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Fig. 3 Skin-friction ratio (based on C/M,0) of NASA PN2 as a function
of blowing parameter.

Re/m
.62x106

• 2.25x106

A 4.1 x106

2 3 4 5 6
Blowing fraction, F

7 8x1 (T3

Fig. 4 Skin-friction ratio (based on C/0) of NASA PN2 as a function of
blowing fraction.

more than a solid flat-plate value. These plates were regarded as
MET skins. The unblown skin-friction ratios were so high for the
other skins that reducing them to below a solid flat-plate value was
not possible for practical application. Notice that the holes in the
MET skins have aspect ratios of 4 or higher (Table 1). These small,
high-aspect-ratio holes not only are able to control the vertical blow-
ing air during the microblowing but also are able to provide low skin
friction without blowing. It also is believed that the slip flow on the
surface of the MET skin plays an important role in reducing the skin
friction. The results of PN2 are presented herein.

In Fig. 3 the traditional parameters for injection are used to show
the results for NASA PN2 porous plates. As expected, the data
collapsed. However, because the collapsed data depend highly on
the characteristics of the porous plate, no attempt has been made
to compare them with the existing data. Because the skin-friction
ratio CfWQ/Cfo is so different for various unblown porous plates
(see Fig. 2), Fig. 3 provides only limited information about the
effectiveness of a porous plate for blowing boundary-layer control.
A more meaningful way to present the data for the NASA PN2
porous plates is shown in Fig. 4. Note that the reference skin-friction
coefficient is that of a flat plate, C/0 instead of CfWQ.

Figure 4 indicates that, for PN2, even an extremely small amount
of blowing air, i.e., F < 0.0005, reduced the skin friction below
that of the solid flat plate and continued to reduce it effectively at a
blowing fraction F < 0.003 with higher rate of skin-friction reduc-
tion. This small amount of blowing air is called the microblowing.
The penalty for supplying blowing air in the MET is probably very
low because the blowing flow rate is so small. Figure 4 shows that
up to 60% reduction (C//C/0 = 0-4) was achieved for this porous
plate. A smaller reduction below the flat-plate value was shown at
higher Reynolds numbers, as can be seen in Fig. 4 for the NASA
PN2 porous plate.

Concluding Remarks
A proof-of-concept experiment (phase I) for the Micro-Blowing

Technique (MET) has been successfully completed. Preliminary
results show that, with microblowing, up to 60% skin-friction re-
duction below a flat-plate value can be achieved over a wide range
of flow conditions. Research indicates that the skin is the most im-
portant factor in achieving success with the MET. This experiment
identified three skins for use with the MET, all having holes with
aspect ratios larger than 4. One of the ways that the MET reduces
skin friction is by effectively reducing the roughness of the skin by

means of very low blowing air. More experiments are required to
determine the optimal MET skin and to assess the penalty associated
with this technique.
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Introduction

DURING the 1990s dynamic stall has remained an area of active
research, primarily due to its occurrence in important applica-

tions such as high-angle-of-attack aerodynamics, rapidly maneuver-
ing aircraft, helicopter rotors, wind turbines, and turbomachinery.
The application of viscous-inviscid interaction methods1 or Navier-
Stokes solvers,2 combined with turbulence models of varying com-
plexity, to oscillating airfoils and wings has become prevalent in
the last few years. A spectrum of models ranging from algebraic
to two-equation models has been employed, and their results have
been compared with airfoil integrated-load data ranging from at-
tached flow through airfoil flutter (light stall) to massively separated
flow (deep stall). By and large, the results are unsatisfactory, with
attached and massively separated flow modeling attaining the best
predictions, whereas light stall predictions are somewhat inferior.3
For example, recent airfoil flutter investigations2'4 revealed that a
variety of turbulence models were unable to predict the pitching
moment history, which is crucial for predicting rotor life.

There are many factors that influence the accuracy of current
computational schemes. Carr and McCroskey3 have identified tur-
bulence modeling, grid dependencies, artificial viscosity, and the
choice of numerical scheme as important areas that need to be ad-
dressed if computational efforts are to be directly useful. Ekateri-
naris and Menter2 have demonstrated the importance of transition
modeling to capture the dynamic stall physical mechanisms. This
study was undertaken to avoid the problem areas associated with
both numerical artifacts, limiting boundary-layer assumptions, as
well as physically ambiguous phenomena such as transition mod-
eling, and unknown upstream influences. Here, the emphasis was
placed on developing an unsteady turbulence model and then testing
the model, per se, by comparing it to definitive experimental data.
Consequently, this preliminary investigation considered a stream-
wise fully developed, large-amplitude pulsating turbulent pipe flow
near separation rather than an unsteady boundary layer or a dynamic
stall scenario, thus minimizing the aforementioned problems. The
principal common denominators are that both flows are subjected to
large, time-dependent streamwise pressure gradients and that both
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have similar structure in the near-wall region. The fully developed
pipe flow momentum equation is a parabolic Navier-Stokes prob-
lem and, thus, avoids boundary-layer-type assumptions and can be
solved by robust numerical methods. In addition, because the prob-
lem is one dimensional in space, upstream influences are eliminated,
an extremely fine grid can be employed in the near-wall region
without excessive computational cost, and artificial viscosity is not
significant.

In this Note, a hybrid model is developed and evaluated for a
single data set. For a broader perspective, the results of algebraic,
one-equation,5 and two-equation6 models are also presented. The
algebraic model was composed of the van Driest near-wall mix-
ing length with the Cebeci-Keller7 unsteady modification and the
Cebeci-Smith8 outer-layer eddy viscosity. The one-equation5 model
was based on the Norris-Reynolds9 Prandtl-energy model with a
prescribed mixing length. The two-equation6 model was based on
that of Jones and Launder,10 making use of wall functions for com-
putational efficiency.

Model Composition
The model developed here is termed a hybrid model because it

blends two independently developed concepts into a single model.
The first component is based on the ideas expressed by Mao and
Hanratty11 (MH), which accounts for the unsteady effects in the
viscous sublayer, whereas the second component is based on the
popular Johnson-King12 (JK) turbulence model. The MH model was
considered as an important component of this model due to its ability
to predict unsteady viscous sublayer phenomena, an issue not ex-
plicitly addressed in current unsteady models. The JK model was se-
lected due to its relatively good static and dynamic performance,13'14

low computational cost, and ease of implementation.

Viscous-Region Relaxation Model
Based on the observation that steady favorable and unfavorable

pressure gradients, respectively, dampen and enhance near-wall tur-
bulence, a number of investigators, e.g., Launder and Jones,15 have
argued that this behavior increases or decreases the viscous sub-
layer thickness. This is typically represented by allowing the con-
stant A+ to be a function of the dimensionless pressure gradient
p+ = (dp/dx)v/pu3

T in the following manner:

(1)

where A^ and&i, k2,..., are constants (15 and —40,0, respectively).
In situations where the steady pressure gradient varies rapidly is

the streamwise direction, first-order lag equations have been pro-
posed, e.g., Ref. 15. Mao and Hanratty11 have extended this idea to
small-amplitude unsteady flows, and the effective pressure gradient
is described by

dPe+ff __ P+ ~ Prt
dt+ kL

(2)

where kL is a relaxation constant (220). The effect of this model
is ultimately included in the van Driest damping term: D = I —
exp(—yu r /vA + ) .

Unsteady JK Model
Development of the unsteady half-equation form of the model pre-

sented next closely follows the general arguments of Johnson and
King.12 Minor modifications have been implemented here to render
the model applicable to pipe flow geometry, and extension of the un-
steady version to boundary layers is straightforward. The JK model
incorporates both equilibrium and nonequilibrium modeling ideas.
The equilibrium eddy viscosity distribution can be expressed as

D2Ky(-Ufv')l> (3a)

(3b)

(3c)

where K is the von Karman constant (0.4), a is an outer-layer con-
stant (0.08), and a is the pipe radius.

In similar fashion to the relationship introduced earlier, the
nonequilibrium inner-layer eddy viscosity is given by v,/ =
D2Ky(—u'v')n2, whereas that in the outer layer is determined by sat-
isfying the relationship vt>m = (—u'v')m(du/dy)m with vt = vto[l —

To utilize this model, an equation is required for the velocity scale
(—u'v')^2' This is achieved by considering the ensemble-averaged
turbulent kinetic energy equation for the region outside of the vis-
cous sublayer at the time-dependent point of maximum kinetic en-
ergy, with the assumptions sm =kli /Lm and (—u'v')m —a\km and
with diffusion modeling based on Townsend's bulk convection hy-
pothesis resulting in

dt
a\

2Lm
(4)

The constants a\ and C<jif took on values appropriate to pipe flow
geometry (0.1 and 0.65, respectively). The diffusion modeling em-
ployed by Johnson and King12 could not be justified in the context
of a pipe flow geometry and, consequently, 3>m = 1. For the pipe
flow dissipation length scale, the standard Nikuradse formula was
used.16

Numerical Solution
The pipe flow momentum equation is solved by means of a

second-order accurate finite difference numerical scheme similar
to that of Mao and Hanratty.11 The computational grid was graded,
with a larger relative grid density in the near-wall region. A total
of 120 cross-stream grid points were used, and it was ascertained
that halving this number brought about negligible changes to the
computed results. The method was validated against classical solu-
tions for pulsating and transient laminar flow problems resulting in
accuracies of (9(0.1)%. The code was further validated for steady
turbulent flows and accurately predicted the laminar sublayer, log-
law region, and wake region. The first grid point was positioned at
y+ = 0.2, and 16 grid points were located in the region y+ < 5.
This excessive grid density was justified because the constant A+

varied from 15 to ~1 during flow deceleration, indicating excessive
thinning of the sublayer region. The JK equation for g [Eq. (4)] was
solved, simultaneously, by a fourth-order Runge-Kutta method.

Results and Discussion
The computed results were validated against the definitive in-

compressible experimental data of Ramaprian and_Tu,17 where the
cross-section instantaneous velocity varied as U = 0 + 0 exp(ia)t),
with Reynolds number U2a/v = 50,000, dimensionless frequency
coa/U — 0.08, and oscillation amplitude U/U = 0.65. Velocity
profile measurements u — u(r) + u(r) exp i[a)t — 0(r)] were made
with a laser Doppler velocimeter, and the wall shear stress was mea-
sured by means of flush-mounted hot-film probes. The oscillations
were achieved computationally by subjecting the steady flow turbu-
lent profile to an unsteady sinusoidal pressure gradient correspond-
ing to the appropriate nondimensional amplitude and frequency. The
solution was considered to be converged when there was negligible
difference between successive cycles.

Normalized velocity profile amplitudes for the experimental data,
as well as the results of the four turbulence models, are presented
in Fig. 1. Apart from the hybrid model proposed here, all models
exhibit deficiencies across virtually the entire pipe radius. For the
region close to the wall, r/a > 0.75, both the algebraic and the k-s
models overpredict the data, whereas the k model overpredicts in the
region very close to the wall and then begins to underpredict the data
as the core region of the pipe is approached. For the core region of the
pipe, the situation is reversed. On the other hand, the hybrid model
predicts the trend significantly better than the other models with
small, alternating under- and overpredictions. The small deviations
can probably be attributed to relative simplicity of the models, which
are both essentially first-order history effects for the eddy viscosity
velocity and length scales. It is important to note that the JK model,
when employed without the MH viscous sublayer modification, fails
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to predict the data trend in both near-wall and core regions. This
intriguing observation is discussed later.

Figure 2 shows the phase shift associated with the amplitude
profiles of Fig. 1. All models, apart from the hybrid model, exhibit
large deviations from the data. These models capture neither the
phase-lead maximum in the near-wall region nor the relatively large
phase lag in the core region. The k-s model yields slightly superior
predictions in the near-wall region but inferior predictions in the core
region, whereas the opposite is true for the algebraic and k models.
The phase-shift prediction of the hybrid model is far superior to
the other models. The location of the phase-lead maximum is well
predicted but is too large by approximately l| deg. The hybrid
model prediction is also superior in the core region, overpredicting
the phase lag by about 2 deg. The relatively small overpredictions
of the phase shift associated with the hybrid model are attributed,
as earlier, to the relative simplicity of both model components.

The results presented in Figs. 1 and 2 illustrate the important result
that an unsteady turbulence model is only as strong as its weakest
element. To illustrate this, consider the normalized statement of
mass conservation for the oscillating velocity component in the pipe,

_2_ r
a2U Jo

ru(r) exp[—/</>(r)] dr = (5)

If (f)(r) is small across the extent of the pipe, which is the case here,
an amplitude overprediction in the near-wall region must be bal-
anced by an underprediction in the core region, and vice versa, to
satisfy mass conservation. With larger phase shifts, the problem is
compounded, because both amplitude and phase errors must be bal-
anced. Therefore, failure to adequately model the viscous sublayer,
particularly when the boundary layer is subjected to large unsteady
pressure gradients, can have detrimental effects on the predictions
across the extent of the boundary layer. The same is true in the outer
layer, where setting Cdif = 0 had a similar impact.

Skin-friction history (as a function of angle cot) comparisons for
all turbulence models are presented in Fig. 3. In keeping with both
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Fig. 3 Skin-friction history comparison with data.

sets of earlier results, all models with the exception of the hybrid
model significantly over- and underpredict the skin-friction maxima
and minima, respectively. All of these models also fail to predict the
skin-friction history at any stage during cycle. The hybrid model,
however, slightly overpredicts the maximum, closely follows the
data during the deceleration, accurately predicts the minimum, and
then somewhat underpredicts the upstroke data. The reason for the
discrepancy in the upstroke data was that too much viscous sublayer
thickening was predicted by the simple linear model employed here.
Whereas the constant k\ = — 40 was appropriate for the adverse
pressure gradient, as can be seen by the downstroke comparison, this
constant was too large for the favorable pressure gradient. For steady
flows with streamwise pressure gradients it is common to use a
nonlinear model for the viscous sublayer.18 For the results presented
here, however, no attempt was made to optimize the hybrid model
in any way because the small-amplitude linear unsteady model of
Mao and Hanratty was used directly.

Concluding Remark
Although this model is capable of satisfactory near-wall predic-

tions near separation, the MH dependence on ur presents a problem
when extending the current model to unsteady separating flows.
Moreover, the lack of reliable near-wall measurements of unsteady
separating turbulent boundary layers further complicates modeling
this region. Consequently, for extensions of the MH model compo-
nent to regions of separating flow, two approaches are suggested.
The first is to replace UT with \ur\ and the physical requirement
that A+ > 0 (e.g., Ref. 18). Alternatively, the velocity scale ur
may be replaced by (—wV)i,/2, which is consistent with the JK
model component and does not materially change the attached flow
results.
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I. Introduction

T HE advantages of an unstructured grid over a structured grid
are lower cost of grid generation, adaptive refinement/unre-

finement capabilities, and savings in total number of grid points.
However, most unstructured grid computations are computationally
very expensive, especially for high Reynolds number flows, because
conventional implicit time-integration methods based on grid line
sweeps for structured grids are not suitable for unstructured grids.

Recently the lower-upper symmetric Gauss-Seidel (LU-SGS)
approximate factorization,1 which is very efficient for structured
grids, has been implemented to unstructured grids by several
authors.2"4 Those methods do not require extra storage, are free
from any matrix inversion, and demonstrate performance similar to
the structured grid schemes.

This Note is devoted to the three-dimensional hybrid grid imple-
mentation of the LU-SGS method proposed in Ref. 2. The original
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method was based on sweeps through grid node numbers and was
applied to two-dimensional Euler computations. Unfortunately, in
its original formulation, the method cannot be vectorized; in addition
the method is not compatible with commonly used edge-based data
structure. To fit the method to the three-dimensional computations
on a vector supercomputer, grid reordering is necessary. In Ref. 3,
such a reordering was proposed. However, it was applied to the cell-
centered finite volume method, and the LU-SGS formulation was
different from that of Ref. 2.

Here a grid reordering method for a cell- vertex scheme on hybrid
grids is proposed. This reordering provides good convergence prop-
erties, as well as vectorization capability of the code. The method has
been tested on several three-dimensional tetrahedral as well as hy-
brid (prismatic/pyramidal/tetrahedral) grids. The Euler and Navier-
Stokes equations have been computed.

II. Finite Volume Discretization
The governing Navier-Stokes equations are solved by the finite

volume cell-vertex scheme. The control volumes are nonoverlap-
ping dual cells constructed around each node /. Each edge connect-
ing two nodes i and j is associated with vector area Sjj, and gas
dynamic fluxes are computed through the areas s/;-. To enhance the
accuracy of the scheme, a linear reconstruction of the primitive gas
dynamic variables inside the control volume is used. Venkatakrish-
nan's limiter5 is used because of its superior convergence proper-
ties. After the reconstruction, a flux quadrature is performed around
each control volume using a single point along each face of the con-
trol volume. The flux is computed using a Harten-Lax-van Leer-
Einfeldt-Wada approximate Riemann solver.6

To compute viscous stress and heat flux terms it is necessary to
evaluate spatial derivatives of the primitive variables at each control
volume face. These spatial derivatives are evaluated directly at the
edges. The derivatives are computed by looping once through all
grid cells and accumulating the result at the grid edges.

III. LU-SGS Method for Unstructured Grids
The LU-SGS formulation2 can be described as follows.
Forward sweep:

*=D-l\ReSi-0.5 Y, (stj-Wj- \SIJ\PAJ *Qj)
L J'J € L(i)

AC?
Backward sweep:

Aft = Ag; - 0.5ZT

where

(la)

(Ib)

and

Res. = _ ij . Rtj

where Q is the state vector; F comprises the convective flux vector
components Fx,Fy, and Fz\ and R is the viscous flux vector com-
ponents Rx,Ry, and Rz. Rest is the explicit quadrature of convective
fluxes and viscous stresses, and pA is the spectral radius of the Jaco-
bian matrix A = 8F/8Q. For stable viscous computations the local
diffusion velocity v/ AJC must be added to the spectral radius.

The method requires no special treatment of boundaries. Con-
tributions from boundary faces must be considered only for the
computation of the diagonal matrix D.

The important issue for the unstructured grid LU-SGS method-
ology is the determination of lower and upper matrices; that is, how
to determine the sets L(i) and U(i) in Eq. (1). The next section
discusses this issue.


