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ABSTRACT
The present paper introduces a novel methodology to extract rotor induced and profile power from high-fidelity compu-
tational aerodynamics simulations. The methodology is based on partial pressure fields which split the static pressure
of a numerical Navier-Stokes solution into equivalent Euler and dissipative partial pressure fields. Here the original
formulation is extended and applied to rotating reference frames. Test cases include the two-bladed Knight & Hefner
rotor in slow axial climb at variable blade collective as well as the ONERA HAD-1 propeller in axial flight. Quanti-
tative comparisons of rotor power breakdown are conducted against results obtained from blade-element momentum
theory. It is found that the novel methodology based on partial pressure fields gives promising results towards a com-
plete near-field power breakdown of high-fidelity computational aerodynamics simulations of rotating systems.

NOTATION

*

Symbols

a Local speed of sound

cd Local drag coefficient

cl Local lift coefficient

cp Static pressure coefficient

cpE Euler pressure coefficient

cpµ
Dissipative pressure coefficient

F Prandtl tip-loss factor

Fx Tangential force, N

Fz Normal force, N

J Advance ratio

M∞ Freestream Mach number

Nb Number of blades
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p Static pressure field, Pa

pE Euler (inviscid) partial-pressure, Pa

pµ Dissipative (viscous) partial-pressure, Pa

Sφ Transport equation source term

v⃗ Absolute velocity vector, m/s

vc Climb velocity, m/s

vi Induced velocity, m/s

v⃗r Relative velocity vector, m/s

R Rotor radius, m

Re75 Reynolds number at 75% radial station

Pi Induced power, kW

U Local velocity, m/s

α Angle of attack, deg

θ Rotor collective angle, deg

λ Local inflow ratio

λc Climb ratio

Ξ Diffusion coefficient

ρ Fluid density, kg
m3

σ Rotor solidity

¯̄τ Viscous stress tensor

τw Wall shear stress, Pa

1



φ Local inflow angle, deg

Ω⃗ Reference frame angular velocity, RPM

*

Acronyms

BEMT Blade Element Momentum Theory

CFD Computational Fluid Dynamics

NACA National Advisory Committee for Aeronautics

PPF Partial-pressure Field

INTRODUCTION

In classical rotor aerodynamics, power contributions are of-
ten split into induced and profile components. However, in its
current state, computational fluid dynamics (CFD) is unable
to directly extract these contributions. Instead, blade design-
ers are reliant on traditional full-potential and Euler solutions,
as well as prescribed and free-wake vortex methods. Hence,
there is a disconnect between viscous/inviscid interaction of
the classical methods and state-of-the-art CFD, thus limiting
the effectiveness of these tools to improve lower-order design
tools based on blade-element momentum theory (BEMT).

Removing this technical barrier will not only advance the fun-
damental understanding of rotor aerodynamics, but the knowl-
edge gained can improve classical BEMT, full-potential, and
free-wake methods that are seeing a re-emergence in current
multi-rotor vehicle development. In addition to rotorcraft ap-
plications, an understanding of force and power breakdown
for fixed-wing aircraft remains a topic of interest, with the ca-
pability to break down the separate contributions of drag and
thrust proving to be challenging. This topic is also of particu-
lar interest for open rotor technology on commercial transport
aircraft (Ref. 1). The necessity to better understand the power
contributions of rotor blades, and the ability to decompose
them into their respective contributions for fixed-wing aircraft
in power-on configurations, has led to recent developments in
force-bookkeeping methods. So far, two classes of decompo-
sition methods have been extended to rotating frames: ther-
modynamic decompositions and exergy balance.

Thermodynamic based decompositions are rooted in entropy
generation, first demonstrated by Oswatitsch (Ref. 2). The
method has become matured through the contributions of
van der Vooren and Sloof (Ref. 3), Paparone and Tognac-
cini (Ref. 4) and Destarac and van der Vooren (Ref. 5). In
their work, the authors developed an irreversible velocity field
which can be evaluated in the far-field to determine pro-
file drag, with the induced drag solved as a complementary
term. Moreover, the method was advanced to prove capable
of decomposing wave drag. In the early 2010’s, Verley and
Méheut demonstrated the applicability of the method in a ro-
tating reference frame (Refs. 6, 7). Simultaneously, research

was conducted to apply thermodynamic methodologies to un-
steady flows, initially undertaken by Gariépy et al. (Ref. 8)
and Toubin et al. (Refs. 9,10). Recently, Nadal et al. (Ref. 11)
extended the latter method to decompose unsteady flows in a
rotating reference frame; however, it was concluded that the
method falls short as it suggests that all thrust is attributed to a
viscous force. As such, no method thus far has proven capable
of breaking down induced and profile forces on rotors.

On the other hand, the exergy method matured by Arntz
et al. (Refs. 12–14) provides an alternate perspective. This
method provides a thorough assessment of force formation in
the far-field and can be linked to conventional momentum-
based forces. Berhouni et al. (Ref. 15) extended the appli-
cability of the method to the rotating reference frame, with
applications to the ONERA HAD-1 propeller as well as turbo-
machinery applications such as the NASA Rotor 37 (Ref. 16).
A recent assessment of the potential of the various method-
ologies for industrial applications was favorable (Ref. 17).

A conceptually different perspective for the evaluation of
forces and power is to decompose them in the near-field.
This subject area is the more recent development of Partial-
Pressure fields (PPFs) and remains unexplored in a rotat-
ing reference frame. Originally developed by Schmitz &
Coder, PPFs were applied to steady incompressible flow
cases (Ref. 18). This was then extended to the compress-
ible flow regime by Schmitz (Ref. 19), where Hart & Schmitz
(Refs. 20,21) explored applications of the method in subsonic
and transonic flows with a particular interest in the bookkeep-
ing of wave drag with a near-field PPF. The method has ma-
tured in recent years such that it was applied to more com-
plex configurations (Ref. 22), and more recently the method
has been further developed to directly extract wave drag in
three-dimensional near-field flows (Ref. 23). The conclud-
ing observation is that PPFs are indeed able to bookkeep drag
and power contributors. And there are advantages to using
near-field methods to decompose drag sources, particularly
for highly-integrated configurations with notable interactional
aerodynamics. This provides the motivation for the present
work. Here the formulation is extended to rotating reference
frames in order to apply the methodology to both rotors and
propellers. The present paper is a proof-of-concept study with
application of the PPF power breakdown methodology to the
Knight & Hefner rotor as well as the ONERA HAD-1 pro-
peller. Comparisons are made against an in-house BEMT so-
lution method as a quantitative reference case.

METHODS

Partial-Pressure Fields (PPFs)

The assumptions for the PPF derivation are steady flow, no
heat addition, and no body forces. It was shown in prior
theoretical work (Ref. 19) that an Euler partial pressure ac-
counts for induced effects, while an associated dissipative par-
tial pressure accounts for blade section form drag. The general
momentum equation in the rotating reference frame reads:
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∇ · (ρ v⃗r ⊗ v⃗)+ρ(Ω⃗× v⃗) =−∇p+∇ · ¯̄τ (1)

The foundation of the PPF decomposition is rooted in break-
ing down the static pressure field into an inviscid ”Euler”
partial-pressure (induced), pE , and a viscous ”dissipative”
partial-pressure (form), pµ , in the following way:

p = pE + pµ (2)

Applying the definition of the PPFs with the absolute velocity
formulation of the momentum equation yields:

∇pE =−∇ · (ρ v⃗r ⊗ v⃗)−ρ(Ω⃗× v⃗) (3)

∇
2 pE =−∇ ·

[
∇ · (ρ v⃗r ⊗ v⃗)

]
−∇ ·

[
ρ(Ω⃗× v⃗)

]
(4)

The elliptic PDE in Eq. (4) is convenient for use in CFD codes
that have a built-in Poisson solver. For the purposes of evolv-
ing the PPF decomposition method to work in a rotating refer-
ence frame in general-purpose CFD codes, a transport equa-
tion is formulated according to:

∂ (ρφ)

∂ t
+ρ (⃗v ·∇)φ = ∇ · (Ξ∇φ)+Sφ (5)

After some manipulation and using Eqs. (3,4), one can for-
mulate the source term, Sφ , in Eq. (5) to become:

Sφ =−ρ v⃗ ·
[
∇ · (ρ v⃗r ⊗ v⃗)

]
+Ξ∇ ·

[
∇ · (ρ v⃗r ⊗ v⃗)

]
+Ξ∇ ·

[
ρ(Ω⃗× v⃗)

] (6)

The general transport equation (5) can then be written as

ρ (⃗v ·∇)pE =−ρ v⃗ ·
[
∇ · (ρ v⃗r ⊗ v⃗)

]
+Ξ∇

2 pE

+Ξ∇ ·
[
∇ · (ρ v⃗r ⊗ v⃗)

]
+Ξ∇ ·

[
ρ(Ω⃗× v⃗)

] (7)

where the diffusion coefficient, Ξ, is a function of both
Reynolds number and dynamic viscosity, µ . Equation (7) can
thus be solved for the Euler partial pressure, pE .

In reference to rotor force and power breakdown, sectional ro-
tor thrust is computed from pressure and skin friction at each
blade section according to

dTCFD =−
∮
(p− τw) dxdr (8)

while the partial pressure fields, pE and pµ , are used to deter-
mine sectional induced and profile torques as:

dQCFD =
∮

(− pE) r dxdr︸ ︷︷ ︸
Induced

+
∮ (

−pµ + τw
)

r dxdr︸ ︷︷ ︸
Pro f ile

(9)

Equation (9) is the foundation of a CFD rotor force and power
breakdown and will be used to compare quantitatively against
BEMT reference data introduced in the next section.

Blade Element Momentum Theory (BEMT)

The classical breakdown of rotor induced and profile power
is best illustrated in Blade Element Momentum Theory
(BEMT). In this section, basic relations are reviewed as they
constitute reference values for the proposed PPF power de-
composition of this work.

Figure 1 shows a detailed view of a blade section element, in-
cluding forces, angles, and local velocities. The x-direction
is defined in the rotor plane in the direction of the local en-
trainment speed, Ωr, while the z-direction points upstream in
the axial freestream direction; the radial coordinate along the
blade is denoted by r.

Figure 1. BEMT - Forces on rotor blade section.

The following angle relation applies to each blade section:

Θ = α +φ (10)

Here φ is the local inflow angle, and α is the local blade sec-
tion angle of attack. The local inflow angle is determined by

φ = tan−1
(

VC + vi

Ωr

)
(11)

with VC + vi being the local axial (z) velocity component and
Ωr being the local entrainment speed (x). In this context, VC
is the climb speed (for a helicopter rotor) or the axial speed
(for a propeller), while vi is the local rotor induced velocity.
The total velocity U at a blade section thus becomes:

U =

√
(Ωr)2 +(VC + vi)

2 (12)
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Subsequently, the local Mach number, Ma, is defined as

Ma =
U
a

(13)

where a is the speed of sound. In the BEMT implementation
of this work, no airfoil tables are used. Instead, blade section
lift and drag coefficients are simply defined according to

cl =
clα√

1−Ma2
(α −α0) cd = cd,min +Kα

2 (14)

where clα is the lift-curve slope and α0 is the zero-lift angle
of the local blade section. In Eq. (14), parameters cd,min and
K are determined either from data (in case of the Knight &
Hefner rotor) or from a Fluent computed airfoil polar at the
75% station (in case of the ONERA HAD-1 propeller).

Note that the lift coefficient, cl , in Eq. (14) includes a Prandtl-
Glauert compressibility correction relevant to the ONERA
HAD-1 propeller. Blade element lift and drag forces become

dL =
1
2

ρU2cl cdr dD =
1
2

ρU2cd cdr (15)

where c is the local blade chord. From Fig. 1, it is apparent
how these can be transformed into dFz and dFx, respectively.

dFz = dLcosφ −dDsinφ dFx = dLsinφ +dDcosφ (16)

Next, BEMT thrust and torque are defined in x,z directions as:

dTBEMT = dFz dQBEMT = dFx r (17)

For the purpose of this work, BEMT blade section torque is
then split into induced and profile components following:

dQBEMT = dLsinφ r︸ ︷︷ ︸
Induced

+dDcosφ r︸ ︷︷ ︸
Pro f ile

(18)

Equation (18) constitutes a BEMT reference case for compar-
ison against CFD computed induced power by means of PPF
decomposition according to Eq. (9). The BEMT thrust and
torque relations in Eqs. (17-18) require knowledge of the lo-
cal inflow angle, φ , which is typically determined from solv-
ing a suitable inflow equation for the local inflow ratio, λ , at
each blade section defined according to

λ =
VC + vi

ΩR
(19)

such that the inflow angle, φ , in Eq. (11) can be computed as:

φ = tan−1
(

λ

r

)
(20)

In the following, separate inflow equations for λ are derived
for the Knight & Hefner and ONERA HAD-1 propeller due
to differences in flow states between the two rotors.

Knight & Hefner Rotor In this paper, the two-bladed vari-
ant of the classical Knight & Hefner rotor is considered. The
original Knight & Hefner experiment was conducted in hover;
however, a very low climb ratio of λc =VC/(ΩR) = 0.04 close
to hover is considered in this work due to the simpler compu-
tational setup and boundary conditions in Fluent associated
with a small axial freestream flow through the rotor. The rotor
blades have a rectangular planform and are equipped with the
NACA 0015 airfoil (Ref. 24).

Following the analysis in Leishman (Ref. 25), blade section
thrust coefficient from blade-element theory (BET) and mo-
mentum theory (MT) are determined as:

BET : dCT =
1
2

σcl,α

(
Θ
( r

R

)2 −λ
r
R

)
d r

R (21)

MT : dCT = 4Fλ (λ −λC)
r
R d r

R (22)

In Eq. (21), σ = Nbc/πR is the rotor solidity of the rectangu-
lar blade, and F is Prandtl’s tip loss factor according to:

F =
2
π

cos−1
(

e−
Nb
2

1−r/R
r/Rsinφ

)
(23)

Note that in Eq. (21), a small-angle approximation has been
used twice with dCT ≈ dCl cosφ ≈ dCl from Eq. (16) and
φ ≈ λ/r from Eq. (20). Equating (21) and (22) results in the
classical inflow equation for helicopter rotors in axial climb:

λ (r,λc) =

√(
σclα

16F

)2
+

σclα

8F
Θ(r)

r
R
−
(

σclα

16F
− λc

2

)
(24)

ONERA HAD-1 Propeller In the present work, the ONERA
HAD-1 light propeller is considered as an additional test case
for the proposed PPF power decomposition. The CAD geom-
etry for the propeller was provided by ONERA. In contrast
to the Knight & Hefner rotor, the ONERA HAD-1 propeller
has a variable blade chord and more than thirty degrees of
twist and is equipped with several cambered airfoils along the
blade. The test case considered is the same as documented in
(Ref. 11) with an axial advance ratio of J = VC/(ΩR) = 0.6
at a tip Mach number of 0.5.

In this context, it is important to note that BEMT propeller in-
flow violates the small-angle approximation typically used for
lightly-loaded helicopters; therefore, a different inflow equa-
tion is required for BEMT analysis. Here a more general ver-
sion than documented in (Ref. 26) is derived where the full
force transformation in Eq. (16) is recast into the respective
BET equation with an unchanged MT component such that:

BET : dCT = σ

(
U

ΩR

)2

(cl cosφ − cd sinφ) r
R d r

R (25)

MT : dCT = 4Fλ (λ −λC)
r
R d r

R (26)
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In Eq. (25), the solidity parameter is now locally defined as
σ = Nbc/(2πr) similar to wind turbine aerodynamic theory
(Ref. 27). Equating Eqs. (25) and (26) now results in a suit-
able inflow equation for the ONERA HAD-1 propeller in axial
flight, which is solved very efficiently in a few iterations with
intial values provided by the simpler inflow equation (24):

λ (r,λc) =

√
σ

(
U

ΩR

)2 cl cosφ − cd sinφ

4F
+

(
λc

2

)2

+
λc

2
(27)

CFD Grid Generation

The first test rotor used for the force/power decomposition
was the classical NACA Knight & Hefner rotor (Ref. 24).
This blade was chosen for its simple rectangular, untwisted
planform and straightforward comparison against BEMT
data. Mesh generation was done in Pointwise. A view of the
blade tip shows the structured surface mesh with unstructured
end caps along with the volume mesh in Figure 2. The sur-
face grid used for this study consisted of 481 wrap-around
points, 250 points along the blade radius, and 6 points to
model the blunt trailing edge. The unstructured volume mesh
was 6.85 million cells in total and was built to operate at Re75
of 180,000 with a surface y+ < 2.

Figure 2. Computational grid - Knight & Hefner rotor.

The second rotor to test the proposed force/power decomposi-
tion was the ONERA HAD-1 propeller. A similar mesh gen-

eration was conducted in Pointwise. A view of the propeller
root shows the structured surface mesh with unstructured end
caps along with the volume mesh in Figure 3. The surface grid
comprised of 510 wrap-around points, 500 points along the
blade radius, and 25 points to model the blunt trailing edge.
In total, the unstructured volume mesh was 49 million cells.
The grid was designed to operate at Re75 of 1,600,000 with a
surface y+ < 0.75.

Figure 3. Computational grid - ONERA HAD-1 propeller.

CFD Solver Setup

The commercial ANSYS Fluent 2023 R2 solver was used
to run the simulations. All schemes in Fluent were second-
order accurate, and gradients were evaluated using the Green-
Gauss cell-based method. The absolute velocity formulation
was used to account for the rotation of the reference frame.
The pressure-based, incompressible solver was used for the
Knight & Hefner rotor, and the pressure-based, compressible
solver was used for the ONERA HAD-1 propeller. General-
ized k −ω (GEKO) was used for turbulence closure. Only
one blade was meshed for both the Knight & Hefner rotor and
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the ONERA HAD-1 propeller, with periodic boundary con-
ditions used to complete the domains. To implement PPFs
into the solver, a user-defined function (UDF) was created to
compute the necessary terms and add them to the momentum
equation. The UDF scripts are written in a combination of
C++ and a library of Fluent’s own macro-functions (Ref. 28).
Post-processing of the simulation data consisted of exporting
pressure and shear stress data on the blade surface across 16
radial slices from Fluent. This data was then sorted in MAT-
LAB and processed in Excel. An in-house BEMT code was
used to compute reference values for comparison of sectional
and integrated rotor loads against Fluent CFD results.

RESULTS

Knight & Hefner Rotor

The two-bladed Knight & Hefner rotor was simulated at blade
collectives of 4◦, 6◦, 8◦, and 10◦ at a constant rotational rate of
Ω= 860 RPM following the original report (Ref. 24). A small
constant climb velocity of VC = 3m/s was added to ease the
simulation and boundary-condition setup in ANSYS Fluent,
corresponding to a climb ratio of λc = 0.04 practically close to
hover conditions. The Knight & Hefner rotor characteristics
used in this paper are displayed in Table 1.

Table 1. Knight & Hefner Rotor Characteristics.

Ω [RPM] VC [m/s] Radius [m] Nb θ75 [
◦] λc

860 3 0.765 2 4-10 0.04

Figure 4 shows sectional thrust and torque for the 6◦ collec-
tive, VC = 3m/s simulation, with CFD results from Fluent
shown in black and BEMT reference values in gray. Note
that results shown are thrust trimmed by adjusting the BEMT
collective for this case to 5.92◦. As for sectional thrust,
the typical behavior of BEMT overpredicting tip loads when
compared to CFD (Fluent) is visible; as for sectional torque,
BEMT underpredicts along the blade with an overall under-
prediction of rotor power by only 2.5%. Therefore, blade sec-
tional loads in Fig. 4 are considered in close enough agree-
ment to test the proposed rotor force/power breakdown in the
Fluent CFD analyses using the PPF methodology.

Figure 5 contains the sectional induced and profile torques for
the same simulation. The CFD solution data (Fluent) based on
solved static pressure or skin friction are displayed in black,
and the BEMT reference values for induced or profile data in
gray. Note that BEMT Eq. (18) was used here to generate the
reference values for induced and profile torque. The afore-
mentioned CFD technical barrier is evident when looking at
the black and gray curves in Figure 5. In the left plot, static
pressure torque from the CFD (Fluent) is not able to capture
the induced torque because it also contains the form drag; in
the right plot, the torque due to skin friction underpredicts the
BEMT profile torque because it is missing the contribution
from the form drag. This signifies the inherent limitation with

current high-fidelty CFD solutions, i.e. individual sources of
drag/power cannot be separated from the CFD solution. How-
ever, the PPF decomposition into Euler and dissipative partial
pressures is able to break out the individual components from
a viscous CFD solution following Eq. (9). Specifically, the
Euler PPF, displayed by the black dots in the left plot of Fig-
ure 5, is able to extract the induced torque from the CFD solu-
tion and is in agreement with the BEMT reference values. The
black dots in the sectional profile torque plot on the right are
comprised of the contributions of skin friction and form drag,
which is stored in the dissipative PPF according to Eq. (9).
One can see that the dissipative PPF added to the skin friction
contribution is able to capture the profile torque in the CFD
(Fluent) and is in agreement with the BEMT reference values.
This is the first time that rotor induced and profile torque were
extracted from a converged CFD solution for a rotor in a slow
climb using the PPF method of force/power breakdown.
Figure 6 contains the integrated rotor total, induced, and pro-
file torques plotted against integrated rotor total thrust. As
shown in the top plot, integrated rotor torque values from the
simulations are in good agreement with the reference BEMT
values. The middle plot reiterates the current technical bar-
rier with modern CFD methods and the static pressure torque
overpredicting the induced torque at every collective. Induced
CFD torque in Fluent, however, captured in the Euler PPF, is
in good agreement with the reference BEMT induced torque.
The plot on the bottom of Figure 6 shows the Fluent skin
friction torque underpredicting the reference BEMT profile
torque. However, when the CFD form drag in Fluent, stored
in the dissipative PPF, is added with the contribution of skin
friction, one can capture the profile torque in a CFD solution.
Figure 7 shows distributions of static (cp) and Euler (cpE )
pressure coefficients at three different rotor blade sections at
6◦ collective and VC = 3m/s. It can be seen that both pressure
distributions are very similar; this is expected as the Euler PPF
is interpreted as the equivalent inviscid pressure distribution
extracted from the a full viscous CFD solution. In particular,
it is evident that almost all blade section lift, and consequently
induced drag (or drag due to lift), is captured in the Euler PPF
(cpE ) pressure coefficient. This supports that the Euler PPF
behaves as expected by its theoretical formulation. Figure 8
shows distributions of corresponding dissipative pressure co-
efficient (cpµ

) at the same three rotor blade sections. Note
that the dissipative PPF is simply the difference between static
pressure and the Euler PPF according to Eq. (2). As expected,
the magnitude of the dissipative pressure coefficient (cpµ

) is
much smaller than that of the Euler pressure coefficient and
only amount to a small percent of stagnation pressure. One
important observation though is that cpµ

is higher on the fore
compared to the aft part of the local blade section, thereby
resulting in a net form drag component of profile drag when
locally integrated at a section of blade.
Table 2 summarizes results obtained for the two-bladed
Knight & Hefner rotor. Note that blade collective is trimmed
in the BEMT, see column ’Trim. Coll.’, to obtain the same ro-
tor thrust as for the CFD in Fluent. Rotor power agrees within
just a few percent between Fluent and BEMT, with the largest
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Figure 4. Knight & Hefner Rotor - Sectional Thrust and Torque (666◦◦◦ Collective, VVVCCC === 333mmm///sss, and 888666000 RPM).

Figure 5. Knight & Hefner Rotor - Sectional Induced and Profile Torque (666◦◦◦ Collective, VVVCCC === 333mmm///sss, and 888666000 RPM).

Figure 6. Knight & Hefner Rotor - Integrated Torque vs. Thrust Plots (VVVCCC === 333mmm///sss and 888666000 RPM).

discrepancy occurring at the lowest blade collective. Also
shown in Table 2 are induced and profile power for both Flu-
ent and BEMT as reference values. It can be seen that induced
and profile power extracted from Fluent by means of the PPF
force/power breakdown agree very well with the BEMT ref-
erence values, with differences corresponding to those seen
for total rotor power. Results obtained for profile power agree
very well between Fluent and BEMT. Also shown are Fluent

values for pressure and respective skin friction power (two
most right columns in gray). One can see here how the pres-
sure power overpredicts the induced power at each collective
due to the contribution of the form drag. The inverse prob-
lem is seen again when comparing the skin friction power to
the BEMT profile power. It is evident that when the contribu-
tion of the form drag, stored in the dissipative PPF, is removed
from the static pressure power and added with the skin friction
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Figure 7. Knight & Hefner Rotor - Static cccppp vs. Euler cccpppEEE pressure (666◦◦◦ Collective, VVVCCC === 333mmm///sss, and 888666000 RPM).

Figure 8. Knight & Hefner Rotor - Dissipative pressure cccpppµµµ
(666◦◦◦ Collective, VVVCCC === 333mmm///sss, and 888666000 RPM).

Table 2. Knight & Hefner Rotor - Integrated Rotor Powers (VVVCCC === 333mmm///sss and 888666000 RPM).

Blade
Coll.
[◦]

Trim
Coll.
[◦]

BEMT
Power
[W ]

Fluent
Power
[W ]

BEMT
Ind. Power

[W ]

Fluent
Ind. Power

[W ]

BEMT
Prof. Power

[W ]

Fluent
Prof. Power

[W ]

Fluent
Press. Power

[W ]

Fluent
Frict. Power

[W ]

4.0 3.96 77.62 86.08 7.744 16.39 69.88 69.70 37.10 48.58
6.0 5.92 117.2 123.7 46.10 53.66 71.14 70.06 74.74 48.80
8.0 7.76 171.1 175.4 97.08 101.8 74.02 73.66 127.0 48.44

10.0 9.52 237.2 240.4 159.0 162.5 78.16 77.80 192.7 47.72

contribution, one captures profile power while the Euler PPF
captures the induced power of the rotor.

ONERA HAD-1 Propeller

The ONERA HAD-1 propeller was simulated in cruise (M∞ =
0.3) at a rotational rate of 2031 RPM in standard sea-level
conditions according to (Ref. 11). The three-bladed propeller
has a radius of 0.8m with a root-cutout of 15%. Some basic
propeller characteristics are summarized in Table 3.

All CFD simulations were conducted in Fluent and validated

Table 3. ONERA HAD-1 Propeller Characteristics.

Ω [RPM] M∞ Radius [m] Nb θ75 [
◦] J

2031 0.3 0.8 3 -45 0.6

against CFD results obtained at ONERA (Ref. 11). A compar-
ison of integrated thrust, torque, and power between Fluent
and ONERA results is summarized in Table 4. The simula-
tion from Fluent yielded less than a 2% difference in thrust
and less than a 1% difference in torque which serves as very
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good validation of the Fluent results of the present work. A
visualization of the propeller wake in the Fluent CFD simula-
tions using the Q criterion is shown in Fig. 9.

Table 4. ONERA HAD-1 Propeller - CFD Validation.

Source Thrust [N] Torque [Nm] Power [kW ]
ONERA 1390 772.9 164.4
Fluent 1372 766.6 163.0
∆ [%] 1.33 0.83 0.83

Figure 9. ONERA HAD-1 Propeller - Q-Criterion Iso-
Surface (MMM∞∞∞ === 000...333 and 222000333111 RPM).

As for the BEMT inflow Eq. (27) used for the ONERA
HAD-1 propeller, the computed induced velocity, vi, at the
rotor blade was compared to an actuator-line model result
from (Ref. 29) as a validation case. It can be seen in Fig.
10 that comparisons are quite good, albeit noting that this is
not an accurate model-to-model comparison; nonetheless, it
supports the validity of BEMT computed inflow for this case.

The plots in Fig. 11 show blade sectionional thrust and torque
for the ONERA HAD-1 propeller case. As in the Knight &
Hefner section, CFD results from Fluent are shown in black
and BEMT reference values in gray. The BEMT blade collec-
tive was trimmed to match the Fluent CFD computed thrust.
As for sectional thrust in Fig. 11, the CFD (Fluent) and
BEMT results match closely, with the BEMT underpredict-
ing inboard and overpredicting in the tip region as is typically
observed. Note again that the integrated thrust T = 1372N
is the same for both cases. As far as sectional torque is con-
cerned, CFD results from Fluent and BEMT reference values
agree quite well, with a small BEMT underprediction along
the blade (except for the tip region), accounting for only a 5%
difference in integrated rotor torque and power. Therefore,

Figure 10. BEMT - Induced Velocity Comparison (Ref. 29)

the comparisons are considered very good and suitable for a
subsequent breakdown of the Fluent CFD rotor power into
induced and profile contributions and comparison to BEMT
reference values.

The left plot in Fig. 12 shows sectional induced torque. One
can see that the black line, representing Fluent CFD pres-
sure torque, overpredicts the BEMT induced torque because it
contains the contribution of form drag. The technical barrier
with modern CFD methods is evident again. However, upon
extracting the form drag using the dissipative PPF, the Eu-
ler partial pressure represented by the black dots captures the
induced torque and matches well with the reference BEMT
induced torque for the inboard portion of the blade. In the
right plot in Fig. 12, the Fluent CFD computed skin friction
underpredicts BEMT profile torque as it does not include the
form drag component associated with the dissipative partial
pressure; however, when added to the skin friction, the Fluent
CFD profile torque, shown as black dots, overpredicts com-
pared to the BEMT reference value for profile torque. As
will be discussed below with tabulated data, the aforemen-
tioned 5% discrepancy between Fluent CFD and BEMT is al-
most entirely captured in this difference in profile torque and
can be reasonably attributed to additional three-dimensional
effects not captured by the BEMT for the highly-twisted ON-
ERA HAD-1 propeller. While seemingly small from the view-
point of overall quantitative comparison, it is nonetheless no-
table for this case where profile power is only about 3% of
total rotor power and therefore does not necessarily allude to
shortcomings in the proposed PPF force/power decomposi-
tion method. For comparison, profile power of the Knight &
Hefner rotor as shown in Table 2 is upwards of 50% for a sim-
ple geometry at significantly lower Reynolds number and disk
loading compared to the ONERA HAD-1 propeller.

Table 5 summarizes the results obtained on the ONERA
HAD-1 propeller and associated breakdown into rotor in-
duced and profile power. Note that the blade collective in
the BEMT was trimmed to match integrated rotor thrust in
the Fluent CFD simulation. Rotor power agrees to within 5%
(or 8kW ) between both methods. As for rotor induced power,
Fluent CFD and BEMT agree to within 1.5%. This can be
regarded very good agreement and supports the proposed ro-
tor force/power decomposition using the Euler PPF; note that

9



Figure 11. ONERA HAD-1 Propeller - Sectional Thrust and Torque (MMM∞∞∞ === 000...333 and 222000333111 RPM).

Figure 12. ONERA HAD-1 Propeller - Sectional Induced and Profile Torque (MMM∞∞∞ === 000...333 and 222000333111 RPM).

Figure 13. ONERA HAD-1 Propeller - Static cccppp vs. Euler cccpppEEE pressure (MMM∞∞∞ === 000...333 and 222000333111 RPM).
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Figure 14. ONERA HAD-1 Propeller - Dissipative pressure cccpppµµµ
(MMM∞∞∞ === 000...333 and 222000333111 RPM).

Table 5. ONERA HAD-1 Propeller - Integrated Rotor Powers (MMM∞∞∞ === 000...333 and 222000333111 RPM).

Blade
Pitch
[◦]

Trim
Pitch
[◦]

BEMT
Power
[kW ]

Fluent
Power
[kW ]

BEMT
Ind. Power

[kW ]

Fluent
Ind. Power

[kW ]

BEMT
Prof. Power

[kW ]

Fluent
Prof. Power

[kW ]

Fluent
Press. Power

[kW ]

Fluent
Frict. Power

[kW ]

47.0 45.2 155.1 163.0 150.5 148.1 4.482 15.95 161.2 1.833

the Fluent CFD pressure power (shown in gray in Table 5)
is by itself higher than the total BEMT rotor power. Results
appear to be also consistent insofar as the Fluent CFD fric-
tion power (most right column in gray) underpredicts BEMT
profile power as it is missing the sectional form drag com-
ponent. As far as rotor profile power is concerned, the differ-
ence between Fluent CFD and BEMT is more pronounced and
corresponding closely to the overall difference in rotor power
of approximately 8kW ; this is attributed to additional three-
dimensional effects not captured in the BEMT in general and
might also be a result of the difference in trimmed pitch angle
of 1.8◦ as seen in Table 5 being notably larger than for the
simpler Knight & Hefner rotor planform (see Table 2).

Figure 13 shows distributions for static (cp) and Euler (cpE )
pressure coefficients at three different radial stations along the
propeller blade. Similarly as observed earlier for the Knight
& Hefner rotor, pressure distributions are quite similar, which
is expected from the theory of the Euler partial pressure rep-
resenting the inviscid pressure extracted from the full viscous
Fluent CFD solution. It is notable though that differences are
more pronounced than for the Knight & Hefner rotor. This
is evident when looking at the dissipative pressure coefficient
(cpµ

) in Fig. 14 showing higher values than observed for the
Knight & Hefner rotor. Here it is again conjectured that for
the ONERA HAD-1 propeller, additional three-dimensional
effects are present due to the relatively complex blade plan-
form geometry of the highly-twisted propeller blade and that
those are captured in the dissipative PPF from Fluent CFD.
This is consistent with the tabulated values in Table 5.

CONCLUSIONS

The current technical barrier of being unable to accurately ex-
tract rotor induced and profile power from high-fidelity CFD
solutions has not been overcome due to the fact that the CFD
computed static pressure contributes to both induced power
and also includes the form drag component of profile power.

The contribution of this paper is a novel methodology that
enables extracting rotor induced and profile power from high-
fidelity CFD simulations, thereby removing this fundamental
technical barrier. The method is based on the theory of partial-
pressure fields that have been successfully applied to aircraft
drag decomposition in previous work. The present work ex-
tends the proven concept to rotating reference frames.

The proposed partial-pressure field (PPF) force/power break-
down for rotorcraft applications was demonstrated for two dif-
ferent rotors: i) the 2-bladed Knight & Hefner rotor (incom-
pressible flow) and ii) the ONERA HAD-1 propeller (com-
pressible flow). For both test cases, BEMT was used to gener-
ate reference values for comparison against induced and pro-
file power extracted from high-fidelity CFD in Fluent.

A summary of this paper’s main results are listed below:

1. Extracting induced and profile power from a viscous ro-
torcraft CFD solution is possible using the near-field Eu-
ler & dissipative PPF force/power breakdown method.

2. For both rotors, CFD extracted induced power compares
to within a few percent [%] to BEMT reference values.
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3. The CFD extracted profile power includes additional
three-dimensional effects not captured by BEMT.

4. The Euler & dissipative PPFs can be readily solved from
a converged viscous CFD solution using either a general
transport equation or Poisson solver.

The results obtained in this work are potentially impactful to
the rotorcraft community inasmuch the method holds promise
for future developments to also accurately extract airfoil po-
lar data and tip-loss factors from the CFD with the intent to
improve current low-fidelity BEMT methods.
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