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Fig. 5 The burning time of particles as a function of the oven tem-
perature,

lithium could also be observed in the later phase of the par-
ticle burning-time. Thus a steady consumption of both the
lithium and boron can be assumed for the main combustion.
The findings of the spectral analysis were supported by the
chemical analysis of the condensate from the quartz wall.
Close to the exit of the oven, mainly lithium was identified.
Further downstream in the combustion both lithium and
boron could be detected.

The ignition delay time was plotted in Fig. 4. It varied from
30 msec Fig. 4 to 80 msec depending on the best conditions.
The averaged burning time increased with increasing particle
diameter. A comparison with the findings of other authors for
pure boron was made in Fig. 5. The heat of combustion was
measured in a calorimetric bomb to be 52.46 KJ/g.

Discussion -

The ignition temperature of boron could be lowered from
2500 K to 800 K by using a LiB,; compound. This ignition
temperature was slightly increased by using air or humid air
(90% moisture) instead of pure oxygen. The difficulties en-
countered for a complete combustion can best be discussed by
using Table 1. The boiling temperature of the metal boron
(3950 K) is much higher than-that of the oxide B,0, (2520 K)
forming a dense layer above the melting point at 723 K.
Therefore, a fast oxidation can only take place if the shielding
oxide layer has been destroyed. The combined use of boron
and' lithium resulted in a very low ignjtion temperature
(about 900°C in air) and complete combustion. The reaction
mechanism was interpreted by the start-up phase of a lithium
flame heating up the particle to the onset of the boron reac-
tion. A closed oxide layer could not form as the lithium con-
tinued to vaporize or as lithiumborate was formed. All
photographs showed a smooth combustion around the par-
ticles and no spinning traces as in the case of aluminum. These
findings of good ignition and combustion properties together
with a high heat of combustion justify further investigations
of the B/Li compound as a prominent candidate for use
within air-augmented propulsion systems.
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Detection of Boundary-Layer
‘Transition with a Laser Beam

A.J. Laderman* and A Demetriadest
Aeronutronic Ford Corporation,
Newport Beach, Calif.

Introduction

SEVERAL techniques, including surface sensors,' ex-

ternal probes?? and optical methods3# have been used for
detection of transition in high speed, compressible boundary
layers. While the various techniques yield useful information,
each is deficient in some respect. Surface sensors, for exam-
ple, respond only to phenomena adjacent to the wall, while
probes (e.g. hot-wires) must be considerably smaller than the
boundary-layer thickness 6 in order not to disturb the local
flow. Optical methods (schlieren, shadowgraph) are generally
only qualitative in nature.

This Note describes an alternative scheme which overcomes
these limitations. It involves the use of a laser beam in place of
conventional optics, whose distortion by turbulence can be
quantitatively linked to transition. Since the beam does not
disturb the flow and can be focused to a region much smaller
than § it has potential for probing the entire transition region
with high resolution. The feasibility of the method has been
demonstrated using a helium-neon laser, with a beam ap-
proximately 1 mm diam, directed through a Mach 3 boundary
layer. The beam axis is aligned parallel to the floor of the
wind tunnel over which the boundary layer is growing and
normal to the direction of mean flow, and is imaged on the
plane of an apertured detector. In the direction of light
propagation, therefore, the mean flow is uniform while both
the mean flow and -optical gradients are large in the direction
normal to the wall and to the light beamn.

Analysis

To assess the effects of turbulence on the optical quality of
the beam, it can be assumed that the beam has a Gaussian
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distribution of intensity 7 (x) which can be expressed as

—xX2/K2

I(xy=I,e 4}

where x is the distance normal to the beam axis, and & is a
characteristic beam width. Upon emerging from the scattering
region, each beam element oscillates due to the turbulent den-
sity fluctuations. The instantaneous position of such an
element on the receiving detector is given by x=%+A4 x(1)
where ¥ is the mean distance between the element and the
beam axis, A x(¢) is the instantaneous fluctuation, A x <X,
and Ar=0. Substituting into Eq. (1), expanding the
exponential, and neglecting higher order terms, the time
average intensity is given by

T =15 [1+ ((an2/k2) (k) -1)] @

The instantaneous fluctuation intensity is defined as Al=
I(x) —I(x) Squaring Al, taking the mean, and retaining only
the lowest-order terms, we obtain the mean-square intensity
fluctuation (A T)? and thus its rms value

Aly= (D) =21(%) ((ax)?2/K2)" Ikl (3)

Note that since, from Eq. (1), 81/9x= —2xI(x)/k?, we can
also express Eq. (3) as

Al = ((Ax)2) " laI(x)/dx] “

where in Egs. (3) and (4) the absolute value of % and
a1 (x)/dx must be used in order that A, remain positive.

It is clear from the foregoing that the magnitude of the ef-
fects of turbulence on the mean intensity and the mean square
intensity fluctuation are controlled by the ratio (Ax)?/k? and
that for the geometry under consideration fluctuations will be
detectable only where there are gradients in the undisturbed
(incident) beam profile. Equations (2) and (3) reveal, in fact,
all major effects of turbulence such as beam attenuation [put
X=0 in (2)], spreading [put ¥>k/v2 in 2)], defocusing (see
Eq. (4)), loss of contrast and so on.

Experimental Apparatus

The experimental set-up is shown in Fig. 1. A 5 mw helium-
neon laser was located within a few inches of the wind tunnel
side window and the beam propagated through the floor
boundary layer. The beam passéd over a total path length ¢ of
24 meters to a 0.3 mm diam pinhole, located on the vertical
beam centerline, and a 6328°A filter positioned immediately
in front of a photomultipler tube. The aperture was attached
to a motorized traversing mechanism which had a 2.5 ¢cm total
travel in the vertical direction. Due to the inherent beam
divergence of the laser, the total beam size expanded to ap-
proximately 2.5 ¢m at the plane of the receiving aperture. The
signal from the PM tube was fed simultaneously to: a) an rms
meter, whose output in turn was fed to the Y input of an X-Y
plotter to provide a record of Al ; b) the Y input of a second
X-Y plotter to provide a record of the average intensity
I(x); and ¢) to an oscilloscope to permit continuous monitor-
ing of the signal. A voltage signal proportional to aperture
position was fed to the X input of the recorders to provide
directly the spatial distribution of Al and I(x).

Results and Discussion

Measurements were made at several stations downstream of
the nozzle throat. At each station, a tare or ‘‘noise’’
measurement of A, .. and J(x) was made by installing in the
test section a hollow cylinder coaxial with the beam centerline
in order to shield the beam from the air flow. The tube was
then removed and tests performed at various tunnel
stagnation pressures,P;. At the highest pressure the boundary
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Fig. 1 Experimental set-up for laser detection of boundary-layer
transition.
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Fig. 3 Typical profiles of rms intensity fluctuation.

layer throughout most of the tunnel was turbulent. As the
pressure was reduced it became transitional and eventually
laminar, with the maximum pressure able to sustain laminar
flow decreasing with increasing distance from the throat.
Typical curves of I(x) vs % are shown in Fig. 2 and the
corresponding distributions of Al are presented in Fig. 3.
The experimental results show clearly the features predicted
by Egs. (2) and (3) and, in particular, that AZ,, has the
double-peaked characteristic indicated by Eq. (3). It is also
seen from Fig. 2 that J(x) is independent of operating con-
ditions, and therefore that attenuation of the beam due to tur-
bulent scattering is negligible in this case. That is, for the par-
ticular test conditions chosen, the values of (Ax)7, k, etc., are
suitable for detecting the effects of Eq. (3) rather than those
of Eq. (2).

A plot of the peak value of Al vs P, obtained from
measurements made at stations 16 and 28 cm downstream of
the throat, is shown in Fig. 4. These stations are located
within the acceleration section of the nozzle where the
freestream Mach numbers are respectively 2.6 and 2.95, still
lower than the test section value of 3. For these cases Fig. 4 in-
dicates that: a) for laminar flow (low Py), Al is essentially
zero (i.e., equal to the noise signal) implying vanishingly
small fluctuations; and b) Al reaches a maximum when the
boundary-layer flow is transitional then diminishes for fully
turbulent flow. It should be recalled that the overshoot in
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Fig. 4 Variation of peak rms intensity fluctuation with tunnel
pressure.
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fluctuation intensity, and therefore in Al ., is characteristic
of transitional boundary-layer flow. In fact, the present
results are remarkably similar to those obtained by Owen,’
who used surface mourited hot film sensors to detect tran-
sition in supersonic boundary layers.

A comparison of the effect predicted by Eq. (3) and the ex-

perimental measurements is made using data obtained in the"

test section for fully-developed turbulence at a tunnel pressure
P, =730 mm Hg. For air, the variation in index of refraction
An can be related to changes in density Ap as follows

An=0.000294 Ap/py=0.00294 (Ap/p) (p/pg)

For M, =3 the freestream density, expressed in terms of the
stagnation density (which in this case is nearly equdl to the
density at NTP), is p,, =0.076 p, while for the adiabatic case
the density at the wall, as assuming constant static pressure
across the boundary layer and a recovery factor near unity, is
0 =poPw/Po=0.027 p,. Since the beam was located at about
0.35 from the tunnel floor, we will use p=0.05p0, and assume
from Kistler’s measurements’ that the rms density fluc-
tuation, normalized by thelocal mean, is 5%, yielding (An)? .
~5.5x10-13, From Sutton’s simplified scattering model,*
the mean square angular fluctuation of a light ray traversing
the turbulent boundary layer can be expressed as:

(A0)?=n(An)? L/A

so that for out experiment

(Ax)2=(~A;)2 #=x(An)2 LE/A

where L, the boundary-layer width =7.5 cm, ¢the optical path
length =24 m, and A, the turbulent scale length =6/5=0.1
cm.” Substituting the appropriate values into the previous ex-
pression, we obtain

((ax)?) "=

The parameter k is found by differentiating Eq. (3) with
respect to % and setting d(Al,,,,) =0. Thus k =V2x, where ¥ is
the position for which Al is a maximum. From the present
tests this occurs at X =0.6 cm, so that k=0.84 ¢cm and from
Egs. (3) I'(=Al,,/I(x)) is 0.047 while from the ex-
perimental measurements I’ =0.01. The observed effect,
therefore, is no more than a factor of 5 away from the predic-
tion of Eq. (3). Of course, this discrepancy is symptomatic of

AX e =0.028 cm
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. the approximations in the analysis forced by incomplete

knowledge of optical scattering® and of the details of super-
sonic turbulénce. The important point is that the quantity I’
whether equal to 0.01 or 0.05, is actually large enough to be
measured simply even by unsophisticated laboratory set-ups.
Another important point is that the actual magnitude of the

sudden increase in I’ (as shown on Fig. 4, for instance) at

transition is not important to the detection of the transition
point or region, an advantage common to other transition-

. detection methods as well.

Conclusions

~ We conclude from these results that a rather simple method
of transition detection with a laser beam is available. The
remote-sensing nature of the technique makes it attractive for
use in ground tests, expecially if the beam can be made to pass
through a width of the layer several times its thickness. The
results are sufficiently encouraging to warrant an extension of
the tests just described into the lower Mach number regime.
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(“onvergence of an Iterative
Pmcedure (Lor Large-Scale Static
Analysis of Structural (‘omponents
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Introduction

ONDITIONS for convergence have been derived

for an iterative procedure, proposed by Newman and
Goldberg,! which is currently being employed to efficiently
determine static stresses in the space-shuttle thermal protec-
tion system.? This procedure can also be used effectively for
the analysis of other built-up component structures in which
one of the substructures possesses a dominant stiffness which
largely influences the deformations of the entire system. The
general idealization being considered is represented in Fig. 1.
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