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level fairly easy solutions are available, but at high altitude more substantial. * difficulties .... calibrated out, cone-sensor separations down to 5 diameters may be used). ... The sensor may not trail in a smooth way, free of oscillation, at all flight ... This method is simple in principle and can to some extent be regarded as the .*. 

















 Télécharger le PDF 






 4MB taille
 1 téléchargements
 341 vues






 commentaire





 Report
























AGARD AG-300



-



Vol.1I



NORTH ATLANTIC TREATY ORGANIZATION ADVISORY GROUP FOR AEROSPACE RESEARCH AND DEVELOPMENT (ORGANISATION DU TRAITE DE L'ATLANTIQUE NORD)



AGARDograph No.3 00 Vol.1I CALIBRATION OF AIR-DATA SYSTEMS AND FLOW DIRECTION SENSORS by J.A.Lawford and K.R.Nippress A Volume of the AGARD FLIGHT TEST TECHNIQUES SERIES



.(



Edited by R.W .Bcrek



::



i n Fror rcces NqTIS GRA&I



2



Justiticat~io



LECTE Cds AvailabilitYS DTVIC



JANI'30l1984 i lSpecial



This AGARDograph has been sponsored by the Flight Mechanics Panel of AGARD Document provided by SpaceAge Control, Inc. (http://spaceagecontrol.com/).



L,



~ ~



* g



I.



I.U



Fle



-



-



-.-



.



CONTENTS Page PREFACE



q



LIST OF SYMBOLS, UNITS AND ABBREVIATIONS



V



SUMMARY



1



1



INTRODUCTION



PART I



CALIBRATION OF AIR-DATA SYSTEMS



1



2



2



RELATIONSHIPS BETWEEN PRESSURE, AIRSPEED, MACH NUMBER AND ALTITUDE



2



3



PRESSURE ERRORS - THEIR ORIGIN AND NEED FOR CALIBRATION AND CORRECTION



3



4



PRESSURE ERROR CALIBRATION METHODS 4.1 Tower Flypast 4.2 Tradling Static or Trailing Cone



4 4 6



4.3



7



Pacer Aircraft



4.3.1 Calibration of Static Presure Error by Pacer Aircraft 4.3.2 Cllibration of Pitot Error by Pacer Aircraft 4.4 Methods Making Use of Radar Aititude Measurement 4.4.1 Radar-Tracked Calibrated Aircraft 4.4.2 Tracking of Radio-eondes 4.4.3 Derivation of Premsure from the Subject Aircraft Itself 4.5 Radar Mmssuemnnt of Aircraft Speed 4.6 Direct Measurement of True Airspeed by Onboard Instrumentation 4.7 Calibration of Pitot Error by Reference Pitot 4.8 Temperature Method at High Mach Number 4.9 Calibration in Ground Effect 4.10 Calibration Under Normal Acceleration



7 9 10 10 10 13 16 20 21 21 22 23



5



LAG IN THE AIRCRAFT PRESSURE SYSTEM 5.1 Auemuent of LAS in the Air-Data System 5.2 Application of Correction for Lag Errors to In-Flight Air Data



23 23 28



6



TEMPERATURE CALIBRATION



29



7



CALCULATION AND PRESENTATION OF PRESSURE ERROR RESULTS 7.1 Methods of Calculation and Presentation 7.2 Ambiguity of Calibration in the Transonic Region



30 30 32



8



INTER RELATIONSHIP OF THE FORMS IN WHICH STATIC PRESSURE IS EXPRESSED



32



PART 2 9



FLOW DIRECTION SENSOR CALIBRATION



-



-



39



SENSOR TYPES AND CALIBRATION METHODS



39



10



THEORETICAL METHOD



39



11



WIND TUNNEL TESTING



40



12



IN-FLIGHT CALIBRATION OF ANGLE OF ATTACK SENSORS 12.1 General Considerations 12.2 "Steady Flight" Calibrations 12.3 Calibration from Dynamic Manoeuvres 12.4 Test Techniques and Instruir -ntation



40 40 41 42 47



13



IN-FLIGHT SIDESLIP ANGLE CALIBRATIONS 13.1 Siesdy State Calibrations 13.2 Quasd-Steady Calibrations 13.3 Calibration from Dynamic Manoeuvres



49 49 49 49



14



REFERENCES Document provided by SpaceAge Control, Inc. (http://spaceagecontrol.com/).



53



"'.""



-



-



.. ...--



LIST OF SYMBOLS a



Speed of sound, or specific force (i.e. force ptr unit mass), due to gravity or inertial forces relative to go



CL



Lift coefficient



f



Sampling frequency



90



Acceleration due to gravity



g



Representative value of acceleration due to gravity, used in definition of International Standard Atmosphere, or in calibration of accelerometers (9.80665 m/s2)



h H or Ha



Geometric height



H Hi HR



,



"



""



,,-'Pressure altitudes; the values of geopotential altitude in ISA at which p, Ps, Pi, PR occur (note that pressure altitudes are measures of pressure, not of altitude per se). See note at subscript a



k



Temperature sensor recovery factor



K



Flow direction sensor calibration factor (Oensor/drue or Psensor/litrue)



L



Pipe length (from senior to instrument, associated with acoustic and pressure lag), or, with subscripts r, p, or y, the longitudinal, lateral and vertical distances respectively from the aircraft CG to the inertial platform



M



Mach number (= V/a)



n



Load factor normal ',o flight path



p



Pressure or roll rate



q



Pitch rate



qc



Impact pressure (P., - P)



r



Distance, yaw rate, or distance from sensor centre of presst,,re to the centre line of boom or fuselage



R



Equivalent radius of boom or fuselage



s



Laplace operator



S



Wing ,tea



t



Time



T



Absolute temperature



V



True airspeed



Ve



Equivalent airspeed (= V'/a)



VR



Indicated airspeed (IAS), corresponding to pressures PpR and PR



V1



Airspeed corresponding to pressures Pps and PS, i.e. the IAS in the absence of, or corrected for, lag errors



Vc



Calibrated airspeed, corresponding to pressures pp and p, i.e. the IAS corrected for lag and pressure errors



v



Body axis components of velocity



w W



Aircraft weight



x



Horizontal distance between sideslip sensor and CG (positive when sensor is forward of CG) Document provided by SpaceAge Control, Inc. (http://spaceagecontrol.com/).



,



z



Vertical distance between sideslip sensor and CG (positive when sensor is below CG)



ACp }



(p



ps)/(jpV 2 )



,



pressure error coefficients pS)!(JpV 2 )



ACpp



(Pp



C,



Angle of attack (with respect to body datum)



P



Sideslip angle, or



*



Bank angle



7



Ratio of specific heats of air at constant pressure and constant volume, or angle of climb



e



Induced lipwash at sensor location



it'



Heading angle



p



Air density



a



relative denrity (o/CSL), or standard deviation



8



Relative pressure (P/PSL), or bias error in observation



o



Relative temperature (T/TsI), or aircraft pitch angle



-MMV( )-



:Zý



Time constant for pressure lag



u



Coefficient of viscosity Acoustic lag time



Won



Natural frequency of vane (rad/s)



n



Angle between sensor axis of rotation and the Cxz or Oxy ple.nes for angle of attack or of sideslip sensors respectively



p



Damping ratio of vane



Subscripts (except where otherwise specified in the text) a



Ambient value. Used only where the text requires it; otherwise synmbols without suffix indicate ambient values



b



Value indicating bias error



i



Values corresponding to pressures at the sensor, Pps and p, applied to V and M



,',



Value at jth point in a manoeuvre ISA



Value of parameter in International Standard Atmosphere



TEI



At leading and trailing edges respectively



nom



Pararmeter calculated from observations of the aircraft s.ate



o



Angle at which sensor is aligned with the Ox axis, or value of parameter at beginning of manoeuvre



p



Value fur pitot pressure or total temperature. For pitot pressure this indicates stagnation pressure after passage through a normal shock if there is one, which distinguishes suffix p from suffix t (used in Ref. 1 but not necessary here), indicating isentropic stagnation pressure with no shock loss. Without further suffix, the true value; with further suffix, as defined by that suffix



R



Value output by transducer or instrument or, when applied to pressures, the value at the instrument which motivates its output; may also refer to the value which an instrument would indicate, derived from applied pressures, e.g. MR derived from PpR and PR Document provided by SpaceAge Control, Inc. (http://spaceagecontrol.com/). t



.-.



,



i



,



4



s



Sensed value. The pressure inside the sensing orifice (pitot tube, static orifice, trailing static), or the



•,'%'%"



temperature recorded at the temperature sensor w



Due to wind



y}



In direction of body axes OX



Oy or Oz respectively



,*.,. ,,



LIST OF UNITS



ft



feet



K



kelvin



km



kilometre



kn



knot



in



met.re



mb



niihlbar



N



newton



s



second



.:•'



LIST OF ABBREVIATIONS A&AEE



Aeroplane and Armament Experimental Establishment, UK



AFFTC



Air Force Flight Test Center, US



ASI



Airspeed indicator



CG



Centre of gravity



IAS



Indicated airspeed



ISA



International Standard Atmosphere



NATC



Naval Air Test Center, US



NLR



National Aerospace Laboratory, Netherlands



RMS



Root mean square



TAS



True airspeed



VMC



Visual meteorological conditions



-



"'



'-I



Document provided by SpaceAge Control, Inc. (http://spaceagecontrol.com/).



'r9-,



k



-.



A



-.



A -)



1



CALIBRATION OF AIR-DATA SYSTEMS AND



FLOWU DIRECTION SENSORS by



J A Lavford and X R Hippress Aeroplane and Armament Experimental Establishment Boscobe Down, Salisbury, Wilts 5P4 OJF, United Kingdom



SUMMARY
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This volume in the AGARD Flight Test Techniques Series deals with the practical aspects of calibrating air-data and flow direction measurement systems. The available flight test calibration methods are described and their applicability, accuracies and limitations are reviewed. The volume is complementary to 4 olume-ll of AGARDograph--16"•'.--' in the Flight Test Instrumentation Series which presents a comprehensive review of the theory of pressure and flow measurement and of instrumentation requirements.. 1



INTRODUCTION



In aircraft flight testing the definition of the aircraft state at any instant is one of the most important aspects. The steady or "quasi-&teady" elements such as ambient pressure and velocity of the air relative to the aircraft (the latter inclusive of magnitude and flow direction) are obtained from the air-data system and from flow direction measurement systems such as vanes and probes. The full dynamic aspects of the state, that is linear and angular accelerations, are normall~y obtained by inertial methods which are not the concern of this volume. In flight analysis of aircraft performance and handling characteristics the air-data pressures (static and dynamic) and the flow incidence angles are the primary parameters in terms of which the aircraft Forces and moments are non-dimensionalised against behaviour is defined and described. kinetic or impact pressure, and the resulting coefficients are found to be inter-related functions of flow incidence and Mach number and (sometimes) Reynolds number, the last two themselves derived from air-data measurements. Angle of attack and sideslip angle are often used when defining aircraft limiting conditions, angle of attack being the dominant parameter when considering aircraft stalling behaviour and sideslip angle when considering fin loads at given dynamic pressure (but accuracies required in angle measurement are somewhat lower in this latter application than for performance analysis or derivative extraction). It is therefore evident that these air-data and flow direction parameters must be obtained with requisite accuracy, and consequently accurate calibration of the measurement system is a necessary part of flight testing. Theoretical aspects of these calibrations have been given in Ref (1). The present volume deals primarily with practical aspects of these calibrations, though some further necessary theory is given also. The requirements of the practical user have been borne in mind, and the equations are presented with numerical constants evaluated so far as possible.
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In the case of air-data systems the evaluation of these constants requires the assumption that the ratio of specific heats, Y, is a constant, as it is, with value 1.4, for most practical iiight regimes; this is the value used in this volume. Outside certain extreme values of altitude and velocity this value may no longer apply (see Section 2). The term "pressure error" is used to describe the difference between the ambient pressure or the correct pitot pressure and the values which are measured at the aircraft instruments, corrected for instrument error - that is, between p and PR and between p and PpR; the pressure error therefore includes the error due to the aerodynamic characteristics of the aircraft in modifying the pressure existing at the sensor inlet, and also the system error which may exist in the transmission of the sensed pressure P. or Pps to the instrument, where it is measured as PR or PpR; this latter error is usually due to viscous resistance (and sometimes acoustic lag also) in pressure transmission, and is described as the "lag error". However when a pressure error is non-dimensionalised as a "pressure error coefficient", AC or ACpp the inclusion of quite separate lag effects in an aerodynamic coefficient Ts inappropriate and the coefficients are defined in terms of p-p 6 and Pp-Pps. The expression "position error" has not been used in this context of errors in the sensed pressures because current usage is to prefer the term "pressure error", "position error" being appropriate to errors, due to aerodynamic effects within the aeroplane flow field arising from sensor positioning, in other quantities such as flow direction. The authors are aware that this usage is inconsistent with the definition of "position error" in the AGARD Multilingual Aeronautical Dictionary Ref (2), but they find that particular definition to be too narrow. The two aspects of calibration dealt with, of air-data systems and flow direction measurement, have little in common until the stage is reached of their ultimate application in defining the aircraft state; therefore in this volume they are treated quite separately, air-data systems in Part 1 and flow direction calibration in Part 2. It is assumed throughout that instrument calibration corrections have been applied, and all the symbols used indicate values so corrected where that is appropriate.
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CALIBRATION OF AIR-DATA SYSTEMS



PART 1



RELATIONSHIPS BETWEEN PRESSURE.



2



AIRSPEED.



MACH NUMBER AND PRESSURE ALTITUDE



The relevant relationships have been developed in Ref (1) and are reproduced here. altiThe relationships between pressure and geopotential altitude are given for and H 6 of terms in here given are They practice. in tudes in feet, the existing unit the parameters and are given in a but may be applied also with subscripts s, i, or R on (1). slightly different and more convenient form than Ref 5
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H
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1.265 674 8 x Exp(-4.806 346 x 10-5 x H)



8 6



6.875 585 6 x 10-6 x H)



(1 -



=



6



(0.988 625 85 + 1.532 332 3 x 10-6 x H)-



m



34



.



16 3



22



.
,.223



263 1)/(6.875 585 6 x 10-6)



0.190



H



.223



20 805.83 x ln6



361



361 >,6 o.054 033



(4) (5)



.054 033 >, 8 >,.008 5666 (6)



Mach number as in The following are the relationships between pressure, airspeed and The relationships are Ref (1), but in some instances in a slightly different form. consistent given for VC, M, pD (corrected if necessary) and p, but apply also with 1.4, the value of Y of value a for are shown constants The sub-subscripts s, I, or R. (>100 000 ft). or very high altitude which applies up to high Mach number (>2) (though the Outside these limits the constants of Eqs (7), (8) and (11) may be changedlinking airspeed those are (12) and (10) (9), Eqs apply); to unlikely is subsonic Eq (7) unless (which appears indicator reading with applied pressure and will apply as statedThe application of the improbable) ASIs are calibrated for these extreme conditions. Y are outside the of change methods here described in the extreme conditions causing paper. this of scope In these equations the letter A is 1.23.5 x (6/7)2.5
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used to represent the recurrent quantity
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3 Inverse expressions for M and Vc are readily obtained from Eqs (7) Eqs (8) and (10) an iterative form is required as follows.
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from an initial
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Vc and H by calculating in succession a (Eqs (1) to (3)),



M (Eqs (7)



or (ii), Ve (Eq (13),
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and, M being known,



2 L)



(13)
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The "Compressiblility" or "scale-altitude" correction Ve
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2L or



appropriate.



convergence standard of 10-4 between successive values is
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THEIR ORIGIN AND NEED FOR CALIBRATION AND CORRECTION
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r" erises when, wishing to measure true pitot and ambient The "p, •ucu~i consequently , we in f .:.,- measure incorrect values PR, PR, with rid pressures ,, of air'speed, Mach number and pressure applied) is co-rection (i.f Vuat.ior incorrect number ,- -ressure contribute to errors in airspeed and Mach in pressure • .ors tr altitude; that to also and errors those to contribute .tam t-c' CV' only; thtF to delays in r-. ma" be uue to aerodynamic effects at the sensor, 7'- -. altitude. in Section 5, considered is lag o i -tru .. ants (lag), or both; pressure trL, j asa p and between and Pps, and pp between (eifferences . 1v i' while the _. .ou11,•" ps) are coi.dere-d i.re. difficulty since it requires of pp in general presents little The measureA'c+ the pitot tube and, with a at rest to brought is streamline a that the flow a )ng in Ref (1), pitot tubes may be shown As achieved. well-designed pitot, this is easily zero for large angles of sensibly is Pp designed in which the pressure error Pps in most of this volume it Therefore flow. local the and pitot the incidence between no error in the pitot. is there is, that pp, to equal is Pps will be assumed that or sideslip, or angle-of-attackA in ranges wide very over When an aircraft will. operate the method of exists, error pitot a that in any case where there is reason to believe a source of "true" pitot pressure. instrument, test a as install, to is calibration "5" of Figure 25 of Ref (1), for which the This may be a pitot-in-venturi suchof asattack" is very wide, or a swivelling, self "region of insensitivity to angle pp can be measured correctly for adjusting pitot (eg Figure 73 of Ref (1)) such that then be calibrated as desired as a can error pitot The conditions. flight all likely coefficient and Mach number, function of angle of attack or of sideslip, or of lift using a sensitive differential pressure gauge between "true" and aircraft sources. we are here concerned with The measurement of p presents greater difficulty because and velocity, and we pressure between also) pitot the for (as the Bernoulli relationship (outside the sensor the at velocity local the if will sense true static pressure only free-stream to corresponds relationship, boundary layer) has the value which, in that free-stream velocity; undisturbed the be will that speeds subsonic For static pressure. for pressure loss through supersonic it may have another, lower value to compensate
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shock waves.



In either case it is very unlikely that these conditions can be achieved throughout the flight envelope, though they may occur at some conditions within it. The approach must be to accept that there will be a static pressure error, and to calibrate it so that corrections may be applied. Part 1 of this volume is devoted primarily to that calibration.



~The need for such calibration and correction is that of obtaining, in all regimes



of flight, correct evaluation of airapeed, Mach number and pressure altitude. Correct values are required in many applications; in research and in aircraft evaluation, in which comparison is made with data from other sources such as wind tunnels, the basic parameters of ambient, kinetic and dynamic pressure, and Mach number, must be evaluated with sufficient accuracy to permit valid cross-relation of data; in performance evaluation, particularly when data from several sources such as inertial and air-data are obtained, often with "mathematical modelling", accurate data are required; in air traffic control, accurate altitude determination, independent of the



K."



characteristics of particular aircraft, is required. It is clearly desirable that the calibration, when complete, should be r- dily applicable for all likely flight conditions; therefore the calibration s,n ot be sensitive to a large number of independent variables, giving complexity in plication and requiring an extensive calibration programme to establish it. The cai±orntion is likely to be responsive to the flow pattern about the aircraft - that is, to angles of attack and sideslip, Mach number, and possibly Reynolds number. It should not be responsive to engine flow rates, so sensors should not be positioned where they may be influenced by intakes or exhausts. So far as possible it should not be responsive to aircraft control surfaces, or to the undercarriage, though to the extent that controls may change lift-incidence relationships such a response may be unavoidable; positioning of sensors in the region of the direct affect on local flow of a control surface, undercarriage or other appendage should be avoided. The calibration must cover the full range of conditions and variables for which it will be applied; it is a matter of judgement whether effects of engine flow, control position etc, should be included in the range of calibration tests. Measurements in ground effect should be made if accurate readings will be required in flight within this effect (ie within 1.5 wing spans of the ground surface approximately). In general the calibration of the static pressure system is achieved by making a measurement of ambient pressure p at the aircraft, independently of the aircraft system, and comparing this with p5 as recorded on the aircraft (using calibrated test instrumentation for the pressure measurement and taking precautions to ensure synchroni-4 sationi of the measurements of p and ps). A static pressure comparison rather than a speed comparison is almost invariably used, although a method which compares a measure of true airspeed with that of the aircraft system is given in Section 4.5; even in this case the speed comparison leads ultimately to a pressure derivation in terms of radar measured altitude, which is used for calibration at other regions of the flight envelope. Thus the essential problem is the measurement of the ambient pressure at the aicraft, undisturbed by the air,-raft itself, with sufficient accuracy; close to ground level fairly easy solutions are available, but at high altitude more substantial difficulties are encountered. The methods used for this determination of ambient pressure are described below. Further details and test techniques may be obtained from Ref (3). 4 4.1



PRESSURE ERROR CALIBRATION METHODS
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Tower Flypast



This, the traditional method for pressure error calibration, depends upon a measurement of pressure at a reference point on the ground, and of the vertical height difference between the reference point and the aircraft at the time when pressures are recorded in the aircraft. Derivation of the pressure at the aircraft is then achieved by applying to the reference point pressure an increment due to the height difference Id! using the relationship ap = -og0 AH or, if pressures are expressed as pressure altitades, Haircraft



Ureference +H



ignored, the consequent error would be error, we have that



TISA-Tj



< Tx



if



T1



If the temperature factor on H were IfA T1 BAIfamxmmlmt sstfrti T



E has the value 1 ft (a rigorous case) and we



take the lowest likely value of T we have that ITISA-T~ < -, so that the temperature correction may be omitted for moderate hH (up to 50 ft) if the temperature is within 5K of standard, and the effect of possible errors in measuring temperature (due to convection effects etc which are difficult to eliminate entirely) is unlikely to be significant.
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5 The height difference AH can be obtained by any suitable method, and different methods may be appropriate for different sites. The most usual is by photography on a horizontal sight line as the aircraft passes on a known track such as a runway centre-line; height is then readily available from image position, lens focal length and camera-to-.track distance. In some cases (usually at low speed only, on particular sites) photography on a vertical line from below the track may be used, with height derivations from lens focal length, image size and aircraft dimensions or, as a variant on this met:hod, lines of known spacing on the ground may be photographed from the aircraft. Other possible methods for determination of AH are kinetheodolite, radio altimeter or vislial observation. Using a horizontal sightline, accuracy to within 1 foot is possible if a camera with graticule screen is used on a carefully surveyed site; there should be a reference point of known height within the frame, to which the graticule scale can be related to eliminate changes in camera setting. The reference point on the aircraft should be marked so that it is identifiable on the film image (and this should be at the position of the measuring instrument, not of the sensor, since a pressure change with vertical height takes place within the aircraft pipework just as in the atmosphere). For photography from the aircraft of fixed lines on the ground, a number of parallel lines along the ground parallel to the direction of flight may be used so that images near either edge of the film frame can be used and related to known distance on the ground; a 1% accuracy in film measurement will give height to within 1 ft for an aircraft height above ground of 100 ft; if the ground height is not constant longitudinal markers will be required to relate to local ground height. The height thus obtained will be that of th'4 camera lens, from the relationship H = L x f/l (where L and 1 are ground distance aid film image distance, and f is the camera focal length), and must be adjusted to the neight of the pressure instrument. For photography of the aircraft from a vertical camera on the ground, a wider angle of view at the camera (ie a shorter focal length) will be necessary to enraure acquiring the aircraft image, so the film image will be smaller and achievable accuracy will be less, but accuracy within 5 ft should be attainable; this is so much a matter of the particular dimensions used that the ý.ser must assess accuracy according to the detail of the method he has chosen. At sea level, height determination to within 1 ft, corresponding to 0.035 mb, is well within the accuracy required.
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It is usually convenient, but not essential, to have the ground reference point for pressure at the position of the observation point for measuring 4H; pressure can then be measured for each aircraft observation. This does require two sensitive pressure transducers which must be carefully calibrated to eliminate discrepancy between them. Another approach, which minimises the effect of instrument calibration error, is to measure ambient pressure on the test aircraft transducer while it is stationary before and after the trial, the height difference (AH)ref between the aircraft transducer and the reference point being accurately measured. The corresponding TISA to th pressure prsueattd at the reference point can then be obtained by adding (hH)ref-T-- to the pressure altitude measured on the aircraft (or the equivalent conversion -pgo(AH)ref if pressure units are used). At the time when pressures are measured on the stationary aircraft, pressure readings are taken also on a monitoring transducer on which pressures will be measured on each test run of the trial; the readings of this transducer then provide the basis for interpolation between the reference point pressures derived, as described above, from the aircraft transducer. Pre- and post- trial pressures as measured on the two transducers must obviously be consistent, and the cause investigated if they are not. The presence of a wind does not of course have a direct effect on the static source calibration. However unless the trial is conducted in 1 w-wind conditions, turbulence can be expected in flight close to the ground such as this method requires; this militates against accurate observation and should be avoided. The trial should not be made in wind velocities greater than 10kn, and much preferably not greater than 5 kn. If, for any reason, higher wind velocities are accepted it should be remembered that, in addition to the adverse effect of wind upon the conditions for accurate measurement, the wind itself has a dynamic pressure which may be developed at the transducer where the ground observation of ambient pressure should be measured. For example the dynamic pressure of a 20 kn wind is equivalent to about 17 ft of pressure0, altitude, or about 0.65 mb at sea level.
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The tower flypast method is not primarily intended for measurement of pressure error in groundeffect effect, although suitable safety precautions so wing used. Unless ground results are with required, ground clearance must beit atmight leastbe 1.5 spans. For accurate results it is important that fully stabilised conditions are achieved before the aircraft passes through the observation point. No significant height, speed or direction change should take place in the 10 seconds preceding that; this means, at high subsonic speed, steady conditions over a distance of 2 km, and the run in will begin at a range of about 12 km. At lower speeds shorter approach distances will apply; these features will depend on aircraft characteristics (including for example the shorter time required for speed stabilisation on propeller-driven aircraft).
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Both at very high speeds and at speeds close to the stall (nature of approach terrain being also relevant) pilots are likely to prefer greater altitudes than at medium speeds, and provided that the height flown is within range for accurate measurement the pilot should be briefed to operate at the height which he regards as optimum from considerations of safety and good speed stabilisation. The method provides the most accurate available method of measuring the pressure error of the static system, and it was a sufficient method until Mach numbers becane high enough for the pressure error to become a function of two variables, angle of attack (or lift coefficient) and Mach number. Accurcy:±0.25 mb (dependent on transducer quality). Advantages



Limitations:



4.2



The most accurate method, involving only height difference measurement by intrinsically accurate methods, and pressure measuremcnt by high-accuracy transducers. Wi



Only lg level flight calibration is posoible.



(ii)



Ground level only (but available up to any pressure altitude obtainable by use of a high-altitude site and choice of low atmospheric pressure conditions).



Uiii)



Requires calm-air conditions and good visibility.



(iv)



Supersonic conditions cannot usually be tested, because of limits imposed for environmental reasons; where such limits do not apply the method is applicable supersonic.



Trailing Static or Trailing Cone



This method is intended to overcome the low-altitude limitation of the tower flypast method by providing a sensor for ambient pressure which the aircraft itself can carry for test purposes, and which senses pressure at a point sufficiently remote from the aircraft pressure field for its effect to be minimal. This sensor is trailed on a



long tube, which also serves to transmit the sensed pressure to the aircraft; a towing



*



cable is passed through the tube to relieve the tubing itself of tension. There are two main types of towed static pressure sensor (which are described and illustrated in Section 3.4.2.4 of Ref (1)). The first is the "trailing bomb", which is a fairly long static tube with a stabilising tail; this performs best at low speed when its weight causes it to fly below the pressure field and flow disturbance of the aircraft, but at higher speeds when it cones into the aircraft flow field it may become unstable. The second type is the "trailing cone", in which the sensor is a machined and drilled cylindrical insert in the tube itself, of the same diameter as the tube and bonded into it to give a smooth contour; a drag-producing device in the form of a perforated cone is attached at the end of the tube to cause a stable trail. The sensing element should preferably be at least B cone diameters forward of the cone apex (although with "tower flypast" calibration of the trailed static system itself, so that errors can be calibrated out, cone-sensor separations down to 5 diameters may be used). The trailing cone, which is usable in principle at speeds throughout the flight range (though it may have some regions of instability) is now the preferred form of trailing sensor. The trailing sensor is itself su.bject to a pressure error, but if it is flown (as it must be) outside the pressure field of the aircraft this should be small, particularly for the trailing cone which has no change of local dimension adjacent to the sensor. The pressure error of a sensor thus trailed outside the influence of the aircraft will be independent of aircraft parameters such as lift coefficient and should be a function of Mach number only when expressed as a pressure coefficient. it is preferable to tow the sensor from a wing-tip or other outboard position, or failing that a high tow position such as a fin-tip; positions liable to effect by jet efflux must be avoided. The optimum length of trail can be found by increasing the length of trail at fixed height and airspeed until the pressure difference between trailed and aircraft sensors does not change significantly as total length is changed. The length thus determined depends substantially on aircraft configuration anti on installation, but may typically be 2 wing spans. The pressure error of the trailed sensor, inclusive of residual aircraft pressure field effects nnd of those due to the trailing sensor itself, can then be determined by the tower flypa.i~t method. In principle a trailing sensor may be used at supersonic speed, with suitable choice of drag generating cone, but the me--3,4urement of its own calibration supersonically is usually impracticable ..d it is preferable to use the method in combination with other methods such as radar tracking (Section 4.4) to obtain supersonic pressure error calibrations. The trailing sensor method presents substantial difficulties in instrtllation, which for uome aircraft types may be insuperable. it is best suited for calibrating a pacer aircraft (Section 4.3), where the effort and cost of installation may be balanced against the 'weed for repeated use. Although it is possible to use a trailed sensor with a fixed trail length, using some release system to trail
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the sensor after take-off and accepting some damage to the system, particularly the cone, on landing, it is much preferable to have a means of extension and retraction in flight. The sensor may not trail in a smooth way, free of oscillation, at all flight regimes and ability to retract allows measurement of pressure, by the sensor, at appropriate regimes and retraction and use of radar measured height to infer the pressure at other regimes, including the supersonic. There are not at present adequate data for forecasting the trail characteristics of trailing sensors but they have been successfully flown in several installations. See for example Ref (4). Accuracy%



Error from flypast calibration. 10.2 mb Error from differential pressure measurement. *0.1 to 0.2 mb Resultant mean error. ±0.2 to 0.3 mb



Advantages:



Fairly accurate method applicable at all altitudes. Independent of a ground installation.



Limitations:



Mi



Only ig level flight calibration is possible.



(ii)



Subject to large pneumatic lag because of the long tubing length required (see Section 5), which imposes the level-flight limitation (i).



(iii)



Cumbersome and often expensive installation, which may be impossible on some aircraft.



(iv)



May not be available, because of unstable flight, at some f light regimes.



4.3



Pacer Aircraft



4.3.1



Calibration of Static Pressure Error by Pacer Aircraft



This method is simple in principle and can to some extent be regarded as the tower flypast method transferred to higher altitudet an observation point (in this case the pacer) at which the ambient pressure is known or may be inferred is established and the subject aircraft ambient pressure is then inferred by measurement of height difference. The pacer's calibration being known, the ambient pressure is derived from its air data system and pressure error correction, and the ambient pressure at the subject is obtained from &\p PgOAH~, or Hsubject M. paer + di !I§L, and again particularly since AH is usually quite sinall ( 1



2



ap



from which we obtain, assuming that k



7(2M -l)p



1



M.



-



1



T (1M 2 /5) -17.5



(2W -1)ý JAT



M>1 1



74~



and assuming an accuracy in T of 1K (which is



'*



(6 (6



unlikely to be improved upon at the high



Mach numbers and altitudes for which this method is



applicable) we can plot



in Figure 5, below. From this figure we can infer that, at M = 3, 40 000 ft, and 0.2 at 80 000 ft, and conclude that this method may over other methods at the highest Mach numbers and altitudes only, may present some difficulty. Note however (see Section 2) that in



- against M P Ap in mb is 1.3 at give some advantage where other methods these conditions the
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22 assumption that Y - 1.4 may not be valid; instead of Eqs (25), (7) and (8), (13) and (14) of Ref (1), using appropriate values of y, may be required.



Eqs (25),
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Figure 5



4.9



Estimated Error in p for Temperature Method



Calibration in Ground Effect



Pressure error in ground effect is in general relevant only for aircraft in the take-off or landing configuration, in which flight close to the ground may not be unduly hazardous, or possibly for terrain-following aircraft which may operate sufficiently close to the ground in other configurations for ground effect to be significant and which will require a control system which makes such operation acceptable for a pressure Calibration is made using the tower flypast method in the required calibration trial. conditions. The necessary accurate measurement of ground clearance may be obtained from the photographic record used in the usual height determination of the flypast method, since the height of the local surface relative to the observation point can be readily measured? alternatively a kinetheodolite tracking method may be used and this, if the surface height profile is included in the calculation program, can give height above surface throughout the length of a run which, if synchronised with the air data system, can give multiple data points from a single run; a high quality radio altimeter can be similarly used. The data required are the air data pressure, the reference point ambient pressure, the height of the aircraft relative to the surface, and the height will if at all relative to the reference pressure point; since ground effect trials possible be made above a level surface, the latter height will usually be obtainable for example when a radio with sufficient accuracy by inference from the former if, altimeter is used, it is not explicitly measured. Pressure error calibration data may be acquired during take-offs and landings, in which the aircraft path and in particular during measured take-off and landing trials is recorded by kinetheodolites or other method, so that height relative to an ambient pressure datum position may be obtained; the data can then be processed as for a If aircraft groundspeed is obtained, as usually it will be during fly-past calibration. and if the windspeed is accurately recorded, a true airspeed is obtained such trials, and hence a stagnation pressure which can be used to check the calibration of the pitot system, and a calibrated airspeed may be obtained for comparison with that of the air data system; the accuracy of knowledge of windspeed at the aircraft will not usually be sufficient for this true airspeed data to be used as a primary calibration method. Calibration of the pitot system by venturi or swivelling pitot is a trial self-contained within the aircraft which can equally well be made in ground effect if necessary; in the flight conditions occurring in ground effect a pitot calibration error should not exist in any well designed system, and a ground effect on such error should be improbable.
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Calibration Under Normal Acceleration



4



"



The pressure error coefficients AC , for pitot and static, are generally functions of CL and M in level ight (and they may also be dependent on Reynolds number but this effect should be small). Level flight relationships between AC, CL and M should be valid under normal acceleration also provided that the acceleration itself does not change the relationship by distortion of the airframe and/or the pitot-static installation; whether this applies in a particular case is a matter of judgement with input from structural engineering and aerodynamics. Since nW CL - 0 a given combination of CL and M can be obtained at all combinatious of weight, normal acceleration and pressure altitude which give the appropriate value nW of - ; some comparative trials should be made before reliance is placed on the invariability of pressure error coefficient with normal acceleration per se at constant CL and M.



Measurement of pressure error under normal acceleration can be made using those methods already described which permit height determination during manoeuvring flight. Tower flypast and pacer formation methods are therefore excluded, while radar and radio altimeter methods may be used (subject to confirmation of the calibration of the latter for non-level altitudes). A level-flight calibration is established by methods already described and a reference point of known ambient pressure is obtained in level flight from this calibration, together with a height measurement by the method to be used. Normal acceleration is then applied (positive or negative) by appropriate manoeuvres such as turns or roller coasters, and true ambient pressure is derived from the reference pressure corrected by the relations Ap - -PgoAH, or H - Href + H TISA T If practicable, an inverted flight point may be obtained to give n--l. Height changes need not be zapid but correction should be made if necessary for lag effects (see Section 5). 5



LAG IN THE AIRCRAFT PRESSURE SYSTEM



5.1



Assessment of Lag in the Air Data System



,



-.



A-
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Our consideration to this stage has been of a "steady" system in which the pressure at the sensor has been measured at the aircraft instrument on the assumption that, apart from the self compensating and usually trivial effects due to height difference between sensor and instrument, these pressures are the same. However if the pressure at the sensor is changing with time, there may be a lag in transmission of pressure to the instrument such that the pressure at the instrument is not equal to that at the sensor. This may cause an error, referred to as "lag error", in the measured pressure altitude, airspeed, or both. This lag can be minimised if the transducers are placed close to the sensor (and improvement in inrtrumentation techniques may make this increasingly possible).



'.,'



The lag in pressure transmission may be due to the sum of both acoustic lag and pressure lag. The former, due to the time required for transmission at local speed of sound,



is



given by.\.. U



L/a



(27)



where L is length of pipe.



For usual pipe lengths r is negligibly small.



Pressure lag arises because air must flow along the piping to cause pressure change at the instrument, and this flow requires a pressure difference to overcome viscous effects. This can be expressed by (28) R Ps - PR where X is a time constant, equal to the time required for a pressure difference Ps - PR to decay to l/e times its initial value, if ps is maintained constant. The relevant relationships for the ideal case of laminar flow in straight pipes are developed in Chapter 5 of Ref (1) where it is shown that X (designated r in Ref (1))is given by =128ULV d4 p where u is dynamic viscosity, L the pipe length, V the system volume, d the pipe diameter and p the system mean pressure. This expression indicates the important effects of pipe diameter and system volume; it may be used to give first estimates of the lag constant but it leaves out of account important factors such as bends in piping, inflow or outflow effecta at sensor orifices, and local turbulence in piping. Testing of the actual system to determine lag effects is essential. However, the linear differential equation model of Eq (28) is an adequate representation of the lag characteristics of air data systems in which flow rates and pressure differences are small, if A can be determined. Document provided by SpaceAge Control, Inc. (http://spaceagecontrol.com/).
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Eq (28) suggests a means of evaluating



X by a ground test, since imposition



of



a rate of change on ps. and measurement of the time histories of p5 and PR, can give the parameters required to solve the equation for x. Since time scales are short and high accuracy is necessary, high quality instrumentation with short response time is required. Three methods may be used as follows:



(



i) *



Application of a step function at the sensor. With the sensor closed to atmosphere, the system pressure is raised or lowered by a small amount. By puncturing a membrane (or other method for rapid opening) the sensor is exposed to atmospheric pressure. In principle, the transfer function can then be calculated; in practice, unless X~ is large the time scales are very short, making heavy demands on instrumentation performance, and the impulsive nature of flow initiation may cause departure from the behaviour implied by the linear equation model. Consequently requisite accuracy is very difficult to attain and the method is not usually used.



(ii)



Application of a constant pressure rate at the sensor. This requires a specialised type of pressure generator but it does simulate closely what occurs in flight (apart from external flow effects referred to below) and gives accurate results in the ground test mode.



(iii)



Application of sinusoidal pressure rate at the sensor. This is a convenient method if an appropriate generator is available. In this case, for the linear model considered, PR will lag on p5 by a phase angle V, and if w is the applied frequency in radians per second, we have X.



4-ta



~an



7'. '. ,.



Y/~(29)



and amplitude Of PR is attenuated, relative to ps, by cos VY. See ref ( 19) Unfortunately these methods of assessing lag constants do not always work well in practice for the static pressure system where lag times much greater than those obtained by ground test have sometimes been observed. Two possible causes of this discrepancy have been proposed, and either or both may be applicable in particular cases. The external flow may affect the inflow or outflow at the sensor orifices, changing their effective area and thus the lag constant, or the inflow or outflow at the orifices may modify the external flow sufficiently to cause a change of local pressure; this latter effect would not strictly be a lag but a change of pressure error, but in practice there is no way of distinguishing them and both are conveniently included within the lag error. In view of the configuration-dependent nature of these factors it i.s not surprising that in some instances large differences between ground and flight results (up to a factor of 3, at NATC in USA Ref (6)) have been found while in other cases there has been good agreement (at NLR in Holland). The conclusion, however, must be that flight test calibration is necessary if consideration of system dimensions, or an exploratory ground test, show that lag may be significant.
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Lag effects in the pitot system tend to be smaller than in the static system because pipe lengths and system volumes tend to be smaller; neither of the causes postulated above for discrepancy between ground test and flight test are likely to apply to pitot pressure measurement, while the accurate value of true pitot pressure, free of lag effects, during a climb or descent cannot be related directly to radar altitude as for the static system, so its measurement constitutes a problem which at present is difficult to solve accurately; consequently determination of pitot system lag has not yet been addressed by flight test techniques. If lag effects in a pitot system are suspected, a ground test should be used to evaluate it. In a flight test of the static system, the aircraft is flown at known rates of climb or descent through a point at which the static pressure is known. First, static pressure is determined in terms of radar altitude by flying level at a range of altitudes covering the test range; then the aircraft is climbed or dived under radar observation and static pressure at the instrument is observed against radar altitude, from which true pressure and rate of pressure change can be determined. The following are the essential requirements for this method: Mi (ii)



A high-accuracy low-volume low-lag pressure transducer to measure pressure at the instrument station. Accurate synchronisation of radar altitude and pressure measurements on board, by recordinq on a common base or by synchronising signals.



The necessary parameters are the pressures at the sensor and the instrument, and their rate of change; therefore static pressure error correction should not be applied and the initial correlation of radar measured altitude with pressure should be in terms of the sensed pressure in level flight. A steady climb or descent should be made through the reference altitude and this steady altitude change should he maintained, before passing through the reference altitude, for a length of time, in terms of anticipated lag, which would correspond to at least a 99% attenuation of pressure difference derived from Eq (29) that is: t1 2- )t 0.01 104.6x
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The method of lag determination described above for the static system may be applied over a range of altitudes; it does not require a radar altitude vs pressure survey only the "steady-level" values of radar altitude and sensed static pressure, followed by values measured during climb or descent. A relationship for the effect on x of change of pressure or temperature (the latter having its effect through change of viscosity) is given in Ref (7)and reproduced here: 2



Pl



1,2



P



1



(30)



where subscripts 1 and 2 refer to conditions to be compared,



inlet, and V the viscosity.



p is



pressure at the sensor



Applied to the static system, and assuming X1 is at sea-level:
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and applied to the pitot system, assuming pressure -



'G TEST



'



I is obtained in a ground test at sea-level 1.
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SL



(32)



PSL



and applied to the pitot system, assuming X1 is at a comparable flight condition at sea-level



1AA XSL



PpSL
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0 + 0.38313



110.4



and the effect of a 20 K change of temperature is to cause a change in p of 5% to 8.5% at 300 K and 200 K respectively, so that corrections for small changes in temperature are not necessary and in general a value of p calculated for ISA values of temperature will be sufficiently accurate. For the static system we coan use Eq (31),



t--



and making the calculation for the



"



International Standard Atmosphere, we obtain Figure 6 below, being applicable as the ratio relative to that in Clight ;at sea-level, or relative to that obtained in a ground test in principle,



but iubjeot in that case to the qualification that, as noted above,



ground



test results may not be representative of those in flight.
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26 For the pitot system a flight measurement of lag would require knowledge, in with passing through a reference altitude, of the true pitot pressure, for comparison connect to not) is it usually (r:hich possible is it If instrument. that measured at the separate, low-volume, low-lag transducers at the pitot sensor and at the instrument, Otherwise, pressure and pressure rate data at these positions allow A to be calculated. requires both that since pressure pitot true obtaining of way convenient no is there pressure (not ambient pressure (known vie the static system) and true lag-free dynamic the probable to and lag, to systems pitot of However the lesser sensitivity known). reasons for discrepancy between ground-test and flight values of iag, make it valid to use a ground test in this case, and to use x Eq (32) to correct to the value applicable in li to for constant values of M and VR are plotted in Figure 7 below lG TEST where xG TEST is



the value obtained with Ppe equal to the sea level pressure



see Eq (32).
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27 To illustrate the effect of altitude on pitot systems, flight at sea-level,



a curve of



in relation to that in



=SL in plotted in Figure 8 below for constant values of



indicated airspeed: the value of Pps is



that corresponding to the flight condition



-



see Eq (33).
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At constant Mach number,



the relationship is



pp



sL



t:%i:



"BL PSL/



(as for constant airspeed)
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-S L



p/(
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(since



- is



constant if



- M is



constant)



p



So the relationship, independent of Mach number, static system in Figure 6.



is



the same as that plotted for the



dp



Since at any given altitude --



go,



we have



dpR



dt



"-PgO



dsPR aP -go



Xdt



(H -HR) ,',R,



dHR -



H n-R n-



'.1



and therefore the calibration for lag may be made, and applied, depending on the instrumentation in use, in terms of pressure or of pressure altitude.
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28 Application of Correction



5.2



for Lag Errors to In-Flight Air Data



For flight data to be corrected for lag errors,



X for the static system, and for Then



the pitot system if applicable, must be know from measurement as described above. for the static systems



PR + P



ps



APR, or



"



+ XR R



(35)



for a steady climb or descent, where "steady" means that PR or HR has been sensibly constant for a period of not less than 2 X (corresponding to attenuation of difference, at the beginning of the period, from the value in a prolonged steady descent, of 85%). If



we know



X and



1, and also PR,



pressure altitudes if necessary), Ps w PR + 4PR If



there is



(Eq (28))



lag error in the pitot syst~em its



From differentiation which at



of Eqs (9) correspond to VR,



any instant



d•



PpR7R



/1+ M



d



PR, VR, VR (PR and PR being derived from.,....-



thent



effect is



and (10),



using PpR,



5



N



PR as the pressures



(VR
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PpR'PR



evaluated as follows:



.
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and we may therefore plot



(PpR-PR)/(PsLVR



a5



VR > aBL



against VR as in Figure 9 below:
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29 so that, at known VR and VR we may obtain PpR - PR, static system, we obtain ýPR"



and PR being known for the



(Note that although VR may be zero, this means that ;PR pitot lag correction). Then



Pp



;R and there may be a



PPRX+PPPR + V



"and from



the corrected values of pp and p5 thus obtained, corrected values of Vi,



Mi, and He (which are subject to pressure error correction in the usual way) can be obtained using Eqs (1) to (12).
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TEMPERATURE CALIBRATION The temperature recovery factor k is defined in Eq (24),



Tp



1



=



+



ie:



kM2/5



T where TC. is the sensed temperature. corres;:nds to k 1, ie: 1 Tpp



1



+



The full stagnation temperature Tpp



M 2/5



,2;.



T



The measurement of the recovery factor k can be made if T is known (for example during a flypast trial where T can be measured), by measuring Tp. at each of a range of values of M. Then at each test condition we have



/



5



Mc - 2



.



-



and if Eq (24) is valid k should have a constant value independent of M. instances k may be found to be weakly dependent on M.



In some



In using this method care is necessary in the measurement of T, which must be ambient temperature at (or near) the aircraft. The measuroment must be taken at a station free of radiation and convection effects from adjacent buildings: ground



radiation and convection should be only that which has the equivalent effect on the air through which the aircraft flies.



,



This means that a suitable meteorological thermometer



is required, at a height similar to that of the aircraft and above a surface (eg runway or grass) which is similar to that below the aircraft flig'ht-path. At higher altitude, which may be necessary in order to obtain requisite higher values of M, the calibratirn may be made by measuring T gMat a range of values of M and plotting Tps against M•. T is then the intercept a• M2 0 and from Eq (24). k



M



5 T



d ...



This trial should be conducted so that stabilised conditions are achieved, and readings taken, in the same geographic position as closely as possible for each reading, to avoid change of T during the trial; for the same reason, as for all pressure error work, the atmospheric conditions should be stable. The range of M should cover that required for the calibration, and inclusion of the lowest practicable value of M, and a dT P. range of M from there to the highest required, will give good definition of T and of With these precautions,



k should he measurable to within 0.01 of its



correct



value.
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Since the recovery factor is primarily a function of the temperature probe itself rather than of its environment on the aircraft, it may be calibrated in a wind-tunnel. In this case the ambient temperature in the tunnel itself must be known from the tunnel calibration;



measurement of ambient temperature at low velocity in



the



-..*



.,.



tunnel settling chamber and application of the equation 2 I+M 2



TI



/5



may be the method used.
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CALCULATION AND PRESENTATION OF PRESSURE ERROR RESULTS



7.1



Methods of Calculation and Presentation



In the pressure error trials described in this volume, the output data will consist of Vi, Pat P, Pp, W, n, (ps and p being converted from He, H by Eqs (1) to (3) if necessary), and results may be presented in terms of ACp, AVi, AH as functions of Vi, Hs and nW, or of M and CL, or Cpo as a function of M, CLB (section 4.4.3). Presentation in terms of ACp, M, and CL is consistent with what one woull expect on aerodynamic grounds and has much to commend it; however applying a correction presented in this form requires an iteration since until the correction has been applied exact values of M and CL are not knownt if the calibration has been characterised in a form which can be programmed on a calculator or computer the iteration, as described below, is simply performed. However it is sometimes convenient to express the calibration in terms of directly measurable quantities, avoiding the need for iteration. For each of the "fundamental" parameters AC M, CL, one can write a corresponding "empirical" parameter, denoted by a dash ("".
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(The effect of using Vi instead of Ve is to exclude the pressure error and compressibility corrections, while using as instead of 8 also omits pressure error correction, bdt both the omitted corrections are themselves functions of M and 6). -
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Each of these parameters may be calculated from the known data (M being obtained from Vi, q-



(Eq (9)



or (i0)), ýL, andEEq



(7) Or (11).



Results may then be presented as



required, the following being commonly used forms: (i)



I(ii)



'-*



£ AC Ve M for various constant CL. A multiple regression to extract the (usually smaller) effect of CL may be used to derive the constant CL values, or they may be obtained by cross-plotting against CL at required values of M. ACp'



vs M' for various constant CL'.
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31 (iii)



H-He and V - Vi against Vi and H3 ; if appropriate, separate plots for values of nW. It may be convenient, .since the compressibility correction Ve - V0 is also a function Of Vc and H, to include this in a single



correction Ve-Vi instead of Vo-Vi.



If the complete set of results can be



analysed and characterised as in presentation (i)



ACp



= f(M, CL)



or ACp0



f(M',



-



or (ii)



in the form



CL')



this should be done, and presentation (iii) can then be developed from a set of self-consistent data derived from all the calibration results. Given values of Vi, H8 and nW permit calculation of M', CL', Cp, P-PB p,



PD'-p



(Eq (7)



or (8))



pp-p, Vc (Eq (7)



or (12)),



H (Eqs (4)



to (6)



and V. (Eq (13)). If the calibration is initially characterised in terms of the "pure" valuea ACp, M, and CL then an iteration is required as follows, Pp-Ps-Pp'P (a)



Obtain ----



iPp'P



S and calculate



,pL



PSL Pp'Ps ,l



Pp



1



and 2



-s-



-



ps



PSL /S



Pp-P -



'p ....



(b)



p-L-calculate Mi (Eq (7) or (11)) and using this as an SL approximate M, and 6s as 6, calculate an approximate CL (Eq (41)). Use these values to obtain an approximation to Ac.CL E (1)



(c)



Calculate



Prom



-p



(d)



+1



-



's



1-0.7M2 AC p



-P



P



P



p5



p



Calculate



-



p



(from Eq (37)).



- 1 and hence M (Eq (7) or (11)).



(e)



Calculate a - ON, and CL (Eq (41)) and obtain a new value of &cp. Return to (c) until convergence is obtained.



Mf)



After convergence,



obtain p-p 5 from Eq (37)



and proceed as above.



If there is also a pitot error, so that instead of correct pitot pressure pp, a reduced value Pps is sensed, and the error has been calibrated and expressed as p -p C - - peS then the iteration is similar, but modified as follows: pp O.7pN2 Pps-ps (a)



Pps-ps



Obtain



V--fromV', o, and calculate



Pps-p -,and



--



Pps



SPa



ppa-ps



(b)



f'rom



calculate Mi and using this as an approximation to M, and pa 4as , calculate approximate CL. Use these values to obtain approximations to and ACpp.



Pe (c)



Calculate



= 1 - 0.7 M2 ACp.



pp-p PP (d)



Calculatea



Pps /p



pPppP5 Pep



I a



-as



P-p p p -



8ps2 P 5 i.-



Pp5 Ps



+ 0.7 M AC



1, Pp



JP



and hence M. (e)



Calculate 6, CL, and obtain new values of ACp, AC p PPp" (c) until convergence is obtained.



Pp-P When the iteration is complete we have values of M and -,



Return to



a from which



Vo may be obtained.
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32 7.2



Ambiguity of Calibration in the Transonic Region



The measurement of the calibration of an ai.rcraft pressure system in the transonic region presents no special difficulty provided that the aircraft can be flown in a stabilised condition in the required speed range. The tower flypast method is impracticable and trailing sensors (bomb or cone) are unlikely to fly acceptably and in any case their own calibrations will be unreliable, but the radar methods here described, in relation to radio- sonde, pacer aircraft, or the at other subject aircraft itself conditions, are available and effective. However the pressure error may change very rapidly with Mach number in the transonic region, usually in the sense that M-Mi becomes increasingly positive and then, close to M - 1, falls rapidly to a value d close to zero. If the slope dL( - Mi) dM becomes greater than 1,' Mi will decrease as M increases. An example is plotted in Figure 10, where Vi (taking H - 40 000 ft) is also shown. It is apparent that there is an ambiguity since a given value of Mi or of Vi may imply two different values of M or of Vc, and within a range in this case of 0.02 in M a unique value of M or of Vc is not obtainable from air-data readingsi in this region the calculation methods described above may yield values of M and Vc but care should be taken in their interpretation.
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The dotted line indicates the slope d Figure 10



(M-M). I



Ambiguity of Calibration in Transonic Region



INTERRELATIONSHIP OF THE FORMS IN WHICH STATIC PRESSURE ERROR IS EXPRESSED Errors in sensed static pressure cause errors in indicated altitude, airspeed and Mach number as has been described, and the error may be expressed as errors in these quantities or as a pressure error coefficient ACP. It is often necessary, knowing the error expressed in one form, to find corresponding values in other forms. In the following figures (Figures 11(a) to 11(m))the interrelationships are plotted as values of the ratios of the different forms of expressing the error, as f.unctions of Vc, M and H. These ratios are obtained by differentiation of Eqs (1) to (12) as appropriate and are therefore applicable only for small errors, but they are adequate for most purposes within the range of acceptable magnitude of pressure error.



's.



For example, for HS - 20 000, Vi = 400, AH = 1000 we have that Mi - 0.8536, AH 7 AV H 25 000, and therefore the values of and LM are 12.7 and 0.040 -W 79, A&- 2 0,adteeoetevle fA n Mae1. n .4 AV AM respectively, so that H = 21 000, Vc = 412.7, and M = 0.8936. A detailed calculation gives V. - 412.2, M - 0.8932. Thus in a case where pressure error is substantial, acceptably accurate determination of equivalent error is obtained.



""



To enable conversion of presure errors expressed in millibars into the other forms above, Figure 12 shows (ft per mb) for the International Standard Atmosphere. Ap



..



r
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