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ABSTRACT

FACULTY OF ENGINEERING AND APPLIED SCIENCE
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Doctor of Philosophy

IMPROVED WIND TUNNEL TESTING AND DATA REDUCTION

METHODS USING A MAGNETIC SUSPENSION SYSTEM

by Talat Abdel-Gawad DIAB

Improved techniques and data reduction methods for aerodynamic force 

measurements are proposed and tested. The model levitation and force 

measurements are provided by the magnetic suspension and balance system 

of Southampton University. Quasi-static and dynamic forces and moments 

are measured at low tunnel air flow speeds.

A systematic study of the incidence ramp technique established limita- 

tions set by the model aerodynamic properties, balance dynamics and data 

reduction methods. A simple relationship between the maximum ranp rate, 

the aerodynamic flow response tim and the required data smoothing was 

obtained. This relationship was verified experimentally. The aerodynamic 

forces on several slender models were measured using slow Incidence ramp 

rates. The effect of ramp rate on various aerodynamic characteristics 

was studied using an AGARD-G planform model. The results compare favbur- 

ably with published work. The drag force is found to exhibit very slow 

response. It requires correction even at the lowest ramp rate. The 

results of the ramp testing show finer aerodynamic details than convent- 

ional point-by-point testing. The set of data points for a single test 

display a high degree of self consistency. They demonstrate the potential 

for a reduced cost per data point from wind-tunnel testing.

The novel method of digital covariance zero crossing for accurate 

determination of the frequency response of linear dynamic systems is 



proposed. The method is particularly useful for low frequency sinus- 

oidal signals distorted by heavy superimposed noise. It is shown that 

the accuracy of calculated joint dynamic properties of two signals 

depends on their record length, or number of oscillation cycles. A 

relationship between the signal-to-noise ratios, minimum record length 

and required accuracy is obtained. A verification of the method is 

provided by a simple digital simulation.

The method has been applied to or considered for:

(i) the measurement of roll damping derivative at constant incidence

(ii) the measurement of roll damping derivative with ramped incidence

(iii) multi-degree of freedom systems for the measurement of com­

bined pitch and heave derivatives.
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1. INTRODUCTION

In the history of mechanical powered flight the Wright Brothers are 

credited with two major achievements. First, tK^ pioneered mechanical 

flight by making and successfully flying the first powered aircraft. 

Second, they devised (what has remained) an extremely effective method^ 

ology for aircraft design using wind-tunnel testing on suitable models. 

Ever since the Wright Flyer, wind-tunnel testing has been universally 

established as the most convenient experimental means of collecting basic 

and applied aerodynamic information on the ground. This information is 

essentially needed in early stages of project studies and during the 

course of design and development of a new aircraft. The amount of time 

and the cost of necessary wind-tunnel testing for newly designed aircraft 

have grown over the years as shown in Figure 1.1 [harper (1968), de 

Meritte (1973)]. The data in the figure is for American aircraft since 

the evolution of mechanical flight, and forecasts a requirement for wind­

tunnel testing time in the order of, or greater than, 10,000 hrs. for a 

new design.

Wind-tunnel testing of aircraft models is a form of experimental 

ground simulation of actual flight, A theoretical counterpart is com­

puter simulation. A vast variety of wind-tunnels have been built over 

the years for general or special purpose testing. The degree of simu­

lation achievable is limited by the tunnel capabilities and the method 

of testing. The accuracy of test results can generally be assessed and 

the confidence level in data can be established. No matter how high 

that confidence level, differences between wind-tunnel test results and 

flight test results exist which are mainly attributable to imperfections 

of the simulation technique. These differences can be due to:

1) small size model, scale (or Reynolds number) effects,

11) tunnel wall Interference
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Ill) model support Interference

Iv) flow unsteadiness, nonuniformity, turbulence and 

background noise levels.

Improvements in a simulation technique can be accomplished through efforts 

in two distinct areas;

1) hardware improvements, involving the development 

of new facilities and instrumentation, and

li) software Innovations, involving procedure of 

testing and data monitoring, collection, 

reduction and analysis.

Economic factors set serious limitations on th^ development of large test 

facilities in general. Compromise between the extreme of perfect simu­

lation (required) and the cost of a less perfect, but perhaps acceptable, 

facility and methods of testing to provide a reasonable turnout of results 

seems to be inevitable in most cases.

The progressive growth in size and speed of airliners has demanded 

larger sized wind-tunnels, but rarely during the past two decades have 

new and larger tunnels been commissioned. Hence there has been a worsen­

ing trend in Reynolds number (R) simulation. On the larger vehicles, 

local areas of the flow which depend strongly on viscous effects (and 

hence R_) are common occurrences and do not have an accurately^ predict­

able behaviour. These could have important consequences relevant to the 

operation of control surfaces, on high incidence flight, on supercritical 

flow and on the stability derivatives. Wind-tunnels of ths sizes to 

fully simulate flight values of Reynolds number would be very expensive 

and complex installations to build and operate [Lukasiewicz (1973), 

Kuchemann (1972)], Improvements on R^ simulation are exemplified by the 

systems recently proposed and under development. Short duration (~ 10 

seconds run time) high R^ large wind-tunnels of several configurations 
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are preferred at present to continuous operation tunnels for economical 

reasons [Lukasiewicz (1973)]* while continuous operation cryogenic tunnels 

offering the same range of R^ but of smaller size and cost are being 

validated [Coodyer and Kilgore (1972)], For productivity to be accept­

able the short duration facilities require the development of special 

instrumentations and software testing techniques.

Improvements in the quality of simulation by the elimination of 

support interference through the development of magnetic suspension 

systems, have been achieved, although still confined to small size tunnels 

and models [Tournier and Laurenceau C1957)]. A powerful combination 

would seem to be the magnetic suspension system and the cryogenic tunnel.

Demands bn the quality of wind-tunnel test results depend on the 

nature and objectives of the test concerned. Data of the qualitative 

type may suffice for preliminary, or project, study of a new aeroplane 

and basic aerodynamic testing, whilst during design, development and modi­

fication stages detailed quantitative data is often of prime interest. 

It is in the latter case that higher precision of test results and lower 

cost of testing have to be maintained consistently. High precision (i.e. 

fine resolution) is required when measuring the aerodynamic effects of 

minor configuration changes and when accurate determination of the on­

set of incipient local secondary flow is desired, A convenient index 

specifying the cost of testing is the cost per useful data point measured 

[hilley (1963)]. This index is however linked to the,overall initial 

as well as running costs and data productivity of the facility. Means 

of improving the data productivity, for the purpose of cutting down the 

cost per data point are therefore of practical interest. In practice, a 

large part of the airplane design schedule is paced by the aerodynamic 

configuration development program. The overall cost of building an air­

craft, however, increases with the time required for the testing program. 

Appropriate test techniques can cut the wind tunnel testing program time
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and result In a considerable cost saving. Wilson and Maddox (1969) claim 

a significant cost saving in the aerodynamic development of the Ci-5 air­

plane by developing and using a technique of simultaneous measurement of 

forces and pressures on the model.

More often than not, in routine testing, aerodynamic characteristics 

*ver a range of variables (e.g. incidence) are of more interest than a 

single data point. This underlines the need for the definition of a 

parameter that will indicate the quality of data points at the stage of 

assessing test results. This qualitative property is called ^self conT^ 

sistency of data points*. Self consistency of a set of data points over 

a range of the independent variable (e.g. incidence) obtained in a single 

^^^^ Clay be regarded as the counterpart of the repeatability used to 

indicate the joint properties of data points collected in different runs 

at the same conditions. Self consistency is more related to the software 

technique of testing in contrast to repeatability which depends more on 

the state of statistical control of the test and hence to a large extent 

on the hardware. In view of modern system reliability concepts both 

self consistency and repeatability add up to form the ultimate level of 

confidence (or degree of reliability) of test results. It is important, 

however, to appreciate that the cost of improvements on the former (self­

consistency) can be in general much less expensive than on the latter 

for a given simulation technique designed to provide data results with a 

certain degree of reliability. Therefore poorer quality hardware com­

ponents than would be required for the highest repeatability levels may 

be adequate for achieving a certain level of confidence in the final 

results if appropriate software techniques producing a high degree of 

self consistent results are adopted.

2^ im



SyatemaCtc evaluation of the effect of various parameters involved 

in a test technique is of great practical interest for the purposes of:

i) establishing possible limitations and accuracy bounds 

of resulting measurements

ii) enhancing the efficiency of its use

iii) possibly reducing the amount of trial and error often 

resorted to.

Two software techniques for aerodynamic force testing are investigated 

in this work. One is for the measurement of steady forces and the other 

is for the measurement of dynamic stability derivatives. The measurement 

of aerodynamic forces while the model is steadily pitching has been 

proved a useful practical technique for increasing the data turnout of 

short duration wind tunnels. At suitably low pitch rates quasi-steady 

aerodynamic data can be extracted from the moving model measurements. The 

relationships between pitch rate, test duration, aerodynamic character­

istics, incidence resolution and accuracy requirements are of direct 

interest. For the dynamic stability derivative measurements, very ac­

curate and precise information is required on amplitude and phase rela­

tions between the forces and displacements of a model forced into 

harmonic oscillation. Very often the force and displacement signals 

are noise corrupted. The use of digital correlation methods in the ex­

traction of these data for a single and multi-degree of freedom oscilla­

tion is investigated. The relationship between test duration, frequency 

of oscillation, signal/noise ratio and sampling rate is important.

The six-component magnetic suspension and balance system (MSBS) of 

Southampton University and its wind tunnel have been used for the 

development and study of both techniques. The model consisted of AGARD- 

G planform wings attached to a slender fuselage. The model exhibits 

linear and non-linear aerodynamic characteristics depending on incidence 
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and tke state of boundary layers on the wings. A Marconi Myriad Mk II 

digital computer waa used for the first stage of data reduction while 

complementary stages were performed on an ICL 1907 computer.

The MSBS provides a useful tool for assessing and developing test 

techniques involving controlled model motions for the following reasons.

i) absence of mechanical support flow interference

il) ease with which various motions can be imparted to 

a magnetically levitated model achieved by feeding 

appropriate 'error' signals in the control system 

loops.

iii) the potential accuracy and dynamic load range of the 

magnetic balance as compared with mechanical balances. 

Magnetic suspension systems of d-c type suffer, however, from limitations 

on the dynamic response owing to the relatively low natural frequencies 

of suspension and to the inevitable force interactions.

The techniques described above are not only suitable for short dura­

tion wind tunnel testing but can also have considerable potential in im­

proving the utility of conventional continuous operation tunnels, Two 

examples are included to illustrate this statement. Flow unsteadiness 

often causes problems of consistency of results in V/STOL aircraft test­

ing at very low speeds in open circuit tunnels whose inlets and exhausts 

are subject to atmospheric flow disturbances. The wind can change 

direction in as short a time as one minute and so force data over a 

range of incidence must be collected in this short duration for good 

self consistency. The incidence sweep Cor ramp) technique provides an 

efficient method of testing. Tedious (and often very expensive) efforts 

are generally spent in order to calibrate and perform a complex experi­

ment (e,g. force testing in a large continuous operation wind tunnel at 
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moderate aed high, flow speedal, whilst maintaining good statistical con­

trol over long periods of time. In addition the associated po\fer consump- 

tion may be significant. Simplification of testing methods and possibly 

savings can be achieved by utilising appropriate short duration test 

routines of tne ramp kind. Similarly suitable techniques for the measure­

ment of dynamic oscillatory derivatives in short test durations are equally 

important. Most of the existing techniques are of the free oscillation 

type. Novel forced oscillation techniques using suitable correlation 

methods of data reduction presented in this thesis offer means that may 

complement or replace free oscillation ones in short duration tunnels. 

A combination of forced oscillation technique and Incidence sweep can be 

a powerful method for measurement of the stability derivatives in short 

to moderate test durations.

Chapter 2 of this thesis reviews some of the relevant methods that 

have been used (and still are in use) for aerodynamic steady force and 

dynamic stability measurements in wind tunnels. Proposed techniques are 

introduced and theoretically assessed in Chapter 3, Linear and nonlinear 

aerodynamics are discussed. Chapter 4 describes the wind tunnel and mag­

netic suspension and balance system developed at Southampton University. 

Generalised force-current relations are developed and discussed in 

Appendix A, Calibration methods to provide the corresponding calibra^ioh 

constants in these relations are briefly described in Chapter 4. The 

slender winged model used In this investigation is described in Chapter 

5. The data acquisition, reduction and analysis methods are explained 

in Chapter 6, The main results of the investigation and discussions of 

the effect of various parameters on the characteristics of the proposed 

techniques are presented in Chapter 7, Conclusions and suggestions for 

further work are given in Chapter 8.
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2. SU^VEy Of PRESENT TEST TRGBNtQURS

For aerodynamic load measurem^k in a wind-tunnel, the model has to 

be supported in the flow field of the test section and the forces trans­

mitted outside the tunnel. These force data are usually obtained, 

whether directly or indirectly, in a form that requires some manipulation 

before extracting the relevant aerodynamic loads. A complementary part 

to an actual wind-on test is therefore its data reduction method. In 

conventional wind tunnels the complete aircraft model is mechanically 

supported as compared with the magnetically levitated model in magnetic 

suspension tunnels. The testing technique depends on the specific pur­

poses of the particular test, However, for many years it has been found 

convenient to classify testing under two broad categories;

i) steady testing, which provides static aerodynamic 

characteristics for the general shape of the air­

craft, and

ii) dynamic testing, which permits the study and 

measurement of stability, flutter and control 

derivatives of the aircraft and its components.

In general the type of test and accuracy requirements specify the most 

suitable type of support. During various phases of design, manufacture 

and development of an aircraft the nature and quality of aerodynamic 

data required may vary quite widely. While at one stage data of ultimate 

accuracy and precision may be very important, at another stage, particu­

larly the preliminary stage, data of a less accurate nature may suffice 

certain specific purpose. Sometimes the wind-tunnel type, speed ranga 

and load dynamic range of available instrumentation and economic require­

ments decide the test technique that can be used with a particular model.

This chapter presents a review of a selection of test techniques 

that have been developed in both areas of testing considered above. The 
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QS8oci,$t&.d dOitA F^duction, F^&thAds Aod thA liiattAttoAs ara higkltghted,

2,1 Steady^orca'^testiAg tachAtguea

Ever since wind tunnels ware first usad far aarodynaiaic maasureniant 

»^^ flow studies, the continuous flow method of testing has been employed. 

However, most of the developments in such testing in the first half-century 

of mechanical flight were directed towards tlia hardware side. Distinct 

software techniques have reportedly been developed only over the past ( 

century or so, Among the factors promoting the development of naw tech­

niques or improvements over an established one might be more accurate data 

requirement, interaction of various affects, optimum utilisation of the 

tunnel, reduction of testing cost, etc,

in continuous operation wind tunnels no strict limitation was im­

posed on the test run time, i.e, economic factors were not the prime 

factor. Models could be held steadily in the flow field for a long time 

and 90 truly Steady measurements could ba made. High speed tasting in 

addition to the need for six-component force measurement gave rise to 

the development of the sting support as an improvement over the older 

mechanical means of support.

Intermittent operation wind tunnels provided vary economic facili­

ties for testing at high speeds but with relatively short test duration. 

The short test duration provided an impetus to the development of ad­

vanced test techniques so that higher rates of data acquisition from 

these tunnels could be achieved. If the model was moved automatically 

in a pre-arranged program after the flow has been established in the 

tunnel test section, and the force and moment signals recorded, then a 

large number of data points can be obtained from a single run, Luka­

siewicz (1955) reported the application of a pitch ramping technique 

for an intermittent operation supersonic wind tunnel where flow 
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duration can be as short as 15 seconds-^ H±a technique consists of driving 

the model into either a continuous constant pitch rate or in staircase 

steps over the required incidence range during flow onset* fig, 2,1. The 

model is driven by an external 'incidence gear^ and electrical signals 

from the balance outputs are directly recorded on a paper chart recorder. 

The system of balance and recorder had a time constant less than a second, 

For small signals* the established frequency bandwidth was 0 to 20 Hz. 

Lukasiewicz argues that so long as the linear velocities due to model 

rotation are small compared with the free stream velocity, such motion 

should not affect the measured aerodynamic characteristics appreciably. 

This condition is given by

where « is the pitch rate, i is a characteristic length of the model and 

U is the free stream velocity^ A rate no greater than l°/sec was con'^ 

sidered suitable for initial tests. Linear aerodynamic characteristics 

were assumed and so the steady ramp case was only used to provide the lift 

and moment curve-slopes while the staircase case provided a discrete point 

picture of the steady characteristics. Fig, 2,2, shows an example of (:he 

measurement obtained using this technique. Damping in the balance caused 

a time lag in the response as shown in Fig, 2,3, The inertia of the 

driving system caused a further jump towards the end of the range. Static 

incidence calibration was used to establish the incidence scale for the. 

ramp case. This could be in error at high pitch rates since the damping 

in the system might significantly upset the correspondence between the 

indicated steady and ramped incidences,

Tanney (1959) developed a suitable data reduction method for the 

above system on a three-component force balance. Incidence sweep rates
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were used in the range 0.7 to 3.3^/aec. Chart recorders with good ramp 

function response were used. The test data was digitised after being 

presented on self balancing potentiometers. Filtering the data was effected 

simultaneously or immediately after the test run. A digitised reading was 

punched every ,16 sec. on paper tape or cards. Temporary storage is essen­

tial because of the slow rate of punching operation, for which purpose a 

small digital coiq)utet was used.

The technique of,incidence sweep has also been used in low speed VTOL/ 

STOL wind tunnel testing [EmsTie 0.963'^'] . The flew in the working section 

of a continuous operation open circuit low speed tunnel tends to be extreme— 

ly sensitive to external winds during the time of testing at the very tow 

tunnel speeds often required for V/STOL work, The external wind changes 

direction, most of the time unpredictably^ To avoid or reduce the effect 

of corresponding flow unsteadiness on force measurements a complete set of 

force-incidence data points would be required in a short duration, of the orr- 

der of one minute. Both the continuous sweep and staircase incidence func­

tions were applied to the model during the test, Quasirsteady data points 

were obtained from the continuous sweep case while the staircase served to 

provide checkpoints on the steadiness of these data points. Unlike the 

Lukasiewicz method, only a few of the staircase points are required at key 

incidence settings. Based on this, a versatile system has been developed 

over the years and used for supersonic as well as low speed testing, 

[Emslie (1973)]. Routine sweep rates vary from 0,5 °/sec, to 3.0 ^/sec., 

over a range of about 30°, depending on the flow speed. The criterion for 

deciding the sweep rate is that the flow response time is about the same 

as the time required by fluid particles to traverse 5 - 10 chords at free 

stream velocity. Position and force signals (e,g, strain-gauge balance 

output) are heavily filtered (sometimes with a low pass cut-off at 2.0 Hz) 

to suppress the noise. The signals are then electronically amplified, 
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temporarily stored magnetically, digitized, displayed visually, read on 

digital voltmeters and punched on tape, for subsequent computer analysis. 

The digital data is punched at a rate of 3 to 10 points per second. This 

allows a specific test incidence data resolution of the order 1° to 0.05° 

if required. The filter is recognised as a very important and decisive 

factor in the system. This technique has been used for the measurement 

of both linear and nonlinear aerodynamic properties of complete aircraft 

models. It should be noted that the staircase test is used for fixing the 

right sweep rate for the continuous sweep test. However, there appears to 

be no reported systematic study of the effect of sweep rate on the quality 

of data obtained.

Accurate simulation of transonic flight requires the development of 

high Reynolds number (R^) test facilities. Short duration tunnels seem to 

be most suitable on economical grounds. Currently proposed tunnels for the 

8
R^ = 10 range have running times of the order of a few seconds. For in­

creased tunnel productivity, advanced test techniques (software type) are 

needed [Pugh (1973)].

Starr and SchAeler (1973) have produced a preliminary study of the 

parameters affecting the force and pressure measurements on moving models 

in a pilot high Reynolds number transonic tunnel. Flow duration available 

for testing was in the range of 100 m.sec. The flow response time t is 

expressed non-dimensionally as the Thompson number T defined as

T . 2.2

For a certain model and flow field T is constant. They designed an experi­

ment to measure values of T for various flow fields on a 15-degree cone 

model, 3.5 in. long. The cone attitude was changed from -4° to +4°in 4 

to 6 m.sec. and the exact instant at which the model reached the limit 
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attitudes was precisely recorded using electrical contacts. They measured 

the differential pressure at symmetrical points on the windward and leeward 

sides of the model surface, at a distance 2.9 in. from the apex, using a 

fast response differential pressure transducer. The time it takes the 

differential pressure to settle down after the model has reached each of 

the limit attitudes is measured and non-dimensionalised as in equation 

2.2. At a flow Mach number of 0.85 they found T = 1.7. This agrees with 

published results for impulsively started flows on flat plates and wedges 

in laminar and turbulent flows at subsonic and supersonic velocities. For 

laminar boundary layers

T = 2 to 4, 

and for turbulent boundary layers

T = 1 to 2, 

and published results for experiments on an oscillating aerofoil in trans­

onic flow give

T < 5

Fig. 2.4 summarises these results. The values of T established can be 

used to calculate the flow response time for the full scale tunnel. They 

do given an indication of being short enough to allo^ the model in the 

full scale tunnel to be swept over a large sector of the required attitude 

range.

Recently vanNunnenC1973) considered the test time requirement for 

steady force measurement using a continuous incidence sweep. As in the 

case considered by Starr and Schueler, vanNunnens work is mainly directed 

towards application to large high R« short duration tunnels. He stresses 

the need for sweep'-up and sweep down in the same run and argues that 

rates of the order of 2^/aec. are appropriate over an incidence range of 

10°. This defines a required tun time of the order of 10 seconds. The 
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criterion for the selection of the sweep rate would he the extent of hyster­

esis in the lift-incidence characteristic. This hysteresis tends to increase 

with faster sweep rates as shown schematically in Pig. 2.5.

In all the work described above there appears no systematic study of 

the effect of the various parameters defining the incidence sweep technique 

on the quality of measured data. The majority of the relevant information 

resides in the experience of the field workers. One of the purposes of 

this thesis is to present a systematic study of the incidence sweep tech­

nique and investigate the possibility of its further potential applications.

2.2 Dynamic stability derivative measurements

Development of methods for the measurement of aerodynamic stability 

derivatives for rigid models has been rather slower than for the measure­

ment of steady forces. Apparently the following two reasons are mainly 

responsible for this;

i) the slow recognition of the relative importance of

prior knowledge Ci.e. at the design stage) of the 

dynamic derivatives as con^ared with static deriva­

tives, and

ii) the difficulty associated with dynamic measurements 

both in hardware and software techniquea^

With the advent of high speed aircraft and missiles, increased empha­

sis has been placed on performance and dynamic stability problems since 

advanced missions demand precise control not only in small disturbances 

from level flight but also in large scale manoeuvres. In addition, recent 

developments in instrumentation and data handling systems have helped a 

great deal in the practical realisation of new ideas.

Dynamic stability derivative measurement in a wind tunnel involves 

supporting the model (whether it is a 2-D, a half or a complete aircraft 

model) in the test section and allowing it to describe certain motions 
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in one or more degrees of freedom. In eome caaea an external force is 

applied to maintain or support this motion. Derivatives are then extracted 

from observation of model motion (and applied force, if any) using a simple 

mathematical model.

At present three distinct types of movements are employed; continuous 

rotation, sinusoidal oscillation and pure random motion. A classification 

of the methods used for stability derivative measurement in wind tunnels 

is shown in Tig. 2.6. Most of the methods in use fall under one or a com­

bination of these headings. Since the derivatives for complete aircraft 

models are of main interest here, the following review is confined as far 

as possible to these types of model.

Free motion methods

These methods employ the decayed continuous rotation or decayed oscil- 

lation in a single degree of freedom or a combination of several degrees 

of a model suitably suspended in the airflow.

For the free rotation case, accurate measurement of the angular velo­

city is required. Derivatives like the roll damping & can be measured in 

this way. Care, however, should be taken to ensure that damping in the 

bearing is low and that the derivative measured is linear over the range 

of angular velocities considered.

The decaying free oscillation method is the most widely used technique 

for stability derivative measurement, and the simplest,' at least as far 

as hardware is concerned^ [jones (1935)]. The model is initially disturbed 

either by release from a displaced attitude or by applying an impulse and 

the subsequent motion is then observed. Provided that the model has 

positive damping and the amplitude of oscillation is not too large, ob-r^ 

servation of the amplitude and frequency of a few cycles of the motion 

with wind on can be compared with similar data from a vacuum test to
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provide boLh damping and atatlc derivativeg. For reaaonable accuracy of 

measurement of stability derivativea;

i) precise measurement of natural frequency of oscillation 

and logarithmic decrement are required,

li) transients pertaining to the initial disturhancea have 

to be eliminated,

lii) the nonlinearities asaociated vith large amplitudes of 

displacements must be absent, and

iv) the noise on the displacement signal must be aufficiently\ 

small.

In general, several cycles of oacillatien are required for the analysis. 

These can usually be obtained by adjusting the natural frequency' of oacilT 

lation of the system. There are a fe*rmethods of data reduction and analysis 

particularly suitable for the free oscillation method. They range from 

hand smoothing and plotting the time response of the displacement on a 

semi log scale and calculating the logarithmic decrement and frequency, to 

the use of automatic devices like the danq)ometer and logarithmic circuit 

[Bratt (I960)] capable of accuracies of about 2%. Orlick-'Rukemann (1963) 

developed a travel summation method capable of accuracies of the order of

Fully automatic facilities have been developed for sensing, recording 

and analysing free oscillation data of complete models in short duration 

testing, [Orlick-Rukemann (I960)]. Multi-Degree of freedom testing of 

slender missile models in wind tunnels using the free oscillation method 

have been considered by Nicolaidia and Eikenberry (1970). For such cases 

a sophisticated mathematical model and a complicated method of data re^ 

duction are unavoidable.

In almost all the cases considered above the data analysis is carried 

out in the time domain.
. - 16 -'



Flow induced forced motion

Stability derivatives can be obtained from a model response to unsteady 

^low. Turbulent flows and sinusoidal flow can be quite well reproduced in 

the wind tunnel.

Response of models to turbulent flow is a random motion. Provided the 

turbulence has a flat frequency spectrum in the range of frequency of in­

terest, the spectrum of the displacement gives the magnitude of the fre^ 

quency response function of the system and hence natural frequency and 

damping ratio can be found [hundgren C1971)]. Two aspects, however, appear 

to cause uncertainty in the results from this method. One is the degree 

of flatness of the turbulence and force spectra and the other is the sharp­

ness of the resonance or damping ratio of the system. The lower the damping 

the sharper is the peak and the larger is the error in the spectral density. 

Lundgren relied on results from a decayed free oscillation method for con­

firmation of the random excitation method results. Judd (1963) used a 

similar excitation method on a 2-D aerofoil, but used a completely different 

kind of analysis. A random signal with a flat spectrum has an impulse auto 

correlation function. The auto-correlation function of the aerofoil res­

ponse to turbulence is identical with the impulse response in the time 

domain of a free oscillation test. By observation of the cross over points 

and the amplitude decay of the auto correlation function, damping and static 

derivatives can be extracted.

It is necessary to distinguish between loads generated by an unsteady 

flow and those resulting from unsteady model motion in a steady flow. 

Gilman and Bennet (1966) used a vertical sinusoidal gust generated in a 

wind tunnel for studying the frequency response function of an aircraft 

model. The model was cable mounted to improve flight simulacion. Flow 

angles and model c.g. accelerations were measured and the acceleration 
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frequency response function determined over a range of frequencies. Although 

their main interest was in flutter derivative measurement, stability deriva­

tives can be measured by Gilman and Bennetts method if the model is regarded 

as rigid and the mathematical model suitably simplified.

Externally forced motion methods

In these methods, the model is maintained in steady motion under the 

action of an external force, Derivatives are obtained from measurements 

of both the force applied to and displacement of the model using an appro­

priate mathematical model. Although more complicated hardware is required 

for this type of measurement than for free motion methods, it possesses 

several advantages, notably:

i) independence of the motion from the specific model aero­

dynamic and dynamic characteristics,

ii) greater degree of control is maintained, e.g. frequency 

and amplitude are constant in a forced oscillation, and 

iii)more precise measurements can be obtained.

The simplest of these methods is the forced continuous rotation 

method. In this case the external torque maintaining a constant angular 

velocity balances the aerodynamic and bearing frictional torques. Meas­

urement of the applied torque and angular velocities in wind-on and 

vacuum states can be used to find the relevant damping derivative, e.g, 

roll damping derivative & , If lateral forces can be measured when the 

model is set at incidence, lift and magnus forces can be measured as well 

[piato^a (1965)],

Forced oscillation methods consist of forcing the model externally 

into a constant amplitude constant frequency sinusoidal motion tn one 

or more degrees of freedom about suitable pivots in the support. In­

stantaneous force and displacement signals are measured and analysed for
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the required stability derivatives*

The mathematical model for a single degree of freedom small amplitude 

angular oscillation, Tig, 2.7, is given by

18 + cG + kG = F 2.3

For harmonic oscillation, in general, the displacement and torque are given

by
0 - 6 2.4

Substituting in 2.1 and reducing gives

^ = k w I + iwc 2,5

8

» — < 6

where ^ " tan^^ is the phase angle between the torque and the 

k - 

displacement. The undamped natural frequency of the system is

Equation 2,3 shows that the damping can be determined from a measure­

ment of ^fat the test frequency. This requires either measurement of 

the amplitude ratio |^^ and phase difference or the inphase and quad- 

rative component of the forcing torque relative to the displacement.

Equation 2,3 subject to 2,4 can be represented by a vector diagram 

as shown in Fig. 2,8a, Three categories of testing can be identified 

depending on the ratio of oscillation frequency to the system undamped 

natural frequency as shown in Fig, 2,8a^c,

Forcing a model to oscillate at m/w » 1, Fig. 2.8c, is ruled out 

on the following grounds:
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t) an extra strength requirement is imposed on the model and 

support in order to reduce aeroelastic distortions,

ii) the domination of the measurements by the inertia terms 

Cnnleaa the oscillating model system is dynamically 

balanced),

tii) corruption of the signals by the tunnel vibration and 

flow induced random noise, and

iv) the extremely small phase angles require extra precision 

instruments.

Forced resonance oscillation Ci.e. at w " w) requires a form of 

displacement feedback, associated with the input excitation, The form 

of feedback, sometimes becomes quite complex [beam (1956)], This type 

of testing, however^ does not require very accurate phase measurement 

since at w " 6 " 90^ and can be set easily because is a maximum.

In addition the amplitude of oscillation is close to the maximum obtain­

able with a given excitation level. The maximum occurs actually at m - 

1*1;^*^ " ^C^ where ( is the ratio of systaa damping to the critical. At 

the condition w " w* the applied force equals the damping force. When 

the system resonant frequency is high, signals become vulnerable to noise 

corruption as explained earlier and the corresponding identification of 

the resonant condition may become difficult. Testing at frequencies 

close to but not exactly equal to resonant frequencies can give rise to 

a beating effect. Most of the present forced oscillation test facilities 

have some provision for resonance force testing,

Testing at low frequencies, w/m^ < 1, demands very precise measure­

ment of the phase angle^ for reasonable darvfhg measurement aceuracy. 

It does not, in general, require the degree of sophistication demanded 

for a forced resonance system and is characterised by an absence of 

aeroelastic effects on the measured derivatives.
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The presence of noise on the measured signals hampers very much the 

accuracy of phase measurement in low frequency forced oscillation testing. 

Most of the recently developed methods are of the analog type. These in­

clude the electronic trigger circuits, gated counter-chronographs, special 

a.c. bridges and resolved component indicators (RCI). The latter (RCI) 

works on the wattmeter principle, ei]q)loyed by Bratt & Wight (1944) to 

reduce the great labour of manual reduction previously employed, [Bratt 

and Scruton (1938)1. The majority of the methods mentioned above rely 

on the availability of a reasonably clean reference signal at the oscil­

lation frequency. In the RCI method this reference signal, of a fixed 

amplitude, and a 90° phase shifted version of it are multiplied by the 

measured signal. The resulting products are filtered and read on d-c 

damped microammeters as the in-phase and quadrature parts. The use of 

a reference signal at the fundamental frequency and the averaging of the 

modulated signal effectively filters all higher order harmonics. Part 

of this signal is still due to the fraction of the noise specttum imposed 

on the signals at this fundamental frequency. Braslow, Wiley and 

Lee (1962) have developed a system for the measurement of lateral dynamic 

stability derivatives, at transonic and supersonic speeds at resonant 

and non-resonant frequencies, which relied on the RCI for monitoring 

and reading the relevant components. Automatic digital equipment Was 

used to digitize, acquire and record the RCI readings.

Thompson and Fail (1962) report a derivative measuring system 

capable of pitch-heave displacements, and later, developed a three-degree- 

of freedom system for sitnultaneous measurement of yaw, roll and sideslip 

derivatives |]rhompson and Fail (1966)]. Instead of using strain gauge 

for the measurement of forces and displacements, as used in most earlier 

systems, they used accelerometers for the displacement signals. Three
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acceletonjeters are arranged to give ac.cfl.e rat tons tn the three degrees ol 

freedom and the system is excited by an electromagnetic shaker. The equip­

ment is compact and particularly suited for slender model bearing.

Excitation is made in each mode separately and close to the relevant 

natural frequency (e\g* 5 Hz for yaw, 8 Hz for side slip and 13 Hz for toll) 

to ensure a reasonably large oscillation amplitude at a reasonable phase 

angle, without the need for an excessive excitation force. A mathematical 

model of 3-D of freedom oscillation is assumed valid for small oscillations. 

The acceleration signals and force excitation signals are fed into a re^c 

solver of the wattmeter type, all referred to a common clean signal drawn 

from the oscillator. The in-phase and quadrature components of all the 

signals and the frequency of oscillation (measured by an electronic counter), 

are recorded on a punched tape and read on a teletype. Por each data point 

three sets of readings are made, One for each mode of oscillation* These 

results and tunnel conditions plus calibration constants are fed into a 

digital computer which solves the equations of motion comprising the mathe- 

matical model and produces the required derivativea, A layout of thia 

system of data handling is shown tn fig* 2.9.

There was large seatter in the results of lateral derivatives on a 

slender winged model at lowspeeds measured using this system* the patter 

did not obscure the trend of the data but is expected to increase further 

as the testing flow speed goes up* The background noise on the signals 

is considered partly responsible for the scatter of data, tn other wards 

it is the low value of signal-cto-noiseratio resulting from the small 

amplitudes of motion (of the order of I ) employed.

m the operation of the HCl, there are at least two causes of error 

arising from the analog reduction of noisy signals;
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tl tliA presence, mf vertaue hArmontes vhtob. need to be 

filtered, and

ii) the presence of correlated notae on both the reference 

and measured signal affects the d"c reading and cannot 

be eliminated with such equipment.

One possible way of improving the accuracy of measurement of the derivatives 

is by recording all the raw signals in digital form so that reference sig^ 

nals can be generated numerically at the oscillation frequency. In this 

case the reference signal is almost pure, but a very large number of digital 

Samples per cycle would be required [private discussion with Pail]..

Another possible technique for improvement is to transform the data 

reduction to the correlation domain. This method is introduced and des­

cribed in the next chapter and represents the second topic of this thesis.
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3' PROPOSED TECHNIQUES OF TESTING AND DATA ANALYSIS

In view of the importance of wind tunnel force testing on aircraft 

models and its impact on the overall design and development programs, new 

and improved techniques of testing are in demand. Justification for such 

demand, as applied to existing test facilities, can be the reduction of the 

cost of wind tunnel testing per data point, shortening the duration of wind 

tunnel test programs, attainment of test results with, a higher degree of 

self consistency and/or attainment of more accurate results. As regards 

new and future test facilities, where economy dictates short duration types 

of wind tunnels, the demand becomes a necessity,

A modern wind tunnel normally has a digital computer comprising the 

principal element of its total data reduction and analysis system. There-" 

fore software techniques which can best satisfy the requirements and limita­

tions stated above and make better use of a suitable data analysis system 

can be very useful. Two types of force testing are presented and assessed 

in this chapter. The first deals with steady aerodynamic force measure­

ments and the second with dynamic stability derivative measurements. These 

are discussed from the general point of view but the application to the 

magnetic suspension and balance system are investigated specifically.

3.1 Steady Aerodynamic Testing Method - Incidence Sweep Technique

One of the problems present in some wind-tunnel testing is the short 

wind-on time of operation. This determines the number of obtainable data 

points if truly static aerodynamic data is required. The number of runs 

required in order to determine a complete range of model characteristics 

may be very large either because of the number of data points sought or 

because of the low degree of reproducibility of test conditions. This 

problem is alleviated if the model is made to describe certain motions 

while the wind is on and the measurements instantaneously analysed or
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recorded for later analysis. Analogue methods of data reduction and analysis 

may be necessary for the instantaneous (on-line) analysis case, while com­

pletely digital methods can be used for the later (off-line) analysis, the 

simplest kind of motion in the case of longitudinal aerodynamic measurements 

is the pitch ramp, in this case the model incidence is made to change from 

a starting value to a final value at a constant rate. Pig. 3.1 shows a 

typical incidence sweep (ramp) time function^ The negative rate of in- 

cidence sweep is included for a reason bo be discussed later. The time 

history of the pitch attitude and force signals are filtered, digitized 

at a suitable equispaced sampling interval for digital analysis, then 

averaged over short time intervals and the averaged values corrected for 

dynamic effects.

The main parameter in the pitch ramping method is the value of the 

pitch rate, which is simply the incidence range covered divided by the ramp 

duration. Factors affecting this ramp rate (e.g. model size, floS Speed 

and balance limitations), are therefore relevant and need investigatioh. 

Other features of the method are the filter type and setting, sampling rate 

of digitizing and averaging interval required in relation to the quality 

of results sought. The latter feature is the controlling factor in the 

degree of shearing of aerodynamic force details.

A systematic study of this technique would require the theoretical 

estimation of the possible limitations on the values of the parameters in­

volved and the development of test routines for the experimental results 

required to verify the theoretical predictions.

Naturally while the model is in motion relative to the free stream 

any force measurement will contain unsteady as well as static effects.. 

Indeed, three kinds of transients affect the measurements:

i) aerodynamic transients, 

ii) displacement transients, and
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iii) balance transients.

Measured results have got to be either insignificantly affected by or cor­

rected for these transients in order to recover the steady or quasi-steady 

quantities required. It is important*  before pursuing further details of 

the technique, to define the quality of the aerodynamic forces involved and 

the transients taking place.

* Lighthill (1963) states that change in the vorticity distribution gives 

rise to an almost instantaneous change in the pressure distribution and 

hence the aerodynamic forces.

3.1.1 Aerodynamic transients - flow response time

A model in a real fluid flow seta up an associated vorticity field 

which is responsible for the fluid forces acting on it. Unlike other flo^ 

properties, shed vorticity is transported at a finite velocity, i.e. of 

the order of the free stream velocity U,[Lighthill (1963)].*  Consequently 

following a change in model attitude, the vorticity field of the flow ad­

justs itself to a new steady pattern in a finite time. This time of 

'adjustment' is called the flow response time, If a characteristic 

length for the model is known as A and flow speed U, a dimensionless 

quantity can be formed as

1 3.1

This response time is governed by the conditions inside the boundary layer 

where the vorticity is produced and the presence of sharp edges on the o^del 

configuration causing the formation of free vortices. As a result it is 

affected by other flow phenomena influencing the boundary layer, e.g. onset 

or presence of a flow separation, transition from a laminar to turbulent 

boundary layer, shock-^ave boundary layer interaction .. etc. The process 
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through which such adjustment takes place is generally a complex one and its 

time history is the aerodynamic transient which is normally studied in the 

form of the position step response and called 'indicial aerodynamics'.

Consider the case of a model, having linear aerodynamic characteristics, 

in a flow and receiving a sudden plunging motion at time tn, fig^ 3.2^ 

Shortly after the start of motion the aerodynamic effect is a transient one, 

known as the Wagner effect, and depends on the time elapsed since t_. The 

usual definition of linear aerodynamic derivatives ceases to be meaningful 

during this transient period. Eventually at an appropriately long time, t 

greater than t^ + t^^, the aerodynamic effect approaches the steady state 

value. This value can then be regarded as independent of the past history. 

This steady state value is achieved exactly in supersonic flow but can only 

be approached asymptotically for subsonic flowsince the starting vortex 

and wake affect the flow indefinitely upstream. Therefore, so long as 

the observation time is longer than t^ from the change in position the 

aerodynamic forces depend only on the instantaneous values of the position 

and its derivatives. A useful representation of the change in an aero­

dynamic force component, say linear lift force, may take the form

AL ^^ L Au + L' Au + L»* Ao 3^2 
u u u 

where the subscripts indicate partial derivatives and the dots derivatives 

w.r.t, time. The derivatives L^, L^, L" etc. are called quasi-eteady 

derivatives and are of major interest in aeronautics. Transient effects, 

hoxfever, may be of interest in special applications such as aircraft flutter 

and short period oscillation and ship unsteady motion.

In the case of steady pitch ramping the aerodynamic transients are 

partly due to the step in pitch rate. Hence, these are less severe than 

for the plunging motion case. Correspondingly, one can safely conjecture 
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a shorter flow response time. In a ramp response, on the other hand, the 

steady state output (force) always lags the input (displacement). This 

lag can be argued as due in part to the indiclal effect, but it has beeh 

shown, jEtkin (1956)],that for relatively long times from the start of 

motion this lag is simply related to the usual dai&^ing derivative, thefe- 

^^1^^ *^g can be regarded as a conservative upper estimate for the pitch 

raa^case. : . . . : . .

Similar flow patterns around similar models but of different sizes, 

or at different flow speeds, should have the same dimensionless flow 

response time T^g. The flow response time T^ for the same model, however, 

can appreciably change when the flow pattern does. An example of this 

is the classical case of a high aspect ratio wing at low incidence as 

cosgiared with the same wing at a Stalled condition where in the latter 

the dependence on the flow Reynolds number is stronger. A similar example 

is witnessed in the supercritical wing with the associated onset of 

shock-boundary layer interactions. In the example just cited, it can be 

shown that the aerodynamic phenomena are nonlinear and the model-flow 

system may possess a hysteresis effect. In these cases the flow response 

time is larger than in the linear aerodynamics case. It is convenient 

to group the types of aerodynamic characteristic into three groups

i) linear aerodynamics case, for example high Aspect ratio winged 

models at low and moderate incidences,

ii) nonlinear aerodynamics (no-hysteresis) case, e.g. slender 

winged aircraft models at moderate incidences 

and

iii) nonlinear aerodynamics with hysteresis cases, as in 

case (i) at stalling incidences.
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Although a single ramp leg of the kind suggested in fig. 3.1 suffices for 

group (i), the full function is required in order to confirm the linearity 

of group (i) and is necessary to provide aerodynamic information in groups 

(ii) and (iii).

Measurement of t can be obtained by observation of the incidence step 

response, i.e. the indicial admittance, of the model in the flow field or by 

observation of a terminated ramp response since a pure step may be difficult 

to generate.

Examples of T _ for a variety of flow fields have been described earlier, 

section 2.1, and are given in fig. 2,4.

Measurements free from aerodynamic transients are therefore essential 

for two reasons:

i) in order that measured steady or quasi—steady character­

istics can be meaningful, and

ii) if transients occur there is no simple way for correcting 

. them, . . . . . . . -

It is necessary therefore in pitch ramp testing to discard the first t_. 

length of data following the start of the model ramp as being corrupted by 

the aerodynamic transients, where to corresponds to the longest flow 

response time corresponding to flow patterns that may form on the laodel 

during ah overall incidence excursion, Por a ranq* rate of a, t_g corret 

sponds to an incidence range of

^'^ trans ~ '^ ^RS ^'^

Since a ramp duration may be fixed, e.g. by tunnel test duration, the 

fraction of transient corrupted data is 

t T
. ^ _ ^ 1 3.4 

trans. Tl
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where t is the ramp duration. It follows that, for the largest useful 

output from a ramp test,

^trans. ^trans. "^ramp ^"^ 

must be kept as small as possible, in addition to this there is a steady 

state error in the aerodynamic characteristics associated with the incid- 

6B^& time rate. In the case of the linear lift force this amounts to L'xo 

(from equation 3,2) and is schematically shown in fig. 3.3. Although this 

can be corrected for, as will be shown later, it is preferable to keep the 

correction as small as possible. At this stage only arbitrary limits can 

be set on a. However, later in this section more definite limits are 

discussed.

This establishes the aerodynamic transient limitations on the motion 

and the corresponding loss in the incidence range. 

It is interesting to consider the use of a staircase pitch variation

(fig. 3.4) in the hope of achieving steady state dwell durations. Since

tq is independent of the amplitude of pitch step, it appears necessary to

allow on each step of the staircase a minimum time interval of t_g before

a 'static* measurement can be taken. If N points are to be measured during 

t^, a duration of N.t^g would be lost. Therefore it is conceivable that the 

use of a staircase function may be limited to several data points in a 

certain incidence range. The advantage of the staircase over the pitch 

ramp lies in measuring strongly nonlinear aerodynamic forces since the 

staircase displacement case provides results with essentially the same 

quality as in the linear case while the ramp function can produce locally 

distorted aerodynamic characteristics.

Finally, the question of the aerodynamic limitation on the maximum 

pitch rate has to be answered. Dore (1966) has found that the indicial 
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subsonic aerodynamic lift change on a wing can be fairly well approximated 

by

AL(t) = ALggCl - a e"^/^) 3.6 

where

AtCt) is the actual change in lift at time t following a step incid­

ence change at t = 0, ^1 i@ the corresponding steady state change, a and 

T are constants depending on the flow pattern and model geometry. Clearly 

the steadyrgtate condition is only reached asymptotically. If the steady 

state is assumed to take the approximate value AL(t) = AL.Cl - v), where 

V is a small positive number, then the time t - t^g and

V = a e « 1. 3.7

If a/v > 1.

T ' 3.8 
An(a/v)

The derivative of the lift force w.r.t. time la obtained from equation 3.6 

as . . . . . . . . ; . .

^ - T '"'SS ^'"^^

At large values of time t the differential coefficient can be approximated 

by a difference form and we get

d(AL)~ ^ dLgg e'^/^ 6t 3.10

Ihe time rate of change of the measured lift force component, when transient 

free, at constant pitch rate is given by 

since a nt. In difference form, this becomes, 
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^here C ) indicates average over gt.

For a small transient effect on the measured lift force, the changes 

in lift force measured in an interval gt and the corresponding transient 

change in the same interval must be related by

Substitution from equations (3.8), (3.10), (3.12) into (3.13) gives

where the subscript 'SS' has been dropped.

When L )t 0

* _ AL r V , a

Kb 
a

This establishes the permissible upper limit of the ramp rate. Similar forms 

can be obtained for the other force components. This result is a fairly 

general one since equation (3.11) is valid for both linear and nonlinear 

lift forces. Equation (3.15) serves two purposes:

i) to estimate the maximum pitch rate for testing if 

the aerodynamic characteristics are roughly known, or 

ii) to check the freedom of various measured force conn 

ponents at a certain pitch rate from significant 

transient effects.

The quantity in the square brackets of equation (3.15) is a function of the 

aerodynamic transient characteristics and the specified V (permissible rela­

tive error tn aerodynamic force) and defined t^. Later in this chapter 

methods of estimating and measuring this quantity will be discussed.
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3.1.2 Balance and displacement transients

A linear force balance can in general be regarded a form of low pass 

filter. The measurement of a time varying force is therefore always 

affected by the characteristics of the balance system used. The cut­

off frequency, beyond which large attenuation of signal harmonics takes 

place, is close to the balance natural frequency of oscillation where 

the balance is regarded as a second order system. Associated with the 

amplitude attenuation is a phase shift which is relatively large at 

high frequencies. The natural frequency depends on some kind of ratio 

of stiffness to inertia of the moving parts, as well as the control 

system properties. In order that a measurement can be reasonably free 

from balance transients, the highest frequency content required for 

the force component must be small compared with the balance natural 

frequency. Unlike aerodynamic transients, balance transients can be 

corrected for if the balance characteristics are precisely known a 

priori.

Appreciable displacement transients, however, can complicate the 

picture by introducing undesirable higher order motion derivatives, 

thereby affecting both the aerodynamic forces and their measurements. 

It is therefore important that the achieved form of motion be as close 

as possible to the ideal, i.e. displacement-transients free, one.

The particular case of the magnetic suspension and balance system 

is considered. The situation is slightly more involved in this kind of 

balance than in a strain gauge balance because the model comprises a 

link in the control system of the balance. The block diagram of the 

actual control system for one degree of freedom small motion can be 

represented by the diagram shown in fig. 3.5. Consider an equivalent 

second order system representing the motion of the model under 

-33-



the influence of the electromagnet current in one degree of freedom. 

The differential equation of motion of the model ia then given by

J 8 + c 6 + k 8 - F(t) = P (t) + F (t) 3.16 
m a

where 8 is the model pitch attitude displacement, J is the model inertia, 

c is daiiq)ing (e.g. due to eddy currents in the model) and k is the 

balance stiffness. F(t) is the total instantaneous external force 

acting on the model and is the addition of two parts, the magnetic force 

F^^t) and the instantaneous aerodynamic force increment F(t) due to 

incidence a(t). The instantaneous aerodynamic force increment, which 

in this case represents the pitching moment about model C.G., can be 

represented in the time domain by the function

F^(t) « F^ a(t) + F. o(t) 3.17

where F^ and F. are the aerodynamic stiffness and damping coefficients 

at the reference values u " 0 and & = 0. F and F. are constant only 

for the linear aerodynamic case considered here. The magnetic force is 

related to the electromagnet coil current and model position for small 

displacements through the relation,

F^(t) - B, Kt) + Bg T8(t) 3.18

where I(t) is the Instantaneous current, T is the current at the refer­

ence condition, and B^ and B. are constants. Since 8 can be taken equal 

to a, by substitution from equations 3.17 and 3.18 into 3.16 we get

J ot + (c - F\)a + (k - Bg T - F)a » B. I « 3.19

It is Important at this stage to identify the physical picture and 
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nature of forces acting on the model. With reference to fig. 3.5, an 

error signal inserted in the control circuit causes a magnetic force 

which drives the model to change its position. Therefore, through the 

action of model finite inertia this force component leads the dis­

placement, Consequent upon the model displacement the aerodynamic 

forces acting on the model will change, but this part of the force lags 

the displacement. The magnetic field acts to stabilise the model posi­

tion through the feedback. The result of this sequence of events is 

that the magnetic force, in terms of the measured electric currents in 

the coils, can either lead or lag the displacement signal. The nature 

of the phase relationship between the net aerodynamic force and the 

measured current is determined by model inertia, system characteristics 

and the model aerodynamic transfer function. A schematic of the vector 

diagram for a sinusoidal low frequency forced oscillation is shown in 

fig. 3.6. The phase relations are shown exaggerated to emphasise the 

complex nature of the dynamics involved.

If the error signal is a ramp function, the steady state ramp resp­

onse lags the force Signal and a region of transients is set at the ramp

start. For the ideal case of a second order system with a natural un­

damped frequency w k-B2 I-pQ
damping ratio (

= " '^4

2 m J 
n

and the input current I * it, the u response for t 0 becones

(k - Bg I - F^) ^ - (t - ^ ) + ^ — - --  sih(w^/ l-(^ t + *) 

n-------------- .
3.20

where tan i{i c, --- z — «
2;2_|

At large values of t, a reaches its steady state condition a, .
\88 J

given
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(k - B, I - F^)a(^^j . I (t - ^ ) 3.21

which clearly indicates that o, \ lags I by the time — 1= —_ 
("=) % I F J

Therefore it is necessary to shift the current signal in time, fig. 3.7, 

by this amount, if it is significant, in order to recover a measure of 

the 'static' data. This can be done in practice easily if the damping 

and stiffness terms in equation 3.19 are known, or by curve fitting the 

current response to a straight line, after allowing for a short transient 

period. The intersection with the datum, relative to the incidence ramp 

start, then gives the required time lag. The latter is only reliable 

if the two signals under consideration (i.e. current and incidence) are 

purely linearly related.

The other important feature of the ramp response is the presence 

of the initial transient given by the last term of equation 3.20. It 

can be shown that the transient subsides to a small fraction of the 

steady state error, A/A, in a time given by

3.22

where A 
o

-2(2 

e (see fig. 3.7)

A^ clearly varies linearly with & and so L. increases only as the 

logarithm of d but varies inversely with m indicating a stronger depend­

ence on the latter. It is necessary to ensure that L , .< t in 
balr- RS 

order that clean aerodynamic effect can be recovered. If this condition 

is not satisfied, the initial transients would inevitably corrupt the 

measured data. Assuming an arbitrary but reasonable value for A
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sa^ A = 0.1 A then

Sis > In 10
—50)

2.303
3.23

or

> U03
01 
n

3.24

If the initial transient error ia specified as 0.1 of the steady state

error instead, an alternative form to equation(3.24)would be given by

( Sa
4.6 + In - 2C^ 3.25

Equation(3.24) gives a conservative estimate of the minimum natural 

frequency of the balance system which leads to measurements requiring no 

balance correction. From equation (3.24) the time lag in the steady 

state response would be given by

lag - 2.303 "^RS 3.26

The quality of the response can be judged from observation of the 

incidence signal as a function of time. If u » dt a steady stete 

relation can be established between u and the current I since a * 0. 

Before doing that, equation (3.19) requires slight rearrangement for it 

to be useful for the direct evaluation of static forces. In a similar 

way to that for the force-current relationships developed in Appendix A, 

it is possible to show that a change in the force F is related to a 
m 

change in the current I by: 
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^m ' (^1 + ^2 "*)' 3.27

where b, and bg are related to B^ and Bg defined in equation 3.18. 

Hence rearranging and substituting for 6 » const, into equation (3.19) 

we get

(c - F^)d + (k - F^)a - B^ I + Bg T a 3.28

If the lag t^^^ is negligible, then by performing wind-on and wind-off 

^^^^^ ^^ ^he same 6 equation (3.28) can be applied twice and the two 

sets of results differenced at the same values of a to obtain the net 

aerodynamic effect which is then given by

- & F^ - F^ u . (b, + bg a)I 3.29 

where I indicates the net current change due to aerodynamic forces. 

This result can be arrived at intuitively for the 'almost static' cases. 

When the lag time is appreciable, some means of correcting, e.g. by 

^^^^^^^6 ^(^) curves appropriately, is required before carrying out the 

subtraction operation leading to equation(3.29).

For the nonlinear aerodynamic case, the correction is expected to 

be more subtle. The main difficulty in the nonlinear case is expected 

to be found in attempts to separate the true nonlinearities from the 

transients. For the pure ramp incidence test, i.e. o - const, equation 

(3.29) remains valid for the nonlinear aerodynamic case but with the 

terms F^.a and I.a replaced by the general functions F(o) and 1(a) 

respectively. In this case the linearity of incidence with time indica­

tes a prevailing constant phase relationship between the current signal 

and the acting aerodynamic force. The time lag between the current 
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signal and displacement depends on the local first derivative of 

current with respect to time, or the derivative of the aerodynamic force 

with respect to incidence. The transients, however, depend as well 

on higher derivatives in addition to the overall previous history since 

the instant of start of excitation. Precise details of the transients 

in such a case are difficult to estimate for the general case. Resort 

must therefore be made to approximate methods. One method of treating 

a nonlinear function is by considering it to be made up of linearised 

segments i.e. by carrying out a piecewise linearisation. The linearised 

portions are joined at instants fixed by the suitably chosen instants 

of occurrence of a set of equivalent pulses in the diagram of second 

derivative. An alternative way of estimating the overall corrections 

can be followed in practice through the observation of small step response 

at critically nonlinear regions in the performance range.

The practical situation of pitch ramp testing can involve the 

measurement of several force components e.g. lift force, pitching moment 

and drag force. In a multicomponent balance these force components need 

to be measured simultaneously. Each component is measured in the form 

of an electrical signal in a control system, the system having its own 

natural frequency of oscillation. In general these natural frequencies 

are not equal; hence the transients, lags and distortions of various 

force components are not the same. If times longer than the flow response 

time t^ are observed then the aerodynamic effects are regarded as occurr­

ing simultaneously. Balance correction, consequently, should be applied 

to each component separately. In addition, initial transients may 

persist for a relatively long time in force components having the lowest 

balance natural frequency and damping in this component. Care should 

therefore be taken to ensure that such conditions do not arise, so that 
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the overall accuracy of the results is maintained.

In conclusion, it is worth emphasising that balance output signals 

at frequencies much higher than its natural frequency (s) are of no 

significance to the measured aerodynamic forces for the various reasons 

previously discussed.

3.1.3 Basic details of the proposed technique of testing

The previous two sections have defined the limitations imposed by 

the required quality of aerodynamic measurement and the effects of 

balance transients on the method of constant pitch ramp testing. Other 

features of the technique, which require consideration, include the 

estimation Of:

i - a suitable averaging interval for the data,

ii - the filter bandwidths and required sampling rate of digital 

data,

iii - the dynamic correction of data.

Since the model displacement and various current components are 

measured as analogue voltage signals which contain a certain amount of 

superimposed noise (e.g. due to power supply and control system imper­

fections), it is necessary to filter and digitize the data for digital 

analysis. To reduce the noise and quantity of data further, piece-meal 

averaging is suggested. Averaged digital data is then corrected for 

the effect of averaging interval and dynamic effects in order to recover 

the original analogue mid-range values. Balance dynamic effects are 

then introduced to correct for lags between various components and fin­

ally static force calibration relations are applied to obtain the aero­

dynamic forces and moments.
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Piece-meal averaging of analogue data 

Consider a continuous time varying function g(t), e.g. a force or 

a displacement signal, as shown in the sketch.

axis into short intervals of time At, the best

By subdividing the time 

estimate (time average)

and variance of the function in any interval t (e.g. interval i) can

be calculated as follows.

t +At 
o

^i " it { 8(^)

t +At 
o

o f g^(t) dt - (g.)^
gj j

3.30

A new independent variable E is defined by

E " t - (t^ + ^ )

valid in the range

At , . At
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The function g(t) ( 5 g(g) ) can be expanded for small values of C in 

the interval At using a Taylor's series as follows,

g^Ct) " g^(() = gj(o) + C g!(o) + -^ g"(o) + ... 3.3)

where the primes indicate differentiation with respect to time. 

Substituting into equations (3.30) and evaluating the corresponding 

integrals gives:

gi - g^ + -^^^ gi"(o) + O(At)^

" 3.32

Since at the middle of the interval the value of the function is g., the 

averaging process recovers this value within an error of

which has a standard deviation of

Og = |g! I 3.34

This error term shows that piecemeal averaging necessarily displaces 

the, essentially nonlinear, estimate of the function towards the centre 

of curvature by an amount varying as (At)^. For purely linear functions 

e^ is identically equal to zero and no correction is necessary. For 

nonlinear functions, if a good estimate Of the second derivative of the 

function is available, e. can be corrected for. This can be easily 

estimated from an approximate knowledge of g. over successive intervals.
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Overlapping the averaging intervals can improve data resolution. If 

intervals are allowed to overlap each other, the discrete values of g. 

would be separated by A.t, representing the time resolution of averaged 

results. At the i^^ point a good estimate Of gV is given by

(A,t)2
3.35

Therefore the correction to be added to the averaged data points g. is

which is correct to within a standard deviation " *^ o^ . Equation 

(3.34) can be used as a basis for establishing a criterion limiting the 

resolution of the averaged data in the noise free function case. The 

criterion is that a change in the value of the function between two 

successive points (after averaging over intervals At long) must be at 

least equal to the standard deviation o^. In the current notation this 

leads to

(:'/@,t): > (g')2
3.37

Provided that g* ^ 0 an expression for the minimum value of (Ayt/At) 

can be obtained from equation (3.37) and is given by

At J .
-'min

12
0.29 3.38

If g* = 0 the function possesses a local extremum. In this case a value 

of A|t/At < 1.0 has no particular advantage over A.t/At - 1.0, therefore 

the latter value is regarded reasonable. A value of A.t/At > 1. is of 
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no interest to the present work since it implies dropping part of the 

data deliberately. It is obvious that the presence of noise in the 

practical situation, being added to the function g, can greatly increase 

the variance and hence add a positive quantity to the RHS of equation 

(3.37). This results in an increase in (A,t/At) . by an amount related 
1 min 

to the ratio of the noise standard deviation to the local derivative of 

the function.

In order to study the effect of noise present on the data the 

harmonic content of g(t) is considered, i.e. the equivalent Fourier 

series terms. If g(t) contains a sinusoid component, x = x^ sin wt, 

where w is the frequency of the sinusoid, it can be shown that piecemeal 

averaging causes an attenuation of this component by the factor 

w At . , wAt At\ , , 
sine --  ̂  " sin(—— ) / (— Y ) and the error term is

e. - x.r 1 - sine 3,39
1 1z

where x^ is the actual value of the function at the middle of At.

The quantity in the square brackets is always positive since sine ^ 1.0 

and is shown in fig. 3.8. At very small values of — , i.e, for

i 24 3.40

while at large values of i.e. for w
2 
At

Equation (3.41) indicates that the piecemeal averaging at a constant

interval width At in effect filters the high frequency content of the
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original data while low frequency parts suffer only a slight attenuation 

as shown by equation (3.40). It follows that the shorter the averaging 

interval At, the broader is the corresponding frequency spectrum included. 

Since in this work interest lies in recovering the low end of the fre­

quency spectrum with the least error, the result obtained in equation 

(3.40) deserves a closer look. The lowest frequency of the harmonic 

component with a vanishing average in the interval At is w » and

the frequency contributing maximum numerical value to the average is 

^— . At frequencies higher than w the contribution of a 

harmonic will have a maximum value of — ; — where A is the 
w At

this harmonic. If this is to be kept within a fraction of

then

particular

amplitude of

A, say n^ A

3.42

This equation establishes a relationship between the permissible averag­

ing interval and the effective highest frequency contributing to the 

averaged data of the noise corrupted function. The minimum averaging 

interval width is given by

At . 
min

2

'^ '''max
3.43

Less quantitative relationships limiting the largest At can be thought of. 

On a qualitative basis, it can be argued that averaging causes a smear­

ing of the details of the function and therefore the maximum degree of 

smearing must be related to the longest allowable interval. Overlapping 

of the averaged intervals improves the recovery of the original function 

and hence reduces the degree of smearing. In the absence of suitable 

quantitative estimates reliance must be placed on the incidence Interval 

corresponding to the averaging time interval as a convenient Index In the 
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incidence sweep test for fixing a reasonable time interval.

Piecemeal averaging of digital data

In digitizing analogue data, two types of error can arise:

i - quantisation error - improper conversion of the amplitude 

of signals, and

ii - discretisation or sampling error - affecting the frequency 

content of signals.

The first type is mainly related to the number of binary digital 

bits, i.e. precision, and accuracy of the Analogue-to-Digital Converter 

(ADC), while the second type is associated more closely with the sampling 

rate. Signal amplification before digitisation can easily reduce the 

quantisation error to an insignificant value and so will not be consid­

ered any further. In connection with the second type, statistical 

sampling theories indicate that in the digitised data only frequencies 
2 N

up to — g— can be identified, where N is the sampling rate. The 

presence of higher frequencies in the analogue signal causes aliasing. 

In order to reduce aliasing, higher frequency components must be approp­

riately filtered before digitising. This requires a low-pass filter for 

a single signal acquisition, or a set of phase matched filters for phase 

related multi-signal simultaneous acquisition, with a cut-off frequency 

set at about 2 Nk/5 or less.

Consider the continuous function of time g(t) being represented by 

discrete values uniformly spaced at an Interval 6 - as shown in 

the sketch below.
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The averaging interval At will therefore contain n samples since 

At = nA . If n is an odd number then mid-range is at the value j = ^^^^ 

where j is the sanqile number. The original function at the j^^ point 

in the inverval At, can be obtained by substituting 5 " (j - ^^^)6in 

equation (3.31) which gives the j^^ value in the i^^ interval as

gj ^n+l^ " 4^) ^ ^n+l ^^^^

2 2 2

where j " 1,2,... n. Por simplicity the subscript is going to be 

replaced by i without loss of generality. Taking the mean and variance 

of the discrete values yields 

3.45

It can be shown that when n is an odd integer.

n-1 

y (h - ^^) " 2 2 j^
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The error in the average value 

n-l

is therefore given by

Si 3.46

Substituting for in terms of At the error and variance

G. (At)^

n-l

V .2

^n

(At)^

I 
n-l 
2

3.47

Comparing these expressions

sp

for e. and o^ with the results obtained for 
g

G^ 
g

e.

&

1

2

-n^

2

1

the analogue case (equation 3.33 and 3.34), it is found that the dis­

placement of the piecemeal averaged value is several times as much for 

low values of n but decreases asymptotically to the analogue value as n 

becomes very large. An expression for the correction term to be 

added to the averaged data in order to recover the original time

functional variation is obtained ia a similar way to that of the analogue

case equation (3,36) and is 
r n-l 

2

given by

" "i

2

n^
(Si+l - ^S1 "- Si-1 3.48

If n. is the number of samples separating the averaged interval mid­

points then the correction term and variance are given by

n-l

- G. 
1

1 
n^n

G^

n-l

T .2'

3.49

(:ffi - ^^i * Si-1

2 2

I
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So far data correction formulae contained finite difference 

estimates of the derivatives g* and g". When the signal at hand is 

noise corrupted the uncertainty of the averaged data and the standard 

deviation become larger, hence the finite difference estimates of the 

derivatives becomes unreliable. In this situation derivatives are best 

numerically evaluated using a suitable local least squares fit of the 

averaged data.

Effect of piecemeal averaging on the balance transients

It has already been shown that piecemeal averaging displaces the 

actual curve towards its centre of curvature. When this is applied 

to the transients of a ramp response the result is an attenuation of 

the amplitude of the transient. Therefore the condition of reaching 

an error A, equation (3.22), is achieved earlier i.e. t. . is actually 

reduced. This in effect reduces the allowable minimum natural frequency 

of the balance. The relative shortening is given by

m (At)^
------ S ------  3.50 

24 ln(A^/A)

2 
for the digital data. It can be shown that when At " — — ZZZZZ the

value of h.^2 reduces to an insignificant value.

Correction of the data for damping derivatives

The instantaneous aerodynamic lift force acting on a slowly moving 

model is a function of the instantaneous values of incidence and pitch 

rate and can be given by
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L = L(a , a) " g(t) 3.51

In general Chis is a nonlinear function in a and d. The change in 

lift force following small changes in a and & from reference values 

a^^^ and d^^^ ("0) can be expressed using a Taylor's expansion as 

follows,

« AL(u, d .) + Ad( — + Ao ). 3.52
^^^ ad soad

When d^g " 0 the first term on the RHS of the last equation represents 

the static lift and the second, bracketed, quantity represents the damp­

ing contribution. For a continuously moving model the instantaneous 

incidence is given by

o " ^ref du 3.53

Changing the independent variables o, d in equation (3.52) to the 

single variable t, the time, and making use of equation (3,51) and the 

last equation we get, provided that d is continuous.

jfL. . _ - "ref) ^
ao Bo o^ o^ dt^

3.54
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For the pure pitch ramp case, a exhibits discontinuities at the start 

and at the termination of the ramp while it remains, in the ideal case, 

constant in between. Equation (3,52) reduces to

AL - AL(a, d _) 
ref

+ Ad —L(a,d)
3o

3.55

"ref

Since the step change in ramp rate Ad - const, at least two values of Ad 

must be applied successively in a testing (in the absence of information 

about L.(a) ) in order to be able to estimate the second quantity in the 

last equation. This is easily achieved by reversing the ramp after a 

pause as suggested earlier and then interpolating the aerodynamic force 

at every incidence value for d « d_^ by using the values for the two 

equal but opposite sign cases of Ad . The static force at a certain 

value of incidence is therefore given by the average of the two ramp

AL(o) " ((AL)^ + (AL)_ )/2 3.56

where the subscripts + and - correspond to measured forces under positive 

and negative ramp rates respectively. It is implicitly assumed in the 

last equation that the aerodynamic force is of a nonhysteretic nature. 

If the aerodynamic characteristic possesses a hysteresis additional in­

formation about the region and extent of occurrence of this hysteresis 

would be required before a successful damping correction can be applied.

A byproduct of equation (3.55) and the ramp testing is a measure 

of the damping derivative, since

2 Ad -^ - (AL)^ - (AL)_ 

So
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Although this is true in principle, in practice it is not a proposition 

worth pursuing. The reason lies in the fact that unless 6 is very large 

the static part comprises the major part of the measured force signals. 

This in turn renders the dynamic part of the signals affected strongly 

by the noise present hence it has a relatively larger uncertainty.

3.1.4 Self consistency of a performance test

In practice the reliability of a certain measurement depends on the 

hardware and software complexity, degree of redundancy of the test 

facility and the test duration. The longer the testing time or separa­

tion between two data points the lower is the reliability of measurement. 

Higher reliability of measurement results in better repeatability of 

the experiment. Favourable conditions can only be realised if the 

experiment (and facility) are statistically well-controlled.

If data points to cover a certain performance range in an experi­

ment are taken in a single test run over a relatively short duration 

then a high degree of repeatability or 'self consistency' of the data 

points is found to exist. It is possible then to draw a demarcation 

between repeatability and self consistency. A test run may provide a 

set of highly self consistent data points over a performance range while 

single data points obtained in various runs may not enjoy high repeat­

ability. It can be argued that in .a single test run over a short dura­

tion of time the total error in each data point is a purely random 

error while it is likely that from different test runs other types of 

error can add to this. The relative error in the first case between 

any two data points is just /? times the random error in either, but in 

the latter caAe it may be several times higher.

Pitch ramp testing in a magnetic suspension system, as proposed 
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here, offers a good example of a complex system where only a fair degree 

of statistical control can be maintained on measurements. Electronic 

noise and drift, position (optics) drift, amplifier intermittency etc. 

can cause a greater amount of uncertainty in a measurement than would 

be caused by purely stationary random noise. Since the drift and inter­

mittency are slowly varying functions of time it is clear that the 

shorter the test duration the greater is the self consistency of widely 

spaced data points in the performance range of testing, i.e. range of 

incidence. It must however be emphasized that the pitch ramp testing 

as presented here contains a certain degree of dynamic effect but, as 

discussed earlier, this can be reduced to a very small value.

3.2 Dynamic stability derivative measurement techniques

Very often the measurement of oscillatory dynamic derivatives in 

wind-tunnels at low frequency parameters and small amplitudes of 

oscillation is of interest. This is generally the case with forced 

oscillation testing. In this kind of testing, signals proportional to 

displacement and force are observed and analysed for the required deri­

vatives. If both signals are pure contrived sinusoids, then methods of 

deterministic analysis are sufficient to provide the required information 

on dynamic derivatives. In practice, however, system random noise 

(which can only be statistically specified) inevitably corrupts the 

signals to varying extents. This noise could be flow induced, due to 

wind-tunnel vibration or of electrical or electronic origin. Such noise 

can seriously affect the accuracy of testing particularly if the signal 

to noise ratio is low or moderate. Particularly in existing magnetic 

suspension systems there is a great deal of power supply noise on the 

current signals (the force indication) although the noise may not be 

fundamental to such systems. The noise is present everywhere in the 
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control loop stabilising the model. Means of filtering this noise from 

the signals are therefore required before clean signals can be recovered. 

Hence it becomes natural to seek statistical methods of data analysis 

for filtering and/or providing the required information directly. There 

is a host of methods of statistical data analysis that may be used.

The most important are:

i - spectral analysis method,

ii - signal averaging method, 

iii - direct correlation methods (zero lag),

iv - correlation methods using reference clean signals (zero lag), 

V - correlation methods using numerically generated clean 

signals (zero lag).

When signals contain a contrived sinusoid component their frequency 

spectral distribution will feature sharp peaks at the sinusoid frequency. 

Spectral methods of analysis will produce poor accuracy unless the 

signal duration is very long and the spectral resolution of analysis is 

very narrow, owing to the poor coherence of analysis at the sinusoid 

frequency. Signal averaging methods require similarly long test dura­

tions as well as precise knowledge of the frequency of the sinusoid part 

and a sampling rate which is an integral value of the sinusoid period. 

Correlation methods, however, can be applied to both deterministic and 

random signals and so offer great potential and deserve investigation 

in depth. Direct correlation methods suffer inaccuracies if the noise 

on the two signals is correlated in part. In addition, a moderately 

long signal duration is required. Correlation methods using reference 

clean signals can improve on the previous method but would require twice 

the analysis effort. Methods of correlation using numerically generated 

sinusoids can be very useful particularly with short duration signals, 
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i.e. of about one cycle of oacillation length, however extreme precision 

on the frequency is needed.

It is well known that correlation methods, if exploited appropriately, 

can recover hidden sinusoidal signals when correlation coefficients are 

observed at moderate lags (i.e. time delays), i.e. further from zero lag. 

The method of level crossings of the correlation functions away from the 

zero lag axis offers a means of estimating the required signal properties 

to better accuracy than the various methods listed above, without nec­

essitating the strict limitations imposed by any of them. This method 

is presented and discussed in the following sections following an adequate 

mathematical model representation of the oscillating model.

3.2.1 Single degree of freedom testing - fixed incidence

Consider a model in the flow of a wind-tunnel working section. The 

model and wind axis systems are defined in figure 3.9. The model is 

forced into a sinusoidal oscillation in roll about its longitudinal axis 

X at a small roll displacement ^. When the model is kept at a fixed 

incidence, its dynamics can be adequately represented by a second order 

damped system. The mathematical model is therefore given by the 

differential equation

J * + C $ + K * . M(t) 3.57

where J is the moment of inertia about the X-axis, C is the total dasg)- 

ing, K is the total roll stiffness and M(t) is the applied roll torque, 

When M is sinusoidal with a frequency w which is smaller than the system 

natural frequency w^ then the vector diagram representing the motion is 

very much the same as the one shown in fig. 2.6.a, High frequency 

testing has the disadvantages discussed earlier in chapter 2. In addition. 
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for a magpatic suapenaion balance low frequency testing is particularly 

advantageous in order to minimise the otherwise significant eddy current 

contribution to damping in a conducting model. 

Let the torque and displacement be given by:

M(t) " M e^^^

*(t) " *

3.58

Applying these equations to equation (3.57) gives

" (K - + jwC
4kw)

where

3.59

J

K - Jw^

M(w)/^(w) is (some kind of) a frequency response function and can be

written in the following form

M(w)

*(w)
3.66^in "^ %uad.

where Q. is 
in

the component of M(w) in-phase and Qq^^^ the corresponding

component in quadrature with the displacement signal. Equations(3.59)

and (3.60) give

M(w)

^(w)
sin 6 3.61
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It is clear from the above result that in order to measure the damping 

derivative accurately, accurate estimates are needed for the torque­

displacement frequency response function (magnitude and phase angle) 

and the frequency of oscillation.

The measured voltage signals corresponding to the forcing torque 

and displacement are generally corrupted with noise which can affect 

the accuracy of damping measurement for two reasons:

(i) displacement signal is usually deliberately kept small in 

order to avoid nonlinear effects,

(ii) in low frequency testing the phase angles are usually very 

small.

By far the most widely used method nowadays works on the wattmeter 

principle, section 2.2. Methods and instrumentation based on the watt- 

meter principle provide reasonable accuracies so long as phase differ­

ences are large e.g. close to 90 , i.e. when m % w hence extreme 

precision is not required. The wattmeter method is a form of real time 

analysis where the product of the two signals is averaged over long 

times, providing the covariance function at zero lag, and this average 

is heavily filtered to read an effectively d.c. signal. The presence 

of correlated noise on both signals contributes an error to this d.c. 

signal no matter how long the averaging time or how heavy the filtering. 

The next sections illustrate this and provide a closer look at the 

details of the signals.

3'2.2 Correlation (covariance) method - (Sine wave + noise)

Let the two signals x(t) and y(t), 0 ^ t ^ T represent two stationary 

random variables with zero means. These can be regarded as the output 

and input signals of a linear system or the displacement and force (or 
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torque) signal in a forced oscillation testing. The autocovariance

function of x(t) is defined as

Lt
T-Hm

T

I x(t) x(t+T) dt
T

0
and of y(t) as 3.62

Lt

T

y(t) y(t+T) dt
2^ 
I

o

where r is the time lag or shift. The covariance of x(t) and y(t) is

defined as

C 
xy

(t) = Lt 
T-w

T

x(t) y(t+T) dt

0

3.63

When T " 0 the variances associated with the pair of records are

6 2 
X

3.64

'yy(°)

The correlation functions (or correlation coefficients) are

defined in association with the auto-covariance and covariance functions

as:

^XX(T) - C^

3.65

, (T) . ----  2 -----

-58-



The first two equations of (3.65) define the autocorrelation coefficient 

of the single records and the third defines the cross correlation 

coefficients.

The auto covariance function (or cutocorrelation coefficient) and 

power spectral density function represent a Fourier transform pair.

The cross correlation coefficient (or covariance function) and the

cross spectrum form a similar pair.

In practice T is finite and so only approximations to the auto

covariance and covariance functions defined in equations (3.62) and

(3.63) are obtained:-

C (t)

2

x(t- y) x(t + ^) dt

T- r
xy

x(t- ^) x(t+ ^) dt

3.66

T

1 2

2

The integration limits are suitably modified to allow for the shorten­

ing of the records used in the calculation of the covariances following

a time shift between multiplicants. It can be shown that these 

approximate covariance functions are the best estimates for the exact 

covariances,[Bendat (1958^^

Consider first the case of two pure sinusoidal records given by

X - X sin mt
3.67

y = Y sin(wt+e) 

0 < t < T
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The averages of these records are

X
^ 1 - cos wT

. wT

2
T

3.68

y
Y sin (^ + e) I

8in(^)'

From the quantities in brackets it can be seen that the averages tend 

to zero as wT tends to infinity irrespective of the precise value of wT. 

But these averages can be zero when » mx,, m - l,2,...^i.e. when 

T is precisely equal to an integral multiple of the period of oscilla­

tion.

The unbiasad autocovariance estimates are obtained by evaluation 

of the Integrals in equation 3.66, leading to

G—(?) " ^{cos WT - cos wT " *

^yy(^) " ^ (c^s WT - coa(wT+e) ^^^YT-Ty^ " ^ 3.69

('xy('^) " ^2" (^^^(wT+e) - co8(wTfe) '^"-^^^ipljj'y } - x y

Equations (3.69) shw that the auto covariance and covariance functions 

of the sinusoids are sinusoidal in the time lag T at the same basic 

frequency w and are given by the first terms on the RHS of the equations. 

The additional terms can be regarded as error terms which depend on 

the record length and the value of T. These error terms tend identic­

ally to zero if
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uT " 2mT
3.70

WT " rnir

where m takes the values 1,2,3,... ». The first of these two conditiotis 

imply that the record length of the signals should he an integral number 

of cycles of oscillation. The value of m - 1 is particularly significant 

since at t " 0 exact estimates of the variances of the signals and 

phase angle can be obtained using a single cycle record length. This 

is not easy to realise in practice, no matter what record lengths are 

resorted to for an accurate estimate of c from C (o). This occurs 

because error terms vanish as l/wT. An alternative method of calcula­

ting the phase angle is by observation of the zero crossings of the 

cross covariance estimate. The full importance of this method will be 

recognised later in this section. Ideally, if the first of conditions 

3.70 holds, then

^xy(^) " ^ cos(wT+e) - cos e ^^^^;^=^^
3.71

for T > 0 The LHS of this equation goes to zero when

cos(mT^+e)
sin m(T-T_ )

3.72

This is a coiqplex expression for precise evaluation of r^^. If we

consider the further approximation w(T-T_^) >> i, then:

co8(wT +e) .«« 0 
zc 3.73

or

\c + e
2mH

which yields
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m -
^^T 
IT zc 3.74

G 2
IT - 2

where m - 0, ± 1, ± 2, ± 3, ... etc. and the subscript 'zc* indicates 

zero crossing. If t^^ is plotted against m as in fig. 3.10, a straight 

^^HA is obtained (equation 3.74) whose slope equals twice the frequency 

(in cps) of the signal, and intersection with the araxis gives the quan­

tity - y from which the phase can be readily obtained. Obviously 

a number of cycles of the original signal is needed to satisfy the 

condition T » T and hence allow a range of lags large enough to con­

tain a small number of zero crossings.

The simplest form of noise is a band limited white noise having 

a uniform power spectral density from d.c. up to the highest frequency 

fy^ and zero everywhere else. The auto covariance function for a zero 

mean (or average) record of the white noise can be obtained from the 

spectrum function and is given by

" 2. f„ T
3.75

where o ^ is the noise variance. It is clear from this equation that

C has a maximum at T 
nn " 0 and oscillates with peaks that reduce for

Other values of t at a rate of ]/(2?T fy^f^' Fig. 3.11 shows a typical

auto covariance function of band limited noise.

Consider now the case of sine wave plus noise. Let

X|(t) - x(t) + n|(t) - X sin wt + n.(t)

y](t) " y(t) + n2(t) = Y sin (wt+e) + n2(t)

with 0 < t < T

3.76

where n^ and n2 are random variables representing the noise added to 

the respective signals and satisfy certain conditions as follows: 
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i) both random variables are stationary,

ii) both have zero averages,

iii) each has a relatively wide spectrum, and

iv) neither of them correlated significantly with the sinusoids. 

It is convenient at

the ratio of useful

this stage to define the signal to noise ratio as 

signal amplitude to noise standard deviation

X 

^nl 

3.77 

6
°n2

where o^^ and 0^2 ^^e the standard deviations of the random variables 

n^ and nu. The auto covariance and 

by substitution into equations 3.66

covariance of x^ and y. are obtained 

to give:

and

3.78

3.79

If the noise random variables have any appreciable degree of 

correlation, C^^^^ will be nonzero and the estimate of C (r) will 

be in error by this amount. In addition to the conditions already 

in^osed on n| and Ug, it is assumed further that they are both of white 

noise type but may be of different bandwidths. In view of these assinnp- 

tions it seems reasonable to suggest that a better recovery of the 

clean signals is obtained where r is sufficiently different from zero.
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The form of ^ ^ g^^) ^^ ^°^ ^ obvious one to predict since the 

degree of correlation of the two random variables is not yet well 

defined. In a qualitative way n. can be thought of as the sum of two 

parts. The first part is due to extraneous noise added to the signal 

at the output and is independent of n.. The other part is related to 

n^ through the dynamic properties of an assumed linear physical system 

representing the measuring system. Correspondingly the covariance of 

the two variables n^ and n. peaks at a lag value, which is related to 

the system's input-output phase lag at its natural frequency, and then

falls off as the lag value T changes from this. The maximum error in 

(T)C
*1^]

due to correlated noise will lie close to the peak just des­

cribed and smaller errors are to be expected elsewhere. In order to 

estimate the rate at which such decay takes place it is necessary to

estimate ^^^g^^^^ uaing the oscillation system characteristics. Although 

generalised expressions involving convolution integrals can be written

down for C , .(r) it is 
ninz preferred here to resort to a simplified analogy 

for a rough estimate of decay rate. It is known that the response to 

white noise of bandwidth w^, of a second order system having a natural 

frequency w and a damping ratio S, has an exponentially decaying 

cosine form for its auto covariance function. This can be shown to 

have the form

9 2

C(T) = —----— e co8(w r)
b w n 

3.80

which possesses a rate of amplitude decay of

Zsl2 

8 ,

, 2 , 
n
— e 
w
c

3.8]

CW T 
n

where o 
nl

is the variance of the noise. The covariance of the input
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and output has an aiq)litude which is smaller than the autocovariance 

function amplitude and decays at a rate which is at least equal to 

the one associated with the output autocovariance function. Actually 

the amplitude reduces to the fraction n^ in a delay interval of

3.82 
n n

where

amplitude of covariance

If an arbitrary value of n^ = 1/10 is chosen, the corresponding 

minimum lag interval is therefore estimated to be,

2.303

^ ""n
3.82a

This lag interval must be allowed for on both sides of the lag value 

at which the peak of the covariance function occurs before reasonably 

clean covariance functions can be expected to occur. This result 

establishes part of the lower limit on the lag values. The upper limit 

is decided by two factors:

i) truncation effect of the periodic signal on the covariance 

function, i.e. finite record length effect, and

ii) the numerical error in C^^^(T) when r gets closer to T. 

From equation (3.69) it can be shown that the truncation error reduces 

to less than 1% for T larger than 10 periods of oscillation. The 

numerical error incurred in ^^^ |(T) increases as t increases because 

of the effective shortening of the record to T - |t, with the following 
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two consequences:

i) as T increases the error terms in (3.69) increase following 

'^'"(^-T)^^ behaviour as shown in fig. 3.12,

ii) as t increases the error in the estimate of C , .Xr) increases 

and the uncertainty associated with it increases owing to the 

reduction in the number of degrees of freedom of the analysis. 

Bendat and Piersol (1966) show that the standard deviation of 

the covariance function varies as

Inspection of the - -^ ^ tables show that the first part can be 

kept to within 1% of its maximum value if m(T - It 1) > 100. or 
' max' — * 

a minimum difference of about 16 periods of oscillation between the

record length and the maximum lag to be used. Alternatively, since 

interest lies in T^^ values, this same term can be shown to produce an 

error in an estimate of the angle e, using a single value of r^ , of 

the order of ^^^(^-r)^^ ' several points (e.g. 8 points) are used to 

fit a straight line to the r values, the error in e can be kept to 

within 1/10° if T-|T| corresponds to 16 periods of oscillation. The

effect of the error from the second (r) depends on the

signal to noise ratios defined in equation (3.77). The amplitude of

the noise covariance function can be approximately given by:

^nln2(^)
-5(m T+e) 

e 3.83

which peaks at (:)^T - -e. The relative error in the overall covariance

estimate reduces to less than y, (of its maximum value, XY/2) if the

lag is larger than

part on C^,^,

X Y

2^^
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InT . I > —— 
min' — 

n
3.83a

from the lag value corresponding to the peak of the covariance estimate.

For realisable values of k^^^l , Y;^^^ must be less than I. As an

example, using the typical values y^ = 0.005, g^ = 50 and g_ = 2, the 

corresponding value of 1^ ^ | should be larger than or equal to 

0.85/Cw^. The latter value is already smaller than the value estimated

earlier using equation 3.82a. An illustration of the behaviour of 

equations 3.82a and 3.83a is shown in fig. 3.13a. Values of y,* n_ 

and |(l/C)(w/w^)| are taken as parameters. It is interesting to notice 

that the change-over from the limiting condition of equation 3.82a to 

that of equation 3.83a occurs at a value of 8 8 " "— and is independ- 

ent of the balance dynamic characteristics. When Itl » T . the 
min 

standard deviation of the noise variance estimate varies as

 ! 

The condition that this quantity be within a small fraction Yg of the 

signals covariance peak value is given by

This relationship conpliments the results arrived at previously from 

consideration of the truncation effect alone. Equation (3.84) provides 

a limitation on record length set by noise characteristics. Its import­

ance becomes clearer when dealing with signals having particularly poor 

values of signal to noise ratios. The behaviour of this relationship 

is illustrated graphically in fig. 3.13b where the term (l/y2^).(w/m ) 

is taken as a parameter. Notice that both axes are logarithmic for

—67—



convenience. For favourable values of g g 
X y

the graph shows that the

dominant factor in deciding (T-t ) is the truncation error while 
max

for poorer g^^, equation (3.84) sets the limits. The changeover

corresponds to g g = 0.01 
* y

(w/w ) l/Yg^ and the slope of the lines

corresponding to equation (3.84) is 45°. In order to realize the

accuracy postulated by the assumption of numerical values

and Yg appropriate to a particular system and particular noise

characteristics, the record length and range of lags to be calculated 

must satisfy all the inequalities of equations (3.82-3.84).

The overall record length can be estimated from a combination of 

equations (3.82) to (3.84) and having corresponding to

w T = WT . + 2ir N
max min zc

where N = No. 
zc

of cycles used for the T 
zc

calculation. This yields

for n^, Y,

wT > 2^ N^^ + 1 X m«x(ln , In > 

n n I X y

2 X y c
3.85

Families of characteristics can be constructed for various selections 

of parameters included in this equation which defines the minimum record 

length. Fig. 3.14 illustrates the case with n^ = 0.1, Y, = Yo * 0.01, 

^2(. 2 while (w/w^)/s and (w/w ) are taken as parameters. It is clear 

from the graph that the last term in equation (3.85) is the most crit­

ical for the useful range of applications. Since the interest lies in 

keeping the record length as short as possible one must select the 

parameters such that one operates as near as possible to the base line. 
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This corresponds to a record length of about 20 cycles of oscillation 

for signals with G^B^ > 20. It can therefore be inferred that such a 

record should suffice for the accurate determination of amplitudes of 

covariance and autocovariance of the two signals and their phase 

difference. The zero crossing of the covariance function should be 

observed Over about two cycles and at distances about two cycles from 

the zero lag condition.

3'2.3 Aspects of digital computation of covariance functions

In order that analogue signals can be digitally analysed, they 

must be first transformed into discrete sequences by use of an analogue 

to digital converter, see chapter 6. The formulation given in previous 

sections in the continuous form can be easily replaced by the corres­

ponding discrete form, simply by changing the Integrals Into summations 

and suitably defining the sequence ordering. Since the points that 

form a sequence are separated by one sampling interval, the unit for 

a discrete time shift (or the covariance time-lag resolution) can only 

be taken as this sampling interval. Covariance calculation does not 

cause any distortion of the frequency of the sinusoid signal. It 

follows, therefore, that the number of samples per cycle of the sinusoid 

in the original signal is the same as the number of lag values com­

prising a cycle of the corresponding sinusoid in the covariance function. 

In the following, a lag value is used to denote the time shift between 

the original signals, which is the product of a lag point 'number* 

and the sampling interval.

Computation of the discrete covariance of signals can be carried 

out in two says. First, direct computation is achieved by averaglhg 

the product pairs of shifted sequences corresponding to original signals. 

This method Is referred to as the slow covariance method. Second, the 

discovery of efficient and fast Fourier transform computer algorithms 
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[Cooley and Tukey (1965)], led to the development of high speed con­

volution methods, [stockham (1966)], for efficient calculation of dis­

crete covariance estimates. The latter method provides a real advantage 

over the former only if the whole range of lags is to be computed.

In addition, the high speed convolution method imposes strict limita- 

tions on the number of samples comprising the signals in order to 

obtain linear convolution instead of circular one. For the purpose of 

the present investigation, however, interest in covariance estimates 

centres round locations where C either attains an extremum value 

(e.g. a peak or a trough) or crosses the zero value. One therefore 

needs only to calculate the covariance functions at individual lag 

values near these locations. It is therefore obvious that the direct 

method must be used.

A rough estimate of the starting values is obtained through an 

initial calculation of the covariance function over a range of lags 

covering slightly over half a period of the sinusoid. From the graph 

of C^ against T one may estimate the value of T^ corresponding to 

the first occurrence of zero crossing on the positive lag side, i.e. 

m = 0 in fig. 3.11. The m-th zero crossing occurs at a lag approxim- 

^^oly SLl gyay from the one just obtained. However, as a result of 

the noise effect on the covariance function it is necessary to carry 

out the computation at several lag values around the predicted one. 

From this set of values of covariance estimates an accurate value for 

the m-th zero crossing lag may be obtained. Similarly for extrema 

determination, a computation of the covariance estimate at a set of lag 

values centred about a value ^— from a zero crossing occurrence is 

required. An accurate estimate of the particular value of covariance 

extremum may be obtained from observation of the change of the covariance 

along the set of points corresponding to various lags. It is interesting 
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to note here that covariance estimates for short record lengths may 

result in a biased estimate as a result of the variation of the mean 

values with record length involved in the actual computation. It can 

be shown that for the autocovariance function this error is unidirect­

ional, therefore the peaks and absolute values of troughs must be 

combined in an averaging process in order to get a better estimate of 

the unbiased autocovariance amplitude.

When signal to noise ratios are particularly poor, the smoothing 

operation inherent in the determination of T or the extrema of C 
zc xy 

or C^, can be a very useful feature of the technique. The smoothing 

operation acta as a form of local filtering at an intermediate stage 

in the analysis of data. Methods of implementing this form of smoothing 

in the data analysis method are described in chapter 6.

3.2.4 Covariance analysis applied to the roll damping measurement

Since the measured torque signal is found from the electric current 

in the respective field coils of the roll control loop, it is approp­

riate at this stage to modify the mathematical model to allow the 

introduction of the measured quantities. The moment acting on an oscill­

ating magnetically suspended model is given by

M(t) = M (t) 
m

-+- M (t) 
a

where M 
m

= B_ I +

and M 
a

= M d) + 
* *

3.86

Subscripts m, a, R, ^ denote magnetic, aerodynamic, magnetic roll 

torque and roll displacement derivatives and I' is the roll current at 

zero displacement. The dot denotes a time derivative. M is normally 

small and is neglected in the present analysis. Substitution of 

equations (3.86) into equation (3.57) and modifying the coefficients



gives:-

J *(t) + C +(t) + K' *(t) = I(t) 3.87

where

C " C - M^

K' - K . B^^ i;

Multiplying both sides of equation (3.87) by ^(t+T) and averaging over 

the interval T-l?] yields

K' i^^(T) . ai^(T) 3.88

By analogy with equation (3.61), in the case of periodic auto-covariance 

and covariance functions at a frequency u, the following results can be 

obtained

C w = B^

K' - Jw^ =

and

sin e

*

cos e

3.89a

3.89b

The asterisks indicate a best estimate. In the presence of inevitable

noise it is necessary to calculate the RES of the two equations above

from computations of the covariance functions. The zero crossings and

the peaks of the covariance functions of the roll current and displace­

ment signals at the appropriate range of lags defined in the previous

section are used to estimate the amplitude of the clean periodic part

C^^(T) and the phase angle e. The peaks of the auto-covariance function

of the displacement signal in the same range of lags can be used to

estimate the amplitude of C. . 
9* 

A convenient estimate of the signal to

noise ratio is obtained from the spectra of the signals. The integrated 
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power spectrum of a signal (i.e. the cumulative frequency spectrum) 

containing a sinusoid shows a steep rise at the sinusoid frequency as 

shown in the illustration below. The square root of the ratio of the 

sinusoid variance to the rest of signal energy, i.e. /-^ , gives 

the required signal to noise ratio. Signal to noise ratios are required 

in order to confirm that the range of lag values chosen at conditions 

where noise covariance estimates are reduced to 1/10 their maximum value 

is sufficient to enhance the effective signal to noise ratio to a 

reasonable magnitude. If the signal to noise ratio turned out to be 

very poor, e.g. 6^6^ less than 20 then the use of formulae (3.83) to 

(3.85) in conjunction with figs. 3.13 and 3.14 should be consulted for 

the suitable estimates of record length and lag range.

If the tests are carried out wind-on and then wind-off and results 

subtracted it can be shown that

^ower Spect/'a! Dlsthbuh'on CumulcLhive SpecrrH-Vh
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3.90a

3.90b-^R^^^ON ^^TF^

Equation(3.90a) ia evaluated for the aerodynamic roll damping term 

Thia quantity ia conveniently defined aa

m M" = p U S 8^ & w .
9 P

3.91

where p, U are the air denaity and wind apeed; S, a are the wing 

reference area and apan reapectively and ia the nondimenaional roll 
* P 

damping derivative. It followa that 

where K^ ia an additional calibration factor accounting for the fact 

that the current and diaplacement aignala are measured as voltage 

signals. Thia constant factor can be taken to absorb other factors 

pertinent to the specific data handling method, e.g. analogue magnetic 

recording and reproducing gain variations ... etc.

3.2.5 Roll damping measurement at varying incidence

The variation of the dynamic stability derivatives with incidence 

is often of considerable Interest. Owing to the large range of uncert­

ainty associated with the measured derivatives it is desirable to 

collect all information relevant to the variation of the particular 

derivative with incidence from a single test run. One way of doing 

this is to follow a procedure similar to that outlined in section 3.1, 

i.e. by changing the incidence at a very slow rate compared with the 

frequency of oscillation and by carrying out the covariance analysis
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on signal intervals over a short duration (hence short incidence range). 

In view of the arguments put forward in section 3.1.4 this method 

should lead to a more self consistent measurement of the derivative, 

provided that the variability of the analysis is not significantly 

affected by the nonstationary nature of the signals associated with 

varying incidence.

The method based on the level crossings of the covariance function 

suggests that about 20 cycles of oscillation should be taken as the 

minimum analysis interval of the signals for the constant incidence 

case. Before extending the arguments any further it is necessary to 

assess the effects of the constant pitch rate on the kind of data to be 

obtained, i.e. the derivatives to be measured, and the analysis method.

From the aerodynamic point of view, cross coupling derivatives 

due to combined pitch rate, incidence and roll rate all contribute to 

measured damping. For slender winged configurations with small fins 

these cross coupling derivatives can be neglected (owing to the condit­

ions stated above on the relative magnitude of a and m). In general, 

however, &^ is a function of incidence. Incidence is a function of time 

by virtue of the finite pitch rate. Thus & is necessarily a function 

of time. If this time dependence is weak enough, the mathematical model 

of oscillation may still be represented by a second order differential 

equation similar to equation 3.87, the only difference being that C, 

K' contain weakly-time-varying parts. The presence of any significant 

coupling between the roll and pitch control loops of the balance will 

add another time varying part to C and K. This effect is expected to 

be relatively small for at least two reasons. The first is that u 

is very small compared with balance natural frequencies, and the second 

is that the tare effect is to be subtracted from the wind-on measurement 

at the same incidence values and rates.
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Naturally the first step is to investigate the effect of pitch 

rate, d, on the covariance estimates of the signals Involved and hence 

on the results obtained by utilisation of these covariance functions. 

A mathematical model of this oscillation with time varying amplitudes 

will produce an ordinary differential equation with variable coefficients. 

Unlike the case with constant coefficients, there exists no general 

analytical solution for this type of equation. Resort therefore must be 

made to alternative methods of solution, or techniques of data reduction. 

These alternative methods Include;

i) approximate solutions, e.g. assuming expansions involving 

small parameters,

ii) simulation method using either analogue or digital methods, 

ill) use of specially modified data analysis methods.

The first method necessitates that the coefficients must contain only 

weak time varying parts. The advantage of this method is the possibility 

of obtaining approximate analytic solutions valid over certain orders 

of magnitude of the time varying parts. In addition it provides the 

opportunity for establishing direct relationships among the various 

parameters Involved. The second method, does not impose the same 

limitation on the nature of the time varying coefficients, but the 

relationships among the various parameters and the solutions can only 

be Inferred from the repeated numerical solution of the system of 

equations. This method offers a very wide potential for assessing 

sophisticated novel techniques or may be coupled with a variety of data 

analysis methods and hence used to assist in selection of an appropriate 

method. The third type of methods is completely oriented towards 

developing special data reduction techniques for accurate calculation 

of phase and amplitude information of the measurement signals. One 

exang)le of these consists of carrying out the covariance calculation in 
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two steps by use of a clean constant amplitude (and same length) 

reference version of the sinusoid signal signal driving the model 

oscillations. This method in effect causes a partial filtering of the 

main signals with the clean one and hence the covariance estimate will 

contain weaker time varying parts than if covariance was obtained 

directly from the signals. Another example in the same class of methods 

consists of utilising a numerically generated signal of a single period 

length at the sinusoid precise frequency as the reference for carrying 

out the covariance. Only single period of the measurement signals is 

required, hence the advantage of short testing time, and the calculation 

of covariance at zero lag is sufficient. In the latter method the 

degree of precision of frequency value and computer storage and arith- 

metic precision must be high. In this section the results of analysis 

of an approximation valid up to first order in time varying amplitude 

are given.

In the case of time varying incidence, the overall record length 

of the signals corresponding to the total range of swept incidence, is 

broken into a number of subrecords of length I seconds, which corresponds 

to an incidence Interval of oT. Successive subrecords of each signal 

may overlap and hence the incidence resolution of the results may be 

enhanced. Each pair of subrecords, corresponding to displacement and 

current signals, can be analysed separately by the covariance methods. 

Taking the origin of time at the middle of subrecord then the danping 

and stiffness coefficients, equation (3.87), can be assumed to be given 

by

C . C^(l + e^ at) /

' 3 93 
K = K^(l + ^2 dt)

where C^ and K^ are the damping coefficient and stiffness at the middle 
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of the interval, Bj and e. are small constants^ Account of the time 

varying amplitude and phase angle of the current signal may be taken 

by assuming the current signal to be given by

I = 1(1 + eg dt)|sin mt + B ^(l + e^ dt)cos mt| 3.94

where e^, e^^ and B^g ar& constants. Substitution from equations (3.93) 

and (3.94) into (3.87) gives

J* + C(l+e,nt)* + K(l+e^dt)* = BI(l+e»at)|8in wt + B_(l+e.dt)cos mt|

3.95

Only an approximate solution for this equation may be sought. Since 

the perturbation terms, comprised of dt, are assumed to be very small 

compared with unity, they can be regarded as comprising a long period 

variation while the sinusoid terms represent a short period variation. 

It may therefore be reasonable to assume that the solution is approxim­

ately given by

4" ^i/t) + e_(dt)^,(t) + e,(dt)^4s(t) + 3.96

where e^ and e^ are constants. The short period time variation is 

contained in the successive approximations of the functions ^^^t) while 

the long period variation indicated by the dt term is taken as a small 

parameter. By substitution of (3.96) into (3.95) and regarding the 

differentiation as acting on the short period parts only, an equation 

is obtained that contains terms of various orders of magnitude in (dt). 

Equating ooefficlents of terms of the same order and retaining only the 

zero and first order results will give the following constant coefficients 

linear differential equations:
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J *^ + C^ *^ + K^*^ " B^(eio. wt + 8^2 coa wt)

Gg[j *1 + C^ * B^(e^ sin wt + Bg^(e2+e^)co8 wt} - Ce.$

- K 
o.°2*c

3.97

Suitable forms for <|i^ and "*"1 are:

"^o '^ "^o ^^^ '^^

4), = *. sin wt .
3.98

These solutions l^ad to relationships among the constants e
^2* ^3*

e^, e_ and frequencies involved as follows:

^1 " ^3 + ^4 - ^5

3.99

I - (w/w )^ 
n

where w^ = *^0^"^ * ^^^ natural frequency corresponding to the basic 

constant coefficient model. These equations are valid for the case 

where uT « 1. The approximate solution is therefore

* « 4 sin wt(l + eg dt) . 3,100

^^^'^ * " *(, and 4|/*^ is absorbed in e^. The covariance functions for 

* and I can be shown to be given up to second order in dt by:

'egdri^ir

cos WT- sine w(T-T)
2

+ of— * 3.101a2
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^R2^' (^3+^4-^5) i^ - —4 (o^)^ + -^ (a(T-T))2}sin WT

+
R2

345 Ok {sine w(T—r) — cog w(T—t)}

- ^ I+ 0 3.101b

where 0( ) signifies of an order of magnitude of. It is important to

notice in the last equation that terms containing and (e^+e,-e.) 
3 4 5

are linear in dr. Substitution from equations (3.99) gives

e. dt
----------  - ---  O(dT)^} {cos WT - sine w(T-T)} 
2(l-(w/m )2)

e QT
^R2^^ '*' 2 — " ^(^^)^) g^i^ WT

3.102

The last equation indicates the manner in which the component of the

cross covariance function, which is in phase with the autocovariance

function leading term, has been affected by d. It changes in a similar 

way to the change in the stiffness K as a result of the pitch rate. 

Similarly the quadrature component suffers a change similar to that 

of the damping coefficient. These resemblances are only true if terms 

of order (dr)^ and (d/m)^ are negligible. Consequent to the assumed 

behaviour of the phase angle in the time domain, the phase angle obtained 

from the covariance estimates in the lag domain will depend on the lag 

value. After algebraic manipulation and considering dr, d/w , phase 

angle to be small, the covariance function can be shown to reduce to 
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the appropriate form

e^ oT e^+e_ ^ -j
1 + — 2"— + — ̂ — — e cos wT cos(wT + e) 3.103

where e is the phase angle between the shifted, i.e. lagged, time 

varying anplitude records and e is the phase angle for constant ampli­

tude records. It can be shown that t is given by

tan e . tan t h + 6 fia(ml+t)

8 2 2 (I) cos e

and for small angles e^ and E this yielda

e = e 
s

2^ '3-^4+.;

2 2
— 8in(wT+e) 3.104

It is useful to define an effective phase angle, e, which corresponds 

to zero lag covariance. From the covariance above it can be clearly 

seen that the introduction of a combined with sinusoid frequency w 

and a finite record length causes a bias in the measured effective 

phase angle. The values of the lags for zero crossings of the covar­

iance function suffer a similar linear shift. From the equations above 

occur at:

IT

. 3 4 5 a slnmT+e^ + ,,._ ., .......... _ _. ............  )
2 w cos e

for small T, zero crossings

^^zc e 
so

^4°
" — \c

2m+l 
2

or
U)T 

zc ^^4 a

A close examination of this equation shows that the zero crossing

m » — + e

characteristic at nonzero values of — is related to that corresponding

to constant incidence. If both are presented on the same graph they
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intersect at a fixed point, which might be called the pivot point, 

whose coordinate is given by

U)T 1 
zcj

pivot ^4
8in(mT+e) 3.106

The implication of this result is that within linear perturbation all 

zero crossing characteristics of the covariance function for records 

of same length but of varying a/m pass through a single point.

When the oscillatory test is repeated for two different values 

of a and the corresponding phase angles calculated from the covariance 

zero crossings, the phase angle corresponding to constant incidence 

can be obtained by interpolation or extrapolation.

In the practical situation, the noise present on the signals 

introduces further errors. The error effect of stationary random 

noise has been dealt with in section 3.2.3. In the present case, 

the part of the noise in the displacement and current signals which 

is correlated, is necessarily nonstationary. It is reasonable to regard 

the remaining part of the noise to be stationary. The nonstationary 

part has a weak time varying effect caused by the varying da]ig)ing 

coefficient and stiffness of the dynamic model considered. An estimation 

of the covariance function of a signal plus noise in this condition is 

required. Sveshnikov (1966) has shown methods for obtaining solutions 

to nonhomogeneous differential equations with time varying coefficients 

having a linear function of a random variable as its RHS. When the 

linear function is replaced by a deterministic function multiplying 

the random variable particular integrals can still be obtained. The 

main results show that the autocovariance function of a random variable 

multiplied by a deterministic function is equal to the square of the 
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function times the autocovariance of the random variable. Though 

this might be reasonably true for the case of infinitely long records* 

it can only be an approximation for finite length records. Hence the 

variability of the autocovariance estimate as a result of finite record 

length is increased at least by the square of the deterministic function, 

^pplyinig this result to the present case* it can be seen that for a 

weak time varying deterministic function (I + e^at) multiplying the 

noise term* where e^ is a constant* the autocovariance function of the 

broad band noise is

o ^(1 + e.at) sin w T . 
n o c

This can further be approximated to the form

^n^^^ ^^^^^) sin . 3.107

This is clearly a biased estimate since it does not decay to zero as 

'f increases indefinitely but tends to the value 2o ^e,a sin m t. How- 
no c

Gver* since such a change is a slow one ^(^ amounts at the most to 

approximately (1 + O.Ae^uT) times the mid interval constant incidence 

case, if lags up to 20% of the record length T are allowed. The effect 

of noise covariance on the covariance zero crossings of the signal plus 

noise is going to be larger than on the amplitudes. If the test is 

repeated at more than one value of a and results Interpolated for a = 0* 

as has already been suggested earlier* there should be an improvement 

in the final result.

The effect of variability in the statistical properties of the 

^g difficult to assess analytically. Digital simulation appears 

to be very promising in establishing the limiting conditions on a for 

a certain signal-to-noise ratio and certain damping against Incidence 

performance. It is therefore suggested that in the absence of quanti­
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tative data on the nonatationary noise behaviour, data reduction 

should be carried out as with the clean signals.

3.2.6 Two-degree-of-freedom oscillation testing

In addition to the methods of measurement of oscillatory derivatives 

for models forced in a single degree of freedom oscillation interest 

lies in multidegree of freedom excitation as well. An airplane in free 

flight seldom, if ever, oscillates in a single degree of freedom as 

a result of the general disturbances it meets in flight, the lack of 

its structural (hence inertial) symmetry or the existence of aero­

dynamic cross derivatives. In particular the measurement of oscillatory 

cross derivatives in wind tunnels requires consideration of multidegree 

of freedom oscillation systems. It is therefore of interest to explore 

the possibility of extension of the previous techniques to multidegree 

of freedom testing. The relative simplicity of the means of imparting 

arbitrary controlled motion to magnetically levitated models in a 

magnetic suspension system is an advantage that merits utilisation In 

this respect. The simplest form of a multidegree of freedom forced 

oscillation system comprises a combined pitch and heave two-dimensional 

oscillation. In thia section the basic theory for 2-degree-of-freedom 

(2 DOF) forced oscillation is presented. A method for measurement of 

system parameters utilising covariance estimates is described. Finally 

the application to a combined pitch and heave forced oscillation Of a 

magnetically suspended model is given.

3.2.6.1 Measurement of parameters of 2-degree of freedom oscillatory 

systems

Consider the linear system shown in figure 3.15 which consists of 

a mass m suspended on two linear springs k^ and kg and two dashpots
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with damping coefficients C^ and Cg. Point 0 on the mass is taken 

as the origin for the axes and is restrained to move along the z-axis 

only. The mass is induced into oscillation translationally along the 

z-axis and rotationally about 0 by the action of force Z(t) and torque 

^^^) respectively, The equations of motion for small oscillation of 

this system can be written in matrix form as follows* [Thomson (1965),

M
' z(t)'

L^8(t).

+ [c]
' Z(t)' 

,^8(C).

[k]
' z(t)' 

16(t),

'z(t) '

3.108

^^^^^ M* H ^d |k] are the inertia, damping coefficient and stiffness 

fz(t) \
2 X 2 matrices respectively, while and j^^^^jj are the forcing

and response vectors and & is a system characteristic length. The 

latter multiplies 8(t) and the torque is divided by A in order to main- 

^^^" dimensional homogeneity in the equation. The elements of ,m], [c] 

^'^d |k] can be easily expressed in terms of the system properties. In 

general these matrices are not diagonal as a result of various couplings 

caused by the choice of the coordinate system. If the excitation is 

harmonic at a frequency m, the response is also harmonic. It is conven­

ient to assume that the variables take the form given below.

j(wt+Xi) 
"he

jCmt+Xg) 
" Hu e

j(mt+x.) 3.109

" P e

j(wt+x,) 
"Me.

z(t)

ZG(t)

Z(t)

M(t)

where h, u, F, M are the amplitudes and Xp X2* Xg and x, are the phase

angles of z(t) G(t), Z(t) and M(t) respectively. Substituting these
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into equation 3.108 yields

jwt jwt
3.110

which is

jw[c] + [k]
3.111

2 X 2 matrix with complex elements.

Dividing equation 3.110 by 2(t) where h ^ 0 we get

M
a

+

. jCXg-X,)

l<ir’‘’
3.112

This represents two complex scalar equations in four complex unknowns 

(the elements of jp] ). If excitation is repeated at the same frequency 

but with different forcing vector which is not proportional to the 

first one, then a similar equation to 3.112 can be written. In this 

case however one may normalise the variables with respect to the other 

displacement l.e. 8(t). The resulting equation takes the form

3.113

. 1 -0 (--- )e

where ^^, if/^, if*^, i^,^ are the phase angles corresponding to z, 6, Z, M 

respectively. Combining the force vectors and the response vectors from

equations 3.112 and 3.113 to form force matrix [c] and response matrix

[n] we get 

M [H] - [G]
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3.115

and

w
I .0

j<X2-X,) 
(r—; e

j(V',"i'2)
e

2

By inverting matrix [y] and post multiplying both sides of equation 

3.114 by the inverse we get

[r] = [G] M ' 3.],6

The inverse matrix can only exist if the original matrix of the 

displacement vectors is nonsingular i.e. if its columns (or rows) are 

linearly independent. It follows therefore that the excitation vectors 

must be linearly independent as has already been postulated. The 

development of [n] must be made as close as possible to 1.0. This can 

be realised exactly if in either excitation cases the response in a 

coordinate to an excitation vector is zero. Equation 3.116 is sufficient 

to determine all elements of [p] and hence system parameters provided 

that a reasonably accurate estimate of the amplitude ratios and phase 

differences shown in matrices [c] and [y] is available. An attractively 

simple case can be seen to result when forcing is chosen such that only 

a single displacement is excited at a time. In this case [y] is equal 

to unity matrix and
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M - [G] 3.117

The importance of this case is not only in relative simplicity of the 

analysis but in data collection as well since number of measurements is 

reduced by one.

In practice difficulties may arise in the computation of [n] and 

[c] owing to the presence of measurement and system noise on the signals. 

The technique of using covariance estimate can be used to extract the 

useful sinusoid parts from the noisy signals with higher fidelity. 

The covariance formulation of the problem is presented next.

Let z(t) be the response component with the larger amplitude or 

higher signal to noise ratio. Multiply equation 3.108 by z(t) and average 

the time shifted products over an indefinitely long period of time.

This gives

3.118

where C^gCr), C^^gCr) etc. are conq)lex covariance functions.

If the forced oscillation is sinusoidal in time as assumed in equation 

3.109 it can be shown that the complex covariance functions ** are sim­

ilarly sinusoidali with the same frequency, in the shifted time. In

In this section cowlex covariance is taken to represent covariance of 
complex variables [Sveshnikov (1966) j . Por the complex variables 
^^^) ^(^) '*' jVj(t) and S(t) = U2(t) + jV2(t) One can define the 
con{)lex auto covariance function

= Lt — / W (t) W(t+T)dt

T + » -1/2
and the congiled covariance

I T/2 *
* ^t — / W (t) S(t+T)dt

T + «= -T/2

where (*) denotes complex conjugate.
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addition equation 3.118 reduces to the algebraic equation

Czz(^)

The autocovariance and

3.119 

covariance functions are given by

c (T) - h^ e^"'' 
zz

j(wT+x.-X,) 
Cz61(^) " hcA e

Czz(")
j(^^+Xo-X,)

Fh e '
3.120

C /T)
j(wt+x^-X|)

Substitution into equation 3.119 and dividing both sides with respect 

to C^^(T) yields

3.121

^^tch is identical to 3.112. Similarly if excitation is repeated at 

the same frequency but with a force vector that is linearly independent 

of the previous one and the covariance is taken w.r.t. the largest and/ 

or cleanest amplitude response component, say 8(t), another equation 

equivalent to 3.113 results. Force and displacement matrices can be 

formed and considerations regarding the latter matrix remain unaltered. 

It remains to solve equation 3.116 for the elements of fpl.
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The problem reduces to the calculation (digital) of the covariance 

functions C (t), C(T), C _(T) and C _/A) for the first excitation 

case and C^Q^(T), C^^^gCr), C^gg(T) and CgCr) for the second, at 

suitable ranges of lag values, and then calculate the amplitude and 

phase angles involved. The advantages of this method become clearer 

when noise present on the practical signals are introduced. The res­

ponse of a multidegree of freedom system to ideal white noise random 

processes has been considered by Meiro^itch (1967). It can be shown 

that the response autocovariance functions resemble the impulse 

response function of the system in its decay rate and dependence on 

the system resonant frequencies. Owing to the existence of more than 

one resonant frequency, the response covariance functions consist of 

the addition of two exponentially decaying cosine functions at the 

resonant frequencies. If the frequencies are close to each other, this 

may have the same effect as an effective modulation or beating of the 

covariance functions with a low frequency component. Careful examina­

tion of the covariance estimates is necessary in the following condit­

ions:

(i) either the system damping is very small, or

(ii) beat frequency is comparable with test frequency, or 

(iii) signal to noise ratio is poor.

The effect of the covariance estimates of the noise is likely to be a 

reduction in the accuracy of the results obtained by the covariance zero 

crossing method. The estimation of the minimum lag value preceding the 

range of lags for zero crossing calculation and hence the minimum record 

length for signals with particularly poor signal/noise ratio becomes a 

laborious task. It suffices, however, at this stage to highlight some 
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possible precautions against possible sources of errors.

A conservative estimate of the minimum lag value may be obtained 

by consideration of the smaller of the beat frequency or lowest resonant 

frequency and the lowest damping of the two degrees of freedom. This 

implies use of longer record lengths than might be predicted from a 

more precise analysis. Fig. 3.13 and 3.14 can be used for fixing 

other parameters. Another alternative might be to resort to another 

method of covariance estimation, e.g. use of single cycle numerically 

generated signals, at least for confirmation of accuracy purposes.

The analysis given above can be extended to multidegree of freedom 

systems, but the number of force excitation vectors required equals the 

number of degrees of freedom allowed. The number of measured quantities 

increases similarly since number of measured quantities has to be 2 x 

(no. of degrees of freedom Involved in the oscillation).

3.2.6.2 Application to combined heave and pitch oscillatory deriva­

tive measurements

A symmetric model In a symmetric magnetic balance can simulate 

reasonably well the case of symmetric longitudinal oscillations of an 

aircraft in free flight. In general this is a three degree of freedom 

(3-DOF) motion system comprising the axial, lateral heave and pitching 

motions. A model describing the longitudinal symmetric oscillations 

completely must allow for the three kinds of motion. Consider the 

airplane model shown in figure 3.16. When oscillations are of small 

amplitude and low frequency and the aerodynamic flow pattern is stable, 

the equations of motion in the plane of symmetry can be linearised. 

Babister (1961) has given the equations of motion for longitudinal small 

oscillations in pitch and heave. The disturbances relative to wind 
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axes are taken w, 8 corresponding to velocities along the z axis and 

angular displacement about the y-axis. In a magnetic balance, the 

stiffness of the system to positional displacement necessitates the use 

of the lateral displacement z instead of w as the first independent 

variable.

Fig. 3.16a shows a model undergoing oscillations in the horizontal 

plane which consists of translational oscillation along the z-axis as 

well as rotation about point O'. X-axis is pointing horizontally for­

ward and Y-axis is vertically downward which would be normal to the 

plane of the page. Certain key points in the system require definition.

These are

(i) Optical position system centre, about which pitch displace­

ment calibration is made, 0

(ii) Model pitch centre, P, distance Z , ahead of base

(iii) Model mass centre which is & ahead of base 
G

(iv) Magnetic balance pitching moment centre, x. from 0

(v) Aerodynamic centre of model, distance & from base

(vi) Centre of model pure rotation, if it exists, distance 

from 0.
UK

By virtue of its design, the control system of the MSBS forces the model 

pitching oscillation in the horizontal plane about a point in the plane 

normal to tunnel axis through the optics centre. Since model axial 

position is fixed then points 0 and P are only laterally separated for 

small oscillation. Lateral displacement is taken here to represent a 

z-component displacement. The mass and aerodynamic centres are pro­

perties of the model and are located in it. The magnetic pitching 

moment centre is a property of the balance and model combination, and 
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is here chosen on the tunnel axis at a point corresponding to the 

moment calibration centre. The centre of pure rotation is a hypothet­

ical point in the X-Z plane; the conditions for existence and location 

of a pure rotation centre will be discussed later.

In order to Study model dynamics in suspension it is useful to 

define two sets of axes. Tunnel axis system OXZ with optics centre as 

origin and body axis system GX^Z^ with mass centre as origin and x 

along fuselage axis pointing forward. The following geometrical 

relationships can be written among various displacements following a 

model positional disturbances, fig. 3.16b. First

Zg - Zp cos 8 + &gQ sin 6 3.122a

where Zg is the model lateral displacement along Zg axis; Zg is the 

lateral displacement of model pitch centre along tunnel Z-axis; 6 is 

the angular pitch displacement and & ^ is the distance between centre 

of mass and optics centre. For small displacements

Zg ~ Zp + Xgp 8 3.122b

where x^p « is the axisl distance of mass centre ahead of pitch 

centre. Secondi displacements along the tunnel Z-axls at magnetic 

balance moment centre axial location z is.related to Zp and 8 as follows

^M =■ - ^ “" = =P - =MP ® 3.123

where x^ is the axial distance of magnetic centre ahead of optics 

centre and is approximately equal to Xp which represents the axial 

distance of the magnetic centre ahead of pitch centre. Differentiating 

equations 3.122 and 3.123 w.r.t. time yields
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3.124

"m ' "Sip ®

The perturbation flow velocity along Z, up to first order in the 

displacements and their velocities, is given by

Wg ~ ue + Zg = UG + Zg + Xgg 8 3.125

where U is the free stream undisturbed tunnel flow velocity. Differ­

entiating this w.r.t. time gives

Jg 'p n e + ^p . x^p B
3.126

The equations of model motion in small perturbation referred to

a body axis system are given by

cam
3.127

J 8 = (M (t)) + (M (t))

where m,J are the model mass and moment of inertia about the centre

of mass; Z^(t) and Z(t) are the lateral components of aerodynamic and 

magnetic forces acting on the model; (M (t)) and (M (t)) are the 
a G ™ G

aerodynamic and magnetic pitching moments about the mass centre respect 

ively. The aerodynamic force and moment following small amplitude 

oscillatory motion referred to body axis system are given by 

3.128



where Z^^ and M correspond to the aerodynamic lateral force and 

pitching moment about the mass centre in the nonoscillatory mean 

position condition; Z- , Z , Z , Zg, M" , M , M , Mg ate the aerodyn- 
w ' w q 8' w w q 6 

amic force and moment oscillatory derivatives relative to body axis 

system, e.g. Z " — , they are evaluated at the mean position; w^ 

and 8 are functions of time; and q = = 6. The instantaneous mag­

netic force and moments acting on the model following small amplitude 

motions can be assumed to be given by

where Z and M^ are the steady magnetic force and moment about the 

magnetic centre; k.,, k,., k«. and k.« are constants that correspond 

to balance force and moment stiffnesses with respect to displacements 

z_, and 8; Z ' , Z , M - and M are the balance equivalent viscous 
M mz mq mz mq 

damping coefficients; Z(t) and M(t) are the force and moment excita­

tion terms. The magnetic pitching moment can be transferred to the 

mass centre using the relation

(M^(t)) = Z(t) 3.130

where x^^ is the axial distance of mass centre ahead of magnetic centre. 

In practice position measurement is referred to pitch centre, therefore 

it is required to transfer variables in all quantities to Zp and 8. 

Substitution of equation 3.125 into 3.128 and 3.124 into 3.129 then 

3.129 into 3.130 and finally into equation 3.127 and rearrangement 

results in a set of two equations each of which has two parts. One 

arises from the mean or steady state conditions and the second involves 
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only the disturbance variables. The steady state parts, where all 

disturbances vanish, give

Z + Z = 0 
ao mo 

3.131

M + M + x_ _ Z = 0 
ao mo Qi mo

The remaining parts involve only the disturbance variables and take 

the form:

= M(t) + 3.132b

The following 2 x 2 matrices can be defined:

XGp(m-Z^)

3.133a



-(Z +Z ') 
w mz

-(Z +UZ'+x_^Z +%Z '+Z ) 
q w GP w W wz mq

3.133b

(^215,^22)

3.133c

and the equations of motion reduce to

3.134

The appearance of the square matrix on the RHS of this equation is a 

consequence of the axis shift. Apart from this square matrix,equation 

3.134 is similar in form to equation 3.108. If direct measurements of 

the displacement and force vectors were available, methods of data 

reduction described in section 3.2.6.1 can be directly applied. In 

practice, however, these are obtained in the form of precalibrated volt­

age signals (see chapter 4). In view of the coordinate system chosen 

it can be seen that

6(t) = a(t) 3.135

where a is the angle of incidence. The displacement vector can be
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rewritten as

3.136

where V^ and V^ are the voltage signals corresponding to lateral heave 

and pitch displacements. The matrix in equation 3.136 above is the 

position calibration matrix with elements corresponding to position 

calibration constants which can be determined experimentally (see chap- 

ters 4 and 5). The forces are related to the relevant electromagnet 

currents through a more complex calibration matrix. The complexity is 

caused by the magnitude of coupling present among various force 

components and by the dynamic effects (see appendix A and B). If the 

oscillation frequency is chosen to be low compared with the system 

resonant frequencies, the static force calibration matrix amy be assumed 

valid. Corrections due to dynamic effects may be applied following a 

similar procedure to suggestions in chapters 4, 5 and appendix A, but 

extended to the multidegree of freedom system. In this case at least 

approximate measurements of resonant frequencies of the oscillating 

system are required. The other difficulty arises from the fact that 

the balance-model combination contains a certain degree of static and 

(perhaps dynamic) force coupling (or interaction) between the observed 

and nonobserved force components. Quantitative estimation of the effects 

of static force coupling is given in appendix B. In the absence of 

coupling, the balance-model oscillating system can be excited to perform 

the desired oscillation without Imparting any force disturbance to 

other modes. Coupling results in a certain amount of unwanted forced 
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excitation. The relevant control loops of the balance react to this 

disturbance in order to reduce the model position errors in these 

degrees of freedom with respect to the undisturbed value. The effect­

iveness depends on several factors :-

- frequency of oscillation

- magnitude and nature of coupling

- resonant frequency and damping of this mode of control.

Although the model may not suffer an apparent significant displacement 

in this coupled mode, its force indication will certainly be in error. 

A position servo-control system's ability to maintain a model position 

is lowest when the disturbance frequency is close to its resonant 

frequency. In this case, the actual model displacements in the undesired 

modes may also become significant. The remaining cause of undesired 

mode displacements is the existence of position interaction, but this ' 

can be largely eliminated (see ch.4). If sufficient precautions, or 

corrections, are taken then the relationship between force and measured 

current signals can be written as:

' Z(t)

. M(t)^

\(t)'

3.137. [B]

where |B| is the inverse calibration matrix; V_ and V,, are the electro-

magnet current signals. Matrix [s] contains any field-position inter­

actions present at the mean incidence and lateral heave positions. 

Substitution of equations 3.135 - 3.137 into equation 3.134 and 

applying the methods of section 3.2.6.I yields
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3z
3V 

z

C — r C _ C
0 1.0

c
not

1 0
^zz 1 

c.
aa 2 j 

C9c(
9V

1.0 _ ^GM 1 (^) (^)

ZZ ' - ZZ 1 aa 2 -

0

3.138

where the subscripts 1,2 correspond to measurements with excitation

cases 1,2 respectively and the complex covariances

C = autocovariance of V
zz z

C = autocovariance of V
oa a

C covariance of V and V
zn z a

C = covariance of V and V 
nz n z

C _ = covariance of V and V^ 
zZ z F

C _, = covariance of V and V.. 
zM z M

C _ = covariance of V and VL 
oZ n F

C u = covariance of V and 
otM a M

Matrices [X| and [cQ can then be rewritten as

- 1.0 (^)

c
(^) 1.0

ZZ 1

3.139a

[G]

Czz

3.139b

^ac( 2

C

2

When excitation vectors (comprising the columns of [c]) are chosen to 

be linearly Independent, columns of [Hj are linearly independent and the
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and equation 3.138 reduces toinverse matrix [H] exists

1 0

[p] =
_*GM I

W [G]

9z 0

-1

-1
[H] z 

0 act 3.140

which can be solved for the elements of [pj. Note that the elements 

of [p] may contain small interaction terms caused by other effects 

e.g. aerodynamic asymmetries, (see Appendix B). [p] principally con- 

sists of inertia, magnetic and aerodynamic terms. Since interest is 

in measurement of aerodynamic effects it is necessary either to have 

precise estimates of the inertia and magnetic terms or alternatively 

repeat the whole test at same test frequency and model mean positions 

once again in evacuated tunnel working section. The latter can be 

replaced by repeating the test just in wind-off conditions. The net 

aerodynamic effects can be extracted as follows

'- -' aero. wind-on
^-^ wind-off

3.141a

Therefore

1

*GM

0 < -I -1, [B] (([=][H] ^.„„-([G]rHl

3.141b

Z- 
w

*GP^w

*GP'""w
jw

Z +UZ'+x\_Z 
q w GP w

M +UM'+xGp\ aero

Z 
w

q w
3.142

where matrix [k] retains the same form as in equation 3.133c. Since

this is a complex equation. the real and imaginary parts on both sides
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can be equated and the aerodynamic derivatives obtained. The full 

utilisation of this equation however, requires a knowledge of the 

magnetic stiffness coefficients k^^, k^g, k^^, and k. In arriving 

at equation 3.142 it has been implicitly assumed that either there is 

no change in balance damping or that such damping is very small com­

pared with aerodynamic da]ig)ing. If interest lies mainly in the measure­

ment of damping derivatives, equating imaginary parts of both sides 

of equation 3.142 leads to

3.143

M +UM'+x 
q w GP^w

which does not require a knowledge of the balance stiffnesses. Further­

more if test is repeated at different frequencies and the real parts of 

'^%ero ^^^ plotted against m^ the slopes provide estimates for Z" and 
w

^w' Therefore without knowledge of balance stiffness it should be 

possible to measure M^, lb, M^, Z, Z^, Z^ explicitly, but the demand 

on accuracy of covariance estimates Increases. In fact if the wind-off 

case is replaced by a set of testing at a different oscillation fre­

quency then the difference between the determined P matrix from each 

case is independent of the balance condition. It can be shown that up 

to first order

3.144 
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where w^ and Wg correspond to the wind-on test frequencies with the 

^odel at the same mean positions. Although, in principle, higher 

accuracy can be achieved if Wg and w. are widely separated, the range 

of frequency available within the framework of the simplified model 

presented here is rather limited.

In both testing methods described above, two different excitations 

in two stages (corresponding to two frequencies) l.e. four sets of wind- 

on testing records are needed. This requires a relatively long wlnd- 

on testing time. A reduction of testing time can be achieved, at least 

in principle, if the features of testing are more efficiently utilised. 

Since two different frequencies of oscillation are required and sinus­

oids of different frequencies are not correlated over sufficiently long 

record lengths, error signals feeding model oscillation can be chosen 

to be composed of the addition of two sinusoids of different frequencies. 

Clean reference signals corresponding to the different sinusoids are 

recorded. The analysis is more complex than previous cases since 

covariance must be carefully carried out in two stages. In the first 

stage covariance is taken with respect to one of the reference sinusoids 

and the calculated covariances form the elements of the first columns 

of the first of two sets of matrices ([Hl ,[G] ) and (fHl ) 

while covariances with respect to the other reference signal form the 

elements of the first columns of the second set. With the test repeated 

at different force configuration but same frequencies, the remaining 

columns of the matrices above can be calculated. Although testing time 

can be halved, strict limitations on the record length and amplitudes 

may seriously affect the achievable accuracy of this method.

Introducing suitable nondimensionalised forms of the derivatives
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[Sabister (1961)"| using the mean aerodynamic chord as the characteristic

length we get

C _ r W *GP wl r^w q V*GPw

—F Ik] + n^ - jo

pus , A A A A , A

c
= —r [P] 

pU^^S

3.145

where c 
a

S are the mean aerodynamic chord and wing reference area;

p air density; and the oscillatory derivatives are given by

Z.

w pSc^

Z

zw pUSc 
a

q USc 
a

M

"w " pUSc 
a

= -- y—
pUSc ^ 

a

and
(lie

U ' It should be noted that, in order for equation 3.145 to

be dimensionally compatible, matrices [h] and [c] should be modified to

take the form

c

-'C-.

.'5,
3.146
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zz I

In summary the technique presented here involves forcing the model 

in oscillation, at a preselected frequency, twice in wind-on and 

recording 2 position and 2 force signals each time. The shole test is 

repeated wind-off or at a different frequency and similar recording is 

carried out. The covariance estimates are then digitally calculated 

for selected pairs of signals and amplitude ratio and phase differences 

obtained. Matrix [ii] and [g] are then obtained for wind-on and wind-off 

or other frequency case then [P]gg is obtained. In order to determine 

the acceleration derivatives z^ , m^ in absence of balance stiffnesses, 

repeating the wind-on test at two different frequencies of oscillation 

is necessary and sufficient.

In the mathematical model assumed, the axial displacement and force 

are assumed to be zero. The first of these can be realised in practice 

if the model is sufficiently restrained in the axial direction and no 

significant coupling exists between the axial and other force components. 

In a mechanical suspension and balance system, this can usually be 

achieved independent of the model construction or stiffnesses in the 

lateral plane i.e. the heave and pitch. There is however a difficulty 

in generating the desired model motion in a simple way. In a fixed 

configuration MSBS, for a certain model the ratio between the stiffnesses 

in the lateral and axial motions is approximately fixed. If this ratio 

is small the representation of the oscillatory system by a 2-DOF model
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may require reexamination. However, the ease with which model motions 

can be imparted in a magnetic balance may balance this shortcoming.

In practice, two additional important factors can affect the 

accuracy of test results. These are the nonlinearity and noise. In 

order to minimise the effect of the first, the amplitudes of oscillation 

are kept small. The consequence of this, however, is a reduction in 

the signal to noise ratio. A compromise has to be reached, Fortunately, 

in the present case, the displacement signals are expected to be 

cleaner than in the case of roll displacement (see sec. 3.2.4). This 

permits physical oscillations of the order of 2 deg. p-p in pitch and 

3 mm. p-p in lateral heave to produce reasonable amplitude and clean 

signal.

3.2.6.3 Alternative test techniques for measurement of aerodynamic 

oscillatory derivatives

The mathematical model used in the previous section was developed 

for the full 2-DOF system. It is useful to explore the possibility of 

simplification of the mathematical model and hence reduction in the 

number of measurements. If the test is carried out such that only pure 

pitching oscillation about the mean position takes place, then the 

mathematical model reduces to a set of two differential equations in Q 

and two excitation terms which can be obtained from equations 3.132 hy 

setting Zp = z = z = 0. If the number of measurements is restricted 

to two at a time then simultaneous recording of 6 and Z(t) in wind-on 

then wind-off can yield a measurement of the aerodynamic force deriva­

tives. In absence of information about balance stiffness, a repetition 

of the test at another frequency of oscillation is required in order to 

separate the acceleration force derivative. Similarly repeating for 6 

and M(t) can yield the moment derivatives. The latter case, however.
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requires a knowledge of the force derivatives since the original moment 

equation contains a term resulting from the axis of moments shift.

If only lateral heave oscillation is imparted to the model (i^e. 

model undergoing plunging oscillation) then the equation simplifies 

since 6 can be set = 0. Two pairs of signals can be used to obtain 

information on the derivatives involved, z and Z can lead to the 

measurement of z, and z. while z and M can lead to m and m.. the 
" w w

^^tter pair z,M requires the information of z and g. for its final 
w w 

determination.

A combination of these two types of testing can offer a simplifi­

cation in the procedure of conducting the actual testing and a reduction 

of the number of measured quantities. Quantitative effect of noise is 

difficult to assess. The general comments presented in section 3.2.6.1 

remain valid. These quantitative effects, however, can be most effect­

ively obtained from a suitable digital simulation.
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4. THE WIND-TUNNEL AND MAGNETIC BALANCE

4.I The wind-tunnel

The wind-tunnel used in this investigation is a 6" x 8" induction 

type tunnel. It is a modified version of the 3" x 9" NPL tunnel [Holder 

& North (1949^. It has a return circuit, but with an adjustable 

relief valve such that the tunnel stagnation pressure can be kept 

close to atmospheric pressure. The working section is horizontal, 

rectangular and closed. It measures at the centre-line 6" x 8.2" (0.15 m 

X 0.21 m) and is 16 in. (0.4 m) long. The working section was origin­

ally located 0.3 m ahead of the injector section. However, for improved 

performance and the provision of a larger working space, this distance 

was increased to about .9 m by displacing the injector further down­

stream of the working section. An easily removable wooden section is 

used to join the end of the test section to the injector section. The 

return circuit is similarly lengthened such that continuity is main­

tained. The tunnel has a set of 4 screens placed just ahead of the 

contraction section.

4.1.1 Tunnel drive and speed control

The compressed air supply to the injector is fed from the 250 

psig pressure line through a manually controlled valve. A constant 

pressure regulating valve was found unnecessary (and sometimes unsatis­

factory) for test runs at very low injection pressures and manual 

control was used throughout.

4.1.2 Speed and flow characteristics

The wind-tunnel is theoretically capable of establishing a steady 

airflow in its working section at speeds from zero up to M = 1.8. In 

practice, however, difficulties were experienced in attempts to achieve 
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the hig^ performance limit for reasons pertaining to the inefficiency 

of mixing of the tunnel flow and injector air. Since the stagnation 

pressure is close to the ambient atmospheric pressure, the working 

section dynamic head and Reynolds number/metre at I5^C are directly 

related to the Mach number as in fig. 4.1. the series of tests con­

sidered here were concerned only with incompressible flow. The 

dynamic head of the flow in the test section was calibrated against 

static pressure tapping located just ahead of the test section and at 

the beginning of the contraction. It is shown in fig. 4.2, and is acc­

urate to within ± .5%.

4.1.3 Turbulence level and flow angularity

A hot wire probe was inserted in the middle of the test section 

and the rms value for the air speed fluctuation was measured with the 

wire axis in two perpendicular positions normal to the tunnel axis. 

At a tunnel flow speed of about 30 m/s the turbulence level was found 

to be about 0.12%. Recently, independent and more detailed measurements 

have confirmed this figure and show that most of the energy content 

resides in the high frequency band. The latter is consistent with 

expected upstream acoustical influence of the injector noise.

Because of the low speeds involved and the tunnel working section 

aspect ratio (depth/width), the tunnel flow is expected to be less 

angularly inclined to the centre line in the horizontal plane than in 

the vertical. Yawmeter measurements showed that the flow is parallel 

to the centre line to within ± 0.1° in the vertical plane.

4.1.4 Flow transparency

The model position sensing system, as will be described later in 

^^^g chapter, uses the airflow in the test section as a medium for the 

passage of light beams across the model to photocells. The presence of 
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fine solid or liquid particles in the flow field reduces the 

transparency of the medium and causes refraction, diffraction or 

attenuation of the light beam during a wind-on test, which in turn 

could cause a positional error or drift. The particles are carried 

into the tunnel circuit with the compressed air. To avoid this effect, 

the direct solution would be the installation of an air filter just 

prior to the air injector. Owing to the absence of such filter, at 

that time, care has been taken to run the tunnel regularly for long 

periods without the model in and inspect various glass windows and 

mirrors in the test section for any visible deposits. A satisfactory 

state is assumed reached when the position signals obtained from 

approximately half-masked sensors indicate differences less than 0.1^ 

or 0.1 mm between wind-on and wind-off cases with the flow duration 

approximately 50% longer than intended test run to follow. It was 

found that several such attempts were necessary until satisfactory state 

is achieved.

4.2 The magnetic suspension and balance system

Magnetic suspension of models provides a support-free means of 

flight simulation in wind-tunnels and a balance for the measurement 

of aerodynamic forces acting on the model. Several systems have been 

developed since the first French system {Tournier and Laurenceau (195?]. 

These systems are reported in the proceedings of the two conferences 

held at Ohio [baum (1966)] and at Southampton [judd and Goodyer (1971)].

The Southampton University MSBS is a d.c. system; i.e. the magnetic 

fields involved vary only at low frequencies. The model position is 

controlled in all six degrees of freedom. Because all support currents 

are monitored it also forms a six-component balance. It is mounted 
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on the test section of the wind-tunnel described In 4.1 above.

4.2.1 Basic principles of the magnetic suspension

A model containing magnetic material experiences forces and 

moments when placed in a magnetic field. These forces are related to 

the spatial field distributions, e.g. forces are proportional to field 

gradients and moments are proportional to field strengths near the 

model. Eamshaw^s theorem shows that a system made up solely of a 

ferromagnetic material and a steady magnetic field is inherently 

unstable in at least one degree of freedom. A form of feedback from 

the model position to control the field is necessary to produce com­

plete stability. This is realised in the Southampton system by monitor­

ing the model position, modifying the gain and phase of the position 

signal and feeding it back to the power supplies energizing the field 

electromagnet coils. The system is in effect a position control servo 

in each of its degrees of freedom. Levitation is achieved by maintain­

ing a powerful enough field to produce a force that equalises the 

gravitational force on the model.

When external forces act on a magnetically levitated model the 

fields will automatically adjust by the action of feedback, in order 

to generate additional equalising forces. Unless a form of integral 

feedback is present, this action results in a steady state error in 

the model position. If this force is constant in a test condition, and 

in absence of integral feedback, correction due to steady state errors 

can be made by manually trimming the position setting. Integral feed­

back, however, causes a slowing of the dynamic response of the system. 

The change in the fields following an external force can be force 

calibrated and the system used as a balance. The achievable accuracy 

of the balance rests mainly on the accuracy of the appropriate force
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calibration. Owing to their wide load dynamic range, magnetic 

balances possess great potential applications. Beams(l97l) states 

that under comparable conditions the load to precision ratio, LPR, for 

a magnetic balance approaches 10 ^ while a coo^arable microbalance, 

at the present, is limited to 2 x ]0^\

4'2.2 Description of the Southampton MSBS

The layout of the electromagnets around the test section is 

sketched in fig. 4.3. It consists of three pairs of horse-shoe 

electromagnet coils, two horizontal and one vertical above the test 

section, and a doughnut coil wound round the test section near the 

upstream end. The vertical pair (lift magnet) generates the necessary 

field to levitate the model and take up forces in the vertical plane. 

The lateral pairs supply the field required to balance external forces 

on the model in the horizontal plane. They contain three sets of 

winding sections. The main one is fed from the controllable lateral 

currents power supplies which is unidirectional. The second is fed 

from a constant current power supply and forms the lateral bias current. 

Bias current is necessary in order to offset the magnetic field in the 

test section and so allow the controllable field to balance both 

positive and negative lateral forces. The third set of winding sections 

are separately fed from an independently controlled current supply, the 

roll power supply. The current in these winding sections acts to gener­

ate a field distribution necessary for augmenting any roll stiffness 

(present to some extent in all degrees of freedom) and balancing external 

roll torques. The drag force is taken by the doughnut coil field.

The power supplies are six independent controlled units each com­

prising a thyristor controlled 3-phase silicon-controlled-rectifier. 

All the power supplies generate a unidirectional current i.e. current 
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is either positive or negative. The current signals contain ripples 

having a fundamental frequency of 150 Hz.

Position sensing is achieved by a passive optical system. Nearly 

parallel light beams from miniature filament d.c. bulbs shine across 

the edge of the model from one side and are received at the other side 

on a photo-conductor, silicon solar cell. Linear displacement of the 

model edge changes the beam area and consequently the amount of light 

falling on the photo-cell. This gives rise to a signal proportional 

to the respective displacement. Both the source and cell are located 

outside the test section and unattached to it. For this reason 

and to enable observation of the model during testing, small glass 

windows on the side walls and a whole thick completely glass floor 

are provided in the test section. A schematic of a pair of position 

sensors is shown in fig. 4.4. Two such units, one at the front and 

one at the rear of the fuselage, are used to sense model pitch, yaw, 

vertical heave and lateral heave. Reference to fig. 4.3 shows that the 

model is levitated wings vertical instead of the conventional horizontal 

wings. Therefore pitch angle, i.e. incidence, is taken in the horizontal 

or lateral plane. For the roll displacement sensing a slightly different 

arrangement is used, fig. 4.5. A light beam from a source under the 

test section is reflected by a mirror fixed in the test section roof 

and made to pass through a special window in the model fin having equi­

spaced inclined vanes before being received by the respective photo-cell, 

[(bodyer (1968)]. Model roll displacement changes the width of the 

beam and so produces a signal at the cell output which is approximately 

proportional to the roll displacement provided the latter is small. 

Axial position can be monitored by a beam cutting the blunt base of the 

fuselage or by a beam intersection with the conical nose of the model.
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In the latter case a beam of light, again reflected from the tunnel 

roof, passes across the conical nose and is received through a circular 

arc slit to a condensing lens and finally to the photo-cell. The 

^^^^^ °^ ^h^ slit and its location are chosen such that a length of 

about 4 mm of the model located about 15 mm downstream of the apex is 

monitored. The radius of the slit is chosen such that model pitching 

(in lateral plane) causes the minimum of axial displacement.

The output signals of the 6 photo-cells are amplified and combined, 

where required, to form signals directly proportional to conventional 

displacements e.g. pitch, yaw, vertical and lateral heave motions. 

These signals are then passed through phase lead-lag networks, re­

combined and fed to the power amplifiers at appropriate gain. The 

power amplifiers feed the required currents to the electro-magnet 

coils. A schematic of the feedback circuit for the lateral control 

modes is shown in fig. 4.6. Circuits are wired on standard plug-in 

cards and mounted in suitable racks in the control cabinet.

Model displacement signals and currents in the coils are monitored 

and displayed on suitable meters housed in the control pane] . Current 

signals are in addition amplified and filtered (i.e. conditioned) for 

recording and for reading directly on DVM's. Filtering is necessary 

in order to reduce the amplitude of spikes noise which might otherwise 

cause errors later in the data reduction and analysis processes. Fig. 

4.7 shows the current-signal conditioning circuits.

4.2.3 System capability and limitations

Maximum allowable currents in the coils, at present, are 100 amps 

in the drag coil and 35 amps in each of the other coil sections. These 

limit the maximum force capability on a typical 0.3 kg. model containing 
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a 0.25 kg. Alcomax permanent magnet to about 5N in the axial and 

lateral planes and about half as much in the vertical plane. When 

drawing the maximum currents in all coils, the system dissipates about 

22 kW, while at a normal suspension wihd-off condition it dissipates 

about 2 kW. This limits the suspension time to less than One hour 

without the use of coil cooling.

For the model tested (see chap. 5) the natural frequency of 

suspension varies from one degree of freedom to the other and varies 

with the gains of the feedback control loops. In pitch and yaw, 

typical natural frequencies are in the region 18-20 Hz, in lateral and 

vertical heave about 13-15 Hz. In roll the natural frequency is as 

low as 5-8 Hz and in axial motion it is about 2 Hz. Slight control 

over the natural frequency is obtained by adjusting the phase and gain 

margins of the respective loops.

4.3 MSBS calibration

The accuracy of any measurement depends on the accuracy of the 

calibrations involved. In the case of the MSBS two separate calibrations 

are usually Involved, position or optics calibration and force cali­

bration.

4.3.1 Position calibrations

From time-to-time, calibrations in all modes of motion are carried 

out. However, to illustrate typical techniques the two calibrations 

most closely associated with this work will be described.

For incidence calibration the model is mounted in a rig which is 

designed to allow model rotation about a fixed vertical axis. This 

allows the model only freedom to pitch in the horizontal plane. A 

mirror on the rotating model mount reflects the image of a hairline onto 
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a scale thereby optically magnifying the angular displacements. The 

rig is first used to check the optical interactions among various 

displacements and then readings of the incidence on the scale are 

taken against the DVM reading of the incidence voltage signal. Fig. 

4.8 shows a typical incidence calibration and the associated untriimned 

interactions present. The estimated accuracy of this method of inci­

dence calibration is about 0.05 degree (3').

Roll attitude calibration is carried out by monitoring the dis­

placements of two points on the trailing edges of the wings, while the 

model is magnetically suspended, using a travelling microscope. As 

the model undergoes roll displacement the selected points undergo 

lateral displacements which can be accurately measured by the traverse 

of the microscope. Lateral displacements of the chosen points can be 

related to the model roll displacement which can therefore be plotted 

against the roll attitude voltage signal. Fig. 4.9 shows a typical re— 

suit of this form of calibration. The accuracy of this method is of 

the order of half-a-minute of roll displacement. An advantage of this 

calibration method is that it can be easily repeated with the model at 

incidence in order to determine the minimum incidence-roll interaction.

4.3.2 Force and moment calibration

The objective of these calibrations is to obtain the necessary 

numerical values for the constants in the force calibration relations. 

Appendix X. Calibrations are carried Out by applying external forces to 

the magnetically suspended model through a system of strings and pulleys 

and monitoring the resultant current signals. Two groups of calibration 

constants are sought. The direct calibration constants and the inter­

action calibration constants. The former are obtained from the force­

current characteristics with the model at a fixed nominal (e.g. zero) 
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incidence, while in the latter variations of these with model 

incidence are determined. As discussed in Appendix A the interaction 

calibration constants are of a smaller magnitude than the direct ones 

and can only be determined with reduced accuracy.

4.4 Other devices used

4.4.1 The incidence ramp-function generator

In order to drive the model into the required form of motion, 

either an incidence sweep or staircase motion, an 'error* signal has 

to be fed into the control loop circuit. Ramp function can be easily 

generated using a fixed amplitude integrating operational amplifier 

network followed by an amplitude, or range, setting amplifier. Fig. 

4.10 shows an initial design of a circuit built into the model control 

console to produce such ramp functions with independent amplitude and 

duration settings. Two operations of the switch are necessary for the 

combined ramp-up and ramp-down. This added greatly to work load during 

a wind-on test, although it served well in the initial stages of testing.

A specially designed portable ramp function generator was there­

fore built. It has a more sophisticated circuit. Fig. 4.11, which 

generates voltage functions as shown in fig. 4.12, in response to a 

single pressing of the push button. The sweep time t can be set 
swp 

at any value between 0.1 sec and 220 sec upon adjustment of a calibrated 

potentiometer, and the pause time t_ can be set to 1, 2, 5 or 10 seconds 

values. This device proved to be useful because of the wide range of 

sweep times available and the need for only a single pressing of a 

switch. Being portable, it enabled more attention to be paid to tunnel 

flow and model behaviour. The device performance was repeatable over 

most of its operating range.
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4.4.2 The magnetometer

It has been well established that precise measurement of the 

model magnetisation is necessary at the time of force and moment cali­

bration and prior to each set of test runs. All force and moment 

components are scaled by the magnetisation intensity of the model. A 

simple and reasonably precise device was constructed which is based on 

the induction principle. The integrated emf induced in a search coil 

following the displacement of a nearby magnet is related to its inten­

sity of magnetisation, [Parker and Studders (1962) J. If the model is 

held at a precise location relative to the coil and made to execute the 

same displacement every time then the integrated emf signal is proport­

ional to the intensity of magnetisation of the model. A small air-cored 

coil I in. inside dia. x 2 in, outside dia. x 1 in, long permanently 

fixed to a perspex tube and frame is bolted to the incidence calibration 

rig in a position close to but, just behind the model tail. This allows 

the model to rotate horizontally in the rig over a range limited by 

mechanical stops. The signal from the coil is amplified using a differ­

ential op-amp and then integrated and read on a DVM. To increase the 

magnitude of the generated emf signal a soft iron core is Inserted into 

the coil. Integrator drift is the main source of error in this device. 

A low offset current instrumentation type op-amp would have been the 

most suitable type for use in the integrator but was not available at the 

time. However, by strictly following the same procedure every time the 

device is used, very accurate measurements could be obtained, fig. 4.13 

shows a schematic of the magnetometer layout and circuit.

The accuracy achievable in terms of precision and day to day 

repeatability is about ± .5%.
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5. THE MODEL AND ASSOCIATED DATA

In order to develop the test techniques presented here a complete 

aircraft winged model was constructed. A special interest exists in 

the AGARD-G dynamic testing model. This is a slender wing model specially 

designed for dynamic calibration of test facilities. The exact AGAED-G 

model configuration is not immediately suitable for suspension in the 

MSBS unless extensive modifications to the position sensing system are 

introduced. A compromise model was constructed and built, fig. 5.1. It 

has a slender circular cylindrical fuselage with AGARD-G planform wings 

attached to it. The cylindrical fuselage reduces greatly the problems 

of suspending the model and calibrating the position sensing system.

This chapter presents a description of the model and its associated 

calibration data. This data consists of model position displacement 

calibration data, static force (and moment) calibration constants and 

some qualitative information on dynamic behaviour of model in suspension.

5.1 Model description

Pig. 5.2 shows the sections of the model and its main dimensions. 

The fuselage is a 16 mm dia. Dural shell, containing a slide fit space 

for a ^ in dia. x 6 in long round bar Alcomax III magnet. This is the 

main magnet, magnetised along its length and secured in position inside 

the Dural fuselage by a screwed cap with O-ring. The O-ring serves to 

hold the magnet securely inside the shell. The Dural nose is conical 

near the apex, smoothly faired to the fuselage diameter and is fixed to 

it through a brass connector. The wings are constructed of Dural with 

cut-outs housing the roll magnets. The latter are Platinax II magnets 

Ih the form of short strips and cylinders which are magnetised normal to 

the wing plane and in opposite senses in each wing. The magnets are held 

by Araldite in cut-outs in the wings. Although the main magnet produces 
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some roll stiffness owing to the nonhomogeneity of its material, these 

wing magnets are essential in order to allow control over roll attitude, 

[Coodyer (1967^. The wings are glued to the fuselage and the corners 

between the wing roots and the fuselage are smoothly faired with the 

adhesive. A Dural fin containing the inclined grid window is similarly 

glued to the fuselage at right angles to the wing plane.

5.2 Model geometrical data

The main geometric characteristics may be summarised as follows:

Wing planform area

V semispan

" centre line chord

Model length

Mean geometric chord

Mean aerodynamic chord

Wing root thickness

= 60.63 X 10 ^ m^

- 37.3 mm

" 143.9 mm

. g04 fW/M

= 81.2 mm

- ST'.g nm

= 5.64 mm

5.3 Position calibration data

Optical position calibration can vary slightly from day to day 

for a variety of reasons including contamination of the optical path 

of the light beams and drift in the voltage supply to the light sources. 

Continuous monitoring of the supply voltage has been maintained through­

out. Pecalibrations of the most important position signal, the inci­

dence signal and its associated interactions, is carried out immediately 

prior to and after a set of test runs. Pig. 5.3 shows two typical sets 

of calibrations taken at two different dates. Incidence values and 

corresponding signals are taken every ^ degree interval covering the 

range -3° to +9° and the values are recorded for further use in data 

reduction and analysis. The calibrations are good to within ± 0.05°.
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fig. 5.4 shows an example of the roll position calibration at two 

different values of incidence showing the absence of significant 

incidence-roll optical interaction.

5.4 Steady force calibration data

For the measurements reported here major interest of steady force 

testing lies in the aerodynamic forces acting on the model. These 

comprise lift force L, drag force D and pitching moment AL Due to 

the shape and distribution material in this model and the MSBS magnetic 

field spatial distribution, a significant interaction on these forces 

was found originating from the roll torque. It was therefore decided 

to include the aerodynamic roll torque T in these measurements. Thus 

four components are involved. Correspondingly it is necessary to measure 

changes in four currents. During the applications of force combinations 

corresponding to changes in L, D, ^ and T, either in the calibration 

process or in wind-on testing, the currents in the suspension electro­

magnets were found to remain substantially constant. This formed a 

sufficient evidence to justify neglection of their effects. The four 

monitored currents are:

i) net lateral forward current I , which is the lateral forward 

current less bias current,

ii) net lateral aft current I., which is the lateral aft current 

less bias current,

iii) the drag current I_

iv) the roll current I_

Two sets of force-current calibration constants are determined. 

First is the set of 16 direct calibration constants pertaining to force­

current relationships at model fixed position e.g, at nominal (zero) 
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incidence. Second set corresponds to the variation of those constants 

with model major displacement during testing e.g. during incidence 

change as a result of ramping. These add another 16 calibration con^ 

stants to be determined. Following the discussions and conclusions 

of Chapter 4 and Appendix A these two sets of force-current calibration 

constants can be made unique for the model containing this particular 

magnet shape if their dependence on the state of magnetisation of the 

model is eliminated. The constants so obtained need only be determined 

once. They form the elements of the matrix G in equation A.17. G 
rs rs

is a 4 X 4 matrix. Each element of G is the sum of a direct and 

a times an Indirect calibration constant. a is the model incidence 

displacement from nominal. If m is the magnetic moment of the model 

then the elements of G are as follows: 
rs

^11 " 9L- (^11

^14 = (af) " (^14 ^^14

^21 = + n c;,

(^22 = ' G^2 + (^22

(^23 ar + aS" - (^23 + «(^23

^24 - "" ^ + "^^ ^ (ar-) " ^24 " (^24
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^31
'S ma

& (-57) " (^31
+ '^ ^3,

^32
5
3D

ma + « G32

(^33 ma

^34
2^ 

ST
ma ^34

G4, 5
3L ma ^41

^42
3I_
(3^) " ^42 ^42

m

m

m

m

m

9Af

SI
^ ("BD^) " (^32

^ (^) ^33

1^ (^) - G^4

3 ^^R

3
"^ 3a

+ " G33

+ a

a

a

G43
3

"^ 3a +3Af ) " ^43 a

^44 " ^" ^ + "" ^ (^) "= ^44

^43

n
44

G+ a

Examples of the results of a force calibration carried out accord­

ing to section 4.3 are shown in fig. 5.5 to 5.10 and the derived coeff­

icients are listed in table 5.1.It is clear from the figures that the 

linearity is well preserved for the direct calibration constants while 

in the indirect calibrations some cases tend to be more nonlinear than 

would be acceptable according to the arguments put forward in the force­

current formulation. One simple way of accounting for these nonlinear­

ities is to add another set of interaction calibration constants which 

varies with the square of the incidence. This means that the interaction 

effect is taken as a quadratic rather than a linear function of incidence. 

Tables.Ishows the quadratic interaction terms in addition to the linear 

interaction terms. The practical situation, however, includes various 

sources of experimental error. Notable among these are:
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- the friction in the pulleys,

- the degree of imprecision in force application,

- the presence of noise on the signals, and

- the possible electronic drift during the calibration run, 

particularly in the current di-ferential amplifiers.

The accuracy of the calibration data can be easily assessed, in 

the practical sense, by applying a known combination of external forces 

and moments to the model, recording the changes in the relevant four 

currents and Incidence. The changes in the currents and incidence are 

converted into forces and moments using the calibration data and 

equation A.19 rewritten here for convenience

AFg = m [G^g] AI^ 5.1

where the single subscripted variables denote vectors. A comparison 

of the calculated values with actual values indicates the errors in­

curred by the calibration data. By repeating this over several force, 

moment and incidence combinations a sample of the statistical behaviour 

of the rrror can be obtained. The errors in various force and moment 

components are listed in table 5.2

5.5 Dynamic calibration constants

In order to analyse the results of unsteady measurements on a 

magnetically levitated model undergoing continuous time motion, accurate 

Information on the dynamics of model position sensing and of balance 

force (and torque) dynamic response and the degree of coupling in both 

is required. The latter is referred to as interaction to signify it 

as being unwanted.

The frequency response of the position sensing system is practic­

ally flat up to a relatively high natural frequency e.g. of the order 
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100-300 Hz, [Goodyer,(196^. The precise value for a certain displace­

ment component is dictated by the time constant of the low pass filter 

on the first stage of electronic amplification of the optical sensor 

signal. The lowest value above corresponds to the axial position dis­

placement. These values, therefore, confirm that static position 

calibration is sufficiently good to convert low frequency (e.g. 1-2 Hz) 

time varying position signals into physical displacements.

The application of sinusoidal force to a model in magnetic levita­

tion without changing the suspension stiffness or mass is very difficult 

both in realisation and means of extraction of the relevant calibration 

constants. This, however, is not necessary when the oscillation fre­

quencies are very low compared with the balance natural frequency. As 

has been mentioned earlier, ch. 3, it is reasonable to assume that the 

response of a dynamic balance can be approximated by that of a second 

order system. Therefore the force calibration constant at low frequency 

oscillation (G)^ in a certain degree of freedom can be obtained from 

the corresponding static calibration constant (G) ^ using the approximate 

formula (valid for m/w^ « I.):

_ (1-2^2) (w/w )2 
n

where m, m^ are the testing frequency and balance natural frequency 

in that force component and G is the effective damping ratio. Typical 

values of roll oscillation testing frequency of I.-2. Hz with a natural 

frequency of 12.-15. Hz, i.e. a ratio w/m = 0.16 — 0.06, results in 

^^^dyn ~ ]«026(G)g^ to 1.0036(0)^^ for a lightly damped system, w for 

^°^^ component may change with incidence in which case a correction 

must be applied to the dynamic calibration constant. This, however. 
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was found unnecessary for incidence values less than 6°. The static 

roll torque calibration constant is given in table&l as C'^. Fig.

5.11 shows a typical roll torque calibration result. For the lateral 

heave and pitch oscillation similar results hold. The relevant cali­

bration constants are listed and given in tabld^l.

The other important aspect of the unsteady testing is the inter­

action resulting from imperfection in position sensing system and 

electromagnet coils layout. This interaction can cause unwanted exci­

tation of other components. The first of these is curable over most of 

the linear range but tends to get worse as the suspended model approaches 

either of the ends of the particular displacement range. This is cured 

through a trial and error process involving careful tailoring of the 

optical position sensing until the situation is achieved where the 

required component of displacement causes only insignificant changes 

in other components of model displacement. For a roll angular displace­

ment of about 8° of this model, the associated linear displacement was 

less than 0.2 mm and angular displacement less than 0.1 degree in other 

degrees of freedom. Force component interactions resulting from coil 

layout can not be easily controlled. The evidence of its existence 

is observed as the model oscillates in unwanted components of motion 

in the levitated wind-off mode, while it is forced to oscillate in 

certain components provided that the position interaction is minimal. 

For the AGARD-G winged model severe interaction between roll oscillation 

and lateral (as well as axial) motion were noted at high incidence, 

i.e. greater than 6 deg. A comparison of the interaction detected in 

the case of this model with other models suggests that the low roll 

torque stiffness of the present model might be partly responsible for 

the interaction observed. The low roll torque stiffness is caused by
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locating most of the roll magnets close to the model axis and the 

generally low magnetic moment of these magnets.
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6. DATA REDUCTION AND ANALYSIS METHODS AND TEST PROCEDURES

The techniques of data reduction and analysis described here 

were originally developed for specific use on the MSBS and an explora­

tory version was presented at the Second International Symposium on 

Electromagnetic Suspension, 1971. A detailed version and improvements 

on these techniques are presented in this chapter with a view to it 

aimed at general applicability to other test facilities.

About the time of beginning this work a digital computer in the 

data analysis centre of the ISVR*,  of Southampton University was made 

available to other users, Appendix C. The MSBS had just been moved 

to its new location and the modernisation of its data acquisition and 

analysis was required. This demanded a search for suitable techniques 

for data handling making best use of the digital computer. Prior to 

that, manual data acquisition was used involving direct reading of 

currents from meters at discrete incidence settings and the use of 

resolved component indicators for the reduction of forced oscillation 

test results. Manual data handling proved to be laborious and required 

very long test run times. A long test run time is a drawback in complex 

systems, like the MSBS, unless statistical control over the experiment 

is strictly maintained. In particular drift in subsystem character­

istics, e.g. position drift, proved to be a serious problem that could 

significantly affect the accuracy of results. Another problem was the 

lack of self consistency in a set of data points. Hand smoothing and 

joining a set of discrete data points is a good means of noise filtering, 

but involves a great deal of human judgement. Fine aerodynamic details 

may get unnecessarily smeared out in this process. An alternative way 

* Institute of Sound and Vibration Research.
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to avoid this is to measure more closely spaced data points in those 

doubtful areas if known a priori or in later tests. This results in 

long testing and analysis times and high cost penalties. The other 

alternative is to acquire automatically all data points in analog 

or digital form for the full range of test independent variable (e.g. 

incidence) in a single test run, with a simultaneous rough monitoring 

of the measured quantities, and perform the appropriate analysis in 

digital form. The test run time should be long enough to retain a 

predominant steadiness of all data but reasonably short to reduce 

the chance of subsystem drift in the acquired results. The latter 

approach has potential application in general test facilities and so 

was pursued further.

In this chapter the system of data acquisition, reduction and 

analysis for the incidence sweep tests is described and test procedure 

highlighted. The application of the data reduction methods and test 

procedures for the several forced oscillation techniques presented in 

chapter 3 is described.

6.1 Steady incidence sweep data reduction method

A block diagram of the data acquisition, reduction and analysis 

for the steady incidence sweep testing is shown in fig. 6.1. The 

system makes use of a multichannel FM tape recorder, a storage scope, 

a set of filters, a pulse insertion unit, a pair of analog to digital 

converters attached to the Myriad II computer with graphical and punched 

tape output units and the ICL 1907 digital computer.

The magnetic tape recorder is an Ampex 1300A FM 14 channel type, 

using the 3-M and Ampex instrumentation tapes. The recorder is a low 

noise type (S/N ratio 43 db at 60 ips) and frequency range 0 - 40 kHz 

at its top tape speed, 60 ips. The input-output linearity is within 
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± 0.7% with an input signal up to 1.0 Volt rms. Tapa speeds ate 

reproducible to within a good degree of accuracy. Other recording 

characteristics satisfy the TRIG specifications.

The variables in a test run, in the form of voltage signals V , 

^F* ^A* ^D* ^R ^^^ ^x ^^^^^^sponding to incidence, lateral forward 

less bias and lateral aft less bias currents, drag current, roll current 

and axial position signal respectively) and a suitable timing signal 

are first recorded on the magnetic tape. The timing signal is a -0.24 

to +1.2 Volt stop lasting at the high level about 14 seconds, initiated 

by a press button. This signal serves to identify the start of test 

run data for each record. At the time of recording, the signals on the 

magnetic tape are simultaneously monitored on an X-Y type storage 

oscilloscope. On the screen of the scope 4 traces can be temporarily 

retained for observation and possible photographic record. These give 

an analog (and unfiltered) picture of the variation of the current sig- 

^^^^ Vp* ^^» Vg and Vg^ with the signal V^ which is roughly proportional 

to the incidence a. The storage scope traces have two purposes. The 

^^^st of these is to check that the MSBS is performing satisfactorily 

since only limited time is available for direct model observation; 

and the second is to monitor the output stages of the currents differ­

ential operational amplifiers. The latter has been found necessary 

because of the low reliability of these amplifiers owing to their 

continuous subjection to common mode large amplitude spikes present 

on all currents. In earlier attempts using an .Ampex 1300 tape recorder 

it was possible to observe all the 4 currents measured, but with the 

Ampex I300A only two can be simultaneously monitored owing to the 

limited number of modules available at the time. Care is taken that 

the recorded signals lie within the linear range of the recorder, and 
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that the minimum effect of the recorder (e.g. maina interference) 

on the signals is achieved.

Out of the recorded test run cases, a batch is selected for 

digital analysis. There are two possible means of data acquisition 

on the Myriad computer. Repeated single (or two) channel data acquis­

ition and multiplexed data acquisition. In the former case several 

tape runs are required in order to digitize and acquire all the test 

run data, while in the latter a single tape run is sufficient. Follow­

ing is a listing of the relative merits and drawbacks of both types 

of acquisition:

Repeated two channel acquisition 

Advantages

i) Short setting-up time,

ii) Three reproduce modules are sufficient,

iii) A single dual filter is sufficient,

iv) Data points are simultaneously acquired,

v) Maximum sampling rate is the ADC maximum value. 

Disadvantage

i) Several tape runs are required and hence a relatively long 

computer time is required.

Multiplexed acquisition 

Advantages

i) Single tape run and hence a shorter computer time is required.

ii) Particularly useful in on-line digital data analysis. 

Disadvantages

i) Long setting-up time for recorded data analysis.

ii) Seven reproduce modules are required.

iii) Six phase matched filters are required.

iv) Data points are time shifted.
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v) Maximum sampling rate is l/7th the ADC maximum value.

The multiplexed acquisition was therefore abandoned because of 

the limited number of modules available for the Ampex l300Ai absence 

of enough good quality filters and the large setting up time.

The timing signal was passed in a pulse insertion unit (PIU) in 

order to generate a square pulse of large amplitude (approximately 10 

Volts). Since this pulse is used essentially to trigger the ADC unit, 

.' 1.5 
the pulse width is chosen to be ^ seconds where N^ is the sampling 

. 8 
rate of the ADC. It is clear in this case that a random time shift 

between the data of each acquisition exists which can be as large as 

1/N seconds. As will be shown later this has nd significant effect 

on the quality of steady data sought provided that piecemeal averaging 

is taken over a large enough number of samples. The choice of the 

filter setting and sampling rate of the ADC have been discussed earlier 

in chapter 3. The quantization error has a maximum amplitude of ± 5 mV 

and appears as a fandom error on the digital signals. To reduce its 

relative effect on the accuracy, the analogue signals are amplified 

about 10 times and the precise amplification factor is digitally correc­

ted for later on.

Digital data corresponding to each variable is then acquired by 

the Myriad II computer and stored as a data file. The first stage of 

data reduction applied to the data files consists of dividing the numbers 

in the data files into equal length (successive or overlapping) inter­

vals and calculating the average value and standard deviation of each 

group, i.e. piecemeal averaging. These two values take as reference 

coordinate the centre point of each respective time interval. The 

length of the averaging interval and spacing depend on the ramp rate, 

required incidence resolution and sampling rate as presented in chapter 3. 

The reduced data files are graph plotted for inspection and further 
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reduction and/or editing. The second stage involves editing the 

data files in order to select the best of the two records taken success­

ively in the test run, and drop the unnecessary constant value data 

points. Modified data files are then graph plotted and the average 

parts merged into a single data file which is then punched on a paper 

tape. A sample program of this data reduction stage is shown in 

fig. 6.2.

Paper tapes are taken for the third and final stage of analysis 

to the main computer (ICL 1907). The program for this analysis is 

prepared according to the flow chart of fig. 6.3. It features reading 

the paper tape data and reading constants relevant to model geometry, 

test conditions, flow conditions, force calibration constants, position 

and recording calibration constants. The main data is read in the 

sequence wind-off then wind-on. The data files are read in the sequence 

wind-off then wind-on. The wind-off data files, now considered as 

vectors are least-squares fitted to the incidence signal in polynomials 

of the form

2 3
y. - a + a, x + a_ x + a^ x + ... 6.1 

1 11 . 1 

where y^^ represents the wind-off signal of the 1^^ variable, x repre­

sents the incidence signal and a. , a: , ... constants (polynomial 

coefficients). Corresponding wind-on expressions for y. are calculated 

using the polynomial coefficients, and these in turn are subtracted 

from wind-on data for the same incidence values. It is likely that 

some positional drift may have occurred in the axial position control 

system; a correction for Chis is provided by recording the axial posi­

tion signal Vy at a point in the loop with minimal and regular drift 

properties. A static calibration provides the variation of drag 

current against that position signal from which a calibration constant 



can be worked out. Thia is used to correct the drag current against 

the drift in such position signal between wind-on and wind-off runs. 

The equation depicting this correction is

6.2

where &V_ is the position signal drift and 6V^ is the corresponding 

drag current signal correction. In this way the wind-on data is tare 

corrected. The tape recorder, filters and ADC may introduce some 

offset and gain errors and corrections for these are referred to as 

data handling calibration constants. A method of obtaining these 

calibration constants is presented later in this section. The wind-on 

data is corrected for these data handling calibration constants. The 

incidence signal calibration points are least squares fitted to a 

polynomial of degree 3 and the polynomial is used to translate V^ 

into actual incidence.

The next stage in the analysis is the conversion of voltage signals 

into forces and moments using the results of the force calibrations. 

The force-current relationship is derived in Appendix A and can be 

rewritten here as

[C] {F} = {1} . [K^^] {V} 6.3

where [k^^] is the current voltage signal calibration matrix (diagonal 

matrix) and [c] is the force calibration matrix. [c] is composed of 

two parts:-

[c] = [gJ + a [Gj

3v. a^v. 
[=21 ■

The force vector is therefore given by



—1
{F} = [c] fV) 6.4

It is necessary therefore to determine [cj and then calculate its 

inverse in order to find the values of {F} at each point. There are 

two ways of doing this numerically. One is the direct method just 

described leading to the exact values, but this takes a relatively long 

computation time. The other is an approximate method based on the 

possibility of modification of the inverse of a square matrix follow­

ing small changes in its elements without the need to recalculate the 

new matrix. In the latter case if [c] and [c/] are the calibration 

matrices corresponding to a and a* [^ n + d] then their inverses are 

related by the exact formula, [Householder, (195^],

[G'] ' - [G] ' {l.-aECgl (I. + ([G] [Gg]) [G] } 6.5

However, since 6 is very small, retaining only terms up to first order 

gives

-1 -I / -i \
&'] = [G] { 1. - ([Gg] [G] j 6.6

The advantage of using this approximate method is the saving on compu­

tation time. Both the exact and approximate methods have been included 

in the program. The exact method is adopted for the first point in 

the file then the approximate method is followed for the next batch 

of points (e.g. five), after which the exact method is resorted to 

again in order to check on the last point. If the cumulative error in 

each force component has not exceeded 0.5%, approximate method is 

retained. If not, the exact method must be used. A less arbitrary 

choice of the number of points sufficient for the approximate method 

can be determined as follows, the difference between the exact and 
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approximate formulae can be limited to an a priori fixed small number 

say 0.005. Therefore in a number of points n^ the inequality

n 6 fcF' G."'] < 0.005
6.7

must be satisfied. Since G includes o then the above formula should 

be applied at both extreme values of a and the lowest of the two near­

est integer values of n must be taken. If this value of n turns out 

to be of the order of half the number of points in the file or larger, 

there would be no need to resort to the exact formula beyond the first 

point in the file. Otherwise the method suggested earlier is retained.

The next part of the analysis consists of converting the force 

components just obtained into the coefficient forms C^, C^, C^, C^ as 

defined in the nomenclature and then the wind tunnel interference 

corrections are applied. The latter follow methods suggested by 

Garner et al (1966).

Additional computations are used to find the centre of pressure 

position Xgp according to the equation

where is the reference centre of moments and C is the mean 
CM a

aerodynamic chord. When C^^ becomes very small the values of X_p are 

meaningless so a value for C is numerically specified to avoid this, 
^min

If C values orresponding to small values of C. are fitted into a 

polynomial e.g.

using least squares method,

as a| + 2a2 C which can be

then (dC^^dC.) can be obtained immediately 

substituted for C^/C^ in equation 6.8. 



In this case the division by small number is bypassed and a regular 

expression results. However* the calculated X^p should be understood 

to represent the aerodynamic centre of the model having linear aero­

dynamic behaviour.

The aerodynamic coefficients are then tabulated ageihSt incidence 

and fed into the ICL graph plotter producing graphs of the format

Si - ^L

L 
,2 
L

- C C - a

This concludes the data reduction method.

The data handling calibration is achieved by recording known 

signals* e.g. square waves with a period of about 30 seconds* fig. 6.4, 

on all tape channels used just prior to collecting test run data. 

These calibration signals are reduced on the Myriad computer using 

similar settings of filters and ADC just prior to a test run data 

acquisition session. The d-c shift and gain factor are calculated for 

each channel using the interval averaging and checking the standard 

deviation parts to ensure freedom from any transients.

6.1.1 Test procedure and test format

The procedure followed in carrying out the incidence sweep tests 

can be summarised as follows:

a) Carry out incidence calibration and trim the optics 

amplifiers* if necessary* with power supply voltage to 

light sources set to the nominal.
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b) Record laboratory temperature and pressure.

c) Record the calibration signals on various tracks of the 

magnetic tape.

d) Connect the tape recorder input leads to the current and 

position signals of interest and the output leads to the 

storage scope inputs.

e) Measure and record model intensity of magnetization.

f) Suspend the model and switch on the integrators in all degrees 

of freedom. Seal the tunnel circuit.

g) Check that the ramp function generator amplitude sweeps the 

model over the required incidence range.

h) Select the sweep time t_ and pause time tp and make sure that 

the model is steady in suspension at a nominal starting inci? 

dence value approximately -1° to -2°.

i) Take a set of wihd-off recordings by pressing the timing signal 

once and the ramp function generator once for every sweep 

cycle required.

j) Repeat h and i for the various sweep rates required.

k) Take the tunnel speed up to a steady value and maintain as 

constant a value as possible manually. Repeat h-j for same 

rates of sweep as in wind-off case. Record the manometer 

reading and flow temperature.

1) Bring the tunnel speed down to zero and record a wind-off 

case, or a set of cases similar to i-j if coils are not 

excessively overheated.

m) Switch off the integrators and remove the model from suapension. 

n) Identify the acceptable test run cases on tapes.
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6.2 Methods of dynamic stability derivatives data reduction

Unlike the previous data reduction method for steady aerodynamic 

characteristic measurements where dynamic effects on the signals were 

of secondary importance* in the present case the dynamic behaviour of 

the signals is of primary interest. The techniques of derivative 

measurement presented here consist of forcing the model in harmonic 

oscillations and measuring the dynamic relationships (i.e. relative 

amplitudes and phase difference) between signals representing the 

excitation (force) and response (displacement) of the model. The three 

techniques of dynamic measurement presented in chapter 3 reduce, at the 

data reduction and analysis stage, to one of determining the above 

relationship for a pair (or pairs) of signals relevant to the particular 

measurement, e.g. roll torque and roll displacement in case of roll 

damping measurement. This section presents the methods followed in 

collecting and reducing the data, A description of the detailed method 

of application of the covariance zero crossings for determining the 

dynamic relationship between two signals follows.

6,2.1 Osclllatoty toll damping measurement - constant incidence

A block diagram of the data acquisition, reduction and analysis 

system is shown in fig. 6.5. Equipment used is much the same as those 

used for the steady data reduction method, (see sec. 6.1 and fig. 6.1). 

The additional instrument used is a low frequency oscillator. There 

are some differences in the number of channels utilised for recording 

and also differences in the kind of data reduction and analysis required 

and In the need for careful filtering of signals.

The roll position signal V. and partially filtered and d-c compen­

sated roll current signal V_ are recorded on magnetic tape. D-c compen­

sation of V is achieved by passing it through a unit gain differencing 
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op-amp and then subtracting a d-c signal. This is found to be more 

efficient than utilising heavy high pass filtering which would have 

resulted in significant changes in the phase angles. A reference signal 

from the oscillator and the timing reference signal are simultaneously 

recorded. The frequency of the oscillator is read on an electronic 

timer counter and the constant incidence setting on a DVM. Care is 

taken to separate the channels containing the data to be cross correl- 

ated in order to minimise the effect of recorder inter—channel cross 

talk. Signals are monitored on the screen of an oscilloscope in order 

to ensure that levels are large enough but within the dynamic range of 

the recorder (i.e. I.OV rms). The wind-tunnel flow head is set at a 

constant value while a recording is being made.

At the computation stage, prior to digital analysis, the analogue 

signals to be cross-correlated are passed through a pair of dual phase 

matched filters with calibrated phase and gain characteristics. The 

analogue data is reproduced at a conveniently higher tape speed. A 

high pass mode of filtering using high quality filters can now be safely 

used to eliminate the remaining d-c offset of the signals before digit­

izing. In order to ensure a minimisation of the quantization error the 

signals are duly analogue amplified. The cut-off frequency of the 

filters is chosen to correspond to 1/16 Hz in signal real time. The low 

pass end of the filters, i.e, anti-aliasing frequency, and ADC sampling 

rate are appropriately chosen such that about 180 samples per cycle of 

test frequency are obtained. Signals are then digitized and acquired 

by the Myriad computer. Although about 20 cycles of oscillation are 

required for analysis, about 60 cycles are stored. This amounts to about 

10 thousand samples per signal.
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Owing to the dynamic characterialics of the data handling equip­

ment (e.g. tape recorder and filter^^umramplifiera) involved it ia 

necessary to calibrate the system. This calibration is achieved by 

recording two identical pure sinusoids (of the same frequency as test 

signal) on the channels to be used for data recording. An op-amp buffer 

stage is needed because of the relatively high output impedance of the 

low frequency oscillators. At the data reduction stage these calibration 

signals are analysed in exactly the same manner as the main signals; 

amq)litude ratios and any phase differences between the channels are 

calculated. Analysis of the calibration signals recorded at various 

stages during a full test session provides information on the variability 

of the data handling system.

A flow chart of the digital analysis carried on the two signals in 

order to obtain the ratio of their amplitudes and phase difference is 

shown in fig. 6.6. Digital signals corresponding to approximately 20 

cycles of oscillation are first 'normalised' by extracting the mean values. 

The discrete covariance C of the signals \L and V^ is calculated over 

a lag range extending over about 0.6 of the period of recorded test 

frequency. The lag number corresponding to the first zero crossing r 

and the precise number of lags per period N_ are determined. These values 

are used to predict the first approximation to the location of successive 

zero crossings. The covariance of V, and V^ is calculated over a range 

given by)

N

where p is a small integer, say 4^ and m is the zero crossing ntmiber. 

The resulting covariance anqplitudes are plotted against the lag values 
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in order to confirm that the zero crossing has actually occurred within 

the range of lags used and the value of t is then obtained by interpol­

ation. If the range of lags is biased to one side of the zero crossing 

a correction to T^ may be introduced. Values of m and the correspinding 

T are stored, m is changed to take values -8 < m < -4 and 4 < m < 8 

and the resulting set of 10 pairs of values of m and r^ are punched on 

P^psr tape. Linear least squares fitting of m and T produces a straight 

li^^^ slop6 — , where u) is the test frequency in rad/sec, and intersects 

the m = -^ line at a value of r such that e » wr where s is the phase 

lead of V_ over V,.

Por determination of the amplitudes the covariance is calculated

again at values of lag r + (mt^)Ng/2-p T T^ + (mt^)Ng/2+p Por

^^^^^ ^ (-ha resulting set of points are used to determine the local extreme 

value (peak or trough). This can be repeated for the values of m used 

before, and the average modulus of these extrema is taken to represent 

the best estimate of the amplitude C._. Por determination of the ampli- 

tude of C^ , the auto-covariance of the displacement signal V can be 

calculated as in the case of C,_ but with T = 0 and 4 < m < 8. The 
z. — — 

average of the resulting extrema yields the best estimate of the amplitude

C \. The ratio of C,_ and 
99 9R

%R
ll.'lHW.UWXlliuUU

^6*

C,.i8 given by

%R
je

e

where j = 7^ and e is the phase difference. This ratio is in error

because of the dynamic characteristics of the data handling system. In 

order to correct for this, the procedure outlined above is repeated using 

the calibration signals. The resulting ratio of covariance to auto­

covariance of calibration signals corresponds to the amplification ratio 

of the two recording channels and the phase angle e . corresponds to
C & i e
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the phase difference at the teat frequency. If the reaulta for the 

main signals are Corrected, the result is

r C r C rC j<="==al. 
e

cor. **^sig. (#<rcal

The quadrature component of the expression above can be introduced into

equation 3.90a and the damping term is obtained. When this is repeated

for wind-off and the corresponding damping is subtracted from the wind-on

the difference gives the aerodynamic damping as follows:

aerod. damping sin(e-e

<|iR-'cal^
cal. / 

w.on

8in(e-e
cal

w C 
aero

The nondimensional roll oscillatory derivative f can be obtained

readily from this equation using the flow and model geometry parameters, 

p (air density), U (flow velocity), S (wing area) and semispan s as

given by equation 3.92. 

The data reduction method described above is then repeated for 

other incidences a, and the results of A^ are graph plotted against n.

Due to inherent variability in the analysis as a result of noise in 

the signals, a repetition of the analysis for different parts of the 

record can be taken as a check on the degree of precision of the data 

reduction method.

Main points in test procedure 

a. Check that the model roll displacement calibration is free from 

incidence displacement interference over the range of incidence 

and roll oscillation amplitude.
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b. Check that in the wind-on state the model is properly aligned 

with the free stream, so that at zero roll angle the fin does 

not generate any significant aerodynamic side force or yawing 

moment over the range of incidence of interest,

c. A check is made that the current signal has a sufficiently 

large dynamic range in both wind-on and wind-off states. Various 

settings of d-c compensation are determined.

d. Calibration signals are recorded on tape for about two minutes.

e. Model roll displacement and balance roll current signals, a 

reference version of the oscillation signal and the timing pulse 

signal are recorded for the wind-off case. Record lengths 

corresponding to about 60 cycles of oscillation are taken.

f. Set tunnel flow at constant speed and record speed head, air 

temperature and ambient pressure. Check that model roll oscill- 

ation is accompanied by a suitable roll current level at the 

required incidence. Record about 60 cycles of oscillations on 

tape and record down the incidence setting.

g. Repeat e) and f) for the set of incidence values of interest 

then record another set of calibration signals.

h. Data on tape is reproduced on an oscilloscope and edited if 

necessary.

i. The digital data reduction method described earlier in this 

section is then followed.

^^ 2.2 Oscillatory roll damping measurement — ramped incidence

In this case the model incidence is driven by a slow ramp function 

while undergoing forced roll oscillation. The incidence displacement 

IS generated by the ramp function generator which was used in the steady 

aerodynamic characteristic measurement technique (see ch. 5). The 
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longest ramp time available is 220 sec. This is used to drive the 

model over a range of incidence of about 6-8 degrees.

The data collection method is only slightly different from the 

case of constant incidence, fig. 6.5. The number of continuous measure­

ments is increased by one, the incidence signal. A suitable setting of 

the d-c compensator on the roll current signal is selected. Several 

wind-on runs are necessary before signal recording in order to confirm 

the absence of any significant signal distortion as a result of limited 

tape recorded dynamic range. Signals are then recorded for the required 

wind-on test runs at various ramp rates and incidence range.

Data digitization and digital analysis required some minor modifi­

cations owing to the nonstationary nature of the signals. Acquisition 

is taken in two steps. The first involves the speed up of the V and V 
R 

signals. The second step involves the acquisition of incidence and 

reference signals. In the first step the filters are set to high-pass 

followed in series by a low-pass in order to reduce the nonstationary 

effect. The high pass setting corresponded to a cut-off frequency of 

I/I6 Hz in signal real time. The low pass setting corresponded to a 

frequency permitting non aliased digitization of the signals into approx­

imately 150 samples per cycle of oscillation.

The incidence signal is piecemeal averaged with an averaging 

interval corresponding to a record length of about 20 periods of roll 

oscillation and an overlap of 10 periods. The covariance zero crossing 

calculation between V, and V^ over lengths of Che digitized record 

corresponding to approximately 20 periods of oscillation is carried out 

as in the previous section. An overlap of about 10 periods provides a 

means of increasing the resolution of damping measured. In addition, 

the covariance is carried out with respect to the reference signal in 

-145-



order to check the results obtained at several points within the 

incidence range. In this case the analysis time per point is approxim­

ately twice that of the direct covariance. The procedure is applied 

to the wind-on and wind-off cases with the same incidence at record mid­

range. Corrections for dynamic interference of the recording* filter­

ing and digitization on the signals are obtained by application of the 

covariance zero crossing method to a pair of calibration signals. The 

difference between corrected quadrature components of current-displacement 

covariance in wind-on and wind-off states at the same incidence yields 

the aerodynamic damping. The test procedure is the same as described 

in the previous section.

^'^"^ Pitch and heave oscillatory derivative measurement

Data collection and reduction method for this type of testing is 

basically similar to that in fig. 6.5* but there are small differences 

resulting from the number of measurements to be made. There are now 

more than two signals to be analysed dynamically* namely pitch displace­

ment* heave displacement* force and moment current signals. Six signals 

are recorded simultaneously on the tape. Pour correspond to the main 

signals above; additionally, a reference oscillation signal and the timing 

pulse are recorded. Calibration signals of pure sinusoid form at the 

test frequencies are recorded on the four main channels in order to 

correct as before for the dynamic properties of the data handling system. 

Precautions about signal amplitudes at the recording stage are similar 

to those previously taken. At the data digitization stage there are two 

options available, either to

1. carry out the data acquisition of the four main signals simult­

aneously without filtering via a multiplexer (corrections for 

the phase shift due to multiplexing Can be applied during the 

analysis), or
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ii. carry out the data acquisition of a pair of signals at a tinK, 

meaning that one of the signals will have to be used each time. 

In this case high quality phase matched filters can be used 

and the phase relationships between all of the simultaneously 

acquired signals are preserved.

It has been found more reliable to follow the second option in view of 

its practical simplicity. The number of rounds of acquisition in the 

general case of simultaneous pitch and heave displacements is six for 

the two forcing conditions. The use of two test frequencies made a total 

of 12 rounds. When one of the displacements is maintained zero at every 

forcing condition, the number of acquisition rounds reduces to 8. Signal 

amplification and low pass filters are set constant throughout. About 

60 periods of oscillation (150 samples per period) are digitized and 

disc stored.

The covariance zero crossing method (section 6.2.1), was applied to 

each pair of simultaneously digitized signals corresponding to a certain 

model position, forcing condition and test frequency. Records approxim­

ately 20 periods long are first normalised and the ratio of the covariance 

of current and displacement signals to the autocovariance of the dis­

placement signal is obtained. Repeating for the calibration signals on 

the same pair of channels provides correction factors for the ratio. The 

corrected covariance ratios of the two currents and repetitions for the 

second forcing case provides the elements of the matrices [»] and [cj 

and hence the matrix product [c] [g is formed (see equations 3.139, 

3.140, 3.145). The whole process is repeated for the other test frequency. 

Using the model geometric, calibration and flow data, the aerodynamic 

characteristics can be obtained from equation 3.141 and 3.144 in non^ 

dimensional form as follows
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where symbols have the same meaning as in chapter 3. It follows that 

the oscillatory derivatives are obtained by equating the real and imag­

inary parts of the equation.

Main points in the test procedure

a. Check that model oscillations at the required test frequencies 

in pitch and heave are not significantly coupled with other 

modes of motion in wind-off and wind-on conditions.

b. Repeat (a) for all required mean model positions.

c. Select signal amplitude to comply with tape recording require­

ments. If the mean model position corresponds to large d-c 

signals, then some form of d-c compensation or subtraction Inust 

be employed.

d. Record the calibration signals on the main signal channels.

e. Set the tunnel dynamic head at a constant value.

f. Apply a pure pitch oscillation to the model at one frequency 

and record pitch displacement, force and moment current signals, 

a reference signal and the timing pulse signal. Ensure that 

the model heave oscillation is negligible compared with pitch. 

Record about 150 cycles of oscillations.

g. Repeat test with a pure heave oscillation at same frequency as (f).
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h. Repeat (f) and (g) at another frequency but at the same mean 

model attitude.

i. Repeat (f) - (h) for other model mean positions.

j. Again record the calibration signals.

k. Apply the data reduction method described earlier.
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7. RESULTS AND DISCUSSIONS

Following the conception and development of the teat techniques 

presented in the previous chapters, several winged models have been 

aerodynamically tested. These models have the common feature of a 

slender wing configuration and differ only slightly from the main model 

(i.e. the AGARD-G winged model) presented in chapter 5. The models 

include:

i) a cropped-delta wing on a 24.0 mm (0.94 in.) diameter 

fuselage,

ii) a cropped-delta wing on a 16.0 mm (0.63 in.) diameter fuselage, 

iii) a pure delta wing supplied by NASA, Langley Field.*

* From now on this model will be referred to as the RAK model, since it 
has been supplied by R.A. Kilgore.

All models fall within the Same range of wing aspect ratio and total 

planform area. The experience gained in carrying out tests on these 

models will be discussed in the following section.

The techniques of testing presented in the previous chapters 

featured model movement while collecting the relevant measurements. 

Such motions affect the model stability in suspension as well as the 

analysis parameters. These aspects, in addition to confirmatory checks 

on the overall system, are discussed in section 7.2.

Section 7.3 presents the quasi-steady aerodynamic test results 

obtained using the incidence ramp method and the main model (i.e. the 

AGARD-G winged model). Detailed discussion of the various parameters 

involved is Included, together with the effect of incidence ramp rate 

on the results is given.

Dynamic measurements of the oscillatory roll daiq)ing derivative 

are presented in section 7.4 as well as comparisons with published data. 

Difficulties associated with combined pitch and heave oscillatory test­

ing are discussed in the same section.
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Overall error bounds and accuracy assessment of the results due 

to uncertainty and fluctuations in airflow characteristics, technique 

parameters and digital data reduction are discussed in section 7.5.

7.1 Prelltg^nar2 te8U:ng resuL^

7.I .] The first application results

It has already been mentioned that, prior to undertaking this 

investigation, the data reduction method was completely manual. This 

involved model magnetic suspension in the MSBS and direct reading of 

the DVM voltage signals that correspond to the various coil currents 

and model positions. The model is held at a fixed incidence in wind-on 

then wind-off conditions for as long a time as is sufficient to achieve 

a stationary set of readings. Very often some kind of visual averaging, 

or smoothing, is found essential. This averaging, applied to a measure­

ment involving several simultaneous readings is reasonably good only 

while the balance and measurement system comprise a reasonably statistic­

ally controlled process. The MSBS has been shown before to contain 

several sources of weaknesses that reduce its statistical controllability. 

Figures 7.1a and 7.1b illustrate the results of three sets of lift force 

and drag force measurements on the 70° cropped delta winged model. The 

three sets are nominally exact repetitions and data reduction is mmiual. 

The figures show random scatter as well as shifts due to systematic 

effects. Careful and detailed investigation of the System indicated 

that among the most probable causes, model position drift and operational 

amplifier output intermittency and noise were prominent. In order to 

cure the system expensive hardware modifications would be necessary. Such 

modifications may add to the coiig)lexity of the whole system which may 

reduce the overall system reliability. Short duration testing emerged
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as an alternative solution that may result in measurements relatively 

insensitive to such weaknesses. It proved then timely since a devel­

opment of a digitized data reduction system was required.

Contrived model motion during testing, with the motion both step- 

wise (i.e. staircase) and continuous (i.e. ramp) were roughly evaluated. 

The stepwise technique was rejected for ultimate adoption due to un­

certainty about the effects of the many velocity discontinuities. On 

the other hand it was regarded as a means of confirming the continuous 

motion data at key points ima tamp since a slow step process can be 

regarded as a quasi-steady point-by-point.

Sets of measurements of static characteristics for a slender 

cropped delta wing model of aspect ratio 1.18 (model (ii)) and for 

first time on the AGARD-G wing model, were taken by the old method of 

point-by-point measurement and with an incidence ramp at a rate approx­

imately equal to 0.1 deg/sec. over an 8 degrees range. These incidence 

ramp results were tape recorded and later-on filtered, digitized and 

piecemeal averaged over 0.1 deg. intervals. The reduced results were 

then compared with the results from point-by-point (manual) measurements. 

Typical results were reported at a conference [Abdel-Kawi et al, (1971)], 

Fig. 7.2 shows a typical case with wings having transition strips near 

the leading edges. The circles correspond to point-by-point results 

while the continuous line corresponds to the incidence ramp case as 

obtained from the computer graph plotter. There is evidently very good 

agreement between the two methods. The continuous line data in this 

figure corresponds to two incidence ramps corresponding to a positive 

and a negative ramp rate of the same magnitude. The absence of any 

significant hysteresis is a sufficient Indication of the quasi-static 

nature of data obtained at this ramp rate. It is of interest to compare 

the testing time required in the two methods. The time required for a 
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set of 15-20 points in the point-by-point case is about 35-45 minutes, 

while the time required for the whole length of incidence ramp excursion 

is about 1.5 minutes. The testing time for each point of the former 

method is therefore comparable with the time required for a whole ramp 

excursion. Fig. 7.3 shows the lift force coefficient for the AGARD-C 

model where the wings are clean i.e. without transition strips. Fine 

detail is clearly evident on this figure such as the plateau for a 

between 1.7 and 1.9°. This is regarded as evidence that the MSBS is 

capable of high resolution (of lift and angle of attack in this case), 

but also that the steady ramp method can highlight detail, in particular 

small discontinuities, which might not have been detected in conventional 

testing using discrete changes of angle of attack. Alternatively in 

conventional testing the small discontinuity might appear in a few points 

but be interpreted as noise and therefore ignored. The fact that the 

flow Reynolds number is ganerally low, 3.x 10^ - 4.x 10^ based on the 

wing mean aerodynamic chord, renders the prevailing laminar boundary 

layer over the front parts of the model very sensitive to model geometric 

details and surface condition. Therefore such aerodynamic results may 

only have limited practical importance.

The data reduction involved the digitization of the analogue 

(tape recorded) signals, application of simple calibration relations and 

graph plotting. It was found necessary to retain a simple data reduction 

method at this stage. One reason for this was the limited programming 

facility available to users of the Myriad computer.

Dynamic derivative measurements were confined to the measurement 

of the roll damping derivative. The in-plane and quadrature components 

of the model displacement and rolling moment current signals were 

measured with respect to a reference signal of the same frequency using 

a resolved component indicator. Owing to the low frequency of the signal
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and the low signal to noise ratio it was difficult to get a reasonably 

repeatable set of measurements. Heavy analogue filtering of the dynamic 

signals using high quality filters improved the measurements but required 

a long settling time and hence testing time. A first attempt towards 

digital analysis involved the computation of the spectra of the two 

signals. The dynamic transfer function between the moment and dis­

placement signals was obtained from the quotient of their cross-spectrum 

and displacement spectrum. The method was rejected owing to the need 

for a long record length to obtain reasonable resolution and hence 

accurate phase information at the excitation frequency. The method 

might have worked if the spectra were rather flat over a range of fre­

quencies.

Correlation analysis was then seen as a promising alternative. 

The quadrature component required is directly obtained from the zero 

shift cross covariance of the two signals involved. This component is 

directly related to the damping of the oscillating system. When signals 

are reasonably clean, i.e. of high signal to noise ratios, and records 

are reasonably long, the results obtained from this method compare favour­

ably with those obtained following the manual method, i.e. using a 

resolved component indicator. For signals with moderate to low signal 

to noise ratios the agreement is less favourable since both methods are 

prone to large errors in such circumstances. Therefore it was found 

necessary to look for improvements in the covariance estimates by invest­

igating the nonzero shift covariances. This was encouraged and motivated 

by the property that in a pure noise signal values covary less effectively 

if they are sufficiently widely separated in time.
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7.1 .2 RAK delta wing model results

The results of the preliminary Investigation together with a 

current interest in slender delta wings suggested the application of 

the technique to the measurement of aerodynamic characteristics on 

delta wing models and to compare the results with measurements obtained 

elsewhere, [Vlajinac et al (1971)J , pDavenport and Huffman (1971)1 

^d [stephens et al (1972)]. A sketch of the RAK model is shown in fig. 

7.4. Wings of basically flat plate cross section are shown, but another 

model where the wing cross section is a circular arc on the same fuselage, 

has also been tested.

Steady aerodynamic data were obtained from incidence ramp testing, 

In order to select a suitable ramp rate, lift and drag measurements were 

examined with the ramp rates varying from 0.16 deg/sec. to 0.045 deg./sec. 

in wind-on at a flow speed ranging from 22.4 to 40 m/s. The conclusion 

arrived at was that a rang) rate of 0.08 deg./sec. or less was sufficient 

to ensure quasi-static aerodynamic force measurements. This was then 

adopted for the rest of the test program on these models. Sets of 

measurements were obtained for the following conditions [oiab (1972^:

i) wing surfaces clean and with transition strips, 

ii) different flow dynamic head values and hence IL, 

iii) two wing cross sections, and

iv) varying digital piecemeal averaging interval during the data 

reduction.

The tape recorded test data were analogue filtered, digitized, reduced 

digitally and the results plotted. Although the digital analysis was 

kept reasonably simple the effects of varying the analogue filter cut­

off frequency, sampling rate and piecemeal averaging period were invest­

igated in detail. It was found convenient and reasonable to use a 

sampling rate equivalent to 62.5 samples per second and to average the 

data every second of real time. The one second value was found adequate
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to show the required aerodynamic details. This corresponds to data 

incidence steps of 0.08 deg. For a range of incidence ramp from -0.5^ 

to +6.0 a record results in a total number of digitised points of 9.5 K. 

The total analysis time from the start of digitization until the final 

graphs is about 25 minutes per case. A typical set of results is shown 

^^ figures 7.5 to 7.10. It is important to note that continuous curves 

shown in the graphs do not imply infinite resolution. This representa­

tion has merely been chosen to indicate that results are obtained using 

a continuously varying incidence. Since the resolution is high (i.e. 

± 0.04 deg.) it therefore seems justifiable to join the successive 

points by straight lines. The details of the force variations taking 

place during incidence intervals of the order of the resolution above 

suffer the largest inaccuracies. Fig. 7.5 shows a complete set of 

results for a model with clean wings while fig. 7.6 shows a similar set 

with transition strips on the same wings. A comparison of the results 

for the flat plate wings with those of Vlajinac et al (1971) and 

Davenport and Huffman (1971) shows the following:

i) The lift coefficient is higher than given by Vlajinac and 

in particular the lift coefficients at incidence values of 2° 

and 4° in the present results are 0.052 and 0.123 respect­

ively compared to 0.0494 and 0.1069 respectively in Vlajinac 

et al (1971). Consequently the lift curve slope of the 

present results at zero incidence appears to be closer to 

the potential flow prediction [Polhamus (1971)].

ii) The present data includes a change in sign of the lift 

coefficient, hence the accurate location of the zero-lift 

incidence is possible. The zero lift incidence appears to 

agree with results of Davenport and Huffman (1971).
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ill) Incidence resolution of the present data is + 0.04° as 

compared to the results of Vlajinac et al (1971) and Daven- 

P°rt and Huffman(l971)of2.^hence the new technique is mote 

powerful in showing small details on the lift curve. 

Comparison of the results of the clean wings with those having trans­

ition strips (^ 35 grit size) shows distinctly the existence of an 

aerodynamic hysteresis near 0.5 to 1.0 deg. of incidence, fig. 7.7. A 

plausible physical reason for the occurrence of such hysteresis might 

be the complex wing-body interaction in a prevailing laminar boundary 

layer. A similar phenomenon has been observed and reported in conjunc­

tion with earlier measurements in the same facility [judd and Goodyer 

(1969)] and elsewhere [Kirby and Aepworth (1971)] . An important con­

sequence of the addition or removal of the transition strip is a shift 

in the whole lift characteristic relative to the incidence scale. In 

particular the zero lift incidence appears to shift by about +^° as 

transition strips of 3. mm width are fixed to the model at about 20 mm 

behind the sharp leading edges of the clean wing. It is hard to deter- 

mine the causes of this phenomenon, but since the Reynolds number is 

very low, v 3. x 10^, it is suspected that it may be a viscous effect. 

When incidences are referred to the respective zero^lift values then 

for same incidence increment but above 1° the lift coefficient of the 

clean wing is consistently 0.025 higher than that of the other wing. 

This effect may be attributed to a formation of some additional lift­

producing vortices following a separation at a sharp corner when incid­

ence increases through 1°. The initiation of these vortices may be 

triggered-off by viscous effects, hence the onset of a hysteresis loop 

as discussed above, but their growth is of a potential flow nature.

The drag coefficient behaviour is more regular and has the expected form.
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C^ is consistently higher for the wings with transition strips than 

for the clean wings case. The effect of surface condition on the aero­

dynamic pitching moment is the elimination of an apparent plateau at 

the incidence range of 0.5 - 1.0 deg. following the addition of the 

transition sttips. Viscous effects of the flow on the aefodynamic 

characteristics C^ and C^ is illustrated in fig. 7.8. Although the 

Reynolds number is low the variation of the lift coefficient with 

Reynolds number, particularly near 1° incidence and also at high inci­

dence can be clearly seen. It must be emphasised that although the ramp 

rate is constant the effective or nondimensionalised ramp rate (i.e. 

<wC/U) increases as U decreases (or R^ decreases) therefore rendering 

different dynamic effects. The hysteresis loop appears to move slowly 

towards higher incidences as R^ decreases. Viscous effects are however 

more pronounced on the drag coefficient. The drag coefficient reduces 

consistently as the Reynolds number increases. Fig. 7.9 shows the effect 

of wing cross section on the lift and drag coefficients where both wings, 

one the flat plate and the other the circular arc cross section, have 

transition strips. The transition strips are reproduced as near as 

possible on both. Finally fig. 7.10 illustrates the repeatability of 

the measurements. It contains the data on the RAK model from 4 differ­

ent runs superimposed. The repeatability is clearly very good for C -o 

and Cg-C characteristics.

In order to carry out oscillatory roll derivative measurements, 

detailed examination of the covariance estimates was requited. In part - 

icular the effect of the analog filter cut-off frequency, sampling 

rate and record length were investigated over the range of test frequen­

cies of interest (i.e. I. to 3.0 Hz.). Sampling rate dictates the 

maximum cut-off frequency that the analog filter can be set to. The 

cut-off frequency of the analog filter represents the bandwidth of
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the noise corrupting the signal. A cut-off frequency of 40 Hz (real 

time) or 20 to 30 times test frequency whichever is lower was employed. 

This cut-off is sufficiently below the mains frequency which in most 

cases was detected in the signals. Maximum sampling rate is then 

decided by the required covariance lag resolution and computation time 

that can be tolerated. A value of 125 samples/sec. is found reason­

able for the 1.0 Hz testing frequency. In order to assess the effect 

of record length on the covariance estimate several oscillatory roll 

test recordings were analysed with varying analysis record length. A 

typical result for RAK flat plate model (forex = 0) is shown in fig. 

7.11. This figure illustrates the autocovariance of the displacement 

and current signals for wind-on and wind-off cases. Both signals are 

normalised i.e. bias-free and divided by their respective standard 

deviations. It is clear that at least about 60 cycles of oscillation 

would be required before the covariance estimates achieve their asympto­

tic values within 1/2%. Por the case illustrated this would amount to 

an angular error of about ^ to ^ deg. of phase difference between the 

wind-on and wind-off case. It is significant however to notice that 

the difference between the two covariance graphs for wind-on and wind- 

off becomes more or less constant for record lengths above 20-30 cycles. 

This evidence suggested the choise of 20 cycles for the record length 

to be used in calculating covariances and in the application of the zero 

crossing method. Covariance estimates for lag values further away from 

system lag yet much shorter than record length are calculated. The 

zero crossing of these covariances allows the utilization of more than 

a single value of covariance to estimate the phase angle. Details of 

the method are standardized and have been given in sections 3.2 and 6,2. 

Results of the application of this method to the measurement of oscilla­

tory roll damping having roll displacement amplitudes about 2 deg, at a 

selection of values of Incidence are shown in fig, 7,12, The nondlmen-
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sional oscillatory roll derivative i for the RAK Model with flat 

plate and circular arc cross section wings is plotted and compared with 

published results for similar geometries [soyden (1970)]. Agreement 

is very good for zero incidence but is progressively poorer as incidence 

changes from zero. There are several reasons which may account for the 

differences. First, it is possible that the differences are caused by 

differences in configurations, e.g. the RAK model has a fin and fuselage 

while Boyden's model has none but must have had means to support the 

model in the testing section, most probably a sting. The present 

measurements are however free from support interference. Secondly, it 

is possible that the discrepancy may result from differences in axis 

systems since the present measurements are obtained with respect to 

wind axes while Boyden's are shown with respect to body axes. A correc­

tion of the present results requires a knowledge of the term sin o 

where P is the roll derivative due to side slip. The third possible 

cause of error may be the data reduction technique. At an incidence 

°^ * ^p ^0^ the flat plate wing appears to depart from the trend indi­

cated by the rest of the values which were in closer agreement with 

Boyden's results. Repetition of the test three times consistently 

reproduced the same value with a scatter of about 3-4%. It is not clear 

what might be the cause of this apparent error, although one may conject­

ure that the noise on the signals must have been very heavy at this 

incidence value and so much more careful choice of the analysis record 

should have been made. The other possibility is a systematic error in 

the testing technique at this value. A logical remedy for this is the 

use of a testing technique where the incidence is continuously ranqped 

in incidence while the model is forced into a roll oscillation.

The general accuracy of the results discussed in this section is 
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limited by the strict adherence to simple calibration and data reduction 

methods. The pitching moment coefficient is the least accurate of the 

steady aerodynamic characteristics discussed above ^Diab ()97^. Wind 

tunnel wall interference has also been neglected. Tunnel wall inter­

ference corrections are not significant except possibly for drag 

coefficient and roll damping derivative results. Since a magnetic sus­

pension system is used the results are clearly free from support aero­

dynamic interference.

7.2 Confirmation of overall system dynamic characteristics

The systematic investigation of the techniques of testing forming 

the subject of this investigation required the detailed identification 

and when possible the measurement of certain system properties. These 

include details about the characteristics and behaviour of the MSBS in 

wind-off and wind-on states. Most important among these characteristics 

are:

i) the stability of the model in suspension in the wind-on 

condition, particularly when the model is moving,

ii) severity of the coupling or interaction among various compon­

ents (or degrees of freedom) of the balance due to the nature 

of the position sensing system and the field coil arrangement, 

iii) the change in the dynamic behaviour of the balance and model 

combination due to the action of aerodynamic forces. 

(i ) and (iii) above can be qualitatively assessed and may be quantitat­

ively measured, through the observation of the change in the natural 

frequency and effective damping of the various degrees of freedom. Fur­

ther due to the lack of a fail-safe mechanism in the system, the appear­

ance of a spurious transient signal often caused a loss of model control 
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followed by free flight ending with some form of model damage. In 

addition to geometric distortions resulting from this damage, the mag­

netic moment of the model changes. This necessitated the adoption of 

a careful sequence of repairs and checks in order to reduce the effect 

on repeatability; A comprehensive test of performance of the overall 

system with the wind on was carried out at regular intervals prior to 

force calibration and data recording.

A frequency response measurement of the complete open loop system 

(excluding the model) is very useful in assessing the stability of the 

MSBS but is time consuming and impractical for routine checks. Further­

more it is difficult to relate wind-off to wind-on results. Alternatively 

the step response is a simple test to carry out and could be very inform­

ative if the imperfections in the step signal, which are unavoidable in 

practice, can be tolerated. This was therefore adopted as the standard 

quick dynamic test. Typical oscillograms of responses of various force 

components due to a step input in the feedback loop of the MSBS are 

shown in fig. 7.13 - 7.15 in wind-on and wind-off cases. The top traces 

in fig. 7.13 and 7.14 are the model incidence signals while the other 

three traces correspond to lift force, pitching moment and drag force 

signals. The excitation signal was injectad into the control loop at 

the same point as the ramp signal would be injected. Therefore the 

dynamic responses obtained were relevant to the ramp testing technique. 

The response times due to step excitation were found to vary a great 

deal depending on the mean incidence, the flow and the sense of applica­

tion of the step. Additional information that can be extracted from 

these oscillograms are the natural frequencies and effective damping of 

various modes of motion.

In wind-off conditions fig, 7,13 (a) and (c) and fig, 7,14 (a) 

and (c) show the effect of the starting incidence value on the dynamic
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responses of the incidence signal V^, lift force signal V^, pitching 

moment signal V^ and drag force signal V . Settling time for V seems 

to reduce regularly from about 200 ms at zero incidence to about 100 ms 

at an incidence of 4.1 degrees. The settling time of V follows a 

similar pattern over the same range of incidence and amounts to about 

1 to 2 times that of V . The wind-off natural frequency of the balance 

lift force signal can be estimated from such traces and is about 10 to 

20 Hz over the range of incidence considered. The pitching moment signal 

response, however, is more dependent on incidence. V^ response seems 

to consist of two parts, an exponential decay on which is superimposed 

a heavily damped sinusoid part. The latter tends to behave like an 

impulse response which gets more definite with a increasing as evidenced 

by fig. 7.14 (c) and (d). The natural frequency of this component is 

close to that of the V signal. The response time however is estimated 

to be 2-3 times that of V^. Similar to the behaviour of V^, the drag 

force signal is strongly dependent on Incidence. Prom fig. 7.14 (a) and 

(c) and 7.14 (a) and (c) the effective damping appears to reduce as 

incidence increases and possibly reaches a minimum at mid a range. As 

evidenced by static force calibration, the drag current required to hold 

the model at the same position varies nonlinearly with incidence for 

incidences less than about 3^ degrees but remains constant above that 

incidence. Following a change in incidence the amount of change in 

drag current depends on the initial and final incidences. At the high 

incidence (o = 4.1 deg.) it can be seen, fig. 7.14 (c), that a step does

not cause any detectable transient in the drag current. It is therefore 

only logical to deduce that the dynamic response of the drag current 

signal is strongly affected by the nonlinearities of the V axial dis­

placement characteristic. The wind-off natural frequency of this loop 

is about 5-10 Hz while the response time can be estimated to vary between 

2-5 times that of V^. Fig. 7.13(b) illustrates the consequences of



applying a negative step. Comparison of this figure with 7.13(a) shows 

the effect of nonlinearity (of the static characteristics) on both the 

natural frequency and damping of various force component indications. 

In particular the drag current appears to suffer the largest changes.

The effect of aerodynamic forces on the performance of the MSBS 

can be extracted from the oscillograms of fig. 7.13(d), 7.14(b) and (d) 

at progressively increasing incidence setting. The conclusions about 

natural frequencies and settling time remain substantially similar to 

the wind-off case. The effective damping and the amplitudes of the 

transients are, however, different.

Eddy current effects in the behaviour described above is difficult 

to assess quantitatively but may only be qualitatively estimated. Eddy 

currents affect the step response in two major ways, namely in contrib­

uting to the effective damping and in promoting dynamic coupling among 

various balance components. The severity of both effects depends on 

the steady state rise in various currents and associated gradients. 

The major conclusions however remain unchanged.

The phenomena described above are quite tolerable for a polnt-by- 

polnt measurement. For the ramp testing investigation however it is 

necessary to cut down on the settling times. Careful 'optimization' 

of the phase leads of various control loops improved the lift force and 

pitching moment step responses while It improved the drag signal only 

marginally. The settling time for the former components is brought to 

the same order as V while that of the latter is reduced to about 3 

times that of V , fig. 7.15. The dynamic response levels were checked 

and maintained during the test program since this policy appeared to 

render the MSBS rather less susceptible to interferences.

-164-



Dynamic coupling among various components of ihe balance was 

observed in a similar manner to that of the step transicnL observation. 

In this case the suspension currents and toll current response to the 

step excitation in the incidence control loop were monitored. The sus­

pension currents did not indicate noticeable dynamic transients while 

the roll current appears to be much more sensitive. Since model position 

interaction has been ruled out as a possible cause, interaction must be 

attributed to the electromagnets mutual inductances and the model eddy 

currents. This phenomenon had not been as obvious when testing earlier 

models. One reason suggested for the present strength of interaction 

is the low roll suspension stiffness caused by the spatial distribution 

and low magnetic moment of the roll control magnets mounted in the model 

wings as compared with other models. Monitoring the roll current and/or 

roll position during ramp testing is important since the roll control 

loop has a low natural frequency and is generally lightly damped.

As a general conclusion to this section, it can be stated that 

a correction to allow for the transients is difficult to implement with 

a great deal of certainty. Effective damping ratio and natural frequency 

of oscillation of various balance force components estimated from step 

response can be used to realign various force components in the ramp 

response measurements.

7.3 Aerodynamic data - steady characteristics

The knowledge gained from the preliminary results discussed in 

the previous sections were put to use in the development of the incidence 

ramp technique presented in section 3.1. The systematic study of this 

technique necessitated planning a comprehensive set of calibrations and 

measurements. The purposes are to cover reasonably wide ranges of the 
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incidence ramp rate parameter and various types of aerodynamic 

characteristics, and to ensure reasonable accuracy of the results.

Certain limitations were set by the MSBS, model and flow on the 

ranges of variables involved. For example the incidence range is 

limited to about 9°, -1.5 to +7.5 deg. Incidence ramp rate is limited 

by aerodynamic considerations. The lowest value of ramp rate for 

transient-corrupted aerodynamic measurement can be estimated from equation 

3.15. In that equation assuming v = 0.05, a " 0.5 and an averaging in­

terval of 0.2 deg. of incidence (i.e. corresponding to ^L/L = 0.2 deg) 

then

where T_g is the nondimensional flow response time (chap. 3) and h is

the flow dynamic head in cm of methylated spirit. Adopting T = 2

(reasons will be discussed later) and h = 16 cm gives an estimate of 

^max ^'^ deg/sec. Alternatively, judging by the balance dynamic 

behaviour discussed in the previous section a maximum incidence ramp 

rate of ~ 15 deg/sec. appears to be feasible, at least for lift force 

measurement. Therefore, for the purpose of this investigation an a^^ « 

20 deg/sec. is chosen as the largest value for the testing program.

The minimum value of ramp rate is taken arbitrarily for reasonable 

test duration to be about 0.05 deg/sec. which is slow enough to ensure 

the accurate recovery of the static aerodynamic effects. Limitation 

on the balance natural frequency and damping can be theoretically 

estimated from equations 3.24 or 3.26. By making use of equation 3.15 

the balance natural frequency w and damping ratio C in a single component 

are given by

^^ ( 100 «giax rad/sec.
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For a typical damping ratio of 0.1 and the value of a estimated 
max 

from equation 3.15, the balance would need to have a natural frequency 

of 570 Hz. This appears to be an overestimation of the requirement 

and is certainly not reflected by the step responses of fig. 7.13, 14, 15 

discussed in sec. 7.2. A limitation is imposed similarly on the flow 

dynamic head. The maximum value is limited by the available electro­

magnet coil current (balance force capacity) when the model is subject 

to the worst combination of aerodynamic forces. This consideration 

allows a maximum dynamic pressure corresponding to 20 cm. methylated spi^ta 

^560 NA«(Z The lowest value causes the largest errors in the measurements, 

ref. sec. 7.5, and results in an effective increase in the nondimensional 

ramp rate i.e. a^^U.

Following is a list of the conditions and the range of numerical 

values of variables adopted in the testing program:

- Incidence ramp rate

0.05, 0.125, 0.25, 0.5, 1.0, 2.5, 5.0, 10.0, 20.0 deg/sec.

- Flow dynamic head range

5.0 to 20. cm methylated spirits.

- Wing surface condition

Clean and with ^ 35 grit transition strips.

Additional confirmatory tests were carried out for the purposes of 

checking the freedom of measured aerodynamic data from yaw, vertical 

heave and roll effects resulting either from position interaction, 

magnetic field coupling or aerodynamic cross coupling. Several repeats 

of a wind-on test were carried out before recording in order to ensure 

a reasonable level of confidence in the test data. In particular, the 

problem of one person maintaining the tunnel head constant and observing 

the model visually, monitoring its position and the force signals and 
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taking records was responsible for a high rejection ratio of the records. 

Table 7.1 shows a list of the recorded test runs (on magnetic tape). 

For practical reasons only a selection of the cases were analysed, with 

the result that only 20 cases (two for each ramp rate value) for each 

wing surface condition were chosen for digitization aud further data 

reduction.

Since the incidence ramp is variable among the set of records 

chosen, the settings of the analogue low pass 'antialiasing* filters 

and the sampling rates have to be selected and adjusted. The criterion 

followed here is to fix the incidence averaging Interval to about 0.2 

deg. Equation 3.43 provides a means of estimation of the filter cut-off 

frequency. Assuming the contribution of the highest harmonic component 

to be attenuated to l/IO of its amplitude (i.e. n = 0.1) then the cut­

off frequency of the filter is

Hz

where a is in deg/sec. Alternatively, for a sufficient statistical 

accuracy of the averages, the number of degrees of freedom (i.e. maximum 

frequency x Interval time length) of the averaging process must have a

reasonable value, say ^ 5. For the incidence averaging interval assumed 

earlier, the corresponding filter cut-off frequency is ~ 25 a Hz. A

reconciliation of these two figures may be achieved by observing that

they combine into a concise form relating n^ end the number of degrees

of freedom of the averaging process i.e. no. of degrees of freedom x q
H

= 1/^. the cut-off frequency is taken to be 25 a Hz for a > I and a 

constant at 25 Hz for a < 1. The corresponding 8anq)ling rate is taken 

to be 2.5 times this value. The digitized number of samples per record. 
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the record comprising positive and negative ramp excursions plus three 

pauses as shown in fig. 3.1 and 4.13, amounted to about 12000 samples 

for the slowest ramp rate up to about 19000 samples for the highest. 

For slow ramp rates, pairs of consecutive records are digitized in a 

single acquisition period while for high ramp rates each individual 

record is digitized separately. Piecemeal averaging of the two records 

is carried out and results plotted for inspection and editing. The 

limitation of the incidence resolution of the averaged data is provided 

by equation 3.38. A resolution of between 0.06 and 0.1 deg. is possible 

and corresponds to an overlap factor between successive averaging inter­

vals of 0.7 to 0.5 respectively. The degree of interaction with the 

computer data reduction, exemplified by the editing process, is rather 

lengthy owing to the absence of an online display, or soft graphic, 

facility. Editing, however, provided the opportunity to remove unwanted^ 

or 'redundant', data lengths and also allowed the selection of records 

for further reduction. The total number of points per record is then 

chosen to vary from 185 points for the slow ramp to about 450 points o 

for the fastest. The number of cases for each wing condition is there­

fore reduced to 10. Each selected case is punched on paper tape. The 

rest of the data reduction process including the application of force, 

displacement and data handling calibrations, the application of various 

corrections and the data presentation is carried out on the University's 

central computer following the procedure given in section 6.1. It is 

worth commenting, however, that the alternative method of inverse 

calibration matrix correction, due to small changes incidence, which 

was adopted for the purpose of saving on computation time did not in the 

event lead to significant savings. This is thought to be a consequence 

of the relatively small number of points comprising each case.
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In the remaining part of this section the results of tests on 

wings with and without transition strips are presented and discussed. 

Discussions related to the 'optimum' ramp rate and general discussions 

then follow .

7.3.1 Aerodynamic results - wings with transition strips

With transition strips applied, the flow pattern is assumed to be 

turbulent and stable over the incidence range. This stabilising effect 

has however a more subtle influence on the flow field than that. Certain 

secondary flow phenomena peculiar to fine model details, and which may 

be attributed to scale effects, may become very sensitive to the details 

of the transition strip itself. Examples of sensitive flows are:

i) the formation of secondary vortices at high incidence on 

slender wings with sharp leading edges (a function of wing 

thickness too),

ii) the flow at wing-body junctions, and

iii) the flow over the crevices and bumps on the lifting surface 

as experienced on practical aeroplanes.

A largely turbulent boundary layer on the configuration shortens 

and, to a large extent, fixes the flow response time than if boundary 

layer was laminar. Assuming an equivalent flat plate with turbulent 

boundary layers for the model planform, the nondimensional response time 

from fig. 2.4 is 2.0. The maximum ramp rate based on equation 3.15 

falls in the range of 2.2 - 4. deg/sec. for the flow dynamic head range 

of 6. - 20. cm methylated spirit. The validity of the flat plate assump­

tion; however, is subject to experimental verification.

The requirement of fixing an averaging time interval with a minimum 

length equal to the period of the transients of the slowest responding 

force component (e.g. drag force) while incidence interval is kept con-
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stant at 0.2 deg. leads to a maximum balance-transients-free ramp rate 

of 1.2 deg/sec. Therefore for ramp rates less than that figure the 

contribution of balance transients are expected to be very small.

Computer graphic representation of the results of these cases 

are presented in fig. 7.16 - 7.23 covering incidence ramp rates 0.125, 

0.25, 0.5, 1.0, 2.5, 5, 10 deg/sec. respectively. The Reynolds number 

is 0.37 million based on wing centre line chord.

The general form of the results for a reasonably low incidence 

ramp rate of 0.125 deg/sec., fig. 7.l6-(a)-(e), suggests that the data 

is reasonably free from any significant dynamic effect. This is 

evidenced by the closeness of the results from the up and down ramp 

excursions. The force and moment calibration precision is represented 

by the bar denoting 'resolution* on the graphs for comparison purposes. 

Although the Reynolds number is low, it is of interest to explain the 

aerodynamic aspects of these results. C. varies linearly with incidence 

over the range -1^ to +2.5°. For higher values of incidence the lift 

is nonlinear, having a slight hollow in the lift curve between a " +2.5 

and 4.1 deg., followed by the gradual nonlinear rise characteristic of 

the leading edge vortex effect. This suggests that in spite of the sharp 

leading edges of the wings, attached flow prevails at low incidences and 

flow separation associated with the formation of leading edge vortices 

is delayed. This delay is caused by the existence of the body extending 

ahead of the wing apex. Similar phenomena have been observed by Kirby 

and Hepworth (1971). In this reference, however, the delay amounted to 

about 5° for a range of wing thicknesses and wing body combinations. 

An indication, although with uncertainty, of the existence of the hollow 

mentioned earlier can be detected in that reference at the transition 

region, from linear to nonlinear lift. It is possible that in such 

circumstances the hollow is a consequence of the interaction between the 
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forebody vortices and the wing vortices, probably the formation of 

the latter causing a premature breakdown of the former. It is inter­

esting to compare this result with the results obtained in the same 

facility on the RAK model described in sec. 7.1.2. Owing to the 

presence of the body the delay in the formation of the wing leading 

edge vortices is clear, but owing to the lack of a forebody the hollow 

is absent.

It is interesting also to compare the linear lift curve slope 

found in the present measurement with that of the reference above. 

Kirby and Hepworth obtained for their pure gothic wing (sharp leading 

edges, aspect ratio 1.385) linear normal force slopes at zero incidence 

of 1.66 per rad. for a 4% thickness wing and 1.6 per rad. for a 9% thick­

ness wing. Using the empirical formula due to Peckham (1958), the 

normal force slope for the present model can be predicted from Kirby 

and Hepworth's results. Por a model comprised of the wings of the 

present model extending to the centre line, but without body, the normal 

force slopes should be 1.33 for 4% thickness and 1.285 for 9% thickness 

wings when the thickness distributions are the same as that of Kirby 

and Hepworth. The wings of the present model have a different thickness 

distribution, hence slightly different leading edge thickness angles, 

but the overall thickness to chord ratio is 4.83%. The measured lift 

curve slope at zero incidence is found to be 1.26 per rad. By taking 

the drag at zero lift into account a normal force slope of 1.302 per 

rad. results. This is in good agreement with the Kirby and Hepwroth re­

sults in spite of the difference in R» and surface conditions. It should 

be noted that a conclusion of that reference was that for a mid-wing 

configuration the presence of the body produced no detectable effect on 

the lift curve slope at zero incidence. Therefore the results obtained 

in the present measurement seem to have a good accuracy.
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Fig. 7.16(b) shows the drag coefficient variation with lift 

coefficient. It can be seen that there is a slight separation between 

the ramp up and ramp down of incidence. It is important to distinguish 

between two kinds of differences, namely those that take place in the 

range 0. < C < 0.05 and those that occur elsewhere. The former 

differences have mainly aerodynamic origins while the latter may be 

attributed to dynamic effects of the testing or to some other systematic 

error. It can be seen that the latter difference is of the order of 

the difference between the starting and finishing points of the test 

which suggests that in this test run there is a possibility of a drift 

having occurred in the drag force loop. It has been argued earlier that 

in the range of C^ indicated above, any vortex system present in the 

flow field may be due to the body or the wing thickness distribution, 

and hence may have a strong viscous dependence. It is likely, therefore 

that the hysteresis is a genuine aerodynamic effect. Comparison of 

the drag coefficient of the present model with other measurements can 

best be carried out by considering the lift dependent drag parameter, 

2 
(Cg-Cp )/^T' "^^^ parameter was found to be twice as large as the values 

0 
obtained by Kirby and Hepworth. Moreover within the incidence range of 

the test the drag parameter does not appear to approach a constant value 

as would be expected for such a slender model. This result is cotrobor- 

ated by the C^-Cy graph fig. 7.16(c) which demonstrates a nonlinear behav­

iour. In view of the low R, no definite conclusion can be drawn about 

the overall drag properties of this model.

Pitching moment and centre of pressure location are illustrated in 

fig. 7.16(d) and (e) respectively. The separation between the results 

corresponding to the two ramp excursions is of the order of the difference 

between the start and end conditions and is less than 0.0005 (or 3.0 o.cm. 
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of moment) which is smaller than the moment resolution of the balance. 

There is a tendency for the centre of pressure to move forward at high 

incidence. At the zero lift incidence the centre of pressure lies at 

0.53 of the centre-line chord from the wing apex. This can be compared 

with Kirby & Hepworth's results. Interpolation of their results for the 

present model geometry gives X^p/C^ = .54. The present results are 

seen to be in good agreement with that value inspite of the differences 

between the two configurations. It is interesting to notice that the 

centre of pressure is independent of the flow dynamic head. The differ­

ence between the two curves corresponding to ramp up and ramp down in 

fig. 7.16 (e) may be attributed to either aerodynamic hysteresis or 

errors in the data reduction technique. The apparent step in X_p/C 

at a = 2° is a consequence of the data reduction method. At that incid­

ence a changeover from calculation of aerodynamic centre to that of 

centre of pressure (sec. 6.1) takes place. This is detectable in vary­

ing amounts in most of the centre of pressure results reported here.

The effect of a on the measured aerodynamic characteristics can be 

inferred from the observation of the results at progressively increasing 

|a| fig. 7.16 to 7.22. In general it can be seen that the positive 

and negative ramp rate data begin to separate significantly for |n| 

l.0°/sec. The apparent separation in the lift coefficient characteristic 

at a = 0.25 deg/sec., fig. 7.17 (a) is believed to be a dynamic flow 

fluctuation effect since it is not correlated with a significant hystere­

sis on the ^^p/C^ characteristic. The effect of |a| on the amount of 

hysteresis change in lift coefficient is shown in fig. 7.23, Effects 

at four incidence values are considered, e.g. 0.0, 3.0, 5.4 and 6.6°.

It can be clearly seen that there is a marked change in the magnitude of 

the hysteresis depending on the incidence and pitch rate. A pattern of 

systematic change can however be obtained if the hysteretic component of 
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C is replaced by CL/C xa )^ which is called here the 'lift parameter', 

fig. 7.24. According to the theory of sec. 3.1 this parameter is 

equivalent to 5/w or the ramp response time lag of a second order 

system. With linear aerodynamics and in the absence of any transients 

the resulting change of lift parameter with a should be a constant line 

parallel to a axis. Pig. 7.24 however shows clearly that the lift para­

meter starts at a constant value for very small o, gradually increases, 

achieves a prominent peak particularly for large incidences near 

|a| = 5 deg/sec., and then starts decreasing and presumably achieves the 

level corresponding to a = 0 asymptotically. No attempt has been made 

to deduce a physical reason for the occurrence of such peaks, or the 

subsequent reduction in lift parameter at large n. The constancy of the 

lift parameter at all incidences at low values of a is sufficient evidence 

for the absence of aerodynamic transients corrupting the quasi-static 

results, hence simple corrections can be applied to account for different 

lag values. The gradual increase in lift parameter is an evidence of 

dynamic corruption. Fig. 7.24 provides a conformation on the aerodynamic 

response time since it suggests that transients start affecting the 

measurements at |a| > 2.0 deg/sec. which agrees well with the prediction 

given earlier. The noise on the lift curve, however, increases as a 

increase . This is a consequence of the shortening of the piecemeal 

averaging interval. A remedy could be the use of a more sophisticated 

'filtering' algorithm.

The effect of |a| on C^ is much more prominent, fig. 7.16 -. 7.22. 

In considering this data it is essential to break down the drag into 

constituent parts, namely zero lift drag or minimum drag and drag due to 

lift. The change in the minimum drag value, taken as the average of 

ramp up and ramp down condition, with a is shown In fig. 7.25. The 

strong dependence of C^ on u is characteristic of viscous effects and 
min 

the reduction in its value can only be a confirmation of the fact that 
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with increasing a the flow approaches the fully turbulent state. This 

result is significant since it suggests that as far as indicated forces 

are concerned a further correction due to C^ inaccuracy, even at very 

small incidence ramp rates, may be necessary. The drag due to lift, 

2 
or the drag parameter (C_ - C )/C , appears to decrease relatively 

^min 
slightly with increasing |a| at high incidence. This would be expected 

since lift variations resulting from high d arise from potential wake 

adjustment.

The moment coefficient and centre of pressure are also strongly 

dependent on |a|, particularly at low |a|. Apart from the increase in 

variability of C^ and X^p/C with increase in |a|, the global trend 

remains relatively unaltered. The moment coefficient at zero Incidence, 

however, decreases gradually from -0.003 at |a| = 0.125 deg/sec. to 

-0.017 at 0.25 deg/sec. and then increases gradually with |a|. This 

corresponds to a change in the aerodynamic centre of about 2% of the 

centre line chord. The static stability about mid chord at zero lift 

appears to change from a value of approximately zero at 0.125 deg/sec. 

to a stable value in the range of |a| 0.5 - 1. deg/sec. but reduces 

back to near zero at high pitch rates.

7. 3.2 Aerodynamic results - clean wings

Previous testing in this facility has shown that clean slender 

wing models exhibit pronounced nonlinearities in their aerodynamic 

characteristics at low incidences and low flow Reynolds numbers. They 

may be caused by thickness and/or wing-body interference effects and 

are referred to in the following discussion as secondary effects. 

Therefore in addition to the determination of the steady aerodynamic 

characteristics of the clean wing AGARD-G planform model, the same^ 

measurements can be useful as a severe test of the validity of the 
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incidence ramp testing.

An estimation of the flow response time is much more involved in 

this laminar flow case since the vortex system is much more complex 

and it is possible that some of the secondary phenomena have a much 

longer response time than the predominant flow. It is likely that a 

complex pattern over a model would have a longer response time than the 

flow over a flat plate with a laminar boundary layer. Following a 

similar process to that pursued in the previous section and assuming a 

nondimensional flow response time of 4., the associated maximum permiss­

ible ramp rate is estimated to be 1.1 to 2. deg/sec. for the range of 

flow dynamic head considered before.

Further reduced measurements relevant to the AGARD-G planform model 

with clean wings have been obtained and computer graphics of some of the 

results are shown in fig. 7.27 - 7.32 for incidence ramp rates of 0.05^ 

0.125, 0.25, 0.5, 2.5 and 20. deg/sec. respectively. The Reynolds 

number is 0.33 million which is slightly lower than used in the tests 

with transition strips.

At very low ramp rates e.g. 0.05 deg/sec.,test duration Is relatively 

long. In this case the measurements become sensitive to fluctuations 

in the manually controlled tunnel flow dynamic head. In addition, the 

probability of spurious interference on the measurements is high. This 

is clearly demonstrated by the results for |n| * 0,05 deg/sec., fig. 7.27 

(aO to (e). The separation between the ramp up and ramp down C^ curves 

near a = 3° and between a " 4.2° and 6.6°, fig. 7.27 (a) are most probably 

flow dynamic head fluctuations since they are absent in the X^p/C^ graph, 

fig. 7.27 (e). There is clearly spurious interference in the drag 

coefficient at C^ " -0.045 (or o " -1.0°), fig. 7.27 (b), and another 

one on the moment coefficient at C » +0,17 or (n " 6,6°), fig. 7.27 (d). 
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This is clearly an indication of a state of reduced statistical 

control of this test. At higher tamp rates the test duration is shorter 

and the chances of interferences of the kinds mentioned above are very 

much reduced. Consider the results for |a| = 0.125 deg/sec., fig. 

7.28 (a) to (e). This set of results indicates the ^static' nature of 

the data. For the drag coefficient, however, the separation between the 

two ramp excursions is comparable with the balance drag force resolution, 

and there is insufficient evidence that this is an aerodynamic effect. 

For this tamp case, the lift coefficient, fig. 7.28 (a), is very 

different to the equivalent case with a transition strip, fig, 7.16 (a). 

Since the Reynolds numbers for the two cases are very close, the only 

possible cause of the differences is the effect of the transition strips. 

With clean wings the flow is expected to be predominently laminar. A 

first look at fig. 7.28 (a) suggests that CL-u is more or less linear 

in the incidence range -1.4 to +1.8 deg. with a slight waviness. In a 

point-by-point measurement this waviness may be completely attributed to 

experimental errors. The lift Curve slope corresponding to this linear 

range is about 2.0 per rad. This value is nearly 60% higher than the 

corresponding value for the wings with transition strips. A closer look 

at the C^-a curve reveals a great deal more information in this low 

incidence range. It can be seen that around the zero lift incidence C^ 

has a definite linear trend in the range -0.2 to +0.5°. The lift slope 

of this part is only 1.65 per rad. or 30% above the corresponding wing 

with transition strips. At higher incidence there is clear evidence of 

a nonlinearity, similar to that associated with the formation of the lift 

generating vortex systems. At a = 1.5 deg. yet another vortex system 

may have formed, however its effect does not appear to persist for long. 

The interaction of this vortex system with the previous one appears to 
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lead to a gradual cancellation of their resultant effect on lift start­

ing at an incidence of +1.8 deg. At an incidence of about 3° the lift 

curve slope starts to increase again which indicates the formation of 

more powerful lift generating vortices. It is suggested that the earlier 

two vortex systems are akin to the separation on the body surface and/or 

on the aft parts of the wings while the latter is a wing leading edge 

separation type vortex. This is supported by measurements and observa­

tions reported by Kirby A Hepworth (1971) and Kirby & Kirkpatrick 

(1969). In the former reference it was concluded that wing thickness 

and body presence cause a delay in the formation of the leading edge 

vortex system. Flow visualisation along the model surface in the latter 

reference provided a corroboration of the thickness effect at low inci­

dence and a cleat indication of the reduction in lift curve slope of 

a 16% thick delta wing at an incidence between 2° and 4^ with free 

transition. Evidence was provided in the same reference of the effect of 

R^ on the reduction of lift curve slope. Further evidence is required 

in addition to that on fig. 7.28 (a) in order to support the possibility 

of the vortex systems explained above. This is provided by the pitching 

moment and centre of pressure results.

The pitching moment about the mid-centre line chord and the centre 

of pressure results are shown in fig. 7,28 (d) and 7.28 (e) respectively. 

These two figures indicate a statically stable model (d C/d C^ < 0) 

with an aerodynamic centre at zero lift at .70 of the centre line chord 

behind wing apex which is consistent with nonseparated flow. The con­

clusion of this is that the aft parts of the model form the main lift 

force generating parts. For incidences above 1.8 deg. (or C_ > .08) 

the moment reverses trend to a statically unstable (i.e. d C^/d C^ > 0) 

situation and the centre of pressure moves forwards indicating that the 
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forward parts are contributing more predominantly to the total lift. 

The kinks on the moment graph coincide with the key incidence values 

quoted above. The fine details yielded by the slow ramp testing can 

therefore be utilised to obtain more precise information about complex 

flow patterns than hitherto in conventional testing.

The drag coefficient is shown in fig. 7.28 (b). C is about ^ of 

0 
that shown in fig. 7.16 (b), another confirmation of laminar flow.

Although there is a certain amount of remnant noise on the drag curve, 

more than on the lift or moment curves, the kinks shown on the graph 

occur at the key incidence values. Two important features of the drag 

behaviour deserve comment. One is the slight asymmetry of CL about 

^L - ^ ^^^ which the only plausible explanation is small asymmetries n 

in the model configuration. The other is the occurrence of valleys, 

or local minima of C^, at nonzero incidence. The most significant one is 

at C^ ~ 0.07 or a ^ 1.8°. Several possibilities can explain this 

phenomenon. The cancellation of the effects of various vortex systems in 

this range of incidence, as argued in conjunction with the reduction in 

local lift curve slope, may be rather associated with annihilation of 

some of them in favour of the remaining ones. Such annihilation, or 

vortex breakdown, is usually accompanied by a reduction in the drag force 

slope at least in the low R^ range [Kirby & Kirkpatrick (1969)]. The 

alternative possibility is the effect of the blunt base of the fuselage. 

The latter could be responsible at least in part for this phenomenon since 

the vortices generated on the model finally interact with the base wake. 

The drag due to lift expressed in the form of the drag parameter, or the 

2
drag variation with C fig. 7.28 (c), did not approach an expected 

2 
constant value or linear behaviour with C_. This is difficult to explain, 

but it agrees with the findings related to wings with transition strips.
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The changes of the aerodynamic characteristics with |a| can be 

obtained from fig. 7.27 - 7.32 for progressively increasing |a|. These 

changes are similar to those for the case of wings with transition 

strips.

7.4 Oscillatory derivative results

As a verification of the estimated optimum record length for 

application to the covariance zero crossing method, a limited digital 

simulation has been carried out. A block diagram of the simulation is 

shown in fig. 7.33. A numerically generated sine wave of frequency 

2.0 Hz and sampled at 180 samples/cycle is taken as the input to the 

second order system represented by the box. Noise (1) and noise (2) 

are different parts of a uniform random sequence, each having zero 

average.

Ideally when the noise is absent, the output signal Y is an 

attenuated (or magnified) and phase shifted version of the input signal 

X dependent on the system transfer function at this frequency. The 

purpose of the simulation was to Introduce various amounts of noise into 

the signals, apply the zero crossing covariance method to signals X and 

Y and then to compute the quadrature component of Y with respect to X 

for a range of record lengths around those predicted from fig. 3.13 and 

3.14. The results showed an excellent agreement with prediction for 

a specified accuracy of 0.5% in the quadrature component magnitude. In 

fact for a system phase difference of 12° the following phase differences 

between the X and Y variables at different slgnal-to-nolse ratios, but 

with a constant record length of 20 cycles, were obtained:

Signal-to-Noise
Input

ratio
Output

Phase angle 
(°)

error 
(°)

00 11.96 -.04
7.54 1.72 11.92 -.08
7.54 0.262 12.92 +.92
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It is clear from these limited results that the prediction of the 

theory is of the right order.

The technique of covariance zero crossing presented in section 3.2 

has been applied to the measurement of oscillatory aerodynamic deriva­

tives for the AGARD-G wing model. The procedure followed is that given 

in section 6.2. Plow dynamic head and amplitude of oscillation are 

chosen such that the dynamic range of the electromagnet currents 

corresponding to oscillation do not exceed the coil capacity. A 

convenient value for the dynamic head of 10.5 cm. methylated spirit (820 N/m^) 

was used. The low closed-loop stiffness of the roll control is mainly 

responsible for the choice of a low dynamic head. The 'optimum* 

amplitude setting is chosen from observation of several test runs, and 

the linearity of the response is checked by digital analysis of a set 

of recordings at different amplitudes of oscillation but constant inci­

dence and flow dynamic head. Pig. 7.34 illustrates a typical linearity 

check. The standard deviation of the roll displacement signal o is shown
9

as the abscissa while the quantity (o^yo).(C^g/C^) is proportional

to the amplitude of the cleaned roll current signal relative to displace­

ment signal and e/^ is the phase difference between the two signals. 

The linearity is well established for the range of displacement measured 

upto about 1.8°. Below 0.5° or above 2° of roll oscillation amplitude, 

marked signal distortions could be observed. Throughout the program of 

testing the amplitude is kept down to about 1.0 - 1.6°. The general out- 

5 
come is a set of results at low flow Reynolds number i.e, 3.64 x 10 

based on the wing centre line chord, and low rolling frequency parameter, 

0.013 to 0.03. The frequency parameter is ms/U where m is the oscillation 

frequency in rad/sec., s the semispan and U is the flow speed.

The effect of noise on the length of record used for the estimation 

of the covariance functions has been investigated for this model and the 
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conclusion remains substantially the same as that of section 7.i;Z, 

namely that a minimum record length of 20 cycles is necessary for a 

reasonable accuracy of various estimated covariances.

180 samples per cycle of oscillation is regarded as a reasonable 

compromise between the accuracy obtainable with the present aignal- 

to-noise ratio and precision of analysis. The sampling rate chosen is 

related to the number of samples per cycle and oscillation frequency. 

Fig. 7.35 illustrates typical plots of digitized roll displacement and 

roll current signals, in a wlnd-on test. Trace (a) corresponds to 

the displacement while the other two correspond to current signals. The 

top current signal (b) is a typical signal heavily polluted with noise 

while (c) is only lightly polluted but rather distorted.

The spectra of pairs of the signals, e.g. roll displacement and 

roll current signals taken in wind-on or wind-off at constant incidence 

setting were digitally computed and the signal to noise ratio was estimated. 

These signal-to-noise ratios were introduced into the charts of fig.

3.13 and 3^14 together with various frequency ratios and accuracy require­

ments to determine the suitable analysis record length. Typical values 

of the signal to noise ratios obtained for different incidence setting 

are shown in the following table.

(S/N denotes signal-to-noise ratio) 
(* indicates distortion present)

_ a (0) -1 0 1 1.75 3 3.5 4.4 5.2 6. 6.9

19 18 22 26 21 28 Z8 25 18 12

i.9 2.2 3.4 6.9 3.1 6.1 6.4 4.9 1.5 4.5

36 
*

40 75 180 65 170 180 120 27 
*

54 
*

min. length of 
record (cycles) 
from figs 3.13 
and 3.14.

20 20 20 20 20 20 20 20 20 20
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Except for the incidences -I and 6° the signal-to-noise ratios appear 

to be good and the figure of 20 cycles for minimum record length is 

confirmed.

Table 7.3 shows the list of cases of oscillatory derivative 

measurements which have been recorded. Owing to the large volume of 

computation required, see below, only a few of these records were selected 

for further reduction.

A the data reduction stage there is a great deal of interaction 

with the computer, (see sec. 6.2.1) and consequently the computation 

time is long. The limited programming facility on the available computer. 

Myriad Mk II, has hampered attempts to produce more extensive results. 

To illustrate the volume of computation involved per each data point 

consider a 20 cycle record. These are sampled at 180 samples/cycle 

giving 7200 samples^ The covariances are computed at 8 lag values around 

each zero crossing and 4 lag values around each peak or trough. If 10 

zero crossings, 10 covariance peaks and 5 auto-covariances are calculated 

then the total number of lag values is about 140. This represents a 

considerable amount of computation per record.

7.4.1 Oscillatory roll damping - constant incidence results

Oscillatory roll damping derivatives of the AGARD-G wing model have 

been measured at constant incidence settings, at two different oscillation 

frequencies and for two different wing surface conditions. For the 

practical reasons cited earlier, only a few cases were analysed.

The tape recorder was checked for its gain and phase accuracy and

was found acceptable. The wind-off signal-to-noise ratio product (8 6 ) 
X y

was found to be higher than 60 over most of the incidence range except 

near or above 6.0° and near or less than -1.0° Typical values for

wind-on signals are shown in the table above. These are regarded in 

general to be acceptable except for high incidence and they can be 
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analysed with a standard 20 cycle record length. Detailed examination 

of the signals with poorer signal-to-noise ratios or at extreme incidence 

suggests that the distortion of the sinusoid rather than the added noise 

is more serious. The correction of the rolling moment calibration con­

stant (obtained statically) due to dynamic effects has been estimated 

before, see (sec. 5.5) and is small.

Reduced results for different cases are shown in fig. 7.36 in the 

form of the variation of & with incidence. A is compared on the same 
P P 

graph with results of recent RAE measurements on the standard AGARD-G 

wings [Fail (1973)] , NASA results on 74^ delta wings [Boyden (1970^ 

and earlier measurements in the same facility on a cropped delta wing 

model [Abdelkawi et al (1971)] . It must be noted that Fail*s and 

Boyden's results are given in a body axis system i.e. A + A^ sin a

Present results for the wings with transition strips for oscillation 

frequencies of 1.0 Hz and 2.0 Hz agree and have the same trend in the 

range of their overlap. A few points were found to lie outside the 

trend e.g. at a = 6 and frequency 1.0 Hz and a " 6.9° and frequency 

2.0 Hz. It was found that in such cases the signal-to-noise ratio of the 

displacement and/or the roll current signals were smaller than normal.

Certain differences can be noticed between the present data and the 

published ones. The present data appears to have a peak at zero incidence. 

It is interesting to notice that earlier measurement in the same facility 

[Abdelkawi et al (1971)] exhibit a similar behaviour in the low Incidence 

range, i.e. near zero Incidence. Pail's and Boyden's data approach a 

minimum at zero incidence. The existence of differences between the 

sources of data is not surprising in view of detail differences in con­

figurations, methods of support, and of course Reynolds number. It has 

been shown in the steady force measurements that the presence of a body 

delays the onset of the sharp leading edge vortices. The immediate 
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consequence of this on A for the present model is the delay in the grad­

ual increase in the magnitude of t with increasing incidence. For 

this model, the zero-lift incidence occurs at a = 0.2° (see sec. 7.3.1). 

It is therefore reasonable to claim that the technique described in 

this thesis is providing valid data. A physical interpretation of the 

troughs occurring at a = -|° and a = +1° Is in order. The products of 

the signal to noise ratios at these incidences are 32 and 72 respectively 

which indicates a high degree of confidence in the data. Having estab­

lished the credibility of the results at other incidences it is there- 

fore most likely that these troughs are genuine. The reducing magnitude 

°^ % ^^ ^^^ vicinity of zero Incidence, where the major contribution 

is expected to be of a potential flow nature, can only be attributed 

to an asymmetric vortex pattern of viscous origin, similar to a thickness 

effect, which dominates the outboard sections of the wing. This is 

consistent with lift measurements discussed in sec. 7.3.1. The presence 

of the larger fin is likely to be the prime reason that the & value 

obtained at zero incidence in the present results is larger than Fail's 

results. The effect of the fin at other values of incidence is to con­

tribute partly to the values of & obtained.
p . .

^^^^ clean wings at zero incidence and again at incidences above 

about 4^ the oscillatory roll damping derivative is in good agreement 

with data taken with transition strips. In the intermediate range of 

incidence, however, the pattern of the two sets Of results is markedly

can only indicate a sensitivity of & to wing Surface 

condition.

It has been noticed that measurements at a certain fixed incidence 

following a decrease in Incidence are of much lower signal-to-noise ratio 
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and so are less reliable than the rest of the points. Examples of the^e 

points are shown in fig. 7.36 with arrcws pointing towards decreasing 

incidence at a = 1.75° and 4.35°. In this range of incidence the lift 

curve slope indicates a strongly nonlinear behaviour. Despite the lb*/ 

signal-to-nbise ratio, it is possible that the data reflects a real 

aerodynamic phenomenon and that there is more than one state of equili­

brium of the flow pattern, the final state depending on the starting 

conditions of the incidence and its speed of variation.

It is reasonable to conclude that the present technique provides 

a useful alternative method for measurement Of dynamic derivatives 

when the oscillatory system can be described reasonably by a linear model. 

The closest approach to this is achieved for the value obtained for & 

at zero incidence where it is expected that any model would behave to 

a large extent linearly. An examination of the wind-off model bscilla- 

tions gives a good indication of any likely distortion in Signals, which 

in practice occurred at extremes of incidence.

7.4.2 Oscillatory roll damping with ramped incidence

Measurement of the oscillatory roll dangiing derivative has been 

carried out with the model incidence smoothly changing following the 

procedure of sec. 6.2.2. The incidence rang) duration is set at about 

220 see. for a single ramp, or 455 sec. for a full ramp test which 

includes a ran^ i^, a ramp dewn and three pauses of 5 sec. each. Differ­

ent incidence ranges were selected in order to vary the ramp rates. 

The number of records taken oh magnetic tape is sho*m in table 7.3. 

^^^°^ t:o the large amount of computation needed per single record, only 

one single ramp case has been selected for digitizing and further data 

reduction. This corresponds to an incidence range of 8.8° and hence a 

ramp rate of about 0.04 deg/sec. The wings have transition strips. The 
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flow dynamic head is set at the same value as in the previous set of 

tests for measurement of A on the wings with the same surface condition 

but at constant incidence. The frequency of oscillation is 2. Hz, the 

number of samples per cycle is 180, the antialiasing filter is set to 

40 Hz and the high pass filter to 0.0625 Hz. There are 162000 samples 

for each signal. Using the same analysis record length of 20 cycles 

fixes the incidence interval width. For the present case this corres­

ponds to 0.4 . Although overlapping successive intervals can improve 

the Incidence resolution, only contiguous intervals were used in order 

to reduce the volume of computation involved. Pig. 7.37 shows a break­

down of the computation details at different points along the record 

length. Although the test covers two full ramps, the record was delayed 

relative to the starting point of the ramp. The standard deviation of

the displacement signal is o^ , the current signal o^, the covariance 

of the current and displacement signals C._ , 

effective or cleaned current signal — —

e

TT
It can be seen that a few points departed

the amplitude ratio of the 

and the phase difference

relatively widely from

the trend set by neighbouring points. It is believed that these points 

are caused by spurious effects in the data reduction method. Modified 

replacement points are flagged. The reduced results plotted against mid 

interval incidence are shown in fig. 7.38.

The results of the incidence ramp test show two changes as compared 

with the constant incidence measurements. The first is that the data 

points in the incidence ramp case are more self consistent. The value 

of & obtained at a constant incidence setting of o * 6.9° is clearly 

out of the general trend and test repetitions either at the same incidence 

or in the neighbourhood would be mandatory in order to establish the 

local trend of & . For the ramped incidence case, values of A at a 
F p 
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certain incidence relative to that at any other nearby incidence is 

correct to within a controllable small systematic error introduced by 

the effect of a and computation errors. The second is a direct 

confirmation of the effect of the direction of change of a. It can be 

seen from the graph that in the incidence range 2.5° < n < 4.3° the 

resulting points for both signs of a coincide while elsewhere there is 

a difference amounting to about 5%. The agreement between the incidence 

ramp and constant Incidence measurement is only fair, particularly in 

the incidence range where the roll damping characteristic exhibits a 

strong curvature close to zero incidence. This is partly caused by the 

averaging process (see sec. 3.1) and partly due to the bias effect of a 

on the covariance estimate which is proportional to u^ . There is a 

possibility of a field interaction (a balance effect) at high incidences 

introducing errors. Analysing more cases at different values of a 

seems to be the only logical means for resolving these problems.

In conclusion, it can be stated that there is clear evidence 

supporting the higher self consistency of the data obtained from combined 

incidence ramp and roll oscillation. Details of the presence of any 

hysteretic aerodynamic effects may probably be more easily obtained 

from these tests than from conventional tests. The agreement between 

Incidence ramp results and constant incidence results is only fair, 

partly as a consequence of the use of a relatively high incidence ramp 

rate. Because of the volume of computation involved the incidence 

resolution of the reduced data points is kept to the width of the analysis, 

or averaging. Interval. With a more efficient computation algorithm, 

however, the incidence resolution can be improved a great deal.

7'4.3 Two degree of freedom forced oscillation

The method developed in section 3.2.6 and procedure given in 6.2.3 

were applied to measurements with a combined pitch and heave oscillation. 
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The test was repeated at convenient oscillation frequencies of I. and 

2. Hz. The low dynamic head was set at 10.5 cm. methylated spirits. 

Sets of recordings were taken at different mean incidences in wind-on 

and wind-off states. The test runs were of an exploratory nature in 

order to assess the accuracy of the data reduction method and the 

postulated mathematical oscillation model.

The relevant signals V^, V^, V^, V^, V^ and V. - which correspond 

to incidence, heave, forward coil current, aft coil current, roll current 

and roll attitude signals respectively - are observed and occasionally 

the drag current and axial position signals. It was clear that a 

strong interaction among various modes of motion was present. The most 

serious one is the interaction from the roll mode into a combined pitch 

and heave oscillation. Nevertheless recorded signals were taken for 

further investigation.

Fig. 7.39 shows a set of digitized signals obtained for a combined 

pitch and heave forced oscillation at frequency 2. Hz and amplitudes of 

1 and 2. mm. of the pitch and heave respectively. The filter setting 

is the same as in the case of forced roll oscillation and the sampling 

rate is chosen in order to yield 180 samples per oscillation cycle.

Strong nonlinearities are found to dominate the signals. This is 

characterised by an apparent distortion of modulation of the signals. 

The modulation appears to exhibit a beat having a period of about 4 - 6 

times the oscillation period. It is possible that such modulation is 

caused by the nonlinearity of model aerodynamics coupled with the strong 

roll - longitudinal mode interactions. The consistency of the beating 

along the record length (of at least 240 cycles) rules out the possibility 

of a transient interaction from the balance but leaves the phenomenon 

difficult to explain. The distortion of the signals is, most probably, 
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caused by the relatively large amplitudes of oscillation.

The presence of such nonlinearity on the signals throws a great 

doubt on the validity of the linear mathematical model assumed in 

developing the theory of section 3.2.6 and the technique was not tested 

further. In addition the strong interaction from other modes of motion 

necessitates an increase in the order of the oscillatory system, i.e. 

instead of a two degree of freedom oscillation perhaps a four degrees 

would be more appropriate if the unmodified MSBS system is used. The 

result of this would be a very complex mathematical model. Such a 

measure is not justified within the scope of the present investigation. 

Alternatively a simple way to reduce the interaction between the roll 

and longitudinal modes is by increasing the model-balance roll stiffness. 

This could be done by replacing the roll magnets by more powerful ones 

i.e. having larger (^H)^ e.g. samarium cobalt or equivalent magnets.

7.5 Overall accuracy assessment and general discussions

Measurement uncertainty is caused by several factors, and most 

important among these are the following:

i) balance calibration errors,

ii) flow dynamic head fluctuations,

iii) model geometrical errors,

iv) suspension system nonstationarity,

v) oscillation frequency (for forced oscillation testing) errors, 

vi) error in data collection and digitizing, 

vii) errors due to data reduction and analysis.

These are mainly random errors, provided that the contribution of each 

source to the total error is very small. In addition there are two main 

sources of systematic error. The first is caused by the dynamic effect 

on the steady aerodynamic data resulting from the finite ramp rate in 
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rang) testing, and then by the associated mathematical model assumed 

for the model in dynamic testing. The second is the error in the wind 

tunnel wall correction applied to the aerodynamic data. These two 

sources of error are independent of the statistical control of the 

measurement technique adopted. An overall error assessment therefore 

requires estimating each of the above errors and combining them in a 

cumulative way.

An accurate estimate of the random errors can only be determined 

in a statistical form which dictates the need for a sufficiently large 

number of test repetitions under the same running conditions. 

Careful observation, however, has lead to a reliable rough estimate of 

these errors from a limited number of experiments. Out of the variety 

of possible sources of random errors listed above the most significant 

ones are (i) and (ii). Assuming a similar error probability distribution 

for both of these sources, then the probable total error in a measured 

aerodynamic characteristic (or derivative) is given by:

Where the aerodynamic force P qSC^ and q,S,C^^ are the flow dynamic 

head, wing reference area and the aerodynamic coefficient respectively. 

^'^A? ^^' ^^ ^^^ ^^® probable errors in the respective quantities. This 

relationship can be graphically illustrated in a variety of ways.

Fig. 7.40 shows several possibilities for fixed balance error (F (- 1.0 gm 

force) and flow dynamic head error 6q (- 8 N/m^ or I mm methylated spirit ). 

In this figure (a) and (b) Illustrate the absolute error in 'normalised* 

and explicit forms respectively, while (c) and (d) Illustrate the corres­

ponding relative error in a similar manner as a function of the magnitude 

of the aerodynamic coefficient with q as a parameter for the explicit

-192-



forms. It is clear that the error reduces as the dynamic head q 

(and consequently the Reynolds number) increases. The absolute error, 

however, increases as the measured coefficient increases (e.g. lift 

coefficient at large incidence). The significance of the contribution 

of the dynamic head error to the total error depends on the magnitude 

of the factor C^ ^^ . If this factor is much larger than unity then 

the error is dominated by the dynamic head error and is more conveniently 

expressed in relative form, while if it is much less than unity the 

major contributor is the balance force error and is then more conven­

iently expressed in absolute form. Similar sets of graphs can be con­

structed for different values of 6F corresponding to lift force, pitching 

moment and drag force.
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8. CONCLUSIONS

8.1 General conclusions

A study of new techniques of aerodynamic testing and data reduction 

is introduced in this thesis. The aim is to produce accurate data with 

a minimum of tunnel run time. The first technique consists of contin­

uous incidence ramp while collecting quasi-static aerodynamic data. In 

the second technique covariance zero crossings are used for the accurate 

determination of quadrature components of a forced oscillation system 

and hence for the determination of aerodynamic oscillatory derivatives. 

Thirdly a combination of the two techniques above has been considered. 

Finally, extension of the second technique to more degrees of freedom 

is considered. Proposed procedures of testing and data reduction are 

presented.

The theoretical basis for the ramp technique has been laid. Aero­

dynamic balance and data reduction limitations have been derived and a 

relationship between the ramp rate, flow response time and data smoothing 

obtained. This indicates that the product of nondimensional model 

aerodynamic lift force response time and the nondimensional ramp rate 

is equal to the Incidence averaging interval multiplied by a constant. 

The constant is related to the indicial property of the model and accur­

acy requirement for achieving the steady state. Balance dynamic effects 

account for transients and time lags in force components, mainly at the 

start and end of the Incidence range. Digital data reduction method is 

introduced and a piecemeal averaging over contiguous or overlapping 

short intervals of the signals is proposed as a first step smoothing. 

The accuracy of the method is assessed in terms of the noise on the 

signals and recommendations about sampling rates and filter setting made.
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The concept of self consistency of data points in a single test is 

introduced as a valid and useful qualitative measure of merit.

The six-component magnetic suspension and balance system of 

Southampton University has been used as a facility for the application 

of the incidence ramp technique to the measurement of aerodynahiic 

characteristics of an AGARD-G winged model. In spite of the slow 

dynamic response of the balance and a roll-longitudinal mode inter- 

action, a range of measurements have been made. Results for the lift 

coefficient and pitching moment coefficient variation with incidence 

agree with published results on Comparable models in spite of the low 

Reynolds number of the present tests (0.37 million based on wing centre 

line chord). The present results, however, show fine aerodynamic 

details owing to the continuous incidence variation. The details revealed 

in this way may be easily missed or mistaken for noise in conventional 

point-by-point measurement. The results of a single test demonstrate 

the high degree of self consistency of data points over the range of 

incidence covered. This is reinforced by an agreement between points 

corresponding to positive and negative ramp rate which is better than 

the force resolution of the balance.

Study of the effect of ramp rate on measured results, for the 

range 0.05 to 20 deg/sec., produced at least two Important conclusions. 

Firstly the predicted maximum allowable ramp rate was experimentally 

verified. Secondly, there is a need to correct viscous drag even at 

the lowest ramp rate. Independent measurement of the minimum drag at 

constant incidence is therefore important.

The optimum range of Incidence ramp rates can be predicted and 

depends on the facility for the lowest value, and on the model aero­

dynamic properties, balance dynamic behaviour and data reduction method 

for the highest value. The application of the technique to aerodynamic 
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measurement in short duration facilities or continuous facilities 

which do not necessarily enjoy the highest degree of statistical con­

trol, is recommended.

The measurement of oscillatory aerodynamic derivatives from 

forced oscillation testing requires accurate conparison of the dynamic 

properties of two time varying signals. A novel technique using the 

digital covariance zero crossing is introduced and assessed as an 

efficient means of data reduction particularly for relatively short 

record lengths. The accurate determination of amplitude ratio and 

phase angle of two sinusoidal waves in the presence of noise is demon— 

Strated. Relationships defining minimum zero crossing lag of interest 

and record length are derived and related to the degree of corruption 

on the two signals and the required accuracy of the result. It is 

shown that the product of the signal-to-noise ratios of the two signals, 

which forms the first important parameter of the method, can be used to 

define a minimum record length. Convenient charts are constructed for 

this process. For signals with a product of signal to noise ratios of 

about 25 or greater a minimum record length of 20 cycles suffices. 

In digitizing the signals, the number of samples per cycle of oscillation 

is found to be the second most important parameter, particularly in 

determining of the phase angle.

The method is applied to the measurement of aerodynamic oscillatory 

roll damping derivatives on the AGARD-G winged model at constant incid­

ences using the magnetic suspension and balance system. Oscillatory 

roll displacement and roll current signals were analysed by this method 

and results compared with relevant published data. The present measure­

ments reveal interesting variations of t^ with incidence in the vicinity 

of zero incidence for the case of wings with transition strips. The roll 

damping reaches a peak at an incidence very close to zero, has two minima, 
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one on each side of the zero incidence $ and then conforms with the 

expected trend at higher incidences. It is suspected that this phenomenon 

is a combination of viscous effects and model asymmetry. At extreme 

incidence values, however, the results appear to depart from the trend 

of other data. It was found that the signals were severely distorted 

at such incidences, which produces an effective reduction in the signal 

to noise ratio and systematic error in the results. In such conditions, 

the linear mathematical model of the oscillation is not valid.

The effect of continuously changing incidence while forcing the 

model in roll oscillation has been considered theoretically and experi- 

mentally. The mathematical model for the system still consists of a 

second order differential equation but with time varying coefficients. 

Results of measurement of & in a 0.04 deg/sec. Incidence ramp test are 

analysed by the method outlined above. As expected the signal-to-noise 

ratio of the records are better than for the case of constant incidence. 

The limited results obtained are compared with constant incidence 

measurement. The ramp results again demonstrate fine detail and Indicate 

the self consistency of the results. An apparent systematic difference 

with the point by point results suggests that the ramp rate may be too 

high or the dynamic correction is inadequate. Further simulation study 

is required to resolve this.

Extension of the covariance zero crossing method to a two-degree- 

of-freedom system has been considered theoretically for combined pitch 

and heave motion. Some practical balance difficulties are met in apply­

ing this method for the measurement of pitch and heave derivatives. It 

is believed that nonlinearities and distortions of the displacement and 

current signals coupled with interactions from the other modes of motion 

renders the balance not particularly suited for testing according to the 
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simplified theory and procedure proposed.

General conclusions to be drawn are as follows. Certain viable 

techniques for yielding high quality data from wind tunnel testing 

have been introduced, tested and applied to aerodynamic measurements. 

The resulting measurements are characterised by a high degree of self 

consistency. The techniques could lead to considerable reduction in 

the time and cost of testing per data point. The digital data reduction 

adopted here involved more than one computer system, which often caused 

errors. A single integrated system is therefore strongly recommended. 

Further investigation is however, necessary in order to design a high 

reliability system to match the particular wind tunnel.

8.2 ^ugges^ion8 forfurtherwo^

In the work presented earlier, certain aspects of the techniques 

investigated have not been extensively assessed. The viability of these 

methods can be greatly enhanced when knowledge about following aspects 

can be obtained.

On the balance side improved calibration results are essential; 

the dynamic effects of force calibrations are of particular importance. 

Means of improving the frequency response characteristics of the balance 

would enhance the range of testing.

On the aerodynamic side accurate knowledge on the following is 

often required:

1) sensitivity of aerodynamic details to flow statistical 

perturbations

11) effect of secondary phenomena on flow response time, partic­

ularly relevant to complex configurations

ill) standardization of a step response of various configurations.
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On the data reduction side it is strongly recommended that the 

digital system used for the data reduction must incorporate sufficient 

programming facility for carrying limited digital simulation of the 

testing conditions and possible variations in the testing procedures. 

Algorithms are required for efficient digital filtering to replace the 

present piecemeal averaging but must be suitable for incorporation in a 

digital on line preprocessor which carries out the first part of data 

reduction in the incidence ramp case. This appears to be within the 

capacity of commercially available systems. On the covariance zero 

crossing method knowledge in two aspects is needed. Firstly the poss­

ibility of application of high speed convolution methods can reduce the 

computation time to a great extent. Secondly the search for more 

efficient methods for extracting phase angle from a set of covariance 

zero crossing lags of two signals plus noise.

8.3 Applications to conventional test facilities

The techniques of testing, data reduction and analysis presented 

in this thesis require some modification for application in conventional 

facilities. The essential hardware comprises a model moving mechanlsmi 

a digital computer and a set of peripherals for monitoring data at 

various stages of testing and data reduction as well as for producing 

final results in the desired formas). The motion equipment should be 

capable of driving the model into various kinds of time varying dis­

placements, e.g. linear and angular, as well as combinations of selected 

modes. A reliable means of precise model position monitoring either as 

part of the motion driving gear or independently* for preference, is nec­

essary.

For a significant part of this work the intermediate stage computer 

acted as a digital preprocessor on the data. Digital preprocessors with 
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a wide variety of fixed and flexible configurations are now relatively 

cheap. A digital preprocessor is a device designed to do only a specific 

digital computation on data on-line and so is faster than a mini computer.

A fully integrated system then would consist of a mini computer, 

a digital preprocessor and ancillary equipment, e.g. model driving gear, 

position monitoring systems etc., and peripheral devices, e.g. storage 

oscilloscopes and VDU.

When the aerodynamic characteristics of the model are unknown 

before hand or known to possess strong hysteresis it is necessary to 

repeat the test at more than one ramp rate value for the quasl-steady 

state testing and more than one frequency and oscillation amplitude for 

the dynamic testing. From these results extrapolation or Interpolation 

for zero ramp rate may be obtained. The importance of the technique 

however is in the self consistency of a set of data points, even when 

the flow phenomena may be unsteady in nature. The increasing availability 

of powerful, fast and cheap mini computers should be an encouraging 

impetus for utilization of sophisticated test techniques. The importance 

of mini computers in conjunction with digital preprocessors is that, 

with a carefully designed reduction system, data from the facility can 

be acquired on-line, digitally reduced and analysed, possibly in real 

time and the results produced in a comprehensible form e.g. displayed 

on a VDU. The flexibility of these mini computers is exemplified by 

the ease of interfacing with a wide variety of peripheral devices 

[Korn (1973)] and ease of operator interaction. In addition the short 

time lapse between test time and final results would facilitate decision 

taking about the course of the program. On-line digital analysis can by­

pass several of the intermediate stages used in this investigation e.g. 

magnetic tape recording, tape recording static and dynamic calibration. 
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APPENDIX A

FORCE-CURRENT RELATIONS

The forces and moments acting on a magnetically levitated model at 

any instant of time depends on:

i) shape and state of magnetization of the magnets in the model,

ii) magnetic field spatial distribution (or currents in various 

coils if the model is magnetically saturated),

iii) model position relative to the electromagnets, and 

iv) characteristics of the feedback control system in the case of 

unsteady motion.

It is not practical to attempt to calculate theoretically the exact forces 

on a general finite model in a non-uniform magnetic field, even for tne 

steady case, let alone the unsteady one. The difficulty arises from the 

complex nature of the magnetic field distribution due to several finite 

size electromagnet coils with mutual interactions among them and the finite 

extent and irregularity of the magnetic material in the model. In view of 

this fact it has been widely accepted that force and moment calibrations 

should be conducted. The force-current relations need to be appropriately 

formulated and the calibration constants experimentally obtained.

Acting as a balance every practical system involves a certain degree 

of force interaction between various modes. So more reliable equations 

expressing this interaction, and yet be capable of further extension, 

would increase both the confidence of the translation of measured signals 

into forces and moments and increase the precision of the balance.

A.l Magnetic force relations for the steady case

The first case considered is that of a stationary (non-moving) model. 

The relationships between forces on the model, field distribution, inten­

sity of magnetization and model position and orientation are found. To 
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establish these relationships, the permanent magnetic material is assumed 

to be made up of a distribution of non-interacting infinitesimal magnetic 

dipoles. The elemental force and moment vectors acting on the elemental 

dipole of magnetic moment 6m are given by

6f " C. gm.VCB)
: A.l

6M - C 6m X is 
m 

where 6f and 6M are the force and moment vectors acting on 6m, B is the 

magnetic field strength at the location, of 6m and C^ and C^ are scalar 

constants. Equations A.l are true only so long as the field H due to B 

has a magnitude less than the coercive field H^ of 6m. Rewriting these 

equations in tensor form, for reasons that will become clear later, we 

get

"i - (:( «-j ^ 'i - "( '”j ”i.3

2

Cartesian tensor notations are followed; repeated subscripts in the same 

term denote summation, i,j,k take the values 1,2,3 only while r,s,t (to 

be introduced and used later) take the values 1,2, ... 6; and differen- 

tiation is indicated by a comma in the subscripts.

The magnetic field H, at a point in the test section, generated by 

various electromagnets, is related to the currents in the respective 

coils through the equation,

where I is the instantaneous current vector with 6 independently con­

trolled current components. The second order tensor h^^ has components 

that depend on the construction of the coils and on the relative positions 

of the point under consideration. The magnetic field B^ (flux density)
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affecting th,e model magnetic material is related to this generated field

H. through

h ■ **« "j A.4a

where p tj
is the permeability tensor of the medium. For a homogeneous

medium and a saturated magnet reduces to a scalar value, therefore

B.
1

H.
1

A.4b

Substitution from A.4b and A,3 into equation A.2 and integration over the

volume of the whole magnetic material gives

h ■ h b^i "" A.5

\ - '*”k **5, h) 

where the coefficients C. and C^ now incorporate the permeability con­

stant.

In equations A.5, I^ is independent of the state of magnetization 

and position of the magnet. The integrals over dm can be transformed to 

volume integrals since the net characteristics of a magnet can be expressed 

as the product of its magnetic moment magnitude and a unit vector which 

depends solely on the shape of the magnet. Therefore these equations can 

be rewritten as

h * ” hr h

A.6

Wi " :ir ^r

where m is the magnetic moment magnitude, the 24) tensors (matrices) A^^^ 

and B. are 3 x 6 and completely dependent on the geometry of the coils 
Ir

and test section, model magnet shape and its position relative to the 

coils. They may be expressed as)
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dm, 

A.7 
dm, dm.

Equations A.6 can ba combined in the form of an augmented general force 

vector F_ with, the first three components corresponding to the usual car­

tesian force components and the latter to the moments about the respective 

axes. Similarly the position Vector is, implicitly, augmented to include 

all displacements in the six^degrees of freedom. It should be noted that 

angular displacements are taken to be small in order to validate the vector­

ial representation. The force^current relations then take the compact form

where

^^s - - =sr ’^r

Csr ■ ®jr s -3 - j - 1,2,3

A.8

By analogy with the simple case of a magnet in the field of a single electro­

magnet coil, the component C^^ dependence on the component of the position

vector between
the magnet and the s^^ coil takes the form

A,9

where n > 1. 
rs .

Provided

\s ' 

that C

varies widely depending on r and

sr
non singular matrix, its

s.

inverse exists, there-

fore

°r, ’'sm
A,10

where

^s =sr - N

Equation A.10 shows the manner in which the coil current vector (the 

directly measured variable) varies with the model magnetization, external

forces on the model and medium characteristics including coil construction,
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shape and co-ordinates of the magnet. It is important to notice the linear 

relationship between I and F^.

Consider now the effect of variation in m, F and model displacements

X from a reference condition on the indicated current vector I . Applying 
s

a generalised Taylor^s theorem to equation A,10 and retaining only terms up

to 2nd order* the following are obtained;

^\ = Cs ^s F 
:r., «", "r

Am 
m

XX

:r.t,s '\ »s
1
2

X 
^r.s- 2

2
^+ 2 I A 
m rm

F

"Vs
Am 

s m
A.11

where the superscripts denote the independent variable of differentiation 

i.e. X and F denote position vector and force vector respectively, Re­

arranging and grouping the terms gives

A,12

If the variation of m is represented completely, equation A.12 reduces to

r F 
m I + mI r,8 ^r,t,s Ax_ AFt s

(m + Am) Al + ml^
Am 
m

A.13

This is the most general form for the steady force-current-displacement 

relationship of a magnetic balance of the d-c type with a model containing 

a permanent magnet. Second and third order tensors multiplied by m repre 

sent the universal calibration constants for the balance and magnet shape. 

The universality applies because the constants are independent of the state
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of magnetizattoo, of the modal magnet. This is maintained so long as during 

force application [%] is less than magnet coercive force H^.

An important consequence of this result is that force calibration 

constants for a certain model, having a certain shape of magnet and reason­

ably strongly magnetised, need only be measured once*

The importance of equation A.13 becomes clear when the proper physical 

meanings are aesociated with the various terms present. The elements of 

P 31 
the matrix m I ( " m - D^^) represent the direct calibration con- 

stants. For an ideally uncoupled syetem 

where 6 is the Kronecker's delta which takes the value 1 if r " s and 

zero otherwise* The elements of this matrix are obtained from direct force 

and moment incremental changes with the currents while the model positions 

are held fixed, 
xF ; ■ .

The tensor m I (in general 6 x 6 x 6) represents the position- 

force interaction calibration constants. Its elements are of the form

These are second order derivatives which represent the rate of change of 

the direct calibration constants with model orientation or displacement 

from a nominal reference condition. This set of calibration constants 

is a measure of the degree of non-uniformity of the field and the spatial 

distribution of field gradients in the vicinity of the model. In general 

the variation of I^ with x^ is non-linear; however for small displace­

ments Ax , such exact behaviour can be approximated by a linear variation 

bearing in mind that the effect on the overall force determination is of 

second order eonipared with, the direct calibration constants.
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X
The matrix m 1 ( = m r—^) which is 6 x 6 represents the utiffness 

r p 8 d X 

matrix of the suspension and balance system. The elements of this matrix 

are only constant for small displacementa owing to the current^displacement 

non-linearityl The second order of this non-linearity is expressed by the 

third order tensor m I [ = r— Cm T—^)]whose elements represent the 
dX dX 

degree of change of the stiffness with the displacement.

If one is to measure the external forces acting on a model by con­

ducting a single test (i.e, a wind-on test) all these factors have to be 

taken into account and drastic restrictions have to be imposed on the 

model displacements in order to reduce errors introduced as a result of 

using equation A.13. Later on it will be shown that such restriction on 

a single test and the close restriction on displacement are not necessary.

The last term in A,13 represents the effect of change of model 

magnetization on the net change of current vector AI. This is linearly 

related to the values of the currents I with the model levitated free 
r 

from external forces apart from gravity. The values of m I are again 

independent of model magnetization but can be shown to be related to the 

model weight.

A.2 Use of the steady force calibration relation

Equation A.13 as presented above requires the determination of 510 

calibration constants before it can be directly applied. In practice, 

however, by following proper routines of testing such a large number of 

constants would not be required.

Force calibrations are carried at a certain data whilst actual 

tests may well be conducted at a later date. Between these two dates, 

model magnetization could have changed, So if model position has not 

changed, which can be easily checked from the optics calibration, 

equation A.13 can be applied with F^ " Ax^ = 0 to give;
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On+ Am) AI " ^ml — A.15 

which gives AI In terms of Am, I^, m. So if the intensity of model 

magnetization is independently but accurately measured, equation A.14 

above serves as a means of confirmation of the universality of the cali­

bration constants.

Between two measurements taken with the model at the same position 

and unchanged state of magnetization, equation A.13 can be applied to each 

case and, after the two equations have been subtracted, the following is 

obtained:

" F Tx
m I + m I - Ax. AF " m' AI A.16 

r,s r,9,t t 8 r 
net net 

where m^ is the intensity of magnetization as measured just before the 

tests and which may be different from the calibration value m. If only 

one component of displacement is allowed, e.g, pitch, then equation A.15 

reduces to

- "Is a AP m A.17

The Las of this equation becomes a 6 X 6 matrix So

G 
rs

AP 
s

m* AI A.18
r

where
G 
rs

A.19™ 3P
s

™* 3o3P 
s

Therefore only 72 calibration constants, the elements of G, ate required 

to determine the net forces acting on the model between the two tests. If 

G is non—singular, equation A.17 can be modified to give an explicit 

expression for AP as 

AP - m^' G AI A.20 
s rs t
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Many of tha caltbratfon constants arc almost zero. The larger the 

number of vanishing elements the higher the degree of uncoupling between 

various degrees of freedom and the higher the degree of symmetry of the 

coil layout. In addition, for a certain prescribed accuracy of force 

measurement, a few more constants prove too small to have a significant 

effect.

It should be noted that owing to the wide range of variation of n , 

equation A.9, some current components may display stronger dependence on 

the model displacement. In such cases an improvement on the accuracy of 

the calibration relations is achieved by the inclusion of second order 

terms in the displacement variation. Equation A.19 can therefore be 

modified to take the form

3 1 2 ’ Ir 
=rs • ™ ^ ^ "“a;^ * ■" 3ti^ 

s s s

The determination of the additional term in this equation, however, dic" 

tatcs higher precision requirement of the calibration procedure.

An additional use of equation A.13 is in the assessment of the 

changes in current resulting from model positional drift caused by pos­

sible contamination of the optical path of the position sensing system 

or a drift in the characteristics of the optics operational amplifiers. 

An example of thia is the drift in axial position which, although small 

compared with tunnel dimensions, could seriously hamper the accuracy of 

measurement of small drag forces if the axial stiffness is large. So by 

application of equation A.13 and noting that AE = 0 and drifts in axial 

position affects only drag currents up to 1st order, then

m C& (Ax) A.22
" drift drift
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5 
^XThA constaat m can be eaatly measured when the model is suspended 

wind—off by diaplacing tha model ferwatd and backward in several steps and 

plotting IL against x Cor the axial displacement signal).

'^"^ Extension to the dynamic case

For the time dependent case, corresponding to time varying external 

force and/or time varying displacement, no longer can each coil be treated 

separately. The time varying field generated by one coil will cause a 

time varying flux linking other coils and inducing an emf and vice versa. 

The previous formulation must then be modified to consider the current 

vector as made up of a d.c. part and a time varying part. The latter is a 

product of the induction coefficient matrix with the time rate of change 

of the current vector. Model motion induces another emf in the coils which 

has to be included in the current vector, Temporal field variations set up 

eddy currents in the conducting parts of the model and cause non-linear 

damping forces. It is clear that the general dynamical form of the force­

current relations is not easy to arrive at. Fortunately, in the case of 

interest here, i.e. that of small model velocities and oscillation fre­

quencies, eddy current effects can be neglected. The effort required to 

develop the general equations does not seem to be justified at present.

A.4 Accuracy of force measurements

Force measurements using a magnetic balance are affected by three 

main sources of inaccuracy;

i) Errors in the calibration relations, due to the truncation of

what essentially is an infinite series equation A.11,

ii) Errors due to inaccuracy of the determination of the elements 

of the calibration matrix,

iii) Errors due to the noise present on the meaaured current signals.
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To a large extent the ftrat aeurce of errors can be compensated for 

by accurate force calibrations. The second and third types of error can 

be estimated from the calibration relations, equation A.20.

If the calibration matrix is in an error of [d], and the measured 

current signal is in an error of {dl} then the error in (F), i.e, fdP} 

can be shown to be given by

fd F}' m CDd'^ fdl) - [cET^ C[A] (1 - [G]"'^[A])^^[^'hl {I + di}) 

where in the previous equation the matrix [zQ is assumed a perturbation 

over Ie], hence the direct method of evaluation of inverse matrix due to 

Householder (1954) has been applied. If [d] is taken such that 

11^0 ^ l'l[A]| « 1 equation A.23 reduces to

^1 '"I -1
(dFl 'b ([G] {61} - [G] (Wlol ) {I}) A,24

The first term shows directly the relation between errors on the measured 

current signals and resulting error in force components. This is an ab­

solute error, i.e. it does not depend on magnitude of force or current 

measured. The second term, however, depends on the level of forces, or 

currents, measured. By selecting the maximum force to be encountered 

during testing, a numerical procedure can be established which can pro­

vide estimates of the errors {dF} due to small perturbation on each 

element of [c]. The elements of [c], at this stage, need to be known 

only roughly, e.g. only direct calibration constants obtained. The 

desired accuracy of the force measurement and the results of the numerical 

procedure can be used to set the accuracy prerequisite on the elements of 

[G]. Consequently the important interaction calibration constants can 

be singled out and necessary calibration procedures carried out for their 

determination.
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Appendix B

Relationship between rigid body and constrained OBcillation testing

A rigid body oscillating without constraints in 6^DOP can be 

realised in wind-tunnel testing using a 6-component balance (e.g. 

this MSBS). The static force-current calibration relation for a 6- 

component balance is given by (App. A)

[A] {F} . (V) B.la 

where [A] is a 6 x 6 matrix whose elements correspond to the balance­

model calibration constants; {F} and {V} are both 6-component vectors 

corresponding to the magnetic forces and electromagnet coil currents 

respectively. In actual fact the off diagonal elements of [X] are 

nonzero as a result of force coupling inherent in the system. In 

certain cases, e.g. well designed balances, these elements may be very 

small compared with the diagonal elements, thereby indicating a close 

approximation to an orthogonal or uncoupled forcep system. Multiplying 

equation B.la by the inverse matrix [X] gives

—1 
{F} - [A] fV} B.lb

For a very low frequency sinusoidal oscillation, these equations may 

still be valid for converting dynamic current signals into corresponding 

dynamic forces.

The dunamic response of a model following a general small force 

disturbance represented by the vector {F}, which has 6 components, can 

be expressed through the 6-component displacement vector (X). In 

general {X} and {F} are related through 6 linear ordinary differential

(DOF) degress-of-freedom. 
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equations. In the case of harmonic small amplitude oscillations these 

reduce to a set of 6 linear complex algebraic equations qhich can be 

written in matrix form as

[p] {X} " {P} 5.2 

where [p] is a 6 X 6 matrix consisting of the system impedances. 

Combining equations B.2 and B.ib gives

[p] {X} - M {V} 5.3

By virtue of the conditions imposed on equations C.l and C.2, the 

oscillation must have both small amplitude and low frequency. The 

elements of [p] in B.3 can be obtained using six excitations at same 

frequency in which the set of vectors {V} are linearly independent. 

An accurate measure of {V} and fx} in each case is then taken and sub­

stituted into B.3. The resulting set of equations can then be solved 

for [p]. This involves the measurement and observation of 12 signals

6 times. This is hardly justified in most cases owing to the complexity 

of the hardware as well as the data reduction method that might be 

needed. . . . , . . . H .

In practice, however, the full 6-DOF case is seldom required. 

Various restraints on degrees of freedom, symmetries pertinent to model 

or excitation can be utilised to reduce the number of measurements in an 

experiment. However, no matter how carefully the experiment is conducted, 

the existence of force coupling exhibited by the off-diagonal elements of 

(A.| (snd[A] ) will cause a systematic error in the measurements if the 

effect of such coupling is not taken into account. To consider this 

analytically let the vector {X} be split into two smaller dimension sub­

vectors {X|} and (Xg^ such that

-213-



{X}

Similarly for the currents vector

(Vl

V,

^2

and the matrices P and B can be suitably partitioned in a manner 

that renders the resulting submatrices compatibly multiplicable with 

the corresponding subvectors as required by equation B.3. This equation 

can be rewritten as

The usefulness of this partitioning arises in the design of a particular 

test with a limited number of DOF and hence limited measurement. As an 

example^ for pitch and heave testing {X.} could have elements corres­

ponding to incidence angle and lateral heave displacement while the 

corresponding current vector {V.} represents the pitching moment and 

lateral force. {X^} represents the remaining displacements, axial, 

vertical heave, yaw and roll and {Vg} the other currents^ In this case 

[p|] represents the reduced system impedance. It is obvious from 

equation B.4 that unless [Sg]* L^iJ* [^2^ ^^^ ^^3^ ^^^ ^^^ identically 

zero, errors in the measurement of (p.] from consideration of {V|} and 

(X.) alone will occur. Expanding equation B.4 gives

[P)] (X,} + fP2] (X:^ " l^^|] {^\} + f^2^ (Vg) 

... . . B.5 
[Pg] (X;} + [p^] {Xg} . [B^] {V^} + [B^] (Vg}
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If the system can be constrained such that either (Xg) or (Vg) is zero, 

simplification of these equations can be achieved. Since current 

signals are usually difficult to observe owing to their contamination 

with noise while displacement signals are much cleaner, constraints 

are applied to the displacements in the undisturbed modes. Assuming that 

{X.} ^ 0 can be achieved experimentally, then equations B.6 reduce to:

[P;] {3^} . [B,] {V,} + [Bg] (Vg)

[Pg] {X;} . (B^l {V,} + [Bj {Vg}

B.6

These equations show that in this case (Vg) can only be zero if [Bg] 

and [pg] are also zero. A simplification can result, however, if [Bg] 

is zero, when

Dll {X|} " [B;] {V;} B.7

and the [P|] obtained from this is exactly the same as that from the

larger number of DOF oscillation. When [B^] [O IfVg) must be

eliminated from equation B.6. After applying some matrix algebra the

equations reduce to

(Tp] - [Bj] fBj ' Ep^I) (X,) - ([b,] - [B2] rB4] [B3]) (V,}

B.8

If balance force coupling is very small the second term on the RHS may 

be regarded as a second order contribution compared to the first and 

its neglect leads to

(|P,] - [Bj] [B4] ‘ [P3]) {X,} - [b,] {V,} 
B.9
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This equation shows that another correction due to [pJ] is required. 

Physically [p.] could represent aerodynamic coupling or gravitational 

coupling effects. Only in cases where these coupling terms in conjunction 

with balance coupling terms corresponding to [B.] &re known to be very 

small can further approximation of B.6 be considered and it then becomes 

similar to equation B.7.

Since this is a dynamic situation it is important to notice that 

the approximations considered above may not in general lead to a uniform 

error on the determined values of the elements of [p,]. This is caused 

by the fact that these elements are not necessarily of the same order 

of magnitude, neither are the elements of [p.] and calibration matrices. 

Hence smaller value elements of [p^] will suffer the largest inaccuracy 

if the corresponding elements in the second terms of both sides of 

equation B.8 are not zero or very much smaller than the rest of the 

terms.

For a carefully calibrated balance, a good estimation of [p] is 

available while reasonable values may be obtained for the critical 

elements of [Fg]« Hence an accurate determination of Ip,J (i.e. 

oscillating system parameters and aerodynamic derivatives) may be 

obtained from a limited number of DOF oscillation test.
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APPENDIX C

TM M^tad Mk II cemputer system

The data analyaia centre of ISVK has a Marconi Myriad Mk II digital 

coiktputer, Mercer (1973), which ia preaently available to all uaera. The 

centre^a main activity ia in atatiatical data analyaia. The computer has 

a 16 K worda core atore, a 2 x 10^ work diac store, two analog to digital 

converters (each 12 bits and aamplea at up tn 40000 samplea/sec and one 

with a 24 channels multiplexer input), an incremental graph plotter, a 

control typewriter and paper tape reader and punch. A control language 

modelled upon Fortran, developed by the centre ia used. Data ia handled 

as a block, with a single name, comprising a data file. Associated with 

each data file is a control block which contains information on the stat­

istical properties of the data file. The system has available a library 

of fixed statistical analysis algorithm subroutines which can be called 

during the course of analysis to execute the required operation.
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Table 5.1

MODEL FORCE AND MOMENT CALIBRATION CONSTANTS

G rs
3 3Ir-

Ct+ m 2

Force vector = {L M D T}'

Current vector = { Ip I^ Ig Ig}' 

m - 9.37

Component

Direct 
Calibration
Constant 
X 10^

Interaction Calibration Constant

Linear with a 
X 10^

Quadratic with n 
X 10^

Gll -3.445 -0.744 1.85

G12 -0.328 0.0063 0.022

612 -0.530 3.98 -0.885

G14 0.904 -9.94 4.84

G21 3.650 -1.036 2.175

G22 -0.317 0.009 0.014

G23 -0.240 -2.03 11.5

G24 -0.553 -7.4 -1.0

G31 -1.050 -0.0556 -1.53

632 -0.040 0.023 -0.067

G33 -21.20 0 0

634 0.00 6.46 -5.27

G4I 0.540 24.7 -50.2

G42 -0.105 -0.063 0.283

G43 -1.68 -0.226 4.21

G44 50.25 5.55 -4.52



Table 5.2

ACCDMCT BF FORCE AND MOMENT MEASUREMENTS

Resolution of measurements using the calibration constants of 

Table 5.1 are:

Pitching moment +4 gm.cm

Lift force ±,5 gm

Drag force ±.5 gm

Roll torque ±1 gm.cm



Table 7.1

TAPE REOORDED STEAD? RAMP TESTS 
WINGS WITH TRANSITION STRIPS

Record j
Number I

[ype/Flow 
cm. Meth.

#
(deg/sec)

Date iRecord 1 
1 Number

'ype/Flow 
cm. Meth

( o
(deg/sec)

Date

CAI 22.8 1 148 0 2.0 23.8

0 .125 II 149 0 2.5 II

79 0 1.25 II. 150 0 4.0 if

0 2.5 li 0 5.0 II

83 0 .25 If 152 0 8.0 II

0 2.0 II 153 CAL 28.9

87 0 1.0 II 154 11.5 20.0 If

89 0 .50 ft 156 fl .05 II

91 11.2 .125 If 158 11 12.5 II

93 ft 1.25 fi 160 II .125 II

It 2.50 II 162 II 10. II

II .25 I! 164 ft .25 If

99 II 2.0 II 166 If If

101 11 1.0 11 168 II II

103 11 .50 11 170 II 5.0 II

106 CAL 23.8 172 II

107 0 2.0 II 174 II 4.0 II

109 0 2.5 II 176 II 1.25 II

111 0 4. 15 178 II 2.5 If

113 0 5. 11 180 II II

0 8. II 182 11.5 II

5. 2. 11 184 15.3 81

119 II 2.5 If 186 19.1 81

121 11 4 51 187 7.6 II

123 fl 5. If 188 3.8 II

125 II 8. II 189
If

127 10.0 2. fl

129 II 2.5 II

131 n 4.0 11

133 II 5.0 fl

135 n 8.0 15

137 15.0 2. 11

139 II 2.5 ii

141 M 4.0 81

143 II 5.0 II

145 II 8.0 II



Table 7.2

TAPE KECOKDED STEAM RAMPTESTS 
gLEAN WINGS

Record 
Number'

Type/flow d 
fdAg/mec^

Date

210 CAL 1.10
211 12. 20 88

212 H .05 88

213 n 12.5 88

214 n .125 88

215 It 10.0 88

216 n .25 88

217 n 8. 68

218 II .5 61

219 ti 5. 66

220 it 1. 88

221 n 4. 61

222 18 1.25 68

223 n 2.5 68

224 12. 2. 88

225 12. .5 88

226 10. .5 ?!

227 8. .5 88
228 6. .5 88

229 4. .5 81

230 14. .5 88

231 0. .5 88

232 0 20. 88

233 n 12.5 n
234 88 .125 $8

235 n 10. 8!

236 68 .25 68

237 88 8. 18

238 88 .5 88

239 88 5.
240 88 1. 88

241 88 4. 88

242 88 1.25 88

243 88 2.5 88

244 61 2. 18

245 88
1. 88

246 88 .05 8!

247 CAL 86



Table 7.3

TAPE RECORDED OSCILLATORY DYNAMIC TESTS

Record 
Number

Type/flow 
cm. Meth

Traneition Oac.freq 
(Hz)

Ct 
(deg)

6 a 
(deg/aec)

Date 

---

1001 CAL 1. 15.9

1002 CAL 1'5 - $8

1003 CAL 2.0 fl

1004 CAL 2.5 ^

1005 10.5 fixed 1.0 -.9 26.9

1006 II II II -.5 — If

1007 II II II 0 58

1008 >1 II II 1.0 H

1009 ii II II 3.0 if

1010 » II ii 6.0 56

1011 0.0 II II -1.0 55

1012 #i ii II - .5 58

1013 I II II 0.0 85

1014 II II N +1.0 85

1015 II II II +3.0 55

1016 II II
II +6.0 58

1017 CAL II II ... 18

1021 10.5 II 2.0 0.04 27.9
1022 (^

II II 0.02 If

1023 M
II

w 0.02 II

1024 n
i« II 0.0 If

1025 0.0 ti N ii ii

1027 II #1 II - .02 If

1028 II ii
M II - ..04 ii

1029 10.5 II II - 0.08 if

1030 II II II 0.08 5!

1031 if II II 0.16 8f

1032 ee il II 0.16 if

1033 le II II -1.5 56

1034 II H ii -1.8 6!

1035 ii (B II + .9 - 85

1036 II il Ii +7.0 f!

1037 II
II II 6.1 56

1038 fl |i II 5.3 - 86

1039 fl II N 4.4 if

1040 85 i« |l 3.6 88

1041 fl II 1' 2.7 fl

1042 55
i| |i 1.8 If



Table 7,3 ( cont inued)

Record 
Number

Type/flow 
cm. Meth

Transition Osc.freq 
(Ez)

a 
(deg)

a 
(deg/sec)

Date

1043 0 fixed 2. 1 .16 28.9
.08

1044 0
18 -1.5

1045 0
— .8

1046 0 *1 * If
+ .9

1047 0 II
1048 0 H # 7.

1049 0 18 1* 6.1
5.3

1050 0 ii w
4.4

1051 0 le 68
3.61052 0 M 6
2.7

1053 0 •1 W
1.8

1054 0 88
1. 0.0

1056 0
1.5 0.0

1057 0 if

1058 0 18 2.0 0.0

1059 0 2.5 0.0 1

1060 10.5 h 2.0 0.0

1061 M is 2.0 0.0

1062 n i3 2.0 0.0

1063 n 3* 2.0 0.0 1

1064 it t« 2.0 0.0

1065 It If 2.8 0.0 1

1066 ft I", 1.5 0.0

1067 n ;i 1.0 0.0 1 —

1068 H 19 3.0 0.0 1

1069 H
',

3.0 4.4 1

1070 fl l! 2.0 4.4 1

1071 0 a 2.0 0.0



Tablets (continued)

Record
Number

Type/flow 
cm. Meth

Transition Osc.freq 
(Hz) (deg)

a
(deg/sec)

Date

1078 8.4 2.0 ™ 1.10

1079 n free *1 0.0 SI

1080 M Si -1.4 SB

1081 f, M M -0.8 SB

1082 8# Bf -0.4 SI

1083 u
#1 SI 0 — SI

1084 le
M St + .45 IS

1085 n is + .90 SB

1086 -.1
IS +1.8 61

1087 J? ee SI +7.0 SB

1088 H SI +1.8 SB

1089 It le IS +5.3 - IS

1090 1$ ei IS +4.4 - SB

1091 ^
ei SB +3.6 IS

1092 It se IS +2.7 — IB

1093 h et IS +1.8 - SB

1094 % n St 0.

1095 9.8 II 0. — SB

1096 7.0 n Si 0. — SB

1097 5.6 IS 0. SB

1098 4'2 n SB 0. ss

1099 0 Si SB 0. — SB

1100 0 if IS -1.4 — IB

1101 0
ei SI -0.8 SB

1102 0 Si
st +0.9 Bi

iloa 0 Si
IS BB

1104 0 Si
st +4.4 Si

1105 0 IS
SI +6.1 SS

1106 0 IS
IS +7.0 — II



Table 7.4

A sample computer result of 

a steady incidence sweep test

HACMenC suspension STSTeN (mSDS)

SThnOY AIROPVNAMICS TESTjKlj »» PATA kSPUcTlON

APPKOX, AGARD'S WING MnCEl,

WINS RGF, area = GO,DP Sic *1 RERN AEROD, CHORd = ?|7? CM 

SURFACE condition ;; WIT-j fRA-jS STRIpS

FLOW SPEED • 5?,3 M/S DvnAR;C HEAD = ?'23,83 N/SQ1

rIACH NO, = O.HA TEST REYNOEps No. = 0,57 MILLION

INCIDENCE SAMP RATE = D.05U

ASPECT RATIO A 0,?<

table of results

ALFA CL CD CM XCP XPP CL SU 3C0/CLSa CR. IND

1 .1,/to 'O.UAiSP''
2 «1,7A» '0,0415/'"
3 -1 , 740 '0,UA30--'>

-1 , 754 '0, 0581 1 0
5 -1 , 756 '0 ,o58CE<i
6 -1,086 '0,056274 
7 -1,555 '0,O540UR

0,038X48 -0,005 344 5,737751 0,41 2650 O,UOl75o 2,5645 23 ■=0,000223 0
0,058X48 -0,006344 5,737751 0,412630 0,001730 2,534523 =0,000226 0
0,036'63 -0,005147 7,1OY603 0,474066 0,001447 3,031260 •0,000257- 0
C,U5RU4R -0 , 005321 5i, 401 476 0,444656 0,001 455 2 ,?'4U622 ,0,00025 0 0
0,0 57= 1 4 -0 , 005 300 5,37 765 7 0 , 375076 0,001 446. 2, 77 3671 .0, 0C0?55 0
0,03778,3 -0,0Q47'0S 4,625547 0,321 305 0,001 51 2 5,052*73 ,0,0001 27 0
0,U37-,O1 -0,0Q4220 5,554246 0,564570 0,001 1 56 3 , 1 5555 7 «0,000005 0

6 -1.477
-1,376

M 0, U ) 1 5 j U fl, 036456 
0,0360)6

-U.0l)55;O
-0.005803

5.4159 70) 0,361 495
5',06u366 0 , 422542 ,

0,00099'4 
0,000853

2,6)6650 
5,377161

0,DUU13D
0,000262

0 
0

10 '1 ,470 0,036307 .0,0032)7 5'.2XO472 ■ 0,452694 0.00072: 5,478663 0,00059) 0
11 -1,164 M0,Uig48^4 0,036)40 .0,005181 5,817)49 0,404305 0,00061 )' 4,4685)5 0,000529' 0
1 2 -1.056 "0, u.!2761 0,036151 -0,002723

-0,002567
5.500623 0,5622)5 0,000)13 4,547421 0,000612 c

13 .0,751 -0,0^041 (' 0,035778 5,5)1086 0,585760 0 , U 0 U '. 1 7 4,80591) 0,0006)1 0
1 4 -0,636 -n,UI^21j 0.035)13 -0.001 780 5.780034 0.401670 0,000352 4,655545 0,000767 0
1 5 .0,726 0,055097 -0,001683 

-0,001423
6', 056523 0.41 )494 0,000255 5,1696)8 0,000842 0

1 6 .0.617 rO, 4,1 Tyb? 0,034)54 6.724067 0,467274 0,0 001 9'0 4,10)537 0,000891 0
1 7 -('.516 "0,U1132/ 0,034205 -0,001515 6i.1O4)v) 0,4242)5 0,000153 

0,0000=5
5.2515)2 0,000955 0

1:1 -O,407 -^0, uU93^-> 0,033921, -0,001 554 6', 1 5561 8 0,426242 1,73)652 0,0009'70
17 -0,476 "0,JUT^y^ 0.035)96 -O.OOO/g) ),28A585 0,567240 0.0000)5 -5,278624 0,00100) 0
20 -0,186 "'0,uub2/u 0,03)030 .0,000)01 

0,000127
4,200458 0,291900 u , 0 0 0 0 2 5 9.9)9900 0,001021 0

21 -0,076 *0,U03110 3,U3512O 4,688075 0,524397 0,000010 9,9)9900 0,001039'
22 0.037 •’0,uuo9y<^ 0 , 032 = 44, 0,001208 61, 478602 0,450077 0,000001 9.9)9900 0,0010)7 0
2.3 0,146 n, u u 11 V* 0,0 52.1 = 7 0,001 467 6.51 71 85 0,577)84

9'.649p32 0.570557
0,000001 9.9)9)00 0,0 01 0 7 u 0

24 0,251 0 , U U 3 2 ^ ^ 0,036694 0,000124 0,000011 9,9)9)00 0,001118 0
25 0,361 0 , UUb4<.1 0,047347 -0,000854 9', 70 2 588 0,6742)9 0,090050 9,)99)00 0,001196 0
26 0,4 65 0 , U U r* 6 u 0,047912 -0,000956 6', 1 60681 0,5671 08 0,0000)5 9,9)9)00 0,001202 0
.7 0,573 0 , J1 0 0 c ^» 0, Of. 759 = -0,000*16 6;6a3862 0 ,‘-60 51 U 0,OD01UD 9,999900 0,001187 0
20 0,660 0,0123:':> 0.0 472'70 -0,000775 61, 2)7346 0,4334)0 0,0001)5 9,999)00 0,001184 0
29 0,787 0, U Va 4 6 > 0,047 91 9 .0,000.'27 6',1734D2 0,42)11-6 0,00020)'

0,0002 71.
9 , 9)9)0 0 0,00114.' 0

30 0 , t ? 5 0 , u 1 6 5' xi 0,046102 -0,000084 6',5)7S1 2 0 , 44 1 801 9,9)9)00 0,001161
3l 1 ,o01 0, 01 ^t;3<'r* 0,046612 0,040101 .•>■,112838 0,624778 0,0005)4 9,))9)00 0,001 1 X,'
32 1 , 1 OU D,U211 7,046905 -0,040026 6',4311?)) 0,444851) 0,0004-''6 9,9)9)00 0,0'91 1 D) 0

1.737 0, 02 30''^' 0,046111 0,000)26 5‘, i6v75 7 0. 4 27431 U,UC0)j5 9,999900 0,00119.9' 0
34 1.310 J , 0236<^ *< 0,0 4 6 7 7,, 4,000)25 ). .'1 I7f. 0,56)377 9,00(1'.,)6 /', 9)9)00 0,0011X0 c

1 ,427 0 , 0 2 7' 7 b fi 0,0444)7 0,1101 043 6.047525 0,4X02)9 0,11.9 '.t 7 ) 7 9,999)00 0 , U01 '1 I 7' 0
1,534 C , U3ni 0,044)60 U . 0.11 0 E 6^' 2= 745 0,44661 5 o.'.'ooYD: 9,9)9900 C, '0011 44
1 , 6 3 7 0, u .5 .* 2 0,0465=7 0,001741 6.65056 7 0. 4 6 1 3 3 2 0,001043 9,9 9 9 9 n 0 0,001146
1,746 0 , 0 .5 'I 7 b ' 0,1'4' . 3 "I f, 0.401536 5', 87.1.1 95 0 ^ 476753 0,001205 9,99 9'700 O.oOl pO.'

j? 1 ,: 5 0 0,044-57 0 . 4.51 ) A 5 6.6187:7 ,-,,45:121 0,00 1 .1) 1 0,001 059' 0
(.0 ,'• , V .4.0 = 1 1 0 . 0 0 7 0 1 5 5.03= 9 3 D 0.391714 0,001519 G,UOU971



TASl-f. Of HtSULTS (CONT.)

, ALFA CL to CM XCi, XHP CLSQ

= N ■ ^ ■ j- = I ■ i H L^lS
BCC/CLSQ CR INO

F,665X5t 0,000063 0
t,BF0S62 0,300860 0
6,Z3''^L» C,U008/8' 0
!',S!6120 O.OUOfO* 0
3,32F668 0,000*61 0
A,>1 5334 0,000?»6 0
4,426*22 0 ,UOO?'»2 0
4,206363 0,000*61 0

TaOLE Of results (CONT,,

3,)136OI' 0,001081 0
3,65131* 0,0010'0 0
5,340046 0,001066 0
3,085001 0,001111 0
2 ,*'5*660 0,001 1 64 0
2,226022 0,001226 0
2,5*6342 0,0012*2 0
2,3*0334 0,001 3<'6 0
2 , 25*'3*2 0,001 522 0
2,212620 0,001653 0
2,162*0* 0,001241 0
2,0 41 682 0,001 83*' 0
1 ,* 2*'* 53 0 ,UO1*'21 0
1 , 883*52 0,00200*' 0
1,856222 0,002150 0
1,815031 0,002261 0
1 , 26848*' 0.002630 0
1,245*21 0,002522 0
1,202283 0,002255 0
1,6?88?'O O, 002*»2 0
1,640048 0,00316l 0
1,622182 0,003400 0
1,582183 0,003603 0
1 , 5 2636?' 0,003863 0
1 , 54*040 0 , 00*1 1 *' 0
1,535882 0,004443 0
1 , 501 82'2 0 , 00*2**' 0
1,513*48 0,0050*2 0
1,503246 0,003426 0
1 , 4*6026 0,0052'20 0
1,4**510 0,006323 0
1,54*256 0,006261 0

I ALFA CL CD CM XCP XPP CLSCi

i^ i i .............................................‘i:

aCO/CLSS CR IND

1,526825 0,002240 0
1 , 52661 *' 0 , 002204 0
1 , 53562? 0,0081 5 *' 0
1 , 552'256 0,0u852 2 0
1,522321 0,002108 0
1 , 5 261 26 0,00?'618 0
1 , 5* 3321 0,01 021 2 0
1,60*6*?' 0,01 0232 0

■ 1,658622 0,011305 0

1,65*880 0,011*56 0
1,664222 0,012605 0
1,620502 0,012546 0
1,625834 0,012552 0
1 , 666*85 0 , 01 234?' 0
1,663681 0,011662 0
1,625022 0,011100 0
1,6O*'3*2 0,01 0422 0
1 , 585621 0,00*?'US 0
1,54**46 0,00*328 0
1,5506*6 0,006823 0
1 , 506326 0,0063.** 0
1,504304 0,002868 0
1,4*2)24 0,002336 0
1 , *8061 6 0,005665 0
1,***.i?* 0,006400 0
1,421065 0,003*22 u
1,33*608 0,003466 0
1,38*12?' 0,0050**’ 0
1,386320 0,004246 0
1 , 4*5232 0 : 0u43i"5 0
1,42*322 0,00*108 0
1.461*43 0.003656 0
1 , 442803 0 , 00.(566 0
1,462632 0.005S12 0
1,42*62? 0,00)083 0
1,5)0206 0,00283*' 0
1,52**60 0,002252 0
1 , 601 3*0 0 i 0 0 2 5 2 3 0
1 , 6653 31 0,002, 0
1 , 2*0661 O,U'J<;:21 0



Y#.ClE

1 aLFa CL CD CM

121 *,55? 0,V?2616 0,06il?5R 0,012158
122 *, 2S» 0,069666 0.066560 0,011013
123 *,156 0,Uti677o 0,068353 0,011666
12L *,056 0,UH607o 0,067=28 0,011566
125 5,?52 0 , v6n ao 0.067705 0,010866
126 3,66? 0,078375 0 , 0665 76 0,010*26
127 3,766 0,075566 0,066077 0,01066*
126 3,665 0,07306? O,O65?27 0,00?815
12? 3,556 0,07051V 0,065756 U,00?550
130 3,62? 0,067810 0,065202 0,00’135

KtSUl.TS (CONT,)

XCP XPP CL5Q 8CD/CLSQ CR IND

>, ?IV492 0,610528 0,0085*1 1,775277 0,002120 0

>,?U26?5 0,6101?* 0,U08o06 1,8*7082 0,002020 0

9t i<U1 626 0,610120 0,007550 1,733137 0,001?'61 0

0,6078?1 0,00705 ?' 1,’87’13 0,001 85?' 0
>.Hh9345 O,6U8?S? 0,00 6 5?'1 2,037*52 0,00175b 0
>, 6v,a31 ? 0,6u?52? 0,0061*3 2,08383? 0,001615 0

> . b t ^ 3 61 0,606001 0,005711 2,15*167 0,001*86 0

> , 6dU6*i1 0,608656 0,00533?' 2,276005 0,001375 0

0,6u?au8 0,006’72 2,605750 0,001267 0

>,65'0600 0,608381 0.0065’7' 2,68*626 0,001165 0

151 
15?
153 
15* 
155 
156 
157 
158 
15? 
1*0 
1*1 
1 *2 
1*3 
16* 
1*5 
1*6 
1*7 
1*8 
1*?
1 50 
151 
152 
153 
15* 
155 
156 
157 
158 
15?
160

3,11* 
3,001 
2,5’6 
2,767 
2,h7 7 
2,567 
2,658 
2,355 
2,2*5 
2,13* 
2.025 
1,’17 
I.BO?
1 , 5’5 
1,587 
1 , 680 
1,37* 
1,265 
1,15’ 
1,06’ 
U,?'61 
0,635 
0,72* 
0,615 
0,50? 
0,5?'7 
u,2S6 
0,1 7?

0,065621 
0,05551C 
0,O0I0*7 
0,055521 
0,056260 
0,056257 
0,05232'7 
0,o5oo?3 
0,0*0185 
0,0*60?’ 
0,0*391’. 
0 0*1 700 
0,05?77’ 
0,057623 
0,0353’0 
0,0531 0i> 
0,0308*5 
0 , 02-5651 
0,020316 
0,023750 
0,021*5* 
0,0191’5 
0,017066 
0,01*913 
0,0126’1 
0,010605 
0,000366 
O,UU5”7 
0,OU36*V 
0,0013*6

0,0*5085 
0,06*776

' 0,06*"*3 
0,0**35* 
0,0*3606 
0,0**081 
0,063=’3 
0.0*57*8 
0,06*0’9 
0,0*62*8 
0,0**206 
0,063’15 
0,0636’1 
0,0637*8 
0,0*5852 
0,06*008 
0,066*36 
0,0**301 
n,04*28* 
0,06*3’1 
0,0**001 
0,0**051 
0,043606 
0,043672 
0,04338? 
0,043752 
0,0*3823 
0,043317 
0,0*3353 
0,0*5380

0:00b7?i 
0,008375 
0,008108 
0,00726? 
0,0070R2 
0,006366 
0,005’82 
O.OO5o75 
0,00*5*7 
0,00*0*5 
0,005622 
0,003256 
0,002822 
0,002*76 
0,002057 
0,001256 
0,000’90 
0,00056? 
0,000*99 
0,000*96 
0,001567 
0,002067 
0,002170 
0,001*58 
0.000’20 
0,000880 
0,000710 
0,001068 
0,000’'*2 
0,001115

5,8833*2 
>;, ’UU265 
5,6’912’' 
5,982771 
5.?6325?
6', 01 Ul 5* 
5'.0761 30 
6-, 2U2752 
5i, 271*23 
5'. 332008 
5; 3877’2 
6,, 43085?' 
5,3799'50
*;”*6O5 
9,1’352* 
5, 0?*?'*?' 
5,53663* 
6',3666o2 
7.7’0017 
b., 76’077 
5,, 962982 
i-. 237861 
5,, *72323 
5,67376* 
5,55260* 
6' 780962 
7,210576 
7,6*0566 
7,55lobi 
7,51365’

C,*088*? 
0,410027 
0,4 0’668 
0,41575’ 
0,414602 
0,417662 
0,4222*7 
0,4310*6 
0,435618 
0, **0U7b 
O,4*3?o5 
0,4*7515 
0,37556’ 
0,5*708? 
0,360’12 
0,35660? 
0,5867*2 
0,4*2571 
0,5*1766 
0,60’387 
0,622862 
0,572*71 
0,44977? 
0,408182 
0,585852 
0 , 4 71 785 
0,601638 
0,517621 
0,6108*7 
O..5u3365

0,00*306' 
0,00*003 
0,003727 
0,003*25 
0,0031 65. 
0.002’42 
0.002733 
0.OO25U5 
0,002322 
0,002125 
0,001’'2’' 
0,0017*5. 
0.001566 
0,001615 
0,001252 
0,001 0’'5 
0,000’51 
0,00082 0 
0,00069'5 
0,00056* 
0,000*60 
0,000365

. 0,0002’'1 
0,000222 
0,000181 
0,000105 
0,U00070 
0,000035. 
0,000013 
0,000002

2,626550 
2,7*4316 
2,6626*3 
3,082’65 
5,167563 
5,503525 
3,621747 
5,960685 
6,646513 
4,966697 
5 ,*0772?' 
5,806607 
6, 25?'7o* 
7,06*?17 
8,06*976 
’■,355555 
’ , 9'’9V00 
?', ’9 9’00 
?', ?9”00 
?',?'??’00 
?',9'»”00 
?',99”00 
?', ””00 
’ , ””00 
?',?9”00 
’',””00 
?',??”00 
9 , ””00 
? , ””00 
?',””oo

0,00111?' 
0,001062 
0 001050 
0,000”'5 
0,000’55 
O.OOO’TS 
0,0008’1 
0,000’1 2 
0,000’32 
0, 000’'67 
o,ooo?*o 
0,0009'22 
0,000’1 ’■ 
0,000?*?' 
0,0010*2 
0,0010*5 
0,0010?'* 
0,0010” 
0,001071 
0,001 079' 
0,001 089' 
0,001087 
0,001 064 
0,0010’6 
0,00110* 
0,001118 
0,0011*4 
0,001152 
0,001162 
0,0011*2

0 
0
0 
0
0 
0 
0 
0 
0
0
0 
0
0 
0
0 
0 
0
0 
0
0 
0 
0 
0
0 
0 
0
0 
0
0 
0

TABLE OF results (COLT,)

I aefa CL CD CM XCP XPP CLSQ acD/CLsa CR IND

1'51 
152 
1o5 
16*
1 55
1 66 
157
1 66 
Io?
1 70 
171

0, U6* 
-0,0*6 
-0,151 
-0,270 
-0,53* 
-0,6’0 
-0,5’7 
-0,705 
-0,811 
-o,’22 
-1,031

"0,0009’5 
-0,003326 
"0,005718 
-0,008000 
"0,010*8? 
"0,012851 
"0,015051 
"0,017563 
-0,01956* 
”0,022631 
-0,02*6**

0,045*81 
0,0433’3 
0,04*200 
0,04*315 
0,04*825 
0,0650*1
0,065258 
0,0658*8 
0,066860 
0,04675* 
0,066877

0,00055? 
0,001185 
0,000037

-0.000094 
,0,000776 
-0,000698 
-0,001095 
-0,00107? 
,0,001056 
-0,00152’
-0,001645

5', 25V001 
5,92’121 
5.SU’t72 
5.26252? 
6i,OU7o6? 
66188700 
5,,?U218?
6-, 3"*9O?6 
5., 63*66* 
5,713966 
5.0 751 U1

0,63432? 
0,612031 
0.382868 
0,565707
0,417447 
0,43006’ 
0,679'692 
0,440’58
0,461045 
0,3’707’ 
0,352683

0,000001
0,000011
0,000035
0,000066
0,000110
0,000165
0,000227
0,000508 .
0,0003’5
0,000605
0,000607

?',””00 
?',””00 
’,””00 
?',’’”00 
?',’9”00 
’,””00 
?',?9”00 
?,?9”OQ 
?,;9”oo 
’,””00 
?,99’900

0,001127 
0.001112 
0,0010’3 
0,00109* 
0,001060 
0,001014
0,000’62 
o,aoo?u8 
0,000822 
0,000761 
0,000675

c 
c 
0
0 
0
0 
0 
c
0 
0
0

1 72

17*
1 75

-1,143
-1 .250
-1,355
-1,359

"0,027211
-0,0*15? 7 
"0,0*15’7 
"0,0*15’7

0,047976 
0,0*8113 
0,0489*3 
0.0489*3

-0,002537 
- 0, 0031 84 
-0.003784 
- 0 , 0 0 3 7 8 6

4,?0?51* 
6' 6 4 9 76?
5., 30*5’7
5., 3u*5?7

0,3*1175 
0,4*7?5* 
0,438123 
0,438123

0,0007*0 
0.001750 
0,001730 
0,001730

?', ?9” 00 
8,286100 
8,4188*6 
8 418846

0,000575 
0,0006*6 
0,000310 
0,000510

0 
0 
0
0

the H'STERESIS present OH THE TEST results is as E 0 L L 0 2 S

l,KIPt«iCE IS TmNEN as THt IMPFPEhCENT VARIABLE UHILE VALUES Uf K CURRESpuNP TO VaRIDUS CHARACTERISTICS

< = 1 FOR CL # =«: FOK CM ,"3 FOR CD , =6 FOR CR ,=5 FOR XCP

A? KM( UV %:v XRM:

1 O,n00b?6 0,00188* 0,207?65 0,4:0810 0,90684)

-0,0000/3 0,000’69 0,033456 .0,219724 2,8’8668

5 -0,0005” 0,005384 0,047510 .1.2666)7 1l,3S05?'2

0,000021 0,00004? 0,01286* 0.166667 0,132’13

-'1,01 757? 0,845256 5,502150 .W,)19S01 15,561931

6 9U,CC1516 0,005568 0,0.1731'.' .8,204055 1 1 , 72 7348

V , 'J 0 0 3 2 9 0,001059 0,033*36 .0,?7j1?4 5,1*1304

2) -'U, 01 6.1,17 0 , ti ? 1 6 5.1 5.5U215U "0,3:2567 1*,932’40



MAIN- COMPUTER PROGRAM

STEADY RAMP TESTS

OOUf 
00 Ub. c
coo/' c
00 10 c
003 1 0
001 <: 
001 > 
OOI t 
001 ) 
001 5,
001 r c
0010 c
001 >" 0
OOdO
oo.:i t
ooi:ii 
OOiiO 
00^1. c
OOdO

OOdf 0
OOdll L
OOd/' 0
000 0 
00 0 1 U
oood 
0005 
0001 
000) 
ooob'

0052 C
0055 C
005Y'
0O4U C
0041 C
0042 
00 4 5 ti
0044 C
004)
0045'
0042 
0045 
0042'
00) J c
0051 C
005 2 C
00)5 C
00)4 
UO)) C
0055' C
0052 
00)5 
00)2'
005 J 
005 1 C
0 0 52 C
005 5 C
0054 C
005) C
0055 C
0052 C
0058' 
00 52'
00 2 U 
00 21 
0022
0025 
0024 
002) 
0025' 
0022
00 2) 
0022'
00 PC 
0081
00 82 
00 0 5

MASTEK M)BS AeROpYNAI! C ME A S OkE ■’E fiTS 
aEkodyiuiijc oata reouction from measuroents on magnetic suspension 
SVSTE'M l‘1S6S) Of the university Of southamptun 
I”" STEAnV aerodynamic characteristics

[11 mens 1 ON xC3ia5,12)rX<1tl5),Y(10S),«<T85),CDESS(1U5)|REC(l0) 
01 HENS I ON ALFA(1 US) ,CL(1 ilS) , CMC1 b>) ,XCP(1 tiS) I CPd 05) |CS (105) 
dimension 5DlR(Arf)iMlNT(A|6)|ALf(25)fVALf(25),C(10)fA(10)iii(6) 
dimension 6A0X(A,i. ),8AKU(A,(,),Z(l5'),ZT(1h),BlNTA(A,A),SlNTB(6,A) 
real iNT'iACilNTMAGo 
int-iag is THE intensity of magnetisation index ( the Integrated
E|T'.f, voltage signal ) ( Magnetometer reaping)
******************* ll*'H»W***K************»*«
data SiCA.CRMiXCM.Ak/GO.SO.P.PBP,!*', iVfA.»e,0,»2/
units of S i 5NCM ; CArCR,5XCM ARE ALL IN CMS
data A0fAlfA2rA0/0|0,84,3(0,DiO,O/
data lNrKAOD,EPs1iEPS2/?.5/',0,O2,U,0VUU5/
******************************************************************
HTPT=1B5
rEAD(1f106? I«OUSE
iHUusfc IS ,N index selecting the algorithm of data reduction 

ihJusE = 0 Fok direct evaluation of exact forces at each pt 
IHUU5E = 1 FOR evaluation USING HOUSEHOLDER'S APPROX-, METHOD

HF fl = 4
HFM IS the NUMheH Of forces aND moments to aE REDUCED 
Pl=5,141S2' 
P11=PI*PI 
CRH2=Ckh/2, 
read (1,154) ((6DIR(I,J),I:1,NFm),J=1,NFM),((BInTA(I,5),I=1,NFK),

* J'lYNFDiKBlNTDCnui.I'IfNFM'IHHlANfM)

UNITS PF EDIRH.J) S 8INT(|,J) ARE U0LT/5RAM(F0RCE, 
iF UNITS ARE IH VOLTS/NEWTDM CHANGEiTHE CONST,IN 'IS TO 0,0001 
READ (1,115) VOX
VOA Is THE STATIC AXIAL FORCE SIGNaL-AXIaL DISPLACEMENT SIGNaL 
CALIEiRaTiDiN coefficient
read (1 ,1 i) 5) N A L F , N P A
NaLf = NO, UF PTS, comprising the incidence calibration CHaRACT, 

hpa : cHprR OF polTnomial OF Incidence calibration char,
read (1,111) ( AlF(I)'ValF11) ir = 1'NALF)
RE«D<1,1O5) ICASE
0° 1 OU) ICA5t1 ,IcASe
REAd(1,11A) PITRATE , T'lSpACE
read (1,155) H M 0 r H,T,p A 
rHu = TJN''EL '"IanOMEteR liquid DENSITY IN C'M/c,C, 
K = tunnel MANOiiETcR height DIFFERENCE IN CMS OF METHYLaTEP SPIRIT
T = PUPM' TEMP PEG CENTIGRAPE
PA = AthoSPHEHIC press, M'1, HG, 
reao(i,io5) ipfdt
PAH, iPFDT = 1 IF UINd on and HIND OFF CA 1.1 8 ; (RECORING,) 

are different , otheruise =o
REAP (1,1P2) (C(J) ,J = 1 ,5) fCPEC
1 KIDPPT, EQ,1 I READ (1 ,1021 (RECY-DtVI.OliRCREC
READ (1 , 1 1 2 ) I NTkiAG
READ (1,1/2) MU,M,'NAV,NINT,NV,NP

MO : NO, OF POINTS ,IINDHOEF
t , NO, L'F POINTS UlNDHON

NAY , ND, OF SAMPLES IN AVERAGING INTERVAL
N|HT| nd, Of samples SEPARATING' EACH TUO CONSECUTIVE AVERAGED 

PUiNTS
NV ; NO, UF VARIABLES REDUCED FRUM RECORDING
ND ; ORDER OF polynomial USED TO FIT THE UInDhqFF DATA DY LS

NE = 2 * NV
I NT'.iAV«I NT MAG/ I HiHAgO
UHiTE(2,P.jP1 )
UMTE(2,25UP) S,CA,CkH,XC'-i,AR
W»1TF(2,2)U2) A 11 .' A 1 , A 2 , A 3
WHITI(2,2002) P|TKATE,TMSPACE
',1'1 ITE (2,2 OU 3) ((bniR(!,0),V3l,4),|o4,4)
UR|-((2,20U3) :(HlNTA(I,j),j4l,4),l''1,4;
LIKITE(2,?O(I3) ((HI NTBd , V); J)3 |4), 1*1 ,4]
WRlTr(d,2.'('2) VDX
WKIYE(2,25U4) NALF(%PA
WHI TE ( 2,2 OU 2 ) ( Ai. F ( I ) , V .'. I. F ( I ) , I « 1 , YALF I
Ui;lTF.'.2,2;U?) Kl|i!;H,T,.>A
UP I TC (2 , POPA) 'MO, M, '.'AV . N ; Nr NP
■i ’ H 1 T E ( 2 , 2 0 P Z ) '. C i 0 I , I H1 , H V 1 , C / i: C
iFdSFuT.FH.H 'ir;Tr(2,'2';u2: (RECd5,0''1'')dHCkEC



COBif #***«****»*'*»****&*-#?* i.'^ A A****«**'A*:&*****'«r*#&»#»*##***t*#$':*$*###
OO») NCsg
0035' DU 11V <=1(NA'V/2
00o< 110 UC = >,C*’AtK
OOdS. FNVtNHV
OOS^' rNi.Miir
00/\l f N 0 . N C
OO.i'l CFN.FNii/FIV/FNI /fNI
OO/Y ||V1 .1
00/') KL-0
00/1, MR='1O
00/•I d CON 1'1 NUE
00/'6. DO so JsNvl(NV+nVI"!
0 0/'/ read 11,106) IXC(I,J) , 1 Pl , 1F)
OO/'d' u data read IM the order wind off then wind on
OO/V 0 FlEES IN IHt ORDER VALFA, VF , VM , VD , VR , VX
01 VI? SU CONTI'MVE
01 VI 0 ******»**r*»*********»**p ■>******,■»■#•****•****
01 V<:. 0 data uurrectiun due to aveRagind and digitizing errors
01 0) c least SVL'aKES HEThODIS adopted
01 V4 IFINVI,NE,1> vO TO 3001
01 V) DO 30V) I Pl ,6
01 VS' 50Ui AU ) pXC (1 AS- I ,6)
01 v/ IF(nV1,E5,1) call RARCIXCl-iTPTdZdD)
01 Vo r-0 TO sood
01 V/I 3001 CALL RARGi!(XCrMTPT,12,A,6i1)
01 1 0 30VZ continue
011 I LS = 3
01 1 / LSIiLSTI
011 j LSn.MR-LS
01 1 11 DO 113 JpNVI,NV*NV1-1
01 1 s DO 153 IPLS1(LSm
01 1 S' call S'1TH(XC,iiTuT,12,‘1R,i,J,L3|DERN1
01 1 f CFDf^oLFiJ'PVSRV
01 1 »■ IFII.nE.LSI) vu to 126
011 >" K1 =1
01 dv Kdwi
01 dl GO TO 128
01 <:<I 1 d6 IFII.NE.LSI) VO TO 122
01 d) Kill
01^* Kd»'iR
01 do 1 dd dO 13V Xc<1,Kd
01 dS' 1 3U Y(K)pXC(KiV)-VFdR
01 di­ GO TO 155
ol dS. 1d7 Yil)pXC(I,V)-CFD8
Old/' 1 35 COIITI'YUE
013 V DO 1 AU Id , 1R

01 31 1 kg XCU'VfpYII)
01 3d 112) CONTINUE
01 33 KLPXL*1
01 3A HR = 'I
01 3) IFUL.ED.d? 60 tO 5
01 3), NVI p7
01 32 GO TO d
0136 j C u n T J N u E
0132' XCU ,6) ,xC(2,d)
01 AV XC(1 ,2) =XU2,*?
01 Al c *♦•*<(**#•*•»**•***•*«**»**** <;*************»**we»*il*****t4il»******
01 Ad y-'*AMcRHD*H
01 A3 QCALs^'1*N*i’-4, j
01 AA V P S)RT(2,U*oCAL)
01 AS TA p d73,U*T
01 AS' DEN . U.A)A2PRA/TA
01 A2 Q p PEN'VCAL
01 AS c true vyna'iic Head
01 A/' v-'i p, ua; s'V/s9RT c Ta)
013 V I true keytulos ijumser
01 3 1 RN M I.1.0 )31 2*V1CRH»P4« (tA*1 1 A , D) * I A*»t-2 , >)
01 3d QS=D»S»D,Din2
01 3 3 Q S C t U S * C A
01 3A QSL1PUS23,23
0133 uKlTEld,2V2')
01 3S' URlTE'd,2V1)
013 1 UKlTE<d,2Vd)
01 36 UAITE12,233)
0132' VjRlTEld,'2VA) S,CA,AR
01 SV UR«TEld,2V6)
01 S! wRl TE(d,2Vb) V,,!
01 Sd uP. 1 T? 1 2,2 .12) VM , RM
01 S3 ufciTLld,2)1> HITKATE
01 SA 'NRITE Id, 232)
01 ss DO 5 1 = 1, 10
01 S5' > XU ) = XC U ,1 ?
01 S 2 N''A/, “ NP »1
01 SS »KLC = REC(:?/cn)
01 S2' DC 10 J p2 (''I'V
01 2V DO 15 1 cl c '•10
01 21 Y U ) « X C ( I , .1 ?
01 2d I NVcO
01 2 3 L PULY.'.'J'ilAL CURVF rlTTiijS 0? THE 'WlNr...UFF DATA NSIN.1 '.CAST
01 2A (; SLUj.LLS Tt ekn ID'Je up TV CRPER *'YP
01 2s call l -s n c : 'X , y , m f,, a , l p , I n p , r e s )
O', ''S' iH V e «, V t- ;
01 2 2



PiKM rate

01 fS DO 21 1*1 1*1
01 (<' 
01 SV 
0161 
01 Si; 
01 6) 
016 6 
01 S) 
01 s>. 
01 sr 
01 ss. 
01 SV 
01 vv 
01 T1 
01 vi: 
OPf 
01 v^ 
01 vs 
01 V'5. 
01 vr 
01 VW 
01 VY' 
02VU
02VI 
OZVE 
0205 
02U6‘ 
02u> 
0205. 
020 V 
0206 
02VV' 
02l 0 
0211 
0212 
0215 
02H 
0215 
02l 5. 
021 < 
0216.

u 
u

I

t’

c

XCNV«AO(I,V)
lFtlDI'Dr.iO.1' XCHVcXCHV'PREC
SOHdV.I 1 )
DU 30 R a 2,NflAX

)U SUM»S"1*X(X)'*CKV*''<K«1)
: F H DHIT , 20.1 V SUM.SUI/PRECJ

2) XCdiWccXCd'NjVI'SUII/CIV)
W1N 0 OFF DATA M X S WcEN SU5T6ACTF0
CBKRECriOl DUE TO AHPEX 0,C GAIN IS APPIIED

10 CUNT I NUE
DO tOS 1 n 1 I'M
C0KRELTIO1 DF DRAG SIGNAL FOR AXIAL UUSITIUN DRIFT

AuS xC(|,AI « XC(liA) 1 VOXAXCCiS)
RMAXA « NPAa1
JNO.O
call LSQCIVALF,AlF,NALFrA,APA|INOiRES)

find the 1 XOIDCMCE calidrati ox EQ.'ATIun
N • N F H
nA 0 N*N
IN « 1
DDFcPiFRATEATHSPACt
i'*'ciDtx:F Resolution ot pitch Ranp TeSt, along co.xst,
IF(ihuU5f,c3,u) go to 50A
A1'1Ax = U I
A M1 N A1 V D ,
CCCCC=C(1)
DO 506 lulil
SUMeA tl )
XCXx=(XC(l,V)'CP£C)/CCCCC
DC 31> <c2(NHAXa

515 sUM = sU’IfA(L)aacxX*»(X»1 ;
alfa(I)=sj*i
I F 1 AHAX, lT , SU'"!) AiaXaSUN
IFAaHIn.GT.SU^) AH1N=SUM

5U5 continue
CALCUIATIUX OF INA1I s iNAV' AND FINDING 'NINV
L,MTEt2,2A1 )
A6CD=A1aX
I A 1 = 0

5U6 DU 31u I = 1 1 N

021V' 
0220 
0221 
0222 
0225

310
DO 51V j = 1 ,N
BAUX(1iJ)=9DJKII,J)»aBCD‘(31NTA<IVJ)faucD*8INT8(IiV))
ACCjR’U.0)001
call FphgEInCNiACCUr,2(1)f)(1;IDETinRR)
IFImRRiEQiIESV wRItE(2,2A2) aBCDiACCUr,IrANK

0226 DO 320 1=1,N
0225 DO 520 )cl,N
0225 SOHcOi
022V DO 32) <"1,N
0225 525 SUM.SOlF6AUX(l,K)*(BI'XTA(KH)*AilC0*BINT8(KvV))
022V' 2Y1I6N«(U-1:I^SUM
025) 52U CCNTI'^UE
0251 CALL F6)[T(ZYiN,NAiDilD,H,lT)
0252 DETEk:D*2,**lu - -
0255 NA A A ''IF|2(0,oU5/DDF/Aas(DETER)l
0256 IFHAI ,GT,U) GO TO 3II
025) NAIcNAAA
0255 lAlzIAIH
025V A c U D = A *11 N
0255 GU TO 3D6
025V' 311 NA2iNAAA
026U NA3-(kM)/ia
0261 N I M U c 'B 1 N 0 ( N A1 , N A 2 , K A 5 I
0262 IF(NINV.LT,NA5) IVRITE(2,263) NINV
026) 
0266 L

I F ( N I H V . G E , X A 5 1 N 1 N L' al

026) EP;ioru.cvuDi
026), IR = 1
026V DC 330 HI ri
0265 IF(I.ER.11 GO TO 353
026V' lFtNlNV,E3,1) Vo TS 551
025V N I K A = N 1 N V ' I R
02)1 lA'd/NlrDRlMlRA/II
02)2 IFIIA.ER.)) GO TO 531
02)5 555 CONTINUE
02)6 XG(I,6)«Oi0
02)5 AXE calf a<I,
02)5' DO 33) J«1(M
02)V lFlI.tV.1l 3(V)n0,
02)5 DO 55 6 <cI IN
02)V' 35) i;AUX ( V V<) cBblR ( J , K) » AXr ■» (6 I MT A ( V J K) i-AXFfll I HT5 (.1, K) ;
O25U AGU1,IP = U.OVUD1
0251 call * p iGii ‘-('1/accur, .1(1;: u;i) I det-hp.k)
0252 DC 3AU J = 1 , ';
025) SUIIaOl
0256 DO 3A5 i;A 1 , M
02)5 56) Gl'I'rGU'liRsUXC-' , Li "Xf, ( I / KT I i
025) |l(AD)(:llD.Ll,fPSin) GO TJ 3A0
025/ iFLAi'SKSJl-BiVii/SONi.GT.V.ODl.AMV.IiNE.II 'VR%TE(2,26t)
02)5 36U DU)") U '.'
02 )V' 
02 VV

GO TO 512



CALlUR
OZFI ttWr******************************
OZAC HOUsciiOLOiK's A.'FKOXl lATe FOH'iL'lA FOR MODIFVInO TMtlNVERSE
oz/’j. c matrix is OlVtf: bV ,
OZZA c BTUX-HAUX 11."OALF'niNTtoAOXJ
02Z> c
OZZ& 531 oFNoAlFAdF-ALFAtl'D
OZfz XC1I,o?=1,v
OZZ) DO 35U J=1|M
OZZZ' soil'll cV,
OZdJ 00 553 <.1,M
OZai SUM2=U,
OZ5Z DO 36U L1=1,N
OZuj SUM5«0|
oz»* DO 56) L=l,1
OZ») 565 SUn5«50i5»lSir«TA(Ll,L)*AXF«PI*l73(Ll', Ld»i1AUX(L,i;)
OZU) 550 SO'I2«5J'l2*dAUAU . LI )» ( ( (L1 / Z)‘(</L1 ) )-UF«*SIIM3)
OZUZ DAAu(J/X)«5Um2
ozea 5)5 S0l11 =5 J>11 ♦5UnZ*XC ( J , K*1 )
OZU/' 3)0 eioicsoHi
OZ/U pC 3Zu J = 1 , M
OZ/'I DO 57u Rs 1 Is
OZ/2 5Z0 BAUx(0f().@AxO(j,K)
OZ/') 53Z CONTINO:
OZ/I' go TO 302
OZ/') 503 cONtI'NOE
OZ/T" 530 CONTINOE
oz/z c
OZZTI c **********»**********W*****w**t<r**
oz/v c
O3UU 5 D 4 c ^ '^ TI '^ u E
o;oi iFIlHOOSE.ER.n GO TO 301

O3UZ CCCCC=*C<1 1
O3OJ I A Z K 0
0304 DO 55 l=1iH
030) S A L F = A 1 1 >
030»' XYZcTACd ,Z)-CREC)/CCCCC
03UZ po 50) RiZfNMAXA
030U 505 SALF = )ALF»'A(KF''XYZ«*<Xrl )
03UZ' ALFA(lf=$«LF
031 U DO AO K=1,N
031 1 g(X) . XC(IfK*1)
031 Z DO AU l = 1iFi
031 3. AO YlKAN'lL-IDsODiKTKiLJASALFAtSlMTAlRiLFASALFAaiNTSlK'LFl
031 Z c Y IS THE TOTAL FORCE 8 HOHEYT CAUla MATRIX INCLUdINU
031 ) c DIHeCT and interaction (due to incidence ) PARTS
051 6. c elements of Vector b represeyt the het aerodynamic

THE

LIFT

031 Z c PITCHING MDMENT ARD DRA5 FORCES: ACTING ON THE MODEL
031 3. CALL F 4 5 0 L V : ( Y , g , ,Y , ,N A , N ,' t N , 0 , I D H T , w 3
031 /' IF(IT,E).-1) WRITEIZiZaS) P,ID
0320 jug CUNTINOE
0321 DO AOO jKL'1,N
0322 6U0 a(/KL3«INrMA(i'D(JKL)
0323 CLiii » 1 ,o/a)*n(i,
032A C 'M ( I ) = 1iU/C)C*5(2)
032) C this is the hi'MEHT cOEFF, i THE CENTRE O-F MOiMENT OF THE FORCE
0325, C CALlSKAriON ,
032Z C THE huheht coeff, aec'JT half root chord is I
0323 CMtI)'=C1(l)-CHi)*(cRM2«XCH>/CA
032/' CPiI ) = 1 , U/Qb:ii (5;
0330 CK( I )“1 , /3SC1 *r, (A)
0331 IF IIHUOSE.tD,1I 00 TO 503
0332 continue
0333 COIITI N J:
0336 c data CURRECTIUN due to aerodynamic dynamic effects
033) CLNX=U,
033), CH'N = 1.0
033Z DO 120 , C 1 ,.,n 1
0333 GO TD 121
033/' IFCl .Nt,i) cu TO 121
0340 TP11=LL(I)
0341 TP2i=L1<i)
0342 TP31bCdi11
0343 TP41cGH{11
0344 CO TO 1ZO
034) TP22cCM(11
034), TP32=CD(I)
034/ TPAci;UR ( I J
0343 •i Pl ? = CL(1 <-1 )
034/' TP,i5 = C1( I <-1 )
03)0 TP3:=tDCl*1)
03)1 TPNSnLRdH;
03)2 TP1A=TP|2
03)3 TP2AtTP22
03)4 TP.1A = T/52
03)5 TP4A,rP42
03)5' CKI )«3, t (TP1 A'ln 2) + TP11
03)Z CMU)'3.*(TP23-TPZ2)''T|,j,
03)3 CD1I)'), = (T,''5)-TP32)*TP51
03)/' CRID'A.CTPtA-TpAXIfTPAI
0 3)0 TPl 1 = IF'l A
03)1 1 P21 =1-124
03)2 1=31=1H5A
05)3 TP41»l/AA



0361. 1/1 cniTiNjE
0366 
0366. 
036(- 
0368 
036/' 
03/0

A6|.'i»A/5(C|.(l6)
If <4348.01,01.'IN) UC TO 41
Cl,HNi,A6L.8
KN”:

41 If (CLM4,Lr,Abl,n) Ci.MX.A8LM 
1/0 CONJINOE

05/1 c tumnEl jall cukrection
03// c least SOUASES CL'ALfA CURVE fl1 TO flTO A ROUGH ESTiMAT Of
03/3 c OCL/OALfA
03/6 
03/6 
03/6' 
03// 
03/6 
03//' 
0360' 
0361 
036/ 
0365 
0361' 
0366 
0366, 
038/ 
0366 
035/' 
0 3/'0 
03/'I 
03// 
030'5 
osot 
030) 
030'6,

c FUR PURRUSE OF TUNiieL L'aLL CORRECTION
NCLF.6 
call LSQClALfArCLi'I/A.NCLriD.RES) 
U1=A(/?
U/=A<3)
U5=a(4,
U4=a(6,
U5=At6)
ArMK=-10.
A f H H 1 0, 
dU 126 1=/(H-1 
ALX.ALFAd) 
If 1ALX,5T.AFMX) AfMXcALX 
ir<AL4,LT,AFM6) aF1N=ALX 
CL/ = CH I)
D'lLF.U, O.5 635*CLZ
DCu.0,V25*CLZ*Cl/
0CUFcultAi.X*(/,*U2*ALX*(3,*U3*ALX»(4,*UA»ALX*<5,»U6))))
DCM.o,0D351•cL/«OCLF
aLF A (1 ) « aLFA (11 *l)A LF
Ct)<I) = C0<l)tDC0
C.1<I) = CH'(1)*DCm

1/6 CUHTIRUE
A 'FALSE' CORNECTIOM TO THE END POilJTS 
alfa<i?=alfa(/)
ALf A(M> =ALFa(m-,1 >
ctd ) = CL(/I
C1,<‘I) = CL(-I'1 )
C 0 < -I ) = C D ( Z )
CD1'.|)=CD('1-1 )
CM11)=Ch,(/)
C'H'D^C-liCI-l )
CR(1)=CR(/)
CR<.M) = Cr(Hpi )

C0MiN=lCtjlXM)*CD(K'M*1)*CD(XM,1),C0(KM*/)tCP(KMiZ)>/5,

EPS1=AMax' (EP61 , (CL‘1X/4,0)> ■ 
DO 45 I=1,m
1 F (J.LE.2.OR.1,GL.1n2> GO TO 44

IF lAPSLett 1)),GT,EPS1) GO TO 42
DCLH=CLCIf/)-LL(1-/)
ODOcpl I »AR*t)DF/l a4, 
if<Ali6<DCl-M),LT.0DD) DCLM=SIGN(dD6,DCLM)

030'/ 
O3o« 
0309' 
o&oo 
0tU1
040/ 
0405 
040/ 
0406 
0406' 
040/ 
0408' 
040/' 
041 O'

0411 
041 /
041 5

041 4 
0416 
0416'
041 /

c

c 

c

0416 c THIS MA/E.R Si)He THAT 4 heASONASlE ESTIMATE OF 'ilCM/aCL' AT COHD,
041 »" 
04/0

c wHfc,H CL IS almost cohstaht 
XAVsL=(CM(1»21"CM(I-2))/DCLm

04/1 c this is ah approx, to the average slope scM/acL at shall cl
04// 
04/5 
04/4 
04/6 
04/6'

c the RCSJCTIHG CfhtRE is the aerocyhamic centre 
XCP( 1 6 = CR.1/'C'<«'XAVSl
GO TO t,E

44 If lAnS(CL(I)),LT,EPS1) cL(I)4SrGH(EPSl,CL(1))
4/ xCP(I) = CR'1/-CA‘CM(I)/CL<I)

04// 
04/6 
04//' 
0450 
0451 
045/. 
0455 
0454 
0458 
045;,. 
045/ 
0458 
045," 
0440 
0441 
044/ 
0445 
0444 
0448 
04 4 6' 
0 44/ 
04 48 
044 /' 
0480 
046 1 
0 4 8 / 
046 3 
C 4 6 
0466 
0466

u locaTiuv of c,p, from the ujhg aPex 
45 COHTINUc

IFlAe6tXCPFI)JiGT,/5.) XC»(I)=S!GH(26,o,xCp(I))
SCL=CL1I)»CL(1)
IF(gCL,GT.EPS/) GO TO 43
DCD 4 (CD(1) -CDMN)/EPS2
GO TO 42

46 OCD .(CtlFD-CDMlhl/SCl
4T If(AB6<DCD),CT,;.;/?;) 0C0.SlGN</,;3V/,DCD)

CDLSQ(l;.OCn
46 CONTINUE

M S T a 1
UDE I. 5/'
WRITE 4/,21/I

61 MFi'IcMARtHh-Fl
;K'1R1,GT.l) WRiTC(2.zi;;
URlTE</,214;
DO lO !oM.4T,mF1ii
sci. = cn 1). CL (1 ?
XPI‘ = XLP(I)/CRM
D C D « C 0 I. 5 N ( I )
SCHnCPlI)
L f M r. 1 f! < ( X C (I 1 n ) )
URi TE 1/,2"I 5) 1 'ALFA 1! ) , CL( I ; , CDi n , CM( 1 ) , RCP(! > fXFi'iSCL. hCOiECP, LFF.
GO TO 80
H'fclTF 14,21 / )! ,Ai.FA( 1, ,Cl <’) ;'D (; • ,-r’K '' ,XCP' 1 ; rXPP.' 5CL, rcD, ECR 

8(1 CONTINUE
riSTa.'IFiu*!
11 IMI 1 ‘'. GF , 'D c; To 52

:■ C' L L =' 1 ” •■ s t



0452 IFIMDLL.GT.IP) MOELpS?
0450 
04)9'

GO TO >1 
32 continue

0450 
0451 
0402 
0453 
0454 
040) 
0405' 
0402 
0405, 
040/'

vRlTE t 3) 1,n1TRate 
WRITEIO) ALFA 
h'FlTE'-O) CL 
AlRlTElO) Cl> 
HKITEtO) C'H 
WRItEFO) xcp 
WFITEFO) CPlSU 
URlTCO) CR

C
C CHECF on HYSFEreSIS effect

O42|] 
0421 
0422, 
0425 
0424 
042) 
0420' 
0422 
0425

call "TSTERd ,ii,alfa,cl) 
call ''TSTEK(2,M,ALfA,CM) 
call "TSTEK(3,M,alFa,CD) 
call hV5TER(A,M,ALFA,CR) 
call hysT£R(5,H,ALFa,XCp) 
call "TSTERtGfMjCL,CD) 
call ntstER(7,H,CI.,CM) 
call htsteH(8/m,cl,XCP)

1005 continue
042/' UZ fOH'-IAT t 51 3)
0450 1 U3 FUH'^ATtLF),,))
04 51 104 fCR'IATI 2f J, 3/PFo.o/RFO, O/SFO, 0/5F0, O/dFO, U)
0452 106 FUI<MAT12I3)
0453 107 FC'K'lATdOFII.O)
0454 ioti fcrmatiiofu.d)
045: 111 FUHMATt12FU,0)
0400' 114 FUK1ATE3FU,O)
0452 116 fohmatifo.O)
0455 119 fur'iatffo.o)
045/' 2U1 FUR'lATd HI ,41 11 MAG'NETIC SL'sPE'JSIUN SYstE'M (MSBS)
04/11 Z02 FOH''|ATHH3,50M STEADY AESiOOVNAMi cs TESTING .• DATA REDUcTIU,,' )
OA/'I Z03 FCK'IATd HJ, 42" aFPRCX, aGARP-G JING' MODEL )
04/'2 Zo4 FUKlATdHOiloi WING REF. ARE* = , F 6 , 2,5x , 4HS 6 C, 8X ,
04/'3 1 21 M mean aErL'D, chord = , F 6,2,3X , 2H C'1, S X, 1 5 HASRECT RATIO e
04 24 Z ,F6,2)
04/') 206 FOR'IAT d lu , 1 5” FLOU SPEED = , Fs, 1 , 3X , 3Hm/5 , ? X , 1 4 MPYNAMI C HEAD «
042'0 1 F2',2,4X,3HN/S0m )
042'2 207 FC'H'|ATd,'d|12H MACH NO, c , F 5 , 3,5 1', 23H TEST REYNOLDS NO" = ,
0425 1 Fl, ,7,4%,/"'Million )
042Y' 208 F0R'1ATdH3,45H SURFACE CONDItIO'4 :: WITN TRANS STRIPS )
050J ZU9E0KHAT(//2///2///]
0501 21Z FOR'iATdHI,/SOX,'TABLE OF RESULTS'/)
0502 214 FOKMATd m3,1x, 1 I ' ,4X, ' ALFA' , 9X , ' C L ' , n X , ' CD ' , 11 X , ' CM ' , 11 X ,
0503 1 'XCP',lOX,'Xppl,pX,ICLSR,,ttX,'9CO/CLSQ',BX,'CR',4X,llNDI/)

Obtii. 
05U: 
05US. 
05J< 
OSDi 
OSU-" 
051 J 
051 1 
05n 
051 ) 
05H 
051 3 
0513' 
051 /■ 
0515 
05 ) /' 
OS,!J 
05^1 
05^<! 
05^5 
Obdi, 
l)5!!3 
0S<:5' 
05^/ 
05d5 
05<i>" 
05)0 
0551

0)32 
05 3 3

Z1(, F0K,AT(1H ,]3'ZX,Fr.3,8(3X,P10,5),)X,n)
217 FDK'iAT t, 01 (I 3'S'(2H ,flOi5,1H /);
21» P0K'tAT11li1,/<.3X,iTAbL5 OF RESULTS <CUNT,''/)
231 ,-C:K'.|AT< 1 H J, ' MCICENCE RAMP RATE = ',fl0,3j 
2A1 FCRrATLIhI)
2»2 FURlATHM t'AT AL^A X ' , Fi u , 5 / OXi I ", A.TRIX IS SINGULAR RITh DtJ, <', 

1 F 1 1 I 7 , 2 X , ' A I, D R A h K X 1,110)
2A3 FCIi-iAT<lR ,'TMt NUMS6R qf OInSECUTIVE PnpiTS THAT CAN BE CALCULATE 

10 liLFC’RE NEEDING A CHECK UITH THE EXACT fORMULA = ' , I 5 , c X , ' KT 3 ' ) 
2N4 FCRiATHH I'EHRoR RESULTING FROM^USE OE APPROXIMATE INVeRSC CALIBR 

1 A) I 0 N matrix is > 0,SA ,y tK£ ' ; I 5, '"TH P 01NTI ]
246 Fi;R',ATL///2X,'C0EFF, OF PQlYNOHlAl OF IS CURVE FirTlNG oFINClOtNCE 

1 CaLIARATIDk up -0 DEGREE',IL)
249 FCR'IAT < 1 H1 f ' CUEf F, OF PflL V'.'OMI AL CURVE FITTING OF UINC OFF DATA 

1A5 fU'ICTIUNS UF ALFA UP TO nEGREE ' i I A , AX , ' IN THE SEGLiENrE VF,,,,yx 
Z'// ;x, '*0' ,15%, ' AT ' ,1 jx, 'AZ' H 5xHA5' ,15%, 'AA' ,15x, 'AS' .15x, 'ABI 
3,5X,'HESI0UAl')

231 FUM|ArHH),5FT5.5l
235 F'.>i1m.1T(1hJ,5,)X,,T':E CALinKATlON MATRIX 15 SINGULAR UI TH A VETERMI 

1 ,A',;, Fl 3.5 ,•' »a«lt ,12)
231 FUHiAtu Hj, 15 ,5x, 5F1 5,8)

2001 FOKhaT11HJ,I INPUT DcTA I//)
2GV2 FCKMAT<1H3,(2UX,aFl2,6))
2003 FOh HAT(1 m3 I A(1ux,AFI 6,?V))
2004 pCK-IATIlHU,10%,81111)
2006 FOH1xT(IM0,2(2UX,Aa/))

STUp
[NU

SUMROUTIME WYSTt A(X,,",,x,y)
DIHENSIDN X(u),y(M)



OSti' 
OS'. I" 
OSI-S’ 
OS'.." 
OS SU 
0SS1 
ossd 
OSS) 
OSS'. 
OSss 
05S5' 
OSSI- 
OSSS. 
OSS/' 
U5SU 
OSSI 
OSS,; 
0561 
OSS'* 
056) 
0566. 
056/ 
0563 
056/' 
05/U 
05/1 
OS// 
05/3 
05/1. 
05/S 
05/6' 
05// 
05/6 
05//' 
OSd'J 
0561 
056/ 
0561 
0561. 
0563 
0586.

OO IS U .1 , N 
XO"X(*II 
] 1 5.|"5 " J 
iZu.ltl'J

1 00 10 1=11 112
H = XDri4l!)
1 m .eu. 11) 0" TO 10
1F1G*o,LEiU.O/ 00 TO 6

10 G°H 
lUKK.tS.O) GO TO / 
KU'°KJ'’1 
GO TO 15

7 ll^M*! 
It = «l 
KK”KK*1 
GO TO 1

6 Z''1G*'l’1I)‘’8*Y1I”1))/(5"H)
Y4“V(U.’-i: 
av = .>V4VZ 
SG*5Q<-T7.«V/ 
KUi**;/*!

15 continue
FkU=FLU4T(SU) 
av8av/f<u 
pSOKJ = S3/F NJ-AV'AV 
IFIFS'/NJ.GC.O,) RMSrSaKTIFSCKJ) 
FAY»AY"I0U,/O4 
FFII5cK*is*1 UO, /OV 
iMK.tU.II k'R1TE(2icO1) 
IflK./U.I) ORITF(2f202)

/U3 FOK.|ATHHU,25NH5,5ri5,6) 
RETURN 
ENO

056/
0566 
056/' 
05/'U 
05/1
OS/i.-

SUBRUOTINE LSqcCXiYHiAiNHNOlRE:,

DIMENSION X(M),Y(1),A(10]
N1»N*1
CALL Ru;ACF(X/Y,F',,A,Ni;RES]
RETURN
ENI)

0 6//' 
06SU 
0631 
061/ 
06)3 
OSS'.
06 3)

SUBROUTINE CARA(X,Y,N)
DIMENSION X(N),Y(N),A<10]
CARL 1.S)C(R,YfN,A,4,0,R)
WKlTE(2,2u1) 1A(II'1=1,4)

2U1 F0R'tAT(1HU,'TNE COEpF OF RUL. FITTING UF C6(Cl) AREI///1OX,4F15,6I
RETURN
ENU

0616 
063/ 
0636 
063/' 
06I.U 
061*1 
OS'./ 
0643 
0044 
0643 
0646.
064/ 
0646. 
064/' 
0O3U 
06M 
063/ 
06)1 
06 3 4 
0653 
0615. 
06 3/ 
063 3.
06 3 /'

SUBROUTlHE SMUUTN(2,.M/N,K,N4,L]
DI "c II SI ON f(M,N),x(25),Y(Z3),A(10:
N"U = 1
IF'.X.GT.G) .Y01/
'11 = 1

1 M/' 11 *L'1 
DO S 1=11112
I |NI-'11 M 
x(:ir/(HN0) 

' 5 Y(ll)8/(I,X) 
CALL LSDC(X,T,L,A,;,O,R;

AO«A(TJ
AINAI/I
A^'AlSI
A3"A(''I
DU 10 1:H1,RZ
Z2 =/1I,40)

10 z (1 , K .'EAU*ZZ'(A14ZZ«(A2*ZZ,A3))
IF E(N1-RZ:,LT,L) GO TO z
Hl = 12*1

GU TO 1 
/ CONTINUE 

RETURN 
ENII

06 SU 
0651 
06 6/ 
0 6c) 
i) 6 6 4 
066) 
0666 
066/ 
06 6 8 
06 6/'
0 6 / U 
06/1

SUUnC'J; INE SHTH(X,A,1,NA,I<J,IS,A) 
DIMENSION X(",tl),T(20),Z(/D>,Bt1W) 
LSI'LS'I
IL'LGl»LS
OO 5 11k1,LL
JK"! I-I,S1
Y11 I)= J <

3 Z < I n ii' ? I * J R , ■')
C.'-LL LiOC (y,ZH. L.iii',:'', K)
A ‘ /. « G I S)
« 4 1 1' 'I
ENII
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FIG.1.1 TREND IN WIND TUNNEL TESTING



FIG. 2-1 INCIDENCE AND PITCHING MOMENT 
[Ref. LUKASIEWICZ (1955)]



FIG. 2.2. TYPICAL RECORD OF NOMINAL FORCE OBTAINED ON A DELTA WING 
HALF MODEL . M = 1.22 [ Lukasiewicz (1955) ]

mV

FIG. 2.3. RECORDER RESPONSE TO STRAIN GUAGE BALANCE OUTPUT
FROM Lukasiewicz (1955)



Model length (ft)

FIG. 2,4. FLOW RESPONSE TIME FOR VARIOUS FLOW PATTERNS.

FIG. 2.5. A SCHEMATIC OF THE EFFECT OF INCIDENCE SWEEP 
RATE ON MEASURED FORCE.
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FIG. 2.7. A MODEL UNDERGOING PURE PITCHING OSCILLATION 
AND EQUIVALENT 2nd ORDER SPRING-MASS DASHPOT 
SYSTEM.

FIG. 2.8. INSTANTANEOUS VECTOR DIAGRAMS OF FORCES ACTING 
ON SINUSOIDALLY OSCILLATING MODEL.



To vibrotion 
generator

From occelerometers
From excitation piok-up

Power 
amplifier

I fritter

Tope 
jgunsb,

Teleprinter

FIG. 2.9. LAYOUT OF EQUIPMENT USED BY THOMPSON & FAIL (1966)



FIG. 3.1. THE INCIDENCE RAMP FUNCTION AND ASSOCIATED PITCH RATE.



u

Lift 
force

FIG. 3.2. INDICIAL LIFT FORCE VARIATION.



FIG. 3.3. AERODYNAMICS FORCE RESPONSE TO A SLOW PITCH RAMP.



FIG. 3.4. STAIRCASE INCIDENCE FUNCTION.

Current

Position signol

FIG. 3.5. A SINGLE DEGREE OF FREEDOM CONTROL LOOP OF A MAGNETIC 
BALANCE FOR STABILIZING MODEL AND MEASURING LINEAR 
AERODYNAMIC EFFECT.



Currents 
rheasured quantities

Stotic oreodynomic 
effect

aerodynamic .force 
required quantity

FIG 3.6. INSTANTANEOUS FORCES VECTOR DIAGRAM FOR OSCILLATORY 
MOTION.

FIG. 3.7. RAMP RESPONSE OF A SECOND ORDER SYSTEM.
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FIG. 3.10 . ZERO CROSSINGS OF THE COVARIANCE FUNCTION TWO SINUSOIDS.



FIG. 3.n. THE AUTO-CGVARIANCE FUNCTION OF BAND LIMITED 
(BANDWIDTH a,«) WHITE NOISE.
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FIG.3.13a MINIMUM LAG VALUES ^^>"

X =.1 ' y, =.01

MAX. LENGTH AND MAX. LAG. USED ^ y^ =,01
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FIG. 3.15, TWO-DEGREE OF FREEDOM SYSTEM

FIG. 3.16. MODELAND COORDINATE SYSTEM.
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FIG. 4.1 VARIATION OF DYNAMIC HEAD & REYNOLDS 
NUMBER WITH MACH NUMBER



FIG. 4.2. WIND TUNNEL DYNAMIC HEAD CALIBRATION.
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FIG. 4.4. A CROSS SECTION THROUGH THE WIND TUNNEL WORKING SECTION 
SHOWING THE OPTICAL SYSTEM MONITORING VERTICAL AND 
HORIZONTAL MOTIONS OF ONE END OF MODEL.



Front surfdce silvered mirror

Source

12 volt 21 wott bulb

System of axes 

defining^terdctiohs 
X

Z + ve into the poge

FIG. 4.5. A SIDE VIEW OF A SECTION THROUGH THE WIND TUNNEL WORKING 
SECTION SHOWING THE ROLL OPTICAL SYSTEM AND BEAM PATH.

Adiustable lens 
holders

Pers^x window



Heave loop
.. ...  I..... . Mg.

Pitch
Prk/yggna/ loopgain

FIG. 4.6. LATERAL LOOP FEEDBACK CIRCUIT

FIG. 4.7 CURRENT SIGNAL AND 
CONDITIONING CIRCUIT



"waaeuiiirow

FIG. 4.8. IMPORTANT POSITION OPTICAL SYSTEM CALIBRATION.



V 
(volts)

FIG. 4.9. ROLL POSITION CALIBRATION.
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AAAGNETOAAETER LAYOUT

MAGNETOAAETER CIRCUIT

FIG. 4.13. AAAGNETOMETER LAYOUT AND CIRCUIT.
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Troniitioh strips, when present ore, 
3mm wide and 20mm streamwise behind 
wing L.E.
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FIG. 5.2. AGARD -G WINGED MODEL.



FIG.5.3 INCIDENCE CALIBRATION



FIG.5.4 ROLL DISPLACEMENT CALIBRATION
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F I G. 5.8 VAR I A TIO N 0 F F 0 RC E & M OM ENT 
CALiB R /XTiofg c crr^STAhJi-s wiriH



FIG. 5.9 VARIATION OF ROLL INTERACTION 
CALIBRATION CONSTANTS WITH 61^

FIG. 5.10 VARIATION OF DRAG INTERACTION 
CALIBRATION CONSTANTS WITH 6K
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4»A/W*^# akA:

9ff A/Afxs, 
S(wya4/*^ mN, 
TioAa/sowya^

t :
(/ACQLf/f?eJ

(/SWORTAAfj) 
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FIG. 6.2 DATA REDUCTION ON MYRIAD COMPUTER



FIG. 6.3 FLOW CHART OF MAIN PROGRAM
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Oscillator Buffer

Osc

. uT^s. Dato on 
-----mog tope Editing

DATA COLLECTION STAGE.

DATA REDUCTION AND ANALYSIS STAGE

FIG. 6.5. DATA COLLECTION , REDUCTION AND ANALYSIS , 
DYNAMIC TESTING.



FIG. 6.6 DETAIL FLOW CHART OF ZEROCROSSING
COVARIANCE METHODofTWO SIGNALS-
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Transition strips, when 
present are 3rhm wide 
and 20mm streamwise 
behind the L.E.

3.5°

FIG. 7.4. RAK FLAT PLATE DELTA WING MODEL (REF DRWNG NASA LC 934647)



FIG.7.5 RAK M ODEL RES U LTS, CL EAN WINGS
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FIG. 7.5 ( Coni:.)
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FIG. 7.7. EFFECT OF BOUNDARY LAYER TYPE ON C l & Cd OF 
RAK MODEL.



FIG. 7.8. EFFECT OF 1^ ON C l & Cq FOR RAK MODEL



FIG. 7.9. EFFECTS OF THICKNESS FORM ON AERODYNAMICS OF PAK MODEL



FIG. 7.10. REPEATABILITY OF Cl & Cq RAK MODEL 4 DIFFERENT RUNS.
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FIG.7.2l-AER0DYNAriIC LIFT VARIATION WITH INCIDENCE

PITCH RATE (DEG/SEC) = 5-000



(d)

F ICJ.21-PITCHING MOMENT (ABOUT WING CR/2 ) VARIATION WITH L IF

PITCH RATE (DEG/SEC) 5.000



0.0 flA 3.0 42 5.4 66 7.8 
INCIDENC E (') 

(0)

FIG. 7.21 CENTRE OF PRESSURE LOCATION 
(% OF ROOT CHORD) BEHIND APEX

PITCH RATE ( Vsec) = 5.00



(b)
FIG. 7.21 DRAG VARIATION WITH LIFT

PITCH RATE(Vsec)= 5.00



F TG.7.22-AER0DYNAMIC LIFT VARIATION NITH INCIDENCE

PITCH RATE IDEG/SEC) = 10-000



w

FIG%g-PITCHING MOMENT fABOUT HING CR/2J VARIATION HITA LIFT

PITCH RATE (DEG/SEC) = 10=000



INCIDENCE

(0)

FIG. 7.22 CENTRE OF PRESSURE LOCATION 
(%0F ROOT CHORD) BEHIND APEX 
PITCH RATE ( '/sec) = 10.00



(A
C

O
 h

ys
t 

( ̂
(^

L)
 hy

st

FIG. 7.23. VARIATION OF HYSTERETIC LIFT COEFFICIENT WITH RAMP RATE.

(deg/sec)

FIG. 7.24. VARIATION GF LIFT PARAMETER WITH RAMP RATE.



FIG. 7.25. VARIATION OF MINIMUM DRAG COEFFICIENT WITH 1^1

FIG. 7.26. VARIATION OF PITCHING MOMENT COEFFICIENT ABOUT
MID-CHORD POINT WITH l&r l
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