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FOREWORD

The analyses described in this report were performed by TRW Systems
Group for the Defense Atomic Support Agency under Contract DASA01-70-C-0135,

Blast Wave Boundary Layers and Particle Entrainment. This final report

consists of two separate parts. Part I contains the results of the boundary
layer study, and Part II describes the results of the particle entrainment
investigation. The first part is independent of the second, while the

second part occasionally refers to the first.

V. Quan was the project engineer, and R.M. Traci and J.F. Farr, Jr.
contributed significantly to this study. J.E. Melde and V.R. Hyman also
contributed to the numerical results. The interest and support of
H.J. Carpenter and C.W. Busch in this work are acknowledged. The DASA

technical monitor was C.B, McFarland.
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PART I

BLAST WAVE LAMINAR BOUNDARY LAYERS
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ABSTRACT

The laminar boundary layer flowfields generated by plane, cylindrical,
and spherical strong blast waves are studied. Solutions are obtained
using two different methods. In the first method, the governing equations
are reduced to ordinary differential equations by using a similarity trans-
Lomnation and a parametric integral technique. In the second method, the
cussumpltions of quasi-steady state and local similarity are invoked. Results
obtained using each method are presented, A method of solving the turbulent

boundary layer equations is also outlined in detail in this report.
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NOMENCLATURF

constant defined by Equation (3-3)
specific heat at constant pressure
constant related to explosion strength
function given by Equation (A-5)
specific enthalpy

conductivity

distance in n at which the velocity reaches (l-e‘l) of the local

free-stream value.

distance in n at which the temperature reaches (1—e“1) of the local

free-stream value,

geonetry factor, = 2/(3+0)

pressure

Prandtl number, = ucp/k

heat flux to the wall

time scaling factor defined by Equation (5-4)
function given by FEquation (A-4)

time

velocity in x-direction

shock velocity

velocity in y~-direction

function defined by Equation (A-6)

time scaling factor defined by Equation (5-7)
distance along surface from explosion point
distance between shock and explosion point
distance normal to surface

boundary layer velocity thickness
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NOMENCLATURE (Continued)

3 Vs = boundary layer temperature thickness

g o ‘ = geometry factor, = (m-1)/m
Y = gpecific heat ratio

- 8 = distance in n at which local free-stream velocity is reached

: Gt = distance in n at which local free-stream temperature is reached
n = transformed coordinate defined by Equation (3-2b)
n = viscosity

é; £ = transformed ccordinate defined by Equation (3-2a)

ﬁ ) = density

=

transformed coordinate defined by Equation (3-2c¢)

]
A,
-
L}

g Y,
X A
~

1

shear stress at the wall

0 for two-dimensional boundary layer and 1 for axisymmetric boundary

X I
Q

£
1

layer
o =20, 1, and 2 for plane, cylindrical, and spherical shock, respectively.
¢ = function given by Equation (A-3)
¢ = stream function defined by Equation (3-1)
Subscripts
e = free-stream (at edge of boundary layer)
w = wall condition
n = derivative with respect to n
£ = derivative with respect to

8
It

ambient condition
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! 1. INTRODUCTION

Yy The occurence of an intense explosion at or near the earth's surface
?: results in a complex fluid~surface interaction. The main characteristics
ﬁ‘ of such an explosion are indicated in Figure 1-1. The intensely hot, low
ﬁ density region of air and vaporized earth form what is known as the fire-

ball shortly after burst. Within seconds the fireball begins to rise
due to its buoyancy, carrying with it large amounts of vaporized and

§ pulverized surface material. As it rises it is cooled by entraining

4, ambient air and by radiation to the surrounding air and surface. In the
meantime the explosion is communicated to the surrounding air by the

advancing shock front. A more extensive description of the explosion

o . . 1* . . .

%» phenomena is given by Brode. The fluid-surface interaction can result
N in large amounte of ground material being lifted into the air. Several

!

‘ﬁ such lofting mechanisms, incliuding vaporization, crater splashing, thermal

expansion, elastic rebound, jetting from cracks, and aerodynamic entrain-

ment, have been identified by Trulio and others.2

1§
A
R Of prime interest to this study is the boundary layer produced by the
25 spherically expanding shock wave flowfield. In order to assess the aero-
jy .
_ dynamic entrainment of surface materials, it is necessary to determine
r the boundary layer shear stress on the surface. Also, boundary layer
)
gﬁ properties are required for the design of surface and subsurface installa-
Y . .
* tions which are hardened to the thermal and dynamic environment of the
) blast wave. Antennas, silo closures, and air entraimment systems are
& exampies of such facilities. Knowing the boundary layer properties such
gf as the velocity and temperature profiles, one can calculate the aerodynamic
Y forces on the facilities. Test techniques such as (proposed) NEST
ur
&
' *
? Superscripts indicate references,
k)
K
-
0
)
o
: CONFIDENTIAL )
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(Nuclear Explosion Simulation Technique) require information about the
boundary layer characteristicg to properly evaluate the test technique
and to interpret test data. To adequately determine the degradation of
underground facilities caused by the blast environment, the flow properties
of alr which enters weapon system ducts are required. In addition, the
rate of heat transfer to exposed surfaces can be estimated. The total
heat transfer consists of the heat convected from the hot boundary layer
gases and the heat radiated from the fireball. Of particular importance
to the calculation of the heat transfer is the generation of airborne
dust by entrainment into the boundary layer. The dust cloud so generated
may block a significant portion of the fireball's thermal radiation by
absorption or dispersion, thus decreasing the total heat rate to exposed

surfaces.

In the present study, the boundary layer behind a strong shock moving
into a stationary fluid is investigated. The solution is presented as a
model for the blast wave boundary layer caused by an explosion at or near
the earth's surface. Although the primary interest here is on spherical
blast waves, the solutions are formulated such that they are applicable
to plane and cylindrical as well as spherical shocks. Since the boundary
layer flow is laminar within a short distance from the shock front in
which the shear stress and heat transfer are high and since it is of
interest to assess the character of the boundary layer if it were to
remain laminar throughout the blast wave, the major effort of the present
study is devoted to laminar flow. However, a method of solving the
turbulent boundary layer equations has been conceived and formulated and

is included in the present report.

The equations governing the two-dimensional transient flow in a
laminar boundary layer are presented in Section 2 of this report and are
solved using two distinct methods. The first method involves a similarity
transformation coupled with a parametric integral technique and is describ-
ed in detail in Section 3. This method is believed to yield accurate

boundary layer solutions for strong-shock conditions (i.e., when the

2 CONFIDENTIAL
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ambient pressure is negligible compared to the shock ovérpressure). This
condition is satisfied for early time blast waves which are of most
practical and theoretical interest. The second solution method involves
the assumption of quasi-steady state and local similarity and is discussed
in Section 4. This method is being investigated because the solution can
be extended to non-ideal blast waves including weak shocks. Results
obtained using the present analyses are illustrated in Section 5, and a

discussion of the present work and conclusions are given in Section 6.

A complete definition of the flowfield involves determining the
inviscid flow and the boundary layer flow. The inviscid flowfield,
calculated by neglecting the presence of the boundary layer, has been
analyzed by a number of investigators and is rather well defined. For
ideal gas and strong shock conditions, Taylor3 obtained an exact numerical
solution and an approximate closed-form solution while SedovA obtained an
exact closed-form solution. Sedov's inviscid solution is used in the

present study and is presented in Appendix A.

The laminar boundary layer associated with strong shocks has been
investigated by Mirels and Hamman;5 however, thelr solution is limited
to the region very close to the shock. The method of analysis, results,
and region of applicability of this solution is described in Appendix B.
This solution provides the only rigorous source of comparison to the
results of the present study, and such a comparison 1s discussed in
Sections 3 and 4. Mire136 and Murdock7 have applied integral techniques
to obtain solutions to the boundary layer behind shocks of constant
velocity. Such a shock has a uniform flowfield behind it, whereas the
flowfield for a blast wave is far from uniform. Thus, those solutions
do not apply to the problem of interest here. To adequately define the
blast wave boundary layer, a more comprehensive solution than those
presently available in the literature is needed. The need 1is for a
boundary layer solution valid throughout the region of the influence of
the blast wave, from the explosive source to the shock front. The purpose

of this study is to present such a solution for the laminar case. Although
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the actual blast wave boundary layer probably becomes turbulent very near
the shock front and boundary layer theory probably is invalid near the
explosion point where the density is extremely low, i1t is believed that
the laminar solution is a necessary first step in the description of

the physical problem. For turbulent boundary layers, a method of solution
as derilved by Quan8 is shown in Appendix C. The actual numerical results

for turbulent flow will be computed at a later date.

2 CONFIDENTIAL
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2. GOVERNING EQUATIONS

A blast wave is by nature unsteady and produces a high temperature,
high velocity flowfield. Thus, transient and compressibility effects must
be necessarily be considered in the solution of its associated boundary
layer. The unsteady, compressible laminar boundary layer equations form
the starting point for the solution performed in this report, and are pre-
sented in this section. A schematic of the boundary layer which defines
the parameters used is given in Figure 2-1, Both two-dimensional (0=0) and
axisymmetric (o=1) boundary layers are considered. The y coordinate is
measured perpendicular to the surface and the x coordinate 1s measured
along the surface from the point of origin of the blast. A point explosion
generates an axisymmetric boundary layer, a plane explosion generates a
two-dimensional boundary layer, and a line explosion can generate either an

axisymmetric or a two-dimensional bqgndary layer.

The boundary layer equations applicable to both cases are:s’9
Continuity
3 1 3(pux’) . 3(pv)
at + 0 ox + oy =0 (2-1)
x i
Momen tum |
]
|
ap i
Du _ e . 9 au - i
°Dt"'ax+ay(“ay> (2-2) |
Energy
Dp 2
Dh _ Pe_ 1 3 (3K, fou -
Dt~ Dt T Pr By(JBy> + “(ay> (2-3)

where u and v are flow velocities in the x and y directions respectively,
t is time, p is pressure, p is density, h is enthalpy, u 1s viscosity,
and Pr is Prandtl number. The subscript e denotes free-stream properties,

the subscript » denotes ambient fluid properties, and

CONFIDENTIAL 7

R R MO RO A M N I 1O S A G R A O R AU U LA LA A S AT A A AL A A DT AT AT AR LA TR TSRO



%

y 1

16118-6002~R7-00

CONFIDENTIAL

D d 3 d

Dt ot 9% dy (2-4)

Air is assumed to be an ideal gas with an equation of state given by

p = [(y-1)/v]ph (2-5)

where y is the ratio of specific heats. In Equation (2-3) it is assumed
that the constant pressure specific heat (cp) and Prandtl number (ucp/k)
are constant where k 1s the fluid conductivity. The general boundary

conditions for the governing equations are:

]
o

u(x,0,t) = v(x,0,t) = 0, h(x,0,t)= hw(x,t) at 'y

(2-6)

u(x,“’,t) ue(x’t)’ h(x,»,t) = he(x’t) at y =

where the subscript w refers to the flow properties at the wall (y=0).

The location and velocity of a strong shock are given by

m 1
x =Ct, u
s s

= Cmt"™ (2-7)
where the constant C is related to the energy liberated during the
explosion (see Appendix A) and the constant m is given by m=2/(3+0)
where 0=0, 1, and 2 for a plane, cylindrical, and spherical shock,

respectively (see Figure 2-2).

If a similarity variable is defined by £=1—x/xs, the inviscid flow

properties can be express as

b /0, = u 'F(E), o o, = R(E)
(2-8)
2 F(£)

R(E)

u = uS ¢(E))

e

poox ey
e v-1 Pe y-1 s

where the functions F, R, and ¢ depend on o and Yy as well as on & and

they are given in Appendix A.
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y
WALL
PLANE SHOCK CYLINDRICAL SHOCK
(_0-=0=0) (;:~l ’ 0=0)
y
y Us | WALL
Vi L
— ! - SHock ,
Az N
S s S T T
( + ‘\\\ Xs
A u 1
N \\\ WALL s u ////// ‘
SHOCK
CYLINDRICAL SHOCK SPHERICAL SHOCK
(o=0=1) (022, 0=1)

FIGURE 2-2 PLANE, CYLINDRICAL, AND SPHERICAL MOVING
SHOCKS IN VICINITY OF PLANE WALLS
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3. INTEGRAL SOLUTION

The equations gilven in Section 2 which describe the laminar boundary
layer behind a shock have been reduced by Mirels and Hamman5 to two
partial differential equations involving two dependent and two independent

variables. Lgquation (2-1) is satisfied by a function ¥ such that

1) Pofov , 2 o o = :
u . , Vo= - O(Bx + 5T X . dy (3~1)
pX (39 (o] ©

The following independent variables are introduced:

g =1 - x/cth (3-2a)
y -
x° f Be-dy
0 o
n = (3~2b)
.[Ath(o+l)—l(l_x/Ctm)]l/Z
T =t (3~2c)

where A is a constant defined by

2(a+l)

A= ZmFOC Hn/pw (3*3)

The independent variables are assumed to have the following form

V= [m”“‘“*”“%]“zf(a,n) (3-4a)

h/he = pe/p = g(&,n) (3=4b)

and the boundary conditions are taken as
f(&,O) = fn(gyo) = 0, fn(gym) =1 (3'55)

g(&£,0) = 0, g(E,m) - ] (3-5b)
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Simjlar to the treatment in Reference 5, the wall temperature has been

agsumed to be negligible compared to the free-stream temperature.

Using the equations given above, Equatioms (2-2) and (2-3) reduce to

A el

.20 F
(1-4) T f
(o]

. 1 N
- + (n—¢>f)fTm = 2g{[t¢g + ¢f€ - 5(2c+a,n]f

¢, £ . ¥ gl
e —_ __Tl_;_ - _‘g_, -
+ [a + (1-¢ ¢fn)< 3 + fn >]fn Ro ’ (3-6a)

_gy29( 1L E Yzl R~ . 2 -
(1-8) ( g+ 5 fnn)+(” qbf)gn

3

1 20 i g, o X
25{[f¢£+¢fg- 2 (20+0.)n:]gn +[Y + (1-¢,-¢fn) (g + FOR/|8 (3-6b)

where o=(m-1)/m, In deriving Equations (3-6a) and (3-6b) it is assumed

that viscosity is proportional to temperature. Equations (3-6a) and

(3-6b) must be solved simultanecusly for f and g in terms of £ and n.

It is noted that the independent variable 1 has been eliminated.

|
The shear and heat transfer at the wall caa be calculated from

-y (8_U) 1
w\dy w |

. |

. 2 |

(3-7a)

£
|

i (2
w W\9Y /y,

1 Moo ]
Pr 2Fopwus(xs—x)J

(o}
X .
(;—) Pe he gn(a,O) (3--7b)
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The wall temperature, which has been neglected in computing the coeffi-
cients of drag and heat transfer, can be determined by the procedure out-

lined by Mirels and Hamman.5

Mirels and Hamman obtained a solution by expanding the variables f

and g in power series of § (see Appendix B). Their solution, however,

W is valid only within a short distance from the shock front. The purpose i
;3 of employing the integral technique is to nbtain a solution that may be

LS

5Q valid, under the assumption of laminar flow, for all distances from the

shock front.

3.1 POLYNOMIAL PROFILES

)
. The integral method of obtaining approximate solutions to boundary
\ layer problems has been explained in textbooks (e.g., Reference 10). 1In
the present analysis, f and g are represented by polynomials in n. The
: coefficients of the polynomials are chosen to satisfy the boundary condi-
!

tions. Equatjions (3-6a) and (3-6b) are integrated from n=0 to n=». This

results in cwo first-order ordinary differential equations describing

§ and dt as functions of §{ where § and ét are the distances of n at which
f » 1 and g + 1, respectively. [t should be pointed out that § and Gt
are not the physical boundary layer thicknesses. The actual boundary
layer thicknesses are the distances in y at which n -+~ 6 and n » 6t and '

can be found from Equation (3-2b) once § and Gt are deteimined.

In the present analysis, fourth-degree polynomials are chosen to

represent fn and g

Q".-
E%

»
-
Y

u 2 3 4
u = fn(g,n) =4z + 8,2 + a2 + 8,2 (3-8a)

5

Sl.

e

2 3 4
w o+ bzw + b3w + bqw (3-8b)

h
—E_ - S(E:n) = bl
e

e

P

.

where z=n/8 and w=n/6t. The a, bl‘ §, and 6t are functions of .

o
o

x
o
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Equations (3-8a) satisfies the condition of fn(ﬁ,O). Upon integration,

Equaticen (3-8a) yields an additional constant which, to satisfy the condi-
tion of £(£,0)=0, turns out to be zero. The four cvefficients a, are
determined by the four conditions of fn(£,6)=l, fnn(£,6)=0, fnnn(&,6)=0,
and fnnn(E,O)-O. The second and third conditions are consistent with the
definition of §, {.e., all derivatives of fn vanish at n=35, and the fourth

condition is obtained by satisfying Lquation (3-6a) at n=0.

Similarly, Equation (3-8b) satisfies the condition of g(f,U0)=0. The
four coefficients bi are determined by the four conditions of g(g,Gt)=l,
. 2.2 \ .
sn(£,6t> 0, gnn(c.ét) 0, and gnn(E,O) ~-Pr(y-1)R¢ fnn(E,O)/Y} where the
fourth condition is derived by evaluating Equation (3-6b) at n=0.

The resulting expressions for f and g are

£ = 8(2° - %-24 + 3 2%) 1-Ga)
g = 2w - 2w3 + w4 - %—bz(w - 3w2 + 3w3 - wa) (3-9b)
where
bz _ 2Pr(x;%)R92A2 (3-10)
and
z=n/6(8), w=n/8 (Q), A(E) =8./¢ (3-11)

Integrating Equations (3-6a) aad (3-6b) from n=0 to n=« and using
Equation (3-9a) and (3-9b), one obtains two coupled first-order ordinary
differential equations governing § and Gt. These equations, after simpli-
fication by a vast amount of algebra, are given by

1
gs B - D .
FTIE: (3-12a)
dg 3 (1-¢) - 37 ¢
10 > 315

1 CONFIDENTIAL
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1 1 1
., G+ 6 K[3 N - &5 (1—5)] -5 B
i 31 i (3-12b)
(l—f,)(‘m + -2‘6 b2> + ¢M(l + % b2>
where
B =t ¢ - S(2oto)~(= - 4 - = b A e (3-13a)
315 ¢ T 20 10 - 10 60 "2 ) Ro 8
) 202 F (3 _ 372 ) i
D = - (1-¢) 5 F_ + (10 - 313 ¢}6 (3-13b)
a6 20+a 3.1
G= ¢, 0H+ ¢ G 1~ Gt(lo + 25 b2>
F. R
_ a8 - & 3 _3 .1 _ 1
qb(YF R)Gt(lO ios Ve0 P2 "% %) (3-13c)
R, 26, F
= _eds & E & -
K bz( SETE T = (3-13d)
_ 260 1 F 1) 1 _ 26 3 .1 -
B = (1-8)" 3¢ F_ ct[:z + (3 Sé)bzl + 6t(;o * 50 b%) $6H
‘ (3-13e)
and
2,2 _ 3 4 1 5 1
H= 15 5 - 355 07 + 755 47 + 5 byAN for & < 1
(3-14a)
3 3 2 3 1 1
I = — ==+ = A + - + + = b, AN for 4 2.1
10 7 10 150~ Tiond | 1sonk | 3 2
_ 2,2 9 4 1,5 1 1 ,_.3 ,3,..1 .4
L=-35% * b "&b 73 bzA(so b-ug b vyt )ier bl
(3-14-b)
3 4 3 1 1. 2 3 9 1 S
I = - — + - + - =1 - + - for 4 2.1
10 7 T58 T 43 Geab 3 2(15A 1002 7082 36A§>
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M=—l—5A+'£A —EgA forA_<_l
(3-14c)
M= - f% + 2 5 - 9 A + 15 for A > 1
154 140A 45A
1 1 3 1 4
N—BOA—14OA +mA for A <1
(3-14d)
_1 1 1 9 1
N = 20 5+ 3 - 4 + R for 4 > 1

154 144 2804 1804

Equations (3-12a) and (3-12b) along with Equations (3-13a) to (3-14d)
are programmed for numerical solution using a standard Runge-Kutta-Adams-
Moulton method. The initial values of § and Gt are obtained by requiring
d6§/d¢ and th/dE to be finite at £=0. The free-stream properties (F, R,
and ¢) used are those given in Appendix Aj; Fg’ Rg’ and ¢€ are derivatives
of F, R, and ¢, respectively, with respect to §. The results for
Pr=0.72 and y=1l.4 have been obtained for all four geometries illustrated
in Figure 2-2., The results of § and 6t, along with other results to be
obtained in the following section, are shown in Figures 3-1 through 3-4.
It should be noted that once § and 6t are determined, any physical property
in the laminar boundary layer can be computed using the appropriate

equations.

3.2 EXPONENTIAL PROFILES

In Section 3.1, the velocity and temperature profiles are represented
by fourth-degree polynomials. It is highly useful to obtain an alternate

solution, which is probably less accurate but is simpler to derive, by

employing profiles of another form. A simple representation that satisfies
the boundary conditions is an exponential profile. If the results to be
obtained uslng the exponential representation resemble those obtained

using the polynomial representation, then one may infer that the integral
solution is probably not too sensitive to the particular profile representa-

tion employed as long as they are physically realistic.

16 CONFIDENTIAL
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The exponential forms of the velocity and temperature profiles are

H
[}

1 - exp(-n/%) (3~15a)

@
i

1- exp(-n/zt) (3-151b)

where £ and Rt are functions of £ and are the distances in n at which the
velocity and temperature, respectively, reach (1—e-l) of the local free-

stream values. It should be noted that £ and Qt are measures of, but have
values less than, the transformed velocity and temperature boundary layer

thicknesses, respectively.

Integrating Equations (3-6a) and (3-6b) from y=0 to y=« and using

L AR o

Equations (3-15a) and (3-15b), one obtains two coupled first-order

differential equations governing £ and lt. These equations are given by

| F
1 ds - _ 20+a __& _
1-6-59 & z[% % @ m]

where Q=2t/2.

Equations (3-16a) and (3-16b) are programmed for numerical solution
using the Runge-Kutta method. The initial values of & and Rt are obtained
by requiring d2/d¢ and dlt/da to be finite at £=0. The free-stream

CONFIDENTIAL 17
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properties used are those given in Appendix A, The results for Pr=0.72
and y=1.4 have been obtained for all four geomestries illustrated in
Flgure 2-2. The results of % and Zt, which are sufficient to determine
all boundary layer properties, are shown in Figures 3-1 through 3-4,

3.3 DISCUSSION OF INTEGRAL SOLUTION

The integral solution for laminar boundary layer has been obtained
using two distinct representations for the flowfield. The exponential
profile representation is simpler for computation than the polynomial
representation; but based on experience with simple problems such as flat
plate flow, the former is also expected to be less accurate. The velocity
and temperature profiles obtained using the two methods are compared in
Figures 3-5 to 3-8, respectively, for &§=0, 0.02, 0.1, and 0.5 and spherical
shock. Mirels and Hamman's solution,5 which is exact as £+0, is also
included for comparison in Figures 3-5 and 3-6. Beyond £=0.02, however,
the accuracy of their solution is questionable (see Appendix B) and is
therefore not shown for comparison in Figures 3-7 and 3~8. The facters
that determine the shear stress and heat transfer at the wall, fnn(E,O)
an«l gn(E,O), for sphericel shock are plotted in Figure 3-9. They are
magnified and compared to Mirels and Hamman's solution in Figure 3-10
for small values of £. Also, fnn(0,0), gn(0,0), [dfnn(E,O)/dE,‘]o and
[dgn(E,O)/dE]o for plane, cylindrical, and spherical shocks are tabulated
in Table 3-1 below; the results of Mirels and Hamman's are included for
comparison. The values of fnn(0.0) and gn(O) are independent of o and a.

From Figures 3-5 through 3-10 and Table 3-1, it 18 seen that the
exponential profile solution agrees closely with the polynomial profile
solution. It 1s also seen that the'polynomial solution yields better
overall agreement with Mirels and Hamman's solution in the region where

their solution is applicable.
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TABLE 3-1
COMPARISON OF SHEAR STRESS AND HEAT TRANSFER FACTORS

NEAR SHOCK FRONT FOR Pr = 0,72 AND v = 1.4

Miijls Integral- Integral-
Hamman Polynomial Exponential
£ ,(0,0) 0.66141 0.63579 0.76376
8, (0,0) 0.89693 0.88779 0.89032
a o3
0 |-1/2 1.1819 1.1167 1.6487
[%fnn(g,O{] 0 |-1 1.7201 1.6139 2.2971
@ 1 1]a 2.5051 2.4036 3.3336
1|-3/2 3.0432 2.9008 3.9820
0 |-1/2 ~1.2891 -1.3824 -1.4124
[dgn(g’o)] 0 -1 ~2.7270 ~2.8319 ~3.1753
. © 1]-1 -1.6291 -1.7548 -2.0089
1[-3/2 ~3.0671 -3.2044% -3.7718
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4. QUASI-STEADY SOLUTION

The second method of solving the blast wave laminar boundary layer
is referred to as the quasi-gsteady solution. Two solution procedures
performed in a quasi-steady sense, along with rationale for attempting
them are discussed in this section. The two procedures, though independent
in method and application, are complementary in that they represent vary-
ing degrees of approximation to the actual physical problem. The first
quasi-steady procedure, referred to herein as the 'steady and locally
square wave'' procedure, is described in Section 4.1. This procedure uses

available solutions 11

for the boundary layer behind a square wave shock
and applies them in a locally similar sense to the decaying, spherically
expanding blast wave. The ''quasi-steady and locally similar' shock
boundary layer solution is discussed in Section 4.2. This solution
represents a more complete description of the local free-stream flow
properties and therefore provides a more realistic test of the appropriate-~
ness of the local similarity assumption. Both solution schemes are
developed for the Taylor-Sedov self-similar blast wave flow and are compared
near the shock front to Mirels and Hamman's boundary layer solution
(Appendix B). A discussion of the applicability of both solutions to the
self--similar blast wave and possible extension to non-ideal blast waves

is presented in Section 4.3.
4.1 STEADY AND LOCALLY SQUARE-WAVE PROCEDURE

The "steady and locally square wave' solution procedure was an obvious
initial step in examining quasi-steady, locally similar type solutions
to the blast wave boundary layer problem. It was originally performed
with the intention of determining the accuracy of a very crude local
similarity assumption, based on known shock boundary layer solutions.
The comparison of the resulting solution to the other solutions presented
in this document was such that it was deemed proper to briefly discuss the
solution method and results. The solution is discussed in the following
paragraphs with the intention of suggesting a simple procedure for getting

rough estimates for the general blast wave boundary layer,
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The complete solution for a square wave shock boundary layer is given
by Mirels in References 6 and 1l1. The solution was obtained by solving
the boundary layer equations in a steady, shock fixed coordinate system.
The solution was effected by reducing the equations to non-linear ordinary

differential equations with a similarity transformation based on the
similarity parameter:

(u-u)p o (v
Vo o] 2 (-1
s w [o]

w [=-]

The subscript q refers to the square wave boundary layer solution.
A numerical solution of the resulting two point boundary value problem
was then obtained for various strength shocks as defined by the ratio of
the shock velocity to fluid velocity in the shock fixed coordinates or
us/(us-ue). These solutions are tabulated in References 6 and 11. The
procedure for applying these square-wave solutions to the boundary layer
for a transient, spacially decaying blast wave is to use the tabulated
solution for the local, instantaneous value of the velocity parameter
us/(us—ue). This parameter is calculated from any blast wave solution
(Taylor-Sedov or numerical) using the instantaneous shock velocity at
the time of interest and using the free-stream velocity (ue) at the
position behind the shock of interest. In this simplified sense, then,
the solution is both quasi-steady and locally similar; that is the boundary
layer solution is assumed to depend only upon the instantaneous shock front
and local free-stream properties (us, X » U

T 0o ).
o Too 0)

The relevant boundary layer parameters from Mirels solution are
written below in terms of the varilables used in the present report. The

boundary layer veloclty and enthalpy are given by:

u -u
S

u -u
5 e

= fq(nq) (4-2)

where the prime denotes differentiation with respect to the independent

variable n_ and:
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T
I e § - v i i
b 1+ 5 {us—ue Me] [r(nq) r(O)S(nq)] *(Te 1)S(nq)

(4-3)
ﬁ 2 - 2(us-ue)
e 2uS + (Y—l)ue
The wall shear stress (Tw) and heat transfer (qw) are given by:
(us- ue) ' '
= - et ettt t -
T, uw(uS ug) va(xs_x) fq (0) (4~4)

and
(us—ue) ' v-1[ Ue _ 12
9 = kw 2v (x _-x) s' (0) Te + N IETN Me r(0>Te - Tw}
w' s s e (4-5)

The boundary layer thickness is:

u_~u T ’ T u_u
s e e 3 W y=1 213 S e
y\/__-___.__ ==, +={=-1]n, + M|l ——————=n_+ £f''(0
sWav (x -x) T ; 6§ 10 (Te ) 6 2 e [}0 26 q )

(us-ue)

S ek > B PR WA gy e & 4

where (4-6)

) 2‘/315(11S - uef‘
Ng 189u_ - 74u
S e

-

and where Vs is the physical momentum boundary layer thickness. The
boundary layer thickness is derived in Reference 11 by using an approximate
integral technique which compares with the exact numerical technique
within 5%.

Curves for the wall shear stress parameter [f'(0)] and heat transfer
! parameter [s'(0)] and recovery factor [r(0)] are plotted as functions of
the free-stream velocity parameter in Figure 4-1 below. Data presented

in Reference 11 was used in these plots.,

For purposes of comparison with Mirels and Hamman's solution, the

solution procedure outlined above was completed for the Taylor-Sedov blast
wave flow given in Appendix A. The assumptions made in the square wave
. boundary layer solution are consistent with the assumptions of Mirels and

Hamman for the self similar blast wave boundary layer (i.e., constant Pr

CONFIDENTIAL »

L"&m"k“ PR PP LT LS § 800,00 s B0 0 St R T, Wb B O Ly Ay 5] PRI AR L AT STV EVLEL IS T Ul LERTNGE ¥ G F ST P Sl Al el AN R AR

4




16118-6002-R7-00

CONFIDENTIAL

and cp and ¥ linearly proportioned to T) so that these assumptions will

not affect the validity of the comparison. To compare the two solutions
requires a transformation from the square wave similarity variable
[Equation (4~1)] and the Mirels and Hamman similarity parameter. Equations

relating the relevant parameters are given below. The similarity

(- o))
1 2 1-m¢(5)

4 (1 | D F(E)

variables are related by:

n n 4=7)

The non-dimensional velocity [f'(n)] and non-dimensional temperatures

[g(n)] are related through Equations (4-8) and (4-9):

1 uS uS B ue t
£ (n) = ‘u— - "—u—— f (nq) (4"8)
e e
u 2 T
- -1 e + _ W
gn) = 1+ (“s'“e Me> [r(nq) r(0) s(nq)] +(Te l)s(nq)

(4-9)

It is reiterated that the prime denotes differentiation with respect
to the independent variable (n or nq). The parameters which determine

the shear and heat transfer are related through Equations (4-10) and

(4-11).
(u -u ) fon
' _ s e q " -
£''°(n) = - o (an >fq (ny) (4-10)
2
. Tw y-1 e = Ezﬂ 1
g (n) = T—e -1 - 2 E;TU—; Me r(o) an S (nq) (4-11)

where anq/an is derived from Equation (4-7).

A meaningful comparison of the two solutions can be made by comparing
the values of £''(0) and g'(0) as calculated by Mirels and Hamman and as
calculated from the steady and locally square wave procedures. This
essentially compares the wall shear stress and heat transfer. The values

of £''(0) and g'(0) are plotted as functions of the non-dimensional
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% distance behind the shock fromt in Figures 4-2 and 4-3. The results of

the steady and locally similar procedure are compared to Mirels and Hamman's
r two term expansion (with respect to £) very near the shock front in
E Figure 4-2. As shown in that figure the solutions are identical at the
f shock front. This is not very surprising since a square wave is the
"zeroth'" order approximation to the decaying self similar blast wave flow-
i field which is changing very rapidly with £ near the shock front. The
w reasons for this will become more apparent when the terms in the boundary
fh layer formulation which are neglected in the local square wave procedure
are examined in Section 4.2. As will be shown in Section 4.3, the accuracy
of the solution improves with distance behind the shock as compared to
3 the integral solution and the quasi-steady and locally similar solution.

ﬁ Some reasons for this will be discussed in that section.
4.2 QUASI-STEADY AND LOCALLY SIMILAR PROCEDURE

The "quasi-steady, locally similar' blast boundary layer solution is

o presented in this section. The spirit of the solution is to extend Mireils
and Hamman's solutions to all regions of the blast wave and to allow for

: the use of non-ideal blast waves (weak shocks, precursors, heights of burst)
E in the boundary layer solution. This section includes a description of

\ the solution method and presents results using the Taylor-Sedov self-

) ‘ similar inviscid blast flowfield. Comment on the accuracy of the assump-

'ﬁ tions is reserved for Section 4.3,

i The basic boundary layer equations are given in Section 2. The

first step in the solution is to transform the continuity, momentum and

. energy equations [Equatioms (2-1),(2-2), and (2-3), respectively] to a
shock fixed coordinate system and to concurrently apply a similarity
transformation for the y coordinate. The transformation equations used
are identical with those of Mirels and Hamman and are given by Equation

- (3-2) of this report. The effect of the transformation is to reduce the
effect of the time varying terms, thereby making the quasi-steady assump-
tion valid, and to stretch the y coordinate to account for compressibility
o effects. As was pointed out by Mirels and Hamman, time i1s eliminated

completely by their similarity transformation for the self-similar blast
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wave flowfield. Thus for this ''ideal" blast wave the quasi-steady assump-
tion is superfluous. This, however, 1s not the czse for a '"non-ideal"

blast wave.

The flow velocity components (u, v) are assumed to depend upon some
scalar function Y(£,n,t) in such a way that continuity is identically
satisfied as given by Equations (3-1) earlier. The non-dimensional
boundary layer velocity and enthalpy are thus given by:

u h

- £(&,n) R P g(&,n) (4-12)
e e

The momentum and energy equations [Equations (2-2) and (2-3)] are now

transformed as described above into Equations (4-13) and (4-14) below:

2
%2°(1-6)* (o) x2%(1-6) " ow)
ApiTZm(o+l)—l fnnn =T A‘002‘,_r2m(0+1)—1 fnn
|3 0 e 3 “s
- peuexs -s-g— 8 -{[m(cr+1)-1/2] ? + 2—x— (l-g)}nfnn
9
sefl, & el .
xS 2 ue 3 nn
ueg £
+ ;: fé;fnn - ;s— [uefn - us(l-ﬁ):l fn&

!
~
Hh
~
+

ou ou u Ju [
£ e 2_ &l e s . .\_¢© |
ue[ar +xs (lg)ag]fn |

(4-13)
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2 2
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e
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221
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N -
=
0

(4-14)
where the boundary conditions are taken as:
f£(£,0) = fn(E,O) =0» fn(gsm) =1
(4-15)
hw
8(5,0) = h- s S(E:m) =1
e

The constant A in the above equations is defined by Mirels and Hamman and
given by Equation (3-3). For a general inviscid flowfield the constant C
is defined as xs/tm so that A is represented in a slightly different form
as:

20F xZ(0F1)

2m(e+) b, (4-16)

A=
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N It is important to note that the governing differential equations
(4-13) and (4-14) reduce identically to Mirels and Hamman's equations
(3-63) and (3-6b) for the self-similar blast wave. For that ideal case,
the coefficients in Equations (4-13) and (4-14) become independent of time.
For a general blast wave flowfield these coefficlients are functions of
time so that the quasi-steady assumption is required. By this assumption
then the solution (f, g) is a function of time but only in the sense
that the coefficients in Equations (4-13) and (4-14) vary with time. The
quasi-steady assumption, in essence, involves neglecting all terms which
involve time derivatives of the functions f and g. As noted above this
is Justified apriori for the Taylor-Sedov blast wave by the elimination of
k time dependence from the differential equations. The assumption essentially
freezes the boundary layer at a given instant of time and the solution is
, assumed to depend only upon the instantaneous flowfield. Physically the
i assumption is accurate if the rate of diffusion of momentum and heat through
the transformed boundary layer is greater than the time rate of change of
the external flow properties. Some consequences of this assumption are

discussed in Section 4.3.

The problem, as it now stands, requires the quite formidable solution

of a pailr of simultaneous non-linear partial differential equations.

To reduce these to a tractable form the assumption of local similarity
is made. This assumption is put forth in the same cavalier spirit as
the quasi-steady assumption. Whereas in the quasi-stLeady assumption time

derivatives of f and g were neglected, local similarity dictates that

space derivatives with respect to & of f and g are neglected. This assump-

tion is advanced with somewhat weaker justification than the quasi-steady

s

assumption. Mirels and Hamman have shown that for the ideal blast wave,

7

a

l

2

the proper similarity transformation makes the quasi-steady assumption
redundant. Local similarity, however, requires neglecting the underlined
terms in Equations (4-13) and (4-14). The feeling is that away from the
shock front the terms neglected by local similarity become smaller relative
to the other terms in Equations (4-13) and (4-14). The fair agreement
with the integral solution as seen in Section 4.3 is advanced as justifica-

tion for the local similarity assumption.
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In essence the assumption of local similarity requires that all
boundary layer flow parameters (u/ue, h/he’ pu) be a function only of the
similarity variable n at any given time (t1) or distance behind the shock
(€). This assumption reduces Equations (4-13) and (4-14) to two simul-
taneous non-linear ordinary differential equations with split boundary
conditions. The resulting two-point boundary value problem can be solved
by standard numerical methods. The method used is known as a shooting
technique whe:reby guesses are made for the higher order derivatives at
the wall [fnn(E,O), gn(E,O)]. Equations (4-13) and (4-14) are then
integrated numerically to some large value of n. Guesses are then made
for fnn(E,O), gn(E,O) until the resulting solution gives values of
fn(g,w) and g(£,») which are equal to 1 within some arbitrary small error.
This can be carried out by an iteration scheme which is found to converge
quite rapidly and efficiently to the proper solutior This process is
repeated for the values of E-l--x/xs of interest. This can be performed
for the blast wave flowfield at any instant of time thereby determining

the blast boundary layer as a function of position (x,y) and time t.

Once the functions f and g (and their derivatives) are determined for
the values of £ and 1 of interest the problem is essentially solved. It
remains to calculate the physical parameters of interest and re-transform
the independent variables &, n back into physical coordinates (x,y).

This is done using the following equations:

1/2
|:AT2m(c+l)--l(1 _ _:3_)-]
X Eﬁ

x=x.(l-g) , y=-= o T

n
f g(&,n)dn  (4-17)

o]

]

The velocity and enthalpy become:

c
1]

ue(x,y,t)fnle(x,t) , n(x,y,t)]
(4-18)

=2
L}

he(x.y,t)g[i(x,t) ’ ﬂ(x,Y;t)]

CONFIDENTIAL 59




TP N A T TR A AN TR T e T T AN AT ET IS T Ry TR ITT T T " o T "I IV T IR TRT IR R IR I NIRRT R YT IR YRRV VO RVRE TR TTRTT RTTRTT R TR YA

'V, 0 . L

v

CONFIDENTIAL

Parameters of particular interest are the wall shear stress and heat

transfer. These are given by Equations (4-19) and (4~20), respectively.

-1/2
P ! x o
1= = —lu_(pw) £ (£,0) (4-19)
v 2mF u pztm 1(x -X) (xs e W nn
0 @ s

L

. P 1/2 A\
qQ =35 ~ —\) h_(pw) g (£,0) (4-20)
w Pr szoumpitm l(xs--x) (xs) e won

Equations (4-13) and (4-14) were solved using the procedure outlined
above for the Taylor-Sedov blast wave flowfield and by assuming Pr, cp,
and u/T to be constant. The results for the shear stress and heat transfer
parameters are given near the shock front in Figure 4-4 and for the complete
flowfield in Figure 4-5. As expected these parameters compare more
favorably with Mirels and Hamman's solution near the shock front than the
steady and locally square-wave solution. It is noted that the solution is
identical with Mirels at the shock front and that very near shock front
the trend in both fnn and gn compare favorably. Boundary layer velocity
and enthalpy profiles at the shock front and at £=0.5 are given in
Figures 4-6 and 4-7. Of note in these figures is the indicated decrease
in transformed boundary layer thickness with distance behind the shock

front.
4,3 DISCUSSION OF QUASI-STEADY SOLUTIONS

Figures 4-8 through 4-11 provide a comparison of the wall shear
stress and heat transfer parameters as calculated by each of the flow
calculational schemes discussed in this report. Figures 4~8 and 4-9
compare the solutions very near the shock front in which region Mirels
and Hamman's original boundary layer solution is applicable, and Figures
4-10 and 4-11 compare the solutions presented in this report over the
entire blast wave. Figures 4-8 and 4-9 show that all the solutions
compare well near the shock front with the integral solution showing the
best agreement with Mirels and Hamman's solution with respect to variation
of fnn and gn with distance from the shock front (¢). This

trend with £ d1s indicative of the inadequacy of the assumptions of local
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similarity of both quasi-steady solutions. This point is further veri-
fied by the fact that the quasi-steady and locally similar solution shows
a slightly better trend with respect to & than the steady square wave
solution. This is attributed to the better approximation of variations
with & in the quasi-steady and locally similar formulation. The rather
good comparison of both quasi-steady solutions with the integral solution
away from the shock front is indication that the assumption of local
similarity improves with distance from the shock front. This ic to be

expected since the blast wave flowfield (and boundary layer flow) varies

less rapidly with respect to & as § increases away from the shock front.

It is thus expected that the terms neglected by local similarity (fE
and fnﬁ) will decrease in significance (relative to the other terms in

the boundary layer equation) as { increases.

It is difficult to justify or to speculate on the accuracy of the
steady and locally square wave solution. Suffice 1t to point out that

the above figures show that the solution compares surprisingly well with

the more rigorous integral solution for the Taylor-Sedov blast wave.

The good agreement is fortuitous. The solution's utility rests on the

fact that it provides a relatively simple procedure for estimating the

oL k]
X X X

important boundary layer flow parameter (shear stress, heat transfer and
boundary layer thickness). It can also be used to cstimate such para-

meters for the boundary layer of a general non-ideal blast wave. The

b

relatively good compariscn shown here with the more rigorous boundary

layer solutions should add some credibility to the numbers calculated

e

in such a manner.

The results of the quasi-steady and locally similar solution for the
Taylor-Sedov blast wave are quite satisfying. The primary advantage
of the solution, and the reason for performing it, is that it is not
dependent upon a self-similar inviscid flowfield, i.e., the assumption of
a strong shock is not required. This opens the possibility of extending
the solution to include non-ideal effects in the free-stream. In
particular, a numerical solution valid in the weak shock regime or one
which includes radiation effects (which cause a shock precusor) could be

used for the boundary layer analysis. The accuracy of the quasi-steady
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and local similarity assumptions for such a flowfield can only be con-
Jectured upon. The quasi-steady assumption could be quite good. As
pointed out earlier, the similarity transformation used eliminates time

from the boundary layer equations [Equacions (4-13) and (A—IA)Jfor

any power law shock (xS=Ctm) for which the trailing blast wave {low
properties have a similar spatial distribution for different times. This
condition at least partially holds for a high explosive or nuclear blast
wave for even late time. That is, even for weak shocks, the spatial dis-
tribution of blast wave flow properties varies little in general shape.
Thus it is conceivable that even for such a case the quasi-steady and
locally similar procedure could give good results. As far as the
applicability of the local similarity assumpticn is concerned, it can
only be pointed out that the assumption provides quite good results in
comparison to the integral solution for the Taylor-Sedov flowfield.

It is expected that this would carry over to the more general blast wave.

The quasi-steady and locally similar solution also presents the
possibility of being extended to include turbulence by using a phenomeno-
logical theory of turbulence, or the solution could be numerically !
coupled to a semi-empirical theory for wall turbulence. The solutions ;
presented in this report assume viscosity is a linear function of

temperature. This restriction is not 1aquired in the quasi-steady and

locally similar solution. In any practical calculation viscosity would
be made a function of temperature using an empirical equation like the
Sutherland viscosity relation. This would be consistent with local
similarity and pu would be some function of the temperature ratio g. In
summary, this solution method is attractive becauze of the straight-
forward manner in which it may be extended to include effects which are
difficult to handle theoretically but which add considerably to the ac-
curacy of the physical model,
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FIGURE 4-3 WALL SHEAR AND HEAT TRANSFER PARAMETERS FOR
STRONG, SPHERICALLY EXPANDING SHOCK USING
STEADY, LOCALLY SQUARE WAVE PROCEDURE
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5. ILLUSTRATION OF RESULTS

The solutions to the blast wave laminar boundary layer equations
have been given in Sections 3 and 4. Of the several solutions presented,
the most rigorous one is the integral solution with the polynomial
representation for velocity and temperature profiles. This solution is
employed to illustrate some physical properties of interest in this

section.

The velocity thickness Vs and the temperature thickness y(S can be
obtained by setting n=d and n-é , respectively, in Equation (3- 2b) The

A APt ot A Pty 3N P T I A~ oL A AL AL X N " e O O Ok PRI R W

result is ;
|
, —<At2m 1)1/2 (12 fL(L 1, ) 51) |
5, 20 (1-6)° ® \10 ~ 60 2 |
* 1
and 3
-. ;)
Vs = Vs f—('ro‘zabz) (5-2) 1
t |
‘ where %
13 1
©= 73710780 P2 for 21
(5-3)
C%_-iﬂ_l_s-%bz_li-_lr%-%) for & 3 1
A% 287 54 20° a7 4at A

Thus, both Vs and Ys. can be given as products of a function of t and a

function of £. By letting

1/2

Zm-1

Q(e) = (A—t2—0—> (5-4)
c
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the results for yG/Q(t) and Vg /Q(t) are plotted in Figures 5-1 and 5-2
t

for spherical shock. Since A 1s proportional to 02(0+1)

» the scaling
is that Vs and y6 are proportional to C which varies with the explosion
energy E as C~E /2.

Also, at given &, s and y6 are proportional to
m-0.5
t

. For G=3800 ft/seco' (corresponding rOUghly to a 1.0 megaton yield*)
and t=0.1 and 1.0 sec, Vs and y(St are shown as functions of x in Figure

5-3. It is seen that the boundary layer thicknesses are quite thin for

a long distance behind the shock, after which the thicknesses increase
rapidly. The velocity thickness for the blast wave at 0.1 second is

compared to the velocity thickness for a square wave (using peak uniform
free-stream properties) in Figure 5-4. It is seen that large differences

exist,

The shear stress Tw and heat transfer rate q, can be written as

« = w(u)[“l% F¢(—)] (5-5)
and )
q, = W(t) (Cmt™ )[;2 Iil (11;% }; (2- Ztlﬁf] 5o
where o, - )
W) = u::,m AtCZi:il (‘mtm_l)3 (5-7)

Thus T, can be scaled with W(t), and q, with W(t:)Cmtm-1 or W(t)us(t).
From the expression for W(t), it is seen that T and q, decrease rapidly
as time is increased. The functions Tw/W(t) and qw/W(t)us(t) are plotted
in Figure 5-5 for the spherical shock. It is seen that near the shock,
both shear stress and heat transfer rate decrease with distance from the
shock. Some distance away, however, the heat transfer rate increases
rapidly. The reason for this is that the free-stream temperature
increases more rapidly than the heat transfer coefficient decreases in
this regime. For C=3800 ft/seco'4 and t=0.1 and 1.0 sec, Ty and q, are

shown as functions of x in Figure 5-6.

*This is calculated based on 1.0 megaton free air burst which corresponds
roughly to 1/2 megaton surface burst.
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The velocity and temperature distributions shown in Section 3 are ‘
given in terms of n. These distributions can be given in terms of y
through Equation (3-2b) which relates n to y. For the polynomial

solution, the relation becomes

1 2 2 3 4 5 ,

_;y/2R[6 .3 43 T2(26 2 3 4 ;

(1-¢&) t zct 56t t 6t aat sat |

for n i_ét (5-8) ;

1/2 !

g 1 7 1 !

= t) ————— — = - = + -8 b > 8 i

y = Q) (1) /2 R [Gt<10 60 b2> " t} °r N Z % |

The results of the velocity and temperature profiles as functions of

y/Q(t) and £ are shown in Figures 5-7 and 5-8 for the spherical shock. j

The following and last illustration does not require the results of
the boundary layer study but may be of interest. It is difficult to
assess the transition point from laminar flow to turbulent flow. However,
one may wish to estimate the Reynolds number variation. For this purpose,
one may define a Reynolds number Re as

ue(xs—x) Pt ¢R2£ pt

Re = y 3 e F " Ton () (5-9)

e @ o

The value of Re/(p_t/p_m) is plotted in Figure 5-9 for the spherical shock.

It is seen that Re first increases and then decreases as ¢ is increased.
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6. DISCUSSION AND CONCLUSIONS

The blast wave laminar boundary layer equations have been solved by

four procedures. The most rigorous solution is the one obtained using

the integral technique with the polynomial representation for velocity

and temperature. The integral solution with the exponential representation
is simpler to derive and it agrees quite will with the integral solution
with the polynomial representation. The steady and locally square wave

method allows for rapid estimation of the flow properties; however, although

it yields fair agreement with the more rigorous solutions, it lacks theo-
retical justification. The quasi-steady and locally similar method is a more
reasonable approach than the steady and locally square wave method and the
results are generally more accurate, but it requires more extensive computation.
|
In the region near the shock front, only the integral solution yields ;
close agreement with a previously established solution.5 Since the integral |
solution is obtained using a rigorous method, this solution is recommended i
for general use. However, if weak-shock and non-ideal gas effects must
be considered, then the qﬁasi—steady method can be used to obtain rough |

estimates of the flow properties.

The integral solution shows that the boundary layer thicknesses
remaifi quite thin for a ldﬁg distance behind the shock, then they increase
very rapidly with the distance. This is in contrast to a flat plate or

square~wave solution for which the boundary layer thickness increases

with distance behind the shock to 0.5 power. The integral solution also

shows the temperature thickness to be much greater than the wvelocity
thickness excépt for a short distance from the shock. Near the shock
front, both shear stress and heat transfer decrease as the distance
behind the shock is increased. However, at a distance behind the shock
of about one-third of the length between the shock and the explosion

point, the heat transfer increases very rapidly. This is due to the fact

that the free-stream temperature increases at a much higher rate than

N the heat transfer coefficient decreases as the distance behind the shock

‘ is increased.
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The results presented in Section 3 for the integral solution allow
one to compute any physical properties for laminar flow such as shear ;

stress, heat transfer, velocity and temperature profiles, etc., by using

the appropriate equations. The results can also be used for strong

4
shocks of various explosion energies by using proper scaling. Some !
illustrations of the results are shown in Section 5 where the method of ‘

scaling is also indicated.

The flow is expected to be laminar only for a short distance from i
the shock. It then becomes turbulent for a predominant portion of the
flowfield. At less than half the distance between the shock and the
explosion point, the density becomes extremely low and the continuum i
boundary layer equations may become invalid. However, the boundary !
layer properties near the explosion point are not of primary interest. é
Hence the next flow regime that should be investigated is that of
turbulent flow. For turbulent boundary layers, a method of solution
has been formulated by Quan8 and is shown in Appendix C. It is recom-

mended that calculations be carried out to obtain numerical results.
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APPENDIX A

BLAST WAVE INVISCID FLOWFIELD

The inviscid fiowfield generated by an intense explosion in a uniform
atmosphere has been studied by a number of investigators. In a classic
paper, Taylor3 presented a self-similar solution for a point explosion.

He presented an exact solution in numerical form and an approximate
solution in closed-form. Sedov4 independently arrived at an exact solution
and generalized it to a line explosion (cylindrical shock) and a plane
explosion (plane shock). Sedov's solution is given in analytical form

and is the one used in this report.

A strong shock moves according to a power law in time t of the form

o}

x_=Ct , u_ = Cmt™
s s

! (A-1)

where X is the shock position and ug is the shock velocity. The constant
m is determined by shock geometry and is given by m=2/(3+0) where o=0, 1,
and 2 for plane, cylindrical, and spherical shocks, respectively. The
constant C is determined by the explosion strength and is given by
c=(E/p_)™2
which has the dimensions of and is proportional to the energy Eo (kinetic

where p_ is the ambient density and E is a certain constant
energy and heat energy) liberated during the explosion, i.e., EQEEO. The
constantia, which depends on y and 5} has been shown in graphical form by
Sedov.4 For air and spherical shock, %=1.175. It should be pointed out
that Eo is not the total energy liberated in an explosion since a large

part of the energy is expended in radiation.

The inviscid flow properties behind the shock are given by

- 2 —
Pg = P U, F(E), Py = PLR(E)
. (A-2)
- - Y e
u, = u (), h, -1 5,
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and » refers to the undisturbed atmosphere; F

(v+2) (y+1)
(v+2) (y+1)-2[2+v(y-1)]

and

where p, p, a, and h are the pressure, density, velocity, and enthalpy,
respectively. The subscript e refers to conditions behind the shock,

, R, and ¢ are the solution
parameters given as functions of the non-dimensional blast wave coordinate

€=l—x/xs. From Sedov's results, one may write

¢ = ("—;—2> v(1-£) (4-3)

n %3 %s
R = (Y+l> y+1 ((v+2)y v o_ l)] |:I+1 (l _ M2y )] .
y-1/1y-1 2 y-1 2

o
4
(1 - gifél:ll.v)] (A-4)

[ 2V o +1
24V 5
. =< 2 ) (+2) () [lﬂ (1 ) y:_z_v) ,

Y+1 v-1 2
L
47%%
(v+2) (y+1) 1 - 2+v(y-1) y
(v+2) (y-1)=-2[2+v(y-1)] 2
I (A-5)
where V is an implicit function of & given by
[ “Tev %
o1 |G Vly+1 ((v+221 v - 1) .
4 v=1 2
L -
_ —a,
(v+2) (y+1) 1o G-l y (A=6)
(v+2) (y+1)=-2[2+v(y-1) ] 2
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v =1+c¢
o = (v+2)y 2v(2-y) _ N
E' 1 2+v (y-1) Y(V+2)2 2
2 2(y=1)+v i
N (a-7) |
" = v ‘
% %3 7 2D+ |
4 2-Y
_ 2
h‘l a5 - 'Y"2

The functions ¢, R, and F for 0=2 (spherical shock) and y=l.4 are shown in

ST RIS,

22

Figure A-1 which illustrates the severe nonuniformities near the shock

front.

Only the similar solution as given in this appendix is used in this
. report, since the integral boundary luyer solution requires the similarity
transformation. It should be mentioned, howev.:, that non-similar solu-

tions to the inviscid flowfield are available and they can be used in the

|
i
. quasi-steady method of boundary layer solution. The non-similar inviscid
solutions involve the numerical solution of the continuity, momentum,
and energy equations which take into account the real gas effects, ambient ;
pressure, and radiation heat transport. In the strong shock phase,

these numerical solutions agree closely with the similar solution.
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APPENDIX B

It l’-
PALEES.
% RO LA FoAK

MIRELS AND HAMMAN'S BOUNDARY LAYER SOLUTION |

-
- S

As noted in Section 1, Mirels and Hamman performed a solution to

the blast wave boundary layer which 1s valid near the shock front.5

el g av
f%&

4: For reference purposes, the method and results of that solution are
: > outlined in this appendix.
The basic transformed equations and boundary conditions used by |
3 :
&:) Mirels and Hamman are given in Section 3. These equations are partial
e differential equations with two independent variables £ and n. Mirels j
ARY
Wem
O

and Hamman's solution method is to expand the dependent variables f and

¥

g as power series in §. Substituting f and g into the differential
equations and equating coefficients of like powers of § reduces the
equations to a series of non-linear ordinary differential equations 3
which can be integrated using a shooting technique as discussed in

Section 4.2. The solution can thus be continued to any desired order

of approximation although each successive approximation becomes increas-

ingly more complicated.

The functions f and g are expanded in the form i

E(g,m) = £(n) + (@) () + (@0)“£,(n) + ... |
(B-1)

g, = g () + (a0)g; (M) + (o) gy (n) + ...

Ay Ry :ii:l“ >
[t 92

2’
Xy Ay

Sedov's solution to the freestream flowfield parameters is expanded in a

similar power series to the same degree of accuracy as follows:

F(§) = F_+ (a0)F + (uﬁ;)ze M
6(6) = ¢ + (ab)o, + ()76, + ... (8-2) |
R(g) = RO + (ang)Rl + (ag)sz + ...

CONFIDENTIAL no
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The constant o is dependent upon the exponent in the power law shock
relation (Appendix A) with the form a=(m-1)/m. Substituting these
expansions into the transformed differential equations and equating

terms of like order of £ results in a sequence of ordinary differential
equations. In Reference 5 the solution is carried to first order (linear

in &) and the resulting equations are given here. The zero-order equations

are:

RN - Ty o
fO + (n q)ofo)fO 0
(B-3)
_l__ e - L 2 Y
Pr %o + (n ¢ofo)go Y (fo )
with boundary conditions:
. en - -
£,(0) = £1(0) =0, g (0) =0
(B-4)
fo(oo) = l’ go(oo) = ]

The prime denotes differentiation with respect to n., All other variables
are defined in other sections of the report. The first-order equations,

which are coupled with the zero-order equations, are:

[ _ e [ L LI
fl + (n (bofo)fl +2(¢>Ofo)fl + 2(¢>ofo 1)f1 3¢Of f

ol
F
=<—2-‘1-—1>f"'+[3¢f -<3’-+1>] '
o Fo (o} 00 o fo}

2Fl

et s e - 26, (ED¢ -
0,/ o 1o R ¢ So

(B-5)
_1 te - ! ro_
Pr gl + (n ¢ofo)gl + 2(qbofo 1)gl

F
(2 ML) 2, )1,
- -E(a - Fo>g0 + [3(f0¢0 + ¢Ofl) —< + 1> J o}
R, F 6, R £
2 o] 1 __L i g__l_,___i_ (R 2
* Zl:? RSP (R YFO>]gO Ty (a b, 2R fc')'> (£

[e}
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with boundary conditions:

il
]

fl(O) fi(O) fi(w) =0

(B-6)

1
o

gl(O) = gl(w)

Equations (B-3) to (B~6) have been solved for y=1.4 and Pr=0.72 and
for various values of ¢ and . The resulting solutions for fé and fi
are presented in Figure B-~1 and the solutions for g, and g, are given in

Figure B-2.

Because of the nature of the solution technique, this first-order
solution can be strictly applicable only very near the shock. The actual
region in which it is accurate is questiorable although some measure can
be obtained by examining the accuracy of the two term expansion of the
external flow properties. The resuvlts of Appendix A indicate that the
flow properties, in particular density, change very rapidly near the
shock. The two term expansion of the density function R(£) is given by
extending a straight line from the shock front (£=0) with a slope equal
to the slope of R at £=0. By this straight line approximation, R=0 for
€=(Y2—l)/[3(y+l) + 0(y+5)]. This yields £=0.048 for y=1.4 and 0=2. The
inviscid flow density is obviously in serious error for § less than that
and the boundary layer solution cannot be expected to be any more accurate.
Thus the boundary layer solution presented in this appendix is probably

accurate for £<0.,02 at best.
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. APPENDIX C

s

A METHOD FOR TURBULENT BOUNDARY LAYER SOLUTION
0

;l

X A method of solving the transient two-dimensional equations that
o govern the turbulent boundary layer flows generated by plane, cylindrical,

and spherical strong blast waves has been formulated by Quan.8 Since a

L5
L predominant portion of the blast wave boundary layer is turbulent, this
Y
analysis constitutes a logical complement to the laminar boundary layer
AR study. In the turbulent flow study, the integral momentum and integral
B
:5 energy equations are utilized to reduce the number of independent variables
:; from three to two (time and distance along the surface). A similarity
E: condition further reduces the two independent variables to one. The
o resulting ordinary differential equations can then be solved by scandard
0
bl numerical procedure. Quan's formulation of the solution is outlined
Y in this appendix. The nomenclature here is at places different from
I\
i" that of the main text of this report.
Y3, .
-; The transient two-dimensional compressible turbulent boundary layer
Mn, equations have been given by Van Driest-l2 It can be shown that the
1
:f equations have the following form for the blast wave problem where the
) free-stream flow is nonuniform and time-dependent:

K
i“ _ _c .

8 dp . 1 3lpux’) . 3(pv) _ 4 (c-1)
'\a 8t o ax dy
i
At

— — —_ dp —
—ou, —du, —du__Pe af-2u), o ——]
. P TP T Y gy ax+ay(“ ay>+ 3y [(p")“
‘5 (C-2)
&

- = = - - —\2
] ~oh, — o, —oh_Pe, =P 1 3 (-2m) (o
~ Pt T PU S T PV %y ot ox  Pr dy oy 3y
%
% -
| 3 —T ~—— ou

b LA [FE R S [ A c-3
: +3y[(pV)h] CAA (C-3)
B

L
W .
ol

=
&S

o
e e’
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where the bars indicate temporal mean values and the primes indicate
instantaneous fluctuations from the mean. The symbols p, u, v, h, and u
refer to the density, x velocity component, y velocity component, enthalpy,
and viscosity, respectively; P, is the pressure at the edge of the boundary
layer; Pr is the Prandtl number which is assumed to be constant; and t, x, ‘
and y refer to time, distance along the surface, and distance normal to
the surface, respectively. The temperature is given by T=h/cp where cp
is a constant specific heat. The value for ¢ is 0 for two-dimensional

boundary layer and 1 for axisymmetric boundary layer.

There are two common methods of solving turbulent boundary layer
equations. The first is to employ semi-empirical expressions relating
the fluctuation, or eddy diffusivity, terms to local mean properties,
and the partial differential equations governing the mean values are
then solved by finite-difference procedure. This method, at least in i
the mathematical sense, is quite accurate. However, the accuracy and
reliability cf the semi-empirical expressions have not been established
at present. Moreover, this finite-difference procedure is very tedious
even for steady-state problems. For the transient problem at hand, this

method is unappealing, to say the least.

The second method, which is simpler both in treating the physics
of turbulence and in obtaining numerical results, is the explicit integral
method. Here, the differential equations are integrated across the boundary

layer and the dependency on the y-direction is eliminated. With this

*

0p

method, one is mainly interested in the gross effect of turbulence on the

¥4
=&

boundary layer growth and not in the detail mechanics of turbulence.

Instead of evaluating the local diffusivity terms for momentum and energy

as is done in the first method, one prescribes the velocity and tempera-

ture profiles, a skin-friction law explicitly relating sliear stress to

SR

L

momentum thickness and an explicit relation between heat and momentum

transfer. The resulting partial differential equations are first-order

and they describe the momentum and energy thicknesses as functions of

X

4

prd

x and t. Two questions naturally arise with the integral method here.
First, are the boundary layer growth results sensitive to the velocity
and temperature shapes that are assumed? Second, can a transformation

be found such that x and t are related by a single variable?

a0 CONFIDENTIAL
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Evidencel3 shows that the answer to the first question is negative.
In fact, the integral procedure is currently the standard method used in

14,15

computing turbulent boundary layers in nozzles where finite pressure

gradients exist. It is also used in shock tube turbulent boundary layer

studies °’

in which pressure gradients are absent. It should be noted,
however, that, especially for the present problem, the skin-friction
law and the heat and momentum correlation, like the eddy diffusivity

expressions, are of uncertain validity.

The answer to the second question is, fortunately, yes. It is shown
below that, indeed, under certain restrictions on the skin-friction law,
a similarity transformation can be found. Thus, the present problem
starting with second-order differential equations with three independent
variables (t, x, and y) is reduced to the relatively simple task of solv~
ing first-order ordinary differential equations. To our knowledge, a
rigorous transient solution to two-dimensional turbulent flow has not
been obtained previously (of course, one can always construct what may
be called a locally-similar and temporally-steady solution of unassessed
accuracy). The method of combining an integral technique and a similarity
transformation appears quite attractive. The governing equations will be

derived below and numerical results will be obtained at a later time.

Equation (C-1) can be used to eliminate E?} Equation (C-2) can be

integrated across the boundary layer to yield:

Ju 1 3 ou

9 e o 2 e
= — —= % - — &% -
Tw ot (peuew) + pe ot A+ Xo 9x (x peue 6) + peue ox § (c-4)

and Equation (C-3) can be integrated to yield:

oH

oH 1l o o] e
* 4 — 2 —© 5% -
Ak + K x (x peueHe¢> + Pl ox 8 (c~5)

e

9
9, = ot (peHeQ) + pe ot

W

where T is the shear stress at the wall and q,, is the convective heat

flux to the wall. The subscript e denotes conditions at the edge of the
2

boundary layer; H is the stagnation enthalpy (H=h+u"/2) and

CONFIDENTIAL o,
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(e -
§* = (1 - £ )dy (C-6a)
p_ u
‘0 e e
o = 2ufy_ )y (C-6b)
J p_u u
Q e e e,
o = [ 2ufy_ H\ (C-6¢)
J p_u H
(o] e e e
f° =
Ak = 1 -2 )ay (c-64)
‘0 pe
o = 3 n
() oo
oo - 'ﬁ
Q = £ - — Jdy (C-6f)
p H
‘0 e e

The dispalcement thickness §*, momentum thickness 6, and energy thick-
ness ¢ are those commonly encountered in steady-state problems. It is seen
that three other thickness parameters are introduced in the transient
problem. We shall temporarily call A* the density thickness, ® the
acceleration thickness, and §§ the enthalpy thickness.

In deriving Equations (C-4) and (C-5), it has been assumed that

bu dy = J o udy (C-7a)
‘0 o
rm—_ CXJ—_Z

pu u dy = p u” dy (C-7b)
‘0 o]
roo__ co._——

pu H dy = f p uHldy (C-7¢)
‘o 0

|
]
!
|
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This assumption is generally employed in integral methods for turbulent
17

flow. Also, the following boundary conditions have been employed:
R u=0, v=0, h=0 at y =0 (C-8a)
us=u, h = he at y > (C-8b)

It is now assumed that the velocity and stagnation enthalpy can be

8 represented by power law profiles of the form
_ 0 |
LI 4 - ‘
™ (6) y <3$ (C-9a)

u

—u— = ] y > 8 (C—gb)
e

pee n

H

= =(}AL> y < A (C-10a)
e

.éi =1 y > A (C-10b)
e

where § is the velocity thickness, A is the temperature thickness, and n

is an empirical number usually given the value of 1/7.

From Equations (C-9) and (C-10) and the definition of H, one can
obtain?/pe as a function of (y/G)n and (y/A)n. Its explicit expression
depends on whether y < A or y > A and whether § < A oxr 6 > A, Integration
of Equation (C-6) yields

8%/6 = £ (%) (C-11a)
6/8 = £,(z) (C~11b)
$/8 = £5(2) (c-1lc)

AR/8 = £, (1) (C-11d)
w/8 = £.(%) (C-1le)
/6 = £,(2) (C-11f£)
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where 7 = A/§. Using Equation (C-11), one may write Equations (C-4) and
(C-5) in the form

T, = g%-[oeueg3(C)6] + 0, i;§‘gz(c)6 + i% g% (xooeu620> + e Uy 2;? g,(z)6
(c-12)
q, = g% [éeﬁegﬁ(c)¢] + o, %2? g5(2)¢ + i;~§§ (xcpeueHe¢>-+ 0oV ig? 8,(c)¢
(C-13)
where
g, () = £,(0)/£,(z) (C-14a)
g8,(0) = £,(0)/£,(z) (C-14b)
85(2) = £,(2)/£,(%) (C-1léc)
g,(2) = £,(0)/£4(0) (C-14d)
g5(c) = £,(5)/£5() (C-lbe)
gg(0) = £,(0)/£,(z) (C-14f)

It is noted that ¢ can be written as a function of ¢/8 through
Equations (C-11b) and (C-1llc). Equations (C-12) and (C-13) can then be
solved for 6 and ¢ simultaneocusly provided that relations for T and q,
as functions of 6 and ¢ are given. We are, however, interested in a more
ambitious step, namely, in reducing Equations (C-12) and (C-13) to
ordinary differential equations. 1In this regard, we note that similarity

exists In the free-stream conditions for strong shocks for which

P = p R(E) (C-15a)
u, = us(r)w(i) (C=15b)
_ .2 y-1 F(g) , 1 .2 _ 2 _
H, us(T) [ Y §TES'+ 5 ¥ (E)] S uS(T)B(E) (C-15¢)
where
£=1--% (C-16a)
ct™
T=t (C-16b)
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and p_, Y, C, and m are constants, and

us(T) = Cmenl (C-17)

Equation (C-12) can be written as

Q
~lg

3 9
(1~8)pug 3¢ <ng3x°0> + e RV 3T (usngOG)

du
+ megzxoe [%-(l—&)us %% v Tig]
1 2 3 2o, _ _1 2 g, dy .
- om Paly BE (#d)x B) E:E-prus wglx 6 ar (C-18)

We now assume that ¢ or the ratio ¢/6 depends only on £ and that

a X
Bt8 ( —-———)
1 Ctm

o (x,t) = . (C-19a)
x

6 can be written in the form

or

x°6(x,t) = Brael(g) (C-19b)

where the constant a is to be determined and the constant B can be

arbitrarily selected for convenience. Equation (C~18) becomes

(o)

<8

1 a d d a
E;E-Tw X (l—E)uST T (ng361> + ng361 p (usr )

a m dy dus
+ Rgzr 61 {; (1-£)uS € + ura?l

1 4 2 - 2 a, 4y
A e T <§¢ 61) o™ Rug vg 170, dg (C-20)
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Equation (C-20) can be written in the form

1
|
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o FICEX T &

b am

-

- Tm+a—2-mcG(£) (C-21)

T
w

ALY,

where

.

o} BCl—om

® d
G(g) = _?Ifgig_ {m(l—a) EE’(3¢3391> + (m-1+a)Rig,0,

I;;.;J

+ Rgzel[m(l-a) %‘g + (m—l)w]

.« U5,

i,
ots

d 2 dy
-m EE-(Bw el> - meglel daE } (C-22)

4

AN

The guestion now is can one find an expression for Ty that is a

function of - and varies with t tu some power., Fortunately, a physically

h -“'- e |

azteptazle expression ror such purpose does exist. For turbulent flow

.
«®,

in noz:les ° and in shock tubes,é’16 a relation between skin-friction

and boyndary laver thickness can be taken as

R te 1/4
1= 0.0225 j p.u " (C-23)
w e e
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where
u \/4 /T \3/4
U T
e m
and
= . . - C"25
5 Tm 0.5 (Tw+Te) + 0,22 (Tr Te) ( )
]
33 Assuming u to vary directly with T, cons?deréng Tw << Te, taking the
¥§ recovery temperature to be Tr='l‘e + (Pr)l 3ue /2cp, and using h=cpT, one

A

» .

obtains

el
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1/2
1
j= = 3(& (C-26)
0.5 4 011 pri/3, %R

) (Y‘l)F '
and |
e (22 (- 14mo=a) [y g (c-27)
where i
) 2 o/ yFCU(l—é)ouwfz 1/4 |
K(g) = 0.0225 J p_Ry" (Cm) - (C-28) i
(y-1)Byp Rh 8, !

Equating the powers of T in Equations (C-21) and (C-27), one obtains
nta-2-mo = 2m~-2+(m-l+mo-a)/4 (C-29)
which yields
a = m(o+l) - 1/5 (C-30)

Thus, a similarity solution can be achieved for 6. It may be pointed
out here that, while other power-law expressions for T still allow for
similarity transformation, certain nonpower-law expressions, which may be
more accurate, do not yield similarity conditions. The sacrifice of such
possible gain in accuracy is of r . concern here since turbulent flow is
subject to a great many other inaccuracies and one is interested in obtain-

ing a reasonable solution.

For convective heat transfer, Equation (C-13) can be written as

o 2 3 d 2
Q% = f:—‘ (1-8)pu." 57 (R886x0¢)+ PuRE T (“s 36x0¢>
¥ du
O R (1-g)y 2 9B 8
+ megsx ¢[T (1 E)us dE + ZBuS dr]
1 3.2 os) - L. 30g x° 98 -
g Pulg” 3E (Rthx ¢) o0 PRUSVEX , gF (Cc-31)
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Let ¢(x,t) be given by
c b
x ¢(x,t) = Bt ¢, (8) (C-32)
Then Equation (C-31) can be written in the form

W

- T2m+b—3-moL(£) (C-33)

where

2~c_2
pP,BC m d
L(g) = —(—]:.g)_o_ {m(l-&) T (RBS6¢1) + (2m—2+a)R386¢1

+ Rgg9 [m(l-g) g—z + 2(m—1)8]

d ds
-m g (Rwsqsl) - mRyg, ¢, d—g} (C-34)

It is now needed to find an expression for q, that varies with T to some
power. In addition, this expression must yield a value of b that is
equal to a in order for the assumption of ¢/6 as a function of only & to

hold. For this purpose, one may employ an expression that has been used

in shock tube studies:6’16

¢ T
=BT 1’1:-2/3 T (C~35)

w u w
e

q

which yields

o 3= 3+ (n-1+mo-a) /4
W

Q&) (C-36)

where

Q(e) = cmpr2/3 (1;—1 ot pr1/3w)x<g> (c-37)
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Equating the powers of T in Equations (C-33) and (C-36) and using
Equation (C-30), it is found that indeed

b =a=m(o+l) - 1/5 (C-38)

Thus, a similarity solution can also be obtained for ¢. Equating
G(&) to K(&) and equating L(Z) to Q(E) results in two ordinary differential
equations to solve for 61 and ¢1. The calculations will be carried out
in detail at a later date.

In summary, the equations that govern blast wave turbulent boundary
layer flows are second-order partial differential equatioms with three
independent variables. In the present report, the integral method is
used to reduce the equations to first-order and the number of independent
variables to two. Similarity transformation is shown to be achievable
and is used to reduce the problem to the relatively simple task of solving
two coupled ordinary differential equations. These equations are derived

in the present report and are to be progresmmed for numerical results.
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a

ABSTRACT

This second part of the report is on particle entrainment. Using a lift
force generated by the boundary layer velocity gradient, the particle velo-
city is estimated. Sample particle trajectories in strong blast wave flow-
fields are illustrated, and the amount of soil erosion due to aerodynamic

entrainment is assessed,
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NOMENCLATURE
a = particle radius
A = particle cross-sectional area; soil surface area
cp = gpecific heat of gas at constant pressure
cpS = gpecific heat of particle
C = constant related to explosion strength
CD = drag coefficient
CL = 1ift coefficient
d = particle diameter
D = particle diameter; pipe diameter
f = dimensionless average momentum of entrained particles

F = function given by Equation (3-9)

FL = 1lift force

Fx = horizontal drag force

g = gravitational acceleration

G = function given by Equation (3-~10)
k = gas conductivity

K = 3p/8o

? = boundary layer parameter
i Et = boundary layer parameter
g L = heat of vaporization for particle
m = mass of a particle; mass of soil per unit surface area
M = total mass of erosion
Nu = RNusselt number based on particle diameter
p = pressure in gas

g 98 CONFIDENTIAL
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NOMENCLATURE (Continued)

.

2

Re = Reynolds number based on particle diameter
s = Kl/z CD\S/a
t = time
T = gas temperature
Tp = particle temperature
Tpv = vaporization or ablation temperature
u = gas velocity in x-direction
up = particle velocity in x-direction
v = gas velocity in y-direction
vp = particle velocity in y-direction
V = relative velocity between gas and particle
x = distance along soil surface
i y = distance normal to soil surface
Yo T boundary layer thickness
i y_ = height reached by a particle due to direct 1lift

o = a/é

B = coefficient for soill erosion

Y = gas specific heat ratio

§ = boundary layer parameter, = ye/4.6
n = boundary layer parameter

gas viscosity

gas dynamic viscosity

gas density

p. = density of a particle
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NOMENCLATURE (Continued)

o = shear stress on soll surface
T™* = restraining stress of soil
Subscripts

= at edge of boundary layer during ascent
= at edge of boundary layer during descent
= at ground position

= initial condition

= at maximum height of a particle

= particle

= particle

= wall condition

= ambient condition

CONFIDENTIAL




16118-6002-R7-00

CONFIDENTIAL

I. INTRODUCTION

In a nuclear explosion, soil can be lifted from the ground by several
mechanisms such as crater splash, vaporization, elastic rebound, ctc.
These processes are inter-dependent and a complete study of the simultaneous
processes has not been performed. Not only is the physics of the lofting
mechanisms not yet well understood, but the rigorous mathematical models
that can be proposed are very difficult to solve. The present study is
only concerned with the aerodynamic effects on particle entrainment, and

the interaction effects of other mechanisms are not considered.

On the soil erosion problem, one is mainly interested in answers to
two questions: what is the initial velocity of a particle as it leaves the
ground (or as it leaves the boundary layer) and how much dust of various
particle sizes is entrained? Answers to these questions would allow one to
predict the dust density distribution as a function of space and time for

a given gas flowfield.

The aerodynamic ertrainment of surface particles into free streams |
has been investigated analytically and experimentally by workers of various

2 3
1 as well as some recent ones,” were con-

. disciplines. Early studies,
cerncd with wind erosion of soil. About a decade ago, the aerodynamic
forces on surface particles were investigated in connection with the VTOL

. aircraft and helicopters downwash proble.m.4 About the same time, studies

were made to assess the dust entraimment caused by the rocket exhaust of a

spacecraft during lunar 1anding.5

The investigations indicated above represent the pionzering efforts in
their respective fields, and as such they constitute significant contribu-
tions. However, their results do not appear to be directly applicable to
or sufficient for the problem of predicting the dust entrainment causuad by
a blast wave. The wind erosion studies are primarily one-dimensional, i.e.,
the wind variation along the surface and with time is neglected while a
blast wave flowfield is strongly position~ and time-dependent. The downwash
impingement results of Vidal4 provide an estimate of the 1lift and drag
forces of a particle when it is on the ground, but the subsequent motion
of the particle is not considered. For dust entrainment due to lunar

landing, Roberts® assumed that the aerodynamic shear stress on the surface,
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minus some value which represents a restraining stress, is proportional

to the rate of transfer of momentum, per unit area, to the particles. The
proportionality factor is related to the particle size and rocket exhaust
conditions and is not directly applicable to blast wave conditions. Some
of the results and ideas of Vidal and Roberts will be employed, however, in

the present study.

For the problem of aerodynamic entrainment of soil by a blast wave,
several studies have been performed recently. Swatosh and Wiedermann®
assumed both the mass erosion rate and the vertical velocity (considered
to be due to turbulence in the flow) to be proportional to the free-
steam air velocity; and they performed experiments to determine the propor-
tionality factors. Their results are important contributions to the present
knowledge. However, since these results are not directly related to
boundary layer properties, their applications are probably limited if shear
stress 1s an important factor in determining erosion. For example, consider
uniform flow over a flat plate. Since the shear stress on the surface
decrease: rapidly with distance from the leading edge, it is reasomnable
to expect a higher erosion rate near the leading edge. However, the rela-
tion given by Swatosh and Wiedermann would show a uniform erosion rate.

The fact that boundary layer properties probably play an important role in
determining soil erosion may partially account for the variations in the
experimental data, For example, the erosion constant for variable air
velocity is generally much higher (sometimes by two orders of magnitude)
than that for steady air velocity; this may be due to effects related to

boundary layer build-up.

Trulio and others7 employed a simple model by assuming that the hori-
zontal impulse delivered to the ground (due to shear stress) is entirely
converted into vertical momentum of particles. The particles are considered
to rotate, slide, or bounce along the surface until they accelerate by the
horizontal aerodynamic drag force to a sufficient speed to bounce, or dis-
lodge other particles, off the surface and into the free stream. The
particles are considered to leave the ground vertically with a speed
inversely proportional to the particle diameter; the maximum speed is taken

to be half the free-stream gas speed. Due to the lack of a rigorous

boundary layer solution, a local one-dimensional steady turbulent boundary
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layer profile, which has been verified to be approximately correct for
sandstorms, is employed to evaluate the shear stress. Again, the blast

wave flowfield is actually highly transient and contains severe spacial
gradients in properties., The validity of using any steady and one-
dimensional model is questionable, It 1s the desire of obtaining a rigorous
boundary layer solution that led to the current boundary layer studies by

TRW Systems.

In the present study, the particle motion near the surface due to
aerodynamic forces is estimated. Sample particle trajectory calculations
are made. The amount of soil entrained is assessed using the laminar
boundary layer solution developed. Since the blast wave boundary layer is
expected to be predominantly turbulent, a turbulent flow solution is being
pursued.8 When this solution is completed, the amount of soil entraiﬁed can

be similarly assessed.

(Reverse of Page 1s Blank)

CONFIDENTIAL 103




16118-6002-R7~00

CONFIDENTIAL

2. PARTICLE LIFT IN BOUNDARY LAYER

The existence of a velocity difference between a particle and a fluid
results in an aerodynamic force between them. The force component in the
direction of the relative velocity is known as the drag and the component
normal to it as the lift. The drag for a spherical particle in uniform,
steady incompressible flow is a function of only the Reynolds number and
is well known up to a Reynolds number of about a million.9 The effects of
particle shape, flow unsteadiness, and compressibility, etc. on drag have
been investigated (e.g., References 10, 11, and 12), and some semi-empirical
correlations are available. However, the 1lift on a sphere produced by a
nonuniform flowfield such as a boundary layer is still not well understood,
although it has been postulated to be the responsible cause for particle
migration from a lower to a higher velocity region. An indication of the
complexity of the lift mechanisms is the fact that the force on a rotating
sphere in a uniform fluid, which is due to what is known as the Magnus
effect and which accounts for the irregular flight of a tennis ball or
baseball, has been studied for about three centuries and the magnitude of

this force is still undetermined.

Recently, there appeared several analyses dealing with the lift
exerted on a spherical particle by a shear flow, Eichhorn and Sma}l13 per-
¥ formed experiments for spheres suspended in Poiseuille flow and obtained

the following relation

2
- 4 [(d du) d 1 -
¢, =7x10 [(u dy) D Re] (2-1)

where CL is the 1lift coefficient (the ratio of the lift force to the product
of the sphere's cross—-sectional area and the fluid dynamic pressure), and

d, u, vy, D, and Re refer to particie diameter, fluid velocity at center of
particle, distance from pipe wall, pipe diameter, and particle Reynolds
number respectively. The experiments were performed using a 0.419 in. dia-
meter tube and for d ranging from 0.061 in to 0.126 in., Re from 80 to 250,
and (d/u)(du/dy) from 0 to 1.1. The value of C. obtained range from 0 to

L
about 1.0.
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While Equation (2-1) showed C. to vary with the velocity gradient
(du/dy) to the 2.0 power, Saffman1 found that at low particle Reynolds

number CL varies with the gradient to 0.5 power:

27
C —?K\)

) 1/2 % (gg)uz (2-2)

dy

where K = 6.46, v is the fluid kinematic viscosity, and the distance y is
measured normal to the flow direction. Saffman's analysis is for uniform

shear flow and restricted to particle Reynolds numbers less than 1.0.

Vidal4, by using Hall's results15 for the tangential velocity variation

on a sphere in uniform shear flow, found that

CL = 0,998 k (2-3)
where
- adu -
k = u dy (2-4)

and a is tne particle radius. Thus, Vidal's relation shows C_. to vary

linearly with (du/dy). Equation (2-3) becomes invalid for k ; 1.

A purpose of the present study is to illustrate the effects of 1ift on
dust entrainment. Since there does not exist an established general
formula to predict 1ift, it is advantageous to choose a least restrictive
relation for the purpose of illustration. For a particle in a high speed
boundary layer, the Reynolds number is very large (compared to 1.0) except
for small particles at or near the ground. Small particles, however, have
large values of drag coefficient; even if they are lifted off the surface,
they soou approach and follow the fluid streamlines and will not reach a

significant vertical distance above the ground. Therefore, Saffman's

results will not be utilized in the present study. The pipe flow experi-
ment, though it can conceilvably be applied to external flows by relating,
the pipe diameter to boundary layer thickness, is also limited in particle
Reynolds number range and in the ratio of particle size to boundary layer
thickness. Therefore, the relation for 1ift coefficient given by Eichhorn
and Small will also not be employed. Vidal's relation, Equation (2-3), is

used in the present study. This relation is simple to apply, and its
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restriction of k < 1, as will be shown later in this section, is not a
severe limitation. It should be noted, however, that Vidal's relation is
based on uniform shear flow over a particle at rest, In the present study
of particle motion in a boundary layer, this relation is applied by using

a local velocity gradient and a local relative velocity.

The particle trajectories inside and outside the boundary layer in
the transient nonuniform blast flowfields will be shown in the next section.
In the present section, it is desired to acquire some physical insight and
some qualitative measure of the effects of various parameters on the
potential motion of a particle as it is lifted off a surface. For this
purpose, a steady one-dimensional boundary layer (i.e., a boundary layer
of constant thickness along a surface) with constant properties is
considered. The velocity distribution is represented by

e-y/c)

u=ug Qa - (2-5)

v=20 (2-6)

where u s U, v, and y denote the gas free-stream velocity, velocity parallel
to the ground, velocity normal to the ground, and distance from the surface,
respectively. The parameter § is a measure of the boundary layer thickness;

at y = 4.6 , the velocity becomes u = 0.99 u,-

The particle is considered to be spherical, and u and y are measured
at the particle center. It is assumed that the particle is initially at
rest and tangent to the ground, i.e., y = a initially. The equations

governing the particle motion are taken as

dv, 2
m Vo dy 2 PA [CL (u - up) +Cy v (v - vp)] - mg (2-7)

du 1 ‘
m vp E;R =35 P A CD Vv (u - up) (2-8)

where m, A, P, CD’ g, up, Vp’ and V denote, respectively, the particle mass,

particle cross-sectional area, fluid density, drag coefficient, gravitational

acceleration, particle velocity parallel to the ground, partical velocity

N
3
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normal to the ground, and relative velocity between particle and fluid. 1In
deriving Equations (2-7) and (2-8), it has been assumed that 1ift is impor-
tant only in the vertical direction and that the lift coefficient is based
on relative horizontal fluid and particle velocities. Considering Equations
(2-3) and (2-4), one may take

a__du

C, = —mm—
L u-u d
P Yy

(2-9)

where the coefficient 0.998 has been replaced by 1.0 for simplicity and
where u_1 du/dy has been interpreted as (u—up)—ldu/dy for a particle
in motion. Equations (2-7) and (2-8) with Vv = 0 can be written as

dvg du CD
Yoy K [(u - up)-a§ -7V Vp] -8 (2-10)
du CD
vp E§R~= K . V (u - up) (2-11)
where
- 3P -
K = 8p (2-12)
s
V= [(u - u )2 + v 2]1/2 (2-13)
P P

and where Ds denotes the particle material density.

At this point, 1t appears advantageous to examine the variation of

the 1lift force FL' From Equation (2-10) it is seen that FL

to (u—up)du/dy. Within a short distance from the surface, up is negli-

is proportional

gible compared to u, and the lift force is proportional to u(du/dy) which
varies with y according to Equation (2-5) so that

2
FL Kue

m s

(1 - eV/8y oV/8 (2-14)

Thus, the 1ift force per unit mass has a maximum value of Kue2/46 and
occurs at y = 0.693§. The variation of FLc‘S/mKue2 with y/§ is shown in
Figure 2-1,
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From Equation (2-10), it is seen that K(udu/dy) at y = a must be
greater than g in order for a particle that is initially resting on a flat
surface to be lifted. Using Equation (2-5), this requirement can be

written as
2
(Kue /ag)c > 1 (2-15)

where

-a/$

= (a/s)(1l - e-a/G) e (2-16)

The function ¢ is shown in Figure 2-2 and has a maximum value of 0,260 at
a/s§ = 1.45. The interesting point is that for a given particle size, there
exists a preferential range of boundary layer thickness for initial entrain-
ment. That is, lift may not exist near the leading edge on a surface

where the boundary layer is thin (although the shear stress is very high
there) or near the tail end where the boundary layer is thick. If the

flow conditions are such that Equation (2-17) is not satisfied everywhere
along a surface, then no lift may occur at all, Also, in order for the
particle to be lifted to a significant distance above the ground, the
condition of (Kuez/ag)C >> 1 is required.

It is interesting to compare the 1lift force FL with the horizontal

drag force Fx' From Equations (2-10) and (2-11), the ratio is given by
L
-—=—c (2-17)
Fx C

For an estimate of the value of this ratio, one may approximate V by u to
obtain

=i ek —2—— (2-18)

The parameter k is plotted as a function of a/§ and y/a in Figure 2-3. It
is seen that k has a maximum limiting value of 1.0 which occurs when the
particle is at the surface (y = a) and when a/§ - 0. Thus, the condition
of k < 1.0 as required for the 1lift relation [Equations (2-3) and (2-4)] is
satisfied. (However, if the particle is partially imbedded in the ground
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initially, i.e., y < a, then k > 1,0 initially except for large values
of a/6.) At a distance of a few radii away (say y/a = 10), the ratio of
vertical 1lift to horizontal drag becomes negligible.

Attention is now directed towards the solution of Equations (2-10) and
(2-11). From these equations, it can be deduced that a particle is first
accelerated off the ground by the lift force, and then decelerated verti-
cally by drag and gravity. During its subsequent return towards the ground,
the particle may get lifted again if the lift at any point within the bound-
ary layer overcomes gravity and a few such damped oscillations may occur.
However, during its descent, a particle generally has attained a horizontal
velocity nearly equal to the fluid velocity and the 1lift due to (u—up)(du/dy)
is negligible. 1In fact, up becomes greater than u somewhere within the
boundary layer, and a negative lift develops which aids gravity in returning

the particle to the ground.

In order to solve Equations (2-10) and (2-11) analytically, it is
necessary to make some simplifications. The drag coefficient will be
taken as a constant; this is acceptable since the particle Reynolds number
is generally very large. The flow is divided into two regions for solution:
vertical acceleration of the particle within the boundary layer and vertical

deceleration outside the boundary layer.

The boundary layer thickness will be denoted by Ve and has a value of
4.65 at which u = 0.99 u,- For acceleration in the boundary layer, it is
assumed that vertical drag and gravity are negligible compared to 1lift.
Particles that are too small to satisfy this assumption will not be lifted
significantly above the boundary layer and will not be considered. It is

also assumed that up is negligible compared to u in computing 1lift, These

assumptions are somewhat conservative, i.e.,, they would result in over-

predicting the values of the vertical velocity. The boundary conditions
should be vp = up =0 at y = a if a particle is initially at rest on a flat

surface. However, the boundary will be given an arbitrary value of y =y,

1
instead of y = a in the solution. With these assumptions and boundary
conditions, the solution for vp is

_ 2 2,1/2 ) -
v, = (Ku® - Ku, ) for v < v, (2-19)
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where u is given by Equation (2-5) and u, is u at Yie Equation (2-19)

i
may be written as

2
ZP—Z- 2 M- -t - e for y <y, (2-20)
Ku
where
A= yi/G (2-21)
z = (y - yi)/é (2-22)

Equation (2-19) shows that the maximum attainable value of vp due to lift

1/2 u, where K is on the order

is only a small fraction of u,» i.e., vp -+ K
of 10-3 (when the fluid is a liquid, however, K is of order 1). Also,
Equation (2-19) shows that vp is smaller for larger particles since uy is

larger for larger particles.

In using Equation (2-11) to solve for up in the boundary layer, V is

approximated by u and vp by K1/2 u. The result is
ks S e75% 4 5 o) (e7F L 2787 (2-23)
" i © e e
e
where
s = kM2 ¢ /a (2-24)
s = als (2-25)

If s = 1, the solution for up can be obtained by applying L'Hospital's
rule to Equation (2-23).

The time a particle takes to travel from Yy to y is given by
t = /yY vp_1 dy and the horizontal distance x a particle has traveled is
Jyy ;
iven by x = / Y (u_/v) dy.
g y ‘yi(p/p)y
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After the particle has reached the edge of the boundary layer, no
1lift due to shear exists and the particle is considered to be decelerated
vertically by drag and gravity. In this region, V can be approximated by
ue-up. It is convenient to choose a transformed time coordinate ¢

instead of z as the independent variable in this region. The solution is

v v
_P-=—1—<Je+ L9 >— L4 for t > t (2-26)
ue ¢ ue ZCDW ZCDW e
% w

= ] - — -2
g s (2-27)

r = —"‘55 (2-28)
Ku
Upe
w=1 - o (2-29)
e
¢ =1+ KCpuw (t -t ))/a (2-30) ;

The distances y and x are related to t by y = Yo +./;t vpdt and
t e
x xe +-/;e updt, or

v
- a e r - r 2_ -
P ze+ch[(—"—u +2Cw)zn¢ 40w(¢ 1)] fort_>_te (2-31)
D e D D
x Xe a
"5 TR ¢ lovwiane) for e 2e,  (2-32)

The maximum height occurs at vp = 0 and can be obtained by using
Equations (2-26) and (2-31). The time it takes a particle to return to
the ground and the velocity components there can be obtained by setting

z = 0 in Equation (2-31) and using Equations (2-26), (2-27), and (2-30).
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Examination of Equations (2-19) to (2-32) shows that vp/ue and up/ue

are dependent on five dimensionless parameters: K, C.,a, r, and z or ¢.

(The boundary of y, = a is being used.) The five pargmeters encompass
eight variables: o, 0gs CD’ a, §, U, 8 and y or t. The results of
interest are shown in Figures 2-4 through 2-11 for which the values of

CD = 0,5 and K = 0,001 are used. The value of CD = 0.5 is a good approxi-
mation since the particle Reynolds number 1is generally very high, and

K = 0.001 is typical for blast wave conditions, In Figures 2-4 through
2-11, the subscript e denotes conditions at the edge of the boundary

layer (ye = 4,68) during ascent, m at the maximum height reached by the
particle, and f at the point where the particle has returned to the edge
of the boundary layer during descent. The normalized particle velocity
components at the edge of the boundary layer, which are obtained by assum-
ing drag and gravity to be negligible compared to lift inside the boundary
layer, are shown in Figure 2-4., 7The maximum height reached by the particle
is shown in Figures 2-5 and 2-6 where different normalization factors are
used. From Figure 2-5, it is seen that the particle cannot travel far
above the boundary layer unless Kue2 is large (for fixed a and §). It can
also be deduced from Figure 2-5 that there is some optimum values of the
ratio of particle size to boundary layer thickness for aerodynamic lift,
In Figure 2-6, the nondimensional group Zg(ym-ye)/Kue2 is employed since
it can be shown from Equations (2-26) and (2-31) that 2g(ym—ye)/Kue2 +1
as € » 0 and a/§ » 0. The particle vertical velocity at Y is zero,
while the horizontal velocity at Yo is shown in Figure 2-7., The velocity

components of the particle when it has returned to the edge of the boundary

layer are shown in Figures 2-8 and 2-9 from which it can be deduced that
the particle returns to the surface almost horizontally. The nondimen-
sional total horizontal distance traveled by the particle and total time
of particle stay in the gas are shown in Figures 2-10 and 2-11, respec-

tively.

It was indicated earlier that particles for which 1lift is not sub-
stantially greater than drag and gravity inside the boundary layer will
not achieve a substantial vertical velocity at the edge of the boundary
layer. It is interesting to observe what this condition implies.
Considering the order of magnitude of the various terms in Equation (2-10)

t
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2
and using the approximate result of vpfe Kl/ u, it can be shown that the

following condition must hold in order for the particle to travel far

above the boundary layer:

Kl/z CD 8 ‘
15> + &< (2-33)
a 2
Ku
e
The ratio Kl/z CD §/a, defined as s by Equation (2-24), may be considered

to be a measure of the relative magnitudes of vertical drag and lift.
The ratio gG/Kuez, which is egual to u—l times the factor r given by
Equation (2-28), is a comparison betweeu the effects of gravity and lift.
Furthermore, the condition given by Equation (2-15) must be satisfied in

order for a particle to be lifted off a surface.

The above results were obtained by considering the particle to be
lifted by an aerodynamic force. It may be of int-vest to estimate the
velocity of a particle as it leaves the ground if the particle is partly
imbedded in the soil initially where the soil pressure is higher than the
fluid pressure. For this purpose, consider the soil pressure to be Pg and
the fluid pressure to be p. Let the initial distance between the particle
center and the soil surface be denoted by Yie The equation fur the particle

motion is given by

dv_ 3(p_ - p) 2
P 8 A -
pdy 4p a a a2 ) (2-34)

For ths boundary condition of vp =0 aty = Yi» the solution is

3(p, - P) < y> - y13> 1/2
v =|—2— (y -y, - —2 (2-35)
P ZDS a i 3a2

%g The maximumn vE is obtained at y = a and for v < 0 and is equal to

&E [(PS = P)/OS] /2. If (pS - p) is taken to be the free-stream dynamic
b3 pressure, pu 2/2, the maximum v_ is (p/2p )l/2 u . This v_ is in the
o © 1/2 N € P

neighborhood of (39/808) u, which is the estimated maximum vp achievable

due directly to lift,
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FIGURE 2-7 PARTICLE HORIZONTAL VELOCITY AT MAXIMUM HEIGHT

‘. CONFIDEXTIAL 11

«.‘3‘}?\.,. N T T R g o R T T T o T I e b e R Mt I et A T L 0 LA DA




16118-6002-R7-00

CONFIDENTIAL

1IVdWI 1V ALIJOT3A JTOILIHIA ITVILYYd 8-2 JHNOIJ
w:x\mm

-0l
0

-
¢'0
¥'0
9'0
8'0
0L

!

i

Q@
nZ/IX/JdA'

CONFIDENTIAL

122

N N Uy U U U S Y S Tl L LV A P N S A R VI P AN B O U S P T N P MY S Tl .Y a0, 9" A% . e ¥ 0 ¢. 0 a2 w' |



LOVdWI 1V ALIJ0T3A VINOZIYMOH 370IL¥Vd 6-2 34n9Id

123

VAL S ER AT

w:x\mc

WS

o
ARLALE L

g
!

16118-6002-R7-00
"

o TN A A A T,

4

AL

CONFIDENTIAL

3 /34n
CONFIDENTIAL

»

BACHCL eV AN PR CL TR Y

870

y)

Ly

y

0L

O OB D D02

e

e

o

w'
u

f
o

3
r - ; -

00

oo 2




0373AVYL 3JINVLISIAQ TYINOZIYCH 0Ol-¢ FdN9lId

w:x\mm

1-01 z-01 e-01

A
|

-

B

]

M

i

. . . _
R M :
: : - w

i
%~
1
1
|
S N
-
A
T

nx/Jxﬁz

CONFIDENTIAL
CONFIDENTIAL

=
4

i
\

0oL

r\L
T
o
=
T
;
L
;
1
|
i
1

16118-6002-R7-00

124

T 001




o
T
~
o
i
(]
o
S
O
{
oC
—
—
D
—
l
-
h—
T
—
hed
=
R
R
-_
=
| = ]

SVO NI AVLS 40 JWIL

LL-¢ 3¥N914

——1 —r——p =~
]

nz/[N/ﬁJl

9

(Reverse of Page is Blank)

125

A YRR TR N |

S

CONFIDENTIAL

~

by 5

W

(OeaNne

jo

Pt R

rEr

T
n

ofed

u"\'
P

Ao

Sl

e e
CL ._y.- /
W RS RN Y

AN

1Y
o

VS R AT

M
=)

6%




16118-6032-R7-00

CONFIDENTIAL

3. SAMPLE TRAJECTORIES

The analysis of the previous section shows analytically the effects of
the various parameters on particle trajectory for a selected 1ift coefficient,
A uniform steady flowfield with constant boundary layer thickness was assumed.
In the present section, the particle trajectories in a blast flowfield tran-
sient and nonuniform; which includes the boundary layer properties obtained

in Part I of this study are investigated. The equations are taken as:

dx
it = Y% (3-1)
dy _ -
ac = Vp (3-2)
du
ac - F (uw) (3-3)
dv 3u
= - - —_— - A4
--Rdt F(v vp) + K(u up) 3y (3-4)
dT
= ~T ) -
T = G(T T for T < T (3-5)
da
=0 for Tp < '1‘pv (3-6)
. dT
_.Rdt =0 for Tp = Tpv 3-7)
da cgsa
Et- = - 3L G(T—Tp) for Tp = TpV (3-8)
where K = 3p/8ps and
F = KVCD/a (3-9)
G = Kk,TNu/pc, a’T_ (3-10)
1/2
V = [( -up)2 + (v-vp)z] (3-11)
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In the above equations, F and G are factors for drag and convective heat
transfer, respectively; Cps is the specific heat of the particle, Tpv is the
vaporization or ablation temperature, L is the heat of ablation, and k 1is

the fluid conductivity at the ambient temperature T_,. The term involving
du/yy in Equation (3-4) is used to account for 1lift. The effects of particles
on the fluid flowfield are neglected. Since mass and heat transfers are only
of secondary consideration in this study, the effects of ablation on the

drag and heat transfer coefficients are also neglected. Furthermore, radia-
tion is not considered. The drag coefficient and Nusselt number Nu are

approximated by

24
Cp = 2+ 0.5 (3-12)
Nu = 2 + 0.459 Rel*2? (3-13)

where Re 1s the Reynolds wumber based on particle diameter.

For the fluid piuperties, the vertical velocity v is taken as zero. The

axial velocity u, temperature T, and density p are approximated by u = u
—n/Q,
(1-e

the subscript e denotes properties for inviscid flow which are computed using

e
-n/g
), T = Tw + (Te—Tw) (1-e / )y, p = pe(Te/T), respectively, where

the Taylor-Sedov strong shock solution. The parameters n, &, and &, are
taken from the laminar boundary layer integral-exponential solution given
in Part I of this report, and Tw is the wall temperature. The particle is

considered to be initially at rest on a flat surface.

From the numerical results, it is found that a particle of given size
is not subject to direct lift in a region extremely close to the shock front
where the boundary layer is thin nor in the region fa:. away from the shock
front where the boundary layer is thick., This is in agreement with the
results of Section 2, It is also found that direct lift does not loft a
particle to sufficient height for suspension except for a very short time
after explosion when the free-stream velocity is extremely high. However,
small particles that are lifted at early times vaporize soon after leaving the
boundary layer because of the high gas temperature. Most of the particles
that get lifted and do not ablate are confined within a few inches above the
ground. They can achieve a vertical velocity of only a small fraction of

the free-stream gas velocity; however, they quickly attain a high horizontal
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velocity, which is comparable to the free-stream velocity, with which they
return to the ground. This substantiates previous assumptions and observa-
tions »25 that particles are not directly lifted into suspension by a free-
stream, Instead, a particle may bounce off the ground a few times and achieve
a higher velocity with each subsequent bounce until the velocity is suffi-~
ciently high to loft the particle or bounce off another particle into sus-
pension, However, 1ift does aid particle entrainment by placing the particle
in the higher velccity region of the boundary layer to facilitate the accel-
eration of the particle by the gas stream. Also, direct 1lift can be partially
responsible for a significant amount of dust having bouncing motions, known

as saltation, within a short distance from the ground. Another mechanism
responsible for saltation is horizontal drag which causes a particle to roll
or slide along a surface until the particle accelerates to sufficient speed

to leave the surface upon impacting another particle.

The above paragraph describes the particle trajectories qualitatively.
Some numerical results are presented in Figures 3-1 through 3-5 for illus-
tration. The blast properties correspond to a 1.0 megaton spherical surface
explosion. The physical properties used are: T, =T = 530°R, p_ = 0.076U/ft3ﬁ
C = 0.24 BIU/1b-°R, Vo = 1.23 x 107> Ib/ft-sec, k_ = 4.1 x 107° BTN/sec-ft-
°R, Y = 1.4, ng = 145 lb/ft3, Chs = 0.2 BTU/1b-°R, Tpv = 6400 °R, and L =
3700 BTU/1lb. Figure 3-1 shows the trajectories (y vs x) of particles of

. various sizes; the particles have been assumed to be initially at rest and
get lifted at 0.01 second after explosion and at a distance of 10 feet behind

the shock. Note that drastically different scales have been used for the x

and vy coordinates. The smaller particles become ablated by the hot gas soon
after they leave the boundary layer and are indicated in Figure 3-1. The

larger particles are lifted to higher altitudes (there 1s an increase in
boundary layer thickness as the particle is being lifted), but there is a
cutoff diameter (roughly 20,000 microns for the conditions of Figure 3-1)

above which a particle does not get lifted at all because its weight becomes

A
A

larger than the 1lift at the ground position.

h

T

Figures 3-2 to 3-4 are similar to Figure 3~1 except that the time of 0.1

P e

-
Al A §

second after explosion is used. Also, the locations at which the particles
become lifted are 1 foot, 10 feet, and 100 feet behind the shock for Fig-
ures 3-2, 3-3, and 3-4, respectively. At 0.1 second after explosion, it is

=] sy

-
-

*This is calculated based on 1.0 megaton free air burst which corresponds

S roughly to 1/2 megaton surface burst.
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found that the particles do not reach ablation temperature (except for small
particles at locations beyond 100 feet from the shock)., The initial free-

stream gas velocity u , and the initial velocity boundary layer thickness

el
Yei (u= 0,99 u, aty = ye), along with the velocity components Vog and u

when the particles impacts the ground and the length of time At in which v
the particle stays in the gas, are tabulated in the figures. 1In Figure 3-2,
the location of the shock, xsg’ when the particle returns to the ground and
the velocity boundary layer thickness, indicated by Yeg’ experienced by the
particle when it returns to the ground are also indicated. It can be
observed that a particle accelerates more rapidly towards the ground as it
returns to the boundary layer region; this is due to a negative lift which
develops since up becomes greater than u inside the boundary layer. How-
ever, vpg is still very small compared to upg, and a particle is expected to

strike the ground almost horizontally.

From Figures 3-1 to 3-4, it is seen that the particles are lifted not
more than a few inches above the ground except for early time after explo-
sion or from regions of large boundary layer thickness. It is also seen
from the figures that for a given boundary layer thickness, there is some
optimum particle size for entrainment. Particles can be lifted to higher
altitudes if their diameter is roughly equal to the boundary layer thickness,
i.e., D/y 4 =~ 1. It is interesting to note that the analysis of Section 2
predicts a similar result: in Figure 2-5, Yo is largest for a/§ = 1.5; since

a =D/2 and § = ye/4.6, the maximum y  corresponds to D/ye = 0,7.

After returning to the ground at high speed, the particles are expected
to rebound from the ground. The rebound speed and direction depend on the
soll properties such as elasticity and surface smoothness. Some rebound
trajectories are illustrated in Figure 3-5. The position from which a
particle rebounds corresponds to the end of the particle's lift trajectory
shown in Figure 3-3. The rebound speed is taken to be the impact speed,
and the rebound angle is taken to be 0, 45, or -45 degree from the normal
direction to surface, As expected, the larger particles can rebound to much
greater heights than the smaller particles because of lower drag forces.
Figure 3-5 also shows that the particle trajectories are similar for all
three rebound angles chosen for illustration. The end of each trajectory

corresponds to 2.0 seconds after explosion, Thus, a particle that is lifted
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of f a surface may travel only a short vertical distance and return quickly

B W VL ol i R

to the ground; but after first bounce, it may remain in the gas for several
seconds which is sufficiently long for the particle to be carried aloft by
the rising fireball thermal, Furthermore, the larger particles can

achieve a height of several hundred feet simply by rebound.
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4. EROSION ESTIMATES

In order to analyze rigorously the amount of soil erosion due to aero-
dynamic entrainment, it is necessary to solve the coupled two-phase (particles—v
gas) Navier-Stokes equations., The development of such a solution for the
blast flowfield appears prohibitive at present, however, since even the
simple case of erosion over a flat plate has not been solved. Here, only
an extremely simple model is used to estimate erosion. The model is similar
to the one first employed by Roberts5 in regard to soil erosion by a lunar

landing vehicle, and it can be written as

*
fu %% =t -1 (4-1)

where f is interpreted as a dimensionless average momentum of the entrained
particles, u is a gas velocity, dm/dt is the rate of mass entrained per unit
area, T _ is the shear stress on the surface without dust entrainment, and
1 1is the reduced shear stress due to the presence of dust entrainment.
Equation (4-1) states that the impulse due to shear [(To - T*)dt] is con-
verted into particle momentum with the particle velocity being fu. The

.. value 1% represents the soil's resistive shear stress to erosion, and
depends on the soll properties such as particle size, cohesiveness,
etc., The value c¢f f is difficult to analyze; in fact it partly depends on

o the definition of mass erosion. If only those particles that reach high
altitude are considered, then f should be close to 1.0 since only the parti-

cles with initial velocities that are comparable to the gas velocity can be

lifted to significant height. On the other hand, a great many particles

that are lifted off a surface according the results of Section 2 are confined |
within a short distance from the surface; these particles have lower veloc- i
ities as they leave the boundary layer and f should be substantially less
than 1.0, 1In this section, f is taken as an arbitrary constant and ™ 1s

neglected when it is compared to T The total mass M eroded is then given
by

M = %/t fA =2 gadt (4-2)

Using the results of Part I of this study (laminar boundary layer integral

polynomial solution) for T, and Sedov's strong shock expression for u, it is
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found that for a spherical explosion

1.16 <Y+l _yg)llzpm C3t0'7

M= f 2 Pw

(4-3)

where y is the ratio of the gas specific heats, C is a constant which depends
on the explosion strength, and u _, p_, and p_ denote the gas viscosity,
pressure, and density, respectively, at ambient conditions. Since C varies
with the explosion energy E to the 0.2 power, Equation (4-3) shows M to vary
with E to the 0.6 power. Also, M varies with time t to the 0.7 power. Here,
t is bounded by the time when the shock is no longer strong or when the soil

0.4)

1* exceeds T Consider a 1.0 megaton explosion (i.e., C = 3800 ft/sec
in ambient air and take t = 1,0 second. Then M= 35 f—l tons. Hence if f is
close to 1.0, M is very small (compared to mass ejected due to cratering).
However, if the particle velocity is taken as the vertical velocity due to
boundary layer lift, then f = Kl/2 where K = 0.001. This yields M = 1,100

tons for laminar boundary layer shear.

It may be mentioned that the total impulse delivered to the surface

due to aerodynamic shear is found to be (for laminar boundary layer):

1/2

. n
/th T dAdt = 1.82 (%1- ;—) puc?r 01 (4-4)

o0

For a 1.0 megaton explosion in ambient air and t = 1.0 second, the total

impulse is equal to 4.15 x 108 lb-ft/sec. 1If the mass eroded, M, is taken

to be equal to this impulse divided by some effective average particle veloc-

ity, then M 1s proportional to g0-8 (since C ~ EO.Z) and to'l; whereas ?

in Equation (4-3), M is proportional to EO'6 and t0'7.

The numbers given in the two preceeding paragraphs are for laminar flow.
For turbulent flow, the values for M is expected to increase by at least one
order of magnitude. Although the assessment of soil erosion behind the
turbulent blast wave should probably be performed only after the turbulent
boundary layer solution is obtained, it may be interesting to make a predic-
tion by employing a simple model and available experimental data. Consider

the model

dm o]
&g (5:) u (4-5)
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where B is a constant. Equation (4-5) states that the mass erosion rate

16118-6002-R7-00

is proportional to the free-stream velocity. This model is similar to that
employed in Reference 6, except particle size and terminal particle velocity
are not considered and a factor o/pm is inserted to account for the varying

density behind a blast wave. The mass eroded, M, then becomes

M = Bpsif (£) w asae (4-6)
t

Using the Sedov solution for p and u for a spherical expiosion, it is
found that
3.1.2
M = 0.558p C 4-7)

O.6 1.2

Here, M is proportional to C3 (or E°*7) and t7°". Refering to the experi-

mental data of Reference 6, one may suspect that B is far from being a con-

> and 10_3. In fact, B for loose soil

stant and may vary between, say, 10
is about one order in magnitude higher than that for compact soil. For a
given soil, B varies with u. One may suspect that the scatter in data for
R is at least partly due to the data correlation in which the direct effects
of boundary layer growth are not taken into account. Taking B = 6 x 10_5
and Py = 145 1b/ft3, it 1s found that M = 1.32 x 105 tons for a 1.0 megaton

explosion and t = 1.0 second.

4 (Reverse of Page is Blank)
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5. DISCUSSION AND CONCLUSIONS

Using a 1lift coefficient of CL = g(u - up)_1 (du/dy) for boundary
layer aerodynamic 1i1ft, it is found in the present study that a particle

initially at rest can attain a vertical velocity of only K1/2

times the
free-stream gas velocity where K is equal to 30/8ps. A similar vertical
velocity is attained if a particle is initially imbedded in the soil and

if the pressure difference between the soil and the free-stream is equal to
the dynamic pressure; Also, spinning of a particle may generate a Bernoulli
force for which the 1lift coefficient is similar to that due to shear.

The analytical results of Section 2, which are for constant flow condi-
tions, may be applied to obtain rough estimates of particle motion due to
boundary layer lift behind blast waves. The reason for this is that a
particle stays in the gas, especially inside the boundary layer, for only
a short time within which the fluid properties, including the boundary

layer thickness, experienced by the particle do not change drastically,

For given flow conditions and a given particle size, the aerodynamic
lift 1is not sufficient to overcome the particle weight to lift the particle
if the boundary layer thickness 1s either too small or too large. Particles
that are more readily entrained are those with diameters of the order of

the boundary layer thickness.

In general, particles are not lifted more than a few inches above the
ground except for early times after explosion when the gas velocity is
high and/or at locations far away from the shock (but not too far) where
the boundary layer 1s thick and the gas velocity and density are still
high. However, at early times after explosion or at distances near the
explosion point, the temperature is extremely high and the lifted particles

(especially the small ones) soon vaporize.

As a particle is lifted off a surface, it attains a very high hori-~
zontal velocity. Although it reaches a vertical height of only a few
inches and stays in the gas for only a fraction of a second, i1t may travel
a horizontal distance of a few hundred feet before returning to the ground.
It impacts the ground about horizontally at a high speed. The height
reached by the particle after rebounding from the ground is still small for

small particles (say less than 100 microns in diameter) because of drag
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effects, but the height can be on the order of a few hundred feet for

|
N S

16118-6002-R7-00

e

large particles (say 1000's of microns in diameter). The particles after
rebounding can remain in the gas for several seconds. Thus, although
1i1ft may not directly contribute significantly to particle density in a
nuclear cloud, it can aid the particle in acquiring a high rebounding
velocity. The particles after rebound can stay in the gas sufficiently
long to be carried to great heights by a rising nuclear cloud.

In the present study on particle lift, the vertical component of the
gas velocity has been neglected. This vertical velocity may substantially
increase the particle vertical velncity, especially for small particles,
in the regions of thick boundary layers. Turbulent diffusion also aids

entrainment of small particles.

The amount of soill erosion due to laminar boundary layer entrainment
is estimated to be small, say about one thousand tons for a one megaton
explosion. However, for turbulent boundary layers, an increase by two

orders of magnitude appears possible.
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