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(ABSTRACT)

A real need exists for a sensor capable of detecting flow-field separation on an airplane
wing during routine flight operations. A sensor of this type could lead to both improved
flight safety and increased performance. It would also contribute to future separation
control technologies. A new idea is presented for a sensor that is cost effective, easy to
maintain, durable, and highly effective. The system, known as a Therma Grid, works by
using a grid of heaters and temperature sensors to trace out the streamlines closest to the
surface.  Specific singularities in these streamlines are excellent indicators of flow
separation.  This paper addresses many of the necessary principles that are necessary to
making the Thermal Grid an operational device. An analytic design is presented that
details the system requirements and potential performance, including heater/sensor
spacing, heater power requirements, sensor time response and sensitivity needs and the
effects of changesin flow conditions.
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Chapter 1 Introduction

The problem of flow separation on the wing of an aircraft is an old and persistent

one. It'sdifficulty was well summarized by A.M.O. Smith" when he wrote,

“Ina*hard” science one could treat the problem by giving afew equations

that covered a certain class of phenomena... There are other sciences which

are mainly descriptive. Unfortunately, the specia science of stall [separation]

and buffeting lies mostly in this latter class, meaning there are only afew facts

that can be covered with any semblance of alaw.”
One of the primary issuesis predicting the transition location, which in large part
determines the thickness of the boundary layer. Transition prediction is made difficult
because of the unsteadiness of the flow, and because of sensitivity to heating and surface
roughness”. Even if transition is accurately predicted, the complexity of boundary layer
separation adds to the problem. Flow separation is complex even in steady two-
dimensional cases. This complexity is because the underlying turbulence is aways three-
dimensional and highly unsteady. Separation, unlike many other areas of fluid dynamics,
lacks a unifying principal, and the science is mostly a collection of isolated experiences.

Thus engineering prediction is difficult despite the enormous amount of datar.

Separation affects both commercial and military aircraft. On commercial
transports, areas include the high lift system, buffet margin at cruise, and increased drag®.
Poor stall characteristics can endanger both the crew and passengers®. The military can
face smilar issues especially for transports performing high ‘g’ maneuvers without buffet,
and by limiting the allowable angle of attack® for high performance aircraft. Theissue of
aircraft aging is a'so important in that repairs and even origina construction will tend to
deviate the aircraft from the exact configuration as tested during flight tests. This can lead
to small undetected areas of separation that affect drag and performance’. A system that
would monitor such flow separation could aert maintenance crews and allow the problem

to be corrected. Larger areas of separation can lead to buffet, which can cause



considerable discomfort for passengers as well as structural fatigue’. A whole new set of
problems can occur in the transonic regime if the shock strength is sufficient to separate
the boundary layer. It would be possible to provide an early warning and give the pilot
time to move away from the dangerous condition if flow separation could be detected in
it'searly stages. Any warning the pilot can receive will improve both safety and

performance.

Current methods of handling the problem of separation primarily avoid the
operating conditions where the wing would be vulnerable. Alternatively, modifications are
made to the wing when the first method isn't satisfactory. The primary means of avoiding
the separation onset is by limiting the aircraft’s allowable angle of attack. Thisisn’t
always practical due to large gusts, and the limitation it places on C_ ma. Cimax CaN be
increased by vortex generators, fences, leading edge extensions or dats, and stall strips,
which are typical on just about every modern jet transport>®. While these modifications
work, they also produce unwanted effects usually by increasing drag at some stage of the
flight where they are not needed®. A separation sensor would enable retractable devices
that are deployed in the flow only when required.

The careful design of airfoils with tailored pressure distributions and large leading
edge radii will ensure that the separation development process will be slow from trailing
edge forward®. This produces a characteristic nose down pitching moment, permitting the
pilot to move away from the condition. However, Shevell® notes that during the
development of the DC-9 it was necessary to add tab-type angle of attack sensors,
because the aerodynamic stall warning proved to be insufficient. These are an imprecise
method of monitoring separation at best. It should also be noted that thick leading edges
can produce increased drag creep at high speeds and lower drag divergence Mach

numbers at low lift coefficients’.

While these methods have worked well in providing safe aircraft, they are not

without additional problems. It isimpossible to fully account for ice, rain, or gusts which



can cause separation to occur under the right conditions,. Large margins of safety built
into the airfoil and control system design sacrifice performance. A system which could
detect the onset of separation in real time and provide warning to either the pilot and/or a
Flight Management System* could increase safety while reducing the constraints on

designers.

Further in the future, it may be possible to control separation in an active sense by
blowing, suction, or flow actuation. The ability to accomplish control over separation
could have dramatic ramifications, from the elimination of heavy and complicated high lift
systems to the ability to extend aircraft performance to high apha without the need to
resort to vortex flows and their associated increased drag. An important feature in any
such system is likely to be a flow separation sensor that would be able to sense that
separation is beginning, where on the wing it occurs and to what degree it occurs. Thus

flow control could be accomplished in a closed-loop fashion.

This study will deal with such sensors. It isimportant to realize that for such a
sensor system to be useful it must be applicable to real aircraft. This means that the sensor
must be rugged and durable. It must also detect separation that occurs on finite wings,
i.e, inthree dimensional flows. In addition, the sensor must not disturb the flow, it must
be reliable, fault tolerant, accurate, and cost effective. An ideal sensor would also be
surface mounted with little intrusion into the interior of the wing, which is occupied by
fuel tanks and other systems, so that installation on an existing aircraft would not require

an extensive overhaul.

Flow separation occurs in the air stream above the wing and the sensor must not
disturb the flow; thus the sensor must infer separation by means of measurable criteria on
the wing surface. Flow separation is not a unique phenomena; it’'s form varies significantly
depending on the geometry of the body. Classically, separation has been studied over
wings with infinite span. This represents atwo dimensional (2D) flow, and the surface
criteria have been well understood since Prandtl® first studied it in 1904. At the point of



separation, the velocity gradient (and the skin friction) become zero and the flow near the
surface reverses direction (termed “backflow’.”) This can be seen in Fig. 1-1 asdrawn by

Prandtl.

Qualitatively, 2D separation is usualy detected by surface flow visualization such
asoil flow tests or tufts. The shear forces produced by the fluid will act upon the tracer
and moveit. In the region where backflow begins, the flow upstream of the region will
push the tracer downstream, while the backflow will push the tracer upstream forming a

line normal to the flow direction.
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Figure 1-1 Two Dimensional Flow Separation®

The skin friction or velocity gradient normal to the surface can be measured to
quantitatively determine the separation location. This criteriais most often used in
numerical calculations, however it could be measured experimentally either directly, by use
of askin friction gage, or indirectly, by measuring the heat flux and relating it to skin
friction viaReynolds analogy. It should be noted that this measurement is difficult,
because the skin friction tends toward zero at the separation location and is thus very
small. The most frequent experimental technique attempts to measure the backflow by
means of athermal tuft>'®**. A thermal tuft is a device used to measure backflow by
placing sensors upstream and downstream of a wire heater dightly above the surface. A
Wheatstone bridge compares the resistance of the upstream and downstream sensors to
detect the direction that fluid heated by the central wire isbeing convected. A more
complete review of 2D separation and methods for its detection was conducted by

Simpson’. Also of interest is a 1977 patent by Mateer and Brosh™ that proposes to use a



thermal tuft on operational aircraft. However, it should be noted that this technique can
only reliably detect separation on unswept high aspect ratio wings. Even then, it will not
work near the tips where 3D flows dominate. Separated regionsin 3D flows often do not
have any backflow. Further, a device with fine wires above the wing surface cannot be

made robust enough for use on operational aircraft.

An examination of the process of three dimensiona separation shows the
conditions of zero skin friction and backflow are not sufficient or necessary™. A simplistic
way to view separating flow is to say the flow approaches a“wall” of pressure and can
either push the wall along with it or stop and jump the wall. However, if the wall is not
infinitely wide (as in athree dimensional flow) the flow has the third choice of going

around the wall.

In the search for a surface flow separation criteriafor three dimensional flows,
experience leads usto look closdly at the limiting streamlines, which are the streamlines
closest to the surface.  Examination of numerous surface flow visualization pictures
shows that a series of patterns in the limiting streamlines tend to occur in relation to the
flow separation™. One can turn to the mathematical expansion of the limiting streamlines
around a singularity in looking for an explanation for these patterns. This leads to severa
different patterns depending on the relative magnitude of the expansion coefficients. The
dominant ones are shown in Fig. 1-2. Further examination of the relation between these
patterns and separation shows that the line of separation is different from the other limiting
streamlines in that it connects these singularities, while the other limiting streamlines

simply connect to the separation line to one of these singularities™.

Thefirst of a series of examples that relate to our goal of understanding the
separation on afinite swept wing can be seen in an oil flow photo obtained by Vanino and
Wedemeyer™ and a corresponding sketch by Wang™ for awing with an aspect ratio 4.8,
tested at M = 0.7 and a = 6° asshown in Fig. 1-3. The separation line can be seen near
the trailing edge as a series of nodal points. This seemsto be typical of trailing edge



separation, which for subsonic flows is the first stage encountered as the incidence angleis
increased.

LS
Nodal Spiral Saddle

Figure 1-2 3-D Flow Singularities™

More recently this interpretation has been called into question. Y ates and
Chapman® note that for crossflow separations there are no three-dimensiona critical
points on the surface associated with separation. However, they also point out that
downstream of the onset of separation there is a strong convergence of the limiting
streamlines. Such a converge of the limiting streamlines can be noted in Figure 1-3in
what Wang termed as the line of nodal points. Regardless of the explanation the flow is
the same, and it is clear that the onset of separation can be determined by the mapping of

the surface streamlines.

Tip
Vortex

Separation
line

Figure 1-3 Separation on a Finite Wing with an aspect ration of 4.8, a Mach No. of 0.7 and an angle-
of-attack of 6 degrees'**®

The next example shows that the character of the flow can change dramatically at

higher angles of incidence. This can be seen in a sketch by Wang'® in Fig. 1-4. Here, the



separation pattern consists of an inboard spiral vortex and an outboard saddle-like pattern.
A vortex that develops at the spira node can be seen to flow downstream above the
wing's surface. While this represents an extreme case of separation, it demonstrates the

consistency of this aspect of the 3D separation process.

vortex

Figure 1-4 Sketch of Separation at High Incidence™

At transonic speeds, shock waves will begin to develop that will again change the
character of the flow. A weak shock will cause a“kink” in the limiting streamlines, while
at higher speeds the strong outboard shock of a‘l * shock pattern can cause separation.
Thisforms a series anodal point singularitiesin the limiting streamlines. Inboard, the
more basic trailing edge separation pattern of nodal points can be observed™. This pattern
can be seen in the high speed separation oil flows by Vanino and Wedemeyer™, and
sketched by Wang™ as seen in Fig. 1-5. These cases show that the presence of singularities
in the limiting streamlines are perhaps a sufficient condition to determine separation for a
wide range of cases'. Additional research shows that this also holds true for deltawing
configurations™. A more complete proof of these concepts, as well as the mathematical
basis for these singularities, is described in Tobak and Peake™ aong with other factors
such as their structural stability and bifurcation.



Trailing edge
sepa.ration

Figure 1-5 Sketch of Transonic Wing Separation Patterns**

The next logical question would seem to be how these lines could be traced by an
operational sensor system. The most obvious answer is ail flows, as has been aready
shown. However, while oil flows can produce good results, they cannot be used in an
active sense and are impractical for use on ared airplane performing day-to-day

operations.

The limiting streamlines can be shown to be mathematically equivalent to skin
friction lines’. So perhaps one could look for the convergence of the skin friction lines as
agood indicator of singularitiesin the limiting streamlines, hence separation. This can be
measured in the lab, but skin friction gradients must be measured al over the wing in
sufficient resolution, and thisis a costly and time consuming process. Thisisinfeasiblein
the world of real airplanes with unsteady flow. This study will attempt to lay out the basic
concepts of a new method. This proposed system of sensors referred to as the “Thermal
Grid” takes advantage of the limiting streamline criteria and can be used to detect

separation on an operational aircraft wing.

The remainder of this report is organized into several sections describing the initial
wind tunnel testsin the Stability Wind Tunnel, a second test series in the Open Jet Wind
Tunnel, and an analytic design study for a Thermal Grid. The last sections contain

recommendations and conclusions.



Chapter 2 Initial Wind Tunnel Test Series

Introduction

The primary goal for the work was to develop an improved, first-hand
understanding of the nature of the problem. Since numerica calculations for 3-D
separated flows are currently expensive and unreliable, awind tunnél investigation is the
best course of action. The first test was not focused on a single experimental technique,
because we were not confident what the best method would be. In this spirit, we
conducted skin friction measurements and two forms of flow visualization- tufts and oil

flows.

Wind Tunnel

The Virginia Tech 6ft. x 6ft. Stability tunnel is a continuous, closed jet,
single return subsonic tunnel that was donated to Virginia Tech by NACA Langley in
1958. Thetunnel isin excellent condition because the 600 hp d.c. motor was completely
overhauled and the windings were reinsulated in 1994. The blades for the 14 foot prop
were replaced in late 1996. In addition, the drive system was replaced in 1986 with a
customized Emerson drive that allows for precise speed control with reduced vibration,
and minimizes the cyclic unsteadiness inherent in older drive systems. The net result is
excellent flow characteristics. The test section is 24 feet long with a rectangular, 6 foot by
6 foot, cross section. The tunnel is capable of a maximum speed of 275 ft/s. A generd
layout of the tunnel in shownin Fig. 2-1.
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Figure 2-1Virginia Tech Stability Tunnel Layout

Model

A finite swept wing was placed in the Virginia Tech 6ft. x 6ft. Stability Wind
Tunnel. The particular airfoil section was not critical, since we were investigating general
Separation patterns not specific to any particular wing. It was necessary to limit the model
semi-span to 4 feet due to interference effects with the tunnel walls. Thus, the chord
dimension would need to be a balance between aspect ratio and chord Reynolds number.
It was also decided that the Reynolds number was more important based on the previous
experiments by Wedemeyer and VVanino™ who noted during their investigations of several
wings, that aspect ratio played a minor role in the development of limiting streamline
singularities. So alarge chord model was required. A suitable model was a 2 foot chord,
8 foot span, extruded aluminum NACA 0015 that was donated by Sandia National
Laboratories. This saved the cost and effort that would have been associated with
building anew wing. A 15° sweep angle was chosen as representative. The NACA
extrusion was modified by cutting the ends at 15° angles with a4 foot semi-span. This

resulted in asimple wing of constant airfoil section with no twist, taper, or camber, with a
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sweep angle, L, of 15° and an aspect ratio, AR, of 4. A rounded cap was constructed out
of foam and then smoothed over with polyester resin to close the freeend. A 2in. wide
boundary layer trip of glass beads was used, beginning around 5% chord, on both the
suction and pressure sides of the wing to insure a fully turbulent flow. A picture of the
model taken after the tests can be seenin Fig. 2-2.

Figure 2-2 NACA 0015 Wing model

The floor section of the tunnel immediately over the tunnel turntable was removed
to accommodate the model. The turntable is located beneath the center of the test section,
about 2/3 of the length from inlet. The wing was bolted to a 1 in. thick, 26 in. diameter
aluminum plate. This plate can be seen attached to the wing in Fig. 2-2. The plate was
aligned with the floor of the test section by supporting it with three 1 in. diameter and 8 in.
long steel rods that were arranged in atripod fashion. At the bottom of this tripod,
another 1 in. thick, 26 in. diameter aluminum plate was attached to the electric turntable
that was controlled from the tunnel main control panel. A thin steel plate was cut to
match the removed floor panel and a 26.25 in. hole was cut into it. This was placed where
the floor section had been, aligned with the top aluminum plate of the wing support. This
floor plateis aso seenin Fig. 2-2. The 1/8 in. gap around the circular plate allowed the

11



wing to rotate freely, thus changing angle of attack. Since the chamber that surrounds the
test section is sealed it achieves the same pressure as the test section, so leakage from this
gap was not an issue. The tests were run at afree stream velocity of 202 ft/s
corresponding to Re, = 2.5 x 10°. Thisisasufficiently high Reynolds number for

reasonable airfoil tests.

Instrumentation

The tests that were originally envisioned included skin friction measurements,
traditiona tufts and TiO, (titanium dioxide) Oil Flows. The skin friction measurements
were performed using an extension of the skin friction gages, used by Schetz and
Marshakov® in a turbine blade, modified with alarger sensor head and a longer cantilever
arm in order to measure the smaller forces associated with this subsonic flow. Thisis
most clearly seen in the approximation for turbulent skin friction developed by Schultz and
Grunow™ which shows the skin friction coefficient is inversely related to approximately
U, Since the coefficient is related to the shear force linearly with Ue, it can be deduced
that the skin friction shear force will generally increase with UZ#*.  The larger head
allowed alarger areafor the skin friction to act upon producing larger forcesin the
instrument, however it also averaged the measurements over alarger area reducing the
precision when the friction varies sharply over the sensor. The longer lever arm increased
the deflection produced by the skin friction. This deflection is detected by the strain gages
in the unit. The primary drawbacks for this application include unit size, which prevented
the sensor from fitting close to the trailing edge. 1n addition to the fact that without a
dramatic increase in depth produced by placing the lever arm normal to the surface, the
sensor is unable to measure more than one force component. The sensors were placed as
close to the trailing edge as space permitted to see what could be learned. Six cutouts
were made in the wing to install the gage, and the gage was moved between locations
during the sequence of tests. The remaining cutouts were covered with aluminum plates

that were shimmed in place. The edges of these plates were then smoothed by filling the
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steps and gaps with clay. Since the airfoil section is symmetric, these cutouts were made
on the side of the wing away from the windows. Flow visuaization experiments could
thus be performed on the side without the small disturbances likely produced by the
cutouts while maintaining the view from the control center. The suction and pressure
sides could be reversed by using negative angles of attack. The location of these cutout

can be seenin Fig. 2-3

The tufts were made using strands of yellow cotton yarn about 1 in. long attached
with transparent tape in 5 rows, starting at the trailing edge and moving forward. The tuft

patterns were video taped for later viewing.

The oil flows were performed using a mixture of oleic acid, kerosene, and TiO..
The mixture was painted in athin layer over a sheet of black Frisk Coverseal that was
attached to the suction side of the wing. After atest was completed, a clear flat overcoat
was applied to the ail to fix the resulting pattern. The Coversea was then removed and
replaced with a clean sheet for the next test. Each of these tests were performed in
increments of 1° angle-of-attack, from the angle of the initial onset of separation until the
separated flow dominated the wing. The skin friction gages were at fixed locations on the
wing, so the oil flows were used to attempt to perform measurements with the separation

line progressing over the sensor.

Figure 2-3 Location of Skin Friction Cutouts on Wing Model
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Results

The results from the tests were mixed. The skin friction gage results were not
useful. Thiswas aresult of only one force component being measured, whereas two are
really essentia for this flow problem. The second reason is that the larger angles-of-attack
necessary for the separation line to reach the sensor also produced violent buffeting that
shook the model. At this condition, the inertial loads on the sensing head dominated the
small frictional forces being measured. If a skin friction gage could be developed that
would measure two force components while being thin enough to fit in awing model, this

method might warrant a second |ook.

The tufts produced what originally seemed like realistic results. However,
comparison of the observed patterns with the oil flows showed that similar flow separation
occurred about 5° before that in the oil flow case. It is assumed that the thickness of the
yarn and the tape probably caused premature separation. This highlights the extreme
sensitivity to conditions that makes separation so difficult to predict.

The oil flows produced good results, showing patterns similar to those from other
workers. Thefirst signs of separation in the oil flows began at 15° angle of attack. A
photo of the oil flow at this condition is shown in Fig. 2-4(a). In thisand all subsequent
oil flow pictures, the trailing edge is to the | eft, and the flow is from right to left. The
deep white straight line towards the back is the paper backing the Coverseal. The edge of
the Coverseal was aligned straight and flush with the trailing edge during the actual test.
A closer look at the separated region is shown in Fig. 2-4(b).

Towards the top of the oil flow image the tip vortex can faintly be seen. The
separated region can be seen form about one-quarter span to three-quarter span at the
trailing edge. The various types of singularities are clearly visible, with aline of nodal
points along the separation line moving up into aspiral singularity. Asthe angle of attack

progresses, the separated region becomes larger. This can be seen by observing the oil
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flows at 16° angle of attack as seenin Fig. 2-5. Another spiral singularity also beginsto

form while the initial one growsin size.

(b)

(b)

Figure 2-5 Oil Flow Pattern produced at 16 degrees angle of attack

Note the marked difference between Fig. 2-5 and Fig. 2-4, considering that the only
differenceis 1° angle of attack. The progression continues into Fig. 2-6, (a) and (b),

where the oil flow images are at 17° angle of attack.
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(b)

Figure 2-6 Oil Flow Pattern produced at 17 degrees angle of attack

Both spiral singularities continue to grow in size as they move further upstream. Thetip
vortex also appears at the top of Fig. 2-6(a), and the separated region consumes almost
half chord around midspan. The last of these oil flow imagesisin Fig. 2-7 with the wing
at 18° angle of attack. At 18°, the wing flow is consumed in a massive spiral vortex. The

only flow features that remain are the tip vortex and the massive separation singularity.

(@)

Figure 2-7 Oil Flow Pattern produced at 18 degrees angle of attack
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Note that the entire progression from when separation was first detected at the trailing
edge to the last case of massive separation only covers 3° angle of attack. This shows

again the apha sengitivity inherent in these flows.

Although these patterns are not identical to those described earlier, they are similar
in that the separated flow can be characterized by the same types of singularities. A high
Reynolds number test bed has been developed, and separation patterns have been recorded
at aprogression of angles of attack. This proved to be essential to prototype testing,

when the building blocks of aworking sensor were established.

17



Chapter 3 The Thermal Grid

It was clear after theinitial tests that old ideas of detecting 2D separation would
not work for cases where 3D flow dominates, as for afinite wing. Instead of simply
measuring backflow, it is necessary to map out the limiting streamlines in the region where
3D separation might be expected. The expected flow pattern in this region would be
determined for a particular wing configuration in the wind tunnel, and other tests would be
performed beforehand. We began to search for ideas that might develop into a workable
sensor capable of accomplishing this goal, using present day technology in a cost effective
manner. We developed a concept called the Therma Grid. The Thermal Grid isagrid of
inexpensive heaters and temperature sensors with one, the other, or both located at each
node of the grid. The underlying principle isthat when a heater produces a burst of hezt,
the resulting heated mass is carried along with a streamline close to the surface.
Temperature sensors are located at the nodes surrounding the heater, with the nodes
spaced such that the heated mass can be detected before it |eaves the perimeter. One
element of such a configuration can be seen in Fig. 3-1. Taking the information of which
sensor(s) detected the heated mass, how much heat was detected by each sensor, which
heater it was emitted from, as well as the amount of heat released, the direction the heated
mass was convected can be determined. This physical principal of a single element of the
proposed Thermal Grid has some similarities to that of a Thermal Tuft. However, here
the temperature sensors would each measure temperature absolutely, as opposed to
differentialy. This makes the logic of the system more complicated, but adds increased
capability. In the case where the heated mass would pass between two sensors, diffusion
would spread the heated mass and allow portions of it to be detected on either side. The
relative balance of the heat to either side can provide a reasonable approximation of the

limiting streamline direction.
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Figure 3-1 Graphical representation of one element of a Thermal Grid

Elements such as this are then be stacked to give a good baseline example of a
working Thermal Grid. Since the flow direction is not known beforehand, the
heater/sensor system should not be set up with any directional bias. For this reason the
heaters and sensor should be either round or square. In this case, each node of the grid
will contain both a heater and a sensor, with each node behaving as one or the other at any
instant in time. The spacing of the nodes is equal in both surface dimensions, such that the
heated mass will decay beyond detection just beyond the distance of the diagonal of the
resulting square. The process would begin with the first heater releasing a burst of heat.
That heat will be detected by atemperature sensor in the area where the limiting
streamline carriesit. At this point, the next heater, located at the same node as the
detecting sensor, will release it’s own burst of heat and the process will be repeated. This
processis envisioned in Fig. 3-2. In the figure, the white circles are the heat sensors and

the black dots represent heaters that were momentarily triggered.
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Figure 3-2 Simple representation of the Thermal Grid
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This process will effectively trace alimiting streamline in an simple, rugged, and non-
invasive manner. If multiple streamlines were traced, the types of singularities that would
denote separation, such as nodal and spiral points, could be observed. Prior knowledge of
the expected flow pattern would give clues as to what type of singularities would be
expected. The sensor system could accomplish the identification through the use of a

Neural Network that has been trained to recognize these patterns.

The general notion of the Therma Grid is much more extensive than the above
baseline description from which more complicated versions can be developed. Some of
the more obvious modifications can be made to increase both the speed at which
information on the flow field is obtained and the reliability with which the system will
operate. In addition, analysis might also show that a nodal pattern different from the
baseline square might be more optimal. The best method for increasing the speed of
information collection would be the ability to track more than one heated mass at a given
instant in time. Since the process of separation is so sensitive, this parallel processing
would be essentia for the timely detection of onset. The primary consideration necessary
for such a capability would be to avoid confusion of the various signals. Thiswould lead
to one of two possibilities. The first isssmply to space the active heaters far enough apart
such that the paths of the heaters would not overlap. A demonstration of this can be seen
inFig. 3-3.

O @ OO0 O @ O O O
W \

O O 00O O OO0 O O

Ooooooo/oo

O O 0O O O @& O O

O O OO0 O O O O O

Figure 3-3 Thermal Grid in a Parallel Process
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The other option would require the ability to distinguish one heated mass from another,
perhaps by varying the pattern with which the heat isreleased. This capability would

require both heaters and temperature sensors with fast time responses.

The second refinement would be to space the sensors such that two or three
temperature sensors fit within the distance it takes the heated mass to fully diffuse. See
Fig. 3-4.

Distance for Thermal Mass
to Decay |

® o O O

Figure 3-4 Thermal Grid Refinement for Reliability

While this would increase the total number of sensors used within the system, it would
also considerably increase the system reliability. Since the baseline system would involve a
large number of sensors, the probability of any one sensor failing would not be
unreasonable over the life of an aircraft. In the baseline configuration, loss of one sensor
could result in alost signal that would be detrimental to the timely detection of separation.
Fitting more sensors in the same space, while increasing the probability that any one
sensor might fail, would dramatically decrease the probability that all the sensorsin the
path of a heated mass would fail, thereby preventing the loss of asignal. The monitoring
computer system could easily detect which sensors repeatedly fail to respond. Thiswould
speed repairs and lower the operational cost of the system. Increasing the number of
sensors would a'so refine the resolution, and thus the degree of curvature, of the patterns
the system would be capable of tracing. It would also decrease the need for inferring the
direction of a heated mass that passes in between two sensors. If the heat passesin
between two sensors in the first row, the angles work out so that it is more likely to hit a

sensor in the second or third row. This can be seenin Fig. 3-5.

While the benefits of increased sensor density are clear, this would also make the

system more complex and expensive. Providing that sensors with adequate performance
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can be purchased or manufactured at an affordable cost, the sensor density can be decided
in the final analysis. It should also be noted that in this situation, there no longer needsto
be a heater at every node in the grid, as in the baseline case.

O O O O O
o O o O
O O OW\O O
o O O O
o O O O

Figure 3-5 Benefit of Increased Sensor Density

Besides the obvious spacing question and the decision of which of the devices
should be placed at a given node, there are numerous other variables that need to be
considered for areal system. For the heater these include size, power rating, and temporal
response to maximum temperature. The temperature sensor will also have requirements.
Including sensor size and time response. Effects like the efficiency of heat transfer from
the heater to the air stream, the length of time of the heat burst, as well as the thermal
conductivity of the substrate material will also need to be studied. It is aso important to
consider the ability of the devices to withstand the harsh external conditions, from rain to
deet toicing, al at very high speeds. Since the devices are likely to be located around the
trailing edge, they should not take maximum loads. However, they will need to be very
robust. One of the most difficult balances is likely to be the need for rugged devices as
well asfor fast time responses. In generd, it holds that smaller devices are more fragile

and have less thermal inertia. A low thermal inertiais equivalent to afast time response.
In making the Thermal Grid areality, these and many other question need to be

addressed. Additional difficulties will include the wiring of alarge number of sensors as

well as the development of the logic to run the system and to interpret the resultsin real
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time. Whilethisislikely to be a computationally intensive task, the ever increasing speeds
of modern computers should be able to address this last issue. With all this considered, it
is clear that the Thermal Grid is capable of becoming a cost effective, high speed, rugged,

noninvasive means of detecting 3D separation of the type that occurs on an aircraft wing.
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Chapter 4 Open Jet Tunnel Test

Introduction

Following the formulation of the principles behind the Thermal Grid, it was
determined that a more affordable means of system development was needed. While the
stability tunnel performed well in the earlier tests, the costs that would be associated with
an ongoing sensor development program was prohibitive. This led to the development of
a second test bed that could be used in the Virginia Tech Open Jet Tunnel. This enabled
evaluating various systemsin areal flow and debugging any system troubles without the
pressures of work in afull-scale tunnel environment. Since the open jet tunnel is primarily
used for undergraduate labs at Virginia Tech and has generally poor flow characteristics, it
is often left unused and has no associated run time costs. It was decided to use this model
to attempt to simulate the most fundamental process of the Thermal Grid, i.e. passing a
burst of heat from a heater to a temperature sensor downstream. While this process has
been performed many times with Thermal Tufts, this experiment involved attempting this
process using inexpensive Resistive Temperature Devices or RTDs as opposed to much
more sengitive fine wires. These devices have severa advantages for application to a
Therma Grid. Primarily, they are inexpensive, small, durable, and their accuracy is very
stable over long periods of time. All these are essential e ements for the sensing element in
aTherma Grid. The other unique advantage of a RTD is that when a current is passed
through one, it will act as an electric heater. Thiswould be highly advantageous for the
Thermal Grid because it would only require the installation of a single device at each node
of the grid to get the functions of both the heater and the sensor. Such afeature could
dramatically lower the total system costs for a Thermal Grid. This can be done because a
node will only perform one of these two operations at agiven point intime. The

OMEGA" literature for thin film RTDs also indicated quick response times and a very
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high destruction voltage. Also, oil flow tests were conducted to verify the flow features

that might be examined in the future.

Tunnel

The Virginia Tech Open Jet Tunnel was designed and constructed by members of
the Virginia Tech Aeronautical Faculty. The tunnel is an open-throat return type of tunnel
with a 3-foot test section. It was constructed of plywood that was made smooth with
shellac and varnish. The tunnel consists of a circular tube with diameter ranging from 39
in.to 72in. Itispowered by a35 H.P. DC motor and uses a four-bladed Hartzell
propeller. All thistrandates into a maximum tunnel speed about 150 miles per hour
without blockage. A Pitot-static probe is connected to a water manometer graduated to
read 0.01 in. H,O, which is used to determine the dynamic pressure. A schematic of the

tunnel can be seenin Fig. 4-1.
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Figure 4-1 Virginia Tech Open Jet Tunnel
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Model

The model used in the open jet facility was as similar as possible to the model
developed for the stability tunnel. It was, therefore, decided to make use of the remaining
piece of the extruded aluminum NACA 0015. Thewing has a2 foot chord and is
constructed with ¥4 in. aluminum skin and %2 in. aluminum spars running the length of the
wing. These spars, in effect, formed 5 chambers, each running the length of the wing.
The 15° sweep was aso maintained, as used for the stability tunnel model. Due to the
limited test section size of the open jet tunnel, the model was limited to a two foot span.
This resulted in an aspect ratio of 1. In order to limit the three-dimensiona effects due to
the low aspect ratio, it was decided to add end plates to both ends of the wing.

The endplates were each 30 in. in diameter and were constructed of 1/8 in. steel
with rounded edges. An aluminum insert was cut to shape, inserted, and then bolted into
the center most chamber in one end of the wing. The insert was tapped for a2 in. thread.
A 1in. pipe was then threaded so as to screw into the insert perpendicular to the wing
edge. This pipe had two purposes. One was to support the model and allow it to be
rotated to various angles of attack. The second was to support the endplate. Four small
screws were also screwed into the wing skin through the endplate to prevent it from
rotating relative to the wing. This setup allowed the endplate to be removed, if necessary,
while the pipe still supported the model. The wing end was sealed with duct tape for the

case when the endplate was not attached.

On the opposite end of thewing, 4 taps were created at the four corners of the 2™
chamber from the front. An additional %2 in. tap was created at the trailing edge. These
five holes were used to bolt the wing and the second steel endplate together at a given
angle. A %2in.x 1in. x 6in. steel bar was then bolted to this second endplate with the long
dimension perpendicular to the plate. Two cross bars were attached to the tunnel across
either side of the test section. A clamp was attached to the center of one cross bar to

accept the pipe and allow it to rotate while supporting the wing. The steel bar was then
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bolted to the opposite cross bar. This held the endplate at a fixed angle and locked the
wing into an angle relative to the endplate. This angle was defined by the position of the 5
holes in the endplate to which the wing was bolted. A series of sets of holes were created
at various angles in the endplate to alow the wing to be bolted at multiple angles of
attack. A set of 1 in. wide boundary layer trips were created from strips of a sanding belt
and were taped near the leading edge to the upper and lower surface.

The model can thus be operated at a series of predefined angles of attack, both
with or with out the endplate on the pipe end. A picture of the model installed in the test
section of the open jet wind tunnel can be seen in Fig. 4-2. One can note in this figure that
the removable endplate has been taken off. Thetrip strip, and pipe support, as well asthe
swept leading and trailing edge can also be observed.

Figure 4-2 Test Bed Model in Open Jet Tunnel Test Section
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Instrumentation

The oil flows were conducted first. These were performed according to the same
techniques used in the earlier stability tunnel tests as described in Chapter 2. The RTD
setup involved several components. The RTDs themselves were actually know as TFDs
or Thin Film Detectors as sold by OMEGA"’. This device was chosen because it was cost
effective, rugged, and small. The device measures the temperature by observing the
resistance change of platinum which varies linearly with temperature and is very stable
over along period of time, even with rapid cycling. Because the Therma Grid sensors
will work independently, it isimportant for their output to not significantly differ from
each other for the same input. OMEGA™ claimed the TFD has an unspecified “fast”
response time and a voltage necessary for destruction of 100V (DC).

The ail flows showed that the streamlines were straight near the center of the
wing. The RTDs were placed along one of the visible streamlines with one 1 in.
downstream of the other. They were attached to the wing with high temperature tape
such that the wire connections pointed to the fixed endplate. The wire connects and wire
edges were then smoothed over with a small amount of clay. The upstream RTD was set
up to be used as a heater, and the downstream RTD was to be used as a temperature
sensor. The upstream sensor was connected to a high voltage DC power supply through a
5v DCrelay. The sensor RTD was connected to a constant current or trans-conductance
amplifier. The amplifier worked by accepting a constant voltage input which was
transformed into the constant current signal, with the output current directly proportional
to the input voltage. In this case, the amplifier was setup such that 1v = 1.9mA. A
feedback system monitored the current being drawn and rapidly acted to maintain it

constant.
An IBM compatible PC was used to conduct the experiments. The PC was
equipped with a DAS-20 D/A, A/D converter manufactured by Keithley-Metrobyte. The

DAS-20 was controlled by means of the LabTech Notebook data acquisition software. A
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routine was written that would output a voltage for the constant current amplifier; at the
same time, it would trigger a5v DC signal for the heater relay and then monitor the output
voltage off of the sensor RTD. The constant current amplifier signal was set to 2v DC.
Thisresulted in a sensor current of 3.8mA. It was necessary to use a buffer on both the
5v signal for the relay and for the DC volt signa for the constant current amplifier to not
load down the D/A converter. The measured sensor voltage was directly related to the
resistance, and thus the temperature, because of the constant current. During one test, a

multimeter was installed along the current line to ensure that it stayed constant.

The test was run several times. The wing was set to 10° angle of attack, with the
removable endplate taken off. The heater voltage was set to different values to determine
how the RTD would perform under high voltage situations. The heater was originally set
for 90v DC which is below the stated 100v destruction voltage. For some runs, the tunnel
was on and for others the tunnel was off to ensure that the measured temperature wasn't
merely being conducted through the aluminum wing. The tunnel-on cases were all run at
the tunnel maximum speed. This was expected to be substantially reduced due to the fact

that the large wing presented a considerable amount of blockage.

Results

The results from this test were mixed. The tunnel was run at about 81.7 ft/s. The
heat produced from the heater was eventually detected downstream. The heaters effects
on sensor output were minimal when the tunnel was off. This confirmed that the heat was
convected by the air, and not conducted through the aluminum substrate. However,
severa key points were learned about the RTD. Firgt, the listed 100v DC destruction
voltage was far from accurate. When the heater was set to 90v the RTD was instantly
destroyed. Later at 65v, the heater was aso destroyed but only after several minutes of
operation. The RTD did not explode but was melted, because heat was produced
internally faster than it could be transferred out of the heater. It was found that the high
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temperature tape was not sufficient to hold the heater RTD in place, but a silicon based
adhesive worked well. The other key disadvantage of the RTD was that the time response
was very slow, on the order of 10 seconds. The OMEGA*"’ catalog was misleading when
it claimed afast response time. The results are demonstrated by two examples. In one
example, the heater was run for 10 seconds. The voltage from the sensor was monitored,
and it did rise. However, the voltage change was only DV = 0.000244. Note that this was
with a3.8mA current. Thus, this corresponded to a resistance change of only 0.0642W.
The RTD calibration as given by OMEGA"’ reported that there should by a 0.38W change
for every 1°C = 1.8°F and that it thisis linear over avery wide range of temperatures.
Thus, it can be inferred that the sensor only detected a 0.31°F change. When the wind
was off, that sensor output voltage was constant to 6 decimal places. So the temperature

rise was minimal as compared to the wind on case.

Later after the 65v heater was destroyed, another RTD was installed and run at
50v DC. Inthiscase, the heater remained on for 55 seconds. Note that the temperature
output was not calibrated to reflect a true temperature since only the DT was of
importance. The response to this can be seen plotted in Figure 4-3. It should be noted

that the “ saw tooth” motion of the grid was due to the poor resolution D/A converter.

The curve in Figure 4-3 was used to approximate the RTD sensor time response of
10 seconds. Thisfigure was later confirmed by the OMEGA technical support staff. As
can be seen in thisfigure, it takes almost the full 55 seconds for the temperature to reach
near the maximum value. For this case, the sensor output temperature had changed by
2.5°F at 55 sec. However, at 10 sec. into the run there was only about a 0.4°F difference.
Thiswas similar to the result for the 65v heater 10 second run, however the due to the

poor D/A resolution these results are not precise, but rather show a trend.
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RTD Response to Upstream Heater
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Figure 4-3 Plot of Relative Temperature as measured by a Thin Film RTD for 50v DC RTD heater

one inch upstream

While this might be considered a success, the heater was also eventually destroyed
at 50v DC. Thus, it was determined that these thin film RTDs make poor heaters when
used for steady heat. They also take almost a minute before reaching max. temperature so
they are also poor heaters when quick bursts of heat are desired. Thisisdirectly related to
the other disappointment; the observed time response of the RTD for sensing. If the
limiting streamline singularities are to be detected in atimely manner, a sensor response

time of this order of magnitude is not acceptable.
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Chapter 5 Analytic Design Study

The analytic study is essential to the development of the Thermal Grid. This is
because it is the tool by which the effects of the various system parameters on the system
can be judged as a whole. Since the Thermal Grid works by repeating the same process,
it is necessary to only model a single stage in the process. This involves the release of
heat from the heater, convection and diffusion downstream, and the response of the
sensor. An understanding of each one of these three pieces is essential to understanding
the way they work together as a system. The study presented here involves a number of
assumptions and idealized representations, but it should prove sufficient as a design tool

and as a foundation that later models can build upon.

The governing equation for 3D unsteady heat transfer with convection can be

written as.

T 0T 0T 90T vy W’T 9°T 9°TO
+U +V +W = + + Il 5-1
ot ox  dy dz Pr.0ox* dy* 0z2°0 (1)

The axis system is defined with the x-coordinate along a streamline, z normal to the wing

surface, and y completing the right hand coordinate system. It is assumed that the
diffusivity, (VT/PI’T) , is constant and equal in all three spatial dimensions. This

assumption is made following the steps of the work by Castro and Bieutat solved
the above equation, in it's 2-D non-dimensional form, while analyzing pulsed-wire

techniques.
Based on boundary layer assumptions, the V and W velocity terms can be

considered as negligible as compared to U in the boundary layer. This is expressed in Eq.
5-2.
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+V +W ~U —— -2
%J dX (?y dz%streamline U d (5 )

ot 0T oTO oT
X
The effective convection velocity along the streamlible, will be less than the free
stream velocitylJ,, due to boundary layer effects. To more precisely defineassume
the heated mass is primarily located in the boundary layer log region due to it's proximity

to the surface. Takindg) = Ulog region Past empirical studiésshow that for turbulent

boundary Iayersl,TA* :5.6Log10( z*)+ 49. Where 7 is the non-dimensional boundary
._Z U/
layer height,? = v - Using this, and the definition of as developed for a flat plate

1
turbulent boundary layery :0.17U§'9%%( %) we can solve folJ . From this, it can
LE

be seen that, for a fixed,zhe effective convection velocity is very weakly dependent on
X e Which is defined as the distance of a given point from the leading edge. Thus, itis
reasonable to consider constant for the small distance between heater and sensor. The
turbulent Prandtl number, Ftas historically been considered constant apndan be

shown to be constant as well. In the log region of a turbulent boundary layer, we find

v, = 041U z, substituting the definition for'ave get v. = 0.41vz* . Itis evaluated at a

representative’zand is therefore considered constant as well. The fragtibRr can

thus be replaced with a constaft for simplification. Additionally, from this point in

the derivation, the subscript will refer to the partial differential with respect to the
subscribed variable. Making the necessary substitutions into the equation (Eq. 5-1) we
arrive at the equation for unsteady temperature, steady 1-D flow along a streamline, and

3-D diffusion as seen in Eq. 5-3.

T+UT=R[T,+T,+T] (5-3)

In finding a solution to this Partial Differential Equation (PDE), it is necessary to
define initial and boundary conditions. For simplicity, assume an insulated wall. For the

Thermal Grid, the initial condition is the release of heat by the heater. We will consider
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this initial heat release to be instantaneous. A real heater would slowly ramp up to it's
maximum temperature and then ramp back down to ambient temperature when turned
off. This is the time response for a heater. The ramifications of this approximation will
be examined in more detail later. The initial condition for an instantaneous burst of heat
at time zero is seen in EqQ. 5-4. The variable Q is introduced here and is given units of

temperature. It is calculated as the temperature a unit volume of air would rise for the

amount of heat release@,= E/(p CP).
T(O,xy, 2= @(R0(Y( 1 (5-4)

The process begins with making use of the Fourier transform in order to transform
the PDE into an Ordinary Differential Equation (ODE) which has a known solution. For
the transformation to be complete, it is necessary to apply the Fourier Transform in all
three spatial dimensions. The three-way Fourier transform, and it's inverse, are defined

in Eq. 5-5, a and b respectively.

T=(2m1) > [[fTe (oo gy do, do, (5-5a)
T=(2n)™” IJ’J’Tei(“’*““W“’ZZ) dxdydz (5-5D)

The hatted variable is thereby defined as the variable transformed into the Fourier
domain. Rewriting the equation for 3D heat transfer along a streamline in terms of the

transformed variables using Eq. 5-5a; we arrive at Eq. 5-6.

(271)_3/21[[['?t —iUe, T+ K(wx2+ W+ wf)-f] dloocayyro) o dydz 0 (5-6)

Taking the integral and remembering thiatand K are constant, we obtain Eq. 5-7.

'ﬁ—iwaf+K(wx2+ W, + wzz)'f:O (5-7)

Collecting the temperature terms, one gets the earlier mentioned ODE in Eq. 5-8.

T, :[iLTa)X - K(wxz+ W+ w} )]'f (5-8)
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Likewise, the initial condition in Eg. 5-4 must also be transformed. Doing this, leads to
Eqg. 5-9.

TOw,w,w,)= Q(er)_a/2 (5-9)

Solving the ODE in Eq. 5-8 with the given initial condition gives Eq. 5-10.

-3/2 Jiﬁwx —K(wx+wy+wz)] t

T=Q(2n) (5-10)

To make physical meaning from the solution, it must be transformed from the Fourier
domain back into the spatial domain. Applying the definition of the inverse transform in
Eq. 5-5b to Eg. 5-10 yields an equation for T in Eq. 5-11.

T= Q(zn)—sj]]- éiUwX—K(wx+wy+wz)]t e—i(wxx+wyy+wzz) d&)x (d()y d)z (5_11)

This simplifies by performing the integration to get Eq. 5-12.

e-gx-m)hyzﬂz%/(mt)
)

T=Q (5-12)

8(K7Tt

Thus, we have an analytic solution for the unsteady temperature distribution in
spatial coordinates relative to the initial heater. To find the temperature distribution for a
point on the surface (z=0), simply insert the X, y coordinates for that point on the surface
as well as the appropriate constants. However, because the sensor is not a point, we will
consider the average temperaturge over the surface of the sensor. This is found by
integrating the temperature distribution and dividing by the area of the sensor while
setting z=0. For ease, the temperature sensor is considered to be square with an edge
parallel to the streamline. The width of the sensor is noted as ‘w’. The varigldad x
y ¢ are the x and y surface streamline coordinates for the center of the sensor. This

integral is shown in Eq. 5-13.
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1 Xt W2y +w/2

Te= W T dydx (5-13)

X —W/2 y.—wi/2

Substituting and evaluating the integral yields our first significant equation in Eq. 5-14.
O @il o s Bl B
Ty=—————"[lérf ¢ erf A rf {2 =—=H-erf == (5-14)

" swKimgd B 2Kt ) 2/Kt % @g/KtéL §Z/Kt

Matlab was used to examine the behavior of this solution. For a given instant in
time, Eq. 5-14 was plotted for a wide range of values foyx. The constants were
determined by setting z 54, which corresponds to the lower edge of the log region.
The kinematic viscosity was setio= 1.5723 x 10 ft?/s, as well as L= 200 ft/s, Pr=
0.7, Xg=2ft, and w =/15in. This flow field should be similar to the wind tunnel case
described in Chapter 2 and resulted in constantd of 114 ft/s andK = 0.005. This

case will be referred to in this paper as “Case A.”

The value of Q is more difficult to set for a real case. This is because of the fact
that the heat is released instantaneously in the delta function. To most accurately model a
real sensor, we consider a width for the heatgr, Mhen consider the time it would take

a small parcel of air to travel over the heatgrw, /U . We next consider the amount of

heat that the heater would be able to deliver to the fluid per unit time, P. The proper
value for P is really the possible heater output multiplied by the efficiency for the transfer
of this energy into the air. The heater output is usually a function of the surface area of
the heater multiplied by the heater’'s power density. We will consider a heater with a
power density of 20 Watts / fnas being representative. Farw¥4 in. and an 80%

efficiency we arrive at P = 5 watts. The amount of energy delivered, E, is then computed,

and the temperature to which that amount of heat would raise a cubic foot of air is
Q=Pt,/(p G,). Forthis case Q = 4.717x10

A plot of Eq. 5-14 for such as case can be seen in Fig. 5-1. Remember that the
heat pulse begins at time zero at x =0, y = 0. Attime t =0, the spike is a Dirac delta with

a volume of Q.
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Figure 5-1 Average Sensor Temperature’F) as a function of Sensor Center position relative to the
heater at t=0.057s for Case A

What should be noted from this figure is that for a given instant in time, the temperature
distribution is essentially a spike that moves along the x-axis with the effective
convection velocity. As it moves downstream, the spike also diffuses in all three spatial
dimensions so it essentially gains a larger diameter and lower magnitude. For a fixed
location, we can also make a plot of temperature versus time. Such a plot is presented in
Fig. 5-2 for x. = 0.5 ft and y. = 0 ft., that is 0.5 ft. downstream of the heater with the
streamline passing directly over the sensor. This is what a perfect sensor would observe
fixed relative to the heater and streamline. As the heated mass moves over a sensor, the
sensor’s signal would jump to the peak value such as the case above and then just as
rapidly fall back to ambient. The peak value obtained would be recorded. Note that the
pulse is only significant for approximately 0.0004 seconds, this is considered the pulse
width. Since the initial condition was an instantaneous delta function, the pulse width
here is due purely to the diffusion process. This is important because a real heater with
width wy, will produce an initial pulse of heat that lasts fpseconds. So, the

downstream observance of the pulse of heat from a real heater will be wider due to the
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addition of the initial width and the diffused width. Since for a ¥ in. heater1t8x10"
seconds, this additional pulse width would increase the pulse width observed here by
nearly 50%. While not significant at this point in the analysis, the pulse width is

intimately tied to the time response of a real sensor.

Temperature vs. Time at xc=0.5 ft, yc=0 ft
10 T T T T T

Temperature
(92
T
Il

O 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9

time (seconds) %107

Figure 5-2 Average Sensor Temperature’F) vs. Time (sec.) for a fixed sensor location for Case A

The peak temperature is valuable information. If the above situation were
repeated with an unknown streamline direction, the peak value recorded and the known
distance from the heater could be compared against the known peak values for various
situations in order to approximately deduce the distance between the sensor and the
heated mass path. Itis, therefore, necessary to know what this peak temperature would be

over the area that surrounds the streamline path.

Using Eq. 5-14, the peak temperature has been determined for the sygace x
[10°3 1] ft. and ¥ € [0, ¥4] in. This is presented in Fig. 5-3. Notice that as compared to
Fig. 5-1 the scale is compressed to better observe the data. The resulting surface shows,

for a given sensor center location, what the maximum observed temperature would be if
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that sensor output was plotted like the sensor in Fig. 5-2. This shows that as the heated
mass moves downstream it's peak decays rather quickly at first and then slows. It also

shows how little lateral diffusion of the heated mass takes place.
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o
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Peak Temperature

0.025
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Figure 5-3 Peak Sensor Temperature°F) as a function of Sensor Center position relative to the
heater for Case A

This plot of peak values can also be used to determine the spacing of the sensors.
If the sensors are only able to reliably record temperature changes abotleeh the
sensors must be spaced such that the worst case heated mass path would register at least
that minimum amount at a sensor. The surface plot in Fig. 5-3 is difficult to read, but it
gives a good notion as to how the temperature diffuses. An alternate and more accessible
means of showing the same information is by generating a contour plot. The contour plot
of peak temperatures can be seen in Fig. 5-4. This shows the actual diffusion process
even clearer. A given contour of the figure is the perimeter that a sensor must be within
to register a temperature at least that of that contour’s value. It can be seen that if a slice
of the temperature is taken a¢ ¥ 0.1 in. then the temperature will initially increase and
then fall back down as one moves in the streamline direction. This is because as the

heated mass begins it's journey it is very thin and becomes wider through diffusion as it
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progresses downstream. As the width increases, the higher temperatures come into the
slice. This is the reason for the initial increase. This diffusion process occurs in all three
spatial dimensions. The ‘X’ diffusion adds to the initial pulse width in time, as discussed
earlier. The ‘z’ diffusion represents energy that leaves the surface and is lost. The 'y’
diffusion becomes this lateral heated mass width. Eventually, these processes spread the

energy to such a degree that the temperature drops off everywhere.

To see how these results would change moving from the wind tunnel to a
commercial transport at landing condition, a Boeing 777 is examined. The landing
condition is of interest because it is a likely condition when a Thermal Grid might be
utilized. The only necessary parameters for this level of analysis are the approach
velocity and the chord length, assuming the sensor is located at the trailing edge. The
chord will be taken as the chord length just before the kickback. Her&6B.3 ft/s and
X =29 ft. All other factors staying the same, this results b a= 101.42 ft/s anK =
0.005. This will be referred to as Case B for the remainder of the paper. The peak

temperature contour plot for this condition is located in Fig. 5-5.

U=114ft/s, K=0.005, Q=4.7173087e-5, tau=0s
T T T

Xc (feet)

{ | |
0.1 0.15 . 0.25
Yc (inches)

Figure 5-4 Peak Sensor Temperature Contours’F) as a function of Sensor Center position relative
to the heater for Case A
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The constanK , is fixed with respect to the chord and free stream velocity. It

will vary with altitude ass varies. The effective velocity will vary essentially directly

with U ¢ while it varies indirectly with X to the 0.1 power. So, despite the slight increase
in U ¢ the effective velocity drops due to the large chord which gives a thicker boundary
layer. The effect ol can be seen here. For an 11% reductidd ithe peak

temperatures decay faster along the flow direction (compared to Fig. 5-4). In general, a
given contour intersects the streamline axis about 1.5 in. before the wind tunnel case
(Case A). This is likely due to the fact that the temperatures decay in time, and it takes
longer to move downstream with a lowigr. The unexpected result here is that it does
not significantly affect the lateral diffusion, with the contours exhibiting the same lateral

dimensions as seen in Fig. 5-4.

U=101.4ft/s, K=0.005, Q=4.7173087e-5, tau=0s
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Figure 5-5 Peak Sensor Temperature®F) as a function of Sensor Center position relative to the
heater for a modern transport aircraft at it's landing condition (Case B)

While the data presented so far is useful, it leaves out an important process. In the
same way that the heater needs time to ramp up to temperature, the temperature sensor

needs time to register a temperature. The time response of the sensor is important,
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because, as was seen for a quick burst of heat from the heater, the sensor only sees a
slightly diffused instantaneous burst of heat. If the sensor is too slow, it will significantly
degrade the temperature reported by the sensor as opposed to the actual surface
temperature. The previous cases are therefore limiting cases for a sensor with a zero or
perfect time response. For a more precise modeling of the process, we have attempted to
incorporate the time response of the sensor. The sensor is modeled to behave according
to a linear model as, described by Ofatahere 6 is the sensor output and the sensor

time constant is. Thus.

de
49 =T, 15
T 0=T, (5-15)

Since all temperatures are measured relative to ambient, the ambient temperature is
considered to be zero. This gives the initial conditi®®) = 0. The solution of Eq. 5-

15 can be obtained via Laplace Transforms, wi@{® andT,_(s) will denote the

Laplace domain representationsand T,e respectively. Taking the transform of Eq.
5-15 and rearranging, we get Eq. 5-16.

O(9=—Tl9 (5-16)

UsingMathematicato transform the sensor input (Eqg. 5-14), substituting into the
above equation, and then applying the inverse Laplace Transfo@rgiees an equation

for the sensor output (Eg. 5-17) for a sensor located at any position on the surface.

O ‘e Erf(a) Ef(c)  Le Erf(B) Erf(G) Le Erf(A) Erf(D)  Ler Erf(B) Erf(D)

[ — dy+ [ dt, + dt, - ag ©17)
srvﬁ/ﬂ%-! N ! Jt=t, ! t-t, ! Ji-t, “E

where

42



Applying the same constants as used for examining the wind tunnel case (Case A)
of Eq. 5-14, we can likewise udatlab to examine the predicted sensor output versus
time for the same point as located in Fig. 5-2 0.5 ft, y. = 0 ft), with a time response

of t = 0.01 seconds. This plot is located in Fig. 5-6.
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Figure 5-6 Sensor Output fF) vs. Time (sec.) for a fixed Sensor location with= 0.01 seconds for
Case A

Although the output rise begins at the same time as in Fig. 5-2, the peak is noticeably
reduced in magnitude from 9.7 to 0.14. However, after reaching a maximum it decays
much more gradually. In fact, it takes almost 5 %2 time constants to fully cool back to
ambient. This is because the time response affects the cool down as well as the process

of heating up. The dramatic reduction in the peak occurs because (as could be seen in

43



Fig. 5-2) the heated mass is over the sensor for only about 0.0004 seconds. Thus, the
time response here is 25 times the width of the burst. If the initial heat burst had occurred
for a longer period of time, this ratio would be less, and the peak would have been larger.
As before, we can also examine contours of the peak sensor output. This has been done
for several different time responses, all with the same initial burst of heat. The first of

these contours can be seen in Fig. 5-7(a) for a time response0of sec.

Burst Q=4.72e-5, U=114, K=.005, tau=0.1
1 T T
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Figure 5-7(a) Peak Sensor Output Contours®F) for t = 0.1 sec., as a function of Sensor Center
location relative to the heater for wind tunnel conditions (Case A)

The plots for decreasing time responses can be seen in Figs. 5-7(b) , 5-7(c), and 5-7(d)
with t = 0.01 sec. 7 = 0.001 sec., and= 0.0001 sec respectively. Examining these

contours reveals that for each order of magnitude decrease in the time response, there is a
corresponding increase in the peak sensor output of almost an order of magnitude. Only
when the time response is less than the width of the heat pulse, do the sensor outputs
begin to look similar to the ideal sensor temperature contours in Fig. 5-4. These plots
make it clear that the width of the heat pulse as well the time response of the sensor has

as much effect on the resulting sensor reading as does the sensor spacing.
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Burst Q=4.72e-5, U=114, K=.005, tau=.01s
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Figure 5-7(b) Peak Sensor Output Contours®f) for T = 0.01 sec., as a function of Sensor Center

location relative to the heater for wind tunnel conditions (Case A)

U=114ft/s, K=0.005, Q=4.7173087e-5, tau=0.001s
1 T T T T

0.9 4

0.8 1

Xc (feet)
o o o o
S a1 [<2] ~
T
L

o
w

0.2

0.1

L L L
0 0.05 0.1 0.15 0.2 0.25
Yc (inches)

Figure 5-7(c) Peak Sensor Output Contours°F) for Tt = 0.001 sec., as a function of Sensor Center

location relative to the heater for wind tunnel conditions (Case A)
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U=114ft/s, K=0.005, Q=4.7173087e-5, tau=0.0001s
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Figure 5-7(d) Peak Sensor Output Contours®F) for T = 0.0001 sec., as a function of Sensor Center

location relative to the heater for wind tunnel conditions (Case A)

To see the effect of the time response even more clearly, a plot has been made of
the peak temperature at a point with decreasing time response. This is seen in Fig. 5-8.
The solid line is the true sensor temperature as determined using Eg. 5-14. Notice how

the curve is linear until the time response is nearly equal to the width of the heat pulse.

Max Sensor Temp at xc=0.5ft, yc=0ft vs. Time Response
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Figure 5-8 Peak Sensor Output vs. Time Response for a fixed Sensor location for Case A
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The next step in the modeling is to consider a different heater model. Consider
the case where the heater is turned on and stays on. While this is also unlikely, it shows
what temperature pattern might be expected when a long heat burst is emitted. To derive
an equation for this condition consider Eq. 5-12, then use the principle of superposition to
determine the equation for the temperature at time t due to the déagmitted at time
t', fromtime O tot. Q is rewritten as g to note the differences. Here, q is based on the
amount of energy per unit time as opposed to Q which is based on total energy delivered.

Thus, the equation becomes.
o a e et
Nk

dt (5-18)

Carslaw and Jaedéshow the above can be solved by substitutihg K+y*+z* and
then performing a change of variable using Eq. 5-19.

I — (5-19)

2K (t-t)

Then, manipulate the resulting equation and simplify to yield Eq. 5-20.

_ q Ux/2K p -£2-(U?R?/16K % ?)
T=——=—¢€ e 5-20

2RKm” Pﬂl;? ¢ ( )
t

This equation can be solved when time approaches infinityect For this case the

integral can be evaluated as in Eq. 5-21.

— q —U(R-x)/2K
T=——¢ 5-21
4K R ( )
In using Eq. 5-21, we need to determine the constant g. Since g is based on energy per
unit time, this is relatively easy. Again, consider a heater capable of transferring 5 watts
of energy to the fluid. Thus, to determine q, simply determine the temperature to which 5

joules of energy would raise a cubic foot of air, i.e. q = 0.2581. Lastly, integrate the

temperature over the sensor area and divide by the same area to determine an average
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temperature over the sensor. Equation 5-21 was integratedMisiladp and the peak

temperature contours were found ateb.= A plot of this is shown in Fig. 5-9.

Square Sensor, w=1/16 inch, continuous heat
T

1.8

Xc (feet)
= - -
[ N EN o
T

o
o)

I
=)

0.4

1 1 1
0.15 0.2 0.25 0.3
Yc (inches)

Figure 5-9 Peak Sensor TemperaturesIt) as a function of Sensor Center location relative to the
heater at time (t =) for a continuous heater for wind tunnel conditions (Case A)

Since the heat pulse is constant, the time response of the sensor will not be a
factor here. This is the primary advantage for a longer heat pulse. However, the time
response will still affect the sensor cool-down whenever the heat pulse stops. A close
comparison of these contours with those for the peak sensor temperature due to a burst of
heat for an otherwise equivalent case, as seen in Fig. 5-6, shows that the peak
temperatures for this case are slightly less. This is somewhat of a distortion due to some
earlier assumptions. It is important to remember that these are peak temperatures. The
case with the instantaneous release of heat compresses all the energy into a very quick
burst. Thus, the energy that would have been released over a finitg timeléased
over an infinitely small length of time. Becauges very small this is not unreasonable,
but the effects are noticeable. When the energy is more compressed, the pulse width will
be small and the peak will be lower. The other effect of a long burst of heat is that the

lateral diffusion is increased. This is likely due to the fact that the temperatures along the
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streamline are constant for a constant heat output. This is as opposed to the previous
heater concept where the heat at a given point was fleeting. The net effect of this is to

give the temperature at any given point downstream more time in which to diffuse.

With all this information in hand, we can then begin to examine what the
constraints on the real system would be. In summary, the effects of the flow field
properties, the time response of the heater, as well as the influences of the heat pulse of
been observed. Based on this information a baseline design of a Thermal Grid system can

be proposed.
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Chapter 6 Preliminary Design of a Thermal Grid

Considering al that has been learned about the various aspects of the Therma Grid
in the proceeding chapters, afew basic observations can be made that would help bring
the idea of the Thermal Grid into better order. One of the primary concerns that was
unable to be addressed was how severe the temperature “noise” would be on the wing.
The level of this temperature variation as produced by the engine and other sources of
heat would determine the necessary signal strength for the Thermal Grid system. For the
sake of design 1°F was chosen as adesign point for a measurable signal. A study of such
temperature variation would better define this term which isintegral to the design of a
Thermal Grid system.

It was learned from the analytic study that for a heater capable of emitting 5 watts
of energy into the flow, a sensor capable of detecting 1°F can be easily located a foot
downstream and still detect the heated mass created by the heater. However, during this
distance the heat diffuses only dightly lateraly. Thislong, thin thermal trail is difficult to
prevent from dlipping through the sensor arrangement. However, it isimportant that the
detection be reliable for any in-plane flow so that the flow can be considered out of plane
or in atight spira if the heat is not detected. Thiswould tend to require a very fine grid
resolution, or rectangular shaped heaters that would emit very wide heat patterns. This
first choice is expensive, and the second would add a directional bias to the system that is
undesirable. Thereis, however, an aternative. Due to the fact that the heated mass
extends so far downstream it is possible to make use of one of the concepts for densely
spaced sensors shown in Chapter 3. In this concept, the heated massis allowed to passin
between the first or perhaps even second row of sensorsin the expectation that the
following row of sensors might be better situated to captureit. If a square grid node

pattern is used, as in the Chapter 3 baseline, the sensorsfit this model, see Fig. 3-5.
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For our model, astraight line ray is considered to be emitted from a heater, at the
axisorigin, at an angle of j off the horizontal. A series of nodal points were then evenly
divided in the 1% quadrant of the axis with the distance between nodal points in either
dimension being equal and denoted as‘S'. The number of nodal pointsin each direction
was determined by how many times S evenly divided into 1 foot. The minimum distance
was determined between the line and the node that was closest to it. This process was
repeated for alarge number of angles, j , between 0° and 45°. For this range of angles,
the worst case situation was determined, and the distance between this line and it’s closest
sensor was reported and was noted as ‘D’.  This distance then determined how wide the
thermal path would need to be, for a given spacing, to be detected by a sensor. These

distances are shown in Table 6-1.

Table 6-1 Distance from Heated mass center to Sensor center for various Sensor Spacing

‘S, (inches) ‘D’, (inches)
Distance between sensors Worst case distance from heated mass to sensor
1 0.0729
2 0.2718
3 0.5716
4 0.9408
5 1.5651
6 1.8781

What this distance ‘D’ really means in terms of the Thermal Grid development
needs to be considered. The contours as seen in the plotsin Chapter 5 show the amount
of lateral diffusion that occurs to one side of a heated mass. This indicates how far a
sensor can be from the edge of the heater and still detect the heated mass, we will note this
distance as approximately dgsr. The other important aspect is that the heater itself has a

finite width, wy. Thus, for a heated mass to be detected, the center must pass within
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aitr + Wh / 2 from the center of a sensor. The variable dgi will vary in the stream-wise
direction, however for smplicity it is considered as an average constant here. The exact
valueis afunction of all the factors discussed in Chapter 5. These include the length of
the heat burgt, the time response of the sensor, the sensor size, and the external flow field
conditions. However, if the heat burst can be considered to last approximately 4-5 time
constants, then perfect sensor conditions could be considered. The trade-off is that the
sensor must be allowed the same 4-5 time constants to return to ambient temperature. For

atime constant of around than 0.1 seconds this seems reasonable.

The OMEGA catalog®’ is considered to be a good indicator of what is available in
terms of mainstream 1996 technology. This showsthat it is possible to get atime
response of 0.1 seconds, in moving air, with a thermocouple made of butt-welded 0.004
in. diameter wire. It ispossible to achieve atime response as low as 0.003 sec. for a butt-
welded wire diameter of 0.001 in. However, this would seem to be excessively fragile.
Beaded-type thermocouples are also possible, but are generally about 50% slower. The
thin film RTDs used in Chapter 4 have a much larger time constant of about 15 seconds.
This value was inferred from the experiments in Chapter 4. In order to make use of such a
sow sensor, a very hot heater could be utilized and consider that only a partial responseis
necessary from the sensor. It was also determined in Chapter 4 that the RTDs make
generally poor heaters. This could be studied in more detail, but without a single device
capable of acting as both a heater and sensor, a thermocoupleis preferable. There are
other sensor possibilities aswell. These would include heat transfer sensors, and
thermistors, as well as hot-films and hot-wires. While some of these might achieve even

better time responses, they are also much more expensive.

For an example, consider a reasonable time constant (t = 0.1 seconds) with a heat
burst about 0.5 seconds long. Because the burst is much larger than the time response, we
can consider the contour for a perfect sensor as seen in Fig. 5-4. For very long heater
runs, an additional amount of diffusion can be expected as seen in Fig. 5-13. However we

will attempt to be conservative. From this, dgs » 0.15 in. can be seen for the 1°F contour.
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Add thistowy, / 2 for the %ain. heater as used in Chapter 5 and it can be seen that we need
aD < 0.275. Table 6-1 can now be used to show that the sensor spacing needs to be 2
inches. This spacing could be increased for alarger heater, or for a more sensitive sensor,

or even adifferent sized temperature sensor, but the trends and methods are clear.

The argument above is presented so that a heated mass will not escape detection
without an unlikely contorted path. Y et there are other arguments that still need to be
made. It should be obvious that the spacing of the sensorsis directly related to the
number of sensors required to cover agiven area. Thisisturnisdirectly related to cost,
as well asto maintenance. However, a densely spaced arrangement carries with it the
arguments as presented in Chapter 3 for reliability. This needs to be weighed against

desired performance levels that can not be determined at thistime.

The other key point is that the purpose of this system is to detect singularitiesin
the limiting streamlines. 1t should be remembered from the Introduction that one of the
primary forms of these singularitiesis an in-plane spiral. Such spirals or vortices were
seen in the oil flows shown in Chapter 2 from the stability tunnel tests and in the literature.
The stability tunnel tests further showed that, for our wing model, these were some of the
first signs of separation at the trailing edge, and that initialy they are fairly small. If
complete confidence is to be had in the system, then the sensor spacing should be fine
enough to capture these spiralsin the flow. The 2 in. sensor spacing proposed in the
example should be sufficient, with the heaters spaced at least every foot.

It should also be noted that those familiar with thermal tufts will recognize the
Peclet number. This number was found to need to be at least 50 for proper sensitivity by
Bradbury and Castro®. For numbers greater than this a sensor will always detect the
convected portion of the heat before any conducted heat. Thisis not a problem for the
relatively large distances here. For the stability tunnel case, and with the definition of the
Peclet number in Eg. 6-1, the distance between heater and sensor must be at least 1/16 in.
apart to satisfy this criteria
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This study thus demonstrates that it is possible to construct aworking Thermal

Pe (6-1)

Grid. A thermocouple such as that described in this chapter can be easily purchased. It
should also be remembered that a system will be placed on awing with prior knowledge as
the where on the wing separation is likely to be expected. Keeping the sensorsin this
focused region and using the off-the-shelf components. This should serve as afirst step

for any future designs or wind tunnel investigations.



Chapter 7 Conclusion

All this shows quite clearly that the Thermal Grid isaviable, cost effective, and
rugged means of detecting 3D flow separation on afinite wing. It isalso clear that this
work has just begun to scratch the surface of all the details that need to be investigated
before afinal system could ever be flight tested. One of the primary questions that till
needs to be answered is the time scale such a system would be able to work within. This
is difficult because so little is know about the development of separation. It isalso
difficult to determine arequired signal level without knowing the temperature noise that
would be present on awing. Other questions remain in terms of a more detailed analytica
model and the logic behind such a system. The logic would need to determine when to
trigger which heaters, while keeping track of multiple heated masses at any given instant.
It will also need to take this information and make decisions about the resulting patterns
that might infer separation. In conclusion, there is still necessary work ahead for the
proper development of the Thermal Grid. In conclusion:

1. 3-D surface flow separation can be predicted by tracing surface streamlines.

2. The Thermal Grid has been proposed and shows potential for tracing surface
streamlines so that separation can be inferred.

3. A preliminary Thermal Grid design has been proposed that makes use of only current
off-the-shelf technology.

4 Thereis much work that remains to be done on improving the detail of the analytic

model, and for future wind tunnel verification.
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Appendix A Matlab Codes

Matlab Code used to determine Peak Average Sensor Temperature over
Wing Surface for a pulse heater

w = 1/(16*12);

mtmp = [];

temp = [];

Q = 4.7173087E-5;

Nt = 25;

NX = 25;

NY = 15;

yl = linspace(0,0.25/12, NY);

x1 I i nspace(0. 05, 1, NX) ;
kbar = 0.005;

= 1: NY
xc = x1(});

= y1(k);
result = -0.1;
t = xc/ (U+0.5);
i 0;
whi | e

< M
8*wr2*sqrt (kbar*t*pi);
erf((Ut-xc+w 2)./(2*sqgrt(kbar*t)));
erf((Ut-xc-w 2)./(2*sqgrt(kbar*t)));
erf((yc-w2)./(2*sqgrt(kbar*t)));
erf((yc+w 2)./(2*sqgrt(kbar*t)));
-Q/A *(B-O.*(DE);
f a >= result

result = a;

t =t + 0.000005;

=1 +1;

el se
I = Nt;
end

end

if result == -.1

di sp(' BAD pt.")

end

tenp = [tenp, result];
end
mxtnp = [ nxtnp; tenp];
temp = [];

mooOmo>

- o
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Matlab Code used to determine Peak Sensor Output over Wing Surface for
a pulse heater

gl obal tau tine
wx = 1/(16*12);
Wy = WX;
mtmp = [];
temp = [];
tau = 0.01;
Q = 4.7173087E-5;
Nt = 28;
NX = 25;
NY = 12;
yl = linspace(0,0.25/12, NY);
x1 = linspace(0.01, 1, NX);
for j = 1:NX
for k = 1: NY
xc = xX1(j)
yc = y1(Kk)

result = 0O;
time = xc / 115;
i = 0;
while i < Mt
a = Q* sensor(xc,yc, wx, wy)
if a >= result
result = a;
time = time + 0.000005;
i =i+l
el se
i = M
end
end
tenp = [tenp, result];
end
mxtnp = [ nxtnp; tenp];
temp = [];
end
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Matlab Code as used to determine Average Sensor Temperature at a fixed
location over a range of Time for a pulse heater

w = 1/(16*12);

Q = 4.7173087E-5;

yc = 0;

xc = 0.5;

kbar = 0. 005;

U= 114;

Nt = 300;

tl = linspace(le-5,8.772e-3, Nt);

temp = [];

for i = 1IN\
t = t1(i)
A = 8*wr2*sqrt (kbar*t*pi);
B==erf((Ut-xc+tw 2)./(2*sqgrt(kbar*t)));
C=erf((Ut-xc-w?2)./(2*sqgrt(kbar*t)));
D=-=erf((yc-w?2)./(2*sqrt(kbar*t)));
E==erf((yctw 2)./(2*sqrt(kbar*t)));
a=-Q/A*(B-C.*(DE;

tenp = [tenp, a];
end

Matlab Code to determine Sensor Output for a fixed sensor location over
range of Time for a pulse heater

global tau tinme
WX = (16*12)
\Ny =

tau =001

Q = 4.7173087e-5;
Nt = 300;

yc = 0.0;

XC =05,

tl = linspace(le-6,6e-2,Nt);
temp = [];

for i = 1: Nt

time = t1(i);
a = Q* sensor(xc,yc, W, w);
tenp = [tenp, a];

end
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Matlab Code as used to determine Average Sensor Temperature over Wing
Surface at an Instant in time for a pulse heater

w = 1/(16*12);
tnmp = [];
temp = [1;
Q = 4.7173087E-5;
Nx1 = 10;
Nyl = 8;
Nx2 = 50;
Ny2 = 25;
x2 = linspace(0.05,0.45, Nx1);
y2 = linspace(-0.25,-0.05, Ny1);
x3 = linspace(0. 451, 0.549, Nx2);
y3 = linspace(-0.049,0.049, Ny2);
x4 = linspace(0.55,1, Nx1);
y4 = linspace(0.05,0. 25, Nyl);
x1 = [x2,x3, x4];
yl =1[y2,y3,y4];
kbar = 0. 005;
U= 114;
t = 0.5/114
for j = 1:1ength(x1),
xc = x1(j)
for k = 1:length(yl),
yc = y1(Kk); _
A = 8*wr2*sqrt (kbar*t*pi);
B=-=erf((Ut-xc+tw 2)./(2*sqgrt(kbar*t)));
C==erf((Ut-xc-w?2)./(2*sqgrt(kbar*t)));
D=-=erf((yc-w2)./(2*sqrt(kbar*t)));
E==erf((yctw 2)./(2*sqrt(kbar*t)));
a=-Q/A*(B-O.*(DE)
tenp = [tenp, a];
end
= [tnp; tenp];
temp = [];
end
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Matlab Code to determine the Peak Sensor Output for a fixed sensor
location for a range of time responses for a pulse heater.

gl obal tau tine

wx = 1/(16*12);

Wy = WX,

temp = [];

Q = 4.7173087E-5;

Nt = 28;

Ntau = 25;

yc = 0;

xc = 0.5;

tauspan = |linspace(0.00001, 0. 01, Nt au) ;

for j = 1:Ntau
tau = tauspan(j)
result = -0.5;
time = xc / 114. 2;
i = 0;
while i < M

a = Q* sensor(xc,yc, wx, w)
if a >= result

result = a;

tine = tinme + 0.000005;

i = i+1;
el se
i = Nt;
end
end
tenp = [tenp, result];

end
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Matlab function ‘Sensor’ which determines the Average Sensor Output for
a fixed location at a fixed instant in time for a pulse heater.

This function is called by all other routines which determine the sensor
output in one form or another.

function [Qut] = sensor(Xxc, yc, WX, wy)

gl obal time Kbar Ubar x1 yl1 tau

Ubar = 114,

Kbar = 0. 005;

tol = le-4;

endtinme = tine - le-9;

constant = -1/(8*sqgrt(pi)*w*wy*sqgrt (Kbar)*tau);

x1 = xc - wx/2;

yl=yc - wy/2;

intl = quad8(' subexpl', 0, endtine,tol);

x1 = xc + wx/2

int2 = quad8(' subexpl', 0, endtine,tol);

yl = yc + wy/2;

int4 = quad8(' subexpl', 0, endtine,tol);

x1 = xc - wx/2;

int3 = quad8(' subexpl', 0, endtine,tol);

Qut = constant*(intl - int2 - int3 + int4);

Matlab function which determines the integrand as used in the function
Sensor

function [out] = subexpl(x)

gl obal time Kbar Ubar x1 yl tau
c = (time - x)*Ubar - x1,;

e = c./(2*sqgrt(Kbar*(tinme-x)));
f =vyl./(2*sqrt(Kbar*(tinme-x)));
a = exp(-x/tau).*erf(e).*erf(f);
b =sqrt(time - x);

out = a./b;
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Matlab Code to determine the Average Sensor Temperature over the Wing
Surface at time Infinity for a heater that remains on.

temp = [];
Q = (0.0516262261) *5. ;
10;
I i nspace(0, 0. 25/ 12, NY) ;
I i nspace(0. 25,1, NX);
= 1:NX
for k 1: NY
xc = x1(j);
yc = y1(k);
result = heat(xc,yc, Q;
tenp = [tenp, result];
end
tmp = [tnp; tenp];
temp = [];
end

REZE
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Matlab function Heat as called from previous Matlab Code to determine the
Average Sensor Temperature over the Wing Surface at time Infinity for a
heater that remains on.

function [out] = heat(xc,yc, Q

global KU Q

wx = 1/(16*12);
Wy = WX,

U= 114;

K = 0. 005;

tol = le-5;

x1l = xc - wx/2;
X2 = XC + wx/?2
yl = yc - wy/2;
y2 = yc + wy/ 2;

tenp = quad2dg(' heaton', x1, x2,y1,y2,tol);
out = tenp/ (Wx*wy)

Computes the integrand for the function Heat.
function [out] = heaton(x,y)
global Q K U

exp((U(-x + sqrt(x."2 + y."2)))/ (2*K));
sgrt(x."2 + y."2);

A
B



out = Q/(4*K*pi*A *B);

2D Integration routine as used in the case for the constant heater

The 2D integration was performed using a Matlab toolbox written by Howard
Wilson and Bryce Gardner. The original routines were obtained from NETLIB. Specific
routines used employed a Gauss-Chebyshev method to perform the integration. These
routines were obtained via the Internet at www.mathworks.com in the User Written M-

Files Section.
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