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The 2014 test of the Space Launch System (SLS) Rigid Buffet Model conducted at
the NASA Langley Transonic Dynamics Tunnel employed an extremely high number
of unsteady pressure transducers. The high channel count provided an opportunity
toexamine theeffect of transducer placement on the resulting buffetforcing functions
(BFFs). Rings of transducers on the forward half of the model were employed to
simulate a single-body vehicle. The impact of transducer density, circumferential
distribution, and loss of a single transducer on the resulting BFFs were examined.
Rings of transducers on the aft half of the SLS model were employed to examine the
effect of transducer density and circumferential distribution on BFFs for a multi-
body configuration. Transducer placement considerationswith respect to model size,
facility infrastructure, and data acquisition system capabilities, which affect the
integration process, are also discussed.

Notice to Readers

The predicted performance and certain other features and characteristics of the Space Launch System
vehicle are defined by the U.S. Government to be Sensitive But Unclassified (SBU). Therefore, valuesin
plots and figures have been either removed or normalized to arbitrary values.

I. Background

HE transonic buffet environment is a major contributor to the overall assent loads encountered by a

launch vehicle. These buffet environments are typically determined through wind tunnel testing of
rigid, subscale models. These models are equipped with hundreds of miniature unsteady pressure
transducers embedded in their skins to measure the surface pressure environment. The products of these
wind-tunnel tests are databases of time-correlated pressure time histories that are then employed in the
development of buffet forcing functions (BFFs). These forcing functions are developed through a multi-
step process where some of these steps require the use of engineering judgment to make key decisions in
the analysis. These decisions include surface pressure integration methodology, selection of similar
aerodynamic regions for coherence analysis, and the selection of the frequency range of interest. Depending
on choices made, these decisions can affect the magnitude of the resulting BFFs, their frequency content,
or both.

This work examines the impact of the integration process on the buffet forcing functions. There are two
sets of decisions that are guided by engineering judgment that have a direct impact on the integration
process. The first setis the selection of the pressure transducer locations on the wind-tunnel model; the
second set is the selection of the surface integration boundaries associated with each transducer. These
decisions begin during the model design process, and are discussed below in general terms, followed by a
systematic analysis of how transducer location and integration boundaries can affect the resulting BFFs.
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A. Model Design Considerations

The distribution of unsteady pressure transducers on the surface of a wind-tunnel model is typically
guided by preliminary computational fluid dynamics (CFD) results and engineering judgment.
Furthermore, the decisions on the number of transducers and their placement are subject to constraints such
as model size and location accessibility as well as data acquisition system (DAS) and test facility
infrastructure limitations. During model design, the following need to be considered when determining the
number of transducers:

1. Model size — Larger models provide a larger interior volume that simplifies signal wiring, power
distribution and signal amplification - if required. Also, larger models improve access in areas of the
model where outer mold line (OML) changes create sharp angles and may cause interference between
installed transducers, thereby limiting the transducer population density in regions where they may be
most needed. Model size also affects the required sampling rate necessary to measure the required fulk
scale frequency range.

2. DAS channel count and data throughput limits — Higher channel counts can limit the sampling rate for
acquiring the pressure time histories. Typically, unsteady pressure fluctuations below full-scale
frequencies of 50 or 60 Hz are considered to be in the buffet frequency range. Therefore,asufficiently-
high sampling rate must be setto properly resolve unsteady pressures within the model-scale equivalent
frequency range. It should be noted that the model-scale frequency range, and therefore sampling rate,
are affected by the model size.

3. Facility infrastructure - Typically, rigid buffet models (RBMs) are sting-mounted models and some
facilities may not have all DAS data channels wired to the sting support. Furthermore, the sting itself
may further limit the allowable transducer count by the size of the bore in the sting and whether the
ability exists to run the wiring external to the sting. Initial series of RBM tests at the NASA Langley
Transonic Dynamics Tunnel were limited to 256 transducers (unsteady pressure transducers and
accelerators) due to limitations of the DAS. As the tests grew in complexity, the DAS was updated to
increase the channel count to 360 channels and currently it stands at 512 channels. This high channel
count pushed the limits of the facility infrastructure, requiring creative solutions for transmitting
transducer signal from the model to the DAS (such as repurposing wiring such as power for individual
sensors, etc.,) to increase the available channels.

For the purposes of developing buffet forcing functions, unsteady pressure transducers are usually
located in a series of rings at various longitudinal stations on the model. The locations of these rings are
typically based on preliminary steady-state CFD solutions, where areas of high gradients in surface
pressures are often most crucial for buffet-type aerodynamic phenomena. The exact location of transducer
rings must consider the transducer count and physical constraints of the model design. Furthermore, the
limits on the number of transducers require that compromises are made weighing azimuthal fidelity —
number of transducers in any single ring — versus longitudinal fidelity — number of longitudinal stations
where pressures are measured. These decisions must consider the integration assumptions such as
integration boundaries and regions of highly coherent flow.

B. Motivation

During wind tunnel tests conducted at the NASA Langley Transonic Dynamics Tunnel in support of
NASA's former Constellation program, Ares I-X and Ares | RBMs were designed with either 4 or 8
axisymmetrically-spaced transducers at any instrumented longitudinal station.1-* An attempt was made to
apply a similar approach in transducer density during the design of the Space Launch System (SLS) RBM
tested at the TDT during a 2012 wind tunnel entry. The multi-body nature of this launch vehicle
configuration presented a situation where both longitudinal and azimuthal fidelity needs could not be
satisfied with the available channel count. The solution employed to circumvent this problem was a non-
axisymmetric azimuthal transducer distribution in the multi-body section of the model. More transducers
were located on one side of the model compared to the other, providing a higher azimuthal fidelity on that
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side of the model, with the expectation that the information garnered from the higher density side could be
extrapolated and applied to the other side of the model.

The loads resulting from this integration process were found to be very sensitive to the integration
boundaries and motivated a follow-on 2014 wind-tunnel entry of the SLS RBM, where the non-
axisymmetric rings of transducers were fully populated and further expanded to include 16 transducers per
ring. This high transducer density provided an opportunity to examine how transducer distribution around
the circumference of the model affects the amplitude and frequency content of buffet forcing functions.

1. Analysis

The present analysis is divided into two parts. First, an analysis of six 8-transducer rings located on the
forward half of the SLS RBM will be presented, simulating conditions experienced by a single-body
vehicle. The second half of the analysis will focus on the impact of the integration process on the line loads
on the multi-body (aft) section of the SLS RBM where seven 16-transducer rings are located. A graphical
representation of the SLS RBM s presented in Figure 1. This figure highlights the locations and station
designation numbers of both the 8-transducer rings (highlighted in red) on the front half of the SLS-10005
configuration of the model and of the 16-transducers rings on the aft half of the model (highlighted in
yellow). The 16-transducer rings are a combination of new rings added for the 2014 entry and transducers
added to fully populate the non-axisymmetric rings from the 2012 entry.

The data set analyzed included pressure measurements from 7028 wind tunnel test conditions. These test
conditions included combinations of Mach numbers ranging from 0.80 to 1.18, model pitch angles ranging
from -8° to 8°, and roll angles ranging from -180° to 180°, including repeat conditions. There were several
configuration changes during this test documented in Ref. 4. These configuration changes did not affect
the basic geometry of the SLS Core but did affect the aerodynamic environment on the aft half of the vehicle
through protuberance and booster nosecone changes.

A. Pressure Integration

The standard practice in integrating the measured pressures on the surface of the vehicle model is to assume
that the pressures are constant across the area of integration associated with each transducer. The
integration boundaries for each of these areas are assumed to be located at either the midpoint (longitudinal
and azimuthal) between transducers, or at large changes in the vehicle OML along the longitudinal axis of
the vehicle. The pressures are assumed to act normal to the model surface and the effect of protuberances
on the integration process is ignored.

For the purposes of this analysis, only the integration around the circumference of the vehicle is
considered. The load components along the longitudinal axis of the vehicle, which arise when integrating
on non-cylindrical vehicle segments, are neglected, resulting in the following equation for the sectional
(force-per-length) line loads.

n ~ ~
f=>- Hr[(cos@i+l —cos6,)j+(sin@,,, —sin g, )k]

i=1

Where P;j is the measured pressure time history of the it transducer, r is the radius at the transducer station,
6i and 6.1 are the azimuth angles denoting the integration boundaries for the ith transducer, jand k are unit
vectors in the lateral and vertical directions for the coordinate system of the SLS vehicle, and f is a vector

containing the time histories of the orthogonal (lateral and vertical) components of the buffet forcing
functions.

B. Single-Body Integration

An analysis was conducted to examine the effect of the number of transducers, their clocking, and
removal of individual transducers onthe integrated line loads of a single-body launch vehicle. The analysis
considered six rings of 8 axisymmetrically-spaced transducers, dispersed over the forward half of the SLS-
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10005 RBM (see Figure 1). The orthogonal sectional loads are developed by integrating the pressures
around the vehicle circumference as described previously. The integration process was modified to permit
the omission of transducers from the line load integration thereby simulating the following integration
scenarios:

e Aring of 4-axisymmetrically-spaced transducers clocked with a 0-90 degree azimuth angle
orientation

e Aring of 4-axisymmetrically-spaced transducers clocked with a 45-135 degree azimuth angle
orientation

e Both 4- and 8-transducer integrations with a single transducer removed to simulate the loss of a
transducer due to a mechanical or electrical fault.

1. Influence of Integration on Power Spectral Density Function

The large dataset analyzed in this work makes it impractical to conduct detailed examinations of the
BFF power spectraldensities (PSDs) foreach test condition, integration scheme, and transducer ring station.
Therefore, a single flight condition (M=0.9, 0=0°, $—=0°) is examined in detail. The PSDs of the vertical
BFF components produced by 8- and 4- transducer integration for this sample flight condition are presented
in Figure 2. The abscissa (frequency) scale for the PSDs at various stations is identical (and an approximate
frequency range for buffet phenomena is provided), but the ordinate (spectral power) scale for the six
stations varies from station to station in order to provide sufficient detail to discern the effect of integration
on the PSDs. In each figure, the PSD of the 8-transducer BFF is provided in blue, the 4-transducers (0-90
degree orientation, referred to as 41) BFF PSD is provided in red, and the 4-transducer (45-135 degree
orientation, referred to as 4.) BFF PSD is provided in green. The 8-transducer-derived BFFs are considered
the most accurate since they are developed from the highest-density measurements available at these
stations; therefore, all other integration schemes will be compared to them. It should be noted that the PSD
amplitudes are plotted on a log scale.

Four-transducer-based BFF PSDs at stations 12, 13, 15, and 19, Figures 2(b, ¢, d, and f), are conservative
(higher amplitude) with respect to the 8-transducer PSD throughout the entire frequency range. At station
5, Figure 2a, the 4-transducer PSDs are also conservative (larger PSD amplitude than the 8-transducer
baseline) within the typical buffet frequency range. But it should be noted that the PSD peak at frequencies
just above the range typically associated with buffet phenomena is non-conservative for the 4, integration
BFF PSD, while the 4; integration PSD is significantly over conservative. This disparity in conservatsm
is caused by an azimuthally-localized aerodynamic phenomena — the shed wake from four LAS nozzles
located upstream of station 5. The difference in PSD magnitudes suggest that the transducers at the 45-135
degree clocking are located more directly in the LAS nozzle wake. Likewise, at station 16, Figure 2e, the
PSD of the BFF based on integration 41 is non-conservative at low frequencies. This transducer-clocking-
dependency of the BFFs for station 16 indicates that the aerodynamic environment just aft of the large
change in OML varies around the vehicle circumference.

2. Root-Mean-Square Analysis

To facilitate the analysis of a large dataset, the influence of the number and azimuthal distribution of
transducers on the unsteady, integrated BFFs are quantified using a single metric, the root-mean-square
(rms) levels of the unsteady component (mean removed) of the BFFs. Unless otherwise stated, these rms
levels will be normalized with respect to the 8-transducer (baseline) BFF rms levels,$ which are assumed
to be the most-correct value as these are based on the highest transducer density available. The data is
presented in a histogram format, where each histogram is based on approximately 84,000 BFFs (7028 wind
tunnel test points, 6 stations, 2 BFF components per station). The legend in each histogram provides the

$ For sake of brevity throughout this work, the discussion of rms levels implies the removal of the mean prior to its
calculation.
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percentage of conservative cases (rms levels higher than ones produced by the baseline integration, i.e.
greater than 1) for the integration scheme examined.

Histograms of the normalized rms levels for the 4-transducer integrated BFFs are presented in Figure 3.
The data presented in blue corresponds to the integration of transducers situated in the 0-90 degree
orientation, referred to as integration 41, while the normalized rms levels for integration of transducers in
the 45-135 degree orientation, integration 4», is presented in red. For both integrations, the majority
(95 percent) of the cases examined are conservative, meaning that the rms levels are increased compared to
the baseline, 8-transducer integration.

Examining the data sorted by individual transducer stations provides further insight into the effect of
transducers distribution on the BFF unsteadiness. The rms ratios of BFFs for both integrations, 41 and 4,
are presented in Figure 4. While the reduced-transducer integration at all six stations produces mainly
conservative results — 90.4, 99.9, 99.6, 99.5, 90.1, and 94.9 percent of cases are conservative for stations 5,
12, 13, 15, 16, and 19, respectively — three of the stations, stations 5, 16, and 19, exhibit a lower percentage
of conservative cases relative to the other stations. Station 5 is affected by localized shed wake from the
LAS nozzles. Station 16 is just downstream of the expansion corner on the spacecraft adapter and therefore
subjecttoa significantly unsteady aerodynamic environment characterized by detached flow and expansion
shocks. These aerodynamic phenomena can be circumferentially localized and are affected by flight
conditions (Mach number and vehicle attitude) and therefore may require a higher transducer density to
properly resolve. Station 19 is another example of a localized aerodynamic phenomena affecting the BFFs.
Examining integrations 41 and 4: individually (not presented) indicates that integration 4. is more prone to
underpredicting the fluctuation levels in the integrated BFFs — 97.8 versus 92.0 percent, respectively. This
difference may be associated with transducers nearest to the boosters (90 and 270° azimuth) measuring
aerodynamic phenomena related the proximity to the boosters. Based on these observations and previous
discussion of sample PSDs, it can be concluded that when determining transducer distribution on a buffet
model, a higher number of transducersshould be located at stations just down stream of large OML changes,
large protuberances positioned at multiple locations around the circumference of the vehicle, and proximity
to attached boosters.

The impact of the loss of a single transducer on the BFFs is examined in Figures 5 and 6. This analysis
was conducted by systematically removing a single transducer from the integration to simulate its loss,
adjusting the integration boundaries accordingly, and reintegrating the BFFs. A histogram of the ratio of
rms values for 7-transducer integration BFFs to 8-transducer integration BFF is presented in Figure 5.
Overall, the 7-transducer integration is conservative 92.8 percent of the time compared to 8-transducer
integration. The histogram depicting the rms levels for BFFs based on a 3-transducer integration
normalized with respect to the rms levels for BFFs based on four transducers is presented in Figure 6. This
figure presents the combined data for the loss of a single transducers in both integration 4; and integration
4,. The three transducer integration is conservative 88.3 percent of the time.

C. Multi-body Integration

The SLS RBM included seven longitudinal stations where 16 transducers were axi-symmetrically
distributed around the circumference of the SLS Core. These stations are highlighted in yellow in Figure
1. The distribution of these transducers around the circumference of the SLS Core, provided in Figure 7,
is identical for each of the seven stations. This figure also indicates the locations of the two boosters relative
to these transducers. The boosters play an important role in the analysis presented in this work, since the
aerodynamic interaction between them, the SLS Core, and the attachment hardware created a significant
buffeting phenomenon discussed in References 5 and 6.

The 16-transducer integration, having the highest transducer density, is considered the most accurate
integration for the purposes of this work; therefore all other transducer integration scenarios will be
compared to it. Both axisymmetric and non-axisymmetric transducer distributions are examined. The
axisymmetric transducer distributions, presented in Figure 8, are as follows:

e 8-transducer distribution clocked at 0° - 45°, Figure 8a, referred to as distribution 8;.
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e 8-transducer distribution clocked at 22.5° - 67.5°, Figure 8b, referred to as distribution 8.
e 4-transducer distribution clocked at 0° - 90°, Figure 8c, referred to as distribution 4.
e 4-transducer distribution clocked at 45° - 135°, Figure 8d, referred to as distribution 4..

The non-axisymmetric transducer distributions all consisted of six transducers distributed around the
circumference of the SLS Core at either 45 or 90 degree intervals. The following five non-axisymmetric
transducer distributions, presented in Figure 9, are examined:

e Transducer distribution utilized during the 2012 wind tunnel entry, Figure 9a, referred to as
distribution 61.

e Transducer distributions 6, — 64, presented Figures 9(b — d), employ the same transducer distribution
as 61 but rotated by 180°, 90°, and 270°, respectively.

e Transducer distribution symmetric about the 0° - 180° axis, Figure 9e, referred to as distribution 6s.

1. Influence of Integration on Power Spectral Density Function

Transducer density and their azimuthal location ona multi-body vehicle can affect the frequency content
of BFFs. The effect of various transducer distributions on BFF PSDs at a sample flight condition (M=0.9,
a=0°, $=0°) and a sample transducer station (Station 25) is presented in Figures 10 and 11. PSDs in the
vertical and lateral directions for several transducer distributions are compared to PSDs derived from a 16-
transducer integration. In these figures, the two components of the PSDs are plotted on the same log scake
for ease of comparison.

In previous work, an aerodynamic phenomenon associated with the forward attachment of the boosters
to the SLS Core was identified.>® This phenomenon occurs in the vicinity of each booster and is comprised
of two oscillating shocks, one on either side of the booster, oscillating 180° out of phase with respect to
each other as they respond to the shed wake from the forward attachment hardware. This interaction
produces a large, highly-coherent oscillating flow structure affecting large areas of the SLS Core. This
phenomenon manifests itself as two peaks in the PSD of the lateral component of the BFF, Figure 10a. The
lower frequency peak is caused by the flow oscillation on either side of the boosters, while the higher
frequency peak, at twice the frequency of the lower one, is produced by pressures measured directly in the
gap between the boosters and the Core.

The PSDs of BFFs developed using various axisymmetric transducer distributions are presented Figure
10. The PSDs of the 8- and 4-transducer integrations highlight the effect of transducer distribution on the
frequency content of the integrated BFFs. The PSD of lateral BFF obtained using integration 8:
overpredicts the high-frequency peak while correctly predicting the amplitude of the low-frequency peak.
Conversely, the 8 integration underpredicts the high-frequency peak since it doesn’t include the
measurements from the transducers located in the gap between the boosters and Core. Yet, this same
integration method correctly predicts the low-frequency peak amplitude due to the larger integration areas
associated with the transducers located on either side of the boosters (67.5° and 112.5° for the right SRB
and 247.5° and 292.5° for the left booster). At frequencies away from these two peaks, integrations 8; and
82 are both generally conservative with respect to the 16-transducer integration.

The PSD of the vertical component of the BFF developed using the 16-transducer integration (Figure
10b, blue line) exhibits only the low-frequency peak, since the transducers located in the gap between the
Core and boosters (90° and 270° azimuth) do not contribute to the vertical BFF component. The BFF based
on integration 8; underpredicts this low frequency peak while the 8, integration overpredicts it. These
differences in PSDs are directly due to the locations of the transducers employed in the integration process
and the larger areas of integration resulting from the larger separation distance between transducers
compared to the 16-transducer integration.

The 4-transducer integrations exacerbated the transducer-clocking-related trends noted in the 8-
transducer integrations, Figure 10, since the circumferential integration lengths for each transducer increase
due to the larger separation between transducers (recall transducer distribution presented in Figure 8). In
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fact, integration 41 produces an approximately order-of-magnitude increase in the amplitude of the high-
frequency peak compared to the 16-transducer integration, while in general, overpredicting the lateral BFF
PSDs at all frequencies. At low frequencies which are more likely to contribute to the buffet loads, the 4,
integration doubles the PSD levels relative to the 16-transducer integration. This PSD overprediction is
also true for the vertical BFF, with the exception of frequencies in the vicinity of the low-frequency peak
(see Figure 10b, green line). This peak is not well defined in the integration 41 PSD, but it should be noted
that the lateral component is the dominant component of this BFF. Integration 4. significantly underpredicts
the lateral BFF PSD throughout the entire frequency range of interest (Figure 10a, black line). The two
peaks found in lateral BFF PSD of the 16-transducer integration are much diminished in integration 4, BFF,
as well as the lower-frequency peak found in the vertical BFF PSD. These observations indicate that the
aerodynamic phenomenon which produces these peaks is mostly dissipated at Core locations £45° away
from the azimuthal positions of the boosters.

The effects of non-axisymmetric transducer distributions on the PSDs of the lateral and vertical BFF
components are presented in Figure 11. The lateral BFF PSDs for integrations 61, 62, 63, and 64 all exhibit
similar tends compared to the 16-transducer integration. These four integration schemes all overpredict the
amplitude of the PSD throughout most of the frequency range on interest, culminating with a 5- to 6-fold
overprediction of the high-frequency peak. BFF based on integration 65 exhibits similar trends, although
the lateral PSD high-frequency peak amplitude overprediction is only 2.5 times greater than baseline. This
same integration approach underpredicts the vertical BFF PSD. This underprediction is associated with the
exclusion of transducers at 0° and 180° azimuth from integration 6s, which measure a highly unsteady
pressure environment due to their proximity to the feedlines.

The PSDs of the vertical BFF components for integrations 61, 62, 63, and 64, Figure 11b, overpredict the
PSD amplitude at most frequencies, except in the vicinity of the low-frequency peak. All four of these
pressure integration schemes underpredict this peak. But a more important observation is that integrations
61 and 62 both result in a large high-frequency peak not present in the 16-transducer integration. This fake
peak is aresult of the asymmetric integration boundaries for the transducers at 90 and 270° azimuth. The
asymmetry in the integration boundaries is due to the assumption that each transducer’s area of integration
extends to the midpoint between it and the adjacent transducers. A graphical representation of this
asymmetry for integration 61 is presented in Figure 12a. Since transducersat 90° and 270° azimuth measure
the largest unsteady pressures caused by the interaction between the Core and the boosters, reducing the
size of their integration area and making the location of the azimuthal integration boundaries symmetric
about the transducer (Figure 12b) eliminates the false peak in the vertical BFF and can reduce the amplitude
of the high-frequency peak in the lateral BFF. These adjusted integration boundaries are denoted by an “a”
superscript in the integration naming convention.

It should be noted that the false high-frequency peak observed in the vertical BFF component of
integrations 61 and 6 is also a function of longitudinal station. As stated earlier, this peak is created by a
combination of shed wake from the booster forward attachment and asymmetric integration boundaries.
Comparing the vertical BFF component PSDs based on the 16-transducer integration and integration 6z,
Figure 13, indicates that this false peak has disappeared in integration 6: PSDs for stations 29 through 31,
Figures 13(e-g). This observation indicates that the wake from the booster attachment has significantly
dissipated by station 29.

The PSDs resulting from the integration boundary adjustment are presented in Figure 14. By adjusting
the azimuthal integration boundaries for transducers located at 90° and 270° azimuth, the high-frequency
peak in the lateral BFF PSD has been reduced by more than 50 percent (compare Figure 14 and Figure 11,
same ordinate scale). The PSDs for the vertical BFFs indicate that the false peak produced by integrations
61 and 62 are eliminated, see Figure 14b. In general, all the adjusted integrations (612, 622, 63?2, and 642) still
overpredict the PSD amplitude compared to the 16-transducer integration throughout the entire frequency
range of interest but simultaneously underpredict the low frequency peak in the vertical BFF component.
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2. Root-Mean-Square Analysis

The effect of the number and azimuthal distribution of transducers on root-mean-square levels of the
unsteady component (mean removed) of the BFFs is examined. Unless otherwise stated, these rms levek
will be normalized with respect to the 16-transducer BFF rms levels, which are assumed to be the most
representative of the actual buffet loads.

The data for the normalized-rms levels for the 8-transducer integrated BFFs are presented in a histogram

format in Figure 15. Each of the histograms provided in Figure 15 is produced by examining approximately
100,000 BFFs (7028 wind tunnel test points, 7 stations, 2 BFF components per station). Unlike the results
presented in the single-body analysis, the effect of transducer clocking has a profound effect on the resulting
BFFs. The interactional aerodynamics between the multiple bodies (Core and boosters) has a substantial
localized effect — pressure fluctuations measured on the Core increase with proximity to the boosters —
where the largest pressures occur in the gaps between the boosters and Core.>¢ Therefore, missing this
peak fluctuation can underpredict the BFF fluctuation levels. This observation is noted by examining the
percentage of BFFs whose rms levels are conservative (greater than 1) with respectto their 16-transducer-
based counterparts. Integration scheme 81, Figure 15a, which includes the transducers located in the gaps
between the Core and boosters, is conservative for 93.8 percent of the cases, while integration 8, Figure
15b, is conservative only 53.2 percent of the time. Itshould be noted that the local aerodynamic phenomena
caused by feedlines also contributes to the difference in BFF rms levels.
This clocking-based disparity is exacerbated by employing a 4-transducer integration. Integration scheme
4., presented in Figure 16a, is conservative for 99.9 percent of the cases. Furthermore, the rms levels are
significantly higher than for integration scheme 81, the most similar 8-transducer integration (compare
Figure 16a to Figure 15a). This increase in rms levels is caused by an increase in the integration area
associated with each transducer because the number of transducers has been reduced. Integration scheme
4, sees an opposite effect. The transducers employed in this pressure integration are located half way
between the boosters and the previously mentioned feedlines. Therefore, at each transducer station, they
are located in one of the more benign aerodynamic environments. This transducer location results in
integration 4 being conservative for only 39.8 percent of the cases examined.

Further insight into the effect of integrations 41 and 4 on the BFF integration can be found by examining
how the rate of conservative cases changes with vehicle station, Figure 17. Histograms for integrations 4.
are presented in blue while ones for integration 4. are presented in red. The unsteady aerodynamic
phenomenon which dominates the SLS Core aerodynamic environment in this region is associated with the
forward attachment of the boosters to the SLS Core, and the largest unsteady pressure fluctuations are
measured by the first transducer station downstream of, and directly behind, the booster attachment
hardware.>¢ Accordingly, integration 4. exhibits the lowest rate of conservative cases at this station, see
Figure 17a— station 25. As the transducer rings are located further downstream of the attachment hardware,
the rate of conservative cases for integration 4. steadily increases (except at station 27), reaching 68 percent
at station 31, Figure 17g, which is located approximately half way between the attachment hardware and
the aft end of the vehicle. It is conceivable that the rate of conservative BFFs may keep increasing for
transducer stations further down the vehicle, but probably will never reach the rates of conservatism
associated with integration 4.

Histograms presenting normalized rms levels of BFFs derived with non-axisymmetric integrations 61,
62, 63, 64, and 65 for all stations are presented in Figure 18. The histograms for the lateral (blue) and vertical
(red) components of the BFFs for each integration are provided. Integrations 61 through 64 — Figures 18(a-
d) —all exhibit high rates of conservative cases compared to the 16-transducer-derived BFFs. Based on the
rms levels, the vertical component of the BFFs exhibit much higher levels of conservatism (denoted by the
histograms range on the abscissa) than the lateral component. Integration 6s results in significantly lower
rates of conservatism than the other non-axisymmetric transducer distribution cases. The vertical
component is conservative for less than 30 percent of the cases analyzed which indicates that the feedlines
provide a significant contribution to the unsteady integrated loads in integration 8: (compare Figure 15a
and Figure 18e). Further studies, such as CFD analysis, should be conducted to examine the azimuthal
extent of the feedline-produced environment. The results of such a study could be used to adjust the
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integration boundaries for the transducers near the feedlines to properly represent the influence of the
feedlines on the BFFs.

The integration boundaries of integrations 61 through 64 were adjusted to more correctly represent the
extent of the area of the SLS Core influenced by the aerodynamic interaction with the boosters. Histograms
indicating the impact of this integration adjustment on the rate of conservative cases is presented in Figure
19, with the individual integrations now labeled with the superscript “2” to denote the integration boundary
adjustment. Overall, the integration adjustment has reduced the rate of conservative cases in the lateral
components of BFFs based on integrations 61 and 62 from near 100 percent to 70 percent, compare Figures
19(aand b) with 18(a and b). At the same time, the level of conservatism of the vertical BFF component
was increased by these integrations, with the average value of rms ratio for the conservative cases increasing
from 2.13 and 2.02 to 2.57 and 2.59 for integrations 61 and 62, respectively. The increase in the vertical
BFF rms levels due to the integration adjustment suggests that even though the false peak noted in the
sample PSDs (Figure 11b) was eliminated, the broadband fluctuation levels have increased. This increase
can be attributed to the larger integration areas associated with transducers located at 0° and 180° azimuth
— transducers situated in the vicinity of the feedlines.

Integration boundary adjustments to integrations 63 and 64 did not significantly affect the high rate of
conservatism noted in Figures 18(c and d), compare with Figures 19(c and d). Integration 632 results in an
increase in the average lateral rms ratio from 1.25 to 1.69 compared to integration 63, while the average
vertical rms ratio decreases from 2.59to 2.04. Integration 642 results in an increase in the average vertical
rms ratio from 2.02 to 2.40, while having a very limited effect on the lateral rms ratio.

3. Buffet Frequency Range Analysis

As mentioned previously, it would be impractical to perform a detailed examination of the PSD of each
BFF in this study. Therefore, a metric is required to provide an overarching quantification on how each
integration scheme affects the BFF frequency content within a specified frequency range of interest. The
approach employed examines the change in the total energy in the BFF in the buffet frequency range
compared to the baseline, 16-transducer integration. Mathematically, this metric was defined as the
difference in the areas-under-the-curve between the reduced-transducer and 16-transducer PSDs,
normalized with respect to the area-under-the-curve of the 16-transducer PSD. This metric is given as:

JJ(PSDA(f) = PSD16(F))df

[7? PSDys(P)df
where f1 and f» define the frequency range for the integration, and the subscript on the function PSD
indicates the number of transducers in the integration. Based on this metric, values greater than zero
indicate that the BFF is more energetic (and therefore probably conservative) in the frequency range
examined. This metric is related to the rms ratio metric previously used in this work, since the integral of
the PSD function is equal to the square of the rms. Therefore, the rms ratio is a broadband integration while
the current metric focuses on just the buffet frequencies.

It should be noted that buffet is a frequency dependent phenomenon where aerodynamic forces interact
with the vehicle’s structural dynamics. Therefore the authors acknowledge that to state that an increase in
the overall energy content over a wide range of frequencies is considered conservative is an
oversimplification of the problem. While overall energy content over a frequency range may increase due
to a change in the integration process, if the energy is artificially reduced through the integration process at
a critical frequency that excites the structure, the BFF may actually not be conservative. But for the sake
of conciseness, an increase in overall energy content will be referred to as “conservative.” Atrue measure
of the conservatism of a BFF would require the use of a coupled loads analysis (CLA), which is beyond the
scope of this study. Other metrics, such as changes in amplitudes or frequencies of PSD peaks, can also be
used to better understand the influence of the integration process, but are also beyond the scope of this
study.
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Histograms of the normalized difference in the energy content between the 8-transducer-based and 16-
transducer-based BFFs is presented in Figure 20. Two sets of histograms are presented in this figure, each
examining the change in energy content of the BFFs in different frequency ranges: (a) the lower half of the
buffet frequency range and (b) the upper half of the buffet frequency range. The first item of note is the
contrast in the percentage of conservative cases for integrations 8: and 82 regardless of the frequency range
selected (approximately 90% vs. 50%), presented in Figure 20 as blue and red histograms, respectively.
Integration 81 is twice as likely to produce conservative BFFs than integration 8> due to the placement of
the transducers, as discussed previously. A closer examination of the low and high buffet frequency energy
content for integration 81, Figures 20(a and b), indicates that the rate of conservatism of the 8: integration
is somewhat reduced at higher frequencies, but at the same time, the high-frequency cases that see an
increase in energy are conservative by a much greater margin, indicated in the histogram by a shift to the
right in the distribution of the data.

The normalized difference in the energy content between the 4-transducer-based and 16-transducer-
based BFFs is presented in Figure 21. Integration 4; results are presented in blue while integration 4. results
are presented in red. The trends in the energy change are similar to those seen in the rms trends (Figures
15 and 16), where the larger azimuthal integration range combined with the clocking angle of the
transducers either make the integrations more conservative (average increase in BFF energy for integration
4, is significantly higher than for 81) or less conservative (integration 4 vs. 81). Unlike the 8-transducer
integration, the percentage of conservative cases for the high-frequency buffet range increased compared
to the 16-transducer integration. In particular, integration 4, was conservative for 96.2 percent of the cases
in the low-frequency buffet range and 99.3 percent of the time in the high frequency buffet range.

The influence of non-axisymmetric transducer distribution on energy content of the BFF is presented in
Figures 22 through 26. Integrations 61 and 62 both exhibit slightly higher rates of conservatism in the higher
buffet frequency range than in the lower frequency range, approximately 96 percent vs. 99 percent, see
Figures 22 and 23. Examining just the conservative cases (APSD > 0), the average increase in BFF energy
content for the low-buffet-frequency range (compared to the 16-transducer BFFs) is approximately 160
percent in the lateral component compared to approximately 250 percent increase in the vertical component.
For the high-buffet-frequency range, these two integration schemes create an average increase in BFF
energy — compared to the 16-transducer BFF — by approximately 215 and 465 percent respectively for the
lateral and vertical BFF components. Integrations 63 and 64, Figures 24 and 25, exhibit similar trends to
integrations 61 and 62 where the energy in the high-buffet-frequency range due to the integration of non-
axisymmetric transducer distribution has a higher rate of conservative cases compared to the low-frequency
buffet range. Within the conservative cases, the high-buffet-frequency data indicates a higher level of
conservatism with respect to the 16-transducer-derived BFF than the low-frequency data (right-ward shift
of distribution in histogram).

Examining the change in energy for the buffet frequency range for BFFs based on integration 6s
compared to BFFs based on the 16-transducer integration is presented in Figure 26. For both the high-
buffet-frequency and low-buffet-frequency signals, this integration scheme results in 60 to 67 percent of
the cases being non-conservative in the vertical BFF component. The rate of conservatism in the lateral
BFF component seems to be lower for the high-buffet-frequency range when compared to the low-buffet-
frequency range, 85.8 versus 96.5 percent, see Figure 26.

The effect of adjusting the integration boundaries for integration schemes 61 through 64 (i.e. 612 through
64%) are presented in Figures 27 through 34. For each integration scheme, two sets of histograms are
presented. First, histograms for transducer stations 25 through 27 are discussed; which, based on the prior
PSD discussion, are susceptible to a false high-frequency peak in the vertical BFF component PSD (see
Figure 11); and second, histograms for stations 28 through 31, which did not exhibit the false PSD peak.
The aerodynamic environment measured at stations 28 through 31 is sufficiently altered compared to
stations 25 through 27, such that integrations 612 and 622 result in significantly different histograms depicting
the effect of integration on the BFF energy content, compare Figure 27 to Figure 28 and Figure 29 to Figure
30. Thedifferences are readily apparent for both low- and high-buffet-frequency ranges. For the transducer
stations nearest to the booster attachment, Figures 27 and 29, these integration schemes produce a higher
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percentage of conservative results in the lateral BFF component when compared to stations further
downstream, Figures 28 and 30. This trend holds true regardless of the frequency range selected. These
figure also indicate that the choice of longitudinal station has a limited effect on the rate of conservatism in
vertical BFF component in the buffet frequency range for BFFs based on integrations 612 and 622, For both
integrations and low- and high-buffet frequency ranges the rate of conservative vertical BFFs with respect
tothe 16-transducer integration is near 100 percent. Butit should be noted that BFFs for stations 28 through
31 are more conservative than BFFs for stations 25-27. The mean increase in the vertical BFF energy
content in the low-buffet-frequency range is approximately 300 percent for stations 25-27, but it grows to
450 percent for stations 28-31. Similarly, for the high-buffet-frequency range, the mean increase in the
vertical BFF energy is more than 500 percent for stations 25-27, and almost 800 percent for station 28-31.
It should be noted that the magnitude of these values is somewhat deceiving, since the energy content of
the BFFs drops significantly with increasing separation distance from the booster forward attachment. This
trend is discernable in Figure 13, where the PSDs of the 16-transducer-derived BFF are plotted at various
transducer stations.

Histograms for the change in BFF energy content in the buffet frequency range for integration 632 and 64
are presented in Figures 31 through 34. These figures indicate that these integration schemes produce
conservative results for 92 to almost 100 percent of the cases examined, regardless of buffet frequency
range or longitudinal stations chosen. Both the vertical and lateral BFF components for integration 6z and
642exhibit a trend where the mean increase in the energy content of the BFFs is larger for stations located
further from the booster attachment—atrend also identified in the vertical BFF components for integrations
612 and 622

I1l1. Conclusions

Data from a Space Launch System (SLS) Rigid Buffet Model wind-tunnel test was examined to determine
how various pressure integration schemes affect the resulting buffet forcing functions (BFFs). Several
highly-populated rings of transducers situated on the forward and aft half of the model were selected to
conduct this analysis. Transducers on the forward half of the model were employed to examine a single-
body launch vehicle scenario, while transducers on the aft half of the model were utilized to examine a
multi-body configuration. Root-mean-square levels of the fluctuating component of BFFs and PSDs of the
BFFs integrated over a buffet frequency range were used as a metric to examine the impact of the various
transducer integration schemes on the BFFs. Histograms were used to as a measure of conservatism for the
integration schemes based on the lower-transducer-density. PSDs for a sample flight condition were also
examined to provide further insight into the results of the integration process.
Based on the results of these analyses, the following conclusions and observations were made:

e Higher azimuthal transducer densities should be utilized in areas where large OML changes occur as
well as downstream of protuberances which azimuthally cover large portions of the circumference, such
as LAS nozzles. These areas may experience azimuthally-localized aerodynamic phenomena and low
azimuthal transducer density can either substantially overpredict or underpredict the BFF depending on
transducer location.

e For a single-body vehicle, lower azimuthal transducer density tends to increase the rms levels of the
BFFs, unless a localized aerodynamic phenomenon is present. For multi-body vehicles, this trend does
not hold true since transducer location plays an important role in dictating the fluctuation levels in the
BFFs.

¢ Non-axisymmetric transducer distributions in the multi-body configuration can produce peaks in the
BFF PSDs that do not exist in BFFs developed using an axisymmetric transducer distribution.
Adjustments in the azimuthal integration boundaries can be made to remove these false peaks, but can
create complications, such as lower rates of conservatism in certain cases or overprediction of BFF
levels of fluctuation for other cases. Based on these findings, non-axisymmetric transducer
distributions should be avoided, if possible.
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