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I. INTRODUCTION

In recent years the development of high speed aircraft and
misgsiles has shown the importance of the effscts of compressibility
and heat transfer on boundary layer fl&% and hence on drag. The
general problem is a highly complex one and involves processes like
turbulence and shock waves in a real fluid. Such phenomena pose
- formidable theoretical difficulties for an analytiecal solution of
the drag problom (for theoretical work on the subject see Refs. 1
and 2). In the case of shock free laminar flow the mechanism of the
résistance experienced by & given body is fairly well understood and
the difficulties are mainly of a mathematiéal nature. The case of
turbulent flow, however, involves conceptuval difficulties in addition
to mathematical ones. Under such circumstances the role of experi-
ments is & vital one. They provide evaluation of existing theory and
contribute to a general understanding of the phenomenon of drag at
high speeds. The quantity of most significance, in meny cases, for
practical reasons and theoretical analysis, is the viscous shearing
étress on the surface of & body moving through a fluid. TFor reasons
of simplicity the case of flow past a thin flat surface is usually
singled out for close examination. In experimental terms this in-
volves detailed boundary layer studies on & thin flat plate in a wind
tunnel. Now boundary layers in high speed flow are extremely thin.

A laminar boundary layer at atmospheric stagnation conditions and at
a Mech number £ 1.4 and Reynolds number = 106, on a 10 cm. long flat

plete, is of the order of 1/2 mm thick and a turbulent boundary layer

under similar conditions is about 1 mm thick. Hence accurate



determination of skin friction by the measuremsnt of velocity pro-
files is very difficult and the accuracy questionable. The develop-

ment of an instrument for direct measurements of the local friction

force is reported here.



II1. EXPERIMENTAL METHODS OF SKIN FRICTION MEASUREMENT

Under the assumption of continuum flow and no-slip at the solid
surface the intensity of skin friction T, at any point on a solid

surface in a flowing gas is given by
U
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u = velocity component in the boundary layer parallel
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to the surface

coordinate normal to the surface
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For the flow of gases at temperatures and pressures at which the mean
free paths of the gas molecules are small compared to the physical
dimensions of the system the slip at the solid boundary is negligible.
The foilowing discussions will apply to cases where thege conditions
are realized.

The above expression for skin friection is valid for laminar and,
because of the existence of the sublayer, also for turbulent boundary
layers. In general, experimental attempts at measurement of the skin

friction may be classified into two main types:

1. Those which endeavor to determine the components of the
right hand side of the above equation.
2. Those which rely on a bulk measurement of the skin friction

itself, or some other physical quantity related to it.



1. Skin Fricticn by the Velocity Profile Nethod

In the first type of measurement the physical gusntities Lo be
measured'are the visceslity p and the veloclty in the boundary layer,
W « Kinetic theory and experiment indicate the viscosity coeffi-

‘clent to be a function of the absolube temperature alone, Thus a
locel measurement of the wall temperature (with, say, a sensitive
thermocouple) is sufficient to define () y_p+ The measurement of
the velocity as a function of the normal coordinate y 1is however =a
more cémplicated vrocedurs. Measurement of the local veloclity in
moviﬁg‘fluids is extremely difficult and up to the present time no
aticon to the ob-
gervation of high speed flows. The only known published measurements
of local velocity of interest to fluid mechaenics are those of Fags
and Towmend (Ref. 3) who used an ultramicroscope with a rotating ob-
Jective to observe boundary layer flow in a water channel., For most
serodynamic investigations the local velocity is not found directly
"but related quantities like dynamic pressure, mass flow, demsity etc.
are measured. To obtain velocity from such measurements one reguires
additional information about the flow.

For example, conslder the case of the three most extensively
used instruments, the pitot btube, the hot-wire anemometer and the
interferometer. In order to obtain velocity from the reading of a
pitot tube one must know the local static pressure and density. For
the hot-wire anemometer the local density is required, while informan-
tion about the local temperature i1s necessary for the interferometer.

In the case of the boundary layer, theoretical considerations borne



out by experiments, show that the variation of pressure normal to the
surface is negligible. On this assumption the experimental“determina-
tion of static pressure in the boundary layer is simplifiea toa local
measurement on the surface., (Since the pressure is measured at the
wall and its variation is small the assumption of constant p through
the boundary 1a&er introduces only second order errors in a skin fric-
tion measurement.) However, for the instruments mentioned above, for
each determination of velocity one would still have to make at least
one additional measurement apart from the reading of the instrument
itgelf.

In determining skin friction from the slope at the wall of a
measured velocity profile, errors in measurement of he profile di-
redtly affect T, . A method which is not so sensitive to the portion
of the velociby profile in the immediate neipghborhood of the wall is
provided in principle by Karmén's momentun integral. The basic con-
sideration underlyin; this is the fact that the frictional‘force on
the surface must appear as a momenbum defoct in the rest of the bound-
ary layér. For the case of steady two-dimensional flow past a flat
éurfaoe one obtains

R CRORS a
where p, , U are the density and veloclty just outside the boundary

leyer and & end 5 are defired by:
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and 22 1is the coordinate in the direction of the flow. Several pro-
files in the region of determination of T, would now have to be
measured. This meﬁhod while not sensitive to errors in u c¢lose to
the wall involves the added complication of knowing U, p, and &
as functions of x . Its application is more practical in the case
of wmniform flow past a flat plate when the pressure gradient in the

x=direction is also zero and the above expression reduces to

% _ 49
paJUZ dz

The use of this method does not, however, eliminate the difficulties
in the determination of velocity from a pressure or momentum measure-

ment .
Notes on Instruments used in the Measurement of Velocity Profiles:

A. The Pitot (or Total Head) Tube

The specialized form usually used for boundary layer measurements
consists of a small bore tube (of the order of 0.05" diemeter) with
its mouth flattened out to form a narrow rectangular opening. The
impact pressure at the mouth is proportional to ‘ouz and is usually
measured on a mercury or alcohol manometer. As mentioned befors, in
order to obtain velocity from the reading of such an instfument one
needs a knowledge of either p or T . For non-dissipative flows
with speeds below the speed of sound the assumption of isentropic
deceleration at the tube mouth is closely fulfilled and the veloéity

u is related to the impact vressure p, by the relation

;)/__-/ 1
w=+/2Cp T, /-(p%)‘Y



here
T, = stagnation temperature
p = local static pressure
7 = {%} , Cp and Cy being the specific heats at con-

stant pressure and constant volume respectively

The sbagnation temperature 7T, may be measured at some conveni-
ent reference point in the flow, for exampls, in the case of a wind
twnnel, in the reservoir or settling cheamber. At supersonic speeds
a shock wave appears in front of the tube mouth and the entropy loss
through this must be taken into account. By assuming ths shape of
the shock wave to be straight and normal to the flow direction the
velocity can still be calculated by use of the well-=known Rayleigh

pitot tube formula
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where M is the local Mach number just ahead of the tube (in front
of the shock wave) | pé the impact pressure reading of the tube (be-
hind the normal shock wave). The two pitot tube formulas become
identical at M =/.

For a skin friction determination with a pitot tube one would
then have to know the following:

1. The impact pressure indicated by the tube as a function of

y within the boundary layer.

2. The static pressure at the point of measurement.



3. The temperature distribution in the boundary layer.

By assuming the enthalpy to be constant through the boundary
layer the temperature measurement is very much simplified but such
an assumption causes serious errors in tho value of the shearing
stress. At high speeds the dissipation due to friction becomes in-
creasingly important and the assumption of constant T, in the bound-
ary layer is not valid even approximately. An approximate estimate
of the error in T, caused by such an assumption may be readily ob-
tained. For points in the boundary layer very close to the wall the
flow may be considered incompressible so that the pitot tube reads
h = p+-éT{gu?, The pressure p is measured on the surface and isg
approximately constant through the boundary layer. From this

R _”_,) j_yT.

For y—0 , (ﬁ};4) — (0 and the second term on the right hand side

is negligible as compared to the first, Therefore for small values

of vy

du ~ 'ﬁ
dy

Also the viscosity coefficient is approximately
pT

80 that the shear stress at the wall

_ du
to = (u ?*y‘)w ~ Tw

For the typical case of an insulated flat plate with M £ 1.5 the wall

temperature Ty = 0.85 7, . By using T, =7, the wall shearing stress



is subject to errors of the order of 15%.
It is interesting to note the significant improvement in accu-
racy if an actual measured value of the wall temperature T, isg used

.

for the dstermination of T, . The errors in -3%]\N due to tempera-
ture are practically eliminated. The main limibation now is ir the
determination of Eﬁj\N. Due to the finite size of the pitot tube, h
cennot be measured right up to the wall. Another error introduced by
the finite size of the pitot tube in boundary layver measurements is
due to the transverse total pressure gradient in the boundary layer.
The average indicated by the tube does not correspond to the velocity
at the eenter of the tube but to that at some point which is shifted
from the center towards the region of higher velocity. In = measure-
ment of the velocity profile in a given boundary layer this error is
emphasized for points closs to the wall. For a tube with a recbanpu-
lar opening of 0.005" this shift is of the order of 0.001" in a ve-
locity gradient E%} = 108 ft./sec. per foot (representative of a
typical laminar boundary layer at Mach number * 1.4 and Reynolds num-

ber based on a 10 cm. length = 108, In actual use the shift can be

approximately accounted for (Ref. 4).

B. The Stanton Tube
The Stanton tube is a modification of the pitot tube which gives

an indication of the shearing stress on a surface. It consists of a

[ d

smell tube with a hole in its side (see sketch). The tube projects
a small distance (of the order of 0.005") from the surface on which
the friction is to be measured and the opening in the side of the

tube faces the direction of flow. The end of the tube is ground flat
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to form a raszor sharp lip

with the opening. For a

distance € very close to

the surface (this would have
to be within the laminar

sublayer in flows with tur-

bulent boundary layers) we have approximately

~ 0
o = Kw l‘Lee = ((’w“ez)(éu‘:)

where u. is the effective velocity corresponding to the tube pres-
gure reading and the subgcript w denotes conditions at the wall.
The surface tube may thus be usefully employed for indications of
changes in T, (see Ref. 5 for example of use). However, because of
the wprecise definition of the quantity U, as measursd by the tube
and the extreme sensitivity to € , the height of the tube above the

surface, this method is not recommended for absolute measurement of T,.

C. The Hot-Wire Anemometer
The hot-wire nnemometer depends for its measurement of velocity
on the heat loss from a very small diameter (of the order of 0.0005")
wire which is heated electrically. For a given temperature differ-
ence between the heated wire and the surrounding air the amount of
heat transferred is proportional to the square root of the mass flow
pu » In order to find the velocity W from the mass [low one must
lmow the density (o . For the measurement of mean velocity in bound-
ary layers at low speeds, whers the effects of compressibility can

be neglected, the hot-wire anemometer is used as a calibrated
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instrument. The calibration is performed wnder controlled cconditions,
for example, in o wind tunnel with a low turbulence level. In this
range the sensitivity and accuracy of this instrument are well estab-
lished. At high speeds the law of heat transfer deviates considerably
from the one at low speeds. In particular, the effects of temperature
and density gradients on the reading of the instrument (see Ref. 6

for some recent work on this subject) under these conditions are not
yot established. Sinece a hot-wire has to be calibrated under condi-
tions which cannot be exactly reproduced duriné boundary layer meas-
urements such effects may cause lerpge changes in'ﬁhe calibration
constants. Until the behaviour of hot-wires in high speed, particu-
larly supersonic, flow is well established it is felt that this in-
strument is unsuitable for precise measurements of boundary layer

flow at high speeds.

D. Interferometer

This instrument measures directly the change in density with
reference to some kmown value (see Ref. 7 for an account of the theory
of cperation of this instrument). Since the interferometer leaves the
flow undisturbed, it seems, at first sight, to be the ideal instrument
for two=-dimensional boundary laysr measurements. There are, however,
gerious limitations to its use for such work. These are due to:

1. Brrors arising from the refraction of the light traversing

the boundary layer.
2. Prosence of side wall boundary layers in wind tunnels.
3. Transverse contamination, particularly of laminar boundary

layers.
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The errors due to refraction are quite complex. As a ray of
light traverses the boundary layer it traces a curved path instead
of a straight one due to the existence of density gradients in the
boundary layer; Thus two types of errors are introduced as a result
of refraction. The first is in the optical path length of the ray
and the second in the position to which the indicated density corre-
sponds. Further errors result from the fact that due to refraction
a ray of lighf which enters the tunnel at right-~angles to the center
line leaves the test section at an angle to the exit window or wall.
This causes refraction through the window, so that the location of
in of the ray is
discussion of these errors may be found in Refs. é'and 9. It is suf-
ficient to note here that investigations of the magnitudes of the
refraction error show that the indicated density profiles in bouhdary
layer measurements with an interferometer may be in error to the ex-
tent of approximately 10%.

The second limitation, that of the presence of tunnel wall bound-
ary layers, affects the measured density since the interferometer
beam traverses both the wall density field as well as the one being
studied. One method of minimizing this error is to pass the refer-
ence beam of the interferometer also through the test section and
thus cancel the effect of the wall béundary layers (Ref. 10).

The third limitation is of primary consequence in laminar bound-
ary layer measurements, It is well-known (Ref. 11) that external dis-
turbances can cause transgition of laminar flow to the turbulent typs.

Observations of laminar boundary layers on {lat plates show that due
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to transverse contamination of the gsides there are always regions of
turbulent flow. Again the interferometer beam integrates the density
in these regions as part of the laminar boundary layer and hence
gives erroneous indications.

The above discussion shows that accurate measurement of density
in o boundary layer with an interferometer is far from simple. Ap-
proximate methods of correction have been devised by various workers
(Refs. 8, 9 and 12). It is felt that the techniques so far developsd
are inadequate, particularly for taking the rather sericus refraction
error into account. In addition to these difficulties in the measure-
ment of density one still has the basic problem, mentioned before, of
obtaining velocity from the reading of the instrument. Knowing P
oﬁe 5till needs the distribution of the static ‘temperature through
the boundary layer for a calculation of w . One may proceed Lo use
theoretically calculated temperature distributions in the boundary
layer (e.g. in Ref. 13) or alternatively use a pitot tube to supple-
ment the interferometer. In this connection the use of a total head
tube is considered to be an improvement over the first method of as-
suning theoreticel distributions of temperature in the boundary layer,
and using the intérferometer s a primary measuring instrument. The
reading of a pitot tube (apart from errors due to finite size) is pro-
portional to (suz and, for all practical purposes, is independent of
theoretical assumptions. Hence this, with an accurate independent

measurement of (@ , should give a fairly reliable determination of

the velocity.,
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2. Measurement of Skin Friction by Direct Mathods

The above discussions show that experimental determination of
skin friction by the indirect method of velocity distribution meas-
urement in thin boundary layers is subject to many errors. The
sheariﬁg stress T, has %o be debermined by differentiation, either
of measured velocity profiles or of slowly varying parsmetsrs (the
loss of momentun in the boundary layer). BEven when the quentities
to be differentiated are themsslves measured comparatlively accurately
the results of differentiation can be quite inaccurate.

The second type of skin friction measurement, relying on a di-
rect or bulk measurement, may be performed in principle in two ways.

(a) By a heat transfer measurement.

(b) By a direct foree determination.

A. Skin Friction by a Heat Transfer Hocasurement

The first method depends on the‘Re&nolds' analogy betwsen the
transport of momentum end the transfer of heat. If q, is the heat
flow per unit time from a unit area of the surface, and k is the

heat conductivity of the fluid, then

- ar
% k{ay}yw

where T 1s the local temperature. The analogy with the expression

for the intensity of skin friction is at once apparent. For the case

Cp M

ol two=-dimensional flow with the Prandtl number =/ the tempera-
ture 7 1is a parabolic function of the velocity W zlone. In such a

case the heat flow g ond the wall shearing stress T, may be ex-

pliecitly related by sn expression (Ref, 1) of the form:
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temperature of free stream, Ty = wall temperature

where

=
1

<
[}

velocity of free stream

M, = Mach number of free stream

In the above relation assumptions of 1aminar‘flow and equal
orders of magnitude for the viscous and thermal boundary layers are
inherent. It is easily seen that estimates of skin friction can be
obtained by measurement of g and the other quantities involved.

For cases when the Prandtl number differs from unity but is constant
and the flow i; turbulent similar relations between the heat transfer
and the skin friction may be derived (Ref. 14). These relations, how-
ever, are not exact and although they do indicate the existence of a
relationship hetween q; and T, , they are by themselves not reliable
enough to form the basis of measurements for T, . In such cases cali-
bration procedures have to be relied upon. H. Ludwieg (Ref. 15) has
suceessfully used this principle for the measurement of wall shearing
stresses in turbulent flows at low speeds. His instrument consists
of a small electrically heated element flush with the surface on which
the measurement is to be made and thermally insulated from it. g, is

measured by the amount of electrical enerzy supplied to the element.

Jthermocouples. It must be pointed out that in this case the general
relation between 2, and T, must be modified to account for the fact

that the thermel layer and the fristion laysr do not originate at the
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same point. Ludweig calibrated his instrument by measurements of g,
with known values of the friction force, so that his measurenents are
not affected by theorstical assumptions on the relation between T,
and q, ° The use of this type of instrument for high speed flow in-
vestigationg has, however, one serious drawback. It is extremely dif-
ficult to provide lmown shearing stresses for calibration purposes.
For instance, it is no longer possible to use the known relation at
low speeds between pressure drop in a two-dimensional chennel and ths
shearing stress on the walls. FPFurthermore, it 1s open to question
whether a heat transfer instrument calibrated in flows with fuliy de-
veloped turbulent boundary layers can be used for the measuremeﬁt of
skin friction in laminar flows, and vice versa. On account of these
difficulties it was felt that a method measuring the shear force di-

rectly would be superior to the heat transfer method.

B. Direct Force Measurement

In principle this method is very simple. The frictional forecse
is allowed to move a small slement of the surface in the directiom
of the flow, and ageinst some restoring force. This movement is
calibrated to indicate the magnitude of the force. This maethod was
used by early investigators like Froude and Kempf in determining the
fluid resistance of bodies in water. A more rescent application is

that of Shultz-Grunow (Ref. 16), who used it for measurements of Ty

Q.

ces not rely on any

in a low spsed wind tunnel. Since this method
physical assumptions regarding the nature of the bowndary layer {low
it is inherently very suitable for surfece frictiocn measursments.

=Y

There are, howsver, several difficulties and possible sources of
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error in the actual use of this prineiple, especlially for applications
to supersonic flow. The moving element has to be separated from the
rest of the surface by small gaps. These may cause changes in the ve-
loecity and pressure distribution in their immediate vicinity and so
falsify the measurements. Again, for local measurements the force
element has to be very small compared to the dimensions of the body
on which the friction measurements are 4o be made. This is of special
importance in cases where there are large pressurs gradients in the
direction of flow. The magnitude of the friction forces on a small
element are bound to be small (see section IV) so that the force meas-
uring mechanism has to be extremely sensitive. Investigations of
thege difficulties (see section III) showed that nevertheless the di-
rect force measurement method was guite feasible and practicai. Sec-
tion IV describes an instrument designed on this principle for usse in

the GALCIT 4" x 10" Transonic Wind Tunnel.



i8

ITI. INVESTIGATIONS OF THE DIRECT FORCE MEASUREMENT METHOD
1. Measurement of Small Forces (of the corder of 100 milligranms)

The common feature of all methods wsually employed in the meas-
urement of small forces is that they utilize a small linear or angular
movement produced by the force against some mechenical resistance.
The available methods are:

1. Mechanical devices utilizing the torsion of a fine wirs.

2. Optical Methods

3. Resistance wire gages.

4, Reactance gages.

The mechanical torsion wire is essentially very simple and is
utilized extensively in laboratory measurements of small forces (e.s.
surface tension of liquids). However, a test set-up showed that it
could not be used in the presemt case without complicated lever sys-
tems which would destroy the simplicity and accuracy of the methoed.

Among the optical methods the use of infterferometry for the ac-
curate measurement of small displacements 1s well-lmown. The extreme
sensitivity of this méthod, however, requires vibration free supports
for the optical elements and makes the practical application, in a
case like the present, extremely difficult. Other possible optical
methods would include the use of optical levers to magnify small angu-
lar changes and, perhaps, the diffraction of monochromatic light
through a narrow slit. Actual investigations using these methods
showed that although extremely simple to use they were not accurate

enough.



19

The resistance strain gapge, extensively used in experimental
structural analysis and recently in wind tunnel balance systems,
works cn the principle that a change in strain in a fine cdnducting
wire is accompanied by a change in the electrical resistance of the
wire. Since the percentage change in resistance is of the same order
of magnitude as the percentage change in strain and since the resis-
tance is also a function of the temperature rather elaborate electri-
cal eguipment is necessary for precision measursments with this type
of gage, A test apparatus showed that mainly due to temperature ef-
focts the resistance strain gage Qas not reliable enoush for the de-

termination of small frictior

ces of the order of 100 milligrams.
Thé reactance type gage is similar %o the resistance gage inas-
much as it also employs a mechanical movement to produce a corres-
nonding change in an electriecal quantity. However, in this case, it
is possible for the percent change in reactance to be sseveral hundred
times the percent mechanical change. The change in reactance can thus
be easlily and accurately measured. The particular form of reactance
gags, or pick-up, chosen for the present application is a small vari-
able transformer manufactured commercially. The size and character-

istics (Ref. 17) of this transformer make it very convenient for use

in the present application.
2. Effect of Gaps

The gaps between the surface of* the flat plate and the force ele-
ment cannct be permitted to have any flow through them since this

would cause a serious disturbance in the boundary layer. 1In the cese
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of supersonic flow the slot disturbances may cause shock waves and,
so, errors in the force measurements. In order to investigate these
effects tests were made on flat plates with slots. A slot width of
0.01" was used to study the effects in supersonic flow. This slot
size was chosen as being a practical one for actual use in the in-
strument to be doveloped. Figs. 1 and 2 are high speed spark
Schlieren photographs of the flow on the surface of the plate. No
disturbances could be detected when the flow was viewed in the
Schlieren system by continuous light. In Fig. 1 the plate has a
laminar boundary layer. 1In the case of Fig. 2 the boundary layer
was made burbulent with a 0,01" diameter pianc wire stretched on the
surface of the plate ahead of the slots. The leminar boundary photo-
graph indicates no detectable disturbances due to the presence of the
slots. In the turbulent case, there being a steeper velocity gradi-
ent at the plate surface, the flow is more susceptible to disturbances
and very faint waves can be seen to originate at the location of the
slots (Fig. 2). In order to estimate the strength of these waves at-
tempts were made to measure the pressure rise through them by means
of a 0.04" diameter static pressure tube and sn alcohol manometer.

No indication of pressure variation could be obtained. Since pre-
vious experisnce with similar pressure probes (Ref. 18) has shovm +he
instrument to e an extremely sensitive one, it was concluded that
the effect of the slots was negligibly small., This effect wes further
investigated by a detailed exploration of velocity profiles in the
vicinity of a sample slot. The profiles on a flat plate with a rela-

tively large slot of about 0.2 cm. were measursd with a 0.0005"
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diameter platinum hot-wire. Since the boundary layers at high speeds
are too thin to allow an accurate determination of welocity profiles
these measurements were made in a low speed channel sc that boundary
layers were relatively thick and the hot-wire measurements quite ac-
curate. In order to retain some measure of dynamical similarity with
the slot in the high speed tunnel the Reynolds number (epproximately
800 referred to free stream velocity and density) based on the slot
width was approximately the same in the two cases. The results of
these measurements are shown in Fig, 3. The slove of the velocity
profiles in the vicinity of the slot and hence the shearing stress is

M.
&Ll

D

small change
in the free stresam velocity indicated by the profiles is dus to the
plate's location in a resion of slightly retarded flow., This has no
effect on the wall shearing stress in the region of measurement, It
is interesting to note that the velocity profile measured in the gap
shows o small finite velocity at the wall level but the slope of the
rost of the profile is not sensibly affected. The profile just be-
hind the slot does not indicate any change of T, as would be the
cage if the presence ¢f the slot were causing ;\disturbance. The ve~
locity profiles shown in Fig. 3 are for a turbulent boundary layer on

the flat plate., The effect of the gap on a surface with laminar

boundary layer would be even smaller.



IV. THE SHBARING STRESS IN3TRUMENT
1. Design Requirements

A Th@/instrument is to be used primarily for two-dimensional
measuremente in the GLACIT 4" x 10" Trengonic Wind Tunnel (sea Ref.
18 for description). The small size of the test section demands that
the measuring instrument be of extremely small dimensions in order to-
avoid choking the tunnel.

B. The force measuring system must be sensitive enough to meas-
ure the skin {riction forces on a flat surface with both laminar and

turbulent boundary layers. In the available Mach number and Reynolds

i

[

]
[%

nunber range (Mech number % 0,7 to 1.5 and Reynolds number/bm.
to 1.7 x 105) this corresponds to friction stresses ranging from about
100 mg./sq. om. to 10 gm./sq. om. ,

C. The moving element and the surrounding plate must at all
times be at the same level. Even small inclinations of the element
(of the order of 1/60th of a degree) would introduce appreciable
errors in the measured forces.

D. The instrument readings must be immme to temperature changes

and vibrations from the tunnel.
2. Description

The instrument developed is showm schematically in Fig. 4. The
small, 2 mm. x 20 mm., moving element is lapped flush with the surface
of the approximately 15 em. long Ilat plate on which the mecsurements

are to be made. The element is supported by a flexure linlmge. This



is specially designed for parallel translation so thot during its mo-
tion the element remains parallel to the plate surface and at the sams
level. The rectangular slot in the plate through which the force ele-
ment 1s exposed to the flow has accurately lapped sides. The gaps at
the leading and trailing edges of the moveble element are about 0.005"
and 0.01" respectively. The movement of the element is conveyed by
the linknge system to the iron core of the small, 5/16" diameter 7/1€"
long, wvariable transformer by means of a non-conducting rod. This
transformer (available cormerically from Schaevitz Fngineering, Camden.
New Jersey) consists of three co-axial coils; one prima wry and two
secondaries, The primary coil is energized with high freqguency (ap-
proximately 20 kilocycles) A.C. so that the solenoidal force on the

-

core 1is éffectively eliminated. The output of the secondaries con-
nected in opposition is & funétion of the core position. The sensi-
tivity is of the order of 0.03 volts per 0. 001" core displacement ét
5 volts input to'the primary. This outpult is lurge cenough for the
detection of core displacements of less than 0.0001". There being no
physical contact between the core and the ccils there are no errors
introduced by friction. Temperature changes of + 20°C have no effect
on the output of the transformer and the link system is designed so .
that thermal expansions of vdrious parts do not affect the core posi-
tion. The possible effect of external vibrations on the instrument
is two feld. (a) To make the transformer core oscillate and (b) to
effectively displace the core. The first defect is remedied in the

design by viscous damping end the second by distrih wting the mass of

the osclllating system sc that its center of gravity coincides
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approximately with its center of percussion. The force range of the
instrument can be varied by changing the links in the {lexure suspen-
sion of the moving element. For the pressnt purpose three sets of
links, 0.005", 0.01" and 0.025" thick, provide a force range from
aebout 10 mg. to 10 gm. Celibration of the instrument is obtained by
means of a pulley arrangement with jewel bearings and small weights.
A sample calibration curve is shown in Fig. 5. The flexure links,
moving element, transformer and the damping system are all enclosed
in a streamlined windshield which is vented to the lower surface of

the flat plate. This serves to equalize the pressure on the two

frontal area of the instrument, excludins the flat plate, exposed to

the flow is 1/4" x 2 1/2".
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MILLIGRAMS

FIG. 5

CALIBRATION OF 0.010" LINKS
LINEAR DISPLACEMENT OF CORE FOR 1000 mem. = 0.007"
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