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Thanks to recent advances in the fields of anisotropic grid adaptation, error estimation, and
geometry modeling, a sketch-to-solution work flow is now possible for viscous computational
fluid dynamic (CFD) simulations. With this workflow, a CFD application engineer provides
geometry, boundary conditions, and flow parameters; and the sketch-to-solution process yields
a CFD simulation through automatic, error-based, grid adaptation.

To explore the benefits of this nascent capability, a conventional manual grid generation
work flow is compared to this new automatic grid generation work flow for a given engineering
question: What are the aerodynamic interactions caused by the reaction control system (RCS)
on an entry vehicle? This case study indicates that while the automatic grid generation sketch-
to-solution process is not yet mature, it is preferred over a manual grid generation work flow
because it greatly reduces manual labor, eliminates many opportunities for human error, and
provides grid sensitivity information.

Nomenclature
α Angle of attack, deg.
A Automatic grid generation workflow
CD Drag coefficient
Cmx Rolling moment coefficient
Cmy Pitching moment coefficient
Cmz Yawing moment coefficient
CX Axial force coefficient
CY Side force coefficient
CZ Normal force coefficient
f Grid refinement factor
h0 Wall-normal spacing, inches
M Mach number

M Manual grid generation workflow
N Number of nodes
NE Number of elements
NPr Number of prisms
NPR Nozzle pressure ratio (total/static)
NPy Number of pyramids
NT Number of tetrahedra
NTR Nozzle temperature ratio (total/static)
r0 Initial stretching rate
Re Unit Reynolds number, M/ft
rmax Maximum stretching rate
T0 Total temperature, °F

I. Introduction

Despite its success, viscous Computational Fluid Dynamics (CFD) has not reached the level of automation desired
by practitioners, primarily due to the lack of robust, efficient grid generation and error-based grid adaptation. As

the CFD Vision 2030 Study [1] states,

[U]ltimately the mesh generation process should be invisible to the CFD user or engineer. Given
a suitable geometry representation and a desired level of solution accuracy, a fully automated meshing
capability would construct a suitable mesh and adaptively refine this mesh throughout the solution process
with minimal user intervention until the final accuracy levels are met. This process allows the user to focus
on the final solution without concern for the construction and maintenance of the underlying mesh.
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‡Research Engineer, Atmospheric Flight and Entry Systems Branch, AIAA Senior Member.
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Meanwhile, Alauzet and Loseille [2] and Park et al. [3] summarize progress and future areas of research for solution-
adaptive methods that includes the grid anisotropy necessary to resolve boundary layers; and an informal Unstructured
Grid Adaptation Working Group (UGAWG) has been working to mature grid adaptation technology [4–8]. And as was
shown by recent work in this area [9–13], the community is making great strides toward the goal of making the grids
“invisible” for viscous CFD.

This paper seeks to take a given engineering question and see how well this nascent sketch-to-solution process
performs compared to a conventional approach with manual grid generation.

II. Engineering Question
The engineering question for this case study is, “What are the aerodynamic interaction effects of reaction control

system (RCS) jets for one possible configuration of the Mars Sample Return Lander (MSRL) [14] vehicle?” In this
particular case study, a proposed wind tunnel entry of the "Option A(N1)" configuration with conical thrusters located
near the heatshield is considered. This configuration is shown in Figure 1, and the conditions considered are given in
Table 1 for which we consider the case for an RCS roll command, i.e., four thrusters (two pairs) firing to spin the capsule
about the vehicle’s longitudinal axis.

Fig. 1 Mars Sample Return Lander aeroshell geometry, option A(N1), with conical thrusters located near heatshield.

Table 1 Wind Tunnel conditions

M Re, M/ft T0, °F α, deg. NPR NTR

2.399 3.000 125 -20 1588 1.9

III. Geometry Creation
This study began with a set of axisymmetric coordinates and parameters that defined the smooth-body MSRL

capsule geometry and a table of thruster throat locations and pointing vectors (see Table 2).
Engineering Sketch Pad (ESP) [15], which includes the Open-source Constructive Solid Modeler (OpenCSM) [16],

was used to turn these coordinates into a 3D solid model by way of a constrained 2D sketch and subsequent revolve.
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Table 2 MSRL truster throat locations and pointing vectors.

Throat Position Thrust Vector
Thruster x, mm y, mm z, mm ı̂ ̂ k̂

1A 1516.755 1521.476 1515.396 -0.26 0.673 -0.693
1B 1501.204 1590.870 1572.558 -0.26 0.673 -0.693
2A -1516.755 1521.476 1515.396 0.26 0.673 -0.693
2B -1501.204 1590.870 1572.558 0.26 0.673 -0.693
3A -1516.755 -1521.476 1515.396 0.26 -0.673 -0.693
3B -1501.204 -1590.870 1572.558 0.26 -0.673 -0.693
4A 1516.755 -1521.476 1515.396 -0.26 -0.673 -0.693
4B 1501.204 -1590.870 1572.558 -0.26 -0.673 -0.693

Total time for a novice user is on the order of an hour, while for an experienced ESP user, this task requires little more
than the time to enter the numbers. Figure 2 shows the resulting geometry in ESP, and Appendix VI.A shows the
OpenCSM file created by the interactive ESP session.

Fig. 2 Smooth-body MSRL geometry model created in ESP.

Adding the nozzles was accomplished by assigning a coordinate system for each thruster to the smooth capsule
by creating a vector orthogonal to the first two via the cross product of the throat position and the nozzle pointing
vector. Then, given the geometry for the conical wind tunnel model thrusters, each thruster was assigned a unique set
of boundary condition tags, placed according to its coordinate system, and subtracted from the original smooth-body
capsule geometry to produce the final capsule geometry with thrusters installed according to Table 2.

The OpenCSM file shown in Appendix VI.B was used to create a computational domain, place thrusters, assign
boundary conditions, generate an EGADS [17] geometry file used by subsequent steps, and export a STEP file that
was used as the starting point for the manual grid generation workflow discussed in the following section. Thanks to a
spreadsheet and OpenCSM’s ability to loop, this entire task took less than half an hour.
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IV. Work Flows
The following two subsections outline the steps in each of the two work flows: manual grid generation and automatic

grid generation. For both work flows, the FUN3D finite-volume flow solver [18] was used with the same settings:
compressible, perfect gas with the Spalart-Allmaras (SA) turbulence model [19]. Comparisons between the two work
flows are reserved for the following section.

A. Manual Grid Generation Work Flow
The components of manual grid generation work flow are shown in Figure 3. Starting with a problem definition,

an initial grid is created, a flow solution is computed, and results are mined from the solution. In addition, a grid

initial grid flow
solution result

Fig. 3 Manual grid generation process.

sensitivity should be performed, which entails running a family of grids of various resolutions through this workflow.
The components of the particular manual grid generation work flow are described in the following.

This instance of the manual grid generation work flow begins with receipt of a geometry file of the vehicle in STEPa
format. To be able use this geometry with the GridEx grid generation package [20, 21], the Siemens NX CAD softwareb
was used to translate this to a Parasolid geometry file in a matter of minutes (provided a license is available). In GridEx,
the computational domain was created by subtracting the vehicle geometry from a sphere; and boundary face types are
categorized by components and by whether they should have a boundary layer grid generated normal to them. Next, the
surface grid is created by placing VGrid [22] spacing “sources” throughout the domain and visualizing their surface
grid effects until the experienced operator is satisfied with the overall surface grid spacing. Sources can be points, lines,
or simple volumes. For this geometry, a single strong source was placed near the centroid of the vehicle to resolve
the surrounding volume and one at each nozzle throat to resolve the nozzle and the plume as seen in Figure 4. The

Fig. 4 The tiny red tetrahedra ( ) represent the approximate size and location of the VGrid spacing sources at the vehicle
centroid and nozzle throats. Note: The very coarse tessellation shown is to provide a geometric reference and still be able to
see the sources—it does not depict the final surface grid.

nominal surface grid for this case is shown in Figure 5. Including a small contribution from the farfield boundary,
the surface grid contains 170k nodes and 336k triangular faces. For a simple geometry like this in the hands of an
experienced GridEx user, this surface gridding process takes 0.5–1.5 hours; and even for the most complex geometries
(e.g., a full-protuberance Space Launch System vehicle stack), never more than a work day.

A batchEx script, the text equivalent of the interactive GridEx session, is created to specify boundary layer grid
properties for the AFLR3 volume grid generatorc and so that the script can be used to generate a family of grids for

aSTEP stands for the Standard for the Exchange of Product model data, ISO 10303.
bhttp://www.siemens.com/nx, last accessed December, 2019.
chttp://www.simcenter.msstate.edu, last accessed December, 2019.
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(a) Acreage. (b) Nozzle detail.

Fig. 5 Surface grid.

the grid sensitivity study by globally varying the spacing field request and the boundary layer growth factors in log
space. Listing 1 shows excerpts of the batchEx script for this case and Table 3 shows the grid refinement statistics used
for the grid sensitivity study. Volume grid generation is sequential and can take anywhere from 30 minutes to a few

Table 3 Grid refinement statistics.

f N NT NPy NPr NE r0 rmax h0

1.26 14.3M 51.4M 17.7k 16.8M 34.5M 1.10 1.19 1.26e-6
1.00 16.2M 54.5M 21.8k 20.9M 33.6M 1.08 1.15 1.00e-6
0.79 32.1M 109.2M 35.8k 40.9M 68.2M 1.06 1.12 0.79e-6
0.63 64.2M 217.1M 69.6k 82.8M 134.3M 1.05 1.09 0.63e-6

days depending on the final grid size and the number of spacing sources it needs to obey (the fewer the better). But
unlike other grid generators that do not use the local reconnection algorithm, AFLR3 always has a valid volume grid
throughout the grid generation process once it recovers the initial surface tessellation—unless of course, it exhausts the
machine’s memory. With locally available machines, the practical upper limit is around 150M nodes.

One Achilles heel of this workflow is that one often does not discover problems in the underlying geometry until the
volume grid generator attempts to recover the boundary tessellation when it begins to tessellate the volume. The most
frequent issues are caused by

1) A face that is too small to be resolved by the requested spacing, causing the face to collapse into a zero-area
triangle.

2) Pointed (singular) bodies of revolution with one or two faces, creating two triangles at the tip that collapse onto
one another, no matter how small the spacing request.

The first is often caused by two faces that should share an edge, but due to tolerances, may appear as two disjoint faces
connected by an extremely thin face. This can often be cured by using a CAD system to “heal” or “repair” the geometry,
but one must carefully monitor any geometry changes that might result. A more severe form of the first issue may be due
to issues associated with the underlying surface parameterization, such as a fold or singularity. In these cases, often the
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Listing 1 Excerpts of the batchEx script used to generate a family of grids by globally varying the spacing field request and
the boundary layer growth factors in log space.

#! /bin/bash -uex

BASE=wt_8t-hs_msrl_opt_n_a1hg

[..setup software environment..]

# AFLR3 Volume Grid Configuration
# Grid Type: 0 (ANISO=0, ISO=1, ISO90=2)
# Volume Growth: 0 (INTERP'D=0, MODERATE=1, HIGH=2, VERY_HIGH=3)
# Pentas: 0 (TRUE/FALSE)
# Initial Growth: 1.2
# Growth Multiplier: 1.05
# Max Growth: 2
# Spacing Type: 0 (ABSOLUTE=0, LAMINAR=1, TURBULENT=2)
# Spacing: 1e-05
# Spacing Multiplier: 1
# Re: 1e+06
# y+ (or Laminar Fraction): 1
# Custom: (null)
cat > .aflr3 << EOF

0
0
1
1.08
1.01
1.15
0
1.0e-6
1.01
0.0
1.0
-ogrid ${BASE}.lb8.ugrid
EOF

batchEx \
-parasolid \
-load ${BASE}.xmt_txt -v 1 \
-v 1 \
-slip farfield \
-f 1 -mv -1 \
-f 2 -mv -1 \
-noslip capsule \
-f 11 -mv -1 \
[...]
-noslip nozzle_6 \
-f 35 -mv -1 \
[...]
-slip plenum_1 \
-f 82 -mv -1 \
[...]
-model -1 \
-viscous 1 -stretch 0 \
-s 3 \
-m 2 \
-vsrc 1 1.5 0 0 0.030 1.0 0.005 0.18 0.01 0 \
-srange 1 1 -vsrc_extra 20 0 0 \
-vsrc 1 0.966 -2.051 -1.909 0.002 1.0 0.005 0.18 0.01 0 \
[...]
-vsrc 1 1.042 -1.962 1.928 0.002 1.0 0.005 0.18 0.01 0 \
-srange 2 -1 -vsrc_extra 6 0 0 \
-sdef 1 \
-smin 0.001 \
-bscale 1.0 \
-bc ${BASE}-s.mapbc \
-aflr3 ${BASE}-s \
-o ${BASE}-s

only recourse is to completely replace the offending face. The second issue can often be cured by splitting the revolved
face into multiple faces that do not have diametrically opposed split lines and specifying a spacing small enough to
resolve the resulting arcs with three or more points.

B. Automatic Grid Generation Work Flow
The components of the automatic grid generation work flow are shown in Figure 6. Starting with a problem

definition, an initial grid is created and a flow solution is computed. The information from the flow solution is used to
estimate error and specify a new grid resolution request. If the estimated errors are larger than limits specified by the
practitioner, the current grid system is modified by grid mechanics to adhere to the grid resolution request. The process

initial grid flow
solution

error
estimation

continue?
grid

adaptation
mechanics

result
yes no

Fig. 6 Automatic grid generation process.

is repeated until an exit criterion is met (e.g., an accuracy requirement or a resource limit). Details of the particular
sketch-to-solution work flow employed for this study are described in the remainder of this subsection.

In this case, the geometry is already in the native format for this automatic-grid workflow: an OpenCSM file that
produces and EGADS geometry file. Kleb et al. [12] discuss options for other geometry starting points, e.g., a STEP
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file, and contains a simple script used to complete the next two steps of:
• exporting a draft of the FUN3D viscous fluid solver [18] boundary conditions file (.mapbc),
• automatically creating a very coarse, surface-curvature-constrained, isotropic volume grid via refined and
TetGen [23].

And so with geometry, initial grid, and boundary conditions in hand, all that remains is to configure the FUN3D flow
solver via fun3d.nml, define the schedule and resources for the solution-adaptation cycle via case_specifics, and
launch the solution process via the f3d utility that comes with FUN3D.e

V. Comparisons
The observant reader may already be crying, "Foul!" as the Geometry Creation section resulted in the native input

for the automatic grid generation work flow. And so to be fair when comparing the two work flows, the initial geometry
translation from STEP to Parasolid in the manual grid generation work flow will not be included during comparisons.

But even this choice to use ESP for geometry work as opposed to the NX CAD software used in the manual grid
generation workflow reveals an important difference: The first author has dabbled in NX for over a decade and still does
not felt comfortable with it, whereas he felt comfortable using ESP within a few months. For example, the table of
thruster positions and orientations was daunting for this casual NX user to implement; whereas, after creating a third
coordinate vector via the cross product, it was a simple cut-and-paste operation in ESP that took less than 10 minutes
total. In addition, ESP is very amenable to automation via application programming interfaces (APIs) [24, 25] and the
text-based OpenCSM language.f It is also unencumbered by the potential delays, cost, and scalability issues that come
with network-licensed software.

Table 4 shows the cost comparison between the two grid generation work flows in terms of human time, computer
time (CPU), and wall time, measured in hours. As anticipated, because the automatic grid generation work flow has
fewer steps performed by a human, it has six times less cost in this area; and the potential for fewer human mistakes
multiplies this savings. In this case, the manual workflow wins in terms of computer time. This is due to the lack of a
strong solver as will be discussed later. The 25% more wall time for the manual grid generation method is largely due
manual touch time; and note that if one had taken advantage of the automatically-generated grid work flow producing a
sizable history of grids and the decreasing spread in their predictions at each grid level (as will be seen in Figure 7), the
process might have been terminated at an order of magnitude fewer number of nodes.

Table 4 Grid generation work flow cost comparison as a function of tasks includ-
ing limited manual grid generation sensitivity study.

Human, hours CPU, hours Wall time, hours
Task M A M A M A

Import geometry 0.1 0.1 - - 0.1 0.1
Create domain 0.5 0.2 - - 0.5 0.2
Assign BCs 0.2 0.1 - - 0.2 0.1
Surface Grid 2.0 - - 0.1 2.0 0.1
Volume Grid 0.5 - 4.0 0.3 6.5 0.3
FUN3D mapbc 0.1 0.1 - - 0.1 0.1
FUN3D namelist 0.2 0.2 - - 0.2 0.2
Job submission 1.0 - - - 1.0 -
Simulation - - 6000.0 18000.0 36.0 36.0
Tabulate results 0.5 - - - - -

Totals 4.6 0.7 6004.0 18000.4 46.6 37.1

M ≡ manual grid generation; A ≡ automatic grid generation

drefine is developed by NASA and is available via https://github.com/NASA/refine, last accessed December, 2019.
eNote: Examples of fun3d.nml and case_specifics are given in Kleb et al. [12].
fWhile it might be even more convenient if an established language like Python could be used instead—see Refs. [26, 27].
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How well did each answer the engineering question at hand, "To what extent did the RCS interact with the vehicle
aerodynamics?" First, let’s examine the trajectory of overall vehicle drag as a function of grid nodes, N , shown in Figure 7
where the sequence of manually-generated grids are shown as orange circles (#), and the automatically-generated
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Fig. 7 Overall vehicle drag coefficient, CD as a function of grid nodes, N .

grids are shown as violet diamonds (3). The manually-generated grid sequence and the automatically-generated grid
sequences appear to be converging to a similar drag value, but from opposite sides. The automatic grid generation
trajectory also appears to approach the neighborhood of the asymptote with far fewer nodes, e.g., one-to-two orders
of magnitude sooner in this case. This is partly due to the failure to manually produce a true family of grids on the
coarser side of what the expert decided was a nominal resolution for this study and because grid sensitivity studies
typically strive for finer meshes, not coarser ones—if resources allow. Meanwhile, the automatic process starts with
far coarser grids because they are much cheaper and because it gives the adaptation process for freedom to seek the
optimum node-distribution topology sooner.

For this study, the automatic grid generation work flow was configured to begin at 25,000 nodes and to monitor the
drag coefficient from each solution, similar to that proposed in Ref. [10]. Specifically, the number of nodes is allowed to
double when either:

• at least four solutions at a given number of nodes show a drag coefficient within 0.1% spread, or
• twenty grid-solution pairs have been computed at a given number of nodes.

As expected, initial coarser meshes show a wide variation in drag prediction from grid to grid; but as the number
of nodes increases, the spread becomes less and typically only requires the minimum four grid-solution pairs before
doubling the size of the grid. This staged grid generation process has many advantages.

First, by monitoring the spread in a quantity of interest at a given resolution and doubling based on tolerance (or
reaching a limit), work is not wasted as would be the case if the number of iterations at a given number of nodes was
fixed. This staged grid generation process also allows the user to monitor the quantity or quantities that are of most
interest—see for example, Figure 3 in Ref. [12].

Second, because the solution from each previous grid is interpolated onto the new grid,g the process has built-in
grid sequencing, that, when coupled with a Newton flow solver, can yield prodigious iterative convergence. Consider,
for example Figure 8 from Ref. [12] that shows the two fold advantage of using a Newton solver over a typical
defect-correction solver for grid sequences like these: 1) increased robustness and 2) increased efficiency.

gGrid sequencing could also be done with the manual grid generation work flow; but due to the extra manual effort involved, it is rarely done.
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(a) Defect Correction.

Walltime, min.

R
e

s
id

u
a

l 
L

2
 N

o
rm

0 5 10 15 20 25 30 35 40
10

­12

10
­10

10
­8

10
­6

10
­4

10
­2

10
0

Grid 19

(b) Newton-Krylov.

Fig. 8 Comparison of the robustness and cost for two solver approaches (from Ref. [12]).

Third, the goal of this particular grid-solution adaptation process is to minimize solution interpolation error; and as
a result, it seeks the optimal grid point topology, or distribution, and not a sequence of uniformly-refined grids to show
design order. As Diskin et al. [28] warn,

Establishing a design-order convergence for RANS solutions proved to be more difficult than was expected
and could not be achieved using current grid-refinement guidelines emphasizing uniform refinement. Any
discretization scheme needed grid adaptation near geometric singularities to establish the design-order
convergence. This conclusion pertained not only for the specific RANS formulation but for any system of
partial differential equations.

And finally, by being able to visualize the progression of quantity of interest (CD in this case), the operator can decide to
terminate the process due to resource constraints or comfort level. The potential downside with discretized nonlinear
equations such as these, however, is that some important flow feature(s) might not yet have been resolved, and the
asymptote could shift.

Table 5 shows a detailed comparison of force and moment coefficients for the positive roll command case as
compared with the uncommanded case (jets off). The predictions agree with one another to the third decimal place, and
both show the expected positive rolling moment. While examining the performance of the thrusters in more detail,
however, the discharge coefficients were lower than expected for the automatic grid generation work flow case. The
cause was found to be a lack of boundary layer resolution in the nozzle as shown in Figure 9a. Future work will seek to
augment the adaptation process to assure appropriate boundary layer wall spacing will occur earlier in the process. As a
workaround, the nozzle wall boundary conditions were changed to slip walls with the result shown in Figure 9b. This
change yielded the expected discharge coefficient and still provided a very similar plume shape.

Finally, how do the two work flows compare against the CFD Vision 2030 Study’s goal that, “the mesh generation
process should be invisible to the CFD user or engineer”? As the name implies, the manual grid generation work
flow requires considerable human attention in the course of generating the grid(s). For this case study, the human
touch time was on the order of half a day, with another half a day for volume grid generation necessary to perform a
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Table 5 Comparison of predicted vehicle forces and moments for RCS positive roll command and uncommanded.

Roll Thrusters CX CY CZ Cmx Cmy Cmz work flow

on 1.556 -0.006 -0.059 0.036 -0.003 0.000 manual grid generation, finest
on 1.558 -0.005 -0.059 0.034 -0.003 0.000 automatic grid generation, final

off 1.489 0.000 -0.058 0.000 -0.001 0.000
on−off 0.069 -0.005 -0.001 0.034 -0.002 0.000

(a) No-slip nozzle walls. (b) Slip nozzle walls.

Fig. 9 Comparison of workaround for nozzle wall boundary condition.
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cursory grid sensitivity study. As mentioned in the beginning of this section, there was zero human interaction with the
grid generation and adaptation phases in the automatic grid generation work flow. The only grid-specific input was
constraining the maximum number of nodes; or as Sir Arthur C. Clarke’s Third Law posits, “Any sufficiently advanced
technology is indistinguishable from magic.”

VI. Concluding Remarks
To explore the benefits and pitfalls of the nascent sketch-to-solution automatic grid generation capability, this paper

compared a conventional manual grid generation work flow to this new automatic grid generation work flow for a
given engineering question, “What are the aerodynamics interactions caused by the reaction control system on an entry
vehicle?” This case study indicates that while the automatic grid generation sketch-to-solution process is not yet mature
(e.g., the leeside nozzle boundary layer grid was slow to come in), it is preferred over a manual grid generation work
flow because it greatly reduces manual labor, thereby eliminating many opportunities for human error; it has built-in
grid sequencing and grid sensitivity; and with some adjustments, it shows the promise of reaching the correct answer
with far fewer grid points.
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Future work consists of finding better ways to manage the overall grid node budget, or in other words, seeking
poka-yokeh mechanisms that either guard against failures or bring attention to them if they occur.
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Appendices
Configuration files used by some of the work flows explored above.

A. Smooth-body MSRL OpenCSM file
# Mars Sample Return Lander
# Option N configuration
# (A1: 2019-10-17)
# with 100mm tall fairing over thermal seal joggle
# at heatshield/backshell juncture
# Dimensions: mm

# BIP = backshell interface plane (origin)
# z is from origin through nose

despmtr max_diameter 4700
set max_radius 0.5*max_diameter
despmtr nose_radius 5640
despmtr nose_to_bip 2315
despmtr cap_to_bip 1070.5
despmtr cap_radius 375.825
despmtr backshell_angle 35.758805246
despmtr heatshield_angle 30
despmtr heatshield_to_bip 1570
despmtr gap_seal_height 100
set gap_seal_to_bip heatshield_to_bip-gap_seal_height
despmtr shoulder_radius 135

skbeg 0 0 0 1
skvar xy " 0.0; 0.000; 0.0;\

1070.5; 0.000; 0.0;\
1070.5; 375.825; 0.0;\
-1470.0; 2205.316; 0.0;\
-1570.0; 2287.329; 0.0;\
-1647.2; 2331.913; 0.0;\
-1838.3; 2269.319; 44.9;\
-2315.0; 0.000; 120.5;"

skcon X 1 -1 0
skcon Y 1 -1 0
skcon H 1 2 0
skcon L 1 2 cap_to_bip
skcon V 2 3 0
skcon L 2 3 cap_radius
skcon I 3 4 180-backshell_angle
skcon W 4 1 gap_seal_to_bip
skcon W 5 1 heatshield_to_bip
skcon I 5 6 180-heatshield_angle
skcon T 6 -1 0
skcon R 6 7 shoulder_radius
skcon Y 6 7 max_radius-shoulder_radius
skcon T 7 -1 0
skcon R 7 8 nose_radius
skcon H 8 1 0
skcon L 8 1 nose_to_bip
skcon P 8 -1 0
linseg ::x[2] ::y[2] 0
linseg ::x[3] ::y[3] 0
linseg ::x[4] ::y[4] 0
linseg ::x[5] ::y[5] 0
linseg ::x[6] ::y[6] 0
arc ::x[7] ::y[7] 0 ::d[7] xy
arc ::x[8] ::y[8] 0 ::d[8] xy
linseg ::x[1] ::y[1] 0

skend 0
revolve 0 0 0 1 0 0 360
rotatey 90 0 0

end

hPer Ref. [29], poka-yoke (ポカヨケ) is a Japanese term that means “mistake-proofing” or “inadvertent error prevention.” A poka-yoke is any
mechanism in any process that helps an operator avoid (yokeru) mistakes (poka). Its purpose is to eliminate product defects by preventing, correcting,
or drawing attention to human errors as they occur.
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B. Domain, Thrusters, and BCs OpenCSM file
# LRC UPWT 6"-diameter Option N-A1 model with 8 thrusters near heatshield

despmtr model_diameter 6
despmtr farfield:zcent_in_diameters -1.2
despmtr farfield:radius_in_diameters 2.5

# create farfield domain and assign BCs
sphere 0 0 farfield:zcent_in_diameters*model_diameter farfield:radius_in_diameters*model_diameter
attribute bc $farfield

# load capsule and assign BCs
udprim csm filename $msrl_opt_n_a1-101719.csm
attribute bc $capsule

# thruster locations and orientations where (0,0,0) corresponds to throat location
# x0 y0 z0 dx1 dy1 dz1 dx2 dy2 dz2
csystem tpos1 " 1516.755; 1521.476; 1515.396; -0.26; 0.673; -0.693; -2074.244; 657.108; 1416.360;"
csystem tpos2 " 1501.204; 1590.870; 1572.558; -0.26; 0.673; -0.693; -2160.804; 631.469; 1423.936;"
csystem tpos3 "-1516.755; 1521.476; 1515.396; 0.26; 0.673; -0.693; -2074.244; -657.108; -1416.360;"
csystem tpos4 "-1501.204; 1590.870; 1572.558; 0.26; 0.673; -0.693; -2160.804; -631.469; -1423.936;"
csystem tpos5 "-1516.755; -1521.476; 1515.396; 0.26; -0.673; -0.693; 2074.244; -657.108; 1416.360;"
csystem tpos6 "-1501.204; -1590.870; 1572.558; 0.26; -0.673; -0.693; 2160.804; -631.469; 1423.936;"
csystem tpos7 " 1516.755; -1521.476; 1515.396; -0.26; -0.673; -0.693; 2074.244; 657.108; -1416.360;"
csystem tpos8 " 1501.204; -1590.870; 1572.558; -0.26; -0.673; -0.693; 2160.804; 631.469; -1423.936;"

# from 4700 mm to model diameter/units
scale model_diameter/4700

# import (long) conical thruster geometry
udprim csm filename $prototype3l.csm
store thruster

# mark thruster BCs, position, and subtract from capsule
patbeg it 8
restore thruster
attribute bc !$thruster_+it
select face 6
attribute bc !$plenum_+it
applycsys !$tpos+it
subtract

patend

# create computational domain
subtract

# orient with x-axes running from nose to backshell
rotatey -90 0 0

# move origin from backshell interface plane to nose
translate model_diameter*2315/4700 0 0

dump wt_8t-hs_msrl_opt_n_a1.egads
dump wt_8t-hs_msrl_opt_n_a1.stp

end
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