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Abstract
Lineloads serve a unique and important role in aerodynamic database development
as well as configuration design and analysis. A new software suite was constructed
that can compute lineloads rapidly enough that the calculations can run in tandem
with high-fidelity fluid flow solvers. This enables the calculation of iteration- or
time-dependent lineloads, which have thus far been too computationally costly to
create for complicated systems like launch vehicles. The suite is organized into
a standalone Python module named PCLAM (PCLAM Computes Lineloads And
Moments) that can be imported into other software with minimal restructuring by
the user or developer. The computed lineloads are integrated with a C0 numerical
quality and exhibit the expected sensitivity to underlying grid resolution. Even at
low grid and lineload resolutions, the computed lineloads were found to be in strong
agreement with several analytical test cases.

Nomenclature
An area of subelement n
bp bin p as defined along the discretized lineload axis
CP pressure coefficient
C0 integration approximation in which each discretized component is

taken to be constant
fm information stored at a particular point m on an element
f̄m,n,p arithmetic mean of information stored at points m,n, p on an element
−→
ll d continuous lineload vector as defined along the dimension d
−→
lmd continuous line moment vector as defined along the dimension d

l̂ld discrete bin-normalized lineload vector as defined along the dimen-
sion d

ˆlmd discrete bin-normalized line moment vector as defined along the di-
mension d

Lref reference length
n̂ unit-length surface normal
N number of points on an element
r⃗ moment arm
S arbitrary surface
vmk value of interest m within bin k
wn interpolation weight for element node n
W sum of all interpolation weights for an element
x, y, z spatial dimensions
∆b discrete lineload bin width
∆x discrete x-axis step size
⃗⃗σ fluid stress tensor
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1 Introduction
Lineloads, also known as sectional loads, serve a unique role in aerodynamic database
generation for complicated configurations. Integrated forces and moments can fail
to provide enough information for structural tolerance assessment or controls cali-
bration, thus motivating a more spatially distributed measurement of the data. A
lineload, as its name implies, is a force (or moment) calculated by integrating the
surface stresses in only two of the body’s three dimensions. The result is thus a
force or moment function plotted against the remaining axis, as exhibited in Figure
1.

Figure 1: Normal force lineloads as computed on the centerbody of the Space Launch
System during the transition stage of flight. Image taken from Ref. [1] with author’s
permission.

Typically, NASA teams have used TRILOAD, part of the Chimera Grid Tools suite,
for their lineloads calculations [2]. TRILOAD is a versatile tool that handles cases
where lineloads are needed such as the recent work of comparing lineloads derived
from pressure-sensitive paint (PSP) data to computational fluid dynamics (CFD)
Data [3]. However, there are enough limitations to TRILOAD that a new lineload
computation tool was needed. The driving motivation was the lack of TRILOAD’s
ability to allow the user to directly separate pressure lineloads from skin friction
lineloads (the two components of aerodynamic surface stress), each of which on its
own can be used for different analyses. This was necessary for the efficient generation
of a data-fused reduced-order model that was used for the development of a liftoff
and transition lineload database for the Space Launch System (SLS) program [4]. As
analysis of the liftoff and transition regime and advancement of the SLS program
continued, the need for efficient calculation of time-dependent lineloads became
apparent. The need for time-dependent lineloads was driven in part by interest in
improved uncertainty quantification in lineloads databases, as well as the study of
dynamic phenomena such as wind-induced oscillation. To complete this goal, it was
necessary to develop a lineloads tool that can 1) be integrated directly with flow
solvers and 2) operate as quickly as possible to not slow down the solver’s iteration
speed.

To the first point, the Kestrel flow solver [5], currently used for development of
liftoff and transition lineloads databases for the SLS, has a python-based software
development kit (SDK), which enables such a tool to be applied. The existence
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of a python-based lineloads module would in this way enable per-iteration lineload
calculations as part of the simulation itself, which would drastically reduce what
data must be saved as part of the simulation process and in turn improve the com-
putational cost of developing a more advanced lineloads database.

To the second point, in most cases, even while the flow solution varies in time and the
volumetric discretization varies, the surface grids often remain the same. As such,
an ideal lineloads tool would be able to separate the computational cost of preparing
the surface mesh for lineloads integration from the actual integration itself. Such a
framework would enable all lineloads calculated after the first iteration to be done
so at a significantly reduced cost.

The resulting python suite performs discrete integration to yield lineloads along any
one of the three principal axes of the provided geometry. As long as the provided
surface mesh is triangular in nature, all grid adjustments are made internally as the
lineload is computed. If the same grid is used again for a different flow solution, then
the suite enables the user to skip the grid management in subsequent calculations
and simply perform the integration immediately upon data ingestion. Doing so
dramatically reduces the lineload calculation cost.

The remainder of this technical memorandum summarizes the theory and verifica-
tion of the lineloads suite. A more detailed software user’s manual is provided in
Appendix A.

2 Lineload Definition and Integration

Lineloads are computed by integrating a stress tensor ⃗⃗σ defined on a surface of
interest but retaining dependence in the lineload’s defined axis. The integrated
force on the surface would be this same integral without the retention of one surface
axis. Analytically, a lineload in the x-direction would be computed on a surface S
defined by normals n̂ in (x, y, z) space by solving the integral

−→
ll x ≡

∮
S

⃗⃗σ(x, y, z) · n̂ dy dz . (1)

The line moment is computed by the same integral with the inclusion of a moment
arm r⃗:

−→
lmx ≡

∮
S
r⃗ × ⃗⃗σ(x, y, z) · n̂ dy dz . (2)

As the analytical surface stress tensor is rarely defined in applied problems, these
integrals must be approximated through discretization. The lineload axis is broken
into integration bins (see §2.1), within each of which the discrete surface stress
tensor is integrated in all three geometric dimensions. The integrated values from
all tensor components comprise the lineload. The lineloads are then normalized by
bin width ∆b (and scaled by reference length Lref ) to make them independent of
the chosen resolution.

l̂lx ≡ l⃗lx
∆b/Lref

(3)
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Figure 2 illustrates the employed method of integration within each bin. Generalized
to apply in any Cartesian direction, it implements a mean subelement integration
approximation. An element is subdivided by any bin boundaries that may apply
and the fractional areas are applied to all relevant bins. Linear interpolation finds
bin-bounded values, e.g., f4 in the example element is computed based on f1 and
f2. The subelement values applied to each bin are then the arithmetic means of the
bin-bounded, possibly interpolated values, e.g., the subelement value in the blue
(left) subelement in the figure is taken to be the arithmetic mean of f1, f4, and
f9. The element and subelement means, and their corresponding areas, can then
be directly summed to yield an integrated value for each bin – accounting for the
surface normal if necessary.1
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Figure 2: Treatment of node-centered element values during bin integration.

2.1 Bin Definitions
The lineloads are discretized along the axis of interest using one of two user-specified
bin definitions. Figure 3 illustrates the difference in bin boundaries from these two
definitions. Where one definition, labeled b0 in the figure, discretizes the lineload
axis such that bin centers correspond to uniformly spaced locations between the
body’s extrema, the other definition (b1) does so such that the bins themselves span
the body’s extrema.

A benefit of the b0 bins is that the geometry extrema are retained in the lineload
regardless of bin number whereas the b1 bins only ever asymptotically approach the
geometry extrema. This comes at the cost, however, of storing “halved” values on
each end by virtue of the half-empty terminal bins. This half-value can be adjusted
by considering these edge-bins to be themselves virtually halved in width, but then
an inconsistency exists in bin widths and that deviates from the database-standard
midpoint bin reporting protocols. As defined in Equation 3, it is standard practice
to use a uniform ∆b when computing and normalizing the lineloads and thus an
adjustment of the outer bin widths with the b0 discretization is not recommended

1In standard application, the pressure is passed to the module as a scalar without surface nor-
mal information but the shear stress is passed as Cartesian components, which are assumed to
correspond to the correct geometry.

4



𝑏!

𝑏"

Figure 3: Bins and bin boundaries as defined by the old (b0) and new (b1) methods.
Dotted and dashed lines illustrate the different bin boundaries.

for common usage.

The b1 bins, by comparison, cannot report information exactly at the geometry
extrema but also do not suffer from any idiosyncrasies in bin width or reported
magnitudes. Mathematically, both the b0 and b1 bins are equally consistent with
the C0 integration approximation being performed between the geometry’s extrema.
However, with a constant bin width being used in the lineloads’ normalization, the b0
bins will always present “halved” values in the two outermost bins. This is observed
in the test cases presented below, for example in Figure 7.

3 Interpolation of Node Values to Bin Boundaries after
Initial Calculation

The linear interpolation of nodal surface data onto the bin boundaries is a compu-
tationally costly step – far more costly than the lineloads integration itself. As this
interpolation is grid-specific and not solution-specific, a technique was developed to
avoid it after the first grid-specific lineloads calculation.

Interpolation is a form of weighted averaging where the weights are determined by
the distance from source points,

f(xn) =
1

W

N∑
i=1

wif(xi) , (4)

where f(x) are the spatially distributed values of interest and wi are the correspond-
ing weights as the derived distance from xi to xn. W is simply the sum of all weights
to normalize the result. In the case of the lineloads, interpolations are only ever
performed linearly along element boundaries. Thus, only two (out of three possible
nodes of a triangular element) weights must be found for each bin boundary point.

For a given xn, the normalized weight of a given node, wj , can be backed out by
setting f(xj) to unity and setting f(x) to be zero at all other locations.

f(xn) =
1

W
(wjf(xj) +

N∑
i ̸=j

wif(xi)) (5)
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wj

W
= f(xn) =

1

W
(wj1 +

N∑
i ̸=j

wi0) (6)

A simple augmentation of the surface data passed to the binning procedure on
the first lineloads calculation accomplishes this as negligible cost increase using the
existing mean-calculating procedure.

The lineloads integrator in this software suite does not formally partition elements
into subelements, but rather tracks subcontributions in all relevant bins using the
computed subelement means. For each element, a matrix of surface values vnm
can be created where m is the node index for the element and n is the value of
interest, e.g., pressure versus the y-component of the skin friction. Performing
matrix multiplication with the weight matrix constructed above, which itself has
components wmk for k integration bins, yields a matrix v′mk of values of interest
interpolated appropriately to the subelement centers of all relevant bins for that
element. v′11 v′1k

v′21 · · · v′2k
v′31 v′3k

 =

 v11 v12 v13
...

vm1 vm2 vm3


w11 w1k

w21 · · · w2k

w31 w3k

 (7)

These sparse matrices can then be used directly to perform the lineload integration.
Calculation of the weighting matrix when the elements are first binned and inter-
polated thus allows the same grid to yield a lineload of the same resolution multiple
times with different surface data without the need to perform the interpolation each
time.

4 Representative Examples
To validate results, two test geometries were designed: a flat plate and a tangent-
ogive cylinder.

4.1 Flat Plate
The flat plate was defined in the xy plane. The plate was defined between -1 and 1
in each of two axes. Two different grid spacings were used, presented here in MatLab
notation.

xuniform ≡ −1 : ∆x : 1 (8)

xcubic ≡
4

5
x3uniform +

1

5
xuniform (9)

The same distributions were used to define the grid in the y-axis. The resulting
grids are shown in Figure 4. The applied plates had 101 points in x and 21 points
in y.

Two pressure coefficient functions were defined on the flat plates, thereby yielding
four flat plate cases with unique grid-pressure combinations. Shear values are set to
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zero on the plates. These functions are defined as follows.

Cwavy
P ≡ cos(3πx)

(
sin(3πy) +

1

5

)
(10)

Cstep
P ≡

{
1 x ≤ 0 & y ≤ 0
0 else

(11)

These functions can be integrated analytically such that the computed lineloads can
be compared to what they are in the resolution limit. These analytical functions
are also used to confirm the accuracy of the total integrated forces and moments.

Figure 4: Sample flat plate grids (top): uniform (left) and cubic (right). Test
pressure field functions (bottom). Resolution set to 21×11 points for visibility.

Figures 5, 6, 7, and 8 present lineloads for the four grid-pressure cases at two lineload
resolutions. The halved edge values in the b0 lineloads and the half-bin offset of the
b1 lineloads are apparent in all plots.
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Figure 5: Lineloads (left) and line moments (right) computed on the uniform grid
with the wavy pressure function. Lineloads have 33 (top) and 67 bins (bottom).
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Figure 6: Lineloads (left) and line moments (right) computed on the cubic grid with
the wavy pressure function. Lineloads have 33 (top) and 67 bins (bottom).
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Figure 7: Lineloads (left) and line moments (right) computed on the uniform grid
with the step pressure function. Lineloads have 33 (top) and 67 bins (bottom).
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Figure 8: Lineloads (left) and line moments (right) computed on the cubic grid with
the step pressure function. Lineloads have 33 (top) and 67 bins (bottom).
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The consistent difference between analytical and computed “wavy” lineloads on the
cubic grid, and likewise the “step” lineloads on the uniform grid, are a function of the
limited resolution of the underlying grid. At the 101×21 point resolution selected
for all of these cases, the sinusoidal pressure peaks were not consistently captured
in the y-axis. As such, even with linear interpolation reducing the sensitivity to
the number of lineload bins desired, the lineload’s accuracy remains fundamentally
bounded by the fidelity of the underlying grid data.

The flat plate was rotated into the xz and yz planes to ensure the code handled
surfaces defined in any plane. Results are identical to those already plotted, except
for those functions which are defined in the axes as the plate rotates.

4.2 Ogive Cylinder
An ogive cylinder geometry (shown in Figure 9) was defined to verify that the
pressure and shear functions were handled separately and correctly. The pressure
and shear components were specified as

σn ≡ (n+ 1) cos((n+ 1)πx/10) sin((n+ 1)πy/10) (12)

where n = 0 corresponds to pressure and n = 1, 2, 3 corresponds to the x, y,
and z shear components, respectively. This shear definition is understood to not
remain tangent to the ogive surface at all times, meaning it is not a true shear
stress. However, as the code handles surface normals when integrating the pressure
but handles the three shear components as they are loaded in, the fact that the
three-component shear stress is not formally shear does not invalidate the stress
definition for verification purposes. In other words, this code like others is beholden
to the fidelity of its input data.

Figure 9: Tangent ogive cylinder geometry with surface mesh in black. Contours
are of the artificial pressure coefficient defined in Equation 12.
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More real-world verification of lineload axis specifications was also accomplished
with this geometry as its 3D shape naturally exhibited lineloads in multiple axes at
once. Figures 10 and 11 present a selection of pressure and shear lineloads in two
axes of interest.
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Figure 10: Pressure (top) and shear x-component (bottom) lineloads (left) and line
moments (right) computed on the ogive geometry along the x-axis. All lineloads
have 67 bins.
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Figure 11: Pressure (top) and shear x-component (bottom) lineloads (left) and line
moments (right) computed on the ogive geometry along the y-axis. All lineloads
have 67 bins.
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The noise in the shear x-lineloads (the bottom left of Figure 10) is another example
of limitations in lineload quality caused by underlying low-resolution surface data.
The discretized cylinder is not perfectly round, and thus when the analytically
defined surface stresses are integrated over the relatively coarse mesh the resulting
lineload is not numerically integrated to the exact zero. Increasing the resolution of
the underlying surface mesh was found to reduce the amplitude of this error.

The ogive lineloads also illustrate the linear subelement interpolation performed as
part of the procedure. The lineloads in Figure 11 were discretized to have 67 points
along the y axis, but the cylinder’s surface mesh had fewer than this many elements
along that direction. As such, as part of the integration procedure, the elements
were subdivided and their information was applied to multiple bins as described in
§2. This is most clearly seen in the ogive y-line moments where the values follow
linear trends before jumping as new elements are introduced to the next bins. As
with the noise in Figure 10, the linear blocks in these line moments smoothed out
when the surface mesh was refined.

5 Computational Cost
The computational cost of a single execution of the lineloads code naturally in-
creases with surface mesh size and, to a lesser degree, lineload resolution. While
a majority of the code’s operations are vectorized, the bin decomposition and ele-
ment subdivision operations are managed with nested for loops. These loops cause
the code to run more slowly than would a fully vectorized framework as the loops
are managed at a higher level of the interpreter than are the vectorized operations.
However, a just-in-time (JIT) compiler available through a Python module called
numba presents a way to speed up single-core execution in precisely this use case.
The JIT implementation has little effect on the vectorized parts of the code but
speeds up the parts that rely on nested loops. The relative speed of this lineloads
suite is thus best characterized relative to whether the JIT compiler is enabled.

A flat plate made of 1,000,000 nodes (1,996,002 elements) was selected as a reference
case for execution timings. The lineload was discretized using 200 bins. The time
taken to create the same lineload, on a single core of a 2019 MacBook Pro laptop
with a 2.4 giga-Hertz Intel Core i9 processor, was measured to be as presented in
Table 1.

As expected, the lack of JIT-optimized function calls in subsequent same-grid cal-
culations yielded no speed improvement from the use of numba.

Table 1: Time taken to compute the same lineload with various instances of the
module. The just-in-time (JIT) compiler is available through the numba module.

Without JIT (sec) With JIT (sec)
Initial Calculation 550 115

Subsequent Calculations 70 68
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While these calculation times are minimal compared to the CPU hours that it takes
to simulate the surface stresses, when a time-dependent lineload is sought during
each iteration of a larger simulation a single-core execution on the order of a minute
is problematic. If the surface mesh is constant throughout the entire simulation, then
the time to compute a particular lineload can be drastically reduced by performing
the grid interpolation only once - on the first iteration - and then using the same
weighting matrix on subsequent iterations to skip the binning and interpolating
altogether.

6 Conclusion
Generation of increasingly detailed aerodynamic databases for configurations like
the Space Launch System motivate the calculation of numerous lineloads during
a single flow simulation. These iteration- or time-dependent lineloads will pro-
vide far more data than do the current time-averaged lineloads, thereby increasing
both database confidence and fluid flow insight. However, calculating these time-
dependent lineloads with present workflows would require an intractable amount of
time due to 1) the cost of saving the required information from the flow solver and
2) the cost to compute each iteration’s lineload.

The Python module, PCLAM, developed and summarized in this technical mem-
orandum, addresses both of these limitations in existing lineloads workflows. Its
organization as a standalone Python module enables it to be integrated directly
with flow solvers like Kestrel through the flow solver’s SDK. This integration yields
a significant reduction in the lineloads’ data read-write overhead. The reduction
in computational cost on subsequent flow snapshots on a constant surface mesh
reduces the lineloads integration time enough that it will not adversely affect the
flow solver’s runtime. Thus, it is possible for a time-dependent lineload for a par-
ticular fluid flow to be available virtually immediately when the fluid simulation is
concluded.
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Appendix A

Software Organization

The PCLAM module is organized into a collection of functions saved within four
objects:

1. pclam.io.[function];
2. pclam.util.[function];
3. pclam.calc.[function];
4. and functions at the root level pclam.[function].

The last of these contains the main operational functions of the suite. The other
three objects contain, respectively, input-output, utility, and calculation functions.
All functions that can be made faster with the numba just-in-time compiler are in
pclam.calc. These functions perform a majority of the math and low-level data
manipulation that comprises the suite. All functions that support general operation
but that are not numba-compatible are in pclam.util. All functions that relate
to loading or saving data in different formats at different points in the process are
in pclam.io. These include loading TecPlot surface mesh files and saving ASCII
lineloads data files.

In all, the PCLAM module requires the other following standard libraries to be
available within the Python namespace: datetime, json, numpy, os, scipy, and
sys. The numba module is optional. The tecplot module and associated user
licenses are necessary only if the user attempts to handle binary or multi-zone ASCII
TecPlot files, either for data input or data output.

The software is also distributed with unit tests which should verify if the package
will operate as expected. Within the ‘testing‘ directory, two scripts can be run to
verify proper operation of all software components. These should only be run once
PCLAM has been installed as a Python package on the user’s machine. The script
test_unit.py is run by calling pytest test_unit.py; it tests each PCLAM func-
tion individually but otherwise provides no output. The plate_and_rocket_tests.py
file, again run with a pytest call, creates sample geometry files and generates and
saves lineloads which can be visualized by the user. Any errors which occur when
running these tests should be shared in detail by the pytest output itself.

A.1 Input Information
The io file also contains a Config class that tracks user settings and run options.
For ease of access, the class is also loaded at the module level: pclam.Config. If
the user does not specify any of the inputs, this class assigns default values. User
options can be specified via an input file in the .json format. A brief description
of all user inputs is provided below.
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• nll_points defines the number of lineload points (default 100);
• use_bin_mapping_file determines whether the bin mapping matrix and bin

areas will be saved and/or loaded for faster re-calculation on an existing surface
grid (default False);

• axis defines the xyz-ordered axis along which the lineload will be defined
(default x);

• profile_axis defines the xyz-ordered axis on which a reference profile is
generated from the surface, for plotting reference (default z);

• bin_edges_on_minmax determines which bin method is to be used: bin edges
on the body’s extrema or bin centers on the body’s extrema (default True,
i.e., edges on extrema);

• output_dir sets the directory to which the lineloads will be output (default
is the operating directory);

• mapping_file_dir sets the directory to/from which the bin mapping matrix
and bin areas will be saved/loaded (default is the operating directory);

• base_name is the base file name to which other run details will be appended
(default “placeholder”);

• mapping_file_name is the file name header for the weighting matrix and bin
areas saving/loading procedure (default “placeholder”);

• mrp denotes the moment reference point in xyz as three decimals (default
‘[0,0,0]‘);

• Lref denotes the reference length with which the lineloads are nondimension-
alized (default 1);

• Sref likewise denotes the reference area (default 1);
• print_fandm informs the code whether the user wants the integrated forces

and moments to be saved as well as the lineloads (default True);
• output_type denotes the format for the lineload files (default “.dat”, which is

ASCII and TecPlot-compatible);
• variables_saved lists a subset of [all, cp, cfx, cfy, cfz] and denotes

which lineload components are to be saved, with cf_ denoting the shear com-
ponents (default “all”);

• variables_to_load labels the variables, in order, which are to be loaded
(should be the less than or equal to the number of variables in the surface
stress file) with labels consistent with what labels exist in the input file if it
itself is labeled, as is the case with TecPlot (default [x, y, z, cp]);

• absolute_pressure_integration denotes whether the pressure coefficient
data should be integrated in the tared form (standard) or with a correction
for the absolute pressure, as is necessary with unclosed surface geometries
(default False);

• pinf_by_qref denotes the reference absolute pressure with which the loaded
pressure coefficient data must be corrected if specified by the user (default 0).

A.2 Running the Module On Its Own
In the standard application, a user can compute the lineloads on a given set of surface
data by calling pclam.run_pclam and passing the necessary arguments. A sample
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implementation is included with the software release in the form of an additional
Python script: run_pclam_sample.py. This script takes arguments including a job
name, an input file (a sample of which can be auto-generated), and a surface data file
name. If the data file is in the .npy format, it is assumed that the surface data will
be organized in a node-centered format and that an associated element connectivity
file will share the same filename with _data.npy replaced with _conn.npy.
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