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A COMPARISON OF PREDICTIONS OBTAINED FROM WIND TUNNEL TESTS
AND THE RESULTS FROM CRUISING FLIGHT (AIRBUS AND CONCORDE )

J. Berger
(Aerospatiale - France)

1 - Introduction

This report follows one presented in June, 1975, at the [/20-2%
Agard Conference (conference proceedings no. 187, contribution
no. 23) by AEROSPATIALE 1 .

It concerns the following:

- the Airbus, designed and developed by the European companies
Hawker Siddeley Aviation, Deutsche Airbus, Aerospatiale and
Airbus Industrie,

- the Concorde, designed and developed by the European companies
Rolls Royce, Société Nationale d'Etude et de Construction de
Moteur d'Avion, British Aircraft Corporation and Aérospatiale.

By limiting itself exclusively to cruising flight (0.78€ M<
0.82 for Airbus and M - 2.0 for Concorde), the report's objective
is to present the methods employed to evaluate performances based
on wind tunnel tests and test bench and then to compare them to
results obtained in flight.

We are not trying here to find a solution to the eternal pro-
blem of distinguishing between drag and thrust by means of in-
flight testing. The comparisons which will be made between predic-
tions and flight results will be presented in the form of differ-
ences in external stresses applied to the plane (A Cx ext), in
other words, the combination of aerodynamic stresses (coefficient
A) and the propulsion stress ( coefficient 1 ).

* Numbers in the margin indicate pagination in the foreign text.
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After a summary of certain definitions, we will explain /20-3
how aerodynamic and propulsion data for Airbus and Concorde have
been evaluated, specifying clearly the content of each.

We will then give a summary of the features of in-flight
testing equipment for the two planes, limiting ourselves to the

parameters necessary for the calculation of performances.

Finally, we will present the results of the analysis carried
out on the basis of the in-flight tests, without going into de-

tail regarding the gas generator-exhaust nozzle group.
This flight-prediction comparisén is to be regarded as a
technical study. It does not concern itself with warranties made

to buyers of these planes.

2 — Cruising Performance — Summary of Certain Definitions - _

Accuracy of Results

2.1 - Cruising Equilibrium Egquations

Fig. 1 shows the planes equilibrium at zero side-slip and
makes evident what from now on will be known as "aerodynamic data"
corresponding to aerodynamic stresses, and "propulsion data" cor-
responding to propulsion stresses.

Fig. 2 places the preceding equations in the plane of the
classical polar curve Cya? Cyps bY showing the differences between
cruising at constant altitude and cruising at constant engine speed
and the consequences which external stress variation can have on
the operating point.

2.2 - Influence of External Stress Variation in Cruising
on Plane's Fuel Consumption

Fig. 3 shows the influence of a decrease in external stresses



- equivalent to a 1% increase in drag at a given 1lift.

This table based on fixed cruising speéd and distance from
destination, confirms well-known conclusions, namelys
- that a supersonic plane such as Concorde is more sensitive to ex-
ternal stress variations than a subsonic plane; this is in part
due to the fact that it flies at constant speed;
- that, when designing a plane, it is always wise to make an al-
lowance for maximal take-off mass and maximal tank capacity.

3 - Propulsion Data

These data are of a different nature whether we are talking
about Airbus or Concorde. This subject has already been discussed
at previous Agard conferences [2, 3]for concorxde .

3.1 - Airbus

The two Airbus engines are CF6 50 C made by General Electric;
double flux engine.

In cruising, the bypass ratio is about 4.5 and the outlet ex-
pansion ratios are respectively on the order of 2.4 and 2.1 for the
fan and the central engine.

The total air flow at M = 0.8 31,000 ft. is about 650 1b/s.

Data relating to the flange-to-flange engine-exhaust nozzle
combination have been directly supplied by the motor mechanic in the
form of a-data sheet" which can supply, for various total tempera-
ture and total pressure inlet conditions, the values of:

- air flow W, = W

1 T

- raw thrust FG,.ﬂ'

— consumption C

as a function of fan speed (N1), and all this for the isolated nacel-
le without external flow.




Raw thrust FGfi is the sum, with the exclusion of everything
else, of: N
- the raw thrusts of fan (cold) and engine (hot) outlet,
- the friction and pressure:drags .of strut and cowl surfaces
touched by the fan jets;
- friction and surface_drag;bf central body surfaces touched by
the fan jet.

Fig. 4 shows how this . data- sheet Thas been obtained. We

will only summarize the main steps.

3.1.,1 - Ground Bench Tests on a Scale 1 Engine Equipped
with Exhaust Nozzle and Strut Section (Fig. 4a)

Based on these measurements, carried out with a "calibrated
air intake duct", we can observe, for different reduced speeds
Nl/ Jﬁ;l, the following values necessary for cruising:

- ratio of total exhaust pressures : PtJF , PtJm /20-4
: Pt Pt

1 1

TtIm

Tt1

ratio of total temperature

reduced air flow

reduced oil flow : C

All these values are valid for total pressure Pt (of cali-
brated duct), total temperature Ttl, normal static pressure PsOO

of ground bench fueling conditions, in other words different from
cruising flight conditions.

These tests serve, therefore, to specify the internal features
of the propulsion system, but cannot directly justify cruising
thrusts. The components of cruising sonic outlet cannot be repre-
sented at fixed point.,



3.1:2 - Transposition to Cruising Conditions

3.1.2.1 - Internal Features

Semi-empirical methods have been employed to transpose the
preceding Nl/‘/Ttl functions

PTyp » Plyn » Tpgn » Wy VP& » € ~
Pt Pt, Ty, Pt Pt ,/_Ttl

of ground bench Ptl, Tt, values to the Ptl’ Tt

1 values of cruising

1
operations.

These transpostions are generally controlled and even re-
adjusted by in-flight tests.

3.,1.,2.2 — Determination of Raw Thrust in Cruising

This is made by weighing models of the exhaust nozzle (1/10
scale approximately) geometrically similar to cruising shapes and
with strut section (Fig. 4b).

From these measurements, carried out without external flow

and with expansion ratios PTJF , PTJdm and temperatures TtJm repre-
PsOO PSoo

sentative of cruising conditions, we obtain:

- raw thrust without friction FG, resulting from the corrected
balance stress, stray stresses due to assembly and strut friction,
cowl -and central body stresses calculated for test conditions;

- nozzle thrust coefficients Cip and CJM compatible with FG.

The total of these results including friction drag in flight
conditions of strut and cowl surfaces touched by the fan jet and of
the central body touched by the fan jet makes it possible to compile

.a data = sheet -“ (engine - exhaust nozzle) which supplies the values
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of W, FGf , and C as a function of Pt,, Tt;, PSoo > Nl/' Jf%l.

By means of sémi-empirical calculations, this booklet can

take into account air and power collections.
3.1.3 - Air Intake
Tests carried out on a model (Fig. 5) and checked: . by in-

flight tests make it possible to know the performance N1 = Pt,
Ptoo

at the compressor intake as a function of the Mach number" of the
plane.

This performance is independent of air flow in cruising.

3.1.4 - Summary of Propulsgion Data

Fig. 6 illustrates the pfocedure followed. For given flight
conditions and speed, we can obtain the values for raw thrust FG{T »
catchment drag FDg , -2ir intake flow coefficient £ T and con-

sumption C valid without external flow.
The influence of the external flow and of the wing unit on

the raw thrust FG4 values will be taken into account in the aero-

dynamic data.

s 342 - Concorde /20-5

The four Concorde engines are Olympus made by Rolls Royce and
SNECMA , They are simple flux, double body (BP and HP) with eruis-
ing expansion ratio at M = 2.0 on the order of 14.

Air flow in cruising at M = 2.0 55,000 ft. is about 210 1b/s.

Fig. 7 shows the components of the propulsion system of such




a plane.

3.2.1 - Gas Generator (Fig. 8)

Its intake is the compressor BP, its exhaust the sonic nozzle
of the primary nozzle.

Altitude bench tests of a scale 1. engine placed downstream
of an air intake duct simulating flight values of total pressure
Ptl’ total temperature Ttl and static pressure pS_CJO make it pos-

sible to compile a -sheeti. supplying the Values'of

wim T 3 Wm VT, » Tty

Kc PtJm KC Ps o Ttl,

(representing the features of the jet at the sonic nozzle of the

.variable section of the primary nozzle) and

Wl vﬁ%l , C
Pt Pt \[Ttl

as a function of Eti, Ttl, PSay » N1/ Ttl and N2/ ‘/Ttl'

3.2.2<@j§§§i}9ﬁakgv(Fiq.'§)~3\;L

A 1/15 scale model of the two joint air intakes placed under
the wing unit was tested according to the Mach number for cruis-
ing (the number of Reynolds is about % that of flight, the boundary
limit trap of the wing unit has been thickened so that the portion

of boundary limit found in the wind tunnel is the same as that in

From these tests we have been able to compile the data sheet*with

information regarding air intake and supplying the values of N 1 and

ET as a function of o« » Mep » | '82’ g €p°



3.2.3 - Exhaust Nozzle

This nozzle is of the convergent-divergent double flux type
with secondary air injection at right angles with the sonic nozzle
of the primary nozzle.

Raw thrust is defined as the difference obtained with ex-
ternal flow between, on the one hand, the total of internal and
external stresses applied to real _forms and in flight jet con-
ditions and, onithe other hand, the external stresses applied to
an external reference form identical to that of aerodynamic plane
models.

Two 1/20 scale models have been employed (with a plate simu-
lating the symmetrical nozzle in order to recreate the plane's con-
figuration) (see Fig. 10a for reference form and Fig. 10b for real
form). Tests were carried out in coid gas (wind tunnel tempera-
ture) .

Internal performances of the real form were readjusted based

on tests carried out without external flow on a 1/10 scale model.

A theoretically determined hot gas correction was necessary.
It affects raw thrust and the nozzle pressure characteristic (this
was established in ref. 4).

These tests and corrections make it possible to compile a noz-
zle data sheet supplying the values for FGTr and PtS as a function

of Ptém
Moo » w].HJT’ch s Wy J"I"T:Jm andM = Ws J‘fﬂ:s
Ke Pt Kc Ps oo Wi JTe

3.2.4 = Secondary Flow

A 1/2 scale model representing with precision all uneven



features of the secondary duct was tested.

These tests have made it possible to compile a data sheet

for secondary air which supplies the value of PtS as a function

PLB
of WB Jriel
PLB .

3.2.5 — Various Corrections

Heating of secondary flow: Air taken from the WHE air in-
take upstream of the compressor BP and considered in the air in-
take data sheet is heated during the cooling process of air-
conditioning air which is taken directly by means of the com-
pressor. It is reinjected in the secondary air at the intake of
the exhaust nozzle. On the other hand, the secondary flow par- /20-6
ticipates in the cooling of the engine crank case and its ac-

cessories.

Secondary duct bleeds: The nacelles are not perfectly tight.

Ground tests have made it possible to estimate the bleed section
eguivalent to 1/2 nacelle (Fig. 12)., The calculations take this
into account assuming that all the catchment drag of this air is
lost.,

Primary duct bleed toward secondary duct:dewnstream of the

outlet of the turbine BP., This air at temperature Ttjm is part

of the secondary air supply process for the nozzle.

Condition of internal surface of secondary nozzle: The 1/20
scale models described in Chap. 3.2.3 are smoother than the plane
though they have some moving obstructions. A stray drag must,

therefore, be deducted from the raw thrust supplied by the nozzle
data sheet.




3.2.6 - Recapitulation of Propulsion Data

Fig. 13 shows the procedure to be followed.

We can so obtain, for given flight conditions and a given

regime N, and N2 (or C), the values of raw thrust FGﬂ' s Of catch-

1
ment drag FDTr s of the air intake flow coefficient € and con-

sumption C (or N2).

4 - Aerodynamic Data

In this context it is also necessary to distinguish between

Airbus and Concorde.
Fig. 14 shows the outline followed in order to go from the
wind tunnel results obtained on the model to the final aerodynamic

data representative of the plane in flight.

The subject has already been discussed at previous Agard con-

ferences (2,3 for Concorde ) .

4,1 - Airbus

4,1,1 - Basic Model

Fig. 15 shows the assembly on a rod Z of the 1/38 scale model
supposed to simulate the general shape of the plane in flight. The
tests were carried out by setting out the boundary layer transition
by means of silicon carbide grains as well as by leaving unaltered

the boundary limit of the wing unit.
The model is equipped with:
- a smooth wing unit which allows several horizontal tail unit

angles as well as rudder angles ( Sq )
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- permeable pods with correct external fan cowl and engine cowl

shapes..

These tests make it possible to obtain the values of Cyp*

7B° Cn1B" as a function of Meg 5 OX » SEM and 8q .

To simplify the explanation we have not mentioned the side-
slip and elevator and rudder angles for which measurements have

been taken.
The flights we are going to examine were made with almost
null values for these parameters. Their slight influence was

nevertheless taken into account in the analysis.

4,1,2 -Transposition to Flight Conditions

4.1.2.1 - Shape Correction Due to Wind Tunnel
Assembly

Fig. 16 diagrams the assembly used with the 1/38 scale model.
It makes it possible to estimate corrections ACXAR, ACzAR and
A CmAR due to assembly as a function of Moo and & .

4,1,2.2 - Friction Correction

Based on the wind tunnel test, on a flight at M = 0.8 30,000

ft., the mean Reynolds number goes from 2.5 x 106 to 47.5 x 106

for the wing unit and from 20 x 10° to 380 x 10° for the fuselage.
This is the so-called Prandlt Schlichting applicable to the plate

which has been employed.

Fige. 17 shows the transition line obtained from wing unit tests
without setting off the boundary limit and displayed by means of

acenaphtene sublimation.
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Actually, tests where the transition has been set off are
the ones generally used. On the other hand, with this correction,
it is necessary to take into consideration the fact that the fric-
tion drag of external surfaces touched by the fan jet has been

considered in the propulsion data.

4,1,2.3 - Motorization Correction /20-7

These corrections are described in detail in ref. ‘5, 6 .
Here we will only summarize them,

The corrections are shown in Fig. 18. They can be divided
into three groups.
a) Internal stress correction (Fig. 18a)
By scanning fan and central engine outlets, we can deduce,
for the basic model: |
- the raw thrust of the outlet of the fan and of the engine
X, (Fo + Co),
- the inlet flow W,o from which we can deduce the correspond-
ing catchment drag and the basic flow coefficient € Ref®
We can deduce the ihternal stress corrections on drag

. ( A;CX int) on 1lift (A CZ int) and the pitch momentum

(A C, int) as a function of Mq; and o .

b) Additive stress correction (Fig. 18a)

The coefficient ¢ Ref is inferior to the in-flight coeffi-

To obtain this correction due to the difference ( £'T - &

. : _ Ret)?
the basic model is equipped with the correct pod as far as.the
air intake is concerned up to the midship frame but deformed
in the back. The addition of internal grills makes it pos-

sible to vary the flow according to values greater and smaller

12



c)

than 2 Ref" The measurements are identical to the preceding

. ones for internal stress correction.

We can obtain the additive stress correction on drag (A o ad),
1ift (A Cz ad) and pitch momentum ( A cﬁlad) as a function
of ( € ¢ - & peg)? Moo and o .

Pressure stress correction (Fig. 18b)

This correction is made necessary by the fact that the pro-
pulsion data are valid in the absence of external flow and with
isolated naéeile and’ that the .basicmodel has been tested with

pods operating at natural flow. The correction is obtained by

“using pressure-intégrations on the wing unit, the strut, the
.fan cowl and engine cowl of a 1/19 scale model with motorized

nacelle mounted on a demi-wing, which can simulate the following
exhaust configurations:

1) Natural flow jet of basic model; tests carried out at Mco

It gives pressure stresses on the wing unit, the strut,
the fan cowl and engine cowl Xo (V + M £ F + C);

2) correct cruising jet (expansion ratio and real temperature);
tests carried out at M a0 = O and identical to propulsion

data. This gives the pressure stresses on the engine cowl
and strut

[x2 (C+M))] Moo =0

3) Correct cruising jet (expansion ratio and real temperature);
tests carried out at M oo ., This gives the pressure stresses

on the wing unit, the strut, the fan cowl and engine cowl
[X, (V+M 4+ F +C)Meo

The combination of these three tests makes it possible to deter-
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mine the pressure stress correction on the drag ( A Cx jet)’ on the
1ift (A C, jet)

and on pitch momentum ( A C ) as a function
Oof Mg and &« .

m jet

4,1.2.4 - Stray drag

This correction takes into account all uneven features (con-
dition of the surface, aerials, joints, additional air intakes,
flow of air conditioning, etc) which could not be simulated on
the wind tunnel model, It is the result of calculations based on
the usual semi-empirical methods.

4.1.3 Recapitulation

Fig. 19 shows quanfitatively the values relative to the
various correction made on the basic model in order to obtain
an equilibrated polar .curve for Airbus-cruising at M = 0.8 30,000 ft,
ISA and 25 % aligmments. - '

All these corrections represent about 21% of the plane's /20-8
drag. The most important factor is the friction correction (27%).
The fact that results are taken without setting off the

boundary layer on the wing unit will be explained later.

4,2 — Concorde

4.2.,1 - Basic Model

Fig. 20 diagrams ﬁhe assembly on a rod of a 1/45 scale model
which should represent the general forms of the plane in flight.
We will later see that actually two shapes have been tested. The
tests were carried out without artificial setting off of the transi-

tion, Visual display by means of naphtalene sublimation has
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shown that, under test conditions, the flow was completely tur-

bulent.

The model is equipped with:

- a wing unit with capacity for different elevator and rudder
angless

- permeable pods with separation stem for adjacent air intakes,
first ramp and wing unit boundary layer trap. The back section

- ‘of. the: pod -has been distortéd; :it -has a baserand a sonic outlet
which makes the air intake operate at supercritical regime. It
is completely identical to the reference form described in chap.
3.2.3.

These tests make it possible to obtain the values of CXB
CZB and CmB as a function of Mee , o 8q .

As with Airbus, the influence of side-slip, rudder and elevator
angles is not considered here, although the measurements have been
taken, kTHg;flights‘whichﬁare:goingrtQ‘be.éxamined were carried
out with almost null values for these parameters, the influence

of which was, nevertheless, taken into consideration in the analysis.

4,22 - Transposition to Flight Conditions

4.2.2.1 -~ Shape Correction Due to Assembly in Wind
Tunnel

Fig. 21 diagrams the assembly used on a 1/45 scale model.
Pre-testing pressure-measurements on the back section have demonstrat-
ed that the presence of lateral struts has no influence.

The assembly makKes it possible to estimate the corrections A CX/¥{,

A Cym » and A C,/R as a function of Mep , and oc .
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4.2.2.2 = Friction Correction

Based on wind tunnel tests in flight at M = 2.0 55,000 ft.,
Reynolds number goes from 41-106 to 130. 106 for the wing unit
and from 91-106 to 288-106 for the fuselage. It is the so called
Michel formula, applicable to the employed plate.

To take into account the non-athermanous temperature of the
surfaces of the wing unit in flight, an artificial correction was

considered,

4,2.2.3 - Motorization Corrections

These are shown in Fig. 22 and can be divided into two groups.

a) Internal stress and base stress correction.

This correction is obtained by the following procedure:

- probing of the sonic outlet to find out the values of ex-

haust Mach number (Me) which, together with the flow value,--will

f'make possible the calculation of the raw outlet thrust (Xlo);
- measurement of nacelle flow (WT) by flowmeter placed down-

stream of the nacelle (under these conditions weighing is not

rpossible), which allows us to find out the basic flow coef-

ficient § and the catchment drag.

Ref
~ usual weighing without flowmeter and measurement of base pres-
sure which, by integration, make it possible to obtain the

base stress.,

Based on these tests we can estimate the internal drag correc-
tion and the base correction on the drag ( AN CX and
i _A CX base)’ on the lift ( A CZ int>and A CZ base
pitch momentum ( A Cm int and z& Cm base) as well as the

as a function of Mg and & .,

int
) and on

value of ¢ Ref
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b) Additive stress correction.
Based on the internal geometry of the model's nacelie, the /20-9
value of £ Ref is a maximum. To 6btain the corrections due
to flow reduction by variation of the 2nd pipe angle 82, the
basic model has beenequipped with pods identical to the basic
ones but with a capacity for different 82 (as in fiight, in-
ternal air intakes have a 82 greater by 09,5 than that of
external intakes).

The sonic outlet has been adjusted for each of these values
so that the air intakes remain supercritical.

The measurements are analogous to the preceding ones relating

to internal drag and base drag corrections. Based on the differences

resulting from measurements carried out at € we obtain the

Ref’
additive stress correction on drag ( A Cy ad), on the 1lift ( LSCZ ad)

and on the pitch momentum ( A Cm ad) determined by .82 varlation

but presented as a function of ( & o £ Ref)’ Meo and & .

4.2.2.4 - StrQY Draq

This correction takes into account all uneven features (sur-
face condition, aerials, additional air intakes, flow of air con-

ditioning, etc.) which could not be simulated on the wind tunnel
model,

Methods employed for evaluation are discussed in Ref. 3.

4,2:3 = :Recapitulation

Fig. 23 shows quantitatively the values relative to the various
corrections made on the basic model in order to obtain a polar
curve for a pre-production 02 Concorde in cruising flight at M =
2.0 55,000 ft, IsA + 5, 8q = 0°,5.

i
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4,3 - General Comments on the Precision of Aerodynamic Data

It is very difficult to discuss this subject. Some authors
(8) calculate that in transonic and supersonic wind tunnels, the
Cx cannot be evaluated with better precision than A 100 Cy * 0.05
which corresponds to T 2% of the drag for Airbus and t 3% for Con-

corde.

The data we are presenting are the result of:
- one series of tests with Airbus during which one polar curve
based on Mach's number was measured;
- two series of tests with Concorde during which ten polar curves,
were measured each time.

Under these conditions, it seems reasonable to state that the

aerodynamic data are known with a precision of at least:

A 100 Cy A‘-’-’ + 0.05 for Airbus
with * 2% of the drag

A 100 Cy A‘P * 0.012 for Concorde
with * 0.7% of the drag

5. - Equipment for In Flight Testing

It is not our intention to describe in detail the in flight
testing equipment for Airbus and Concorde. As far as the latter
is concerned, such data is available in Ref. 7.

We will limit ourselves to an outline summary showing what

has been used in the study of cruising performances.

5.1 - Airbus

18



Fig. 24 shows the parameters recorded on pre-production planes,
the results of which were used in the study.

We can observe that the anemometric station has been adjusted
as described in Ref. 7, in other words by kinetheodolite at low
altitude and radar at high altitude. We have not mentioned internal
engine test-equipment. Let's just say . .that . it is sufficient
to control the various internal pressure and temperature parameters
in the engine,.though it “cannot control the nozzle thrust coeffi-
cients.

5,2 - Concorde 20-10

Fig. 25 shows the parameters recorded on the pre-production
02 plane, the results of which were used in the study.

Comment s

- the nose-piece-receiver combination was adjusted as
described in Ref 7, in other words by Kinetheodolite
at low altitude and radar at high altitude;

- the instantaneous mass is the average of 4 values
obtained by means of gauges and flowmeter integration
and based on measurements taken at take-off and landing;

- the mass flowmeters were adjusted individually on the
engine during bench tests by using fuel at different
temperatures.

Fig. 26 shows the parameters which were measured to follow the
air intake and secondary flow. Other parameters, which are not
mentioned here, control the internal characteristics of the gas
generator and the exhaust nozzle.

6 - Flight Results - Comparisons with Predictions Based on Wind
Tunnel Tests

As we have already mentioned, the results are presented in the

19



FaN Cy oxt fOXmM, representing the difference in aerodynamic and
propulsion stresses applied to the plane at in flight Cz meas and
calculated according to the general formula described in Fig. 27,

between in flight tests and predictions.

The datum lines are the "wind" lines. An increase in drag or

a decrease in thrust correspond to a positive A Cy .-

We have only taken into consideration levels with a duration of
about two minutes or flight parameters (regime, altitude, Mach,
temperature, etc) which hawve been stabilized: The side-slip and
warping angles never exceed 00.5; their influence has, nevertheless,

been taken into account.

Although a general diagram can be applied to both Airbus and
Concorde, application details are not identical at all.

6.1 - Airbus
6.1.1 — In Flight Measurements

Based on the general outline described in Fig. 27, the following
details must be evaluated:

- parameter of propulsion behavior: N1 measured;

propulsion data: average value for engine - exhaust nozzle group;
~ ©Pplane geometry: CG calculated;

- ~nz: cosine of trajectory angle with horizontal. The variation
of g with altitude and speed has been overlooked. This results
in a maximum overestimation of the predicted C, of A 100 Cy =
0.005.

- nx: calculated on the basis of information given by the anemo-
metric station,

Under these conditions, by using the in flight measurement
precisions mentioned in Fig. 24, we can estimate the precision of
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independent parameters and infer the precision of CX meas’ CX
and, therefore, A CX ext

The precision of the CZ measurement is transformed into CX
precision by intervention of induced drag.

Without takingiinto account the precision of propulsion data
or the dispersion between engines and planes, but considering the
precision of aerodynamic data, we arrive to a precision for 100

+
CX meas % the order of I 0.06,

6.1.2 — Results

The results presented here originate from 103 stabilized
levels on 5 planes between 25,000 and 36,000 tt, at Mach's numbers
near 0,78, 0.80 and 0.82.

Each flight CX meas Vs corrected by means of aerodynamic data

in order to conform to the following conditions:

M= 0,78 or 0.80 or 0.82
(the correction is always such that
AM £ 0.005)
Z = 30,000 ft
CG = 25%
A0 =0°cC

Fig. 28 shows a comparison between the measured Cy and the
predicted CX’ based on the results of wind tunnel tests obtained

with transition set off, from which we deduce A CX oxt *

In general, we can observe good flight-wind tunnel accord: /20-11
A 100 CX oxt between % 2% of the drag (or thrust) of the plane.
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There is a light dissipation in induced flight drag as compared
to that of the wind tunnel.

The relatively substantial wvariation in these measurements
(<1’ on A 100 Cy ext ¥ 0.04 to 0.07) is explained by the precision
of flight measurements ( A 100 Cx oxt ¥ t 0,03) and the engine
variation relative to the average values as well as variations
between planes (at M = 0.78 where practically only one plane is
involved; variation is lower).

6.1.3 — Observations and Comments

We have not been able to find precise explanations for this
flight/wind-tunnel difference. Such a difference is, nevertheless,
within the precision limits of flight measurements and aerodynamic
data.

We can make the following commentss

6.1.3.1 - Friction Drag

If, in order to go from wind tunnel tests to flight, we had
employed Michel's formula wind-tunnel corrections would have been
increased by A 100 Cy = -0.045, while with Winter's formula ( see
ref. 3 ) they would have been decreased by A 100 C, = +0.015.

These different formulas are not equivalent. We must remember
that the flight Reyholds number is about 20 times greater than the
wind-tunnel Reynolds number.

6.1.3.2 - Influence of Altitude or of Cz

Based on Mach,number, there is a strong correlation between
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CZ meas and flight altitudes.
The apparent induced drag dissipation can be explained in
part by a reduction in thrust at a given regime which becomes

greater as the altitude rises.

Therefore, at 35,000 ft., there will be a net thrust dissipation
on the order of 2% (a 0.8% loss in raw thrust should be enough to

explain it).

On the other hand, the analysis of the difference bétween
measured oil flows and those calculated by means of the data sheet
at N, flight regime shows flight consumption greater than predicted.
Such consumption increases as the altitude rises; such variation
is about 2% at 35,000 ft,

Under these conditions, it is necessary that, at fixed cruising
speed and at 35,000 ft., the specific engine in-flight consumption
is greater by 4% than that in the data sheet.

It would seem that this effect was discovered during tests
on engines of this type carried out with altitude bench. To ex-
plain this C, evolution, we must recall the flexibility effect
which could not be taken into account for lack of precise information
regarding the repercussions such effect would have on the plane's

drag.

However, the agreement between the measured equilibrium ad-
justments of the fixed plane and those predicted seems to con-

firm that the model shape is very similar to that of the plane in

6.1e3.3 — ;nfluence of Setting Off the Transition
in Wind Tunnel

Fig. 29 compares directly flight results with predictions
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originating from wind-tunnel results obtained with natural transi-

tion and set-off transition.

Despite the difficulties in calcuiating friction in natural
transition, the precision is not pad: A 6% chord deviation on
the transition line involves a difference of A 100 Cxq—) 0.01.
This procedure will result in a reduction in predicted drag of
2% at M = 0.78 and of 3.5% at 0.82, thus increasing by as much the

difference between prediction and flight,

I don't believe that we should abandon natural transition

measurements.

The fact that the drag deviation between the two types of
transition increases when the Mach rises is probably related to
upper wing surface boundary layer shock interactions. Parietal
displays show in effect that the shock is further back in natural

transition that in set-off transition.

This unsolved problem becomes important in the study of /20-12
modern wing units where a good knowledge of the supersonic zone
has considerable importance.

A possible solution consists in finding a way of obtaining
in-flight Reynolds numbers on the model.

6.2 — Concorde

6.2.1 - Flight Measurements

The analysis presented here involves the preproduction 02
plane whose in-flight test equipment was best suited for the study
of performances. The analysis was carried out in such a manner as

to simplify the transposition to production planes the engines
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of which are slightly different.

Therefore, according to the general outline in Fig. 27:
- parameter of gas generator operation: Nl and C measured.

This means that the specific consumption mentioned in the
engine data sheet will be found in flight at a given N;. This
should be true for the gas generator tested at the altitude bench.

- Individualized gas generator data sheet for each engine.
- Plane geometry: Bq measured for the plane

8' measured for the air intake,

Under these conditions, by using the in flight measurement
precisions mentioned in Fig. 25, we can estimate the accuracy Of
independent parameters and infer the precision of CX meas’ CX and,
therefore, A Cy oxt®

Without taking into account the @accuracy. of propulsion data,
but considering that of aerodynamic data, we arrive at ‘an accuracy.
of A 100 c on the order of * 0,018,

X ext

Comment regarding ngz

To analyze these tests, we have used the value measured by
vertical accelerometer.

As shown in Fig. 30, the nz due to the g variation and the
orbit effect gan wvary by 2%; with all things equal, a 1% decrease

in nz corresponds to a decrease in drag of 0.7%.

Fig. 31 shows the accord between the calculated nz and those
measured.
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6.2.2 — Results

The shown results originate from 96 stabilized levels in the

following flight regime:

1.91 < M < 2.04

48,000 ft < 3 < 59, ooo ft
-15°c A0 "¢ +10°cC
- 3.8<  3q < t 2.5

10,0 £ 100 c, < 14.1
A

Fig. 32 shows the results in the A Cy ext form as a function

of two parameters, the correlation of which has been clearly evidenced

at the beginning by means of static analysis, namely Cy and C

a)

b)
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Formula no. 1l:

Initially the basic model had served to establish the aerodynamic
datawhiéhrepresent the shape the plane should have in flight,
half-cruising at ngo 03 the construction frame was based

upon it, taking into account the estimated rigidity of the

.-structure,

The drag and elevator lift are those measured on the rigid
model,

Based on these data, the first flight analysis was carried out.
The smoothing of [}(%( oxct gives formula no. 1.

One can observe the strong influence of CZA’ A 160° CX oxt =
0.0035 for A 100 CZ = 1, indicating an’in. flight induced
drag inferior to that found in wind tunnel and 8q .

Formula no. 2:

Flights by the prototype plane have shown that the real structure
rigidity is greater than that predicted at the start. /20-13
Special deformation measurements taken with the. plane.on the

ground and in flight (cruising), have made it possible to re-



c)

construct, for pre-production and production planes, the in

flight shape at M = 2.0 for Sq(Q 0, based on the known structure
shape. |

A new basic model was designed to correspond to these new

shapes and the aerodynamic data were modified by taking into
account the differences measured with S(‘: 0 between the

new and the original model. .

Based on these new aerodynamic data, we have continued with

the analysis of the same flight points; the smoothing of the
corrgqugging ACX ext gives formula no. 2.

'We can observe that the influence of C_, has greatly diminished,

Z
while that of Sq has not changed; in order to understand this

last point, we have undertaken a third analysis.

Formula no. 3

The aerodynamic data are the same as for the preceding case.
Elevator drag as a function of ©¢ and 8 is maintained, but
the value of&, taken into account insteadof the value inferred
from measurements on rigid model with in flight CZA’ is cor-
rected by a A oc calculated by considering aeroelastic defor-
mations for each measured value of ék; different from O.

Based on these new aerodynamic data, we have continued with
the analysis of the same flight points; the smoothing of the
corresponding A Cx oxt 9ives formula no. 3.

We note that the influence of;8q has been practically eliminat-
ed and that in the effective cruising zone the flight/wind tun-
nel variation means a completely independent 100 A CX ext?

on the order of + 0.07 or 4% approximately of the plane's drag
(or thrust).

This development only confirms the necessity of taking into
account the flexibilty of such a plane.

The variation in measuring points is not affected by these
different analysis procedures (<( on 15 100 CX oxt /p) 0.01)
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.~ and is in accord with the precision of flight measurements.

6.2.3 - Observations and Comments

As in the case of Airbus, we have not found a precise ex-

planation for the flight/wind tunnel differences. Such difference

seems greater than the flight measurement and aerodynamic data

accuracy level,

a)

b)
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We can make the following observations:

Influence of friction drag:
If, in going from wind tunnel tests to flight, we had used
the Prandlt Schlichting or the Winter formulas (3), the cor-
x = 0.012, thus
reducing by as miuch the flight/wind tunnel deficit. These

rections would have been lowered by /A 100 C

different formulas are not equivalent. We must remember that
the in flight Reynolds number is about three times greater than
that in wind tunnel.

Influence of propulsion (air intake and secondary air):

An analysis of propulsion shows:

- for the air intake, an average performance deficit of
A n , =0.01. This canrhelp explain:_ , a A 100 C
of about 0.012.

- for the secondary air, the charge losses between the up-

X ext

stream side and the downstream side are, on the average,
30% greater than those predicted with the models. This can
explain a A 100 Cy oxt OFf a@bout 0.005.

- Secondary air bleeds: the measurements were carried out
on the ground with pressure variations representing those
in flight. However, the shape of the plane in flight and,

consequently, of the pacelles and the relative positions
of the various hatches could not be reconstructed.



If these bleeds were doubled (bleed hole per engine compart- /20-14
ment, 10 cm instead of 5), the predicted CX would be increased
7p/
by A 100 CX 2 0.01 and the A 100 CX ext reduced by as much.

c) Influence of gas generator and exhaust nozzle:
The motor mechanics carried out an analysis of in-flight re-
sults.
Without going into details, we can, nevertheless, state that
a certain number of difficulties has emerged both at the gas
generator level, this despite altitude benchttesﬁs, and at the
exhaust nozzle level where wind-tunnel test conditions may be
somevhat different from flight conditions.
We observe, in fact, problems similar to those found with
Airbus.
Therefore, assuming that the air intake and the secondary air
can explain 1% of the flight/prediction difference and that
there is a doubt on the order of 1% as far as the friction drag
and secondary air bleeds are concerned, a 2% net thrust defi-
cit in the gas generator-exhaust nozzle combination (correspond-
ing to 0.8% of raw thrust) will be enough to obtain good agree-
ment between flight and prediction.

7 - Conclusion

The first conclusion we can make based on the Airbus and Con-
corde experiences is the knowledge of éafety margins which should
be taken when estimating cruising performances based on aerodynamic
data resulting from wind-tunnel tests and propulsion data determined

by present means, for a new subsonic or supersonic transport plane.
The other possibility is to plan the new plane by adding to
the real performances of Airbus and Concorde the differences cal-

culated on the basis of aerodynamic and propulsion data.

On the other hand, the study has demonstrated areas which are
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in need of greater development. This has already been discussed in

ref. 1l.

a)

b)
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Aerodynamic datas

At the present time, it is most important to improve testing
in high subsonic and transsonic regimes, espeeially when
aerodynamic gains in this field are the most valued.

A wind tunnel with a capacity for Reynolds numbers near to
those in flight on a moedel having those dimensions utilized
presently is ihdispensable to eliminate the influence of the
boundary layer in the wind tunnel/flight transpositions, as
well as in what involves the shape drag and the friction drag.
The second point is to be able to know the aeroelastic defor-
mation effect (see thermoelastics in supersonic) on the meas-
urements of a plane's polar curve.

The most direct way is to test different models (two or three
at most) representing different shapes of the same plane.

On the other hand, in as much as it 1is difficult to conceive
today of a substantial improvement in procedures for designing
and weighing the models, except where motorized models are
concerned where progress must be made in order to avoid having
to integrate pressures,only a great number of tests on the same
configuration will bring about a greater degree of reliability.
As a consequence, we can state that the average flight results
for Airbus, based on 100 measurements, seem more reliable than
the aerodynamic data inferred by the polar curve measured by
Mach number. )

Finally, we can doubt the validity of theoretical-empirical
corrections relating to strays. However, I don't believe we
can expect great progress in this area.

Propulsion data:

The flight/wind-tunneél difference occurring with Airbus and Con-

corde can be partially explained by a 1% deficit of the raw

thrust. At this time there is no confirmation nor invalidation




of this hypothesis. I believe that it would be wise to present
this difficult problem to specialists in order to find out the
margin of uncertainty existing between o0il flow, air flow and

raw thrust in the gas generator-exhaust nozzle group.

Flight tests: /20-15
Test procedures for Airbus and Concorde were satisfactory for

estimating global performance as long as a sufficiently high
number of measuring points was taken during the flight.

On the other hand, improvements must be made to analyze in
greater detail the causes of the flight/prediction differences.
This concerns pressure and local temperature measurements the
reliagbility of which has not always been very good.
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Key: 1.
2.
3.
4,
5.
6.

EQUATIONS D" EQUILIBRE EN CROISIERE
1 o

A

nx.mg :i FXA iFD-n—FG'n.cos(d +7T)

nz.mg = Fzu + FGgp-sin (% +T)

d(mg) i C

dt

Z 3 4 _ .
Donnees ou | Donnees | Donnees propulsion
mesures | aérody. : :

avion -namiques

5 en croisiere Ny, o< , G petils ,nz #¢ |

SR=AOX =V =1 Vmgpl V
L_ Amg) C M9 C mg cs
) Fig. 1

Equilibrium equations at cruise conditions
Data or measurements for plane
Aerodynamic data

Propulsion data

At cruise conditions

Specific range of action
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CROISIERE A ALTITUDE CONSTANTE , CROISIERE A REGIME CONSTANT
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ASRE:_ACXHL _ SR P CxA
SR Cxp
Fig. 2,

Key: 1. Cruising at constant altitude
2. Cruising at constant regime
3. Drag or thrust at fixed C
4. Length of cruising regime
5. Variation of external stresses
6. Drag !
7. Thrust at fixed C
8. Length of cruising regime
9. Variation of external stresses
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EFFECT OF 1% DRAG INCREASE (OR THRUST

DECREASE) AT CRUISE CONDITIONS

IMPOSED SUBSONIC PLANE CONCORDE _
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capacrry |10ad - (0% B GarserbIVel A8 5 Sl % Pac
L

Figo 3.
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DONNEES DE PROPULSION AIRBUS *

(1) BROCHURE MOTEUR +TUYERE D'EJECTION 2

(3) BANC 5OL (moteur dchelle ) 3

Pl
Tty
au sol
# conditions
de vol
Py | pour différents N1/VTiy ‘
Tu] PLE/ Py, P /Py Tt/ Ty, W VT/ P, C/PUVT

+ correction pourtransposihon aux conditions de vol 6

Fig. 4.

Key: 1. Airbus propulsion data
2. Data sheet for engine/exhaust nozzle
3. Ground bench (scale 1 engine)
4, On ground- # from flight conditions
So For differentooo
6. + correction for transposition to flight conditions
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DONNEES DE PROPULSION AIRBUS 1

(1) BROCHURE MOTEUR + TUYERE D'EJECTION 2
(b) BANC MAQUETTE (tuyere d'¢jection échelle 1/10) 3

Vﬁm,Tgm,Pgm
| 4 U
effort {1 |
. /Mt Pseo
: //W//Wf%m%
| Ptip Py Ptie , Tte
LN pour dlfsférents _F;_Jf _P_.!m lem , V=0
Seo Soo t 7
@( FG = effort balance corrigé . effort de frottement essai© g;?)ot moteur 8
" \ Cjf et Cjn : ‘ corps central g

35 'Js; {. 7
f‘fj'®+effort frottzmentvtﬂ { capot moteur 8 = BROCHURE MOTEUR,
corps central 9 +TUYERE 0’ EJECTION?

L Tt] W]
Pseco FG m
NIAT C

Figo 4b.,

Key: 1. Airbus propulsion data
2. Data sheet for englne/exhaust nozzle
3. Model bench (scale 1/10 exhaust nozzle)
4, Stress
50 For differentooo
6. Corrected balance stress - friction stress during test
7. Strut
8, Cowl
9., Central body
10, Friction stress in flight
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DONNEES DE PROPULSION AIRBUS .

(2) ESSAIS D'ENTREE D'ARR

— 3 W 1 croisiere

Pl oo

—3 11z Pt1/ Pt co pour dif ferents Moo

Figo 5.

Key: 1, Airbus propulsion data
2., Air intake tests
3, Cruising
40 For differento 60

o e
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Key: 1.

3,
4.
S
6.

DONNEES DE PROPULSION AIRBUS
RECAPITULATION

ENTREES 2

psec , ts oo, Moo, NI

T

RENDEMENT 3 Y | PRELEVEMENT4
? ENTREE D’AIR AIRET PUISSANCE

BROCHURE MOTEUR ¢
+ TUYERE O'EJECTION

l

SANS ECOULEMENT EXTERIEUR | 6
Fon '
Wi
C

"'W /FDTT"WTVM

Fig. 6,

Airbus propulsion data

Inlets

Air intake efficiency

Collection air and power

Data sheet for engine/exhaust nozzle
Without external flow
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DONNEES DE PROPULSION CONCORDE

ELEMENTS PRINCIPAUX 2

ECOULEMENT SECONDAIRE 3

+
+
a : 5 TUYERE
ENTREE D'AIR GENERATEUR DE GAZ D'EJECTION
Fig. 7.

Key: 1. Concorde propulsion data
2. Main components
; 3. Secondary flow
i 4, Air intake
‘ ' 5. Gas generator
6. Exhaust nozzle
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DONNEES DE PROPULSION CONCORDE ,

(1) BROCHURE GENERATEUR DE GAZ 2

—ESSAIS MOTEUR AU CA&SOBI[YALHTUDE 3

CONDITIONS

0E voL

SIMULEES

| < Entrée compresseur 5

Wy

<—Sortie du cof primaire ¢

Psws

9
débit de pétrole

debit dair 3 entrée con1presseur'7{

8

caracteristiques du jet au col primaire

Key: 1,

Figo 8.

Concorde propulsion data

Data sheet for gas generator

Engine tets on altitude bench
Simulated flight conditions
Compressor inlet

Primary nozzle outlet

Air flow at compressor inlet

Jet characteristics at primary nozzle
0il flow
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DONNEES DE PROPULSION CONCORDE *

(2) BROCHURE ENTREE D’AIR °

_ MAQUETTE AU 1/15 SOUS VOILURE 3

Re = 1/4 Re vol 5 _ débitmetre {venturi) 4
: secondaire

. I

— Moo =

Py
_¢B "= Pt
4_52 {
_!?8

r(debltmétre 6
primaire

(colsonlqud

Fig. 9.

Key: 1. Concorde propulsion data
2, Alr intake data sheet
3. 1/15 scale undeér wing unit model
4, Secondary flowmeter (venturi)
5. Flight
6. Primary flowmeter (sonic nozzle)
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'DONNEES DE PROPULSION CONCORDE 1

(3) BROCHURE TUYERE 2

(3) Reference= forme el jel homologue a la maquetle planeur. 3

5 % B X culol 4
Effo% Poussee
balance brute

7

Frel = Effort balance corrige + poussee brute —effort culol .

Fig. 10a.

Key: 1. Concorde propulsion data
2. Nozzle data sheet
3, Reference = shape and jet identical to model of plane
4, Base
5. Balance stress

6. Raw thrust

7o Fref = corrected balance stress + raw thrust - base stress
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DONNEES DE PROPULSION CONCORDE *

(3)BROCHURE TUYERE 2

Forme et jeL reel 3

Lo
r prrrTrre—— "H']«/W'ﬂ ey
4 Bl \Ws Pts Tis ::,/
Effort o "' + -
. . . Poussee 5
Wi Pt; Tt} , <=
balance . #ﬁ Ioh ‘ﬂg; T brute
. 4 - Py /,/ﬁ/\””

Ft= Effort balance corrige— F frottement du jel sur plaque + correction gaz chaud _recalage interne

N 6
(:)+-(:) =  brochure luyere| 2

SWIVTG S Keptin .
_wJ'mVTLJ'm/chSo, Fon =Fp-Fref
= WS \/Tc—s/wj'm\/Tqm

Figq J.Obo

Key: 1. Concorde propulsion data
2. Nozzle data sheet
3. Actual shape and jet
4, Balance stress
5. Raw thrust :
6. Ft = Corrected balance stress - F jet friction on plate +
hot gas correction - internal ad justment
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DONNEES DE PROPULSION CONCORDE *

2
" BROCHURE ECOULEMENT SECONDAIRE
(maquette échelle 1/2) 3

g | | , A,
TqB /i A = __'Lc_zzé\ - =
- E'__ _______ -
I = = =
_; g

Key: 1. Concorde prbpulsion data
2. Data sheet for secondary flow
3. 1/2 scale model



DONNEES DE PROPULSION CONCORDE *

FUITES CANAL SECONDAIRE 2

—~MESURE SUR AVION AU SOL 3

4

Ap de croisiére
-/

O e B R S

obstructeurs

fuites canal secondaire ©

7 (COMPRESSEUR

AP w> SECTION DE FUITE EQUIVALENTE g

Fi‘go 12,

Key: 1. Concorde propulsion data
2. Secondary duct bleeds
3. Ground measurements on plane
4. A p in cruising
5. Chokes
6, Secondary duct bleeds
7. Compressor
8. Equivalent bleed section
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CONCORDE

" PROPULSION DATA

RECAPITULATION

INLETS
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o Air s
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— nozzle -
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Fig. 13.
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AERODYNAMIC DATA

WIND TUNNEL TESTS ON BASIC
MODEL

v

TRANSPOSITION TO FLIGHT CONDITIONS BY
CORRECTION OF:

~ SHAPE DUE TO ASSEMBLY IN WIND
TUNNEL

FRICTION

* MOTORIZATION IN ACCORDANCE WITH
PROPULSION DATA

STRAYS (FORMS NOT REPRESENTED
ON BASIC MODEL)

!

| AERODYNAMIC DATA |

Fig. 14.




. RESULTATS
Cxg- Ozg-Cmg fonction de M _ = 5.y,

DONNEES AERODYNAMIQUES AIRBUS
MAQUETTE DE BASE 2

EQUIPEE DE- FUSEAUX PERMEABLES 3

4
5

Key:

1.
2.
3.
4-
50

Fig. 15.

Airpus aerodynamic data
Basic model

Equipped with permeable pods
Results

+++ as a function of,..
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DONNEES AERODYNAMIOUES AIRBUS
1

CORRECTION DUE AU MONTAGE 2

A 1 ®

Maguette 3__,[ : 4 :
de base W

balance bl balance £2

e~
N

4
Oispositif's
pour — —
déterminer

fes
correclions

=1 ©

balance b1
5
LRESULTATS fonclion de Moo, A
Cx Cx Cx | Cx Cx] Cx)|
C:t-14{C: =A{Cz }{=|Cz - C: + ng
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 Fig. 16. )

Airbus aerodynamic data
Correction due to assembly

Basic model

Devices for determining corrections

«- Results as a function of.,..
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DONNEES AERODYNAMIQUES AlRBUS1

CORRECTION DE FROTTEMENT °

. 8 S
sur corde aérodyr?amlque (Reles; =2.5.10°  (Re)§; = 48.10

B 6
sur longueur fuselage 4 (Repssy) = 20.10 (Re)yg ~380.10

LACX(: foml— foesa

[

TRANSITION NATURELLE | ___AILE GAUCHE 8 ;
M=z0,8 C(;=037 [___AHE DROITE 9 ,

| !

10 |

REMARQUE : NACELLE i

(g9
>
4

oF ;

, : o

frottement sur surface compté dans. frottement essa !
léchée par le jet du fan | mais pas dans frottement vol 11 |

Fig. 17.

Key: 1., Airbus aerodynamic data

2. Friction correction

3. On aerodynamic chord

4, On fuselage length

5. Test

6. Flight

7. Natural transition

8. Left wing

9. Right wing
10, Note: nacelle [considered in friction
11. Friction on surface touched by fan jet { test, but not in flight



DONNEES AERODYNAMIQUES AIRBUS*

CORRECTION DE MQOTORISATION 2
FONCTION DE Moo ET

_&ref = W1Q

P,o,voo,AinL

(1)CORRECTION TRAINEE INTERNE 3

(debit naturel)

oA -]
_ACX InL_~q—s'[W]OV00_x1(FO+ CO) COS(d + 'B)]
2 .
. _ ] .
| _AC, |nL_—q—S—[X](F0+CO).sm(0(+3)]

ACmint= -8 X
C.m int qs? ‘; 1(FO+CO):]

X](FO+C0): Poussees brutes de sortie 4

(2) CORRECTION ‘D'EFFORT_ADDITIF 5

i

~ACxyq| | Cx Cx

Cz ¢ -{ Cz

- Aczad

-0Cm,y Cm [ €7yl {' Cm! Eref

Fig. 18a.

Key: 1. Airbus aerodynamic data
2. Mctorigzation correction as a function of M ® and «

3. Internal drag correction (natural flow)
4. Raw outlet thrusts
5. Additive stress correction
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DONNEES AERODYNAMIQUES AIRBUS

CORRECTION DE MOTORISATION .
FONCTION DE Moo ET

(3) CORRECTION D'EF FORT DE PRESSION 3

Jets corrects vol simules

ACXFL:wﬂd+Z) (XQ““F+M+C))M“r(X”C+N”)Mw:O“XMV+F+M+C)

4s .
ACZJel _(suno:g@) - 0 - d
C a r . N 7
ACmjet = 5T ] _ | 0 | ]
Condition de vol © dans brochuremoteur 7 sur maguetle de base 8
Figo 18b.

Key: 1, Airbus aerodynamic data
2. Motorization correction as a function of M« and o
3. Pressure stress correction
4, Simulated natural flow
5. Simulated corrected flight jets
6. Flight condition
7. In engine data sheet
8. On basic model
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Key:

1.

3.
4,
5.
6,
7
8.

9,
10.

DONNEES AERODYNAMIQUES AIRBU S
RECAPITULATION - M=08

30000 peds2 _  CG 325 %
CORRECTIONS
A CX o/ -
Cx ’° 3 Base souffloertel
aCzest =05 .l
Fz%tement soufﬂer\i{zfl o7, //

Efforl interne > 2PV o )
Montage maquette © | +1% >

—
\

Effort addiif 7 _SYsf
Effort pression jel 8| +25%f—-
Trainee parasite 9 +8%,

Equilibrage 10 +2 % 10°Cz \
Total 21 T
: . 10
~!—>&" N2 N/ * 11
- M * Estimations vol
Base soufflerie| 3 —’—5{3 sO( =05°
=0 ]
0.5 _ﬁ 10°Cx

Figo 190
Airbus aerodynamic data
30,000 ft,
Wind tunnel course
Wind tunnel friction - (T.D.) flight

Internal stress
Model assembly
Additive stress

Jet pressure stress
St;ay drag

My 11 L1 3~hd Actkdamadta Ane



DONNEES AERODYNAMIQUES CONCORDE ., ]
MAQUETTE DE BASE ,

EQUIPEE DE FUSEAUX PERMEABLES 3

rt

. RESULTATS 4.
CXB)CZB,Cmeonction de Mo, 5q

Key:

Fig. 20.

concorde aerodynamic data
Basic model

Equipped with permeable pods
Results

eses aAsS a function Ofooo
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Key:
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DONNEES AERODYNAMIQUES CONCORDE
| T

CORRECTION DUE AU MONTAGE »

" BALANCE

#L,"»”"‘l” -, . Y
(pesée pointe arriére)

En fonction 'de M et de £ 4

Cx\ CX Cx CX
Cz + CZ
Cm Xc

Cx Cx' Cx'
C,4-4Cy :ACZ_:CZ —{Czt —

C C C Cml-
- n® “mi Cm©b2 mbz mXCFo

Figo 21.

1. Concorde aerodyhnamic data
2. Correction due to assembly

3. Back end force
4, As a function of M and



~ DONNEES AERODYNAMIQUES CONCORDE ,

CORRECTION DE MOTORISATION
FONCTION DE Mo ET £ 2

_ =~

e e e e

débimétre 3

“:?”;; :_;___;__;'4._ _ Xwﬁﬁmﬂ%e
Wis NLB2 A Mﬂd v {9 M

.CORRECTION DE TRAINEE INTERNE 6 ‘ .CORRECTION D'EFFORT
ET DE CULOT ADDITIF 7
~fonction de Moo etod -fonction de Moo et X

ACxculo(:E—C(—;JS—'O—L cos(+3) -me_:-ql-( WTVoo)—XlOCOS{“"*Z) _52 min w» ref
s .

ACZ¢M0L:2§£E£sm6%+3).szt:_L{_X10ﬂn(ab+Z)] 52 e> Ll

12 is . A Cx,y4 Cx Cx
B Cmeylot = —qis‘—Xcu'lot -Cmint:q—as-l[ X10 sin ( +6)] ACzyd-$=9Cz YV —2C2

_ Eref = W A Cryg CmIQW!Cmng
. Poovno Aint )
Figo 22,

Key: 1. Concorde aerodynamic data
2. Motorization correction as a function of M ® and &
3. Flowmeter
4, Base
5. Outlet probe
6. Internal drag and base drag correction
7. Additive stress correction
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Key:
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55000 preds 2

CORRECTIONS

e

BCxe,

o4
Frottement soufTlere _ 86

vol

Effort interne 5 |_158%
Pression de culot 5%

Montage maquelle 7 | "+1.7% ~
Trainee parasite 8 |+24% —é?
Effort additif 9 [+08% >{
Equilibrage 5q:0,510 _03%p——

TOLZ' - 25°/o

DONNEES AERODYNAMIQUES CONCORDE |
RECAPITULATION = M=2

Cx Base soufflerie
aCzecst x=4° I
e

T e O K

1
Ti
Base soufflerie

10°Cz
1
5
11
Estimations voll-
ex=4° |
05 102Cx

Concorde aerodynamic data
55,000 ft,

w§nd tunnel course

Wind tunnel friction - flight
Internal stress

Base pressure

Model assembly

Stray drag

Additive stress

Trim

Flight estimations




FLIGHT TEST EQUIPMENT

AIRBUS

Inertial

Recei- |Anemometric | Fuselage Nose Impulsd Mass
vers station cowl . " | probe platform Motometdr Flowme
~ |ALti=q tFlocal 1| Total | Longi- | Lateral | :
Para~ |fyge  forrectrlocaliiocal|Te : > : C ~Fan, Fuel

: led inci-| side=| tempera tudinal tyim . i ’ ,
meter gﬁ%g \ speed dencel glgp turg trim - r regime| flow
symbol zp l Ve AL¢ B¢ Tt s 0 N C
_Aégcu.ra;- t 50ft| 3Kt | 2003 | 2053 21,5°K| +0Q°2 +0°2 0 +100kg/h
Recei- [ZFWestimd qauge
vers + gaug§-
aramétre| mass ; Steering control
P «| Trim lelevat\ bIane] warp . |direction
_symbol m CG Sq SEH op or
FOCUEASY’ +1000kg| +0,17 +03°
Fig. 24.
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FLIGHT TEST EQUIPMENT

CONCORDE

Receéi-

60

_ Nose-end Nose-end Nose | Inertial Accelerometer
vers gg sgure cowls probe | platform unit
datum |[dynam, |; Local Longi-_ |Latex- accélération
parameétre|pres— |pres- %ﬁg?i Side-'ﬂmﬁf?mw-tudgnal'al_ .
sSure - |Sure dence |slip tota trim - ‘| trim |longitudinal {lotéral }vertical
symbol Pr Ap L Bc Tteo S ‘Y x4 My | "z
Acéursac*io,ﬂzimbio,zimb t02° |*02° | +08°K| x02° |+02°|+0,00154 @,0039&0,00659
i- | M - ' Gauge | Impulse
Recel figﬁ- Flow= |moto-
vers meter |meter |meter
e oil1 | . regime Steering Control
parameire | £9 oy - ma BP™ HP 1E,1ev.~|;Warp .x.ldirection
symbol C m Niet Np|  Oq ’l op I or
Accuracyly 35| +300kg| ~0 £0,2°
Fig. 25,




INSTALLATION ESSAIS EN VOL CONCORDE

T rrarr

IXTIXXY

x

4 pour Ptget WB

PROPULSION

———————

o Pression totale o
o Pression statique 3
a Temperature

——

N T

i

////////////

TOTIIOTIONII A
0
5y
. /
1

%0

A

pour Pt, pour Pto , W, et Tts
Figo 26,
Key: 1. Flight test equipment
2. Total pressure
3. Static pressure
4, FOrXooe
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ANALYSE DES RESULTATS DE VOL 1
SCHEMA DE CALCUL 2

4 s —

Paramelre de commande | |Conditions ambiantes Masse el acceleration
propulsion (mesuré) 3 4. (mesuré) 5 (mesuré
Ny, C 1(5; Mao,Zp, tsoo m J n l'nx.' Cz
| B !
* k .
Donnees propulsion IR ACX_EXL
Cz meZuré' L, —[nz3_FGm sin(e(+2)]__ N
- 7
' (Czmes) 5 gs
g [ - . B 7 1
Geomelrie avion 1
I,
centrage Sq Cx mesure
9 ( mesure ) C -
7 (Cxmes) c
L‘j ' _{nx Mg +F Gy cos(X +'6)—FD'17 N X
10 7 19 g qs
Données aerodynamiques — + d
Cx prévu
(Cx) 1
Fig. 27.

1,
2.
3.
4.
3.
6.
7
8.
9.
10.
11,

Key:

Trim

62

Aerodynamic data
Predicted Cx

Analysis of flight results
Outline of calculations
Propulsion control parameter (measured)
Actual conditions (measured)
Mass and acceleration (measured)
Propulsion data :
Measured _
Plane geometry



i e e . — ) 2
‘OECZ RESULTATS DE VOL 1 - & T ]
. AIRBUS | 52 Avion 15,
501 , S ﬁvmn n4
3 30000 pieds CG=25% o _~vion 1
10{(;& 40 ?E
T‘% 4 Cx n?x)esuré
500 30| 7lc T =A100Cx,,=*0,04
T o
1 100Cz -= ‘ﬂ
40| o5
. Ble 4
50 &g -%0,07
1 T o
_|30] &S -
e @ © 5
40| -y L Cxprévu 4
215 4 ‘ B -
o - T = A100 Cx,, =%0,03
30| 8 P ; :
1 /
+ - +- —_—
| «——— A 100 Cx= 1 ——— —> 100 Cx
Fig. 28,

Key: 1. Flight results
2. Plane
3. Measured C :
4, Cruising f§ight'
5. Predicted CX
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RESULTATS DE VOL 1 Remfone va

' - .. Soufflere3 T.N
AIRBUS Soufflerte T.D

100Cz A ' COMPARAISON EOUFFLERlE VoL
40]
100 CZQ
30
40
I(DCZA ‘
30]
40
et M= .78
30, ol :
—

e A100Ck- S 100Cx

Fig. 29.

Key: 1. Flight results
2, Results
3. Wind tunnel
4. Wind tunnel/flight comparison
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RESULTATS DE VOL CONCORDE | '
(Sapp_1)%

CALCUL DE g apparent /g, 2 %
_ ~g ol
& &///’ \\\:\\\
- \\ // \\ --2¢
44
\\ // \\ :8
\§§§§\\\\ ,/////— \\\\\\\\
. 101
124
\\ -
\\ // /- 144
Y/ a -
> \ : 7_1.5_,.
\\ / // |~ -
\J\ //A 1A 184
™~
N\ T -204
EST6 ' 1 1 L1t 1l ] 1 .
800 1200 (neguds) O *40°Z80° 40000 60000 (pieds) g
VITESSE Sol g =~ LATITUDE ALTITUDE geometrique
Fig. 30,
Keys 1. Concorde flight results
2. Calculation of apparent g/ g
3. West ©
4, South
5. North
6, East
7. Knots
8. Ft.
9. Ground speed
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RESULTATS DE VvOL *

CONCORDE
g app

go

Comparaison calcule et nz mesure

2

g apparent 3
go

calcule

098 099 !

10,99

s

10,98

nz mesure
4

D“apres vol en palier stabilise 5

L

Fign 31,

1. Flight results

2. Calculated gapp/g0 and measured nz

3. gapp/go calculated

4, Measured nz ‘_
5. Based on stabilized level flight



RESULTATS DE VOL CONCORDE 1

@ Relatif a resultats de soufflerie sur maquette d'origine 2
A100Cx ext =0.1106 + 0.0787. Czp . $q_0.3345Cz

@ Relatif a resultats de soufflerie sur maguette modifiee pour tenir compte des formes mesurees en vo|35q=o

A100Cx ext = 0.0830 +0.0793.Czp. $q_0.0939Cz A 3
Relatif a @ mais en tenant compte des déformations dues au  braquage Sq 4
100ACx ext = 0.0821+00069.Cz : 9 - 0.0913 Czp
+
0.10]
4 +
.+ + o+ + +
! ¥ f*f b, i Foae +
+ -5 + + .
K : +++hb’ 4:‘3‘—43:1.1"’ $++f+# L '++ ++
0.0S_+ ' ++ * + + "#’*}"' +
("sur A 100 Cx ext=£0.011
+ 5 :
v~ v - v - T T e
10 A 12 13 14 15 Czp

Fig. 32.

Key: 1. Concorde flight results .
2. Relative to wind tunnel test results on original model
3. Relative to wind tunnel test results on model modified to

take into account shapes measured in flight at SQ =0
4, Relative to II but taking into account deformations due
to angle.
5. On
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Moo » Voo
Ptoo » Psco

NOMENCLATURE

Mach number and infinite upstream speed

Infinite

upstream total and static pressure

eoo Specific infinite upstream mass

Tt oo » tSco Infinite upstream total and static temperature
Ae Standard temperature

a Infinite upstream dynamic pressure

S Datum surface

Aint Air intake datum surface

W ECD Air intake flow and total flow coefficient

Wgs 8I? Pty Flow, flow coefficient and total pressure of Concorde

. air intake inlet
I)B
Wl, Ptl’ Ttl Flow, pressure and total temperature at engine inlet’

N1

Efficiency PtB/Ptco

Efficiency Ptl/Ptco

WJm, PtJm, TtJIm Flow, Pressure and total temperature at engine outlet
(hot jet) .
PtJ Total pressure at fan outlet (Airbus)

WS’ Pts, Tts Flow, total pressure and temperature of secondary
alr at nozzle inlet (Concorde)

Kc Critical exit correction as afunction of Tt jm for
- Concorde nozzle
FX s Cx Drag and drag coefficient of aerodynamic data
FZA, CZA Lift and lift coefficient of aerocynamic data
A “a : - .p- F, _ C
'P Aerodynamic eff1c1ency.73 ZA = ZA
' - F
X, %X,
Angle of aerodynamic incidence
FGW ~ Raw thrust of propulsion data
FDﬂ' Air intake catchment drag
C Engine oil flow
T Raw thrust adjustment on plane's axis
C, s C, ,C Drag, lift and pitch momentum coefficients for basic
X Z m
B B B model
€ Ref Pod flow coefficient for basic model
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AchR,
o CXint’ ACZint
Ac, HAc »Acm

base Zbase

ACX_ ,Acz' ,Aijet

jet jet

A czyp» A Cmy o

base

meeas

S EH
d 2

» A Cmint ’

Correction due to assembly in wind tunnel

Correction due to internal drag of pods

Correction due to pod base (Concorde)

Correction due to pressure stresses on pods
(Airbus) _

Drag coefficient deduced from flight tests

Drag coefficient predicted at flight

ZZmeas

= (cXmeas = Cx) at Cyreag iR flight

Acceleration relative to 95 along speed
Voo '

Acceleration relative to 9o perpendicular
to speed

Acceleration of datum weight

Mass of plane

Elevator angle

Horizontal rudder angle (Airbus)

Angle of second air-intake pipe (Concorde)

Distange of raw thrust axis (FGﬂ ) from
gravity center

Length of datum cord
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