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The Design of an Acceleration Insensitive Skin 
Friction Balance for Use in Free Flight 

Vehicles at Supersonic Speeds* 

BY 

w. c. LYONS, JR.t 

I. Introduction 

Since 1904 when L. Prandtl first introduced the boundary layer concept, more 
and more interest has been developed in the aerodynamic force known as skin 
friction drag. This may be attributed to the fact that aircraft and missiles are 
becoming larger and are flying at ever increasing speeds. Skin friction drag has 
evolved now to the point where it has become an appreciable factor in the total 
drag acting on a body. It is therefore evident that an effective method for deter
mining the magnitude of this force is of prime importance to the current designer 
of high speed aircraft. 

The wind tunnel has long been a powerful tool for the experimental investiga
tion of aerodynamic properties, and consequently, offers one method for obtain
ing skin friction data. A widely accepted method for determining the skin friction 
drag on a body is to survey the boundary layer with an impact pressure probe 
along a line perpendicular to the surface of the body. Obtaining this total pressure 
survey along with the static pressure at various stations along the body makes pos
sible the determination of the velocity profile at each station. From this the mo
mentum thickness for the boundary layer at each station may be calculated, and 
finally a value for the mean skin friction coefficient, C1,,, for the area from the nose 
or leading edge of the body back to any particular station results. Although excel
lent data may be obtained by this method, it had been considered that a more 
direct method for obtaining skin friction data might prove useful. 

From this consideration evolved the skin friction balance, an instrument which 
will directly measure the shear force acting on a segment of the surface of a body. 
Instruments built to accomplish this have been used by a considerable number 
of investigators with a great deal of success. Among the numerous people who 
have used skin friction balances in their investigations are Dhawan, '* * Coles," 
Shutts, Hartwig, and Weiler," and Weiler.• By obtaining a direct measurement 
of the skin friction drag acting on a small segment of the surface of a body, a value 

•This work was supported by the U. S. Navy Bureau of Ordnance, under Contract NOnl -16498, 
Task UTX-1-A-1, with The University of T exas. Defense Research Laboratory. 

+Master of Science in Aeronautical Engineering, June, 1957; now with Chance Vought Air
craft Corporation, Dallas, Texas. 

• • These numbers refer to references at the end of the paper. 



2 The University of Texas Bulletin 

for the local skin friction coefficient, Cr, may be obtained simply by dividing this 
drag force by the dynamic pressure, q, and the surface area of the segment. This 
segment of course must be sufficiently small to consider the force acting on it as a 
local quantity. 

Although the wind tunnel affords an excellent means for obtaining needed 
data, it also places certain restrictions on the conditions under which data may 
be obtained. For example, both the ranges of Mach Number and Reynolds Num
ber are limited in wind tunnel testing. There are also problems present in shock 
wave interference and in suitably controlling the rate of heat transfer so that free 
flight conditions may be more closely simulated. A further source of error in wind 
tunnel data is derived from velocity fluctuations or turbulence in the test section. 
This has a large effect on the degree to which measurements performed on models 
can be applied to full-scale aircraft. Also, the turbulence level can be an important 
factor affecting the point of transition on models being tested, which would 
especially influence drag measurements. 

One method of largely overcoming these problems and restrictions, which are 
inherent in wind tunnel testing, is to turn to free flight testing. High altitude 
rockets such as the Aerobee-Hi or the Viking give an adequate Mach Number and 
Reynolds Number range and. of course, eliminate the other problems previously 
mentioned. There is, however, an obstacle encountered in free flight testing that 
is absent in wind tunnel testing. If not properly taken into consideration, inertial 
loads resulting from accelerations can have an adverse effect upon measuring in
struments. This effect can be especially important in the case of load measuring 
instruments such as a skin friction balance. The solution to this problem with re
gard to a skin friction balance is to design an instrument that is insensitive to 
inertial forces, but one that will respond to shear forces. 
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IL Description of the Acceleration Insensitive 

Skin Friction Balance 
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To facilitate the description of the acceleration insensitive skin friction balance, 
a schematic diagram of it is presented in Fig. 1. The instrument consists of four 
moving components and a frame which is fixed to the carrying vehicle. The fol
lowing is a description of each of the moving components. 

System No. 1, which is designated as M 1 in Fig. 1, is composed of a floating 
element, which is a small segment of the surface of the carrying vehicle, a set of 
main supporting flexures, and a rigid part to connect the floating element to the 
Main Flexures No. 1. System No. 2 (M,) is composed of a specially designed 
mass in the form of an open rectangular shaped box which surrounds System No. 
1. This box is supported on a pair of main flexures labeled Main Flexures No. 2. 
They also constitute part of System No. 2. Connecting system M 1 to system M 2 

is a small disc which rotates about point A, a point fixed in the frame of the bal
ance. The connection between system M 1 and disc P 1 and system M" and disc P, 
is such that the disc rotates as the two systems translate in opposite directions. 
Also attached to system M" is a small disc, P "' which is identical to P 1 • Disc P" 
rotates about point B fixed in the frame, but in an opposite direction to that in 
which P 1 rotates as system M" translates. 

Systems M 1 and M 2 are supported on Main Flexures No. 1 and No. 2 which in 
turn are attached to the fixed frame in which points A and B are located. These 
flexures restrict both M, and M" to one degree of freedom which is translatory 
motion with respect to the fixed frame. This translatory motion should be in the 
direction of the air flow when the instrument is mounted in a test vehicle. The 
floating element, which is a segment of the surface of the test vehicle, should al
ways remain flush with the adjacent surface around it for small degrees of travel. 

To render this instrument insensitive to inertial forces resulting from any type 
of acceleration, certain restrictions are placed upon the design. First M 1 and M" 
should both have the same mass, and furthermore, the centers of gravity of M, 
and M " should be located at the same point in space. Second ,the moment of 
inertia of P" should be the same as that of P ,, and the centers of gravity of P, and 
P" should lie at points A and B, respectively. 

A force acting on M 1 due to a pure linear acceleration will be acting on M 2 

with the same magnitude and in the same direction, since M, and M" have identi
cal masses and coinciding centers of gravity. These forces will result in moments 
about point A, through disc P,, which are equal in magnitude, but opposite in 
direction and will therefore be cancelled. Linear accelerations will produce no 
motion in P 1 and P" since both discs are restricted to rotational motion and have 
their centers of gravity located on their respective pivot points, A and B. 

Torques resulting from an angular acceleration can affect only P 1 and P" since 
M 1 and M" are restricted to translatory motion only by their supporting flexures. 
The torques produced in P, and P" will be equal in magnitude and direction since 
the mass moment of inertia of P 1 about point A is equal to the mass moment of 
inertia of P 2 about point B. The moments of inertia are equal since it has been 
previously stated that P, and P 2 are to be identical parts. These torques will tend 
to cause P 1 and P" to rotate in the same direction about points A and B, respec-
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SYSTEM NO. I (M 1) 

\FLOATING ELEMENT 

\ SYSTEM NO. 2 (M 2 ) 

0 0 

PIVOT NO. 2 ( P2 ) 

&..-----MAIN FLEXURES NO. 2----

.__ ______ MAIN FLEXURE$ NO. 1---------

FIG. 1- SCHEMATIC DIAGRAM OF AN 
ACCELERATION INSENSITIVE 
SKIN FRICTION BALANCE 

tively. The design of the instrument, however, will not allow P , and P" to rotate 
in the same direction simultaneously, and therefore, the effects of angular ac
celeration are also cancelled. 

To measure a force with this balance, the displacement of the floating element 
is measured with respect to the fixed frame, as it is acted upon by a shear force and 
restrained by a known force. This known force , of course, is supplied by the main 
flexures and other springs in the balance system. The displacement of the floating 
element is indicated by the use of a Schaevitz linear variable differential trans
former.'' The iron core of the transformer is rigidly attached to the floating ele
ment, while the coils of the transformer are attached to the fixed frame of the 
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balance. By measuring the distance the floating element is displaced against the 
force of the flexures of known spring constant, the shear force acting on the ele
ment can readily be determined. 

To eliminate all friction from the balance system, fixed center flexure pivots 
were used to attach pivots P 1 and P 2 to the frame. The pivots were mounted on 
the flexures such that they rotated about points A and B. The linkage between the 
moving parts was accomplished by simple flexure pivots. No detailed discussion 
of these flexures will be given here, since a thorough analysis of flexure pivots is 
given in a report by Eastman.n 



6 The University of Texas Bulletin 

III. Theory 

It has been adequately shown that no motion of the balance systems result from 
inertial forces acting on discs P 1 and P 2 alone. At this time, however, an analysis 
will be made of the two translating systems, M 1 and M 2, to determine their in
sensitiveness to accelerations in three-dimensional general motion. The analysis 
will be carried out using vector notation. 

A rocket or carrying vehicle for one of these instruments, moving with a gen
eral three-dimensional motion with respect to a fixed Newtonian set of axes 
(XYZ) is shown in Fig. 2. Fixed in the rocket are a set of moving axes (X'Y'Z'), 
with the origin 0' located at the center of gravity of the rocket. The angular 
velocity components °'1' "' z· and <•' :i represent the yaw, pitch, and roll rates, re
spectively of the rocket. 

Let the center of gravity of System No. 1 of the balance be denoted by C1 and 
the center of gravity of System No. 2 be denoted by C2 • This is shown in Fig. 3. 
Let the location vector of C1 with respect to the origin 0' be denoted by :f;, and 
the location of CZ with respect to O' be denoted by r:. The angular velocity of cl 
and Cz a bout 0' is the vector;, where: 

( 1) 

and 1, j~ and k are unit vectors along the X'. Y' , and Z' axes, respectively. Since 
System No. 1 and System No. 2 are restricted to translatory motion only, and 
due to the orientation 6f the balance in the rocket, points C1 and Gi may have 
motion only in a direction parallel to the Z' axis . 

The centers of gravity, C1 and C2 , by the restrictions placed on the design of 
thf' instrument lie at the same point in space for the condition of zero skin friction 
force acting on the floating element. However, when a shear force is applied to 
the balance, cl and CZ will become displaced by a minute amount. One will be 
displaced in the positive k direction while the other will be displaced in the 
negative k direction . Let this displacement from the zero force position be given 
by kd for C1 and-kh for C2 • The location vectors for C1 and C2 with respect to 0' 
at some instant during a flight when a finite skin friction force is applied to the 
floating element is given by: 

rl = ai + b} + (C + d)k 
(2) 

and 

r2 = e i + f T + (g - h)k 
(3 ) 

Let; respresent the angular acceleration of cl and CZ about 0' where: 

(4) 
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If the mass of System No. 1 is m 1 and the mass of System No. 2 is m"' then the 
inertial force acting at cl due to the motion of the rocket is : 

FI = m 1 [£01 + axrI + wx (wxrI)] 

The force acting at C" due to the motion of the rocket is : 

F 2 = m 2 [ f
0

, + axr2 + wx (wxr2)] 

(5) 

(6) 

where f0 , is the acceleration of 0' with respect to the XYZ axes. Since the force 
that would tend to cause an error in the skin friction readings is the difference in 
:B\ and F ~'then the following equation gives this force as: 

(7) 

By expressing the vectors r1 , r.,, :, and;; in their component forms as given in 
Equations ( 1) through ( 4) and then performing the indicated vector operations, 
Equation (7) becomes: 

F 1 - F 2 = T { m 1 [a 2 (c + d) - a 3b] -m 2 [a 2 (g - h) - a/] 
+ m 1w2 [w 1b - w2a] - m 2w2 [ wif - w2c] 

+ m 2w3 [ w3e - wI (g - h)J - miw3 [w 3a - wI (c + d)]} 

+ J {m 1 [a 3a -a I (c + d)J - m2 [a 3e -a I (g - h) J 

+ m 1w3 [ w2 (c + d) - w3b J -m 2w3 [ w2 (g - h) - w3£ J 

+m2w1 [w 1£-w2e] -m 1w1 [w 1b-w2a]} 
+ k {m 1 [alb -a2a] -m2 [a 1f - a2e] 
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+ fo' (_ml - mz) (8) 

This equation will first be investigated for the condition of zero shear force . By 
the design restrictions previously stated, the masses of System No. 1 and System 
No. 2 must be equal and their centers of gravity must coincide at a single point in 
space. This then implies that : 

and 

r 1 = r2 

(i .e., a=e; b=f; C =g; d = h = O) 
For these conditions, Equation ( 8) reduces to: 

F 1 - F 2 = 0 

Since this force is zero, then no motion will result from accelerations applied to 
the instrument. 

Equation ( 8) will now be investigated for the case of a finite shear force being 
applied to the floating element. For this case again: 

ml = m2 

and 
a = e; b = f; C=g 

but 
d# O and h# O 

Equation (8) therefore reduces to: 

F 1 - F 2 = m 1 {1 [(d + h) (a. 2 + w3w1)] 

+ T [(d + h) (a. 1 - w3w2)] + k [(d + h) (w 1 
2 

+ w2 
2
)]} 

(9) 

By the design of the balance, however, System No. 1 and System No. 2 translate 
in opposite direction but equal distances when a shear force is applied. Therefore, 
d = h. Further, the translating systems of the instrument are restricted by the 
main leaf flexures to motion only in the Z' direction. It is therefore only the 

k component of the force represented by Equation (9) that is of interest. The k 
component of this force is given as: 

2 2 
(F 1 - F 2) = zm 1d (w 1 +w2 ) ( lUJ 

k 
Recall now, that "'• and '''" represent the pitch and yaw rates of the carrying 

vehicle. The term(,.,," +(/)/) represents the square of a resultant angular velocity 
which is usually referred to as the pitch or yaw rate when applied to an axisym
metric vehicle. From available information. the maximum pitch or yaw rate for 
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a typical carrying vehicle will not exceed 0.150 radians per second. The following 
are the values for m 1 and d. 

2 = 0 . 224 lb-sec 
in. 

d = 0.008in. 
The maximum error force due to inertial forces during a flight is given by Equa
tion (10) as: 

(Fl - F 2) = 0. 008 millipounds 
k 

Since the maximum skin friction force anticipated will be approximately 50 
millipounds, this error force is less than 0.05 % of the full-scale reading in the 
most extreme case, and in most cases this force will be considerably smaller. It is 
therefore assumed that this effect is of negligible significance in the accuracy of 
the skin friction readings obtained with this balance. 



Acceleration Insensitive Skin Friction Balance 11 

IV. Laboratory Evaluation Tests 

To ascertain the degree of response of the acceleration insensitive skin friction 
balance to accelerations applied to it in various directions, tests were conducted 
in which the balance was subjected to both linear and angular accelerations. 
Further tests were conducted to determine the response of the instrument to ac
celerations derived from externally applied forced vibrations. 

The relative response of the skin friction balance to extraneous accelerations 
is expressed in terms of ll/d, where ll is the maximum deflection of the floating 
element due to a given acceleration, and dis the maximum deflection of the float
ing element to be utilized in the measurement of skin friction. The extraneous 
accelerations applied to the balance in these tests may be described as longitudi
nal, axial, or lateral. Longitudinal accelerations are those accelerations in a di
rection which coincides with the direction of motion of the floating element. Axial 
accelerations are those in a direction normal to the floating element. Lateral ac
celrations are those in a direction normal to the longitudinal and axial directions. 

The maximum linear accelerations anticipated, based on the performance of 
rockets considered as suitable carrying vehicles, will be approximately 12g. With 
respect to a skin friction balance, this would be in the forward longitudinal di
rection. After burnout of the rocket motor of the carrying vehicle, a deceleration 
of lg will be experienced until re-entry occurs. During the re-entry phase of a 
rocket flight, there is a possibility of a maximum deceleration as high as 13g. This 
would correspond to the reverse longitudinal direction with respect to a skin fric
tion balance. The performance data of various vehicles indicate that additional 
linear accelerations in the axial and lateral directions due to roll, pitch, and yaw, 
should never exceed lg. Upon subjecting this skin friction balance to a forward 
longitudinal acceleration of 14.5g by means of a centrifuge, the relative response 
of the instrument was 0.30%. The relative response of the balance to a reversed 
longitudinal acceleration of 13g was 0.60% . Accelerations as high as 11.5g were 
applied to the instrument in the axial direction, yielding a relative response of 
1.40%. This, however, would correspond to a relative response of only 0.12% 
at the anticipated 1g of acceleration in this direction. Finally, a linear accelera
tion of 9g was applied to the balance in the lateral direction. This acceleration 
yielded a relative response of 4.9%. At the 1g acceleration anticipated in this 
direction, this would correspond to a relative response of 0.54%. 

The angular acceleration due to roll, pitch, yaw, and structural vibration of 
research type vehicles, suitable for carrying a skin friction balance, is very small. 
Angular accelerations were applied to the balance by accelerating the rotational 
speed of the centrifuge in which it was mounted. Although it is extremely difficult 
to determine the angular accelerations being applied to the balance, it is estimated 
that accelerations as high as 80 radians per second squared were obtained in the 
centrifuge. The maximum relative response of the skin friction balance when 
subjected to these accelerations was 0.50%. 

Since some accelerations applied to the balance during a flight will be derived 
from the structural vibration of the carrying vehicle, it was felt necessary to in
vestigate the insensitiveness of the skin friction balance to vibrations. From the 
performance data available on several types of carrying vehicles, the peak accel-
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eration due to vibration is not expected to exceed 1g. T he skin friction balance was 
subjected to vibrations of 1g peak accelerations over a frequency range of 14 cps 
to 60 cps. This was accomplished by mounting the instrument on an All American 
shaker table. With no damping applied to the balance, the natural frequency was 
found to be 26 cps, and therefore, it was felt that this test frequency range would 
adequately demonstrate the response of the balance to vibration derived accelra
tions. 

The response of the balance to vibrations has been presented in Fig. 4 as the 
relative response of the instrument plotted as a function of the frequency ratio 
"'/ p, where "' is the frequency of the forced vibration, and p is the natural fre
quency of the undamped instrument. With no damping in the balance system, 
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FIG. 4 - RESPONSE OF SKIN FRICTION BALANCE 
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the relative response of the instrument at resonant frequency was approximately 
40.0%. This, however, was reduced to a relative response of slightly over 4.0% 
when viscous damping was applied to the balance system. The relative response 
of the balance in the frequency range from twice the resonant frequency to all 
higher frequencies at which the balance was tested was approximately 2.0% for 
both the undamped and damped condition of the instrument. The relative re
sponse of the skin friction balance to axial and lateral vibrations was approxi
mately 0.5% with no apparent peak response at any frequency . 
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V. Conclusion 

At this time four acceleration insensitive skin friction balances have been 
flown. Two of these balances were flown in Aerobee-Hi rockets7 while the other 
two were flown in a Viking rocket. 8 These four balances were slightly modified 
versions of an instrument designed and reported by Weiler.• Each of these four 
balances was subjected to the same laboratory evaluation tests as have just been 
described in the preceding paragraphs. Upon comparing the results of these tests, 

~ 

\ \ \ 

FIG. 5-ACCELERATION INSENSITIVE 
SKIN FRICTION BALANCE 

\ 
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it was found that in every respect this new type skin friction balance reported in 
this paper was comparable or superior to the four balances previously flown. 

A reduction in the relative response of this new type balance from the response 
of the balances originally flown was especially noticeable for the case of reversed 
longitudinal accelerations. This would be a very desirable advantage in the case 
of missiles on which the skin friction is to be measured both during the ascending 
portion of the flight when large forward longitudinal accelerations are encount
ered, and during the re-entry phase of the flight when large reversed longitudinal 
accelerations are present. 

Based on the results of these laboratory tests and upon the success of previously 
flown balances, it is assumed that an instrument of this new design would be satis
factory for use in a free flight vehicle for the purpose of measuring local skin 
friction. Figure 5 is a photograph of this acceleration insensitive skin friction 
balance. 
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Abstracts 

PRlmICTING TRANSIENT WATER DRIVE BEHAVIOR IN 

UNDERSA TURA TED RESERVOIRS 

BY THEO LOUIS POLASEK* 

The problem of properly describing the influx of water into oil reservoirs has 
been attacked many times in the past. Solutions are always becoming more com
plicated in their development and in their application, but each time new solu
tions have been proposed, they more nearly describe the actual transient condi
tions of water influx. 

The basic improvements of the present solution of the transient influx problem 
as compared to that of van Everdingen and Hurst are ( 1) the boundary pressure 
need not be determined, (2) actual parameters are used to determine the vari
ables, and ( 3) the method is quick and easy to apply. In this attempt the prob
lem has been considered as a two region one ; that is, the flow in both the oil and 
water zones is described by the diffusivity equation. This automatically limits 
the present investigation to undersaturated reservoirs, because only undersatu
rated fluid flow is described by the simple diffusivity equation. Through simul
taneous solution of the equations describing the pressure distribution in each zone, 
an expression was derived that predicted the pressure history in the reservoir 
without the actual knowledge of the boundary pressure. The production of oil 
from the oil zone is accounted for in the diffusivity equation by the inclusion of 
a uniform sink term A 0 , which has the units of unit volume of fluid withdrawn 
per unit bulk volume per unit time. The unique form of the final derived equation 
permits the direct relation of fluid production to the amount of water influx, and 
thereby it permits the direct prediction of the pressure decline from production 
data . Thus, by complicating the mathematics in order to represent the reservoir 
conditions more completely, the normal material balance equation is discarded 
and an all-inclusive material balance equation is developed that predicts pressure 
decline directly from production. Assuming that the values of the integral of the 
final expression have been evaluated, the method is easily and quickly applied to 
reservoirs wherein the pressures remain above the bubble point at all times. 

The new equations have been applied for pressure predictions to the Mercy 
Field and to the Torchlight Tensleep Field which are respectively linear and 
radial influx examples. For predicting reserves and reservoir length, the equa
tions have been applied to the Alibel Sand in Chocolate Bayou Field. These fields 
were chosen because data from all three were available with respect to produc
tion, pressure, field parameters, and fluid characteristics during their undersatu
rated life. 

•Master of Science in Pet roleum Engineering, June, 1957. 
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OPTIMUM ASCENSION TRAJECTORIES FOR EARTH SATELLITES 

BY PAT GARNER HEDGCOXE* 

This thesis presents an attempt to solve in part the problem of finding the 
optimum ascent trajectory for an earth satellite vehicle. Specifically, the goal of 
the thesis is to derive the differential equations along with the necessary boundary 
conditions which describe ascent with a minimum consumption of fuel. Two cases 
are considered: ascent with varying fuel rate and ascent with fuel rate held con
stant. Analysis utilizing the calculus of variations is used to resolve the problem. 

The solution of the problem is obtained under the assumptions that the atmos
pheric forces can be neglected, the trajectory of the vehicle lies in the earth's 
equatorial plane, the direction of the rocket thrust can be rotated with respect to 
the tangent to the trajectory, and the magnitude of the relative exhaust gas veloc
ity vector is constant. 

The results of the analysis indicate that a circular orbit is desirable for the 
minimum fuel consumption criterion. Also the results show that the differential 
equations, which are nonlinear, have a rather concise vector form . The nonlinear 
character of the equations indicates that the most plausible way to obtain a solu
tion would be through numerical methods. 

A CRITICAL EXAMINATION OF THE EFFECT OF ORIENTATION 

ON SOLAR RADIATION INTERCEPTED BY 

OVERHANGS OF RESIDENCES 

BY JAMES R. HOLMES, SR.t 

Architects still lack easy calculations for sun heat entering through windows. 
Victor and Aladar Olgyay of Princeton demonstrate calculations for comparing 
the yearly heat received by shaded vertical glass with amounts available. Effi
ciency of roof overhangs is thus the amount intercepted compared to potential 
<1mounts. 

This thesis simplifies and expands this work, applying it to Austin Air-Condi
tioned Village houses of 1954. Calculators were made by superimposing sun
shade masks on 30° N. latitude sunpath diagrams containing plots of annual 
periods when indoor temperatures exceed 70° F . From overlays of specially 
plotted radiation curves, data on delivered and intercepted direct solar heat at 
the houses' actual and test orientations were plotted on rectilinear charts and 
integrated with planimeters. The efficiency calculations for each overhang were 
thus greatly simplified. 

Besides describing movements of overhang shadows on walls at various orient<1-
tions, this thesis describes several current methods for calculating cooling loa<ls. 

•Master of Science in Mechanical Engineering, June, 1957. 
t M aster of Science in Architectural Engineering, June, 1 <)1)7. 



18 The University of Texas Bulletin 

In these methods, direct and diffuse solar heat gains through glass are merely 
approximated. 

It further presents simple applications of descriptive geometry for determining 
heat gain through glass instantaneously or over periods of time. Shadows of a 
moving sun determine exact irradiated glass areas and provide heat gain figures 
which bring total calculated cooling loads amazingly close to those actually 
measured. 






