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no appreciable angular acceleration of the ring in the initial
phase of each test, an indication that the fragments readily
slid along the inside surface. A triangular radial velocity
distribution acting over three ring segments of eleven masses
each was then assumed as shown in Fig. 2. This tentative
distribution was chosen on the basis of the apparent contact
area shown in the high-speed photographs.

In order to calculate an initial velocity value for the mass
points, an elastic collision was assumed. Conservation of
linear momentum, angular momentum, and kinetic energy
before and after collision yields the following three equations
with three unknowns:

CASE I (RING FAILED)

MfVQ =

7/coo =
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+ ma ]T ju (4)

where V = fragment centroidal velocity normal to the ring,
the incremental velocity u and the quantity a are defined in
Fig. 2 ; the subscripts o and / on V and co indicate before and
after collision, respectively. When these equations are
solved simultaneously, the following equation for the incre-
mental velocity u is obtained:

u = 132(F0 + aco0)/[4356(m/M/ + a2ra///) + 506] (5)

The resulting error in momentum incurred by choosing the
imparted velocity direction to be radial at each mass
point, rather than the single fragment direction, was neglected.

Results
The value of the predicted shear stress occurring at the

point of impact vs time, obtained from the JET 1 analysis, is
plotted in Fig. 3 for each of the two test cases. The maxi-
mum shear stress value obtained for the run in which the
ring failed was 92,300 psi, which substantially exceeds the
Ref. 4 value of the ultimate shear stress for 4130 steel. The
maximum shear-stress value obtained for the run in which the
ring did not fail was 65,220 psi, which was considerably below
the ultimate shear-stress value.

Strain rate effects were not included in the analysis be-
cause data for 4130 steel at high strain rates were not avail-
able. Although this omission significantly affects the maxi-
mum value of shear stress obtained, the fact that the static
value of ultimate shear stress was used to test for failure makes
the analysis consistent.

From Fig. 3, the calculated time to failure for case 1 is seen
to occur within 1 jusec after impact, whereas the ring failure is
evident in the high-speed photographs only after approxi-
mately 400 yusec. Part of this rather large discrepancy can
be explained by the fact that the gap in the ring when failure
was first detected from the photographs is on the order of
•J- in., and since the initial ring mass-point velocity at the im-
pact point is approximately 5000 in. /sec, it will take over 100
/isec for a failure to be detectable for this reason alone.

Conclusions

The present initial results of this continuing study indicate
that containment rings may be shear failure critical if certain
types of fragments are used. In addition to the previously
described nondeforming type of fragment, fragments of in-
terest could include those from the large-diameter fan blades
incorporated in the new generation high mass-flow jet engines
to be used on "Jumbo Jet" type aircraft. When analyses
are made similar to those described here, care must be
exercised that enough mass increments are used to obtain
convergent values of shear stress. Although applicable to

ULTIMATE SHEAR STRESS
FOR 4130 STEEL

1 I

2 4 6 8 10

TIME X I06(SECOND)

Fig. 3 Calculated shear stress at each impact point vs
time.

other types of fragments in a general way, the aforementioned
impulse calculation should obviously be used in its present
form only for nondeforming fragments, since the energy used
to deform bladed rotors will decrease, to some degree, the
amount of energy transferred to the ring. Finally, the re-
sults indicate that perhaps a new nondeforming fragment,
possibly with rounded edges, can be found which better
simulates the types of ring response that have been obtained
from bladed rotor interaction tests.
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Critical Preston-Tube Sizes
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Nomenclature!

Cf = local skin-friction coefficient
CV = average skin-friction coefficient
d = Preston-tube diameter
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M = Mach number
Rx = Reynolds number based on x
Re = Reynolds number based on 0
t = ratio of inside to outside diameter of probe
T — absolute temperature
u = velocity in x direction
x = streamwise coordinate
y = normal coordinate
8 = boundary-layer thickness
6 = boundary-layer momentum thickness
ju = viscosity
p = density

Subscripts
max = maximum
min = minimum
e = local freestream

CURVES for estimating the maximum and minimum
allowable Preston-tube diameters have been presented

in Ref. 1 by Hopkins and Keener. These curves allow the
determination of an acceptable probe size in flat-plate flow
if the freestream conditions and distance from the measuring
station to the origin of turbulent flow are known.

The premise on which these limits are based is that the
Preston-tube measurement should be made in the loga-
rithmic region of the boundary layer. The maximum size
limit originated from Fenter and Stalmach in Ref. 2 from
experimental observations of the point at which velocity pro-
files began to deviate significantly from the logarithmic law.
This point is given in Ref. 2 as

—— Minimum allowable diameter
-----Maximum allowable diameter

2/ir £/5 - 0.3 (1)
If it is assumed that the probe size is such that 2/max ex-

tends to the top of the probe opening, then dmax and 2/max can
be related

(2)
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Fig. la) Critical Preston-tube sizes—-maximum.

Fig. 2 Effect of Mach and Reynolds numbers on critical-
tube sizes.

Combining Eqs. (1) and (2), and making use of CF =
20/z yields fo r« = 0.6,

dm^/x = 0.1875 Cp/(6/$) (3)
The minimum size limit is given by Hopkins and Keener as

PeU4min/He = 100/C,0-5(/Ze/V) (p'/Pe)0'5 (4)

which was obtained from the point at which experimental
Preston-tube data began to deviate from their linear calibra-
tion. Using the power-law viscosity-temperature relation-
ship, /ze/V = (Te/jT')0'768, and Sommer and Short's refer-
ence temperature for adiabatic walls, Tr/Te = 1 -f- 0.1142MV2,
in Eq. (4) results in

= 100(1 + 0.1142^/e2)1 (5)

Figure 1 shows the maximum and minimum diameter
curves calculated by Eqs. (3) and (5) using flat-plate theory
to estimate the viscous quantities. The minimum diameter
curves are identical to the ones given by Hopkins and Keener,
while the maximum diameter curves differ slightly because
of Hopkins and Keener's slightly different application of the
Fenter-Stalmach criterion ym&x/d = 0.3.

It should be noted that under some flow conditions, namely,
high Mach number and low Reynolds number, the maximum
allowable diameter is smaller than the minimum allowable
diameter. This can be more easily seen with the aid of Fig.
2, which contains the same maximum and minimum criterion
shown in Fig. 1 plotted in a different form.

It can be seen that at the higher Reynolds numbers, the
minimum allowable diameter remains relatively small with
increasing Mach number, but a rapid increase in minimum
size occurs at the lower Reynolds numbers. Beyond the
point at which the maximum and minimum curves intersect,
there is, of course, no probe size which could be successfully
used as a Preston tube. This, in effect, means that under
those flow conditions, there is no logarithmic portion of the
boundary layer.

Plotting the intersection of these curves yields Fig. 3, which
can be used as a quick and easy check to see if the Preston-
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Fig. lb) Minimum. Fig. 3 Preston-tube critical size limiting line.
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Fig. 4a) Critical Preston-tube sizes including limiting
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Fig. 4b) Minimum.

tube technique can be successfully used at the test conditions
of interest.

To be internally consistent, therefore, the curves in Fig. 1
should appear as in Fig. 4, where the no-useable-size areas
have been removed.

In cases where the length of turbulent flow is not known,
such as experiments on wind-tunnel sidewalls, the critical-
size curves presented in terms of x would not be useful. If
the local momentum thickness were known, however, probe-
size estimates could still be made by replacing x in Eqs. (3)
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Fig. 6a) Critical Preston-tube sizes in terms of momen-
tum thickness—maximum.

Fig. 6b) Minimum.

an d (5) by 20/CV. These equations then become

dmax/0 = 0.375/(0/5)
and

= 100(1

Fig. 5 Limiting line in terms of momentum thickness.

Probe-size limits can now be made in terms of momentum
thickness. Figure 5 shows the limiting line curve obtained
from Fig. 4. and the curves derived from Eqs. (6) and (7)
are shown in Fig. 6.
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