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Abstract

NUMERICAL study is presented that investigates effects

of using sulfur hexafluoride, SFg, as a substitute for air.
Inviscid results for airfoils indicate that for transonic cases the
shock location calculated for SFy is vastly different from that
in air and moves progressively forward on the airfoil as the
freestream pressure is increased and real gas effects become
more pronounced. Application of a simple Mach number scal-
ing procedure results in good correlation between SF¢ and air
even for pressures at which nonideal gas effects are significant.
Computations for subsonic turbulent flows over a NACA 0012
airfoil show that the maximum angle of attack at which steady
lift can be obtained is different between air and SFs. In addi-
tion, for SF¢, this angle of attack depends on the freestream
conditions. Improved agreement with air can be achieved by
altering the freestream Mach number according to the inviscid
scaling procedure. Transonic results show that even with Mach
number scaling, the shock location and skin friction values
calculated between air and SFg are in disagreement. This is
attributed to the limitations of the scaling procedure and to a
thinner boundary layer for SFg.

Contents

In an effort to improve on the capability of obtaining full-
scale Reynolds numbers for wind tunnel testing of three-di-
mensional configurations, alternative test gases are currently
being considered. One such gas is sulfur hexafluoride, SFj,
which is odorless, colorless, nonflammable, nontoxic, and es-
sentially inert.! Its high molecular weight makes this gas attrac-
tive as an air substitute in order to achieve high Reynolds
numbers. Particular interest lies in the use of pressurized wind
tunnels because further increases in Reynolds numbers can be
achieved and because Reynolds number and Mach number
effects may be studied independently. Unfortunately, even at
low pressures, sulfur hexafluoride does not have the same
thermodynamic properties as air. Furthermore, unlike air, SFy
is a nonideal gas whose intemal energy, speed of sound, and
other thermodynamic properties are dependent on both pres-
sure and temperature. While this poses no problem for incom-
pressible flows, compressibility effects such as shock locations
and boundary-layer properties are not the same between the
two gases, making correlations with air difficult.
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For studying the aerodynamic effects caused by the use of
SF¢, numerical solutions to the two-dimensional Euler and
Navier-Stokes equations are obtained for airfoils at various
flow conditions. For viscous calculations, the thin-layer ap-
proximation to the Navier-Stokes equations is used in the pres-
ent analysis. The equations are solved with an implicit, finite-
volume, upwind-differenced algorithm in which the spatial
derivatives of the fluxes are split into forward and backward
contributions using flux-vector splitting so that type-depen-
dent differencing can be used. The flux-vector splitting
method used is that of Van Leer,? with the modifications to the
flux formulas necessary for real gas calculations given in Ref.
3. For all turbulent calculations, the Baldwin-Lomax turbu-
lence model is employed* where it should be noted that, for
both air and SFg, the turbulent Prandtl number is assumed to
be constant with a value of 0.8.

For the present calculations, pure SF is assumed. The ther-
modynamic quantities are determined using the equation of
state given in Ref. 1. Deviations of quantities such as internal
energy and speed of sound from the ideal gas state are ac-
counted for using departure functions.’ Further detail can be
found in Ref. 6. For SFs, the viscosity is determined with a
simple linear fit,” and the thermal conductivity is given by a
power law.’

For calculations in air, the gas is assumed to be both ther-
mally and calorically perfect. The molecular viscosity is com-
puted with Sutherland’s law, and the thermal conductivity is
computed on the basis of a constant Prandtl number.

Inviscid calculations have been obtained for a NACA 0012
airfoil for both subsonic and transonic flow conditions,
although only those for transonic conditions are shown here.
Results obtained using SF¢ at several freestream pressures
are compared with results for air. Note that calculations for
air are not shown as a function of pressure since air is assumed
to obey ideal gas laws and is thus independent of the
freestream pressure.

Transonic results for a NACA 0012 airfoil at a freestream
Mach number of 0.8 and an angle of attack of 1.25 deg are
shown in Fig. 1. The solution for these conditions in air has
been calculated many times in the past and is characterized by
a weak lower surface shock and a moderate strength shock on
the upper surface. As expected, the SFy pressure distributions
do not agree with that of air. The upper surface shock for
SFs moves increasingly forward as the freestream pressure is
increased from 1 to 10 atm, and the lower surface shock com-
pletely vanishes.

An attempt has been made to determine a systematic Mach

number scaling procedure appropriate for use with SFy so
that improved correlations between air and SF¢ can be ob-
tained. This is done by exploiting results from small distur-
bance theory through the use of the similarity parameter that
is valid for subsonic, transonic, and supersonic flows with
small disturbances?:

1-M2
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where M, is the freestream Mach number, 7 represents a thick-
ness parameter, and vy’ is a parameter that is equal to the ratio
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SFg 1 Atn. 70°F M,, = 0.8
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Fig. 1 Comparison of pressure coefficients for air and SF¢ at 70°F
and 1, 5, and 10 atm for NACA 0012; My =0.80; «=1.25 deg.

o Air M, =038

SFe¢ 10 Atm. 70°F M, = 0.8233
— — — SFe 10 Atm. 100°F M, = 0.8217
—— — SFg 1 Am. 70°F M, = 0.8164
——-- SFg 15 Am. 90°F M, = 0.8271

Fig.2 Effect of transonic similarity scaling for SF¢ using
vy =1 +da2/0h)s for NACA 0012; M., = 0.8 (air); a=1.25 deg.

of specific heats for perfect gases. By using an appropriate
definition of v’, a new freestream Mach number can be ob-
tained for use in the SFg calculations by matching the similar-
ity parameter obtained for air. Afterward, the calculated lift
and pressure coefficients can be corrected according to small
disturbance theory. It is shown in Ref. 6 that the appropriate
definition of vy’ useful for scaling is given by

da?
=2l - 1={ 1+ —
% 2T < + ah>s,m )

where a, s, and s represent the speed of sound, enthalpy, and
entropy, respectively. The parameter I' is referred to as the
fundamental derivative® and is given by
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where v is the specific volume and T is the temperature. The
latter form of vy’ given in Eq. (2) is of particular interest since
its use in linearizing the speed of sound in deriving the small
disturbance potential flow equations leads to equations that
are identical to those of an ideal gas but with v’ used in place
of .10

Results obtained through the scaling procedure are shown in
Fig. 2 for several combinations of freestream pressure and
temperature. It is seen that very consistent results are obtained
in that the shock locations are invarient and agree reasonably
well with that of air for all temperature and pressure combina-
tions.

Note that the scaling procedure is easily reversed; given
conditions in the freestream for SFg4, the equivalent Mach
number for air is easily obtained. Also note that this scaling
procedure is valid only for two-dimensional calculations; how-
ever, three-dimensional scaling laws exist but require modifi-
cations to the aspect ratio as well as to the Mach number.

Although not shown, computations for subsonic turbulent
flows over a NACA 0012 airfoil show that the maximum angle
of attack at which steady lift can be obtained is different
between air and SFs. In addition, for SFg, this angle of attack
is dependent on the freestream conditions. Improved agree-
ment with air can be achieved by altering the freestream Mach
number according to the inviscid scaling procedure. Transonic
results show that even with Mach number scaling, the shock
location and skin friction values calculated between air and
SFg are in disagreement. This is attributed to the limitations of
the scaling procedure and to the thinner boundary layer for
SFs.
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