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Drag Computation and Breakdown in Power-on Conditions
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A thrust-drag accounting system is proposed that makes it possible to calculate installation drag from compu-
tational fluid dynamics calculations. Given a numerical solution of the viscous subsonic or transonic flow around
an aircraft configuration in power-on conditions, an entropy drag expression is derived. Therefore, a method for
the computation and breakdown of the entropy drag in viscous and wave components can be extended and ap-
plied to powered configurations. The possibility of identifying spurious contributions improves the accuracy of the
drag calculation for a given grid. Two applications are presented: a simple two-dimensional model problem and a
transonic flow around an isolated nacelle with core and fan jets.

Nomenclature

section area of the captured stream tube
drag coefficient

drag

drag of the infinite body

nacelle drag

entropy drag

entropy nacelle drag

unit versor of x axis

net propulsive force

x component of net propulsive force
coefficients of the expansion of the velocity
module

total impulse

viscous part of total impulse

reference length

Mach number

mass flux captured by the nacelle

unit vector normal to a surface S, (ny, ny, n)T’
unit vector normal to a surface A and directed
as the freestream velocity, (1, ii,, 1,)7
static pressure

static pressure in the equivalent ideal flow
stagnation pressure

average static pressure in a section

of the captured stream tube

gas constant

Reynolds number

Reynolds number referenced to nacelle diameter
surface

particular surfaces in €2, domain infinitely
far from the configuration

surface enclosing the flow domain infinitely
far from the configuration

Soo - Afoo - A+oc

entropy

thrust vector

intrinsic net thrust

ideal net thrust

x component of intrinsic net thrust

overall net thrust

x component of overall net thrust

correspondence with the CCC.
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Subscripts
body

CE
ext
F
FE
far
in
loo
nac
out
TE
ta
th
tab
As

standard net thrust

x component of standard net thrust

stagnation temperature

x component of thrust vector

modified overall net thrust

x component of modified overall net thrust
unit tensor

velocity module

velocity vector (u, v, w)T

average velocity in section A

ideal velocity obtained by isentropic
expansion to atmospheric pressure
orthogonal reference system with x axis
aligned with freestream velocity

angle of attack

ratio of specific heats

S — Soo

difference between standard and intrinsic thrust
difference between overall and intrinsic thrust
difference between overall and intrinsic thrust
in the equivalent ideal flow

x component of AT,

AT, ,p, for the equivalent ideal flow
difference between standard and intrinsic thrust
in the equivalent ideal flow

x component of AT,

ATtah - ATta
ATtab - (ATmb)i
density

viscous stress tensor
components of T
flow domain
subdomain of 2

complete nacelle surface including fan inlet,
fan outlet, and core outlet

core exit

external surface of the nacelle

fan inlet

fan exit

far field

nacelle inlet

lateral and at infinity

nacelle

nacelle outlet

turbine exit

upstream tube of captured air

downstream tube of captured air

upstream and downstream tube of captured air
associated with entropy variation
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00 = freestream value
—00 = infinitely upstream
400 = infinitely downstream

I. Introduction

HE application of computational fluid dynamic (CFD), in par-

ticular based on the solution of the Reynolds averaged Navier—
Stokes (RANS) equations, is now common practice for the analysis
of complete aircraft configurations in power-on conditions."> How-
ever, the possibility to predict drag and thrust by CFD calculations
has seen little discussion; the need for such analysis is addressed
in Ref. 3, among others. The problem of engine—airframe integra-
tion has become even more important for the new generation of
very-high and ultrahigh bypass ratio engines. The airplane cruise
efficiency improvements resulting from these engines are signifi-
cantly affected by any installation drag and can be largely negated
as a result of suboptimum nacelle—airframe integration.

In flight, the thrust provided by the propulsion system is strongly
coupled with the action of the flow on the airframe; it is difficult to
separate the thrust and drag contributions to the total force acting on
an airplane. Therefore, the identification of an unambiguous defini-
tion of the aerodynamic drag in power-on conditions is required.

The problem of drag—thrust bookkeeping is addressed in detail in
Refs. 4 and 5, where it is discussed from a general viewpoint: the-
ory, wind-tunnel experiments, in-flight measurements, and ground
testing. Very recently, a theoretical analysis that considers CFD ap-
plications has been proposed in Ref. 6. In Ref. 4 a clear definition
of nacelle drag in power-on conditions has been proposed. It has the
interesting feature that it is only associated with dissipative effects:
With this definition, the nacelle drag is zero in an inviscid nonlifting
flow. However, it has a limited application, even in numerical cal-
culations, because it requires knowledge of the inviscid flow at the
same conditions. This nacelle drag definition is a near-field relation
in the sense that it relies on integration of the stresses imposed by
the flow on the nacelle.

In the present paper, a far-field expression of the nacelle drag
is proposed; it can be applied to compute the nacelle drag using
the flowfield data obtained by a numerical simulation by a RANS
method in the case of power-on conditions, and it allows for a
straightforward calculation of the installation drag.

Itis also difficult to make an accurate drag prediction from CFD in
power-off conditions. Even if an accurate flow solution is available,
areliable drag calculation is challenging, and the breakdown into its
components is difficult. Discussion of the progress in this field over
the last years may be found in Refs. 7-10. Far-field drag relations,
based on integrations of momentum flux on surfaces far from the
configurations, have also been applied. Oswatitsch!! derived a well-
known first-order far-field expression in terms of entropy variations
in the flowfield (entropy drag), which takes into account viscous
and wave contributions. This relation has been applied for drag cal-
culations from RANS numerical solutions as shown, for instance,
in Refs. 12-14. Schmitt and Destarac'> adopted a volume integral
formulation of the entropy drag, which has some interesting features
(also see Ref. 16): limiting the integration to regions where entropy
drag have physical sources (boundary layers, shock waves) strongly
reduces the contribution associated with numerical errors and artifi-
cial dissipation (spurious drag) and, therefore, makes for improved
accuracy for a specified mesh size. Moreover, as proposed in Ref. 17,
it is possible to obtain a breakdown of the entropy drag in its physi-
cal contributions (viscous and wave drag) once the boundary-layer
and shock wave regions are identified in the computational domain.

In what follows, the method proposed in Ref. 17 (also Ref. 18)
for the calculation and breakdown of the entropy drag in power-
off conditions is briefly illustrated. Then the problem in power-on
conditions is addressed. The different thrust definitions, as proposed
in Ref. 4, are recalled to formulate a proper thrust—drag bookkeeping
system providing an entropy drag expression. This new expression
of the nacelle drag allows for extension of the method!” to the case
of power-on conditions, as will be shown in two simple applications
in the final part of the paper. Preliminary results of the present work
have been proposed in Refs. 18 and 19.

II. Aerodynamic Drag in Power-off Conditions

In a situation of steady subsonic or transonic flow with freestream
velocity V, and pressure p., around an unpowered aircraft config-
uration, the only external force acting on the body is due to the fluid.
The integral momentum balance equation makes it possible to define
the total aerodynamic force and, in particular, drag by an integration
of stresses on the aircraft configuration (near-field expression) or by
an integration of momentum flux on a closed surface far from the
configuration (far-field expression).

When a Cartesian reference system with the x coordinate aligned
with V, is assumed, the far-field expression of drag is given by

Die = — | [(p — poo)nx + pu(V - n)]1dS ey

Star

where S, specifies the closed surface far from the configura-
tion, p and V= (u, v, w) are the local pressure and velocity,
n=(n,,ny,n;) is the unit vector normal to S, and pointing out-
ward as shown in Fig. 1. In this expression, the viscous stresses
have been neglected. As discussed in Ref. 8, this hypothesis is valid
as long as the viscous body wake is thin; viscous stresses in the
wake could be significant in the case of airfoils in stall and poststall
conditions or bluff bodies.

When this expression is expanded in Taylor series with respect
to entropy, pressure, and total enthalpy variations, the aerodynamic
drag can be split into four contributions (see Ref. 17). The term
associated with entropy rise (As =s — s,) is the entropy drag in
power-off conditions; it is the direct product of boundary layers
and shock waves. For two-dimensional adiabatic flows in turbulent
air, entropy drag is the total drag. In the case of three-dimensional
lifting flows, the drag induced by the free-vortex system also has to
be considered (lift induced or vortex drag); it is mainly associated
with the pressure variations in the wake of the wings.!’

When Ref. 17 is followed, and first- and second-order terms are
included, the entropy drag for three-dimensional flows reduces to

Dp, = —V. As as)’ V.mds @
As — — oo/sfar frl?"‘fﬁ 7 10( n) ()

where R is the gas constant for air, and where the coefficients f;;
and f;, depend on the ratio of the specific heats for air, y, and on
the freestream Mach number M :

1 _1—%—(7/—1)M§o

fxl = _M, va = 2)/2Mgc

3

Finally, Eq. (2) can be expressed in divergence form by applying
Gauss’s theorem in the finite flow domain €2 because on the aircraft
surface V-n =0,

Da = V. fv. ol 24y (f)z vl @
As ) o SIR 52 R

1"
%}
\

Fig. 1 Flow around an isolated turbojet nacelle.
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Relations (2) and (4) define the entropy drag in surface integral
and divergence form for both two- and three-dimensional flows,
respectively. Oswatitsch’s entropy drag expression!'! is recovered by
considering only the first-order term in Eq. (2). However, as shown
in Ref. 17, the second-order term must be retained in viscous flows
because it provides a significant contribution in the boundary-layer
region.

The integrand into Eq. (4) is connected with the entropy pro-
duction rate per unit volume; therefore, viscous and wave drag is
produced only in regions where entropy is produced. This property
makes the entropy drag relation (4) particularly interesting because
it associates drag with its local production. The integrand of Eq. (4)
can be defined as the local production rate of entropy drag. Hence,
given a single definition of the viscous (boundary layer plus wake)
and of the shock wave regions, the entropy drag can be expressed
by relation (4) as the sum of three contributions associated with the
boundary layer, shock wave region, and remaining part of the flow.
In the latter region, for a real flow, entropy drag is not produced.
This term (spurious drag) is in general not zero if evaluated using
a numerical solution. It is due to the spurious entropy production
related to the dissipation of the numerical scheme, discretization
errors, and grid stretching. A large spurious entropy production can
significantly affect the accuracy of the computed solution, hence,
the importance of the studies devoted both to improving the accu-
racy of numerical schemes and to developing methods for gener-
ating high-quality grids. The identification of at least part of the
spurious contribution can help to improve the drag prediction. The
spurious drag can be nonnegligible, in particular in the case of three-
dimensional grids around complex configurations, and is responsi-
ble for the difficulty of computing drag by a near-field approach
even with a locally accurate CFD result. Note that, in numerical
solutions, the entropy production can also be negative: Spurious en-
tropy variations can provide an artificial spurious thrust. This is the
case when nonmonotonic schemes are used. Regions with artificial
thrust production can be found, in particular, in the shock region, at
the border of the boundary layer, or near the far-field boundaries.

III. Thrust-Drag Bookkeeping

When the aircraft configuration to be studied includes thrust by
a turbojet or turbofan engine, the body surface Sy.qy includes the
intakes and outlets of the engines. When the convective momentum
flux across the intakes and exhaust jets of the engines is also con-
sidered, the momentum balance equation provides the total force
acting on the configuration:

F=/ [oVV + (p — po)U — 7] - ndS

Sbody

=—| [PVV+(p—p)U—7]-ndS &)
Star

In this expression, the force F is defined by a near-field (first iden-
tity) and by a far-field (second identity) integration. Without loss in
generality, in what follows the body consists of an isolated turbojet
nacelle (single-stream flow) with negligible lift forces. The geome-
try (Fig. 1) is composed by a nacelle inlet A;,, an outlet Ay, and an
external surface Sey. In Fig. 1, the stream tube of section A is also
evidenced, containing the air captured by the nacelle inlet, charac-
terized by the capture area A_,, and the stream tube defining the
exhaust jet with the area A, infinitely downstream. The upstream
and downstream lateral surfaces of the stream tube are denoted S,
and S;,, respectively. The surface Sg,, is considered to be infinitely
far from the nacelle and built up by two planes perpendicular to the
freestream velocity S_., and S, connected by a streamlined sur-
face S, where V-n =0 on S In this case, F is the so-called net
propulsive force. The net propulsive force comprises the effective
thrust minus the drag due to the action of the flow on the external
surface of the nacelle. However, these contributions are coupled and
cannot be easily identified. This is the difficulty of defining a cor-
rect and unambiguous bookkeeping between thrust and drag. The
problem is further complicated for a complete aircraft, when pylons,
wing, and fuselage interferences, etc., must also be considered.

When the x component (freestream direction) of F and of the
thrust vector T are specified by F, and 7, respectively, it is possible
to write

Thus, the problem of bookkeeping consists in the determination of
the drag D when a definition of T has been specified. (With the
present definition, 7, is negative in the propulsive case.)

A detailed analysis of all of the general aspects of the problem
(definitions, experimental setup, flight testing, etc.) may be found in
Refs. 4 and 5. The main goal here is to look for an unambiguous split
between thrust and drag of the net force acting on the configuration
that can be suitable for CFD applications. It would be very attractive
to express this drag in terms of entropy variations, that is, entropy
drag, to extend the drag breakdown procedure, already proposed
in Ref. 17, to the case of configurations with engine installed and
power-on conditions.

This is no simple task. The first question to arise is how to book-
keep the dissipative effects in the wake of the fan and core jets.

It seems reasonable to insert these phenomena into the thrust
variations due to real flow effects (viscosity). Indeed the bookkeep-
ing should already be done as thrust in the experimental measure-
ments of the thrust. The problem now is how to proceed when what
should be an accurate numerical solution of the RANS equations
with power-on conditions is available in the complete flow domain.

Once the drag in the power-on condition is available, the instal-
lation drag can be computed by subtracting from this term the drag
computed for the wing—body-tail configuration.

In Ref. 4 (p. 27), a number of requirements for an effective prac-
tical bookkeeping system have been identified. Basically the need is
addressed for avoiding ambiguities and for identifying the regions
of responsibilities of the airframe and engine manufacturers.

The present paper focuses on the analysis of the aerodynamic drag
in a well-defined thrust—drag bookkeeping system, and thrust com-
putations from CFD calculations will be not discussed. Nonetheless,
the aerodynamic drag definition in power-on conditions requires a
preliminary survey of the thrust definitions adopted in literature.

Thrust (net thrust) is usually defined as the difference between
the total impulse (gross thrust) evaluated in two different stations
of the stream tube crossing the nacelle duct. The total impulse 7 is
given by

I= /[pVV—i—(p—poc)U—T]-ﬁdS:m‘_/—i-(p_—poo)Aﬁ-i-IU
A

@)

where m is the mass flux,

m:/pV-ndS
A

V and p are the average velocity and pressure on A, respectively, it is
the unit vector normal to A and directed as the freestream velocity. I,
specifies the impulse contribution due to the viscous stresses, which
is negligible in the stream tube upwind of the nacelle inlet (where
there is no boundary layer) and even in the downwind tube, where
a boundary layer is developed, if the surface A is perpendicular to
the main flow direction. Air spillage inside the engine and fuel mass
are here (as usual) neglected, and 1 is assumed constant along the
stream tube.

Different thrust definitions are used in the literature depending
on the stations chosen for the impulse evaluation. A comprehensive
description is given in Ref. 4, and they are briefly referred to here.

The intrinsic net thrust is defined by adopting as interfaces A;,
and Agy:

T; =/ [oVV + (p — po)U — 7] -7 dS
Ain

- [PVV + (p = poo)U — 7] - 21 dS (¢

Aout
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If the momentum balance equation is written for the flow domain
inside the nacelle (from the nacelle inlet to the nacelle outlet), it is
possible to derive the force exerted by the fluid on the internal walls
of the nacelle duct and simple to show that it is equal to the intrinsic
net thrust. In practice, however, this is not a convenient definition
because thrust is, in this case, strongly dependent on the intake
geometry and on the flow conditions that identify the stagnation
line at the nacelle lip, and in addition, the surface A;,.

This limitation is removed if A_, is adopted instead of A;, be-
cause the capture area, at a given velocity and altitude, only depends
on m, which is the parameter defining the engine working condi-
tions. In this way, the standard net thrust definition is obtained:

[pVV +(p— psa)U—T]-2dS (9)

Aout

Ts=f pVV . idS —
A_o

In the engine design conditions, the mass flow ratio (MFR)=
A_. /A, is equal to one, and because T can be neglected in the
momentum balance applied to the upwind stream tube, intrinsic and
standard net thrusts are seen to be equal.

If Aoy is substituted by A, the overall net thrust definition is
obtained:

TUZ/ ,0VV~ndS—/ [oVV —7]-ndS  (10)
A_x Atoo

In a real viscous flow, due to the momentum diffusion, T, is difficult
to evaluate because as the downwind interface is moved infinitely
far from the configuration V — V4, and A, — 00. Moreover, the
stream tube Sy, can be clearly defined only in the case of inviscid or
laminar flow because, in the turbulent case, the mass entrainment due
to the turbulent diffusion has to be considered. However, the exhaust
jet can be well approximated for many nacelle lengths by an inviscid
contact discontinuity. Thus, instead of the usual standard net thrust
definition, it is common practice to apply the ideal net thrust

Tidea = =11 (Vi ou — Vi) (11)

where V; o is the ideal speed obtained infinitely far downstream by
considering an isentropic expansion of the exhaust jet to atmospheric
pressure. In the ideal expression (11) there are two approximations.

1) The boundary layers in the exhaust jets (two jets are present in
a two-stream engine) are not considered.

2) The fan and core nozzles often work in choked conditions with
a significant external expansion and formations of complex shock
patterns, so that the postexit expansion is far from being isentropic
even assuming an inviscid flow.

Another thrust definition can be obtained by considering the im-
pulses evaluated at the fan inlet and turbine exit. This definition
would simplify the work of the aerodynamicist because these in-
terfaces are usually the boundaries of the flow domain adopted in
the numerical aerodynamic analysis where the boundary conditions
of inlet and outlet are imposed. A straightforward near-field drag
definition could be obtained by integrating viscous and pressure
stresses on all of the solid boundaries of the domain. However, this
definition does not provide a good thrust—drag accounting system
because the responsibilities of the engine and airframe manufactur-
ers are generally separated by specifying as the competence of the
engine manufacturer what is happening inside the stream tube of the
area captured by the engine and leaving to the airframe manufacturer
the responsibility for the external flow.

The momentum balance applied to the stream tubes makes it
possible to express each thrust definition in terms of the others.
Denote

AT = | [(p—p)U—7]-ndS 12)
Sta

ATy = | [(p— po)U —7T]-ndS 13)
Sip

AT = ATy + ATy, (14)

The following relations are obtained:
Ts = Ti + ATtaa Tn = Ti + ATlah (15)

Then Eq. (5) with definition (8), due to Egs. (15), leads to

F=T+ [(p — poc)U — T] - ndS (16)
Sext

=T+ [(p — poc)U — 7] -ndS — AT, a7
Sext

=T, + [((p— px)U—7]-ndS — ATy,  (18)

Sext

It is natural to associate drag with dissipative effects, that is,
drag should be zero in a subsonic, nonlifting, inviscid flow. This
result can be achieved by introducing p;, the pressure field of the
equivalent ideal flow (7 =0), which is the nonlifting inviscid flow
around the same nacelle geometry, with the same freestream and
engine working conditions. The concept of equivalent ideal flow
makes it possible to define the nacelle drag as

Do = | {[(p — p)U —7]-n}-e,dS 19)

Sext

which is zero for p = p; and 7 =0.
When Eq. (16) is projected on the x axis, with the help of definition
(19) it is possible to verify that

F. =T + Dpac + (pi - Poo)nx ds (20)

Sext

F, =T + Dyac + (pi - poo)nx dS — AT 2n

Sext

F, = Tox + Dpac + (pi - poo)nx ds — ATiapx (22)

Sext

All of these equations contain buoyancy terms, that is, related to
pressure, in addition to thrust and drag; they do not seem appropriate
for a thrust—drag accounting system in which thrust and drag are the
only terms. The scope of the present paper is in fact to identify a
different thrust—drag accounting system based on these terms.

An important property of the equivalent ideal flow is

/ (pi - poo)nx dS+ (p,‘ - poo)nx ds
Sla

Sext

+ / (Pi = oo dS=0 (23)
Sib

which is the famous paradox of D’ Alembert for an infinite stream-
lined body. It is not obvious that this relation, as shown by Prandtl
(Ref. 20, p. 195), still holds even if A_ 7# A, provided that
dA/dx — 0 for x - —oo and x — +o0.

A corollary of relation (23), which will be used later, is

/ (pi — Poc)ndS =0 (24)
Sico

It can be simply obtained by considering the mass and momentum
conservation equations applied to the domain outside the infinite
stream tube.

Equation (23) implies that

(Pi = Poo)nx S — (ATiapx)i =0 (25)

Sext

where (AT up.); is AT,,p, for the equivalent ideal flow. Thus, the
thrust definition best suited for a drag accounting system is the
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overall net thrust. In fact, from Eq. (22) applied to the equivalent
ideal flow, it provides

F, =T, (26)

that is, in an inviscid flow around an isolated nacelle (no dissipative
effects) the only acting force is the overall net thrust. On the contrary,
with the other thrust definitions, the buoyancy terms do not cancel
out.

On the upstream stream tube surface S,,, the viscous stresses are
clearly negligible, so that AT}, is only due to the action of (p — poo)
and is equal to (AT,,); of the equivalent ideal flow.

In addition, when a nacelle nozzle working in design conditions
(i.e., with the nozzle exit pressure po, = P and uniform pressure
field in the jet) is considered first, the momentum balance equation
shows that the total impulse across a plane orthogonal to the jet is
constant. Viscous and Reynolds stresses only cause the diffusion of
the momentum through the boundary layer of the jet wake. For flows
at large Reynolds numbers, the effect of the dynamic viscosity in the
jet is negligible. The internal energy flux across a plane orthogonal
to the jet is also constant, although the large turbulence of the jet
causes a production of turbulent kinetic energy compensated by a
reduction of the kinetic energy of the mean flow.

In summary, in design conditions for the nozzle, AT, =
(AT,,;); can be assumed even if the surface S,, has not been iden-
tified. Then Eq. (22) reduces to

F, = Tox + Dyac (27)

Once again, a proper thrust—drag accounting system has been ob-
tained. In this case, in particular, overall and standard net thrust are
equivalent. This is not true, in general, if the pressure field is not
uniform in the jet, as when the nozzle is working in off-design con-
ditions. Even if the boundary-layer effects can be expected to be of
second order, a nonisentropic postexit expansion can be expected,
implying that

ATtab = (ATmb)i + 5Trb (28)

with 8T, = AT, — (AT,;,);. The buoyancy terms in Eq. (22) do not
cancel anymore. However these real flow effects can be accounted
for as a thrust loss; therefore, a modified overall net thrust definition
can be introduced:

T, =T, - T, (29)

This definition is equivalent to the ideal net thrust T4, if the
boundary-layer effects of the jet and nonisentropic inviscid effects
for choked nozzles are neglected. With this definition the force
balance,

Fx - 7’:0)( + Dnac (30)

is recovered, and a proper and general thrust-drag bookkeeping
system is obtained for a real flow, too. In addition, the ambiguity
in the definition of the overall net thrust for real flows is solved.
Indeed, an indirect evaluation of T', can be obtained by

To =F — Dyyce, (31)

or according to the far-field expression in Eq. (5) applied to the
domainin Fig. 1 and when relation (24) is taken into account (p = p;
on S;00)

T,= f pVV-ndS — f [oVV —7]-1dS — Dyce. (32)
S— Stoo

The modified overall net thrust is consistent with a typical technique
adopted for the experimental determination of thrust by the engine
manufacturer (Ref. 5, pp. 68—71). It consists in injecting the mass
flux m in the engine compressor by a bellmouth simulating the
upwind stream tube. The engine exhaust jet is accurately measured
as the input mi. Because the external velocity is zero, there is no
action of the fluid on the external surfaces of the engine, that is,
the nacelle drag is zero and the measured variation of momentum
corresponds to the modified overall net thrust.

IV. Entropy Drag in Power-on Conditions

The bookkeeping equation (30) can give useful applications only
if Dy, can be simply determined. This is not the case if the na-
celle drag definition (19) is used (where knowledge of both real and
equivalent ideal fields would be required), and so it is useful to look
for alternative computations of this term.

As shown in the preceding section, the jet boundary layer can be
responsible for a thrust loss and not for the nacelle drag. That is,
the nacelle drag does not change even if the jet is inviscid: It can be
computed by neglecting the viscous stresses on S;, and S;;.

When the infinite streamlined body built up by the stream tubes
Sias Sip and by Sex, with 70 only on Sy is considered, the drag
of this body is

Diyr = (Pz - poo)nx ds + / (Pz - poc)nx das
Stb

Sta

+ [(1’ - peo)nx - (Txxnx + Txyhy + sznz)] ds (33)
Sext
Because of definition (19) of D,,. and because of D’ Alembert para-
dox (23), Eq. (33) reduces to Dy,¢ = Dy,.. Furthermore, the far-field
drag expression (1) for the infinite streamlined body reduces to

Do = —/ oV (V -n)dS (34)
Sk

where S = Soc — A_ — A4 Inthis case, the buoyancy term van-
ishes because of Eq. (24). It is now possible to obtain the expression
of the entropy drag for an isolated nacelle following exactly the
derivation proposed in the case of unpowered configurations:

2
A A
DAs,nac = _Voo L', |:fsl ?s + fs2(?s) :|)O(V”) ds (35)

Because the flow has been considered viscous on S only, As can
be other than zero only in the domain Q' defined by Sey, S, S, ., and

in> ~out?

Sis (Fig. 2). In addition, by the application of the Gauss theorem,

Dasne = Voo | W as | ASZVdsz(%)
As,nac — — Yoo . : 1% fsl? st ?

In this case also, the force contribution associated with total enthalpy
variations'” is negligible outside the fan and core jets, so that the
entropy drag, as defined by Eq. (36), is equal to the nacelle drag

The entropy production in &’ can be due to the boundary layer on
Sext OF to shock waves: Again the nacelle drag can be decomposed
in viscous and wave contributions by identifying the boundary layer
and the possible shock region near the nacelle surface Sey.

The definition of nacelle drag can be easily extended to the case
of two-stream engines. In this case, the surface Sy is defined by

Se
—_—— —
- 4 =
S, - S,
in S out

Vv

ZT—> *\i_/_' _______

¥

Fig. 2 Domain adopted for computation of the nacelle drag.
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the fan cowl only, that is, the action of pressure and viscous forces
on the core cowl and core plug contributes to thrust loss and not
drag. In accordance with Ref. 5, the action of stresses on the pylon
surface immersed in the fan jet should also be accounted for as thrust
loss.

The application to complex aircraft configurations (wing—body—
pylon—nacelle) is straightforward. Indeed, once the engine jet re-
gions and the zone between the nacelle inlets and fan surfaces are
excluded from the volume integration, relation (36) is equivalent to
the entropy drag in power-off conditions equation (4). The obtained
value is the entropy drag contribution to the total aerodynamic drag
in power-on conditions.

V. Applications

A. Simple Model Problem

The flow simulations have been obtained solving the steady
RANS equations by a standard technique based on the well-known
central space discretization, with self-adaptive explicit second- and
fourth-order artificial dissipation,?! the adopted flow solver being
multiblock structured.??

The first test case to validate the present analysis is a simple
two-dimensional nacelle consisting of two parallel plates of length
3/ with [ the inlet width (Fig. 3). The fan inlet area (Ar) and
turbine exit area (Arg) are equal, Ap = Atg = Ain = Aow. If the
MFR = A_,/Aj, is equal to one, the equivalent ideal pressure field
is uniform, p; = p in the complete flow domain and the nacelle
drag, as defined by relation (19), is obtained by integrating the vis-
cous stresses on the external surfaces of the nacelle, that is, the
nacelle drag is given by the friction drag on the external surfaces of
the two flat plates of length 3/.

The very simple Cartesian grid is made up of 51,200 cells
in the fine-grid level, and the adopted turbulence model is
Baldwin-Lomax.? Freestream conditions are My, = 0.5, @ = 0 deg,
and Re; =1 x 10%; inlet conditions are MFR=1, pin/pe = 1.
Power-off conditions were preliminarily tested: p,../p;c =1 and
T/ Tioo = 1, where p, and T;, respectively, specify stagnation pres-
sure and stagnation temperature.

In Fig. 4, near-field and far-field drag calculations, performed
on three grid levels, are compared. The near-field drag has been
computed by integrating pressure and viscous stresses on all of the
walls of the configuration (including internal walls). Far-field drag
has been computed by applying relation (4) to the boundary-layer
region selected, including wake (Fig. 5). Drag calculations, repeated
by excluding the selected wake, provided the same result, that is, the
wake did not contribute to drag (at least in this case). On the finest
grid, near-field and far-field drag coefficients are in agreement; far-
field drag sensitivity to the grid size is very small. On the contrary,
near-field drag proved very sensitive to the grid density. This is due
to the poor accuracy of the computation of the velocity derivatives
at the wall because of the very small number of grid cells in the
boundary layer in the coarse grids.

Power-on conditions were tested by modifying the boundary con-
ditions at the turbine exit: p;;/Pioc = 1.17 and T, / Tioo = 2.053.
These conditions preserved the conservation of mass across the en-
gine. In these conditions, the ideal thrust is T, =0.8814p, Vozol R
the nozzle conditions are not choked (M, =0.7), and there is no
postexit expansion.

As already stated, for this particular case the nacelle drag can
be computed by integrating viscous stresses on the external walls.
Moreover, Eq. (36) has been used for computing the far-field nacelle
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Fig. 3 Geometry of the flat nacelle.
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Fig. 4 Flat nacelle test, drag coefficient vs mesh size, M, =0.5,
a =0 deg, and Re; =1 x 10°, power-off condition: A, near field and W,
far field.
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Fig. 5 Boundary-layer region selected for computation of the nacelle
drag in flat nacelle test, Mo, =0.5, a=0 deg, and Re; =1 x 10°, power-
off condition.

Fig. 6 Boundary-layer region selected for computation of the nacelle
dragin flat nacelle test, M. = 0.5, o = 0 deg, and Re; = 1 X 10°, power-on
condition.

drag; the spurious contribution has been eliminated limiting the
volume integration to the boundary-layer region selected around
the external surface of the nacelle shown in Fig. 6. In Fig. 7 far-field
and near-field nacelle drag are compared for two grid levels. (In this
case the solution on the coarser grid did not converge.) In Fig. 7,
the value of the nacelle drag coefficient is also specified, obtained
by using Prandtl’s relation for the drag of a flat plate (Ref. 24,
p. 599), which is 73 counts. On the finest grid, near-field and far-
field calculations are in reasonable agreement; again the sensitivity
to the mesh size of the far-field calculations is much lower. The
agreement with Prandtl’s relation is also satisfactory.

B. Isolated Turbofan Nacelle

The second test is a more realistic configuration: The geome-
try is the two-stream turbopowered simulator (TPS) nacelle stud-
ied experimentally and numerically during the Engine Integra-
tion in Future Transport Aircraft Research Program funded by
the European Commission. The flow conditions are My, =0.75,
a=0 deg, Re,, =4.8 x 10°, and MFR =0.822; at the fan exit,
D/ Pioo =224 and T, /Tc=1.13, and at the core exit,
Dicg/ Pice =1.79 and T, / T« =0.598. Fan and core jets are both
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Fig. 7 Flat nacelle test, drag coefficient vs mesh size, M, =0.5,
a =0 deg, and Re; =1 x 10°, power-on condition: A, near field; W, far
field; and ——, Prandtl’s relation.
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Fig. 8 Partial view of grid in the symmetry plane adopted for simula-
tion of the TPS nacelle configuration.

cold because in a TPS experimental setup, fan and core jets are
simulated by external pressurized cold air. The computational grid
in the symmetry plane, made up by 210,000 grid cells is shown in
Fig. 8. Flow calculations were performed by adopting the Spalart—
Allmaras turbulence model.?

The obtained iso-Mach contour in power-on conditions is shown
in Fig. 9; the stream tube of the flow captured by the fan is also
displayed. In these conditions, there are no shocks or supersonic
regions in the flow outside the stream tube. On the contrary, both the
fan nozzle and core nozzle work in choked conditions with postexit
supersonic expansion.

The nacelle drag has been computed by relation (36) applied to
the domain (the boundary layer region on the fan cowl) proposed
in Fig. 10. By the use, as reference area, of the wing surface of
the configuration where the TPS model was mounted (wing—body—
pylon-nacelle), Cp,, .. = 15 counts. This value can be a guess of
the installation drag for an “ideal” engine—airframe integration. (In-
deed, the drag due to the nacelle pylon and the interference ef-
fects is not taken into account.) This result is in agreement with
the installation drag computed in Ref. 3, as far as a comparison
with calculations performed on a completely different configuration
(wing—body—nacelle—pylon) makes sense. In Ref. 3, the installation
drag was computed as the difference between the near-field drag
computed in power-on conditions on the wing—body—pylon—nacelle
configuration and in power-off conditions on the wing—body con-
figuration. A small reduction of the lift-induced drag in the case of
installed engines could compensate for the friction drag added by
the pylon.
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Fig. 10 Boundary-layer region selected for computation of the nacelle

drag in the TPS nacelle test, M. =0.75, o= 0 deg, and Rep =4.8 x 10°,
power-on condition.
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Fig. 9 Iso-Mach contours around the TPS nacelle configuration, AM =0.01; Mo, =0.75, o = 0 deg, and Rep =4.8 x 10%, power-on condition.
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VI. Conclusions

A thrust—drag accounting system has been proposed in which the
defined aerodynamic drag is suitable for calculation by numerical
solutions of the RANS equations. The drag contribution due to the
propulsion system is zero if the physical dissipative terms are ne-
glected. The near-field definition would require knowledge of the
equivalent ideal flow and is not feasible in practical applications.
However, the far-field definition proposed here has been related to
the entropy production around the external surfaces of the nacelle;
in this way, it has been possible to extend to power-on conditions
a method of drag prediction and decomposition already developed
for unpowered configurations.

The application of the method has been shown for a simple model
problem and for the case of an isolated turbofan nacelle in transonic
flow conditions.
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