





CLM-P331

PENETRATION OF A SOLID LAYER BY A LIQUID JET

by

D J Buchanan

(submitted for publication in Journal of Fluid Mechanics)

ABSTRACT

The resistance of a solid layer to penetration by a liquid
jet has been calculated for a variety of target geometries
and in both the high and low jet-velocity regimes. The
theory is applied to the cavitation of a liquid adjacent

to a solid layer and results are presented for the water/
solid aluminium and liquid sodium/solid uranium dioxide
systems. It is shown that the thickness of the solid layer
to be expected on the fuel during a thermal interaction is
not an insurmountable barrier to jet penetration of the

liquid fuel and the subsequenf mixing of fuel and coolant.
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1. INTRODUCTION

It is well known that when a hot liquid comes into contact with
a cold vaporizable liquid a violent explosion (thermal or fuel-coolant
interaction) may occur. For example, interactions have been observed
between a variety of molten metals (aluminium, tin, steel, lead, etc.)
and water [Long (1957), Witte et al (1970)], liquefied natural gas and
water [Enger (1972)], and in the nuclear field when hot molten core
material, uranium dioxide, is dispersed into the coolant, liquid
sodium [Brauer et al (1968)]. Although the mechanisms governing these
interactions are not yet fully understood it is thought that the pene-
tration of the fuel by jets of coolant is important since this will
lead to rapid turbulent mixing and thus to an enhancement of the heat
transfer rate. However, it must be recognized that a solid layer of
fuel may surround the hot molten material, thus if mixing is to take
place the jet of liquid coolant must be capable of penetrating this
solid layer. The resistance of the solid layer to penetration by a

liquid jet is calculated in this paper.

In section 2 we calculate the thickness of the solid layer as a
function of time whilst in section 3 the resistance of the solid layer
to penetration by a jet of coolant is considered. The latter calcula-

tion depends on whether or not the jet has a high velocity and also on

the geometry of the solid surface. In section &4 the theory is applied
to the cavitation problem in which jets are formed in collapsing bub-
bles. Finally, in section 5 we quote results for the H20/A1 and Na/UO2
cases. For the HZO/Al system it is concluded that at atmospheric
pressure it is the waterhammer pressure of the jet that causes pene-

tration and it is shown that bubbles with an initial radius of about



3 times the thickness of the solid layer are sufficient to cause jet
penetration. However, for the Na/UO2 system it is the stagnant

Pressure that is the destructive agent.

Although the investigation concerns the penetration of liquid
jets we do not consider specifically how the jets are formed. Experi-
ments by Benjamin and Ellis (1966) have shown that jets form on
bubbles collapsing adjacent to solid walls. In addition, Plesset and
Chapman (1971) have done a numerical simulation of a bubble collaps-
ing near a solid wall and they also observe jet formation. Although
we have used such jets in the application, the theory applies equally
well to the high-speed jets investigated by Birkhoff et al (1948),

Walsh et al (1953) and Harlow and Pracht (1966).

2 THE SOLID LAYER THICKNESS

In this section we calculate the thickness of the solid layer as
a function of time. Fig.l displays the situation at time t. A |
solid layer of fuel (thickness X(t)) is sandwiched between the cool-
ant and liquid fuel. Heat conduction is restricted to one dimension
and the columns of fuel and coolant are assumed to have infinite
length. We display two solutions to this problem, one exact and the
other abproximate. The advantage of the second method is that it is
much easier to obtain.a 'number' for any given substance and set of

initial conditions.

The exact method is described by Carslaw and Jaeger (1959). By

writing

X(t) = zmz tl§ (1)

these authors are able to show that A satisfies the equation
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2 . .
where 01 = kl/plcl, etc., Tl and T3 are the initial coolant and fuel

temperatures, Tm and L are the melting temperature and latent heat of

fusion of the fuel. The solid and liquid fuel densities are assumed

to be equal.

Although this method is exact we have to solve numerically the
transcendental equation (2) to obtain a number for A. As an alter-
native we use Cho's et al (1971) method of equivalent temperature
difference. The latent heat L 1is equivalent to the sensible heat
cAT, Thus the effect of latent heat may be taken into account by
increasing the initial temperature of the fuel from T_ to T_+AT.

3 3

The effect of increasing T, is to increase temperature gradients;

3

however, Cho et al have found that for the Na/UO, system, if

2
(T3-T1) > 1000K the approximate method gives the correct heat con-
duction to within 10%. This condition is normally satisfied in a

fuel-coolant interaction. The heat conduction equations that must ‘be

solved now are

oT 3%t
— = 52—3% =<0
ot 1 3x
2
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with the initial conditions Tl =Ty T3 = 73+AT. We also require

that T and kOT/dx be continuous at k = 0. We find

1 i
T, = ——— k.o, (T.+AT) + k,0.T
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X 1
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The thickness of the solid layer at time t 1is determined by solving

this equation for x with T3 = Tm' Hence
) s i A ;Tm(k3cl+k103)—k301(T3+AT)—k103 1w
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where erf is the inverse error function.

Thus the thickness of the solid layer is given by

ot

X(t) =X ¢ (5)
o
where X = 1is determined via Eqs.(2) or (4).

The following examples show that the approximate method must not
be used indiscriminately. For the Na/UO2 system we find

(Tl=llOOK, T_=T =3000K)
m

3
14
X = 1.165 £t mm
exact

L
xapprox.= 0.942 t°mm

Thus it may be seen that in this case the approximate method under-
estimates the thickness by some 17%. This result may seem surprising
in view of the fact that the approximate method steepens temperature
gradients; it is a result of the fuel being at an effective tempera-
ture greater than Tm. To solidify, the fuel has to cool to the
melting temperature and this process takes a certain time. In the
exact analysis the release of latent heat is instantaneous. For the

HZO/Al system we find (Tl=293K, T =Tm=933K)

3
1
= 1.097 t°mm
exact

but the approximate analysis gives no real solution. This is because
Eq.(3) gives T(t= @) >-Tm. The difference between the two examples
is that on the one hand the conductivity of the coolant is much
greater than that of the fuel (Na/UOz) while the reverse is true for
the HZO/Al case. Thus we conclude that the approximate method may be

used provided the conductivity of the coolant is much greater than

that of the fuel.

Although it is possible to derive formulae for the case of



finite lengths of fuel and coolant columns it is not necessary for
the purpose of investigating jet penetration applied to fuel-coolant
interactions. The maximum value of t that is of relevance is 2 or
3 ms and at this time X < O.1lmm. As the initial dimensions of the
fuel are orders of magnitude larger than this the assumption of

infinite length is justified

3. JET PENETRATION

The resistance of a solid to penetration by a liquid jet is
both a function of the jet velocity and the geometry of the target.
If the jet has a high enough velocity the depth of penetration is
controlled by the inertia of the target but for lower velocities the
mechanical strength of the solid is the dominating factor. We con-
sider first the penetration of high-velocity jets and then go on to
deal with the mechanically dominated situation for both spherical

and plane target geometries.

The depth of penetration of a high-velocity fluid jet striking
a solid has been the subject of a number of authors. By 'high-
velocity' we mean that the pressure exerted by the jet is very much
greater than the yield stress, Gy, of the solid target,

ie. kp V2>>o

1 y
where Py and V are the jet density and velocity. If this con-
dition is satisfied it is the inertia of the target that determines
the depth of penetration. Birkhoff et al (1948) and, independently,
Pack and Evans (1951) have shown that the velocity of penetration, U,

and the depth of penetration, d, are given by

L
U v/[1+(pzlvepl)2] (6)

d L(Yepl/pz)% (7)



where p_, is the target density and L 1is the length of the jet. Y
e

2
is a dimensionless number which Eichelberger (1956) calls the 'break-
up factor' since it supposedly takes account of the jet breaking into
particles. 1In fact, Eichelberger also states that Ye accounts for
"all the factors that produce changes" from the simple derivation of

Eqs.(6) and (7) from Bernoulli's law. For our purposes it is suf-

ficient to note that Ye is of order unity.

The time taken for penetration is
L] 51
R E NN o) (8)
If the jet starts penetrating at time ts then the thickness of the
solid layer after the end of penetration is

1
¢

X =X (t +t) . (9)
(o] o]

Eqs.(7) and (9) may be compared to see if the jet completely pene-
trates the solid layer,
X {14(1+) €]}

- Y = % .
where L = L/Xoto , t = L/VtO and o = (Ye pl/pz) and if d/X > 1

complete penetration occurs.

For a low velocity jet it is the elastic properties of the tar-
get that determine whether jet penetration takes place. We assume
that the jet subjects the target to a uniform pressure gq over an
area equal to the cross-section of the jet. Initially we shall also
assume that q 1is constant in time and examine later how the dynamic
aspect of q affects the theory. The method of calculation is to
determine the stress produced by q 1in the solid layer and then to
compare this stress with the yielding stress of the material in order

to determine whether or not penetration takes place. The stress pro-



duced by q 1is a function of the target geometry. It should be

noted that the possibility of the jet penetrating only part of the
solid layer does not exist in this calculation. If the stress
produced by q 1s greater than the yielding stress complete pene-
tration takes place, otherwise the target remains intact. We consider

f1rst the case of a spherical targct.

I1f the solid layer forms a spherical surface of thickness X
and of radius r(r >>X) then the maximum stress due to gq 1is
[Timoshenko (1956)]

= qr/2X . (11)
Eq.(11) is a result of pure membrane theory and consequently bending

is not taken into account.

We consider now the case of a flat target. In Eq.(11) if r
becomes infinite we see that the slightest pressure is sufficient ;o
cause penetration. This is contrary to experimental fact; for the
flat target we must take account of bending. We assume that the
target forms a disc of radius a and thickness X and that the jet is
centred on the disc. The maximum stress on the disc due to ¢
depends on whether or not the disc is clamped at the edges or simply
supported. Timoshenko (1956) has calculated the maximum bending
stresses at the centre of the disc for the case of clamped edges.

The calculation for the simply supported case is similar. Thus

2 b2
& =§(l_+@)_‘111[1n‘3+—] (12)
c 2 XZ b 432
=§J£[ a, 1 _ (- b% 7
Gy T 2 In g+ T/~ () 4J (13)

X

where b is the radius of the jet and K 1is Poisson's ratio for

the solid. Gc and o, are the maximum bending stresses at the centre



for the clamped and supported cases.

Clearly the solid layer in the fuel coolant interaction is
neither clamped nor freely supported and so the stress due to q
will be somewhere between the two extremes given by Egs.(12) and (13).
Nevertheless, for a large number of cases Eqs.(12) and (13) can be
used to determine whether penetration takes place. If o, > Gy then
penetration definitely takes place; if Ossioy then penetration
definitely does not take place. For intermediate cases further cal-

culation is required and this will be the subject of a future paper.

The pressure, q, exerted by the jet is either the 'waterhammer

pressure', Qe °F the stagnant pressure, g where
P, S
259
Q = P18 V(—-——-—-—-) (14)
WH 171 plsl+D252
qg =%p v? (15)
s !

S1 and s, are the sound velocities in the fluid and solid respec-
tively. For a low-velocity jet Yy > dq> however, the duration of
waterhammer pressure is of order b/sl whilst that of the stagnant
pressure is L/V. The pressure-time history is illustrated schematic-
ally in Figure 2. Thus we must take into account the dynamic nature
of q and this is done by allowing the influence of q to be felt

only at points within a radius SZIJV or szb/sl depending on

whether q, or is important. We assume that for to

yn Uym

cause penetration a necessary condition is szb/s1 =2 X so that the
effect of Qg can be felt simultaneously throughout the thickness

of the solid. If this condition is not satisfied then has no

Tyn
effect., Of course, even if this condition is satisfied Qg Must be

large enough to overcome the yield stress of the solid before pene-

tration will occur. If Ay has no effect we can then examine in a

-8 -



similar manner the effect of qg- Hence the values of a and X to be
L
inserted in Eqs.(12) or (13) are simply szL/V and Xo(t0+-L/V)2 or
5 .
SZb/sl and Xo(t0+b/sl) corresponding to q_ and q_, respec-
tively. For many applications L/V (or b/sl) will be negligible

compared with £y To take account of the fact that and 9

Iy
are applied suddenly and not gradually we use the fact that a load
applied suddenly is equivalent to twice the same load applied

gradually [Duggan (1964)].

4. APPLICATION TO CAVITATION

In this section we apply the foregoing theory to the problem of
an initially spherical vapour cavity in the neighbourhood of the
solid layer. It has been known for a long time that collapsing
bubbles in the neighbourhood of a solid surface can lead to pitting
of the surface. That the damage is caused by liquid jets on the
bubbles was first suggested by Kornfeld and Suvorov (1944) and
experiments by Benjamin and Ellis (1966) have confirmed that jets do
indeed form on bubbles collapsing near a solid wall. Plesset and
Chapman (1971) have done a numericél simulation of bubble collapse
near a wall. They find that the jet velocity scales as (.{kl’/pl)’15 and
the jet dimensions scale as R. AP is the pressure difference caus-
ing the collapse and _R is the initial bubble radius. Thus

%
v o= Vc(s—P)
1

L =L R
c

b b R
c

where VC, Lc and bC are constants and can be found from Plesset

and Chapman's results

v = 13.0
c

L =0.4929
c

b = 0.1186
c

-9 -



For complete penetration by a high-velocity jet we require

F > 1 where

HV

&Ib Z

F = = T (16)
HV 1 +(1+CY)LC . }2
v
c
5 Pr\?

zZ = R/XOEO and T = R 75 /tO . For small T, 1i.e. large driving

pressure, AP, or thick solid layer, we see that the initial bubble
radius required to produce penetration is proportional to the thick-
ness of the solid layer. In order that Eq.(16) be applicable we

require 2
AP >> 20 [V
y c

and for aluminium this condition implies AP >> 12 atmos.

For penetration by a low velocity jet we require FLV >1

where FLV is a function of the target geometry and the pressure of

the jet. For example, for a plane target that is clamped and sub-.

jected to the stagnant pressure
2,2 2.2

P = IV B Py 0?22 {10 2 e 1, Pe ! Q? } (17)

LV 20 b V. Q 2.2

y cc 432L

C

L
where Q = (AP/pl)2 . We also need Z/Q > Vc/SZLc' In this case we

see that the penetrative power of the jet goes up as the square of

the initial bubble radius. If Gyn is the important pressure then
3(1+u)b2pls i 8 ¥ . s s?‘\
_ c 1717272 "¢ 23 2 1
Flv ™ 7 o (p, s, +P,5,) Qz" I g=+ = ] (18)
y L L TET2 1 bs,
and we also require Z > sllbc 32. In this case the penetrative

power is again proportional to the initial radius squared but the
dependence on AP is much less marked than in the stagnant pressure

case.

- 10 -



In the case of a spherical target T is given by

LY
2
F - Vc Py 2Y2
w " 2o Q
for q_ , and
S

S B i Lo TR
LV o, Py s +Py 5, )

L
for qg. where Y = r/XOtO2

5. APPLICATIONS TO HZO/Al AND Na/UO2 SYSTEMS

Tables 1 and 2 show the values of Z required for various Q
values in order that F o =1 for both Eqs.(17) and (18). The liquid
jets are water and sodium respectively and the solid layers are

aluminium and uranium dioxide.

AP & A
(atmos) Q Eq(17) Eq(18)
0.01 1 51.79 8.818
1 10 6.241 2.790
100 100 0.843 0.882
TABLE 1
Z values as a function of Q that give FLV = 1. The val-

ues of the constants for water are the normal room tempera-
ture values whilst for the aluminium layer we assume that

Gy is to be identified with the ultimate compressive
strength G~108n/m2). Clearly if the break is by shearing
then the ultimate shear strength should be used GVZXIOSnfmz);
however, the Z values will only be altered by a factor of of2.

Similarly the value of Sy depends on the propagation mechan-

a I =



ism in the solid. We have used 52==51O2 m/s. In addition
it is the values of the properties of the solid just below
the melting point that should be used and not the room tem-
perature values. Using the correct values will make
penetration easier. The conditions Z > VCQ/SZLc and
Z > Sl/bc s

o are satisfied by all the values of Z in this

table except Z = 0.882 corresponding to Eq.(18) with Q = 100.

From Table 1 we see that for Q = 1 and Q = 10 it is the waterhammer
pressure that is the destructive mechanism. However, for Q = 100 the
Z value predicted via Eq.(18) that makes FLV = 1 results in too brief

a pressure pulse. Using Eq.(18) and the condition Z > s./s.b we
1"72 "¢

find that if Q > 12.65 we must have Z > 2.48 for penetration to occur.

For smaller Z wvalues the duration of the waterhammer pressure is
insufficient to cause penetration and it is the stagnant pressure

that is important.

For water bubbles collapsing under one atmosphere of pressure,
Q = 10, we see that bubbles of radius 2.79 times the thickness of
the solid will cause penetration. Using Eq.(5) with the exact value
of XO we find that the thickness of the solid layer after 1 ms is

- -2
3.47 x 10 me and thus a bubble of initial radius 9.68 x 10 mm will

cause penetration of this layer.

- 13 s



AP Q A Z
(atmos) Eq(17) Eq(18)
0.0083 | 1 287.9 185.5
0.83 10 35.63 58.67
83. 100 5.203 18.55
TABLE 2
Z values as a function of Q that give FLV = 1.

(Na/UO2 system). The values of the constants are (MKS

units)

0.23

2x109

1l

p, = 830 s 2595 7

9800 s 2370 o

©
n

The value of | 1is that appropriate to U (not U02)

whilst the value of Oy is that for a high grade steel.

The conditions Z > VcQ/SZLb and Z >sl/bcs2 are satisfied by all
the Z Vvalues. From these results we see that for small Q wvalues
it is the sodiumhammer pressure that is the destructive agent. As Q
increases we find that small bubbles are capable of penetrating via
qq when Yym is resisted. For example, with Q = 10 (0.83 atmos.)
a bubble of initial radius 35.63 times the solid layer thickness is
capable of penetrating via g s but one of 58.67 times the solid
layer thickness is required if penetration is via Uy For Q = 10
and t = 1 ms we find that a bubble of initial radius 1.31 mm will

penetrate a solid layer of thickness 3.68 x 10_2mm.

e TF -



It should be noted that in these calculations we have neglected

L/V and s, b/sl in comparison with t, the time at which the jet

starts to exert its pressure. Thus the thickness of the solid layer

1
us XO to2 . For I:0 = 1 ms this approximation is highly accurate.

6. CONCLUSIONS

We have calculated the thickness of a hot solid layer adjacent
to a cool liquid as a function of time. The resistance of the layer
to penetration by a jet of liquid has been estimated for a variety of
geometries and also in both the high and low jet-velocity regimes.
The theory has been applied to the cavitation problem and, more
specifically, to the HZO/AI and Na/UO2 systems. It has been shown
that the solid layer to be expected on the fuel during a thermal
interaction can be penetrated by jets produced by the collapse of

very small bubbles.

Although we have not considered what causes the pressure
difference under which the bubbles collapse and jet, this may lead
to another condition of the minimum size of bubble. For example,
if the pressure difference is due to rapid condensation of the vapour
within the bubble then we may require that the bubble be large enough
initially for part of it to be in the unheated part of the liquid.
(The bubble is adjacent to a hot solid surface). If this condition
is necessary then the bubble diameter at time t, when it begins to

collapse, must be greater than the thermal diffusion length 200/t .
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Figure 1. The physical situation at time t. kl, pl, 1

are the thermal conductivity, density and specific
heat of the coolant; k2 k3, etc. are defined simi-

larly for the solid and liquid fuel respectively.



Figure 2.

The pressure-time history produced by a

jet impinging on a solid layer.
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