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The plume-induced environment of a conceptual ARES V vehicle stage test at
the NASA Stennis Space Center (NASA-SSC) was modeled using computational
fluid dynamics (CFD). A full-scale multi-element grid was generated for the NASA-
SSC B-2 test stand with the ARES V stage being located in a proposed off-center
forward position. The plume produced by the ARES V main power plant (cluster of
five RS-68 LOX/LH2 engines) was simulated using a multi-element flow solver -
CRUNCH. The primary objective of this work was to obtain a fundamental
understanding of the ARES V plume and its impingement characteristics on the B-2
flame-deflector. The location, size and shape of the impingement region were
quantified along with the un-cooled deflector wall pressures, temperatures and
incident heating rates. Issues with the proposed tests were identified and several of
these addressed using the CFD methodology. The final results of this modeling
effort will provide useful data and boundary conditions in upcoming engineering
studies that are directed towards determining the required facility modifications for
ensuring safe and reliable stage testing in support of the Constellation Program.
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= area

turbulence modeling constants
diameter or source vector
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thrust or inviscid flux vector
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= primary variable vector

= species

T = temperature

U = velocity vector

u,v,w = velocity components
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€ = turbulent kinetic energy dissipation rate
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Y = ratio of specific heats
K = turbulent kinetic energy or thermal conductivity
Tl kinematic viscosity

Wt = turbulent viscosity

p = fluid density

G, 0 = turbulence modeling constants
T = shear stress tensor

I. Introduction

A. The Constellation Program

Under the newly defined Constellation Program, NASA is endeavoring to broaden its manned space
exploration efforts by returning back to the Moon by the year 2020. The mission durations on the
lunar surface will be for much longer periods of time than that which were conducted during the Apollo
Program. One of the primary objectives of this new exploration effort will be to develop both the
experience and technology necessary for accomplishing future manned expeditions to Mars and beyond.

Two new transport vehicles, ARES V and ARES I, have been proposed to support the Constellation
Program efforts" . Figure 1 shows the present day conceptual structure of the ARES vehicles. The core-
stage of the ARES V vehicle has an external casing diameter of 33 ft and will be powered by five Pratt &
Whitney Rocketdyne RS-68 LOX/LH, engines’. The RS-68 engine is currently being used as the
powerplant for the Delta IV expendable launch vehicle, and undergoing certification testing at the NASA
Stennis Space Center, as shown in Figure 2a.

The Earth departure stage (EDS) of ARES V and the upper stage of ARES I (diameter of 18 ft) will
both be powered by single J-2X engines. The J-2X engine, also to be manufactured by Pratt & Whitney
Rocketdyne, is not currently under production. It will consist of a blend of the Apollo-era J-2 engine that
powered the 2™ and 3" stage of the Saturn V, and the streamlined J-2S engine which was developed and
tested in the late 1970’°s but never flew. A conceptual rendering of the J-2X is depicted in Figure 2b. The
planned engine specifications for the new ARES power plants are summarized in Table 1*”.
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Figure 1: ARES V (left) and ARES I (right) Vehicles" 2
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Figure 2: An RS-68 Engine Test at the NASA Stennis Space Center B-1 Test Facility and a
Conceptual Rendering of the J-2X Engine"’

Table 1: Conceptual RS-68 and J-2X Engine Specifications

RS-68"° J-2X%
Engine Cycle Gas Generator Gas Generator
Propellants LOX/LH, LOX/LH,
Mixture Ratio 6.0 5.5
Chamber Pressure (psia) 1450 1338
Thrust (K-1bf) 758 (v) / 663 (sl) 294 (v)
Isp (sec) 409 (v) /357 (sD) 448 (v)
Expansion Area Ratio 21.5 -
Exit Diameter (in) 96 -

B. Vehicle Stage Testing Capability at NASA-SSC

In preparation for the Constellation Program, proposals for NASA Stennis to conduct both ARES V
and ARES I stage tests are being made. The B-2 test facility at NASA Stennis is a prime candidate for
conducting these stage tests due to its unique capabilities, which are highlighted in Table 2. The B-2 test
facility has been used in the past to test a variety of vehicle stages including the Apollo SATURN V,
Space Shuttle Main Propulsion Test Article (MPTA), and the Delta IV common booster core (CBC).
Historical images of these test programs are shown in Figure 3. The SATURN V booster stage was the
most powerful of the three, generating an aggregate thrust of 7.76x10° Ibf (or 7.76 M-Ibf) from 5
LOX/RP-1 F-1 engines. In comparison, the ARES V core-stage and ARES I EDS will deliver much less
thrust of only 3.25 and 0.3 M-Ibf, respectively. The Space Shuttle MPTA, shown mounted on the B-2 test
stand in Figure 3b, was composed of an external tank, shuttle tail structure, and the 3-engine Space
Shuttle Main Engine (SSME) cluster. The aggregate thrust for the Space Shuttle MPTA was 1.5 M-Ibf.
More recently, the Delta IV CBC, powered by the 700 K-1bf class RS-68 engine, was tested at the B-2 test
facility (Figure 3c).
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Table 2: NASA Stennis Space Center B-1 & B-2 Test Facility Capabilities®

Thrust capability of 13 M- 1b
Flame-deflector Cooling of 330,000 gal/ min
Deluge System of 123,000 gal/ min

Data measurement system

Two derricks — 175 ton and 200 ton

High- pressure gas distribution systems
LOX and LH2 propellant supply systems
Hazardous gas and fire detection systems
Barge unloading capability (3 LOX, 3 LH)

Figure 3: Vehicle Stage Tests at the NASA Stennis Space Center B-2 Test Facility
(a) SATURN V Core Stage, (b) Space Shuttle Main Propulsion Test Article
(MPTA) and (c¢) Delta IV Common Booster Core (CBC) Stage
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II. Problem Description

Due to stringent test scheduling demands and limited test facility resources, the question was posed
concerning the feasibility of having both ARES stages on the B-2 test facility during a single ARES stage
test. This would prevent having to unload one stage while the other was being tested. It should be made
clear that no plans are made to conduct tests of the ARES V and ARES I stages simultaneously but rather
solely to avoid having to relocate one of the stages during a test.

Figure 4 is a dimensionally accurate PRO-E CAD model illustrating the proposed arrangement of the
ARES V in a forward (Northern) position on the B-2 test stand and the ARES I in an aft (Southern)
position. The relative placement of the stages on the stand was governed by a combination of the test
demands and geometric/facility constraints of the B-2 test stand. For example, due to the foreseen
probability that the ARES I would be loaded and unloaded more frequently than the ARES V stage, the
ARES 1 had to be located in the aft location which is closest to the test stand crane. Furthermore,
geometric constraints imposed by the upper support structure, aspirator and flame-deflector prevented any
East/West arrangement of the two ARES stages.

ARES |

Figure 4: Dimensionally Accurate PRO-E CAD Model of the Proposed Arrangement for the ARES
V and ARES I Stages on the NASA Stennis B-2 Test Stand

Figure 5 is a side-view representation of the proposed arrangement for the shared B-2 facility which
depict the critical angles and dimensions. The dimensions have been normalized by the RS-68 engine
nozzle exit diameter. Upon first review, several potential issues were raised concerning the stage testing
of ARES V. First, it was feasible that an undesirable ARES V plume deflection might occur due to a
stronger impingement angle on the deflector surface (47.5° vs. 43.2°) compared to an aspirator centered
configuration. The larger plume-impingement angle could result in a detached impingement shock,
which would induce reversed flow upstream along the deflector surface. The stronger impingement heat
transfer and resulting reversed flow convective heating would require modifications to the deflector water
cooling-hole spacing to be made. Since a sufficient amount of cooling water (330,000 gallons/minute) is
available through the facility industrial water supply, only modifications to the cooling-hole patterns
along the deflector surface would be needed.

In addition to the plume impingement region, increased convective and radiative heating of the
aspirator could also be expected due to the ARES V plume being located closer to the aspirator walls
compared to an aspirator-centered placement of the ARES V. Finally, the acoustic and vibrational
loading to the neighboring ARES I imposed by the ARES V stage tests is a significant unknown which
cannot be overlooked. However, the current CFD modeling effort was focused solely on quantifying the
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plume impingement properties for the ARES V tests and providing guidance on cooling modifications
that might need to be made to the test stand.

— testcell

— aspirator
y/D=7.1

y/D=9.8

Z (south)
+«—0

flame deflector

Figure 5: Proposed Placement of the ARES V (in red) and the ARES I (in green) Stages on the
NASA Stennis B-2 Test Stand (in orange)

III. Modeling Approach

A. CRUNCH CFD Code Description

The modeling and simulation group at NASA Stennis have been successfully implementing the
CRUNCH CFD code for a variety of fluid-flow problems including valves, cavitating venturies,
cryogenic propellant tanks, and reacting rocket plumes. CRUNCH'*'* is a multi-element (i.e. tetrahedral,
prismatic, pyramid, and hexahedral cells) unstructured flow solver for viscous, real gas systems. It is
formulated for an edge-based data framework (following Barth' ') where the solution is saved at the
cell-vertex and a dual control-volume is defined by cutting across all edges coming to a node. Such an
edge-based formulation is attractive when dealing with multi-elements since the dual surface associated
with an edge can include contributions from different element types resulting in a "grid transparent”
framework for inviscid flows.

The governing equations being solved in CRUNCH are written in finite-volume form for each vertex
dual control-volume as follows:

a [QdV + [ F(Qn)ds = [G(Q,n Yis + [ DAV €))
aq o Q 0

Following the standard notation, Q is the vector of dependent variables, F(Q, n) is the inviscid flux vector,

G(Q,n) is the viscous flux vector, and D is the chemical/turbulent source term. The vectors Q, F, G, D are
defined as

T
0= |p. pu, pv, pw, E, pr,.... Ps.-... P51, Pk, pe] @
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The first five equations represent global continuity, momentum, and energy equations; the next (NS-1)
equations represent species continuity; and, the last two equations represent scalar transport of turbulent
kinetic energy and dissipation rate.

The inviscid flux procedure involves looping over the edge list and computing the flux at the dual face
area bisecting the edge. A Riemann problem is solved for using higher order reconstructed values at the
dual face (see Ref. 12 for details). Presently, a second-order linear reconstruction procedure (following
Barth'"”) is employed to obtain a higher order scheme. The higher-order variables need to be limited to
yield a total variation diminishing (TVD) scheme. We note that the inviscid flux procedure as outlined
here is grid transparent in that the details of the different element types contributing to a dual face area
edge are not relevant.

The viscous fluxes are computed by estimating the gradients (or stresses) at the cell faces and then
performing a Green-Gauss integration of the stresses around each dual control volume [see Ref. 13 for
details]. For hexahedral cells where the edge vectors are not skewed relative to the cell faces, an edge-
based viscous flux procedure can be derived. However, for tetrahedral cells where edge skewness is
substantial, the edge based procedure fails, particularly for the k-g equations, and is reflected in incorrect
turbulent viscosity levels. For tetrahedral cells, a cell based procedure has been implemented which
remedies this problem.

The ‘standard’ high Reynolds number form of the k-& equations forms the basis for turbulence
modeling in CRUNCH. Transport equations for the turbulent kinetic energy and its dissipation rate are
solved along with the basic momentum and energy equations. These equations, with supplemental low Re
near-wall terms, are as follows,
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where, o;, o, C, and C, are the modeling constants, and f;, f> f, are low Re (near-wall) empirical
modeling functions which equal unity in the high Reynolds number form.

Corrections to the k-g turbulence model equations are often required to account for the effects of
compressibility and non-linearity. A compressible wall function serves as a baseline method for near-
wall analysis but does not perform adequately for highly separated regions. Extended variants of ke that
account for non-linear effects may be required to handle the complex vortical physics such as observed in
mixing regions in scramjets. Three primary upgrades have been implemented in CRUNCH namely: (1)
n" based near wall low Reynolds number models to enable integration to the walls; (2) compressibility
corrections of Sarkar to account for effects of compressible-dissipation and pressure-dilation; and (3) an
Explicit Algebraic Stress Model (EASM) to include non-linear effects. These extensions are described in
Ref. 14. The EASM model, in particular, is shown to significantly improve predictions in complex
vortical flow regions, by allowing the model parameter C, to vary as a function of the local flow
conditions, as opposed to being a constant as in the traditional k-& models. Developmental work includes
accounting for variable Pry/Sc, effects'” and using probability density function (PDF) turbulent
combustion models'®.

The scalar equation extensions described in equation set (1) allow for the analysis of generalized,
multi-component gaseous flowfields including real gas behavior. Non-equilibrium combustion
phenomenon can be modeled using finite rate chemical kinetic source terms in a completely general
fashion where an arbitrary set of reactions may be specified by the user. The reader is referred to Ref. 12
for more details on the combustion modeling approach implemented in CRUNCH.

For efficient computation of large 3D problems, a parallel framework for distributed memory systems
has been implemented along with an implicit solution procedure for the sparse implicit Jacobian matrix.
The parallel framework is implemented by partitioning the grid into sub-domains with each sub-domain
residing on an independent processor. Since the solution is solved for at the cell vertex, the control
volume for the nodes lying on the interprocessor boundaries may span across processors. The net flux for
the interprocessor nodes are obtained by summing up the fluxes computed independently on each
processor and hence the explicit flux is identical to the single-processor solution (see Ref. 16 for details).
The message passing between processors has been implemented using MPI to provide portability across
various platforms.

The implicit solution procedure allows for Gauss-Seidel or generalized minimum residual (GMRES)"®
solver options with a preconditioning matrix using distance-one neighbor bandwidth. Currently, the
approximate Jacobian for the Roe-average flux is taken and this together with the sparseness of the
preconditioning matrix may affect the stability of the inversion procedure. The implicit inversion process
is implemented for parallel, partitioned grids by summing up the diagonal blocks of the sparse matrix for
interprocessor nodes. The off-diagonal blocks for inter-processor nodes can be made zero to ensure
identical solutions on each processor. In this case, the stability of the procedure would depend on the
diagonal dominance of the system. Conversely, if the off- diagonal blocks were not made zero, the
solution on interprocessor nodes would need to be averaged across processors to obtain a common
solution on all processors.
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B. Modeling Assumptions

The overall primary assumption being made in the current work was to neglect the effects of the
flame-deflector cooling water on the ARES V plume structure, i.e. to model the “wet-plume” as a “dry-
plume”. This assumption was found to be necessary due to the fact that it was not computationally
feasible to accurately model the flow from thousands of 5/32-inch diameter cooling holes on the flame-
deflector. While an approximation of the cooling flow could have been made by applying a porous wall
model, the the capability of CRUNCH in modeling the two-phase evaporation flow physics associated
with the water injection process is currently under development. However, it should be noted here that
the basic structure of the physical “wet-plume” will be very similar to the “dry-plume” in terms of its
impingement and attachment characteristics on the flame-deflector. Therefore, the dry-plume model will
provide the capability of predicting the maximum possible heat loads that could occur on the B-2 cooled
flame-deflector surface. These results can then provide guidance on determining any cooling-hole
modifications that might be required to safely conduct the future ARES stage testing programs. In
conclusion, the results of the current work are believed to be highly valuable despite the necessary
simplifying assumptions being made in the models.

The ARES V plume was also modeling assuming ideal-gas chemically frozen flow. The viscous
boundary layer effects were neglected initially by solving the Euler-equations on fully unstructured grids.
This allowed for accelerated grid generation and reduced numerical overhead during this preliminary
effort. Viscous turbulent modeling of the plume are now being conducted on multi-element grids with
structured hexagonal grid cells placed in the viscous dominated areas (e.g. plume shear layers, deflector
boundary layers, etc.).

C. Computational Domain and Boundary Conditions

The dimensionally accurate full-scale CAD model of the B-2 test stand with the ARES vehicles and
their associated engines in the proposed locations on the stand was shown in Figure 4. The CAD model
was exported from PRO-E as an IGES file and the trimmed surfaces in the IGES file were used as the
database curves for generating the CFD grid. Figure 6 depicts the computational domain defined and the
final multi-block grid sizes used in the current work. Care was taken to cluster the grid cells where strong
gradients in the flowfield where expected such as the engine exhaust, aspirator and flame-deflector
regions. A grid-independency study was also performed which verified adequate resolution in the flow-
field.

The critical RS-68 chamber conditions and engine dimensions were obtained from publicly available
sources and were summarized in Table 1. The NASA chemical equilibrium analysis (CEA) code'® was
then used to determine the nozzle exit conditions in order to apply the appropriate engine inflow boundary
conditions in the CFD model. The output from this CEA analysis is summarized in Table 3.

Table 3: RS-68 Nozzle Exit Conditions Predicted by the NASA CEA Code

RS-68 Nozzle Exit Conditions (CEA)

p (kg/m’) 4.73e-2
P (Pa) 47191.0
T (K) 1672.0
Mach No. 3.7
¢ (m/sec) 1098.6
Y 1.23
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Figure 6: Multi-Block CFD Grid Domain for the ARES V B-2 Plume Impingement Model
(4.2 million grid cells total)

Using the properties in Table 3, the 5 RS-68 nozzle exits were modeled as fixed-flux boundary
conditions. The test cell and external flow entrainment boundaries depicted in Figure 6 were specified to
be subsonic inlet boundaries at standard sea-level conditions to allow atmospheric entrainment by the
plume. The walls of the vehicles, aspirator, flame-deflector and external ground were all modeled as
inviscid walls during the preliminary stages of this work. The outflow boundary in the external flow
block, shown in Figure 6, was specified to be a mixed supersonic/subsonic flow exit boundary. During
the course of this work, it was determined to be critical in the model that a sufficiently large external flow
block be included in the computational domain in order to accurately capture the entrainment and re-
circulating flow inside the flame-deflector, as well as the natural plume expansion external to the flame-
deflector. Placing the external flow boundary conditions too close to the flame-deflector was observed to
alter the flow pattern inside the deflector. The external flow block depicted in Figure 6, with 0.3e6 grid
cells, was found to be sufficient for the current work. In addition, due to structural asymmetry in the test
stand test cell area as shown in Figure 4, it was initially unclear that the assumption of flow symmetry at
the centerline plane through the deflector was valid. Therefore, the entire B-2 test stand was modeled
without assuming symmetry. In the next section of this paper, it will be evident that the modeling results
show the time-averaged or “steady-state” plume to be highly symmetric, thus the assumption of symmetry
would have been valid for steady-steady simulations.

IV. Results and Discussions

Figures 7 and 8 are the computed time-averaged temperatures and pressures of the ARES vehicles, B-2
aspirator, B-2 flame-deflector, and external ground surface. The impingement zone on the flame-
deflector was characterized by a maximum un-cooled wall temperature of 2600K (4220°F) and a
stagnation pressure of 4.2e5 Pa (61 psi). Significant heating by the attached plume is also seen to occur in
Figure 7 along the sidewalls of the deflector. This is due to the “splashing” effect of the plume on the
deflector sidewalls, and might suggest modifications to be made to the cooling hole spacing in these
locations.

One key observation critical to this work, was that most of the plume was attached and deflected down
the deflector surface as desired. Shock cells in the attached plume are indicated by the high-temperature
semi-circular regions on the flame-deflector as seen in Figure 7. Figure 8 shows that these high-
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temperature shock regions are accompanied by high-pressure zones on the flame-deflector. Figure 9 is
the same wall pressure contours of Figure 8 but with an overlay of the significant shock-surfaces (in
orange) which were present in the flow. Figure 9 clearly shows shock surfaces associated with each of
the over-expanded RS-68 engine nozzles. A single inclined plume-impingement shock was also seen just
above the impingement zone which redirected the supersonic flow along the deflector surfaces. The
plume-impingement shock was then followed by a series of shock cells in the attached plume. Significant
over-expansion of the attached plume was also observed as the plume exited the deflector which resulted
in a strong normal shock along the ground surface as seen in Figure 9.

Figure 7: Time-Averaged Wall Temperatures Produced by the ARES V Plume

Three B-2 flame-deflector surface profiles of pressure and temperature have been plotted in Figures
10a and 10b respectively. The impingement pressures and temperatures have been plotted as a function
of the normalized transverse coordinate direction (x/D), where D is the RS-68 engine nozzle exit
diameter. The coordinate directions are consistent with that depicted in previous figures. Each profile
corresponds to a position directly under a set of engines for the ARES V engine cluster. More
specifically, the surface profiles directly under the center RS-68 engine are designated as z/D=0; the
profiles directly under the two upstream engines are designated as z/D=0.6; and the profiles directly under
the two downstream engines are designated as z/D=-0.6. Figure 10 shows that the highest impingement
pressures and temperatures occur almost directly under the ARES V vehicle as expected. Analytically, it
can be shown that the impingement pressure can be estimated based on the engine thrust (F), plume cross-
sectional area (Ainp), and the impingement angle (5). Equation 6 below was derived assuming perfect
plume deflection, steady-state, and incompressible flow.

F*sino
Pimpingement = A (6)

imp

Using equation (6), the impingement pressure for a 5-engine RS-68 cluster array was estimated to be
4.32e5 Pa at the center impingement point, where a hydraulic plume diameter of n"**D was used. The
CFD calculations predicted a maximum impingement pressure of 4.2e5 Pa, which is within 3% of the
analytical estimate.
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The upstream profiles (z/D=0.6) in Figures 10a and 10b show distinctly the off-center impingement of
the 5-engine cluster indicating that the individual engine plumes had not coalesced into a single plume
before impacting the flame-deflector. An increase in deflector wall temperatures and pressures were also
observed near the deflector side walls (at x/D=4.0) due “splash” impingement of the attached plume. The
highest pressure and temperatures due to the sidewall impingement were observed to occur downstream
indicating the majority of the flow was being appropriately directed down the flame-deflector surface.

P (Pa)

4.18e+005
3.16e+005
2.14e+005
1.12e+005
1.00e+004

Figure 8: Time-Averaged Wall Pressures Produced by the ARES V Plume

4.18e+005
>+005
2.14e+005
12e+005
.00e+004

Figure 9: Overlay of Shock Surfaces (Orange) on to the Time-Averaged Wall Pressures Produced
by the ARES V Plume
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Figure 10: B-2 Flame-Deflector Surface Profiles Directly Under Engine Exhaust Plume
(a) Pressure and (b) Temperature
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The center engine and off-center engine y-z cutting planes through the model are shown in Figures 11
and 12. Each cutting plane has been contoured by pressure, temperature and Mach number. The
coalescence of the 5 engine plume appears to start occurring just downstream of the aspirator. This is
indicated by a rapid expansion in the center engine plume shown in Figure 11, and merging of two of the
off-center engine plumes as seen in Figure 11. Figures 11 and 12 also reveal that a significant flow
reversal is occurring up the deflector surface back towards the aspirator in the form of an attached
supersonic wall jet. As the reversed-flow wall jet travels up the deflector surface, it eventually impinges
on the South-side bottom of the aspirator surface. After recirculating under the aspirator, the reversed
flow is entrained back into the plume and convected out of the flame-deflector. Time-accurate
simulations showed the reversed-flow wall jet to experience a strong instability in the form of an
asymmetical flapping-jet as depicted in the time sequence of Figure 13. Strong transverse pressure waves
are generated inside the flame-deflector that act to continually excite the impinging flow. However, over
time, the average reversed flow was seen to be symmetrical. This reversed flow will potentially need to
be addressed, in particular the water cooling requirements, through further investigation and modeling.

The overall plume structure development can be better visualized in Figures 14 and 15. Figure 14
shows cross-section cuts through the plume contoured by temperature. The individual exhaust flows from
the 5-engine cluster is evident in the first cross-cut. As the plume progressed through the aspirator and
into the deflector, the five plumes began merging into a 4-lobe pattern. At the point of impingement, the
5-engine plume had not completely coalesced into a single aggregate plume. This led to local hot spots
on the deflector surface. Figure 14 shows that as the flow exited the deflector, a counter-rotating vortex
pair was formed due to sidewall confinement of the deflector. The counter rotating-vortex pair entrained
fresh cold-air from the surrounding which mixed with the hot plume serving to cool the exhaust flow as it
expanded to the atmosphere. The counter-rotating vortex pair created a very unique thermal plume
structure as shown in Figure 15. Figure 15 is an isothermal surface of 1000K which has been contoured
by the local Mach number. The strongly attached plume and its splashing on the deflector walls are quite
evident from Figure 15. Also, some reversed flow up the deflector surface can be seen behind the
downward exhaust of the ARES V engine cluster. Entrainment of fresh air by the plume back into the
deflector is also visualized in Figure 15 by magenta streamlines that were emitted from a line located
outside the test stand and above the deflector.
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Figure 11: Time-Averaged Center Engine (Y-Z Plane) Contours - (a) Pressure, (b) Temperature
and (c) Mach Number
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Figure 12: Time-Averaged Off-Center Engine (Y-Z Plane) Contours - (a) Pressure, (b)
Temperature and (¢) Mach Number
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Figure 13: Unsteady ARES V Plume Impingement on B-2 Test Stand
(Rear view of deflector wall temperatures are shown with the iteration number indicated)

Figure 14: Time-Averaged ARES V Plume Cross-Section Temperature Contours
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Figure 15: Time-Averaged ARES V Plume Isothermal Surface (1000K) Colored by Plume Mach
Number with Representative Entrainment Streamlines (in magenta).

V. Conclusion

A computational fluid dynamics (CFD) modeling study was performed to quantify the plume-induced
environment of a conceptual ARES V vehicle stage test at the NASA Stennis Space Center (NASA-SSC).
A 4.2 million cell unstructured grid was generated for the NASA-SSC B-2 test stand with the ARES V
stage being located in a proposed off-center forward position. The CRUNCH CFD code was used to
simulate the cluster of five RS-68 LOX/LH2 engines from the ARES V stage as an inviscid, ideal-gas,
chemically frozen flow. The NASA Chemical Equilibrium Code (CEA) was used to generate the
appropriate nozzle exit conditions for the RS-68 engines. The time-averaged plume was captured and the
impingement properties on the B-2 deflector were analyzed. The CFD results showed a non-coalesced
plume impinging on the B-2 flame-deflector with a maximum un-cooled adiabatic impingement
temperature and pressure of 2600K and 4.32e5 Pa. These predictions were consistent with simplified
analytical estimates. The CFD predictions predicted a non-negligible amount of reversed flow up the
flame-deflector surface due to the larger impingement angle and associated detached deflector shock
wave, indicating that significant modifications to the cooling-hole patterns would need to be made prior to
conducting these tests. Modeling efforts are continuing for both the ARES V and ARES I state tests.
Higher fidelity calculations are now being conducted where turbulent, finite-rate chemistry effects are
being included in the models.
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