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I. Introduction

O N the � rst Titan IV � ight (B-24) using solid rocket motor
upgrades, the loads on the nozzle actuators caused by � ow

separation, just before launch, were higher than the predicted 3¾
values and were not randomly oriented. It was hypothesized that
the directional bias and increased magnitude were caused by hav-
ing air on one side of the separated nozzle and exhaust from the
solid-motor-poweredgas turbines on the other. This hypothesis im-
plicitly assumes that changing the gas external to the nozzle can
change the � ow separation location. This Note reports an exper-
imental investigation to determine whether the gas external to a
separated nozzle can affect � ow separation location.

The idea that the downstream gas composition can affect the po-
sition of the � ow separationpoint is new. Although there have been
many studies of � ow separation in nozzles, these works implicitly
assume that the separation point is only a function of downstream
pressure. The downstream gas is usually not mentioned, although
it is most often air. Morrisette and Goldberg1 give a compilation of
such nozzle data.

II. Experimental Procedure
Flow separation is studied in a 15.7:1 area ratio conical nozzle.2

This nozzle has a 12.80-mm-diam throat with � ve pressure taps in
the divergentsection.These taps, numberedP1–P5, are at area ratios
10.32, 8.80, 7.40, 6.11, and 3.91. The nozzle is fed by a reservoir
containingeitherHe or N2 . To control the external gas environment,
the nozzle is contained in a coaxial300-mm-diam pipe fed by a sec-
ond reservoir. Tests are conducted with He nozzle gas exhausting
into He, N2, or SF6 in the surroundingpipe and with N2 exhausting
into either He or N2 . Further details of the experimental apparatus
are containedin Ref. 2. Flow separationat a givenpressuretap in the
supersonic nozzle section is studied by determining when the sepa-
ration point passes the tap, � rst when the nozzle stagnationpressure
rises during the transient nozzle start up and again when separation
moves back upstream in the nozzle as the reservoir blows down.

III. Experimental Results
Data from a typical test with He nozzle gas exhausting into He

background gas are shown in Figs. 1 and 2. (Pressure data are nor-
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malized with the atmospheric pressure Pa .) When nozzle � ow � rst
begins, the entire exit cone of the nozzle is separated and at 1 atm
pressure. Figures 1 and 2 show the stagnation pressure Pc rising
from 1 to nearly 100 atm in about one-third of a second, while the
nozzle back pressure Pe remains constant. As the stagnation pres-
sure rises, the pressure at a given exit-cone tap drops as a result of
entrainmentof the exit-conegas into the primary � ow. The pressure
drop continues until the � ow attaches, and then the pressure rises
in proportion to the stagnation pressure. After the � ow at all of the
taps is attached, the stagnationpressure rises to its peak and begins
to decay. The exit-cone taps now decay in proportion to the stagna-
tion pressure, reaching a second relative minimum when the � ow
once again separates.After the � ow separatesduring the blowdown,
the pressure asymptotes to just below 1 atm. When separation has
moved back upstream past the � ve taps, the test is terminated. We
are, thus, able to obtain two sets of � ow-separationdata during each
run, the rise data and the blowdowndata.These separationpressures
are de� ned by the two relative minimums at each exit-cone tap.

The data in Fig. 1 are used to investigate the separation during
blowdown. These are 2000-Hz data that have been smoothed with
a Gaussian � lter; this process also reduces the data to a more man-
ageable quantity. To study � ow separation during the pressure rise,

Fig. 1 Typical He–He pressures (� ltered).

Fig. 2 Typical He–He pressures (un� ltered).
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we use the un� ltered data. Figure 2 shows an un� ltered version
of Fig. 1. Comparing Figs. 1 and 2, we see that both the rise and
blowdown data show the same trend; the separation (minimum)
pressure decreases as the area ratio in the nozzle increases.

In this Note we are interested in differences in the mean or deter-
ministic portion of the separation pressure caused by the presence
of a downstream gas. (All separation data show a varying degree
of randomness in the data.) A convenient and unambiguousway to
characterizeseparation with a single parameter is to use the second
relativeminimum of the blowdown data curves (e.g., Fig. 1) and the
� rst relativeminimum of the rise data (Fig. 2). (In Fig. 1, the arrows
identifying the data for taps 1–4 point to the blowdown separation
point; in Fig. 2, arrows for taps 2–4 point to the rise separation
point.) The minimum pressures probably do not correspond to ac-
tual boundary-layer separation; they more likely correspond to the
locations in a � at plate boundary layer where the pressure � rst starts
to rise before separation. However, in our data it is a well-de� ned
pressure, and it is convenient to refer to it as the separationpressure
for brevity.

Figure 3 shows the separationpressure normalized with the mea-
sured atmospheric pressure for the He blowdown data. These data
are plottedas a functionof nozzle-wallMach number,which is com-
puted from the measured pressures.The backgroundgaseswere He,
N2 , and SF6. The � ltering removes much of the randomness in the
data; thus, most duplicate tests are well correlated.

One major exception is the He–SF6 data at about Mach number
4.2. A large-scale separation-reattachment event occurred in two of
the three runs at this Mach number and caused the large scatter.
These events are one manifestation of the differences in � ow char-
acter between the He–He and He–SF6 data. These differences will
be discussed further after considering steady separation.

Figure 3 shows that when He � ows into a backgroundgas of SF6,
the separation pressure is about 0.02 atm higher than is He into He.
On the other hand, there is no measurable difference between the
He–He data and the He–N2 data. Shear-layergrowth data discussed
in Ref. 2 suggest a possible explanationfor these results.Reduction
of theHe risedatashows that it is verysimilar to theblowdowndata.2

Figure 4 shows the N2 separation pressures with N2 and He as
background gases. The data show a higher separation pressure for
N2 –He than forN2 –N2 . The pressuredifferencesare smaller in Fig. 4
than in Fig. 3, but are still signi� cant relative to the data scatter.

Figures 1–4 show the average separation pressures can change
if the background gas is changed. There are also signi� cant other
changes. We now explore these brie� y.

A comparisonof theun� ltereddata forHe–He (such as that shown
in Fig. 2) and similar data for He–SF6 (Ref. 2) shows that the He–

SF6 data are noisier. These data, although only qualitative, indicate
that the turbulencelevel is higher when He � ows into SF6 than when
it � ows into He.

Another way to contrast the different separation behavior is to
overlay two sets of data with different background gases and the
same nozzle gas. Such a comparison is shown in Fig. 5, in which
He is the nozzle gas. The � ltered SF6 data have been time shifted

Fig. 3 Helium blowdown data.

Fig. 4 Nitrogen blowdown Data.

Fig. 5 Overlay of � ltered helium separation data.

and overlain on the � ltered data shown in Fig. 1. Particularly inter-
esting are the large-scale, He–SF6, separation–reattachment events
seen at tap 3 at about 8.5 s and at the adjacent tap at about 9 s.
Only one other event of this type was seen in the data, and it also
was during an He–SF6 run. Figure 5 shows that just recording the
difference in the minimums of the various curves, as is done in
Fig. 3, does not capture all of the differences in the data. The sep-
aration at different pressures results in a pressure difference until
the plateau pressure is reached. Also, even the � ltered He–SF6 data
are more unsteady or turbulent in the separated region, as the pres-
sure rises from its minimum to the plateau, than are the He–He
data.

These data suggest that earlier separationcorrelateswith a higher
turbulence level in the separated � ow region. Reference 2 suggests
that a larger shear-layer scale is correlated with earlier separation.
These concepts are all related; a higher turbulence level produces a
larger turbulent scale in the separated region, which in turn leads to
a larger shear-layer scale.

IV. Concluding Remarks
To the authors’ knowledge, no work before this Note has sug-

gested that supersonic nozzle separation is affected by anything
other than the downstreampressure.The data containedherein show
that the gas composition downstream of the nozzle affects not only
the boundary-layerseparationpressure but also the turbulencelevel
in the separated� ow region. Thus, addressingthe Titan engineering
problemhas resultedin thediscoveryof newphenomenain� uencing
� ow separation.
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Introduction

S EVERAL applications including scramjet, missile, rocket, and
spacecraft may directly bene� t from further understanding the

supersonic � ow over a backward-facingstep. Research of � ow sep-
aration and reattachment at supersonic speeds is commonly con-
ducted in backward-facingstep con� gurations.Such a � ow� eld can
be described as a supersonic � ow that turns beyond the step corner
throughanexpansionfanandturnsbackto a directionapproximately
parallel to the in� ow by an obliquereattachmentshock wave. So far,
numerous studies have been used to analyze supersonic backstep
� ows.1 3 As mentioned by Venkatakrishnan,4 unstructured grids
provided� exibility for tessellatingabout complexgeometry and for
adapting to � ow features, such as shocks. An underlying premise
is that unstructured grid adaptation is far more automatable than
are the tasks associated with multiblock structuredgrid generation.
Recently, considerable effort has been made to develop solution-
adaptive techniques5 9 for solving the Euler/Navier–Stokes equa-
tions on unstructured meshes. By using the two-step Runge–Kutta
Galerkin � nite element method and a local remeshing technique,5 a
shockpropagationwithina channelwas investigated.From the time-
varyingmeshesdirectionallystretchedelementsweredemonstrated.
Webster et al.6 developed an adaptive � nite element methodology
in which the � nite quadtree mesh generator, interpolation-based
error indicator, and edge-based mesh enrichment procedure were
employed. On the quadrilateral-triangular mesh system Hwang and
Fang7 chose the magnitude of density gradient as an error indica-
tor to perform the unsteady � ow calculations,whereas Yang8 took
advantage of the absolute value of substantial derivative of Mach
number as an error indicator to study oscillating cascade � ows.
The purpose of this work is to present a solution-adaptive solver
to investigate the supersonic � ow over a backward-facing step on
mixed quadrilateral-triangular mesh. The Euler equationsare solved
in the Cartesian coordinate system. This solver includes the locally
implicit scheme,9 two-level re� nement procedure,7 and a modi� ed
error indicator.

Adaptive-Mesh Algorithm
The present adaptive algorithm includes the error indicator and

two-level re� nement technique.On quadrilateral-triangular meshes
magnitude of density gradient7 ½ was employed as the error in-
dicator to calculate the shock propagation in a channel,whereas the
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absolute value of substantialderivativeof Mach number8 DM=Dt
was chosen to capture the unsteady wave behavior and vortex-
shedding phenomena. In the present calculations the steady solu-
tion is � rst achieved on the initial nonadaptive grid. According to
the initial grid and steady solution, the adaptive mesh is accom-
plishedusing the error indicatorand two-level re� nement technique.
Considering the supersonic � ow over a backward-facing step, two
mesh re� nements are accomplishedby choosing ½ and M as
error indicators, respectively. It is found that neither of these two
error indicators is capable of capturing the structure of the backstep
cornervortexand expansionwave precisely.To capture the structure
of the backstepcorner vortex, the magnitudeof gradientof vorticity
magnitude ! (! X V , vorticity magnitude) is implemented
as theerror indicatorto reperformthemesh re� nement.Accordingto
the re� ned mesh, the structure of backstepcorner vortex is captured
clearly.However, it cannotcapture the oblique shock and expansion
wave behavior.Therefore, a modi� ed error indicatoris developedto
capture the structureof backstepcornervortex, oblique shock wave,
and expansion wave simultaneously. This modi� ed error indicator
EI can be written as follows:

EI
P

P max
¯

!

! max

(1)

where P max and ! max are the maximum values of P and
! among the computational cells. ¯ represents the weighted

coef� cient and is chosen as 2.0. Because the order of magnitude
of ! outnumbers that of P , it is essential to adjust both at
the same order. Hence, P and ! are divided by P max and

! max , respectively.
As for the two-level re� nement technique, the value of EI of each

unre� ned cell is � rst calculated.The product of a speci� ed constant
C1 and the average value of EI over the initial grid is selected as
the � rst threshold value. If the value of EI of each unre� ned cell
is larger than the � rst threshold value C1*EIave, the new node will
be placed at the midpoint of each edge of quadrilateral/triangular
cell or the center of quadrilateralcell.7 After � nishing the � rst-level
re� nement, the properties at all added new cells are interpolated
from those at the initial grid. Continuing the second-levelmesh re-
� nement, the value of EI for each cell on the intermediate mesh
and the corresponding second threshold value C2*EIave are com-
puted. It is not necessary to perform any Euler iteration between
level 1 and level 2 re� nements. Normally, the value of constant C2

is about two or three times bigger than that of constant C1 , and
the value of constant C1 ranges from 0.2 to 0.6. In the present cal-
culation C1 and C2 are chosen as 0.4 and 1.0, respectively. Then
the intermediate mesh is re� ned by reprocessing the � rst-level re-
� nement technique. Because Webster et al.6 mentioned that the
mesh coarsening accounted for the majority of CPU cost during
adaptation, the mesh coarsening procedure is not processed in this
article.

Results and Discussion
The supersonic � ow over a backward-facing step is investigated

using the present solution algorithm. Geometric con� guration and
� ow� eld conditions are the same as those in the experiment.2 In-
let Mach number, freestream temperature, freestream pressure, and
velocity are set to 2.0, 167 K, 34.8 KPa, and 520 m/s, respectively.
The averaged stagnation temperature and stagnation pressure mea-
sured in the experiment2 were 310 K and 273 Kpa, respectively.
The step height in the experiment was equal to 3.18 mm, whereas
the width downstream of the backward-facing step was equal to
20.12 mm. The Mach 2 inlet � ow expands through the centered
Prandtl–Meyer expansion wave. A recirculation zone, which is es-
sentially the backstep corner vortex, is formed behind the step and
below the upper wall. Then the � ow is turned back parallel to the
upper wall and compressed through an oblique shock wave. The
initial mesh shown in Fig. 1 incorporates the quadrilateralsand tri-
angles, where the triangles are generated by the global remeshing
algorithm.5 This initial mesh may look like the multiblockgrid with
front quadrilaterals, intermediate triangles, and rear quadrilaterals,


