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Advances in aerodynamic and propulsive efficiency of future aircraft can be achieved by strategic installation of
propellers near the airframe. This paper presents a robust and computationally efficient engineering method to
estimate the load distribution of a propeller operating in arbitrary nonuniform flow that is induced by the airframe and
by different flight conditions. The time-resolved loading distribution is computed by determining the local blade section
advance ratio and using the sensitivity distribution along the blade, which is a property of the propeller in isolated
conditions. The method is applied to four representative validation cases by comparing to full-blade computational
fluid dynamics (CFD) simulations and experimental data. For the evaluated cases, it is shown that the changes in
the propeller loads due to the nonuniform inflow are predicted with errors ranging from 0.5 up to 12% compared to
the validation data. By extending the quasi-steady approach with a correction to account for unsteady effects, the
time-resolved blade loading is also well approximated, without adding computational cost. The proposed method
provided a time-resolved solution within several central processing unit seconds, which is seven orders of magnitude
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faster compared to full-blade CFD computations.

Nomenclature

= number of blades

' = pitching moment coefﬁgient; m/ pmnzDg

; = yawing moment coefficient; n/ Peott*D;)

total pressure coefficient; (p; — py_/qe) + 1
= torque coefficient; Q/poonzD/ls, S
= section torque coefficient; Q'/pn“Dy, m~
thrust coefficient; 7'/ pwnzDg

section thrust coefficient; 7'/pon*Dy, m™"
in-plane force coefficient; Fy/p,,n*Dj

in-plane force coefficient; F/p.,n*Dj
chord, m

diameter, m

force, N

= average cell size of grid i, m

advance ratio; V/nD,

wave number, m~!

Mach number

pitching moment, N/m

normal force, N
rotational speed, s~
shaft power, W
pressure, Pa; and observed order of accuracy
torque, N/m

sectional torque, N

= dynamic pressure, Pa
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R = radius, m

r = radial coordinate, m

S = area, m?; and Sears function

T = thrust, N

Tc = thrust coefficient; 7/ S,

T' = sectional thrust, m™!

U, = standard deviation based on observed order
Uy = estimated discretization uncertainty
u,v,w = velocity in Cartesian system, m - s
1% = velocity, m - s7!

x,y,z = Cartesian coordinates, m

a = angle of attack, deg

s = blade-pitch angle, deg

r = circulation, s~}

€ = propeller tip clearance, m

¢ = compressibility factor; v/ 1 — M?

n = efficiency

P = density, kg/m~3

c = reduced frequency; knc/4xV

¢ = propeller phase angle, deg
Subscripts

a = axial component

B = blade component

eff = effective

h = hub

p = propeller

t = tangential component

us, qs = unsteady and quasi steady

00 = freestream quantity

Superscripts

/ = local quantity at r/R,,

* = based on theoretical order of convergence

I. Introduction

ROPELLERS are an attractive means of aircraft propulsion for
low to moderate flight Mach numbers because of their inherent
high efficiency [1-4]. The choice for a particular propeller location
relative to the airframe can be motivated by several design criteria,
for example, structural rigidity of the engine mounting, weight and
balance, and ground clearance constraints [1]. For numerous existing
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and proposed configurations, the propeller installation is carefully
chosen with the objective to gain an overall aircraft performance benefit
by increasing the propeller efficiency, airframe performance, and/or
reducing the noise footprint [1,5]. Examples include wingtip-mounted
propellers [6-11], over-the-wing propellers [12-16], boundary-layer
ingestion configurations [17,18], and leading-edge distributed propel-
lers [19]. Additionally, enhancements of the aeropropulsive efficiency
that can be reached by distributing the propulsion along the airframe
also make the utilization of (hybrid-)electric propulsion more feasible
[20]. The installation of propellers in the vicinity of the airframe leads
to an aerodynamic interaction: the propeller alters the airframe forces
by inducing a pressure and velocity field, whereas the airframe induces
a flowfield that affects the propeller forces. Figure 1 depicts a number
of typical cases of nonuniform inflow, either caused by the airframe-
induced flow or the flight condition, such as an angle of attack.
Depending on the configuration, the disturbances of the inflow can
range from concentrated perturbations to a more distributed nonuni-
formity over the propeller disk. From the examples illustrated by Fig. 1,
it can be deduced that for a typical application, there is (without
exception) a disturbed inflow to the propeller that will vary between
flight conditions; and it will affect the propeller forces and moments.
In a general sense, an arbitrary time-averaged inflow to the pro-
peller disk can be characterized as a combination of out-of-plane and
in-plane momentum transport. The perturbation to the freestream
velocity field AV can be decomposed into a change in advance
ratio AJ(r,¢) such that at each radial location and phase angle,
the effective advance ratio becomes Jo(r, p) = Jo, + AJ(r, P). If
the nominal operating condition is in the nearly linear region of the
Cyr—J curve, a reduction in the local effective advance ratio locally
results in a higher thrust, higher torque, and higher thrust-to-power
ratio [21]. An azimuthal variation in the advance ratio has a number of
consequences. First, the propeller rotation makes the loads on the
blade periodic, typically leading to additional noise [2,22,23], fatigue

loads on the blades, and vibrations to the airframe [24]. Second,

r
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Fig.1 Typical cases of propellers experiencing nonuniform inflow.

in-plane forces and moments are generated [25], which alter the trim
condition and stability characteristics of the aircraft: in particular, for
propellers at a relatively large distance to the aircraft’s center of
gravity [1,26-28]. Finally, the propulsive efficiency of the propeller
can be positively or negatively affected.

The extent to which the propeller performance is altered by the
installation depends on the type and magnitude of the nonuniform
inflow, the propeller operating condition, and the propeller design.
For example, local disturbances, such as the propeller encountering
a wake or vortex, have a negligible to a small effect on the mean
propeller forces; whereas they do cause significant unsteady loads
and noise [29-35]. Asymmetric inflow, such as a propeller at a
nonzero angle of attack or a propeller operating in the upwash or
downwash of a wing, only changes the propeller performance slightly
but still leads to significant unsteady loads and nonnegligible in-plane
forces [24,36-42]. Moreover, quasi-axisymmetric inflows covering a
large part of the propeller disk, such as a swirling inflow to a wingtip-
mounted pusher-propeller or a boundary-layer inflow, have shown to
alter the propeller efficiency [6,43—45]. If the combined performance
of the airframe and propeller is to be assessed over a range of flight
conditions, understanding and quantifying the effect of the inflow is
essential: in particular, for configurations featuring highly integrated
propellers. For those configurations, an estimation of aircraft perfor-
mance based on propeller data for isolated conditions is insufficient.

Next to a range of prediction methods for axisymmetric inflow
[46—-48], several authors have published works on load prediction and
analyses of propellers in nonuniform inflow, by employing exper-
imental, numerical, and analytical methods. Changing the geometry
in an experimental setup is often laborious, and therefore experimen-
tal methods are often not suitable for design studies. Furthermore,
deducing the propeller blade loading from a flowfield measured at
some distance downstream of the installed propeller is not straight-
forward: in particular, when the slipstream is distorted due to inter-
actions with the airframe [3,49-52]. Despite the introduced modeling
errors, an analytical or numerical prediction of the installed propeller
performance may be preferred instead: in particular, if relatively
small performance changes are expected.

A number of analytical expressions for the in-plane forces for an
isolated propeller at an angle of attack have been formulated, of which
the formulas by de Young [25,53] are widely used. These formulas
were adapted in Refs. [28,54] to account for the induced inflow by the
fuselage and wing for wing-mounted tractor propellers. However, a
generic nonuniform inflow can rarely be reduced to an equivalent
angle of attack, which makes such analytical expressions less suitable
for nonuniform inflows that only influence part of the propeller disk.

Numerical methods are therefore often preferred because the
actual constitution of nonuniform inflow can be taken into account.
In coupled approaches, the flow solution of the combined airframe
and propeller is solved directly. These include unsteady Reynolds-
averaged Navier-Stokes (RANS) computational fluid dynamics
(CFD) methods [55] and panel methods [56] with a full representation
of the propeller blade. Such approaches are particularly useful if the
propeller has a strong effect on the airframe. If one is primarily
interested in the propeller performance, the additional accuracy may
not outweigh the additional computational cost and effort to analyze a
full configuration, as compared to a superposition of the individual
contributions of the propeller—airframe interaction. If the nonuniform-
ity of the inflow is dominated by the isolated airframe, one can argue
that the dominant changes in propeller loading due to the interaction
are already captured if the inflow is treated as being decoupled.
However, even with this simplification, the cost can still be significant
if the full propeller is modeled. On the other hand, lower-order models
are generally not able to account for nonaxisymmetric flows and may
lack the fidelity to capture the relevant flow phenomena: in particular,
for more complex blade geometries featuring, for example, blade
sweep.

In this paper, a computationally efficient method is presented
to determine the response of propeller forces and moments due to
an arbitrary nonuniform flow, based on blade-loading distributions
in uninstalled conditions and an inflow field. A prediction of these
loads is useful in both the preliminary and the detailed design phases
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because it can assist aircraft designers to select appropriate locations
of the propeller along the airframe in a multidisciplinary design
synthesis, for example, to improve the time-averaged performance
of the propeller or to reduce unsteady loads. An efficient prediction
method of the load distribution can also be used to provide inputs
in noise studies [53,57,58] or provide inputs for actuator disk
and actuator line models to assess propeller—airframe aerodynamic
interaction [55].

The engineering method is presented in Sec. II. In Sec. III, a
validation study is presented on a reference propeller in uniform
flow, along with the characterization of the propeller performance
that is used as input to the engineering method. The predicted load
distributions and integral propeller performance in case of nonuni-
form inflow are then compared with validation data for four repre-
sentative reference cases in Sec. V.

II. Description of the Method

The engineering method initially assumes that the propeller
response to a nonuniform inflow is a quasi-steady problem. The
solution is later improved by applying a correction to account for
unsteady effects.

A. Quasi-Steady Solution Method

The method proposed in this paper to estimate propeller blade
loading treats the nonuniformity of the inflow field induced by the
airframe and flight condition (i.e., the inflow at the propeller plane that
exists in absence of the propeller) as a local disturbance to the nominal
operating condition. The main principle of the method is that it is
assumed that a change in local advance ratio AJ” at r/R;, results in a
local change in load, C7, and C,, and therefore the induced velocity
field, with a magnitude equal to the one that would be obtained if AJ’
is applied to the full propeller disk as AJ = AJ’. The prime indicates
alocal quantity at a determined location on the propeller disk, given by
its azimuthal and radial position. This principle is schematically
shown in Fig. 2.

This underlying assumption is based on three principles. First, it is
implicitly assumed that the local sensitivity of a section at /R, to a
disturbance is determined by the nominal load distribution that exists
in uniform inflow conditions. The analogy can be made to a three-
dimensional wing, for which the local slope of the lift curve along
the span is proportional to its nominal lift distribution. It is shown in
Sec. I1L.E that for a propeller blade, the normalized thrust distribution
is nearly independent of the advance ratio; hence, the sensitivity
to a change in advance ratio is also proportional to the nominal
load distribution. Second, since a perturbation of the inflow leads to
a variation of the bound circulation relative to the one obtained
in uniform inflow, the associated shed vorticity induces an upwash/
downwash to adjacent sections. It is assumed that the redistribution
of loading along the radius is a second-order effect. Since thrust
and torque are dominated by the lift force and induced drag on a

_ % r
o= nD, — Loading at J_|
| --- Loading at J
I I:' P — Approximated
Ar Y, loading due to AJ
I --- Actual loading
I due to AJ
|
|
|
|
Jefr Cr. Co

Fig. 2 Illustration of relation between local effective advance ratio and
change in blade loading.

blade section, the response to a nonuniform inflow for a propeller is
analogous to the resulting changes in lift and drag due to a perturba-
tion distributed along the span of a wing. It is shown in Supplemental
Data_S1 that the error of the estimation of the integral forces
by neglecting this redistribution indeed becomes a second-order
effect if the spanwise gradient of the perturbation is small. A similar
approach is used in blade-element momentum models, where the
direct influence of adjacent blade sections is also neglected in the
computation of local blade forces and only a tip-loss factor is applied
along the blade. Finally, the blade-blade mutual interference as a
consequence of the perturbation in loading is proven in Ref. [59] to be
an effect of several orders of magnitude smaller than the primary
change in load due to the perturbation if the average spacing between
blades is several chord lengths. Therefore, it is assumed for the quasi-
steady solution that a blade response to a disturbance is confined to
the same azimuthal angle at which the disturbance is encountered by
a blade. The propeller—airframe interaction is therefore linearized;
i.e., the perturbations Au, Av, Aw at the location of the propeller disk
are the ones that exist in absence of the propeller. In this way, a
computationally intensive analysis of the full annulus is avoided.

For the computation of the quasi-steady load distribution, both
the propeller performance (that is, the radial load distribution for a
range of advance ratios) of the isolated propeller in uniform flow
and the propeller inflow field (V and p, respectively) are assumed to
be known in advance. These quantities can be obtained by various
analysis methods.

The propeller blade is described as a line, spanning from hub to tip,
sweeping through an arbitrary flowfield, as depicted in Fig. 3. Along
this line, the local inflow at location (r, ¢) is used to compute the
local forces and moments. The temporal resolution of the estimated
solution depends on the spatial resolution of this flowfield.

In the presented approach, the propeller load distribution is treated as
a linear superposition of the response to in-plane disturbances Av, Aw
and out-of-plane disturbance Au. This superposition is permissible
when the perturbations are small. By treating the in-plane and out-of-
plane disturbances separately, insight is gained on their relative con-
tribution. Moreover, the response of the propeller to a change in
tangential or axial inflow is different. At a given rotational speed n,
the disk loading varies approximately linearly with a change in axial
velocity because Cy — J is approximately linear and J is linear with V:

T 4 5,
3= ;prn Cr, where Cy < J (1)
P

Similarly, at no change in axial velocity but an inflow constituted
of tangential velocity components, the disk loading varies quadrati-
cally with a tangential inflow velocity V, because the T'~—J curve is
hyperbolic:

Projected chord
on rotation plane

Line
representation

Z

Fig. 3 Definition of the propeller rotation plane on which the inflow is
determined.
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T 1 1
S_ = sz2TC, where TC [¢9 j (2)
p

Therefore, for a propeller operating at a given condition (i.e., V,
and n), the thrust and torque are more sensitive to a change in advance
ratio caused by V, than V, at moderate- to high-thrust conditions,
demonstrated in Sec. IILE. At high advance ratios (i.e., near wind-
milling conditions), the trend is reversed; instead, the blade sections are
more sensitive to a change in V, than V.. Therefore, the inflow
disturbance needs to be associated with the corresponding sensitivity.
Since the radial distribution of thrust, C;(r,J,), and torque,
Cp(r,Jy), are known for the isolated propeller, these need
to be evaluated at the local, effective advance ratio determined by the
nonuniform inflow. This distinction is made such that Jo is the
effective advance ratio due to axial inflow, whereas J 4 is the effective
advance ratio only due to tangential inflow. At constant rotational
speed, the effective advance ratio due to axial inflow is

Au(r.§)

eff (r, ) = D

+ D €))

p p

Only the tangential components of the in-plane velocities Av and
Aw are of interest, and they are decomposed into a tangential velocity
using the local phase angle ¢:

AV, = —Avcos¢p — Awsing “)
which yields an effective advance ratio of

Veo Ve
Setr, (r. @) =m"fnp ®

For the uniform inflow case, itfollows that J oy, = Oand J;, = J -
If C;(Je) is the local section thrust coefficient on a blade operating
in uniform inflow at the corresponding effective advance ratio J., the
corresponding changes in local thrust and torque due to AJ; are

Ti(r.¢) = [C}(Jeffﬂ)pi— C%(Joo)]poonzD‘,‘, ©)

0l(r. ) = [C'Queff) pi - cg,uoo)]pwnzni )

Equivalently, the change in thrust due to an in-plane disturbance J..;,
is

AV,

AT ) = | ) (n+ 5] L=y [ ®
A

2010 = oty (n+52) Ly i ©)

To determine the thrust and torque expressed by Egs. (6-9),
one needs to compute or measure C7(r, J) and C(r, J) for a range
of advance ratios of the propeller in isolated conditions, of which an
example is shown in Sec. IIL.E. Furthermore, one needs to determine
the flowfield in which the propeller is operating.

The summation of the in-plane and out-of-plane contributions
yields the total change in normalized propeller loading at a particular
blade section position (7, ¢):

, AT, + AT/
ACT(", ) = W (10)
, AQ; + AQ/
ACQ(}”@::OTDS 1D

Once the load distribution is found by evaluating Eqs. (3—11) at
each phase angle, the integral propeller forces are computed by
integration:

1 2r (R,
AC; = —/ / AC)(r, ) drde (12)
2 0 Ry

ACy = —f/Z”/R ACQ( D ospdrdp  (13)

2 (R, AC/(r,
AC, = —— / Q( D ingdrdg (14)
and the integral propeller moments become
AC, = /2"/R"AC’( $)drdg (15)
= — r, r
T o)y Jo 5T

1 2z (R,
AC, = — AC(r,¢)rsingpdrd (16)
2ﬂDp/(; /[;h r(r, §)rsing drde

2r ('R,
AC, = _ZIL'DPA /1;: ACy(r, p)rcos¢pdrdg amn

The change in power coefficient follows from Eq. (15) as
ACp = 27AC . Conventionally, the efficiency is defined as the ratio
of useful work done on the fluid per unit time to the power that is put
into the system to perform the useful work. Although the propeller is
doing work on a fluid having a velocity of V = (u, v, w), which is
generally not equal to V, one is only interested in the change of the
thrust-to-power ratio of the propeller at the flight speed of the vehicle.
Therefore, the efficiency of a propeller in close proximity of the
airframe with a nonuniform inflow is determined in a straightforward
way by using the computed thrust and torque:

(AT +Ty) T.,
=P+ P, ) P,

Seo

Ve (18)

The treatment of the local response to a nonuniformity of the
inflow is, in particular, suitable for unswept propeller blades because
a high sweep angle leads to a more pronounced coupling between
adjacent sections along the radius. Furthermore, the evaluation of
inflow along the line assumes the chord length is effectively zero.
However, as observed in Ref. [30], the forces on the blade sections are
particularly influenced by the flow conditions around the propeller
leading edge, analogous to the sensitivity to a change in angle of
attack of the load distribution along the chord for typical two-dimen-
sional airfoils [60]. Hence, an improved representation of the inflow
can be obtained when the inflow at location (r, ¢) is determined by a
weighted velocity along the projected chord in the plane of rotation.

B. Accounting for Unsteady Effects

The response of a two-dimensional airfoil to a change in inflow is
notinstantaneous. As explained by Sears [61], adownwash is induced
at the leading edge by the bound vorticity and wake vorticity. This not
only reduces the section lift coefficient but also introduces a difference
in phase between unsteady motion of the inflow and the response to
the disturbance. By accounting for these unsteady effects, the tempo-
ral response of the blade forces, and therefore the relative importance
of the resulting in-plane loads, is predicted more accurately compared
to the quasi-steady solution. The utilization of the Sears function
is a well accepted approach to determine the transient lift response
of a two-dimensional airfoil to a gust [35,62,63]. The response of the
introduced induced drag and the change in profile drag of the two-
dimensional airfoil can be determined using the approach of Ref. [64],
and it is comparable to the lift response. However, the application of a
separate correction on lift and drag would require an estimation of the
local induced velocity to obtain the local velocity vector to decompose
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lift and drag. As the thrust and torque forces on a section are typically
dominated by the lift force, instead, a straightforward approach is used
here. In this paper, the radial load distributions of thrust and torque
are corrected by directly applying Sears’s function. The quasi-steady
forces of Egs. (6-9) are transformed to the frequency domain and are
multiplied with Sears’s function:

Tis(r,0) = Ti(r,0)S(r, 0) (19)

and

Q) _ Qe 0

r

with ¢ being the reduced frequency o = (kQc/2V), and S being
the Sears function. V is the magnitude of the local helicoidal inflow
velocity to a section in the nominal, isolated conditions, and therefore
includes the induced velocity. In case the induced velocities are
unknown, the actuator disk theory could be used as a first-order
estimate. The Sears function for incompressible flow S,_ is defined
by Ref. [61] as

Su=0(0) = [Jo(o) = iJ,(0)]C(0) + i/, (0)
_ Jo(G)Kl (10) + lJl (O')Ko(l()')
B K, (io) + Ko(io)

@n

with C as Theodorsen’s function, J, and J; as the zeroth- and first-
order Bessel functions of the first kind, and K, and K the modified
zeroth- and first-order Bessel functions of the second kind. A com-
pressibility correction in line with Ref. [62] is applied to account for
compressibility effects, which are typically not negligible on out-
board sections. Reference [62] applies a compressibility correction on
both the lift-curve slope and the reduced frequency. As the predicted
quasi-steady loads already include the effect of compressibility on the
section forces through the analysis of the isolated propeller, only the
reduced frequency is corrected:

2 2
M H)—i—ijl (M g)}e[—irff(M)/Cz] (22)

S(G,M)ZSM:O(U/CZ){JO(? =

with M as the effective Mach number, { as the Prandtl-Glauert
compressibility factor based on the effective Mach number, and f
as a correction factor defined by

SM) = (1= (M) + £ l(l + &) —(2) (23)
Equation (22) is valid for 6M/{? < 1 [62]. For the considered

cases in Sec. LV, this condition is met. The unsteady response over
afull revolution in the time domain is computed by taking the inverse

Chord distribution ¢ / R}
](9.06 0.08 0.10 0.12 0.14 0.16

e
(o)} o]
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<
o

¢/ Ry

Radial coordinate r / Ry

<
=]

(9%
(==
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a) Pitch and chord distribution
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Fourier transform of the product of the quasi-steady loading and the
Sears function: Eqs. (19) and (20).

III. Validation and Characterization of Propeller
Performance in Uniform Inflow

The method presented in Sec. II requires the performance charac-
teristics C7(r, J) and C,(r, J) of the propeller operating in uniform
flow. These are quantified in this section for a reference propeller by
means of RANS CFD simulations. The results of these simulations
are also compared to experimental data to determine the validity of
the load distributions. The computed performance characteristics are
subsequently used in the validation study in Sec. IV.

A. Propeller Geometry

The propeller that was selected for this study, referred to as
XPROP-S, has a representative load distribution that is close to
minimum induced loss for nominal operating conditions. The blade
geometry is a scaled version of the geometry used in Ref. [65]. The
propeller has a diameter of 0.2032 m, and its six blades are set to a
blade-pitch angle of 45 deg at 70% of the radius. The choice for the
high blade pitch was made to achieve high thrust and torque coef-
ficients at relatively high advance ratios, representative of cruise
conditions of a full-scale aircraft [27]. The propeller features a
Clark-Y airfoil family, and the sections have a minimum trailing-edge
thickness of 0.2 mm due to manufacturing constraints. As the blade
sections are stacked on approximately the centerline of the blade,
there is a minor forward—backward sweep of the quarter-chord line
from hub to tip. The propeller and spinner are attached to a circular
nacelle. A technical drawing and propeller blade-pitch and chord
distributions are provided in Fig. 4, which also shows the simplifica-
tions made in the CFD model. The corresponding CAD geometries
are attached to this paper as Supplemental Data S2.

B. Computational Setup

The performance of the isolated propeller was simulated numeri-
cally by solving the RANS equations for compressible flow using
ANSYS® Fluent Release 18.1 [66], which is a commercial, unstruc-
tured, finite volume, and cell-centered solver. The isolated propeller
was solved in the wedge-shaped domain depicted in Fig. 5, consisting
of subdomains with refined grids. At the nominal condition of the
isolated propeller (/ = 1.8), no time dependency of the solution is
found; therefore, a multireference frame approach is used that reduces
the problem to steady simulations. The propeller blades, spinner, and
nacelle are modeled as no-slip walls; whereas the nacelle was amoving
wall. Periodic conditions are used on the sides of the wedge, whereas
the total pressure and total temperature are specified on the inlet, which
are equal to the conditions of the experimental campaign (Sec. IIL.C.1)
at V, = 40 m/s. The mean static pressure on the outlet was set to
ambient conditions. A Riemann invariant pressure far-field condition

Dp=203.2

397.2
2359 86.2
=
)
v
IS
‘\r _
<
<
LR
25.5 gaps
experiment CFD model

b) Main dimensions of propeller and nacelle (dimensions
in millimeters)

Fig. 4 XPROP-S propeller and nacelle geometries.
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pressure outlet

far-field pressure

pressure
inlet

periodic
conditions

Fig. 5 Computational domain and boundary conditions for the simu-
lations of the isolated propeller.

is specified on the remaining boundary, with a Mach number, static
pressure, and static temperature complying with the inlet conditions.
The size of the domain was selected such that the proximity of the
boundaries does not influence the solution, which is verified by the
assessment of the gradients of flow quantities in the radial, upstream,
and downstream directions. The mesh contains tetrahedral elements,
with 28 prism layers from the walls. A growth rate of 1.2 is selected
throughout the domain.

A second-order upwind spatial discretization is employed using
a coupled pressure—velocity scheme. The flow is prescribed to be
fully turbulent, and the Spalart—Allmaras turbulence model with the

Table 1 Different grids for the isolated propeller simulations
Grid h;/h Number of elements
1 1.00 17,986,198
2 1.25 9,163,007
3 1.55 4,841,676
4 1.87 2,744,493

strain/vorticity-based production equation is applied to solve the
closure of the RANS equations, which was shown to compare
well with experiments of propeller—wing simulations with similar
Reynolds numbers in Refs. [27,55]. A maximum y* of one is
obtained, resulting in a resolved boundary layer. Values for the inlet
turbulence quantities are based on the recommendations by Spalart
and Rumsey [67]. Standard sea-level atmospheric conditions are
used for the freestream flow; for the equation of state, an ideal gas is
assumed; and Sutherland’s law is applied to predict the correspond-
ing dynamic viscosity.

To quantify the discretization error of several performance indica-
tors, four meshes with different refinements are analyzed. The refine-
ments are systematically varied with a refinement factor of 1.3 applied
to volume and surface refinements, whereas the inflation layer is kept
approximately constant. This leads to the mean refinement factors
for the complete domain as listed in Table 1. A least-squares version
of the grid convergence index as proposed by Eca and Hoekstra [68]
is applied to estimate the discretization error, in a similar manner
as the study done in Ref. [55]. As follows from Fig. 6b, the finest grid
shows a slightly larger total pressure gradient in the tip-vortex region:
the result of less diffusion with the finer mesh in the slipstream. The
distribution shows a low dependency on the different grids over the
majority of the radius, whereas a significant reduction in the peak-to-
peak total pressure is observed in the tip vortex, which is in line with
the results of, e.g., Ref. [55]. Only minor differences are observable
when the phase-averaged total pressure distributions are compared up
to r/R, = 0.8 in Fig. 6¢c. The grid convergence of the maximum rise
in total pressure, shown in Fig. 6c, displays a diverging trend toward
the finer grids. However, a fit of second order still leads to good fit
with a small fitting error U?. Similarly, the distribution of local thrust
in Table 2 shows an oscillatory convergence, whereas a second-order
fit still yields acceptable values of the standard deviation and esti-
mated discretization error for grid 3. Despite the different order of the
best-fitting curve to the thrust and power coefficients (Figs. 6e and 6f,
respectively), the second-order fit is considered appropriate to esti-
mate the discretization error at i;/h; = 0 due to the low standard
deviation as shown in Table 2. For the integral thrust and power of
the propeller, this error is within 1% for grid 3. Therefore, grid 3 is
selected as a compromise between computational efficiency and
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Fig. 6 Mesh refinement study for the isolated propeller grids.



Downloaded by TU DELFT on December 23, 2020 | http://arc.aiaa.org | DOI: 10.2514/1.J059485

5338 VAN ARNHEM ET AL.

Table 2  Results of grid study for the isolated propeller: values are

Table3 Measurement and processing characteristics of the PIV

based on grid 3 setup
Cr Cp max(p;) (r /)O,SSRP (Q /)O.SSRP Parameter Value
» 0.40 1.31 o o o Cameras 2 X 6 megapixel SCMOS
Focal length 105 mm
U, % 0.04 0.01 —_— —_— —_—

e Laser 200 mJ Nd:YAG
Us. % 006 003 0.92 0.17 0.07 Field of view 260 x 100 mm
|Us|, % 0.55 0.91 9.83 0.68 0.24 Pulse separation 14 ps

Image resolution 19 pixels/mm

Interrogation window size 24 pixels?
accuracy because the finer grids only lead to marginal differences in Window overlap 50%
propeller slipstream quantities and integral forces. For this grid, 40% Uncertainty mean velocity magnitude 0.025V,

of the elements are located in the propeller blade domain and 37% in
the domain of the slipstream. The patch conforming blade surface
mesh has 69 cells on each side in the chordwise direction and 154 cells
in the radial direction.

C. Experimental Setup
1. Model, Facility, and Test Conditions

The experimental campaign of the isolated propeller was performed
at the Delft University of Technology in the Low-turbulence tunnel,
which is a closed-return low-speed wind tunnel. The nacelle was
mounted on a support strut with a NACAO0030 airfoil profile that
was connected to a six-component external balance. The velocity field
at the propeller plane that is induced by the support is estimated to be on
the order of 0.1% of the freestream velocity, for which no corrections
are applied. Transition of the boundary layer was enforced on the
nacelle and support (Fig. 7a), whereas no transition was applied on the
stainless steel propeller blades. The model was installed in an octago-
nal test section, with its dimensions indicated in Supplemental Data S2.

The nacelle housed an electric motor that was driven by an elec-
tronic speed controller and a power supply. An in-house-developed
control system controlled the motor rotational speed to a set point that
could be set with a precision of 0.01 Hz. Maximum fluctuations of
0.1 Hz were registered around the set point, as registered by means of
a rotary optical encoder mounted on the motor shaft.

Transition strip

Support with
zigzag tape

a) Propeller model

Traverse direction Support strut

Field of view

O / Laser sheet

Camera 2

Camera 1

Survey line p, probe

b) Pitot probe ¢) Stereoscopic PIV

Fig. 7 Isolated propeller installed on a support in low turbulence
tunnel at Delft University of Technology and the setups to measure the
slipstream of the isolated propeller.

sCMOS = scientific complementary metal-oxide-semiconductor.
Nd:YAG = Neodymium-doped Yttrium Aluminum Garnet.

A freestream velocity of 40 m/s was selected as the baseline
condition, and it was based on the operational limits of the electric
motor. At this velocity, the turbulence level was below 0.1%. Both
propeller-off and propeller-on measurements were performed, where
the advance ratio was varied from J = 2.3 to J = 1.6 by varying the
rotational speed of the propeller, achieving thrust coefficients
between 7 = 0.01 and T = 0.28.

2. Measurement Techniques and Uncertainty

The propeller—support model was attached to a six-component
external balance for integral thrust measurements averaged over
an acquisition time of 20 s for each condition. Tare measurements
were taken with the same setup using a nonrotating dummy spinner.
No correction was applied to account for the aerodynamic interaction
of the propeller slipstream with the nacelle and support strut. For
the range of aerodynamic forces measured in this experiment, the
six-component external balance has an uncertainty of 0.002 to 0.01 N,
depending on the force component. The blade-pitch angle could be
set with an accuracy of +0.05 deg, and its associated uncertainty in
propeller load distribution was determined using the CFD model
of the isolated propeller; and it is included in the error bars of the
flowfield measurements. Only a thrust-dependent correction in line
with Ref. [69] for slipstream blockage was applied to the experimental
data to obtain the equivalent advance ratio to compare with the
numerical model, which does not include wind-tunnel walls.

The total pressure and static pressure far upstream of the model
were measured over 5 s per measurement point using an electronic
pressure scanner having a measurement uncertainty of +4 Pa. For
validation purposes, total pressure measurements were taken using a
pitot probe connected to the same pressure scanner at a survey line of
1.1R;, downstream of the plane of rotation, as sketched in Fig. 7b.
Although the local flow is not aligned with the total pressure probe, in
Ref. [70], it was found that angles up to 20 deg yield a total pressure
with a maximum error of 1% for a pitot tube with an internally
conical-shaped tip. This condition was met in the majority of the
slipstream, except in the tip-vortex region, where the measured total
pressure should be interpreted with care.

The velocity field in the slipstream was measured by means of
stereoscopic particle image velocimetry (PIV) [71] in a plane aligned
with the propeller rotation axis, which is schematically shown in
Fig. 7c. Phase-averaged measurements were performed by acquiring
500 image pairs at arbitrary phase angles. Also, phase-locked mea-
surements were performed using a one-per-revolution trigger signal
from the rotary encoder, and they are used to compare the velocity field
of individual tip-vortex and wake structures, which was constructed by
averaging 300 image pairs. Table 3 lists further details of the PIV setup.

D. Validation of Computational Setup

Figure 8a shows the Cy—J curve computed by CFD (obtained by
integrating the pressure and viscous forces on the blade) and the
experimentally obtained values for a range of freestream velocities.
Similar to the findings by Bass [72], there is a clear influence of the
Reynolds number on C7, with a significant shift in the C; curve at
Ve =20 m/s compared to 50 m/s. With respect to the measured
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Fig. 8 Propeller thrust and flowfield obtained in the experiment (exp.) and computed using CFD ata = 0 deg.

data, the computed curves show an offset and a lower slope. For these
conditions, the range of Reynolds number based on propeller chord
at r/R;, = 0.7 varies between 30,000 and 80,000. Simulation with
a two-dimensional viscous—inviscid coupled panel code indicates a
significant dependency of the aerodynamic properties of the highly
cambered airfoils on the Reynolds number (not shown in this paper).
The flow is expected to be predominately laminar in the experiment.
Compared to a laminar solution, the fully turbulent boundary layer
results in a reduction of the slope of the airfoil lift curve, due to the
decambering of the boundary layer, and a shift of the airfoil lift curve,
reflected as a difference in slope and an offset of the C7—J curve. As
shown in Ref. [73], amore pronounced crossflow exists in the leading-
edge region at low advance ratios, which could lead to a crossflow
instability and earlier transition on the blade in the experiment
than would occur due to Tollmien—Schlichting instability. At a high
advance ratio, there is a relatively strong crossflow in the boundary
layer toward the trailing edge of the blade. Since, at high advance
ratios, the relative contribution of viscous forces is large, the relative
error between CFD and the experiment is also more pronounced. Vice
versa, at low advance ratios, the pressure forces dominate and the
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a) Axial velocity fields

inaccuracy in the contribution of the viscous forces is reduced; hence,
a better agreement between CFD and the experiment can be expected
at low advance ratios, as shown in Fig. 8a.

A better insight into these deviations can be obtained by comparing
the total pressure profile in the slipstream (Fig. 8b) measured at 1.1R,,
behind the propeller. The profiles show a slightly irregular loading
distribution at high advance ratios at a radial location with highest
loading, which is expected to be the result of laminar separation. At
lower advance ratios, the waviness in the loading distributions dis-
appears and the numerically computed total pressure distribution
approaches the measured distribution. From the figure, it becomes
clear that the contraction of the slipstream is slightly underestimated
by the numerical simulations, similar to the results in, e.g., Ref. [55].
Note that the shaded region around the computed C,, at J = 1.8
indicates the uncertainty in the slipstream distribution due to uncer-
tainty in the blade-pitch angle and fluctuations in rotational speed in
the experiment, and is shown to be negligible.

The time-averaged velocity fields in Fig. 9 are representative
for comparison of the load distributions between CFD and the
experiment, as these entail the added momentum in along the radius.
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b) Tangential velocity fields

Fig. 9 Comparison of the time-averaged propeller slipstream at J = 1.8, measured by means of stereoscopic PIV and computed by full-blade CFD.



Downloaded by TU DELFT on December 23, 2020 | http://arc.aiaa.org | DOI: 10.2514/1.J059485

5340 VAN ARNHEM ET AL.

The good agreement of the phase-averaged profiles of the swirl and
axial velocity at 0.5R;, downstream of the propeller plane indicates
that the computed thrust and torque distributions are close to the
ones in the experiment. For the interested reader, in Supplemental
Data S3, the phase-locked PIV is compared with the CFD results.
Those figures show a lower-velocity gradient through the vortex
in the computed velocity field, which is comparable to the findings
in Ref. [55] and is the result of a more diffused tip vortex. As the
loading distribution is the primary focus of this study, the slipstream
development far downstream and the local gradients in velocity
are of secondary importance. It is therefore concluded that the
validity of the CFD model of the isolated propeller is sufficient
and serves the purpose of this study to use its loading distributions
in subsequent analyses. The measured flowfields for J = 1.8,
J = 2.0, and propeller-off conditions can be found in Supplemental
Data S4.
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E. Load Distributions as Input to Method

The load distributions of the propeller in uniform flow are
required as input for the engineering method, as was discussed in
Sec. II. These distributions are obtained by evaluating the propeller in
uniform flow for a range of advance ratios to construct a response
surface on which Egs. (7-9) are interpolated. The distributions are
attached to this paper as Supplemental Data SS5.

Figure 10a shows the thrust distribution along the radius, normal-
ized with the integral thrust of the propeller, and has a maximum
around /R, = 0.8 to 0.9, which is typical for a minimum induced
loss propeller [21]. The figure also indicates that the normalized shape
is practically independent of advance ratio. This behavior has a distinct
advantage: If the radial distribution is known at a single advance ratio,
as well as the slope of the Cz—J curve at that condition, the radial
distribution at an advance ratio within the linear range of the C;—J
curve can be constructed, without the need to analyze a large number

1200 |

1000 (0]

800 —— n=constant

Operating condition

600 —— V= constant

400
200

Disk loading T'/Sp [N/m?]

-200

1.0 1.5 2.0 2.5 3.0
Advance ratio J

b) Disk loading by varying n or varying V
1.0

0.8

r/Rp

0.4

1.0 1.5 2.0 2.5 3.0
Advance ratio J

d) Distribution of sectional disk loading withn =109.4 Hz
(constant)

1.0 0

- — | {0 _
-100
0.8 £
-150 Z
-200
3 3
~ 0.6 -250 =,
= 300 @
[=%
-350 &
0.4
-400 =
-450
-500

1.0 1.5 2.0 2.5 3.0
Advance ratio J

f) Derivative of sectional disk loading with respect to J
(constructed from Fig. 10d)

Fig.10 Computed radial distributions of the XPROP-S that are used as input to the method.
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of conditions. The actual distributions for the full range of advance
ratios are used throughout this paper because they include the non-
linear region (J < 1.3).

In Sec. II, a distinction was made between tangential and
axial inflow to determine the change in thrust and torque. Figure 10b
clearly illustrates the motivation for this distinction. When, at a
uniform inflow condition, the axial velocity is varied, the disk loading
varies along the black curve, whereas a change in rotational speed is
described by the quadratic red curve. Effectively, if the advance ratio
isincreased due to a swirling inflow, the change in thrust is larger than
when the same change in advance ratio is obtained by a different axial
inflow velocity at constant rotational speed. The characteristic of a
different sensitivity around the nominal condition is well observable
in the thrust distribution along the blade, by comparing Figs. 10c
and 10d. The contours depicting the derivative of the thrust with
respect to the advance ratio (Figs. 10e and 10f) also reveal that the
region of highest loading (i.e., r/R, = 0.8) is most sensitive to a
change in advance ratio. Figure 10d is obtained by first applying a
manipulation to account for a constant rotational speed around the
nominal condition

n 2
’ —_ !
CTn:conslam - CTV:COnSlﬂnl (24)

Mpominal

IV. Validation of the Method

A. Definition of Validation Cases and the Inflow Fields as Input to
Method

The method is validated by comparing the load distributions,
integral blade loads, and integral propeller forces with unsteady
RANS simulations and experimental data of four representative
validation cases that feature a range of different types of inflow,
summarized in Table 4. Part of the validation data is generated
by performing unsteady CFD simulations of the XPROP-S, using a
sliding-mesh approach [66] with a time step equal to 2 deg of propeller
rotation with 35 inner iterations, and using a second-order implicit
temporal discretization. For consistency, the domains containing the
propeller and nacelle in the transient simulations are a copy of those
domains that are used for the analyses of the isolated propeller. For
each of the four validation cases, the inflow fields are evaluated at the
plane of the propeller and are summarized in Fig. 11.

An in-plane nonuniformity that is distributed over the propeller
disk is simulated by providing an angle of attack (case 1; Fig. 1a) to
the XPROP-S propeller. Figure 11a depicts the change in effective
advance ratio and shows that the dominating component is the result
of the in-plane velocity field, leading to changes in the effective
advance ratio of up to 35% of the freestream value, with a minimum
at ¢ = 90 deg and a maximum at ¢ = 270 deg. The axial induced
velocity by the nacelle introduces only a slight asymmetry in the
inflow.

A concentrated disturbance is simulated by generating a wake that
enters the propeller disk at different vertical locations (case 2; Fig. 1i).
The viscous wake trailed from a straight, untapered, and untwisted
wing that was situated upstream of the XPROP-S propeller. The
corresponding dimensions, computational domain, and boundary

Table4 Characteristics of the validation cases indicated by

check mark
Validation case no.

1 2 3 4
In- plane disturbance AJ, v — N v
Out-of-plane disturbance AJ, v v N v
Vortical inflow _ ——  —— v
Defect in total pressure —_— v e v
Local disturbance —— v —_— v
Disturbance over full disk v —_— v v
Small propeller—airframe separation =~ —— — — N v
Large propeller—airframe separation =~ — — v _ ——

¢AJa

¢AJt AT+AT,

a) Case 1: angle of attack, a =5 deg, Jo=1.8

b) Case 2: wake encounter, wing at z/ Rp=0.5, J»=1.8

209

¢) Case 3: over-the-wing propeller, tip clearance ¢/ Rp = 0.07, J»=1.8

d) Case 4: wingtip-mounted pusher propeller, Jo=1.17

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

Change in local advance ratio A J’

Fig. 11 Computed inflow profiles of the four validation cases that are
used as input to the method.

conditions are presented in Ref. [74]. For a wing that is situated at
z/R, = 0.5, the change in advance ratios is depicted in Fig. 11b,
showing a maximum reduction of AJ, = 0.27 caused by a maximum
velocity defect of 0.15V . As the in-plane induced flowfield down-
stream of the wing is negligible, the tangential velocity is nearly zero,
and therefore AJ, =~ 0.

A flowfield consisting of both in-plane and out-of-plane flow
was generated by mounting the XPROP-S propeller above a wing
with a plain flap (case 3; Fig. 1h). The predicted integral thrust as
function of tip clearance is compared to experimental data from de
Vries et al. [16]. The inflow to the propeller was obtained by simu-
lating the wing section in a domain including wind-tunnel walls but
excluding the support strut. To gain confidence that the simulated
inflow field is close to the one in the experiment, the measured and
computed pressure distributions are compared in Supplemental Data
S6. The propeller experiences a strong variation of AJ, over the disk,
depicted in Fig. 11c, caused by the variation of axial velocity at the
propeller location from 0.1V, t0 0.3V ,. The in-plane velocity due to
the wing circulation and curvature also varies over the propeller disk
and is observed by the propeller as a negative angle of attack.

A combination of a distributed and concentrated nonuniform inflow
is generated by mounting a pusher propeller to the tip of a wing (case 4;
Fig. 1g) such that the propeller encounters both a swirling inflow
(due to the wingtip vortex) as well as a wing wake. The mesh and
inflow distributions from Stokkermans et al. [44] were used to obtain
the required validation data. A similar propeller as XPROP-S was
used, which has approximately the same blade geometry, a blade pitch
of ﬂo.7R,, = 30 deg and a diameter of 0.4064 m. The performance
maps discussed in Sec. IILE were separately quantified for this
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propeller (not shown in this paper). Figure 11d shows a highly non-
axisymmetric inflow caused by the swirling flow induced by the
wingtip, the wing downwash, and the viscous wing wake. The axial
induced flow is driven by the viscous wake and the junction flow
between the nacelle and wing surface. Although the wingtip and
propeller axis are aligned, the wingtip vortex rolls over the nacelle,
causing a large variation of J,.

B. Validation of the Propeller Blade Loads

In this section, the predicted propeller forces by the method
are compared to unsteady CFD simulations and experimental data.
Figure 12 depicts the predicted change of integral blade thrust,
torque, side force, and normal force coefficients over a full revolution
compared to the ones that were computed by the full-blade CFD
simulations. For the propeller at an angle of attack (case 1), the blade
loads are nearly sinusoidal, with a period of one per revolution for the
thrust and torque and a period of two per revolution for the in-plane
forces. The quasi-steady method underpredicts the peak-to-peak load
and introduces a phase advance with respect to the full-blade simu-
lations. The maximum change in advance ratio occurs at ¢y = 90 deg
and ¢ = 270 deg (Fig. 11a), whereas the maximum change in load
occurs with approximately a 15 deg lag in the full-blade CFD
results, which is in line with findings in Refs. [36,38]. This delay
is accurately captured by applying the unsteady correction to the
quasi-steady result, and it indicates that it can be predominantly
attributed to the response of the two-dimensional blade sections that
experience an unsteady inflow. This behavior is also clearly visible
by comparing the Cy distribution over the disk in Fig. 13a and is
approximately constant along the blade. As the predicted load
distribution has a phase advance, the relative values of the integral
in-plane forces (depicted in Fig. 14a) are inaccurate; in particular,
the predicted Cy shows arelatively large deviation. The nonzero Cy

from the quasi-steady solution is attributed to the difference in
thrust at ¢ = 0 deg and ¢ = 180 deg due to the nacelle induced
axial velocity field. By using the unsteady correction, the Cy—a
curve is closer to the full-blade CFD result. The strong variation of
loading over the disk for this case results in a significantly nonuni-
form propeller slipstream and leads to an increase of the force
magnitude in the full-blade simulation. As the actual slipstream is
not computed, the predicted quasi-steady loads are too low; and
these are further reduced by the application of the unsteady correc-
tion model. Despite the fact that the root mean square of the blade
thrust is underpredicted by 12 and 24% by the quasi-steady and
unsteady methods, the integral thrust and torque nearly coincide
with the full-blade simulation. It is noted that the integral thrust and
torque are not affected by the application of the Sears function overa
full revolution and the quasi-steady and unsteady result are identi-
cal, as can be deduced from Eq. (21).

For case 2, the predicted evolutions of integral blade forces
compare well with the full-blade CFD simulation in terms of magni-
tude and phase, shown in Fig. 12b. The transient after the steep rise
and fall of the load is inherently not captured by the quasi-steady
approach, but it is shown to be quite well predicted when the Sears
function is applied. It is worth noting that the character of the blade
force over a revolution is highly dependent on the location at which
the wake is encountered. The fact that two distinct peaks are present
when the wing is at z/R;, = 0.5 is attributed to the more sensitive
response to a change in advance ratio in the highest loaded region of
the blade, as shown in Fig. 10.

This difference in sensitivity is also clearly observable as the two
distinct regions on the propeller disk with higher forces in Fig. 13b. If
the wake is encountered toward the tip, the two peaks in Fig. 12b
merge into a single peak. From Fig. 13b, it also follows that even
though in the full-blade simulation the load is slightly more smeared
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Fig. 12 Comparison of the change of the integral blade forces predicted by the method and computed by means of full-blade CFD simulations.
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Fig.13 Comparison of the predicted change of the propeller thrust distribution with full-blade CFD results. The local thrust coefficient along the dashed

lines is shown on the right.

in radial direction, the unsteady method already shows excellent
agreement of the radial load distribution for a range of phase angles.
The integral forces depicted in Fig. 14b are close to the ones com-
puted in the full-blade simulation; in particular, the changes in thrust
and torque are well predicted. The relative changes of the thrust and
torque are also in line with the full-blade CFD simulations, which are
reflected in the change in blade efficiency (Fig. 12b).

Case 4 exhibits comparable trends as in validation cases 1 and 2 in
terms of integral blade forces if the quasi-steady method is used, as
depicted in Fig. 12c. First, there is a local overprediction in the
regions of a local disturbance induced by the wing wake; second,
there is an underprediction of the effect introduced by a distributed
nonuniformity over the disk, i.e., the swirling inflow; and finally,
there is a phase advance with respect to the full-blade simulation.
Similar to the previously discussed cases, the contour plot in Fig. 13c
reveals that the shape of the thrust distribution is very well captured
by the method, despite the overpredictions in the regions where
there is a strong gradient of the inflow: the encounter of the wing
wake and the impingement of the wingtip vortex. In a qualitative
manner, one can directly relate the relative importance of the different
flow phenomena on the propeller loads by relating the thrust distri-
bution to the inflow field of Fig. 11d. Figure 14d shows that the
integral thrust is close to the computed value of the full-blade CFD
simulation, and the order of magnitude and direction of the in-plane
forces is correctly captured. Quantitatively, the in-plane forces of this
case are relatively small, and a difference in phase quickly causes a
relatively large offset.

Finally, for case 3, the large reduction in the thrust observable in
Fig. 14c is caused by the higher axial inflow velocity induced by the
wing’s circulation. When the tip clearance is increased, the reduction
in thrust becomes smaller. With increasing tip clearance, the wing’s

influence on the propeller reduces, and this trend is very well pre-
dicted by the method, despite the complex flowfield and the proxim-
ity of the propeller and wing. Additionally, the predicted magnitude of
the ACr almost coincides with the measured values, and it shows the
ability of the method to predict the propeller performance for such
configuration. The model is also able to capture the different response
of the propeller thrust coefficient to the nonuniform inflow for each
advance ratio because the sensitivity to a change in advance ratio
depends on the nominal operating condition.

For the cases evaluated, it was found that the change of the
integral thrust and torque compared to the uniform inflow condition
were within arange of 0.5 to 12% compared to the validation data. Itis
concluded that the method is able to capture the relevant changes in
propeller loading, and it can predict both the magnitude and trends
well for a wide range of operating conditions and nonuniform inflows.

C. Computational Efficiency Benefits of the Method

The computational cost of a single condition using the engineering
method was found to be on the order of several seconds, whereas a
significant amount of computational efforts was spent on the unsteady
full-blade CFD simulations to evaluate a single operating condition,
as listed in Table 5. The additional time to correct the quasi-steady
results for unsteady effects is negligible. If one is only interested in
the change in integral thrust or torque, the unsteady correction is
even redundant. The construction of the performance maps in Fig. 10
required approximately 2000 CPU hours, whereas it is noted that
the large number of conditions (20 advance ratios) could be reduced
to a minimum of two conditions in case the nonlinear regime is not
of interest. The values in Table 5 clearly demonstrate the advantage
of using the engineering method for an initial estimate of the propeller
performance as well as the phase-accurate blade responses: in
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wind-tunnel tests.

Table 5 Comparison of computational efforts of engineering method to full-blade CFD

Characterization Cr—J, Simulate inflow,

Single condition method, Single condition full-blade

Case no. CPU hours CPU hours CPU seconds CFD, CPU hours
1 ~2000 160 ~3 7000
2 ~2000 180 ~3 7500
4 ~1900 210 ~4 8500

particular, if a large number of conditions are to be evaluated. This
makes the proposed method highly valuable for the design of vehicles
with tightly integrated propellers.

V. Conclusions

This paper has presented an engineering method to estimate
the propeller load distribution for propellers operating in arbitrary
nonuniform flow. The method is computationally extremely efficient
because the input is based on the distribution of the thrust and torque
along the propeller radius to a change in advance ratio for the
uninstalled propeller in uniform inflow. It is shown that the shape
of the sensitivity distributions is nearly independent of the propeller
advance ratio, and it can therefore be approximated by simulating
only two operating conditions. The construction of these sensitivity
distributions also provides insight into what region of the disk leads to
the largest response in propeller forces; this was demonstrated to be
the region of highest loading.

The method was applied to four representative validation cases: a
propeller at an angle of attack, a propeller encountering a wake,
an over-the-wing propeller, and a wingtip-mounted pusher propeller.
A phase difference with respect to full-blade CFD simulations is
present in the case of a distributed disturbance, leading to slight
inaccuracy of the prediction of the in-plane forces. The application
of a correction on the quasi-steady results nearly removes the differ-
ence in phase between the responses of the validation data and the
method, and it improves the difference in magnitude of the blade
response as the result of local disturbances in inflow. The integral
forces on the individual blades over a full revolution as well as the
integral propeller forces compare well with the validation data: both in
terms of predicted trends and magnitude. For the evaluated cases, it is
shown that the change in the load due to the nonuniform inflow is
predicted with errors ranging from 0.5 up to 12% compared to the
validation data.

The acceptable agreement with full-blade simulations and exper-
imental results also demonstrates that, for most configurations, the
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dominating factor to alter the propeller performance is the flowfield
induced by the airframe in the absence of the propeller. The method
has been applied for slender blades, represented as a line through the
midchord.

The proposed method offers significant efficiency benefits over
conventional unsteady CFD analyses of installed propeller. The
unsteady analyses of the full annulus of the installed propeller are
avoided, whereas a time-resolved solution is still obtained, with a
temporal resolution depending on the spatial resolution of the inputs.
The proposed method provided a time-resolved solution within sev-
eral CPU seconds, which was seven orders of magnitude faster than
with the full-blade RANS CFD computations. The low computational
cost makes the proposed method suitable for both the design and
analyses of propellers in arbitrary nonuniform flows. Compared to
relying on isolated performance data, this method will allow for a
better prediction of the performance of aircraft with tightly integrated
propellers, as well as an estimation of the propeller contribution to the
aircraft stability derivatives during the preliminary design phase.
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