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Nomenclature
n = surface normal vector
n′ = deformed surface normal vector
r = position vector
u = fluid velocity vector
Vb = boundary surface velocity vector
�r = deformation vector
� = angular velocity matrix

Introduction

T HE practicality of time-marched computational fluid dynamics
(CFD) solutions for the prediction of aeroelastic and aeroser-
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voelastic characteristics has progressed significantly due to contin-
ued advancement in computational capability. Such solutions in-
volve the use of Euler or Navier–Stokes fluid dynamic algorithms
coupled with a structural dynamics algorithm through boundary con-
ditions. Unfortunately, the solution computational time increases
dramatically if the computational domain must be rediscretized to
account for moving structural boundary surfaces. The added com-
putational time and the complexity associated with the meshing
process diminish the attractiveness of the approach for full aircraft
configurations or other applications where a more rapid ‘turnaround’
is required, such as flight-test support. Although moving meshes and
other methodologies such as grid rediscretization are excellent ap-
proaches to problems that are not amenable to small-disturbance
assumptions, many problems of practical interest are dominated by
mean-flow conditions, under which body motions may be repre-
sented by small surface perturbations.

Hence, a method of simulating the boundary deformations for the
CFD solver, without actually deforming the computational domain,
has proven to be an efficient tool for unsteady aeroelastic predic-
tions. A number of references have demonstrated the viability of
this approach, known as the transpiration method, for a wide vari-
ety of ploblems.1−9 The transpiration method was first developed by
Lighthill to simulate changes in airfoil thickness.1 Lighthill modified
the normal velocity just outside the boundary layer of an airfoil using
the method of equivalent sources to simulate the effects of the bound-
ary layer. This technique has also been used for boundary-layer
patching with inviscid-flow techniques. More recently, the tech-
nique has been used to simulate surface deformation in full potential
solution techniques and in steady and unsteady Euler codes.2−9

This Note outlines an extension of the basic transpiration ap-
proach and applies the method to problems that are cast in a non-
inertial frame. This extension of the problem allows a significantly
larger set of practical problems to be modeled in this manner be-
cause unsteady structural and control deflections may be modeled
on geometries undergoing large-amplitude motions. Examples in-
clude aeroelasticity, aeroservoelasticity of aircraft undergoing large-
amplitude flight dynamics maneuvers, and vibration and aeroelastic
modeling of propellers, helicopter rotors, and fans.

Inertial Transpiration
For an aeroelastic CFD solution, the deformed state of the struc-

ture is typically defined by a set of structural mode shapes. The
mode shapes define a deformation vector for every surface node in
the computational domain. Consider the deformed state given by
Fig. 1, where the two nodes of an edge have been displaced from
their initial position by a deformation vector �r.

In a CFD solution, this statically deformed shape can be simu-
lated, without actually deforming the surface grid, by using the de-
formed normal vector n′ when enforcing flow tangency. The original

Fig. 1 Illustration of transpiration concept.
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Fig. 2 Model problem for testing transpiration with noninertial rotation.

Fig. 3 Comparison of predicted pressure coefficients for a pitching airfoil.

normal vector is used to evaluate the boundary integral and maintain
flux conservation, but flow tangency at each wall node is enforced
based on the deformed shape of the structure. This results in a situ-
ation where the normal component of the fluid velocity on the wall
surfaces is no longer necessarily zero because the flow is forced to
follow the deformed shape of the surface.

In addition to statically deformed structures, it is necessary to
simulate dynamically deforming structures for an aeroelastic simu-
lation. In this case, the elastic surface is continuously changing its
deformed shape and has an associated deformation velocity Vb for
each node on the boundary. The transpiration boundary condition
for a node on a dynamically deforming solid wall is

u = u − (u · n′ − Vb · n′)n′ (1)

Equation (1) simply ensures that the normal component of
the fluid velocity is equal to the normal component of the
boundary velocity at each node, using the deformed normal
vector.

Noninertial Transpiration
Research has demonstrated that CFD results that are obtained em-

ploying the inertial-transpiration boundary condition are in excellent
agreement with those obtained using actually deformed grids for
the small deformations typically seen in aeroelastic simulations.10

However, it is not expected that this methodology will accurately
represent a deformed body in a noninertial frame. Consider the two
cases illustrated in Fig. 2.

The graphic on the left in Fig. 2 represents an airfoil in a rotating
frame of reference with the origin of rotation a vector distance R

away from the midpoint of the airfoil, whereas the graphic on the
right is attempting to simulate the same rotating airfoil using tran-
spiration to shift an airfoil rotating about its midpoint to the vector
location R. Obviously, these two problems are very different un-
less the transpiration method accurately accounts for the noninertial
rotation of the shifted body. However, the transpiration procedure
presented so far would effectively do nothing because the body has
been shifted uniformly, with no change in surface normals, to a new
static position.

Consider what would happen if we rotated the coordinate system
illustrated in Fig. 1. In this case, the velocity for either of the two
nodes of the boundary element is given by the following equation:

Vb,i = Ω(ri + �ri ) = Ωri + Ω�ri (2)

Because we are simulating elastic deformation using transpiration,
it will be necessary to account for the ��r term in the transpiration
boundary condition. This term will simply be treated as an additional
boundary velocity for each node, giving us the following equation
for our solid-wall boundary condition:

u = u − [u · n′ − (Vb + Ω�r) · n′]n′ (3)

Equation (3) now simulates the elastic deformations for a solid-wall
boundary in either an inertial or a noninertial frame of reference.

Results
As a simple verification of this noninertial transpiration methodol-

ogy, consider the airfoil illustrated in Fig. 2, where the displacement
vector R is oriented in the negative x direction with a magnitude
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Fig. 4 Comparison of computed surface-pressure distributions for a hovering rotor.

equal to half the chord of the airfoil. The displacement vector is
R = (− 1

2 c, 0). This puts the origin of rotation at the trailing edge of
the airfoil. The airfoil is then forced into an oscillating pitch motion
with a dimensionless frequency of ω∗ = 2.0, where the dimension-
less frequency is defined as follows:

ω∗ = ωc/2U∞ (4)

Three different simulations are performed for this airfoil. First,
a baseline solution is run for a noninertial solution with the air-
foil pitching at its midpoint. Second, a “shifted” solution is run for
a noninertial solution with the pitch location shifted a distance R
from the midpoint. Finally, a transpiration solution is run for a non-
inertial solution with the airfoil pitching about its midpoint, with
a simulated shift to the location R using the transpiration method
corrected for a rotating noninertial frame. Figure 3 compares the
surface-pressure distributions predicted by these three solutions at
four different instants in time.

Notice that the shifted and transpiration solutions are in excellent
agreement even for this relatively large displacement. The baseline
solution is presented only to show that the shifted axis has a signifi-
cant effect on the resulting pressure distributions. Thus, we see that
without the noninertial correction to the transpiration method, we
would have a significantly inaccurate representation for the shifted
noninertial solution.

As a more significant validation of noninertial transpiration, we
investigate the unsteady dynamics of a hovering rotor. This type
of flow problem is considered suitable for Euler codes because the
essential physics is expected to be inviscid and separation typically
does not occur.11 The geometry for this problem is the two-bladed
rotor used in the experiments of Caradonna and Tung.12 Since the
publication of their original experimental results, this rotor has been
the basis of numerous computational simulations ranging from panel
methods13 to fully three-dimensional CFD solutions.14,15 One might
even consider this to be the standard validation case for a noninertial

CFD solution, considering the wealth of computational data that are
available for it.

The geometry used in this study was a rotor consisting of two
cantilever-mounted, rectangular blades with NACA 0012 cross sec-
tions. The blades are untwisted and untapered, with an aspect ratio
of 6 and a precone of 0.5 deg. The total diameter of the rotor disk
is 7.5 ft, the chord of the blades is 0.625 ft, and the cutout radius at
the center of the rotor is equal to one chord. The rotor is positioned
in the computational domain so that two-thirds of the volume is
below the plane of the rotor. This volume below the rotor captures
the unsteady wake that develops. The computational grid generated
for this study consists of approximately 1.5 million elements. For
accurate representation of the wake, the highest element density is
in the region below the plane of the rotor. Initial tests with fewer
elements showed that the wake was not accurately modeled, and the
problem behaved more like a simple rectangular wing in a linearly
varying velocity field.

The test solution is for a hover case with a collective pitch angle
of 8 deg and a tip Mach number of 0.439. The collective pitch an-
gle of the rotor can be represented by actual rotation of the blades
or by simulating the rotation using transpiration on a baseline rotor
model with zero pitch. Figure 4 presents computed surface-pressure
results for both the actual rotation case and the transpiration case.
The results shown are for the fully converged case following approx-
imately eight revolutions of the rotor. For our purposes, the primary
comparison for both of these solutions is between the two sets of
computational results.

Conclusions
An extension to the basic transpiration method for modeling

steady and unsteady perturbations in surface geometries in CFD
solutions has been presented. It has been shown that this method
is viable and is particularly attractive for a wide range of practical
problems for which surface motion may be represented as a per-
turbation on a body undergoing even a relatively large-amplitude
noninertial rotational motion.
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