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Takeoff Drag Prediction for Airbus A300-600 and A310
Compared with Flight Test Results

B. Haftmann,* F.-J. Debbeler,t and H. Gielenf
Messerschmitt-Bolkow-Blohm GmbH, Bremen, Federal Republic of Germany

A semiempirical method is described that was applied to predict the preflight drag of the A310 and the A300-600
for takeoff, one-engine conditions. The first part of the present paper is concerned with wind-tunnel models and tests
basically designed to obtain aerodynamic performances at low speeds, i.e., drag and maximum lift. In addition,
special measurements with turbine-powered simulators (TPS) are described which were performed to investigate the
effect of installed engines on second-segment climb drag. The correction of tunnel results to full-scale aircraft data
is the subject of the next part. A simple scaling rule is shown covering the effect of Reynolds number on lift, pitching
moment, and drag. The quality of this rule is demonstrated by a comparison of scaled results with corresponding
model data obtained in a pressurized wind tunnel. The third part of the paper compares flight test results with
corresponding; predictions for several takeoff configurations. It is demonstrated that with the model/test philosophy
and the scaling method described, the predictions agree with the flight test data within a range of ±1% of overall
drag.

I. Introduction

T HE takeoff performances of transport aircraft are usually
defined by second-segment climb requirements where, for

twin engine jets, a climb rate of 2.4% with one engine inoperat-
ing has to be demonstrated. The bottom portion of Fig. 1
shows this takeoff procedure. The second segment starts with
"undercarriage in" and ends 400 ft over ground. During this
period, the minimum climb rate of 2.4% has to be demon-
strated with an aircraft speed not less than 20% over stall
speed. The aircraft drag at these conditions can be split into
two parts: 1) the symmetrical portion of the basic configura-
tion, and 2) the asymmetrical portion, which includes one-en-
gine windmill drag and the trim drag due to rudder/aileron
deflection. This paper concentrates on the prediction method
applied to obtain the symmetrical drag portion.

As shown in the left-hand portion of Fig. 1, the most impor-
tant contributions are the lift-dependent drag, with approxi-
mately 80%, and the shape drag, with approximately 18%.
Both portions are RN dependent, which effect is the subject of
this paper.

II. Basic Wind-Tunnel Tests
A. Complete Model Measurements
General Test Requirements

To establish the basic drag level, tunnel tests are needed to
provide data of high accuracy and repeatability. Hence, low
tunnel flow turbulence, high balance accuracy, model suspen-
sions of low interference, and careful model design are re-
quired. Within Airbus Industrie, three particular tunnels are
used to get low-speed performances. These are the pressurized
facilities Fauga Fl, with a test section of 4,5 x 3.5 m; at RAE
with a test section of 5 x 5 m; and the atmospheric Deutsch
Niederlamdissher wind tunnel, with a test section of 6 x 8 m.
With the method described in this paper, it is of less im-
portance which test Reynolds number is chosen if the flow
behavior up to CL\^VS is as expected for the aircraft. This
means that flow separations that do not exist at full-scale
Reynolds numbers have to be avoided either by partial model
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modifications or by tests at high Reynolds numbers. In any
case, before starting performance tests, one has to check the
flow behavior around the model.
Model Arrangements and Accuracy

Figures 2 and 3 show the A310 and A300-600 model ar-
rangements in the DNW. Suspension is a single sting combined
with an internal strain gage balance. Compared with a three-
strut suspension, also shown in the figure, which is usually used
in the pressurized tunnels, the single sting provides less interfer-
ence, but the accuracy of internal balances are usually less than
the accuracy of external ones. The main difficulty with internal
balances of the size we are talking about is inhomogeneous
temperature effects, which are different between installed and
laboratory conditions and are therefore not easy to compen-
sate. In very close cooperation with the DNW, these problems
have been minimized, and we are now at a long-time repeatib-
lity of about ± 5 drag counts, which is less than ± 0.5% of the
total second segment climb drag.

Model Configuration
The basic tests are carried out with the model in tail-off

configuration. As shown in Fig. 4, all parts of the model except
the wing are provided with carborundum strips to fix the loca-
tion of the laminar/turbulent boundary-layer transition. This
enables the shape drag calculation under consideration of an
exact known laminar portion. The strips should be positioned
just behind the pressure peaks, and a transition check with

Take-off Segment Definition
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Fig. 1 Takeoff segment definitions and drag portions.
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Fig. 2 A310 model arrangement in the DNW.

Fig. 3 A300-600 model arrangement in the DNW.

Fig. 4 Transition fixing on A310 models.

china clay or another technique should be carried out before
starting force measurements. Table 1 shows the strip positions
chosen for A310 and A300-600 models being tested in the
DNW. Because of the nature of pressure distribution on the
wing with slats deployed, a natural transition at or near
the leading edge occurs that makes an artificial promoter
unnecessary.

Engine Representation
The engines are generally represented by through-flow na-

celles (TFN). As shown in Fig. 4, the CF6-80A is designed as
a single-body skirted nacelle extended to the end of the hot
gas nozzle. However, this simple design cannot be applied in
general, especially if the fan exit plane is close to the wing
leading edge. In those cases, it is better to design a double-
body nacelle where the interference between fan exit and wing
becomes more representative with special respect to maximum
lift investigations. The nacelles are designed to provide a mass
flow ratio representing the "flight idle" condition of the real
engine at Mach = 0.2 and 5000 ft altitude. Figure 5 illustrates
this design point within the range of most important engine
conditions at low speeds. It can be seen that both A310 engine
types, i.e., General Electric and Pratt & Whitney, agree well
in absolute values and their development vs Mach number.
However, the range of mass flow ratios between windmill and
maximum takeoff power is comparably large. The sketches
beside the curves give an impression of the corresponding
different stream tubes, and it is obvious that the mass flow
ratio will influence the overall forces and moments of the
aircraft. Tests to obtain these effects will be described later.

Test Conditions
As mentioned before, the Reynolds number does not neces-

sarily influence the final accuracy of the drag assessment. It
should, however, not be less than 2 x 106. Mach number
should be 0.2 or less. In any case, it is important that the
maximum lift does not include Mach effects. Later on it will be
shown that the RN corrections to be applied depend on the
ratio of model/full-scale maximum lift, which explains how
effects other than RN effects would falsify the result. The im-
portance of representative maximum-lift measurements com-
pared with the expected flight value leads also to the choice of
the flight idle condition for the through-flow nacelle design,
because this is the engine condition for demonstrating mini-
mum speeds in flight.

B. Engine Interference Measurements

General Introduction
Consider again Fig. 5 and the different flowfield around the

engines at second-segment climb conditions. The range of mass
flow ratio to be covered is windmill on one side and maximum
takoff power on the other limit. The shaded area indicates
aircraft speed, which lies between Mach = 0.2 and 0.3. For the
engine in maximum-power condition, the freestream tube area
is between 20 and 100% bigger than the inlet area. It is obvious
that the simulation of such flowfield requires special test tech-
niques, i.e., models with powered nacelles.

Figure 6 shows a selection of possible concepts. The most
simple one is the "blown nacelle," which uses a faired intake
and where the jet stream is simulated by pressurized air fed into
the nacelle from external sources. This technique needs addi-
tional tests to determine the intake flow effect and is only prac-
ticable if intake and exit flow do not interfere with each other.

Table 1 Transition strip positions on A300 and A310 models

Fuslage 60 mm From the nose
Pod 28 mm From leading edge
Pylon 16mm Perpendicular to leading edge
Vertical tail 5% Chord
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Fig. 5 Ratio of freesiream tube area to propulsion highlight area.
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Fig. 6 Engine simulation concepts.

A step forward compared with the "blown nacelle" tech-
nique is the "ejector nacelle." This solution makes it possible to
simulate intake and exit flow simultaneously but with limited
accuracy. The main problems with this technique are that the
intake mass flow of the ejector reaches only 50-60% of the real
engine mass flow and that the nozzle exit flow is of high turbu-
lence, which leads to a relatively quick jet decay with corre-
sponding interference effects not comparable with the real
engine behavior.

The most promising technique is the "turbine powered simu-
lator" (TPS), which originally was used only for high-speed
investigations. Since 1980, Messerschmitt-Bolkow-Blohm
(MBB) has installed this technique to check engine interference
effects at low speeds also. The DNW followed in 1982, with the
possibility of testing complete models with two TPS running in
different conditions.

Fig. 7 A310 half-model with TPS in the MBB tunnel at Bremen.

TPS Measurements
Figure 7 shows an A310 half-model of 1/16 scale in the MBB

Bremen wind tunnel, The model is fitted with a 5-in. TPS unit
faced to represent CF6-80A geometry. Drive air is guided via a
precise force-free air bridge through the balance into the TPS.
The drive air operates a turbine that moves the fan. The advan-
tage of this technique is a precise representation geometry,
pressure ratio, and mass flow of the fan jet. Different from the
real engine are the intake mass flow, temperature, and velocity
of the gas generator jet efflux. However, because the hot gas
part on the gross thrust of modern high-bypass engines is small
and the hot jet is rounded by the fan jet, the/incorrect simula-
tion of this part is assumed to have negligible effects. For this
reason, the similarity is concentrated on the fan jet, where the
velocity ratio

VE _ fan jet exit velocity
FQO free stream velocity

is assumed to be the standard parameter.
Attention has to be paid to the TPS intake area. Here, the

mass flow is reduced by the gas generators part, where the drive
air is guided direct into the turbine and therefore not passed
through the intake. The reduction is approximately 14% for
engines with bypass ratio of 6 : 1. Our experience is that a
corresponding reduction of the TPS intake area supplied by a
reshaped outer contour results in the best approach to the flow
behavior of the real engine.

One severe problem arises from the fact that the thrust at
low-speed conditions is higher than the aircraft drag. It is,
therefore, very important to determine the TPS thrust with
extremely high accuracy. For this purpose, MBB uses the cali-
bration tank shown in Fig. 8. The balance developed for this
tank has an accuracy of ±0.1%, but it is of importance to
have control units and electronic equipment to a comparable
high standard. It was useful in this connection, for instance, to
take the same wire arrangement for the calibration and the
tunnel tests.

Evaluation of Engine Interference Drag
There are, of course, different philosophies and definitions

for getting the engine interference effects. MBB uses the follow-
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Fig. 8 MBB-TPS calibration tank.

ing approach:
Test and Analysis Procedure

W I N D M I L L A ND POWER
EFFECT R E L A T I V E
TO THROUGH FLOW
N A C E L L E DATUM

TPS thrust components in lift and drag direction are corrected
in this approach, just as the internal drag portion of the
through-flow nacelle, which can be determined either by theo-
retical calculations or extra calibration tests. The TPS thrust
definition includes internal losses, the friction drag of the hot
gas nozzle, and the pylon part, which is covered by the fan jet.
This definition is in aggrement with the engine manufacturer.
The ACp values will be determined at constant-lift values.

III. Drag Scaling Procedures
A. General

After establishing the basic drag level "tail off" by the tunnel
tests described before, the following corrections have to be
applied to obtain final full-scale values: correction of shape
drag due to Reynolds number; correction of lift-dependent
drag, lift, and pitching moments due to Reynolds number;
correction of thrust effects; trimming; and miscellaneous
corrections.

B. Correction of Shape Drag
The lift-independent minimum-drag correction is simply the

difference between model and full-scale shape drags, calculated
for the respective Reynolds number:

The CDo values in this formula represent the sum of individual
calculated shape drags for each part of the model or the air-
craft, i.e., wing, fuselage, tails, etc. As usual, the shape drags
are defined to be flat-plate skin friction multiplied by a shape
factor:

c -c • — - i<~D - C A

Skin-Friction Drag
The variation of skin friction with Reynolds number was

the subject of extensive experimental investigations up to the
1960's. Several authors, e.g., Prandtl-Schlichting, Karman-
Schoenherr, Schultz-Grunow etc., have developed empirical
formulas derived from these data, which differ slightly in their
results. For the range of interest, 2 x 106 < RN < 30 x 106, the
maximum deviation of the RN dependent drag described by
these formulas is less than 0.25% of the total symmetrical drag.
So, in contrast to the high-speed case where this deviation
might become more important because the cruise drag co-
efficient is much lower, there is no special preference for one or
the other equation in the low-speed takeoff case. Nevertheless,
for the prediction of the fully turbulent part, MBB uses
Prandtl-Schlichting, given by

°'455

where RNc is the Reynolds number based on local chord. Com-
pressibility effects will not be considered in this speed range.

The laminar part due to the smaller Reynolds number at
wind-tunnel model condition up to transitions-strips is given
by the Blasius equation

1.328

For the aircraft, fully turbulent boundary layer is assumed on
all parts.

Wing and Tailplanes
The geometry of the wing in high lift configuration is defined

in Fig. 9, which also illustrates a typical wing thickness distri-

Wing in High Lift Configuration

Wing Thickness Distribution

= CDO(A,CRN) DO( Model/? ,v)

1 0.5 0

Fig. 9 Definition of wing (tailplane) dimensions.
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bution. The basis is the clean wing, flaps, and flaps retracted,
for which the shape drag is given by

Pylon and Flap Track Fairings
Typical pylon and fairing geometries are shown below:

SW = 4A f
J>71

where 5Ref is the reference area, b is the half-span of the
exposed wing, respectively, the tails, flaps, and slats, C/(T/) is
the skin-friction drag dependent on span wise position, X(r?) is
the shape factor dependent on span wise position (Fig. 10), and
C^) is the wing chord. Shape factors for several wing profiles
are published in Engineering Sciences Data Unit papers. A
selection is given in Fig. 10 that can be applied on typical
modern wing and tailplane sections. Because these shape fac-
tors are valid for the unswept case, the sweep-effect corrected
value becomes

A = (I — 1) COS2(p50 + 1

where <p50 is the sweep angle of the 50% chord line.
The wing shape drag in high-lift configuration, flaps and

flaps deployed, is assumed to be the clean wing value multiplied
by the wetted area factor, flaps, and slat shape drags added:

^A? High Lift ^DoW c

*Vciean

where SVRest is the shaded area shown in Fig. 9 and CDoIfl CDoS
are the shape drags of flaps and slats.
Flaps and Slats

Shape drags have to be calculated in the same way as for the
wing. However, the determination of the shape factor
(unswept) can be simplified to

For geometrical definitions, see Fig. 9.
Pods

The definition of the model through-flow nacelle geometry is
shown below:

For model nacelles, it is recommended to calculate the wetted
area on the basis of a mean diameter for each body. The shape
factor can be determined by the equation

The pod shape drag becomes

For the aircraft, only the outer part of the fan cowl contributes
to the aircraft drag; hence, the wetted area should be deter-
mined on the basis of the outer diameter, and the drag has to
be calculated without application of a shape factor:

:̂  = Cr^ (aircraft)
^Ref

The Reynolds number to determine the skin-friction co-
efficients is based on LRef, which, in the case of the pylon, is a
mixture of L± and L2. In any case, the wetted areas are calcu-
lated to be twice the projection area. For the shape drag, the
same formulas can be applied as for the model pods.

Fuselage
In the case of the A310 and A300-600, the fuselage con-

tributes more than 30% to the total shape drag of the aircraft.
It therefore plays the most important part within the CDo cor-
rections. The calculation is similar to the other aircraft compo-
nents. With the shape factor shown in Fig. 11, the fuselage drag
becomes

where the Reynolds number is referred to the complete fuselage
length.

1.0 0.1 0.2 */c 0.2

where Sw is the wetted area of the fan cowl outer contour. Fig. 10 Shape factors for wing and tailplane.
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2 4 Re 6 8

Fig. 11 Shape factors for fuselage.
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Fig. 12 Breakdown of wetted areas and shape drags, A310.
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Fig. 13 Calculated shape drags for A310 model and aircraft conditions.
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Fig. 14 Effect of Reynolds number on lift, pitching moment, and drag.

Summary Section
A summary of the calculated A310 shape drags is shown in

Fig. 12. This picture demonstrates that, in general, the aircraft
component drag levels are of the same order of magnitude as
the wetted areas. Exceptions are the fuselage and slats. The
fuselage contributes approximately 45% to the total wetted
area, but the drag portion is only 32%, which indicates that,
although the A310 fuselage is attributed to the wide-body fam-
ily, the shape factor is relatively small compared with other
components. Against that, the slats produce about 15% of
drag by a wetted-area contribution of approximately 5%. With
this, the slats produce after fuselage and wing the highest shape
drag of all aircraft components. Figure 13 shows the calculated
A310 shape drag vs Reynolds number for the aircraft and the
model tested in the DNW. The discontinuous function is due to
the difference in the pod drags. For the model, inner and outer
parts have to be accounted for, whereas at the aircraft, only the
fan cowl outer portion contributes to the aircraft drag. Flight

reference and model test Reynolds number are marked in the
figure. The difference between the calculated drags at these
conditions is the shape drag correction to be applied on the
model results. The amount is 96 drag counts, which corre-
sponds to 7% of the total aircraft drag at a typical takeoff
configuration.
C. Correction of Lift-Dependent Drag, Lift, and Pitching
Moments Due to Reynolds Number
General

A general assumption for arriving at the correct drag level is
that the model flow behavior is close to the expected aircraft
behavior. This requirement defines a minimum test Reynolds
number where no flow separation occurs in the lift range of
interest (up to CLl2ysmit) and where the maximum lift is con-
trolled by same type and position of separated flow as on the
aircraft. If one compares such tunnel measurements with flight
tests or with tunnel results obtained at higher Reynolds num-
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bers, on principle, the higher Reynolds number results show
higher maximum lift at higher angles, similar but later begin-
ning nonlinearities, and stretched polar shapes. It has been
found that this behavior can be regulated. Following the as-
sumption that the viscous effect on lift for any Reynolds num-
ber is proportional to the respective maximum lift, the general
scaling law becomes

_ QLmaxG4/C) >

where (A/C) denotes "aircraft" or any other reference
Reynolds number and (M) model Reynolds number and test
result. The unknown aircraft maximum lift has to be deter-
mined either by a combination of tunnel data and flight test
results of existing aircraft or other prediction methods. Figure
14 shows the principle of the applied corrections.

Correction of Lift
As already mentioned, the lift transposition to flight is

-KM)

The lift belongs to an aircraft angle of incidence, which be-
comes

a(A,C) =

This equation can be derived by the assumption that zero lift
angle a0 and the lift curve slope in its linear region is identical
for model and aircraft conditions. Of course, this assumption is
limited to moderate flap settings, where the initial aerodynamic
load is comparably small.

Correction of Pitching Moments
Due to the change in maximum lift and in maximum angle of

incidence, the pitching moments also have to be corrected,
although the effect on trim drag is very small. With the assump-
tion that zero pitching CMo and the slope vs lift in its linear
region is identical for model and aircraft, the corrected value
becomes

which is equivalent to the formula for the a correction.

Correction of Lift -Dependent Drag
The lift region of interest for which the second-segment

climb drag should be properly defined lies between CL(1 4Ksmin)
and CL(l .2Ksmin)- This corresponds to lift values of 60-80% of
the maximum lift ( 1 g). The drag in this region can be suffi-
ciently described by the equation

= CV> 4- -
K

where the lift-dependent portion K/(n - A)C2
L consists of the

induced drag Kl/(n - A ) - C2
L and an additional Reynolds

number-dependent part CDC which is the subject of the correc-
tion. In most of the cases, it is sufficient to work with the ideal
induced drag (K-^ = 1), so that finally the Reynolds number
-dependent drag portion is defined by

„ CJ(M)
' n-A

This portion, obtained from model tests, is assumed to be the
same for the aircraft at lift values of the same proportional

distance to the maximum lift value. That means

CL

is assumed to be independent from Reynolds number, as indi-
cated in the bottom left sketch of Fig. 14. The final aircraft
drag, untrimmed without tail, is then defined by

™> n - A

where CD(A/C) is the aircraft drag at CL(A/C^ CDC defined earlier
is the drag portion at CL(M}, which is CL(A,C} - CLmax(M)/
CLmax(A/C), and AQ^ is the correction of shape drag due to
Reynolds number as defined earlier. The lift-dependent drag
correction term at constant lift can then be expressed by the
equation

ACDi(RN)
£maxG4/C) •A

For typical takeoff lift values and a test Reynolds number
2 x 106, this part of correction results in 2-3% of the total
aircraft drag.
D. Residual Drag Corrections

Trimming
The scaled wing/fuselage configuration has to be trimmed to

the forward center of gravity position and for a reference gross
thrust coefficient €TG. The consideration of thrust is limited to
the pitching moment coefficients, whereas the thrust contribu-
tion to the aircraft lift will be regarded with the field length
calculation. The drag increment due to trim at constant aircraft
lift consists of the tail drag due to tail lift and the higher
wing/body drag due to the lift increase, which is necessary to
overcome the lift loss on the tail for balancing the wing/body
pitching moment. Referring to the tail area, the tail drag por-
tion becomes

KT

n - A-
•(CLT-CLoT)2coss

Tail-induced drag

sne

tail thrust

Herein, the tail lift follows from the aircraft's wing/body pitch-
ing moment, including thrust contribution, in the course of
which it is advisable to correct the wing/body pitching mo-
ments first to zero gross thrust (see next section) to make the
coefficients independent from the designed mass flow ratio of
the model nacelle. Then, assuming that the moments are re-
ferred to 25% mean aerodynamic chord (MAC), the tail lift to
trim is

D

MAC

where 1) is the wing/body pitching moment corrected to zero
gross thrust, 2) regards the center of gravity position, and 3) is
the thrust contribution (see next section). Because the so-
defined trim lift is referred to the tail force system and to the
tail area, the final contribution to the trimmed aircraft lift
becomes

„ STACLT(A/C) ' •cose
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and the drag

The total increment from wing/body to the trimmed aircraft
drag at given lift is approximately

2) 3)1)
-2-

n-A
AC

where 1) is the tail shape drag, including interference fuselage/
tail, 2) is the tail lift-dependent drag portion to trim, and 3) is
the wing/body drag contribution caused by increasing the an-
gle of incidence to overcome the trim lift loss.
Thrust Effect

Normally the thrust is not part of the aerodynamic co-
efficients. An exception is the data basis for performance calcu-
lations, where the thrust contribution on pitching moment is
part of the trimming procedure. It therefore indirectly influ-
ences the aircraft drag polar.

On the basis of the previous definitions and after some sim-
plifications, the total engine contribution on the aircraft pitch-
ing moment can be derived to

1)

MAC

2)
FR

3)

- + 2^1SRef MAC

where 1) gross thrust (FG) minus ram drag (FR) mutiplied with
the distance between thrust axis and center of gravity (e.g.) the
net thrust portion, 2) is due to the change of inlet momentum
direction, and 3) is due to the change of "apparent mass flow"
momentum direction, when Ae is the exhaust engine area. On
the basis of this formula, special cases can be derived, such as
for the model through-flow nacelle, where in a first approach
the net thrust can be assumed to be zero. Then the model pod
contribution becomes

AC -f -F* +2 ̂p ~ n- V + V~|_# ^Ref ^Ref MAC

This means that the pure aerodynamic portion for the model
and full-scale engines is identical if the geometry and mass flow
ratio are equivalent. The effects of divergent mass flow ratios
from the reference condition have to be taken from TPS mea-
surements, as mentioned at the beginning.

In most of the cases, it is profitable to correct the model
pitching moments to zero gross thrust, which is

= -21
^Ref/ ^Ref MAC

where A^/A^f is the designed nacelle mass flow ratio (flight
idle). If the model-based pitching moments have been corrected
in that way, the full-scale thrust contribution becomes

-r-C

where CT(I is the gross thrust coefficient of the running engines
(CTc = Folq • SRef).
Parasitics

The parasitic drag contributes to the total takeoff drag by
approximately 1%. It covers those portions not represented on
the model, i.e., the effects of gaps, steps, roughnesses, antennas,
etc. Usually, the computation follows for a typical cruise Mach
number, but the result will be adopted for low speeds, too.
Here, only a short description of the applied methods shall be
given.

The calculation of parasitic drag items is based largely on
semiempirical methods, and in the literature there exists a wide

spectrum of experimental data for excrescenses. The most im-
portant calculation methods can be summarized into two main
groups. Excrescences, such as steps, gaps, holes, etc., on the
aircraft surface, that are small compared with the local
boundary-layer thickness (/z/<5<0.1). For these, the best data
reduction is:

where I/T • h/v is the local Reynolds number based on the step
height and the local friction velocity, and Md is the local Mach
number. Details are also given in Refs. 11 and 12.

For the group of relatively large excrescenses, such as ante-
nae, drainmasts, lights, and other bodies that project far into
the boundary layer or through it (h ><5), a calculation method
has been applied, where an "independent drag" coefficient is
defined which is referred to the frontal area and an effective
dynamic pressure:

where the effective dynamic pressure has to be derived from a
boundary-layer computation.

IV. Comparison of Scaled with Measured Drags
A. Justification of the Method by Tunnel Measurements

Figure 15 shows results of an A310 test that was carried
out at a very early development stage in the pressurized
National Lucht-en Ruimtevaart Laboratorium (NLR) high-
speed tunnel. Plotted are lift, pitching moment, and drag co-
efficients measured at Mach = 0.2 and different Reynolds
numbers for a typical takeoff configuration with slats and flaps
deployed. The picture demonstrates the typical effect of in-
creased Reynolds number, i.e., higher maximum lift, similar
but later-beginning nonlinearities, and lower drag.

Starting from the low-Reynolds number test (RN = 1.7 x
106), the scaling method has been applied to estimate co-
efficients for the higher test Reynolds number. The result is
shown by the dashed lines, which demonstrate fairly good
agreement with the corresponding measurements. The dia-
grams of most interest are placed on the bottom of the figure.
On the right-hand side, the total drags are shown where the
scaled drag includes CDo and CD =f(CL) changes. In this case,
the complete correction sums up to approximately 70 drag
counts, which overestimates the measured effect due to
Reynolds number by approximately 10 counts.

To the left, the normalized drag is shown where the CDo
difference is eliminated. This picture demonstrates how the lift-
dependent correction operates. In this case, the agreement of
the normalization with respect to maximum lift is excellent.

Tunnel Result

scaled Result

16 18 a° 20

•=I .7- I0 6

Normalized Drag

0.13 0 . 1 4 0 . 1 5 016 OJ7

Fig. 15 Tunnel results for RN = 3.1 x 106 compared with scaled values
based on measurements at RN = 1.1 x 106.
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A310 Symmetrical Drag at Low Speeds]

Fig. 16 Scaled drags compared with flight test results, A310. Fig. 17 Scaled drags compared with flight test results, A300-600.

However, other investigations on various projects, which were
carried out since that time, show that the scatter of this correc-
tion part is in the order of ±0.5% for a range of Reynolds
numbers between 2 x 106 and 6 x 106.

B. Comparison with Flight Test Results
Performance flight tests have been carried out by Airbus

Industrie in the usual manner with individually calibrated en-
gines. The second-segment flights were done with one engine in
windmill condition as well as with both engines operating sym-
metrically. The drag has been calculated via a personified
thrust deck and analyzed by application of a regression
method. The results are shown in Fig. 16 for the A31.0 and in
Fig. 17 for the A300-600. Both diagrams contain L/D values vs
CL for three takeoff configurations and for landing, where the
marked area represents a bandwidth of ±1% L/D around the
mean. For comparison in Fig. 16, the scaled drags based on
RAE (triangles) and DNW (circles) tunnel tests are shown.
The agreement is good. Only for configuration I, which is the
slat out/flap in case, the mean of the scaled resuits lie outside
the band for a small CL region. The scaled tunnel results them-
selves differ less than 2% from each other. The A300-600 is
aerpdynamically very similar to the A300-B4. The most impor-
tant differences, which nevertheless have only small effects at
low speeds, are the flap system change from tabbed to simple
fowler flap and the wing tip fence. Therefore, only limited
low-speed tunnel tests are available for this aircraft. The scaled
drag shown in Fig. 17 is based on DNW tests. Here the agree-
ment is of less quality but still acceptable. The biggest diver-
gence occurs for configuration II, which represents flap settings
of 8 deg. It seems in this case that the basic tunnel results are
less accurate. The maximum divergence is in the order of
2% L/D outside the band. This example might demonstrate
that confirmation measurements in different tunnels and with

various models are necessary to establish a well-proven predic-
tion basis.

V. Conclusions
This survey has presented some of the main features of the

drag scaling method used by MBB to predict the second-seg-
ment climb drag of transport aircraft. In particular, the wind-
tunnel testing philosophy, the degree of engine simulation, and
the corrections due to the effect of Reynolds number has been
outlined. To demonstrate the overall validity of this method,
tunnel and flight test results obtained with the aircraft A310
and A300-600 have been shown in comparison with the scaled
values. The principal conclusions to be noted are as follows.

1) A careful model/tunnel concept is necessary to provide
the basic drag and maximum lift level with the required accu-
racy. In particular, it has to be ensured that the model flow
behavior on the wing in high-lift configuration is close to the
expected aircraft flow pattern. Laminar portions of the model
boundary layer have to be limited by an optimized fixation.

2) It is recommended to determine the engine installation
effects by using TPS units. However, because of the complexity
of this technique, the investigation should be limited to mea-
sure differences to a well-defined engine reference condition,
which is "flight idle" in this case and which is represented on
the basic performance model by a corresponding designed
"through-flow" nacelle.

3) The quality of the determined corrections depend mainly
on the accuracy of the calculated differences between model
and aircraft, i.e., shape drags and maximum lifts. Therefore,
the absolute levels are not so significant. This fact allows some
simplifications, in particular for the calculations of wetted
areas. .

4) It has been demonstrated that the introduced drag esti-
mation method is useful. A comparison with flight test result of
two different transport aircraft shows acceptable agreements.


