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Fig.1 Comparison of different controllers in terms of probability of
not satisfying the project requirements.
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Fig. 2 Relation between the reliability index and the probability of
failure.

Obviously, the optimal controller is the one which belongs to
S and which minimizes the probability of not complying with the
designrequirements. A response surfaceapproachwas used to relate
the values of the aerodynamic derivatives, which are known with
uncertainties, to the corresponding value of Ny.

In Fig. 1, the results of the probabilistic analysis are reported in
terms of the reliability index 3, where the different behavior of the
deterministically equivalent controllers may be compared. The re-
lationship between B and the cumulative probability is reported in
Fig. 2 for completeness. In particular, Fig. 1 shows the probability
of reducing N, for the controlled system. The open loop value of Ny
is 0.0874, consequently,all the reported controllersshould bring the
value of Ny below approximately 0.07 to comply with the design
requirement. As can be seen, different behaviors are obtained for
different controllers even though the same N, reduction has been
achievedin the deterministic case. Obviously, the best controllerin
the set is the one represented by a continous line. Recalling that
N, is strictly related to the stresses on the aircraft, this reduction
should resultin a different behavior of the structure with respect to
fatigue performance and, accordingly, should affect aircraft inspec-
tion strategies.

Conclusions

The aim of this Note was to study the effects of parameter uncer-
tainties in the design of a control system in order to properly define
the design with respect to the satisfaction of the design constraints
thatthe controlledstructureshould meet. A case study was presented
which clearly shows how the use of a probabilistic analysis may
help the engineer in evaluating the uncertainties that are inherently
presentin almost every design. Structural reliability methodologies

were used to constitute the probabilistic framework to perform the
analysis. The results appear to be promising for obtaining a more
rational guideline for project development by properly taking into
account the uncertainties in the design variables.
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Introduction

HE boundary layer flow over hypersonic vehicles plays a sig-
nificant role in determining the performance of engine inlets,
lifting surfaces,and control flaps. It is therefore critical to have a de-
tailed understandingof relatively simple boundary-layerflows, such
as that which develops over a flat plate, to assess possible design
inputlimitations for these systems. One characteristicof hypersonic
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flows encounteredin practical situationsis the presence of so-called
“real-gas” effects, such as dissociation and vibrational relaxation.
These processes can be particularlyimportantin hypersonicbound-
ary layers, where viscous heating can raise the temperature to many
times that experienced in the main-stream flow. Despite this fact,
there have been few experimental studies of hypervelocity (that is,
high-enthalpyand hypersonic) boundary-layerflows where real-gas
effects are significant.

Previously, measurements of surface pressure and heat transfer
under hypervelocity conditions have been found to agree well with
theoretical predictions.! In contrast, measurements of the density
profile have found an apparent surfeit of density in the boundary
layer,>* with compressible boundary-layer theory underpredicting
the measurements by up to 50%. At first glance, this would appear
to be caused by chemical and vibrational nonequilibrium induced
by viscous heating. However, rate calculations indicate that these
processes cannot be used to explain the observed discrepancy. Fur-
ther, experiments on low-enthalpy boundary-layer flows have also
measured densities greater than those predicted by boundary-layer
theory. A possible explanationfor this disagreementis that the mea-
surements were performed using a line-of-sight technique, Mach-
Zehnder interferometry. Flow spillage from the sides of the model
would therefore have caused the effective optical path length to be
smaller than for an ideal two-dimensional flow. The density varies
inversely with optical path length, and so spillage would result in
higher density being observed.

One way to obtain data which is free from edge effects is to use a
techniquethat gives a cross-sectionor slice through the flow, such as
planar laser-inducedfluorescence (PLIF).* For this reason, we have
performed PLIF thermometry on a hypersonic flow over a flat plate
to resolve the discrepancies between experimental boundary-layer
profile dataand theoretical predictionsat hypersonicconditions. The
theoreticalpredictionsare calculated with a high-resolutionNavier-
Stokes solver. The experimentalflow is generatedusing a free-piston
shock tunnel.’ This facility is capable of producing a high-enthalpy,
high Mach number freestream flow in which real-gas effects can be
appreciable. For this preliminary study, however, we have chosen
to focus on a flow condition that is chemically and vibrationally
frozen to separate the fluid dynamics from the molecular physics of
the flow.

Computational Method

The flow is computed using a high-resolution Navier-Stokes
solver, the full details of which are presented elsewhere ®7 For the
present computations, the flow is treated as a perfect gas with con-
stant ratio of specific heats, y = 1.4. The freestream conditions are
detailedin the next section. The meshis 151 X 81 in the streamwise
and transverse directions, respectively. Computations with double
the number of cells show only minor differences. The meshis refined
to capture the leading-edge region and wall stretching is applied,
which is sufficient to capture the near wall behavior for laminar
flows. The computed temperature field for the present flow shows
that the boundary layer grows rapidly near the leading edge corre-
sponding to the strong interaction region. By about 10 mm from
the leading edge, the boundary layer growth is more gradual, cor-
respondingto the weak interactionregion, wherein the experiments
were conducted. The temperaturerises from the edge of the bound-
ary layer until it reaches a maximum of 1200 K close to the wall.
Thereafter, the temperature decreases until it reaches the wall tem-
perature of 295 K, as expected from boundary-layertheory (see, for
example, Ref. 3).

Experimental Method

Flow Conditions and Model

The experiments were performed using the T2 free-piston shock
tunnel at the Australian National University. A description of the
shock tunnel and its operation is given by Stalker.” The T2 nozzle
hasa 15-degfull-angleconical geometry with a 6.4-mm diam throat
and nozzle-exitdiameter of 73 mm. The primary shock speed was
2.4 km/s, which corresponds to a flow total enthalpy of 5.3 MJ/kg.
The nozzle-reservoirpressure was measured to be 27.9 MPa, and the
reservoir temperature was calculated to be 4500 K using the equi-

librium shock tube code ESTC.® The nozzle-exit conditions were
calculated using the quasi one-dimensionalnonequilibriumnozzle-
flow code STUBE.® The calculated freestream conditions were: ve-
locity u, =2.9 = 1% km/s, static temperature T, =410+ 3% K,
static pressure P,, =5 * 8% KPa, density p, =0.04 £ 6% kg/m>,
and Mach number M., =7.5 £2%. The test gas was mostly nitro-
gen (98.9% N, and 1.1% O, in the shock tube, resulting in 98.1%
N,, 1.1% NO, 0.4% O,, and 0.3% O in the test section). The flow
at the nozzle exit was both chemically and vibrationally frozen.

The flat plate model is equipped with a sharp leading edge. Its
chord and span are 120 and 50 mm, respectively. The model was
placed at a zero angle of attack, and the PLIF measurements were
made at 75 mm from the leading edge of the flat plate. This corre-
sponded to 50 mm from the nozzle exit, at which position the core
flow is approximately 60 mm in diameter. The nozzle-wallboundary
layer is laminar, and therefore the temperature and pressure distri-
butions are quite uniform radially to the edge of the core flow. This
was confirmed by previous LIF imaging measurements.

Planar Laser-Induced Fluorescence

PLIF is a spectroscopic technique that uses a thin sheet of laser
light to excite absorptiontransitions of a particularchemical species
inthe flow. Some of the absorbedlightis emitted as fluorescenceand
is collected at right angles to the sheet with an intensified closed-
camera-device (CCD) camera. By collecting this signal for two
or more different molecular transitions, the two-dimensional ro-
tational and vibrational temperature fields may be evaluated*!° In
the current experiment, the sheet enters perpendicular to the flow,
with the longest dimension of the cross-section parallel to the flow
direction.

Nitric oxide (NO) excitationis employed here because of its well-
characterized spectroscopy and desirable properties for thermom-
etry. To eliminate the hazards of handling NO, which is toxic, a
small amount of O, is added to the nitrogen test gas. Nitric ox-
ide is then produced by chemical reactions in the high-temperature
nozzle-reservoirregion.

For details of the experimental arrangement, refer to Ref. 10. The
output of an excimer-pumped dye laser was frequency doubled to
obtain approximately 5 mJ near 226 nm. This wavelength coincides
with the (0,0) A%2Z * «— X?I1 vibrational transition of NO. Part of
the beam was split off for wavelength calibration using LIF in a
flame. The remaining laser energy was formed into a laser sheet
approximately 0.6 mm thick. The energy measured from a 20 mm
section of the laser sheet was typically 600 uJ, which gives an
irradianceof 200 kW/cm? (assuminga laser pulse durationof 25 ns).
The laser linewidth was measured to be 0.18 cm™' by performing
LIF in a low-pressure room-temperature cell.

The collection optics are the main difference between the current
and previousPLIF experiments.!” The detectionsystem consisted of
an intensified CCD camera (Princeton Instruments; 576 X 384 pix-
els) with a Nikon UV lens (focal length 105 mm, {/4.5), providing
a spatialresolution of about 10 pixels per mm. To improve this, two
simple UV lenses were used as a telescope (objective and eyepiece
focal lengths 300 and 150 mm, respectively) to increase the mag-
nification. This lens combination imaged a region of 12 X 8§ mm,
producing a resolution of 45 pixels per mm. Elastic scatter at the
laser wavelength was blocked by using a 3-mm-thick UGS Schott
glass filter.

Spatial calibration was achieved by introducing a small amount
of NO into a N, bath in the test section and performing PLIF on
the static gas sample. A 5-mm-wide section of the laser sheet was
blocked,producinga PLIF signal with aknown spatial variation.The
LIF saturationirradiance I, was determined by measuring the PLIF
signal S as a functionof laser-sheetirradiance / and assuming S oc
I/(1+ 1/1y). The R,(26.5) transition was found to have a satu-
ration irradiance of 178 kW/cm?. From this measurement, where
the static gas conditions were 296 K and 1.35 kPa, the saturation
irradiance for other NO transitions and other conditions was es-
timated. For the current experiments, the level of saturation was
approximately 50%. These high levels of irradiance were necessary
because of the additional losses introduced by the telescope lenses.
Maximum intensifier gain was used for the camera.
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One PLIF image is measured for each tunnel run. Five images
were obtained for each transition and averaged. The signals were
then integrated in the streamwise direction to reduce shot noise.
The conditions change in the streamwise direction because of the
conical nature ofthe flow, however, over the small region imaged
here (8 mm) the variation was negligible. The temperature through
the boundary layer is calculated from the ratio of these signals.

Results and Discussion

The measured and calculated rotational temperatures are com-
pared in Fig. 1. It can be seen that the measured temperature falls
below the calculated value in the boundary layer, while at the wall,
the temperature is greater than that predicted. Also, the boundary
layer seems broadened or smeared out in comparison with the cal-
culation. These observations suggest that the spatial resolution of
the imaging was insufficient to completely resolve the features of
the boundary layer.

While performing PLIF tests on static NO in the test section, we
observed that the laser scatter from the surface of the model could
be sharply focused to form a 100 pm (two pixel) feature. However,
we were unable to achieve a tight focus with the PLIF signal; in-
stead, the sharp edge of the blocked laser sheet was smeared across
approximately 0.5 mm. We believe that this reduced resolution is
caused by chromatic aberrationsfrom the two extralenses employed
in the telescope. The fluorescence signal is broadband, covering ap-
proximately 40 nm, as opposed to the laser scatter which is virtually
monochromatic. Hence, we conclude that the current imaging sys-
tem cannot spatiallyresolve all of the features in the boundary layer.

To verify that the discrepancy between theory and experiment is
indeed because of the blurring of the signal, a blur function was
determined from the PLIF tests on static NO in the test section. This
blur function is a measure of how much the actual measurement
system varies from an ideal imaging system, which has perfect res-
olution. By measuring this blur function and convolving it with the
theoretical curve, we can determine if the descrepancies in Fig. 1
are indeed mainly because of the imaging system. It is important to
note that deconvolving the true temperature profile from the mea-
sured signal was not possible because high-frequency information
has been lost in the measurement process, especially at the wall
where the true profile stops abruptly.

The blur function was determined to be a Gaussian function with
a full width at half maximum of 0.6 mm. This blur function was
convolved with the theoretical temperature profile to account for
imperfections in the imaging system. Figure 2 shows the compari-
son between the blurred theoretical profile and the measured tem-
perature profile. The agreementis very good, which implies that the
discrepancies indicated in Fig. 1 are largely because of imperfec-
tions in the imaging system.

Considering the previous measurements* the minimum den-
sity in the boundary layer (which occurs at the same location as the
maximum temperature) was doublethat predictedby boundarylayer
theory. The pressure across the boundary layer will be very nearly
constant, and so this corresponds to predicting a maximum temper-
ature twice that observed in experiment. The present observations
therefore imply that the line-of-sight measurement technique em-
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ployed in the earlier studies, namely Mach-Zehnder interferometry,
was affected by flow spillage at the edges of the plate. The PLIF
technique, which capturesa two-dimensionalslice through the flow,
does not suffer from this problem.

The two transitions used here, °P;,(2.5) and P;(35.5), allow
excellent temperature sensitivity because of the large difference
in the energies (AE =2028 cm™!) of their absorbing rotational
levels. The error in the temperature can be determined from
ST/ T =6R/R XkT|AE, where R is the ratio of the two fluorese-
cence signals, k =0.695 K~! em™' is the Boltzmann constant, and
T is the rotational temperature. The main sources of uncertainty in
this experiment are laser-mode fluctuations, laser-beam attenuation
by absorption,and saturation of the moleculartransition. The pulse-
to-pulse variation in the PLIF signal because of mode fluctuations
is about 25% at the conditions encountered in the freestream. By
averaging five images for each transition, and using the favorable
value of AE/kT (7.1 in the freestream and 2.4 in the boundary
layer), the uncertainties are significantly reduced. The uncertainty
in the measured temperaturebecause of mode fluctuationsis +2.5%
in the freestream and *7.4% in the boundary layer.

Extensive modeling of the expected PLIF signals was performed
before the experiments to choose the optimal transitions that reduce
uncertainties because of beam absorption and saturation. As men-
tioned, the conditions along the laser path length are reasonably
uniform and can be approximated by a 30-mm uniform region at
the freestream conditions. The signals from the low-J and high-J
lines decrease by 12 and 0.07%, respectively, over this distance,
which causes the measured freestream temperature to be systemat-
ically high by 1.7% after 30 mm. Continuing this calculation into
the boundary layer produces a systematic error of +4% at 1200 K.
If saturation were included in these calculations, the uncertainties
because of beam absorption would be significantly reduced.

Both transitions are single and isolated and therefore should have
the same saturationbehavior as the irradianceis varied. If both tran-
sitions have the same level of saturation, then the saturation factor
(1+ 1/1,)"" will cancel when determining the temperature from
the signal ratio. The B-coefficients for the low-J and high-J lines
are 147.0and 166.5s™1(W/cm?/cm™!)~! , respectively,so the irradi-
ance for the high-J line was made ~12% less. Using the measured
laser irradiances, the systematic errors because of incomplete can-
cellation of this saturationterm is estimated to be +0.16 and +0.6%
in the freestream and boundary layer, respectively. Combining all
the uncertainites gives systematic errors of +7 and +50 K, and
random errors of £10 and =90 K, in the freestream and boundary
layer, respectively. The use of partially saturating laser irradiances
introduces a novel extension to the current use of PLIF in the linear
regime. The higher irradiances afforded by this partially saturating
approach produces much higher signal levels.

Conclusions

Temperature measurements in a chemically and vibrationally
frozen hypersonic laminar boundary layer have been presented.
The measurements show good agreement with the predictions
from a high-resolution Navier-Stokes solver. The success of this
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preliminary study indicates that more extensive measurements are
feasible. In particular, the study of real-gas effects on boundary lay-
ers can now be undertaken with reasonable confidence in the PLIF
measurement system. However, improvements to the imaging sys-
tem (to reduce chromatic aberrations) are necessary to resolve flow
features less than 0.5 mm in size. The use of partially saturated flu-
orescence signals is a novel extension to the generally-used linear
PLIF technique. In conclusion, this study would seem to indicate
that the discrepancies previously observed between measured and
calculateddensity profiles>? are most likely because of flow-spillage
affecting the line-of-sight measurement technique.
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