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ABSTRACT

The accurate prediction of aircraft performance requires
a robust definition of thrust/drag accounting. Traditional
nacelle-pylon configurations have been treated as sepa-
rate entities which are combined linearly; however, this is
not feasible for embedded propulsion systems which have
a higher degree of interaction than traditional designs.
With the apparent shift to embedded propulsion systems
in the N+3 generation of aircraft, of which boundary-
layer ingestion technology is a driving factor, improv-
ing our understanding of propulsion system interactions
with an air-frame has never been more important. Since
many of these interactions occur close to the body, a
near-field decomposition method, partial pressure fields,
is employed in CFD to provide insight as to the interac-
tive aerodynamics of an embedded propulsion system.

1. INTRODUCTION

The motivation for drag decomposition has been to offer
insight as to the sources of drag on an aerodynamic body,
equipping an aircraft designer with sufficient information
to make informed decisions regarding design considera-
tions.

Drag decomposition analysis originates from Prandtl’s
lifting-line theory in which the induced drag of a wing
can be predicted using a mathematical model [1]. Betz,
who made significant contributions to Prandtl’s work,
then proposed a real-world method of identifying profile
drag using wind tunnel measurements, the first of its kind
[2]. This work was furthered by Jones [3], before Os-
watitsch proposed a decomposition of profile drag using
entropy [4]. In 1972, Maskell developed an augmented
formula for induced drag compared to the original one
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proposed by Betz, the complement to profile drag decom-
position [5]. Thus, a foundation for drag decomposition
studies was created.

The introduction and development of CFD software,
which has been established as a cost-effective supple-
ment to wind-tunnel testing, has been highly influential
on the direction of drag decomposition research. Steger
and Baldwin [6] were the first to implement a decompo-
sition in CFD, where wave drag was evaluated in inviscid
flow using Oswatitch’s formulation. Yu et al. [7] then at-
tempted a decomposition of both induced and wave drag;
however, a discrepancy between classical far-field wake
measurements and the near-field method led to their ef-
forts being abandoned. Lock [8] addressed this discrep-
ancy and brought forth the concept of spurious drag, de-
fined as the artificial drag created as a result of truncation
error, numerical error, and artificial dissipation in numer-
ical simulations. The concept of spurious drag remains
an active topic of discussion [9, 10, 11].

While there are drawbacks to computational methods,
the prominence of data throughout the flow field has al-
lowed for significant developments in accounting of drag
sources. One of the most significant breakthroughs has
been the decomposition of profile drag into viscous and
wave drag [12, 13] components using volumetric filter-
ing. Furthermore, alternative decomposition methods
have been developed, such as the vortex—force method
[14], power balance [15] and exergy methods [16], and
partial pressure fields [17].

Unfortunately, methods do not perform consistently
in power-on considerations. Some traditional far-field
methods have accounted for the enthalpy of the propul-
sion system [18, 19] which allowed Destarac & van der
Vooren to perform a thrust/drag analysis for a commercial
transport aircraft [20]. Entrainment limits the usefulness
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of these traditional far-field methods to conventional na-
celle/pylon propulsion systems.

There has, however, been a desire to better understand
the flow interactions of an embedded propulsion system.
A large driving factor in adequately decomposing these
configurations has been the re-emergence of boundary-
layer ingestion (BLI) technology in modern aircraft de-
sign [21, 22, 23]. The concept of using the boundary-
layer to improve aircraft fuel economy was originally
proposed in the 1940’s with the breakthrough study of
Smith & Roberts [24], suggesting that the propulsion sys-
tem can be designed to reduce drag by using low mo-
mentum air while adequately controlling the boundary-
layer to reduce skin friction drag. The principle was ap-
plied to naval architecture [25, 26, 27], yet remained un-
used in the world of aircraft design. That was until the
turn of the millennium when the concept gained attention
as a way to improve fuel efficiency. Various improve-
ments in efficiency were reported using a variety of met-
rics [28, 29, 30, 31], yet there appears to be a limited
understanding as to the secondary effects of BLI technol-
ogy.

This provided motivation for Drela to develop the
power balance method [15] which overcomes entrain-
ment issues through analysis of the mechanical energy
equation, hence providing a means of performance ac-
counting for embedded propulsion systems. This method
was furthered by Arntz to allow one to consider both ther-
modynamic and mechanical effects. As a result, these
methods have been deemed the industry standard, and
have been further developed and analyzed to best predict
the efficiency of a given configuration [32, 33, 34], pro-
viding further insight as to the accounting of thrust and
drag sources as well as their interactions.

While such methods are beneficial to our understand-
ing of highly integrated propulsion systems, there are
still aspects of thrust/drag book-keeping that remain un-
clear. In order to better understand this, various issues as-
sociated with thrust/drag book-keeping are summarized.
Separation of the lifting body into internal and external
regions is a major proponent of these decompositions,
which is traditionally separated by a stagnation stream-
line. However, such a split is counterintuitive as the exter-
nal and internal components are highly interactive, with
a change in external flow impacting the internal flow and
vice versa. Further to this, the propulsion and aerody-
namic interactions greatly influence the flow upstream,
with the resultant change in drag sometimes referred to
as additive or secondary drag. Finally, the definition of
thrust itself is unclear, whether this is the net force gen-
erated within the internal flow region or simply the thrust
added to the flow itself.

Arntz’s exergy methodology offers perspective and de-
tail on the sources of thrust and drag while utilizing tra-
ditional book-keeping convention. Nevertheless, if one is

to further our understanding of the flow field interactions
induced by a propulsor, a near-field analysis is essential.
Current understanding of the near field is limited to visu-
alizing the change in flow-fields between power-off and
power-on states, which provides limited insight. It there-
fore would be logical to perform a near-field drag decom-
position, with the only current known methodology being
partial pressure fields (PPFs).

The concept of PPFs was initially developed by
Schmitz & Coder [17] for incompressible flows. Schmitz
then extended this work to include compressibility ef-
fects [35], which was then applied to various aerody-
namic bodies by Hart & Schmitz [36, 37]. PPFs de-
compose drag through splitting the linear pressure term
and isolating components of the Navier-Stokes equations.
Thus far that has been to isolate the Euler pressure asso-
ciated with lift and shockwaves and the dissipative pres-
sure which sums with the skin friction to determine the
viscous drag. The resulting decomposition has proven to
agree well with far-field methods. PPF methods have also
been extended to account for wave drag sources [38, 39].

In the present paper, an extension of PPFs is developed
to improve our understanding of thrust and drag sources.
The highly interactive nature of BLI, and the desire to fur-
ther our understanding of the technology and its limita-
tions, makes for a perfect case study. For this reason, the
configuration chosen for analysis is the 2D NACA 23012
airfoil interacting with a Clark-Y airfoil scaled to 13%
of the size of the main element. This aerodynamic body
was initially analysed by Arntz & Atinault [40]. PPF the-
ory is first summarized and then extended to account for
a propulsive momentum source in Section 2. Numerical
methods are discussed and the grid creation and solver
used are detailed, along with the actuator disk model that
is used to emulate an infinitely thin blade, in Section 3.
The results of the case study are presented in Section 4,
with conclusions on the findings presented in Section 5.

2. PARTIAL PRESSURE FIELDS

Partial pressure field theory was developed as an alterna-
tive means of decomposition to far-field methods. The
decomposition is solved directly by isolating terms of the
Navier-Stokes equations. Thus far, decompositions have
been limited to the most basic form of the Navier-Stokes
equation with no external body forces, volumetric heat
generation, or heat conduction:

V-(pqq)=-Vp+V-1 ()

Here p is the local fluid density, q is the velocity vector,
p is the local fluid pressure, and 7 is the viscous stress
tensor. A decomposition is realized by splitting static
pressure into a dissipative partial pressure, py, and a cor-
responding Euler pressure, pg. These ‘partial pressures’



are grouped with associated terms, i.e., the Euler pres-
sure gradient with the convective acceleration term, and
the dissipative PPF balances the transport of the viscous
stresses in the flow field.

[V-(pqq) +Vpg]+ [~V -1+ Vp] =0 (2

In powered conditions, the added thrust term can be
represented as a momentum source term, Sy, and the mo-
mentum equation can be rewritten:

V-(pqq) = —Vp+V-1+S8, 3)

Here the linearity of pressure allows for an additional
split of the pressure term, where the new decomposition
is

V- (pqq) + Vpe] + [~V T+ Vpu] + [Vp5¢ - sd,} =0
“)

A pressure decomposition is realized by isolating each
component and equating the gradients to zero, which sat-
isfies the Euler-momentum equation, and there is zero
dissipative pressure, py, in the event that there are no
viscous stresses. Furthermore, there is the added assump-
tion that no pressure due to thrust, pg 5> is generated when
there is no momentum source in the flow field. The equa-
tions were coded using a Poisson solver with appropriate
boundary conditions defined as outlined by Schmitz [35]
and Hart & Schmitz [36].

Boundary conditions are defined in the far field where
the viscous effects tend to zero, i.e., py = 0 at inlets and
sides. Meanwhile, Euler and propulsive pressure have a
zero-flux condition, Vpg = 0 and Vpg y = 0. At the out-
let, a Neumann boundary condition exists for all PPFs, in
which the pressure gradient normal to the outlets is zero,
for dissipative pressure this would be Vp, -n=0. At
the walls, Vp, =V -7 and Vp5¢ = Sy, while the no-slip
condition results in a zero-flux Euler pressure boundary
condition.

3. NUMERICAL METHODS

Simulations were performed on the 2D aerodynamic
body, which consists of a main element NACA 23012
airfoil that is unit chord length, and a Clark-Y airfoil
scaled to 13% of the size. The Clark-Y is located aft
on the upper surface of the NACA 23012 airfoil, it is
rotated and anchored at its trailing edge, which shares
the same streamwise location as the main element. A
structured grid was created using CFD guidelines, i.e.,
a leading edge and trailing edge spacing of 0.1% and
0.05% of a given elements chord length. Initial wall spac-
ing, ¥, a highly influential parameter in near-field de-
compositions [36], was maintained below a value of 0.5.
There are 825 wrap around points on the NACA 23012

airfoil and 870 on the Clark-Y airfoil, with the chan-
nel between the two airfoils having a 200 x 300 domain.
In total, the mesh contains 750,000 cells, which was
deemed sufficient to accurately capture the drag sources
required for both a near-field and far-field decomposition.
Processing was undertaken on ANSYS Fluent’s 2022R1
pressure-based solver. Simulations were performed using
pressure—velocity coupling with second-order upwinding
implemented to calculate all numerical fluxes, includ-
ing PPFs, and gradients were evaluated using the Green—
Gauss cell-based method. Turbulence was modeled using
the Spalart—Allmaras one-equation model. PPFs were de-
rived using the methodology outlined by Hart & Schmitz
[36].

The propulsion system is modelled as an actuator disk
which acts as an infinitely thin propeller, details of which
are covered by Schmitz [41]. This can be implemented
in a CFD solver through use of momentum and energy
source terms. The present case study considers a mo-
mentum source placed near the midpoint of the Clark-Y
airfoil, in line with the study of Arntz & Atinault. All
power-on configurations are considered ‘in-trim’ where
thrust and drag are balanced. Since these terms are cou-
pled, a force balance requires the Navier-Stokes to be
resolved iteratively from a power-off condition until the
near-field drag reconverges in a power-on state.

For the purposes of this study, two types of disk model
are used, as highlighted in Fig. 1. The equal-weighted
step adds a constant thrust per cell, achieved by dividing
the input force by the sum of the cell volumes on which
the source term is acting. The source term per cell in-trim
is therefore defined as:

Sy =D/5V (5)

A Gaussian distribution is also used, which weighs the
strength of the source terms relative to the distance from
the blade. The weight of each cell, 7, is incorporated and
the source term is written as:

Sy =Dn/EnV (6)

In order to ensure the propulsion system is as realis-
tic as possible, the momentum source is projected normal
to the disk. Since cases are in trim, the X-momentum
source term is maintained at a unit value. Upon volu-
metric integration of this source term, one can calculate
thrust. Meanwhile, a Y-momentum source is added to di-
rect the flow. The energy term is the resulting velocity
dot product with the momentum sources.

4. RESULTS

The first steps in performing a valid thrust/drag decompo-
sition are to consider the variance of momentum source
models. In this study, the results of a step function and
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Figure 1: Actuator Disk Models.

Gaussian distribution are compared and the distribution
of momentum can be visualized in Fig. 1. The results
of a drag decomposition comparison in subsonic flow are
shown in Tab. 1. There is minimal discrepancy between
the total drag, c; , between the models used. Even a clas-
sical near-field decomposition (pressure drag, ¢4, , + skin
friction drag, c4,) shows strong agreement; however, a
PPF decomposition shows a larger fluctuation between
drag sources. For the purposes of this paper, the Gaus-
sian distribution is used. In general, the results show the
influence an actuator disk model has on thrust/drag book-
keeping.

Table 1: Comparison of Resulting Drag Decomposition
using Gaussian & Step Function Actuator Disk Models
(Mo =0.2, Re=4.36x10%).

cg X 10*: c4 Cd, Cd:  Cdyp,  Cdy, cdpqu
Gaussian  135.7 532 825 134 396 0.2
Step 135.,5 529 825 107 423 -0.1

The case study is validated by comparing results to the
initial work of Arntz & Atinault [40], see Tab. 2. A com-
parison of unpowered and powered cases is made at three
flow conditions, while angle of attack is maintained at
zero degrees, in line with the case study. These conditions
represent the array of flight conditions that BLI may op-
erate at for commercial transport aircraft. As such, Mach
numbers varies from subsonic flow (M., = 0.2) to tran-
sonic flow (M. = 0.7). Furthermore, Reynolds number is
also varied from 4.36 million to 9.95 million, and up to
12.62 million in transonic flow. Data agrees well under

power-off conditions in the subsonic regime, with a dis-
crepancy between the two studies being no larger than 3
drag counts. In transonic flow, this increases to 11 counts,
which is significantly larger; however, in this case, shocks
form on both lifting bodies, with shock-induced stall oc-
curring on the Clark-Y airfoil. Given all other assump-
tions that are not accounted for in terms of computational
grids and exact positioning of the Clark-Y airfoil, such a
discrepancy between case studies is acceptable. Compar-
ing power-on data becomes intricate because Arntz de-
fines internal and external flow, where the internal com-
ponent of drag is essentially ignored. For the purposes of
this study, such a distinction is only used to compare re-
sults to Arntz. An external definition is used based on
the Gaussian distribution spreading. As in the power-
off cases, both subsonic data sets match closely to Arntz
data, but the transonic case is predicting a higher drag
than that of Arntz. Considering the complex flow inter-
actions, the agreement in total drag between studies is
deemed sufficient and provides a valid basis for PPF de-
composition. As mentioned earlier, there is a lack of suf-
ficient information regarding the geometry mesh and flow
modelling, which makes for the discrepancy in total drag
values more acceptable.

Table 2: Comparison of Drag Balance to Arntz & Atin-
ault [40].

cg X 104 ¢y — Unpowered cq — Powered

Total Arntz Total External Arntz

112 110 135.7 112.1 110
106.6 104 129.9 105.5 104
199 188 243.9 231 210
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Figure 2: Propulsive Pressure Field acting around the Aerodynamic Body at Various Mach Numbers.
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Figure 3: Propulsive Pressure, Cps¢, , on Aerodynamic Surface at Various Mach Numbers.

A general observation that can be made from the total
drag measurements in Tab. 2 is that in power-on config-
urations, the presence of drag sources increases due to
interactions with the propulsor. This is most prominent
for the transonic case where there is an added disturbance
of shockwaves to consider. In order to better understand
the changes in drag, a PPF decomposition is conducted.
First, the propulsive pressure field, ¢, , is visualized, see

Fig. 2, where the propulsive PPF acts like a dipole.

The propulsive PPF, Cpsy> accounts for the direct ef-

fect of the propulsor on the near-field forces. These pres-
sure fields propagate throughout the entire flow field, and
hence disturb the flow. With a pressure coefficient range
between 15 percent of the stagnation value, it is appar-
ent that this pressure field has a notable impact on the
lift and drag generated. At lower Mach numbers, where
the values of thrust produced are similar, the resulting
PPFs appear very similar; however, for the transonic case

study, the resulting force field produced is greater, with
the thrust produced being nearly twice as large. These
observations are further supported by comparison of the
propulsive PPF surface pressures in Fig 3. The overall
size of the transonic pressure field is amplified by a fac-
tor of two from the subsonic cases, which correlates with
the total thrust produced. With the actuator disk spaced
at the midpoint of the Clark-Y, the pressure forces appear
to visibly balance each other out in the streamwise direc-
tion.

A PPF decomposition is also informative as to the
secondary effects of a propulsion system. This is best
demonstrated through comparison of the Euler and static
pressure fields, shown on the surface of each element at
subsonic flow conditions in Fig. 4. In power-off condi-
tions, the static and Euler pressures are in strong agree-
ment, where the Euler pressure, ¢, captures practically
all of lift. The difference between these two is the dissipa-
tive pressure, Cpu> which has a near-zero impact on lift but

Power-Off Power-On Euler Pressure Comparison
-2.5 -2.5 -2.5
NACA 23012 Clark-Y NACA 23012 Clark-Y NACA 23012 Clark-Y
-2.0 cp cp -2.0 Cp === Cp -2.0 off off
Cpe Cpe - == Cpe Cpe :\ —— - On on
~15 -15 R I
~10 ~10f —1o0f |
bQ. / . - \\ ’ "N N |
~0.5 0.5/ R 05 e A
1 T ' i R T Y
0.0 0.0 ff~==""""T T Tl SN 0.0 f~==""""" T ==t S
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Figure 4: Surface Pressures, ¢, & cp,, Compared at Power-Off & Power-On Conditions (M., = 0.2, Re = 4.36 x 109).
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Figure 5: Comparison of Euler Pressure Fields (M.. = 0.7, Re = 12.62 x 10%).

captures a notable amount of drag. Under power-on con-
ditions, the additional momentum source term leads to a
discrepancy between the static pressure, ¢, and the Euler
pressure, ¢p,. This difference is most prominent close to
the propulsor, x/c = 0.9. Instead, the Euler pressure be-
haves as if there are no gradients added to the flow field.
As a result of the isolation of the momentum source, a
comparison of the two Euler pressures in Fig. 4 (right) al-
lows for a direct comparison of pressure fields in power-
off and power-on conditions, with the difference being
the secondary effects related to the Euler pressure, i.e.,
viscous—inviscid interactions and wave drag effects. In
the case of subsonic flow, there is a slight increase in the
suction peak height and overall lift on the NACA 23012,
while there is a significant reduction in the size of the
Clark-Y suction peak. One must note that there is also a
change in the dissipative pressure field, which is a con-
tributor to the viscous drag.

A comparison of the Euler pressure scalar fields is
equally as revealing as surface pressure data. This is
shown for transonic flow, see Fig. 5. One can visu-
ally see the significance of the secondary effects of the
propulsion system. The change in the size and strength of
the shockwaves between the power-off (left) and power-

Euler Pressure Field

_—

on (middle) cases is apparent. Since shock waves are
significant contributors to lift and drag, the distortion of
the additive effects the propulsion system has on lift and
drag cannot be ignored. A comparison of the Euler pres-
sure field (middle) is made with the static pressure field
(right), with the most significant discrepancy occuring in
the channel region, where the actuator disk is located, see
Fig. 6. A comparison of the two pressure fields within
the channel shows the significant pressure field data that
is filtered by the Euler pressure field, cp, .

Just as many of the secondary effects of the propulsion
system are visualized by comparing the Euler pressure
for power-off and power-on conditions, in Fig. 4 (right),
the same can be done using the scalar fields, where the re-
sulting change in Euler pressure is shown in Fig. 7. This
allows one to visibly quantify the portions of the additive
drag induced by the propulsion system. From the visual,
it is clear that the propulsion effects propagate through-
out the flow field. There is a change in the pressure gra-
dients at the leading edges of both airfoils as well as in
the shock location. Ultimately, the effects of a propulsion
system distort the entire flow field.

Static Pressure Field

_—

Pressure Coefficient, cp,, cp

—-1.7 -1.3 -0.9 —0.5

—0.1 0.3 0.7 1.1

Figure 6: Comparison of Euler, ¢),, & Static Pressure, ¢, Fields in Channel under Power-On Conditions (M., = 0.7, Re =

12.62 x 10°).
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Figure 7: Change in Euler Pressure Field Between Un-
powered & Powered Configuration (M. = 0.7, Re =
12.62 x 10).

While the change in dissipative pressure drag, Cdpy»
is minimal as later discussed, a comparison of dissipa-
tive pressure in power-off and power-on conditions in
the channel is informative on the dissipative effects of a
propulsor. A comparison of these states is made in Fig. 8.
Under power-on conditions, the dissipative pressure gra-
dients are more prominent across the channel; this can be
observed by the greater change in contour lines. There
is an apparent shift in dissipation across the actuator disk
as one would expect, while the dissipative pressure gra-
dients around the trailing edge of the Clark-Y appear to
be smaller. Overall, PPF theory may provide a designer
with valuable information as to the dissipation effects of
the actuator disk model and be used for configuration op-

Power-Off

timization.

The results of a drag decomposition study are pre-
sented in Tab. 3. There are several observations to be
made from this decomposition study. Starting with the
propulsive PPF, Cd,, » ONE can see that the propulsion

[

system has a very small direct impact on the resulting
drag of the power-on configuration. This is in large part
due to the balancing of forces in the streamwise direction.
However, the size of the pressure gradients observed in
Fig. 3 suggests that in non-ideal circumstances, i.e., inlet
distortion, the resulting pressure-field could in fact be a
significant drag contributor.

The propulsive drag produced also scales linearly with
the required thrust input, that is the thrust required to
overcome drag. For example, the transonic flow case
has close to twice the thrust input of the subsonic cases
and twice the propulsive drag produced but its very small
compared to all other drag sources.

Secondly, one now has a method of quantifying the
secondary effects of the propulsion system. The vis-
cous drag, the summation of the dissipative drag and skin
friction drag, Cdp, + ¢4, is not impacted all that much
by the introduction of a propulsion system. The Euler
drag, on the other hand, which carries all of the inertial
flow effects, is highly dependent on the propulsor activ-
ity. The resulting Euler drag, Cdy, is by far the largest
contributor of secondary effects. Secondary drag values
of each grouping are determined by taking the difference
of their respective drag groupings between the power-off
and power-on states.

Power-On

Dissipative Pressure Coefficient, cp,

—0.2 —0.1

0 0.1

Figure 8: Comparison of Dissipative Pressure Field at Power-Off & Power-On Conditions (M., = 0.7, Re = 12.62 x 10°).

Table 3: Drag Decomposition of Unpowered & Powered (in-trim) BLI Case Study at Various Flow Conditions.

Unpowered

Powered

4.
Cqg X 10%: C4 Cd, Cd, Cdpu

chE ‘ Cd Cdp Cd, cdpp CdPE CdPs¢

Moo
Moo

M.,

02 112 338 78 149 189
0.5 1066 398 66.7 138 26
0.7 1993 1393 60.1 212 118.1

13577 532 825 134 39.6 0.2
1299 581 70.1 11.8 46.1 0.2
2439 180.1 63.8 244 1553 04




5.  CONCLUSIONS

An extension of PPF theory was made by introduction
of a momentum source term, the derivation of which is
briefly outlined. The implementation of the process is
made possible through a user-defined transport equation
which can be converted into a Poisson solver.

The extension of PPF theory is utilized to perform
thrust/drag book-keeping, in which a propulsor is mod-
elled using actuator disk theory. Actuator disk theory is
coupled to the Navier-Stokes equations in a CFD solver
by use of momentum and energy sources, therefore mak-
ing thrust/drag book-keeping via PPFs possible.

As a pioneering study, the extended PPF theory is
applied to a 2D embedded propulsion system, emulat-
ing BLI, i.e., the initial case study of Arntz & Atinault
[40]. An initial comparison of two actuator disk mod-
els is made, before ultimately a Gaussian distribution is
selected due to favorable numerical convergence. A com-
parison to the study of Arntz & Atinault is made with a
good agreement between cases. The results provide an
initial validation for the case study.

A PPF decomposition allows one to identify the direct
near-field pressure generated from the actuator disk. All
three cases produce similar propulsive pressure fields that
correlate to the input thrust value. They result in little
drag contribution for the given case study. Such results,
combined with that of the disk model comparison, lead
one to consider the impact various disk parameters may
have on a decomposition. Thus a sensitivity study and
further actuator disk model development would provide
further insight as to the dependence of disk model accu-
racy on the expected aerodynamic performance.

The isolation of the actuator disk pressure allows for
one to decompose the resulting secondary effects of the
propulsion system. The Euler pressure, which captures
viscous—inviscid interactions and shocks, is compared in
power-off and power-on cases. The difference between
the two is the resulting secondary effects of the given flow
phenomena, and with PPF theory one can truly visualize
where these changes occur in the near field.

Changes to viscous drag are much smaller than the Eu-
ler effects; however, the dissipative pressure field can also
be informative. A comparison of the dissipative PPF be-
havior is shown in the channel, which could be useful
to an aircraft designer as a means of understanding the
the impact of the change in dissipation resulting from the
propulsion system.

In summary, BLI and embedded propulsion systems
have been treated as separate entities in which the internal
and external flow is considered individually; this separa-
tion prevents one from making true power-off/power-on
comparisons. Using PPF theory, the need for such flow
distinctions is removed. As a result of this, there is po-
tential for an improved feedback loop between external
aerodynamicists and engine designers.
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