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The buffet loads on a launchwehicle payload shroud can be impacted by the unsteadiness
associatedwith a terminal shock at high subsonicspeeds. Atthese conditions, flowaccelerates
to supersonic speeds on the nose of the payload fairing and is terminated by a normal shock
on the cylindrical section downstream of the nose cone/cylinder shoulder. The location of the
terminal shock and associated separated boundary layer is affected by the freestream Mach
number, Reynolds number, and the pitch/yaw of the launchwehicle. Furthermore, even when
the freestream conditions and ehicle attitude are constant, this terminal shock oscillates on
the surface of the wehicle. The time-varying surface pressure associated with the terminal
shock results in unsteady aerodynamic loads that may interact with wehicle structural
dynamic modes and the guidance and control of the ehicle. Buffettesting of a3-percentscale
rigidbuffet model of a launch wehicle cargo configuration with atangent-ogive payload shroud
was conducted in 2012 andin 2016. Initial buffet forcing functions (BFFs) utilized a coarse
pressure sensor distribution on the wehicle surface inwhich a single longitudinal stationwith
eightsensors obsenedthe terminal shock environmentat Mach 0.90. An examination of these
circumferential pressures rewveal large impulse-like pressure fluctuations and an asymmetry
in pressure when the vehicle is atanonzeroangle of attack that resultin high BFFs. Revisions
to the shock integration region were made based on computational fluid dynamics and
shadowgraph video of shock motion to better represent the BFFs and reduce the high loacs
resulting from this environment. To more clearly understand this terminal shock
environment, a secondwind tunnel testwas conducted with a dense distribution of 256 sensors
at the terminal shock location. These sensor arrays presents a unigue opportunity to observe
the unsteady terminal shock environment and to characterize the impact of various
integration schemes on the BFFs. This paper presents a summary of the development of BFFs
for this terminal shock and a detailed analyses of shock region pressure coefficients,
coherence, BFFs, shock location time histories, and power spectral density to help guick
dewvelopment of BFFs for other launch wehicle test and analysis programs.

l. Nomenclature

= Frequency, Hz
= Full-scale quantity
= Length, inches

C, = Pressure coefficient

C, = Normalized buffet forcing function; y-direction
C; = Normalized buffet forcing function; z-direction
D = Diameter, in

F = Force, Ibf
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L. = Longitudinal coherence length, inches

ms = Modelscale quantity

M = Mach number

p = Pressure, psf

q = Dynamic pressure, psf

Re = Reynolds number, per-foot or nondimensional based on 1% stage core diameter
rms = Root-mean-square; (0.5-60Hz only)

Sta. = Model or vehicle station identification number

T = Time, secs

\Y, = Velocity, ft/s

o = Alpha; vehicle angle of attack, deg

B = Beta; vehicle side-slip, deg

1) = Delta; shock condition quantity; Oto 1

A = Indicates fluctuating component only; mean removed prior to rms computation
7 = Magnitude-squared coherence

¥ = Psi; sensorazimuthal location; positive clockwise looking aft (nose to engines)

Acronyms

BFF = Buffet forcing function

CFD = Computational fluid dynamics
OML = Outer mold line

PSD = Power spectral density, units?/Hz
RBM Rigid buffet model

SLS = Space Launch System

TDT Transonic Dynamics Tunnel

Notice to Readers

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

I. Introduction

U nsteady aerodynamic flows and the buffet environments caused by them are an important consideration in the
structural design ofa launch vehicle. Fluctuating pressures, which arise from high-speed flows on nose cones,
interstage frustums, protuberances, and constant-diameter cylindrical tankage regions, can originate from many
sources such as flow separation, flow reattachment, compression/expansion corner geometry, wake effects,
turbulence, vortex shedding, and transonic shock oscillations. These buffet environments can generate large
oscillatory forces on the vehicle and induce vehicle vibratory responses of primary bending modes and of secondary
internal components such as engines and avionics.** A vehicle’s trajectory conditions such as Mach number, side-
slip angle, and angle of attack change rapidly during its climb to orbit, although the buffet environment is typically
most severe withinthetransonic Mach range. Careful attentiontothevehicle loads and dynamics is therefore required
at these conditions during the design cycle and vehicle certification process. Transonic buffetloads havebeen linked
to at least two launch vehicle failures in the past and are discussed in Ref. 5 by Fleming, which provides a concise
overview of launch vehicle buffet.

To ensure positive structural margins for a launch vehicle, many load environments must be considered in the
design to include loads arising from: liftoff, engine-induced vibrations, ignition overpressure, aeroacoustic high-
frequency sound pressure, wind shear, turbulence, fuel/oxidizer slosh motion, staging events, vehicle maneuvers,
steady aerodynamics, and buffet. Buffet loads arise fromthe vehicle’s response to unsteady aerodynamic pressures
on the vehicle surface, which are represented by time varying buffet forcing functions (BFFs). Vehicle BFFs are
typically obtained via transonic/supersonic wind-tunnel testing of a rigid buffet model instrumented with hundreds of
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unsteady pressure sensors located to reveal the peak buffet environments and provide adequate spatial resolution for
BFF development. Thesebuffetenvironmentsandall otherload environments are applied toa detailed finite element
model of the vehicle as part of the coupled loads analysis (CLA) process to determine the structural responses and
vehicle structural safety margins.® The development of BFFs from wind-tunnel unsteady pressure measurements
involve the application of basic integration schemes, sensor-to-sensor coherence analyses, attenuation of wind-tunnel
facility acoustic tones, and the proper scaling to full-scale trajectory conditions. The BFF development processes are
detailed in Refs. 7through 9. Buffet testprograms associated with the NASA Space Launch System (SLS) have been
underway since 2011 and have delivered BFF databases for the Block 1and Block 1B crewed vehiclesand the Block
1B cargo vehicle.}**?

The degree of buffeting that a launch vehicle endures during transonic flight is highly dependent upon the shape
of the vehicle. For cargo payload shrouds such as the 8.4 meter tangent-ogive shroud on the SLS Block 1B vehicle
shown in Figure 1, a terminal shock or normal shock will be present at Mach numbers between approximately 0.85
and 0.95 on the cylindrical region of the payload shroud, downstream of the nose cone shoulder. The strength,
location, and unsteadiness of this shock wave will vary with Mach number, vehicle attitude, Reynolds number, and
dynamic pressure. Additionally, the terminal shockwill interact with the local boundary layer and potentially cause
flow separation downstream of the shock, particularly when coupled with downstream backward-facing frusturs
associated with changes in stage diameters or payload shroud interfaces. Figure 2 shows a shadowgraph of the
terminal shock observed on a wind-tunnel model of the SLS Block 1B tangent-ogive payload shroud at Mach 0.90
and 0=3.93°.

A terminal shock BFF presents a challenge to accurately assemble froma very limited spatial sensor density that
is typical of most rigid buffet models. Thisfact proved itself true during the development of the SLS Block 1B cargo
BFFs and resulted in preliminary terminal shock BFFs at M=0.90 that were overpredicted and resulted in negative
structural margins for upper stage components. Subsequentrevisions to the BFFs based on computational fluid
dynamics (CFD) and shadowgraph observations at the terminal shock station reduced this buffet environment.
However, the programrequested increased confidence in the methods used to reducethe terminal shock BFF for loads
cycle maturity for flight. Therefore, an additional transonic buffet test of this configuration was carried out with a
very high spatial density of unsteady pressure measurements in thevicinity of theterminal shock. Two-hundred fifty-
six sensors were arranged in longitudinal arrays of 16 ports at 16 equally-spaced azimuths at the terminal shock
location of interest. Test results supported earlier efforts to reduce the terminal shock BFF and showed that greater
reductions in BFF magnitude could be realized.

This paper willdiscuss thetestand analysis programefforts to refine the BFF associated with an unsteady terminal
shockonatangent-ogive payload shroud attransonic conditions. A 3-percent scale model of the SLS Block 1B cargo
configuration was tested at the NASA Langley Research Center Transonic Dynamics Tunnel (TDT)and is shownin
Figure 3. Initial BFFs will be presentedthat utilized a single longitudinal station of eightunsteady sensors to observe
the terminal shock, including revised BFFs based on these test data using CFD- and shadowgraph-derived longitudinal
integration boundaries. Subsequent results and analysis of unsteady pressure data obtained from tests utilizing 256
unsteady measurements near the terminal shock will reveal a refined understanding of the buffetenvironment due to
a transonic terminalshock. The analyses of shock region pressure coefficients, coherence, BFFs, shock location time
histories, and power spectral density from these data will help guide development of BFFs for other launch vehicle
test and analysis programs.

Il.  SLS Block 1B Cargo Buffet Test Program Description

Data presented in this paper are sourced fromtwo SLS buffet wind-tunnel test programs that were conducted at
the TDT in 2012 and 2016 using a 3-percent scale rigid buffet model. The TDT is a closed-circuit, continuous flow
wind-tunnel that has been utilized for many recent buffet test programs including Ares/Constellation Ares 1-X and
Ares |, Dream Chaser Atlas V, and SLS. It has a 16- by 16-foot slotted transonic test section capable of reaching
Mach 1.2 at arange of stagnation pressures fromnear vacuumto atmospheric pressure in both anairand R134a heavy-
gas test medium. Dynamic pressures up to 300 psf and 550 psf can be attained in air and R134a, respectively.’*®
Table 1lists the TDT test conditions for several Mach numbers for the SLS buffet modeltesting. Additional technical
details of the model design, instrumentation, and test program can be found in Refs. 10 through 12.

The 2012 buffet testprogramfocused onboth SLS crew and cargo configurations and included an early outer mold
line (OML) definition ofthe SLS Block 1B cargo vehicle. This 2012 cargo configuration is shown mounted within
the TDT test sectionin Figure 3and possessed 472 unsteady pressure ports, which focused on the buffet environment
of the entire vehicle including the left and right solid rocket boosters. This configuration possessed a coarse sensor



density of just eight ports located near the terminal shock at Mach 0.90. Figure 4 illustrates the unsteady pressure
sensordistributionon the tangent-ogive payload shroud ofthe SLS cargo vehicle as tested in 2012. Station 5 in this
figure is located near the terminal shock at Mach 0.90.

A second SLS Block 1B cargo vehicle test was conducted in 2016, which included updates to the model OML to
represent the latest designofthe vehicle including core and upper stage protuberances. Figure 5 shows the updated
3-percent scale SLS Block 1B cargo vehicle mounted in the TDT test section. The primary objective ofthis testwas
not the global vehicle buffetenvironment, but instead the refinementofthe buffetenvironment specific to the terminal
shock oscillation at Mach 0.90. The model shown in Figure 5 includes 16 azimuthal shock arrays containing 16
unsteady pressure transducers each foratotal of 256 measurements to refine the buffet environment associated with
the terminalshockat Mach 0.90. A detailed graphic ofthe shockarray design is shown in Figure 6and Table 2 lists
the shockarray longitudinal port station locations and azimuthal offsets fromthe array cardinalazimuth. Each ofthe
16 arrays are centered on an azimuth angle in increments of 22.5° starting at 0° and ending at 337.5° with positive
azimuthal direction being defined as clockwise looking down the length of the vehicle (nose to engines). The 16
unsteady pressure ports in each array are located in two rows offset fromthe center ofthe array by +/-1° in orderto
provide adequate clearance for sensor installation. Each port is labelled ‘a’ through ‘p’ and the third port, port‘c’, is
at the same longitudinal stationas station5 fromprevious buffettesting. This high density of unsteady measurerrents
was expected to provide the detail needed to resolve the questions that remained regarding the Mach 0.90 terminal
shock BFFs generated using the coarse sensor distribution of the original rigid buffet model.

I11.  Terminal Shock BFFs Based on Coarse Sensor Distribution

Rigid buffet wind-tunnel models typically are limited to a sensor spatial density that fits within the limitations of
facility data acquisition systemchannel count, model scale, andtestprogrambudget. Whena limited pressure sensor
spatialdensity is considered, there is a chance that the presence of the terminal shockis not observed by the sensors,
unlessthe testmatrix is carefully chosen. On the other hand, aring of sensors may align with the terminalshock at a
tested Mach number and reveal a highly nonlinear fluctuating pressure level associated with the supersonic and
subsonic conditions upstream and downstream of the shock as it moves back and forth across the sensor ports.

A. Preliminary SLS Block 1B Cargo BFFs Based on Coarse Sensor Distribution

Figure 4 shows the unsteady buffetand aeroacoustic pressure sensor layout on the tangent-ogive payload shroud
of the 3-percent scale SLS Block 1B cargo vehicle rigid buffet model as tested at the LaRC TDT in 2012. Station
number 5 in this figure is near the longitudinal location of the terminal shock at approximately Mach 0.90. The
pressure time history observed by sensors at the terminal shock location appear as a randomsquare-wave signature as
seen in Figure 7, which shows pressure coefficient (Cp) versus time at a Mach number of 0.90 for a vehicle attitude of
a=0° and 4°, and p=0°. The pressure sensed at this station fluctuates rapidly between a supersonic pressure (lower
C,) when the shock is downstream of station 5 and a subsonic pressure (higher Cp) when the shock is upstream of
station 5. In contrast to the high spatial density results to be discussed later, the magnitude and frequency of the
longitudinal oscillation of the terminal shock location cannot be obtained from analysis of these pressure signatures
toaid in the development of BFFs. For the a=0° case shown in Figure 7a, the pressure time histories appear nearly
symmetric azimuthally about the ring of sensors at 0°, 90°, 180°, and 270°. With the model pitched to a=4°, the
pressure signatures in Figure 7b no longer appear azimuthally symmetrical. When these pressures are integrated
azimuthally and longitudinally to yield BFFs, the azimuthally asymmetric pressures in Figure 7b result in very high
BFFs for the terminal shock.

During developmentof preliminary BFFs for the SLS Block 1B tangent-ogive payload shroud, standard integration
regions and coherence factor methods described in Refs. 8 and 9 were employed to generate full-scale normalizd
force time histories of BFFs fromthe raw pressure time histories. Table 3 lists the rigid buffet model scaling laws
utilized in the scaling of model-scale parameters to full-scale parameters and Table 4 lists the full-scale reference
trajectory conditions used for scaling. Figures 8 and 9 show the root-mean-squared (rms) levels for the y-direction
and z-direction normalized full-scale BFFs (4 Cy,msand 4 Czms) for Mach numbers of 0.80, 0.90, 0.95, 1.10, and 1.18
at a=0° and 4°, and p=0°. Peak buffet environments are notedin each ofthese figures, which includes the terminal
shock oscillation buffet environment at Mach 0.90 and the buffet environment caused by the booster forward
attachment shed vortices atMach 0.95. The booster forward attachmentstrut environment is fully documented in Ref.
12. For the case of a=0° and p=0° shown in Figure 8, the peak terminal shock environment is shown to be
approximately the same magnitude for A Cy,msand 4 Czms. However, whenthevehicle is pitched to a=4°as shown in
Figure 9, AC, ,.,s is significantly higherand dominates the buffet environment giventhe nominalintegration region
boundaries as assumed in the preliminary analysis assumptions. The reason for this higher BFF rms level in the z-
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direction is due to the azimuthally asymmetrical pressure signature observed by the station5ring of pressure sensors
as shown in Figure 7b.

Longitudinal and azimuthal coherence was considered in the integration of pressures when developing the
coherence-adjusted BFFs as described in Refs. 8 and 9. For the preliminary BFFs discussed above, special
consideration for the terminal shock was not taken. Using the traditional coherence length analysis, coherence
between longitudinal stations is computed and the mean coherence is computed for a desired frequency range. Mean
coherence squared (y?) is then plotted versus the longitudinal separation distance between stations and a least-squares
weighted exponential fit is applied to thedata. Figure 10shows the longitudinal coherence between all sensor station
combinations plotted versus separation distance for stations 1-7 on the SLS Block 1B tangent-ogive payload shroud.
The resulting coherence length for this region is also shown in this figure (104.5 inches full-scale) and is defined as
the separation distance at which the weighted coherence curvefit is equalto 0.5. Using this coherence length for the
payload shroud region, an effective coherence lengthis computed for each stationand is compared in Figure 11 to the
full zonalintegration length for each station on the payload shroud for Mach 0.90and =0° and =0°. As can be seen,
the effective integration length for station 5 is not significantly lower than the zonal length and the terminal shock
pressure signatures are being integrated over nearly 94-percent of the station 5 zonal length of 119.4 inches.

When these preliminary BFFs were utilized by the Marshall Spaceflight Center (MSFC) structural loads and
dynamics teamas part of the vehicle coupled loads analysis (CLA), the high terminal shock environments were
determined to bethemain contributor to negative structural margins on secondary structure including the ‘hung stage’
RL10C exploration upper-stage (EUS) engines. Thus, an effort was enacted to address these high loads with the
emphasis on the fact that employing the full geometric integration region for station 5was likely resulting in an
overprediction of this terminal shock environment at Mach 0.90.

B. RevisedSLS Block 1B Cargo BFFs Based on Coarse Sensor Distribution

Due to the large BFF magnitudes at the terminal shock location at Mach 0.90 and subsequent review of the resulting
buffet load responses of the EUS engines, an effort was initiated to logically reduce these BFFs usingavailable wind-
tunnel data and CFD results. The obvious approach was to limit the longitudinal integration length associated with
station 5due to the large and localized pressure fluctuations observed by thesensors as the shock traversed back and
forth across the station.

Both unsteady FUN3D CFD results and shadowgraph video data were utilized to estimate the footprint of the
longitudinal extent of theterminal shock oscillation. Figure 12shows a color intensity image of the standard deviation
ofeach pixel fromthe shadowgraph video for the Mach 0.90, a=4°, and =0° condition. By referencing known lengths
ofcomponentsin the field of viewin Figure 12, the shock oscillation footprint was estimatedto be 42 inches. Figure
13 shows FUN3D C;,ms results for Mach 0.90 for the SLS Block 1B tangent-ogive payload shroud. This simulation
utilized a 35M tetrahedron mesh and the time-accurate run spanned 1.4secondsat TDT wind-tunnel test conditions
and is further discussedin Refs. 16 and 17. The peakregion of Cymsshown in Figure 13 illustrates the extent of the
oscillation and effects of the terminal shock at Mach 0.90 near station 5 on therigid buffetmodel. Theseresults show
the terminal shock footprintassociated with the highest C,, ms mean longitudinal extent to be approximately 8.7 inches
(full-scale) as shownin Figure 13. Based on theazimuthalexcursions of peak Cp,ms, the more conservative extent of
terminal shock footprint based on CFD appears to be approximately threetimes 8.7 inches or 26.1inches. Given these
two results fromshadowgraph video data and FUN3D, 42 inches was chosento bethelongitudinal length of ‘segnment
b’ depictedin Figure 13 to represent the oscillation footprint (effective coherence length) of the terminal shock.

The revised BFFs representing the Mach 0.90 terminal shock were developed using a composite of forcing
functions fromstations 4,5,and 6. Segment ‘a’ in Figure 13is 46.5 inches long, segment ‘b’ is 42 inches as discussed
above,andsegment‘c’is 31 inches long. Pressure time histories fromstation4are applied to segment ‘a’ and station
6 pressure time histories are applied to segment ‘c’. The terminal shock oscillation pressure signatures shown in
Figure 7are applied to the42-inch terminal shock footprintin segment ‘b’. Thesesegment BFFs aresummed together
to obtain the final BFF time histories for the station 5 terminal shock. Figures 14 and 15 present preliminary BFFs
and those with the revised station 5 composite BFF for a Mach number of 0.90 at a=0° and 4°, and $=0°. The
reductions in station 5terminal shock based on shadowgraph and FUN3D results are apparentandsignificant for this
condition. However, questions remained regarding the confidence in these methods to represent the terminal shock
and a testprogramwas conducted to explore the buffet environment associated with the terminal shock for this vehicle
configuration to ensure flight safety.



IV.  Analysis of Terminal Shock Buffet Environment

Although the revised terminal shock BFFs for Mach 0.90 were shown to be lower using the composite forcing
functions discussed above andtheresulting buffetloads associated with the RL10C upper-stage enginewere reduced,
a buffet test —focused on this terminal shock environment region—was warranted to increase the program’s confidence
in BFFs, predicted buffet loads, and resulting structural margins. Modifications were made tothe 3-percentscale SLS
rigid buffet model Block 1B cargo configurationto include a very highdensity of unsteady pressure measurements at
the location ofthe terminal shockat Mach 0.90 (station 5). As discussed in Section 1, 16 azimuthally-spaced shock
arrays were installed in the model. Each shock array had 16 unsteady pressuretransducer ports arranged longitudinally
and were offset +/-1° from the array cardinal azimuth for transducer mount clearance considerations. A total of 256
unsteady pressure transducers provided a unigue opportunity to study the buffet environment and BFFs associated
with an unsteady terminal shock on a launchvehicle payload shroud. Figure 5showsthe SLS model mounted in the
TDT test sectionwith shockarrays visible and Figure 6 shows details of the shockarray design. Table 2 lists shock
array port locations and azimuthal offsets.

A. Characteristics of the Terminal Shock on Block 1B Cargo Tangent-Ogive Payload Shroud

The sensitivity of shock location to flight conditions is of interest in generating BFFs associated with the shock
oscillation buffet environment. Testingof the modified SLS cargo modelat TDT included a finely-spacedtransonic
Mach range toidentify the location of theshock onthe shock array. Figure 16 presents mean pressure coefficient (Cy)
distributions on the shock arrays at Mach numbers of 0.80, 0.85, 0.87, 0.90, 0.91, 0.92, 0.93, 0.94, and 0.94 and a
vehicle attitude of «=0° and £=0°. This figure includes all 16 shock arrays at azimuth locations of 0° to 337.5° in
22.5° increments and the y-axis label of each plot lists the shock array cardinalazimuth. As can be expected for this
zero total-o condition, the Cp distributions at each Mach number are consistently symmetric around the circumference
ofthe payloadshroud. Additionally, the transition fromsupersonic C, (~0.6) to subsonic C, (~0.1) is clearly seen for
Mach numbers 0f0.90, 0.91, and 0.92, which indicates the presence ofthe terminalshockon the sensorarray. The
shockis upstreamof the shockarray at Mach numbers 0f0.80, 0.85, and 0.87 and downstreamofthe array at Mach
0.94 and 0.95. For Mach 0.93 (blue, right-pointing triangles), Figure 16 shows that theshock is located near the end
of the array and partially downstream of the last port on the array.

Further insights regarding the terminal shock location and the extent of shock motion can be determined froma
review of the fluctuating pressure at each portby computing the root-mean-square of the port pressure with the mean
pressure subtracted (4Cpms) as shown in Figure 17. The trends in 4Cp,ms are shown to be symmetric and nearly
identical for all sixteen shock arrays around the azimuth and the peak value being approximately 0.15 for the Mach
0.90 case. The peakvalue of 4Cpmsis showntodecrease with increasing Mach number froma value of 0.15 at Mach
0.90 to 4Cpms=0.11 for Mach 0.93. The array station at which the peak occurs is shown to shift downstream with
increasing Machnumber. Asshownin Figure 16 and confirmed in Figure 17, the center of the shock footprintappears
to be at the downstreamend of theshock array at Mach 0.93. The terminal shock appears to be centered on the shock
array at Mach 0.91 at approximately station 1460 inches, as shown in Figure 17.

As the vehicle pitchattitude is changed, the terminal shock footprinton the vehicle will not be symmetric. This is
shown in data fromthe shockarray in Figures 18 and 19, which presents Cpmean and 4 Cy,ms at a Mach number of 0.91,
a=-6°to +6°, and p=0°. With respect to the centered terminal shock position for a=0° at approximately station 1460
inches found in Figure 19, the shock footprint onthe top of the vehicle (¥=0°) is seento move forward with increasing
a and the shock footprint on the bottomofthe vehicle (¥=180°) is seen to move aft with increasingangle of attack
On the sides ofthe vehicle at ¥=90° and ¥=270°, the shock location is unaffected by vehicle pitch change, as expected.
These dataclearly shows the impactof vehicle attitude onthe location of terminal shock on OML surface and provides
insight into the asymmetric nature of the shock at nonzero vehicle attitudes.

B. BEstimation of Terminal Shock Time History

Given the high longitudinal pressure portdensity for this test configuration, it is possible to estimate a time history
of the centroid of the terminal shock on the vehicle and more clearly define the shock oscillation footprint.
BExamination of histograms of the C,, time histories reveals the range of pressure coefficient values observed by the
pressure ports onthe shockarrays. Histograms shownin Figure 20 for the shockarray at #=90° clearly shows peaks
associated with port locations that are predominantly measuring a supersonic C,, and those measuring a subsonic C,
Summing the 16 C,, histograms shown in Figure 20 yields the summed histogramin Figure 21, which includes a

polynomial fit of the histogram to enable computation of a supersonic and subsonic threshold pressure coefficient
(Cp supersonic AN Cyy sybsonic) Values for determination of shock location. The threshold C,, values are computedbased
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on locating the local maxima of summed histogram curve fit and using a reasonable curve fit slope to locate the
supersonic andsubsonic C,, valuesthatboundthetransition C,, region. Thistransition C,, region is the range of values
shown in Figure 21 at whichthe measured port is in transition froma supersonic to subsonic (and vice versa) condition:
the shock is just upstream or downstream of the measurement port on shock array. This concept of shock location
and transitionregion with respect tothe shock array measurementportsis shown in Figure 22. With flow onthe aray
passing fromleft to rightin Figure 22, the shockis located at an instant in time between ports ‘h”and ‘i’, and ports
‘a’ through ‘g’ observe supersonic flow, while *j” through ‘p’ observe subsonic conditions. Ports ‘h” and “i” will
theoretically observe a pressure coefficient that is in the transition region of Figure 21 because the shock does not
affect an infinitely narrow region in the direction of flow. However, from experience and an understanding of the
physics of the flow in this region, we will see that many more ports are within the transition region.

Given the shocktransition regiondefined in Figure 21, the time histories of C, for measurement ports ‘a’ through
‘p’ can be interrogated to determine a shock condition between 0 and 1. This shock condition, ¢, is defined as,

6 =0 subsonic condition, C, = C, sypsonic

C. ir—C. - -
5= psubsonic” b - transition condition, C

< Cp < Cp,subsonic

C . —C . p,supersonic
p,subsonic— Cp,supersonic

& = 1; supersonic condition, C,, < €, supersonic:

For each time step, a shock condition, J, is computed for each port on each shock array based on the measuredC,,
value and the threshold C,,values computed fromthe curve fit to the array summed histograms, akin to that found in
Figure 21. Figure 23a and 23b present pressure coefficient and shock condition time histories for the ¥=90° shock
array fora Mach numberof0.91 at ports “a’ through ‘m’, which span the supersonic to subsonic conditions. Pressure
ports ‘a’and ‘b’ are noted tobe at predominantly supersonic C,, values throughoutthe time history and pressure ports
‘k’ through ‘m’ are noted to be predominantly subsonic. Between ports ‘c’ through ‘j’, the measured pressure
coefficient is seen to rapidly transition between supersonic and subsonic states, which is indicative of the terminal
shockrapidly moving longitudinally back and forthacross the ports. Atanyinstant in time, an estimate of the location
of the shock can be determined with knowledge of the port locations and by examining the shock condition. It is
assumedthat theshock centroid corresponds to a shock conditionvalueof0.5. Atan instant in time of 2-seconds for
the time histories shownin Figure 23, the shock condition canbe plotted versus port locationas shown in Figure 24
and the shock centroid location can be interpolated between sensor stations to the shock condition value of0.5. For
this time instant, the shock centroid is at station 1464.1 inches (full-scale). Performing this analysis for multiple shock
arrays for the entire time history length, we arrive at the full-scale shock centroid time histories shown in Figure 25
for the arrays at ¥=0°, 45°, 90°, 135°, 180°, 225°, 270° and 315°. Mean and peak-to-peak magnitudes of shock
location are shownto the left of each time history and reveal a range of mean and peak-to-peak magnitudes of between
1457.1 and 1458.0 inches and 40.6 and 49.2 inches, respectively.

The dominant frequencies of shock motion are of interest to BFF development and understanding of the terminal
shockdynamics. Powerspectral densities of shock positionon the arrays at ¥=0°,90°, 180°, and 270° are shown in
Figure 26, which reveals a broad peak located at 0.69 Hz. Also plottedin Figure 26 are power spectral densities of y-
direction and z-directionaccelerometers thatwere located in the payload shroud of the SLS wind-tunnel model. This
data show peaks of 0.57 Hz in the y-directionand 0.40 Hz in the z-direction, which correspond tothe first two model
fundamental modes of vibrationonthe TDT supportsting for full-scale trajectory conditions. Vibration taptests were
conducted on the model prior to testing and revealed first lateral and vertical bending modes associated with the
model/stingto be at 9.8 Hz and 6.9 Hz, respectively, which correspond to the peaks at full-scale frequencies noted in
Figure 26 forthe accelerometers. Althoughtheshock locationand model accelerometer frequency peaks do notalign,
the terminal shock dynamics may be impacted by the model motion and/or facility turbulence/noise.

Computing shock condition and location analyses for an angle-of-attack sweep of -6°, -4°, -2°, 0°, +2°, +4°, and
+6° at Mach 0.91 reveals the mean centroid location and extent of motion trends ofthe shock on each ofthe arrays
as shown in Figure 27. These plots reveal that the mean shock location andextent of motion is highly dependenton
vehicle orientation. For positive a, the shock location moves upstreamtoward the nose on the leeward or top of
vehicle (¥=0°) and moves downstreamon thewindward or bottomofvehicle (¥=180°). The opposite trend is shown



for negative angles ofattack in Figure 27. Examining the trends of the shock centroid location with « showthatthe
shock footprint is quite sensitive to vehicle orientation. The extent of shock centroid motion (peak-to-peak magnitude)
shown in Figure 27 indicates that, it too, is sensitive to vehicle orientation with the magnitude of motion ranging from
32 inches to as high as 58 inches. This extent of motion supports the conclusion reached in Section I111-B to use a
shock footprint widthof 42 inches estimated by the shadowgraphand CFD analyses for usein revising the integration
length for the shock station BFF.

C. Longitudinal and Azimuthal Coherence of Shock Array Pressure Time Histories

The coherence between pairs of pressure time histories is a useful tool in determining integration lengths and
angles in regions of coarse sensor density. Buffet forcing functions presented in Section 111 were developed using
coherence-based integration factors determined using the methods presented in Refs. 8 and 9 and intended to adjust
the effective integration region to estimate the temporal and spatial effects of fluctuating pressures. These methods
are used to reduce the anticipated conservatism and overprediction of BFFs that would result if the measured
fluctuating pressures were integrated over its entire geometric region. However, the high sensor density for the shock
arrays shown in Figure 6 was expected to preclude the need to apply a coherence-based integration factor for the
development of the terminal shock BFFs.

Longitudinaland azimuthal magnitude-squared coherence, y 2, versus full-scale separation distance and separation
angle are shown in Figures 28and 29 fora Mach number 0f0.91 and vehicle attitudes of a=-6°, -4°, -2°, 0°, +2°, +4°,
and +6°, and f=0°. Longitudinal magnitude-squared coherence in Figure 28 is computed between port ‘a’ and each
subsequent downstream port on each azimuthal shock array. Azimuthal magnitude-squared coherence shown in
Figure 29 foreach azimuth locationat a common longitudinal station is computed using the portat ¥=0° as a reference.
Sensor-to-sensor coherence values are shown to remain above or nearavalue of # = 0.5 for longitudinal separation
distances greater thanthe sensor spacing of 5inches, which suggests full longitudinal correlation of the pressure signal
on the shock arrays. Studying the azimuthal magnitude-squared coherence shown in Figure 29, a similar result is
found. Magnitude-squared coherence values greater than or near »* = 0.5 are found for separation angles slightly
greater than the azimuthal separation distance between shock arrays of 22.5°. Thus, the development of terminal
shock BFFs usingthe shockarrays will assume that the measured pressures at eacharray portare fully correlated on
each port’s geometric patch and there is no need to apply a coherence-based integration factor to reduce integration
areas.

V. Terminal Shock BFFs Based on Fine Sensor Distribution

The ultimate intent of modifyingthe SLS Block 1B cargo configuration’s payload shroud to include 256 unsteady
measurement ports focused on the terminal shock environment was to validate the assumptions used in BFF
development discussed in Section I11-B and to provide updated and more accurate terminal shock BFFs for this
configuration. Buffet forcing functions for the terminal shock have been developed based onthe shock array pressure
port data and will be compared to the preliminary and revised BFFs discussed in Sections IlI-A and I11-B.
Additionally, sensitivity of BFFs to sensor location choice with respectto shock location will be discussed. Both root-
mean-squared and power spectral densities of BFFs will be discussed and compared.

A. Terminal Shock BFFs Based on Integration of Individual Shock Array Sensor Stations

Sixteen terminal shock BFFs have been computed using the methods described in Refs. 8and 9at each shock amay
station (“a’ through ‘p’) shown in Figure 22. The integration boundaries were defined using the longitudinal and
azimuthal midpoint locations between sensors based on the array geometry listed in Table 2. Based on the high
longitudinal and azimuthal coherence on the arrays shown in Figures 28 and 29, no coherence factors were applied
and measured pressures were integrated over the full geometric boundaries. To arrive at asummed shockarray BFF
for comparisonto the BFFs generated usingthe coarse sensor distributionshown in Figures 14and 15, the BFF time
histories at array stations ‘a’ through ‘p’ were summed at each time step. This ‘summed BFF’, representing the
terminal shock BFF, is assumed toact at the longitudinal center ofthe shock array (between port ‘h’ and “i’). Figure
30 presents root-mean-squared normalized BFF results at 16 shockarray longitudinal stations and the total sunmmed
BFF for the Mach 0.91 condition and a=-6°,-4°, -2°, 0°, +2°, +4°, and +6°, and p=0°. ComparedtotheC,,,, value
in Figure 15 for the revised station 5 loads discussed in Section 111-B, Figure 30 shows that increasing the sensor
densityto capture the nuances of the shock motion has further reducedthe z-direction BFF rms value by half. These
normalized terminal shock BFF values are summarized in Table 5. Fora vehicle attitude of «=0°and $=0° shown in
Figure 30, the individual port BFFs in the y-directionand z-direction (4 Cy,ms and 4 C;,ms) appear symmetric and have



nearly the same values at each port station. However, when the vehicle is pitched to nonzero values of o, Figure 30
reveals that the z-direction BFF component exhibits a dual peak that is consistentwith the windward and leeward shift
in the mean location of the terminal shock depicted in Figure 27. Individual and the summed BFF z-direction ms
magnitudes are shown to rise with the absolute value of vehicle angle of attack.

Power spectral densities of C,, and C, for individual port (“a’ through ‘p”) and summed BFFs are presented in
Figures 3laand 31b for the Mach 0.91 condition and for the vehicle attitude of a=4° and $=0°. The spectral content
shown for z-direction BFFs in Figure 31b possess higher magnitudes than those for the y-direction in Figure 31a,
which is expected due to the windward and leeward flow on the top and bottom of the vehicle due to the nonzero
vehicle angle-of-attack attitude. The PSD magnitudes for each individual and summed BFF are shown to decrease
significantly beyond 5-10 Hz in Figures 31a and 31b. Finer details in individual port BFF PSD magnitudes and
spectral content can be found in Figures 32a and 32b, which are scaled to illustrated the 0.5to 5 Hz frequency range.
It is surprising that the spectral contentof AC,, and AC, for theindividual sensors are quite different. Spectral content
in Figure 32a is dominated by broad peaks in the range of0.70Hz to 3 Hz full-scale. However, the spectral peaks in
Figure 32b in the z-direction are at 0.69 Hz full-scale, which correlates well with the spectral content of shock motion
shown in Figure 26.

B. Terminal Shock BFFs Using Assumed Coarse Integration Scheme for Each Shock Array Port Station

A final observationthat is important to terminal shock BFF development fromwind-tunnel data, is thatthe results
shown in Figures 30, 31, and 32 illustrate that thereis a large variation in BFF magnitudes observed by each individual
station onthe shockarray. Ifany one of these represented the only longitudinal station at or nearaterminalshock, a
wide range of BFF magnitudes could berealized if that single stationwas integrated over the entire shock array. This
effect can be seen in Figure 33, which presents BFF PSDs that have been computed assuming that each station is
integrated over the entire shockarray longitudinal length. Alsoshownin this figure is the summed BFF as presented
in Figure 31. Note that PSDs in Figure 31 are presented in a semilog format with x-axis range from0-60 Hz full-scake
while Figure 33 presents PSD on linear plot and with x-axis range of 0-10 Hz full-scale for clarity. It canbeseenin
Figure 33a that a large number of the port BFFs are much greater thanthesummed AC,, BFFand in Figure 33b some
AC, BFFs arean order of magnitude greater thanthe summed AC, BFF. For the case ofasingle longitudinal station
observingan oscillating terminal shock, Figure 33 suggests thata poorly chosen longitudinal sensor station can result
in a large overprediction or underprediction of the BFF. Additionally, since the peak AC,,,.,,,; associated with the
terminal shock decreases with increasing Mach number as shown in Figure 17 as the terminal shock shifts downstream
the location of any terminal shock measurement station or array of stations should not be further than % caliber
downstreamofthe payload shroud shoulder interface of the tangent-ogive to upper-stage. Sound test planningwould
utilize CFD results to guide sensor placement and Mach number choices for the test matrix

Il. Conclusions

Two wind-tunnel studies have been conducted at the NASA Langley Research Center’s Transonic Dynarmics
Tunnelto observe the buffet environmenton a heavy-lift launch vehicle with a tangent-ogive payload shroud using a
3-percent scale rigid buffet model. Initial studies revealed the presence ofa strong terminal shock at Mach 0.90 that
oscillated across a single longitudinal stationand resulted in erroneously high buffet forcing functions (BFFs), which
causedstructural responses on the upper-stageengine toexceed allowable margins. The terminal shock environment
was subsequently reduced throughthe use of unsteady FUN3D CFD results and shadowgraph movies that focused on
the terminalshock motion to deduce a smaller longitudinal integration region for the terminal shock BFF. However,
the need to validate this approach andto pursue further reductions prompted a second test of this configuration with
256 unsteady pressures focused on the terminal shock environment. The analysis of data from these test prograns
indicates:

The magnitude of a terminal shock BFF based on wind-tunnel test data can be overpredicted, underpredicted, or
missed altogether dueto poorly chosensensor locations or testmatrix. It is recommended thatcomputational fluid
dynamic results be used to guide unsteady pressure sensor placementand combined with shadowgraph or schlieren
video systemto determine the extent of shock motion in conjunction with unsteady pressure measurements.

The peak value of AC, ,.,,; associated with the terminal shock decreases with increasing Mach number and the

terminal shock location moves aft (downstream) of the payload fairing shoulder with increasing Mach number.
Therefore, it is recommended to locate terminal shock unsteady pressure transducers within ¥z caliber of a tangent-
ogive shoulder.
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The magnitude and frequency contentofa terminal shock has been shown to be impacted by the vehicle angle of
attack. At low to moderate angles of attack, the terminal shock region moves forward on the leeward side of
vehicle and aft on the windward side. This results in an asymmetric circumferential pressure loading as observed
by unsteady sensors, especially fora coarse sensor distribution. Whenintegrated, these azimuthally asymmetric
pressure time histories can result in an overprediction of the terminal shock environment, especially when few
unsteady sensors are employed at or near the terminal shock station.

Based on analysis of shock motion fromshockarray data, the extent of motion and thus, the terminal shock BFF
integrationregion length, is on parwith the estimate of 42 inches determined from CFD and shadowgraph videos.
Shock array analysis indicates that the range of shock oscillation motion varies with vehicle attitude and ranges
from 32 to 58 inches around the vehicle azimuth for this configuration.

It is recommended to place ashockarray of at least 2-3rings of unsteady sensors at the predicted location of peak
terminal shock AC,, ,.,,s in order to ensure adequate discretization of the buffet environment associated with this
phenomenon.
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Table 1. Space Launch System RBM TDT test section flow conditions in R134a test medium.

Mach Re, 1st Stage Model Scale Buffet
Number g, psf V. fifs Re, /ft Dia. Bandwidth, Hz
0.8 481 441 8.47E+06 7.05E+06 0-1,002
09 480 499 7.47TE+06 6.22E+06 0-1,002
1.0 480 546 6.92E+06 5.76E+06 0-1,004
12 300 653 3.66E+06 3.05E+06 0-1,059

Table 2. Shock array port longitudinal stations and azimuthal offsets.

. "S"g;ee' Full Scale | AzZmuthal
PP staton, | SEERY | Ggrees

a 42.836 1427.867 +1
b 42.986 1432.867 -1
c 43.136 1437.867 +1

Ogive /

Cylinder 43.140 1438.01 N/A

Interface
d 43.286 1442.867 -1
e 43.436 1447.867 +1
f 43.586 1452.867 -1
g 43.736 1457.867 +1
h 43.886 1462.867 -1
i 44,036 1467.867 +1
i 44.186 1472.867 -1
k 44,336 1477.867 +1
| 44.486 1482.867 -1
m 44,636 1487.867 +1
n 44.786 1492.867 -1
0 44,936 1497.867 +1
p 45.086 1502.867 -1
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Table 3. Rigid buffet model scaling laws.

Qua;ctétlyé;o be Full scale to Model scale Relationship
q
Pressure P = P =
qu
2
D
Force Fo=F, G [ fs]
ms DmS
D,V
Time T =T — ™
ms st
Frequency f.o=f ms Ve
fs = "ms
Dfs Vms

Table 4. Full-scale reference trajectory conditions.

Mach

Number g, psf v, ft/s
0.90 518.97 980.14
0.91 523.00 990.19

Table 5. Summary of Mach 0.91 terminal shock normalized BFF rms lewels.

Terminal Shock ACyrms | ACyrms | Alyrms | AC, s
BFF Description
o=0° p=0° o=4° p=0°
Preliminary 0.0172 0.0161 0.0135 0.0366
Revised 0.0061 0.0058 0.0048 0.0135
0.0061 0.0063 0.0057 0.0069

Shock Array

Figure 1. Space Launch SystemBlock 1B cargoconfiguration (SLS-27004) with spherically-bluntedtangent-
ogiwve payload shroud.
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Figure 2. Shadowgraph showing terminal shock on SLS Block 1B tangent-ogive payload shroud.

‘ -

"
+

Figure 3. Space Launch SystemBlock 1B cargowehicle configurationinthe Langley Research Center
Transonic Dynamics Tunnel during 2012 wind-tunnel test program.
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@ Static Pressure
e Buffet Unsteady Pressure
® Aeroacoustic Unsteady Pressure

Terminal Shock Station \

Figure 5. Space Launch SystemBlock 1B cargoehicle configuration with terminal shock arrays in the
Langley Research Center Transonic Dynamics Tunnel during 2016 wind-tunnel test program.
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- 16 shock arrays with 16 ports each
- ports are labeled ‘a’ through‘p’
- port’'c’ corresponds to station 5
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Figure 6. Pressure sensor locations for observation of terminal shock oscillation.

Shock location: symmetric around azimuth Shock location: asymmetric around azimuth

yo180°) Cp |
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A Tir;'ne, sécon(‘js I | Time, seconds
Fig a. Mach=0.90 a=0" =0’ Fig b. Mach=0.90 a=4" p=0"
Figure 7. Pressure coefficient versus time for ring of sensors at terminal shock station for aMach number of
0.90and o/ f=0°/0"and 4°/0".
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ACy, rms and AC;, s (Bandpass 0.5-60Hz)
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Figure 8. Preliminary normalized BFFs for SLS Block 1B cargowehicle for M=0.80,0.90,0.95,1.10,and 1.18
for a=0°and p=0°.
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Figure 9. Preliminary normalized BFFs for SLS Block 1B cargoehicle for M=0.80,0.90,0.95,1.10,and 1.18
for a=4°and p=0°.

16



© o
(o] w —
: :
-
-

o
~
T

Lc =3.13in (model-scale)

o0} \ -
g ) L= 1045 in (full-scale)
£ 1Y
o 0.5
= I
2 LAY
804 ¢ \
1 5
\
0.3 % o
LN
0.2 1 % Y
= +
' N - o a
0.1} 4 ; he b ]
+ ik + 4
0 : . i .!i{.:‘“"'.'i--.--"--.'-*'.-|

0 2 4 6 8 10 12 14 16 18 20 22
Model-scale separation distance, inches

Figure 10. Magnitude-squared coherence versus longitudinal separation distance on payload shroud for
Mach 0.90 and =0°and g=0°.

160

140 ]

120 * * ]

100 4

Full-scale Length, inches

60 1

40 - : * : : : :
] 1 2 3 4 5 6 7 8
Vehicle Station Number

Figure11. Zone lengths and effective longitudinal coherence lengths for stations 1 through 7 for Mach 0.90
and a=0° and #=0°.

17



X=552in
dx=42in

Figure 12. Standard deviation of each pixel of shadowgraph video file showing longitudinal extent of shock
oscillation footprintat Mach 0.90.
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Figure 13. Pressure coefficient root-mean-square magnitude showing extent of shock oscillation from
FUN3D analysis at Mach 0.90.
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s Mach 0.90 a=0° p=0° [Preliminary]
® Mach 0.90 a=0° B=0° [Revised Sta. 5]
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Figure 14. Preliminaryand revisedstation 5 normalizedBFFs for SLS Block 1B cargo\ehicle payload
shroud for M=0.90, ¢=0°, and #=0°.
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Figure 15. Preliminaryand revisedstation 5 normalizedBFFs for SLS Block 1B cargo\ehicle payload
shroud for M=0.90, ¢=4°,and #=0°.
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Figure 17. ACymson the 16 shock arrays for Mach 0.80,0.85,0.87,0.90,0.91,0.92,0.93,0.94,0.95anda=0°,
and g=0°.
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Figure 18. Mean C,, on the 16 shock arrays at Mach number of 0.91 and ¢=-6° to +6°, and #=0°.
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Figure 19. ACymson the 16 shock arrays at a Mach number of 0.91 and ¢=-6° to +6°, and #=0°.
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Figure 23. Pressure coefficient(C, ) and shock condition (¢) time histories for the ¥=90° shock array for a
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