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Traditional Reynolds-averaged Navier-Stokes grid methods applied to aerodynamic shape
optimization can struggle with the deformation of surface and volume grids at component
intersections, such as at wing-fuselage junctions. To overcome this, we propose an approach
which utilizes curvilinear overset grids for the discretization of the domain, with the presence
of the body modeled using an immersed boundary method. This approach handles complex
geometries without the need for their explicit integration into the grid. The goal of this approach
is to reduce grid generation time and allow for greater geometric freedom for component-based
aerodynamic shape optimization. Two different methods are presented: a source-term-based
and a ghost-node-based immersed boundary method. Flow analyses and adjoint solutions
obtained using the proposed methods show promising comparisons with standard body-fitted
grid methods. Preliminary aerodynamic shape optimization results obtained using one of the
immersed boundary methods are also presented.

I. Introduction
The curvilinear overset grid method for computational fluid dynamics (CFD) was originally introduced as an

approach, in part, to simplify the process of grid generation around complex geometric configurations [1, 2]. The
overset methodology involves using several overlapping grids in space, with CFD analyses performed by exchanging
data between grids to construct a flow field over the entire domain. Though grid generation is simplified with the overset
approach, combining multiple geometric components into a single configuration requires the addition of specialized
grids, known as collar and cap grids, which faithfully represents the geometry of each component near junctions and
intersections [3]. Generation of collar and cap grids is a bottleneck in the grid generation process, usually requiring
significant time to construct. Additionally, grid cells present in a collar grid are often highly skewed and low quality.
Deformation of these grids to conform to new geometries for shape optimization can easily lead to dubious flow
field results or negative cell volumes near the junction. We hypothesize that the need for collar grids at component
intersections can be superseded by an immersed boundary method. Using this method in conjunction with a curvilinear
overset grid paradigm would allow for reduced grid generation time and greater geometric freedom for aerodynamic
shape optimization.

Utilization of structured grids retains a low computational expense for flow analyses and shape optimization
based on the steady-state Reynolds-averaged Navier-Stokes (RANS) equations [4–8]. While overset grids have been
successfully used for aerodynamic shape optimization [9–13], early efforts lacked the ability to separately manipulate
individual components of complex geometries. Such a challenge largely stems from the deformation of the surface
grid at component intersections, for example, at the intersection of the wing and the fuselage. Collar grids are
typically constructed at component intersections to provide a smoothly varying surface grid bridging both components.
Deformation of only one of the intersecting components requires either the reconstruction or deformation of the
collar grid to conform to the new geometry. An approach for the reconstruction of the collar grid was developed
by Secco et al. [14], while an approach enabling component-based deformation of the collar grid was developed by
Yildirim et al. [15]. Though both of these approaches have been successfully applied to the optimization of basic
aircraft [6, 8], they still require the use of collar grids between components. Additionally, both approaches require
well-defined feature curves on the geometry to create viable CFD grids with acceptable quality.
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An alternative strategy to the overset grid method, which similarly arose in part to address the challenges of CFD
analysis of complex geometries, is the immersed boundary method [16–21]. The term immersed boundary generally
encompasses a wide variety of numerical techniques intended to solve systems of equations on grids that do not conform
with physical boundaries. One of the challenges with using the immersed boundary method in an aerodynamic design
context is the potential numerical noise it introduces into the aerodynamic functionals when changes in the geometry
occur. This noise inherently results in non-smooth gradients of the functionals, which can lead to difficulties during
optimization. Despite this drawback, immersed boundary techniques have been successfully applied to aerodynamic
shape optimization problems [22, 23]. However, these applications have relied on the use of Cartesian grids. Though the
Cartesian grid approach has an inherent advantage with respect to grid generation, the curvilinear grid paradigm remains
advantageous for applications of the RANS equations, the governing flow equations used for viscous aerodynamic shape
optimization. This advantage stems from the curvilinear grid’s inherent alignment with the near-body flow field, its
cells’ varied aspect ratios, and its anisotropic grid spacings. Altogether, these features enable effective capturing of
flow phenomena with high gradients, such as boundary layers, shocks, and wakes. While immersed boundary methods
have also been applied on curvilinear grids [24–27], their applications have been limited to modeling small complex
aspects of geometries while the bulk of the configuration remains body-fitted. To the authors’ knowledge, the immersed
boundary method on curvilinear grids has not been applied to aerodynamic shape optimization.

Towards the goal of eliminating the need for collar grids with the application of an immersed boundary method,
we present an approach which utilizes curvilinear overset grids with the geometry modeled as an immersed boundary.
The generated curvilinear grids are thus not required to be strictly body conforming. Instead, they are constructed to
encompass the domain both inside and outside of individually closed geometry components. Using such an approach,
component intersections need not be explicitly defined within the overlapping grid system, eliminating the need for
the construction and deformation of collar grids or complex multi-block interfaces. The overset curvilinear grids can
still be constructed in such a way as to maintain their inherent advantages such as their alignment with the near-body
flow field. In regards to aerodynamic shape optimization, application of an immersed boundary method allows for
shape changes which need not be transmitted to the entire volume grid. Instead, deformations can be restricted to
the near-body grid of the component being deformed, preserving the quality of the grid. In this paper, we present
two different immersed boundary methods on curvilinear overset grids for applications towards aerodynamic shape
optimization. The first approach, termed the source-term immersed boundary method, uses source terms at nodes that
lie within the immersed domain to emulate the presence of the body in the flow. The second approach, termed the
ghost-node immersed boundary method, marks certain nodes within the immersed domain as ghosts which extrapolate
pressure and temperature from the flow field, and on which the velocities are specified, also to emulate the presence of
the body.

The remainder of this paper is divided into the following sections. In Section II, we present the flow solver and
the source-term and ghost-node immersed boundary methods applied in this work. In Section III, we discuss the
curvilinear grid requirements and advantages for the immersed boundary method. Section IV describes our approach to
aerodynamic shape optimization, including gradient calculations, geometry parameterization, and grid deformation.
Section V compares flow analysis results obtained by the body-fitted and immersed boundary methods, while Section VI
compares discrete adjoint results. Finally, Section VII presents aerodynamic shape optimization results obtained with
the immersed boundary and body-fitted approaches.

II. Computational Methodology
CFD flow solutions, including aerodynamic functionals and their gradients, are computed using the Launch, Ascent,

and Vehicle Aerodynamics (LAVA) framework [28]. This framework is grid agnostic in that it allows for flow solutions
on unstructured arbitrary polyhedral, structured Cartesian, and structured curvilinear overset grids. This work is focused
on the curvilinear overset grid paradigm in LAVA.

A. Flow Solver
The LAVA curvilinear solver utilizes a finite-difference discretization approach for solutions to the RANS equations

on structured curvilinear overset grids. Convective fluxes of the flow equations are discretized using a second-order
accurate modified Roe scheme with third-order left/right state reconstructions that are slope limited using the Koren
limiter [29, 30]. The negative variant Spalart-Allmaras (SA) turbulence model is applied with the convective terms
discretized using a first-order upwind scheme. Viscous fluxes in the momentum, total energy, and turbulence model
equations are discretized with a second-order mid-point and node scheme. An approximate Newton-Krylov method is
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used to solve for the steady-state solution. At each nonlinear iteration, the linear system for the mean flow and turbulence
equations are decoupled and solved independently using the preconditioned generalized minimal residual (GMRES)
algorithm [31]. Incomplete lower-upper factorization of a first-order approximation of the residual Jacobian is used to
form the preconditioner for GMRES.

B. Immersed Boundary Methods
Two implementations of the immersed boundary method are presented. The first implementation relies on the

addition of source terms to the discrete governing flow equations to emulate the presence of the body in the domain; in
this paper, this method is referred to as the source-term immersed boundary approach. The second implementation
directly extrapolates flow field quantities to grid nodes lying within the immersed body, while modifying the velocity at
said nodes in order to emulate the body; we term this latter method the ghost-node immersed boundary approach.

1. Source-Term Immersed Boundary Method
The source-term immersed boundary method adds a penalty source term to the discretized flow equations to

introduce a body force, which emulates the presence of the body in the domain [17, 24, 27, 32, 33]. In the case of the
flow equations, the penalty source term is introduced into the system as

𝑹RANS (𝑸) + 𝑭(𝑸) = 0, (1)

where 𝑭 is the applied source term, 𝑹RANS is the residual of the RANS equations after discretization in space, and 𝑸 is
the vector of flow states. In this work, the source term 𝑭 is formulated as a Brinkman penalization [32]. For example, in
the case of the 𝑥-momentum equation, we may write the forcing term at node 𝑖 as

𝑭𝑥-mom
𝑖 = 𝛼𝑖

(
𝜌𝑖 (𝑢𝑖 − 𝑢∗

𝑖
)

Δ𝜏
𝐽−1

)
(2)

where 𝜌 is the density, 𝑢 is the flow velocity in the 𝑥-direction, Δ𝜏 is a user-specified penalty time scale, and 𝐽 is the
determinant of the Jacobian of the transformation to curvilinear coordinates. The term 𝑢∗

𝑖
is the target velocity for the

flow at node 𝑖 inside the immersed boundary. In this work, because the geometric bodies remain stationary at each
design iteration, 𝑢∗

𝑖
is zero. The parameter 𝛼𝑖 controls the nodes on which the force is applied. This parameter is given

by

𝛼𝑖 =

{
1 node 𝑖 is in an immersed domain,
0 otherwise.

(3)

Similar equations to (2) exist for the energy and turbulence model equations used for RANS. An example two-dimensional
curvilinear grid with an immersed domain is shown in Fig. 1, where nodes on which the source terms are applied are
marked as ( ).

The advantage of this penalty approach comes from its simplicity of implementation. The method requires no
user-specified parameters other then the penalty time scale, and does not influence the stability of the time integration
scheme [33]. Indeed, the source-term immersed boundary method has been successfully applied with large-eddy
simulations [24–27]. However, directly setting the target velocity 𝑢∗

𝑖
= 0 in the penalty term (2) may lead to an incorrect

representation of the body’s influence on the flow unless the volume grid conforms to the surface of the body and
the grid is sufficiently resolved. This can lead to effects such as penetration of flow into the body. For example, for a
no-slip boundary in a node-centered scheme, if the immersed boundary lies between two nodes and the velocity is only
forced to be zero at the immersed node, then the resulting velocity at the actual immersed boundary will not be zero.
Previous work has attempted to reconcile this disparity in geometric fidelity by using extrapolation to determine the
value of the target velocity 𝑢∗

𝑖
such that the velocity at the immersed boundary corresponds to the desired boundary

condition [33]. However, in the current work, we assume the grid is mostly body conforming, allowing us to directly
set 𝑢∗

𝑖
= 0 without significant loss in the geometric accuracy of the body. A significant drawback of the source-term

method is that the entirety of the immersed domain must be included in the volume grid. This requirement may lead
to difficulty in generating the grid, notably if the goal is to have the grid mostly conform with the immersed surface.
Additionally, the governing flow equations are solved at all nodes within the immersed domain, potentially leading to
higher computational costs compared to solving the equations on a traditional body-fitted grid. Moreover, the degree to
which the zero velocity condition within the body is enforced is dependent on both the threshold to which (1) is satisfied
and the user-specified penalty time scale Δ𝜏.
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Immersed Domain

Fluid Domain

Immersed Domain

Fluid Domain

Fluid Node
(𝛼𝑖 = 0)

Immersed Node
(𝛼𝑖 = 1)

Fig. 1 Example of the application of the source-term immersed boundary method on a two-dimensional
curvilinear grid. Fluid nodes are marked as ( ), immersed nodes on which the source terms are applied are
marked as ( ).

2. Ghost-Node Immersed Boundary Method
The ghost-node immersed boundary method used in this work is an extension of a simple ghost-cell method

traditionally used for boundary conditions on body-fitted grids [34]. In essence, we assume that the immersed boundary
interface is mostly aligned with the underlying curvilinear grid. Following this assumption, flow quantities, such as
pressure and temperature, are extracted to a given ghost node from the neighboring node in the fluid most aligned with
the wall normal direction. Flow velocities at the ghost nodes are specified according to a no-slip boundary condition.
This approach is similar in spirit to the well-known ghost-cell approach for immersed boundary methods which uses
flow quantities interpolated to an image point in the fluid domain to set the quantities at the ghost cells [20, 21, 35].

Let us introduce the three types of grid nodes present in the discretized domain. We denote nodes which exist inside
the fluid domain simply as “fluid nodes”. Following the ghost-cell approach for immersed boundary methods, nodes
within the immersed domain are categorized into two groups: “ghost nodes” and “solid nodes” [21]. The categorization
of a node within the immersed domain is determined based on its proximity to one or more fluid nodes in computational
space: if a node in the immersed domain belongs to the computational stencil of any fluid node, then it is deemed to be
a ghost node. Conversely, if a node present in the immersed domain does not belong to any fluid node stencil, it is
marked as a solid node, and is omitted from the solution of the governing flow equations.

Once a node inside of the immersed domain is marked as a ghost, we must next determine its “donor nodes”, i.e.,
the fluid nodes from which to extract flow quantities. In order to determine the best donor node for each ghost node, a
three level hierarchy of searches is performed. The first level searches the nearest neighbors within the stencil along the
computational directions, the second level searches the second-nearest neighbors along the directions, and the third level
searches the neighboring nodes diagonal to the computational directions. These searches are exemplified in Fig. 2 for a
two-dimensional domain, where ( ) indicates the nodes in the stencil which are checked to determine if they are a fluid
node.

If one or more fluid nodes are found at any of these levels, then the search is halted before moving onto the next level
in the hierarchy, and the ghost node is labeled with the corresponding level. For example, a ghost node with one or more
fluid nodes found during the level 1 search is labeled as a level 1 ghost. In our current implementation, level 1 and level
2 ghost nodes are restricted to a single donor node, selected as the fluid node most aligned with the wall normal direction.
A level 3 ghost takes the average of all donor nodes found in its stencil. A two-dimensional example of a curvilinear grid
which utilizes the ghost-node immersed boundary approach is shown in Fig. 3. In this figure, we illustrate that level 1 ( )
and level 2 ghost nodes ( ) extrapolate their flow quantities from the fluid node most aligned with the wall normal.

One advantage that the ghost-node immersed boundary method holds over its source-term-based counterpart is
that the governing flow equations are not solved on the solid nodes in the immersed domain. This provides some
computational savings for the approach. Furthermore, there are no additional source terms for the ghost-node method,
and thus no extra stiffness added to the residual Jacobian. The most significant drawback is the extra complexity in the
implementation of the method, as immersed nodes must be sorted into appropriate categories, and appropriate fluid
nodes must be selected as donors. Implementation is somewhat eased by the simplification introduced above, i.e., that
fluid quantities can be extracted directly from the fluid node most aligned with the wall normal.
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(a) Level 1 stencil

Checked Node

Ignored Node

Potential
Ghost Node

(b) Level 2 stencil (c) Level 3 stencil

Fig. 2 Two-dimensional stencils representing the three levels of search performed to check for the presence of a
fluid node around an immersed boundary node. Potential level 1, 2, and 3 ghost nodes are marked as ( ), ( ), and
( ), respectively. Nodes checked if they are fluid nodes marked as ( ), ignored nodes marked as ( ).

Immersed Domain

Fluid Domain

Immersed Domain

Fluid Domain

Immersed Domain

Fluid Domain Fluid Node
Ghost Node Level 1

Ghost Node Level 2
Ghost Node Level 3

Solid Node

Fig. 3 Example of the application of the ghost-node immersed boundary method on a two-dimensional
curvilinear grid. Fluid nodes are marked as ( ), level 1 ghost nodes as ( ), level 2 ghost nodes as ( ) and level 3
ghost nodes as ( ). Arrows indicate the fluid nodes from which the ghost nodes extract their flow field values.

C. Computation of Aerodynamic Functionals
For the immersed boundary method, the computation of aerodynamic functionals such as lift and drag is complicated

by the fact that no clear boundary exists in the grid system on which integration can be performed. Additionally,
overlapping regions of the overset grid system may be present within the immersed domain, complicating the application
of control-volume-based functional calculations. Thus, for the present work, aerodynamic functionals are computed by
interpolating flow field quantities onto triangulated representations of the geometry and integrating over this triangulation.
Specifically, trilinear interpolation is used to interpolate flow quantities from the cells in the grid to the centroids of the
surface triangles. Thus, the flow quantities at a given triangle centroid 𝑸surf are computed as

𝑸surf =

8∑︁
𝑖=1

𝑤𝑖𝑸𝑖, 𝑗 (4)

where 𝑸𝑖, 𝑗 are the flow quantities for node 𝑖 ∈ [1, 8] from cell 𝑗 in the aerodynamic grid. The interpolation weights 𝑤𝑖

are obtained based on the interpolation condition for the Cartesian coordinate of the triangle centroid 𝒙surf ,

𝒙surf −
8∑︁
𝑖=1

𝑤𝑖𝒙 𝑗 ,𝑖 = 0 (5)
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Wing Surface

(a) Wing grid

Fuselage Surface

(b) Fuselage grid

Fig. 4 Example grid used for the source-term immersed boundary method for a wing geometry (a) and a
fuselage geometry (b). Red cells represent those that lie within the immersed domain.

where 𝒙 𝑗 ,𝑖 is the Cartesian coordinate for node 𝑖 in cell 𝑗 of the aerodynamic grid.
For applications of the ghost-node immersed boundary method, a given triangle centroid may not be located within

a valid grid cell from which to interpolate flow quantities. This occurs due to the fact that no flow quantities exist at the
solid nodes within the immersed domain. This is particularly problematic for regions where the surface triangulation is
not well aligned with the volume grid, notably around regions of high curvature. To alleviate this problem, surface
pressures and temperatures are interpolated at points slightly above the surface within the fluid domain. These points are
offset from the triangulated surface following the outward pointing normal of the surface at each triangle centroid. This
procedure follows from the assumption that the pressure and temperature gradients along the normals of the surface are
near zero close to the wall. Thus, interpolating these quantities some small distance away from the wall should lead to
relatively small error.

Due to the fact that the discrete representation of the immersed body need not be aligned with the volume grid, there
may not exist a layer of nodes immediately off of the surface that can be used to compute the shear stress at the wall. To
allow for the computation of shear stress, we rely on the application of an algebraic wall model. The wall model applied
in the current work uses the SA wall function of Berger and Aftosmis [36]. For application of the model, flow velocities
are interpolated from the volume grid to a “matching” point a small distance away from the surface triangulation. The
wall function is fit to the flow velocity at this matching point by solving a small nonlinear equation. The shear stress at
the wall is then obtained from the wall function once the fitting procedure has converged. In this work, the matching
point coincides with the interpolation point used for the pressure and temperature interpolations. This point is chosen
such that an average 𝑦+ distance over the surface between 30 and 100 is obtained in order for the matching point to
reside in the log-layer region of the local boundary layer.

III. Grid Generation
The meshing requirements for the two immersed boundary methods described above are slightly different. The

ghost-node immersed boundary approach only necessitates two layers of grid within the immersed domain. Conversely,
for the source-term immersed boundary approach, the entirety of the immersed domain must be included in the grid.
Figure 4 shows slices of example wing and fuselage component grids for the source-term approach. From Fig. 4, we
observe that each grid follows the curvature of the geometry with small off-wall spacing near the surface. In this way,
we say that these grids are nearly aligned with their respective geometries.

At component intersections, the grids used for the source-term and ghost-node immersed boundary methods look
essentially identical in the fluid domain. As shown in Fig. 5, the immersed boundary methods do not require a collar
grid. In fact, for the immersed boundary approach, an overset region is present in lieu of a collar grid. Thanks to our
application of implicit hole cutting [13, 37]—used to determine node blanking and the interpolations required between
the various grids in the overset system—each component in the immersed boundary approach retains a high quality grid
in the boundary layer. This is because grid nodes associated with smaller cell volumes are prioritized for retention. In
Fig. 5c, we are only showing the nodes on which the governing flow equations are solved. Thus, we see that grid nodes
near the surface remain in the discrete system.
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(a) Full configuration geometry with zoom box

(b) Body-fitted grid (c) Immersed boundary grid

Fig. 5 Example of the grid at a wing-fuselage junction for an overset body-fitted approach (b) and an overset
immersed boundary approach (c). Also shown is a zoom box on the full configuration (a). Only a subset of nodes
on which the governing flow equations are solved are shown in (c).

IV. Aerodynamic Shape Optimization
Consider an optimization problem where we aim to minimize the value of an aerodynamic functional J with respect

to geometric shape and aerodynamic design variables 𝑽. This can be formulated as follows,

min
𝑽

J (𝑽,𝑸,𝑾). (6)

where 𝑸 is the vector of flow variables and 𝑾 is the vector of interpolation weights 𝑤𝑖 from (5). In this work, the flow
variables 𝑸 are obtained by solving the discrete aerodynamic equations,

𝑹aero (𝑽,𝑸) = 0, (7)

where 𝑹aero is the residual of the steady-state RANS and SA turbulence model equations. For application of the
source-term immersed boundary method, 𝑹aero includes the source terms as in (1). To obtain the interpolation weight
vector 𝑾, the interpolation condition of (5) is solved. Here, we rewrite it in residual form for all triangles on the surface,

𝑹interp (𝑽,𝑾) = 0. (8)
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A. Optimization and Gradient Calculations
Due to the high costs of computing aerodynamic functionals, gradient-based optimization is deemed the best

approach to minimize the number of functional evaluations. In this work, we use the Sparse Nonlinear Optimizer
(SNOPT) [38], a sparse sequential quadratic programming algorithm. The interface to SNOPT is provided by the open
source package pyOptSparse [39]. The discrete adjoint method is used to compute the necessary functional gradients.
This can be written as follows,

𝑑J
𝑑𝑽

=
𝜕J
𝜕𝑽

− 𝚲𝑇
𝜕𝑹interp

𝜕𝑽
− 𝚿𝑇 𝜕𝑹aero

𝜕𝑽
, (9)

where 𝚿 is the discrete flow adjoint vector obtained by solving the adjoint equation

𝜕𝑹aero
𝜕𝑸

𝑇

𝚿 =
𝜕J
𝜕𝑸

𝑇

. (10)

Similarly, 𝚲 is the discrete interpolation adjoint vector obtained by solving the adjoint equation

𝜕𝑹interp

𝜕𝑾

𝑇

𝚲 =
𝜕J
𝜕𝑾

𝑇

. (11)

Equations (9) to (11) require the computation of the partial derivatives of the flow functional J , aerodynamic residual
𝑹aero, and interpolation residual 𝑹interp. These derivatives have been implemented using a combination of automatic
differentiation and hand differentiation. The Tapenade automatic differentiation tool [40] is used to differentiate
basic single purpose subroutines in the LAVA framework such as flux calculations and surface integrations. Hand
differentiation is used in large part to implement the function call sequences and parallelization of the differentiated
code. Reverse-mode differentiation is used to construct subroutines which provide the action of the transposed residual
Jacobians (𝜕𝑹/𝜕𝑸)𝑇 , (𝜕𝑹/𝜕𝑾)𝑇 and (𝜕𝑹/𝜕𝑽)𝑇 on a vector. Equation (10) is solved using the preconditioned
GMRES algorithm with an incomplete lower-upper factorization of a first-order approximation of the residual Jacobian
as preconditioner. Equation (11) represents a set of small independent linear equations for each surface triangle, each of
which is solved directly.

B. Grid Deformation and Geometric Parameterization
The optimization algorithm controls a series of user-specified design variables which, in turn, drive the deformation

of the geometry. In the current work, the geometry is parameterized using the free-form deformation (FFD) volume
approach [41] applied through the open source package pyGeo [42]. The design variables controlled by the optimizer
are user-specified functions which control the movement of the control points of the FFD volumes. Deformation of the
geometry must be propagated to the volume grid to perform aerodynamic analyses on each new design iteration. In
this work, grid deformation is accomplished using an in-house implementation of the approximate inverse distance
weighting approach described by Secco et al. [43]. This approach is applicable to the overset immersed boundary
methods presented herein as no connectivity information is required between the surface of the geometry and the volume
grid. The volume grid is essentially treated as a point cloud, with each node’s deformation computed by approximating
the influence of each surface point based on the inverse distance.

V. Flow Analysis Results
In this section, we present flow analysis results obtained using the traditional body-fitted approach and the source-term

and ghost-node immersed boundary methods previously discussed. Results are presented for two geometries: a wing-only
geometry, and a wing-body-tail configuration. Throughout all figures shown in this section, the results obtained using
the source-term immersed boundary method are labeled as “IB Source”, and results obtained using the ghost-node
method are labeled “IB Ghost”.

A. Wing-Only Flow Analysis
Results presented in this section focus on the application and comparison of the body-fitted and immersed boundary

methods for the flow analysis of a wing. The geometry selected is the NASA Common Research Model (CRM) wing
used in the 4th case of the Aerodynamic Design Optimization Discussion Group (ADODG) suite [44]. All results are
obtained for a freestream Mach number of 0.85 and a Reynolds number of 5 million. Three families of computational
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Fig. 6 Grid convergence study of the various approaches for a wing-only geometry. The left plot shows all
results with a zoom box for the right plot, which allows for clearer visualization of the immersed boundary results.
𝑵 is the number of nodes on which the governing flow equations are solved.

grids were used for this test case. A standard curvilinear body-fitted multi-block 3-member grid family originally used
by Lyu et al. [45] with 0.5, 4, and 28 million nodes is used as a baseline for comparisons. Results for the source-term
immersed boundary method are obtained using a 4-member grid family which includes the immersed domain on the
interior of the wing; these grids have 6, 16, 46, and 126 million nodes. Results for the ghost-node immersed boundary
method are obtained using a 4-member grid family which only includes a small potion of the immersed domain near the
interface; these grids have 10, 29, 79, and 213 million nodes.

We first present the grid convergence results in Fig. 6 for the drag coefficient 𝐶D obtained for a fixed lift coefficient
𝐶L = 0.5. We observe that the body-fitted 𝐶D has converged to a value of 198.9 drag counts, a result consistent with
Lyu et al. [45] and Lee et al. [46], who obtained 199.0 and 199.1 drag counts, respectively. Taking the body-fitted results
as our truth, we observe both the immersed boundary methods to be converging to higher drag values. The source
term immersed boundary converges to 200.6 drag counts, while the ghost-node method converges to 201.4. Notably,
we observe large errors at coarser grid levels for the immersed boundary methods. Such discrepancies at these coarse
levels may originate from the imperfect representation of the body in the flow field. Recall that for both immersed
boundary methods, the velocity at the nodes near the interface—or within the entire immersed domain in the case of
the source-term approach—are set to zero. This simplification may lead to non-zero velocity at the actual surface of
the body unless the volume grid exactly conforms with the surface geometry. A more sophisticated approach is likely
required to determine the value of the velocity at the immersed nodes near the interface to properly impose the desired
wall boundary conditions.

To further identify discrepancies in the results between methods, we analyze the pressure and skin friction
distributions at several stations along the span of the wing. Station locations are shown in Fig. 7, along with the pressure
distribution obtained using the body-fitted method. The pressure and skin friction distributions for these stations are
plotted in Fig. 8 and 9, respectively. The pressure distributions across the wing are remarkably similar for all methods,
though some slight discrepancies in shock location are observed at stations E and F. More significant differences in
results are observed for the skin friction distributions.

Notably, the skin friction distributions obtained from the immersed boundary methods at the leading edge of the
wing show the starkest difference with the body-fitted results. Two potential sources could be causing such discrepancies:
the method by which surface quantities are obtained for the immersed boundary method, and differences in the flow
field itself. Recall that surface quantities for the immersed boundary methods are obtained by interpolating flow field
quantities at points just off the surface within the fluid domain. Additionally, the shear stress at the surface is computed
using the wall model of Berger and Aftosmis [36]. To help determine the largest source of error, we perform this same
interpolation and wall model application using the results obtained from the body-fitted method. A comparison of skin

9



Fig. 7 Spanwise station locations on the wing-only geometry for 𝑪p and 𝑪fx slices. Contours show the pressure
coefficient on the wing obtained from the body-fitted approach.

friction distribution obtained using this method is labeled as “BF Wall Model” in Fig. 10, and is plotted along with
the results from the immersed boundary methods. Interestingly, we observe a much higher peak in skin friction at
the leading edge of the wing using the wall model on the body-fitted results. This difference between the traditional
body-fitted skin friction and that obtained from the wall model is likely due to the fact that the boundary layer thickness
at the leading edge is small. This small thickness is such that the chosen matching point used for the wall model lies
beyond the log-layer where the wall function is no longer accurate [47]. Some slight differences remain present between
the body-fitted and immersed boundary distributions, indicating that there also exist differences in the flow field at the
leading edge. As previously discussed, this may be due to the inaccurate representation of the body in the flow from the
immersed boundary approaches leading to non-zero velocities at the surface.

Finally, we present a computational cost comparison between the source-term and ghost-node immersed boundary
methods. Shown in Fig. 11 is the residual norm convergence history for a flow solve using each approach, along with
the residual norm of the linear system at each Newton iteration. For this comparison, both flow solves were performed
on the same 6 million node grid using 480 Intel E5-2680v3 processors capable of executing AVX2 instruction sets. All
solver parameters—for example, preconditioner fill level, GMRES Krylov subspace size—were identical. From the
comparison, we see that the ghost-node approach provides faster convergence of the residual. This is in part due to the
fact that the governing flow equations are not solved on the solid nodes inside the immersed boundary. In fact, this grid
in particular contains 610 000 nodes within the immersed domain, 515 000 of which are solid nodes for the ghost-node
approach. This means that the source-term approach solved the governing flow equations on 9% more grid nodes than
the ghost-node approach for this grid.

To investigate any potential difference in the behavior of the linear solver for each Newton iteration of the flow
solve, we show the linear residual convergence achieved at each Newton iteration in Fig. 11b. We note that at each
Newton iteration, the linear system is solved using GMRES to either a tolerance of 0.1 or until a Krylov subspace size
of 40 vectors has been reached, whichever is attained first. For this flow solve, we see that in fact the convergence of the
linear system for the ghost-node immersed boundary approach is, on average, worse than that of the source-term approach.
Despite this slightly worse convergence of the linear system, it seems that the reduced number of computational nodes
still provides the ghost-node immersed boundary method a lower wall-clock time.

B. Wing-Body-Tail Flow Analysis
Results presented in this section focus on the application and comparison of the body-fitted and immersed boundary

methods for the flow analysis of a wing-body-tail configuration. The geometry is that of the CRM for the 4th AIAA
CFD Drag Prediction Workshop [48]. All results are obtained for a freestream Mach number of 0.85 and a Reynolds
number of 5 million. Two families of computational grids were used for this test case. An overset body-fitted 3-member
grid family with 11, 23, and 55 million nodes is used as a baseline for comparisons. Results for both the source-term
and ghost-node immersed boundary methods were obtained using a 3-member grid family with 16, 38, and 110 million
nodes.
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Fig. 8 Pressure coefficient 𝑪p distributions for the wing-only geometry obtained using the body-fitted and
immersed boundary methods. Station locations are shown in Fig. 7.
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Fig. 9 Skin friction coefficient 𝑪fx distributions (upper surface only) for the wing-only geometry obtained
using the body-fitted and immersed boundary methods. Station locations are shown in Fig. 7.
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Fig. 10 Skin friction coefficient 𝑪fx distributions (upper surface only) for the wing-only geometry obtained
using the wall model applied to the flow fields from the body-fitted and immersed boundary methods. Station
locations are shown in Fig. 7.
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Fig. 11 Flow residual convergence history against wall-clock time (a) and GMRES linear residual convergence
for each Newton iteration (b) for the source-term and ghost-node immersed boundary methods applied to a
6 million node grid for the wing-only geometry.

We first present the grid convergence results in Fig. 12 for the drag coefficient 𝐶D obtained for a fixed lift coefficient
𝐶L = 0.5. From these results, we observe that the body-fitted and source-term immersed boundary approaches converge
to similar values, notably to 270.6 and 271.1 drag counts. This is close to the mean of 270.1 drag counts for results
from all participants of the 4th AIAA Drag Prediction Workshop [49]. The ghost-node immersed boundary method,
however, converges to a continuum value of 274.7 drag counts, 4 counts higher than expected. The fact that this approach
converges to a drag value above that of the other approaches is consistent with the results obtained for the wing-only
geometry. The simplification used in the ghost-node approach of extrapolating the fluid quantities from the nearest fluid
node most aligned with the surface normal is likely the root cause.

As before, we investigate pressure and skin friction distributions along the geometry. Wing slice locations are shown
in Fig. 13, with the contours in this plot showing the pressure distribution obtained using body-fitted method. The
pressure and skin friction distributions from the slice locations are shown in Fig. 14 and 15, respectively. Focusing first
on the body-fitted results, we note that oscillations are present in surface pressure and skin friction distributions on the
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Fig. 13 Spanwise station locations on wing-body-tail geometry for 𝑪p and 𝑪fx slices. Contours show the pressure
coefficient on the configuration obtained from the body-fitted approach.

body-fitted grid at slice F near the tip of the wing. This behavior is due to the presence of an overset region at this
location on the geometry, where the oscillations are due to the interpolation of the solution between grids. Focusing now
on the comparison between immersed boundary and body-fitted surface quantities, we observe a similar story as that of
the wing-only results. We see that the pressure distributions largely agree well between all approaches, but significant
differences are seen in the skin friction. Focusing first on the pressure distribution, we see some differences in shock
location and strength along the surface, more pronounced at the root slice A. As for the skin friction distributions,
stations away from the junction demonstrate similar differences as seen for the wing-only case, i.e., larger discrepancies
near the leading edge of the wing likely due to the matching point used for the wall model lying beyond of the log-layer.
At stations B–F, these differences are reduced as we approach the trailing edge, but this is not the case for slice A near
the junction. In fact, the behavior at slice A is seemingly reversed, where we observe good agreement in skin friction at
the leading edge, but large differences towards the trailing edge.

To once again better understand the source of these differences, we apply the interpolation and wall model approaches
to obtain pressure and skin friction distributions from the body-fitted flow field. A comparison of the pressure and skin
friction distributions obtained using this method are labeled as “BF Wall Model” in Fig. 16 and 17. These are plotted
along with the results from the immersed boundary methods. From these results, we see that the discrepancy in the
shock at the junction remains, indicating a difference in the flow field off of the surface due to the application of the
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Fig. 14 Pressure coefficient 𝑪p distributions for the wing-body-tail geometry obtained using the body-fitted
and immersed boundary methods. Station locations are shown in Fig. 13.
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Fig. 15 Skin friction coefficient 𝑪fx distributions (upper surface only) for the wing-body-tail geometry obtained
using the body-fitted and immersed boundary methods. Station locations are shown in Fig. 13.
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Fig. 16 Pressure coefficient 𝑪p distributions for the wing-body-tail geometry obtained by interpolating flow
field pressures onto the surface triangulation for the body-fitted and immersed boundary approaches. Station
locations are shown in Fig. 13.
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Fig. 17 Skin friction coefficient 𝑪fx distributions (upper surface only) for the wing-body-tail geometry obtained
using the wall model applied to the flow fields from the body-fitted and immersed boundary approaches. Station
locations are shown in Fig. 13.

immersed boundary methods. Regarding the skin friction distributions, the discrepancies between the body-fitted and
immersed boundary results have been reduced at slices D and F with the application of the wall model on the body-fitted
results. In fact, the skin friction at the leading edge of these slices now closely agrees with results from the ghost-node
immersed boundary approach. However, differences in the skin friction at the trailing edge of the root slice A remain
relatively unchanged from Fig. 15. We note that results from the body-fitted grid at this location may have errors due to
the highly skewed nature of the grid cells in the collar grid at this location, as seen in Fig. 5b. A more thorough study of
the flow field obtained using the body-fitted and immersed boundary approaches at the junction is required.

We also present a computational cost comparison between the body-fitted and both immersed boundary methods.
Shown in Fig. 18 is the residual norm convergence history for a flow solve using each approach, along with the residual
norm of the linear system at each Newton iteration. For this comparison, flow solves using the immersed boundary
approaches were performed on the same 38 million node grid. The flow solve for the body-fitted approach was conducted
on the 23 million node grid. The comparison between these two grids is deemed fair as they both incorporate similar
effective grid spacing. Results were obtained using 960 Intel E5-2680v3 processors capable of executing AVX2
instruction sets. All solver parameters—for example, preconditioner fill level, GMRES Krylov subspace size—were
identical. We first see that the body-fitted approach performs the best. This is, in part, thanks to the reduced number
of grid nodes on which the body-fitted approach solves the governing flow equations. Despite the same effective
grid spacing used, the ghost-node immersed boundary approach solves the governing equations on 28.8% more grid
nodes compared to the body-fitted method, while the source-term approach solves on 70.7% more nodes. The better
performance of the body-fitted approach is likely also due to its better overall linear system convergence. We recall
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Fig. 18 Flow residual convergence history against wall-clock time (a) and GMRES linear residual convergence
for each Newton iteration (b) for the body-fitted and immersed boundary methods.

that at each Newton iteration, the linear system is solved using GMRES to either a tolerance of 0.1 or until a Krylov
subspace size of 40 vectors has been reached, whichever is attained first. As seen in Fig. 18b, the body-fitted approach
consistently reaches the 0.1 linear residual tolerance after 600 Newton iterations. This better performance from the
linear system provides the body-fitted approach with more accurate flow field updates, thereby reducing the total number
of Newton iterations required.

Now comparing the immersed boundary methods, we see that both approaches achieve similar residual convergence
until approximately 2000 s (33 minutes), where the residual has dropped by over 5 orders of magnitude. After this point
we observe that the ghost-node approach provides better convergence of the residual. As was the case for the wing-only
geometry, the application of the source-term immersed boundary method requires that the governing flow equations be
solved on 32.5% more nodes for this particular grid compared to the ghost-node approach. This, in part, may explain
the slower convergence of the source-term approach plotted against wall-clock time. From Fig. 18b, we see that, though
neither immersed boundary approach is capable of attaining the linear residual norm threshold of 0.1, we do observe
that the ghost-node immersed boundary method consistently achieves a deeper convergence at each Newton iteration.
The worse linear system convergence behavior of the source-term approach is likely owing to the stiffness added to the
residual Jacobian from the penalty terms used to enforce the zero velocity condition within the immersed domain.

VI. Discrete Adjoint Results
In this section, we analyze the behavior of the discrete adjoint solver recently implemented into the LAVA framework

for application with the source-term and ghost-node immersed boundary approaches. Results are presented for two
cases: a NACA 0012 airfoil geometry and the CRM wing-only geometry.

A. Airfoil Geometry Adjoint Solution
This section presents and discusses discrete adjoint solutions for a NACA 0012 airfoil geometry. An overset

body-fitted grid containing 350 000 nodes extruded into three spanwise stations is used as the baseline. An overset
immersed boundary grid containing 390 000 nodes extruded into three spanwise stations is used for both the source-term
and ghost-node immersed boundary approaches. Results are obtained for a Mach number of 0.72, a Reynolds number
of 10 million, and an angle of attack of 2◦. The functional J used for all adjoint solutions in this section is the lift
coefficient 𝐶L.

Let us first look at the convergence history of the adjoint residual for all approaches, shown in Fig. 19. We observe
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Fig. 19 Convergence history of the discrete adjoint problem for the NACA 0012 airfoil geometry for the lift
coefficient functional 𝑪L.

(a) Source-term immersed boundary (b) Ghost-node immersed boundary

Fig. 20 Comparison of the adjoint solution of the discrete mass conservation equation for the lift functional 𝑪L
between the source-term (a) and ghost-node (b) immersed boundary methods. Black contour lines show the
adjoint solution from the body-fitted approach.

that the body-fitted and ghost-node immersed boundary approaches demonstrate very similar convergence behavior.
This is perhaps unsurprising given the similarities between the methods of enforcing the boundary conditions at the wall.
More surprising is the slow convergence of the source-term approach. It is clear that the increased stiffness provided by
the source terms inside the immersed domain negatively impact the convergence behavior of the linear solver GMRES.
In an attempt to alleviate this poor convergence, the rows of the transposed residual Jacobian (𝜕𝑹aero/𝜕𝑸)𝑇 were scaled
by the user-specified penalty time scale Δ𝜏 from (2) in order to better balance the norms of the residuals of the linear
equations, but this had little impact on improving performance. Further investigation is required to alleviate the negative
impact of the source-terms on the convergence of the adjoint solution.

It is also interesting to look at the adjoint solutions provided by the two immersed boundary methods. Shown in
Fig. 20 are contour plots for the adjoint of the mass conservation equation. In this figure, we include black contour
lines for the adjoint solution obtained using the standard body-fitted approach. Here, we see that the adjoint solution
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(a) Immersed topology 1 (b) Immersed topology 2

Fig. 21 The two different near-field grid topologies on which the adjoint is solved for the CRM wing-only
geometry. Topology 1 (a) is compatible with both the source-term and ghost-node immersed boundary methods;
topology 2 (b) is only compatible with the ghost-node method.

qualitatively looks similar between all approaches. Again, unsurprisingly the ghost-node immersed boundary method
in Fig. 20b closely resembles the adjoint solution of the body-fitted approach due to the similarities in boundary
condition implementation. We note that some differences in the adjoint solution between the ghost-node and body-fitted
approaches are observed forward of the leading edge in Fig. 20b. These differences are primarily attributed to differences
in the implicit hole cutting of the grid around that same area. The source-term immersed boundary method results
in Fig. 20a also show a similar adjoint solution in the fluid domain, though with slightly larger differences with the
body-fitted adjoint. Due to the fact that the discrete flow equations are solved within the immersed domain, an adjoint
solution is obtained here as well. This intuitively makes sense as this indicates that a change in the flow residual within
the body will have an impact on the lift functional of the airfoil.

In Fig. 20, significant oscillations are observed in the discrete adjoint solutions near overset interfaces for all three
approaches: body-fitted, source-term immersed boundary, and ghost-node immersed boundary. These oscillations,
particularly noticeable at the overset interfaces connecting the near-body grid to the off-body grid extending to the far-field,
are reminiscent of those depicted in Fig. 1a of Hicken and Zingg [50], which are characteristic of adjoint-inconsistent
schemes. This similarity suggests that the oscillations are associated with adjoint-inconsistency, due to the intimate
connection between adjoint consistency and the smoothness of discrete adjoint solutions [51]. Moreover, Nordström
and Ghasemi [52] demonstrated that for linear conservation laws, adjoint consistency and conservation are equivalent
concepts. Given that the primal discretization lacks discrete conservation at overset interfaces due to the application
of trilinear interpolation of the solution, we strongly posit that the observed oscillations at overset interfaces can be
attributed to adjoint-inconsistency.

B. Wing-Only Adjoint Solution
This section presents and discusses the convergence history of the discrete adjoint of the CRM wing-only geometry.

The body-fitted approach uses a multi-block grid containing 28 million nodes. Two different grid topologies are
used for the immersed boundary methods; the near-body grid for each is shown in Fig. 21. The first grid, shown in
Fig. 21a, covers the entirety of the immersed domain, and hence is compatible with both the source-term and ghost-node
immersed boundary methods. Here, an overset region is present near the leading edge of the wing to circumvent the
grid singularity which would occur if the surface grid was simply marched inwards. The second grid, shown in Fig. 21b,
only covers a small portion of the immersed domain near the interface. For this grid, no overset region is necessary as
we do not march sufficiently into the immersed domain to reach the singularity. Due to the fact that we do not fully
encompass the immersed domain, this latter grid is only compatible with the ghost-node approach.

The convergence history of the discrete adjoint solution is shown in Fig. 22. Overall, we observe that the body-fitted
approach converges in the least amount of linear iterations, followed by the ghost-node approach using grid topology 2.
We note that the source-term immersed boundary stalls after the adjoint residual norm reduces by approximately 2 orders
of magnitude. The ghost-node approach converges slowly with the same grid topology but does not stall. Upon closer
inspection, we found that the largest adjoint residuals for the source-term approach were found within the immersed
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Fig. 22 Convergence history of the discrete adjoint problem for the CRM wing-only geometry for the lift
coefficient functional 𝑪L.

domain, though no particular region within this domain consistently showed the largest residual among the various grid
topologies tested. Further investigation is required to determine the exact cause of the stalling adjoint for the source-term
immersed boundary method. It is possible that improved scaling of the linear equations, an improved preconditioner,
and/or utilizing a GMRES variant with subspace recycling may aid in improving the convergence behavior.

VII. Optimization Results
In this section we present two optimization results obtained using the ghost-node immersed boundary approach.

The first is the inverse design of an RAE 2822 airfoil using a pressure distribution target. The second is the 4th test
case from the ADODG [44], specifically the optimization of a wing-only geometry for drag reduction. Due to the poor
convergence behavior of the adjoint solution for the source-term immersed boundary approach, no optimization results
were obtained using this method.

A. Inverse Design of an RAE 2822 Airfoil
We demonstrate the performance of the ghost-node immersed boundary method for the inverse design of an airfoil

at transonic flow conditions. The objective for this optimization problem is,

J =

𝑛tri∑︁
𝑗=1

(
𝐶p, 𝑗 − 𝐶∗

p, 𝑗

)2
, (12)

where 𝐶p, 𝑗 is the pressure coefficient at the 𝑗 th triangle’s centroid on the triangulated surface representation, 𝐶∗
p, 𝑗 is the

target pressure coefficient we wish to achieve at the triangle centroid, and 𝑛tri is the number of triangles on the surface.
The design variables used for this problem are the 𝑧-displacements of the control points for the FFD volume shown in
Fig. 23. This FFD volume is composed of 11 control points in the chordwise direction for both the upper and lower
surfaces. The design variables are constrained such that the 𝑧-displacements of the control points are constant along the
span of the extruded airfoil, ensuring that any changes in geometry remain essentially two-dimensional. In total, this
results in 22 design variables.

The selected inverse design problem was originally presented by Nemec and Zingg [53]. For this problem, the target
pressure distributions corresponds to that of the best approximation of the RAE 2822 airfoil which lies within the design
space of the FFD volume of Fig. 23. For this test case, the freestream Mach number is 0.7, the angle of attack is 3◦,
and the Reynolds number is 9 million. Results for the inverse design problem are shown in Fig. 24. We observe that
the optimizer is capable of recovering the target pressure distribution of the approximate RAE 2822 airfoil, with the
objective function (12) reaching as low as 10−20. After 100 iterations, we observe that the optimality has dropped by
over 10 orders of magnitude. Good convergence of the merit function and optimality are observed for this problem,
suggesting sufficiently accurate gradients are being provided to the optimizer. The convergence history of this problem
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Fig. 23 Extruded NACA 0012 airfoil surface triangulation embedded into an FFD volume. Design variables are
the 𝒛-displacements of the control points shown as circles.
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Fig. 24 Results for the transonic inverse design problem. Baseline and optimized geometries and pressure
distributions, along with target pressure distribution (a), and convergence history for the merit function and
optimality (b).

is remarkably similar to that achieved by Nemec and Zingg [53], with a significant drop in the merit function seen after
80 iterations.

B. Optimization of a Wing Geometry
In this section, we present preliminary aerodynamic shape optimization results obtained for the CRM wing using

the body-fitted grid and ghost-node immersed boundary approaches. The optimization problem is based on the 4th

ADODG test case [44], with flow conditions set to a Mach number of 0.85 and a Reynolds number of 5 million. The
wing geometry is parameterized using the FFD volume shown in Fig. 25, which is composed of 11 control points in the
chordwise direction for each of the upper and lower surfaces, and 15 spanwise stations. Design changes are limited to
variations of the section shape of the wing, thus the FFD control points may only move in the vertical 𝑧-direction. The
trailing edge of the wing is fixed, while the leading edge is free to move vertically except at the root. The angle of attack
is also a design variable. The lift coefficient for this optimization case is constrained to be 𝐶L = 0.5, while the pitching
moment constraint is 𝐶My ≤ −0.17. The volume of the wing is constrained to be greater than or equal to its initial
volume. The thickness of the wing at any given location may be no smaller than 25% the initial thickness of the wing.

Shape optimization using the ghost-node immersed boundary approach was performed on an overset grid containing
10 million nodes. Results for the body-fitted approach were obtained using a multi-block grid containing 3 million nodes.
Figure 26 shows a comparison of the baseline geometry and the optimized geometry obtained using the ghost-node
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Fig. 25 FFD volume with 330 control points used for aerodynamic shape optimization of the CRM wing.

immersed boundary method. Additionally, Fig. 27 shows a comparison of the optimized geometries obtained using the
body-fitted approach (left) and the ghost-node immersed boundary approach (right).

We note that the results obtained using the ghost-node immersed boundary method are preliminary for two reasons.
First, some difficulty was encountered when determining proper interpolation points for the surface as the geometry
of the wing was deformed throughout the optimization. This behavior led to regions on the triangulated surface
geometry lacking pressure and shear stress information, which in turn would lead to an under-prediction of aerodynamic
functionals. As a temporary remedy, the interpolation weights 𝑾 from (8) are held frozen such that they did not change
throughout the optimization. This leads to an approximation in the value of the surface quantities. To assess the error
in the final value of 𝐶D obtained using the ghost-node immersed boundary method, we can apply the optimized FFD
control point deflections to the body-fitted grid to obtain a comparative drag value. After adjusting the angle of attack to
achieve of lift coefficient of 𝐶L = 0.5, the deformed body-fitted grid provides a drag coefficient of 𝐶D = 0.0196. In
comparison, the ghost-node approach with frozen interpolation weights predicted a drag coefficient of 𝐶D = 0.0179.
This presents a 17 drag count difference between the immersed boundary method with frozen interpolation weights and
the equivalently deformed body-fitted grid. As such, we cannot claim that freezing the surface interpolation weights
provides a good approximation of the flow functionals after deformation of the grid. However, we will optimistically
note that the drag coefficient 𝐶D = 0.0196 is lower than the baseline wing’s drag of 𝐶D = 0.0201 on the undeformed
body-fitted grid. We thus see that shape optimization with the immersed boundary method has reaped some benefit
when applying its optimized design variables to the body-fitted grid.

The second reason for which the ghost-node immersed boundary optimization results are preliminary is because
of the numerous grid movement failures observed during the optimization process. After several grid movement
failures, the optimization concluded it could no longer proceed into what was deemed an undefined region. These
failures mostly manifested in the form of negative metric Jacobians at the trailing edge of the wing obtained when
the optimizer attempted to reduce its thickness. This behavior originates from the difference in resolution between
the surface triangulation and the volume grid near the surface. The movement of each volume node is dictated by
a weighted sum of the deformation of the vertices which compose the surface triangulation. The weights are based
on the inverse distance between the volume node and the vertices. The nature of the computed weights used in the
algorithm is such that the volume nodes near the surface would essentially rigidly translate with their nearest vertex.
Such behavior is desirable for body-fitted grids as we want volume nodes within the boundary layer to closely follow
the deformation of the corresponding surface node along the same grid line. However, in the case of non-matching
volume and surface grids, if two or more volume nodes are located within a single surface triangle, each node may
rigidly follow a different vertex, and possibly cross each other, leading to negative Jacobians. One strategy to combat
such crossover is to construct a discrete representation of the surface for grid deformation by placing new surface nodes
where the surface triangulation intersects with cell edges in the volume grid. In this way, a new discrete surface can be
constructed which has the same resolution as the volume grid.

Despite the challenges surrounding the application of the ghost-node immersed boundary method, we still observe
improved aerodynamic performance compared to the baseline design. When comparing results between the baseline
and optimized designs in Fig. 26, we see that the optimizer has essentially eliminated the shock across the upper surface
of the wing. Additionally, the lift distribution across the span of the optimized wing is more elliptical. In Fig. 27,
we observe some significant differences between the body-fitted and the ghost-node immersed boundary optimized
geometries. Notably, the body-fitted results show that the bulk of the wing volume is shifted inboard. This behavior is
consistent with optimized results obtained by Lyu et al. [45] and Lee et al. [46]. Certain features seen in the optimized
immersed boundary results, such as the wavy pressure distributions along the pressure side of the airfoil, are likely due to
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Fig. 26 Comparison of the initial and optimized results for the CRM wing geometry using the ghost-node
immersed boundary method.

Fig. 27 Comparison of the optimized results for the CRM wing geometry using the body-fitted and ghost-node
immersed boundary methods. Functionals and angle of attack with a subscript “BF” correspond to results on
the body-fitted mesh deformed using the optimized design variables from the ghost-node approach and trimmed
for the lift constraint.

∗Optimized functionals 𝐶L, 𝐶D, 𝐶My obtained for the ghost-node immersed boundary method are approximations due to frozen interpolation
weights.
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the premature termination of the optimization procedure due to grid movement failures. Additionally, the lack of volume
shift towards the root of the wing is likely due to the same reason. With further improvement of the immersed boundary
method for shape optimization, we expect to achieve a similar result to that obtained for the body-fitted approach.

VIII. Conclusion
In this paper, we presented two immersed boundary methods for flow analysis and aerodynamic shape optimization

on overset curvilinear grids. The current iterations of the methods serve as a stepping stone towards replacing the need
for collar grids at component intersections for overset grids. Forsaking collar grids will aid in both reducing the time
required to generate curvilinear grids, as well as reduce the failure-prone nature of grid deformation at component
intersections for shape optimization.

Flow analysis results indicate that similar surface quantities are obtained using the immersed boundary methods when
compared to the body-fitted approach. Notably, reasonable agreement was seen for pressure distributions throughout the
surface and skin friction distributions near the trailing edge. However, large discrepancies are observed for skin friction
distributions at the leading edge and the junction of the geometries. The former is likely due to the matching point
used for the wall model lying outside of the log-layer; further investigation is required to determine the source of the
latter. Additionally, continuum drag values were over-predicted using the ghost-node approach, and larger errors in drag
were seen at coarser grid levels for both immersed boundary methods. This may be due to non-zero velocities at the
surface of the body stemming from the current implementations of the immersed boundary methods. More sophisticated
implementations of the methods, such as extrapolating velocity targets [33], may rectify the differences, particularly at
coarse grid levels.

Discrete adjoint solutions obtained around a NACA 0012 airfoil geometry were remarkably similar between the
body-fitted and immersed boundary methods. However, on the three-dimensional wing-only geometry, numerical
difficulties led to a lack of convergence for the adjoint solution of the source-term immersed boundary method. This
numerical difficulty likely stems from the added stiffness in residual Jacobian originating from the penalty source
terms. Further investigation into improved scaling of the linear equations, an improved preconditioner, and/or utilizing
a GMRES variant with subspace recycling may aide in improving the convergence behavior. Due to the numerical
difficulty in solving the adjoint problem with the source-term immersed boundary method, shape optimization was not
conducted with this approach.

Aerodynamic shape optimization results were obtained using the ghost-node immersed boundary and body-fitted
approaches. The inverse design of an approximate RAE 2822 airfoil using the ghost-node immersed boundary method
showed excellent optimization convergence behavior, suggesting that sufficiently accurate gradients are obtained using
the discrete adjoint method. Applying the ghost-node approach for the optimization of a wing-only geometry revealed
numerous difficulties faced by the method. These include a lack of robustness in properly interpolating the flow
field onto the surface triangulation for functional computations, as well as numerous grid movement failures due to
non-matching resolutions near the surface between the volume grid and surface triangulation. Despite these difficulties,
the optimizer was able to provide improved aerodynamic performance, though the final optimized geometry did not
match that obtained using the traditional body-fitted approach.

Much work remains in order to increase the accuracy and reliability of the proposed immersed boundary methods for
aerodynamic shape optimization. The ghost-node immersed boundary approach is computationally the most attractive
thanks to its reduced computational cost and better convergence behavior for the adjoint solution. Continued work with
this approach will require that the current implementation be updated to provide more accurate flow field results and
functionals. Additionally, the grid movement and surface integration problems observed during shape optimization must
be rectified. In all, the ghost-node immersed boundary method seems to provide a potential path forward to eliminating
the need for collar grids at component intersections for curvilinear overset grids.
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