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the case of uniaxial strain, a deviation of up to 5% occurs, but
it becomes small for 6 = 0 and 90 deg. The deviation can be
seen to be strongly dependent on the state of strain.

The maximum relative deviation in \l/ for any particular
lay-up can be obtained by extremizing the ratio X = \l/se/\l/cm.
This results in the eigenvalue problem

(23)

where the double primed quantities are the imaginary part of
the (complex) stiffness matrices A *, B*, and D* of classical
laminated plate theory,2 and em and K are the amplitudes of the
cyclic midplane strains and curvatures, respectively. This has
been solved for a number of different laminates and the results
are summarized in Table 1 and Fig. 3. The maximum relative
difference (1 - X) has magnitudes as high as ±8% and is
weakly dependent on the laminate layup. As can be seen in
Fig. 3, the extremal deviations for regular symmetric angle-ply
laminates occur in pairs for which the corresponding displace-
ments are in-plane and out-of-plane, respectively. Although
the state of strain is not constant over a, it can be character-
ized approximately as equal biaxial strain/curvature, pure
shear/twist, and unequal biaxial strain/curvature for the up-
per, middle, and lower pairs of curves of Fig. 3, respectively.
Similar trends were observed for the layups given in Table 1.

IV. Conclusions
The damping capacity of fiber-reinforced composite lami-

nates has been calculated for general states of strain using the
complex modulus approach and an alternative approach based
on the components of the strain energy. It has been shown that
the formulations are inconsistent with each other, although
for the case of uniaxial stress the calculated differences are
negligible. For more general states of strain, maximum dis-
crepancies of approximately ±8% were found for a wide
range of (carbon-epoxy) laminates. The discrepancy in any
particular case is strongly dependent on the laminate configu-
ration and the state of strain.
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Introduction

T HE impetus for the current resurgence of interest in hy-
pervelocity flows is the increased activity in the area of

space technology such as the reusable space planes, for exam-
ple, the National Aero-Space Plane or NASP (United States),
the HOTOL (United Kingdom), the HERMES (France), and
the S ANGER (Germany).

The design and development of these space vehicles, which
operate at high velocity and high altitudes, make it imperative
that detailed knowledge of the flowfield around such bodies is
known. However, such data are still sparse, especially with
respect to separating and reattaching flows. The separating
and reattaching flow phenomenon is important because it may
affect the control effectiveness and maneuverability of the
vehicle or the propulsion/instrumentation unit may be located
in the lee of the vehicle (e.g., the aeroassist flight experiment
vehicle).

During the sixties a number of analytical and experimental
separated and wake flow studies at both supersonic and hyper-
sonic speeds were conducted.1"7 These studies provided de-
tailed insight and understanding into the behavior of sepa-
rated flows with the separating boundary layer either laminar
or turbulent. However, they dealt with only undissociated
perfect gas with 7=1.4. Not much information is available,
therefore, pertaining to the behavior of separated flow at
hypervelocities and under high enthalpy conditions at which
the proposed space vehicles will operate.

In a recent study, Gai et al.8 investigated laminar separated
flow behind a two-dimensional back ward-facing step in disso-
ciated high enthalpy hypervelocity stream using a free-piston
driven shock tunnel (FPST) that generates velocities and en-
thalpies experienced during the flight of aeroassisted space
transfer vehicles (ASTVs). In that study, measurement of heat
transfer and flow visualization using Mach-Zehnder interfer-
ometry were made and the importance of flow geometry and
Reynolds numbers investigated. In the present Note, we de-
scribe pressure measurements made with the same model un-
der similar flow conditions. To the author's knowledge, no
data obtained under such high enthalpy hypervelocity flow
conditions are currently available. This study is thus comple-
mentary to that described in Ref. 8.

Experiments
The experiments were conducted in the Australian National

University free-piston driven shock tunnel T39 that can gener-
ate stagnation enthalpies and temperatures in air equivalent to
those experienced by ASTVs. Under those conditions, dissoci-
ation of oxygen and nitrogen molecules can occur. The disso-
ciated test gas in the reservoir at the end of the shock tube that
is in chemical equilibrium and vibrationally fully excited is
expanded through a hypersonic nozzle. As the gas expands
through the nozzle, vibrational de-excitation and chemical
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Fig. 1 Step model (all dimensions in mm).
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Fig. 2 Pressure and heat transfer traces just upstream of the step.
The horizontal scale is time, 100 jis/div.; the vertical scale is heat
transfer q 10 W/cm2/div; pressure ps 10~3 bar/div.

recombination occur within the nozzle. However, not far
downstream of the throat, the density and temperature be-
come so low that those de-excitation and recombination pro-
cesses "freeze" so that, at the exit of the nozzle, the
freestream is a frozen nonequilibrium dissociated flow to
which the model is exposed. Full details of chemical freezing
in a hypersonic nozzle may be found, for example, in Ref. 10.

In the present investigation, the experiments were con-
ducted at three flow conditions as summarized in Table 1. It
will be noted from Table 1 that the Reynolds numbers are low
enough so that the separating boundary layer is laminar under
all test conditions.

The back step model consisted of an upstream flat plate L
with a sharp leading edge and a step at the trailing edge,
followed by a flat plate about 150 mm long. The step height
was adjustable (6 or 3 mm), and depending on this, the up-
stream flat plate length was either 50 or 33 mm. The width of
the model was 200 mm. The schematic of the model is shown
in Fig. 1.

To make pressure measurements, Kulite semiconductor
pressure transducers (series XCS-093, sensitivity 36 mV/psi)
were positioned along the centerline of the rear flat plate,
closely positioned in the vicinity of the step (typically 5 mm
apart) but spaced further apart downstream. A pressure trans-
ducer was also located 3 mm upstream of the step, and the
pressure measured by this transducer (ps) was used as a refer-
ence pressure for normalizing the data. In addition, on the
upstream flat plate, two coaxial surface thermocouples, also 3
mm upstream but on either side of the centerline and displaced
50 mm from it, were positioned. The results from those were

used to check the two-dimensionality of the flow.8 Because of
the availability of a limited number of pressure transducers,
no direct measurements of the base pressure/?^ were made nor
pressure transducers used to check the two-dimensionality of
the flow. Figure 2 shows typical traces of heat transfer and
pressure obtained upstream of the step. It is seen that the flow
in the midspan region is reasonably two dimensional, and the
output from the two thermocouple signals differs by no more
than 20% during the steady flow period. The slight ringing
seen on the pressure transducer signal is due to the impulsive
aerodynamic loading during starting processes.

After pressure measurements were completed, some infinite
fringe interferograms, using a Mach-Zehnder interferometer,
were obtained as supplementary to the pressure data.

Results and Discussion
Figure 3 shows pressure distributions behind the step ob-

tained with the two step heights and at the three flow condi-
tions referred to in Table 1. The presures are normalized with
respect to the pressure just ahead of the step (ps) and the
distances behind the step with respect to the step height. This
method has generally been adopted oin the analysis of data of
separated flow behind a step, for example, Roshko and
Thomke.5 It may be noted that the reference pressure ps was
slightly lower (5-10%) than the freestream static pressure /?«
for the flow conditions. That is thought to be the result of the
upstream influence of the corner expansion through the
boundary layer ds at the corner, which for hypersonic flows
would be quite strong.7 Even at supersonic Mach numbers,
Roshko and Thomke5 have observed that effect.

The pressure distributions show the following features.
First, for increasing values of ds/h (smaller step height), the
pressure gradients are smaller and (extrapolated) base pres-
sures (pb) higher. This result is consistent with the observa-
tions of Charwat et al.1 and Roshko and Thomke.5 Second,
sufficiently downstream, x/h > 10, the pressure overshoots by
up to about 30% of the freestream value. The data points are
insufficient to show clearly that the pressures attain the
freestream values eventually. However, one can still discern
the tendency for them to do so, especially in the case of the
smaller step height. Such an overshoot has also been observed
by Roshko and Thomke5 but for larger step heights and lower
Mach numbers. They attribute this to lack of two-dimension-
ality. Although we observe this discrepancy for the smaller
step height, it is, however, possible that the flow in this region
is affected by three-dimensional effects such as spillage from
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Table 1 Test conditions at the exit plane of the nozzle

Stagnation conditions
Pressure

PO,
atm
182
180
162

enthalpy
ho,

MJ/kg
25.7
15.6
6.1

equil. temp.
To
K

9315
7670
4285

Velocity
Voo

km/s
6.23
4.97
3.29

Freestream
Density

P.X103,
kg/m3

2.13
3.36
6.4

conditions

Mach no.,
Moo

7.1
7.6
8.1

Reynolds no.
per met.

length, m"1

7.37 xlO4

lO. lxlO 4

19.1X104
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Fig. 7 Infinite interferogram of flow behind a step (h = 3mm;
/zo = 15.1 MJ/kg.

below because of a large wedge-shaped housing underneath
the plate where electrical leads and amplifiers were located.
This would cause higher pressures on the underside that in the
absence of end plates might have affected the measurements.

A possibility as to whether this was a real gas effect was
considered. However, this can be discounted for the following
reasons. First, the flow is frozen upstream of step8 and will
remain frozen after expansion at the corner. Second, although
it undergoes a compression through the wake shock, the re-
compression is weak and the recombination will not be strong
enough to influence the pressures in any significant way.

Scherberg and Smith6 show that there is a linear relationship
between Ap(=p00-pb) andpx for a given step height. This is
found to be true also for the data of Roshko and Thomke5 as
well as the present data. In Fig. 4, in calculating Ap for the
present measurements, extrapolated base pressure values from
Fig. 3 have been used. Figure 5 shows the parameter (dAp/
dp*,) plotted against the step height in the manner of Scher-
berg and Smith. The data of Scherberg and Smith as well as
the Technion data, as presented in Ref. 6, are also shown. We
make the following observations. First, the Technion data and
the present shock tunnel data (both of which were obtained at
small step heights) fall in the region of rapid increase of
(dA/7/d/?oo) with h and, second, where (d2A/7/dpood/z) is chang-
ing. On the other hand, the data of Scherberg and Smith,
which were obtained with larger step heights, seem to show
(d2A/?/d/7ood/z) « const and independent of Mach number.
The data of Roshko and Thomke5 seem to fall in an entirely
different pattern, which may be due to the fact that in their
experiments the boundary layer was turbulent and the config-
uration axisymmetric.

For a laminar boundary layer, ds -L/Re^ where Re^2 is the
Reynolds number based on freestream conditions and the
upstream plate length L. Then the scaling parameter 65//z for
the flow behind the step becomes L/h^ReL. Figure 6 shows
the base pressure plotted against the parameter (L/h^lReL.
We note that, for a given enthalpy, increasing the Reynolds
number decreases the base pressure, and this change seems to
be more gradual for the higher enthalpy (nonequilibrium dis-
sociated) flows (see inset).

Figure 7 is a typical infinite fringe interferogram of the flow
behind the step. We clearly see the leading-edge shock wave,
the boundary layer on the upstream flat plate, the shear layer
behind the step, and the emergence of the reattachment shock.
The reattachment shock seems to emerge from within the
shear layer between 8-10 step heights. Notice the thick parallel
shear layer that extends far downstream.

Conclusions
The study has shown that general features of hypervelocity

laminar dissociated flow behind a step are qualitatively similar
to those of an undissociated flow at moderate Mach numbers.
However, the distinguishing feature of the present flow is the
thick shear layer behind the step that shows very little curva-
ture. Those features result in a gradual rise in pressure behind
the step, especially postreattachment.
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New Method of Swirl Control in a
Diffusing S-Duct
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A new swirl control method, called the automatic adjustable
blade (AAB) method, is described in this Note.

Experimental Description
An S-shaped diffuser was used, as shown in Figs. 1, consist-

ing of five parts: lip, first bend, straight midsection, second
bend, and straight rear section. The diffusser area ratio (exit
area to throat area ratio) is 1.3095. Figures 1 also show the
AAB device and its location on the model. The AAB has a
NACA 0012-series profile, 110 mm long and 50 mm wide,

Outflow
Inside Wall

Inflow Outflow

Top Wall Top Wall

/ /

t S^

Bottom Wall — V r = 0." 2 ~~ Bottom"Walf
Incidence-60° AAB Angle=7. 5°Without AAB

1 Fig. 1 Experimental model and exit velocity field.

Introduction

S -SHAPED intakes have been widely used in aircraft
design. The investigation of curved ducts has received

much attention. Previous papers by Guo and Seddon1'2 show
that the bulk vortex occurs because of flow separation at the
bottom wall near the throat of the duct, which results in a
large swirl (i.e., rotational flow) at the engine face. The swirl
will get stronger when the separation region becomes larger.

The purpose of the swirl investigation in an S-duct is to con-
trol or curb the swirl. In Refs. 1 and 2, the solid spoiler, block-
ing of 15% of entry width from the inside wall, reverses the
sense of the final swirl. Stocks and Bussiger3 give swirl meas-
urements for the tornado intake at 20-deg incidence for Mach
0.7 and at 3-deg incidence for Mach 1.8; the results also show
the swirl reduction obtainable by the use of duct and curl
fences. The authors4 present a new approach called the vortex
reduced device (VRD) method to control the swirl and to im-
prove the average total pressure coefficient in an S-duct. The
bulk vortex at the exit can be diminished to a smaller region.
In Seddon's paper,5 the sensitivities of swirl to fences are re-
ported. In Vakili et al.'s paper,6 an airfoil vortex device and
flow control rail are used to reduce a pair of contrarotating
vortices in the flow after the second bend. Lin and Guo7

describe a vortex control device that decreases the swirl with
increasing suction and even eliminates the bulk vortex if the
suction is large enough.
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Fig. 2 Total pressure coefficient map: a) without AAB, incidence
= 60 deg; b) AAB angle = 7.5 deg, incidence = 60 deg.


