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Numerical Simulation of Titan IVB
Transonic Buffet Environment
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The Titan IVB launch vehicle has experienced much larger than expected buffeting during transonic � ight,
according to � ight telemetry. Computational-�uid-dynamics (CFD) simulations of the unsteady, full three-
dimensional, transonic � ow environment were conducted to identify the origin of the large vibration levels. Two
simulation results are presented, at Mach 0.8 and 1.1, which identify a new, important � uid dynamic mechanism
that produces a relatively strong buffet environment. This mechanism involves large vortex pairs, which are pe-
riodically shed along the core body. Comparisons between � ight data and CFD simulation results demonstrate
adequate emulation of both the frequency and magnitude of the unsteady aerodynamic loads. The vortex-pair
shedding frequency is shown to be analogous to von Kármán vortex shedding. However, a unique mechanism of
instability is proposed. The implications of this work for wind-tunnel testing procedures are also addressed.

Nomenclature
Az = azimuthal angle
C p;rms = rms pressure coef� cient
D = diameter
f = frequency
M = Mach number
P = static pressure
Q = dynamic pressure
Re = Reynolds number
Sr = Strouhal number
T = temperature
U1 = freestream velocity
® = angle of attack
¯ = sideslip angle

Introduction

T ELEMETRY data taken during transonic � ight of several Ti-
tan IVB vehicles have suggested that the buffet environment

(i.e., the unsteady aerodynamic � ow) is signi� cantly stronger than
expected. For example, during ascent of Titan IVB � ight vehicle
B-27, a pitch-direction accelerometer located on the aft skirt (or
boat tail) of the payload fairing (see Fig. 1) registered17-Hz vibra-
tion levels that were two times larger than predicted. Note that the
Titan IVB consistsof a centralcorebody,� ankedby two solid rocket
motors. This event occurred at approximately 43 s after liftoff (i.e.,
t C 43 s), just after the vehicle reached sonic speed (i.e., M D 1:1).
Several vehicles experienced similar pitch-directed vibrations dur-
ing near-sonic � ight.

Various external pressure transducer signals taken aft of this ac-
celerometer (i.e., along the stage 2, core vehicle surface) also indi-
cated larger than expected surface-pressure� uctuations throughout
transonic � ight. Note that stage 2 consists of three compartments:
2A, 2B, and 2C (see Fig. 1). For example, along compartments 2A
and 2B, which typicallyencounterthe largest unsteadypressurelev-
els on the vehicle, the maximum C p;rms at a given Mach number are
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typically two to three times higher in � ight than predicted in the
Titan IV wind-tunnel program. An explanation for this de� ciency
will be provided later.

The buffet forcing functions for much of the U.S. launch vehicle
� eet (e.g., Delta II, Titan IV, and shuttle) were derived from wind-
tunnel buffet test programsinvolvingsubscalemodels. For the Titan
IV buffet test program,1 a 7.9% truncated model of the vehicle was
used. The truncated model does not include an aft portion of the
vehicle.The model was instrumentedwith high-frequencypressure
transducers at various positions along the vehicle surface. The re-
sulting pressure signals for a given test condition were converted
into full-size vehicle signals, which were then integrated to provide
a buffet forcing function over the entire vehicle surface.

Flight data are typically used to re� ne the buffet forcing function
predictions. However, because of limitations on telemetry band-
width, it is dif� cult to resolve adequately the buffet environment
duringa single � ight.Consequently,the accuracyof the wind-tunnel
data is often crucial for the accurate prediction of structural loads
well past a vehicle’s maiden launch.

Unfortunately, subscale wind-tunnel tests might not always re-
solve signi� cant featuresof the buffet environment. It will be shown
in the Discussion section that the Titan IV wind-tunnel test trans-
ducer locationsdid not allowcharacterizationof the “hot spots” (the
regions of largest amplitude pressure � uctuations). It is also specu-
lated that seeminglyminor differencesbetween the wind-tunnel test
model and � ight vehicle might have contributed to � ow resolution
dif� culties.

A major dif� culty in performing accurate buffet tests is that
the primary buffet load mechanisms for multibody launch vehicles
are not well understood. It is very dif� cult to con� gure a limited
set of pressure transducers to capture accurately a vehicle’s buf-
fet “hot spots” without a fundamental understanding of the buffet
mechanisms.

Computational � uid dynamics (CFD) is used here to study the
transonic � ow� eld of the Titan IVB. Recent advances in parallel
computing have made transient simulation of the Titan IVB buffet
environment feasible with standard numerical algorithms. Steady
� ow� eld solutionshavebeen obtainedby Wang et al.2 and J. Bomba
(private communication, Sept. 2000). These solutions clearly iden-
tify the presence of weak, bound longitudinal vortex pairs on op-
posite sides of the core at Mach numbers between 0.6 and 1.6. A
portion of this � ow that passes behind the payload fairing is accel-
erated toward the core because of the presence of the solid rocket
motor upgrade (SRMU) booster noses. This cross� ow results in the
roll up of the vortex pairs along the core body. It will be shown later
that this vortex-pair region is actually unstable and produces strong
alternatevortex-pairsheddingthat can be capturedanalytically,pro-
vided the computation involves � ne enough spatial resolution.
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Fig. 1 Titan IVB solid-body model.

There have been only a few attempts to numerically simulate the
buffet environmentof an actual three-dimensionalvehicle.The � rst
successful attempt, by Rizk et al.,3 was the simulation of the F-18
aircraft tail buffet environment. Several others have also simulated
F-18 tail buffet with increasing model complexity. Most recently,
Sheta and Huttsell4 characterized the strong coupling of the F-18
vertical tail motion with the unsteady aerodynamic � ow� eld and
made extensive comparisons to experimental and � ight data.

The main objectives of this work are 1) to improve our general
understandingof buffet load mechanisms for multibody launch ve-
hicles and 2) to explain the anomalousstructuralresponsesobserved
during Titan IVB ascent. This work represents the � rst attempt to
simulate numerically the unsteady transonic environment for the
Titan IVB launch vehicle.

Methodology
A computationally intensive CFD approach is taken to simulate

the Titan IVB buffet environment. The full three-dimensional, un-
steady Navier–Stokes equations are integrated in a time-accurate
manner. No symmetry planes are used. Both thin-layer and cross-
derivative laminar viscous terms are included, but turbulence is
omitted. The grid is thought to be exceptionally well resolved in
the inviscid region along stage 2. The main idea is to capture the
low-frequency transonic � ow features that are evident in the � ight
data. The energy in the buffet environment hot spots, according to
� ight data, is concentrated below 50 Hz. It is not clear whether
further simpli� cations to the model are appropriate.

Model Geometry
A truncated, three-dimensional Titan IVB surface geometry is

modeled.A solid bodymodel (Fig. 1) for Titan IVB was constructed
in I-DEAS, a CAD software licensed from Structural Dynamics
Research Corp. The aft portion of the vehicle, including nozzles,
was truncated from the computational domain to reduce computa-
tional expense.Based on � ight data, the primarybuffetbehaviorwas
expected to occur along the core vehicle, between the boat tail and
approximately the � rst third of the solid motors. Re� ections from
the downstreamboundaryare not expectedto in� uence signi� cantly
the upstream� ow� eld because the freestreamis eithernear or above
sonic speed in the simulations.Based on the relatively small ampli-
tude vibrationsmeasured in � ight, the couplingbetween the vehicle
and unsteady � ow� eld is expected to be negligible. Consequently,
the vehicle structure is assumed rigid. The long, thin cylindrical
structuralmembers that connect the core to each of the two boosters
(not shown in Fig. 1) are also neglected based on a Strouhal argu-
ment. That is, the primary frequencyof the noise generatedby these

nearly cylindrical bars would be in excess of 400 Hz for the � ight
conditions consideredhere, compared to the target frequency range
of less than 50 Hz.

Grid Resolution
A review of available telemetry hintedat the presenceof alternate

vortex shedding across the stage 2 core cylinder. Consequently, the
� ow� eld resolution was chosen based on standards suggested by
previous research involving vortical � ows. Grasso and Iaccarino5

have suggested criteria for resolving the steady vortex � ow around
a supersonicmissile at various angles of attack using both the lami-
nar, Navier–Stokes equations and the turbulent,Reynolds-averaged
Navier–Stokes (RANS) equations.Speci� cally, a resolutionnormal
to the surface on the order of 0.01 diameters and an azimuthal reso-
lution along the surface of 1–3 deg were proposed. Applying these
criteria results in resolutions of roughly 1 in normally and 2 in cir-
cumferentially along the Titan IVB core surface (D D 100 in.). A
2-in. longitudinal resolution was also chosen arbitrarily (along the
stage 2 core). Based on these resolution parameters, the � rst grid
(grid 1) contains approximately 4 million cells (»50% in the re-
gion of interest along stage 2) and 175 blocks. The grid coarsens
azimuthally and longitudinallyby a factor of two at a “safe” radial
distanceaway from the core vehicle.The mesh was developedusing
ICEM-CFD, a commercial software licensed by ICEM-CFD.

A similar grid (grid 2) was constructed to reduce the grid size
while maintaining nearly the same resolution criteria.The most im-
portantchangewas that the averagelongitudinalresolutioncriterion
was increased to 3-in. increments from 2 in. This grid has approxi-
mately 2.5 million cells. Sections of grid 2 are provided in Fig. 2. A
coarse version of this grid (i.e., 1

2 resolution in all three directions
and »300,000 cells) was also utilized in a cursory grid sensitivity
study. Note that a conventional grid resolution study was not per-
formed because of heavy computational requirements but will be
attempted in future work.

Freestream Conditions
Two points along the Titan IVB trajectory were simulated. The

state vectors are summarized in Table 1. The two trajectory points
are at »T C 36 s (i.e., M D 0:8, altitude 12.5 kft) and »T C 43 s
(i.e., M D 1:1, altitude 19.8 kft). Level � ight is assumed in both
cases.

The � rst point was chosen because the telemetry data indicated
strong vortex-sheddingtype behavior in compartment 2C. The sec-
ond was chosen because telemetry indicated the largest vibration
levels for the Titan IVB vehicles at »17 Hz (described earlier). The
� rst and second simulations were performed utilizing grids 1 and
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Table 1 Simulated freestream conditions

Parameter Case 1 Case 2

M 0.80 1.10
T , R 474 449
P , psi 9.2 6.8
Q, psi 4.1 5.8
®, deg 0 0
¯, deg 0 0

a) Yaw plane for entire domain

b) Titan IVB surface only

Fig. 2 Sections from grid 2.

2, respectively. These two cases also illustrate how the � ow� eld
changes during the most intense portion of transonic buffet.

Flow Solver
The commercial CFD code, General Aerodynamic Simulation

Program (GASPv3), licensed by Aerosoft, Inc., was chosen as the
� ow solver for this effort. GASPv3 (Ref. 6) is a versatile, � nite vol-
ume, multiblock, structured-meshcode. Features of GASP deemed
essential to the timeliness of the simulations include arbitrary grid
distributionacrossblock boundaries,parallel (shared-memory) pro-
cessing compatibility, and compatibility with the ICEM-CFD grid
generator.

The implemented numerical scheme to solve the full Navier–
Stokes equations is second-order accurate in space and time. The
inviscid � uxes were computed with Van Leer � ux-vector splitting,7

plus upwind biasing, to capture strong inviscid � ow� eld gradients.
Min-mod limiters were used to ensure monotonicity in the solu-
tion (i.e., to satisfy the total-variation-diminishing property). An

explicit, two-step, Runge–Kutta algorithm was chosen for time-
accurate computation. All viscous terms (both thin layer and cross
derivative) are computed via central-differencing.The downstream
out� ow boundaryconditions(i.e., one-dimensionalRiemann invari-
ant for the Mach 0.8 case; extrapolationfor the Mach 1.1 case) were
chosen to minimize re� ections toward the upstream.

Numerical Procedure
Each simulation starts with a uniform � ow� eld equivalent to the

freestream conditions. After approximately half a second of simu-
lated real time, the solutions develop strong, self-sustainedoscilla-
tory behavioralong the stage2 core.Each simulationwas conducted
for approximately1 full second of physical time. As described later,
a strong vortex-pair shedding mechanism is captured in each case.
Note that the transient solution in each case did not become com-
pletely repeatable (i.e., pseudosteady) after 1 s of simulation.How-
ever, the rms and frequencycontent of the primary pressure � uctua-
tionsdobecomeessentiallyconstantin each case,and thequalitative
character of the unsteady � ow also appears to be constant.

The simulations were computationally intensive. The maximum
allowable time step was typically10¡5 s. Because approximately1 s
of real-timesimulationwas conducted,each simulationrequired105

steps.Each simulationrequired roughly two months of computation
using 16 processors on a shared-memory Origin 2000, or 20,000
CPU hours.

Numerical Assumptions
A primary, simplifyingassumption of this work is that of laminar

� ow. This assumption is necessary to eliminate the heavy computa-
tional requirements (i.e., stiffness) associatedwith turbulencemod-
eling. There is also concern that a RANS approach, which is based
on the time-averaged Navier-Stokes equations, might dissipate the
true temporal behavior of the � ow� eld. Finally, it is assumed that
turbulent boundary-layer and shear-layer effects are not primary
drivers of the low-frequency buffet environment. Note that the pri-
mary buffet load mechanism is »17 Hz, based on available � ight
data. This “target” frequency is orders of magnitude lower than the
scale of the turbulent eddy energy. The present calculation can be
consideredan underresolveddirect numerical simulation, limited to
resolving very large-scale turbulent structures.

Research on vortex formation over missiles at high angle of
attack5 has demonstrated a minor role of turbulence. The reason
given is that, at high angle of attack, vorticity productioncaused by
turbulence effects is minor compared to that created via cross� ow
acceleration (i.e., the in� uence of the missile geometry). Because
it was expected that the primary buffet environmentmechanism for
the Titan IVB is related to this geometry-related vorticity produc-
tion, it is reasonable to suspect that wall turbulence will be only a
modest effect.

The omission of turbulence effects also assumes that turbulence
does not signi� cantly affect the structure of the � ow� eld. Admit-
tedly, this assumption is tenuous because turbulence intensity has
been shown to affect modestly the size and shapeof recirculationre-
gionsat low-speeds.For example, it has been shown experimentally
that increased freestream turbulence levels for low-speed � ow over
a rearward-facingstep shortens the recirculationregion, moving the
reattachmentposition forward.8 For the Titan IVB it is assumed that
the shape of the large separated � ow region aft of the boat tail is not
strongly affected by the omission of a turbulence model.

Results for Case 1 (Mach 0.8)
A map of the relative strength of the predicted buffet environ-

ment along the Titan IVB surface is illustrated in Fig. 3. Speci� -
cally, the contours representthe rms pressure� uctuationsduring the
last »0.24 s of the simulation. Note that the ordinate provides the
station (i.e., longitudinalvehicle location). The time interval is only
approximately three cycles of the primary � uid dynamic feature, to
be described next. Note that the other half of the vehicle surface
(not shown) is almost identical to Fig. 3. The lack of symmetry in
the solution is mainly attributed to the limited sample interval of
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Fig. 3 Map of rms pressure loads at Mach 0.8.

»0.24 s. Also, repeatable surface-pressureoscillationswere not at-
tained by the end of the simulation. Note that it has been veri� ed
that the multiblock grid is completely symmetric in size and distri-
bution. Consequently, a much longer time interval (e.g., 2 s) might
be necessary to achieve symmetric results.

A direct comparison of pressure transducer telemetry data along
the stage 2 core with the “virtual” transducerreadingsdemonstrates
good qualitative and quantitative agreement. Figures 4a and 4b il-
lustrate comparisons of Titan IVB � ight vs simulation data for sets
of transducers taken at station 325 (in compartment 2B) and station
470 (in compartment2C), respectively.The station 325 readingsare
alongtheaft edgeof theprimaryhot spotof thebuffet environmentat
Mach 0.8, as predicted by the simulation. The simulation and � ight
data exhibit similar peak rms pressure levels and azimuthal distri-
bution. Speci� cally, peak C p;rms levels of roughly 0.1 occur at an
azimuth of roughly 30 deg. The station 470 readingsare close to the
secondaryhot spot, and the simulationunderpredictsthe magnitude
by about50% while exhibitinga similar azimuthal distribution.The
� ight data are far from symmetric. The latter is probably as a result
of asymmetric surface protuberances or winds. Note that the vehi-
cle � ight conditions (i.e., Mach number, angle of attack, sideslip)
are constantly changing and are expected to have a signi� cant ef-
fect on the unsteady aerodynamics. A discussion of the predicted
vs recorded frequency content will be provided later. The thin light
rings around the SRMUs, just below the cone–cylinder junction, are
related to the motion of reattachment shocks.

Alternate Vortex-Pair Shedding Mechanism
The primary hot spots in Fig. 3, along compartments 2A and

2B, are directly attributable to a new alternate vortex-pair shed-
ding mechanism. This alternate shedding represents the dominant
transient load mechanismin the simulation.A sequenceof the pres-
sure/velocity � eld along a transverseslice (i.e., at station 310) about
halfway down the SRMU nose cones clearly demonstrates its peri-
odic nature (Fig. 5). This mechanism involves vortex pairs, which
are alternately shed along the core vehicle at a nearly constant fre-
quency (»14 Hz for Mach 0.8 case). This mechanism results in a
relatively large, unsteady pitch-directed load applied to the Titan
IVB core vehicle. Representativepressure signals taken at two sur-
face locationswithin the primary hot spots are shown in Fig. 6 (both
30 deg from the target azimuth of 0 deg de� ned in Fig. 1) for the
last 0.24 s of the simulation. Both signals are on the same side of
the core. The lack of repeatable cycles indicates that the solution is
not completely settled.

The primary source of vorticityappears to be related to the strong
cross� ow accelerationeffect created by the vehicle geometry. More
speci� cally, because of the presence of the two SRMU noses a por-
tion of the � ow passing the fairing must accelerate toward the core
from both sides (i.e., two strong cross� ow currents are created).
Figure 7 is a typical snapshot of the pressure contours and veloc-

a) Station 325

b) Station 470

Fig. 4 Comparison of � ight data vs simulation near hot spots at Mach
0.8.

ity vectors in this region along a yaw plane slice. A low-pressure
(light gray) recirculation region forms behind the boat tail. These
two cross� ow currents also must bifurcate upon reaching the core,
resulting in four cross� ow streams.These viscousstreamsmust turn
sharply both radially inward towards the core and around the core,
while continuing to move downstream. Figure 8 is a snapshot of
how the � ow “corkscrews” using a rake of three-dimensional rib-
bons starting near the core surface at station 230. Note that the two
streams are moving azimuthally around the core, from each side,
and downstream. The underlying contours represent the surface-
pressure distribution. The two long, low-pressure (light gray) re-
gions extending downstream along the core body surface are es-
sentially shadows related to the streamwise vortex pairs just off the
surface. Note that the shape of the recirculation region, which is
highly transient,also can in� uence the vorticityproduction.Finally,
it is possible that cross� ow vorticity generated in the recirculation
region behind the hammerhead fairing is intermittently turned and
convected downstream to create the streamwise vorticity, although
no clear evidence of such an effect was discovered.

As for the natural unsteadiness,animations of the transient � ow-
� eld along the pitch plane suggest a plausible explanation. Three
pitch plane shapshots,each separatedby roughly a 1

4 -cycle, are pro-
vided in Fig. 9. This plane cuts longitudinally between the vortex
pairs, the effects of which are highlighted. The low-pressure (light
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a)

b)

Fig. 5 Snapshots of pressure contours illustrating alternate vortex
shedding sequence at Mach 0.8: a) pair of vortices (light gray region)
and b) new pair of vortices on opposite side of core vehicle (0.035s later).

Fig. 6 Sample of pressure signals within compartment 2A.

Fig. 7 Snapshot of yaw plane pressure contours for Mach 0.8 case;
light contours, low pressure; vectors, magnitude and direction.

Fig. 8 Illustration of vortex pairs using three-dimensional ribbons
and surface-pressure contours for Mach 0.8 case: light contours, low
pressure.

gray) vortex-pair regions (see Fig. 9a) are not to be confused with
the low-pressure,cross� ow vorticescreated within the recirculation
region upstream.Note that the vortex pairs act as obstructionsto the
freestream� ow, causing the large, high-pressure(dark gray) region
to form immediately upstream as a result of the inviscid interaction.
This high-pressure region moves downstream with the vortex pair.
A strong vortex also forms within the recirculation region just up-
stream of this high-pressure region. The vortex pair “lifts-off” the
core surface as it convectsdownstream(see Fig. 9b). This liftoff ef-
fect is expectedbecauseof the proximity and vorticityvectors of the
vortices. The cross� ow vortex just aft of the boat tail has convected
downstream somewhat during the 1

4 -cycle interval. The freestream
� ow is subsequentlydivertedmore stronglytoward theoppositeside
of the core, where a new pair of vortices is formed at the 1

2 -cycle
interval (see Fig. 9c). This process repeats itself periodically.

This alternate vortex-pair shedding mechanism can occur only
for speci� c vehicle geometries. In the present time-accurate solu-
tions for the Titan IVB, these strong streamwise vortex pairs form
and convect along the core body nearly periodically. However, a
similar numerical analysis conducted for a vehicle similar to the
Titan IVB in level � ight, but without a hammerhead (i.e., fairing
diameter equal to the core diameter), indicates only the presence of
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a)

b)

c)

Fig. 9 Pitch plane pressure contours for Mach 0.8 case; a) strong
vortex-paireffect on top,b) 1

4 -cycle later, andc) 1
2 -cycle later with strong

vortex-paireffect on bottom (light contours, low pressure; vectors, mag-
nitude and direction).

Fig. 10 Map of rms pressure loads at Mach 1.1.

weak, steady vortex pairs on both sides of the core body. Clearly
an axisymmetric core body alone, without the two boosters, could
not produce similar streamwise vortex pairs, regardless of the fair-
ing con� guration. Consequently, it appears that both the oversized
fairing (i.e., hammerhead) and boosters must be present to produce
this strong transient phenomenon.

Results for Case 2 (Mach 1.1)
A map of the relative strengthof the predictedbuffet environment

along the Titan IVB surface at Mach 1.1 is illustrated in Fig. 10.
The contours represent the rms pressure � uctuationsduring the last
»0.5 s of the simulation (for a 1.2-s computation). The time interval
is approximately 10 cycles of the primary vortex-shedding mode,
which is at »21 Hz. Again, the other half of the vehicle surface
(not shown) is almost identical.The modest lack of symmetry in the
solution is caused by the limited sample interval of 0.5 s. Again, the
grid has been carefully constructed to be completely symmetric.

A direct comparison of pressure transducer telemetry data along
the stage 2 core with the virtual transducer readings demonstrates
good qualitative and quantitative agreement. Figures 11a and 11b
illustratecomparisonsof Titan IVB � ight vs simulationdata for sets
of transducers taken at station 325 (in compartment 2B) and station
470 (in compartment 2C), respectively. The station 325 readings
are near the heart of the primary hot spot of the buffet environment
at Mach 1.1, and the simulation predicts similar rms pressure lev-
els and azimuthal distribution. Speci� cally, peak C p;rms levels of
roughly0.15 occur at an azimuth of roughly30 deg. The station 470
readings are close to the secondaryhot spot, and the simulation un-
derpredicts the magnitude by about 50% while exhibiting a similar
azimuthal distribution.The � ight data are not symmetric becauseof
several factors including the effect of winds and asymmetric surface
protuberances.

Vortex-Pair Shedding Frequency Content
A waterfall plot (power spectral density vs time) of a pressure

transducer signal, from � ight telemetry, located in compartment 2B
at station 325 and azimuth of 30 deg is provided in Fig. 12. As
described earlier, this location is near the heart of the largest loads
generated by the vortex-sheddingmechanism. Note that Mach 0.8
and Mach 1.1 occur at approximately T C 38 and T C 46 s, respec-
tively, for this � ight. Two lines have been drawn through the highest
energy levels,which indicate the presenceof two modes. It is argued
next that these two modes are likely the primary and � rst harmonic
frequencies of the vortex-pair shedding mechanism. There also ap-
pears to be a third line in the � ight data at higher frequencies (not
drawn). It is not clear what mode this line represents.
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a) Station 325

b) Station 470

Fig. 11 Comparisonof � ight data vs simulationnear hot spots atMach
1.1.

Fig. 12 Power spectral density (PSD) history for pressure transducer
in compartment 2B (Titan � ight B-41).

Table 2 Vortex-pair shedding primary frequency

Mach Flight data, Hz Simulation, Hz

0.8 12a 14
1.1 17 21

aProjected value (see Fig. 9).

A direct comparisonof the primary frequencycontentof the � ight
data with simulation results (Table 2) indicates reasonable agree-
ment. The simulation results predict approximately20% higher fre-
quency than expected based on the � ight data. Both the � ight data
and simulation results also indicate an increase in shedding fre-
quency with freestream Mach number (and velocity), analogously
to von Kármán vortex shedding over a cylinder.

These frequencies also suggest near constant Sr numbers of
roughly 0.14 and 0.17, for the � ight data and simulation results, re-
spectively.The Strouhal number is calculatedfrom Eq. (1) based on
the corediameter (D D 10 ft) and freestreamvelocity(U1 D 850 ft/s
at Mach 0.8 and 1150 ft/s at Mach 1.1):

Sr D f D=U1 (1)

These Strouhal values are relatively close to those for von Kármán
vortexshedding.Dependingon the Reynoldsnumber,strouhalnum-
bervariesbetween0.17(Re D 100)and0.30(Re D 107/ for � owover
a cylinder,with Sr D 0:2 for a large portionof the Reynolds-number
range.9 However, because this vortex-pair shedding mechanism is
different from von Kármán vortex shedding it might not be appro-
priate to make such a comparison. The choices for the reference
length and velocity in Eq. (1) are arbitrary.

Power spectraldensityvs frequencyplots for virtual signals taken
in both the primary and secondaryhot spots are provided in Figs. 13
(Mach 0.8) and 14 (Mach 1.1). The primary modes of »14 Hz
(Mach 0.8) and »21 Hz (Mach 1.1) are evident in both hot spots.
The primary mode of the vortex-pairshedding is dominant at Mach
0.8 (»14 Hz). The � rst harmonic at Mach 0.8 (»28 Hz) is more sig-
ni� cant in compartment 2C than in compartment 2A. The primary
(»21 Hz) and secondary (»42 Hz) modes of the vortex shedding
are almost equally strong in the Mach 1.1 simulation. Again, the
harmonics become more important in the secondary hot spot, com-
partment 2C.

Discussion
Anomalous Vibrations

As mentioned earlier, unexpectedly large vibrational levels have
been measured during ascent of the Titan IVB. Speci� cally, large
pitch-directedvibrationsof the core vehicle typically occur around
Mach 1.1 and at »17 Hz for vehicles including a speci� c upper
stage. Signi� cant vibrations at slightly lower frequency vibrations
have also been recorded.

A strong case is made next that these pitch vibrations are caused
by thealternatevortex-sheddingmechanismoccurringalongstage2.
First, the alternate vortex-shedding frequency is predicted to be
roughly 17 Hz during transonic � ight. As already discussed, both
� ight data and the two simulations indicate that the primary fre-
quency increases during the transonic � ight regime. Consequently,
the aforementioned 17-Hz structural mode present on certain Ti-
tan IVB vehicles is excited as the vortex-sheddingfrequencypasses
through17Hz. Second,accordingto the simulationresultsthevortex
sheddingproducesvery large, integratedpitch loadswith amplitudes
of several thousand pounds (over a 50-in. longitudinal segment of
the core) and negligible yaw loads. The accelerometerdata indicate
large pitch vibrations and negligible yaw vibrations.Consequently,
the direction of the unsteady loads created by this mechanism is
also consistent. Third, the spatial longitudinal distribution of the
cyclic pitch force along the core vehicle is also appropriateto excite
the speci� c 17-Hz structural mode (i.e., the modal shape is ap-
propriate). Structural dynamic simulations have recently validated
the claim that the alternate shedding is the cause of the anomalous
vibrations.10 Theseunsteadypitchloadmagnitudes,if correct,easily
represent the largest cyclic loads the Titan IVB vehicle experiences
during ascent.
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Fig. 13 Representative power spectral density vs frequency based on Mach 0.8 simulation results.

Fig. 14 Representative power spectral density vs frequency based on Mach 1.1 simulation results.

Core/SRMU Gap Flow
The secondary hot spot (compartment 2C) is related to the un-

steady � ow along the 9-in. gap between the core and SRMU. A
large, low-speed, wake structure � lls this gap and extends from the
SRMU cone/cylinder junction to near the end of the stage 2 core
(e.g., in the Mach 0.8 solution this wake extends about 200 in.).
The alternate vortex-pair shedding in� uences this wake � ow and
to a large extent causes the secondary hot spot. The large vortices
spawned in compartment2A (Mach 0.8) or compartment2B (Mach
1.1) convect downstream along compartment 2C. The frequency
content of the pressure � uctuations in compartment2C is also simi-
lar to that producedby the vortex-pairshedding,as describedearlier.
It is speculated that the width of the gap has a signi� cant effect on
the strength of the unsteady buffet loads in this region.

Implication to Wind-Tunnel Tests
The hot spots illustrated in Figs. 3 and 7 are not easily resolved

by wind-tunnel tests. Pressure transducer spacings of 45 or 90 deg,
for example, would miss all of the important buffet environment
hot spots. The underprediction of rms pressure levels by the Ti-
tan IV wind-tunnel test program, discussed in the Introduction, is
primarily caused by a lack of pressure transducerresolution.An az-
imuthal resolutionof 15 deg is recommended for similar multibody
con� gurations.

Seemingly minor geometric differences between the Titan IV
wind-tunnel model and the actual vehicle might have also had
an important effect. The wind-tunnel model was adapted from a
Titan IVA model and did not have the correct booster diameter or
core/booster gap size. The model also includeda largeprotuberance
on the booster nose cones (i.e., jettison motors) not present on the
Titan IVB. It is likely that this vortex-pair shedding mechanism is
sensitive to such geometric features.

Buffet forcing functions obtained from wind-tunnel testing were
scaledup for the full-sizeTitan IV vehicleby accountingonly for the
geometric scale. However, vortex-sheddingfrequencyalso depends
on the velocity scale, per the Strouhal number in Eq. (1). Also, the
Strouhal number itself could differ between the � ight vehicle and
model because of differences in the Reynolds number.

Conclusions
The three-dimensional, transient, transonic � ow� eld (low-

frequency only) encountered by the Titan IVB during ascent has
been adequately simulated via the full Navier–Stokes equations.
The environmentis dominatedby a newly discoveredlow-frequency
alternate vortex-pair shedding mechanism. The vortex pairs are al-
ternatelyshedfrom the core vehicleat primaryandharmonicmodes.
Root-mean-squared pressure distributions over the vehicle surface
based on simulations at Mach 0.8 and 1.1 agree well with � ight
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data. Both simulation and � ight data indicate the presence of the
primary and harmonic modes, which increase in frequency with
freestreamvelocity,analogousto von Kármán vortex shedding.The
physicalmechanismbehindthe instabilityis postulatedto involvean
inviscid-typeinteractionbetween the vortex pairs and the oncoming
freestream.
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