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Estimate (10) is asymptotically valid for a very porous polymer
layer. The exponentin the power-law relation between the response
time 74 and thickness / deviates from 2 by the fractal dimension
d;, because of the presence of the fractal pores in the polymer
layer. Relation (10) provides an explanation for the experimental
finding that the exponent ¢ in the power-law relation 7y o< h? is
less than 2 for porous PSPs.”8 Also, this relation can serve as a
useful tool to extract the fractal dimension of the tubelike pores
in a very porous polymer layer from measurements of the diffu-
sion response time. The fractal dimension d;, of the pore in the
polymer poly(TMSP) is d;, =1.71. For the GP197/BaSO4 mix-
ture, the fractal dimension d, is close to 1. In addition, based on
the experimental results shown in Fig. 2, one knows that the frac-
tal dimension d, for the polymer poly(TMSP) linearly decreases
with temperature in a temperature range from 293.1 to 323.1 K.
This implies that the geometric structure of the pore in poly(TMSP)
may be altered by temperature change. Note that the diffusivity
D,, of oxygen mass transfer is also temperature dependent, but it
is independent of the coating thickness /. Therefore, the experi-
mental results in Fig. 2 mainly reflect the effect of temperature on
the geometric structure of the pores in the polymer rather than the
diffusivity.

Conclusions

The Note develops a simple phenomenological model for the ef-
fective diffusivity of a porous PSP and gives a new expression that
clearly illustrates the relationship between the diffusion timescale
and the fractal dimension of the pores. The theoretical results can
notonly explain why a porous PSP is able to achieve a very fast time
response,butalso quantitativelyshow how the fractaldimensionand
the parameters of porosity affect the response time. For very porous
PSPs, the classical square-law estimate of the diffusion timescale
should be replaced by the generalized relation derived in the
Note.
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Introduction

HE importance of reducing jet noise in both commercial and

military aircraft applications has made jet acoustics a signif-
icant area of research.! A technique for jet-noise prediction com-
monly employed in practice is the approach of Mani, Gliebe, and
Balsa (MGB)? based on the Lighthill acoustic analogy.® This tech-
nique requires as aerodynamic input mean flow quantities and tur-
bulence quantities like the kinetic energy and the dissipation. The
purpose of the present Note is to assess existing capabilities for pre-
dicting these aerodynamic inputs. Two modern Navier-Stokes flow
solvers, coupled with several modern turbulence models, are evalu-
ated by comparisonwith experimentfor their ability to predict mean
flow properties in a supersonic jet plume. Potential weaknesses are
identified for further investigation. Another comparison with sim-
ilar intent is discussed by Barber et al.* The ultimate goal of this
research is to develop a reliable flow solver applicable to the low-
noise, propulsion-efficient, nozzle exhaust systems being developed
in NASA focused programs. These programs address a broad range
of complex nozzle geometries operating in high-temperature, com-
pressible, flows.

Seiner et al.> previously discussed the jet configuration exam-
ined here. This convergent-divergentnozzle with an exit diameter
of3.6in. was designedfor an exhaustMach numberof2.0 and a total
temperature of 915 K. The acoustic and aerodynamic data reported
by Seiner et al.’ covered a range of jet total temperatures from 40
to 1204 K at the fully expanded nozzle pressure ratio. The aerody-
namic data included centerline mean velocity and total temperature
profiles.

Computations were performed independently with two computa-
tional fluid dynamics (CFD) codes, ISAAC® and PAB3D.” Turbu-
lence modelsemployedinclude the k—& model,® the Gatski-Speziale
algebraic-stress model,” and the Girimaji model,'® with and with-
out the Sarkar compressibility correction.!! Centerline values of
mean velocity and mean temperature are compared with experi-
mental data.

Codes and Models

ISAAC (Integrated Solution Algorithm for Arbitrary Configu-
rations)® is a finite volume code of second-order accuracy, which
solves the full Favre-averaged Navier-Stokes equations. An upwind
schemebased on Roe’s flux splittingis used for the convectiveterms,
central differencingfor the diffusionterms, and an implicit, spatially
split, approximate-factorizaion scheme for iteration.
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The PAB3D code’ solves the Reynolds-averaged Navier-Stokes
equations in a thin-shear-layer approximation. Diffusion terms are
central differenced. The implicit iteration operator employs the van
Leer scheme, and the explicit terms (e.g., convective terms) are
evaluated with the Roe scheme.

The grid used here is composed of five blocks: one in the nozzle
(61 x 61 mesh points), one external to the nozzle (61 x 61 mesh
points), and three blocks downstream of the nozzle exit (65 x 121,
97 x 121, and 97 x 121 mesh points). The mesh is very fine near
the nozzle walls and near the jet axis in the plume and becomes
gradually coarser away from the axis. Grid-independencetests (see
later in this section) indicated this grid was adequate for the compu-
tations of the quantities examined in this work. Velocity, pressure,
and temperature boundary conditions consistent with experimental
conditions are imposed at the upstream boundary inside the nozzle,
and a modest freestream flow of M =0.05 is imposed through a
one-dimensional characteristic far-field boundary condition at all
nonwall boundaries except the downstream boundary, where a sub-
sonic outflow boundary condition is imposed. No-slip boundary
conditions are imposed at all walls, and axisymmetry is assumed.

The turbulence models employed in this investigation include
both k-¢ and algebraic-stress two-equation models. The Reynolds
stress 7;; is modeled by the expression

pTij = %,5/(51‘]' - 2,5Cqu (kz/gx)[(sij - %Skkaij)
+ oy (k/e,) (Sik ij + Sjk Wii)
—as(k/e) (SiSi; — LSuSusy) ] (1)

where S;; = (%)(ﬁl‘_j +ii;;) and W;; = (%)(ﬁi_j —ii;;) are the sym-
metric and antisymmetric parts of the mean-velocity-gradienttensor.
Commas denote differentiation, it; are velocity components, and p
is the average density. The remaining symbols are defined next.

The turbulentkinetic energy k and the solenoidal part of the dis-
sipation rate ¢, (the total dissipation ¢ = ¢, + &, is the sum of the
solenoidal and curl-free dissipations;in the case of no compressibil-
ity correction, . = 0) are determined using the conservation equa-
tions

(lék)t + (Iéﬁjk)] = _ﬁfnmﬁm.n - P&

+ {1+ 5C 1. (K fone,) k)

5]

(/583').t + (ﬁﬁja&').j = _lécslfl (gAX'/k)rmnﬁm.n - /5C92f2(£xg/k)

+ [[M + lacz fu (kz/asgx)gx_j]_j} + Xw (2)

For the k-& model oy =0, as =0, and C:j =C, =const. In the k
and ¢, equations oy, o, C,1, and C,, are constants, and integration
to the wall is possible using the damping functions f,,, fi, and f.
Also in the & equation, we have § =&, — u/p|V./k|?* and y,, a
wall-correction function.

The Gatski-Speziale algebraic-stress model® employs Eq. (1)
with CZ, a4, and os functions of k, ¢, and invariants of S;; and
W;;. No wall damping of the Reynolds stress is required so that
f. =0, and in ISAAC new f; and f, are introduced to preserve
proper log-law behavior.

The Girimaji algebraic-stressmodel' alsoemploys Eq. (1); in this
case the coefficients C fj, a4, and s are determined via the (explicit)
solution of a cubic algebraic equation see the work of Girimaji'® for
details of this solution and of the selection of the physically relevant
root.

The models were tested both with and without the Sarkar com-
pressibility correction,!! which gives for the compressible part of
the turbulentdissipatione, the value oo, M fa‘., M, being the turbulent
Mach number /7;; /a,, and & being a constant taken here to be 0.5.

Results and Discussion

Computations were performed at jet total temperatures of 40 and
843 K. Extensive tests of the adequacy of the spatial resolution were

conducted; comparison of runs with the full grid and with the grid
coarsened by factors of 2 and 3 showed negligible differences. The
value of y for points adjacent to the walls of the nozzle was always
less than 0.5 for the full-resolutioncomputation, indicating that the
wall layers were satisfactorily resolved. All runs were continued
well past the point where a steady state in the mean quantities had
been reached.

Data for the 843 K case appear in Fig. 1. The mean velocity
and temperature at the centerline are shown as computed using the
various models discussed in the preceding section and compared
with experimentalresults’ Althoughthere is a good deal of variation
in the computational results (this variation is much greater than the
experimental uncertainty5 ), the ISAAC results are better, overall,
than the PAB3D results. The centerline mean velocity for the 40 K
case is shown (model by model) in Figs. 2 and 3, and agreement

0 5 10 D 15 20
Fig. 1 No compressibility correction, 843 K case: ——, experiment;

---—, ISAAC k-¢ model; ——, ISAAC GS ASM; . ..., PAB3D k-¢
model; ---, PAB3D GS ASM; and - - -, PAB3D Girimaji ASM.

Fig. 2 Comparison of k-& models, 40 K case: ——, experiment; --—,
ISAAC; ---, PAB3D; and . . . ., PAB3D model in ISAAC.
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Fig.3 Comparison of Gatski-Speziale ASMs, 40 K case: , exper-
iment; --—, ISAAC; - - -, PAB3D; and . . . ., PAB3D model in ISAAC.
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is fairly good for both codes. Although the results shown here are
worse than one would like, they are better than earlier results.*

The simulations employing the Sarkar compressibility correction
were generally no better than those not. In the 40 K jet case the cor-
rection makes the PAB3D predictions significantly worse, and the
ISAAC predictions are slightly high by about as much as they were
low for the computations without the compressibility correction. In
the 843 K jet case the compressibility correction significantly im-
provesthe PAB3D results but makes the ISAAC results dramatically
worse.

Figure 1 shows a grouping of the results from each of the two
codes; this groupingoccurredin the othercase as well. It suggeststhe
differencesin results can be caused more by differencesin the codes
than to differencesin the models. To further investigate these differ-
ences, the k—¢ model in PAB3D was implemented in ISAAC (except
for the PAB3D form for x,,, which involves derivatives not readily
available in the ISAAC code), as was the PAB3D implementation
of the Gatski-Speziale algebraic stress model (ASM). Comparisons
between the ISAAC implementationsof the models, the PAB3D im-
plementations of the models, and the PAB3D models implemented
in ISAAC are shown in Figs. 2 and 3 for the 40 K case. The results
from ISAAC with its own models and with the PAB3D models were
very similar for the k-& model and the Gatski-Speziale algebraic-
stressmodel, indicatingthat the differencesbetween the ISAAC and
PAB3D results are primarily caused by the codes themselves.

Summary

In summary, overall agreement of the computations with exper-
iment is good. The two codes each gave fairly consistent results
with the different turbulence models, and the differences between
the codes seemed to be greater than the differences between the
models. Additional evidence for this was given by the computations
with ISAAC using the PAB3D versions of the models, which gave
resultsmuch closer to the ISAAC results with its own models than to
the PAB3D results. Possible reasons for these differences between
the results of the two codes include different handling of viscous
fluxes (thin shear layer in PAB3D vs full Navier Stokes in ISAAC),
first-order advectionin the PAB3D turbulenceequations vs second-
order advectionin all equationsin ISAAC, and other differencesin
the numerical algorithms employed in the two codes.

Finally, we note that the aerodynamic input is only part of the
story, and the MGB noise prediction can emphasize or deemphasize
different aspects of the input error.
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Introduction

HE problem of calculating the distance to the nearest surface

from all of the points throughouta volume mesh is addressedby
devising a finite search region and then conducting an efficient ge-
ometric search. The method is tested on 10 three-dimensionalcom-
putational fluid dynamics (CFD) grids with up to 1,700,000 points
in the volume and up to 130,000 points on the surface. The expense
of the calculationis reduced by orders of magnitude compared to the
simplest approach of checking the distance to every surface point.
This method is especially useful when the distances need to be up-
dated often, such as multiple-body or moving-appendageproblems,
and it can be easily retrofitted into existing codes.

Many physical models employed in modern CFD codes require
wall proximity in their specification. The most common are low-
Reynolds-number turbulence models, many of which rely on wall
proximity in near-wall damping functions.!~* Researchers have ob-
served that this reliance on explicit wall distance is ambiguous for
all but the simplest topologies and that it is “not at all evident that
wall distance bears a relationship to the structure of turbulence.”*
As a result, much current research in turbulence modeling is fo-
cused on achieving geometry independence >-® The appropriateness
of using models that contain wall distance explicitly is not consid-
ered here. It is simply observed that such models continue to enjoy
widespread use.

For complex geometries the simplest approach, given a point
within the volume, is to measure the distanceto every pointon every
solid surface, keeping the minimum. Though simple, this requires
O(N, N,)operations,where N, and N are the number of volume and
surface points, respectively. In many applications the calculationis
performed once and saved, but when the distance function changes
with time the efficiency of wall proximity computationscan become
important. The currentnote formulates a method for calculatingwall
proximity with a cost of O(N, log Ny), a gain of several orders of
magnitude in the cases shown here.

At least three other methods for computing wall proximity appear
in the literature. In the first an approximate distance to the wall was
inferred from the solution of a Poisson equation for a length scale
L, where L =0 on solid boundaries.”® Described as a “convenient
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