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eluded from Figs. 2 and 3 and the analytic representations.
The 19 mm tubes were furthermore found to have a different
type of calibration curve, and they have also been excluded
from the analytic representations. The five 19 rnrn tubes
showed no variation in the tested range of relative lengths,
and this observation was confirmed by the extra 10 rnrn tube
used. This is not a final proof that there is no dependence at
smaller tube diameters, but it is a clear indication.

The results can be represented by the least-squares fit

9Ozarapoglu, V., "Measurements in Incompressible Turbulent
Flows," Doctoral Thesis, University of Laval, Quebec, Canada, Feb.
1973.

10Schlichting, H., Boundary-Layer Theory, 6th ed., McGraw-Hill,
New York, 1968, p. 574.

1! Private communication.
12Srnith, D. and Walker, J., "Skin-Friction Measurements in In-

compressible Flow," NASA TR R-26, 1959.
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It should be observed that reducing the data directly from ex-
perimental points expressed as Ap/r vs d*, gives a different
result from curve-fitting x*, y* values and then transforming
toAp/T,d*.

Figure 3 shows the scatter in estimated Cf resulting from
the scatter in the calibration experiments. The standard
deviation in 0.022. For the point illustrated in Fig. 1 with an
"uncertainty rectangle'', the values obtained are Cf ICf ,
= 0.89-1.04. /cxp /c*

The pressure magnitudes were: dynamic pressure based on
rnaxirnurn velocity: Ue 101 N/rn2; Dynamic pressure based on
mean velocity U 69 N/rn2; Preston tube indicated pressure
Apc 34 N/rn2; and static pressure range 2 N/rn2.

Conclusions
The results of the present investigation show that: in terms

of jc*, y* variables the results of Patel are, not unexpectedly,
verified. The differences between existing calibration curves
fall within an "uncertainty rectangle" for plausible choices on
how static pressure and pressure drop measurements can be
performed.

Greater accuracy can be obtained with new variables. A
calibration based on present data gives straight line fit in wall
variables Ap/uT and uTD/v. The relative length is unim-
portant in the region tested, down to LID = 1.6.
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Experimental Investigation of
Boron/Lithium Combustion
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Introduction

AIR augumented rockets offer some advantages for long
propelled missions in comparison to conventional

rockets. The necessary reduction of the tank-weight and the
high heat of combustion favor the use of boron as a fuel. Un-
fortunately, the complete reaction of boron in air can only be
achieved if the ignition temperature is higher than 1950 K,
otherwise a dense shielding oxide layer will be formed pre-
venting further fast oxidation.

To overcome these difficulties, several approaches are
being studied: a) to control the total reaction process in a way
that the boron particles are heated up to 1950 K in a fuel rich
environment; b) to modify the reaction process by the for-
mation of different intermediates as for example in the
presence of OH-radicals; and c) to treat the boron itself in or-
der to avoid a closed oxide layer.

As the first two approaches are being studied by Scha-
dow1'2 and Boussios,3 the third area of investigation will be
reported here. From theoretical considerations the system
boron/lithium looked very promising.4"7 Attempts to coat the
boron had been not successful in avoiding combustion
problems, therefore a binary metal compoound was used.
Neither the Li/B product could be ordered nor a descrpition
found on how to produce it. Thus, the first step was to find a
way to produce a co-melt of Li/b.

Experiments
Figure 1 illustrates the small oven used to produce the com-

pound. About 1,5 g of crystalline boron (purity 98/99%) was
placed in a tantalum cylinder together with lithium particles in
argon atmosphere. The cell was sealed and heated up to 900 K
in vacuum in order to avoid oxidation of the tantalum and to
measure the heat of formation of the Li-B compound by the
analysis of the temperature/power plot. The molar ratios
(Li:B) investigated were between 1:2 and 1:6. After the reac-
tion, the cell contained two different materials: a granular
part which was mainly boron, and a hard compact body
which consisted of one part lithium and two parts boron. The
product LiB2 is oxidized in air and had to be stored therefore
in argon.

To run the tests at temperatures higher than 2000 K an elec-
trical resistance-furnace was selected using a graphite tube. A
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Table 1 Physical properties of some metal and their oxides.

Metal

Li
Mg
Al
Be
B
LiB2,5

Melting Point of the
Metal Oxide
in K in K

454
923
932

1556
2300

9

(Li20)
(MgO)
(A1203)
(BeO)
(B203)

1700
3075
2318
2823
723

Boiling Point of the
Metal Oxide
in K in K
1620
1381
2740
2750
3950

7

(Li20)
(MgO)
(A1203)
(BeO)
(B203)

3200
3350
3800
4123
2520

Density Heat of Combustion
kJ/cm3

g/cm3 kJ/g Metal Metal
0,53
1,74
2,70
1,84
2,35
1,84

43,29
24,78
31,08
66,36
58,48
55,09

22,94
43,12
83,92

122,10
137,43
101,37
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Fig. 1 High temperature furnace for producing boron/lithium fuel.
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Fig. 2 Scheme of the experimental set up for ignition and com-
bustion tests.

thin tantalum-tube was placed in the centerline to exclude the
influence of the partial pressure of carbon on the boron. A
steady argon-flow prevented the oxidation of the tantalum.

As Fig. 2 illustrates, the particles to be tested were shot
through the tantalum tube into a quartz-cylinder serving as an
after burner filled with the test gases. About 4 mg metal par-
ticles were used per test. The injection velocity was 6.2 m/sec.
The ignition and combustion of the particles were analyzed by
photographic equipment and spectrography. The combustion
products were collected at the bottom or scraped from the
wall of the cylinder and chemically analyzed or studied in a
scanning electron microscope.

Results
Care was taken to determine the temperature profile of the

particles in the centered tube and the influence of the cold
outlet. It was estimated that the particles we^e roughly on the

Fig. 3 Spectral intensity and lifetime of boron/lithium particles.
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Fig. 4 Ignition delaytime of boron/lithium particles (Particle-
velocity V =6.2 m/s).

order of 100°C cooler than the oven-temperature. The data
presented in the figures are oven-temperatures.

It was also very difficult to determine an accurate ignition
temperature since in most cases it will be a function of the
reaction rate desired. The tests showed that the ignition tem-
perature is dependent on the chemical quality of the particles
and on the mixture ratio of the homogeneous after burner
gases (ratio of air to oxygen mass flow). Although this
judgment is highly subjective, the variation of the oven-
temperature enabled a rather easy decision of the lowest value
for a complete reaction.

Figure 3 represents the application of the combustion
diagnostic by spectral analysis. The general flame behavior
was as follows: after the induction period, the reaction started
with lithium followed by the intense boron-flame. The spec-
tral analysis supported the color-interpretation of the traces.
The ignition delay depended on the particle size range, yet the
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Detection of Boundary-Layer
Transition with a Laser Beam
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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 LiB2,5 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 B2O3 (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 ignition 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.

Introduction

SSEVERAL techniques, including surface sensors,1 ex-
ternal probes2'3 and optical methods3'4 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 5 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 d it has potential for probing the entire transition region
with high resolution. The feasibility of the method has been
demonstrated using a heliurn-neon laser, with a beam ap-
proximately 1 rnrn diarn, 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 beam.

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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