this reason we include figure 2, in which
the surface is viewed from the octant « < 0, R < 0, £ < 0.

Unfortunately, the computational algorithm possesses an instability which mani-
fests itself when A is approximately less than 0-3, but we can turn to §5.2 for
analytical solutions when A is small.

Figure 3 exhibits solution curves £vs. & (0 < a € 1-5) for fixed R in the range 0-5-0.
There are several striking features of the curves, but it should be pointed out first that
in frozen flow the values of £ increase monotonically with R for fixed «; in fact, £ is then
proportional to R} (Whitham 1952). Moreover, in frozen flow £ = a at any value of «
which is a zero of #7(«), so that in such circumstances each and every curve, regardless
of the value of R, would pass through the point marked 4 in figure 3.

It is apparent at a glance that the behaviour is nof monotonic with respect to R, and
as R increases the curves do not all pass through the point 4. The evolution of the kink
near the front is illustrated clearly in figure 2. We have convineing explanations for
these phenomena, but we shall postpone further discussion of the kink until we deal
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d

R=0

FIGURE 4. A typical solution curve near the wave front; small R.

H} R=0

FicurE 5. A typical solution curve near the wave front; larger R.

with the shock fitting. Meanwhile, we observe [see (5.34)] that perturbations vanish
wherever (95/0R), = 0. For the present body #" possesses a zero at @ ~ 0-69, and in
frozen flow the characteristic & = 0-69 would be a straight line £ = constant which
would reach infinity and which would constitute the ‘ centre’ of the wave along which
the pressure is just the ambient pressure. Evidently, in the presence of the non-
equilibrium effects the characteristic @ = 0-69 is no longer straight, and in fact
figure 3 shows that the centre of the wave tilts backwards (i.e. in the direction of
increasing ) towards the equilibrium direction as R increases.

Turning now to the front region, figures 4 and 5 present typical shapes of the solution
as £ vs. a for small R (where conditions are frozen) and larger R (where a lack of equi-
librium prevails). In figure 4 it is seen that in a certain range of £ the solution is triple-
valued (this is a familiar phenomenon in gasdynamics). In figure 5 the situation is more
complicated, in so far as five characteristics (corresponding to the points marked
A, B, C, D and E) pass through the point in physical space given by &,, B,. The
envelopes of the characteristics, defined by (9£/da), = 0, are correspondingly complex,
being four in number (as opposed to two in frozen flow) and corresponding to the
points marked F, G, H and I. The evolution of the envelopes in physical space is
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FieUrg 6. A sketch of a front envelope in a relaxing gas.

llustrated in figure 6. The ‘splitting’ of the front frozen branch of the envelope into
the branches marked I and H corresponds to a flattening of the curve in the vicinity of
the point marked D in figure 4.

The multi-valuedness obviously has to be rectified through the insertion of a shock
(presently ‘shock’ will denote the discontinuous part of a wave); although an algorithm
for fitting the rear shock has been formuiated in principle, it has been found to be too
expensive in computer time and it has therefore not been incorporated into the
computer program. Whilst information about the complete wave profile is attractive,
the present calculations (which are new in themselves) provide us with important
quantitative details ahead of the centre of the wave (the centre being the position at
which the perturbations vanish). In passing we note that in the present context the
asymptotic wave profile is evidently not symmetrical about its centre, unlike frozen
flow. The fitting technique, which uses an iterative interpolation, is based on the ‘mean
wavelet direction’ property of weak waves (e.g. Liepmann & Roshko 1957, p. 93;
Whitham 1952), which in our notation reads

dg; (%€ %3

- (5.5,
Having determined the shock path up to a certain value of R, a sensible guessis made
at the shock position at a larger R, and numerical interpolation is used to express
the right-hand side of (5.36) as a polynomial in R. An integration of (5.36) then yields
an improved estimate of the shock position, and the process is repeated until an error
criterion is satisfied. The shock is started off by fitting a frozen shock (Whitham 1952)
over the first step.

It is obvious, on physical grounds, that the ‘outermost’ solutions must be chosen
during the fitting, so that if the dotted line represents the determined shock position
at the particular R in figures 4 and 5, the discontinuous jumps are represented by 4C
and AE in the two figures.

It isimportant to note that each characteristic is cut off when it meets the shock, and
it will not appear at larger values of R. Consequently, the characteristics associated
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Fieure 7. Typical front- and rear-shock loci in the computational plane, illustrating
the disearded solutions. S, front shock; S, rear shock; ////, discarded solutions.
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Ficure 8. The pressure profiles across the wave, excluding the rear shock. Parameters
as for figure 30.

with the kinks are truncated relatively close to the body, and the complicated envelope

disappears as the shock is fitted, as it should; these points are illustrated in figure 7.
Figure 8 presents the pressure distributions across the wave (excluding the tail);

attenuation distorts the profiles away from the customary N-shape. Finally, figures 9

and 10 provide the shock loci and strengths for various values of the parameters, and

they illustrate the overall dissipative influences of the non-equilibrium phenomenon.
In view of all these ramifications, it now becomes clear why a kink develops near the

front. We know from (5.34) that, as the perturbations decrease, the spacing between

25 FLM 84



738 Y. L. Sinai and J. F. Clarke

1 ] 1 L i ] L | J
0 1-0 2:0 30 4-0
R

F1oure 9. Front-shock co-ordinates for different values of §/et and A. The graph includes a
comparison, for A = 10, between the numerical results and the prediction of (4.28) and (4.29).
------ , fully frozen (Whitham); ——-—, a,pproxima.te?~ analytical, A = 10-0, 4 = AI-O. Numerical :
©, singularity not removed; ——, A = 100, A = 1.0; —--—, A =10, 4 = 1-0; —-—,
A =104 = 100.

—

In (ps”/po)

Fiaure 10. Front-shock strengths for different values
of 8/t and A. Curves as in figure 9.

successive curves on the £ vs. a graph decreases as well. Consequently, the only way in
which the strength of the discontinuity can be made to diminish over and above the
usual geometric factor is through the appearance of the kinks; these lead to a reduction
in the spacing between successive curves in the region in figure 3 through which the
shock passes. It should be reiterated that the curves in figure 3 do not correspond to
equal intervals in R, because the grid is an expanding one.

Another interesting point is that, since A(Y) > 0, the non-monotonicity in § with
respect to R is hinted at by (5.18).
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6. Very small ¢

Despite the fact that under normal aeronautical circumstances € is very small (0-05
typically), we include a discussion of the situation ord § < ¢* for the sake of complete-
ness. This section encompasses the flow about bodies which are ‘not so slender’, such
as bullets.

Turning to (5.6), it is apparent that when A4 is small we can simply obtain a regular
perturbation solution. Let us first rewrite (5.6) as follows:

(A0/0 +1) (wg+ 3K, R~tww,) + w, = 0, (6.1)
where w=RIUO, o/=1p,A. (6.2)
If we seek a solution [subject to (4.24)] of the form
w=uwO4+LuV+..., (6.3)
we find that «® is of course the classical frozen solution [k is defined in (5.33)]
w® = — M(2B,) W (@), E@ R) = a—k# (o) R} (6.4)

and that «® is governed by
(A2/0E + 1) {u® + 1K, R [uwOuf® + u®u]} + 0@® = 0. (6.5)

Transforming the independent variables from £ and R to « and R with the aid of
(6.4) gives

(8/0a+T /) [w + 3K, RITwPuV] = — A-2wD, (6.6)
where T(ax,R) =1—kW#'(a) Rt = (6£/0ct)p. (6.7)
After two integrations of (6.6) it transpires that
R
uP(a, R) = /\"IT‘IJ. T(a, y) Qe, y) exp [ — A~E(a, y)] dy, (6.8)
0
MfO * ’ —
where Qa,R) = YT W' (y)exp [A1E(y, R)]dy. (6.9)
(2B70)2J o

In accordance with our previous considerations, we declare that the non-equilibrium
effects are relegated to second-order terms when ord 4 < €%, i.e. when ord § < €.

7. Conclusions

This paper describes the far-field wave behaviour for complete spectra of ¢, 8 and A
by distinguishing four separate levels of § and thereafter allowing ord A to be less than
one, equal to one or greater than one.

When 1 > ordd > €4, the wave head emanating from the tip is a frozen Rankine—
Hugoniot shock wherever » < A/8. If ord (Ae?/8) < 1, which is true in most aero-
nautical circumstances, the behaviour of this shock, given by (4.9), is independent of
the overall shape of the body, being related solely to the tip angle. When ord (Ae?/8) > 1
a near-frozen field, including the rear shock, is described by (4.22), (4.28) and (4.29);
again, frozen shocks extend as far as r < A/d. Sufficiently far from the body the
shock waves will inevitably be fully dispersed. In fact, if the body is finite, linear

25-2
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theory holds when ord (A8) > ¢%; if ord (Ad) < ¢* we find that the shocks are structured
by an equivalent bulk viscosity [see (4.75)] which may overwhelm the shear viscosity
when the humidity is low. Clearly, the importance of the influence of the non-
equilibrium process (as opposed to transport phenomena) on the shock waves’ structure
can be assessed simply by comparing the relevant diffusivities.

When ord § = ¢* the behaviour of the frozen bow shock is more complex, but it is
described by (4.9) when r € Ae—4; details of the initial departure from this law may be
found in I. Perturbation solutions have been obtained for small and large A: when
ord A < 1 it transpires that an equivalent bulk viscosity may not be used in certain
domains, and for a given body one can determine the critical distance at which the
wave structures change from the partly to the fully dispersed type. A universal
approximation (5.28) insensitive to the overall shape of most aircraft but quite
sensitive to the Mach number is also supplied for this position on the bow shock. If the
body shape is such that a shock wave forms away from the body, the wave can evolve
through stages of full, partial and then full dispersal. Even when ordé = €, the
equivalent bulk viscosity, where it is valid, can be larger than the shear viscosity. When
ord A > 1, we recover the near-frozen solution of §4.2. Numerical solutions have
also been found, in order to cope with the situation A = ord 1 = &/e%. These calcula-
tions were performed for a semi-infinite cylinder with a parabolic nose, and the bow
shock has been fitted. When A is large, the computations compare favourably with the
near-frozen perturbation solution.

When €® < ord § < €4, a perturbation solution is available; it allows us to find the
small correction to a fully frozen flow. This result could be applicable to bodies which
are not so slender, such as bullets.

When ord & < €8, the first-order solution is unequivocally the one from classical
frozen theory.

Some of the material in this (as well as the companion) paper was presented at the
Seventh International Symposium on Nonlinear Acoustics, Virginia Polytechnic
Institute and State University, Blacksburg, Virginia, U.S.A., 19-21 August 1976.
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