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Fig. 1--(a) Typical c l a d d i n g a r r a n g e m e n t b e f o r e detonation
of the explosive. (b) S c h e m a t i c d r a w i n g of the c o l l i s i o n
p r o c e s s . (c) G e o m e t r y of the s t e a d y - s t a t e collision.

e x p l o s i o n c l a d s i s a n a l o g o u s t o f l u i d f l o w a r o u n d a n
o b s t a c l e in w h i c h a r e g u l a r f o r m a t i o n o f e d d i e s i s ob -
s e r v e d w h e n t h e R e y n o l d s n u m b e r o f t h e f l o w is a b o v e
50 . I n a s u b s e q u e n t p a p e r , K l e i n12 s u p p o r t e d t h i s v i e w
a n d s h o w e d t h a t t h e r a t i o o f t h e l a t e r a l d i s t a n c e b e -
t w e e n v o r t e x s t r e e t s a n d t h e l o n g i t u d i n a l d i s t a n c e b e -
t w e e n v o r t e x c e n t e r s i s e s s e n t i a l l y t h e s a m e f o r
t y p i c a l w a v y b o n d z o n e s o f e x p l o s i o n c l a d s a n d f o r
s t a b l e v o r t e x s t r e e t s in f l u i d f l o w . B u r k h a r d t , H o r n -
b o g e n , a n d K e l l e r~3 o b s e r v e d t r a n s i t i o n f r o m a s m o o t h
t o a w a v y b o n d z o n e a b o v e a c r i t i c a l c o l l i s i o n v e l o c i t y
in a n g l e c l a d s . T h e y a l so u s e d t h e f l u i d f l o w a n a l o g y
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Fig. 2--Typical wavy bond zone---ti-
tanium on steel.

concept t o explain the observed phenomena and at-
tempted t o d e r i v e a "Reynolds N u m b e r " for the ob-
served transition from smooth t o oscillating flow in the
metals. However, they did not succeed in deriving a
satisfactory expression capable of prediction. A
pictorial description of bond zone wave formation dur-
ing cladding was given by Bergmann.~4 Bahrani, Black,
and Crossland"5 presented a more detailed pictorial
description for an asymmetric system. The above-
mentioned studies are qualitative in t h e i r description
of the wave formation mechanism. It was highly de-
s i r a b l e t o study the wave formation mechanism in
more quantitative t e r m s capable of predicting the
conditions r e q u i r e d for wave formation as well as
the factors controlling the size of the waves. The
work described in this paper was a imed at providing
a b a s i s for such information. The fluid flow analogy
as well as other mechanisms were explored and com-
p a r e d with experimental results.

THE WAVY BOND ZONE

The striking similarity between the wavy bond zone
and von K a r m a n v o r t e x streets in fluid flow suggests
that an examination of the known behavior of fluids16'17
would provide guidance in developing an understanding
of the factors that control the onset of the waviness
and the size of the waves in cladding. However, two
difficulties are encountered. T h e r e is no analytical
solution for the flow equations describing the oscillat-
ing fl0w. (However, Harlow and F r o m m18 c a r r i e d out
complex numerical solutions t o the N a v i e r Stokes
equations for a contrived flow s i m i l a r t o flow past
an obstacle, and demonstrated the development of a
vortex s t r e e t above a critical Reynolds number.) It
is, therefore, necessary t o rely on analogy with ex-
perimental observations on vortex streets in fluids.
Unfortunately the geometrically s i m i l a r flow in
fluids, i . e . , the collision of two flat liquid s t r e a m s
has not been studied. (As shown l a t e r we have con-
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f i r m e d experimentally that a transition from smooth
t o v o r t e x flow does indeed o c c u r with colliding liquid
streams.) Therefore, we must base our analogy on
the flow of fluids a r o u n d obstacles, such as a t r a n s -
v e r s e cylinder or a flat plate.

The second difficulty in the comparison is the dif-
f e r e n c e between the deformational properties of m e t a l s
and liquids. The finite yield strength of m e t a l s com-
plicates t h e i r behavior and r e q u i r e s a suitable defini-
tion of the Reynolds number.

B e f o r e proceeding further, it is desirable t o define
the collision variables. The experiments reported here
were all made u s i n g the parallel cladding technique
used in commerc i a l cladding operations. As shown in
Fig. 1, the p r i m e m e t a l plate is initially parallel t o
and spaced away from the b a c k e r plate by a uniform
stand-off. A uniform l a y e r of explosive covering the
p r i m e m e t a l plate is initiated at a point or line and
the detonation, proceeding with a velocity D a l o n g
the plate, d r i v e s it progressively into collision with
the b a c k e r plate. U n d e r these conditions a steady con-
figuration is quickly attained in which the collision
moves a l o n g the b a c k e r plate with a velocity Vc
that equals D. The detonation products e x e r ta p r e s -
sure n o r m a l t o the p r i m e m e t a l plate, with any s h e a r -
ing traction b e i n g negligible in comparison with the
strength of the m e t a l . Thus in the steady-state co-
ordinate system moving with the collision, the magni -
tude of the velocity of the p r i m e m e t a l plate is not
changed by the detonation, but the direction of the
velocity is changed by an angle 0 equal t o the col-
lision ang le . Both p r i m e m e t a l and b a c k e r plates are
approaching the collision reg ion with the same s t r e a m
velocity or collision point velocity Vc . (Angle cladding,
in which the p r i m e m e t a l plate is initially placed at
an angle t o the b a c k e r plate, has the a d d e d complication
that the collision point velocities for the two plates a r e
different.) It is c l ea r from Fig. 1 that the r e l a t i v e plate
velocity, i . e . , the velocity of the p r i m e m e t a l plate,
Vp, just b e f o r e collision is related t o the collision

METALLURGICAL TRANSACTIONS



angle ~ by the expression

V p = 2 Vc sin ({?/2) [1]

The jetting collision generates extremely high
pressures; the peak pressure at the separation point
at the base of the jetz slightly exceeds the stagnation
pressure for an incompressible stream of density p,

P d = PV~//2 [2]

The collision pressure, typically a few hundred
kilobars, thus exceeds the detonation p r e s s u r e by a
factor of about 10, and exceeds the residual p r e s s u r e
of the explosive products in the collision reg ion still
m o r e . The resisting p r e s s u r e of the relatively soft
m a t e r i a l of low impedance resisting the downward
motion of the b a c k e r plate is also negligible com-
p a r e d t o the collision pressure. Therefore, the col-
lision process can be completely specified by the two
collision variables Vc and 8 and the properties of the
two plates, including the densities p # , Pb and the
m a s s e s per unit area rap , m b .

Because the very high p r e s s u r e near the collision
point greatly exceeds the yield strengths of the m e t a l s ,
the rate of plastic deformation near the collision point
will be extremely high, and even when the m e t a l s do not
melt t h e i r flow behavior will be liquid-like in the s e n s e
of b e i n g s t r a i n rate dependent and characterized by an
effective viscosity. However, f a r t h e r from the collision
point the rate of deformation is much slower, and the
behavior will be more influenced by the yield strength
of the m e t a l . It is of interest t o consider the transition
from smooth t o oscillating flow for two idea l m a t e r i a l s ,
a Newtonian liquid characterized by a constant vis-
cosity, and an idea l elastic-plastic solid, characterized
by a yield and constant flow stress.

The transition from a smooth t o an oscillating wake
in fluid flow past an obstacle o c c u r s when a c r i t i c a l
v a l u e of the Reynolds n u m b e r is exceeded. The
Reynolds n u m b e r for the flow of a Newtonian liquid
is defined as

R = dVcP/I.t [3]
w h e r e Vc is the upstream velocity relative to the ob-
stacle, p is the viscosity and d is a characteristic di-
mension of the obstacle, e . g . , the d i a m e t e r of a t r a n s -
v e r s e cylinder. In the collision of two liquid s t r e a m s
the characteristic dimension may be t a k e n as the
thickness of the idea l jet in the a b s e n c e of friction.
As shown below the thickness of the idea l jet is
proportion t o e2. Thus the boundary line for a critical
value of the Reynolds n u m b e r is defined by

02Vc = a constant. [4]

For the idea l elastic plastic solid the critical
Reynolds n u m b e r must be defined in t e r m s of the
yield s t r e s s Y. Thus

dVcP (1/2)pV~ Pd
R e = 11 l . t V c / 2 d o : - 7 [5]

Thus the boundary line for oscillating flow is defined
by

Vc = a constant [6]

The boundary line for wavy bond zones in cladding of
m e t a l s may be expected t o approximate a superposition

I o-NEWTONIAN LIOUID
\ ] b-ELASTIC-PLASTIC SOLID

o \ w A w s

~ -~-WAVES
VT Vc

Fig. 3--Theoretical boundaries of wave formation for col-
lisions (a) of flat streams of Newtonian liquids, and (b) of
flat plates of elastic-plastic solids. (c) Typical observed
boundary of wavy bond zones in metal cladding.

of t h e s e two ideal c a s e s . This is indeed the c a s e , as
shown schematically by the dashed line in Fig. 3.
The portion of the boundary at high values of Vc has
not been well studied; the behavior t h e r e is undoubtedly
complicated by m e l t i n g and perhaps by the extremely
high p r e s s u r e s at the separation point . This r eg ion is
not of much practical interest because cladding is
usually c a r r i e d out at substantially h ighe r va lues of
8 to e n s u r e good bond quality in spi te of variations
in the collision variables associated with practical
tolerances, e . g . , in flatness. In contrast the boundary
line at h ighe r va lues of 0 and low va lues of Vc is not
only of practical interest, but also is of interest be-
c a u s e of the possibility of relating it t o the static
strength of the m e t a l s . The objectives of this work
are t o account for the transition from a smooth t o a
wavy bond zone at relatively large va lues of the col-
lision ang le , and for the dependence of wave size on
the collision velocity and ang le .

CLADDING EXPERIMENTS

The effect on the n a t u r e of the bond zone of varying
the collision velocity is illustrated by the r e s u l t s ob-
tained from a n u m b e r of cladding experiments u s i n g
the systems aluminum/aluminum, nickel/nickel and
nickel/steel. As noted above, in the parallel cladding
method used in t h e s e experiments, the collision ve-
locity is equal t o the detonation velocity, and was
v a r i e d by selecting different types of explosive. The
collision angle was kept constant at about 12 deg for
all experiments by selecting va lues of explosive load
and initial stand-off between the p r i m e m e t a l and
b a c k e r . The r e q u i r e d stand-off values were d e t e r -
m i n e d in separate experiments in which the acce l e r a -
tion of the p r i m e m e t a l plate by the detonation was
observed in the absence of the b a c k e r plate. In all
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(a)

(b}

(c)
Fig. 4---Bond z o n e s of aluminum-on-aluminum (Grade 1100H14)
c l a d s made at different collision velocities. (a) Vc = 1760 m p e r
s e c ; (b) Vc = 2020 m p e r s e c ; (c) Vc = 2700 m p e r s e c .

(c)
Fig. 5--Bond z o n e s of nickel-on-nickel (Grade A) c l a d s made
a t different c o l l i s i o n velocities. (a) V c = 1365 m p e r s e c ;
( b ) V c = 1790 r o p e r s e c ; (c) Vc = 2 8 0 0 m p e r sec.

e x p e r i m e n t s r e p o r t e d h e r e t h e d e t o n a t i o n v e l o c i t y
was l e s s t h a n t h e m i n i m u m s h o c k v e l o c i t y o f t h e
m e t a l s , t h u s e n s u r i n g t h e a b s e n c e o f s h o c k w a v e s ;
t h e d e f l e c t i o n a n g l e of t h e p r i m e p l a t e i s t h e n a s m o o t h

f u n c t i o n of t h e d i s p l a c e m e n t a c r o s s t h e s t a n d - o f f g a p .
T h e a n g l e s w e r e m e a s u r e d d i r e c t l y by a n o p t i c a l g r id
r e f l e c t i o n t e c h n i q u e w i t h a h i g h - s p e e d f r a m i n g c a m e r a .
T h i s m e t h o d h a s b e e n d e s c r i b e d by C o w a n a n d
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(b)

(c)
F i g . 6--Bond z o n e s of n i c k e l (Grade A) on s t e e l (Grade 1008)
c l a d s m a d e at different c o l l i s i o n velocities. (a) Vc = approx
1600 m p e r s e c ; (b) Vc = 1 9 0 0 m p e r s e c ; (c) Vc = a p p r o x
2500 m p e r s e e .

B a l c h a n , 19 A f t e r c l a d d i n g , t h e b o n d z o n e c h a r a c t e r o f
e a c h c l a d w a s d e t e r m i n e d m e t a l l o g r a p h i c a i l y , a n d
t h e r e s u l t s a r e i l l u s t r a t e d in F i g s . 4 , 5 , a n d 6 . I t i s
s e e n t h a t a n e s s e n t i a l l y s t r a i g h t , s m o o t h b o n d z o n e

i s o b t a i n e d a t r e l a t i v e l y l o w c o l l i s i o n v e l o c i t i e s . A t
h i g h e r c o l l i s i o n v e l o c i t i e s t h e b o n d z o n e b e c o m e s
w a v y . A t s t i l l h i g h e r c o l l i s i o n v e l o c i t i e s p o c k e t s o f
s o l i d i f i e d m e l t b e g i n t o a p p e a r in t h e eddy r e g i o n s .
T h e s i z e o f t h e m e l t p o c k e t s i n c r e a s e s s h a r p l y w i t h
f u r t h e r i n c r e a s e in c o l l i s i o n v e l o c i t y .

A n u m b e r of s i m i l a r e x p e r i m e n t s w e r e m a d e w i t h
a n u m b e r o f d i f f e r e n t m e t a l c o m b i n a t i o n s in o r d e r
t o d e t e r m i n e by b r a c k e t i n g t h e v a l u e of t h e c o l l i s i o n
v e l o c i t y a t t h e t r a n s i t i o n f r o m a s m o o t h to a w a v y b o n d
z o n e ; t h e s e a r e l i s t e d in T a b l e I .

A n o t h e r s e t o f e x p e r i m e n t s w a s m a d e t o e x p l o r e t h e
d e p e n d e n c e o f w a v e s i z e o n t h e c o l l i s i o n v a r i a b l e s . A

1 .n u m b e r of -~--in. n i c k e l o n ~ - i n . s t e e l a n d ~ - - l n . t i t a n i u m
o n n - i n . s t e e l c l a d s w e r e m a d e a t t w o d i f f e r e n t c o l -
l i s i o n v e l o c i t i e s we l l i n s i d e t h e w a v y b o n d r a n g e . T h e
c o l l i s i o n a n g l e w a s v a r i e d o v e r a c o n s i d e r a b l e r a n g e
by v a r y i n g t h e s t a n d - o f f . T h e b o n d z o n e s of t h e c l a d s
w e r e e x a m i n e d m e t a l l o g r a p h i c a l l y a n d t h e w a v e s i z e
( a m p l i t u d e ) w a s m e a s u r e d in e a c h c a s e . F i g . 7 s h o w s
a p l o t o f b o n d z o n e w a v e a m p l i t u d e v e r s u s t h e s q u a r e
o f t h e c o l l i s i o n a n g l e . T h e w a v e a m p l i t u d e i s s t r o n g l y
d e p e n d e n t on c o l l i s i o n a n g l e a n d i n d e p e n d e n t o f c o l -
l i s i o n v e l o c i t y .

B u r k h a r d t , H o r n b o g e n , a n d K e l l e r13 a n d D e r i b a s ,
K u d i n o v , a n d M a t v e e n k o v ,2° a l so o b s e r v e d a t r a n s i t i o n
f r o m a s m o o t h t o a w a v y b o n d z o n e a t a c r i t i c a l c o l -
l i s i o n v e l o c i t y i n d e p e n d e n t of c o l l i s i o n a n g l e . O n t h e
o t h e r h a n d , B a h r a n i a n d C r o s s l a n ds r e p o r t e d a t r a n s i -
t i o n f r o m a w a v y b o n d z o n e t o a s m o o t h b o n d z o n e
w i t h i n c r e a s i n g c o l l i s i o n a n g l e . T h i s c a n be a c c o u n t e d
f o r by t h e f a c t t h a t in t h e i r e x p e r i m e n t s m a d e w i t h a
c u r v e d b a c k e r , t h e c o l l i s i o n v e l o c i t i e s w e r e d e c r e a s -
i n g a s t h e c o l l i s i o n a n g l e w a s i n c r e a s i n g ; t h e c r i t i c a l
b o u n d a r y l i n e c r o s s e d in t h e i r e x p e r i m e n t s m i g h t
we l l h a v e b e e n i n d e p e n d e n t o f c o l l i s i o n a n g l e .

T h e F l u i d F l o w A n a l o g y

T h e s t r i k i n g s i m i l a r i t y b e t w e e n t h e f l o w p a t t e r n s
o b s e r v e d a t d i f f e r e n t R e y n o l d s n u m b e r s in f l u i d f l o w
p a s t a n o b s t a c l e a n d t h e c o n f i g u r a t i o n o f t h e b o n d
z o n e s in c l a d s m a d e a t d i f f e r e n t v e l o c i t i e s m a y be s e e n
by c o m p a r i n g F i g s . 4 t o 6 w i t h F i g . 8 s h o w i n g p h o t o -
g r a p h s of t h e f l o w p a t t e r n s in o i l b e h i n d c i r c u l a r
t r a n s v e r s e c y l i n d e r s . 1%21,27 T h e r e i s a t r a n s i t i o n
f r o m s m o o t h f l o w a t R = 32 t o a n o s c i l l a t i n g w a k e a t
R = 55 , w i t h a w e l l - d e v e l o p e d v o n K a r m a n v o r t e x
s t r e e t a n d v o r t e x s h e d d i n g s h o w i n g up a t h i g h e r v a l u e s
o f R . T h e c o n f i g u r a t i o n o f t h e w a v y b o n d z o n e a p p e a r s
t o b e t h e f r o z e n p a t t e r n o f t h e p l a s t i c m e t a l f l ow .
P o c k e t s of s o l i d i f i e d m e t a l o c c u r a t t h e v o r t i c e s
w h e r e p l a s t i c d e f o r m a t i o n i s m o s t s e v e r e a n d t h e
a s s o c i a t e d h e a t i n g c a u s e s l o c a l i z e d m e l t i n g . N e a r
t h e t r a n s i t i o n l i n e w h e r e e v e n l o c a l i z e d m e l t i n g i s
v e r y s l i g h t o r d o e s n o t o c c u r , t h e c o n f i g u r a t i o n ob -
t a i n e d , e v e n t h o u g h s i m i l a r to t h a t o b t a i n e d f o r f l u i d s ,
r e s u l t s f r o m p l a s t i c d e f o r m a t i o n of t h e s o l i d m e t a l s .
T h i s , c o u p l e d w i t h t h e f a c t n o t e d a b o v e t h a t t h e t r a n s i -
t i o n a t v a l u e s of 0 of i n t e r e s t i s s u b s t a n t i a l l y i n d e -
p e n d e n t of O, s u g g e s t s t h a t t h e R e y n o l d s n u m b e r f o r
c l a d d i n g , R c , s h o u l d be f o r m u l a t e d in t e r m s of t h e
s t a t i c s t r e n g t h o f t h e m e t a l s . D e f i n i n g R c a s t h e r a t i o
o f t h e m a x i m u m i n e r t i a l s t r e s s t o t h e a c t u a l s t r e s s
r e s i s t i n g d e f o r m a t i o n , w e t a k e t h e m a x i m u m i n e r t i a l
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Table I. "Reynolds Numbers" for Different Cladding Systems at Transition from Straight to Wavy Bond Zones

Symmetric Systems

Hardness Observed
Collision Velocity

Dphn at Transition
cmper secSystem Density,g per cu cm kg per sq mm Dyne per sq cm

Reynolds Number
at Transition

RT - 2(Hp +HB)

Mg/Mg ZEIOA 1.74 46 45 X l0s 2.50 X l0s 12.0
AI/AI 6061T6 2.7 82 80 X 108 2.30 × lOs 8.9
AI/A] 1100HI4 2.7 49 48 X l0s 1.9 X 10s 10.1
Ti/Ti 35A 4.54 120 118 X 10s 2.39 X lOs 11.0
Fe/Fe A-212 Steel 7.86 118 116 X 108 1.96X 10s 13.0
Fe/Fe 1008 Steel 7.86 101 100 X l0s 1.80X l0s 12.8
Ni/Ni "A" 8,9 133 130X l0s ~1.60X 10s ~8.7

Asymmetric Systems

Hardness Observed Reynolds Number
Collision Velocity at Transition

Density gper cu cm Prime Backer at Transition (pp +pB)V~
System Prime Backer Dphn dyne per sq cm Dphn dyne per sq cm em per sec RT = 2(Hp + HB)

DIP Cu/110OH14A1 8.90 2.70 66.5 64.3 X lOs 49 48.1 X 10s ~1.6 X 10s ~13.1
35A Ti/1008 Steel 4.54 7.87 120 118 X lOs 101 99.2 X lOs ~1.75 X lOs ~ 8.7
"A" Ni/1008 Steel 8.9 7.87 133 131 X l0s 101 99.2 X 108 ~1.75 X l0s ~10.5
35ATi/5051T6 A1 4.54 2.70 120 118 X l0s 82 80.5 X lOs ~2.1 X lOs ~ 8.1

Observed AverageR T = 10.6
ObservedRelative Standard Deviation - 17.9%

s t r e s s as the stagnation pressure of the flow in the
steady-state coordinate system moving with the col-
lision, and approximate this by the expression for in-
compressible flow, s i n c e the effect of compressibility
is generally negligible. As a m e a s u r e of the static

3 0 0 -

I / 8 " N i ON S T E E L
2 8 0 -

A Vc = 2 5 0 0 m/SEC
_ 2 6 0 - /

o Vc = 3 6 0 0 m / S E C
g 240- * /

, , , 2 0 0 -

~_ 1 8 0 -
..,J
, ' , 1 6 0 -
3E
"== 1 4 0 -
Ia, J

< 1 2 0 -

" ' 1 0 0 -
Z
O

N 8 0
Zo 6 0 • I /8" Ti ON I /2" S T E E L

4 0 A A Vc = 2 5 0 0 m / S E C

2 0 • A • Vc = 3 6 0 0 m / S E a

O0 ~1 I I I I I
50 ,oo 15o 200 250 300

[COLLISION ANGLE (DEGREES)] 2
Fig. 7--Influenoe of collision angle on bond zone wave ampli-
tude for nickel/steel and titanium/steel made at different
collision velocities. Lines a and 5 are based on the f lu id
flow analogy.

strength we use the diamond pyramid hardness, s i n c e
it includes the effect of work hardening, and is simple
t o determine. In m e t a l cladding the p r i m e m e t a l and
the b a c k e r m e t a l a r e usually different m a t e r i a l s ; t o

Fig. 8---Photographs of f l u i d flow behind cylinders a t increasing
v a l u e s of the Reynolds n u m b e r , R , a f t e r F. H o m a n n .27
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a l l o w f o r t h i s w e use a v e r a g e v a l u e s f o r t h e d e n s i t y
a n d h a r d n e s s . T h e R e y n o l d s n u m b e r f o r c l a d d i n g
t h e n b e c o m e s :

(PP + Pb)V'~ [7]
R c = 2(Hp + H b)

w h e r e

Pp, Pb = d e n s i t i e s o f p r i m e a n d b a c k e r m e t a l s , g p e r
c u a m

V c = c o l l i s i o n v e l o c i t y , c m p e r s e c

Hp, H b = d i a m o n d p y r a m i d h a r d n e s s o f p r i m e a n d
b a c k e r m e t a l s , d y n e p e r sq c m = 0 . 9 8 1
( D p h ) × 101°

I f E q . [7] i s a v a l i d e x p r e s s i o n f o r t h e R e y n o l d s n u m -
b e r f o r c l a d d i n g , t r a n s i t i o n f r o m a s t r a i g h t b o n d z o n e
t o a w a v y b o n d z o n e s h o u l d o c c u r in d i f f e r e n t c l a d sys -
t e m s a t a b o u t t h e s a m e c r i t i c a l v a l u e of t h e R e y n o l d s
n u m b e r , R T , a s s o c i a t e d in g e n e r a l w i t h d i f f e r e n t v a l u e s
o f t h e c o l l i s i o n v e l o c i t y a t w h i c h t h e t r a n s i t i o n o c c u r s ,
VT.

R T = (pp + Pb)V~" [8]
2(Hp + Hb)

V a l u e s o f R T f o r a n u m b e r of s y m m e t r i c a n d a s y m -
m e t r i c m e t a l s y s t e m s w e r e c a l c u l a t e d f r o m t h e e x -
p e r i m e n t a l l y o b s e r v e d t r a n s i t i o n v e l o c i t i e s a n d t h e
r e s u l t s a r e s h o w n in T a b l e I . It i s s e e n that t r a n s i -
t i o n f r o m a s m o o t h t o a w a v y b o n d z o n e o c c u r s a t
n e a r l y t h e s a m e R T v a l u e s f o r a l l s y s t e m s in s p i t e
o f t h e f a c t t h a t t h e d e n s i t y r a n g e d f r o m 1.74 g p e r
c u c m f o r m a g n e s i u m t o 8.9 f o r n i c k e l a n d t h e h a r d -
n e s s r a n g e d f r o m a b o u t D p h 50 t o D p h 133 . T h e a v -
e r a g e of t h e e x p e r i m e n t a l l y o b s e r v e d R T n u m b e r s in
T a b l e I i s 10.6 h a v i n g a r e l a t i v e s t a n d a r d d e v i a t i o n
of 17.9 p c t .

A n e s t i m a t e w a s m a d e o f t h e o v e r a l l s t a n d a r d e x -
p e r i m e n t a l e r r o r e x p e c t e d f o r R T f r o m t h e e s t i m a t e d
e r r o r s o f t h e i n d i v i d u a l q u a n t i t i e s u s e d in c o m p u t i n g
R T . T h e r e c o r d s of t h e e x p e r i m e n t a l d a t a i n d i c a t e d
t h e f o l l o w i n g e s t i m a t e d r e l a t i v e e r r o r s : d e n s i t y - - 0 . 2
p c t , h a r d n e s s - - - 4 . 0 p c t , c o l l i s i o n v e l o c i t y a t t r a n s i -
t i o n - 8 . 0 p c t . S t a n d a r d p r o c e d u r e s f o r c a l c u l a t i o n of
e r r o r p r o p a g a t i o n g a v e a n e x p e c t e d o v e r a l l e x p e r i -
m e n t a l e r r o r o f 16.5 p c t f o r R T . I t i s s e e n t h a t t h e
o b s e r v e d r e l a t i v e s t a n d a r d d e v i a t i o n f r o m 11 d i f -
f e r e n t s e r i e s o f e x p e r i m e n t s i s o n l y s l i g h t l y l a r g e r
t h a n t h e e x p e c t e d r e l a t i v e s t a n d a r d e r r o r . F u r t h e r -
m o r e , a l l o b s e r v e d R T v a l u e s o f T a b l e I a r e w i t h i n
t h e 95 p c t c o n f i d e n c e l i m i t p r e s c r i b e d f o r a n o r m a l
d i s t r i b u t i o n t o be w i t h i n _-e2 s t a n d a r d e r r o r s o f t h e
a v e r a g e . T h e r e s u l t s g i v e n a b o v e t h e r e f o r e i n d i c a t e
s t r o n g l y t h a t R T i s i n d e e d a c o n s t a n t . H o w e v e r ,
t h e r e i s a p o s s i b i l i t y t h a t t h e c r i t i c a l R e y n o l d s n u m -
b e r f o r d i f f e r e n t c l a s s e s o f m e t a l s m a y v a r y s o m e -
w h a t (due to d i f f e r e n c e s in s t r a i n r a t e d e p e n d e n t
s t r e n g t h p r o p e r t i e s ) but t h e s e e f f e c t s a r e not l a r g e
c o m p a r e d w i t h t h e p r e s e n t e x p e r i m e n t a l e r r o r . S o m e
v a r i a t i o n in R T m a y a l so be e x p e c t e d f r o m t h e f a c t
t h a t h a r d n e s s i s n o t a p r e c i s e m e a s u r e o f t h e r e s i s t i n g
s t r e s s e s u n d e r t h e c o n d i t i o n s o f b o n d z o n e f o r m a t i o n .
T h e bes t e s t i m a t e o f t h e v a l u e of R T i s 10.6 w i t h a
s t a n d a r d r e l a t i v e e r r o r o f 17.9 p c t . T h e f i n d i n g t h a t
R T i s s u b s t a n t i a l l y a c o n s t a n t f o r d i f f e r e n t m e t a l sys -

t e m s in e x p l o s i o n c l a d d i n g r e p r e s e n t s v e r y s t r o n g
s u p p o r t f o r t h e v a l i d i t y of t h e f l u i d - f l o w a n a l o g y
t h e o r y of b o n d z o n e w a v e f o r m a t i o n .

Our s e c o n d o b j e c t i v e i s t o a c c o u n t f o r t h e s i z e o f
t h e w a v e s in c l a d d i n g , t h e s t r o n g d e p e n d e n c e o f s i z e
o n c o l l i s i o n a n g l e , a n d i t s i n d e p e n d e n c e of c o l l i s i o n
v e l o c i t y , o n t h e b a s i s o f t h e a n a l o g y t o t h e v o r t e x
s t r e e t s in f l u i d f l o w p a s t o b s t a c l e s . A s n o t e d in t h e
i n t r o d u c t i o n , t h e p r o b l e m i s c o m p l i c a t e d by d i f f e r e n c e s
in g e o m e t r y a n d m a t e r i a l p r o p e r t i e s a n d by t h e l a c k o f
s i m p l e t h e o r e t i c a l s o l u t i o n s f o r l i q u i d s . N e v e r t h e l e s s
we a t t e m p t a n a b s o l u t e c o r r e l a t i o n in s p i t e o f t h e
n u m e r i c a l u n c e r t a i n t y .

T h e s i z e o f t h e v o r t e x s t r e e t in f l u i d f l o w i s u s u a l l y
d e s c r i b e d in t e r m s o f t h e d i m e n s i o n l e s s S t r o u h a l
n u m b e r S = N d / V c~6 w h e r e N is t h e f r e q u e n c y , d i s a
c h a r a c t e r i s t i c d i m e n s i o n o f t h e o b s t a c l e , a n d Vc
i s t h e u p s t r e a m v e l o c i t y . F o r d i f f e r e n t o b s t a c l e s t h e
e x p e r i m e n t a l v a l u e s of t h e S t r o u h a l n u m b e r , b a s e d on
s o m e a r b i t r a r y c h a r a c t e r i s t i c d i m e n s i o n of t h e ob -
s t a c l e , d i f f e r to s o m e e x t e n t , t h o u g h not g r e a t l y .
A t t e m p t s t o d e f i n e a u n i v e r s a l S t r o u h a l n u m b e r h a v e
b e e n o n l y p a r t l y s u c c e s s f u l , b e i n g d e f i c i e n t in a c -
c u r a c y o r g e n e r a l i t y . M o s t o f t h e s e a r e b a s e d o n
r e l a t i n g t h e S t r o u h a l n u m b e r t o t h e w i d t h o f t h e w a k e
c r e a t e d by t h e o b s t a c l e . G o l d b u r g , W a s h b u r n , a n d
F l o r s h e i m 22 s u g g e s t t h e t o t a l w a k e m o m e n t u m t h i c k -
n e s s , 6 m , w h i c h m a y be d e f i n e d in t e r m s of t h e d r a g ,
E d p e r u n i t t r a n s v e r s e l e n g t h , o n a n o b s t a c l e o f w i d t h
d m o v i n g w i t h v e l o c i t y Vc , t h r o u g h a m e d i u m o f d e n s i t y
P ,

p V ~ 6 m = E d = p V ~ C o d / 2 [9]

6 m = ( C D / / 2 ) d [10]

C D i s t h e d r a g c o e f f i c i e n t .

S t r o u h a l n u m b e r s b a s e d o n 6 m s t i l l s h o w s o m e
v a r i a b i l i t y , w h i c h c a n be a t t r i b u t e d t o d i f f e r e n t v e -
l o c i t y p r o f i l e s a c r o s s t h e w a k e . I f w e use a n a v e r a g e
w a k e v e l o c i t y a Vc c o r r e s p o n d i n g t o a n o b s t a c l e v e -
l o c i t y V c , we o b t a i n a w a k e w i d t h 6 f r o m

E d = P V c O t Vc = p V ~ C D d / 2 [111

6 = ( C D / 2 a ) d = E d / P a V2 [12]

I n t h e w a v y b o n d z o n e t h e v o r t e x s t r e e t i s f r o z e n i n ,
so t h a t t h e w a v e l e n g t h ;~ i s g i v e n s i m p l y a s

~. = V c / Y = d / S = 5/S6 [13]

where $6 is a " u n i v e r s a l " Strouhal number based on
t h e w a k e w i d t h 6 . F o r w a v e s o f a g i v e n s h a p e t h e a m -
p l i t u d e a m a y be e x p r e s s e d a s

a = g~ = g 6 / $ 6 = 2 g E d / S C D V~ = g E d / S 6 o t p V~ [141

T h e e n e r g y d i s s i p a t e d in t h e c o l l i s i o n E c a n be ob-
t a i n e d f r o m t h e c o n s e r v a t i o n of m o m e n t u m by n e g l e c t -
i n g t h e m o m e n t u m of t h e j e t , w h i c h i s e x t r e m e l y s m a l l
f o r l o w c o l l i s i o n a n g l e s . T h e r e s u l t i n g e x p r e s s i o n i s1

E = bmp V~//2 [ 15 ]

w h e r e b = m b / / ( m p + r o b ) . I n t h e a b s e n c e o f f r i c t i o n ,
t h i s e n e r g y w o u l d c o n s t i t u t e t h e k i n e t i c e n e r g y o f a n
i d e a l j e t w i t h v e l o c i t y 2 V c . T h e m a s s m j p e r u n i t a r e a
of t h i s i d e a l j e t c a n be o b t a i n e d in t e r m s of 0 by u s i n g
E q . [1].
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mj = (bmp/2) s i n 2 ( 0 / 2 ) ~ bmp02/8 [16]

I n t h e a c t u a l c a s e , o n l y p a r t of t h i s e n e r g y i s c a r -
r i e d o f f by t h e j e t w i t h t h e r e m a i n i n g f r a c t i o n KE c o n -
s t i t u t i n g t h e e n e r g y of t h e w a k e f l o w , a n a l o g o u s t o t h e
d r a g e n e r g y p e r u n i t l e n g t h o f t r a v e l o f a n o b s t a c l e in
f l u i d f l ow . B e r g m a n n , C o w a n , a n d H o l t z m a n n m e a s u r e d
a v a l u e K = 0 . 3 f o r a n i c k e l - t o - s t e e l c l a d d i n g s h o t w i t h
Vc = 4750 m p e r s e c . M e a s u r e m e n t s o f m e l t e d l a y e r
t h i c k n e s s g i v e n by C o w a n a n d H o l t z m a n 1 o n s t a i n l e s s
s t e e l t o s t e e l c l a d s w i t h Vc = 3900 m p e r s e c i n d i c a t e
K v a l u e s o f a b o u t 0 . 5 . S i n c e o s c i l l a t i o n o c c u r s in t h e
c o l l i s i o n r e g i o n i t s e l f , i t i s p o s s i b l e t h a t t h e j e t e n e r g y
c o n t r i b u t e s t o g e n e r a t i o n o f t h e v o r t e x s t r e e t . T h e e f -
f e c t i v e v a l u e of K is t h u s s o m e w h a t u n c e r t a i n , but
p r o b a b l y l i e s b e t w e e n 0 . 3 a n d 1 . T h e e x p r e s s i o n f o r
t h e w a v e a m p l i t u d e b e c o m e s

a : g g b m $V~/2clS6pV~

a = (2gKbmp/aSsp) sin2(O/2)

= (gKbmp/2o~S6P)O 2 f o r s m a l l 0 [ 1 7 ]

V a l u e s of aS6 (= SCD/2) wil l be o b t a i n e d f r o m f l u i d
f l o w a r o u n d a t r a n s v e r s e c i r c u l a r c y l i n d e r a n d a r o u n d
a f l a t p l a t e . T h e s t u d y by T a n e d a23 o f t h e o s c i l l a t i o n
o f t h e w a k e b e h i n d a f l a t p l a t e p a r a l l e l t o t h e f l o w is o f
c o n s i d e r a b l e i n t e r e s t b e c a u s e t h e o s c i l l a t i n g w a k e a n d
v o r t e x s t r e e t a r i s e f r o m a l a m i n a r w a k e r a t h e r
t h a n f r o m t h e s e p a r a t e d f l o w a r o u n d a b l u f f b o d y .
T h e s t r a i g h t b o n d z o n e c o n f i g u r a t i o n o b t a i n e d b e l o w
t h e c r i t i c a l c o l l i s i o n v e l o c i t y i s m o r e l i k e t h a t e x -
p e c t e d f r o m f r e e z i n g in a l a m i n a r w a k e t h a n a s e p a -
r a t e d w a k e . T a n e d a f o u n d t h e w a k e c o m p l e t e l y s m o o t h
b e l o w a R e y n o l d s n u m b e r RL= 700 , b a s e d o n t h e l e n g t h
o f t h e f l a t p l a t e , w i t h a r e g u l a r o s c i l l a t i o n a b o v e RL
= 1 0 0 0 , a n d v o r t i c e s a t s t i l l h i g h e r v a l u e s o f R L. O v e r
t h e r a n g e of h i s m e a s u r e m e n t s f r o m RL = 2000 t o

r~1/28 0 , 0 0 0 T a n e d a f o u n d t h a t S w a s p r o p o r t i o n a l t o n L •
E v a l u a t i n g t h e c o n s t a n t f r o m T a n e d a ' s F i g . 5 , w e ob-
t a i n

S -- 0 . 0 4 8 R ~ ~ [18]

O n t h e o t h e r h a n d t h e d r a g c o e f f i c i e n t i s k n o w n f r o m
b o u n d a r y l a y e r t h e o r y 24

CD = 2 . 6 5 6 R ~ '~ [19]

T h u s

SCD/2 -- 0 . 0 6 4 [20]

a n d i s i n d e p e n d e n t o f R e y n o l d s n u m b e r .
F o r t h e t r a n s v e r s e c i r c u l a r c y l i n d e r b o t h S a n d CD

a r e a l m o s t i n d e p e n d e n t o f R e y n o l d s n u m b e r a b o v e
R = 300, up t o t h e t r a n s i t i o n t o a t u r b u l e n t b o u n d a r y
l a y e r a t e x t r e m e l y h i g h v a l u e s o f R . B e l o w R = 3 0 0 ,
S d e c r e a s e s a n d CD i n c r e a s e s . F r o m v a l u e s o f CD
f r o m P e r r y ' s H a n d b o o ke~ a n d R o s h k o ' s e m p i r i c a l e x -
p r e s s i o n f o r 5e e , SCD/2 v a r i e s f r o m a b o u t 0 . 1 0 3 t o
0 . 1 2 3 t o 0 . 1 0 6 f o r R f r o m 60 to 300 to 1 0 0 0 ; a n a v -
e r a g e v a l u e of 0 . 1 2 wi l l b e u s e d .

T h e d i f f e r e n c e b e t w e e n t h e t w o v a l u e s of SCD/2
(= S6a) i s n o t u n e x p e c t e d in v i e w of t h e l a r g e d i f -
f e r e n c e in v e l o c i t y p r o f i l e a c r o s s t h e w a k e . F o r
t h e k n o w n n e a r l y t r i a n g l u l a r v e l o c i t y p r o f i l e f o r t h e
l a m i n a r w a k e f r o m t h e f l a t p l a t e we a r b i t r a r i l y s e t
a = 0 . 5 a s a r e a s o n a b l e v a l u e . T o o b t a i n i d e n t i c a l

v a l u e s of S w o u l d r e q u i r e ~ = 0.94 f o r t h e s e p a r a t e d
w a k e b e h i n d a c i r c u l a r c y l i n d e r .

W e a r e n o w in p o s i t i o n t o d e t e r m i n e i f E q . [17] c a n
be u s e d t o f i t t h e e x p e r i m e n t a l w a v e a m p l i t u d e d a t a ,
s h o w n in F i g . 7 , w i t h r e a s o n a b l e v a l u e s f o r t h e p a r a m -
e t e r s . C o n s i d e r f i r s t t h e n i c k e l / s t e e l c l a d s , w h e r e
t h e d i f f e r e n c e in d e n s i t i e s i s s m a l l . T h e w a v e c o n -
f i g u r a t i o n in t h i s c a s e i s q u i t e s y m m e t r i c a l , a n d t h e
w a v e s h a p e a s m e a s u r e d by g = a/~ a p p e a r s to be
s i m i l a r t o that o b s e r v e d in f l u i d s . F o r t h e n i c k e l / s t e e l
c l a d s g h a s a n e a r l y c o n s t a n t v a l u e o f 0 . 2 0 , d e c r e a s i n g
s o m e a t s m a l l a n g l e s , e x c e p t c l o s e to t h e t r a n s i t i o n ,
w h e r e i t d e c r e a s e s c o n s i d e r a b l y , a s i s o b s e r v e d in
f l u i d s . U s i n g a n a v e r a g e d e n s i t y o f 8.36 p e r c u c m
f o r p in E q . [ 1 7 ] , a n d i n s e r t i n g mp= 2.81 g p e r s q c m
a n d b = 0 . 7 8 , a n d c h a n g i n g u n i t s so t h a t a i s in m i c r o n s
a n d 0 i s in d e g r e e s , w e o b t a i n

a = 0.08 (g/olS~)O 2 [21]

F r o m t h e s l o p e o f t h e s t r a i g h t l i n e s h o w n in F i g . 7
we o b t a i n S6ol/K = 0 . 0 5 7 , o r f o r K = 0 . 3 , 1 . 0 , aS~
= 0 . 0 1 7 , 0 . 0 5 7 , a n d f o r S~ = 0 . 1 2 8 , a = 0 . 1 3 4 , 0 . 4 5 . I f
t h e e f f e c t i v e v a l u e o f K i s i n d e e d a b o u t 1 , t h e v o r t e x
s t r e e t c o n f i g u r a t i o n i s c l o s e l y s i m i l a r t o t h a t in t h e
w a k e of a f l a t p l a t e (aS~ -- 0 . 0 6 4 ) . I f K i s s o m e w h a t
l e s s t h a n 1 t h e v a l u e o f ~S~ in c l a d d i n g i s s t i l l p l a u s -
i b l e in v i e w of t h e d i f f e r e n c e b e t w e e n t h e v a l u e s f o r
a c i r c u l a r c y l i n d e r a n d a f l a t p l a t e .

E q . [17] p r e d i c t s t h a t t h e w a v e a m p l i t u d e i s i n d e -
p e n d e n t o f c o l l i s i o n v e l o c i t y Vc, a s w a s f o u n d e x p e r i -
m e n t a l l y . T h e p r e d i c t e d 0~ d e p e n d e n c e o n c o l l i s i o n
a n g l e i s a l so q u i t e g o o d . T h e r e i s a s l i g h t t r e n d f o r
t h e e x p e r i m e n t a l v a l u e s of a m p l i t u d e t o f a l l b e l o w
t h e c u r v e a t l o w e r v a l u e s o f 0 . P a r t o f t h i s c a n be a t -
t r i b u t e d t o a c h a n g e in w a v e s h a p e , i . e . , a d e c r e a s e in
g = a /X w i t h d e c r e a s i n g 0 , t h a t o c c u r s a s t h e b o u n d a r y
l i n e f o r o s c i l l a t i o n i s a p p r o a c h e d . T h u s i t i s a p p a r e n t
t h a t t h e f o r m a t i o n of t h e w a v y b o n d z o n e in c l a d d i n g
i s b a s i c a l l y s i m i l a r t o t h e d e v e l o p m e n t of a y o n K a r m a n
v o r t e x s t r e e t b e h i n d a n o b s t a c l e , in p a r t i c u l a r a f i a t
p l a t e , m o v i n g w i t h c o n s t a n t v e l o c i t y t h r o u g h a f l u i d ,
w i t h t h e w a k e f l o w h o w e v e r h a v i n g i t s o r i g i n in t h e
g e o m e t r y of t h e o b l i q u e c o l l i s i o n .

T h e s t r a i g h t l i n e b in F i g . 7 w a s c o m p u t e d f o r t h e
t i t a n i u m / s t e e l c l a d s u s i n g a p p r o p r i a t e v a l u e s o f rnp, b ,
a n d a v e r a g e d e n s i t y f o r p (= 6.18 g p e r c u c m ) , t h e
s a m e v a l u e o f K / a S 6 a s u s e d f o r t h e n i c k e l / s t e e l c l a d s ,
a n d a v a l u e g = 0 . 1 5 w h i c h i s t h e a v e r a g e f o r t h e t o p
f i v e e x p e r i m e n t a l p o i n t s . I t m a y be n o t e d in F i g . 3 t h a t
in t h i s r a t h e r a s y m m e t r i c s y s t e m ( d e n s i t i e s of 4.5 g
p e r c u c m f o r t i t a n i u m v s 7.86 g p e r c u c m f o r s t e e l )
t h e w a v e s h a p e i s a s y m m e t r i c a n d t h e w a v e s a r e
f l a t t e r t h a n in t h e s y m m e t r i c s y s t e m s . F u r t h e r m o r e
g d e c r e a s e s m o r e s t r o n g l y w i t h d e c r e a s i n g a n g l e .
I t i s c l e a r f r o m F i g . 2 t h a t a t h i g h v a l u e s of 0 t h e
w a v e s i z e i s in a g r e e m e n t w i t h t h a t p r e d i c t e d f r o m
t h e f l u i d w a k e f l o w , but a t l o w v a l u e s o f 0 t h e a s y m -
m e t r y a p p e a r s t o h a v e a s t a b i l i z i n g i n f l u e n c e t h a t
r e p r e s s e s t h e o s c i l l a t i n g m o t i o n .

L I Q U I D S T R E A M E X P E R I M E N T S

I f t h e w a v e f o r m a t i o n in c l a d d i n g i s in f a c t a n a l o g o u s
t o t h e g e n e r a t i o n of o s c i l l a t i n g w a k e s in f l u i d f l o w , t h e n
o n e w o u l d e x p e c t t h a t a t r a n s i t i o n f r o m s m o o t h t o o s c i l -
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Fig. 9--Schematic plan of the experimental a r r a n g e m e n t
u s e d to s t u d y oscillations in c o l l i d i n g l iqu id s t r e a m s .

l a t i n g b e h a v i o r s h o u l d b e o b s e r v a b l e in c o l l i d i n g f i a t
l i q u i d s t r e a m s . T o our k n o w l e d g e n o s u c h o b s e r v a t i o n s
h a v e b e e n r e p o r t e d . A n u m b e r o f e x p e r i m e n t s w e r e
c a r r i e d o u t w i t h f l a t l i q u i d s t r e a m s c o l l i d i n g a t s m a l l
t o m o d e r a t e a n g l e s s i m i l a r to t h o s e u s e d in c l a d d i n g .
A w o r k a b l e r a n g e of v e l o c i t i e s a n d v o l u m e t r i c f l o w
r a t e s t h a t w o u l d b r a c k e t t h e t r a n s i t i o n a n d g i v e ob -
s e r v a b l e w a v e s i z e s , a n d w o u l d a l so m i n i m i z e t h e
d i s t u r b i n g e f f e c t of s u r f a c e t e n s i o n , w a s s e l e c t e d
u s i n g a R e y n o l d s n u m b e r R6 b a s e d on t h e w a k e m o -

m e n t u m w i d t h 5 , w i t h a c r i t i c a l v a l u e s i m i l a r t o t h o s e
o b s e r v e d f o r f l o w p a s t o b s t a c l e s , i . e . , a b o u t 5 0 . T h e
a r r a n g e m e n t u s e d i s s h o w n s c h e m a t i c a l l y in F i g , 9 .
T w o r e c t a n g u l a r s t r e a m s f r o m t w o v e r t i c a l r e c t a n g u l a r
c o n t o u r e d h a l f - n o z z l e s w e r e d i r e c t e d h o r i z o n t a l l y
a g a i n s t e a c h o t h e r a t k n o w n a d j u s t a b l e a n g l e s . T h e
s t r e a m v e l o c i t i e s w e r e a d j u s t a b l e up t o a b o u t 900
c m p e r s e c . T h e n a t u r e of t h e i n t e r f a c e b e t w e e n t h e
s t r e a m s w a s o b s e r v e d v i s u a l l y u s i n g a s h o r t - d u r a t i o n
s t r o b o s c o p i c l i g h t , a n d s i n g l e f l a s h s h o t s w e r e r e -
c o r d e d w i t h a c a m e r a . I t w a s f o u n d t h a t t h e i n t e r f a c e
c o u l d be o b s e r v e d w i t h v i r t u a l l y i d e n t i c a l l i q u i d s by
u s i n g c l e a r o i l f o r t h e f r o n t s t r e a m a n d a d d i n g a v e r y
s m a l l a m o u n t of a l u m i n u m f l a k e p o w d e r to t h e r e a r
o i l s t r e a m t o p r o v i d e c o n t r a s t . W i t h e q u a l s t r e a m
v e l o c i t i e s a v i r t u a l l y s y m m e t r i c c o l l i s i o n c o u l d be
o b t a i n e d a n d i n t e r f a c i a l s u r f a c e t e n s i o n e l i m i n a t e d .
A t l o w s t r e a m v e l o c i t i e s a s m o o t h i n t e r f a c e w a s ob -
t a i n e d a s s h o w n in t h e p h o t o g r a p h of F i g . 10 . U p o n
i n c r e a s e o f t h e s t r e a m v e l o c i t y t o a h i g h e r v a l u e , t h e
i n t e r f a c e b e g a n t o o s c i l l a t e a n d s h o w e d a v e r y r e g u l a r
w a v e p a t t e r n s h o w n in F i g . 11 . B e c a u s e of t h e a b s e n c e
o f c o n f i n i n g w a l l s a t t h e t o p a n d b o t t o m o f t h e c o l l i s i o n
r e g i o n , e x t e n s i v e but v e r y t h i n p l u m e s w e r e c r e a t e d
by t h e p r e s s u r e in t h e c o l l i s i o n r e g i o n . H o w e v e r t h e
r a t e o f p e n e t r a t i o n of d i s t u r b a n c e s i n t o t h e c e n t r a l
t w o d i m e n s i o n a l r e g i o n i s r e l a t i v e l y s l o w , a s i s a p -
p a r e n t f r o m F i g . 10 . A t l a r g e c o l l i s i o n a n g l e s , 22
d e g in F i g . 10 , t h e a m p l i t u d e o f t h e o s c i l l a t i o n g r o w s
t o e n g u l f t h e f u l l w i d t h of t h e c o m b i n e d s t r e a m . I t
c a n be s e e n c l e a r l y in F i g . 10 t h a t t h e o s c i l l a t i o n
o r i g i n a t e s a t t h e i n t e r f a c e , a n d t h i s w a s c o n f i r m e d
by p h o t o g r a p h i n g t h e r e a r o p a q u e s t r e a m .

I f t h e w a v e s a r e a s s u m e d to be c a r r i e d a l o n g a t a p -
p r o x i m a t e l y t h e m a i n s t r e a m v e l o c i t y we l l d o w n s t r e a m
f r o m t h e c o l l i s i o n l i n e , t h e w a v e l e n g t h ~ c a n be r e l a t e d
t o t h e S t r o u h a l n u m b e r in t h e s a m e w a y a s w a s d o n e
f o r t h e c l a d d i n g e x p e r i m e n t s . R e a r r a n g i n g E q . [17]

c t s 6 / g : b W p O e / 2 X [22]

w h e r e Wp i s t h e t h i c k n e s s o f e a c h i n c o m i n g s t r e a m .
F o r t h e v a l u e s o b t a i n e d f r o m t h e e x p e r i m e n t in F i g .
10 , v i z . , 0 = 22 d e g = 0 . 3 8 2 r a d i a n s , Wp = 0 . 2 i n . ,

= 0.31 i n . , b = 0 . 5 , t h e n o l S 6 / K = 0 . 0 2 4 , w h i c h m a y

Fig. 10--Liquid s t r e a m c o l l i s i o n (oil/oil) at
low collision velocity--smooth interface.
Vc = 168 c m p e r s e c . 0 = 22 deg.
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Fig. l l - - L i q u i d s t r e a m c o l l i s i o n (oil/oil) a t
h i g h e r c o l l i s i o n velocity--wavy i n t e r f a c e .
Vc = 500 c m p e r s e c . 0 = 22 d e g .

be c o m p a r e d t o t h e v a l u e 0 . 0 5 7 o b t a i n e d f o r t h e
n i c k e l / s t e e l c l a d s . I f K = 1 , ~S5 = 0 . 0 2 4 , c o m p a r e d t o
t h e v a l u e 0 . 0 6 4 f o r t h e w a k e f r o m a f l a t p l a t e . S e t t i n g
S~ = 0 . 1 2 8 a s a u n i v e r s a l S t r o u h a l n u m b e r , so t h a t

= 0 . 1 8 , w e c a n o b t a i n a w a k e m o m e n t u m w i d t h 6 ,
on w h i c h a R e y n o l d s n u m b e r R 6 = 6 V c P / m c a n be
b a s e d .

6 = ~S~ = KbWpO2/ t~ = 2.73 bWpO2

R5 = 2.73 b m p O 2 V c / P

F o r b = 0 . 5 , m p = 0 . 4 5 7 g p e r sq c m , p = 0 . 5 p o i s e ,

R 5 = 1.25 O2Vc

T h r e e p o i n t s o n t h e c r i t i c a l b o u n d a r y w e r e c l o s e l y l o -
c a t e d in t h e c o u r s e of t h e e x p e r i m e n t s : 0 = 14 d e g ,
V c = 840 c m p e r s e c , R5 = 63; 0 = 18 d e g , Vc = 500 c m
p e r s e c , R6 = 62; O = 20 d e g , Vc = 425 c m p e r s e c ,
R ~ = 6 5 . F o r t h e f l a t p l a t e , we h a v e

R 6 = (6/L)-l=l L = (CD/2O~)R L [23]

F o r

a = 0 . 5 , R5 = CDRL = 2 . 6 5 6 R ~ ~

A c c o r d i n g t o T a n e d a , t h e c r i t i c a l v a l u e of R L a t w h i c h
w a k e o s c i l l a t i o n b e g i n s i s a b o u t R L = 700 , g i v i n g R6
= 7 0 .

T h e f a c t t h a t ~S~ is l e s s f o r t h e c o l l i d i n g l i q u i d
s t r e a m s t h a n f o r t h e f l o w p a s t a f l a t p l a t e m a y i n d i -
c a t e that S~ i s l e s s f o r t h e c o l l i d i n g s t r e a m s . T h e
a b s e n c e o f a f i x e d o b j e c t in t h e c o l l i d i n g s t r e a m s m a y
a l l o w l a r g e r o s c i l l a t i o n s . T h e d i f f e r e n c e b e t w e e n t h e
v a l u e s of ~S~ f o r c o l l i d i n g l i q u i d s t r e a m s a n d t h e c o l -
l i s i o n o f m e t a l p l a t e s in c l a d d i n g p r e s u m a b l y r e f l e c t s
t h e d i f f e r e n c e in m a t e r i a l p r o p e r t i e s , a n d in p a r t i c u l a r
t h e s t a b i l i z i n g e f f e c t o f t h e f i n i t e y i e l d s t r e n g t h o f t h e
m e t a l s s u r r o u n d i n g t h e o s c i l l a t i n g r e g i o n .

A l t e r n a t e W a v e F o r m a t i o n M e c h a n i s m s

I t w a s of c o n s i d e r a b l e i n t e r e s t t o e x a m i n e t h e a p p l i -
c a b i l i t y of a l t e r n a t e m e c h a n i s m s of w a v e f o r m a t i o n in
e x p l o s i o n b o n d i n g of m e t a l s . T h e p o s s i b i l i t y w a s e x -
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p l o r e d t h a t e i t h e r a ) e l a s t i c v i b r a t i o n s , p r o d u c e d in
t h e p r i m e m e t a l d u r i n g c l a d d i n g , o r b) t h a t t h e " h o t
w i n d " that p r e c e d e s t h e c o l l i s i o n f r o n t a n d w h i c h
c o n s i s t s o f a m i x t u r e o f j e t a n d h i g h l y c o m p r e s s e d
a i r , m i g h t be r e s p o n s i b l e f o r b o n d z o n e w a v e f o r m a -
t i o n .

A n u m b e r o f s p e c i a l c l a d d i n g e x p e r i m e n t s w e r e
d e s i g n e d a n d c a r r i e d o u t t o d e t e r m i n e w h e t h e r o r n o t
a c a u s a l r e l a t i o n s h i p e x i s t s b e t w e e n t h e s i z e o f h a r -
m o n i c e l a s t i c v i b r a t i o n s in t h e p r i m e m e t a l a n d t h e
s i z e o f t h e b o n d z o n e w a v e s f o u n d in e x p l o s i o n c l a d s .
T h e r e s u l t s o f t h e s e e x p e r i m e n t s s h o w e d t h a t s u c h
v i b r a t i o n s h a v e n o i n f l u e n c e o n t h e f o r m a t i o n o r t h e
s i z e o f t h e b o n d z o n e w a v e s a n d t h i s m e c h a n i s m c a n
t h e r e f o r e be r u l e d o u t .

I n t h e " h o t w i n d " t h e o r y w a v e s a r e t h o u g h t t o be
f o r m e d by t h e h o t m i x t u r e o f j e t a n d h i g h l y c o m -
p r e s s e d a i r that p r e c e d e s t h e c o l l i s i o n f r o n t . T h i s
m i x t u r e w a s t h o u g h t t o h e a t up t h e m e t a l s u r f a c e s
s u f f i c i e n t l y t o c a u s e m e l t i n g of t h e s u r f a c e a n d t h e
" h o t w i n d " w o u l d t h e n c a u s e r i p p l e s in m u c h t h e s a m e
m a n n e r a s w i n d b l o w i n g o v e r a b o d y of s t a g n a n t w a t e r .
T h i s t h e o r y w a s e x p l o r e d in a s p e c i a l c l a d d i n g e x p e r i -
m e n t in w h i c h t h e d o w n s t r e a m e n d (the l a s t 15 p c t ) o f
t h e c l a d d i n g a s s e m b l y w a s n o t c o v e r e d w i t h e x p l o s i v e .
T h e p u r p o s e o f t h i s a r r a n g e m e n t w a s t o d e t e r m i n e
w h e t h e r o r not w a v e f o r m a t i o n c o n t i n u e d b e y o n d t h e
d o w n s t r e a m e n d of t h e e x p l o s i v e l a y e r . I f t h e " h o t
w i n d " t h e o r y w a s v a l i d , w a v e f o r m a t i o n w o u l d b e e x -
p e c t e d t o c o n t i n u e f o r a c o n s i d e r a b l e d i s t a n c e b e y o n d
t h e e n d o f t h e e x p l o s i v e l a y e r b e c a u s e t h i s p a r t w o u l d
be e x p o s e d to t h e a c t i o n of j e t a n d h o t a i r f o r s o m e
t i m e in s p i t e o f t h e f a c t t h a t t h i s p a r t of t h e p l a t e w a s
n o t d r i v e n by t h e d e t o n a t i o n . E x p o s u r e to j e t a n d
c o m p r e s s e d a i r in t h i s p a r t i s c a u s e d by t h e f a c t t h a t
t h e j e t a n d t h e hot a i r a s s o c i a t e d w i t h i t h a v e a v e -
l o c i t y o f a b o u t 1.5 t i m e s d e t o n a t i o n v e l o c i t y w h e n
c l a d d i n g i s c a r r i e d o u t in a i r . 11 C a r e f u l v i s u a l a s
we l l a s m e t a l l o g r a p h i c e x a m i n a t i o n of t h e c l a d a f t e r
t h e s h o t s h o w e d t h a t b e y o n d t h e r e g i o n c o v e r e d by
t h e e x p l o s i v e c h a r g e t h e r e w e r e n o s i g n s o f w a v e s in
t h e m e t a l s a n d b o n d i n g b e t w e e n t h e m e t a l s a l so
s t o p p e d a t t h e t r a n s i t i o n l i n e . T h e s e r e s u l t s s h o w
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c l e a r l y that the " h o t w i n d " ( e g r e s s i n g jet a n d c o m -
p r e s s e d a i r p r e c e d i n g t h e c o l l i s i o n f r o n t ) c a n n o t b e
r e s p o n s i b l e f o r t h e o b s e r v e d bond z o n e w a v e s . T h e s e
r e s u l t s a l s o s h o w e d d e f i n i t e l y t h a t w a v e f o r m a t i o n in
the bond zone i s i n t i m a t e l y a s s o c i a t e d wi th t h e h i g h -
v e l o c i t y c o l l i s i o n b e t w e e n t h e p l a t e s . T h e e v i d e n c e i s
c o n s i s t e n t wi th the f l u i d - f l o w a n a l o g y m e c h a n i s m , but
i n c o n s i s t e n t wi th the " h o t w i n d " o r the e l a s t i c v i b r a -
t ion m e c h a n i s m .

C O N C L U S I O N S

T h e q u a n t i t a t i v e m e a s u r e m e n t s o b t a i n e d f r o m c l a d -
ding e x p e r i m e n t s c a r r i e d out wi th w e l l - d e f i n e d v a l u e s
o f the c o l l i s i o n v a r i a b l e s i n d i c a t e that the f o r m a t i o n
of t h e w a v y bond z o n e in e x p l o s i o n c l a d d i n g i s a n a l -
o g o u s to the f o r m a t i o n of a n o s c i l l a t i n g w a k e and
v o r t e x s t r e e t in f l u i d flow p a s t an o b s t a c l e . The
t r a n s i t i o n f r o m a s m o o t h t o a w a v y bond z o n e with
i n c r e a s i n g c o l l i s i o n v e l o c i t y c a n b e p r e d i c t e d q u a n t i -
t a t i v e l y f r o m a u n i v e r s a l c r i t i c a l v a l u e of a R e y n o l d s
n u m b e r d e f i n e d in t e r m s o f a v e r a g e d e n s i t y and h a r d -
n e s s o f the two m e t a l s . The d e p e n d e n c e o f w a v e s i z e
on c o l l i s i o n a n g l e can b e a c c o u n t e d f o r by the a n a l o g y
b e t w e e n the e n e r g y d i s s i p a t e d in c l a d d i n g and t h e e n -
e r g y d i s s i p a t e d by d r a g . S u b s t a n t i a l l y q u a n t i t a t i v e
a g r e e m e n t wi th t h e o b s e r v e d f l o w p a s t a flat p l a t e a t
z e r o i n c i d e n c e i s o b t a i n e d w h e n al l of the d i s s i p a t e d
e n e r g y , i n c l u d i n g that c a r r i e d of f a s k i n e t i c e n e r g y
o f the e s c a p i n g je t , i s t a k e n a s c o n t r i b u t i n g to t h e
w a v e f o r m a t i o n . E x p e r i m e n t s wi th c o l l i d i n g f l a t l i q u i d
s t r e a m s , in w h i c h a t r a n s i t i o n f r o m s m o o t h to o s c i l l a t -
ing b e h a v i o r w a s o b s e r v e d , s u p p o r t t h e a n a l o g y .
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