2, N. N. Yanenko, R. I. Soloukhin, A. N, Papyrin, and V. M. Fomin, Supersonic Two-Phase
Flows Under Conditions of Particle Velocity Disequilibrium [in Russian], Nauka, Novo-
sibirsk (1980). -

3. L. I. Sedov, Mechanics of Continuous Media [in Russian], Vol. 2, Nauka, Moscow (1973).

4. A. N. Kraiko, L. G. Miller, and I. A. Shirkovskii, "The flow of a gas in a porous
medium with porosity-discontinuity surfaces," Zh. Prikl. Mekh. Tekh. Fiz., No. 1 (1982).

5. A. I. Kraiko, "Theory of a two-liquid gas flow containing dispersed particles," in:
Hydrodynamics and Heat Transfer in Two-Phase Media: Proceedings of the Second All-
Union Thermophysics School [in Russian], Novosibirsk (1981).

6. L. E. Sternin, Principles of the Gas Dynamics of Two-Phase Flows in Nozzles [in Russian],
Mashinostroenie, Moscow (1974).

7. A. N. Kraiko, "The two-liquid model for the flow of a gas containing dispersed par-
ticles," Prikl. Mat. Mekh., 46, No. 1 (1982).

8. R. I. Nigmatulin, Principles of the Mechanics of Heterogeneous Media [in Russian],
Nauka, Moscow (1978).

9., Yu. P. I1'in, "Interaction of a shock wave with a semiinfinite porous medium,” in:
Applied Mathematics [in Russian}, Issue 2, Tula Polytechnic Inst. (1975).

10. V. T. Grin', A. N. Kraiko, and L. G. Miller, "Decay of an arbitrary discontinuity at a
perforated baffle," Zh. Prikl. Mekh. Tekh. Fiz., No. 3 (1981).
11. L. G. Loitsyanskii, Mechanics of Liquids and Gases [in Russian], Nauka, Moscow (1970).

AIR SHOCK HURLING OF AN UNFASTENED SOLID NEAR A FLAT OBSTACLE

V. A. Kotlyarevskii UDC 621.01:531.66

A formulation is given of the problem of a shock hurling a body near a solid flat ob-
stacle. It is considered that the condition of a long shock interacting with the body [1] is
satisfied and the force pattern is representable by two phases, diffraction and quasistation-
ary streamlining. Initial conditions for the origination of different modes of motion, as
well as the transient conditions associated with a variable mode during shock interaction
with the obstacle, are considered for two versions of the diffraction load representation.

The solution-is obtained by a numerical method.

1. A body is considered that has a plane {2 of material symmetry in which forces from a
shock and the reactions of unilateral constraints act, which corresponds to the plane-parallel
motion of the body with variable (from 1 to 3) degrees of freedom. Let the plane { coincide
with the inertial XOY coordinate system with origin at the body center of mass, which is sym-
metric relative to Y and with two points of contact with the obstacle for t < 0 (Fig. 1).

The shock is propagated along the X axis and is continuous with the body at t = 0. The un-
perturbed wave parameters are associated with the point X = O.

It is assumed that the system of forces in the diffraction phase is independent of the
body displacements, which are not substantial, while it is determined in the streamlining
phase by stationary aerodynamics relationships in which the time t is a parameter [1]. Col-
lision of the body support with the obstacle is considered absolutely inelastic while the re-
sistance to displacement is subject to Coulomb's law. Four modes of motion are possible: 1)
(E = 1) rotation in combination with slip along the obstacle; 2) (E = 2) rotation around a
fixed axis; 3) (E = 3) slip; 4) (E = 4) flight without contact with the obstacle. Mode alter-
nation is allowable during the motion. The criterion E = 0 is introduced for the state of
rest.

2. The load in the diffraction phase can be approximated by an instantaneous impulse or
function of time, which is important to estimation of the body acceleration during its most
intensive loading. It is considered that the impulses Sy, Sa, and the moment of the impulse
MS are known along the X, Y axes. We then write the approximate expressions for the frontal
force W, the 1lift force A, and the moment M, for the second case.

Moscow. Translated from Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No. 2, pp.
119-128, March-April, 1984. Original article submitted January 26, 1983.
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t <0
| R4

W(t) = Wl —thy) 0<t<7 <),
A(t) = Apt/t, (0 <t<Ty2), A) =4y, (1 —t/T,) (7, <t<T)s
My= M,,(1 —tlty) (0 <t ),

in which the constants are determined in terms of the impulse components taking into account
the connection t = t with the load functions in the quasistationary streamlining phase to the
end of the diffraction phase

W= Kg FsApyef Ap=28,/v— /24, 4, =Tv,/(t, —7)
(2Mg—M )/ (MgM,>0),

Mm: MTS__sgDMO —‘/‘(JKT_S)Z (2M8+M) (MSM <0 MS_

= | M) | > VE—1). J
The condition M*g > v2Z — 1 denotes no substantial difference in the eccentricities of the
aerodynamic (h®) and the impulse (h).

For the second phase, under the assumption that the Reynolds numbers Re are in the post-
critical domain, i.e., self-similarity in Re holds, as is characteristic for poorly stream-
lined bodies, the loads are determined by the relationships

W = Ap o f(Ape )8 Crpl®, y)ogy(®, 3, M),
A = Apyerf(Apgs DT 4(0, v)ay (e, v, M),
= Apye)f{Apy, OIC (@, W)y (@ 3, M(D),

where Apf, Apyel, and Apyef are the pressure, the velocity head on the wave front, and the
pressure of reflection from the solid wall, f is the function of velocity-head weakening
[£(bpg, 0) =113 CW a,Mare functions for the aerodynamic coefficients that depend on the
generalized body coordinates (%) for the Mach number M << 1; ay,A,M are corrections for
compressibility of air; Fg is the middle; Kf < 1 is the mode factor "and I is the character-
istic body dimension.

The time T is determined from the condition of connection of expressions for the func-
tion W by the solution of the equation

Wity = W_(1 — /1) = Q(x),
Q(t) = Apye1 (Aps, DIECH(O, O)aW(O 0, M(1), T = (1/2)7(1 — Sy /(W,, 7).
From the condition of continuity for A at t = 1, t = 1;, as well as for My at t = 1, we have
(Mf is the Mach number on the shock front)
Ty = (A, — (1U2A)(A,, —4), & = Apyeil*C (0, 0)a,(0, 0, M(0)),
Tpg = M v/(M,, — My), My = Apye1l®C (0, 0)ag, (0, 0, M(0)), M(0) =
The functions € and « are obtained by the methods of experimental aerodynamics, and f

and M from the solution of the problem of a point explosion [2]. The impulses Sy, Sp, and
SM are measured by using dynamic scales [3, 4].

3. The behavior of a body under a load is described by dynamic equilibrium equations
and equations of constraints. The equations of plane motion of a body in projections on the
X, Y axes have the form
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mX'" = SFgj, mY"' = ZFy;, I¢”" = I momz Fj, (3.1
3 i 3

where ¢ is the angle of body rotation around a center; m, body mass; I, its central moment
of inertia relative to the z axis; xF,; ZF, , projections of the principal active and re-
i i

active force vectors; X mom; F;
J

, moment of the principal vector relative to the z axis.
The dot denotes the derivative with respect to t.

In the general case we represent the reactions of the constraints in the form of (non-
negative) vertical Ryj and horizontal Rxi components (i =1, 2). For E =1 a constraint
maintaining one of the supports on the obstacle is imposed on the body. We determine the
nonzero reactions Ryq and Ryi by using the subscript i:

i=1(sgncp=—1),i=2(sgncp=1). (3.2)
Denoting the possible displacements of the reference points by xi and yj, we have the equa-
tion of the constraint
v; =0 (3.3)
that yields the relationship Y(g).

For a body with two degrees of freedom, we have the equations of motion and the rela-
tionship for the vertical reaction from (3.1)

19".= My + a(Ry; siny — Ry cosy) sgn @, y = ¢ + o sgn @, & < w2 (3.4)
X = W — R (3.5)
R.:mY"—;f,fT:A——mg. (3.6)

We write for the horizontal reaction

\inl = p’ORy'i,’ (3.7)
where z is the reversal radius; o, angular coordinate of the center of inertia; uo, friction
coefficient; and g, free-fall acceleration.

Taking account of the sign of the reference point velocity ii, we have a system of equa-
tions for the case p=1(p#0, 2,50, R;>0),p= m2I  from (3.3)-(3.7)

¢ = fi(Mo, A, @5 %> 1) (3.8)
f, = [My 4 (1/2)BIgp2(sin 2y — 2p sin® 7)
— Az(p sin y — cos y) sgn @11 — (1/2)B(u sin 2y — 2 cos? -1,
X" = Wim — pl—A/m + a(fu(Mo, A, @', 7, W) cosy — @ siny) sgn 9],
z;=Xz¢ sinysgn@, Y =z(sinysgn¢— sin @),
Ry, = —A + milf(Mo, &, @, v, 1) cos ¥ — @ sinvlsgn ¢,
Ry =pRy,; B=p},sgn z:.,
For E = 2 we have equations for two constraints: (3.3) and ii = 0 that yield relation-
ships for Y(¢), X(9) . Taking account of the rule (3.2), from (3.1) we have a system of equa-
tions for E = 2 (@ # 0, ,; >0, Byl <moRy), Ig =11+ Pk

¢ = fg.(MO,W; 4, y), fo= [Mo 4z (W siny 4+ 4 cos y) sgn (p] 15, (3.9)
X =z, + z(cosa — oS y) sgn @, Y = z(sin y sgn ¢ — sin a); (3.10)
Ry, = W — malfy(M,, W, &, v)siny + 92 cos y] sgn ¢; (3.11)

Ry = —2 + malfy(Mo, W, &, 7) cosy — ¢ sin 7] sgn ¢, (3.12)

where x{ = const is the displacement of the support at the beginning of this mode of motion.
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For E = 3 (two constraints) both contact points are maintained on the obstacle surface,
i.e., we have the constraints equation (3.3). This yields ¢= Y=02=X, 1,e., the equa-
tions for the case E = 3 (X" # 0, Ry > 0, i =1, 2) are the following:

X = (W pBmt, Y =9 =0 (3.13)
1 ~ 1
Hyi:T[_A(1+Mtga)+—;Mosecal. (3.14)

The lack of constraints is characteristic for the fourth mode. Taking (3.2) into ac-
count, we have the following system of equations for E = 4 (yi > 0):

Q"= M-, X" = Wm, Y = Am,

The formula for the vertical displacement y4{ of the reference point is

y; = Y —z(sinysgn @ — sin o).

The systems of equations are integrated for initial and transient conditions determined
as a function of the representation of the diffraction loads and the alternation of the mo-
tion modes.

4. Zero displacements and nonzero velocities determined by the impulse compoments de-
pendent on the motion mode being realized are the initial conditions in approximating the ef~-
fect of the diffraction phase by an instantaneous impulse (and neglect of displacements dur-
ing the shock).

The impulse acting on the body is comprised of the active impulse S from the shock dur-
ing the diffraction phase period and impulses of the constraint reactions. Because of the
assumption about the absolutely inelastic nature of the collisions, the reactive impulse oc-
curs at a contact point with zero vertical velocity after impact. The initial velocities
9, X, ¥, (after the action of the impulse) are determined by the constraints equations and
the following momentum equations, in which zero velocities prior to the application of the
impulse are taken into account:

mX, =2 8;, mYl'):Z_Sjy, I(pé:ZmomoS]-. (4.1)
j i i

Here 3S,, IS,  are the components of the principal vector of the active § and reactive

impulses; I momS; ,
7

moment of the principal vector of the impulses with respect to the cen-

tral axis z, and permanently acting forces are neglected.

Let the impulse S be collinear with the X axis and applied to the eccentricity h relative
to the center of mass. The moment of the impulse is Mg = Sh. Let us consider the conditions
for the origination of the first motion mode for 9,>0. Setting ¢ =0, sgnp =1 while y o, >
0, v oz = 0 for the initial contact point velocities, we have

Y, = 3§, c0s o 5gn @ (4.2)

and the relations for the reaction impulses Sx; = Sy1 =0, Sxa2 = uSyz, UL = Lo Sgn X ¢2. From
(4.1),

1>0, ﬁ=m—;f; (4.3)

Py = oy = [1 — B sgn @ sin 20 ~ 2 08’ a)]_
Xo=Xyq) = Ti’ — Weyy) S P 0OS oy 1 = Py 50 25 (@5 >0)- (4.4)

The inequality (4.3) is equivalent to the following [v = h/(z sin a) > —1]:
Ho << Ay = 2(1 + B cos? )/(B sin 20) > O(v > 0), pg > ha(v < 0). (4.5)

For the contact point velocity we have (u = Yo sgn X 02)»
. . ., S .9 1 c ., p 2 . ]_1
Toy = Xy — 2@, sin o = {1 — 2pv|sin” & -5~ sin 2a {2 (1-+p cos o) —PBu sin 2o ’

02 m
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where, according to (4.5), the denominator of the fraction is positive for v > 0 and nega-
tive for v < 0 for the case x"9, > 0. If x"g2 < 0, then the denominator is nonnegative for
v > 0, and it can be shown that conditions sufficient for the realization of the first mode
of motion for ¢,>0 are [Ao = Ay — v tan /(v + 1)]:

By <Ay <Ay 0<v<hlctgocj..s?nx02:1, (4.6)
o2y =2, —1<v<0...5gnz,=1,

A, <0, v>i,ctga .
=—1.
Mo <fRg|<Aj OF ny <Ay <R " or
For real values of o and B the parameter A; >'1l and the domain po > do > A1, =L < v <
0 (4.6) correspond to the value of the coefficient yo > 1. The condition po < A: < ]Ao‘ for
Ao < O means, in practice, that po < 1.

For the first motion mode to occur for @,<<0 , by taking 9=0, sgne=—1, y'4; = 0,
Yoz >0, Sy, = ”Syu Sx2 =Sy, =0, weobtain (4.2)-(4.4) as well as z;)I:X;——ch;,sino&. It is
seen from (4.3) that the inequality o¢,<0 is satisfied for any po and v < 0. For the veloc-

ity of the contact point we hence have

oy = ‘—;i-;- {1 — 2fv (sin2 o — —i— B, sin Zoc) [2 (1 4 p cos® @) + Bu, sin 205]_1}.

For puo > —Ao the inequality x°6; > 0 is satisfied automatically also for any po since Xo > O.
Therefore, the first motion mode with the initial velocities (4.3) and (4.4) is realized
under the conditions

o <[} <1,
0<v<<hctga (sgn@=1, sgnzy,=1),
v> A ctga (sgncp:i, sgnx;u-_—i),
—1<v<O (sgn(pz-—i, sgnz(.n=1).

Let us consider the conditions for origination of the second mode, for which Sk, = Sy, =
X602 = ¥ oz =0, i.e., we have (4.2) and X;EEX&”==Z¢6ﬁnao Substituting the values of the:e
velocities X'g and Y'o into (4.1), we obtain

Py = Doy = S (v D/UIv B+ DI 4.7)

Realization of this mode is possible under the conditions

90> 00 | Saa| <BeSyar (4.8)
where, as is seen from (4.7), the former is always satisfied (v > —1).
We write for the reaction impulses
Seg =S — mzsina-Sk + zsin cc)/lf5

S,o = mzcos & Sk + z sin a)/]B.

y2

In the case Sx2 > 0 the second inequality in (4.8) yields uo > Ao for v < A, cotan o, where
there should be v > 0 in order to have uo < 1, while if Sxz < 0, then po > —Ae for v > Ay*
cotan o, Ao < 0. On the line v = A, cotan a we have Sx, = 0., Therefore, the second motion
mode with the initial angular velocity from (4.7) is realized when |ko[ < uo < 1, v >0.

Origination of the third mode is possible for ¥,=¢,=0, X,>0. Equations (4.1) yield
"ES; >0, I8, = Lmomy §; =0 ,1i,e., Sylﬁ-sy2=()and, according to Coulomb's law, Sx; + Sxa2 = O.
i i :

1
Hence, at the beginning of slip no horizontal reactive impulses occur and the initial veloc-
ity is determined (without losses because of collisions) by the total active impulse X', = S/m,

From the equation for the balance of the moment of the impulse hS + z(Sy, — Sy2) cos a =
0, i.e., taking into account that Sy; + Sy2 = 0, we obtain values of the vertical impulses
Sy1 = —Syz2 = —hS/(2z cos @). This result does not contradict the unilateral properties of
the constraints just for h = 0, i.e., the mode 3 occurs under the unique condition v = 0,
where the initial velocity corresponds to a body completely free of constraints.
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The case of the origination of different modes of motion under the action of an instan-
taneous impulse is shown in Fig, 2a in the po — v plane,

5. Let us consider the motion conditions by representing the diffraction phase by a pro-
cess of finite duration in which the maximal loads along the X axis correspond to the time
t = 0. In particular, this permits clarification of the condition of body immobility for low
pressures Apg when the loads from the shock are equilibrated statically. In this case, three
constraints (¥ =Y = ¢ =0) are imposed on the body and the equilibrium equations have the form

My —z[(Ry, — R)
Ry=Ry-+R,—=W, R,=R, - R,y=—4

cos o —‘Bx.sina] = 0,

Hence we obtain a formula for the vertical reactions

1 (. M,
Rm="=7-AiW%gaij;%ca.

By virtue of the unilateral nature of the vertical constraints and the Coulomb law, the im-
mobility conditions are Ryi > 0, Rx < poRy, or, after substitution of the load values for

t =0 from Sec. 2, Mo = Mp, W=Wp, A=0, r <K, ¥ < o, K= cotan «/(v + 1), r = My/(mgh°),
v = h°/(z sin a), h°® = Mp/Wp.

Furthermore, we consider the conditions of displaceability at the time t = 40 for which
we take X = Y =¢=X =Y =¢ =0, We assume that for h® < 0, o < n/4, and the value o <
Ai1. The quantity A; > 1 and the coefficient ypo can be variated to 1. The parameter a can
have the value a > 7/4 for h° > 0.

For mode 1 to occur for ¢=1 then there should be ¢ >0 while the horizontal ac-
celeration of the center of inertia should exceed the acceleration that would occur without
slip, i.e., by virtue of (3.10) there should be X '(0) > 29" (0) sin a. Expanding the inequalities
by using the equations for the first mode in which we take p = p, sgn ¢ =1 we obtain

rDy 2> Dy, vr > By(v > 0); rDy > Dy, po > K (v = 0);
Dy =1+ B[l — (v - 1) (sin? a -+ (1/2)p, sin 2a)[;
Dy = po(1 + B sin? a) — (1/2)f sin 2a; B, = ctg & — po.

For the reverse rotation, by setting ¢ <0, z,>0 for sgn¢= —1 we obtain —vy > B; =
cotan @ + po{v < 0) from the same equations. This condition is valid although the denominator
in the right side of (3.8) remains positive, i.e., for po > A:.

Rotational motion around the right support point occurs for ¢ >0, Rxz < poRyz, Ry, >
0. Expanding these inequalities by using (3.9)-(3.12), for ¢=1 we will have rD; < Dj,
r >K({v > 0). )
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Slip (mode 3) is realized for X'' > 0, Ryj > 0. By using (3.13) and (3.14), we obtain
the conditions for realizing this mode

Bo << r << By/v(v = 0), 1> W Ho << K(v =10, po < r << By/ V| (V"< 0).

The displaceability conditions in the po—r plane are shown in Fig. 2b by domains whose
numbers correspond to the motion modes, while the boundaries are determined by the parameters
K, v, and B, where K determines the domain of immobility <0> and is an index of the tendency
of the body to a definite mode of motion. As K grows, the immobility domain broadens, while
the tendency to instability diminishes. The vertical boundary pe = A; for the initial values
of the parameters overlaps the quantity po = 1. For v < 0 and a < ©/4, we have K > 1,

6. Let us determine the transient conditions. The passage from mode 1 to mode 2 (1-2)
is realized when retarding the contact point, which fixes the change in the sign of the ve~
locity for the numerical solution, i.e., the condition x"¢-%x"¢ < 0, where X o= is the velocity
in the last time spacing (for numerical integration of the systems of equations). The transi-
tion‘Z—i is related to the excess of the horizontal reaction of the (Coulomb) limit value ac-
cording to the condition Rygi > MoRyi. The transitions 3~1 are determined when the negative
sign appears for one of the vertical reactions Ryj < 0, while 1—4 and 24 are the negative
sign of the reaction Ryj for a unique contact point. The mentioned transitions are shock-free.

Let us consider the shock transitions 1-3, 2-3, 4-1, 42, and also 1-1, -2, 2—1, 2—2
that are associated with a change in the sign of the angle ¢. A criterion of the transitions
4—1, 4—2 is the disappearance of the distance y{ between one of the support points and the
ob stacle. As the motion goes from one mode to another not associated with the impacts of
the reference points on the obstacle, the displacements and velocities remain continuous.
Constraints are suddenly imposed on the moving body under impact transitions, whereupon re-
active impulses occur. As above, a collision is considered instantaneous and absolutely
inelastic (the coefficient of restoration equals zero); consequently, displacements and im—
pulses from the permanently acting forces are neglected. The relationship between the re-
active impulse components correspond to the Coulomb law with coefficient po. The system
momentum changes (diminishes) as a result of the action of the reactive impulses Sx and Sy
during impact, i.e., a jump diminution in the velocities or a transformation of the motion
occurs,

Let us consider the case of body incidence at an angle ©+#0 on one of the supports at
the time t = t, . Before impact (t = —t,), the velocities had the values X', Y, ¢° and the
values X*,, Y°x, and ¢, after the impact (t = +tx). The equations of the moments of the
impulses and the impulses with the inelastic impact coupling equation yeoi(+ty) = 0

[(qp;-q;')=z(stinv—Sycosysgqq>). (6.1)
m(X,—X)=—5, m(Y,—Y)=8, Y,=:¢ cosysgne

contain five desired quantities S Sy 9, X,, Y, where the reactive impulses can be expressed
in terms of the angular velocity ¢,

_Isgng

8= Zsn v [CP;’(i +pcos?y) — ¢ —-‘% Y cos y sgn q)]; (6.2)

§,=m (zq); COs y sgn @ — Y').

These expressions are valid in cases of the origination of modes 1 or 2. Let us add a
relationship dependent on the mode to be expected. If the mode 2 occurs after impact, then
x oi(+t,) =0, or

X, =z¢, sinysgng (B >121s & =5,/8,)
and we obtain from (6.1)

p, = E—_il_—i [cp' + —E—-(X siny + Y cos y) sgn CP].

If it turns out in the verification that the condition we > |[A| is not satisfied, then
mode 1 occurs as a result of the impact, where
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S, = 1,S, sgn :c'l')i, Zo; =X —z¢ siny sgn @,

and, taking account of (6.1) and (6.2), we obtain the following formulas for the velocities:

X, = X' =X —y, (zgp;' cosysgng—Y )sgnzy,
B . .
.= (1, sin y sgn z,; — cos 7) sgn @
¢, =9, = :

— .
1+~ B (1 + cos 2y — p, sin 2y sgn z,;)

Furthermore, we consider the use of shock transitions with a change in the sign of the
angle ¢ (tilting). Here the impulse occurs under the support which had no contact with the
obstacle prior to the impact (otherwise the motion ceases because of inelastic impact). It
hence follows that the formulas presented are valid even for this case if we set y = o there-
in and take the value of sgng for t = +t,, i.e., for the mode of motion again occurring. The
signs of the velocities calculated by means of the formulas mentioned should correspond to
the modes of motion that appear after impact. Without such correspondence, slip (mode 3) or
braking (halting) of the body will evidently occur.

If rotation does not occur after impact, then the presence of impulses under both supports
must be allowed. Introducing the four impulses Sy1 > 0, Sy2 > 0, Sx1, and Sx2 by assuming
that o,=Y.=0 after impact (t = +t*), and using the notation Sy = Sx1 + Sx2, we write the
equations for impact with the transition to slip for y = «

Iy = Z[(Syi — SyZ) cos o + S, sin ],

m(X,—X)=—5, —mY =81+ 8y Sp=1(Sy+S,,) 80 X..

We hence have (i = 1, 2)

Sx=——p0mY‘ sgn X;; (6.3)
5= TU¢ + mzY cos a + 25, sin a)/(2z cv?s a): (6.4)
X;:;LOY' sgn X‘—{—X (6.5)

Let X", > 0 (sgn X', = 1). Then taking into account that Y' < 0, we obtain from (6.5)

Mo < — XY, (6.6)

and from (6.3) the expression

8 = — pem¥ > 0. 6.7)

x

Let us note that, in the numerical realization of the problem, the impact criterion is
a change in the product sgn @ (;)sgn ®(t;yy) from plus to minus in the i + 1 time step (tj < t, <
ti+1). Let us introduce SgnQ:=sgn ¢ (s;,,)=—sgn@(#;) to fix the change in the mode of the mo-
tion. Using the function 2%, for t = +t,, and taking account of (6.7), we eliminate Sy
and the velocity Y = —z¢ sgngscosae from (6.4) to obtain

1
S =1I¢° [ﬁ Sgn @y (cos2 o F ~5” pg sin Za) F 1] /(Zz cos a).

Expanding the inequality Syi > 0, and taking into account that the transition to slip is
' sgn¢ <0 (¢ sgnyg, >0y Lor both variants, we obtain the condition
po <2’ A%=2(p cos® & — sgn ¢, )/(B sin 2a),

Now if we assume that X'* < 0, then by repeating the procedure we will have, instead of
(6.6),

He < X°/Y", (6.8)
and the following expression for the vertical impulses

Sy =1I¢’ [[:'5 Sgn @, (cos2 o I (1/2) p, sin 2a) F 1]/(22 cos a).
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We now obtain from the inequalities Syj > 0

2 (— B cos® & +- sgn ¢,)/ (B sin 2a) < py < 2(B cos® & + sgn @,)/(B sin 2a) = A%°.

For real values of o and B the left inequality is satisfied automatically and it is suffi-
cient to write po < A°°. Since Y' < 0 always before impact, while uo > 0, then the inequali-
ties (6.6) and (6.8) are satisfied only under the condition sgn X' = sgn X'*. This permits
extending the results to the form

By < | x /v, By <n= 2(B cos® & — sgn X" sgn ¢, )/ (B sip2o&), (6.9)

where, as before, the sign of the quantity @« is opposite to the sign of the angle ¢ before
impact, while the velocity after impact with the passage to the mode 3 is determined by (6.5)
in which sgn X°, should be replaced by sgn X.

The body ceases to move when condition (6.9) is not satisfied, The loss of stability is
determined by compliance with the condition {Y[ > m/2.

The problem formulated is programmed for the ES electronic computer. The system of
equations is integrated by the Runge-Kutta method.

7. Examples are presented of analysis of the motion of a body in the shape of a paral-
lelepiped, loaded by a shock with the parameters Apf = 0.1 MPa, and duration of the positive
phase of the velocity head 6 = 0.065 sec. The wave parameters (Ap el® Aprafs Df, £(t/0))
are determined completely by the pressure Apf [2]. Two paralleleplped models of identical
size were examined, of height Z , length 7,, width (streamwise dimension) B with supports
specifying the distance Ho from the lower face of the model to the obstacle: B/I = 0.707,
Ho/l = 0.156, ly/l = 0.448, 1%/Fs = 1 ylz/ (Blz) = 0.633, 1% is the planform area of the body,
center of inertia is on the vertical ax1s of symmetry, and for body 1 is below, and for 2
above the geometric center. The coordinates of the center of inertia of body 1 are o =
0.606 rad, z/7 = 0.43, and for body 2 are a = 0.903 rad, z/7 = 0.571. The functions €,
oW,A,M (see Sec. 1) are obtained by model testing in a wind tunnel. The impulse components
of the diffraction phase are taken from data in [5]: Ky = Sw/S = 1.55, yA = SA/Swy = 0.55,
Xo = Mg/(ISy) = 0.35 rad for model 1, and 0.14 for model 2, S, = (SB/ZDf)(AprefFa + Q(0)) is
the characteristic 1mpulse Df is the wave front velocity, Apr /(mg) = 16.1, g6%/7 = 0.195,

= 0.67, g = 9.81 m/sec?. The parameter B = mz®/I = 3.24 for model 1, and 5.47 for model 2.

Graphs of the horizontal and vertical motion of body 1 are presented in Fig. 3. Signif-
icant acceleration gradients are observed in the diffraction phase at whose end the vertical
acceleration becomes negative. For t/6 < 0.03, body rotation occurs around the right support
(mode 2). TFor 0.03 < t/6 < 1.26, slip with rotation occurs (mode 1), and then the vertical
velocity vanishes upon collision of the left support with the obstacle, the horizontal veloc-
ity is halved, and the body makes the transition into slip for ¢=0 (mode 3). The maximum
velocity X'mf/7 = 0.132 is achieved at the time t/® = 0.42, i.e., braking starts long before
termination of the action of the shock. The maximum of the vertical shift in the center of
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inertia Yp/7 = 0.02 is reached at the time t/6 = 0.61. Complete braking (halting) occurs
for t/6 = 1.6, when the horizontal shift reaches the maximum Xp/7 = 0.146.

The motion parameters of body 2 are given in Fig. 4. Here the body moves according to
mode 2 (9 >0), in the interval 0 < t/§ < 0.01, and then loses contact with the obstacle
(passage to mode 4), where the sign of the angle ¥ changes at the time t/6 = 0.19. Impact
on the obstacle for ¢ <0, t/6 = 0.275 results in a velocity drop and passage to mode 2.
Collision of the second support with the obstacle for t/6 = 0.49 and Xp/7 = 0.061 causes
halting of the body. Therefore, a change in the coordinates of the center of inertia would
result in a substantial difference in both the qualitative pattern of body displacement near
the obstacle and in the quantitative indices of the motion parameters. This distinction is
governed to a significant degree by the change in the moment of the impulse and the aero-
dynamic forces relative to the center as well as the reaction of the bonds with the shift in
the center of inertia.

Computations were performed for the version of approximating the diffraction phase ef-
fect according to the relationships in Sec. 5.

8. Let us give an estimate of the possible displacements of the surface of the obstacle
bounding a linearly elastic half-space with the acoustic resistance A; (for instance, soil).
Taking the boundary pressure in the form Ap(t) = Apf(l — t/8)®, we have a formula for the
surface displacement u(t) in a one-dimensional approximation

U= u()4s(n + 1)/(Aps0) =1 — (1 — /8 O LB <), U=1(t/g>1)-
The maximum displacement to the end of the action of the pressure equals

Uy == A‘_Df 0/[A4(n + 1)].

Taking A; = 1.6¢10° kg/(m®esec) (medium-density soil), Apg = 0.1 MPa, 6 = 0.065 sec,
n = 2, we obtain up/7 = 6.4¢10"%. Taking account of the value of the maximum displacements
mentioned in Sec. 7, we arrive at the conclusion that the surface displacement is negligibly
small, i.e., a hypothesis as about a solid obstacle is allowable for the surface of soil in
this case.

The author is grateful to L. A, Brodetskaya and E. G. Maiorova, who developed a computer
program for this problem.
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