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This paper presents X3D version 2.0, a parallel three-dimensional (3D) dynamic solver designed for rotor aeromechanics.
Unlike current-generation rotor comprehensive codes, the solver’s core structure is built upon the foundational principles of
3D finite element modeling unified with multibody joints. Notably, it distinguishes itself from commercially available finite
element codes by incorporating an inherent internal aerodynamics module to facilitate the 3D computational fluid dynam-
ics/computational structural dynamics coupling. The enhancements in version 2.0 are detailed in this paper, encompassing
the integration of new parallel solution procedures, the introduction of capabilities such as coaxial rotor analysis, the ex-
ploration of novel 3D models, and the addition of new tools essential for generating 3D rotor models from computer-aided
design geometry. The implementation of parallel algorithms significantly enhances the speed of this version, while the newly
added capabilities make it conducive for exploring advanced rotor configurations.

Nomenclature
Co torque=< pA(QR)’R
Cr thrust= pA(QR)?
Fx hub longitudinal shear force, b, positive rearwards
Fy hub lateral shear force, 1b, positive starboard
Fs hub vertical shear force, 1b, positive up
LO lift offset, %R
My hub roll moment, in-1b
My hub pitch moment, in-1b
Miip tip Mach number
R rotor radius, ft
T rotor thrust normal to hub plane, 1b
Voo wind tunnel speed or freestream speed, ft/s
oy shaft tilt angle, deg, positive forward
01 lateral cyclic, deg
015 longitudinal cyclic, deg
n advance ratio—+ tip speed, QR
o rotor solidity
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¥ blade azimuth angle, deg
Q rotor rotation speed, rad/s
Background

Current rotorcraft structural dynamics analyses model the rotor
blade as a slender one-dimensional (1D) composite beam, with two-
dimensional (2D) finite element models used to calculate the structural
and inertial cross-sectional properties of the blade (Ref. 2). This approach
is well documented and provides adequate results for conventional ro-
torcraft problems due to the long slender shape of rotor blades. How-
ever, this method falls short in several key areas. Modern blades have
material and geometric discontinuities due to design or ballistic damage
that cannot be captured using beams. Modern hub components are three-
dimensional (3D) structures that provide kinematic couplings and absorb
maximum stresses and hence are crucial for both stability and weight. To-
day, modifications and enhancements are made to beam boundary con-
ditions to accommodate these structures in a gross manner, but require
fabrication and testing to measure their properties. The use of 3D mod-
els has the potential to overcome these barriers. The flexible parts of a
rotor, the parts that produce strains, can be modeled from first princi-
ples with 3D finite elements and bearings that provide constraints mod-
eled with multibody joints. Dynamic stresses and strains can be predicted
in the blade and the hub components. This was noted by NASA, which
identified 3D structures as an essential tool for next-generation rotorcraft
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design (Ref. 3). This led to the development of X3D, an experimental (X)
three-dimensional (3D) aeroelastic solver for rotors.

The development of X3D can be split into three phases: development
of the initial solver, extension to real-world problems, and the paralleliza-
tion of the solver. X3D development began in 2008, with the first proto-
type solver presented by Datta and Johnson in 2009 (Ref. 4). Multibody
dynamics were soon added (Refs. 4,5), followed by the first instance of
integrated-3D (I3D) analysis, defined as 3D computational fluid dynam-
ics (CFD) coupled with 3D computational structural dynamics (CSD),
for an idealized UH-60A-like rotor (Ref. 6). This work represented the
first validation of X3D against UH-60A flight-test data. Phase I con-
cluded in 2016 with the release of X3D version 1.0 (Ref. 7). Two sig-
nificant barriers were identified: lack of geometry and meshing tools and
high computational cost. These made the routine use of 3D analysis im-
practical.

Phase 2 of development spanned 2014-2018 and focused on the first
barrier identified in Phase 1. The University of Maryland developed 3D
geometry and meshing tools for generic rotor blades (Ref. 8), supported
by the U.S. Army’s computer-aided design (CAD)-based Modeling of
Rotary-Wing Structures (CMARS) program. This enabled the applica-
tion of X3D to realistic problems, highlighted by the demonstration
of I3D analysis for the NASA Tiltrotor Aeroacoustic Model (TRAM)
(Refs. 9, 10), specially released by NASA for this task. This work also
represented a validation of X3D with wind-tunnel test data of TRAM.
However, during this phase, artificially coarsened meshes had to be used
due to high computational run times.

Phase 3 of development began in 2018 and has focused on paralleliza-
tion and scalability. This approach was two pronged in space (Ref. 11)
and time (Ref. 12). The parallelization of the X3D solver, combined with
the advancements in geometry and meshing made earlier during Phase
2, has allowed for 3D structures to be applied to important problems
of current interest. These include Mars Helicopters (Refs. 13, 14), ad-
vanced tip geometry blades (Refs. 15-17), and lift offset coaxial rotors
(Refs. 18, 19). X3D version 2.0 represents the culmination of Phases
2 and 3 of X3D development, further realizing the vision for next-
generation rotorcraft analysis.

Organization of Paper

After detailing the development of the X3D solver, the paper starts by
outlining the scope of version 2.0, listing the new features. Next, the 3D
workflow is described for X3D, detailing the steps from CAD to analysis.
Next, the significant updates introduced in X3D version 2.0 are detailed,
including the parallel algorithms, preprocessing tools, and coaxial rotor
analysis. The subsequent section lists the principal tasks of X3D ver-
sion 2.0, highlighting its core functionalities. Following this, the paper
provides a list of the available 3D models for utilization, along with sam-
ple analysis results for each of the models. Moving forward, the paral-
lel performance exhibited by this new version is studied, shedding light
on its efficiency and scalability. Finally, the paper ends with concluding
observations.

X3D v2.0: Scope

The principal task of X3D version 1.0 was to model an isolated rotor
in forward flight trim and prescribed maneuvers to predict dynamic 3D
stresses/strains using CFD/CSD coupling. Version 2.0 expands the solver
scope to include modeling coaxial rotors, including CED/CSD coupling
of coaxial rotors with the U.S. Army/CREATE™-AV Helios framework
(Refs. 20,21). Various pre- and post-processing tools are also introduced
to enhance user accessibility. The main addition to X3D version 2.0 is
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the use of parallel and scalable algorithms that take advantage of modern
supercomputer architecture to significantly reduce computational time.
Much of the underlying theory, such as the material model, joint formu-
lation, and 3D finite element derivation, is unchanged since version 1.0
(Ref. 7) and such is not included in this work.

X3D version 2.0 runs efficiently on a supercomputer architecture with
hundreds to thousands of processors for problem sizes greater than one
million degrees of freedom. This is a significant improvement over ver-
sion 1.0, which only ran on a single processor for maximum problem
sizes of 100 K degrees of freedom. This advancement is made possible
with two special solvers: one parallel in space and the other parallel in
time. Both are independent solvers. The parallel in space solver requires
a special mesh partitioner to partition generic meshes from Cubit soft-
ware (Ref. 22) for efficient performance. Cubit is a full-featured software
toolkit for robust generation of 2D and 3D finite element meshes (grids)
and geometry preparation. The parallel in time solver requires a paral-
lel shared memory skyline solver for scalability. The integration of these
two solvers is currently in work and will be part of the future release.

Review of X3D v1.0

This section provides a review of X3D version 1.0, as documented in
Ref. 7. The purpose of this section is to summarize the established 3D
workflow, enabling the updates introduced in the new version to be more
clearly identified and understood.

3D workflow

3D modeling of rotors is a significant departure from 50 years of con-
vention with beam-based models in aeromechanics. Consequently, the
analysis setup demands an entirely new workflow. The primary steps in-
volved in developing the model, from CAD to X3D inputs, were ini-
tially outlined in Ref. 7, presenting the first version of X3D. For the sake
of completeness and incorporating updates, the same steps are under-
scored here. An example of the 3D workflow is demonstrated in Refs.
1 and 19 for the Metaltail-II rotor. Metailtail-II is a generic coaxial ro-
tor inspired by the Sikorsky S-97 Raider that is intended to be used as a
test case for integration into the U.S. Army/Department of Defense ro-
torcraft simulation software Computational Research and Engineering
Acquisition Tools and Environments (CREATE™)-Air Vehicles (AV)
Helicopter Overset Simulations (Helios) framework.

The 3D workflow in X3D is shown in Fig. 1. The starting point of
3D modeling is the 3D CAD obtained from CATIA, Solidworks, or any
equivalent software. A detailed CAD is not required; simple conceptual
models suffice at early stages of design. The next step is to create the
structural analysis representation (SAR). While creating the SAR, the
user will divide the parts that are to be modeled into flexible parts and
joint parts. Typically, any part which experiences strains is modeled as
a flexible part, meaning that it will be meshed with 3D finite elements.
Joint parts are parts that experience negligible strains but typically have
large deformations, such as bearings, bolts, mechanisms, and devices.

Next, the flexible parts are meshed with 27-node isoparametric hex-
ahedral brick finite elements. Currently, all X3D meshing is performed
using the Cubit software (Ref. 22) but can also be done with an equiv-
alent hexahedral meshing tool that outputs the mesh in UNV (universal
IDEAS) file format. The 3D meshing is performed part by part, as in-
dividual meshes are generated for each flexible part. Each part mesh is
assigned three features: blocks, sidesets, and nodesets. A block is a group
of elements, where each block has a single set of material properties. A
sideset is a group of element faces and is used to identify aerodynamic
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Fig. 1. Integrated 3D workflow; roadmap of steps needed to get from CAD to analysis.

surface nodes. A nodeset is a group of nodes and is used to determine
joint connections. Additional details on the meshing of rotor blades and
hub components can be found in Ref. 23.

The meshes and joints are then assembled to form the structural anal-
ysis model (SAM), which is an input to X3D (SAM.input). The SAM is
based on the SAR created earlier. The SAM model orders all parts, de-
fines material properties for meshes, assigns joint properties for joints,
and creates the final model ready for X3D. A special tool called SAM-
Builder is used to create the SAM.input file for X3D. This preprocessing
tool is a new addition to the X3D version 2.0 package.

The next step is to physically partition the structure into separate sub-
domains for parallel execution. The SAM model is transferred to the
structural mesh partitioner, developed specially for this work, where the
structure is divided into multiple subdomains depending on the avail-
able computational resources. However, this step is only necessary if the
parallel-in-space X3D solver is to be used. This is another addition to
X3D version 2.0 and will be discussed in more detail in a later section.

Finally, the X3D inputs are generated in FORTRAN namelist-based
text format. There are four input files:

1) SDN.input: System definition. It describes environment, air speeds,
and top-level geometry of system, subsystems, and components.

2) SAM.input: Structural analysis model. It describes details of the
structural model, including mesh files and joint files. The material prop-
erties and joint properties are defined here.

3) AER.input: Aerodynamic analysis model. It describes details of
the (internal) aerodynamic model, including lifting line definition, air-
foil tables, and fluid—structure interface. The CFD interface required for
CFD/CSD coupling is defined here.

4) SOL.input: Solution procedure model. It describes details of the
solution process, including various restart files for rotor solution, modes,
trim Jacobian, and CFD delta files.

SDN.input and SOL.input are needed for all tasks. An aerodynamic-
only analysis requires only SDN, AER, and SOL inputs. A structures-only

analysis requires only SDN, SAM, and SOL inputs. A full-up coupled
analysis requires all input files.

External CFD coupling

X3D v1.0 provides an interface for coupling with external CFD soft-
ware. This capability will be summarized here for completeness to help
understand the 3D CFD/CSD coupled results later. The interface is avail-
able through two methods: a file-based input/output (I/O) capability and
a Python-based module. The file I/O coupling works with any generic
CFD software, while the Python-based coupling is available with the U.S.
Army/CREATE™-AV Helios framework (Refs. 20,21).

As with X3D version 1.0, a Level-I interface is used for CFD/CSD
coupling. A Level-I interface is beam-like, with sectional translations
and rotations being passed to the CFD solver and sectional airloads being
passed to X3D. All current rotorcraft CFD software use a 1D beam-like
interface to exchange deformations and airloads, so this approach allows
for existing CFD mesh motion schemes to be used. The development
of an exact Level-1I interface using 3D patch forces is underway at the
University of Maryland.

Deformation interface. As part of the Level-I interface, the 1D deforma-
tions must be transferred to CFD. While these deformations come natu-
rally with conventional beam-based analysis, they must be extracted from
the 3D deformation field. For this purpose, cross-sectional planes must be
defined as part of the model input. A single cross section is defined with
four nodes, located at the leading-edge, trailing-edge, top surface, and
bottom surface, as shown in Fig. 2(a). These are used to define a chord
line and a thickness line. The chord line is uniquely defined, whereas the
thickness line is not unique but is constrained by the airfoil geometry.
From the chord line, the quarter- and three quarter-chord locations are
obtained. The thickness line should be located close to quarter-chord,
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(a) Level-I deformation interface; chord and thickness lines used to define
cross-sectional plan

(b) Level-I deformation interface; sectional 2D airloads distributed over
surface nodes

Fig. 2. Level-I fluid—structure interaction interface showing defor-
mation definition and airload mapping.

but need not be perpendicular to the chord line. Each cross section is
associated with a cross-sectional frame located at quarter-chord.

The beam-like deformations are extracted using the deformed chord
and thickness lines. The three deflections (u, v, z) are obtained at a user-
defined chord location (with a default of quarter-chord). The three rota-
tions (bx, Oy, 07) are defined by Euler angles extracted from the direction
cosines of the deformed cross-sectional frame in any user-defined order,
with the default order as lead—lag, flap, and pitch. The extraction of beam-
like deformations excludes cross-sectional deformations outside the four
nodes used to define the cross section but provides an adequate descrip-
tion of the 3D structure. A 3D description of the deflection field is ideal,
but this would require modifications to CFD mesh motion routines, so it
is not a part of this release.

Airloads interface. A Level-1 interface uses classical 1D airloads that
work with both lifting-line and CFD. The CFD solver integrates the pres-
sure and shear to segmental airloads that are passed to X3D at the lift-
ing line stations, the same procedure that is used for conventional beam-
based analysis. These airloads are then distributed over the surface nodes
of the 3D structural mesh.

The use of 1D segmental airloads implies that the 3D structural mesh
must have clear sets of surface elements separated into spanwise seg-
ments. Within a segment, elements can be unstructured but the bound-
aries must line up in the chordwise direction. As is seen throughout the
paper, 3D elements are almost always naturally aligned in the radial di-
rection, making the segments easy to define.

Figure 2(b) shows an example of two spanwise segments. Each seg-
ment will receive the segmental airloads from the lifting line or CFD,
which will be distributed over the surface nodes of that segment. For a
given node, the nodal forces are assumed to be

fn=ao+ae  fe=oa+an’ (D
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where fy and f¢ are the normal and in-plane forces, respectively, € and n
are the chordwise and thicknesswise position of the node, and «g, a;, o>
are three coefficients to be solved for all nodes. Thus, the normal force
is assumed to have a linear variation with chord and the chord force a
quadratic variation with thickness. The segmental airloads are related to
the nodal forces through Eq. (2), where the sum is over all surface nodes
in a segment. The axial nodal force is ignored unless axial airloads are
supplied, but these normally are negligible.

Fy=Y fvi Fe=)_ fo

For a total of n surface nodes, the total segmental airloads are equal
to the assumed distribution given by Eq. (3).

Mas =) (fe — fen) 2

Fy n >e 0 Qo
Fe|l=] 0 Sn? n aj 3)
Mys YeXE@-n)-Yn||x

The coefficients for each segment are obtained by inverting the ma-
trix, and each segment will have a different set of coefficients. This en-
sures that, despite the assumed nodal distribution, the segmental airloads,
including the pitching moment, are conserved within each segment. Only
three constants can be evaluated from three airloads, which is why only
three are used to express nodal forces. The internal stresses with a Level-
I interface are dependent on the assumed distribution, but since the seg-
mental airloads are conserved, they are expected to follow the general
characteristics of external loading.

X3D version 1.0 was integrated into the U.S. Army/CREATE™-AV
Helios framework through a Python-based module. The process was sim-
ilar to beam-based comprehensive codes such as Rotorcraft Comprehen-
sive Analysis System (RCAS) (Ref. 24) and Comprehensive Analyti-
cal Model for Rotorcraft Aerodynamics and Dynamics (CAMRADII)
(Ref. 25). The Helios environment is equipped to execute the comprehen-
sive analysis software on a single processor based on the current genera-
tion of CSD solvers. The Helios fluid—structure interface is equipped to
receive beam-like deformations and pass segmental airloads, so a Level-1
interface was the most straightforward approach. X3D version 2.0 is built
upon the same framework as version 1.0 described above, but it has been
extended to support applications involving multi-rotor systems. Results
demonstrating these capabilities are presented in later sections, while the
underlying methodology remains unchanged.

The following sections describe the updates introduced in version 2.0,
including algorithmic enhancements, new analysis modules, and addi-
tional tools developed for the 3D framework.

Parallel Algorithms

The major development in version 2.0 is the inclusion of parallel algo-
rithms. The solution procedure in X3D version 1.0 featured a time inte-
gration method with options to choose from standard numerical schemes:
Newmark, three-point Euler backward, and generalized-alpha. The sys-
tem of linear equations was solved using a serial skyline solver, exe-
cuted on a single processor. In X3D version 2.0, the parallel-in-space
and parallel-in-time approaches were added to take advantage of the
modern supercomputer architecture. The former requires a specialized
mesh partitioner and is driven by the finite element tearing and intercon-
necting dual primal (FETI-DP) algorithm (Refs. 26,27), and the latter
uses a frequency domain based modified harmonic balance (MHB) algo-
rithm (Ref. 12). The serial skyline is now updated to a parallel version
built for speed that is implemented using shared memory architecture
(Ref. 12). The algorithm forms a kernel for the parallel in space and time
approaches described below.
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Fig. 3. Description of interface nodes; the red circles indicate face
nodes, the green triangles edge nodes, and the blue squares mark
the corner nodes.

FETI-DP solver

The parallel-in-space approach uses the FETI-DP algorithm with con-
jugate gradient updates. This approach still uses the time integration
methods introduced in X3D version 1.0, with the iterative FETI-DP
solver replacing the serial skyline solver. FETI-DP is a state-of-the-art
iterative substructuring algorithm introduced by Farhat and co-workers
(Refs. 26,27). X3D version 1.0 contained an iterative solver equipped
with the FETI-DP algorithm (Refs. 4,28) but lacked a robust partitioner
to handle complex rotorcraft structures. X3D version 2.0 includes such
a partitioner (Ref. 11), which will be discussed in a later section.

In the FETI-DP algorithm, the structure is partitioned into non-
overlapping subdomains. The subdomain nodes are divided into internal
and interface nodes, where the interface nodes are shared by multiple
subdomains and internal nodes are only present in a single subdomain.
The interface nodes are further divided into corner, edge, and face nodes,
as shown in Fig. 3. The corner nodes are used to create a coarse repre-
sentation of the full structure. This is somewhat equivalent to treating
each subdomain as a pseudo-element, whose nodes are the corner nodes.
The better the coarse problem approximates the full structure, the better
the convergence. At the same time, corner nodes must be selected such
that locking the corner nodes for a subdomain eliminates its rigid body
modes. This is required for all subdomains.

The corner nodes formulate a primal interface problem, where the
primal variables remain the original degrees of freedom. The non-corner
interface (edge and face) nodes form the dual interface problem. The dual
variables are a set of Lagrangian multipliers used to enforce continuity
across the interface between subdomains. A preconditioned conjugate
gradient (PCG) method is used to solve for the multiplier’s value. The
continuity of displacements at the corner nodes is enforced at each PCG
iteration.

The FETI-DP algorithm is implemented on a distributed memory ar-
chitecture. Each subdomain is allocated to a single processor. The in-
ternal subdomain problem is solved with a direct skyline solver inde-
pendent of other subdomains. The interface problem is solved iteratively
with the PCG method, and this requires that subdomains communicate
with neighbors to exchange the residual at the interface. This commu-
nication is handled using MPI (message passing interface). However,
the preconditioner and preconditioned residual can be constructed in a
parallel manner as each subdomain can calculate its own contribution
with minimal communication overhead. During each PCG iteration, the
coarse problem must be assembled and solved. Each subdomain calcu-
lates its contribution, and then the problem is assembled and solved by
a single processor before being distributed out to all subdomains. The
solution of the coarse problem is a serial step, so minimizing its compu-
tational cost will improve parallel scalability.

One alteration made to the FETI-DP algorithm from previous work
with rotorcraft (Refs. 4,28) is the use of a skyline solver for the coarse
problem. Typically, the coarse problem is very sparse, so the use of a
skyline solver significantly reduces the memory requirements. This not
only decreases the coarse problem solution time, but also the communi-
cation overhead required for assembling the coarse problem. The authors
showed that the use of the skyline storage practically eliminated the bar-
rier of the coarse problem to scalability (Ref. 11).

If the structure has multibody joints, these must remain internal to
a subdomain. This leaves the interface unaffected by the inclusion of
multibody dynamics and leaves the numerical scalability of the FETI-
DP algorithm unchanged. Therefore, the introduction of multibody joints
does not have much effect on the solver, but instead places additional
demands on the partitioner. Flexible parts cannot be partitioned on their
own and connected via joints; the assembled structure must be attacked
by the partitioner. The mesh partitioner will be covered in detail in a later
section, starting with the requirements from the FETI-DP algorithm.

Modified harmonic balance

The parallel in time approach uses the MHB algorithm. The solution
in time for every degree of freedom is decomposed into harmonics as a
Fourier series. The governing equation in time is transformed into the
frequency domain with coefficients of harmonics as the new variables to
solve. These coefficients are solved in parallel on a distributed memory
architecture (MPI). Each harmonic solve internally uses a skyline solver
that is parallelized on shared memory (OpenMP). The details of the MHB
algorithm and the parallelization of the skyline solver can be found in
Ref. 12.

The overall algorithm is implemented on a combined shared and dis-
tributed memory architecture that is typical of a modern supercomputer.
Figure 4 shows the schematic representation of the employment of shared
and distributed memory processors in implementing MHB. Each har-
monic solve is assigned to an individual MPI task, which internally un-
leashes multiple OpenMP threads for the parallel skyline solver. A total
of N + 1 MPI tasks are assigned for obtaining a solution with N har-
monics (0, 1,2, ..., N). Each MPI task is assigned with 19 shared mem-
ory processors (OpenMP programming). Overall, hybrid MPI-OpenMP
parallelism involving a total of 19 x (N + 1) processors is used. Note
that for large-scale finite element structures with multibody joints, the
construction of matrices and forcing vectors at all azimuths significantly
contributes to the total solution time. This workload of construction is
distributed across MPI tasks and is internally parallelized using OpenMP.
This hybrid parallelism improves performance dramatically while reduc-
ing memory requirements for each processor.

In addition to the parallel algorithm, the solution procedure for heli-
copter rotors calls for a modification. An artificial damping with a relax-
ation factor is added and removed through iterations for faster conver-
gence.

The MHB algorithm was implemented in X3D to build a new, refined,
parallel version 2.0. In addition to the solution procedure, all other parts
of X3D were parallelized using the shared memory architecture. Only the
inputs and outputs were left serial. The details of its parallel performance
are discussed in the Parallel Performance section.

Coaxial Rotor Analysis

X3D version 2.0 expands the scope of modeling rotors to multi-rotor
configurations, primarily the coaxial rotor—a high-speed future vertical
lift configuration. Unless otherwise noted, coaxial rotor refers to both
articulated and lift offset configurations, with emphasis on the lift offset
case. Lift offset coaxial rotors absorb high loads with stiff hingeless hubs.
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Fig. 4. Implementation of modified harmonic balance using shared and distributed memory architecture.

However, absorbing high loads within allowable stresses requires a heavy
hub, which impacts the entire aircraft. To maximize the full potential of
the lift offset coaxial, hub stresses must be accurately predicted, better
understood, and ultimately mitigated with minimum weight. This makes
X3D a very useful tool to study modern coaxial rotors.

The X3D extension to coaxial rotors is made possible through the
following refinements.

Structural dynamics. The structural dynamics module of X3D is mod-
ified to allow modeling of an arbitrary number of rotors spinning in
counterclockwise (CCW) or clockwise (CW) directions. The nominal
analysis in X3D is carried out in a right-handed CCW frame. To model
CW rotation, the calculations are performed as a CCW rotor, with the
conditions, motions, and loads changing signs appropriately. For ex-
ample, the wake analysis is in the fixed frame so blade motions into
the wake and inflow out of the wake must be adjusted appropriately.
The hub forces and moments for CW rotation can be obtained from
the nominal analysis by changing the signs according to Eq. (4), where
FEW FEW FEW MW MEY, and MSEY are the calculated values
with CCW rotation.
FSW = FECW, W _ _pCOW, gCW _ pCcW

B

MY = MV MY = MEY, MEV = — SV 4)

For a coaxial rotor, X3D takes in only the input of the CCW rotor, and
the analysis for both rotors is carried out in the right-handed CCW frame
with appropriate sign changes for the CW rotor as mentioned above.

Aerodynamics. The aerodynamics of the coaxial rotors are modeled us-
ing quasi-steady lifting line theory coupled with time accurate free wake.
X3D version 2.0 contains an updated version of the Maryland free wake
model (Ref. 29), which uses a combination of vortex-based near-wake
and far-wake that can analyze multi-rotors with variable and transient
RPM (including stopped rotor). This new wake model brings in the inter-
rotor interactions of a coaxial rotor.

Trim. The trim module is now appended with multiple options for coax-
ial trim. The upper and lower rotor collectives provide total thrust and

torque balance. The cyclics can be solved with two options. In the first
option, the lateral (0., 6% ) and longitudinal (67, 6% ) cyclics can be solved
for specified roll and pitch moments on each rotor. In the second op-
tion, the lateral cyclic is kept the same for both upper and lower rotors
(0Y = 0L = 0,.) and this value along with the two longitudinal (67, 6%)

cyclics is obtained for a specified lift offset and total zero roll and pitch
moments. This option is more similar to how real aircraft are trimmed.

X3D v2.0: List of Tasks

The tasks that X3D version 2.0 can perform are summarized in this
section, along with their respective outputs. Each task executes a different
solution procedure, and the solution flag for each task is included. These
tasks can be performed for both single and coaxial rotor configurations.
Note that all these tasks can be executed in parallel mode using the new
X3D.

(1) Structural response: It calculates the linear and nonlinear static
response of the model to prescribed forcing.

(2) Frequency response: It calculates the natural frequencies and
mode shapes of a rotating or nonrotating structure. For a rotating blade,
the converged blade response is obtained in vacuum at a steady rotational
speed and the natural frequencies are taken about this point.

(3) Aerodynamic response: The aerodynamic response task is a spe-
cial task involving only aerodynamics. It calculates the rotor response
(airloads, inflow) for a given flight condition. The aerodynamic analysis
can be performed with no deformations (rigid rotor) or prescribed defor-
mations.

(4) Hover response: The hover task is a full-up capability includ-
ing structures, aerodynamics, and controls for ideal hover (axisymmet-
ric flow with collective control only). This task invokes X3D’s internal
lifting-line aerodynamics. One option iterates the inflow at a fixed col-
lective to calculate the converged response, while another performs a full
trim in which both collective and inflow are iterated to achieve the tar-
geted thrust.

(5) Forward flight response: The forward flight task is a full-up capa-
bility (structures, aerodynamics, and controls) for a vehicle in edgewise
flight. One option iterates the inflow at fixed control angles to calculate
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Table 1. X3D models. Models with (*) are restricted

Models Configuration Type  Validated for Description of Model
Articulated rotor SMR Frequencies Representative geometry
Representative materials
UH-60A-like SMR Blade airloads Representative geometry
Representative materials
UMD DARB SMR Strains, frequencies Exact geometry
Exact materials
NASA ROAMX blade (*) SMR Hover strains Exact geometry
Exact materials
NASA TRAM (¥) Tiltrotor Airloads, blade loads  Exact geometry
Representative materials
Maryland Tiltrotor Rig (MTR) blades  Tiltrotor Strains, frequencies Exact geometry

Metaltail-1 Coaxial rotor

Mars Ingenuity blade (*) Coaxial rotor

Exact materials

Blade airloads Notional geometry

Notional materials

Frequencies Exact geometry

Representative materials

the converged response, while another performs full-up trim where con-
trol angles are iterated, along with inflow, to reach the targeted thrust and
moments.

(6) Trim with CFD/CSD: The forward flight trim is performed with
CFD/CSD coupling. The CFD coupling can be via file I/O or a Python
driver if using Helios. After a full-up trim solution is obtained, the de-
formations are sent to CFD. The next trim solution is obtained with the
CFD delta airloads. The CFD/CSD iterations are repeated until the con-
trol angles are converged.

X3D v2.0: List of Models

The structural modeling in X3D is a departure from conventional ro-
torcraft aeromechanics, therefore 3D models are provided as examples.
The examples provided here cover different rotor configurations and are
summarized in Table 1. Some models are exact, while others are repre-
sentative of the actual aircraft. Depending on the availability of test data,
these models will serve as test cases for validation and verification.

Single rotor

There are three single rotor models: the UH-60A-like rotor, the UMD-
Boeing Dihedral-Anhedral Rotor Blade (DARB) and the NASA Ro-
tor Optimization for the Advancement of Mars eXploration (ROAMX)
blade.

UH-60A-like. The UH-60A model is the same as that used in version
1.0 (Ref. 7). The internal structure is an idealization, reverse-engineered
to reproduce a similar fan plot as the real rotor. Although this model is
not an exact representation, it serves as an excellent test case for vali-
dation of blade airloads and vibratory harmonics obtained from the UH-
60A Airloads Program (Refs. 30,31). This model was studied in a low-
speed transition flight: counter 8513 of the UH-60A Black Hawk Air-
loads Program. Reference 12 shows the blade airloads using the parallel
in time solver compared with the time-marching solution (version 1) and
measured data. The performance improvements with the new version are
highlighted in a later section.

Fig. 5. Three-dimensional brick mesh of the UMD-Boeing dihedral
anhedral rotor blade.

UMD-Boeing DARB. The UMD-Boeing DARB is inspired by the ad-
vanced Chinook rotor blade (Ref. 17). The DARB was designed in con-
sultation with Boeing to ensure the geometry is realistic enough to be rep-
resentative of a modern rotor but still remains open source. The model is
Mach-scaled with a radius of 0.853 m (2.8 ft), and the nominal rotational
speed is 2282 revolutions per minute (RPM). The cross section is made of
a VR-7 airfoil with D-spar, skin, leading-edge weight, and foam. There
is a linear built-in twist of —16° per span. The blade has three sections
and two transition regions. The first section extends from the root cutout
(16.4%R) to 80%R, connecting to a 5° dihedral portion over 80-95%R. The
last portion is an anhedral of 15° over the last 5%R. Figure 5 shows the 3D
model. There are 4556 27-noded hexahedral bricks for a total of 122,000
degrees of freedom. All three bolt holes at the root are connected to a
single joint, which is used to command the pitch commands.

The DARB was fabricated and tested at the University of Maryland.
The material properties were obtained by coupon testing the compos-
ite materials, minimizing the disparity between X3D and the fabricated
blades. The blades were tested in a vacuum, and the rotating frequen-
cies and strains were measured. Figure 6 shows the rotor fan plot. The
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Fig. 6. Measured versus predicted rotor fan plot for the UMD DARB.

triangles are measured frequencies; the different colors correspond to dif-
ferent blades. The solid lines are the predictions from X3D v2.0. Up to
seven nonrotating frequencies and six rotating frequencies were mea-
sured. The corresponding modes were analyzed in X3D and are identi-
fied in Fig. 6. The predictions match well with the test data except for
the highest mode (fifth flap mode).

NASA ROAMX. The ROAMX project (Ref. 32) was recently launched
by NASA to fabricate and test a set of future rotor blades. The Martian
atmosphere necessitates unique airfoils, with sharp leading- and trailing-
edges and extremely low thickness-to-chord ratios on the order of 1%,
such as those designed by Koning in Ref. (Ref. 33). The ROAMX project
is intended to experimentally demonstrate the performance benefits of
these unique airfoils. The University of Maryland (UMD) partnered with
NASA to use X3D to design the internal structure for the blades (Ref. 14),
as the use of 3D FEA was beneficial for modeling the unconventional
blades. The new parallel X3D was used for the analysis, which resulted
in a significant reduction in time. Over 40 different individual designs
were studied with almost 20,000 X3D runs, all made possible by parallel
X3D.

The final blade design is shown in Fig. 7. The internal structure varies
with radius; the foam core and spar end at 35%R and 40%R, respec-
tively. Outboard of midspan, the airfoil thickness falls to 1% chord, and
the cross section is all skin. Additional details can be found in Ref. 14.
Figure 8 shows the 3D model. The blade has 2,202 27-noded hexahedral
brick elements and 20,147 nodes.

The blade was designed for hover testing, so it was primarily studied
in hover with a focus on airloads, deformations, and stresses. Figure 9
shows blade axial stress on the bottom surface during hover at a collective
of 20° and a blade loading of Cr/o = 0.32. The stress patterns near the
root are highly localized due to the high curvature of the root transition.
One area of interest was the significant amount of predicted elastic twist
deformation, with some cases having up to 10 deg. Further examination
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Skin: NB 304-1 3K
Bi-D 0/90 weave

Spar: NB 304-1
unidirectional tape

Foam: Rohacell
31F Foam

s
Root Insert:
Aluminum 7075

Fig. 7. Materials and internal structure of the NASA ROAMX blade
design.

Fig. 8. Three-dimensional brick mesh of the NASA ROAMX blade.

S. -6E+07 -4E+06 5.2E+07 1.08E+08 1.64E+08 2.2E+08

110

Fig. 9. Axial stress (o11) on the bottom surface of the NASA ROAMX
blade in hover with Cr /o = 0.32.

revealed this was a combination of propeller moment and trapeze effect
that was highly dependent on the blade collective.

Tilt rotor

The tiltrotor category consists of two models: one, the NASA TRAM,
and, two, the Maryland tiltrotor rig (MTR) model.

NASA TRAM. The TRAM is a Mach-scaled test article developed by
NASA. Itis a 1/4-scale model of the V-22 tiltrotor dynamically scaled to
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(b) Swept-tip blade
Fig. 10. 3D structural meshes for two MTR blades.

match rotor frequencies in first flap, lag, and torsion. It is the same model
used in version 1.0 (Ref. 7). Reference 9 documents the 3D CFD/CA
(CFD/comprehensive analysis) coupled analysis of TRAM using version
1.0. The same model was later studied using the parallel in space and time
solvers with better performance (Refs. 11,34).

MTR. The MTR is a new tiltrotor test facility developed at the University
of Maryland (Refs. 35,36). The MTR was developed to provide a test bed
for research examining the aeromechanics of high-speed tiltrotors, with
the main objective to understand and ultimately eliminate whirl-flutter.

There are two blades that have been tested on the MTR. Both have
similar properties with a rotor radius of 0.724 m (2.375 ft), chord of 8 cm
(3.15 inches), and linear twist of —37° over the span. The blades have
a uniform VR-7 cross section made up of composite skin and D-spar,
foam, and tungsten Leading Edge weights. The main difference is in the
tip region—the baseline blade is straight, while the swept-tip blade has a
20° tip sweep starting at 80% blade radius. The 3D structural models are
shown in Fig. 10. Both meshes have similar resolution: the baseline blade
has 2938 brick elements and 26,442 nodes, while the swept-tip blade has
2812 brick elements and 25,290 nodes.

Both blades were fabricated and tested at the University of Maryland
vacuum chamber, where rotating frequencies and strains were measured
(Ref. 16). Figure 11 shows the rotating strains on the top surfaces of the
blades at 40%R. Different markers are used to indicate data from three
different blades to confirm repeatability. Axial exx, chordwise eyy, and
in-plane shear yxy strains were measured. The lines indicate the X3D
predictions. There is a strong correlation between the predictions and
measurements for both blades.

Coacxial rotor

The coaxial rotor category consists of two models: Metaltail-II and
the Mars Ingenuity helicopter.

Metaltail-11. Metaltail-1I is an open-source four-bladed hingeless model
inspired by the gross dimensions of the Sikorsky S-97 Raider. The model
shares superficial similarities with the S-97 Raider, such as the hingeless
hub, four blades per rotor, same rotor radius, similar planform, and sim-
ilar inter-rotor spacing. The hub is notional and consists of the following
parts: pitch link, pitch horn, inner cuff, outer cuff, thrust bearing, and
journal bearing. The cross section is a VR-7 airfoil with a composite D-
spar and skin to be representative of a modern rotor. More details can be
found in Ref. 19.

The structural model was coupled with lifting-line aerodynamics
(Ref. 18) and 3D Reynolds-averaged Navier—Stokes (RANS) CFD
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(b) Swept-tip blade

Fig. 11. Comparison of rotating strain between vacuum chamber
tests and X3D.

(Ref. 19). The 3D CFD/CSD coupling was performed with the Helios
software using the 13D coupling methodology described earlier. This
coupling was carried out at three different flight speeds: 37 kt (x = 0.1),
150 kt (u = 0.35), and 220 kt (x = 0.5). A forward shaft tilt of « = —2°
and a blade loading of Cr/oc = 0.08 was assumed. Reference 19 dis-
cusses each of these cases in detail. The low-speed transition flight was
qualitatively compared to results published recently by Sikorsky (Refs.
37,38) to verify similarity. The highest speed case corresponded to the
maximum cruise speed of the S-97 Raider and was studied to identify
the maximum stresses on a lift offset coaxial rotor.

At 220 kt flight speed, the rotor could only be trimmed with a nonzero
lift offset; hence, a 10%R lift offset was used. The predictions of normal
force (~ lift) distribution are shown in Fig. 12. There is a substantial neg-
ative lift on both rotors to produce an individual roll moment to achieve
the targeted lift offset. Figures 13(a) and 13(b) show the CFD flow field.
The wake is milder at this speed but with more pronounced dual vor-
tices on the advancing side, consistent with the greater negative lift. Two
vortices are released from each blade, one from the tip, and the other
near where the blade lift passes to zero. The second vortex again hits the
following blade, resulting in the first quadrant impulse in airloads.

All the interactions and complications observed in airloads are passed
on to the blade and hub stresses. Figure 14 shows the axial (bend-
ing) stresses (o11). The blade skin is peeled off to visualize the internal
stresses. The maximum bending stress is carried by the spar as expected.
The stresses vary in span, chord, and thickness. Reference 19 from the
authors studies the I3D stresses at all three speeds (37, 150, and 220 kt).
The most important observation is that the maximum stresses at 220 kt
are two to three times higher than at the lower speeds, which indicates
the severity of this regime.
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Fig. 12. Normal force distribution at x = 0.5, Cr /o = 0.08 for two radial stations.
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Fig. 13. Converged 3D CFD flow field in isometric and side view at very high-speed flight, x = 0.5, Cr /o = 0.08; isosurface of Q-criterion, 0.001,
colored by vorticity.
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Fig. 14. Axial/bending stress distribution at very high-speed flight, 1 = 0.5, Cr /o = 0.08.

(a) The 3D structural mesh of the Ingenuity rotor
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(b) Predicted 3D axial stress field in forward flight (. = 0.09, Cr /o = 0.12, 2630 RPM)

Fig. 15. Structural mesh and predicted axial stress distribution for the Ingenuity rotor.
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Fig. 16. Speedup of the parallel skyline solver on a single node of 20
processors.

Mars Ingenuity. The Mars Ingenuity is a coaxial helicopter that made
history as the first aircraft flown on Mars. The design and development
of the Ingenuity involved systematic 3D analysis using X3D, but was un-
published until 2024. Reference 39 describes the detailed development
and analysis of the model. The Ingenuity rotor geometry was provided by
NASA JPL. The model was meshed in Cubit, and the full coaxial struc-
tural model is shown in Fig. 15a. Each blade mesh consisted of 24,525
finite elements, comprising 630,312 degrees of freedom.

The coaxial Ingenuity was studied using the new parallel X3D to ob-
tain rotating frequencies, stresses in hover and forward flight. The rotor
was tested in forward flight with an advance ratio of © = 0.09, shaft
tilt of @y = 0°, and trimmed to total lift (Cr/o = 0.12), zero net torque,
and zero pitch and roll moments on individual rotors. Figure 15(b)
shows the axial stress distribution on Ingenuity blades in forward flight.
Reference 39 documents all the test cases studied for Ingenuity using
X3D in detail.

Parallel Performance

This section discusses the parallel performance of the new algorithms
implemented in X3D version 2.0 and compares them with the version 1.0.
Note that both the serial and parallel versions were run on Deepthought?2,
the University of Maryland’s High-Performance Computing cluster. It
consists of 480 nodes with dual sockets on each node. Each socket has
10 Intel Ivy Bridge E5-2680v2 processors running at 2.8 GHz, for a total
of 20 processors available on each node. Each of these processors has
a separate L1 cache (64 KB), a separate L2 cache (256 KB), a shared
L3 cache (25 MB), and a total shared memory of 128 GB. Some of the
models introduced in the previous section are used as test cases to obtain
parallel performance.

Parallel skyline

The performance study of the parallel skyline solver uses an elemen-
tary test case: a 3D cantilevered beam with a static tip force. This ele-
mentary problem makes mesh refinement simple, enabling easy adjust-
ment to the number of degrees of freedom. Figure 16 shows the speedup
on a node for various mesh sizes ranging from 10 K to 250 K degrees
of freedom. Regardless of size, a speedup of up to 17 is obtained over
19 processors (90% scalability). Of 20 processors on each node, one is
always dedicated to system management. Thus, only 19 were used for
computation.
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Table 2. Solution times for serial and parallel time-marching
and modified harmonic balance for UH-60A-like rotor test case;
parallel execution on a combined shared and distributed
memory architecture

Solution Fixed Trim
Procedure Mode Controls  Solution  Speedup
Time-marchin Serial 12 min 100 min 1
9 Parallel 2 min 16 min 6
i . Serial 2.5 min 10 min 10
Modified harmonic balance Parallel 20's 5 min 50

Parallel in time X3D

The solution times and speedup for fixed controls and level flight trim
solution cases for the UH-60A single rotor model are summarized in Ta-
ble 2. The time-marching solution was obtained with Ay = 5°. The time-
marching solution on a single processor for a trim solution takes 100 min.
The parallel skyline, but still with time-marching, reduces it to 16 min, a
speedup of around 6. Replacing time-marching with the MHB on a single
processor with no parallelization produces a speedup of 10. When imple-
mented in parallel (nine MPI tasks, 0-8 harmonics) with each using 10
shared-memory processors internally, the time drops to 2 min, achieving
a total speedup of 50. This massive speedup is a result of the combined
effect of the parallel skyline and the inherent parallel nature of the MHB
algorithm.

A total of N + 1 MPI tasks are launched for obtaining the solution
with N harmonics (0, 1,2, ..., N). With each MPI task assigned with 10
shared memory processors, a total of 10 x (N + 1) processors (both MPIL
and OpenMP) are employed. The solution time for trim solution remains
almost constant with an increase in the number of harmonics. Thus, a
finer harmonic resolution is possible with no increase in solution time if
more processors are available. Figure 17(a) shows the trim solution time
versus the number of harmonics and processors. For example, a total
of 90 processors are used to solve for 0, 1,2, ..., 8 harmonics. Figures
16 and 17(a) prove, respectively, the strong and weak scalability of the
algorithm, respectively.

Figure 17(b) shows the variation of floating point operations per sec-
ond (FLOPS) with the number of degrees of freedom for time-marching
and MHB. A maximum of only 10 gigaFLOPS can be achieved using
time-marching. On the other hand, the MHB reaches higher than 1 ter-
aFLOPS. The key conclusion is that the MHB will produce a gain of at
least two orders of magnitude in FLOPS compared to time-marching.

Parallel in space X3D

The performance of the Parallel in Space X3D will be demonstrated
for two cases: (1) a 3D cantilevered beam and (2) TRAM. This will show-
case the performance and scalability of the solver for two different prob-
lems, highlighting the potential of the solver while presenting the com-
plications of realistic problems.

Idealized test case. The idealized test case is a cantilevered beam with
6.6 million Degree of Freedom (DOF). It has a structured mesh, uni-
form properties, a single joint for boundary conditions, and no control
inputs. Load balance is trivial to achieve, and corner node selection is
straightforward—none of the special partitioner features are needed. This
will determine the performance and limitations of the algorithm for an
elementary problem. The solver performance is studied for a single ma-
trix solve (a linear static solution). The full solution with aerodynamics
involves repeated iterations of the same solve, so one suffices for algo-
rithmic purposes.
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Fig. 17. Scalability and computational performance characteristics
of the trim solution and harmonic balance formulations.

Figure 18 shows the solution time on a single processor versus the
number of subdomains. For this work, a single processor solution still
uses a partitioned structure; however, the subdomains are solved sequen-
tially on the single processor. The computational time decreases signif-
icantly with additional partitions, even without parallel implementation.
This continues until 1024 subdomains, also known as the optimal number
of subdomains, or the number of subdomains which yields the fastest so-
lution, after which the computational time increases. Figure 19(a) shows
the computational time when each subdomain is solved on a separate
processor. A similar trend is seen, with the computational time falling
until 1024 processors before increasing.
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Fig. 18. Computational time on a single processor for the can-
tilevered beam.

Figure 19(b) shows the parallel speedup, defined as single processor
time divided by parallel time for the same number of subdomains. This
ensures the speedup is the true parallel speedup, un-contaminated by the
inherent benefits of partitioning. Linear scalability is achieved up to 1024
subdomains, before falling off by 2048 subdomains. This high scalability
is mainly due to the use of a skyline solver for the coarse problem. For
1024 subdomains, the coarse problem has 60 K DOF, but only 0.5% of
the matrix needs to be stored, drastically reducing the time of the serial
step and the communication overhead.

TRAM. Studying the performance of the solver on TRAM introduces
all the complexities of an advanced rotor blade and hub—multiple un-
structured meshes, each with multiple materials, connected via multi-
body joints. All of the special partitioner features are needed for this
case. The solver performance will be demonstrated both for a single ma-
trix solve as well as for different solution procedures.

Figure 19(c) shows the parallel computational time for a single
TRAM solve. Similar to the idealized beam, the computational time
drops with partitioning until it reaches the optimal number of subdo-
mains, in this case 48, before increasing again. The optimal number of
subdomains is smaller than for the idealized beam for two reasons. First,
the problem size is smaller by a factor of 25 (250 K vs. 6.6 million DOF).
Second, TRAM is more complex, and the presence of joints can limit the
performance gains made due to partitioning. However, the solver time for
a single solve drops from almost an hour (serial with no partitioning) to
nearly 30 s, providing significant performance benefits.

The parallel speedup for TRAM is shown in Fig. 19(d). The speedup
is shown for the single matrix solve (static case), as well as three other
solution procedures: nonrotating frequencies, rotating frequencies, and
hover. Rotating frequencies differ from nonrotating frequencies due to
iterations needed to converge the centrifugal force. It is seen that all cases
have linear speedup up to 48 subdomains, with varying degrees of super-
linear speedup (speedup higher than the number of processors) at lower
numbers of subdomains due to cache savings. The performance falls
off after 48 subdomains due to a large multibody joint. Greater than 48
subdomains, this joint becomes larger than all other subdomains, caus-
ing poor load balance that gets worse with further partitioning. This
shows that joints currently impose on parallel performance. Future work
will investigate using the OpenMP skyline solver to attack this prob-
lem by allocating threads based on the subdomain size, reducing the
effect of joints. However, even with this large multibody joint, the key
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Fig. 19. Parallel performance results for the cantilevered beam and TRAM simulations.

conclusion is that good scalability is achieved with the parallel in space
solver independent of the solution procedure.

Summary

Version 2.0 of X3D—an experimental (X) three-dimensional dy-
namic (3D) solver for rotor acromechanics was introduced. It is a marked
departure from current generation rotor aeromechanics software as well
as commercially available structural dynamics software. The paper de-
scribed the enhancements in version 2.0 over its predecessor, which in-
volved new parallel solution procedures, new capabilities allowing for
the study of new 3D models, including coaxial rotors, and new tools
streamlining the workflow to generate 3D rotor models from CAD. This
paper also discussed the application of integrated 3D CFD/CSD analy-
sis, defined as a coupling of 3D finite element—based structural dynamics
with 3D RANS fluid dynamics, for a modern lift offset coaxial rotor. Fi-
nally, the performance characteristics of this new parallel version were
presented to demonstrate the significant improvements over version 1.0.

Future Work

Future development of X3D will focus on integrating the parallel-in-
space and parallel-in-time solvers into a unified framework to improve
scalability and reduce computational cost. Scalability limitations from
large multibody joints will be addressed through improved load balanc-
ing and enhanced use of the OpenMP skyline solver.

The X3D database will be expanded to include additional rotor, pro-
peller, and tiltrotor configurations, with emphasis on advanced rotorcraft
and eVTOL applications. Validation efforts will continue through com-
parisons with experimental data and high-fidelity simulations to quantify
accuracy and uncertainty, supporting broader adoption of X3D in the ro-
torcraft community.
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