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is to increase the turbulent mixing in the separated shear layer, thus
increasing the separation shear flow thickness and the rate of en-
trainment of fluid from the wake. This results in greater streamline
curvature around the prism and a decrease in radius of curvature
of the shear layer. Increasing turbulence intensity thus results in
earlier reattachment when compared with a similar flow situation
with lower turbulence intensity. As the front wall face does not in-
volve separation streamlines, it is thus not significantly affected by a
higher turbulence intensity. This is evident from the average C) mean
values at each level on the front face as shown in Fig. 3. For the
sides immersed in the wake, however, the average Cp mean values
become markedly more negative in magnitude at higher turbulence
intensities. The results do not show a pressure recovery that would
imply a reattachment of flow. The absence of the pressure recovery
on the leeward side of the prism is probably due to the sharp corners
and short breadth of the prism.

Conclusions

Through this limited investigation, it was found that, for ap-
proaching uniform flow with various approaching turbulence in-
tensities in the range of 05-30%, the effects of the free end of a
triangular prism are limited to a region <14 from the free end on
the front face of the prism. On the faces immersed in the wake
region, the end effects are limited to the region <34 from the free
end. The pressure coefficients on the surface facing the approaching
flow do not appear to be significantly affected by the range of tur-
bulence intensities investigated. For the sides immersed in the wake
of the separation streamlines from the leading edges, the C mean
values become markedly more negative in magnitude at higher tur-
bulence intensities.
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Introduction

ELOCITY slip is a phenomenon associated with multicompo-
nent flows in which species of different mass have different
mean velocities. This phenomenon has been studied in molecu-
lar beam nozzles' and has been exploited for isotope separation.?
Significant velocity shp has been measured in the plume of low-
power arcjet thrusters.” These recent measurements, obtained by
mass spectrometry of a molecular beam sampling probe, were lim-
ited to locations more than 10 diameters from the exit plane.
The determination of whether slip develops in the nozzle, near
the exit plane, or in the expansion plume of an arcjet thruster, is
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important to both modeling efforts and to the interpretation of mea-
surements. If velocity slip develops inside the nozzle, numerical
models will need to include separate momentum equations for each
neutral species or, at the very least, an appropriate model for multi-
component transport. These additions increase the complexity of
an already difficult task. Measurements of exit-plane velocity in
these devices have recently been made by laser-induced fluores-
cence (LIF),* a species specific technique. If significant velocity
slip exists, then separate measurements for each species are neces-
sary to completely characterize the flowfield.

We have previously reported LIF-based measurements of atomic
hydrogen velocity and kinetic temperature in a hydrogen-fueled
arcjet.*> We recognize, however, that the flow consists of both
atomic and molecular hydrogen (along with small fractions of ions
and electrons). The most direct method to investigate velocity slip
in the arcjet flowfield would be to measure, in addition to the veloc-
ity of atomic hydrogen, the velocity of molecular hydrogen under
the same conditions. As with atomic hydrogen, absorption transi-
tions from the ground state require vacuum-ultraviolet wavelengths.
Owing to the low densities of excited-state molecules and the ro-
vibrational distribution which reduces the density of any particular
state, these transitions are difficult to probe.

A simpler approach, for the purpose of evaluating slip, is to seed
the flow with a species that is accessible with the same laser used
to probe atomic hydrogen. In the present study, helium was chosen
as the seed species owing to its inertness (with respect to the arcjet
nozzle), its relative mass (four times the mass of atomic hydrogen),
and its convenient electronic transitions in the visible wavelength
region. Velocity and temperature are measured by LIF of both he-
lium and atomic hydrogen at the same arcjet operating condition.
Absence of slip between helium and atomic hydrogen would sug-
gest that slip is not a dominant mechanism in the nozzle or exit plane
vicinity of our hydrogen arcjet.

Theory

In a multicomponent mixture, each species (denoted by i), may
have its own mean velocity v;, and the mean mass velocity v, is
defined by

Z n;m;v;
Un = = (1)
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Here, n; is the number density of species i and m; is the mass. The
simplified steady-state momentum equation for a single species in
the axial direction z can be expressed as
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where p; is the partial pressure. The term on the right side of Eq. (2)
represents the momentum exchange between species of different
types due to collisions. The momentum exchange term formulated
in this way assumes that the force per unit volume exerted on par-
ticles of species i, due to collisions with species of type j, is pro-
portional to the difference between their respective mean velocities.
The proportionality constant k;;, which accounts for differences in
mass of the colliding particles, can be considered a collision fre-
quency for momentum transfer. This constant can be determined
from kinetic theory.%” The slip velocity vy;, is usually defined for a

-binary mixture as the difference in velocities,

Uglip = Vj — V; 3)

If the density is high such that flow is in a continuum regime, the
collision rate will be high, allowing efficient momentum exchange
between species. Thus, the different species will be in equilibrium,
and the slip velocity will be negligible. However, in an expanding
flow, conditions can occur in the transition from continuum to free
molecular flow, where velocity and pressure gradients are large and
the collision rates are low. Insufficient collisions for momentum
exchange between species allows a slip velocity to develop. The
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proportionality constant k,; is inversely proportional to the Knudsen
number Kn (Ref. 7)

As the Knudsen number increases within the continuum regime,
momentum transfer between species decreases. However, as the flow
becomes rarefied to the extent that collisions become negligible, the
slip approaches a constant value (which may be zero) and Eq. (2)
is no longer valid. The Knudsen number for this flow has been
determined, based on experimental results, to be just under unity.’
This puis the flow regime in the transition between continuum and
rarefied flow.

Experiment

The arcjet thruster used in this experiment is a 1-kW class radia-
tively cooled thruster designed and built at NASA Lewis Research
Center. The tungsten nozzle has a 0.64-mm-diam throat, 0.25-mm-
long constrictor, and a conical (20-deg half-angle) diverging section
with an area ratio of 225 (9.53-mm exit diameter). A more complete
description of the arcjet is available elsewhere.®? When operating on
the hydrogen-helium mixture, the current and voltage are 9.5 A and
143 V corresponding to 1.36 kW arc power. The arcjet is operated in
a 0.56-m-diam cylindrical stainless steel chamber 1.09 m long. The
0.5-Torr background pressure is maintained by two 35.4 m3/min
coupled to the chamber with 152-mm-diam pipe.

The temperature and velocity measurements were made using
LIF. A continuous wave ring dye laser scans across the atomic
transition. Since the laser bandwidth is much smaller than the spec-
tral feature, the fluorescence excitation spectrum accurately depicts
the broadening mechanisms of the probed species. The velocity is
determined from the Doppler shift whereas the temperature is in-
ferred from the shape of the fluorescence excitation spectrum using
a Doppler-broadened line-shape model.* Since Doppler broadening
arises from the velocity distribution of the species, this diagnostic
technique probes the kinetic or translational temperature which may
differ from the electronic, rotational, and vibrational temperatures of
the molecular species in the flow.!!! Details of the implementation
and analysis have been published previously?; the only difference in
this experiment is the use of optogalvanic detection in a dc discharge
for the helium reference (unshifted) signal. The optogalvanic cell
provided a reference for helium with a high signal-to-noise ratio.
Fluorescence and absorption in a microwave discharge were used
for a hydrogen reference calibration because it provided a stronger
signal-to-noise ratio than the optogalvanic technique.

The atomic hydrogen transition probed is the Balmer « transition
at 656 nm (15,233 cm™!), an electronic transition between the first
and second excited states of H,i.e.,n = 2 — n = 3. This transition
actually consists of the overlap of several fine structure components.
Since the separation of these components is of the same magnitude
as the broadening, the fine structure must be accounted for when
analyzing the line shape. The helium transition probed is the 2! P —
3! D transition at 668 nm (14,970 cm™").

The relatively high energy of helium’s first excited state,
166,278 cm™! (20.6 eV) above the ground state can lead to weak
fluorescence signals. To obtain a significantly strong fluorescence
signal (relative to the noise), a high helium flow rate of 6.2 standard
liters/min (SLPM) was necessary. This is significant when compared
to the 9.0 SLPM of hydrogen, and hence altered the normal oper-
ating conditions of the arcjet. In particular, the addition of helium
to the propellant increases the arc voltage and reduces the veloc-
ities. The voltage increase of less than 3 V can be explained by a
combination of the increased mass flow (due to the helium addition)
and helium’s higher ionization energy. The 30% velocity decrease
(at the centerline) can be attributed to helium’s higher atomic mass
and the reduced specific power. Also, the peak temperature drops
20% from 5000 K to 4000 K. Although the addition of the helium
modifies the flow parameters, the conditions that may lead to slip are
expected to be similar to those encountered in the unseeded g arcjet.

Results and Conclusions

The raw data from the helium and hydrogen fluorescence are
shown in Figs. 1 and 2, respectively. The Doppler shifts corre-
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Fig. 1 Doppler-shifted fluorescence excitation spectrum of helium
along with the unshifted reference signal used to calibrate the wave
meter, probe volume centered in the plume, 0.5 mm from the exit plane.
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Fig. 2 Doppler shift of atomic hydrogen measured relative to its cali-
bration, measurement location same as the helium data; note the smaller
atomic mass leads to broader line widths even though the temperature
is the same,

spond to axial velocities of 10.4 km/s for helium and 10.3 km/s
for hydrogen. The magnitude of these measurements is consistent
with previous measurements,*? thrust measurements,® and model
predictions.'? The hydrogen and helium velocities agree within the
0.2 km/s uncertainty of the measurement. This indicates that the slip
velocity is less than the uncertainty of the measurement; i.e., the up-
per limit of the slip velocity is about 2% of either species’ velocity.

The inferred temperature for helium and hydrogen are 3990 K
and 4260 K, respectively. The 6% difference is less than the 20%
uncertainty of the measurement. These results allow us to conclude
that all species share a common kinetic temperature. Because of the
higher sensitivity to noise, the uncertainties of the temperature are
higher than the uncertainties of the velocity.

The results indicate that the velocities of atomic hydrogen and he-
lium are the same, suggesting that in the present device, the velocity
of any single species, as measured in the vicinity of the exit plane,
closely represents the mean mass velocity (within the uncertainty of
the measurement). This conclusion is significant because it implies
that species specific velocity-measurement techniques such as LIF
need only be applied to a single species. In a hydrogen arcjet, it is
much easier to probe the atomic hydrogen than the molecular hydro-
gen, furthermore, it is often easier to probe electronic excited states.

For further investigation of the effect of collisions, it would be
interesting to extend these slip measurements further along the axis
of the plume to see where slip develops. This extention, however,
would require a test chamber capable of maintaining high vacuum
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back pressures that would better reproduce the thruster plume struc-
tures expected in flight conditions.
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Introduction

N recent years, significant advances have been made for single
disciplines in both computational fluid dynamics (CFD) using
finite difference approaches' and computational structural dynam-
ics (CSD) using finite element methods (see Chap. I of Ref. 2). For
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aerospace vehicles, structures are dominated by internal discontin-
uous members such as spars, ribs, panels, and bulkheads. The finite
element (FE) method, which is fundamentally based on discretiza-
tion, has proven to be computationally efficient to solve aerospace
structures problems. The external aerodynamics of aerospace ve-
hicles is dominated by field discontinuities such as shock waves
and flow separations. Finite difference (FD) computational meth-
ods have proven to be efficient to solve such problems.

Problems in aeroelasticity associated with nonlinear systems have
been solved using both uncoupled and coupled methods.? Uncou-
pled methods are less expensive but are limited to very small pertur-
bations with moderate nonlinearity. However, aeroelastic problems
of aerospace vehicles are often dominated by large structural defor-
mations and high-flow nonlinearities. Fully coupled procedures are
required to solve such aeroelastic problems accurately.

In computing aeroelasticity with coupled procedures, one needs to
deal with fluid equations in an Eulerian reference system and struc-
tural equations in a Lagrangian system. Also, the structural system
is physically much stiffer than the fluid system. As a result, the nu-
merical matrices associated with structures are orders of magnitude
stiffer than those associated with fluids. Therefore, it is numerically
inefficient or even impossible to solve both systems using a single
system of equations. To solve this problem, Guruswamy and Yang®
presented a numerically accurate and efficient approach for two-
dimensional airfoils by independently modeling fluids using FD-
based transonic small perturbation (TSP) equations and structures
using modal equations and coupling the solutions only at boundary
interfaces between fluids and structures. This approach has been ex-
tended for more complete flow equations on the Euler/Navier-Stokes
equations.* The modal approach significantly reduces the number
of structural unknowns to a great extent when compared to a direct
use of FE equations. However, a detailed FE model is required to
generate modal data particularly in the absence of experimentally
measured data. One can take direct advantage of available FE data
and directly couple them with flow equations. By directly using
FE data, the possible errors caused by modal approximations can
be avoided, and detailed results such as stresses can be computed
directly.

In this work, a procedure to compute aeroelasticity by directly
coupling the Euler equations for fluids and with plate finite ele-
ment equations for structures is presented. The coupled equations
are solved using a time-integration method. The time accuracy is
maintained using moving grids that conform to aeroelastically de-
formed shape computed every time step. The aerodynamic forces
are transferred to structures by using simple lumped load (LL) ap-
proach and also a more accurate virtual surface (VS) approach. The
VS approach developed in this work can preserve the work done
by aerodynamic forces due to structural deformations. The VS ap-
proach is validated by computing the aeroelastic response of a wing
and comparing with experiment. All aeroelastic responses are com-
puted at transonic Mach numbers where strong coupling between
fluids and structures is required.

Fluid-Structural Interfaces

The finite element matrix form of the aeroelastic equations of
motion can be written as

(Mg} + [GHqt + [KNq) = {Z} Q)]

where [M], [G], and [K] are the global mass, damping, and stiff-
ness matrices, respectively. {Z} is the aerodynamic force vector cor-
responding to the nodal displacement vector {g}. The aerodynamic
force vector {Z} is computed by solving Euler flow equations using
ENSAERO. The plate option of the ANS4 shell/plate element is used
to represent the structural properties of the wing configuration.’

The main effort after selecting the FE model of the structure
falls into computing the global force vector {Z} of Eq. (1). {Z} is
computed by solving the Euler equations at given time . First, the
pressures are computed at all surface grid points. The forces corre-
sponding to the nodal DOF are computed using the fluid-structural
interfaces discussed in the following section.

In aeroelastic analysis, it is necessary to represent equivalent aero-
dynamic loads at the structural nodal points and to represent de-



