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Photogrammetric Positioning of
Supersonic Wind Tunnel Models

Hardware and analytical procedures for determining the three
dimensional positions of free flight models is described.

INTRODUCTION

T ESTING MODELS in wind tunnels is an
important stage in planning new air

craft. The common type of supersonic wind
tunnel consists of two long and thick steel
tubes, one inside the other. The air speed
inside the inner tunnel, where the model is
tested, can exceed Mach 2. The external tun
nel is built mainly for safety, and the air
speed in it is much lower. Where the model
is inserted for observation the cross-section
of the tunnel is rectangular. The model in
side the tunnel call be observed from both
sides through two thick glass windows.
Usually the model is mounted in the wind

is not required in static experiments, and
also on the data acquisition and reduction
method which is usually more complicated
than in static testing, especially when three
dimensional information is required.

Because of the short duration of the tests
using the free flight technique (less than 0.1
second), the only way to study the model
movements in the wind tunnel is by high
speed photography and the only way to
measure them is by photogrammetric meth
ods. But the common photogrammetric tech
nique of reconstructing the bundle of rays as
it was at the moment of photography and by
f0ll11ing a photogrammetric model can not
be used here for three reasons.

ABSTRACT; The confined space in a supersonic wind tunnel labora
tory and the very short duration of the free flight tests cause serious
difficulties in measuring the position of the models inside the wind
tunnel during the test. To overcome these problems, an original and
simple system was arranged for use with high speed photography,
and an appropriate procedure for photogrammetric data reduction
was developed. The position and orientation of the model are deter
mined to an accuracy of a few millimetres, which exceeds the
requirements for such tests.

tunnel near the windows by strings or struts
or balance strings. During the last ten years
a new technique, free flight testing in wind
tunnels, has become a well-established
practice. In principle, results obtained from
free-flying models are more reliable than
those obtained from models that are stati
cally mounted in the wind tunnel. For cer
tain types of experiments, such as dynamical
stability tests or aircraft store trajectories,
the investigation of the free flight of models
is an absolute "must." However, though
more reliable in principle, the accuracy of
the free flight data depends very much on
the dynamical scaling of the models, which
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(1) The high speed camera takes between
600 to 3000 photographs per second. At
such a speed only strip cameras can be
used. The Hyiam 16 mm camera used in
this work has a special prismatic compen
sator which rotates all the time synchro
nously with the film movement, thus pro
ducing photographs that look like frame
photographs. It is not simple to calibrate
such a camera. Furthermore, because of
the compensator the inner orientation of
the camera varies according to a periodic
function, i.e., for each possible orienta
tion of the rolling compensator there is a
corresponding inner orientation of the
camera. As the orientation of the compen-
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sator at the moment of photography is un
known, any information about the inner
orientation is quite useless.

(2) The usual procedure of finding the rela
tive and absolute orientation of the photo
graphs can not be used here. Because of
the very narrow angle of the camera
(the focal length of the camera is 100 to
150 mm while the photograph width is
only 16 mm) there is a danger that the
equations used for finding the orientation
elements will be ill-conditioned.

(3) The light rays which form the photo
graphs pass on their way from the wind
tunnel to the camera objective through
two glass windows which are not plano
parallel. In addition they are refracted by
the air inside the wind tunnel as the den
sity of the air and its refractive index are
affected by the extreme changes in the air
speed (from nearly zero at the window
panes to more then Mach 2 at the center
line of the wind tunnel only 25 cm from
the windows). It is very difficult to cor
rect for the effect of the refraction of the
light rays.

A special photogrammetric method was,
therefore, modified and adapted to cope
with this problem. The positions of special
marks on the model are determined by this
method with the aid of known reference
points on the front and rear windows of the
test section.

THE ApPARATUS

The free flying model is viewed in the test
section of the supersonic wind tunnel
through two pairs of plane, first-surface mir
rors (Figure 1). The mirrors are set in special
swivelling and adjustable frames in order to

obtain the best possible viewing angles and
light conditions. The mirrors in each pair are
mounted at an angle to each other, thus
"splitting" the picture of the test section.
This arrangement has two important advan
tages. First, the two pairs of mirrors together
create a double periscopic system that al
lows photographing the split view of the test
section at close quarters typical of a crowded
wind tunnel laboratory. Second, this special
arrangement of the mirrors provides a view
of the model flying in the tunnel test section
from two different angles and permits the
use of a single camera to record the free
flight trajectory practically in three dimen
sions. Such an arrangement eliminates the
need for a second camera and for synchro
nization equipment.

Because of the high air speed and the
steep gradient of the air pressure inside the
supersonic wind tunnel, there is a danger
that objects inside it can either affect the
wind flow and therefore the test's results, or
be destroyed during the test. Therefore, the
reference points are marked on the exterior
of the inner front and rear window panes
(Figure 2). A special correction is applied to
the measured data to allow for the refraction
of the light rays by the thick window panes
(25mm).

The free flying model also bears marks on
its surface in order to obtain as much flight
data as possible about the trajectory of the
model's center of gravity and about the
model's spatial orientation. In the case of a
model with pointed fore and aft ends, the
ends themselves serve as markings; other
wise, fore and aft marks have to be added.

FIG. 1. Periscopic mirror system.
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FIG. 2. Typical photograph with split view of the model and refer
ence marks on window panes of the tunnel.
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THE DATA REDUCTION METHOD

To acquire the coordinates of points on
the flying model in the wind tunnel, the X,
Y, and Z coordinates of the reference points
marked on the outside faces of the front and
rear windows of the test section must be
established. The X-Y coordinates of these
reference points are measured in the win
dow planes. The Z coordinates of all the
reference points in the front window equal
zero and the Z coordinates of all the refer
ence points on the rear window are all equal
to the width of the inner tunnel. Referring to
Figure 2 it can be seen that on each photo
graph the following data will appear:

• The images of at least six points on the
front window of the tunnel's test section,

• The images of at least six points on the rear
window, and

• The image of the free flying model and its
marks.

From Figure 3 it is seen that the ray £i'om
point A on the model penetrates the glass
plate of the front window at point a' and
reaches point a on the photograph. There
fore, the point a is the image of both A and
a'. Since at least four (usually six) reference
points with known coordinates appear on
each photograph, it is possible to find the
X-Y coordinates ofa' in the plane ofthe front
window using the linear projective trans
formation formulae, i.e.,

X

Y

alU + azV + a3
a7U + asV + 1

a.U + a5V + a6
a7U + asV + 1

(1)

where
U,v are the coordinates of point A in the
photograph plane,
X,Y are the coordinates of point a' in the
window plane, and
a I to as are constants for a particular
photograph.

The Z coordinate of point a' is of course
equal to the Z coordinate of the front win
dow plane. In an identical manner the coor
dinates of a", which is on the same ray hom
A, can be found on the rear window plane.
If another photograph, taken simultaneously
with the first but from a different angle, is
available one obtains another ray that passes
through the point A. The intersection of
these two rays should provide the coordi
nates of point A in the X, Y, Z space. The two
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FIG. 3. Photograph in the wind tunnel.
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reconstructed rays usually do not intersect
but cross close to each other. The point A is,
therefore, assumed to be the midpoint of a
line perpendicular to both rays. The points
of intersection of this line with the rays are
designated by x" Y" ZI andX2, Y2, Z2' The six
equations required to solve these unknowns
are the two equations expressing the fact
that point Xl> Y" z\ is on the ray a'a"; the two
similar equations for the other ray; and two
additional equations expressing the fact that
X ,-X2 , Y,-Y 2 , and 2 1-22 are proportional to the
components of a vector given by the cross
product of the vectors that describe the two
rays. The coordinates of the point A are
finally obtained by taking the average of X,
and X 2 , Yj and Y2, 2 1 and 2 2 ,

ACCOUNTING FOR THE REFRACTION OF LIGHT

RAYS IN THE WIND TUNNEL WINDOWS

The reconstruction of the positions of the
points on the model and on the test section
windows from their images on the photo
graphs is complicated by the fact that each
ray passes through two thick glass windows.
It is, therefore, refracted twice, and the
analysis based on straight rays presented
thus far is inexact unless this refraction is
taken into account. The correlation for the
refraction is described here.

In Figure 4 the points ai, a" are con
nected by the refracted ray that lies in a
plane, provided the media through which it
passes are homogeneous. The straight line
passing through the point A will be defined
by the two points G ', G" in the vicinity of
a' a". They lie on the perpendicular to the
glass planes which pass through the points
a', a" and their distances from the glass sur
face depend on the penetration angle of the
ray. The distance V from the inner surface of
the windows is found as follows:

Referring to Fig. 4 it is seen that

sinf3 = sinaln (3)

where n is the refraction coefficient for the
ray penetrating the window glass from the
air inside the wind tunnel.

Also,

U = t . tgf3 = t sina (4)
Vn2 -sin2a

and,

V = U cotga. (5)

Thus

V = t
cosa

(6)
Vn 2 -sin2a

From the geometry of the wind tunnel for
d»t we get:

cosa '" d (7)
Vd 2 +U

and

sina '"
L

vd2 +U
(8)

Therefore,

V
t . d

(9)
Vn 2 (U+d 2 ) - U

RESULTS AND CONCLUSIONS

It has been shown in this paper that the
three dimensional trajectory of a free flying
model in the test section of a supersonic
wind tunnel and also its spatial orientation
can be recorded by a single high speed
camera and a double periscopic optical sys
tem. The simultaneous photography by a
single camera of two different views of the
model on a single frame saves the expense
of a second camera and the costly synchro
nization equipment. The special data reduc
tion method which was developed in this
work enables one not only to find the coor
dinates of the model in the wind tunnel
without calibrating the camera but also to
compensate for the major part of the errors
caused by lens distortion, refraction, and
film shrinkage. Using Equation 1 compen
sates for the effect of the linear irregulari
ties of the photographs, while the effect of
the non-linear irregularities is largely com
pensated by using only the coordinates of
the reference points nearest to the model
image on the photograph in order to calcu
late the constants a\ to as in Equation 1.

Numerical experimentation with the
method showed that a distortion of ±40 /Lm
in the location of a point on the photograph
scale of 1: 100 still permitted reconstruction
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of the position in the wind tunnel to within
1 mm. A reduction in size as above (1:100)
and the resulting accuracy (1 mm) are suit
able for wind tunnel work. Actually, when
the method was tested in static calibration
tests much better results were obtained.

In these tests a ruler was photographed in
several positions and orientations in the
40 cm x 50 cm supersonic test section and

its scale was reconstructed with an accuracy
better than 1 percent. The maximum error in
the X-Y plane was 1 111m while the maximum
error in the Z coordinate was 5 mm. This
accuracy and the simplicity of the hardware
contribute towards a cost-effective method
for wind tunnel free flight data acquisition.
(Received October 4, 1977; revised and accepted
May 22, 1978)

New Sustaining Member

Fugro Geometries, Inc.

3777 Long Beach Blvd., Long Beach, CA 90807

F VGRO GEOMETRICS, INC. was fanned near the end of 1977 as a subSidiary of Fugro, Inc.,
Consulting Engineers and Geologists, to complement Fugro's extensive experience in

engineering geology, soil mechanics, and earth resources assessment.
Fugro Geometrics, Inc. is equipped to gather the basic data and translate it into a graphic

or mathematical form more readily usable by architects, engineers, constructors, and
planners. This is accomplished through the use of contemporary airborne imagery and
sensing systems, photogrammetry, computer modeling, electronic data processing, and
geologic interpretation.

The results can be provided to clients in a variety of imagery, surface and subsurface
geologic maps, topographic and planimetric maps, digitized information, and related
computer display.

This service provides industry and government with a firm planning basis for:
-Resource exploration -Mining -Land development
-Transportation conidors -Terminals -Facility installations
-Utilities -Conservation works

With Fugro's affiliate offices throughout Europe, Southeast Asia, and the Middle East,
worldwide experience can be presented. Their airborne imagery and photogrammetry
capabilities, coupled with the geodetic surveying capabilities of Fugro's Netherlands
affiliate, truly projects an international working capability.

Fugro Geometries currently is equipped with a computer controlled Acti-Copius process
camera/projector, Durst Laborator enlarger/projector, LogEtronic Mark III dodging printer,
and DuPont Cronaflex II automatic fast access processing system. Stereo compilation is
accomplished with two Kern PG2/AT/DC2B semi-automated plotting systems. These
instruments, with micro processors, are interfaced with silent 700 tape cassettes, which
through an acoustic coupler, transfers digital data to a Univac H08 computer.

Complete analytical aerotriangulation is accomplished with the Kern PMG-2 zoom point
transfer instrument and the Kern MK-2 mono comparator equipped with an Altek
Corporation data acquisition system and 029 card punch. Three analytical aerotriangulation
programs are available for transformation adjustment.

Besides regular survey equipment, the geodetic survey group in the etherlands earlier
this year acquired an M&S Computing, Inc. interactive graphics design system.


