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ABSTRACT
This paper presents a rapid conceptual design procedure for a 7,000 lb-class quad-tiltrotor vehicle, focusing on op-
timizing its aerodynamic design of the rotor blade. By conducting a parametric sweep of the key blade geometric
parameters, including bilinear twist, rotor solidity, and taper, the study aims to reduce the vehicle gross weight and
enhance performance. The aerodynamic performance of each rotor configuration is analyzed by CAMRAD II, and the
results are integrated into the overall vehicle sizing task. The findings indicate a significant improvement in propulsive
efficiency, leading to a 4.3% reduction in gross weight and an estimated range improvement of 5.7 nautical miles
compared against the baseline configuration. This research will contribute to the ongoing development of efficient
electrically-driven rotorcraft design by providing insights into the impact of rotor blade geometry on vehicle perfor-
mance and weight.

INTRODUCTION

Advanced air mobility (AAM) has been proposed as a solu-
tion to mitigate both traffic congestion and air pollution in ur-
ban areas (Ref. 1), while addressing the need for on-demand
short-haul flight transportation (Ref. 2). In response to that,
it is anticipated that AAM aircraft will feature vertical take-
off and landing (VTOL) capability and distributed electric
propulsion (DEP), characterized by lower acoustic noise and
carbon emission. Since the weight-specific energy capacity
of a lithium-ion battery is about 10 times lower compared
to aviation gasoline (Ref. 3), this factor imposes an overall
weight penalty on the electric propulsion system by dictating
the available motor power. Moreover, the use of a DEP system
results in distinct requirements on major design parameters
and target performance, such as target thrust and disc loading.
Therefore, it is necessary to explore the design space thor-
oughly to identify the feasibility of each (electrically-driven)
propulsion configuration.

Among the various electrical VTOL (eVTOL) configurations
presented, tiltrotor is regarded to be the most feasible one,
owing to its vertical takeoff and landing (VTOL) capabil-
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ity along with high-speed cruise performance. As identified
from the recent design effort with optimum speed tilt rotor
(OSTR) (Ref. 4), which is a tilting rotor equipped with the
rotational speed adjusting optimization technique, an energy-
efficient rotor design process will take pivotal role in the eV-
TOL development.

To deal with that issue, rotor design has been attempted within
the various domains. Critchfield and Ning (Ref. 5) performed
a blade planform design optimization while modeling a sim-
ple equivalent circuit of an eVTOL drive system and integrat-
ing it within an overall propulsion design process. Clarke and
Botero (Ref. 6) attempted multidisciplinary design optimiza-
tion for a rotor blade geometry by analyzing the overall sound
pressure level. Despite those, previous attempts have shown
limitation that those failed to evaluate an impact of the propul-
sion design upon both the performance and structural weight
of eVTOL vehicle.

In an effort to address those limitations, this paper will select
a quad-tiltrotor configuration, by demonstrating rapid concep-
tual design procedure on the three electrically-driven tiltro-
tor vehicles. In order to determine optimal prop-rotor blade
geometry for the quad-tiltrotor vehicle, a rigid-bladed prop-
rotor baseline configuration will be devised. Bilinear twist,
rotor solidity, and blade linear taper ratio will be selected to
perform aerodynamic design sweep of a blade. Flight per-
formance of prop-rotor configuration corresponding to each
design cases will be analyzed with comprehensive analytical
model of rotorcraft aerodynamics and dynamics (CAMRAD)
II (Ref. 7). By providing a single rotor performance analysis
result into the quad-tiltrotor vehicle configuration, a relevant
influence upon the weight and performance will be investi-
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gated in a systematic way, and optimal configuration will be
determined.

VEHICLE CONCEPTUAL DESIGN
PROCEDURE

Baseline vehicle establishment process

This section outlines the present conceptual design process
for tiltrotor UAM vehicle (Fig. 1). The overall geometry of
the tiltrotor vehicle configuration will be developed by refer-
ring to a NASA reference vehicle (Ref. 8). From the given
geometric parameters and corresponding aerodynamic char-
acteristics (Tab. 1), component weight and mission perfor-
mance of aircraft will be estimated through sizing tasks and
trim analysis using NASA Design and Analysis of Rotorcraft
(NDARC) (Ref. 9). Low-fidelity aerodynamic analysis codes
will be adopted to obtain the aerodynamics of the fuselage
and main/auxiliary wings, enabling rapid iterations in the de-
sign modification. Through a series of steps, the conceptual
design of three electric-driven tiltrotor vehicles with different
propulsion configurations (two, four, and six rotors) will be
presented, along with their mission performance. Based on
this analysis, an optimal configuration will be determined.

Payload weight, design gross weight (DGW) and cruise range
requirement will be determined by referring to that of the ex-
isting eVTOL vehicle (Refs. 10,11). Design gross weight will
be selected to be a nominal value of 7,000 lbs. Based on the
Midnight vehicle’s five-passenger carrying capacity and as-
suming a passenger weight of 200 lbs (Ref. 12), the payload
weight will be set to 1,000 lbs. Considering the cruise range
of the Archer ’Midnight’ short-haul flight mission, the one-
way flight range for the present mission profile will be set at
17.4 nmi (Fig. 2). With a predetermined MTOW of 7,000 lbs,
the cruise flight speed of the present mission profile will be
adjusted for three baseline configurations to meet the target
value (Fig. 3).

The key rotor geometric parameters and nominal operating
condition will be determined as follows. Rotors with high disc
loading are known to reduce power efficiency during hover
(Ref. 13). This can negatively impact the motor’s power mar-
gin or increase the maximum torque requirement, thus leading
to an increase in the weight of the propulsion system, includ-
ing the thermal management system (Ref. 14). Therefore, by
drawing on the existing tiltrotor vehicle trend (Ref. 15) and
considering the baseline DGW, the nominal rotor disc loading
will be selected to be 10 lb/ f t2. Considering that the hover
tip speed of NASA reference vehicle was set to 550 f t/sec
to achieve low-noise flight performance, the same specifica-
tion will be applied to the present vehicle. Because the ini-
tial baseline sizing procedure does not involve a detailed de-
sign or high-fidelity aerodynamic analysis of the rotor, power
and drag performance estimations from the reference vehi-
cle prop-rotor will be adopted. To avoid any substantial de-
viation in rotor performance while modifying its geometry,
solidity-weighted weight coefficient, nominal indicative of the

prop-rotor static stall limit, is kept consistent between the ref-
erence and present baseline configurations. Referring to the
values adopted by large tiltrotor rotary-wing aircraft such as
V-22, XV-15, and NASA reference vehicle, a nominal value
of 0.13 for the tiltrotor configuration will be assigned. Thus,
the rotor solidity and radius are determined for each baseline
configuration. Considering that the rotor natural frequency is
nominally placed regarding the mission envelope of the rotor-
craft (Ref. 16), the first flapwise natural frequency, which is a
crucial factor in the weight of the rotor blade, will be selected
to be the same as that of NASA reference vehicle owing to the
similarity.

The battery-specific energy will be set to reflect the electric
battery capacity corresponding to the current technology stan-
dards. Accordingly, the uninstalled pack-level battery-specific
energy will be set at 250 Wh/kg (Ref. 17).

Figure 1. Baseline vehicle establishment procedure

Figure 2. Mission profile for the baseline sizing (1st)

Geometric configuration of fuselage and wings will be gen-
erated and its performance will be analyzed as follows. To
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Figure 3. Additional mission profile for performance iden-
tification (2nd)

Table 1. Predetermined key design parameters
Parameter Value

Battery specific energya [Wh/kg] 250
Payload weight [lb] 1,000
Design gross weight 7,000

Solidity-weighted weight coefficient (Cw/σ ) 0.13
Disc loading [lb/ft2] 10

Blade tip speed (hover) [ft/sec] 550
Blade first flapwise natural frequency [/rev] 1.07

aUninstalled pack-level

construct the fuselage geometry in the longitudinal sections,
the parameterized NASA ROBIN-mod7 formula will be em-
ployed (Ref. 18). Given the NASA reference tiltrotor vehi-
cle transport capacity of six passengers, closely resembling
that of the baseline configuration, the fuselage OML for the
present baseline emulates that of the reference vehicle. Ad-
ditionally, to accurately assess propulsion system variations,
the fuselage geometry remains consistent across all baselines.
The aerodynamic performance of the fuselage will be ana-
lyzed by utilizing digital USAF Stability and Control Data
Compendium (DATCOM) code, which provides linear aero-
dynamic load coefficients and stability derivatives of the air-
frame based on geometric input (including center of gravity)
and embedded trend equation (Ref. 19). Wing geometry will
be generated with OpenVSP design feature, and its aerody-
namic performance will be analyzed with VSPAERO, an aero-
dynamic analysis code which utilizes vortex-lattice method
(Ref. 20). For the present tiltrotor configurations, the wing
airfoil will be designated as NACA 64A223, following that of
XV-15 tiltrotor vehicle. Referring to the trend of light fixed-
wing aircraft and electrically-driven aircraft (Fig.4), the wing
planform area will be sized to ensure that the wing loading
falls within the range of 25 to 35 lb/ f t2. Overall airframe ge-
ometry generation and analysis procedure will be commanded
by formatting application programming interface (API) with
MATLAB (Ref. 21). The corresponding geometry of each
baseline configuration will be generated as shown in Figure
5.

Figure 4. Wing loading of light fixed wing and electrically-
driven aircraft

NDARC trim analysis and sizing task will be combined to
derive the vehicle configuration that meet the performance re-
quirement (Ref. 9). To effectively obtain a converged trim
solution for the performance and geometry of each vehicle,
Newton-Raphson method will be employed.

The present trim variables are the vehicle pitch control, lon-
gitudinal cyclic, and collective pitch control of rotor, with the
nacelle inclination angle selected to be 90° for VTOL segment
and 0 ° for forward flight. Since the wing control surfaces
are not utilized during cruise for tiltrotor configuration, rotor
cyclic pitch control will be introduced to maintain the pitching
moment equilibrium of the vehicle. Since the present mission
requirement does not include roll or yaw maneuvers, related
trim quantities will not be considered. Aerodynamic loads un-
der each trim situation is obtained by using the momentum-
theory based rotor performance estimation procedure imple-
mented in NDARC, and aerodynamic performance analysis
result of the airframe. With the major control variable esti-
mated respectively for each mission segment, required power
for each vehicle component will be obtained accordingly to
estimate total energy consumption. Since the battery weight
is directly proportional to the energy consumption, subsequent
trim iteration over the entire mission with updated battery
weight will be attempted until the converged solution is ob-
tained.

At each iteration, the weight of the airframe is estimated
by reflecting the aircraft component weight determined at
that stage. Wing weight will be estimated by utilizing
tiltrotor wing weight trend equation embedded in NDARC
(Ref. 9). For the present procedure, torsional and bend-
ing moment requirement for the wing will be reflected on
structural weight estimation via geometric parameters (span,
thickness-to-chord ratio, taper) and wing-tip propulsion sys-
tem weight. In the similar manner, fuselage weight will be es-
timated based on AFDD84 trend equation by reflecting overall
aircraft specifications, which include fuselage length, aircraft
wetted area, rotor radius, wing weight, and crashworthiness
condition (Ref. 9). Since detailed structural design will not be
conducted during the present conceptual design stage, techni-
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cal factors representing the airframe structural properties will
be determined by following NASA tiltrotor reference vehi-
cle (Ref. 8).

Rotor blade aerodynamic design process

This section presents the aerodynamic design procedure for
the electrically-driven prop-rotor blade, as illustrated in Fig-
ure 6. To assess the impact of rotor aerodynamic design on
weight and performance estimation for the eVTOL tiltrotor
configuration, representative blade geometric parameters will
be determined. A parametric sweep will then be conducted us-
ing aerodynamic analysis with CAMRAD II. In order to deter-
mine a rotor blade design that derives minimum gross weight,
each blade geometry will be fed back to NDARC tiltrotor ve-
hicle sizing task, along with its aerodynamic performance.

In order to provide airfoil design with benign performance,
CTR airfoil series, which is designed for NASA large civil
tiltrotor vehicle, will be utilized (Ref. 22). Since the operat-
ing Mach number for the blade section spans the transonic
regime (Tab. 2), MSES will be utilized owing to its Euler
equation solver for the outer flow and an integral boundary
layer model (Ref. 23). For the high-AOA post-stall region, a
general estimation for the quasi-steady performance of the air-
foil will be utilized to extrapolate over the entire AOA range,
by using the formula given in Eqs. 1-3 (Ref. 13) (Fig. 7). Re-
sulting performance data will be formatted to provide a gen-
eral lookup table for prop-rotor aerodynamic analysis using
CAMRAD II, which is a comprehensive rotorcraft aerome-
chanical analysis code (Ref. 7).

Cl = 1.175sin2(α −α0) (1)

Cm =−0.5sin(α −α0)+0.11sin2(α −α0) (2)

Cd = 1.135−1.05cos2(α −α0) (3)

Table 2. Blade airfoil nominal operating condition
Airfoil r/R Mach No. Reynolds No.

CTR1544 0.15-0.45 0.1509 7.0×105

CTR4475 0.45-0.75 0.3019 1.21×105

CTR7500 0.75-0.99 0.4377 1.21×106

Referring to the previous gimballed-hub prop-rotor designs
and their kinematic constraints, the number of blades will be
set to 3. Since the target thrust and disc loading will be fixed
at 7000 lb/(Nrotor) and 10 lb/ f t2, rotor radius will be main-
tained throughout the entire parameter sweep process. By re-
ferring to the previous design research on NASA large civil
tiltrotor vehicle (Ref. 24), bilinear twist rate, thrust-weighted
rotor solidity (σtw), and linear taper will be selected. To es-
tablish a design space where blade static stall does not occur,
a bilinear twist sweep will be performed, followed by solidity
and taper sweeps. Following the example of NASA tiltro-
tor reference vehicle, which operates at lower speeds simi-
lar to present tiltrotor vehicles, the blade baseline geometry

will be determined to perform a twist sweep; initial values for
thrust-weighted solidity and linear taper will be set at 0.141
and 0.8, respectively. Performance analysis for each (rigid-
bladed) prop-rotor configuration will be executed by utilizing
the blade element momentum theory (BEMT) and uniform
inflow model with CAMRAD II. To accurately reflect the in-
fluence of aerodynamic performance for each blade section in
the rotor performance analysis, 19 aerodynamic panels will be
uniformly distributed. The aerodynamic performance of the
rotor system will be obtained for designated thrust conditions
during hover and cruise segments, the most energy-intensive
segments of the mission. Thrust requirement for single rotor
at each flight mode will be given based on mission perfor-
mance analysis result obtained with NDARC trim analysis.
To feed the aerodynamic performance of each rotor geometry
back to NDARC sizing task, mean section profile drag coef-
ficient (cdo) and excess induced loss coefficient (κi) will be
obtained. In order to assign a benign built-in twist value to
the blade that avoids rotor static stall, bilinear twist sweep
is performed primarily. After the following solidity & taper
sweep, another bilinear twist sweep is performed. Through a
series of blade geometry parameter sweeps, the blade config-
uration that results in the lowest vehicle gross weight will be
determined.

VEHICLE CONCEPTUAL DESIGN RESULT
Baseline vehicle design

The initial design of electrically-driven tiltrotor vehicles for
three candidates (two, four, and six rotors) is performed. The
geometry and performance parameters are fed to NDARC
mission performance analysis and weight estimation task. It
is noted that the cruise flight velocities of 7,000 lb-class twin-,
quad-, hexa-tiltrotor vehicles will be adjusted to 125.2, 123.3,
and 116.7 kt, respectively. The resulting design characteris-
tics of the baseline vehicles obtained using the proposed pro-
cedure are presented in Tables 3, 4.
With the resulting vehicle geometries, NDARC mission per-
formance analysis result is provided. The energy consumption
and total power required at each mission segment are shown
in Figs. 8 and 9. As shown in Fig. 8, relative magnitude of
the energy consumption remains constant for the vertical and
forward flight segments. The energy consumption for cruise
flight is estimated to be the highest for the twin-tiltrotor. The
main wing of the twin-tiltrotor baseline exhibits the largest
aspect ratio among all the wings, and VSPAERO deduces the
highest lift-to-drag ratio (L/D) for such a wing. However, con-
sidering that the energy consumption of both the quad- and
hexa-tiltrotor is estimated to be lower overall, it is concluded
that the wing area (or its resultant structural weight) acts dom-
inantly on the cruise energy efficiency of the tiltrotor config-
uration. In case of the quad-tiltrotor configuration, its energy
consumption is estimated to be the largest among all climb
segments. It is also found that the energy consumption per-
formance of the quad-tiltrotor configuration for the VTOL and
cruise segments is the lowest. This suggests that the energy-
consumption performance of the quad-tiltrotor configuration
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Figure 5. Tiltrotor baseline configurations

Figure 6. Aerodynamic design procedure for prop-rotor
blade

degrades under conditions involving both ascent and forward
flight.

Table 3. Geometries of tiltrotor baseline vehicles (7,000-lb
class)
Geometry Characteristics Twin- Quad- Hexa

Fuselage Length [ft] 30 30 30
Width [ft] 4.8 4.8 4.8

Wing
Total area [ft2] 240 220 235

Span (aft/forward) [ft] 42.2/12.2 28/26.8 32/20
Wing loading [lb/ft2] 27.1 31.8 29.8

Rotor Solidity (σtw) 0.14 0.14 0.14

The required power analysis result is shown in Fig. 9. It is
noted that the required power for the hexa-tiltrotor fluctuates
heavily with respect to the cruise speed during all the seg-
ments. Moreover, required power for the vertical climb and
descent segments is estimated to be smaller for the quad- and
hexa-tiltrotor configurations than for the twin-tiltrotor config-
uration. As shown in Fig. 8, overall performance fluctuation
turns out to be the smallest for the quad-tiltrotor configuration.
This is apparent when compared with the performance of the
twin-tiltrotor configuration. Although the speed discrepancy

Table 4. Tiltrotor baseline vehicle sizing result (7,000-lb
class)

Property Twin- Quad- Hexa-
Empty weight [lb] 5,989 5,989 5,998

Battery&TMS weight [lb] 1,968 1,997 1,966
Wing group weight [lb] 307 327 629

Fuselage group weight [lb] 588 588 582
Rotor group weight [lb] 307 327 300

Rotor radius [ft] 10.2 7.46 5.74

Table 5. Tiltrotor baseline vehicle sizing result (at cruise
speed = 135 knot)

Property Twin- Quad- Hexa-
Empty weight [lb] 6,397 6,679 6,983

Battery&TMS weight [lb] 2,248 2,415 2,574
Wing group weight [lb] 711 583 641

Fuselage group weight [lb] 558 628 638
Rotor group weight [lb] 307 369 354

Rotor radius [ft] 10.2 8.13 6.13

between the twin-tiltrotor and quad-tiltrotor configuration is
nearly negligible when switching from the 1st to the 2nd mis-
sion, the quad-tiltrotor retained the best performance for all
segments in terms of the required power. The twin-tiltrotor
exhibits rather inconsistent characteristics, as its energy con-
sumption and required power varies significantly with respect
to its cruise speed.

Unlike high-speed tiltrotor vehicles such as the XV-15 and V-
22, where the power required during cruise is almost on the
same scale as during hover (Ref. 25), it has been observed in
current eVTOL baselines that the power required during hover
is more than three times that needed during cruise. As a re-
sult, this significantly higher hover power demand dictates the
motor available power rather than the cruise power require-
ment. Such trend is expected to be due to the characteristics of
electric propulsion systems. The increased energy consump-
tion associated with higher cruise range or speed translates
directly into significantly increased battery weight (Tab. 5),
owing to the lower specific energy of batteries compared to
aviation gasoline. This additional weight, in turn, substan-
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Figure 7. CTR airfoil pitching moment analysis result

tially increases the power required during hover.

Rotor blade aerodynamic design

Present blade design sweep is performed on 7,000 lb-class
quad-tiltrotor vehicle, which is determined to be optimal con-
figuration at the initial estimation. Bilinear twist sweep is
performed in 5 deg/r step, ranging from -60 deg/r to -10
deg/r. Solidity sweep is conducted from 70% to 120% of
the baseline solidity (0.141) in 4% step. Meanwhile, blade
taper sweep ranged from 0.1 to 1.0, with steps of 0.05. Opti-
mum blade geometry selected at each step is as summarized
in Table 6. NDARC weight estimation results mapped to each
parameter sweep case are as depicted in Figs. 10. Aircraft
gross weight is estimated to be minimum at blade bilinear
twist rate of -55(inboard)/-25(outboard) deg/r. Rotor solid-
ity and blade taper are determined to be 0.1043 and 0.5, re-

Figure 8. Energy consumption analysis result

spectively. Through the blade geometric parameter sweep,
the gross weight of the quad-tiltrotor baseline vehicle is re-
duced by 297 lb, which accounts for 4.3% of the design gross
weight. Applying the corresponding blade design to the siz-
ing of a 7,000 lb-class quad-tiltrotor vehicle resulted in an es-
timated range increase of approximately 5.7 nmi compared to
the baseline configuration.

From the weight estimation results in Figure 10 and Table 6, it
is shown that the thrust requirement increases inversely with
solidity. Despite the decrease in thrust margin and the conse-
quent reduction in figure of merit, it has been observed that the
increase in propulsive efficiency leads to a reduction in cruise
energy consumption, resulting in a significant decrease in both
battery and aircraft weight. As shown in Figure 10, where the
influence of bilinear twist and taper on aircraft weight is not
as significant compared to solidity, it is observed that, with
the airfoil maximum lift and lift-to-drag ratio fixed, solidity
should be adjusted before other geometric parameters to ob-
tain optimal rotor design. Additionally, the solidity must be
set considering at least two flight modes, such as hover and
cruise.
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Figure 9. Required power analysis result

CONCLUSIONS

In this paper, a rapid conceptual design procedure for a tiltro-
tor vehicle is presented, augmented by the aerodynamic de-
sign of the rotor blade. For that, the following steps are taken.
First, the major aircraft design parameters and mission pro-
file are determined by referring to the trends of existing vehi-

Table 6. Blade geometric parametric study history
twist rate(in/out) [deg/r] -60/-25 -60/-25 -55/-25

built-in twist [deg/r] -42.5 -42.5 -40
blade linear taper ratio 0.8 0.5 0.5

solidity(σtw) 0.141 0.1043 0.1043
aircraft gross weight [lb] 7,046 6,706 6,704

figure of merit (FM) 0.749 0.747 0.750
propulsive efficiency (η) 0.872 0.910 0.906

profile drag coefficient (hover) 0.00844 0.01112 0.01106
profile drag coefficient (cruise) 0.00620 0.00644 0.00635

excess induced loss factor (hover) 1.2377 1.2378 1.2377
excess induced loss factor (cruise) 4.5850 3.8844 4.2900
thrust requirement (CT/σ ) (hover) 0.120 0.162 0.162
thrust requirement (CT/σ ) (cruise) 0.021 0.027 0.027

Figure 10. Aircraft gross weight estimation result for blade
geometry sweep
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cles. By conducting aircraft performance analysis and weight
estimation, optimal propulsion configuration is selected. By
utilizing rapid BEMT analysis, blade geometric parameter
sweep is implemented on the quad-tiltrotor vehicle, thus re-
ducing the aircraft gross weight by 4.3%. By incorporating
maneuver flight situations such as turns into the current pro-
cedure, it is expected that the feasibility of the existing rotor
aerodynamic design can be improved, allowing for more ac-
curate aircraft sizing (Ref. 26).

In the future, the aeroelastic (whirl-flutter) stability and struc-
tural robustness of the airframe, including the rotor system,
will be evaluated to develop an electrically-driven rotorcraft
design procedure that ensures safety.
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