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trend in Fig. 4 seems linear and through the origin, in the
literature, several individual data sets suggest® the following:
1) a nonlinear trend and 2) a drag reduction as f—0. Such a
behavior would be reminiscent of riblets.!® However, the scat-
ter in Fig. 4 is too large to resolve these possibilities. Further
research with pressure gradients and curvature should be car-
ried out to determine the applicability of the flat plate results
to the turbomachine flow problem.

Conclusions

The published experimental data on the influence of
freestream turbulence on turbulent boundary layers have been
examined to determine the effect of Reynolds number on such
influence. Two manifestations of the effect of low Reynolds
numbers on the outer layer are observed. First, the Clauser’s
shape parameter G is Reynolds number dependent at very low
Reynolds numbers. Second, the reduction in the wake compo-
nent due to freestream turbulence undergoes a reversal in the
Reynolds number dependence depending on the value of the
freestream turbulence parameter. Hancock’s freestream tur-
bulence parameter has been modified using these observa-
tions. This has led to a new correlation of the fractional
increase in skin friction due to freestream turbulence.
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Analysis of Damping in
Composite Laminates
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I. Introduction

MONG the virtues of fiber-reinforced composite mate-

rials are relatively high-damping characteristics, an at-
tractive feature for vibration control in lightweight structures.
This enhanced damping capacity originates from the viscoelas-
tic behavior of the constituent components, usually the ma-
trix, but in some cases also the fibers. Other sources of damp-
ing resulting from damaged or debonded composites and large
vibration amplitudes are not considered here.

Viscoelastic materials under steady-state vibration can be
characterized by complex stiffness and compliance coeffi-
cients,! manifested by the experimentally observed phase lag
between stress and strain. According to the viscoelastic corre-
spondence principle, these complex coefficients may be used
directly in the equations of elastic analysis. The dynamic be-
havior, including damping, can therefore be characterized
according to laminate theory.2 This approach has been used to
evaluate the damping capacity of composite laminates based
on experimental data from beam bending and torsion experi-
ments (see, €.g., Refs. 3 and 4). The damping capacity has also
been analyzed using a strain-energy approach according to the
analysis of Ungar and Kerwin,’ whereby the components of
the dissipated energy are assigned to be a fraction of the
corresponding components of the strain energy (see, e.g.,
Refs. 6-8). As will be seen later, the difficulty with this ap-
proach is that these strain-energy components are not indepen-
dent in the context of the material constitutive relation, which
is in contrast with the array of independent springs of the
analysis of Ungar and Kerwin.® Thus, the manner in which the
method is applied has implications with regard to its accuracy
for general states of strain.

In the present study, these two approaches are compared to
address the apparent discrepancy between them and to evalu-
ate the significance of this discrepancy for a typical composite
laminate material. For problems of uniaxial stress, beam
bending, and pure shear, addressed by the studies described
earlier, the two formulations give essentially the same results.
Herein, more general states of strain are considered for which
a relative difference in specific damping capacity of up to 8%
is obtained.
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II. Energy Storage and Dissipation
The behavior of viscoelastic composites in harmonic steady-
state vibration can be described by the complex constitutive
relations!
a5 = 0%, €0 =S50} 1)
where o} and €} are related to the time-domain stresses and
strains by
o(t) = R[5 expivt)], (?) = Rlep expliot)]  (2)
Complex quantities are herein denoted by a superscript aster-
isk, & denotes the real part of a complex quantity, and

i =/ — 1. The complex stiffness matrix @* and complex com-
pliance matrix S* may be written in the alternate forms

Qi = Qi +1Qjk = Qi (1 + imy) 3
k= Si — iSjk = Si(1 — i) C))

The stress (strain) components are in general out of phase, and
from Eqs. (1), it can be seen that this phase difference is
stress/strain dependent.

The mechanical energy absorbed by a material (per unit
volume) is given by

U = {67(2) de(?) )

and this consists of energy stored U, and energy dissipated
U,. Since there is no net energy stored over a complete cycle
in steady-state vibration, the energy dissipated per cycle can be
calculated as

Uy = [ 0T()ilt) dr = x3[o}Tel (6)

in which an overbar represents the complex conjugate and 3
denotes the imaginary part of a complex quantity. Written in
terms of strain this becomes

Uq = 735" Q€] = 110" € Q)

The latter approximate form is valid for low damping (y; <1).
The maximum energy stored in a cycle is required for the
calculation of the specific damping capacity. It cannot be so
easily calculated, but is generally taken as

/2

ms:lgo

where the angie brackets denote those components of the
integrand of Eq. (5) that do not contribute to the dissipated
energy U,. The result is actually the maximum coherently
storable energy,’ i.e., that which could be stored if all storage
mechanisms are in phase (strictly valid only in the elastic case
and approximately valid for low damping). Making the appro-
priate substitutions into Eq. (8), the maximum stored energy is
given by

<dT(t)e(r)> dt | 8)

U, = BR[oETer] = Vel Q' € ©)

These expressions can be used to calculate the specific damp-
ing capacity, which is defined as the ratio of the dissipated
energy to the maximum stored energy over one cycle of vibra-
tion

g = lUad?
fvu dv

where the integration is performed over the volume V.
According to the alternative strain-energy approach, the
dissipated energy is separated into three parts corresponding
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Fig. 1 Variation of specific damping capacity for unidirectional lam-
ina (6@ positive counterclockwise from x axis).

to each of the three components of the strain energy, i.e.,
Uy = YV2[¥101€1 + ¥202€2 + Y606€6] (10)

The remaining components, arising from interlaminar stresses,
are here ignored since these are essentially independent of
the others and will not contribute to the difference between
the two formulations under consideration. The stresses and
strains indicated are the magnitudes of their cyclic counterparts
and are referred to the lamina principle axes. The values of the
component specific damping capacities ¥, ¥», ¥s are often
established by flexural and torsional tests on beam specimens.

Returning now to the complex formulation, the complex
stress and strain quantities o and €}, can be written as

o} = diaglexp(i$)lay, €5 = diag[exp(i£)leo (11

where the phase matrices are of the form

exp(i¢y) 0 0
diag[exp(i¢)] = 0 exp(i¢y) 0 (12)
0 0 exp(i de)

and the vectors oy and ¢, contain the magnitudes of the com-
plex stress and strain components. Substituting into Eq. (6)
gives

expli(¢r — £1)] 0 0
Uy = 1043 0 expli(¢2— £2)] 0
0 0 expli(de— £6)]

€ (13)

According to Eq. (10), the two formulations are equivalent
only if

¥; =273 {expli(¢; — £)]} a4

From this, it may be concluded that the specific damping
capacities y; are stress/strain dependent, or more precisely,
they are dependent on the phase lag between stress and strain.
Therefore, the definition of constant ¥, values is inconsistent
with the damping characteristics of a complex modulus material.

The form of the matrices @* and $* implied by Eq. (10) is
easily derived by comparison of the respective dissipated en-
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ergy expressions. For low damping, this gives the effective loss
factor matrices!?

| 12 Yalr+y¢a) O
n={= Py Y2 + ) 2 0 (15)
T
0 0 ve

Two observations can be made. First, the implied equality
between the loss factor matrices corresponding to @* and §*
is incorrect; second, the Poisson coupling term cannot be of
this form for a general orthotropic material. Thus, one can
conclude that the dissipated energy calculated on this basis
cannot be correct for a general state of stress or strain. It may
be expected that such results will be acceptable for stress/
strain states similar to those experienced experimentally in the
determination of the y; terms.

Since the values of ¥, and ¢, are generally determined under
conditions of uniaxial stress, i.e., beam flexure or tension,
these may be used to calculate the complex engineering con-
stants according to

E* = E,<1 v ﬁ) (16)
27
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Fig. 2 Deviation of the specific damping capacity for unidirectional
lamina.
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Fig. 3 Maximum deviation of the specific damping capacity for reg-
ular symmetric angle-ply laminates. Three layers: solid lines; 15 lay-
ers: dashed lines.

Table 1 Maximum deviation of the specific damping
capacity for various laminates
Maximum relative deviation
Layup (Yem — ¥se)/Yem
Unidirectional + 8.15, —7.89
Quasi-isotropic
[-60, 0, 60]s +7.96, —5.16
[0, — 45, 45, 90], +7.97, —4.20
Symmetric cross ply
[0, 90, 0] +8.10, —7.48
[0, 90, 90, 0] + 8.01, —6.75
[0, 90, 0, 90, 0] +7.94, —6.27
[0, 90, 0, 90, 0, 90, 0, 90, 0] +7.87, —5.82

Unsymmetric cross ply
[0, 90] + 8.06, —7.20

[0, 90, 0, 90, 0, 90, 0, 90] +7.85, —5.65
E; = E2<1 +i ﬁ) an
27
G = Gn(l +i ibﬁ) 18)
27

In the absence of further experimental data, »,, is taken to be
real in accordance with the simple rule of mixtures formula
and the usual assumption that the Poisson’s ratio of the vis-
coelastic matrix is real.!

The usual elastic relations can be used to calculate QF,
yielding the loss factors

1], sk
=5 [\01 + E - A, W — lh)] (19)
1 V2B }
N2 = by [\1/2 + E - V%2E2 W2 — ) (20)
N2 = N22 @1
Nes = ¥s (22)

27

wherein only first-order terms in the small quantities y; are
retained.

ITII. Some Numerical Results
Damping calculations for an example unidirectional com-
posite material are now presented. Material data is taken from
the study of Adams and Bacon® as summarized in the follow-
ing (HM-S carbon fibers in DX209 epoxy matrix, volume
fraction = 0.5):

E,=188.9 GPa, E,=+6.081 GPa, G,;=2.723 GPa

vio=0.3, ¢, =0.64%, Y,=6.9%, Ys=10%

The specific damping capacity is calculated using both the
strain-energy approach ¥, and the complex modulus ap-
proach vy, and comparisons are made for various layups and
states of strain.

The specific damping capacity for a unidirectional lamina in
various states of strain is given in Fig. 1 for fiber angles 6. The
difference relative to the specific damping capacity from the
complex modulus approach is shown in Fig. 2. For a uniaxial
state of stress, the difference in the two approaches is very
small, and they are identical in the 0- and 90-deg directions

since these correspond to the experimental states of stress. In
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the case of uniaxial strain, a deviation of up to 5% occurs, but
it becomes small for § = 0 and 90 deg. The deviation can be
seen to be strongly dependent on the state of strain.

The maximum relative deviation in y for any particular
lay-up can be obtained by extremizing the ratio N\ = Yo/ Vcm.
This results in the eigenvalue problem

[ 20 ZE =
B’ D" . B” D” om X - ( )

where the double primed quantities are the imaginary part of
the (complex) stiffness matrices 4*, B*, and D* of classical
laminated plate theory,? and ,, and « 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 — A\) 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 «, 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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Separated High Enthalpy Dissociated
Laminar Hypersonic Flow Behind a
Step—Pressure Measurements
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Introduction

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 SANGER (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.!”” 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 y=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.? investigated laminar separated
flow behind a two-dimensional backward-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 T3° 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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