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Airfoil Drag Prediction and Decomposition

D. D. Chao* and C. P. van Dam"
University of California, Davis, Davis, California 95616-5294

The accuracy and the consistency of numerical techniques for the prediction of the aerodynamic drag of airfoils
in viscous transonic and subsonic flows are explored. Attention is paid to the calculation of the total drag as well as
to the decomposition of the drag into its physical components: viscous drag and wave drag. Two different Reynolds-
averaged Navier-Stokes solvers are used to generate the flowfield solutions for the NLF(1)-0416 and the RAE 2822
airfoils. The results show that wake integration can produce results comparable with those the often-used surface
integral technique, thus demonstrating that wake integration has great potential in simplifying drag calculations
for more complex problems such as multielement airfoils or complex three-dimensional configurations.

Introduction

HE aerodynamic drag of an aircraft flying at subsonic speeds
can be separated into viscous (or profile) drag and induced
drag. The former consists of skin friction and form drag and is
generated through the action of viscosity within the boundary layer.
The latter is the result of the shedding of vorticity that accompanies
the production of lift. At transonic and supersonic speeds, another
drag-producingmechanismarises from the radiationof energy away
from the aircraft in the form of pressure waves, i.e., wave drag.
Accurate prediction of the drag during the various stages of the
developmentprocess of an aircraftis of importance to the efficiency
of this process as well as to the economic success of the aircraft.
Additionally,knowledge about the physical componentsof the drag
is of importance to the prediction of scale effects on aircraft drag.
The most common technique to calculate the drag of an airfoil,
wing, or complete configuration is based on the integration of the
pressure and shear stress acting on the surface of the configuration.
This so-called near-field technique can lead to inaccuracies in the
drag calculation, as illustrated in Fig. 1. In Fig. 1 the surface pres-
sure is plotted as a function of the vertical surface coordinate for
a typical airfoil at incompressible conditions. From this figure it is
clear that determining the form-drag contribution to the total drag
from surface integration involves subtraction of a large force com-
ponentin the thrustdirection from a slightly larger force component
in the drag direction. Thus the form drag can be successfully deter-
mined only if the pressure distribution along the surface is known
with great accuracy and in great detail.! A standard alternative to
calculating aerodynamic forces by means of surface integration is
to compute the forces around a far-field surface enclosing the body,
a technique known as far-field integration. The advantage of this
technique is that the shear-stress contribution can be neglected if
the control surface is located outside the viscous layer; however, an
additional term (momentum flux) must be included in the analysis.
Another alternative drag prediction method is the wake integration
technique,whichis based on the principlethat the aerodynamicdrag
of a configuration is equal to the momentum deficit in the wake far
downstream of the configuration. The main advantage of this tech-
nique is that no detailed information on the surface geometry of the
configurationis required. It also allows for the decompositionof the
draginto its physical components,i.e., viscous drag, wave drag, and
induceddrag. Another reason for using the drag from numerical so-
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lutions is the fact that the wake survey technique is commonly used
in experiments to measure the profile drag and the induced drag
of wings. Therefore, to have a consistent comparison, experimental
drag obtained from wake survey should be compared with predicted
drag determined from wake integration.

Both the far-field and the wake integrationtechniquesare closely
related to the surface integration technique, and all three techniques
are derived from momentum integral theory. The limitations of the
surface integration technique in computing drag have been known
for many years. Yet it continues to be the standard drag prediction
technique in computational fluid dynamics (CFD). Several recent
studies have noted the need for improved reliability and accuracy
in CFD drag calculations. One of the earliest studies on this subject
was by Yu et al.,> who explored the three different drag prediction
techniques for several two- and three-dimensional configurations.
Slooff,? van der Voorenand Slooff,* and Lock'-3 have publishedsev-
eral insightful papers on CFD-based drag prediction. Recently the
wake integration technique was successfully applied to the predic-
tion of lift, induced drag, and wave drag of three-dimensionalwings
in subsonic and transonic flows based on CFD solutions of the Euler
equations.®” However, most of these studies have been limited to
inviscid flows, focusing on solutions of the potential and Euler equa-
tions for two- and three-dimensional configurations. The ultimate
goal is to apply the wake integration technique to numerical so-
lutions of the three-dimensional Reynolds-averagedNavier-Stokes
(RaNS) equations. In this study, the emphasis is on the interim step;
the prediction of viscous drag and wave drag is based on numerical
solutions of the two-dimensional RaNS equations.

The objective of this study is to compare the accuracy of the sur-
faceintegrationand the wake integrationtechniquesin predictingthe
aerodynamicdrag from computed solutions of the two-dimensional
RaNS equations. In the following sections, the different drag inte-
gration techniques are derived and the numerical implementation of
these techniques are discussed. The RaNS codes and the test cases
used in this study are also presented. Last, the techniques are ap-
plied to determine the profile drag for several airfoils at subsonic
flow conditions and the profile drag and the wave drag at transonic
conditions.

Drag Prediction Methods

The fundamental formula for the total aerodynamic force acting
on a configuration is derived by application of the conservationlaw
of momentum to the control volume enclosing the entire configura-
tion, as shown in Fig. 2. With body forces neglected, the resulting
equationis

/[T:n—pV(V-n)]dS:O 1)

N
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Fig. 1 Pressure distributionas a function of vertical surface coordinate
for a cambered airfoil at zero angle of attack.

Fig. 2 Control volume used in derivation of aerodynamic forces.

where S represents the entire control surface, n =n, i+n f +nk
representsthe outward unit vectornormal to S, p representsthe ﬂuld
density,and V=ui+vj+ w k represents the velocity vector. The
tensor product T : n contains contributions from the pressure p and
the shear stress T,

T:n=—-pn+7:n 2)

where the stress tensor is defined as
yr o Ty Ty 3

Note that S consistsof S, Scue, and Spoqy, Where Sg,e = Sipier + Ssige +
Sexit- Consequently, Eq. (1) can be written as

[]dS-l—/ [1dS + [1dS=0 )
Sfar Sb

ody Scut

where [ ] denotes [T : n — pV(V - n)]. The third integral in Eq. (4)
is zero since n along the upper and lower side of the cut points
in opposite directions. The momentum-flux term pV(V - n) in the
second integral is zero in the general case of solid body surface.
Thus Eq. (4) reduces to

/ [T:n]dS = — [T:n—pV(V-n)]dS 5)
Sbody Star

where the integral on the left-hand side represents the total force
imposed by the body on the fluid. Therefore, the aerodynamicdrag,
defined as the force in the freestream direction imposed by the fluid
on the configuration, is

D= —/ [—pne + Ty + Ty + 10, ]dS ©)

Sbody

or

[_an +T ny +fxyny+fxzng
Star

ou(V-n)]dS (7)

where the freestream velocity vector is aligned with the x axis
(Fig. 2). Equations (6) and (7) represent the surface and far-field
expressions for the drag, respectively. To correct for any mass con-
servation error in the flowfield, the far-field expressioncan be eval-
uated as follows:

D= [—pn, +Ton, + 10y + 1.0, — p(u — Ug)(V-n)dS
Star

®)

where U, represents the freestream velocity. The wake expression
for the drag can be derived from Eq. (8) by moving the inlet and
side faces to infinity. The resulting wake expression is

Sexit

D) + T — pu(u — Uy)]dS )

where S.,; is normal to the freestream velocity vector, which again
is aligned with the x axis.

Equations (6), (8), and (9), presented here in their most general
form, provide three fundamental integrals for the evaluation of the
aerodynamicdrag. Note that these three expressions should predict
an identical drag value for a given flowfield. However, as a result of
problems encountered in the numerical integration of these expres-
sions as well as various errors contained in the numerical solutions
of the flow solvers, the drag values may differ substantially.

Wave Drag
When the Euler equation formulation is used, wave drag can be
related to the entropy increaseacrossa shock throughthe Oswatitsch
drag integral®:

Dwave = T_OO /(S - Soo)p(v . n) ds (10)
N

Us
R o
y =1 [(p/px)"
represents the specific entropy produced by shocks, R is the gas
constant, y is the specific heat ratio, and T, is the freestream tem-

perature. A variation of the expression for the wave drag is derived
by van Dam et al.”:

where

S — Sq =

Dwave = p_oo

R (s — 55)dS (11

Sexit

In viscous flows, the drag integral, Eq. (11), represents the entire
profile drag, i.e., wave drag and viscous drag. Therefore Eq. (11)
should be evaluated across the shocks to obtain only the wave drag.

Numerical Implementation

A postprocessingcomputer code incorporatingthe three different
integrals has been developed to compute drag from numerical solu-
tions of the RaNS equations. The flowfield solution file in standard
PLOT3D (Ref. 9) format is generated for a given configuration at
prescribed freestream conditions and boundary-layer transition lo-
cations by a RaNS code. For two-dimensional compressible flows,
this file generally contains p, pu, pv, and the total energy e at each
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grid point. In addition, a file containing the turbulent eddy viscos-
ity at each grid point is generated. Based on this flowfield infor-
mation, the postprocessing code first computes the pressure and
the shear stresses and then the drag coefficient ¢, =2D’'/(pUZ c),
where c is the airfoil chord, by numerically integrating one of the
drag expressions.Integrationof the far-field expressionis performed
along a user-specified grid line. Integration of the wake expression
is performed along a vertical line placed at a user-specified distance
downstream of the configuration. Flowfield information along this
wake line is obtained by interpolationof the flowfield solution from
surrounding grid points by use of bilinear interpolation. Integra-
tion points along the wake line are clustered to match closely the
distribution of nearby grid points to allow for accurate transfer of
flowfield information onto the wake line. Of course, this assumes
that the computational grid already has enough points in the wake
region and that the grid points are clustered such that the complete
wake is captured. In general, a grid adaptation scheme is required
for accurately resolving the wake region. However, in the course
of implementing the wake integration method, it was found that a
sufficient point distributionin the wake can be obtained by fanning
out grid lines clustered along the appropriately curved wake cut of a
C grid. Once the flowfield informationis interpolated onto the wake
line, the wake expression is integrated until the freestream total
pressure is recovered. In general, CFD solutions for configurations
at angle of attack are obtained by rotating the freestream velocity
vector and keeping the configurationhorizontal. However, when the
three integral expressions for drag were derived, the freestream ve-
locity vector was assumed to align with the x axis. Therefore, in
this study, we computed the flowfields by rotating the configuration
to the appropriate angle of incidence and keeping the freestream
vector horizontal (Fig. 2).

Flow Solvers and Grid Generator

The airfoil flowfields are computed with two well-known RaNS
codes: ARC2D (Ref. 10) and INS2D (Ref. 11). A brief description
of each flow solverand a discussionof the grid generationtechnique
used are presented.

ARC2D was developed by Pulliam and Steger.!” The code solves
the compressible RaNS equationsin strong conservation-law form.
The governing equationsin generalized curvilinear coordinates are
central differenced in standard second-order form and solved with
the implicit Beam-Warming approximate factorization scheme.!?
Second- and fourth-order artificial dissipation terms are added for
numerical stability. The code uses local time stepping and mesh
sequencingto accelerateconvergence. ARC2D has beenextensively
applied to analyze inviscid and viscous flows over airfoils.>~13

INS2D was developed by Rogers and Kwak.!" The code solves
the incompressible RaNS equations in generalized curvilinear co-
ordinates by using the artificial compressibility method of Chorin'®
to couple the velocity and the pressure fields. The convective fluxes
are upwind differenced by a third-order flux-difference splitting
scheme developed by Roe,!” whereas the viscous fluxes are central
differencedin standard second-order form. The resulting equations
are solved by implicit line-relaxationsweeps. The code can handle
both multiblock patched grids as well as overset chimera grids and
has been applied extensively to analyze flows over multielement
airfoils.!3~2

Turbulence Model

Several turbulence models are available in each of the two flow
solvers. However, since the objective of this study was nota compar-
ison of the differentturbulence models but a comparisonof drag pre-
diction techniques, the Spalart- Allmaras model*' was selected and
used throughout this study. For this turbulence model the Reynolds
stresses are given by —u;u’,=2v,S;;, where S;; is the strain-
rate tensor and v, is the eddy viscosity solved for by the model.
Whereas this is a reasonable model for the i # j terms, ques-
tions regarding the Reynolds stress prediction arise for i=j
terms. Note that for the high Reynolds flows considered here
it is the normal stress term —pu’? that provides the dominant con-
tribution to the viscous stress 7., in Eq. (9).

a) Complete airfoil

b) Trailing-edge region
Fig. 3 Close-up view of a typical grid for the NLF(1)-0416 airfoil.

Grid Generation

All computational grids used in this study are of the C type. The
gridsare created with the hyperbolicgrid generatorHYPGEN.?? The
grid spacing near the wall is kept at y* <4 for all viscous cases.
In the critical trailing-edge region the circumferential grid spacing
isreducedto 1 x 10~ of the chord. The maximum stretching ratio
throughoutthe gridis keptbelow 1.2. In addition, in the wake region
the circumferential wake lines are fanned out to provide adequate
gridresolution. A close-up view of a typical grid is shown in Fig. 3.
This particular grid is used to generate the flowfield at @ = 10 deg.
Note the fanning of the grid lines in the wake region of the airfoil.

Test Cases

Two single-element airfoils are used in this drag prediction
study: the low-subsonicairfoil NLF(1)-0416 (Ref. 23) and the high-
subsonic airfoil RAE 2822 (Ref. 24).

The NLF(1)-0416, shown in Fig. 4, is a natural-laminar-flow
airfoil designed for light airplanes to have a high maximum lift co-
efficient and low cruise drag. The airfoil has a maximum thickness-
to-chordratio of 16% and was tested with free and fixed transitionat
M., =0.1 and a range of Reynolds numbers in the low-turbulence
pressure tunnel (LTPT) at the NASA Langley Research Center.??
Here, we concentrate on the results obtained at Re =4.0 x 10° and
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Fig. 4 Geometries of airfoils.

transition fixed at 7.5% of the chord for both upper and lower sur-
faces. The reported drag values are based on a wake survey taken
one chord downstream of the airfoil trailing edge.

The RAE 2822, shown in Fig. 4, is an airfoil with a rear-loaded,
subcritical, rooftop-type pressure distribution at its design condi-
tions: M, = 0.66 and ¢; =0.56. It has a maximum thickness ratio
of 12.1% and was extensively tested in the RAE 8 x 6 ft transonic
over a range of Mach numbers2* Here results are presented for
M., =0.676and Re =5.7 x 10° (case 1 inRef.24)and M., = 0.730
and Re = 6.5 x 10° (case 9 in Ref. 24). Transition was fixed at 11%
of the chord for both upper and lower surfaces for case 1 and at
3% of the chord for both surfaces for case 9. Note that the reported
drag values are based on a wake survey at a distance of one chord
downstream of the airfoil trailing edge.

Results and Discussion

NLF(1)-0416

Results for this airfoil were obtainedby use of both RaNS codesin
which the ARC2D solutions were obtained at M, = 0.25 to prevent
low Mach number accuracy problems. Application of the recently
developed version of ARC2D that includes a low Mach number
preconditioning option would eliminate this problem and allow for
accurate flow solutions at M, =0.1, which was the Mach num-
ber used to obtain the wind-tunnel results. In Fig. 5 the measured
and the predicted pressure distributions at a nominal lift coefficient
¢y =1.11 are shown for this airfoil. The reported angle of attack
at this lift coefficient is « =6.10 deg (Ref. 22). The angle of at-
tack to match this ¢; is « =5.80 deg for INS2D and o = 5.43 deg
for ARC2D. Note that the compressibility effect on the flowfield
causes a slightincrease in the lift-curve slope for the ARC2D solu-
tion obtained at M, =0.25 and consequently a slight decrease in
angle of attack to match ¢; = 1.11. The agreementbetween the com-
puted and the measured pressure distributions is excellent. At this
lift coefficient the measured drag coefficient ¢, = 0.0113, whereas
surface integrationbased on the INS2D and ARC2D solutions gives
¢s =0.0115and 0.0110,respectively. With the evaluationstation set
atone chord downstream of the trailing edge, wake integrationgives
¢;=0.0113and 0.0113 based on the INS2D and ARC2D solutions,
respectively. Thus both RaNS methods predict the drag well, and
in both cases the drag based on wake integrationis fairly consistent
with the drag based on surface integration.

In Fig. 6 the predicted and the measured drag polars are com-
pared for Re =4.0 x 10° and transition fixed at 0.075¢. The INS2D
results are shown in Fig. 6a whereas the ARC2D results are shown
in Fig. 6b. Overall, the predicted values are in good agreement with
the experimental data. In all cases, drag coefficients obtained from
wake integrationare within two drag counts (Ac, = £0.0002) of the
surface-integratedvalues. Direct comparisonsof the drag databased
on INS2D- and ARC2D-generated flow fields reveal only slight dif-
ferences between the two solution sets. Based on this observation,
combined with the fact that INS2D is limited to incompressible
flows, only results obtained with ARC2D are presented in the re-
mainder of this study.
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Fig. 5 Pressure distribution of NLF(1)-0416 at ¢; = 1.11 and Re =
4.0 X 10° (aexp =6.10 deg, aarc2p = 5.43 deg, and ayns2p = 5.80 deg).
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Fig. 6 Predicted and measured drag polars of NLF(1)-0416 at Re =
4.0 X 10°.

In Fig. 7 the total wake drag and the separate contributions of
the three components (pressure thrust, momentum drag, and vis-
cous stress) are plotted as functions of the integration station. The
total drag is independent of the location of the integration station
(as it should be) except in the region just aft of the trailing edge. In
this near-wake region, steep velocity gradients in both the normal
and the streamwise directions make this region susceptible to flow
modeling errors. The contribution of the viscous-stress term to the
wake drag is several orders of magnitude smaller than the contri-
bution of the pressure and the momentum terms and drops below
0.1 counts within one chord length downstream of the trailing edge.
With increasing distance from the trailing edge, the (negative) con-
tribution of the pressure term to the total drag diminishes and at
approximately 10 chords only the momentum-deficit term remains

and
< pu u z 0o
=2 1——)d{ =) =2=
“ /:oo 'OOOUOO< U°°> (C) ¢
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Table1 Comparison of drag coefficients for RAE 2822
at Moo =0.676and Re = 5.7 X 10 (case 1)

Parameter Experiment Prediction
o, deg 2.40 1.87
c 0.566 0.566
cq (experimental) 0.0085 N
¢4 (surface integration) N 0.0085
cq (wake integration) —_ 0.0082
200 e 2.0
k — — -momentum | -
150 [ — --pressure H 15 ®
[~ _ total drag |1 S
o Ml S —— <]
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Fig. 7 Contribution of pressure, momentum-flux, and Reynolds stress
terms to wake integral of NLF(1)-0416 atc; = 1.11 and Re = 4.0 X 10°.
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Fig. 8 Pressure distribution of RAE 2822 at ¢; = 0.566, M = 0.676,
and Re = 5.7 X 10° (case 1).

where 0, representsthe momentum thicknessof the wake far down-
stream.

RAE 2822

The RAE 2822 was studied to obtain a better understanding of
drag prediction at high subsonic and transonic flow conditions. In
Fig. 8 the measured and the predicted pressure distributions for
case 1 are shown. The reported angle of attack for this test case
is 2.40 deg (Ref. 24). The airfoil was designed to have a subcriti-
cal rooftop-type pressure distribution. However, both the test Mach
number M, =0.676 and the measured lift coefficient ¢; =0.566
are slightly higher than the design Mach number of 0.66 and design
lift coefficient of 0.56. As a result, the measured pressure distribu-
tion reveals a very small supersonic region near the leading edge.
At the test Mach number of 0.676 the critical pressure coefficient
C}, is —0.883 whereas the measured minimum pressure coefficient
is —1.05. The angle of attack used during the numerical simulation
was reduced to o = 1.87 deg in order to match the lift coefficient
c¢; =0.566. Figure 8 shows good agreement between the measured
and predicted pressure distributions.

In Table 1 the measured drag is compared with the predicted drag
based on surface integration and wake integration. The wake in-
tegral is evaluated at one chord downstream of the trailing edge.
The surface integration result matches the measured drag coeffi-

Table2 Comparison of drag coefficients for RAE 2822
at Mo = 0.730 and Re = 6.5 X 10° (case 9)

Prediction
Parameter Experiment  Prediction  (fine grid)
a, deg 3.19 2.81 2.81
cl 0.803 0.802 0.809
¢4 (experimental) 0.0168 N —
¢4 (surface integration) —_ 0.0166 0.0166
cq (wake integration) —_— 0.0162 0.0162
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Fig. 9 Contribution of pressure, momentum-flux, and Reynolds stress
terms to wake integral of RAE 2822 (case 1).

cient perfectly, whereas the wake integration underpredictsthe drag
coefficient by three counts.

Figure 9 provides more insight into the wake integrationby plot-
ting the total drag as well as its three components (pressure thrust,
momentum drag, viscous stress) as functions of the integration sta-
tion. The total drag is again independent of the integration station
(as it should be) exceptin the region just aft of the trailing edge. The
viscous-stressterm dies out within one chord length downstream of
the trailing edge. With increasing distance the contribution of the
pressure term diminishes and at approximately 10 chords only the
momentum-deficit term remains.

In Ref. 24 measured wake profiles are presented at several chord-
wise stations. These data are presented in terms of u/Up as a func-
tion of z/c, where u is the local velocity and Up is the velocity
obtained from a pitot pressure measurementat the edge of the shear
layer and a surface pressure coefficient (C,)p at the trailing edge.
In Fig. 10 comparisons are presented of the predicted and the mea-
sured velocity profiles at the trailing edge of the airfoil (x /c =1.0
or Ax/c =0) and at 0.025 chord lengths downstream of the trailing
edge (Ax/c=0.025). Good agreement is obtained at both loca-
tions. The discrepancy in the wake-edge velocities Up is due to the
fact that the same value for (C,), =0.145 was applied to convert
the CFD results into the form used in Ref. 24 to present the veloc-
ity profiles. The slight difference between measured and calculated
surface pressures in the trailing-edge region leads to the apparent
mismatch in edge velocities.

In Fig. 11 the measured and the predicted pressure distributions
for case 9 (Ref. 24) are shown. The freestream Mach number is
0.730, and the measured lift coefficient is ¢; = 0.803 at a reported
angle of attack of 3.19 deg. At these conditions a strong shock oc-
curs on the upper surface at approximately x /c = 0.55. To match the
lift coefficient, the angle of attack used during the numerical simu-
lation is reduced to o« =2.85 deg. Figure 11 shows good agreement
between the measured and the predicted pressure distributions.

In Table 2 the measured drag is compared with the predicted drag
coefficients. Again the wake drag is based on the evaluation of the
wake integral at one chord downstream of the airfoil trailing edge.
For this test case the agreement between experiment and numerical
simulation is not as good. The reason for this may be the slightly
more forward location of the shock in the numerical simulation as
compared with the measured shock location.
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Fig. 11 Pressure distribution of RAE 2822 at ¢; = 0.80, Mo = 0.730,
and Re = 6.5 X 10° (case 9).

Figure 12 depicts the total wake drag and its three components
as a function of the integration station. The total drag is indepen-
dent of the integration station except in the very near-wake re-
gion (Ax/c <0.25). The contribution of the viscous-stress term
never exceeds more than one drag count and becomes negligible at
Ax /c ~ 0.25. The large pressure thrust term and the slightly larger
momentum drag term nearly cancel each other in the near field and
both terms decay with increasingdistance until at Ax /c ~ 10, where
the pressure term becomes negligible and the momentum term ap-
proachesits constant far-field value.

The results presented here were obtained for sufficiently fine
meshes that grid convergence was attained. To prove this, the most
challengingdrag prediction problem, case 9, was solved with a finer
grid with an increased number of mesh points (50% increase in both
circumferential and normal directions from original grid). The last
column of Table 2 lists the drag values based on the fine grid. The
drag values are essentially the same as for the original grid, but

Table 3 Predicted drag decomposition for RAE 2822

Parameter Case 1 Case 9
cq (experimental) 0.0085 0.0168
¢4 (surface integration) 0.0085 0.0166
cq (wake integration) 0.0082 0.0162

cq (wave drag) 0.00003 0.0053

Table 4 Inviscid wave drag results for RAE
2822 at Moo =0.730 (case 9)

Parameter Value
1 0.804
¢y (surface integration) 0.0048
¢y (wake integration) 0.0048
¢4 (entropy integration, shock) 0.0049
¢y (entropy integration, wake) 0.0048
500 — 11— — 5
400 P — — - momentum 4 o
2 — - - pressure 1 <
300 | total drag 13 3
200 > &
3 B ] 128
g 100 | 113
counts 0 :\ ,,,,,, SRS PRGN B 5 0 “‘"’,,
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Fig. 12 Contribution of pressure, momentum-flux, and Reynolds
stress terms to wake integral of RAE 2822 (case 9).

the lift coefficient has increased very slightly because of improved
shock resolution.

Wave drag calculationsbased on Eq. (11) are conducted for both
RAE test cases. The greatest difficulty in predicting the wave drag
from viscousflow solutionsis setting the limits for the shock-contour
integration. The reason for setting limits is to distinguish between
entropy generated from shocks versus entropy generated from vis-
cous effects that are due to the boundary layer. Near the boundary
layer, viscous effects are large; thus an integration limit that en-
compasses even a small portion of the boundary layer may result
in large changes to the wave drag value. The current procedure is
to inspect the flowfield visually and deduce the limits of integration
from examining the flowfield variables, especially near the edge of
the boundary layer. Although this method seems to have produced
reasonable values, further research will be needed to find a less
subjective process.

The wave drag results are tabulated in Table 3 along with the total
drag values repeated from the previous tables. For case 1 the wave
drag is essentially negligible, an expected result as there is only a
very weak shock present. Thus the total drag is basically completely
due to viscous effects. For case 9 the wave drag is 53 counts and
comprises approximately one-third of the total drag, i.e., the viscous
drag is approximately 113 counts. This is in good agreement with
the drag values obtained by Lock.'

To validate the wave drag prediction further, case 9 was analyzed
based on an Euler solution. In addition to the surface integration,
the wake integration, and the entropy integration across the shock,
a fourth drag evaluation method was also included: integrating the
entropy increase along a wake cut similar to the wake integration.
In Table 4 the wave drag results based on an Euler solution for
case 9 are presented. All four drag evaluation techniques provide
nearly identical values, and the inviscid wave drag value is similar
to the value obtained from the viscous solution. Slight differences
are expected between the two wave drag values based on the fact
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that the viscous and the inviscid pressure distributionsdiffer slightly
as a result of the boundary-layerdisplacement effects.

Conclusions

The main objective of this paper is to compare the consistency
of predicting the drag of airfoils in subsonic and transonic flows by
use of body-surfaceintegrationand wake integration.Overall, wake
integration shows potential as a simpler method than surface inte-
gration for calculating drag because no surface geometry is needed.
Also, wake integration allows the decomposition of the total drag
into its physical components, which is of importance to the predic-
tion of scale effects on drag.

Results are presented for two airfoils and a range of Mach num-
bers: the NLF(1)-0416 at viscous low-subsonic flow conditions and
the RAE 2822 at viscous and inviscid transonic flow conditions.
Good agreement between predicted and measured drag values is
obtained in all cases. Also, good agreement is obtained between
predicted drag values based on surface integration and wake inte-
gration. The wave drag is derived separately from the entropy jump
across the shocks. The wave drag estimation is validated by com-
parison against publishedresults and by comparing results obtained
with various drag prediction techniques for an inviscid transonic
flow over the RAE 2822.

The next step is to combine the methodology described in this
paper developed for drag prediction and decomposition of two-
dimensional viscous flows with the previously published method-
ology for three-dimensional inviscid flows in order to provide a
completedragpredictionand decompositionmethodologyfor three-
dimensional compressible viscous flows.
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