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We choose the turbulent Prandtl expression of Jischa and
Rieke,’ which is

Prt=e, /¢, =a+b(Pr+1)/Pr (23)

with @=0.825 and b=0.0309, a result fitting data for air
(Pr=0.7) quite well.

Resuits and Discussion

The numerical procedure of solving the boundary-layer
equations and the heat conduction equation are identical to
that in Ref. 1. The dimensionless overall rate of heat transfer
Q from the pin can be expressed as

rok(Ty—Ty)Reff N, di |-,

(24)
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The overall heat-transfer rate of the pin in the pure laminar
flow and the mixed laminar and turbulent flow are shown in
Fig. 1. It is observed from Fig. 1 that an increase in N,
yields a decrease in the corresponding overall heat transfer
rate. Figure 1 also shows that the overall heat-transfer rate
of the pin in the turbulent flow is higher than that of the pin
in the laminar flow. This behavior is due to the action of tur-
bulent eddies that increases the local heat transfer rate at the
wall.

Figure 2 illustrates the local heat-transfer coefficient along
the pin surface for various values of N.. The local heat-
transfer coefficients can be written in dimensionless form as

hL_0'(50)

kRef 0"

(26)

As seen from Fig. 2, the distribution of the local heat-
transfer coefficient 4 decreases monotonically before the
transition zone along the streamwise direction, but the 4
becomes irregular in the transition zone due to the occur-
rence of the random spots of turbulence. This figure also
shows that the larger values of N give rise to larger values
of h. It is observed from Fig. 2 that the turbulent-affected
local heat-transfer coefficient is higher than % of the pin sur-
face in pure laminar flow.

Figure 3 presents pin temperature distributions in tur-
bulent forced convective flow. The figure illustrates that the
larger values of N, give rise to larger variations of pin
temperature distributions. The phenomenon of this behavior
is the same as the forced convective laminar flow over a cir-
cular pin.! Figure 3 also shows the the temperature distribu-
tions of the pin in the turbulent flow give a larger variation
than those of the pin the laminar flow (e, ¢, =0). This
behavior is attributed to enhanced surface heat-transfer rate
associated with an increase in the random spots of tur-
bulence along the streamwise direction.
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Pressure Fluctuations
on Hypersonic Vehicles
Due to Boundary-Layer Instabilities

A. Demetriades*
Montana State University, Bozeman, Montana

T is generally agreed that a sequence of intense traveling

waves appears in the hypersonic laminar boundary layer of
cones in the region preceding the transition to turbulence.!”’
Consisting of oscillations in the fluid velocity, density, and
temperature, these waves are aligned with their fronts normal
to the flow vector and are apparently due to the so-called sec-
ond instability mode predicted by linear stability theory.® The
connection of these ‘‘laminar waves,”” which represent the
selective amplification of small ambient disturbances, to tran-
sition has been under experimental study for some time; their"
regularity and intensity, however, extends their possible im-
portance beyond the issue of stability. For example, these
waves may be dependable announcers of impending transition
and may be ubiquitous and dominant features of the laminar
portion of the flowfield, even for pitching or rolling
(maneuvering) vehicles. Furthermore, because of the great
strength of vorticity-generated pressure waves at hypersonic
speeds, they may be important sound and vibration
generators. These questions should be of interest to vehicle
designers and are addressed in this Note.

Two recent experiments®!® performed in Tunnel B of the
Arnold Engineering Development Center (AEDC) now pro-
vide interesting new results concerning the detection of the
waves microphonically and also while the cone is pitching or
rolling. Both tests were done in AEDC’s Wind Tunnel B at
stream Mach number M, =8 (edge M, =7) on slender, sharp-
tipped cone models on which transition events were recorded
over a wide variety of simulated ‘‘maneuvers’’; these included
both static and dynamic (continuous) changes in unit
Reynolds number Re’ and angle of attack « and also rolling
motions at angle of attack. Attached flush on the surface of
the models were a number of commercial pressure transducers
acting as ‘‘surface microphones.”’ Also installed within the
structure of the models were a number of special ‘‘subsur-
face” pressure-sensitive transducers’ separated from the
airflow by a portion of the model structure skin that was 0.38
cm thick ATJ graphite in the first experiment® and carbon
phenolic of thicknesses of 0.13-0.76 cm in the second.!® This
solid ‘‘shield”’ interposed over the subsurface microphones
protected the latter from the hot fluid (and, in flight, from
bombardment by ablation products); but it could also divert
to the sensors acoustic signals from remote stations of the
model through its structure and thus decrease their sensitivity
to purely local events.

To test this possibility and to evaluate both the surface
and the subsurface microphones as indicators of localized
pressure fluctuations on the model, a variety of additional
sensors were utilized for comparison. These consisted of the
wind tunnel shadowgraph system, model surface pressure
taps, surface thermocouples and heat-transfer (Gardon)
gages, and externally supported probes such as pitot and
pitot-acoustic (dynamic pitot) probes and hot-film anemo-
meters. The surface and subsurface microphones and the
film anemometer had a frequency response suitable for
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fDesignated as ‘‘boundary-layer acoustic monitors’> or BLAM by
their manufacturer, Kaman Sciences Corporation, Colorado Springs,
CO.
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Fig. 1 Output spectra of surface microphones located on the same

ray at 85 cm (top) and 103 cm (bottom) from the cone tip during a
continuous variation of unit Reynolds number, at a=0 deg.

responding to the cone boundary-layer turbulence and far
exceeding the frequencies inherent in the model maneuvers.
Special attention was paid to spurious noise in the
microphones due to the electronics, to structural vibrations,
and even to sound radiation from the wind tunnel sidewalls.
For example, a special test was made to see if microphone
outputs, mistaken for boundary-layer signals, could be
generated by water circulating in various cooling conduits
within the model. As another example, the direct tunnel
sidewall radiation effect on the microphones was checked by
asymmetrically tripping the model boundary layer with a
roughness patch. As a result of such tests, which are detailed
in Ref. 9, the influence of extraneous factors on the data
presented here was identified and minimized or eliminated.

The consensus of the nonmicrophonic sensors employed in
these two experiments showed an orderly and repeatable
transition process on the cone models. For example, at o =0
deg, transition began at a wetted-length Reynolds number
Re, =4 x10%. Nearly identical results have been routinely ob-
tained in the same wind tunnel with similar slender cone
models over the past several years.>®!! Hot-wire and hot-
film anemometers immersed in the boundary layer on such
occasions, past and present, have regularly detected the
amplified laminar waves; typically, the waves become visible
as early as Re,=10% with frequencies of 50-200 kHz and
have a wavelength very nearly twice>® the boundary-layer
thickness 6. Their detection has been so far limited to the
flow-immersible sensors mentioned and to the wind tunnel
optics. We shall now show evidence that they also create in-
tense pressure fluctuations detected by the surface and sub-
surface microphones.

Figure 1 shows the output spectrum of two surface
microphones, one at 85 ¢cm and the other at 103 ¢cm from the
cone tip, obtained at =0 deg as the wind tunnel pressure
was varied over the range 0.5 <Re’ <2 x 10%/ft. Apparently,
the laminar waves cannot be sensed for Re, < 1.5x 108, but
they are thereafter clearly seen at about 100 kHz and, of
course, vanish after turbulence has been established at about
Re,=4x10° The observed frequency is in full agreement
with the f=U,/26 rule noted earlier (U, is the edge velocity);
in fact, if plotted in the nondimensional coordinates of
stability diagrams (e.g., Fig. 8 of Ref. 5), the energy peaks
of Fig. 1 would produce points on the upper neutral branch
of the second unstable mode. The outstanding feature of this
wave motion, however, is its intensity: the contribution of
this motion is seen, from th~ spectra of Fig. 1, to equal or
exceed all those at other frequencies, whether in laminar or
turbulent flow.

A demonstration of a typical subsurface microphone
response is combined in Fig. 2 with a view of a continuous
pitching (angle of attack) maneuver at Re’=10%/ft as
recorded by such a sensor. This figure shows the response of
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Fig. 2 Output spectra of the surface microphones at 85 cm (top
row) and 103 ecm (bottom row) from the tip and of a subsurface

microphone (middle row) at 85 cm during a continuous pitching-
down maneuver at a unit Reynolds number of 10°/ft.
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Fig. 3 Ouput spectra, at various intervals of the roll period 7, of
the surface microphones at 85 cm (top row) and 103 cm (bottom
row) and of the subsurface microphone at 85 cm (middle row) dur-
ing model roll at o= 1.25 deg and Re’ = 10%/ft.

the two surface microphones of Fig. 1 (top and bottom row)
and of a subsurface microphone at 85 cm from the tip (mid-
dle row) at a depth of 0.76 cm during continuous ‘‘pitching-
down”’ motion (from «>0 to <0 deg). All three sensors
were located along the top ray of the cone and the graphs in
each row show the output spectra at the indicated angles of
attack. When a>0 deg, all three sensors are on the leeward
meridian ray and, when «<0 deg, they are on the windward
meridian ray; the spectra for >0 deg on the left side of Fig.
2 indicate turbulent flow and those on the right for o <0 deg
show laminar flow for all three sensors, indicative of the
well-known transition asymmetry for pitched cones (e.g., see
Fig. 2 of Ref. 12).

The transition between these two regions is again marked
by spectrum peaks at the laminar wave frequency. The em-
phasis here is on the complete coincidence in the peak fre-
quencies between the subsurface and surface microphones ly-
ing at the same position on the model (which are represented
by the first two rows of Fig. 2). Note that the subsurface
microphone signal at the laminar wave frequency is a smaller
part of its total output, which also includes intense low-
frequency signals due to incoherent electronic and structural
noise. Another example of microphonic response to the
laminar waves is shown on Fig. 3. Here, the model is rolling
with period T=1 rev/s at Re’ =10%/ft while pitched at
a=1.25 deg and the spectra of two surface microphones
(first and third row) and the subsurface microphone (second
row) are recorded at intervals of 7/6. The two surface
microphones detect the laminar waves at different times in
the roll cycle because of their displacement along the same
cone ray and because of the asymmetric transition on the
yawed model. The subsurface sensor, located at the same
spot as the top surface microphone, detects the laminar
waves, albeit faintly (arrows on Fig. 3) in coincidence with
the latter.

Predictably, all subsurface microphone response to the
laminar waves usually deteriorated as the distance between
the surface and the transducer increased, i.e., when the
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microphone was buried deeper within the surface. It would
serve no useful purpose to further trace this attenuation in
the interior model structure at this point, which is complex
and peculiar to the model design.

This work has demonstrated that flow instabilities at
hypersonic speeds generate intense pressure fluctuations on
the cone surface, which do penetrate the surface to some
distance and which persist with regularity even when the
cone executes maneuvers relative to the flight vector such as
pitch and roll. At a boundary-layer edge Mach number M,
of about 7, the results of Refs. 2, 4, 5, etc., indicate that the
frequency of these oscillations scales with f and the edge
velocity U, as f=U,/26; it should be noted,!* however, that
this scaling is invalid for M, <2.5. Finally, it must be also
noted that these are Mach number ranges (e.g., M,=3) for
which monochromatic oscillations do not appear®'* and that
at still lower M, levels the laminar waves would be incapable
of producing pressure fluctuations intense enough to be
detected on the surface.
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Introduction

HIS Note presents the experimental results of the effects

of longitudinal and transverse electric fields on the flame
propagation velocity of premixed methane-air flame in a ver-
tical tube. This is the second and final report of an earlier in-
vestigation! in which the effects of electric fields on blowoff
limits of methane-air flame were reported.

Observations of changes in flame geometry and propaga-
tion velocities under the influence of electric fields have been
made for many years. Evidence indicating an increase in flame
propagation velocity is incomplete and contradictory.>s
Under similar conditions, electric fields are known to have in-
creased, slowed down, or extinguished combustion. The posi-
tion effects of electric fields on blowoff limits of methane-air
flame have encouraged the authors to undertake the present
investigation.

Apparatus and Procedures

The experimental configuration for the determination of
flame propagation velocity of methane-air flame is shown in
Fig. 1. The experiment was conducted at room temperature
(76 deg) and atmospheric pressure (760 mm Hg).

The experimental apparatus consists of a vertical pyrex glass
tube (151 ¢m long, 5 cm i.d.), a polyethylene mixing pump,
platinum electrodes, capillary tubes, a mercury reservoir,
photodiodes, and other components, as shown in Fig. 1. A
manometer was used to indicate the amount of evacuation of
the vertical flame tube and to make sure that no undetected
leaks developed in the system.

Two TIL-63-type photodiodes were used to detect light
signals from propagating flames. A longitudinal electric field
was obtained by placing two aluminum rings (1.54 ¢m wide
and 5 cm in diameter) around the glass tube, 5 cm apart. The
upper ring was then connected to the positive terminal of the
high-voltage supply. A transverse electric field was established
between two 110-cm-long, 2.54-cm-wide segments of
aluminum pipe placed diametrically opposed to each other
outside the pyrex tube and held by masking tape. The two elec-
trodes so formed were connected to the positive and ground
terminals of the high-voltage supply.

Before an experiment, the barometer and manometer
readings were taken. The gas and air, dried by passing through
a drying tube containing calcium chlorides, were then ad-
mitted into the flame tube. The mixture composition was
measured accurately by admitting the components slowly
through the needle valves and measuring the partial pressures
with the mercury manometer.

The mixing of gas and air was done by the mixing pump
which was operated for about 15-20 min for stoichiometric
mixtures and 25-30 min for rich or lean limit mixtures.
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