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Drag polar estimation
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Divide and conquer (drag)

. We already discussed representative values for Cp,0 estimates of the complete aircraft. These are OK

for first-pass estimates, but once we have a better idea of the configuration, or we need to know the
effect lowering undercarriage or adding external stores, we have to be able to tackle the build-up
approach to drag estimation.

. The basic idea: total drag is the sum of various components, potentially each with different causes

and different objects on which the component drags are exerted.

J J
Diotal = %pVQCDlsl + %PVQCDQSZ +eee = %PVQ Z Cp;S; = qz Cp;S;
Now say Dtotal = qCDSref then C’D — ; Z CD]
re =i

. Slightly better would be to allow ‘interference factors’ K that account for the influence of flow around

one object on flow around a nearby object.

;4 Z K;Cp;S; K; values are often close to unity (and sometimes ignored).
re

. Since each item Cp;S; has units of area, another commonly used approach is to just quote an

‘equivalent flat plate area’ f; for each object in the collection, each with an equivalent assumed Cp; = 1.

J
fj CD_] then Cp = L ZKJ‘f]
Sref J=1
The source-book ‘bible’ for
N many component drag Cp
or, in combinations: Z K;fi + Z K;Cp;S; values is still Hoerner’s classic
Stref J=M—41 text Fluid-Dynamic Drag,

published in 1965.



5. This approach allows us to easily estimate the effect of adding an accessory or other object to an

Divide and conquer (drag)

existing airframe, if we know the new object’s drag coefficient and basis area.
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In this example, interference factors were already included in the tabulated Cp- values and not
required. Note that the outcome is still rather approximate and should be treated with caution.

Drag nomenclature

Aircraft drag has a number of different sources, which tends to add to the difficulty of its
accurate prediction. It is useful to be aware of the dominant drag sources and their names.
1. Skin friction drag results from viscous shearing stresses integrated over wetted surface.

2. Pressure drag (a.k.a. form drag) results from integrated effect of static pressure over wetted
surface, component resolved in drag direction.

3. Profile drag is the sum of skin friction and pressure drag, typically for a 2D airfoil profile.

4. Viscous drag-due-to-lift is pressure drag that is related to boundary layer growth produced by
change in airfoil angle of attack: it is lift-dependent but is present in the absence of tip vortices.

5. Inviscid drag-due-to-lift (a.k.a. induced drag) results from the change in effective angle of attack
produced by trailing wing-tip vortices. Can be computed via inviscid aerodynamic methods.

6. Interference drag is an increment in drag resulting from bringing two bodies into proximity.

7. Trim drag results from generation of aerodynamic forces required to bring aircraft into moment
equilibrium about CG; typically dominated by drag-due-to-lift on horizontal tail.

8. Base drag is the specific contribution to pressure drag attributed to a blunt afterbody.

9. Wave drag results from non-cancelling static pressure rises across shock waves, resolved in the
drag direction and integrated over wetted surface area. Flow must exceed M=1 at least locally.

10. Excrescence drag is drag associated with protruberances such as antennas, handles, external
stores, poorly sealed gaps spoiling locally streamlined flow, etc.

11. Cooling drag is produced by momentum lost by air that passes through powerplant installation/
heat exchangers.

12. Ram drag is drag associated with momentum lost as air is slowed down to enter an inlet.



Skin friction drag

1. The largest aircraft drag component is typically produced by skin friction, which may be estimated on
a surface-by-surface basis if we know the skin-drag friction coefficient Cr for each surface. A
simplified approach for the clean-aircraft estimate of Cpo uses estimates of an overall equivalent
skin-friction coefficient Cr. for the whole aircraft based on type-specific correlations. This is
expected to be a rather better means of estimating Cp,0 than simple tabulated values based on
aircraft type. Includes lift-independent profile drag.

Swet/Sref*

Table 12.3 Equivalent skin friction coefficients Py
Sets Cp=C S Cy -subs l'll
CD 0 ~ Cfe_ Dy = fr_S‘_:[L f(, ubsonic
Stef Bomber and civil transport 0.0030 \
. . 6 fe| |— — -
_c Siwet Mllltary cargo (high upsweep fuselage) 0.0035 . B T
= UDwet S_ Air Force fighter 0.0035
ref Navy fighter 0.0040 ]
Clean supersonic cruise aircraft 0.0025 5 Beech Starship |
Light aircraft—single engine 0.0055 = hie
Light aircraft—twin engine 0.0045
Prop seaplane 0.0065 CemuSkylnm: RG]
Jet seaplane 0.0040 oL " AvoVulan
I o 7”7‘ MJW * Including canard arca
2. Note that we still have the task of estimating T +
Swet Or Swet/Sref. Again we have to address o =+ b,i
that task on a divide-and-conquer basis, but - Y2
by now we should have estimates of the /i,,/JT“ ‘Wﬁ" oo aed - ppert
sizes and shapes of all the aircraft’s § ¥ facas AT LI 4o
aerodynamic components, so this is quite N \% — s—
possible. The easiest approach now is to . y, B i Te AL 195 [ e
use the Comp Geom tool in OpenVSP. ¥ le(/ iz i L’L\
% o reo o0 L o so0 “o0 »00 8o oo !

Drag polar estimation

The aircraft drag polar relationship, i.e. Cp = f(CL) changes with aircraft configuration and speed.

In the context of design, the drag polars of fundamental interest are

1. Cruise (clean) configuration at appropriate speed and altitude — for payload/range calculations.
2. Takeoff configuration — for calculation of take-off field length, initial climb rate or gradient.

3. Landing configuration — for calculation of runway length required for landing.

Typically the cruise polar is the first focus, and drag increments are added for the remaining two.

(If the aircraft carries external stores, these also need to be considered in polar estimation.)

D= Dparasitic + Dairfoil profile + Dinduced + ADcompressibility

all non-lifting 2D sectional 3D tip-vortex Shock-wave
related drag drag (viscous)  induced (inviscid) related

=dq [Swet, non—wingcf + Srefcd<CL) + SrefK,C% + SrefACD,c(Ma A7 CL)}

all non-lifting ~ 2D sectionaldrag - 3D tip-vortex Shock-wave

related drag ~ C¢anberelatedtoa jnquced (inviscid) related
single airfoil profile,

if profile is spanwise
invariant/untwisted

Sref

To start with we will ignore compressibility effects and deal with strictly subsonic polar models.

-Swe non-win
= ¢S | L BOMWINE 7 | Oy(CL) 4+ K'C? 4+ ACp (M, A, C1)

_Sw non-win
~ qSret %Siofgcf +Cy(CL) + K'C?

This is what we need to model: Cp = fn(Cy).



Drag polar estimation
We note that various different texts have subtly different ways of defining the whole-aircraft drag
polar, even to the extent of using the same terms for slightly different quantities.

A common theme is that the subsonic drag polar may often be well modelled by a simple quadratic
relationship over the useful ranges of C;.

wr The approximation we have used
. so far is

10 CD%CD7()+KC%
2

_ i
=Cpo+ mAe

where Cpp and e are parameters in a 2-
%% 3 T E— @ term quadratic fit to the real drag polar. L B R e

a. Cpvs. € This simple 2-term model is quite B e St ey A ]
5r : reasonable provided the fit is carried out
¢t L over the expected range of C for which

the polar will be used. However we still =
12V face the need to actually estimate Cp,o
and e.

For aircraft with higher aspect ratios or ¢, ~
higher design lift coefficients, a more 04
05 0 c, complex (3-term) drag polar model may
be used. Typically 3-term polar models
incorporate airfoil drag polar information.  °; 002 00% 006 008 010 042
Fig. 5-4. Typical low-speed polar curve (Though a 2-term polar is fine if ‘
appropriately constructed.) Figure 2.16 Low-speed drag polar (M = 0.4) for C-141. clean configuration

2
b. CD vs. CL

2-term drag polar estimation

Cp ~Cp,o+KC} Cb,o is estimated via drag-build-up methods on a component-by-component basis.

=Cpo+ —— e is estimated from correlations already introduced or by inviscid
computation (e.g VSPaero) and airfoil lift-dependent drag.

1.0 T T T T T

Shevell/Douglas
correlation for e.

Here Cpp = Cp,o is
e needed in advance.

A rationale for the effect

Airplane efficiency factor, e

Note that it . e of Cpooneisthate
includes A as a B "‘§4 ﬁ % must in reality reflect
arameter! 07} | =095 ) combined wing-bod

5 12 | |

| | | .
560 | | ; , aerodynamics.
0 20 40 ; J
o | A_(deg) | | |
) 2 4 6 8 10 12 14
Aspect ratio

This correlation for e was established for a comparatively limited range of aircraft and should be treated
with some caution (though it is OK for transport aircraft): also, it is specific to the 2-term polar model.

We next turn to methods for the estimation of Cp,o, including allowances for

1. Skin friction and pressure drag of all wetted surfaces, lifting and non-lifting, at zero-lift condition;
2. External stores (and any other individual drag-producing components we can account for);
3. Excrescence drag associated with cooling and unsealed gaps.

Recall, however, that Cp is not truly the zero-lift drag coefficient: rather, it is a parameter in a curve fit.



Data for drag estimation — 1

The dominant parasitic drag component for streamlined aircraft is boundary layer skin friction drag and
for large/most aircraft the BL can be assumed turbulent over the majority of the wetted area.

For the purposes of drag estimation before application of correction factors all wetted surface areas are
assumed to be flat plates (note: drag associated with engine ductwork is lumped into engine de-
ratings).
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Reynolds number based on length, RN

BL drag depends on surface roughness/waviness as well as plate length Reynolds number.
Transport aircraft surfaces have an ‘equivalent sand grain roughness’ size of about 0.04mm.

The length to be used in the assessment is either the component length for non-lifting streamlined
surfaces or the MAC in the case of lifting surfaces.

Broadly equivalent methods are used for Cp,0 estimates given by VSPaero Parasite Drag tool.

Data for drag estimation — 2
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Data for drag estimation — 3

Equivalent flat plate area f = D/q for various external components.

D;: q m 590 (():l’\":\,:l':nk 6-500 Ib Bomb cluster
25 - Dig (not including rack drag)
W 6-250 1b Bomb cluster
. 1000:;_.:2:;;::& 25 ] (not including rack drag)
20 <
|<u( .u n mnk
I‘U(‘a]]on unk 20
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1.5
PI——
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] 1.0
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P % T os
] Aim-9 missile and
_/- pylon
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. : : g 4 ; - .', 7 ,'0 4 5 6 7 8 9 10 1 12
: : ‘ Mach ‘numhcr - . Psch putes
Fig. 1223 External stores (fuel tanks) drag. Dy i Fig- 1224 Bomb and missile drag.
|ﬁ; = " Multiple bomb cluster rack
+ 10
10 1 Raymer
- Associated pylons/racks.
. q - —
: Fuselage stores pylon
. ‘/ Wing stores pylon
0 L) T A L) L) T L) L) L) Ll L 1
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Fig. 12.25 Pylon and bomb rack drag.
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Estimating transonic drag rise

Most jet transport aircraft cruise at Mach number Mpp near the onset of substantial rise in Cp
produced by compressibility effects in order to maximise ML/D.

So estimation of Mpp (a.k.a. Mbi) and/or variation of Cp with M as summarised by ACp (M, A,Cr)
is important. Unfortunately also difficult in general. We concentrate on methods found to work
reasonably well for typical jet transport aircraft.

At this stage the wing sweep Ac/s should have already been chosen to make Mpp = Mcruise, but
that technique is (a) somewhat approximate and (b) valid only for the chosen value of Cy.

1. At a chosen value of C. and with wing t/c ratio 2. Find the exponent m

. . 09 ! Mcoa= for the ch n n
already known, estimate the ‘crest critical’ Mach Moo ~ —CAZ0 orthe ¢ ose‘ Gt and
number Mcc for the unswept win cos™ Aeya compute the “crest

e P 9- g critical’ Mach number
m .
for the swept wing,
Mcc .
080
‘IO o 02 03 04 05 06
Cr 0.008 7
o 075
Il
)
O - 0.006 |+
E 0.70 <:u
§ 0.004
3. Estimatethe %
065 o Q
compressibility 2
contribution to Cp as a 000¢
osol L - .- — e o o function of freestream
. Mach number M.
Wing average t/c 07080 08 090 095 100 105 110
M/Mce,a
16
Estimating transonic drag rise
Cp = [Cpmin + Cp(CL)|M=0 + ACp (M,Cr) = Cp(Cr, M)
Previously computed Just found this at
one value of C.
4. That enables us to plot one C.= const. contour 5. By cross-plotting we can turn that into a map of
line on the map of Cp (Cr, M). Repeat for other Cp (Cy) (i-e. the drag polar) with M as an
C. values. independent parameter.
T T T T T T =0to0 0.60
0040} . / ' . Mo =010 07 _os8
065
06
0.035 0.60 0.90
0.55 _‘/
00301 050 B 0.4}
CD 0.45 CL
00251 0.40 g .
e Estimated
vom ‘/ | 02} transonic
020 drag polar
0015 o.iz J 4 —
1 1 1 1 1 L 1 - L ~ J
0.50 0 51,5 0.60 065 0.70 075 0.80 085 0.90 095 0 0.0100 0.0200 0.0300 0.0400 0.0500
M Cp

For supersonic aircraft, or those which are not ‘typical jet transports’, use methods discussed by
Nicolai & Carichner (or compressible-flow CFD).



Modifications to the drag polar for takeoff and landing

Take-off and landing drag polars can differ substantially from cruise, resulting from deployment of
high-lift devices and landing gear (but compressibility effects can be ignored).

The take-off polar is significant for computing take-off climb performance (‘second-segment climb’).
The configuration is

Leading edge devices extended.

Trailing edge flaps set for take-off (less than maximum deflection).
Gear retracted (can add increment for extended gear if needed).
Speed = Kto Vstall = 1.2 Vstal.

robd~

ct

CD = CD)Ocruise + ACD Ai
T AClow speed

+ ACDﬂap +

slat

The ‘low speed’ aircraft efficiency eiow speed is typically lower than the value used for cruise,
largely because the span efficiency factor for the wing is lower as a result of non-optimal
spanwise lift distribution with high-lift systems deployed.

€low speed ~ 0.9 ecruise

Leading edge devices (e.g. slats) typically run the whole of the exposed wing span and a
reasonable approximation for both take-off and landing configurations is

ACp,,., =~ 0.006

slat

This leaves the flap contribution.

Modifications to the drag polar for takeoff and landing

20 SPLIT FLAP
Drag contribution from trailing edge devices depends AC:
on type and deflection angle (i.e. lift increment). g n—
The take-off TE deflection is typically 30% - | 2, P

50% of maximum (landing) deflection.

45

HICH-LIFT DEVICE TYPICAL FLAP ANCLE CL Icm.‘..z5 50 DOUSLE SLOTTED ﬂ::
b 10} o \
TRAILING EDGE LEADING TAKEOFF | LANDING | TAXEOFF luxm»c
EDGE | d FOWLER FLAP
PLAIN - 20° 60° 1.40-1.60] 1.70-2.00 3] >
SINGLE SLOTTED 20° 40° 1.50-1.70| 1.80-2.20 e
FowLER® - 15° 40° 2.00-2.20| 2.50-2.90 o5}k -
B I P I g | 1.70-1.95 [ 2.30-2.70 . sl eneAsa
SLAT 2.30-7.60| 2.80-3.20 EFFECTIVENESS
.o ° e ” 10, ANO
TRIPLE SLOTTED SLAT 20 &0 2.40-2.70| 13.20-3.50 MECHANICAL
- 10 o COMPLEXITY
* SINGLE SLOTTED i
o WITH VARYING AMOUNTS OF CHORD EXTENSION (FOWLER MOTION) 0 5 0 1‘5 20 25 30
AC,
1
Table 7-2. Typical maximum lift coeffi-
N 2 0.12
cients for wings with high lift devices. Symbol | Aircraft
0.10 L ] L1011
1 H v C-141A
For a given flap type and deflection angle, B Gulisreamll
i ¢ . 0.08 A Fokker F-27
take ACprap from the supplied figures: e
0.06 L 4 Cessna 177
ACpg,p X S3A
Note that the increments are typically comparable 0.04

to or larger than the clean-aircraft Cp,o value.

A typical additional drag allowance for an
inoperative jet engine is
ACDlockcd rotor ~> 0.002

0.02

Figure 9.25 Trailing edge fiap drag coefiicient inc

20 30 40 50
Flap Deflection, §; (deg)

60
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Modifications to the drag polar for takeoff and landing

The landing approach drag polar is computed similarly to the take-off polar except that the trailing
edge devices are given greater deflection and landing gear is extended. The configuration is

Leading edge devices extended.

Trailing edge flaps set for landing (maximum deflection).
Gear extended.

Speed = Kapp Vstal =1.3 Vstan.

Pobd=

ct

CD = CDyocruise + ACD A—
T A€low speed

+ AC"Dﬂap + ACDgear +

slat

These were all discussed above with the e T
exception of ACpgear. Nicolai & X Caon
Carichner ° g-%ck
003 fg $ oo
. . . . rdinal
ACpgear can be estimated in detail using drag 5 Dycassoa 10177,
build-up methods (or experiment, CFD) or 5 . # -
. . . . & . 9€ Ig, A x
approximately, using the figure to right: g on {1
<

Note again the large incremental values and the
fact that the increment typically declines slowly
with increasing flap deflection (which occurs
because the additional circulation brought about

50
by flap de_ployment slqws the air passing below Trailing Edge Flap Deflection (deg)
the wing, i.e. the location of the landing gear).
20
Modifications to the drag polar for takeoff and landing
If taking the drag-build-up approach to estimating landing gear excrescence drag, one may use
the following table from Torenbeek (based largely on Hoerner’s earlier compilation):
CONFIGURATION REURKS %, * . . .
= tremtine mbere, = faiving |18 C is the item drag coefficient referred to
> vith  |jusctions not faired .56 Do H
. g sl e - frontal area, as noted, i.e.
1 eype 8.5-10°* '::«- i:‘:ll;.:r: :y::‘;':ﬂl. -1 :: f o CDD X Area
\ o 27-inch stresmline vheels 3 o q
fairing .2
% e e 8.5-10 a
stresmline member | putey . .25
o 27-inch streamline vheels .25 . .
tairing] o (Raymer provides the following table for
: ) i . .
- e L landing gear component equivalent flat
: R = late areas in ft2, which presumably are
3 wheel fairing type C Bl p . ’ p i y R
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Fig. F-19. Fixed undercarriage drag (Refs. F-18, F-111 and F-112)



Drag polar in takeoff and landing configurations

The low-speed polars for various low-speed configurations are typically assembled onto one
summary plot for further use or comparison purposes.
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