Mi{

The Development of Instrumentation for the
Support of Skin Friction and Heat Flux
Measurements
by
John M. Putz

Thesis submitted to the Faculty of the

Virginia Polytechnic Institute and State University
in partial fulfilment of the requirements for the degree of
Master

of Science
in

Mechanical Engineering
APPROVED:

Bale bE BA
Alfréd d L. Wicks,

r
TE

XC
Thomas

GQ

E. Diller

et

Noe

March, 1991
Blacksburg, Virginia

Joseph

\ >

A. Schetz

uv

chee
VEST

99)
2944 9C,Bagi
2

THE DEVELOPMENT OF INSTRUMENTATION
FOR THE SUPPORT OF SKIN FRICTION AND
HEAT FLUX MEASUREMENTS
by
John M. Putz

Committee Chairman:

Alfred L. Wicks

Mechanical Engineering
Abstract
Instrumentation has been designed to process the signals from two types of

skin friction gages and a microfabricated heat flux gage.

Design changes for

the skin friction gages are presented which will improve the performance of the
two transducers. The instrumentation is simple in design and use and has been

designed to maximize the performance of the skin friction and heat flux gages.
The instrumentation is battery powered to minimize noise levels and to maintain instrumentation portability.

A high-quality instrumentation amplifier, a

voltage regulator, and a custom-designed circuit board have been combined to
produce an instrumentation package which is stable and durable.

The instru-

mentation has been specifically designed to handle low-level signals and can
operate over a wide range of frequencies.

Problems commonly associated with

low-level signal conditioning like electrical noise, nonlinearities,
drift are addressed.

and output

The performance specifications of the instrumentation are

presented along with sample gage measurements.

Acknowledgements
I would like to especially thank Dr. Al Wicks for taking me on as a graduate student.
The guidance and patience Dr.

Wicks gave me during the course of my graduate

studies is very much appreciated.

Finally, I would like to thank my family and friends for their support and encouragement.

iil

Contents

1

INTRODUCTION
1.1

RATIONALE FOR THE RESEARCH

.............

1

1.2

THESIS OVERVIEW............
00.02 ee eens

3

1.3

LITERATURE REVIEW

5

14

TRADITIONAL
NOLOGY

2

1

CURRENT

.............02.0208.

SKIN FRICTION MEASUREMENT

1... 1.
WALL

ee
SHEAR

STRESS

ee
GAGE

TECHee

RESEARCH

PROJECTS

3

17

2.1

THIN-FILM SHEAR STRESS GAGE

2.2

CANTILEVER BEAM

THE

USE

STRAIN

9

OF

STRAIN

.............

18

SHEAR STRESS GAGE........

24

GAGE

TECHNIQUES

TO

MAKE

MEASUREMENTS

31

3.1

STRAIN GAGE THEORY....................

31

3.2

TEMPERATURE

35

3.3

WHEATSTONE
3.3.1

3.4

EFFECTS

BRIDGE THEORY

WHEATSTONE

WHEATSTONE

..................
........... ve.

BRIDGE NONLINEARITIES

BRIDGE

THEORY

TILEVER BEAM DESIGN

APPLIED

TO

....

41

CAN-

...................
iv

87

50

3.5

WHEATSTONE

BRIDGE

FILM DESIGN
THE

AD624

LATOR

....

TO

APPLIED

2.2... 2.

AMPLIFIER

APPLIED

THEORY

AND

ee

LM723

STRAIN

AND

TO

THIN-

ee ee ee ee

VOLTAGE
HEAT

FLUX

54

REGUMEA-

SUREMENTS

59

4.1

THE AD624 AMPLIFIER ..............00008.

62

4.2

THE LM723 VOLTAGE REGULATOR

............

65

4.3

NOISE REDUCTION TECHNIQUES

.............

67

4.4

PERFORMANCE

SPECIFICATIONS

OF

THE

INSTRU-

MENTATION .......
0.0000 ccc eee eee
RESULTS
HEAT
5.1

5.2

OF TESTING THE WALL

FLUX

10X

UNSTEADY

THIN-FILM

GAGE

2... . 2.

2...

ee

ee

FLOW

84

WALL
ee ee

85

MEASURE-

ee

87

STEADY-FLOW MEASUREMENTS USING THE 10X THIN...

1...

MOMENT-COMPENSATED

THE

. 1...

AD624

CATED

ee

ee
CANTILEVER

AMPLIFIER

AND

CONCLUSIONS

BEAM

ee
APPLIED

HEAT FLUX SENSOR.

CONCLUSIONS
6.1

INSTRUMENTATION

...

RESULTS
5.5

THE

SHEAR STRESS GAGE.

FILM GAGE
5.4

WITH

SHEAR STRESS AND

STATIC CALIBRATION OF THE 10X PROTOTYPE

MENTS
5.3

GAGES

72

TO

ee

90

TEST
ee

96

MICROFABRI-

................

RECOMMENDATIONS

........
0... . 0000. .eeeee

100
104
104

6.2

RECOMMENDATIONS

LIST OF REFERENCES
VITA

V1

List of Figures
1.1

Schematic of Preston Tube.

............0....0005

1.2

Schematic of Stanton Tube.

...............2.2..

2.1

Thin-Film Shear Stress Gage.

2.2

Laser Cut Thin-Film Shear Stress Gage.

2.3

Cantilever Beam Shear Stress Gage... ........0.-.2.-.

2.4

Moment-Compensated Cantilever Beam Skin Friction Gage.

3.1

Basic Wheatstone Bridge.

3.2

Wheatstone Bridge Nonlinearity Curve...

3.3

Quarter Wheatstone Bridge Configuration. ...........

3.4

Full Wheatstone Bridge Configuration.

.............

3.5

Half Wheatstone Bridge Configuration.

......

3.6

Cantilever Beam Skin Friction Gage Model.

3.7

Temperature Compensated Thin-Film Gage. ..........

3.8

Tab-Bending Compensated Skin Friction Gage Model...

4.]

Component

4.2

Schematic of Instrumentation. .............0.0+000-

4.3

The AD624 Instrumentation Amplifier. .............

4.4

LM723 Positive Voltage Regulator,

.. 2...

2...

eee

ee eee

............

.............0.-.0048.
ee.

......

..........

...

Side View of the Instrumentation Circuit Board.

vii

...............

.

60

4.5

LM723 Negative Voltage Regulator................

4.6

Schematic of Circuit Used to Test Common Mode Rejection

4.7

Common

Mode

Rejection

69
.

Characteristics of the Instrumenta-

tion When Wired to a Thin-Film Gage..............

4.8

Common

Mode

74

75

Rejection Characteristics of the Instrumenta-

tion When Wired to a Heat Flux Gage... ...........

76

4.9

Schematic of Circuit Used to Test Frequency Response. ....

78

4.10

Frequency Response Characteristics of the Instrumentation.

4.11

Instrumentation Background Noise Levels With the AD624 Amplifier Inputs Shorted Together.

.

..............2.-4.4.

79

81

Instrumentation Output Voltage Drift When Wired to a ThinFilm Shear Stress Gage.

. 2... 2.2

ee

ee

ee

eee

83

......

86

o.1

Static Calibration of Thin-film Skin Friction Gage.

5.2

Unsteady Response of the Hot-Wire Probe and the Thin-Film

Gage...
5.3

ee

88

Frequency Spectrum of Thin-Film Gage to 85 Hz Vortex Shedding Signal.

.. 2...

1. ee ee

ee

89

......

91

5.4

Thin-Film Gage Mounted on Aluminum Base Plate

5.0

Steady-Flow Test Arrangement of the Thin-Film Gage.

5.6

Thin-Film Gage Time Signal for Forward Flow, V = 30 m/s. .

94

5.7

Thin-Film Gage Time Signal for Reversed Flow, V = 37 m/s.

95

5.8

Comparison of Thin-Film and Preston Tube Steady-Flow Results

97

5.9

Static Response of Moment-Compensated Cantilever Beam.

99

5.10

Microfabricated Heat Flux Amplifier.

5.11

Dual Trace of the AD624

....

..............

92

.

101

Amplifier and the Dynamics Amplifier.
103

Vill

List
2.1

of Tables
Semiconductor
Characteristics.

3.1

Strain

Gage

Resistance

Versus

Temperature

.......0
00 cee ee ee ee ee ee ees

30

Resistance-Temperature Characteristics of Various Materials...

36

1X

Gy by3 QQAGhaAwRS
hry

Nomenclature

out

output voltage of hot-wire anemometer bridge
calibration constants for hot-wire probe
calibration constants for hot-wire probe

conductor resistance
conductor length
conductor cross-sectional diameter

proportionality constant for conductor cross-sectional shape
strain gage gage factor or sensitivity

input voltage to bridge circuitry
output voltage of bridge circuitry
active strain gage or bridge completion
active strain gage or bridge completion
active strain gage or bridge completion
active strain gage or bridge completion
bridge completion or active strain gage
voltage drop across bridge arm A-B
voltage drop across bridge arm A-D

resistor
resistor
resistor
resistor
resistance

cross-sectional area of cantilever beam

length of cantilever beam

force created by fluid flow

moment created by fluid flow
modulus of elasticity

area moment of inertia
correction factor for nonlinear bridge configurations
distance from neutral axis to outer surface of beam

fractional change in resistance of Ry;
fractional change in resistance of R,
fractional change in resistance of Rg

fractional change in resistance of Ry
common mode rejection
difference of impact pressure and static pressure for Preston tube
outside tube diameter of Preston tube
dimensionless skin friction coefficient

Greek

Letters

PreDrrsagan

strain

axial strain

error magnitude in percent of nonlinear bridge configuration
kinematic viscosity

Poisson’s ration
resistance in Ohms
material conductivity
fluid density
wall shear force

x]

Chapter

1

INTRODUCTION
1.11

RATIONALE

FOR

THE

RESEARCH

The recent research and design of high-speed, high-altitude aircraft, such as
the National Aerospace Plane, has necessitated the development of sufficient
propulsion

power

to overcome

the aerodynamic

drag

of the aircraft.

Be-

cause of its impulse efficiency, simplicity, and relatively low structural loads,
the Supersonic Combustion RAMJET

(SCRAMJET) engine concept shows

promise of providing the necessary propulsion to reach hypersonic speeds.

Two areas of concern are being researched to determine if the SCRANJET
engine concept will succeed.

The first area of concern involves the internal

drag (skin friction) of the combustion gas as it flows through the SCRAMJET
engine combustor.

The level of skin friction in relation to the cross-sectional

area of the combustor has a controlling effect on the thrust available in a
SCRAMJET

combustor.

Consequently, the presence of significant amounts of

skin friction in the combustion chamber can drastically reduce the available

engine thrust.

The second area of concern involves the internal heating of

the engine from the combustion gases. The combustion efficiency and cooling

requirements of the SCRAMJET engine are dependent on the internal heating
of the engine.

A SCRAMJET
First, it must

environment
accomodate

can be quite hostile to a measurement
a heat flux of 1 to 5 Btu/sec.-sq.

measure a shear force on the order of 0.01 to 0.05 lb.
an accurate signal.

in.

device.
It must

and indicate such in

The gage must be sufficiently small and possess thermal

properties similar to its surroundings to insure that when imbedded in a wall
surface thermal properties are not disturbed. The shearing gas flow will have
a temperature range of approximately 5500 to 7500 °R gas temperature, 5000
to 8000 fps velocity, and 5 to 15 psia static presuure (Steele, 1990).

The U.S. Air Force, National Aeronautics Space Administration (NASA), and
Virginia Tech (VPI&SU) are currently developing a direct-force-reading wall
shear stress gage and a cantilever beam wall shear stress gage. Both gages use
differential strain measurements to sense shears created by fluid flow passing
over the gage. Additionally, Virginia Tech and VaTell Corp. are jointly working on a microfabricated heat flux sensor. Both the skin friction and heat flux
gages

require specialized instrumentation

to condition their output

signals.

The thrust of this thesis will be to present the instrumentation that has been
developed to work with these skin friction and heat flux gages.

1.22

THESIS

OVERVIEW

Chapter 1 starts with the underlying rationale behind current skin friction
measurement research. Some traditional methods of skin friction measurement
will be reviewed next such as: hot-films, Preston and Stanton tubes, and direct
methods.

The principle of operation of each method is described along with

some advantages and disadvantages associated with each method. In the literature review, current technological advances in the field of high-temperature
strain gages are described.

In Chapter 2, the thin-film and cantilever beam

gages currently being developed

are introduced.

The principle of operation

of each gage is discussed along with the current direction of research of each
gage.

Chapter 3 introduces and reviews existing strain gage theory. The principle of
operation of traditional, electrical resistance, wire strain gages is developed.
The effect of temperature changes on strain gages and strain measurements

are discussed along with methods to minimize and control these temperature
effects. Basic Wheatstone bridge theory is reviewed to show how a set of strain
gages can be attached to a test specimen to produce an output voltage signal
which is proportional to the local strain levels present in the test specimen.

Lastly, the nonlinearities of certain Wheatstone bridge configurations are discussed along with methods of eliminating these nonlinearity errors.

Chapter 4 covers the instrumentation developed during this research project.
The theory upon which the AD624 instrumentation amplifier and LM723 voltage regulator are based is presented. The ideal operating specifications of both

3

chips are given to show how each chip contributes to the process of making
distortion-free strain and heat flux measurements.
fications of the instrumentation are presented.

The performance

speci-

Frequency response plots are

presented to verify the amplification, common mode rejection, and background
noise characteristics of the instrumentation.

In Chapter 5, the results of testing the thin-film gage with the instrumentation are presented.

The results of testing the thin-film gage in an unsteady

wind tunnel are presented. The results of testing the thin-film gage along side
a Preston tube in a steady wind tunnel are also presented.

The results of

testing a scaled, moment-compensated cantilever beam are presented.

Finally,

the results of testing the microfabricated heat flux gage with the newly developed instrumentation

are compared

with another amplifier system to verify

the performance of the instrumentation.

Conclusions and recommendations are given in Chapter 6. Evidence is summarized to offer support for the continued development of the skin friction gages

and supporting instrumentation that are currently being developed.

Recom-

mendations are offered to improve future versions of the instrumentation.

1.3

LITERATURE

REVIEW

The performance of electrical, resistive strain gages deteriorates as operating
temperatures increase because apparent strain correction magnitudes become

substantially larger than the strain signal, and the uncertainty of the apparent

strain correction becomes excessive. The effects of contamination (the change
in the strain gage resistivity due to alloying or chemical reaction), oxidation
(the change in resistance due to loss of material), and insulation leakage affect the performance of strain gages which employ a backed wire grid and use
epoxy-type adhesives (Atkinson et al.).

Current research is trying to find and/or develop materials which exhibit small
magnitudes of apparent strain at elevated temperatures.

Research work has

been done to test the repeatability of resistance versus temperature characteristics of various alloy families. Among the following alloy families: FeCrAl,
NiCrSi (Nicrosil), PtPdMo, PdCr, and PtW, one alloy in the FeCrAl family
and one alloy in the PdCr family have exhibited the best potential for hightemperature, strain gage applications. Attention has focused on the PdCr alloy
because its resistance is very close to linear with temperature, it is not affected
by changes in cooling rates or previous thermal history, and its cycle-to-cycle

repeatability of resistance change with temperature is excellent. (Englund and
Seasholtz).

Current research is trying to determine how to best utilize available strain
gages in high temperature applications.

Research work has proven that the

apparent strain exhibited by a strain gage is strongly affected by the rate at

which the strain gage is cooled from its highest temperature.

Research work

has also discovered that the apparent strain of a strain gage in succeeding
thermal tests is influenced by the cooling cycle of the previous test. The apparent strain for a succeeding thermal cycle follows that set by the cooling

part of the previous cycle.

Repeatable apparent strains have been produced

by reproducing cooling rates during successive thermal cycles.

This implies

that an accurate apparent strain correction can be obtained by matching the
cooling rate during calibration to that which the strain gage would experience
during operation (Stetson, 1984).

Strain gage research efforts directed towards minimizing temperature effects
have led to the development

of self-temperature compensated

strain gages.

Self-compensating strain gages take advantage of the metallurgical properties
of certain strain gage alloys such as Constantan or Modified Karma.

These

alloys can now be processed to minimize the apparent strain they exhibit over
a wide temperature range.

The requirement of matching unstrained dummy

gages in the adjacent arm of the Wheatstone bridge has been relaxed considerably since the advent of these types of strain gages.
make

strain measurements

It is now possible to

at or near room temperature with a

single, self-

temperature compensated strain gage with a quarter Wheatstone bridge. The

bridge circuit is completed with the addition of stable fixed resistors in the
three remaining arms of the bridge.

Such bridge completion resistors, with

temperature coefficients of resistance not exceeding 10~® per °C are available

(Measurements Group Tech Note TN-504, 1983).

Research is also being done to try and improve the performance of currently
available weldable

strain gages.

Eaton

Corporation’s,

standard,

type 355,

weldable strain gages feature easy installation using a hand held spot welder,
and totally encapsulated lead wires.

Eaton’s specifications limit static strain

measurements with this gage to 650 °C (1230 °F) for static measurements
using a platinum-tungsten alloy gage element.

Dynamic measurements can

be made to 800 °C (1500 °F) using a nickel chrome alloy element (Lockheed,
1988). The grid of Measurements Group’s, LWK series, weldable strain gage
is manufactured from a modified Karma

fiberglass-reinforced epoxy-phenolic.

(K-alloy) and is encapsulated in a

The strain range of this gage series is

+5000 pe, and its recommended working temperature range is -195 to +260
°C (-295 to +525 °F). For short periods of time, a maximum

temperature

of 290 °C (580 °F) can be tolerated (Measurements Group Product Bulletin
PB-112-7, 1985).

Two

disadvantages of weldable-type strain gages are the stiffness that the

gage adds to the local structure, especially on thin material, and local residual

stresses caused by the spot weld attachment process. The fact that weldable
gages add stiffness to the local area upon which they are attached excludes
their use in devices like the thin-film shear stress gage. A device such as the
thin-film gage will probably require more advanced, high-temperature, strain
gage techniques such as flame-sprayed and sputtered strain gage techniques.

Strain gages installed with flame-sprayed installation techniques are capable
of providing reliable bonding to a test surface and good electrical insulation
to approximately 1000 °C (1860 °F). Aluminum oxide is the most commonly
used material for flame-sprayed bonding of strain gages and lead wires.

The

flame-sprayed attachment process involves the introduction of the aluminum
oxide into an Oxy-Acetylene flame which melts the material and, with the

assistance of high pressure air, propels the molten particles toward the test
surface.

A heat resistant overcoat encapsulates the strain gage and its lead

wires and provides protection from oxidation and erosion.

Some advantages

and disadvantages of the flame-sprayed process are:

e Relatively high capital expense for equipment.
e High technician skill level required for proper installations.
e Installations require “line of sight” access to locations.
Excellent insulating characteristics up to 980 °C (1820 °F).
Excellent erosion characteristics for gas path installations.

e High strain range (1%).
Excellent thermal shock resistance (Unkel, 1986).
Sputtered,

thin-film strain gages have also been used for high-temperature,

strain measurements.

A thin-film, resistance strain gage can be fabricated by

sputtering suitable layers of a strain gage alloy and insulating and protective
materials directly on the test material.
of a single line or grid of material.

The thin-film strain gage can consist

The thin-film approach

permits

apply-

ing whole new classes of materials because the sensor material need not be
workable in wire form.

A drawback in the use of thin-films is the increased

susceptibility to oxidation and contamination by materials in contact with the

thin-film material. This is due to the large surface to volume ratio of the thinfilm material.

Sputtered, thin-film, resistance strain gages can eventually be

expected to be mounted on ceramic materials at temperatures up to approxi-

mately 1300 to 1600 °C (2400 to 2940 °F) (Atkinson et al.).
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TRADITIONAL SKIN FRICTION
MEASUREMENT TECHNOLOGY

A number of direct and indirect methods have been developed over the years

to measure wall shear stresses resulting from a fluid flow passing over a solid
surface. Skin friction measurement technology has been around for well over a
century. Early pioneers in the field were Froude (1872) who measured the drag

on wood planks towed at various speeds in a water tank, Kempf (1929), and
Schoenherr

(1932).

Today, more sophisticated techniques are used to make

skin friction measurements. The most common methods are based on thermal
analogies, boundary layer similarity laws, or the shape and size of the velocity
boundary layer.

The measurement of heat transfer from a heated element is the most common

method of measuring skin friction. The surface, hot-film technique is based on
an analogy between local friction and heat transfer.

Thermal measurements

are made by dissipating electrical energy in a metallic thin-film embedded in
a substrate which is mounted in a test surface.

Theoretically, the convective

heat loss of the thin-film is assumed to be proportional to the electric power
input to the thin-film.

The square of the bridge voltage, Ug, powering the

hot-wire can be correlated to the level of wall shear, 7,,, present by

UZ=A+Br

;n=0.25-0.3.

(1.1)

The calibration constants, A and B, depend on the fluid flow and sensor temperature as well as wall properties and probe support material (Nitsche et al.,

1984).
The theory upon which the thin-film is based acknowledges that a portion of
the heat generated in a thin-film is convected away by the fluid passing over

the device and a portion of the heat is conducted into the substrate.

Two

fundamental conditions must exist to relate heat convected away by the fluid
flow to shear stress. First, the thermal boundary layer that develops over the
thin-film must lie entirely within the linear region of the velocity profile. Second, velocity fluctuations must grow linearly in amplitude with distance from
the wall.

If both of these conditions exist, then it is possible to relate heat

transfer to wall shear stresses (Diller and Telionis, 1989).

Several problems are commonly associated with thin-film probes.

transfer into the substrate is a large problem.

Heat transfer into the sub-

strate increases the size of the thermal boundary
over the thin-film.

First, heat

layer of the fluid passing

This causes problems because the thermal boundary layer

must be kept small for the relation between convected heat transfer from the
hot wire and local skin friction to be valid.

Second, because the thin-film is

mounted on the wall surface, the flow velocity is low which allows conduction
from the thin-film to the fluid.

Conduction into the substrate and into the

fluid can be accounted for during steady flow gage calibration, but accounting
for these errors at the time-resolved level is very difficult for unsteady flows.

Finally, most commercially available thin-film skin friction probes have flat
measurement surfaces.

Significant errors, in some cases 25 to 50 percent, can

be introduced into a measurement because of local flow disruption if the face
10

of the probe is not flush with the face of the measurement surface. Despite the
problems associated with this technology, the high frequency response of the

thin-film lends itself to measurements of skin friction in unsteady flows (Diller
and Telionis, 1989).

The Preston tube, shown in Fig. 1.1, has long been used to infer skin friction
levels in fluid flows because of their ease in construction and use.

Accurate

pressure measurements can be made with a Preston tube if the tube is placed
in a flow field which has a well defined velocity profile.

If the tube is placed

in the logarithmic portion of the boundary layer, the Preston tube pressure
measurement will be a function of the law-of-the-wall. Preston discovered that

a pressure measurement made a known distance from the wall could be used
to infer the wall skin friction from the relationship

are a1 (BE).
pv?

When

looked

at in conjunction

(1.2)

py?

with Fig.

1.1, the Stanton

tube,

shown

in

Fig. 1.2, illustrates the similarities that exist between Stanton and Preston
tubes. While being very similar, there are some important differences between
Stanton and Preston tubes.
measures

First, the Preston tube is a global device which

Bernoulli-type pressures.

Bernoulli-type pressures

the deceleration of the fluid in front of the tube.

The Stanton tube, being

a local device, does not respond to Bernoulli-type pressures.
to respond more quickly to local shear stress fluctuations.
tubes are characterized by numerous

are a result of

This enables it
Second,

Stanton

physical parameters such as the width

and overall height of the device and the flow entrance opening.
11
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>

physical parameters of the Stanton tube complicates its operation, and makes
the calculation of wall shear levels much more tedious than those of the Pre-

ston tube (Campbell and Hanratty, 1989).

Other indirect skin friction measurement techniques have been developed besides thin-film probes, Preston tubes, and Stanton tubes. Other indirect measurement technique utilizes liquid tracers and crystals. The skin friction acting
on a surface is assumed to be proportional to the streak length resulting from
an oil dot placed on a surface (Monson,

1984).

Liquid crystals are another

surface coating technique in which shearing stresses acting on a surface cause
changes in the way light is scattered by the crystals (Klein and Margozzi,
1969-70).

Direct methods

are, in principle, the ideal method for measuring wall shear

stress since they directly sense the applied force on the wall by the fluid and
there is no direct dependence on the flow field or the fluid properties. The ad-

vantage that direct measurement techniques have over indirect measurement
techniques is the measurement of the wall shear without making any assumptions about

the flow field above the device.

that direct measurements

by some disadvantages.

Unfortunately,

the advantages

have over indirect measurements are accompanied

Most notable is frequency response.

Most floating

element devices have limited frequency response because of the weight of the

floating element. A number of other problems associated with floating element
devices are:

14

1. The compromise between the size of the transducer and the mea-

surement of very small forces.

2. The effect of the necessary gaps around the element.

3. The effect of misalignment of the element with respect to the
surrounding surface.
4. Forces due to pressure gradients.
5. Heat transfer differences between the floating element and the
surrounding surface.
6. The use in the presence of suction or blowing.
7. The effects of gravity or acceleration if the device is to be used in a
moving vehicle.
8. The effects of temperature changes.
9. The effects of the whole system in the presence of large transients.
10. The effects of leaks (Winter, 1977).
A floating element, skin friction gage is an example of such a direct measurement device. Floating element devices rely directly on the force exerted by the
wall shear on an element imbedded in the wall. The wall element is mounted

on a balance of which there are two basic types: the displacement balance in
which the displacement of the wall element is correlated to the applied force,
and

the feedback balance in which the force required to maintain

element at its original position is correlated to the applied shear.

the wall

The dis-

placement balance usually employs a linear variable displacement transducer
(LVDT) to sense the bending strain in the sensing arm, and the feedback balance usually operates with a Kelvin current balance or coil and a permanent

magnet to obtain the force acting on the the sensing arm. Knowing the force
15

and the area of the wall element allows for calculation of the wall shear stress

(Haritonidis, 1989).

16

Chapter

2

CURRENT WALL SHEAR
STRESS GAGE RESEARCH
PROJECTS
Currently, two gages are being developed to directly measure wall shear stresses
in steady and unsteady fluid flows.

Both gages are being designed to eventu-

ally operate in supersonic combustion flows. Two different designs are being
used:

the first design uses a thin-film to sense wall shear stresses while the

second design uses a cantilever beam to sense wall shear stresses. Both gages
are similar in that they utilize strain gages to directly measure strains created
by a fluid flow passing over the gage.

The power and versatility of strain gages and electronic circuitry have been
integrated into the design of the two wall shear stress gages to overcome some
of the traditional problems that have been encountered in this field. The inherent high frequency response of strain gages has been used to overcome the
slow response time that hinders similar shear stress gages.

Using differential

strain gage techniques, the unwanted strain effects of temperature changes
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and pressure gradients have been eliminated while at the same time magnifying strains created by shear stresses. The small size of strain gages and their
high strain sensitivity allow the design of miniaturized gages and the measurement of minute strains.

2.1

THIN-FILM

SHEAR

STRESS

GAGE

The direct-force-reading, wall shear stress gage currently being developed by
Putz (James), Putz (John), Wicks, and Diller (1990) is shown in Fig. 2.1. At
the present time, a working

10X scale prototype has been developed.

This

nonobtrusive gage consists of a 0.00254 cm (0.001 in) thick sheet of stainless
steel with an active surface area of approximately 103 cm? (16 in”). The stain-

less steel sheet is attached flush to a wall surface by four mounting tabs. This
gage has the capability of making measurements in both steady and unsteady
flow fields.

This gage features direct, shear stress readings, high frequency

response (5 kHz) for non-steady measurements, high-temperature capability
(200 °C), and 360° directional sensitivity for measuring three dimensional and
reversing flows.

The four gage tabs have been designed to allow the active gage to move freely
when a shear load is applied.

While serving as points of attachment to the

wall surface, the tabs allow the gage to be preloaded.

To attach the gage to

the wall surface, the gage is heated so it will expand. The gage is pulled over
the tab restraint posts, and it is allowed to return to room temperature.

As

the gage cools, the tab restraints stretch the gage, and it is pulled tightly to
18
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Figure 2.1: Thin-Film Shear Stress Gage (Putz, 1991).
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HOLE

the wall test surface.

This keeps the gage from being pulled away from the

wall surface by preventing unwanted fluid flow from getting under the gage
during testing.

The principle of operation of this shear stress gage is the direct measurement
of strain in a linear material resulting from an applied shear loading.

The

gage tabs have been designed as high strain regions of the gage. Strain gages
mounted on each of the gage tabs are used to detect the shear load on the
gage by measuring the resulting strain in each tab.

The strain gages have

been placed on the gage and wired to bridge circuitry to remove undesirable
effects such as local tab bending and uniform temperature increases. The removal of undesirable effects is discussed in detail in Sec. 3.5.

The general purpose strain gages (Measurements Group, CEA series) currently
being used on the thin-film gage are capable of providing reliable strain mea-

surements up to approximately 200 to 260°C (420 to 525 °F) (Measurements
Group Tech Note TN-505, 1983).

Using the assumption that the lowest level

of strain which can easily be measured with these strain gages is 1 pe, the
0.3175 cm (0.125 in) wide tabs can detect shear forces on the order of 2 N/m?
( 0.0002 psi). The presence of four tabs makes available the capability of making strain measurements in two orthogonal directions: in the direction of the
flow field and normal to the direction of the flow field.

This particular gage offers several advantages not found in other floating element devices.

First, a thin layer of oil exists between the gage and the wall
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surface to aid in the heat transfer between the gage and the wall.

The thin

layer of oil keeps the gage near the expected wall temperature which elimi-

nates the need for active gage cooling and insures the formation of a thermal
boundary layer over the gage which is similar to that which exists over the wall
test surface. Second, the thin-film gage has a theoretical natural frequency of
5 kHz.

The high frequency response of the gage allows for the measurement

of time-dependent fluctuations in wall shear stresses when placed in unsteady
flows.

To expedite experimentation which would prove the feasibility of the design
concept, testing was done with a 10X prototype gage. The 10X prototype gage

eliminated several problems which had to be solved before the gage could be
miniaturized to its designed final size. These problems included: miniaturizing
the strain gages, attaching the gage to the test surface, and cutting the thinfilm pattern from stainless steel sheet stock. The 10X gage has been tested in a
Mach 2.4 supersonic wind tunnel to determine the optimum method of attaching the gage to a test surface.
tested.

Various attachment configurations have been

The 10X gage design has proved to be a challenge to keep attached

when subjected to supersonic flows. To date, the 10X gage design requires a
recessed gage and a vacuum to hold the gage onto the test surface.

The difficulties encountered in the attachment of the 10X gage have motivated design improvements.

Currently, a miniaturized thin-film gage is being

designed and readied for testing. The miniaturized gage has a surface area of
approximately

1 cm? and has a thickness of 0.005 cm (0.002 in).
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This new

gage, shown in Fig. 2.2, is cut out of sheet metal stock with a laser. The gage
and the stainless steel sheet are never separated.

The laser makes 0.005 cm

(0.002 in) wide cuts through the sheet of stainless steel to give the gage freedom of movement. Miniature semiconductor strain gages described in Sec. 2.2
have been attached to the small gage tabs to make the strain measurements.

The 1X gage design concept appears to be an improvement when compared
to the 10X prototype design concept.

Testing has proven that this design is

capable of remaining attached to a surface placed in supersonic flows. At the

present time, attaching the thin-film gage to a test surface by spot welding is
being investigated. A new spot-welding fixture has been designed which makes
one continuous spot-weld around the circumference of the thin-film gage. The

new fixture allows the thin-film gage to be securely mounted onto a test plug.
Additionally, the fixture, which is made of aluminum, does not disfigure the
thin-film gage during attachment to a surface. It is expected that testing will

prove that the new spot-welding fixture will eliminate the gage attachment
problems experienced with the 10X prototype gage during supersonic testing.
A more complete description of the 1X gage can be found in a Master of Sci-

ence thesis entitled “Development of a Direct-Force-Reading Thin-Film Shear
Stress Gage” (Putz, James, 1991).
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Figure 2.2: Laser Cut Thin-Film Shear Stress Gage (Putz, 1991).
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2.2

CANTILEVER BEAM
STRESS GAGE

SHEAR

The cantilever beam wall shear stress gage currently being developed by De-

Turris, Schetz and Hellbaum (1990) is shown in Fig. 2.3. This gage is a nonobtrusive and non-nulling device. The non-nulling feature of the gage makes
it less mechanically complex and allows it to have a higher frequency response

than similar self-nulling devices. The Kistler-Morse displacement sensor that
is the strain sensor for the current design was first used in a cantilever beam

arrangement by Schetz and Nerney (1977).

This Defection Sensor Cartridge

(DSC) is a complete, multipurpose displacement transducer.

The DSC is dual

axis sensitive which enables it to simultaneously measure strains in two orthogonal directions.

Usually with wall shear stress gages of this type, misalignment effects are a
concern.

Errors can be introduced into a measurement because of gap sizes,

lip sizes, and pressure gradients which exist between the flow and the underside of the sensing head. Also, there is concern about the misalignment error
caused by the thermal expansion of the cantilever beam and the sensing head.
In high temperature environments, the upper portion of the sensing head may

extend vertically into the flow field. To eliminate thermal expansion effects,
the sensing head is aligned below the wall surface. The amount of head recess
is set to the expected thermal expansion of the gage. Misalignment errors are

discussed in detail in a study by Allen (1990) and were consulted extensively
during the design of the sensing head (DeTurris et al., 1990).
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Figure 2.3: Cantilever Beam Shear Stress Gage (DeTurris et al., 1990).
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BEAM

To reduce and/or eliminate temperature affects, the cantilever beam gage uti-

lizes active cooling. The outer housing of the gage is wrapped with a copper
tube for running cooling water around the assembly.
tilever beam

above the DSC

Also, the internal can-

is fitted with fins, and the entire assembly

is

immersed in a heat transfer fluid. The heat transfer fluid serves two purposes
besides keeping the DSC

at a uniform temperature.

First, the presence of a

fluid in the cavity of the gage minimizes any pressure gradient effects by pro-

viding a continuous gage/wall test surface interface. This prevents unwanted
fluid flow around and/or underneath the sensing head. Second, the fluid and
the small gaps in the gage combine to produce sufficient damping to prevent
any structural vibrations from affecting the operation of the gage.

Each gage is manufactured for a specific test scenario. The sensing head material is matched with the expected test surface material. The matching of the

sensing head and test surface materials insures the development of a thermal
boundary layer over the gage which is similar to that which exists over the
test surface. The small physical size of the sensing head insures minimum flow

disruption but requires sensitive strain sensors.

The 0.615 cm (0.242 in) di-

ameter head presents a surface area of approximately 0.323 cm? (0.05 in”). A
28 N/m? (0.004 psi) wall shear acting on the exposed surface area of the head
requires strain sensors which are capable of detecting a sensing head deflection
of 0.00013 cm (0.00005 in) (DeTurris et al., 1990).

Due to the fact that the Kistler-Morse displacement transducer only measures
strains at one position along its shaft, the current cantilever beam gage is af26

fected by pressure gradients passing over the gage sensing head.

To remedy

this problem, a new strain sensing design is proposed which is capable of eliminating the effects of pressure gradients.

This design, shown in Fig. 2.4, will

use miniature semiconductor gages to measure the strains in the cantilever
beam caused by the minute deflections of the sensing head.

To sense the shear forces exerted on the sensing head by the fluid flow, a set

of four strain gages are attached to the cantilever beam. Two strain gages are
mounted

180° apart at the midpoint of cantilever beam.

strain gages are mounted

The two remaining

180° apart at the base of the cantilever beam.

A

second set of four strain gages are mounted exactly in the same manner as the
first set of strain gages, but they are rotated 90° on the cantilever beam.

The

two sets of strain gages will give the new cantilever beam gage the capability
to simultaneously measure strains in two orthogonal directions.

A more in

depth explanation of how moment effects are canceled is given in Sec. 3.4.

The DSC-6 Kistler-Morse strain sensor currently being used in the cantilever
beam gage utilizes semiconductor strain gages to sense strain levels in its
shaft. To maintain the cantilever beam gage’s strain sensitivity, the proposed

moment-compensated gage will also be equipped with semiconductor strain
gages. The cantilever beam gage requires miniature strain gages because the
cantilever beam is only *” in diameter. The proposed design will require strain
gages which have nearly identical resistance versus temperature characteristics

because the strain gages will be subjected to temperature changes.
ductor strain gages (Model 919) manufactured by Micro Gage Inc.
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BEAM

nearly identical resistance versus temperature characteristics.

Their semicon-

ductor strain gages have an overall length of 0.2 cm (0.080 in), a width of 0.127
cm (0.050 in), a gage factor of 155, and a maximum temperature use range of
150 to 175 °C (+330 to +370 °F).

The extreme sensitivity of semiconductor gages to temperature change usually presents a problem when heated environments are encountered.
come the temperature sensitivity problem,

To over-

Micro Gage uses a sophisticated

computer matching technique to produce identical sets of gages.

Individual

semiconductor strain gages are tested and grouped into lots (pairs or quads).
Each lot of gages are matched to within +1% of nominal resistance at 60 °F.
Tracking between individual gages in a lot is maintained to within 20 ppm/°F
from -40 to +160 °F. Table 2.1 is a reproduction of a Micro Gage data sheet

for three lots of 1000

gages.

It illustrates the tight matching of the gage

set and the large resistance change of the gages when exposed to temperature
changes.
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Table 2.1: Semiconductor Strain Gage Resistance Versus Temperature
Characteristics (Micro Gage).
Lot | Gage
#
#
Lot 1 | Gage
Gage
Gage

| Resistance at Temperatures
-40.0 °F | 60.0 °F | 160.0 °F
1 | 795.4
975.6
1209.1
2]
792.1
973.1
1207.2
3 | 796.4
976.4
1209.6

Lot 2 | Gage
Gage
Gage
Gage
Lot 3| Gage
Gage
Gage
Gage

1|
2}
3|
4|
l|
2 |
3|
4 {|

Gage 4 |

792.9

805.2
802.4
806.4
802.1
789.6
792.5
794.2
792.5
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972.4

988.0
984.1
989.7
983.9
970.5
972.4
975.0
974.1

1205.1

1224.9
1219.8
1227.0
1219.6
1203.8
1205.1
1208.2
1208.5
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3

THE USE OF STRAIN GAGE
TECHNIQUES TO MAKE
STRAIN MEASUREMENTS
3.1

STRAIN

GAGE

THEORY

Back in 1953, Perry and Lissner, in their book, The Strain Gage Primer listed
what they thought were ideal strain gage characteristics.

The characteristics

they listed were:

1. The strain/resistance characteristics of the gage should be linear.
2. The gage should be small in size, easy to securely attach; its profile
should be as low as possible so that it will respond in unison with

the changes in the surface to which it is attached.

3. The gage should be highly sensitive in the direction of the expected

strain while at the same time have minimum sensitivity to strains

which are perpendicular to the primary sensing axis of the gage.

4, Stiffness in all directions should not be such that the stiffness of the

test specimen is altered.

5. Calibrations should be simple and quick. Once done the calibration

should remain stable with time, dynamic loading, and changes of

temperature, pressure or humidity.
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6. Frequency response should be high.
7. Remote indication and immersion in liquids should not present difficulties.
8. Gages should be inexpensive, reliable, and readily available. There
should be a variety of types and sizes suited to a wide range of
experimental situations.

Today, many general-purpose, off the shelf strain gages exhibit a large number, if not all, of these characteristics.

The flexibility of todays strain gages

greatly simplifies the process of making quality strain measurements.

ample of a general purpose strain gage is the CEA

An ex-

series, general purpose,

strain gage manufactured by Measurements Group, Incorporated. These strain
gages are typically used to make general-purpose, static and dynamic, stress
measurements

in many

different test scenarios.

copper-nickel alloy known as Constantan,

They are fabricated from a

and they can make reliable strain

measurements in a temperature range from -75 °C to +205 °C (-80 °F to +430
°F). The strain range of these gages is +5 percent, and they have a fatigue
life of approximately 10° cycles at +1500 we (Measurements Group Tech Note

TN-505, 1983).

The theory of operation of these gages is rather simple. When the conductive
wire inside the gage is mechanically stretched, a longer length of smaller sectioned conductor wire is formed and hence the electrical resistance changes. If
the strain gage is intimately attached to a strained test member in such a way
that the gage will also be strained, the measured change in resistance can be
calibrated in terms of strain. To see this, one can start with the equation for
32

the resistance of a conductor

R
where:

_ obA?

(3.1)

¢ is the material conductivity, L is the material length, and A is the

material cross-sectional area. If the conductor is strained, each of the variables

in Eq. 3.1 may change.

To see the affect of these changes Eq. 3.1 must be

differentiated. The total derivative of R is
dR = (OR/0¢)d¢ + (OR/OL)dL — (OR/OA)dA.

(3.2)

Performing the partial derivatives, dividing by R, and simplifying results in

dR/R=d¢/¢+dL/L—dA/A.

(3.3)

If the diameter of the conductor material prior to straining is d,, the diameter
of the conductor after being strained, d; is given by
dy

=

d,

(

_—

dL

Z|

5

(3.4)

where vy is Poisson’s ratio. Using Eq. 3.4, it can be shown that

dA/A = —2v(dL/L)+v?(dL/L)

~ —2v(dL/L).

(3.5)

Substituting Eq. 3.5 into Eq. 3.3, simplifying, and dividing by (dL/L) results
in

(dR/R)/(dL/L) = (d¢/$)/(dL/L) + (1 + 2v).
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(3.6)

Equation

3.6 is basic to all resistance-type strain gages.

It reveals that the

strain sensitivity of a material is due to two factors: the change in dimensions

of the conductor as expressed by the term (1 + 2v) and the change in specific
resistance as represented by the term (d¢/¢)/(dL/L).

Experimental studies

have shown that the strain sensitivity, (dR/R)/(dL/L) ranges between 2 and 4
for most alloys used in strain gage fabrication and is reasonably consistent for
a given material. Since the quantity (1 + 2v) is approximately 1.6 for most of
these materials, the contribution due to the change in specific resistance with
strain varies from approximately 0.4 to 2.4.

The range of specific resistance

is a result of different materials having variations in their number of free electrons and the increased mobility of these electrons with applied strain (Dally

et al., 1984).

The term (dR/R)/(dL/L) is often used and is commonly referred to as strain
sensitivity or gage factor (GF). The sensitivity of a strain gage is solely a function of the gage factor. Traditional electrical resistance strain gages have gage
factors that typically fall into the range from 1.9 to 2.1. It might be tempting
to think that to increase the gage factor of a strain gage might require just

increasing the resistance of the strain gage, but this is not the case.

Higher

gage resistance alone will not yield a higher level of gage sensitivity.

The gage factor of a strain gage in combination with an applied strain determines the magnitude of a gages change in resistance. The change in resistance
is always at its greatest value when strains are applied along the primary axis
of the gage.

Any strains that are applied perpendicular to the primary axis
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of the gage ideally should produce little resistance change.

The transverse

sensitivity of a strain gage refers to the response of the gage when strains are
applied perpendicular to the primary sensing axis of the gage.

In the ideal

case, a strain gage would be completely insensitive to transverse strains.

In

real life though, all strain gages exhibit some degree of transverse sensitivity.
the general purpose wire strain gages described earlier have transverse sensitivities of (+0.8 +0.2)%. The transverse sensitivity of the gages is approximately
three orders of magnitude less than the axial sensitivity of the gage which is

listed as 2.115 40.5%.

This allows the transverse sensitivity of the gages to

be ignored.

3.2

TEMPERATURE

EFFECTS

The inclusion of strain caused by temperature changes into the overall strain
measurement

can seriously affect the accuracy of a strain measurement.

In

fact, the strain introduced into a strain measurement by a temperature change
can be much greater than the magnitude of strain created by the strains being
measured. Temperature changes affect semiconductor and electrical resistance
strain gages similarly; the resistivity of the gage conductor material increases
as the overall gage temperature increases.

The resistance-temperature coef-

ficients of various materials are given in Tab.

3.1.

One should notice from

Tab. 3.1 the large resistance change of semiconductors compared to other materials.

Two approaches can be used to prevent temperature changes from affecting
35

Table 3.1: Resistance-Temperature Characteristics of Various Materials

at Room Temperature, 1/C (Williams, 1985).

|

a (1/C)

MATERIAL | from Vidal (1956) | from Lion (1959)
Aluminum 0.00403
0.0045
Carbon

-

-0.0007

-

-0.02 to -0.09

Copper

0.00392

Gold
Iron (alloy)
Lead

0.00340
-

0.004
0.002 to 0.006
0.0042

Nickel
Platinum

0.00540
0.00301

0.0067
0.00392

Semiconductor
Silver

0.00380

Electrolytes

Manganin
Mercury

Rhodium

Tungsten

-

0.00430

-
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0.0043

+ 0.00002
0.00099

-

-0.068 to 0.14
0.0041
0.0048

the accuracy of a strain measurement.

One approach, which is used by the

thin-film shear stress gage, compensates for uniform temperature changes by
pitting the temperature-effect output from like strain gages against one another.

Because the thin-film gage output is a differential output, resistance

changes created by uniform temperature changes have no effect on the gage
output.

A more in depth explanation of the thin-film, temperature compen-

sation theory is given in Sec. 3.5.

The second approach, which is used by

the cantilever beam gage, uses active cooling to minimize temperature effects.
DeTurris and others (1990) have developed an active cooling system which
maintains a uniform temperature environment for their strain gages.

3.3

WHEATSTONE

BRIDGE

THEORY

Use of some type of bridge circuitry is the most common method of converting
the signal produced by resistive transducers such as strain gages to a useful
form.

Of all the bridge circuits, the Wheatstone bridge is most often used

because of its ability to precisely measure small resistance changes.

A basic

Wheatstone bridge configuration is shown in Fig. 3.1. The square of resistors
is excited with an excitation voltage, F;,, applied across one diagonal.

The

output voltage, E.,:, of the bridge is measured across the other diagonal with
some type of high impedance measurement instrument such as a digital volt-

meter or a signal analyzer.

Using some simple mathematics and electrical laws, the Wheatstone bridge
can be analyzed.

By properly choosing resistances Ry, R2, R3, and Ry, it is
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Figure 3.1: Basic Wheatstone Bridge.
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NULL
BALANCE

possible to balance the bridge so that no current flows through the measurement branch (i.e. Eou: = 0). If the bridge output voltage is zero, the bridge is
said to be balanced, and a relationship exists amongst the bridge resistances
that is easily determined.

Using Fig. 3.1, the requirements for bridge balance can be determined. If the
two sides of the bridge are treated as individual voltage dividers, voltage drops,
E,p and Exp, can be written as

Eun

= En (

AB

R,
Ri+

R,

Ro

).

}

3.7

(3-7)

and

Eup
Using E,4p and Ep,

AD

= (

R2+

3.8

Rs

(3:8)

the output voltage of the bridge can be written as

Four = Eas — Eap.

(3.9)

Substituting Eq. 3.7 and Eq. 3.8 into Eq. 3.9 yields

Bou

RRs

_ RoR,

= Bs (RGR ERD
= Ein

.
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3.10

Equation 3.10 indicates the condition for balance as

Ri R3

=

RaRz.

(3.11)

The resistances of the active strain gages and bridge completion resistors used
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in a strain measurement generally will not be exactly matched which will cause
bridge unbalance.

It is not uncommon for the bridge unbalance to range from

a few millivolts to a few volts.

It is generally advantageous to provide some

type of bridge balance circuitry to rebalance the bridge. The ability to balance
the bridge represents a significant advantage since it is much easier to measure
small values of AF,,,, from a zero voltage base than from a E,,,, base which
may be as much as 1000 times greater than AEou:

(Dally et al., 1984).

Choos-

ing one form of bridge balance circuitry over another involves predicting the
magnitude of unbalance. If small unbalances are expected, a fine adjustment
will be needed.

If large unbalances are expected, a course and fine adjust-

ment will be required. The degree of bridge unbalance is a direct result of the
resistance matching between the bridge completion resistor(s) and the active
strain gage(s). Therefore, to precisely balance the bridge circuitry, it is advantageous to use precision bridge completion resistors and precision resistance
strain gages.

Typically, a balanced bridge is used to make static strain measurements.

To

make static strain measurements, one or more of the resistors in the bridge is
replaced with a strain gage, and a load is applied to the test specimen.

The

measurement of the magnitude of bridge unbalance caused by the change in
resistance of the strain gage, even though it can be in the hundredths of ohms,
can then be used to determine the strain level in the test specimen caused by
the applied load by applying the following relationship

e = (AR/R) /(GF).
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(3.12)

Obviously, the same process that is used to measure static strains can not be

used to measure dynamic strains. The problem is due to the fact that manual
bridge adjustment is a slow process. Manual rebalancing of the bridge can be
eliminated if strain measurements are taken as the bridge unbalance changes.
This requires calibrating bridge unbalance to strain levels. To see this, consider
the case in which Ry, R2, R3, and R, are strain gages.
we find that Eq. 3.10 still holds.

Referring to Fig. 3.1,

Assuming that resistances R,, Rj, R3, and

R, change by an amount AR,, AR2, AR3, and AR4,, respectively, the change

in output voltage for the bridge circuit can now be written as

AEou _
E;

[(Ri+AR1)(Rs + ARs) — (Ro + AR2)(Ra + ARa)
(R, + AR, + Ry + AR,)(Rz + AR, + R3 + AR3) |

(3.13)
)

Equation 3.13 shows that the bridge circuit can be used in an out of balance

mode. If the bridge output voltage is directly connected to a recording instrument and the output voltage is calibrated to strain levels, dynamic as well as
static strains can be measured.

3.3.1

WHEATSTONE

BRIDGE

NONLINEARITIES

Nonlinearity errors can creep into strain measurements because there are cer-

tain conditions under which the output voltage of the bridge circuit is a nonlinear function of the resistance change(s) producing that output. If it is present,
the error due to the nonlinearity is ordinarily small,

and it can usually be

ignored when measuring elastic strains in metals with ordinary resistive-type
strain gages.

However, the percentage error increases with the magnitude of

the strain being measured, and it can become quite significant at large strains.
4]

To see this, Eq. 3.13 needs to be analyzed. Expanding, neglecting higher order
terms, and assuming all resistances to be R leads to
Ein

A kout = TR of

+ AR; — AR, — AR,).

(3.14)

Equation 3.14 indicates that the output from the bridge is a linear function of
the resistance changes that occur in the strain gages that are attached to the
test material.

This apparent linearity is a result of the fact that higher-order

terms in Eq. 3.13 were neglected.

For approximate strain measurements, the

higher-order terms can be neglected.

For accurate strain measurements, the

higher-order terms must be retained.

If the higher order terms are retained,

the bridge output voltage is a nonlinear function of the AR/R’s, which can be
expressed as

AkEout = a

(AR, + AR3 — AR, — AR,) (1-7),

(3.15)

where

~ EL, AR/ R42"

(3.16)

The error in percent, 7, due to the nonlinear effect is shown in Fig. 3.2 for

a bridge with one active arm.

Figure 3.2 graphically illustrates that AR/R

must be small, on the order of 0.02, for the error due to the nonlinear effect

to not exceed 1 percent. This might seem quite restrictive, but a wide range
of strain scenarios can be measured with AR/R ratios less than 0.02 (Dally et
al., 1984).
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a Wheatstone Bridge Circuit With One Active Strain Gage.

43

At first, the reason might not be obvious why the nonlinear output of a bridge

circuit is a problem. One must remember that strain gages are manufactured
to respond linearly with respect to applied strains.

This means that the re-

sistance change of a strain gage should double if its strain level is doubled.
Similarly, one would want the output voltage of the bridge circuitry connected

to the strain gage to double.

If the output voltage of the bridge is nonlinear

this will not happen, and the output voltage level of the bridge circuit will be
in error.

One method of dealing with nonlinearity errors involves making a correction to
the bridge output voltage by determining the magnitude and sign of the nonlinearity and adding it to the bridge output voltage. Another method involves
cleverly positioning the strain gages on the test specimen and in the bridge
circuitry to eliminate the bridge nonlinearity.

To clarify how both methods

work, a cantilever beam example is examined to show how nonlinearities are
eliminated.

Assume the cantilever beam shown in Fig. (3.3) has the following properties:
a cross-sectional area; A, a length; L, and modulus of elasticity; E. A force,
F, acts on the beam

at its tip.

If a single strain gage of resistance,

Ro, is

mounted on the top side of the base of the beam, a quarter-bridge circuit like

that shown in Fig. 3.3 can be used to indicate the strain level at the beam
base produced by the force. It can be shown that the output voltage of this
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quarter-bridge circuit is

AE out = Ein oe

(=

Es)

(3.17)

The character of the nonlinearity associated with the quarter-bridge circuit is

given by the term 2/ (2+ (AR2/R2)) in Eq. 3.17. It is evident from the form
of the nonlinearity that its magnitude will be less than unity for compressive
strains and greater than unity for compressive strains.

As a result, tensile

strains will be indicated too small and compressive strains will be indicated
too large.

To correct for this nonlinearity, a correction factor must be used.

It can be

shown that the correction factor (CF) for this quarter-bridge circuit can be
expressed as

op == SEa(ARIEY
(ARa/ Ro)

(3.18)

If a quarter-bridge circuit is used, a correction factor will always be required

to correct for bridge nonlinearities.

As mentioned before, there are methods of placing the strain gages on the
test. specimen and interconnecting them in a bridge circuit to eliminate the
nonlinearity of the bridge circuitry.

Consider the cantilever beam shown in

Fig. 3.4 which has four active strain gages, all of resistance, R, measuring the
strain created by the force, F. It can be shown that the output voltage of this
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full-bridge circuit is
cou

‘

=)
.
R

= E;

(3.19)

(=

It can be seen from Eq. 3.19 that the output voltage of the bridge is now
linear. The same effect can be realized if a half-bridge circuit like that shown
in Fig. 3.5 is used. The half-bridge circuit uses two active gages of resistance,
R, subjected to equal but opposite sign strains.

It can be shown

that the

output voltage of this strain gage arrangement is
Ein

Eout = >

(AR/R).

(3.20)

At this point, one might notice that the use of half and full-bridge circuits to
eliminate bridge nonlinearities has an effect on the magnitude of the output
voltage of the bridge.

It turns out that the output voltage of the full-bridge

circuitry is exactly double that of the output voltage of the half-bridge circuit
which means that the strain sensitivity of the full-bridge circuit is double that

of the half-bridge circuit. In addition to using a full-bridge circuit to increase
the system sensitivity to strain, one might be tempted to just increase the
input voltage to the bridge.

The problem with increasing the input voltage

to the bridge is power dissipation. Since strain gages have a limited ability to
dissipate the heat they generate, the maximum input voltage is limited by the

amount of current that the strain gages can handle.
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Figure 3.5: Half Wheatstone Bridge Configuration.
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3.4

WHEATSTONE BRIDGE THEORY
APPLIED TO CANTILEVER BEAM
DESIGN

The moment-compensated, cantilever beam, wall shear stress gage is modeled
by the simple cantilever beam shown in Fig. 3.6.
gage uses four strain gages per axis to make

The moment-compensated

simultaneous

strain measure-

ments in two orthogonal directions. Fluid flow passing over the sensing head
of the cantilever beam is modeled by a moment, M, and a force, F. Both the
force and moment

produce strain in the cantilever beam.

The force, being

the sole indicator of the level of wall shear stress present, is the desired strain
measurement.

Unlike forces, any moments acting on the sensing head do not

contribute to the level of wall shear present which makes their measurement

undesirable. These moments, a result of pressure gradients present in the fluid
flow, are created when shock waves travel through the fluid flow.

The magnitude of moments generated by pressure gradients are expected to be
an insignificant percentage of the total moment

registered by the gage.

But,

a moment generated by a pressure gradient, even if it is very small, does not

contribute to the level of wall shear present. Therefore, it is advantageous to
exclude any strain generated in the beam by moment
strain measurement.

effects from the total

Fortunately, it does not take a lot of additional effort;

the correct arrangement of strain gages in the bridge circuitry is all that is
required.

To see this, examine one of the strain gage sets mounted on the cantilever
50
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Figure 3.6: Cantilever Beam Skin Friction Gage Model.
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beam.

If the strain gages, R,, Ro, R3, and Ry, are wired in a full-bridge

circuit as shown in Fig. 3.1, the change in output voltage of the bridge for a
small change in resistance of R,, R2, R3, and R, will be
Ein

AE out = TRO hs + AR3 — AR, — AR,).

(3.21)

The term (AR; +AR3—AR,—AR,) in Eq. 3.21 when looked at in conjunction
with Fig. 3.1 shows that the change in bridge output increases in proportion to
the algebraic difference of changes in resistance of strain gages in two adjacent
bridge arms and in proportion to the algebraic sum of changes in resistance
in two opposite bridge arms. If these bridge characteristics are used properly,
moment

effects can be eliminated.

If the resistances, Ry, Ro, R3, and R4, shown in Fig. 3.1 and Fig. 3.6 are active
strain gages, the contribution that each strain gage makes to the total strain
measurement can be calculated. The stress, o, at any point on the cantilever
beam due to an applied force or moment is given by

o= “
where: c

(3.22)

is half the diameter of the cantilever beam and I is the area moment

of inertia of the cantilever beam.
on the beam

Using Hooke’s law, the strain at any point

can be written as

(3.23)

where E is the modulus of elasticity of the cantilever beam material.
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Finally,

using the definition of the gage factor of a strain gage rewritten as
AR = (R)(GF)(e),

(3.24)

the change in resistance of any strain gage mounted on the cantilever beam
can be written as
AR=

Mc
R(GF) +.

(3.25)

Using Eq. (3.25) and remembering that the strains at gages R3 and Ry are in
compression, the change in resistance of gages R, and Ry which are mounted
at. the midpoint of the cantilever beam are

AR, = Ri(GF) (=Mc +

|

FlLec

(3.26)

and
—-Mc

Fle

The change in resistance of gages R2 and R3 which are mounted at the base
of the cantilever beam

are

Mc.

FlILc

—-Mc

FLe

and

Substituting the change in resistance of each strain gage into Eq. 3.21, the

o3

following relationship is obtained

AE

out

=

Ein

(+

c

) (GF)(FL).

(3.30)

Equation 3.30 reveals that the bridge output is independent of any moment

that might be acting on the gage sensing head.

One restriction that applies to this design is the requirement that all strain
gages be maintained at a constant temperature.

If the strain gages located at

the midpoint of the cantilever beam are at an elevated temperature compared

to the gages at the base of the beam, an inaccurate strain measurement will be
made. The cantilever beam design appears to have this problem solved. The
gage active cooling system maintains a constant temperature environment

up

to approximately half the length of the cantilever beam (DeTurris et al., 1990).

3.5

WHEATSTONE BRIDGE THEORY
APPLIED TO THIN-FILM DESIGN

The principle of operation of the thin-film gage is based on the belief that
two strain measurements taken close together in a flow field can be combined

to give a more accurate estimate of the wall shear stress present than one
measurement. Ideally, both measurements are taken in similar flow conditions
at the same temperature.

The fluid flow passing over the thin-film gage cre-

ates strains in opposite gage tabs which are of equal magnitude but opposite
sign at the two measurement points.

The two strain measurements are sub-

tracted from each other which effectively increases the gages output voltage
04

when compared to a strain measurement made with a

single strain gage.

At

the same time, temperature effects which are not indicative of the wall shear
stress present are eliminated.

Initial testing of the thin-film gage started with a gage that was configured to
eliminate temperature effects.

Figure 3.7 shows the model initially used for

this gage. It can be shown that the output voltage of the bridge circuit is

A Bout

=

Ein

ARs

—

4R+2AR,

AR

+ 2AR,

:

(3.31)

Equation 3.31 illustrates the principle of operation of the thin-film gage.

For

uniform temperature changes, the change in resistance of each strain gage are
of equal magnitude and sign.

As a result of this, the numerator of Eq. 3.31

goes to zero and the change in output voltage of the bridge circuit is zero. The
change in resistance of each strain gage due to the wall shear stresses are of
equal magnitude but different sign. If the active strain gages, R,; and R4, are
wired in the bridge circuitry as shown in Fig. 3.7, the gage output is linear

and effectively doubled for a given strain level.

Testing revealed that local tab bending not nonuniform heating of the thinfilm strain gages was causing spurious measurements.

To deal with local tab

bending, a second strain gage was attached underneath each tab. A complete
thin-film gage capable of compensating for local tab bending would have eight

strain gages attached to it.

To expedite testing, only the gage axis in the

direction of fluid flow was equipped with the extra pair of strain gages.

The

model of the thin-film gage which is capable of compensating for local tab
do

LP

<p

ALIS ISS AS
Figure 3.7: Temperature Compensated Thin-Film Gage.
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bending is shown in Fig. 3.8.

If the four strain gages shown

in Fig. 3.8 are wired in a

full bridge circuit

like that shown in Fig. 3.1, it can be shown that the output voltage of the
full-bridge circuit is

AE wut _
Ein

[AR.+AR,+ RAR,AR, — AR, — AR3 — RAR3AR,
R(2R+ AR, + ARy)(2R + AR, + ARs)

. (3.32)

Equation 3.32 can be used to show that local tab bending will not affect the
output voltage of the bridge circuit. This can easily be seen if local tab bending

is assumed to be occurring in the tab which contains strain gages R2 and Ry.
If this assumption is made, AR,

and ARz will be zero and Eq. 3.32 reduces

to

AE out

=

Ein

RAR, + RAR, + AR,AR,
(2R+AR,)\(2R+ AR)

|"

For uniform tab bending, AR, and AR, are of opposite sign.

(3.33)

If the higher

order term is assumed to be negligible because of the small resistance change
assumption, the numerator of Eq. 3.33 goes to zero and the bridge output
voltage change is zero.

Also, the output voltage is doubled when compared

to the output voltage of the bridge circuit which compensated for nonuniform
strain gage heating. One drawback to this method of eliminating tab bending
is that nonuniform tab heating effects are also doubled.
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Chapter

4

THE AD624 AMPLIFIER
AND LM723 VOLTAGE
REGULATOR APPLIED TO
STRAIN AND HEAT FLUX
MEASUREMENTS
The instrumentation developed for this research project is designed around the
AD624 instrumentation amplifier, the LM723 voltage regulator, and a battery
power supply.

The current design of the instrumentation has evolved from

two earlier, less complex circuits.

A prototype circuit was built on a bread-

board to insure the circuit design was capable of making strain and heat flux
measurements.

As expected, the circuit was noisy because of the poor con-

nections made on the breadboard.

To improve upon the first circuit and to

reduce noise levels, a second circuit was built on a perforated integrated circuit
board, and wire wrap technology was used to make required connections.

The

current version of the instrumentation is built upon the circuit board shown
in Fig. 4.1. The equivalent electrical circuit diagram is shown in Fig. 4.2.
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4.1
When

THE

AD624

AMPLIFIER

making strain measurements with resistive strain gages and a Wheat-

stone bridge, amplification of the output voltage from the bridge is generally
required.

To see this, consider a strain measurement which uses four active

strain gages with pairs subjected to equal and opposite strains such as those
encountered by a beam in bending or a bar in torsion. It can be shown for an
input voltage; E;, = 5 Volts, gage resistance; R = 350 (22, gage factor; GF =
2, and strain; € = 10 pe, the output voltage of the bridge will be 0.1 mV. The
voltages produced by the microfabricated heat flux gages described in Sec. 5.5
are also quite small.

A typical output voltage level for one of these gages is

in the micro-volt range.

Amplification of these small voltages are required to

make measurements with recording instrumentation.

A typical amplifier generally has three pairs of terminals:

an input terminal

pair, an output terminal pair, and a power supply terminal pair.
plifiers have one terminal of each pair connected to a common
common

Most
node.

node is usually considered to be at zero or ground potential.

thin-film and moment-compensated

amThis
The

cantilever beam gages and the microfab-

ricated heat flux gage require an amplifier which has neither of its two inputs
grounded

which allows the amplifier to produce an output voltage which is

proportional to the difference between the voltages present at its input terminals.

An amplifier of this type is said to have floating inputs and is referred

to as a differential amplifier.

For low-level signal conditioning requiring extreme accuracy in high-noise envi62

ronments, the performance of a typical difference amplifier will suffer because
of its low impedance inputs.

To increase the impedance of the amplifier in-

puts, a pair of amplifiers configured as voltage followers are inserted at the
inputs to the difference amplifier.

The high impedance of the voltage follow-

ers isolates the main amplifier from the outside world which reduces loading
effects.

Difference amplifiers which have high input impedance and amplify

low-level signals with little distortion belong to a class of amplifiers known as
instrumentation amplifiers.

To amplify the instrumentation voltage signals to usable levels, Analog Devices’ AD624 instrumentation

amplifier was chosen.

The AD624,

shown in

Fig. 4.3 along with the required pin connections for programming the AD624
for different gains, is an easy-to-use,

high-quality amplifier which has been

optimized as an instrumentation-amplifier gain block.

The AD624

has been

specifically designed to amplify the difference between two low-voltage, trans-

ducer signals which exist amongst

much larger noise signals.

The AD624

amplifier is capable of making distortion-free amplification of low-level signals
because of its:

high input impedance - 10°Q,
low gain temperature coefficient - 25 ppm max (G=1000),
low noise - 0.2 pV p-p 0.1 Hz to 10 Hz,

low nonlinearity - 0.005% max (G=1000),
low input offset voltage - 25 nV, max.,
e low input offset voltage drift - 0.25 pV/°C max., and
e high gain-bandwidth product - 25 MHz,

e high CMRR - 130 dB max (G=500 to 1000) (AD624 Data Sheet).
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Figure 4.3: The AD624 Instrumentation Amplifier.
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The AD624 is equipped with pre-trimmed, internal gain resistors which allow

the AD624 to be programmed for different gains. Gains of 1, 100, 200, 250, 500,
and 1000 can be programmed

without the addition of external components.

Gains as high as 10,000 can be programmed with the addition of a single external resistor. The AD624 is also equipped with both input and output offset
adjustments.

These adjustments are used to “fine tune” the output voltage of

the amplifier to a known input voltage.
and prior to a measurement.

Because offset voltages are most troublesome at

high gains, the offset adjustment
setting expected to be used.

This is typically done after power-up

is typically performed at the highest gain

The offset adjustment routine usually begins by

shorting the positive and negative inputs of the AD624 together.

The input

offset potentiometer is then adjusted until the output of the AD624 amplifier
is very small.

4.2

THE

LM723

VOLTAGE

REGULATOR

Because the output voltage of any bridge circuit is directly proportional to
the bridge input voltage, a high quality, bridge power supply is required.

To

maintain instrumentation portability, a battery-powered unit was designed. A

+ 18 Volt power supply was built using four, 9-Volt batteries connected in
series. The low quiescent power requirements of both the AD624 (3.5mA) and
the LM723

(2.3 mA) allow the bridge circuitry to be powered by batteries.

The instrumentation that has been designed for this research project draws a

maximum current of 10.2 mA from the battery pack.

Using the assumption

that a 9-Volt battery can supply 80 mA-hrs of current, a battery pack can be
65

expected to last approximately 8 hours.

One problem had to be dealt with because a battery-pack was chosen as the
power supply.

Power supplies usually have the capability of increasing their

current output to maintain a constant voltage when loaded. Because batteries
have a limited current capability, an electronic voltage regulator was used. A
voltage regulator is a device that takes as its input an unregulated voltage
a few volts higher than its desired dc output voltage.

An electronic variable

resistor in the voltage regulator is continuously adjusted to produce a voltage drop that it is just right to subtract from the input voltage to yield the
desired output voltage.

The output voltage of a voltage regulator is always,

by design, less than its input voltage to allow the voltage regulator to adjust
to variations in the input voltage from power supply.

The voltage regulator,

therefore, isolates the power supply from other components in the system and
decouples power supply fluctuations from the instrumentation output voltage.

To maintain a stable input voltage to the bridge circuit and the AD624 amplifier, National Semiconductor’s LM723 voltage regulator was chosen.

The

LM723 features a long term stability of 0.1%/1000 hrs, and it is capable of
providing 150 mA

of output current to a load.

The average temperature co-

efficient of output voltage for a temperature range of -55 °C to +125 °C (-41

°F to 283 °F) is 0.002 %/°C, and the output noise voltage for a 100 Hz to 10
kHz bandwidth is 20 nV rms (LM723 Data Sheet). The output voltage of the
LM723

can be either positive or negative, and it is set by adjusting external

resistors and/or transistors. Some of the different configurations of the LM723
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are:

a low voltage regulator (Fou: = 2 to 7 Volts), a high voltage regulator

(Eout = 7 to 37 Volts), or a negative voltage regulator (Fou: = -6 to -28 Volts).

A positive, low-voltage level regulator configuration was used to supply the
bridge circuitry with +2 Volts. This same configuration was also used to supply +7 Volts to the positive power supply of the amplifier. A negative voltage

regulator configuration was used to supply -7 Volts to the negative power supply of the amplifier.

The positive and negative configurations of the LM723

voltage regulator are shown in Figs. 4.4 and

4.5, respectively.

Additionally,

the required external resistors for varying the LM723 output voltage are listed
for both configurations.

4.3

NOISE

REDUCTION

As was discussed in Sec.

TECHNIQUES

3.2, temperature changes, both uniform as well

as nonuniform, have the potential to compromise a strain measurement.

In-

ternally and externally generated electrical noise also have the potential to
adversely affect a strain measurement.

If not controlled, internal and external

electrical noise can compromise a strain measurement rendering it inaccurate,

or even obscuring the strain measurement altogether.

The internal generation of noise as well as the pickup of external noise can
never be completely eliminated, but they can be minimized.

Electrical noise

is always generated within the components of an electronic system.

Resistors,

capacitors, amplifiers, and even wires generate electrical noise in a system. The
67
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Voltage
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|

|
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3.6 V | 3.57 |
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1.87 |
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3.65
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Figure 4.4: LM723 Positive Voltage Regulator (LM723 Data Sheet).
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Figure 4.5: LM723 Negative Voltage Regulator (LM723 Data Sheet).
69

@

instrumentation built for this research project was designed and built with internal noise minimization in mind.

Metal-film resistors as opposed to carbon

resistors were used because the metal-film resistors generate less internal noise.
A high-quality instrumentation amplifier was used to insure noise-free amplifi-

cation. A circuit board specifically manufactured for this instrumentation was
used to eliminate poorly soldered connections and to minimize the crossing of
wires which are both sources of noise in electrical circuits.

After the internal generation of noise was minimized, the problem of external
noise pickup was examined.

Electrostatic noise is introduced into electronic

circuitry through the phenomenon of capacitive coupling.
occurs

when

alternating electrical fields generated

Capacitive coupling

by equipment

introduce

stray currents in nearby electronic circuitry. Fluorescent lighting is one example of a source of electrostatic noise. Typically, 60 Hz noise from overhead flu-

orescent lighting is introduced into cabling which connects electronic circuitry
and transducers.

To prevent capacitive coupling of 60 Hz noise into cabling,

shielded cables are used. A conductive cable shield functions by capturing the

charges produced by overhead fluorescent lighting and other electrostatic noise
sources.

The charges are provided a low-resistance path to ground, thereby

preventing them from entering the electronic circuitry through shield-to-cable
capacitance coupling. A conductive shield also encases the electronic circuitry.
This shield, an aluminum box, surrounds the electronic circuitry and is con-

nected to the system ground along with the cable shield.

Because the instrumentation is battery-powered, a floating ground is used com-
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pared to an earth ground. A well maintained floating ground provides a place
to ground shield noise as well as prevents the occurrence of ground loops.

If

ground loops are present, unwanted voltage drops are occurring across wires
that are supposed to be at the same potential.

These voltage drops can in-

troduce errors in strain and heat flux measurements.

To avoid ground loops,

the lengths of cabling and wiring were minimized and cut to the same length
whenever possible.

The most

effective approach

noise voltages

are introduced

to minimizing noise problems

is to make

equally into the electronic circuitry.

sure

If noise

voltages are introduced equally into the circuitry, the common mode rejection

capability of the amplifier can be utilized.

Ideal instrumentation amplifiers

produce a nonzero output voltage only if there is a difference in the voltages
presented to its two inputs.

This output voltage is independent

or not both inputs are off ground.

of whether

If both inputs are brought off ground by

the same voltage, a common-mode voltage, the ideal instrumentation amplifier
output voltage will remain at zero.

Because real-life amplifiers are not perfect, common-mode

completely eliminated.

voltages are not

Due to slightly different gains between the amplifier

inputs or variations in offset voltage as a function of common-mode

level,

common-mode input voltages are not completely eliminated at the amplifier
output.

The degree to which an instrumentation

amplifier suppresses com-

mon mode voltages is measured by common mode rejection (CMR). CMR is
a logarithmic expression of the common-mode rejection ratio (CMRR) which
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is defined as the ratio of the signal gain to the ratio of common mode signal appearing at the output to the input common

mode voltage.

The actual

background noise levels and common mode rejection characteristics of the instrumentation unit were measured and will be presented in the next section,
Sec. 4.4.

4.4

PERFORMANCE SPECIFICATIONS
OF THE INSTRUMENTATION

Before the performance specifications of the instrumentation are given a short

description of the physical make-up of the unit is in order. The entire electronic
circuit along with the battery pack are contained in a 73”-42” -3” aluminum
case.

The entire unit weighs approximately two pounds.

unit is the amplifier input offset potentiometer.

Located inside the

Located outside the unit is

an on/off switch, a gain select switch, a bridge balancing potentiometer,

an

amplifier output terminal, and transducer input terminals.

Located on the outside of the unit are four, transducer input terminals:

a posi-

tive input (+), a negative input (-), a power input (+2 V), and a ground input
(gnd).

If a thin-film or moment-compensated,

cantilever beam gage is the

desired transducer, all four of the instrumentation input terminals are used.
Quarter, half, and full-bridge strain measurements can be made by connecting
bridge completion resistors between appropriate input terminals. If a heat flux

gage is the desired transducer, the heat flux gage lead wires are connected to
the positive (+), negative (-), and ground (gnd) inputs of the instrumentation
12

unit. Additionally, 10 M{ resistors should be wired between the ground input

terminal and both the positive and negative input terminals. Because the heat
flux gage produces its own voltage signal, the positive (+) input terminal of
the instrumentation is not used during heat flux measurements.

The first performance specification checked was the common
capability of the instrumentation.

mode rejection

Common mode rejection is usually specified

for a given gain and load impedance.

It turns out, by coincidence, that the

impedance the AD624 amplifier sees when connected to a thin-film, momentcompensated cantilever beam, or a heat flux gage is 1000 2.

The difference

in impedance between the gages evolves from the two additional 10 MM resistors required by the heat flux gage. To simplify the testing procedure, a 1000
Q) resistor was used to simulate the impedances of the skin friction and heat
flux gages. A ZONIC spectrum analyzer and its signal generator were used to

simulate input signals over a 40 kHz range.

A simplified schematic of the circuit used to test the common mode rejection

capabilities of the instrumentation is shown in Fig. 4.6. The resulting common

mode rejection plots of the instrumentation when

wired to a thin-film

and heat flux gage are shown in Figs. 4.7 and 4.8, respectively.

If Figs.

4.7

and 4.8 are compared, it appears that the different load impedances presented
to the AD624 amplifier inputs by gages like the thin-film and heat flux gages
do not significantly alter the common mode rejection capabilities of the instrumentation. This is a result of the extremely high input impedances (10°)
of the AD624 amplifier. One should also notice from the two figures that the
73
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Figure 4.6: Simplified Schematic of Circuit Use to Test the Common
Mode Rejection Characteristics of the Instrumentation.
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common mode rejection capabilities of the instrumentation improves with in-

creasing gain.

This is a result of the common mode signal appearing at the

amplifier output staying relatively constant as the signal gain increases.

The next instrumentation performance characteristic checked was frequency
response.
checked

The

instrumentation

frequency

at gains of 1, 100, 200, 500, and

response
1000.

characteristics

were

A simplified schematic

of

the circuit used to test the frequency response of the instrumentation is shown
in Fig. 4.9.

The resulting frequency

response plots of the instrumentation

programmed

for various gains are shown

in Fig. 4.10.

The

“noisy”

signals

generated for gains of 500 and 1000 in Fig. 4.10 are a result of using a poorquality attenuator.

The attenuator was required at gains of 500 and 1000 to

keep the input voltages to the ZONIC spectrum analyzer below 10 Volts which
is the upper limit of its analog-to-digital converters.

The AD624 also has a upper limit for the level of signals that it can amplify.

The maximum amplification of the AD624 is limited by the power inputs of
the amplifier.

It is physically impossible for the AD624

to amplify an input

signal more positive than the + supply voltage or more negative than the supply voltage.

The exact voltage level produced by each voltage regulator

powering the amplifier and the stability of each regulator were measured
determine the voltage level at which an input signal would be clipped.

to
The

output voltages of the regulators used to power the positive and negative power
inputs of the amplifier were measured to be 6.03 V +1 mV

mV, respectively.
v7

and -7.93 V +1

FUNCTION
GENERATOR

10002

Figure 4.9: Simplified Schematic of Circuit Used to Test the Frequency
Response Characteristics of the Instrumentation.
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In addition to measuring the output voltages and stabilities of the regulators

used to power the amplifier, the voltage level and stability of the voltage regulator used to power the bridge circuit was measured and found to be 1.59 V
+1 mV. The bridge voltage regulator allows the bridge balance potentiometer
to balance the bridge to approximately +1 mV. The excellent bridge voltage stability and bridge balancing capabilities of the instrumentation are very
important

when

making strain measurements.

As previously discussed, the

stability of the bridge voltage is critical because the output voltage of a strain
measurement is directly proportional to the input voltage, and the ability to

precisely balance the bridge insures that input signals will not be clipped.

To determine the effectiveness of the noise reduction techniques described in

Sec. 4.3, the background noise level of the instrumentation was measured. The
background noise level of the instrumentation was measured by shorting the
amplifier inputs together. The ZONIC spectrum analyzer was used to generate a power spectral density plot of the amplifier output. The power spectrum
density plot, shown in Fig. 4.11, shows that the background noise level of the

instrumentation is well below the millivolt range.

The last performance

specification checked was the instrumentation output

voltage drift when wired to a thin-film gage.

The purpose of this experiment

was to determine if a reduction in the bridge voltage would reduce the drift of

the semiconductor gages used on the thin-film gage. A range of bridge voltages
from 0.5 to 1.6 Volts were examined.

Figure 4.12 is a power spectral density
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10

12

plot of the voltage drift of the semiconductor gages with a bridge voltage of
approximately 1.1 Volts. Comparing Figs. 4.12 and

4.11 reveals that reducing

the bridge voltage results in no significant reduction of output voltage drift.
Other bridge voltages in the range 0.5 to 1.6 Volts produced very similar power
spectral density plots.
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5

RESULTS OF TESTING THE
WALL SHEAR STRESS AND
HEAT FLUX GAGES WITH
THE INSTRUMENTATION
To test the thin-film design concept and verify the performance of the instrumentation, a 10X, thin-film prototype was statically calibrated and placed in
steady and unsteady subsonic flows to measure wall shear stress levels.

To

test the moment-compensated, cantilever beam design concept, a scaled cantilever beam protype was built.

A static response test was performed on the

moment-compensated cantilever beam to determine its response to simulated
shears and moments.

Finally, a microfabricated heat flux gage was tested with

the instrumentation to verify the capability of the instrumentation to make
heat flux measurements.

84

5.1

STATIC CALIBRATION OF THE 10X
PROTOTYPE WALL SHEAR STRESS
GAGE.

The thin-film wall shear stress gage requires calibration to relate the shear
force acting on the thin-film to the output voltage of the instrumentation.
A static calibration also permits the gage linearity, zero-drift, and hysteresis

trends to be determined. The static calibration of the thin-film gage was performed by hanging known weights to a piece of string taped to the center of

the gage. The static load hung from the thin-film gage was increased by increments of 12 grams to a maximum load of 200 grams which simulate shears in
increments of 12 N/m? (0.00174 psi) to a maximum of 200 N/m? (0.029 psi).
After loading, the weights were removed in reverse order to unload the gage.
The instrumentation output voltage was recorded each time a static load was
added or removed during the static calibration of the thin-film gage.

Static calibrations of the 10X prototype using both half-bridge and full-bridge
configurations were performed.

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 (Putz, James, 1991).

The

static calibration curves for both the half and full-bridge configurations are
shown in Fig. 5.1.

One should notice from Fig. 5.1 that the tab bending-compensated, thin-film
gage which utilized four active strain gages in a full-bridge circuit is indeed
85
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Figure 5.1: Static Calibration of Thin-film Skin Friction Gage
(Putz et al., 1990).
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160

180

200

approximately twice as sensitive to strain levels as the temperature compensated, thin-film gage which utilized two active strain gages in a half-bridge
circuit. The linearity of the thin-film gage is supported by a high correlation
coefficient, greater than 0.985, for all loading cases. Significant zero-drift and

hysteresis effects were not observed for the loading range used to calibrate
the 10X gage.

Hysteresis effects can be observed by comparing

of the loading and unloading sensitivities for each calibration.

the slopes

A 4 % differ-

ence in sensitivity for the half-bridge configuration versus less than 1% for the
full-bridge configuration indicates that the additional strain gages used in the
full-bridge configuration improve the performance of the thin-film gage (Putz,
James, 1991).

5.2

10X THIN-FILM GAGE UNSTEADY
FLOW MEASUREMENTS

Initial testing of the 10X thin-film gage started in an unsteady wind tunnel.
Unsteady conditions were created by placing the thin-film gage and its aluminum base plate on the floor of the wind tunnel behind a cylinder. The 5 cm
diameter cylinder, placed horizontally at the midpoint of the tunnel test sec-

tion, created a strong 85 Hz vortex shedding frequency. A linearized hot-wire
anemometer was placed above the thin-film gage so that simultaneous velocity

and wall shear stress measurements could be recorded. The resulting thin-film
gage and hot-wire anemometer recordings are shown in Fig. 5.2. The 85 Hz
shedding frequency of the cylinder is clearly seen in the frequency spectrum
of the thin-film signal shown in Fig. 5.3.
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5.3

STEADY-FLOW MEASUREMENTS
USING THE 10X THIN-FILM GAGE

Additional testing of the thin-film skin friction gage was performed in a steady-

flow wind tunnel. Initial test results revealed that the thin-film gage was giving
shear measurements that were too large for the given flow conditions. Observing the gage during operation revealed gage flutter. To prevent the thin-film
gage from fluttering, a thin layer of oil was injected between the thin-film gage
and its aluminum base plate.

A hole in the back of the base plate was used

to pull a vacuum on the gage. The oil and vacuum eliminated the gage flutter
problem, and as discussed in Sec. 2.1, the oil will aid in keeping the gage near
the expected test surface temperature.

The testing of the thin-film gage in steady flow conditions required the thinfilm gage and its aluminum base plate, shown in Fig. 5.4, to be secured down.
The thin-film gage and its aluminum base plate were recessed in a large flat
plate. A Preston tube mounted on an aluminum base was also mounted flush

with the flat plate surface. To insure a smooth boundary layer initiation and
a turbulent boundary layer at the thin-film and Preston tube locations, a strip
of sandpaper was attached just behind the leading edge of the large flat plate.
As shown in Fig. 5.5, the flat plate was positioned at the exit of the opencircuit wind tunnel so the tunnel test section emptied directly onto the test
assembly.
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Figure 5.4: Thin-Film Gage Mounted on Aluminum Base Plate
(Putz et al., 1990).
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Figure 5.5: Steady-Flow Test Arrangement of the Thin-Film Gage
(Putz et al., 1990).
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Flaps at the test section exit were used to divert the flow onto and away from
the thin-film gage to create step changes in shears acting on the thin-film gage.
The diverting of flow onto and away from the thin-film gage eliminated tunnel
startup effects which were obscuring the changes in the instrumentation output voltage due to shear effects. The thin-film gage response to step changes
in shear are clearly shown in Fig. 5.6 and Fig. 5.7.

The main objective of the steady-flow testing was to test the directional sensitivity of the thin-film gage.

In the testing of directional wall shear stress

gages, one of the crucial tests is to turn the gage 180° in the flow field. The
gage should indicate the same magnitude of wall shear but opposite direction.
For the thin-film gage, the opposite direction indication would be an instrumentation output voltage change from positive to negative.

This change in

voltage sign was observed when the gage was rotated 180° in the flow field,
and, in fact, the negative direction output is shown in Fig. 5.7.

The flaps used earlier to direct the air flow onto and away from the thin-film
gage were also used to change the outlet cross-sectional area of the wind tunnel exit.

The flaps were used to alternately change the flow velocity passing

over the gage from an estimated 30 m/s to 37 m/s.

For each flow velocity,

two shear measurements were recorded: a positive direction measurement and
a negative direction measurement.

The low-speed of the steady wind tunnel

used to test the thin-film gage resulted in large shear measurement uncertainties. The largest shear stress measured was approximately 5 N/m?*. This shear
level is on the lower end of the shear levels for which the thin-film gage was
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designed to measure.

If Fig. 5.1 is examined, a shear of 5 N/m? is less than

any of the data points shown on the calibration curves.

As a result, 5 to 10

shear measurements were averaged to arrive at a better estimate of the wall
shear present and to reduce the uncertainty of the thin-film and Preston tube

measurements which were estimated to be +25% and +5%, respectively (Putz
et al., 1990).

The results of the steady calibration tests are shown in Fig. 5.8. Shear measurements

made

in forward flows are shown

as positive shears

while shear

measurements made in reversed flows are shown as negative shears. The calculated skin friction coefficients calculated from the Preston tube averaged C’;
= 0.0032.

This skin friction coefficient is 14% lower than the Cy = 0.0037,

expected for turbulent flat plate flow (Incroperta and DeWitt, 1985).

An av-

erage skin friction coefficient of C; = 0.0044 was calculated with the thin-film
gage. The C; predicted by the thin-film gage is 38% higher than predicted by
the Preston tube and 19% higher than predicted by flat plate theory (Putz,
James, 1991).

5.4

MOMENT-COMPENSATED
CANTILEVER BEAM TEST RESULTS

To test the theory upon which the moment-compensated cantilever beam gage
is based, a true size prototype was built. The prototype was built by imbed-

ding a 3” diameter stainless steel tube in a base. Four of the semiconductor
strain gages described in Sec. 2.2 were mounted at the base and midpoint of
96
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the stainless steel tube.

As described in Sec.

3.4, the strain gages were ar-

ranged on the tube and in the bridge circuitry to prevent any moments acting

on the tube from affecting the instrumentation output voltage.

Difficulties in mounting the tiny semiconductor gages onto the stainless steel
tube prevented the true size model from being tested.
which

would

prove that the moment

model was built.

effects could

To expedite testing

be eliminated,

a scaled

The same general purpose, wire strain gages used on the

10X prototype, thin-film gage were used on the scaled model to simplify the

strain gage attachment process.

The scaled model was tested by measuring

the response to applied static loads and moments.

To determine the moment-compensated cantilever beams response to a shear

force, the entire beam was turned on its side so that weights could be hung
from its free end.

After the shear force calibration was performed,

the can-

tilever beam was stood upright, and a pure-moment was applied to the tube
by attaching a moment arm to the tube and hanging weights from the moment
arms free end. As expected, the application and/or removal of a true moment

on the beam had no affect on the bridge output voltage level.

The result-

ing static calibration curves for the moment-compensated cantilever beam are
shown in Fig. 5.9.
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5.6

THE AD624 AMPLIFIER APPLIED
TO MICROFABRICATED HEAT
FLUX SENSOR.

The instrumentation developed during the course of this research project can
be used to amplify the voltage output of any transducer that can be modeled
as a resistive element.

The AD624 amplifier has been specifically designed to

amplify low-level voltage signals in high noise environments from transducers
like the heat flux gages jointly being developed by Virginia Tech and Vatell

Corporation (Hager et al., 1990).

The AD624 instrumentation amplifier is

quite capable of amplifying the low-level (micro volt) voltage signals of the
microfabricated heat flux gages to usable levels.

A simplified schematic of a

heat flux gage connected to the instrumentation is shown in Fig. 5.10.

Microfabricated heat flux gages have high frequency response,
very high heat flux, and output

can measure

a voltage directly proportional to the heat

flux. The physical construction of the gage consists of a thin thermal resistance
layer sandwiched between many thermocouple pairs forming a differential thermopile.

The gage is manufactured directly on the measurement surface using

sputtering techniques.

The 3 mm by 4 mm

active surface area of the gage in

combination with its total thickness of less than 2 ym does not disrupt the
flow over the gage and does not alter the thermal boundary layer of the mea-

surement surface. The heat flux gages feature feed-through leads which allows
the gage signals to be relayed to outside recording instrumentation (Hager et

al., 1990).
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MICROFABRICATED
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Figure 5.10: Simplified Schematic of Microfabricated Heat Flux Gage Wired
to Instrumentation
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Spurious results were obtained at first because the input bias currents of the
AD624 were not being provided a return path to ground.

Because these paths

were not initially provided for, bias currents were charging stray capacitances,
causing the amplifier to drift uncontrollably.
from charging, 10 MM

resistors are connected between the amplifier positive

and negative inputs and ground.
tion unit.

To prevent stray capacitances

This is done external to the instrumenta-

Results of testing the AD624

based instrumentation with a heat

flux gage proved to be excellent when compared to the Model 7525 Dynamics
Wideband Differential DC Amplifier used previously with the heat flux gage.

Figure 5.11 is a HP Dynamic Signal Analyzer dual recording of the AD624
based instrumentation and the Dynamics
fier.

Wideband

Differential DC

Ampli-

The traces are nearly identical, and the noise levels of both units are

approximately the same.
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Chapter

6

CONCLUSIONS AND
RECOMMENDATIONS
6.1

CONCLUSIONS

The purpose of this research was to develop portable, easy-to-use, and reliable
instrumentation which could be used in a supporting role for measuring skin

friction and heat flux.

The following conclusions can be drawn from the re-

search.

e The apparent success in cancelling moment effects in the cantilever beam
skin friction gage justifies continued research to develop

a moment-

compensated, cantilever beam skin friction gage.
e An

apparent. improvement

gage has been developed.

in attaching the 1X thin-film skin friction

The thin-film gage should now be calibrated

and readied for testing in a supersonic environment. The thin-film gage
and the instrumentation will reveal if this gage is capable of making local
skin friction measurements in supersonic environments.

104

e The results of testing the instrumentation have shown that the instrumentation performs at the level of much more expensive commercially
available systems. The low noise, various gain capability, high common
mode rejection, and stability of the instrumentation will allow accurate
skin friction and heat flux measurements

6.2

to be made.

RECOMMENDATIONS

The following recommendations are made for future development of the instrumentation.

Future plans involving the two skin friction gages and the heat flux gage should
include the thought of making local heat flux measurements simultaneously
with local wall shear stress measurements.
available.

This technology is not currently

The combination would produce an attractive and useful instru-

mentation package.

Testing has revealed that the instrumentation developed

during this research project is very capable of being used to make simultaneous
heat flux and skin friction measurements.

A design improvement that should be incorporated into future designs of the
instrumentation is an ac-dc coupling capability. This feature would be added
to the instrumentation to strip off any dc-component of a signal being fed
into the amplifier inputs. The affect of removing the dc-component of a strain
measurement is to remove the average value of the strain being measured; leaving just the alternating value of the measured strain. This is advantageous if
the alternating component of the strain measurement is of interest. Electron105

ically, stripping off the dc-component of a strain measurement

can also be

advantageous. If the dc-component of the strain measurement is removed, the
alternating signal will rest midway between the power supply voltages of the
amplifier, thereby increasing the level at which the signal can be amplified.

Further testing of the semiconductor drift characteristics should concentrate

on finding an optimum bridge excitation voltage. Experimentation has proven
that significant drift reduction occurs below bridge voltages of 1.6 Volts. Further tests need to be performed to determine if increasing the bridge voltage
is advantageous. If the bridge voltage can be increased, the sensitivity of the
skin friction gages will be increased.

One problem that might ocuur if the

bridge excitation voltage is increased is power dissipation.

Finally, experimenation has shown that the frequency response of the micro-

fabricated heat flux gages is in excess of 50 kHz. Because the heat flux gages
typically require the AD624 to be programmed for a gain of 1000, the 25 MHz
gain-bandwidth

product of the amplifier dictates that the bandwidth of the

amplifier will be 25 kHz. To make full use of the heat flux gage capabilities, a
more sophisticated instrumentation amplifier should be examined.
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