






























































3.3.1 Infrared Image

The raw infrared images are gathered from an infrared telescope positioned at a
specific location on the surface of the Earth. The camera detector is a 256 x 256 Indium
Antimonide (InSb) infrared focal plane array. However, images were provided as 8-bit
TIFF (Tagged Image File Format) image files in a standard 640 x 480 format. The 8-bit
depth translates into 256 possibly values, or counts, at a given pixel location. The
original 256 x 256 data set is digitized by a frame grabber computer video card and
extrapolated to yield a 512 x 512 image. Two 64-pixel wide black borders are added on
each side of the actual 512 x 512 infrared image, and two 16-pixel rows are truncated
from the top and bottom resulting in the 640 x 480 image as illustrated in F igure 3-5.

More detail about the generation of these images is provided in Section 4.2.

[ ]
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Figure 3-5. Infrared image format illustration.

The infrared telescope system used for this project captured images at a rate of
thirty frames per second. Each frame has an associated Greenwich Mean Time (GMT)
time tag. This provides a means for correlating each image with other pieces of time-

dependent information collected during the mission onboard the orbiter.
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3.3.2 3-D Shuttle Orbiter Model

The geometry-projected orbiter image is based on a three-dimensional orbiter
surface mesh model. This model was originally used in CFD computations of orbiter
aerothermodynamics and consists of a large number of (x, y, z) surface points. The body-
fixed X, y, and z coordinates are stored as a series of grids within a data file. The body-
fixed coordinate system for this model is based on the standard aircraft/spacecraft

reference frame and is illustrated in Figure 3-6.

\:,

Figure 3-6. Orbiter model body-fixed frame.
The x-axis is directed along the longitudinal axis of the orbiter. The y-axis points

to the right (as viewed from above). The z-axis completes the right-hand system by
pointing “down”. Note that the control surfaces of this model are held fixed for this
analysis. Therefore, the geometry-projected image may not accurately represent the
infrared image if the control surfaces in view of the ground site have large angles of

deflection.

3.3.3 Thermocouple Locations

The thermocouples’ locations are given in the same orbiter body-fixed
coordinates. These points are stored within a separate file as an array of (x, y, z) points.
Since these points are in the same coordinate system as the orbiter model, it is possible to
apply the same procedures applied to the model to these points to end up with the

thermocouple pixel locations in the measured infrared images.
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3.3.4 Post-Flight Trajectory Data

After each shuttle mission, the best estimated trajectory and associated trajectory
parameters during re-entry are made available by the Shuttle Project Office. Specifically
for this project, eight trajectory data at each frame time are required for performing
various reference frame transformations. These include the geodetic latitude, longitude,
geodetic height, flight path angle, flight path azimuth, angle of attack, sideslip angle, and
bank angle.

Geodetic latitude, longitude, and geodetic height specify orbiter position with
respect to an Earth-fixed frame. Flight path angle and flight path azimuth detail the
spacecraft velocity vector relationship to a geographic reference frame. Finally, angle of
attack, sideslip angle, and bank angle are used to specify the body-fixed frame
relationship with the spacecraft velocity vector. These variables and their relationships to
various reference frames are detailed in the subsequent sections.

Each variable is provided by the Project Office at one-second intervals. As noted
before, the images are generated every 1/30" of a second. Linear interpolation is used to

calculate trajectory variables at any given frame time.

3.3.5 Thermocouple Data

The orbiter has an onboard data acquisition system for collecting data from
various sensors. This includes the collection of thermocouple surface temperature data.
Each thermocouple is sampled once every second and calibrated by the Shuttle Project
Office. This data set is given in Kelvin and linearly interpolated for any given frame

time.
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4. Analytic Geometry-Projected Image Reconstruction

The geometry-projected image needed for determining thermocouple pixel
locations is based on the 3-D orbiter model, shown in F igure 3-3. Three steps are taken
to properly generate a geometry-projected image that corresponds to a specific infrared
image. The first is to orientate and project the model into a two-dimensional image
plane. Once the model has been properly projected, it has to be scaled to the correct size
relative to the infrared image. The last item is filling in the model mesh to provide a

complete, filled-in image.

4.1 Coordinate Transformations

Five different 3 x 3 orthogonal rotation matrices were needed to orientate and
project the 3-D orbiter model into a 2-D image plane. These five rotations are used to go
from shuttle body-fixed coordinates to image plane coordinates. The body-fixed frame is
transformed to an air-relative frame by [B], a shuttle geographic frame by [A], a “quasi”
inertial frame by [Gs], a ground site geographic frame by [Gg], and finally an image

plane frame by [F]. This rotation sequence is summarized in the following equation.

I X
| =IFlcelcs]4]B] y
k 2D 2 body 4-1)

This rotation sequence is also graphically represented in Figure 4-1.

func(¢,. 1) . >
(Gs] e Air-Relative )« Body-Fixed
H/ Geographic ) ‘“—, \ -

func(Az, El)

Shuttle Orbiter
__I_ (time-dependent) [A} func(:,ﬁ,y)
Ground Site [B]

(constant position)

Geographis)—" Image Plane

func(R,,) End
[F]

Figure 4-1. Transformation sequence.

/_\_
func(d,. X)
[Gg]
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The ovals represent different reference frames. As shown, the body-fixed
reference frame is the point at which this sequence begins. Each arrow represents a
specific rotation matrix. Notice that each rotation matrix is a function of a number of
variables, which are indicated below each arrow in Figure 4-1. The following sections
show the mathematical relationships between the various coordinate systems and their

corresponding matrix transformations.

4.1.1 Geodetic versus Geocentric

Projecting the orbiter model into a 2-D plane requires a “quasi” inertial frame.
This “quasi” inertial frame is an Earth-Centered Earth-Fixed (ECEF) reference frame,
which revolves with the Earth. The data used for locating the shuttle orbiter and ground
site were given as geodetic latitude, longitude, and geodetic height. The ECEF frame is

shown in Figure 4-2.

Figure 4-2. Earth-Centered Earth-Fixed frame.

This reference frame is a right-hand Cartesian coordinate system. The origin is
located at the Earth mean center of mass. The X-axis passes through the intersection of
the Reference Meridian with the equator. The Z-Axis is the direction of the spin axis.
The Y-axis completes the system by satisfying the right-hand convention. As implied by
its name, this system rotates with the Earth.

The shape of the Earth is not a sphere and can be approximated by a reference
geodetic ellipsoid. This ellipsoid is longitude independent and is defined by the

equatorial radius a and the flattening f. For this problem, the Fisher ellipsoid model was
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used. This model specifies the flattening as 0.00335239869 and equatorial radius of
20925741.4698 feet. Figure 4-3 shows an exaggerated ellipsoid and the difference

between geodetic and geocentric latitude.

Z P

]

Figure 4-3. Geodetic reference ellipsoid.

¢, da, and hy represent geocentric latitude, geodetic latitude, and geodetic height,
respectively. The Earth-fixed coordinates are needed in the final transformation, ground
site geographic to image plane. These quantities can be found using the following
equations where A represents the longitude.

X =(N+h,)cos¢, cos A
Y =(N+h,)cosg, sinA

Z= [N(l—ez)+ h, ]sin¢d 4-2)

a

where N =
J1-€’sin’ ¢,

Geocentric latitude is needed for determining the two transformations between

and €’ =2f - f?

geographic and inertial reference frames. The following equation relates geocentric

latitude to geodetic latitude and geodetic height.

_ -1 Z _ -1 N(l_f)2+hd
¢. = tan [_X\/—TT}_tan [ Ntk tan(¢d)}

4.1.2 Body-Fixed to Air-Relative

4-3)

The body-fixed reference frame is the starting point for the series of
transformations shown in Figure 4-1. Transforming from this frame into an air-relative,

or velocity-vector, frame is a function of three variables o, B, and y. These angles
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correspond to angle of attack, sideslip angle, and bank angle, respectively. Figure 4-4

shows the sequence of rotations needed to perform this coordinate transformation.

Xp
;o

/ 1 B>y
Yo Zy V\
Figure 4-4. Body-fixed to air-relative.

This transformation takes place through the use of a 3 x 3 orthogonal rotation

matrix. The relationship between body-fixed and air-relative coordinates is shown here.

X X
= [B]3x3 Y
z air z body (4_4)

The [B] transformation corresponds to an Euler 2-3-1 rotation matrix. The only
difference is the sign convention of o and y. The first rotation is about the 2-axis, or yy-
axis, with an angle of -a.. The second rotation is about the 3-axis with an angle of B. The
last rotation is about the 1-axis with an angle of -y. This results in the following

orthogonal rotation matrix.

1 0 0 cosp sinf Of cosa 0 sina
[B] =10 cosy -siny|-sinf8 cosf O 0 1 0
0 siny cosy 0 0 l{|-sina 0 cosa
cosacos B sin B sina cos

=|—cosasin Bcosy +sinasiny cosfBcosy -—sinasinBcosy —cosasiny
—cosasin Bsiny ~sinacosy cosfsiny —sinasinBsiny +cosacosy
4-5)
Note that o, B, and y are dependent upon time. As the orbiter re-enters the Earth’s

atmosphere, these three variables are generally changing. Therefore, each image frame

may have different values for each of these variables.
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4.1.3 Air-Relative to Shuttle Geographic

Transforming from the air-relative frame to the space shuttle geographic frame is
dependent upon the flight path azimuth and flight path angle. As with the previous
transformation, these two variables are dependent upon time and vary during re-entry.

In a geographic reference frame, the x-axis and y-axis are located in the local
geocentric horizontal plane. The x-axis is directed towards the North Pole, while y points
east. The z-axis completes the right-hand system by pointing towards the center of Earth.

The rotation from an air-relative to shuttle geographic frame is depicted in Figure 4-5.

Zg
Z;

Az

A
T

A .
Vv
Figure 4-5. Air-relative to shuttle geographic.

This transformation again takes place through the use of a 3 x 3 orthogonal
rotation matrix. In this case, [A] is composed of two individual rotations. The first takes
place about the 2-axis, or y,-axis, with an angle of —El, flight path angle. The last
rotation is about the 3-axis with an angle of -Az, flight path azimuth. This results in the
following transformation matrix given as Equation 4-6.

cosdz -sindz Of cosEl 0 sinkEl

[A]= sindz cosdz 0 0 1 0
0 0 1| -sinEl 0 coskEl

cosAzsin El —sin Az cos Azsin El
=|sin AzcosEl cosAz sin Azsin El

—sin El 0 cos El (4-6)

Instead of an air-relative to geographic transformation, most applications go from
geographic to air-relative. These associated transformation matrices are inverses of each
other. The air-relative to geographic inverse matrix equivalent can be obtained by using

the angles’ sign conventions and the order of rotations given above.
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4.1.4 Shuttle Geographic to Inertial

The “quasi” inertial frame for this system is an Earth-centered Earth-fixed
reference frame. This particular frame allows the exclusion of any effects due to Earth’s
rotation about the spin axis. Figure 4-6 shows the transformation from shuttle geographic

to inertial.

Figure 4-6. Shuttle geographic to inertial.

Notice that this transformation is a function of longitude, A, and geocentric
latitude, ¢.. As noted before, shuttle position was specified by geodetic latitude,
longitude, and geodetic height. Equation 4-3 was provided in Section 4.1.1 for
determining the corresponding geocentric latitude.

Again, as in all of the other transformations, [Gs] is a 3 x 3 orthogonal matrix.
This matrix is composed of two individual rotations. The first is about the 2-axis, or y-
axis, with an angle of ¢.+90°. The second is about the 3-axis with an angle of -A. This
results in [Gs] being equal to the following.

cosA —sinA O -sing. 0 -—cosg,
[Gs] =|sind cosiA 0 0 1 0
0 0 1| cosp O -sing,

—sing,cosA —sinA —cos¢, cosl
=|—sin¢ sinA cosA —cos¢, sind
cos¢, 0 —sing, @)

Note that ¢ and A correspond to the shuttle orbiter position. These variables are

also time-dependent.

19



4.1.5 Inertial to Ground Site Geographic

The inertial to ground site geographic transformation is the only transformation
held constant during re-entry. This matrix is the inverse of the shuttle geographic to
inertial transformation with the values of geocentric latitude and longitude corresponding
to the ground site location of the infrared telescope. In this case, ¢. and A are fixed for
the duration of re-entry and are designated as ¢, and 1A', respectively, to distinguish
between shuttle orbiter and ground site values.

The first rotation in the [Gg] matrix is about the 3-axis with an angle of 1'. The

second rotation is about the 2-axis with an angle of -¢/-90°. This results in the

following. Notice that this orthogonal matrix is the inverse, or transpose, of the [Gs]

transformation matrix.

—-sing, 0 cos¢. || cosA’ sinAd’ 0

[Ggl=| 0o 1 0 |[-sinA’ cosA’ 0
—-cos¢, 0 -—sing, 0 0 1
—sing, cosA’ —sing.sind’ cos¢!

=| —sinA’ cosA’ 0

’ ’ LS ! 3 4
cos¢, cos A cos¢,sin A sing, (4-8)

4.1.6 Ground Site Geographic to Image Plane

Applying the transformations developed up to this point results in the orbiter
surface mesh model orientated as seen from the perspective of the ground site. The final
step in projecting the 3-D model into a 2-D image plane is to apply the ground site
geographic to image plane transformation.

From the Section 4.1.1, the equations for determining the inertial coordinates X,
Y, and Z were given as Equation 4-2. From these relations, it is possible to determine the

inertial position vector of an object by knowing the geodetic latitude, longitude, and

geodetic height of that object. In other words, the shuttle orbiter position vector R, and
the ground site position vector Rg are known. From these two vectors, ng can be

calculated by subtracting Rg from R,. This relationship is shown in F igure 4-7.
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Orbiter

R,

° Ground Site
Figure 4-7. Shuttle orbiter/ground site relationship.

The basic underlying assumption for the ground site geographic to image plane
transformation is that the bottom of the infrared image is parallel to the local horizontal.
In other words, the infrared telescope is assumed to be level with the ground.

A result of this assumption is the need to work in a reference frame that provides

two axes in the local horizon. Therefore, this transformation is only valid when applied

from the ground site geographic frame. R._‘_g is easily transformed from the inertial
coordinate system to the geographic frame by applying [Gg]. A unit vector €, canthen

be calculated using this new R, .

R

- 4

i m 4-9)

This unit vector and the geographic frame are shown below in Figure 4-8.

Remember that x, and y; make a plane that is tangent to the surface of the planet. The

unit vector k£ is equal in magnitude and direction to €. . The unit vector 7 is

perpendicular to k¥ and also parallel to the local horizontal. Knowing these two vectors

allows the third one to be found from the right-hand convention, which says 7 is equal to

the cross product of £ with i .
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Zg
Figure 4-8. Ground site geographic to image plane.

A new unit vector is needed to define 7. ¢, is the projection of e, into the xg

and y, plane and is given by the following:

e e
sgl g2
where ¢, =—=-——and ¢, = £

2 2 2 2
\’ e.vgl + e.vg2 \’ etgl + esg2
This new unit vector is shown schematically in Figure 4-9.

uxg

Figure 4-9. Local horizontal plane.

From the definition given before, it is obvious that z-component of 7 is equal to

zero. Rotating €, by 90° results in 7 . From the figure and previous definitions, the

following relationships are known.

e.\'gl - elZ
k=l|e,, | and i=| e, | and j=kxi
e 0
sg3 (4-11)

22



This information leads to the formation of [F]. The ground site geographic to
image plane transformation matrix is a 3 x 3 orthogonal rotation matrix, just like the

previous four matrices, and is shown here.

) €, 0
[F] =| 7€z TEnCy3 €64 T €€,
€51 €52 €53 4-12)

After determining all five transformations for a specified frame and time, the

solution is found by solving Equation 4-1, repeated here for clarity.

I X
j| =IFlcglcs]4]B] »
k 2D 2 body

Everything on the right-hand side of the equal sign is known. Thus, it is possible
to generate a two-dimensional mesh-projected image using post-flight trajectory data and
body-fixed data points supplied by a three-dimensional orbiter model. The new i and
components of each mesh surface point are used to create a two-dimensional mesh-

projected image, while the k¥ values are ignored.

Figure 4-10. Image plane coordinate system.
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4.2 Scaling

At this point, the shuttle orbiter model has been properly orientated. Before any
calibrations can be made, this projection has to be scaled from units of feet into pixels.
To do this a clear understanding of the process for obtaining the infrared images is
needed.

As mentioned before, the raw infrared images are in a 640 x 480 standard format.
Only 512 columns by 480 rows of this image contain infrared information. The infrared
telescope directs the radiated infrared spectrum to a 256 x 256 CCD detector. The
detector controller converts this image into a 512 x 512 image by local pixel
interpolation. Each 2 x 2 cluster in the large image format has the same angular extent as
a single pixel in the original 256 x 256 format. The computer frame grabber card
digitizes this 512 x 512 image into the 640 x 480 standard format. It accomplishes this
by adding borders on the sides and removing data from the top and bottom. In summary,
this new 640 x 480 image stores the infrared data at the same scale as that of the
512 x 512 image.

The effective focal length of the infrared telescope system used in this project is
4.95 meters. The center-to-center detector spacing is 38 um or 38 x 10°® meters. The

individual field of view (IFOV) between two detectors is exaggerated in Figure 4-11.

]
i-}ﬂ—*——"_'T
38 um IFQV
T%H

Figure 4-11. Exaggerated IFOV between two detector elements.

The individual field of view is equal to the center-to-center detector spacing
divided by the effective focal length. The total field of view (FOV) would be equal to the
IFOV multiplied by 255 for this particular telescope setup.

38x10°m

Fov = 255(
m

] ~ 0.00195rad
(4-13)
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The other missing piece of information is the slant range, SR. This is the distance

from the ground site to the orbiter. This value is simply the magnitude of ng . Recall,

ng is the position vector from the ground site to the space shuttle orbiter at a specified

time. Figure 4-12 shows the exaggerated physical relationship between the field of view

and slant range.

Figure 4-12. Exaggerated relationship between FOV and slant range.

With a given slant range value, the detector measures a D x D area. The
dimension D can be computed using trigonometry. The following shows a right triangle

from which D can be calculated.

Figure 4-13. FOV/slant range right triangle.

Using simple mathematical relations and assuming small angles results in the

following equations.

tan(FOV) _Fov _ % __D
2 2 SR 2(SR)
. D~ (FOV)SR) (@14)
The units of D are dependent upon the units of the slant range. This length
corresponds to 512 pixels in the infrared image. Therefore, the scaling factor ends up
being equal to the following.

scale = 512 pixels
(4-15)
Since the 2-D mesh-projected image is measured in feet, the slant range is also

given in feet. As an example, suppose the slant range at a particular frame is equal to
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75,000 feet. This would result in D being equal to 146.25 feet, which corresponds to a
scaling factor of approximately 3.5 pixels per foot or, inversely, 3.43 inches per pixel.
Now suppose the infrared telescope was directly below the shuttle, the 122.17-foot long
shuttle would correspond to a 428-pixel long mesh-projected image at that range with

that particular telescope system.

4.3 Mesh- to Geometry-Projected Image Conversion

The original 3-D orbiter model originated as a CFD surface mesh model
composed of multiple surface grids. Therefore, projecting this model into a 2-D image
plane and scaling results in an image that looks like a grid. The reason is that the orbiter
mesh consists of a list of (x, y, z) points that represent the orbiter surface and, thus, only
the four corners of each individual grid box are projected into the (i, j) image plane and
not the area within that box. Comparisons with the actual infrared image will require a
filled-in geometry-projected image for edge detection. Figure 4-14 gives a good example

of a mesh-projected image after projection and scaling.

Figure 4-14. Typical projection of mesh on image plane.

This figure, as described before, shows a 2-D projection of a 3-D object. In other
words, the values of each point in the k-direction, normal to the image plane, are ignored.
The ultimate goal of this step is to convert a mesh-projected image into a geometry-
projected image to provide an image with a smooth and continuous edge, which will be

needed to match the geometry-projected image with the corresponding infrared image in
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Section 6. To fill-in the projected mesh an understanding of grid structure organization is
required.

The orbiter model is composed of several different sets of sub grids. Each one of
these sub grids is a 31-element by 31-element structure. This arrangement is shown in

Figure 4-15.

31

- N WS

1 234 31

————T
Figure 4-15. Orbiter model grid structure.

Each grid point (a, b) has an associated x, y, and z body-fixed location on the
orbiter model surface. After the model has been transformed into a 2-D image, each grid
point (a, b) now has an associated i and j location within the image plane.

As stated before, the goal of this step is to fill-in any pixels that may happen to lie
within the grid. To do this, a procedure was developed to determine whether a point is
inside or outside a given quadrilateral (each grid contains 30 x 30, or 900, individual
quadrilaterals). The basic idea behind making this determination is illustrated in Figure
4-16. As an example, points 1 and 3 may correspond to grid points (3,2) and (4,3),

respectively, as illustrated in Figure 4-15.

Figure 4-16. Location of point inside quadrilateral.
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A quadrilateral is, by definition, a planar four-sided polygon. Each side of this
polygon is a straight line. For this particular technique, an assumption that none of the
angles of the quadrilateral are equal or greater than 180° is required.

The criteria for determining whether a point is inside or outside a quadrilateral is
based on vector algebra. Specifically, the dot product between two vectors is used to

generate an angle.

A-B=|4)Blcosh,, = 4B, + 4,B,

5.0, =cos™ l:——A‘ Bll;l-iiéTz = }
(4-16)

A random point and its opposite are selected from a given quadrilateral. In Figure
4-16, point 1 would be the randomly selected point with point 3 as its opposite. The
angles between the adjacent sides of each point, 6, and 03, are calculated using the
equation provided above. With this information in hand, a new point P is plotted. P can
lie either inside or outside of the quadrilateral. Two new vectors ¥, and ¥,, are created
based on P.

For a point to lie within a quadrilateral, as in Figure 4-16, two conditions have to
be satisfied. The first is that the sum of ;2p and 6;4p must be equal to 0, and the second
condition is that the sum of 83p and 634p must be equal to 63. 6,,p and 6,4p are found by

taking the dot product of ¥,, with the adjacent sides ¥,, and ¥, , respectively. Similarly,

832 and O34p can be found by taking the dot product of #,, with adjacent sides vy, and

Vy,, respectively. If one of these conditions is not met, then the following situation arises

as shown in Figure 4-17.
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Figure 4-17. Location of point outside quadrilateral.

Clearly, the sum of 8,p and 6,4p does not equal 6,. The violation of this
condition means that point P can not lie within the quadrilateral. Obviously, Figure 4-17
shows that this is the case.

The mesh- to geometry image conversion takes place by drawing an extrema
rectangle around each individual quadrilateral. Figure 4-18 shows this box around the
quadrilateral example used above. Each little box represents a pixel. Using the
conditions described above, each pixel is evaluated as to whether it is inside or outside

the quadrilateral.

Figure 4-18. Grid filling technique applied to quadrilateral.
This technique applied over the entire projected-mesh results in a filled-in

geometry-projected image. In this case, pixels lying within a given quadrilateral are

turned white. This geometry-projected planar image is the equivalent to viewing a 2-D
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photograph of a 3-D object. Figure 4-19 shows an example of a geometry-projected
image resulting from the technique described above. This projected, scaled, and filled-in

image will be matched to the corresponding infrared image in Section 6.

Figure 4-19. Typical geometry-projected image.
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5. Infrared Image Processing

Before the newly created geometry-projected orbiter image can be matched with
the infrared counterpart, the infrared image has to processed to eliminate any unwanted
information. Figure 3-2 shows a typical gray-scale image collected from the infrared
telescope. Figure 5-1 shows an enhanced view of the same infrared image. The 64-pixel

borders described before are clearly visible on the right- and left-hand sides of this image.

Figure 5-1. Enhanced infrared image.

These infrared images present several processing problems with regard to
extracting the true location of the vehicle within each image. Examples of these
processing problems are visible in Figure 5-1. For instance, bright objects are present in
the background. These objects are likely bright stars that have been picked up by the
infrared telescope. The background also contains significant noise. Another problem is
the glowing effect located near saturated regions of the orbiter. Saturation is found near
the orbiter leading edges and nose. This effect may be due to photon spillover. The
following sections describe the processes applied to the infrared image in order to address

some of these issues.
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5.1 Background Processing

As stated above, a number of anomalies appear in the background of a typical
infrared image. The telescope is sensitive enough to pick up infrared radiation given off
by bright stars. This radiation is digitized as strong spikes. To deal with these
components a 5 x 5 median filter is applied over the entire image.

A median filter is effective for dealing with spike-like features, while preserving
edge sharpness. In contrast, a neighborhood-averaging filter tends to blur edges and
other sharp details and would not be as effective in removing spike-like features. An

example of a 3 x 3 median filter is shown in Figure 5-2.

5166
6 [26] 7
4 5|6

Figure 5-2. 3 x 3 median filter example.

A random spike value of 26 is shown within an environment consisting mostly of
5’s and 6’s. This particular 3 x 3 neighborhood has values of 5,6,6,6,26,7,4,5, and 6.
These values are sorted from low to high values as 4,5,5,6,6,6,6,7, and 26. This set
of data has a median value of 6 counts. In this example, the median filter would replace
the value of 26 with a new median value of 6 counts.

The raw infrared images received from ISTEF are 8-bit TIFF files. Each 8-bit
word represents up to 2 or 256 colors, or counts, at any given location (or pixel) in that
image. A count value of 0 is equal to black, and a value of 255 is equal to white. The
infrared system also picks up background radiation from the atmosphere. A second filter
is needed to remove this background noise. An offset filter is used to accomplish this.

An offset filter adds or subtracts a value to each individual pixel count value. For
example, suppose an offset of +3 is applied to an image. Pixels with values of 158, 254,
0, and 26 would become 161, 255, 3, and 29. Notice that the second pixel value of 254

became 255, which is the 8-bit limiting value.
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For this particular problem, an offset of -6 was used. This offset corresponds to
the mean background noise levels found in the infrared images. Figure 5-3 shows the
count value versus position curves generated from a random horizontal slice of a typical

infrared image and the resulting background-processed image.
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Figure 5-3. Horizontal scans of infrared and background-processed images.

The 64-pixel borders are clearly visible in raw infrared curve. The application of
the median filter and —6 offset filter effectively removes all spike-like features and
background noise and results in a much cleaner background-processed curve. Applying
the median and offset filters to an entire infrared image results in the following processed

image.

Figure 5-4. Typical infrared image after background processing.
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Figure 5-4 clearly shows a much cleaner image than that given in Figure 5-1.
However, “glowing” around the saturation regions is still a problem for detecting edges.
The background-processed infrared image needs to be further refined to determine the
true location of the orbiter. The threshold filter is defined and applied to continue this

refinement process.

5.2 Threshold Filter

The threshold filter is also empirical in nature. It works very well for determining
the approximate location of trailing edge and dark regions on the orbiter. These areas
typically experience cooler temperatures and don’t have the problems associated with
saturation that are seen at the leading edges and nose. This process uses the background-
filtered image as input.

Thresholding is the process of turning a multi-color image into an image
containing only two colors. A threshold value is needed for this process to work. This
value must lie within the 0 to 255 range specified before. Any pixel with a count value
below the threshold is given a new value of 0. Any pixel greater than or equal to the
threshold is given a new value of 255. The end result is a black and white image, which
will be used to match with the geometry-projected image generated earlier. The problem,
of course, is how to determine an appropriate threshold value.

This technique is empirical and makes use of geometry-projected image
information. Figure 4-19 gave a good example of a filled-in geometry-projected image.
From this image, it is possible to determine the number of black background pixels. This

value is used while investigating the histogram taken from the infrared image.

# of pixels

count value
Figure 5-5. Histogram of background processed infrared image.

Starting from 0, the count value is incrementally increased until the sum of the

number of pixels is greater than the number of geometry-projected background pixels.
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The line represents the count value for which the sum of all the pixels to the left of this
line is greater than the geometry-projected background. In an ideal image, all of the
pixels to the right of this line would land within the orbiter 2-D projection. Obviously,
the actual measured infrared images are not ideal. The instrumentation has errors, and
there are atmospheric effects. Therefore, the threshold value is set equal to the line count
value divided by two. Dividing by the value of two proved to work well for the span of
infrared images obtained during STS-96 orbiter re-entry. Figure 5-6 is obtained by
applying a threshold filter with this empirical threshold quantity.

Figure 5-6. Typical infrared image after threshold filtering.

Notice the effect the glowing has on the leading edges and nose in this image.
The physical dimensions of the shuttle are exaggerated at these locations and do not
properly represent the true location of the orbiter leading edges and nose. Further

processing is needed to account for these effects.

5.3 Edge Detection

A good representation of the location of the nose and leading edges can be found
by investigating the slope of counts versus position. A cut is made either horizontally or

vertically. Figure 5-7 shows an example of a horizontal cut.
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Figure 5-7. Horizontal cut from A to B.
The result of this cut is a graph with position on the x-axis and pixel counts on the .

y-axis. The graph corresponding to the cut shown above is shown in Figure 5-8.

count value

position B
Figure 5-8. Pixel count values versus position.

The problem of identifying the location of the leading edges and nose is clearly
shown here. Starting from point A and moving to the right, there is a gradual increase in
the pixel count values. This increase continues until the maximum pixel value is reached.

An empirical method was developed to locate these edges by investigating the
slope of this function. Since each step size on the x-axis is one pixel, the goal of this
method is to determine where the delta count value is largest. This location is designated
as a leading edge or nose starting position. This method is purely empirical, but
eliminates the biasing effect produced from the glowing. Horizontal cuts are made

through each row and vertical cuts are applied to each column of the background-
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processed infrared image. The pixels corresponding to maximum delta count changes are

marked. The result of this type of analysis can be seen in the following image.

Figure 5-9. Typical infrared image after edge detection.

Notice that this image only displays the maximum slopes near regions of
saturation. This image will be used in the final iterative matching of the geometry-

projected image with the infrared image.
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6. Geometry-Projected/Infrared Image Matching

The matching of the geometry-projected image with the infrared image is the final
step for determining the thermocouple pixel locations. This procedure consists of three
separate methods. The Box Centroid Approximation provides an initial starting point.
The I* Iterative Matching Method improves upon this estimate, and the 2™ Iterative
Matching Method refines the overall precision even further. The result of these
procedures is an infrared image with an overlaid geometry-projected image. The

following sections describe each method in detail.

6.1 Box Centroid Approximation

Up to this point, the geometry-projected image has been arbitrarily placed in the
image plane. The box centroid approximation is a quick way of estimating the
relationship between the geometry-projected orbiter and the infrared orbiter. The first
step is to find the minimum and maximum positional values of each image in the
horizontal and vertical directions. This information is used to draw a box around each of
the two images. The difference between the centers of these two boxes is used to

translate the geometry-projected image. This procedure is displayed in Figure 6-1.

Figure 6-1. Matching images with Box Centroid Approximation.
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The outlined orbiter image corresponds to that generated from the orbiter mesh
model, and the white image is the threshold-processed infrared measured image. The
position vector shows the path for translating the geometry-projected image. Note that

the images presented in Section 6 are for clarification purposes only.

6.2 1° Iterative Matching Method

The box centroid approximation provides a good rough estimate of the location of
the geometry-projected orbiter with respect to the infrared orbiter. If there were no
glowing effects, then the 1¥ iterative matching method would be adequate. The final
matching method addresses these “glowing” effects in order to “best” place the
geometry-projected image over the measurement image.

The 1* iterative matching method makes use of the threshold-processed infrared
image. As implied by name, it is an iterative technique that makes use of horizontal and
vertical scanning. A line is drawn, horizontally or vertically, through the geometry-

projected image and also through the infrared image. This is shown in Figure 6-2.

Figure 6-2. Matching images with 1* Iterative Matching Method.

The lines represent a typical horizontal and vertical cut through the two images.
The bulges caused by the glowing effects are clearly visible by the nose and leading

edges. The area within the box is enlarged in Figure 6-3.
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Figure 6-3. Enlarged area.

A vertical slice is made through both the geometry-projected and infrared images.
For the projected, two points yp; and yp; are obtained from this cut. These points
correspond to the location of cut as it enters and leaves the projected image. Similarly,
yn and yy, are the infrared image respective points. From these points, the incremental
change in y, dyinc, can be determined by taking the difference between the centers of each
respective slice. This relationship is shown here.

+ +
dyinc =Yic — Yerc =(y“ 2y12j_(yPl 2yp2j

_Yn= YTV~ Vp

2 (6-1)
The dyinc values for all slices are summed and divided by the total number of
slices over the width of the orbiter. The total dy value for a given iteration is equal to this
average rounded to the nearest integer. The exact same procedure is used in the
horizontal direction. This method is repeated until the total dx and dy values converge to

ZECro.
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6.3 2" Iterative Matching Method

The 2™ iterative matching method is the third and final matching technique. This
particular technique handles the “glowing” effect found in the presence of leading edge
and nose saturation by utilizing the threshold-processed and edge-detected infrared
images. This method is very similar to the 1* iterative matching method. Horizontal and

vertical scanning are again utilized.

Figure 6-4. Matching images using 2" Iterative Matching Method.

In the 1* iterative method, the incremental dx and dy values were based on the
difference between the centers of the geometry-projected and infrared slices. The 2™
iterative matching technique finds the incremental dx and dy values by finding the
difference between the geometry-projected and infrared edges. Instead of getting one
dyinc for a given slice, this method generates two dyinc values. Each dyinc, or dXinc, value
corresponds to a specific edge.

This procedure would generate the same results as before if not for one key
difference. When a particular geometry-projected edge lies within a saturation region,
the infrared image edge is taken from the edge-detected image as opposed to the
threshold-processed image. Again, the total dx and dy values are equal to the incremental
change averages, rounded to the nearest interger, that are found over the length and width
of the vehicle, respectively. This process is also repeated until the total dx and dy values

are equal to zero.
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The application of the box centroid approximation, 1% iterative matching method,
and 2" iterative matching method result in an geometry-projected image that overlaps the
respective measured infrared image. Figure 6-5 shows the projected image and infrared

image after this matching process has been implemented.

Figure 6-5. Matched geometry-projected/infrared images.

The procedures developed for going from a 3-D orbiter surface mesh model to a
matched geometry-projected/infrared image are simultaneously applied to the body-fixed
coordinates of each respective thermocouple. The result of this manipulation is the
thermocouple locations specified in terms of image pixels. These pixel locations are then
used to find the measured intensity count value at each thermocouple site and, therefore,
allow a calibration between measured infrared radiation and thermocouple surface

temperature.
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7. STS-96 Re-entry Data Analysis

The space shuttle Discovery was launched on May 27, 1999. STS-96 was the first
logistics and resupply mission for the International Space Station. It also was the first
flight to dock to the station. Upon completing their mission, Discovery’s crew preformed
a deorbit burn at 12:54 am EDT on June 6, 1999. Entry interface occurred at
approximately 1:30:49 am EDT. Re-entry concluded approximately 30 minutes later at
2:03:35 am EDT with wheel stop.

7.1 Data Acquisition

Data acquisition occurred over central Florida at the ISTEF site. The infrared
telescope was located at 28.46425° N geodetic latitude with a longitude of 279.34605° E.
This site was located 22.53 meters below the reference geodetic ellipsoid (i.e., the
geodetic height was —22.53 meters). The following figure shows the mission flight path

and its relationship to the ground site.
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Figure 7-1. STS-96 ground track.
The total duration of data acquisition for this flight was approximately 42

seconds. At a rate of 30 frames per second, 42 seconds of acquisition resulted in 1260
individual frames of infrared data. Mach numbers varied from 1.949 to 1.461, while
altitude varied from 72971 to 60796 feet. From the perspective of the ground site, the
slant range varied from 101189 to 61119 feet. Note that these Mach numbers are not in
the Mach 8 to 10 range for hypersonic boundary-layer transition. The goal of this paper

is to demonstrate the techniques needed to analyze future high-speed missions.
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Data from eight different thermocouples were collected during re-entry and used
in this analysis. Three thermocouples were located along the centerline of the vehicle.
The following figure shows the relative position of each thermocouple on the underside

of the shuttle Discovery.

502

Figure 7-2. STS-96 thermocouple positions.

Each thermocouple has a Measurement System Identification (MSID) designation
generated by the Shuttle Project Office. For instance, thermocouple 850, located in close
proximity to a gap between two different control surfaces, is officially designated as
V09T9850. For simplicity, this is truncated to 850 and this truncated designation is used
throughout this analysis. Table 7-1 gives the location, temperature range, and
temperature resolution for each thermocouple.

tc# Location (inches) Range |Resolution

Xo Yo Zo Ch (i3]
468 616.9 0.0 -209.0 | 0-2400 9.4
530 | 12140 0.0 1959 | 0-2400 9.4
502 | 1561.0 0.0 -213.0 | 0-3000 117
597 1 10020 | 934 | 20655 | 02400 9.4
480 | 10020 | -93.4 | 2055 | 02400 9.4
850 | 14293 | 3297 | -2231 | 0-3000 117
711 1367.0 | -369.3 | 2246 | 0-3000 117
730 | 14118 | -417 | 2316 | 03000 117

Table 7-1. Thermocouple instrumentation information.
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7.2 Data Reduction

The goal is to calibrate the intensity values gathered by an infrared telescope with
thermocouple surface temperature values. Each thermocouple has an associated body-
fixed location. The thermocouple pixel location is found by rotating the surface mesh
model of the orbiter, projecting it into a 2-D image plane, and matching it with processed
infrared images. Figure 7-3 shows the thermocouple pixel locations generated by this

method for a typical frame.

Figure 7-3. Typical infrared image with thermocouple pixel locations.

This method processes each individual frame and outputs the intensity count
value of each respective thermocouple. For this method to function properly, a given
frame has to meet certain requirements. The first requirement is that the entire orbiter
must be present within the image. The matching process is based on the assumption that
it is comparing the geometry-projected orbiter to a complete infrared orbiter. Therefore,
partial images of the orbiter are not processed. The following enhanced infrared image
gives an example of an invalid frame, which violates this requirement. Notice that the

nose of the shuttle is out of the frame.
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Figure 7-4. Invalid frame — partial orbiter.

Another requirement is the need for a relatively large intensity difference between
the orbiter and the background. Without adequate contrast, it becomes difficult to
distinguish between orbiter and background, and results in inaccurate detection of the
orbiter edges. Figure 7-5 gives another example of an invalid frame. Though the orbiter
is completely contained within this image; there is insufficient contrast between trailing

edge and background to determine orbiter location.

Figure 7-5. Invalid frame — small orbiter/background difference,
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One last requirement is needed for a given frame to be a valid one. A frame
recorded during the switching of the telescope gain settings cannot be used. Figure 7-6

shows what happens during gain switching.

. Invalid frame — distortion from gan ane

Figure 7-

The infrared system used for this project has multiple filters that are needed for
viewing different radiation levels. These filters allow the telescope to measure different
infrared sources without damaging or saturating the detector, by changing the system
gain settings. The figure above shows an example of a frame taken while switching one
of these filters. For this particular mission the gain settings were changed several times.
Within the data set used for this analysis, it only changed once. This gain change resulted
in a temporary loss of signal and distorted a small number of frames.

Each of the three examples given above results in data requiring special attention
beyond the scope of this research and are subsequently not considered in the processing.
The final output of this data reduction method is a history of intensity counts at each
thermocouple location. Figure 7-7 shows an example of the measured intensity versus

time at thermocouple 468.
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Figure 7-7. Intensity versus time at thermocouple 468.

The gain change is clearly evident at around 6.5 seconds. Time equal to zero
corresponds to the beginning of data acquisition or 1:57:00.114 am EDT. The last data
point is frame 775, which corresponds to 25.862 seconds. The frames following 775
were not used because the majority of these images contain only a portion of the orbiter.
After frame 1000, the orbiter edges become difficult to distinguish from the 7 counts of
background atmosphere radiation.

The initial gain settings for this data set are given the designation Interval 1,
corresponding to about the first 6.5 seconds in F igure 7-7. Interval 2 corresponds to the
data following the gain change. Obviously, these two time intervals have different

calibration curves associated with them.

7.3 Calibration

Each thermocouple measures surface temperature at a specific location. This
temperature is given in Kelvin and is treated as the “known” reference temperature
(Section 8.1 explores this assumption). Using the techniques described above, the
intensity values at each thermocouple location are also known. By comparing the known
temperatures to the determined intensity values, calibration curves for converting the
entire infrared image to temperatures can be obtained. Note that this calibration
technique does not attempt to account for emissivity changes, atmospheric absorption, or
other factors that may vary with time. This method also assumes that the calibration

curves share the same properties from point-to-point.
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An example of a temperature versus intensity plot for thermocouple 468 during
time Interval 2 is shown below. Each thermocouple behaves in a similar manner and can
be represented by Figure 7-8. As shown, the coverage of temperatures is only
approximately 30 K.
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Figure 7-8. Thermocouple temperature versus intensity.

The curve fitting or calibration function used in this paper is an empirical form of
Planck’s Law, which was given as Equation 2-1. As mentioned in Section 2, Planck’s
Law relates blackbody radiation to surface temperature. This function has the following
form.

R
=P (?) -7 (7-1)

The value I in this case corresponds to the intensity count value. T is the object

I =

surface temperature in Kelvin. R, B, and F are calibration constants. Rearranging
Equation 7-1 results in the following relation.

B

R
—+F
ln( 7 + J 7-2)

The line shown in Figure 7-8 corresponds to a curve-fit based on this calibration

T =

function. Values for R, B, and F were found for each thermocouple in each time interval.

Figure 7-9 shows the results of this curve fitting applied to the Interval 1 data set.
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Figure 7-9. Interval 1 — temperature versus intensity calibration curves.

The intensity axis goes from 0 to 255 counts, corresponding to the number of
counts available in an 8-bit image. All eight thermocouples are shown in this plot. Close
examination of this plot shows that three of the curves do not agree well with the others.
These three curves represent thermocouples 502, 850, and 730. Figure 7-2 shows the
location of these thermocouples.

Thermocouple 502 is located on the orbiter body flap. This flap changes
deflection angle over the duration of re-entry. This deflection is not taken into account in
the 3-D orbiter surface mesh model and may result in erroneous values for the pixel
location of thermocouple 502.

Thermocouple 850 is located near a gap between two control surfaces. Airflow
between these two surfaces results in a large temperature gradient at this location. The
infrared system measures the intensity averaged over a finite area. A pixel may represent
a 4-inch by 4-inch area, depending on slant range. Any large temperature gradients
within a confined area will not be properly represented by the infrared image due to the
limited resolution.

Finally, thermocouple 730 represents a location in close proximity to a leading
edge. The thermal heating found at the leading edge, in the case of Interval 1, has

saturated the detector. Any information that is gathered in this area is unreliable.
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Figure 7-9 also shows an averaged calibration function. The calibration constants
for all except the fore-mentioned thermocouples are included in the overall average
calibration. Table 7-2 shows the results of the calibration for Interval 1.

tc# B R F

468 8.2396 | 0.13179 | 1.0161
590 9.2575 | 0.12181 | 1.0191
502* 8.9841 | 0.08370 { 1.0188
597 B.3588 | 0.16125 | 1.0161
480 8.4015 | 0.14240 | 1.0185
850* 7.3866 | 0.05438 | 1.0147
711 6.9048 | 0.11059 | 1.0141
730* 57268 | 0.03073 | 1.0127
avg | 84326 | 0.13357 | 1.0168

Table 7-2. Interval 1 — calibration constants.

The thermocouples with asterisks by them are not included in the averaged
calibration. The same calibration procedure used for Interval 1 was also applied to
Interval 2. Recall Interval 2 is defined as the data set following a change in the infrared
telescope gain settings. Again, values for the calibration constants R, B, and F were
computed for each thermocouple. These values were obtained by curve-fitting the data to
the calibration function given as Equation 7-2. The results of this are shown in Figure
7-10.
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Figure 7-10. Interval 2 — temperature versus intensity calibration curves.
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Again, all eight thermocouples are shown in this plot. The curve shown for

thermocouple 850 is the only one that does not agree with the others. Again, the close

proximity of thermocouple 850 to a gap between control surfaces leads to high

temperature gradients that cannot be resolved by the pixilated infrared image.

Thermocouples 502 and 730 are included due to small body flap angles and a lack of

leading edge saturation during Interval 2. This figure also shows an averaged calibration

function. Table 7-3 shows the results of the Interval 2 calibration.

tc ¥ B R F

468 31.574 | 0.11497 | 1.0686
530 38.908 | 0.11578 | 1.0908
502 29.715 | 0.10471 | 1.0648
597 41.945 | 0.14929 | 1.0960
480 37.553 | 0.11004 | 1.0851
850" 26.092 | 0.10871 | 1.0494
711 26.680 | 0.12436 | 1.0583
730 25354 | 0.12529 | 1.0540
avg | 33.104 | 0.12063 | 1.0739

Table 7-3. Interval 2 — calibration constants.

Again, the thermocouple with an asterisk by it is not included in the averaged

values. The results of these calibrations are relations between temperature and intensity

for each gain setting. Figure 7-11 shows a comparison of the two calibrations.
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Notice the highlighted areas on each curve. This represents the valid intensity and
temperature ranges used for these calibrations. Obviously, more temperature data at

different intensity ranges would have provided a more accurate fit.

7.4 Direct Calibration Temperature Data

Direct Infrared-to-Surface Temperature Calibration temperature data are obtained
from calibrations that transform the infrared radiation directly into surface temperatures.
The calibration method described in this report is an indirect calibration, since it is
dependent upon additional data (specifically, thermocouple temperature data), and will be
referred to as the In-Situ Infrared-to-Surface Temperature Calibration. In-situ refers to
the locally obtained thermocouple measurements. The direct calibration is a complicated
procedure since it depends on several factors, including vehicle surface emissivity, path
transmittance, atmospheric radiance, optics radiance, and lab and field calibrations
obtained during system setup. Surface emissivity is a function of material type and
temperature. Figure 7-12 shows the various thermal protection materials found on the

surface of the space shuttle orbiter.
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Figure 7-12. Orbiter thermal protection system.
(from NASA Ames Research Center)
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Innovative Sciences and Technology Experimentation Facility (ISTEF) at NASA
Kennedy Space Center performed a direct calibration. ISTEF was able to do this because
the images obtained during STS-96 included only two TPS materials (RCC and HRSI).
The RCC material is found in saturation regions, thus essentially eliminating the
consideration of that material in the infrared images. Thus the images obtained contained
with only one material type with one corresponding surface emissivity function. If
images were taken from a different perspective such as a side-profile, then the analysis
involved in the direct calibration would be much more difficult. This difficulty would
arise while trying to decipher which infrared image pixels belong to which TPS material
type so the correct emissivity function would be used for that pixel.

The temperatures generated from the ISTEF calibration for this mission were
given as 12-bit files. Each file consists of a 480 x 640 temperature matrix arranged such
that a temperature at (row 32, column 152) corresponds to an infrared image pixel

location of (i=152, j=32).

7.5 Results

The thermocouple temperatures are used for making comparisons between the
direct calibration and in-situ calibration temperatures. The direct calibration
temperatures at a selected thermocouple can be found knowing the thermocouple pixel
location. The in-situ calibration temperatures at each thermocouple can be found through
the use of the calibration functions for each time interval. This information is used to
directly compare between each thermocouple temperature and the respective direct and
in-situ calibration temperatures at that location. Figure 7-13 gives an example of this
comparison for thermocouple 590. This thermocouple is chosen as a representative

sample from the eight thermocouples. The remaining plots are similar.
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Figure 7-13. Temperature versus time comparison.

The solid lines correspond to temperatures in Kelvin. Notice that the percent
difference, shown as dashed lines, for both the direct and in-situ calibration temperatures
are typically within 5% of the thermocouple temperature.

Figure 7-13 shows the validity of this project’s in-situ calibration technique at a
single pixel location. The ultimate goal of this project, however, is to apply this
technique over the entire orbiter to produce a global temperature mapping. This goal is
now straightforward because the intensity at each pixel has been measured and can be
converted into a temperature value using the calibration functions derived above. This
procedure was applied to several frames and output as temperature scaled bitmap images.
Figures 7-14 and 7-15 show the direct calibration temperature image and the in-situ
calibration temperature image, respectively, with a superimposed scale on the right hand
side. Note that temperatures found in saturated regions are based on invalid data and are,
therefore, not valid. Also note that the background atmospheric temperatures, shown in
the images, are also not valid. Saturation and atmospheric effects are outside the scope of

both infrared to surface temperature calibration methods.
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Figure 7-14. Direct calibration temperature image.

Figure 7-15. In-situ calibration temperature image.

The big difference between these two images is within the saturation regions.
There are two problems regarding this difference. The first is the fact that when an area
is saturated the detector no longer records the true intensity value. The other problem is
the fact that the calibration was performed over a small portion of the overall intensity
range. Therefore, the most accurate in-situ calibration temperatures appear within this
portion of the overall range and the accuracy of the calibration near saturation is not

known. This is evident when comparing the non-saturated regions of the orbiter within
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the two images. These two images are typically within 10 K of each other within the
unsaturated regions.

A schematic flow chart showing the data reduction process of the images obtained
during STS-96 is given as Figure 7-16. The end results of this analysis are bitmap
images containing surface temperature information that are based on infrared
measurements. These images provide a running snapshot of the thermal conditions of the
orbiter windward surface during re-entry. The methods and procedures developed above

are expected to be applicable to other missions and vehicles.
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Figure 7-16. Summary of data reduction and analysis.

In the figure shown above, each step is described within its respective section in
full detail. For example, the “2-D Projection” step, found within the “Geometry-

Projected Image” box, is detailed in Section 4.1.
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8. Error Analysis

Several sources of error need to be addressed when trying to determine each
calibration method’s total surface temperature uncertainty. Measuring thermocouple
surface temperatures represents a primary error source. The remaining error comes from
procedural or other secondary input error sources. The total uncertainty in this report is

specified by Equation 8-1.

_ [ 2 2 2
ulotal - '\/ulc + ubias + unoise (8-1)

u,. represents the uncertainty of the measured thermocouple temperatures. u bias

and u,,,, represent the uncertainties associated with the calibrated infrared temperatures.

Section 8.3 presents the total uncertainty for each calibration method and discusses the

results and implications of this analysis.

8.1 Thermocouple Surface Temperature Uncertainty

The temperature measured by a thermocouple has been assumed to be the actual
surface temperature at that location. To understand the reasoning behind this assumption,
a basic understanding of the thermocouple instrumentation is needed. Each STS-96
thermocouple is located on a High-temperature Reusable Surface Insulation (HRSI) tile.
The thermocouple wires are placed at the surface of these tiles within a small trench of
width and depth approximately equal to that of the wire. A reaction cured glass (RCG)
coating is applied to the surface of each tile with a nominal thickness of 0.015 inches.
Reference 8 gives further details of this setup.

The RCG surface coating is assumed to be an infinitesimally thin heat sink. This
means that it can store heat, but can not support a temperature gradient across its
thickness. To evaluate this assumption a finite temperature difference is taken into
account. T is defined as the corrected surface temperature, T is the measured

thermocouple temperature, and A7, is the temperature change correction factor.

T, =T +AT, 8-2)
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In Reference 8, the AT, temperature difference was determined to be on the order

of 1 Kelvin or less. This justifies the assumption of a zero temperature gradient across
the RCG coating, and results in the corrected surface temperature being equal to the
measured thermocouple temperature. Table 8-1 shows the temperature range, resolution,

and uncertainty for each thermocouple in units of Kelvin.

tc# Range |Resolution|Uncertainty
() (K) )
468 | 255-1589 5.2 26
590 | 255-1589 52 +26
502 | 255-1922 6.5 +33
697 | 255-1589 52 26
480 | 255-1589 52 t26
850 | 255-1922 6.5 +33
711 | 265-1922 6.5 +33
730 | 285-1922 6.5 +33

Table 8-1. Thermocouple surface temperature uncertainty.

The error or uncertainty of the measured surface temperatures is only as good as
the resolution of the data collection system. For example, thermocouple 590 has a

resolution of 5.2 K. Therefore, this instrument has an uncertainty of + 2.6 K.

8.2 Calibration Temperature Uncertainties

The uncertainty associated with the calibrated infrared temperatures for each
method is broken up into two pieces. The first is a bias uncertainty. The bias uncertainty
represents how far, on average, the calibrated temperature is from the thermocouple
temperature. The second piece is the noise uncertainty, which is the amount of random
variation in the calibration temperatures.

The first step in calculating these uncertainties is to curve-fit the calibration
temperatures computed in Section 7. A sixth-order polynomial fit is used to determine a
function for each calibration method’s temperatures at each thermocouple location.
Figure 7-13 showed a comparison between the direct calibration, in-situ calibration, and
thermocouple temperatures at thermocouple 590. Figure 8-1 shows the polynomial fit
applied to the same direct calibration temperature data at thermocouple 590. Note that

the in-situ calibrated temperature data are not displayed in this figure.
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direct calibration polynomial fit and thermocouple temperatures. On the other hand, the

noise uncertainty is equal the standard deviation of the temperature differences of the

direct calibration and direct calibration polynomial fit temperatures. Each error source is

evaluated at this one sigma level (68% confidence for normal distribution).

The bias and noise uncertainties for the in-situ calibration temperatures are the

same as above with the exception of replacing the direct calibration data with the in-situ

calibration data. The result of this analysis is shown in Table 8-2.

tc# Uncertainties (K)
Bias Noise
In-Situ | Direct | In-Situ | Direct

468 3.29 2.68 3.66 5.36
590 3.14 2.72 482 6.94
502 4.47 2.98 3.80 5.63
597 276 2.45 4 .45 6.46
480 2.55 2.90 4.85 7.06
850 4.60 2.67 3.16 4.51
711 3.99 2.06 3.42 4.86
730 6.40 4.07 3.85 5.08

Table 8-2. Calibration temperature uncertainties.
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8.3 Total Method Uncertainty

The three pieces of information specified in Equation 8-1 are now known for each
calibration method. Table 8-3 summarizes all of this data and shows the computed total

surface temperature uncertainties for each method.

tc# Uncertainties (K) Total
Themo-| Cal. Temp. Bias | Cal. Temp. Noise Uncertainty (K)
couple| In-Situ | Direct | In-Situ | Direct | InSitu Direct
468 26 3.29 2.68 3.66 5.36 5.57 6.53
590 26 3.14 272 4.82 6.94 6.31 7.90
502 3.3 4.47 2.98 3.80 5.63 6.73 7.18
597 26 2.76 2.45 4.45 6.46 5.84 7.38
480 26 2.55 2.90 4.85 7.06 6.06 8.06
850 3.3 4.60 267 3.16 451 6.49 6.19
711 3.3 3.99 2.06 3.42 4.86 6.21 6.23
730 3.3 6.40 4.07 3.85 5.08 8.16 7.30
Table 8-3. Total calibration method uncertainty.

The average total uncertainties for the in-situ and direct calibration methods were
+6.42 K and +7.10 K, respectively. Thus, the in-situ calibration technique presented in
this report has errors with the same order of magnitude as the direct calibration technique.
Notice that, in general, the thermocouple temperature uncertainty is slightly smaller than
the infrared calibrated temperature uncertainties.

Comparing the infrared-calibrated temperature uncertainties with the
thermocouple uncertainty for each method shows that a large source of error lies within
each method’s respective calibration procedures. A number of possible reasons exist as
for why this occurs for In-Situ Infrared-to-Surface Temperature Calibration method. One
of the biggest sources of error in this method is the fact that the calibration is taking place
over a small dynamic range. Specifically, Figure 7-8 shows only 8 infrared intensity

counts are being used out of 255 available counts. F igure 8-2 further illustrates this issue.
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Figure 8-2. Data acquisition duration at thermocouple 468.

The highlight represents the duration of data acquisition for STS-96. The epoch is
entry interface. Figure 8-2 clearly shows the effect of transition on surface temperatures
at time approximately equal to 1300 seconds, which typically occurs around Mach 8 to
10. As shown, the temperature at thermocouple 468 changes by about 100 K over the
duration of acquisition. This information is contained within 1260 infrared frames, of
which only the first 775 of these frames were valid for data reduction operations. This
results in an approximate 60 K change in temperature. The infrared telescope gain
change essentially results in this data set being cut in half. Therefore, each of the
calibrations performed in Section 7.3 essentially only look at a 30 K temperature change.
Clearly, a larger data set containing a more significant overall temperature change would
result in the utilization of more than 8 infrared intensity counts.

Figure 7-11 further illustrates the problem of insufficient temperature coverage
over the count domain. The gain change is in part due to the 8-bit data acquisition
system. To avoid saturation and maintain a good temperature resolution, the operator
needed to change the gain setting for the infrared detector during data acquisition. An
ideal system would sample images at a higher depth, such as that gathered from a 12- or
16-bit detector. This system could possibly avoid saturation and maintain a good
temperature resolution without switching gains. An ideal arrangement for calibration as
developed in this report would require a large, continuous data set encompassing a large
temperature change as shown in Figure 8-3. This calibration would be more accurate and

would also reduce the calibration temperature uncertainties witnessed above.

62



1400

1200

1000

800

600

Temperature (K)

400 A

\

S

200

0

0

500

1000
Time (sec)

1500

2000

Figure 8-3. Ideal data acquisition duration at thermocouple 468

Overall, this uncertainty analysis revealed that the in-situ calibration method is

comparable to or slightly better than the direct calibration method performed at ISTEF.

A larger number of continuous, no gain switching, infrared frames would result in a curve

fit over a larger portion of the available temperature and intensity ranges and, henceforth,

a better calibration data set resulting in a lower total surface temperature uncertainty.
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9. Concluding Remarks

A technique for performing an In-Situ Infrared Radiation-to-Surface Temperature
Calibration using thermocouple temperature data has been developed. This method was
applied to infrared data acquired from STS-96 atmospheric re-entry. The steps, involved
in this method, include the generation of a 2-D image of the orbiter from the perspective
of the ground site using a 3-D surface mesh model and post-flight trajectory data, the
processing and filtering of infrared images, and the matching of these images to extract
thermocouple pixel locations and infrared intensity counts.

This in-situ calibration technique provides surface temperature results equivalent
to those generated through direct means while being less dependant upon atmospheric
factors. Typical temperatures were found to be within 5% of the measured thermocouple
surface temperatures. The in-situ calibration procedure eliminates the complexities
involved in the direct calibration method such as atmospheric modeling, material
emissivity considerations, and lab calibrations.

For the specific application of providing flight global surface temperature data,
the in-situ calibration method minimizes instrumentation as well. Hundreds of sensors
can be replaced with a handful distributed over the surface of interest. This reduction in
instrumentation results in a lighter, better performing, and less-costly flight vehicle. This
method also has the advantage of providing a global view of vehicle surface
temperatures, while thermocouples only give surface temperatures at specific locations
requiring interpolations over the surface.

In summary, this report presents the steps involved in performing an In-Situ
Infrared Radiation-to-Surface Temperature Calibration and provides results showing that
this method is equivalent to a more conventional calibration method. This in-situ
calibration was accomplished with a very limited coverage of temperature and no
preflight arrangements of the temperature sensor locations. This technology has the
potential for observing the aeroheating characteristics of a vehicle during re-entry without
the expense of extensive conventional thermocouple instrumentation or the complexity of

direct infrared to surface temperature procedures.
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