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Before firing After extinguishment
Fig. 1 Typical segmented 2-in. cylindrical perforated

motor extinguished with water injection.
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Fig. 2 Typical pressure-time trace of slotted (2-in. cylin-
drical perforated) motor extinguished with water injection.
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Fig. 3 Injectant weight as a function of injection time for
motors operating at 180-269 psia chamber pressure.

The minimum water requirement to obtain complete
extinguishment was 0.708 Ib H20/lb of mixture; this value
was in accord with the theoretical weight ratio of 0.715 Ib
H20/lb of mixture. The injection time appears to be critical
in that the water must have sufficient residence time in the
motor to absorb the residual heat from the propellant gases
and propellant surface to prevent reignition.
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Heat Diffusion from Line Source into
Mixing Region of Two Parallel Streams

JOHN B. MILES*
University of Missouri, Columbia, Mo.

THE basic problem under consideration is illustrated by
Fig. 1. Depicted here are two parallel streams of un-

equal but uniform velocities interacting in a turbulent mix-
ing region downstream of a thin dividing plate. A line heat
source is placed immediately downstream from the dividing
plate.

The author's interest in this problem resulted from his in-
vestigation of heat transfer for separated flow past relatively
deep cavities.1 The configuration shown in Fig. 1 was one
mechanism in the over-all heat-transfer model.

The velocity profile for this configuration has been rather
well established2 to be represented by

= u/Ua = - $&) erfy] (1)
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Equation (1) assumes similar velocity profiles, and the same
assumption is employed in the present development for the
temperature profiles. 77 M is determined from momentum
considerations, and the reader is referred to Ref. 2 for the de-
tails of this matter. For the mixing of an incompressible
fluid with a quiescent wake, the similarity parameter (a) has
been found to be 12. Korst2 recently has formulated an ex-
pression applicable for any value of <!>&, but there is still much
uncertainty about the value of <r($&).

The differential equation governing the excess temperature
(Tex) in the mixing region resulting from the line heat source is
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the energy equation, simplified by boundary-layer considera-
tions

CppU
d^ex 5 /
-^— = — Idy dy \

(2)

Here v is the vertical velocity component and Kt is the
turbulent heat-exchange coefficient. Assuming a turbulent
Prandtl number of unity, incompressible flow, and Kt in-
dependent of y, results in the following expression:

^(dTex/cto) + v(dTex/dy) = e(&Tex/()y2) (2a)

where e = e(x) is the kinematic eddy viscosity. Regarding e,
a form originally suggested by Goertler3 and modified by H.
Korst2 will be used. This is expressed as

€ = XUa/4:(T2 (3)

The formulation of the vertical velocity component v is de-
rived from the continuity equation

(5w/5s) + = 0 (4)

Inasmuch as u = u(rj), and because v is related to u through
Eq. (4), it follows that v = v(rj). This enables Eq. (4) to be
written as an ordinary differential equation:

<r(dv/drj) = 'ri(du/dri) (4a)

Equation (4a) can be integrated by parts to yield

crv rju f"n u . , ,r\— = — — I — drj + const (p;
Ua Ua J f] ref Ua

The boundary condition on this equation is supplied from
the fact that along the streamline dividing the two streams
(the j streamline, which emanates as a ray from the termina-
tion of the dividing plate), the following relationship holds:

j or <r(vj/ua) = (6)

where values of 77 / = 17,-(ft) are known from the calculations
of Korst.2 Equation (6) thus allows Eq. (5) to be expressed
in the following form:

— = 77$ — I <£ drj
Ua J^i

(5a)

It is now possible to consider a solution to Eq. (2a), inas-
much as expressions for all the terms in this equation have
been presented. As previously mentioned, a similar solu-
tion form for Tex is assumed. This assumption is justified by
the author in Ref. 1, and results in the following form for Tex:

(7)

where 0 is the remaining function to be determined.

Turbulent Mixing Region

Primary Flow (VQ,pa)

Secondary Flow (Vb,

-Dividing Plate Line Heat Source

Fig. 1 Two-stream mixing and heat diffusion model.
X and Y refer to a reference system of coordinates, i.e.,
lined up with the dividing plate, x and y refer to an in-
trinsic system of coordinates, which are displaced by the

amount 777^ from the reference system.

Dimensionless Position Coordinote

Fig. 2 Dimensionless temperature profiles 6 for con-
figuration of Fig. 1.

Substitution of Eqs. (1, 3, 5a, and 7) into Eq. (2a) results
in the following differential equation for 6 = 6(17; <£&):

0 + 40 [(1 + ft) + (1 - +

49{i[(l + ft) + (1 - ft) erfy]} = 0 (8)

Equation (8) is recognized as an ordinary, linear, second-
order differential equation with variable coefficients. It was
felt that no closed form solution to this equation would be
found, and so 6 = 6(77; ft) was determined by programing an
appropriate Runge-Kutta numerical integration technique
onto a digital computer.

The numerical integration was started at 77 =17,- and pro-
ceeded to 77 = + °° and to 77 = — oo . The choice of starting
the integration at 77 ,- had two advantages. First, it simpli-
fied the evaluation of the coefficient of 9 in Eq. (8). Second,
it was reasoned that 9|i^ = 0, since the line source introduces
heat along the j streamline, and thus this streamline must
have the highest temperature (zero slope of temperature pro-
file). This knowledge of 9 IT?./ provides one of the two bound-
ary conditions needed for the solution of Eq. (8) . The other
condition was provided by assigning the value of 9|r7.,- = 1,
which is permissible, since the constant k in Eq. (7) is un-
specified.

The results obtained by this integration of Eq. (8) are
shown in Fig. 2 by the plots of

9(77; ft) = Ui?,; ft) (9)
In experimenting with the solution to Eq. (8) on the digital

computer, it was discovered that the boundary condition of
Q\rjj = 0 was the only possible condition that would give solu-
tions for 9 which asymptotically approach zero for 77 -> + co
as well as for 77 -^ — °o. Physical reasoning dictates that the
proper solution for 9 must do as described, and thus support
is given to the solutions indicated in Fig. 2.

Simultaneously with determining 9, a quantity propor-
tional to the heat flux passing between the j streamline and
any arbitrary streamline was also computed. This heat flux
quantity (HF) is defined as

HF = HF(r, ft) = (10)

Finally, the percentage of the total diffused heat carried
into the upper stream (or lower stream) can be determined as
indicated by Eq. (11). This quantity [TT = ?r(ft)] is pre-
sented in Fig. 3:

= f °° $9^77 / f
J™3 I J ~

(11)
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Fig. 3 Percentage of total diffused heat TT contained in
faster stream.
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Experiment

It has generally been known that the crater size is de-
pendent upon on the mechanical strength of the target.
Experiments also have been conducted demonstrating that
heating the target caused larger craters to result from im-
pacts.1 It also has been pointed out that, when the tem-
perature is varied, anomalies in the crater dimensions appear
at temperatures where anomalies occur in the strength of the
target matrial.2 Others have shown that a favorable graphi-
cal comparison exists between the cratering efficiency and
the target tensile strength as a function of temperature.3
The question arises then as to whether an exact correlation
in crater size exists between the target temperature and a
mechanical property, such as the yield strength. For ex-
ample, consider cratering in two targets of the same material
but different yield strengths. If the yield strength of the,
two targets were made equal by raising the temperature of
the higher yield strength target, would equal size craters be
obtained for a given impact?

The experiment consisted of firing ^-in.-diam aluminum
spheres into 2-in.-thick, 8-in.-diam aluminum targets. The
targets were of 7075-T6, 2017-T4, and 7075-0 aluminum,
having room temperature yield strengths of 68,400, 38,700,
and 17,000 psi, respectively. (These values were obtained
from yield strength tests made on samples of the target
material stock.) A range of impact velocities was covered
for each of the three different targets at room temperature,
and the resulting craters were measured. Impacts were
made on four 7075-T6 targets, two of which were heated to
380°F and two to 500°F, having true yield strengths of
40,500 and 20,500 psi, respectively, and on one 2017-T4
target heated to 357 °F, having a true yield strength of
25,500 psi. (These yield strength values also were obtained
from curves constructed with data from yield strength tests,
made over a range of temperatures.)

Temperature Yield Strength Correlation
in Hypervelocity Impact

R. PIACESI,* R. H. WASER,| AND V. C. D. DAWSON!
U. S. Naval Ordnance Laboratory,

White Oak, Silver Spring, Md.

Nomenclature
Vc

VP
V0
Co

crater volume
projectile volume
impact velocity
sound speed in target

Introduction

A PREREQUISITE for the complete formulation of the
effects of high-velocity particles impacting on a thick

target is the understanding of the basic physical processes
involved. Each of the large number of variables which
appear to influence the resulting crater dimensions and their
interdependence must be evaluated.

Although it is generally recognized that some mechanical
strength property of the target and its temperature depend-
ence is important in the cratering process, no experiments
have tied down this temperature strength correlation. An
investigation was made to determine whether there is an
exact correlation between the target yield strength and the
target temperature.
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Fig. 1 Yield strength correlation.


