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M1;=N2LX—NXLZ - (14)

© My=NxLy=NyLx s
Next, an equivalent R matrix using homogeneous coordinate
transformation equations is developed by combining the three
rotational matrices in the references. As mentioned
previously, the order of combination is important. If they are
combined as roll times pitch and then times yaw, the
following matrix is formed:

[cosa cosB] [cosa sinB]
{(sinv sina cosf) —-,'cos'y sinﬁ]

[(cosy sina cosB) + siny sing]

Equating terms to the matrix in Eq. (1) gives nine equations
in three unknown variables. From these we can determine that

a=sin~!(—=Ly) : an
B=cos~! (Ly/cose) =sin~! (L,/cosa) (18

y=sin~! (Mz/coser) =cos~! (N,/cosar) 19)

Either of the two possible values of « are correct. B and vy
are uniquely determined once « is selected. .

The required x;, ¥,, and z; local axis origin values are the
coordinates of P;, which were subtracted from the coor-
dinates of P, and P; to get a pure rotation problem prior to
calculation of the L, M, and Nterms. -

There is a trivial case to consider. If cosa=0, there is no
solution by this method. This occurs when the local X’ axis

aligns with the global Z axis. This is indicated when ILzl=1

and L, =L, =0, thus a=(~L;)7/2.

As we have selected rotation order of roll, then piich, then

yaw, it follows that when pitch is (— #/2), the roll and yaw

must sum to the total angle # between thelocal Y’ axis and the -

global Y axis. If the pitch is + #/2, the yaw has negative sign,
thus ' Ll : o ’
B—L,y=8 (20)

where
6=sin~! (~M,)=cos~"(M,) . (D)

Any .combination of 8 and % meegting the equations is
correct. . c R co RS

Application of the Inverse Procedure
We have now identified a procedure for determining x;, ¥/,
z;, roll, pitch, and yaw for a local axis system given three
points; the local axis system origin P;, a point P, on the
desired local X’ axis, and a point P; on the desired local X"~
Y’ plane. - » I :

Applications of this proce'dure'now will be described. The -

most direct application is to allow the designer to specify that
a component will go from “‘here to there’” by input of three
points. The first point is ‘here’ and becomes P, in the
preceding calculations. The second point is *‘there” and
becomes P,. The third point, P;, specifies only the com-
ponent roll about the X’ axis by defining the X"-Y’ plane.
This capability is shownin Figs. 2and 3. :

Figure 2 shows a typicai design problem. A wing strut is

required extending from’ point P, to point P,, and is oriented
such that the airfoil streamwise directioni (Y’ axis) is ap-
proximately parallel to the global X axis. P; is coincident with
P, in rear view and forward of P, in top view, thus orienting

[(siny sina sinB) + cosy cosB]

[(cosy sina sinf) — siny cosB]
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the X’-¥’ plane properly. Note the initial strut location,
which is irrelevant to our solution.

Figure 3 shows the resulting strut location. The calculated
values obtained in this example are x; =70.35, y;=9.07,
z;= —9.28, roll=0.7 deg, pitch=18.8 deg, and yaw =879
deg. :

A second utilization of this procedure for determining the
local axis system values permits component rotations in the
global axis system regardless of the original orientation of the
local axis system. : S -

3

[ —sina] B
@6)

{siny cosa]

{cosy cosa]

This can be implemented using the preceding equations by
a simple trick. We take three arbitrary points in the local axis
system, convert them to global coordinates, rotate them in the
global system, and then use the given procedure to find the
new local axis system x;, ¥;, 21, roll, pitch, and yaw. To
simplify matters, the three local axis system points selected-
are P, =(0,0,0), P,=(1,0,0), and P; =(0, 1, 0). i

Trunnion axis rotations can be implemented in a similar

" fashion. This and the related problem of trinnion -axis

location are detailed in Ref. 4. .
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A Method for Measuring Skin Friction

Drag on a Flat Plate in
Contaminated Gas Flows

R. B. Oetting*and G. K. PaftersonT S

University of Missouri-Rolla, Rolla, Missouri

Introduction

HE most straightforward way to measure drag en a
surface immersed in a fluid flow is by direct measurement
of the force on the exposed surface.! This usually involves
replacing a portion of the surface with an imbedded sensor
surface, generally about 0.5 to 1 in. in diameter (some
honcircular sensors have been used). The surface is directly
connected to a small force transducer beneath the plate. It is
possible to achieve good results with these sensors, but care
must be taken in their installation? to avoid misalignment of
‘the surfaces and binding between the sensor surface and the

surrounding plate surface. :
- An alternate method of determining surface drag is through
indirect methods based on similarity arguments and/or cer-
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Fig.2 Flat-plate drag comparisons.

tain assumptions about the ‘eeioeity.— profile and turbulence

level in the surface boundary layer. In this broad category of

drag determination, the method most easily understood in-
volves the measurement of the velocity profile of the boun-

dary layer, nsually with a hot-wire anemometer. Once’ the.

velocity profile is established:it' is- possible to. determine the
surface friction coefficient by téchniques. such as the
logamhmxc law of the wall presented by Clauser.?

Neither the method utilizing the-¢mbedded sensor surface,
nor an indirect method mvolvmg the measurement of the
surface boundary-layer velocity profile, is adequate when the
fluid flowfield is contaminated. with particles. Particles as
small as 50 pm diameter suspended in the flow would interfere

' with the function of both the embedded sensor and the hot- -

- wire probe. The technique of skin friction drag measurement
presented here was developed to: overcome the problem of
suspended particles in the fluid flow.. This activity was part of
a larger project? to mvestrgate the potennal for drag reduction
of suspended particles in the-developing boundary layer on a
flat plate The key to the suceess-of the present techmque of
measuring the fiat-plate surface drag is the suspensron of the
test plate on arr bearmgs

The ﬂat-plate arrangement is shown in Frg 1. The 0. 25-m -
thick aluminum test plate (6.in. wrde‘xﬂ72 in. long) is located
between two dummy plates of the same size and material. A
gap of about 0.02 in. separates the test plate from the dummy
side plates and the leadmg— and trailing-edge fairings. The
leading-edge fairing® provides.some flow conditioning and
the rear fairing provides trailing-edge streamlining and a
housing for the Revere model. UMP1-0. 005-A load cell
transducer. Side rails and a lower plate support the dummy
plates, test plate air bearings,-and force transducer. This
arrangement also protects. the air-bearings and force trans-
ducer from particle contammatron from the undersxde of the
test arrangement. . s

The air bearing arrangement for the test plate suspension

mcludes six horizontal bearmgs for plate support with four
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© more vertical bearings tor plate alignment. The horizontal air

bearings are located in pairs equally spaced along the length
of the test plate. Vertical alignment air bearings are located in
pairs equidistant between the front and center, and center and
rear horizontal air bearings. This arrangement allows for
good plate support with the six horizontal air bearings, and
the ability to control the gap separating the test plate from the
dummy plates using the four adjustable vertical air bearings.

The experiments were carried out in_the University of
Missouri-Rolla Subsonic Wind Tunnel, a closed-circuit at-
mospheric tunnel with a test section 32 in. highx48 in.
wide x 11 ft. long. Low turbulence (on the order of 0.2%) and
good flow direction control are obtained by a combination of
features, including two screens in the stilling chamber, 9:1
stilling chamber to test section contraction ratio, feedback
command control of fan speed, ‘and a 6.5 deg maximum
diffuser angle. Tests were run at tunnel speeds up to 150 ft/s..

Particles were injected through a spread nozzle (6 in.
widex 1/16 in. deep) at a position in the inlet contraction
upstream of the test.plate to minimize flowfield interference.
Oxides of aluminum and iron particles were used, ranging in
size from 20 to 150 pm. Particle densities were as hxgh as 0 3
1b of particle per pound of air.

: Results and Discussion- .
Comparison of the experrmental drag measurements with
theory for the 6 in. wide x 72 in. long (3 ft?) test plate is shown
in Fig. 2. The expenmental measurements are compared with
the drag force calculated using the equation®

Cp=0.074/(Re, )’

for a turbulent boundary layer starting at the test plate leading
edge. A roughened surface on the leading-edge fairing (see
Fig. 1) causes the boundary layer to trip and become a tur-
bulent boundary layer before reaching the test plate leading

‘edge. . This was confirmed through boundary-layer velocity

profile measurements using a hot-wire anemometer with no
particle injection into the flowfield. A turbulent boundary
layer exists over the entire test plate for tunnel speeds above
50 ft/s. ’

The results of thrs study indicate that the measurement of

- drag on a flat plate in a particle contaminated airflow can be
-readily made utilizing a system which supports the test plate

on air bearings. Adjustment of the air bearing support system
is easily made to properly align the plate to prevent in-
terference with the surrounding support system. .-
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