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(ABSTRACT) 

A thin-film gage was designed, constructed, and tested for the measurement of skin 

friction in steady and non-steady flows. This direct-force-reading gage is designed to 

have a high frequency response (> 1 kHz), high temperature capability (800 K), and full 

directional sensitivity in both subsonic and supersonic flows. The thin-film gage consists 

of a floating element attached to the wall surface by four tabs. The floating element 

consists of a thin metal film mounted flush to the wall surface. Shear forces acting on 

the thin-film surface cause strain concentrations to develop in the attachment tabs where 

strain sensors are located. The shear forces are related to the differential output of the 

strain sensors located on each of the orthogonal axes of the thin-film gage. A large-scale 

(10X) prototype was constructed and statically calibrated for actual shear stress meas- 

urements. Subsonic, steady flow tests demonstrated the directional sensitivity capability 

and gave reasonable shear measurements compared to Preston tube results. Subsonic, 

non-steady flow tests demonstrated the high frequency response of the thin-film gage. 

Supersonic flow testing was performed which identified design flaws in the original de- 

sign which were corrected in the development of an actual-size (1X) prototype. Survival 

of the thin-film gage in a supersonic environment was demonstrated with the 1X proto- 

type. Finally, the 1X prototype was statically calibrated for measurements of shear 

stress in a supersonic environment.
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Chapter 1 

INTRODUCTION 

RATIONALE FOR THE RESEARCH 

The accurate measurement of wall shear stress (skin friction) is necessary for both 

theoretically characterizing turbulent boundary layer flow, and for the practical evalu- 

ation of aerodynamic performance. In addition to obtaining estimates of skin friction 

in steady flows, the time-resolved measurement of skin friction in unsteady flows is nec- 

essary to improve the understanding of fluid turbulence. The mean shear stress deter- 

mines the overall frictional drag on an object, while transient fluctuations in shear stress 

give information about transition, momentum transfer to the wall, and other fluid phe- 

nomena. Recently there has been interest in gaining a physical understanding of large- 

scale fluid structure through time-resolved measurements of local fluid characteristics. 

The experimental measurement of skin friction provides information from which 

empirical relations are formed to characterize turbulent boundary layer flows. Turbu- 
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lence modelling correlations are based upon the “friction velocity”, u*, for scaling the 

boundary layer velocity profiles. This quantity, defined by, 

w=()” [1.1] 

depends on accurate estimations of skin friction. Practical measurements of skin friction 

are needed for accurate predictions of frictional drag on aerodynamic bodies. More 

specifically, skin friction is a critical factor in supersonic combustion ramjet 

(SCRAMJET) combustor performance. The available thrust from the engine is greatly 

reduced by the skin friction in the combustor chamber, making this an important quan- 

tity to accurately measure. 

OBJECTIVE OF THE RESEARCH 

Reliable skin friction measurements in a scramjet combustor are difficult to obtain 

because of the severe temperature, heat flux, and velocity environments. Current direct 

measuring devices, i. e., floating element balance, do not achieve the necessary frequency 

response to make detailed time-resolved measurements of transient fluctuations in skin 

friction. The thin-film shear stress gage is a new technique of measuring skin friction 

which could overcome the limitations associated with these current devices such as 

temperature differences between the wall and sensing elements, unit size, and effects of 

accelerations. This direct-force-reading gage is designed to have high temperature ca- 

pability, high frequency response for non-steady measurements, and full directional 

sensitivity. The latter of these qualities is important for three-dimensional and reversing 
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flows present in many flow situations. These capabilities would provide a significant 

advancement to existing skin-friction measurement technology. After reviewing existing 

measurement methods, the thin-film gage development consisted of the design, fabri- 

cation, and bench testing of the thin-film concept for the eventual use in actual scramjet 

testing. 

SCOPE OF THE RESEARCH 

The first phase in the development of the thin-film skin-friction gage was to develop 

a working prototype of the thin-film concept. A ten-times scale (10X) prototype was 

developed based on the proposed actual-size gage (1 cm’) to eliminate several difficulties 

in fabricating the final version such as availability of sensors, method of attachment, and 

method of cutting the thin-film pattern. Three different thicknesses of 10X prototypes 

were used to perform preliminary tests on the gage capabilities. Steady and unsteady 

measurements were made in low velocity wind tunnels. The skin friction was determined 

by comparing the gage output to a static calibration curve which was obtained by 

hanging weights to the sensing element. The thin-film measurements were compared to 

results obtained from side-by-side measurements of skin friction made with a Preston 

tube. Survivability tests in a supersonic flow, M=2.4, were also performed using the 

10X prototype. 

The next phase of research involved the miniaturization of the thin-film gage to 

actual size, integrating all of the desired features into a single unit. Development of the 

actual-size (1X) prototype incorporated research involving miniature fabrication of the 

thin-film surface and sensing elements, and the design of feed-through leads to obtain 
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the gage output. Once the 1X thin-film prototype was developed, the gage was statically 

calibrated to make skin-friction measurements in subsonic and supersonic flows. 

Finally, survivability tests in supersonic flow, M=3, were performed with the 1X pro- 

totype to demonstrate that the thin-film gage could withstand a supersonic environment. 
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Chapter 2 

LITERATURE REVIEW 

The need to accurately predict the frictional drag of a fluid passing over a surface 

developed over a century ago to estimate the performance of ships. The direct meas- 

urement of skin friction by Kempf [1] and Schoenherr [2] was critical in the develop- 

ment of skin-friction estimation for incompressible flows. The development of the jet 

engine in the late 1930's and early 1940’s quickly brought about the need to measure skin 

friction in compressible flows. The effects of flow turbulence, large pressure gradients, 

and three-dimensional disturbances increased the difficulty in obtaining reliable esti- 

mations of skin friction in compressible flows. Many techniques have been developed 

to accurately measure the relatively small wall shear stresses in fluid flows. These devices 

must separate the very small shear forces from the dynamic pressure forces which are 

two orders of magnitude larger (Brown and Joubert [3]). For example, on a q= 1000 

psf trajectory, a typical skin-friction coefficient, C; = 0.002, implies surface shear forces 

of 2 psf. In addition, forces resulting from inertial acceleration of the skin-friction gage 

can be three orders of magnitude larger than the shear forces (Winter [4]). 
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The measurement of skin friction can be divided into two main categories: direct 

and indirect. The direct measurement techniques measure the applied force of the fluid 

to a wall element. These methods are ideal because they do not depend directly on fluid 

properties of the flow. This advantage is offset by numerous problems in implementing 

the gage. Indirect methods consist of either wall similarity techniques or momentum 

balance techniques. Similarity methods infer skin friction from either the size and shape 

of the velocity profile, or the amount of thermal transfer from the flow near the wall. 

Momentum techniques determine the skin friction from measurements of integral 

quantities of the flow, i. e., pressure gradient or momentum thickness. 

INDIRECT METHODS 

The velocity profile near the wall consists of a linear viscous sublayer region along 

the wall, a mixing region, and a logarithmic, or “law-of-the-wall” region. Clauser [5] 

recognized that for turbulent boundary layers the viscous sublayer has a velocity scale, 

u, which is the friction velocity, u*. If constant shearing stress is assumed in the viscous 

sublayer, the velocity distribution is given by 

uo yur 
ary [2.1]   

where u is the fluid velocity at some distance y from the wall. From this relationship the 

friction velocity, and therefore the frictional coefficient, can be determined. The Clauser 

charts were originally developed for incompressible flows, but the same method can also 

be applied to compressible flows. 
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Preston [6] realized that by obtaining a single pressure measurement near the wall, 

the skin friction can be inferred from the relationship 

a? AP. d’ 
7 -| Se | [2.2] 
pv pv 

  

where the function F can be obtained from fully developed pipe flow measurements. 

The pressure measurements are obtained at a known distance from the wall using small 

diameter (0.03 in. to 0.75 in.) pitot tubes. The Preston tube relations rely on the as- 

sumption of a universal law-of-the-wall for the velocity profile for a fully turbulent 

boundary layer. The large numbers of tube sizes and pipe flow calibrations result in an 

array of calibration equations (McAllister et al. [7]). The most universal calibration 

equation, covering a wide range of tube sizes and flow conditions, is given by Patel [8]. 

Similar to the Preston tube in principle, the Stanton tube consists of a pitot tube 

with a rectangular opening. A Stanton tube can easily be fabricated by placing a piece 

of razor blade over a static pressure hole. Schematics of the Preston tube and Stanton 

tube are shown in Figs. | & 2. Since any flow disturbances which would effect the ve- 

locity profile would result in measurement error, pressure gradients and three dimen- 

sional flow disturbances must be compensated for when using either the Preston or 

Stanton tubes. Frei and Thomann [9] demonstrated the calibration of Preston tubes 

when used in turbulent flows with severe pressure gradients. 

The sublayer fence also relies on the velocity profile assumption and measures the 

pressure difference across the fence as it protrudes into the viscous sublayer. Increased 

sensitivity of the sublayer fence due to the relatively large pressure difference generated 

across the fence, as compared to the Preston tube, and its small size allow the fence to 

remain within the sublayer. Consequently, the skin-friction measurements obtained 
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from the fence are relatively insensitive to pressure gradients and other flow parameters 

which effect the velocity profile. 

The various indirect methods of obtaining skin friction from turbulent boundary 

layer flows which have been discussed all rely on inferring wall shear stress from the size 

and shape of the velocity profile. Although compensation for flow disturbances and 

probe size must be considered, these devices have been widely used with confidence in 

steady flows. More complete reviews of these methods are given by Winter [4], Nitsche 

et al. [10], Hooper and Irrgang [11], and Haritonidis [12]. 

Momentum techniques differ from similarity techniques in that measured quantities 

are substituted into the momentum integral equation to infer skin friction. The pressure 

loss, dp/dx, is measured for fully developed pipe flow, while derivatives of the momentum 

thickness, ©, are measured for developing boundary layer flow. This technique is limited 

by the difficulty in obtaining accurate measurements of the desired quantities, especially 

in three-dimensional flows with severe pressure gradients (Brown and Joubert [3]). 

Another indirect method is to infer the skin friction from the heat transfer from a 

heated surface element. This technique was first investigated by Fage and Faulkner 

[13] and hot-wire skin-friction gages, based on the heat-momentum analogy between 

skin friction and heat transfer, were tested by Ludweig and Tillman [14] and Liepman 

and Skinner [15]. Improvements on this technique were made by Bellhouse and Schultz 

[16, 17] when they designed a hot-film skin-friction gage. The hot element consists of 

either a thin wire embedded in the surface, or a thin film which is deposited on a 

substrate mounted to the surface. The principle of operation of the hot-film skin-friction 

gage is similar to that of a hot-wire anemometer. The electrical power, e, supplied to the 

gage is related to the skin friction, t , by the equation 

€ 1/3 AT At Blet)y [2.3] 
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where AT is the temperature difference between the hot element and the fluid, and A and 

B are constants which are mildly dependent on AT. 

Errors result in heat transfer methods because of the reduced flow velocities near the 

wall. This results in conduction through the fluid which can cause errors in unsteady 

flow measurements. A second source of error is the conduction of heat through the 

substrate. The heat transfer in the substrate results in an increased heating length be- 

cause the heated section is greater than the actual thin-film element. This increased 

heated length effects the thermal boundary layer which determines the local heat flux, 

and therefore, the measured skin friction. Although the effective length of the hot-film 

can be accounted for by calibration in steady flows, the phase and amplitude of the 

measured skin friction can be greatly in error in unsteady flows (Diller and Telionis 

[18]). Mechanical position of the hot element can also be a source of error in skin- 

friction measurement. If the hot element is not mounted flush with the wall surface 

significant errors, on the order of 30%-40%, can result (Lefebvre and LaPointe [19}). 

Complete reviews of heat transfer methods to measure skin friction are given in Hanratty 

and Campbell [20] and Diller and Telionis [18]. 

Hot element probes are the most popular skin-friction measurement devices partly 

because of their high frequency response which allows frequency spectra in unsteady 

flows. Difficulties arise, however, in the calibration of thin-film gages because of the 

relatively slow thermal response of the substrate. The problems with unsteady cali- 

bration, and the proper use of these instruments in unsteady flows, is detailed in many 

articles (e.g., Cole and Black [21], Menendez and Ramprian [22], Bellhouse and Schultz 

[16, 17], Nandy and Tarbell [23], Cook and Giddings [24]). 

The final indirect skin-friction measurement technique pertains to liquid tracers. 

This classification consists primarily of oil tracers and liquid crystals. The skin friction 

acting on a surface is proportional to the streak length resulting when an oil dot is placed 
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on the surface. Time-averaged techniques for measuring the thickness of a liquid film 

on a surface due to convection have also been developed. Monson [25] used laser 

interferometry to optically measure the thickness of an oil film on a surface in three- 

dimensional flows. Liquid crystals are another surface coating technique in which 

shearing stresses acting on the surface cause changes in the way white light is scattered 

by the crystals (Klein and Margozzi [26, 27]). 

DIRECT METHODS 

Early work on developing a direct measurement of skin friction in compressible 

flows was done be Schultz-Grunow [28] and Dhawan [29]. Direct measurement of the 

small skin-friction forces relative to pressure and inertial forces is complicated by a 

number of factors. A number of these problems are listed below. (Winter [4]) 

1. Provision of a transducer for measuring small forces or deflections, and 
the compromise between the requirement to measure local properties and 
the necessity of having an element of sufficient size that the force on it 
can be measured accurately. 

The effect of the necessary gaps around the floating element. 

The effects of misalignment of the floating element. 

Forces arising from pressure gradients. 

wa
 

& 
Y
N
 

The effects of gravity or of acceleration if the balance is to be used ina 
moving vehicle. 

Effects of temperature changes. 

Effects of heat transfer. 

Use with boundary-layer injection or suction. 

Effects of leaks. c
e
 

N
S
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10. Protection of the measuring system against transient normal forces during 
starting and stopping if the balance is to be used in a supersonic tunnel. 

The floating element balances consist of a floating head attached to an arm on 

which the sensing is done. The vast majority of these arms consist of a single cantilever 

beam or a parallel linkage device. When the head is loaded during gage operation, the 

skin-friction measurement is obtained from the sensing arm by either measuring the head 

displacement or the amount of force needed to keep the head in a stationary position. 

The displacement balance usually employs a linear variable displacement transducer 

(LDVT) to sense the bending strain in the sensing arm. The feedback balance operates 

with a Kelvin current balance or a coil and permanent magnet to obtain the force acting 

on the sensing arm. A complete review of the direct force balance development is given 

in Winter [4]. 

The relatively large size of the floating elements result in large gap sizes and low 

frequency response. Therefore, these devices do not have the capability of making de- 

tailed time-resolved measurements of skin friction, although time-averaged measure- 

ments have been made. The necessary gaps around the floating element, and 

misalignment effects have been studied in detail by Allen [30,31]. Gap to head diam- 

eter, g/D, and lip to head diameter, c/D, can be a significant source of measurement er- 

ror in these devices. To eliminate gap and misalignment effects, Schmidt et al. [32] has 

shown that gap size can be reduced by an order of magnitude through microfabrication 

techniques. Their floating element, shown if Fig. 3, was fabricated from polyamide and 

the element movement is detected by a differential capacitance technique. This sensing 

technique makes the skin-friction measurement insensitive to normal forces acting on the 

floating element. The extremely small size of the element results in a frequency response 

to 20 kHz which allows the measurement of transient fluctuations in skin friction. 
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Figure 3. (a) Top view of micromachined floating element under shear load, (b) dimensioned drawing 
(Schmidt et al. [32]). 
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Nitsche et al. [33] have also obtained similar frequency response using piezo-electric 

foils. 

Several skin-friction balances have been developed for use in moderately low tem- 

perature, supersonic flows as discussed in articles by Allen [30], Voisinet [34], Roensch 

and Cadwell [35], and Bruno and Risher [36]. The task of measuring skin friction in the 

hostile environment present in supersonic combustion flow has been addressed by Orth 

et al. [37] and DeTurris et al. [38]. Typical combustion flow operating conditions are 

static temperatures of 1100-2200 K, and static pressures of 0.5-1.0 atm. The gage de- 

veloped by DeTurris, shown if Fig. 4, consists of a floating element attached to a 

cantilever arm, on which crystal strain gages are mounted. Bending of the arm due to 

shear forces creates stresses in the arm which are detected by the strain gages. Active 

cooling of the cantilever arm reduces error resulting from a temperature difference be- 

tween the floating element and sensing unit. Measurements were taken for a combustion 

flow condition of M=3.0 and static temperature and pressure of 860 K and 0.42 atm. 

The proposed direct-force-reading, thin-film skin-friction gage is designed to operate 

in a variety of flow conditions, including hostile supersonic combustible flows. The 

ability to make accurate high frequency measurements (> 1 kHz) in unsteady flows is a 

major reason in pursuing the thin-film concept for measuring skin friction. The small 

unit size, mounting the sensing elements on the wall surface to match the thermal envi- 

ronment, no active cooling requirements, and having virtually no acceleration effects 

because of the extremely small mass of the thin film, are also potentially significant ad- 

vancements to existing skin-friction measurement devices. 
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Chapter 3 

THIN-FILM CONCEPT FOR MEASURING 

SKIN FRICTION 

Measuring shear forces acting on a thin film mounted flush with the wall surface 

offers a variety of advantages over current skin-friction measurement techniques. The 

thin-film capabilities are: 

e Direct  skin-friction measurements ranging from approximately 
10 - 2700 N/m? (0.0015 - 0.4 Ib/in.?) 

e High frequency response (> 5 kHz) for non-steady measurements 

e High temperature measurements (800 K wall temperature) 

e Full 360° directional sensitivity for measurement of three-dimensional and 
reversing flows. 

Although current skin-friction measurement technology achieves some of these de- 

sired capabilities, no single gage currently exists which can perform all the desired func- 

tions. The potential for the thin-film gage to incorporate all the desired functions into 
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a single unit for the accurate prediction of skin friction in both subsonic and supersonic 

flows, including a scramjet environment, makes this a very attractive device. 

THIN-FILM GAGE OPERATION PRINCIPLE 

The basic concept of the thin-film skin-friction transducer is the direct measurement 

of strain in a linear material resulting from an applied shear load. The shear forces act 

on an active floating element surface (1 cm?) which is constructed from a metal film such 

as nickel. The resulting strains are concentrated in four strain tabs which have a small 

width (0.25 mm) as compared to the active element, see Fig. 5. The shear force, F, 

acting on each strain tab resulting from the shear, t,, on the active surface can be cal- 

culated as 

p= ee [3.1] 

where Ay. is the active surface area. The factor of two in Eq. 3.1 accounts for the shear 

loading on the active surface distributed to two strain tabs along each axis of the thin- 

film gage. The change in strain, Ae, in each tab resulting from the shear force is calcu- 

lated as 

F/Ac 
Ae = E [3.2] 

where A, is the tab cross-sectional area, and E is the modulus of elasticity. Substituting 

Eq. 3.1 into Eq. 3.2, the change in strain in each tab resulting from the shear stress act- 

ing on the active surface is given by 
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Figure 5. Thin-film skin-friction gage 
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A _ tw gage Ac => (42 ) [3.3] 

A positive change in strain is associated with tension forces acting on a strain tab, while 

a negative change in strain results from compression of a strain tab. 

A sensing element is located on each strain tab to measure the strain resulting from 

the shear load. The ends of the strain tabs are enlarged to facilitate the attachment of 

the thin film to the wall. The tab ends are attached to the wall so that the strain tabs 

are preloaded in tension to ensure uniform strains in the tabs. This method of attach- 

ment allows the active surface and strain tabs to move freely when a shear load is ap- 

plied. 

The small thickness of the thin film (25 um) allows a sufficient gage sensitivity to 

measure the relatively small shear forces acting on the active surface. For example, for 

a 10 N/m shear acting on the | cm? thin-film surface, a shear force of 0.010 N can be 

measured. The wide range of possible skin-friction measurements (10 - 2700 N/m?) in- 

cludes both subsonic and supersonic flow regimes. The lowest shear measurement for 

a nickel] thin-film gage is calculated from Eq. 3.3 based upon the assumption that the 

smallest measurable change in strain in each tab 1s 1 we. The maximum shear measure- 

ment corresponds to the shear force which results in 30% of the yield stress of the strain 

tabs. 

The active element and sensing elements must exhibit specific physical properties to 

function in their desired capacity. The active element must have a high thermal 

conductivity to maintain the thin-film temperature near the wall temperature to match 

the thermal environment of the wall. The material must also withstand high temper- 

atures (800 K) which are present in a scramjet environment. Metals such as nickel have 
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a melting point of 1730 K which allow them to be used in high temperature environ- 

ments. 

Strain gages are used as the sensing elements, therefore, they must be electrically 

conductive. A small current is applied to the strain gage to relate a change in resistance 

of the strain gage to the strain in the thin-film strain tabs. The tab strains resulting from 

the shear loading of the active surface cause a change in resistance of the strain gages 

given by 

AR/R 
GF [3.4] 
  E> 

where GF is the gage factor of the strain gage. The gage factor is a geometric property 

which is a function of the cross-sectional area change, AA/A, of the strain element when 

the material is strained. The sensitivity of the strain gage is solely a function of the gage 

factor. The thermal properties of the sensing elements should match those of the active 

element, so ideally the same material should be used to construct the entire thin-film 

gage. By matching the thermal expansion characteristics of the sensing elements with 

the active element, maximum temperature compensation is achieved. 

A thin layer of fluid is placed under the thin film to maintain the active element 

temperature near the wall temperature. The fluid layer increases the heat transfer from 

the thin film to the wall, and it also prevents air from flowing under the active element. 

Air flow penetrating beneath the thin film can result in thermal insulation of the gage, 

increased shear loads, and the ultimate failure of the thin-film gage caused by lifting of 

the thin-film into the flow. The thin film must be maintained near the wall temperature 

to keep the gage below the melting temperature of the thin film and to limit the high 

temperature effects on strain measurements. The thin-film temperature, T,,,.,, can be 

easily calculated by the following relation 
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q’ or 
T = Tyat + a [3.5] gage wa kp 

where 6; is the fluid layer thickness, and x, is the fluid thermal conductivity. The thin- 

film temperature is assumed to be uniform for a maximum wall temperature of 400 K. 

The effects of varying fluid layer thickness on the thin-film temperature is illustrated in 

Fig. 6. The thin-film temperature as a function of varying fluid layer thickness is given 

for a heat flux, q”, of 4.1 MW/m? (2.5 BTU/in.? sec) and for several fluids with a variety 

of thermal conductivities. The heat flux into the wall is a result of convection and ra- 

diation from the combustion flow. 

MICROFABRICATION OF THE THIN-FILM 

SENSOR 

The strain gages used as the sensing elements can be sputter-coated directly onto the 

strain tabs. This technique involves sputtering a thin insulation layer onto the strain tab 

surface. The pure metal strain sensor is then layed down with a protective ceramic layer 

covering the strain sensor to protect the sensing element from the potentially destructive 

scramjet environment. The thickness of the entire strain sensor is on the order of a few 

microns. This allows the sensing element to be mounted on the thin-film strain tabs 

without affecting the local stiffness of the strain tabs. The microfabrication techniques 

necessary for the development of the thin-film skin-friction gage were developed for a 

heat flux microsensor (Hager et al. [39]). 
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Figure 6. Calculated thin-film gage temperature for fluids with varying thermal conductivity and con- 
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A thermocouple can also be sputtered onto the strain tabs for temperature com- 

pensation. Non-uniform temperature across the thin-film surface can result in thermal 

effects on the resistance of the strain sensors. These effects can be compensated for by 

monitoring the temperature of each individual tab. Temperature compensation is also 

needed for high temperature strain measurements. The strain sensor sensitivity may 

change at elevated temperatures because of changes in gage factor and electrical resist- 

ance of the strain sensor. Therefore, the temperature of the thin film should be moni- 

tored. The uniform, high temperature compensation is anticipated to be small, however, 

relative to the thermal effects (non-uniform) resulting from varying temperatures of in- 

dividual strain sensors. 

The extremely small size of the sensing elements makes the microfabrication tech- 

niques previously discussed ideal for developing the thin-film gage. The entire thin-film 

gage thickness is of the order of 25 um (0.001 in.) so no flow disruption occurs as a result 

of flow passing over the gage. Sputtering the sensing elements onto the strain tabs also 

allows the sensor size, sensor sensitivity, and gage material properties to be chosen to 

optimize the thin-film gage capabilities. Fabricating the sensing element directly onto 

the thin-film surface also eliminates high temperature problems such as adhesive failure 

between the sensing elements and thin film. 

WHEATSTONE BRIDGE CIRCUITRY 

Leads connect each strain sensor to a Wheatstone bridge circuit. The strain gages 

can be mounted on the backside of the thin film, allowing the strain sensors and leads 

to be completely shielded from the combustion flow. The set of strain gages along each 
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axis of the thin-film gage are connected to a separate half-bridge circuit. The inde- 

pendent measurement of shear forces acting along each axis of the gage allows for the 

360° directional sensitivity of the thin-film gage. The output of the streamwise and 

crosswise axes can be added vectorially to determine the flow direction. 

The set of strain sensors along each axis of the thin-film gage are connected in ad- 

jacent arms of a Wheatstone bridge, see Fig. 7. The other two arms contain fixed 

1000 Q resistors to complete the half-bridge configuration. The advantages of output 

linearity, uniform bending/temperature compensation, and differential output of the 

strain sensors along each axis are obtained by arranging the strain gages in this config- 
‘ 

uration. Certain configurations of a Wheatstone bridge are nonlinear, for example, a 

quarter bridge. For certain half-bridge and full-bridge configurations with small changes 

in resistance relative to the actual strain gage resistance, however, the bridge output 

» Eouty CaN assumed to be linear and is given by 

  

= Fin [ AR AR 3.61 
ou 4A | RR : 

where E,, is the applied voltage across the bridge. The half-bridge configuration gives 

linear output of the thin-film gage resulting from the changes in strain of the thin-film 

tabs caused by the shear loading. 

The shear forces acting along each axis of the thin-film gage result in axial tension 

forces in one tab, while axial compression forces exist in the opposite tab. The strain 

sensors are placed in adjacent arms of the bridge circuit to provide a differential output 

of the strain signals. Strains resulting from tension forces result in positive resistance 

changes of the strain sensors (AR,) , while compressive forces result in negative changes 

in resistance (— AR,). Therefore, using Eq. 3.6, the bridge output is obtained from 
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Figure 7. Wheatstone bridge in half-bridge configuration for cancellation of uniform temperature and 
bending effects. 
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En AR, —AR, 3.621 
4 RR 

where R= R,=R,. This bridge arrangement allows strains to be sensed resulting from 

shear forces acting along each axis of the thin-film gage. 

The half-bridge configuration allows cancellation of equal strains in the strain tabs 

resulting from uniform thermal or uniform bending effects. A uniform temperature 

change of the thin film results in a uniform expansion or contraction of the thin film. 

The strain tabs on opposite sides of the gage are strained in the same manner, therefore, 

the strain sensors undergo an equal resistance change of the same sign. The differential 

output of the bridge circuit, given in Eq. 3.6, results in the cancellation of the uniform 

strains. Strains resulting from uniform bending of the thin film, caused by normal 

pressures, are cancelled in the same manner. 

The half-bridge arrangement with the sensing elements placed in adjacent arms of 

the bridge allows the measurement of strains resulting from shear loading of the thin 

film. These strains are separated from uniform strains on the thin film which are can- 

celled by the bridge circuitry. Other sources of strain, such as non-uniform temperature 

effects and torsional straining of the strain tabs, can not be eliminated by this specific 

bridge arrangement. These effects are minimized by externally compensating for non- 

uniform temperature effects and by minimizing torsional straining of the strain tabs. 

The two fixed resistors in the bridge circuit and the strain sensors each have a 

1000 Q resistance. High resistance strain sensors are used in the bridge circuit to muini- 

mize the power dissipated by the strain gages by reducing the current through the gages. 

The lower power levels supplied to the strain gage resistors result in reduced thermal 

heating of the sensors. This minimizes the thermal effects on the thin-film gage output 

when the strain sensors are subject to convective flows. 
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THIN-FILM FREQUENCY RESPONSE 

Detailed time-resolved measurements of skin friction in unsteady flows can be made 

with the thin-film gage because of its high frequency response. The frequency response 

of the thin-film gage is obtained by modelling the thin film as an axial loaded rigid body. 

The natural frequency, f,, of the thin film is given by 

f= VE [3.7] 

where m is the mass of the active element and k is its stiffness. Assuming all the thin- 

film deformation occurs in the tab lengths, L, when loaded by the shear flow, the 

stiffness of the thin-film gage can be calculated as 

k= . [3.8]   

The factor of two included in the numerator of Eq. 3.8 accounts for tabs attached to 

both ends of the thin film. Substituting Eq. 3.8 into Eq. 3.7, the thin-film natural fre- 

quency is given by 

1 2A,E 
h= on im’ [3.9]   

For a 1 cm’, nickel, thin-film gage, with a thickness of 0.025 mm (0.001 in.) and the di- 

mensions given in Fig. 5 on page 19, the natural frequency is calculated to be 34 kHz. 

The fluid layer beneath the thin-film active surface acts as a fluid damper resulting 

from the viscous shearing of the fluid as the active surface translates under a shear load. 

The damping coefficient, c, of the fluid is given by 
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_ Uf Agage 5, [3.10] 

where y, is the absolute viscosity of the fluid. The damping ratio, , is calculated as 

  f= = [3.11] 

where c,, 1s the critical damping. 

The nondimensional expressions for the amplitude and phase of the thin-film gage 

response as a function of the normalized frequency, w/w,, are given by 

  = [3.12] 

    

  

  

@ 

=— [AS [3.13] 
1 

where Xk/F is the normalized amplitude and @ is the phase angle. Normalized fre- 

quency is the ratio of natural frequency to forcing frequency, while the normalized am- 

plitude is the ratio of input amplitude to response amplitude. Assuming a .005 mm layer 

of oil under a 1 cm? nickel thin-film gage, 6% critical damping results from the fluid 

layer. Figure 8 shows the normalized frequency response and phase angle of the thin- 

film gage with a damping ratio of 6%. Assuming a flat response amplitude to 20% of 

the natural frequency (34 kHz), the useful frequency response is 7 kHz. 

The sample calculations illustrated throughout this chapter demonstrate the capa- 

bilities of the thin-film concept. Although these calculations are only estimates of the 
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Figure 8. Frequency response of | cm x 1 cm nickel thin film gage with natural frequency of 34 kEIz 
and 6% critical damping. 
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actual thin-film performance, they illustrate the enormous potential of the thin-film 

concept over existing skin-friction measurement technology. The following chapters 

describe the testing performed to demonstrate the thin-film capabilities, and to incorpo- 

rate these characteristics into a single unit. 
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Chapter 4 

DEVELOPMENT OF THE 10X PROTOTYPE 

THIN-FILM GAGE 

To test the initial concept of the thin-film skin-friction gage, a 10X scale prototype 

was constructed. The initial prototype was made to a large scale to facilitate the thin- 

film gage fabrication and the attachment of the thin film to the wall surface. This also 

allowed readily available commercial strain gages to be used as the sensing elements. 

The 10X prototype could be constructed in a relatively short time period compared to 

an actual-size thin-film gage where the small size film leads to many manufacturing dif- 

ficulties. The 10X prototype allowed the initial testing of the thin-film concept, and the 

identification of possible design flaws which could be corrected in the design of an actual 

size (1 cm x | cm) thin-film gage. 
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10X PROTOTYPE TEST APPARATUS 

The 10X prototype was designed with all the dimensions based upon the initial 

thin-film concept described in Chapter 3. Three thicknesses of stainless steel shim stock 

were cut to form the active floating element. These thicknesses of 0.025 mm (0.001 in.), 

0.13 mm (0.005 in.), and 0.25 mm (0.010 in.) were cut to provide active elements with 

different stiffnesses. An electrical-discharge-machine (EDM) was used to cut the thin 

films because of the thinness of the material and the need to cut the thin film to close 

tolerances. The strain tabs were cut to close tolerances to insure similar straining in each 

tab when the active surface was loaded. All the thin-film gages were cut simultaneously 

to insure all the 1OX prototypes were identical. 

A drawing of the 10X prototype with the critical dimensions is shown in Fig. 9. The 

active surface of the thin film has a shear area of approximately 100 cm? (4 in.*), and the 

tab widths are 3.2 mm (0.125 in.). Holes were cut in the tab attachments so that 

fasteners could be used to attach the thin-film prototype to a base plate. Standard size 

screws, along with washers, were used to attach the thin film to the base plate. 

The thin-film prototype was attached to a 0.64 cm (0.25 in.) thick aluminum base 

plate. The 10X prototype thin-film gage mounted on the square base plate (33 cm x 33 

cm) is shown in Fig. 10. This plate served as the wall surface and allowed the attach- 

ment of the thin film with varying preload levels in the strain tabs. The preloading of 

the strain tabs was necessary to insure equal strains in each tab when the active element 

was loaded. Two adjacent tabs of the thin film were permanently fastened to the base 

plate, while the other two tabs were fastened to 0.16 cm (0.0625 in.) thick slide plates. 

These plates allowed the tension along each axis of the thin film to be adjusted inde- 

pendently. Weights were attached to the slide plates to set the preload in each strain tab 
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Figure 9. 10X prototype of thin-film shear stress gage. 
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Figure 10. Baseplate assembly for 10X prototype. 
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at 22 N (5 lbs). The slide plates were then locked into position by tightening the set 

screws located in the clamp bar as shown in Fig. 10. 

10X PROTOTYPE SENSING ELEMENTS 

Once the thin-film gage was installed on the base plate, commercially available 

Strain gages were installed as the sensing elements. The strain gages used were general 

purpose constantan strain gages with a 350 Q operating resistance and a gage factor of 

2.115 (Measurements Group, Inc., CEA-06-062UW-350). These strain gages were cho- 

sen based upon their size and operating resistance. The strain gages were mounted on 

each of the strain tabs and the leads from the strain gage pair along each axis of the 

active element were run to a separate half-bridge circuit. 

The two strain gages along each axis of the active element were connected to adja- 

cent arms of a Wheatstone bridge. This half-bridge configuration senses strains resulting 

from shear loading of the thin film. Strains resulting from uniform temperature and 

bending effects on the active element are inherently cancelled by this bridge configura- 

tion, as described in Chapter 3. The half-bridge circuit is part on an electronics package 

developed specifically to amplify the relatively small output of the strain gages. 
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ELECTRONICS 

The unamplified output of the thin-film gage sensing elements is of the order of a 

microvolt for low shear flows. For example, Eq. 3.3 on page 20 predicts a tab strain of 

120 we for a 350 N/m? (0.05 lb/in.?) shear acting on a 0.025 mm thick 10X prototype. 

For an input voltage, E, = 5 Volts, gage resistance, R= 350 Q, and a gage factor, GF 

= 2.115, Eq. 3.6, along with Eq. 3.4, predicts a bridge output voltage of 0.6 mV. Am- 

plification of this low-level signal to a convenient level in a high noise environment is 

desired to obtain accurate skin-friction measurements from the thin-film gage. An elec- 

tronics package, designed and built by John Putz [40] for the thin-film gage, was used 

to amplify the low-level signal. 

The entire electronics package consists of a Wheatstone bridge, a voltage regulator, 

a precision instrumentation amplifier, and a four 9-V battery power supply. A schematic 

of the electronic circuit is shown in Fig. 11. A high precision, low noise, instrumentation 

amplifier was used because of the low-level output of the strain gage transducers. The 

Analog Devices AD624 differential amplifier was chosen because it offers (Analog De- 

vices [41 ]): 

e High accuracy gains up to G = 1000 

e =6Low noise: 0.2uV p-p (0.1 to 10 Hz) 

e Low gain temperature coefficient: 1Sppm max (G = 1000) 

e High linearity: + 0.005% (G = 1000) 

e High Common Mode Rejection: 120 dB max (G = 1000) 

e Gain-bandwith product of 25 MHz. 
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A dip switch allows variable gains of 1, 100, 200, 500, and 1000 to be set. Relative 

changes in output of the thin-film gage can be obtained by zeroing the bridge output 

with a null balance shown in Fig. 11. 

A differential amplifier was used because it provides an output proportional to the 

difference between input voltages supplied by the pair of strain gages along each axis 

of the thin-film gage. This allows differential strain measurements along each axis of the 

thin-film gage to be made instead of absolute strain measurements. The amplifier op- 

erates in a differential mode because the two input terminals are not grounded but are 

floating inputs. 

The high amplification of the low-level signal requires a high input impedence of the 

differential amplifier. High impedence amplifiers configured as voltage followers are 

used as inputs to the differential amplifier. This results in the entire voltage drop oc- 

curring across the amplifier input terminals, preventing loading effects on the bridge 

circuitry. High accuracy gains with minimal distortion can therefore be obtained from 

these high precision instrumentation amplifiers. 

The low noise, low gain temperature coefficient, low nonlinearity, and high common 

mode rejection characteristics of the AD624 amplifier make it ideal for making precise 

strain measurements with the thin film. The low gain temperature coefficient minimizes 

thermal effects on the amplifier, while the low nonlinearity reduces high gain amplifi- 

cation distortion. The high common mode rejection of the AD624 amplifier suppresses 

noise which is common to both amplifier inputs. These factors combine to provide ac- 

curate and stable amplification of the thin-film gage output in a high noise environment. 

The large gains required to amplify the low-level strain signals require a large gain- 

bandwith product of the amplifier. Using an amplifier gain of 1000, the 25 MHz gain- 

bandwidth product of the AD624 amplifier results in a operating bandwidth of 25 kHz. 
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This is sufficiently wider than the expected useful frequency range (5 kHz) of the thin- 

film gage. 

The low power requirements of the AD624 amplifier, combined with the relatively 

low voltage (5 V) needed to power the Wheatstone bridge circuit, allow the use of a four 

(4), 9-V battery, power supply. Therefore, the entire electronics package, including the 

power supply, is compact and portable. The battery power supply also eliminates 

grounding problems associated with typical power supplies, and it contributes to the 

simplicity and ease of use of the amplifier circuit. 

The ability to make precise and stable strain measurements on the thin-film gage is 

greatly dependent on maintaining a constant input voltage to the bridge circuit. Un- 

fortunately, the 9-V power supply is unable to maintain a constant dc voltage across the 

bridge when loaded by the electronic circuit. For this reason a voltage regulator was 

needed to stabilize the voltage powering the bridge. The National Semiconductor 

LM723 voltage regulator was used to provide a stable voltage to the bridge to increase 

the accuracy and stability of the low-level strain measurements. 

High quality, precision components were used to build an electronics package ca- 

pable of amplifying low-level strain signals in a high noise environment. Proper care 

must also be taken to shield the entire electronics package, along with the leads, from 

possible noise sources present in the test environment. Putz [40] offers a review of these 

noise reduction techniques, along with a complete description of the electronics package 

developed for the thin-film measurement of skin friction. 
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Chapter 5 

EXPERIMENTAL TESTING OF THE 10X 

PROTOTYPE 

To test the thin-film concept of measuring skin friction, the 10X prototype was 

statically calibrated and placed in steady and unsteady subsonic flows to measure skin 

friction. A static calibration of the thin-film prototype was performed to calibrate the 

output of the thin-film gage when placed in an actual flow. Skin-friction measurements 

in steady flows were made and compared to Preston tube measurements. The thin-film 

prototype was also placed in an unsteady flow to measure the unsteady effects of vortex 

shedding from a cylinder placed in the wind tunnel test section. Survivability testing in 

a M = 2.4 flow was also performed to examine the thin-film gage response in a super- 

sonic environment. These tests were performed to demonstrate the thin-film concept for 

measuring skin friction and to detect possible design flaws which could be corrected in 

the final thin-film gage design. 
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STATIC CALIBRATION OF THE 10X PROTOTYPE 

A static calibration of the 10X thin-film prototype allowed the magnitude of the 

shear force acting on the thin film to be determined when placed in an actual flow. The 

Static calibration also allowed the determination of the thin-film gage sensitivity, output 

linearity, zero-drift, and hysteresis effects on the gage output under a wide range of 

simulated shears. Hysteresis effects of the thin film due to frictional effects between the 

thin film and wall surface were examined by statically loading, then unloading, the 

thin-film prototype. 

A 0.025 mm (0.001 in.) thick 10X prototype gage was attached to the aluminum 

base plate and each tab was preloaded to 9 N (2 Ibs). The two strain gages along one 

axis of the thin film were wired into a half-bridge configuration of a Wheatstone bridge, 

as discussed in Chapter 3. The static calibration of the 10X prototype was then per- 

formed by hanging weights to a line attached to the center of the active gage surface. 

A simulated shear force could then be applied to the gage surface along the instrumented 

axis of the thin-film prototype. The gage was statically loaded in increments of 12 grams 

to a maximum load of 200 grams. Voltage readings were recorded at each loading in- 

crement, then the 10X prototype was unloaded by the same increments. The static 

loading of the 100 cm? (16 in.?) prototype simulated a shear loading on the thin-film gage 

in increments of 12 N/m? (0.0017 lb/in.?) to a maximum shear of 185 N/m? (0.027 

Ib/in.). 

Unfortunately, the thinness of the prototype which allowed an increased sensitivity 

to strain also resulted in additional problems. The thin-film gage output was dependent 

on the amount of strain tab preload and to normal forces acting on the gage which result 

in localized bending of the thin-film surface. Localized bending effects, due to unequal 
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bending in the strain tabs along each axis of the thin-film gage, resulted in thin-film 

output not related to the shear levels. Higher preload levels in the tabs resulted in lesser 

amounts of localized bending in the tabs. Therefore, uniform preload levels along both 

axes of the prototype were maintained at 22 N (5 lbs) for all testing of the 10X proto- 

type. Localized bending of the thin film resulted in spurious output of the 10X proto- 

type. The half-bridge configuration of the Wheatstone bridge cancels any uniform 

bending effects on the thin film (1.e., equal bending in both tabs along an axis), but it 

can not compensate for localized bending effects (i.e., bending in only one tab). There- 

fore additional strain gages were mounted on the bottom of each strain tab to account 

for localized bending of the thin-film prototype. 

Localized bending effects, in addition to uniform temperature and uniform bending 

effects, were minimized by mounting four strain gages along each axis of the 10X pro- 

totype, as shown in Fig. 12. The Wheatstone bridge was configured in a full-bridge 

configuration, shown in Fig. 13, which illustrates the placement of the strain gages of 

Fig. 12. As in the half-bridge configuration, the pair of strain gages on the top surface 

of the thin-film axis were placed in adjacent arms of the bridge. In addition, the strain 

gage pair on each tab were placed in opposite arms of the bridge. The full-bridge con- 

figuration has the same characteristics as the half-bridge ({i.e., uniform bending/ temper- 

ature compensation, differential output, and linear output for small resistance changes). 

In addition, localized bending effects are minimized and the sensitivity of the thin-film 

gage is doubled because of the additional strain gages. Unfortunately, nonuniform 

temperature effects which result in unequal thermal output of the strain gages along 

each axis of the thin film are also doubled. 

The output of the full-bridge, E,,,, can be assumed to be linear and is given by 
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Figure 12. Cross-section of 10X prototype showing mounting of strain gages for localized bending can- 
cellation. 
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Figure 13. Wheatstone bridge in full-bridge configuration showing placement of strain gages. 
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E out — 4 
  Ro Re t RR [5.1] 
Ein AR, AR, AR, AR, | 

Shear forces acting on the thin film result in tension forces in one tab, while compressive 

forces exist in the opposite tab. Assuming tension forces result in positive resistance 

changes (AR, = AR;) , then negative resistance changes occur in the strain gage pair on 

the opposite tab (— AR, = — AR,). Therefore, using Eq. 5.1, the bridge output is given 

by 

    

F 2/8 —AR, AR, el 
out ~~ A — [5.la] R R * RR 

where R= Ri =R,=R;=R, This example illustrates the doubling of the thin-film 

prototype output. Uniform bending/temperature effects are compensated for as in the 

half-bridge configuration. Localized bending of a single tab results in resistance changes 

of the opposite sign for strain gages on each tab (AR, — AR; ). Therefore, assuming only 

localized bending of one tab, the thin-film gage output predicted by Eq. 5.1 is 

  

p, - AR,  —AR, 
4 R + R [5.15] 

where AR, = AR, = 0. Assuming AR, = ARs, Eq. 5.16 illustrates the cancellation of lo- 

calized bending effects. Since nonuniform temperature effects result in resistance 

changes of the same sign for strain gages on the same tab, these effects are doubled. 

Static calibrations of the 10X prototype using both half-bridge and full-bridge con- 

figurations were performed. The thin-film prototype output was linear and repeatable 

for both cases as shown in Fig. 14 which compares both the half-bridge and full-bridge 

calibration curves. The voltage recordings of both calibration curves and the resulting 
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Figure 14. Half-bridge and full-bridge configuration static calibrations of the thin-film prototype. 
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sensitivities and correlation coefficients, are given in Table |. The thin-film prototype 

sensitivity was 0.85 mV/(N/m?) for the half-bridge configuration in loading, and 0.89 

mV/(N/m?) in unloading. Likewise, the sensitivities for the full-bridge configuration 

were 1.9 mV/(N/m’) for both loading and unloading. Thus, the sensitivity was approxi- 

mately doubled for the full-bridge calibration as expected. The linearity of the thin-film 

output is demonstrated by the lowest correlation coefficient of 0.985 for all loading 

cases. Significant zero-drift and hysteresis effects were not observed for the loading 

range used to calibrate the 10X prototype. The small zero-drift effects are illustrated in 

Table 1 by the return of the thin-film output to the original zero after being loaded over 

the entire shear range. Hysteresis effects can be observed by comparing the slopes of the 

loading and unloading sensitivities for each calibration. A 4% difference in sensitivity 

slopes for the half-bridge calibration, versus less than 1% for the full-bridge calibration, 

indicate that the additional strain sensors improve the thin-film output. This effect is 

thought to be a result of minimizing localized bending effects on the thin film. The 

output of the prototype was also observed to be sensitive to the line attachment posi- 

tion. This was an expected result of the directional sensitivity of the thin-film gage. 

SUBSONIC, STEADY FLOW MEASUREMENTS 

USING THE 10X PROTOTYPE 

Once the static calibration of the 1OX prototype was completed, actual skin-friction 

measurements were made in a steady flow and compared to Preston tube measurements. 

The entire plate assembly, including the mounted thin-film prototype, was recessed flush 
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Table 1. Voltage output for half-bridge and full-bridge static calibrations 

  

  

  

  

  

          

Shear Half-bridge (mV) } Full-bridge (mV) 

(N/m). load | unload load | unload 

0.0 0 0 0 0 
15.9 20 15 17 19 
26.9 30 20 39 39 
37.9 38 34 60 56 
49.0 54 4) 75 77 
60.7 6} 50 90 104 
71.7 71 60 lil 117 
82.7 82 68 137 144 
93.8 86 79 164 173 
104.8 97 91 180 181 
115.8 109 95 209 197 
127.6 114 105 233 240 
139.3 12] 115 251 249 
151.0 127 133 271 279 
162.0 143 147 291 300 
173.7 155 157 321 320 
185.5 160 160 367 367 

Sensitivity 
mV/(N/m?) 0.85 0.89 1.9 1.9 

Correlation 
Coefficient 0.985 0.997 0.997 0.997     
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to a large wall surface. A Preston tube mounted on a 13 cm diameter aluminum base 

was also mounted on the wall surface. Both the thin-film prototype and Preston tube 

were mounted at the same distance from the leading edge of the wall surface as shown 

in Fig. 15. The wall surface was a 1.8 cm thick painted wood surface (1.2 m x 1.8 m). 

A rounded leading edge was attached to the wall surface to ensure a smooth boundary 

layer initiation to the wall surface. A 3.5 cm wide strip of fine sandpaper was attached 

to the wall surface just behind the leading edge to trip the boundary layer. This trip re- 

sulted in a turbulent boundary layer (Re = 1 x 10°) at the gage position, 62 cm down- 

stream of the leading edge. 

The wall surface was placed at the exit of a 0.74 m by 0.53 m open-circuit wind 

tunnel. The flow could be diverted over the wall surface with flaps located at the tunnel 

exit. Isolating the thin-film prototype by raising the flaps, then lowering the flaps to 

instantly expose the prototype to the flow, results in step changes in shear forces acting 

on the thin film. Therefore, the thin-film prototype was operated in an on-off mode. 

This was necessary to isolate the extremely small shear signal from temperature drift ef- 

fects in the low velocity flow. Shear measurements were made at flow velocities of 30 

m/s (98 ft/s) and 37 m/s (130 ft/s). Other characteristics of the wind tunnel are detailed 

by Andraka and Diller [42]. 

Initial tests were performed without an oil layer between the thin film and base 

plate. Lift-off of the thin film from the plate resulted from air flow underneath the thin 

film, which also resulted in fluttering of the thin film. Large shear signals, up to a factor 

of ten greater than expected, resulted from these tests. Shear forces acting on both sides 

of the thin film and pressure forces acting on the fluttering surface were suspected rea- 

sons for the increased readings. To eliminate these problems a thin layer of oil was 

placed between the thin film and base plate. This oil layer prevented lift-off of the thin 
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Figure 15. Test apparatus for steady flow calibration of the thin-film prototype. 
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film, and would also be needed to enhance heat transfer for high temperature measure- 

ments. 

Skin-friction measurements were made with the thin-film gage at both flow veloci- 

ties. The entire wall surface/thin-film gage assembly was then rotated 180° to test the 

directional sensitivity of the thin-film gage. Reversing the flow direction over the thin- 

film gage should result in output equal in magnitude but of opposite sign. Measure- 

ments were made for each flow velocity for both forward and reversed flow. Examples 

of the thin-film prototype output for each flow velocity and direction are shown in Figs. 

16-19. The ability of the thin-film gage to sense flow direction was observed and is 

shown in the negative step changes in output of Figs. 18-19. Simultaneous Preston tube 

measurements were also made for each flow condition. 

The results of the steady calibration tests are summarized in Fig. 20 on page 57. 

Shear measurements made in forward flow are shown as positive shear while negative 

shears indicate measurements made in reversed flow. The thin-film measurement values 

shown in Fig. 20 are an average of 5 to 10 samples taken for each flow condition. A 

linear curve fit was used to compare the average thin-film shear measurements to those 

made with a Preston tube. The calculated skin-friction coefficients obtained from the 

Preston tube (Patel [8]) averaged C; = 0.0032, which is 14% lower than the frictional 

coefficient, C; = 0.0037, expected for turbulent flat plate flow (Incropera and DeWitt 

[43]). An average skin-friction coefficient, C; = 0.0044, was obtained from the thin-film 

prototype measurements. The skin-friction measurements made with the thin-film gage 

are approximately 38% higher than the Preston tube measurements. 

The extremely low shear levels result in very low signal output of the thin-film pro- 

totype. Consequently, the uncertainty in the skin-friction results is large, up to + 25% 

for the thin-film prototype and + 5% for the Preston tube (Putz et al. [44]). This un- 

certainty is illustrated by the fact that the largest shear measured, 
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Figure 20. Steady flow testing results comparing 10X prototype measurements to Preston tube meas- 

urements. 
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4 N/m? (0.00056 Ib/in.?), is equivalent to a 0.04 N (.009 lb) force acting over the entire 

100 cm? (16 in.?) thin-film surface. This shear stress is only a small percentage of the 

shear stress range over which the thin-film gage was statically calibrated, see Fig. 14 on 

page 47. The effects of thermal drift also lead to uncertainty in the shear readings. 

These thermal effects are observed in Figs. 16-19 as the drift of the base output level of 

the thin-film gage. The 10X prototype was not actively compensated for thermal drift. 

Later designs of the thin-film gage are planned to compensate for thermal effects by in- 

cluding a thermocouple on each of the strain tabs. 

SUBSONIC, UNSTEADY MEASUREMENTS USING 

THE 10X PROTOTYPE 

The 10X prototype can make detailed time-resolved measurements of skin friction 

because of its high frequency response. The natural frequency of the 10X prototype was 

calculated as 5 kHz. Therefore, assuming a flat response to 20% of the natural fre- 

quency, the useful frequency range is 1 kHz. Skin friction measurements were made in 

an unsteady flow by mounting the base plate assembly on the floor of a wind tunnel 

behind a cylinder. The 5 cm diameter cylinder was mounted horizontally midway in the 

height of the test section. A smaller wind tunnel, of the same design as the tunnel used 

for the steady flow tests, was used to make measurements at a mean flow velocity of 16 

m/s. The tunnel had a test section 0.36 m by 0.25 m, therefore, a 20% blockage of the 

flow was created by the cylinder. This resulted in a strong vortex shedding signal at 85 
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Hz. A linearized hot-wire anemometer was mounted just above the thin-film prototype 

to simultaneously measure the unsteady velocity signal. 

An example of the simultaneous velocity and skin-friction measurements obtained 

from the hot-wire anemometer and thin-film prototype is shown in Fig. 21. This figure 

illustrates how the thin-film skin-friction signal follows the velocity signal obtained with 

the hot-wire anemometer. Small fluctuations in skin friction can also be observed in Fig. 

21. The ratio of the amplitude of these fluctuations to the peak-to-peak amplitude of 

the skin-friction signal matches the amplitude ratio obtained from the velocity signal. 

The magnitude of the skin-friction signal was larger than expected, as compared to the 

steady flow measurements. This was believed to be due to flow passing under the thin- 

film gage, a result of not using oil under the thin-film surface. The magnitude of the 

shear was not the quantity of interest of this test, rather, detection of the unsteady 

fluctuations in shear with the thin-film prototype. The 85 Hz shedding frequency is 

clearly shown in the frequency spectrum of the thin-film signal shown in Fig. 22. 

SUPERSONIC FLOW TESTING OF THE 10X 

PROTOTYPE 

The response of the thin-film skin-friction gage in a supersonic environment was 

examined by testing the 10X prototype in a supersonic wind tunnel. Flow conditions 

were M = 2.4 with a static pressure of 4 psia and total temperature of 300 K. The 10X 

prototype was mounted on the inside surface of a 34 cm diameter vertical tunnel door. 
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The inside door surface was flush with the tunnel wall surface to ensure a smooth 

boundary layer transition. 

A 0.13 mm (0.005 in.) thick 10X prototype thin-film gage was mounted flush to the 

wall surface in a 0.13 mm recess. The prototype was attached to the wall surface with 

four pins which were mounted in the wall. The pin locations were approximately 0.05 

mm greater than the attachment hole locations of the thin film, as described in Chapter 

4. Therefore, the thin film had to be heated to fit over the pins which resulted in the 

desired tension preload in the strain tabs. The attachment tabs were then adhered to the 

wall surface and the pin heads peened over a small washer used to increase the holding 

area of the pins. Finally, a thin layer of silicone caulking was placed over the strain and 

attachment tabs to fill the recess to prevent any flow beneath the thin-film surface. 

When the 10X prototype was mounted to the wall surface, it was discovered that 

the large active surface of the thin film was not flat with the wall. Therefore, a hole 

through the wall surface and several grooves were machined in the wall surface. A vac- 

uum line was attached to the hole on the back side of the wall surface to pull a vacuum 

on the back surface of the thin-film gage after oil was placed beneath the thin-film sur- 

face. The vacuum line was connected to a 1 liter glass jar which was evacuated with a 

vacuum pump. The pressure on the back surface of the thin film was maintained at 

approximately 4 psia. This procedure kept the thin film flat with the wall surface and 

it also prevented air from becoming entrapped beneath the thin-film surface. Air be- 

neath the thin film would expand during tunnel blow-down which could cause lifting and 

failure of the thin-film gage. 

Several 0.13 mm 10X prototypes failed to survive the supersonic flow conditions. 

A high-speed camera used to film the thin-film response showed that flow penetrated 

beneath the leading edge of the thin film. This caused the thin film to lift from the wall 

surface and begin to flutter in the flow, eventually leading to its failure. 
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To correct the problems associated with flow beneath the gage, a 0.25 mm (0.010 

in.) thick 10X prototype was recessed and mounted approximately 0.2 mm beneath the 

wall surface. A thicker gage was used because of the concern of the flutter-mode failure 

observed with the 0.13 mm thin-film prototype. The same mounting procedure was used 

as previously discussed, and a vacuum was pulled on the back side of the thin film to 

keep it flat. The 0.25 mm thin film survived the supersonic blow-down. The same 

thin-film prototype was then instrumented with strain gages to make shear measure- 

ments. The strain tabs on the instrumented prototype could not be covered with 

silicone, however, which resulted in the entire gage surface not being as flat as in the 

survivability test. Unfortunately, this led to the failure of the 0.25 mm prototype during 

blow-down. 

Although several failures of the 10X prototype occurred during the supersonic test- 

ing, several things were learned during these tests. Recessing the thin film beneath the 

wall surface and removing any air pockets from beneath the thin-film surface aided in 

the survivability of the thin film. Also, concerns over methods of attachment and 

flutter-mode failure were raised. Fluttering of the thin film indicated that the thin film 

was not rigid enough to withstand vibrations induced by the supersonic flow. This effect 

could be eliminated by using a thicker film to construct the gage, but this would also lead 

to reduced sensitivity of the gage. The difficulty encountered in attaching the thin film 

to the wall also had to be addressed before a smaller version of the thin-film gage could 

be constructed. 

Difficulty in keeping the thin-film surface flat was a major obstacle which required 

the need for pulling a vacuum on the backside of the thin-film surface. These surface 

distortion problems encountered with the 10X prototype may not be as significant for 

future designs of a 1 cm by 1 cm gage. The reduced scale of the thin film increases the 

relative stiffness of the thin film which is critical to the survivability of the thin film in 
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a supersonic environment. The identification of these problems through supersonic 

testing of the 10X prototype was helpful in designing an actual-size (1X) prototype 

thin-film gage for use in a supersonic environment. 

SUMMARY 

Calibration and testing of the 10X prototype for both subsonic and supersonic 

measurements of skin friction provided a great deal of information about the perform- 

ance of the thin-film gage. The static calibration of the 10X prototype demonstrated 

that hysteresis effects resulting from friction between the thin-film and wall surface were 

small. Significant frictional effects could have greatly reduced the ability of the thin-film 

gage to accurately measure skin friction. The thinness of the 10X prototype (0.001 in.) 

caused problems in attachment of the thin film to the wall surface and maintaining a flat 

thin-film surface. This required the mounting of additional strain gages and pulling a 

vacuum on the back surface of the 10X prototype gage. Increasing the stiffness of the 

1X prototype, by reducing the size of the prototype while maintaining the same thick- 

ness (0.001 in.), eliminated these problems associated with the 10X prototype. Finally, 

the layer of oil between the thin-film and wall surface greatly improved the 10X proto- 

type performance. The oil layer effectively prevented air flow beneath the thin-film 

surface, maintained the thin-film flat with the wall surface, and acted as a fluid damper 

to any vibration of the thin-film surface caused by the flow. 
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Chapter 6 

DEVELOPMENT AND EXPERIMENTAL 

TESTING OF A 1X THIN-FILM PROTOTYPE 

The fabrication and experimental testing of the 10X prototype provided useful in- 

formation for the design of an actual-size (1X) prototype of the thin-film gage. Prob- 

lems associated with attachment of the thin film to the wall surface and the need for a 

relatively rigid thin-film surface were considered in the design of the 1X prototype. A ] 

cm by 1 cm thin-film gage was fabricated and instrumented with commercially available 

semiconductor strain gages. The thin-film gage was then mounted to a probe head 

which served as the wall surface. The 1X prototype was then statically calibrated to 

make skin-friction measurements in subsonic and supersonic flows. 
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FABRICATION OF THE 1X PROTOTYPE 

Attachment and alignment problems encountered in mounting the 10X prototype 

were eliminated by modifying the pattern of the thin-film gage. Intead of cutting the 

thin-film gage (i. e., active surface, strain tabs, and attachment tabs) from the shim stock 

and attaching it to the wall surface, the active surface and strain tab elements were only 

partially cut from the shim stock. The surrounding material was left to give a much 

larger attachment surface which is farther from the active element. The new thin-film 

pattern, shown in Fig. 23, eliminates the problem of the tab attachments. In addition, 

the attachment surface keeps the axes of the thin film orthogonal to each other. 

A 1X prototype thin-film gage was cut from 0.05 mm (0.002 in.) stainless steel shim 

stock. A laser was used to accurately cut the thin slits (0.025 mm) in the thin film. The 

outside diameter of the attachment surface was cut to 3.5 cm (1.375 in.) to fit on a probe 

head which served as the wall surface. Commercially available strain gages were 

mounted on the strain tabs. The extremely small strain gages (0.23 mm by 2 mm) fit 

easily on the strain tabs. Semiconductor strain gages (Micro Gage Inc., #919-P-1000-04) 

were used because of their small size and large gage factor of 170. The large gage factor 

gives an increased sensitivity of the thin-film gage. Unfortunately, the semiconductor 

strain gages are also more sensitive to temperature effects than metal-foil strain gages. 

The 1X prototype thin-film gage was mounted on a Stainless steel probe head, see 

Fig. 24. A two-part epoxy was used to adhere the thin film to the probe head. The 

thin-film gage was mounted with the strain gages between the thin-film surface and 

probe head. Therefore, the strain sensors were isolated from the flow which offers se- 

veral advantages. The strain gages and leads are protected from the potentially harmful 

flow and convective effects are reduced. Also, the leads can be run out of holes in the 
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Figure 23. Actual-size (1X) prototype of the thin-film shear stress gage. 
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Figure 24. Mounting of the 1X prototype to the probe head. 

DEVELOPMENT AND EXPERIMENTAL TESTING OF A 1X THIN-FILM PROTOTYPE 68



backside of the probe head. Oil was injected into a 0.13 mm (0.005 in.) recess beneath 

the gage through a hole in the backside of the probe head. The lead and oil injection 

holes were sealed and the entire thin film/probe head assembly was placed in an evacu- 

ated chamber to draw any air from beneath the thin-film surface. The strain gages along 

each axis of the thin-film gage were wired into a half-bridge configuration of a 

Wheatstone bridge which was part of the electronics package used to amplify the output 

of the 10X thin-film prototype, as discussed in detail in Chapters 3 & 4. 

SUPERSONIC TESTING OF THE 1X PROTOTYPE 

After fabrication and mounting of the 1X prototype was completed, supersonic flow 

tests of the thin-film prototype were performed. Supersonic testing was performed be- 

fore subsonic testing because it was critical to demonstrate the survivability of the thin- 

film gage in a supersonic environment. Once the thin-film survivability tests were 

completed, the 1X prototype was instrumented to make actual skin-friction measure- 

ments. These results could then be compared to skin-friction measurements made with 

a floating element balance (DeTurris et al. [38] ). 

The first thin-film prototype tested did not have an oil layer beneath the thin-film 

surface. This was done to observe the effect of a fluid layer on the behavior of the 

thin-film surface during supersonic flow testing. The thin-film prototype survived the 

initial start-up transients and steady periods of the supersonic tunnel blow-down. V1- 

bration of the active surface was observed during the test, especially during the start-up 

transients. The attachment of the thin film to the probe head failed during the tunnel 

shut-down, a period when the static pressure fluctuates significantly. The pressure dif- 
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ferential across the thin-film surface caused it to bow outward into the flow, and led to 

the ultimate failure of the thin-film attachment. The failure was caused by the failure 

of the epoxy adhesive used to attach the thin-film to the wall surface. 

A second 1X prototype, with oil beneath the thin-film surface, was tested in a 

supersonic flow to determine the effect of the oil layer on the thin-film surface during 

blow-down. The oil damped out the majority of the thin-film surface vibrations caused 

by the supersonic flow. Vibration of the active surface was observed only during tunnel 

start-up and shut-down, periods of high flow unsteadiness. The gage survived several 

supersonic blow-downs. Several other 1X prototypes with oil beneath the active surface 

were tested in an extended blow-down. The relatively long run time, approximately one 

minute, resulted in subsonic flow through the test section at the time of shut-down. This 

reduced the severity of the pressure differential across the thin-film surface, and resulted 

in the successful survival of the thin-film prototype. Vibration of the active surface was 

observed while the flow was sonic as shock waves passed over the thin-film surface. The 

majority of the thin-film gages failed during relatively short blow-downs of approxi- 

mately five seconds. The large pressure differentials which resulted during shut-down 

caused the failure of the thin-film attachment to the probe head. 

The need to improve the thin-film attachment to the probe head was demonstrated 

by the previously discussed testing. To eliminate the attachment problems the thin-film 

surface was spot-welded to the probe head instead of using an epoxy adhesive. Ap- 

proximately fifty (50) individual spot-welds were made on the perimeter of the thin-film 

attachment surface. The low voltage required to weld the thin-film surface to the probe 

head resulted in virtually no heating, distortion, or thermal stresses developing in the 

thin-film surface. The edge of the attachment surface was then sanded to smooth the 

surface, and a thin layer of epoxy was applied along the edge of the attachment surface 

to seal the thin-film surface. 
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Several 1X prototypes, with the spot-welded attachment and oil beneath the thin- 

film surface, were tested in a supersonic flow. All of the thin-film prototypes survived 

the supersonic blow-down. Both long and short blow-downs were performed to test the 

thin-film attachment. Again vibration of the active surface was observed as shock waves 

passed over the thin-film surface. Problems associated with this vibration during 

start-up and shut-down of the supersonic tunnel may have to be addressed in future 

testing. These survivabilty tests demonstrated that the thin-film skin-friction gage could 

survive a Supersonic environment. 

STATIC CALIBRATION OF THE 1X PROTOTYPE 

The 1X prototoype was statically calibrated to determine the magnitude of the shear 

forces acting on the thin film when placed in subsonic and supersonic flows. The static 

calibration allowed the sensitivity and linearity of the thin-film gage output to be deter- 

mined. The calibration was performed by hanging weights to a line attached to the 

center of the active surface. The thin-film gage was loaded in increments of 1 gram to 

a maximum load of approximately 17 grams. The voltage output of the thin-film pro- 

totype was recorded at each loading increment. The static loading of the 1 cm? proto- 

type simulated a shear loading in increments of 100 N/m? (0.015 lb/in.?) to a maximum 

shear of 1650 N/m? (0.24 lb/in.”). The 1X prototype was not unloaded, as in the 10X 

Static calibration, because of the difficulty in unloading the thin-film gage. The small 

weights used to calibrate the 1X prototype could not be unloaded without significantly 

disturbing the system. 

DEVELOPMENT AND EXPERIMENTAL TESTING OF A 1X THIN-FILM PROTOTYPE 71



Several static calibrations of the 1X prototype were performed. The thin-film pro- 

totype was calibrated twice with a unity gain (G = 1) set on the amplifier. This was 

done to test the repeatability of the thin-film gage output. The 1X prototype was also 

calibrated with an approximate amplifier gain of 100 (G = 100). This was done to am- 

plify the signal to a convenient level. The voltage recordings obtained from the static 

calibrations, and the resulting sensitivities and correlation coefficients, are given in Table 

2. The output obtained from the unity gain calibrations was linear and repeatable as 

illustrated in Fig. 25. The resulting sensitivities were 0.0025 mV/(N/m?) and 

0.0021 mV/(N/m?). Figure 26 shows the static calibration results obtained using an 

amplifier gain of approximately 100. The sensitivity obtained from this calibration was 

.32 mV/(N/m?). The linearity of the calibration curves is demonstrated by the lowest 

correlation coefficient of 0.992 for all calibrations of the 1X prototype. 
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Table 2. Voltage output of 1X thin-film prototype static calibration. 

  

  

  

  

            

Shear Voltage Output (mV) 

(N/m?) G=1 G=1 G = 100 

0 0.0 0.0 0 
49 0.2 -0.3 10 
127 0.2 0.2 50 
224 0.4 0.3 100 
318 0.5 0.5 130 
410 0.6 0.8 140 
505 0.7 0.9 170 
603 1.2 0.8 200 
712 1.6 1.3 230 
808 1.7 1.5 260 
896 2.2 1.8 290 
993 2.4 1.9 320 
1106 2.6 2.2 360 
1185 2.7 2.5 390 
1275 3.3 2.7 410 
1364 3.2 2.8 440 
1454 3.4 3.0 460 
1568 3.7 3.3 510 - 
1646 3.9 3.4 530 

Sensitivity 
mV/(N/m?) 0.0025 0.0021 0.32 

Correlation 
Coefficient 0.992 0.995 0.999 
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Figure 25. Static calibration of 1X prototpye with unity gain amplification. 
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Figure 26. Static calibration of 1X prototype with approximately !00X amplification. 

1600 

DEVELOPMENT AND EXPERIMENTAL TESTING OF A IX THIN-FILM PROTOTYPE 

1800 

75



Chapter 7 

CONCLUSIONS AND RECOMMENDATIONS 

CONCLUSIONS 

The purpose of this research was to develop and perform initial testing on a direct- 

force-reading, thin-film shear stress gage. The following conclusions were drawn from 

the research. 

e The advancements made during the research and the potential improvements to ex- 

isting skin-friction measurement technology justify continued development of the 

thin-film shear stress gage. 

e Calibration and initial testing of a large-scale (10X) prototype have demonstrated 

the thin-film concept for measuring skin friction as verified by, 
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« the linearity and repeatability of the calibration curve obtained from a static 

calibration of the thin-film prototype 

» the directional sensitivity and the extremely small shears measured with the 

thin-film prototype during steady flow tests 

=» the high frequency response of the thin-film gage for time-resolved measure- 

ments of skin friction in unsteady flows. 

e Temperature effects on strain measurements were observed to be a significant 

problem during testing of the 10X prototype. Compensation for these thermal ef- 

fects can be performed by monitoring the temperature of each strain tab with 

thermocouples. 

e Concern over the relative stiffness of the thin-film gage was raised during supersonic 

testing of the 10X prototype. A trade-off between stiffness and sensitivity results 

from increasing the thickness of the thin-film gage. 

¢ Development of an actual-size (1X) prototype, with the redesigned thin-film pattern, 

eliminated attachment and alignment problems associated with the original thin-film 

design. Laser cutting the active surface and strain tabs from a larger thin-film sur- 

face led to the following improvements, 

« providing a greatly increased attachment area for improved attachment of the 

thin-film gage to the wall surface 

» elimination of problems associated with alignment and preload uniformity of the 

strain tabs during attachment of the thin-film gage to the wall surface. 
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e Testing of the 1X prototpye in a supersonic flow demonstrated that the thin-film 

gage could survive a supersonic environment. 

e Considerable development of the thin-film gage is required to attain a gage suitable 

for testing in a scramjet environment. 

RECOMMENDATIONS 

The following recommendations are made for future development of the thin-film 

shear stress gage. 

e Obtain initial skin-friction measurements with the 1X prototype in supersonic flow. 

This is critical to demonstrate the ability of the thin-film gage to accurately measure 

skin friction in a supersonic environment. 

e Begin to make thermally compensated skin-friction measurements with the 1X pro- 

totype in subsonic and supersonic flows. 

e Perform steady flow calibration of the 1X prototype with existing skin-friction 

measurement devices (i. e., Preston tube and floating element balance). 

e Begin microfabrication (sputtering) of strain sensors directly onto the thin-film sur- 

face for high temperature strain measurement. 
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