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Preface

The Center for Modeling of Turbulence and Transition (CMOTT), a co-
operative turbulence research team, was formally established in May of 1990
as a focal group within the Institute of Computational Mechanics for Propul-
sion (ICOMP). The location of CMOTT is shown in the organization struc-
ture chart in Appendix A. The objectives of the CMOTT are to develop, vali-
date and implement the models for turbulence and boundary-layer transition
in practical engineering flows. The flows of interest are three-dimensional,
incompressible and compressible flows with chemistry. The schemes being
studied include the two-equation (e.g. k-€) and algebraic Reynolds-stress
models, the full Reynolds-stress (or second moment closure) models, the
probability density function (pdf) models, the Renormalization Group The-
ory (RNG) and Direct Interaction Approximation (DIA), the Large Eddy
Simulation (LES) and Direct Numerical Simulation (DNS). '

Currently, CMOTT has eight formal members working on various as-
pects of turbulence and transition modeling in collaboration with NASA-
Lewis scientists and Case Western Reserve University (CWRU) faculty mem-
bers. The CMOTT members have been actively involved in international and
national turbulence research activities through meetings, seminars, work-
shops and exchange-visitors. Since June of 1990, a CMOTT seminar series
has been conducted with speakers invited from within and outside of the
NASA Lewis Research Center, including foreign speakers. In 1991, a new
series of biweekly CMOTT technical meetings was initiated for informal dis-
cussions regarding special issues in turbulence and transition modeling. The
CMOTT research activity is advised by a group consisting of Professor J.L.
Lumley (Cornell University), Dr. M. Goldstein (NASA /LeRC) and Professor
E. Reshotko (CWRU).

This research brief contains the progress reports of the CMOTT Re-
search staff from May 1990 to May 1991. It is intended to be an informational
report of the CMOTT activities as well as an annual report to ICOMP and
NASA. The current CMOTT roster and its organization are listed in the
Appendix A. Listed in Appendix B.1 are the visiting members and their
seminar abstracts. Appendix B.2 gives the scientific and technical issues dis-
cussed in biweekly CMOTT meetings. Journal and conference publications
by CMOTT members are grouped in Appendix C.
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Starting in 1991, NASA Technical Memoranda authored by members of
the CMOTT staff will be given a specific number to identify them as CMOTT
reports. These manuscripts will be made available for early dissemination of
completed research results by the CMOTT staff.

Finally, we express our thanks to one of the CMOTT members, Dr.
William W. Liou, who carefully assembled the material and provided edito-
rial assistance.

Louis Povinelli
Meng-Sing Liou
Tsan-Hsing Shih
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The Study of PDF Turbulence Models in Combustion
Andrew T. Hsu

1. Motivation and Objectives
1.1 Motivation

The accurate prediction of turbulent combustion is still beyond reach
for today’s computation techniques. It is the consensus of the combustion
profession that the predictions of chemically reacting flow were poor if con-
ventional turbulence models were used. The main difficulty lies in the fact
that the reaction rate is highly non-linear, and the use of averaged temper-
ature, pressure and density produces excessively large errors. The proba-
bility.density function (pdf) method is the only alternative at present time
that uses local instant values of the temperature, density, etc., in predicting
chemical reaction rate, and thus is the only viable approach for turbulent
combustion calculations.

1.2 Objectives

The present work aims at the development and implementation of the
the pdf turbulence models in solving realistic combustion problems. The fact
that the pdf equation has a very large dimensionality renders finite difference
schemes extremely demanding on computer memories and thus impractical,
if not entirely impossible. A logical alternative is the Monte Carlo scheme,
which has been used extensively in statistical physics. However, the use of
Monte Carlo scheme to solve both the flowfield and the chemical reaction is
very time consuming. Further more, since CFD has reached a certain degree
of maturity as well as popularity, it seems less beneficial to abandon CFD
completely and opt for Monte Carlo schemes. Therefore, we propose the
use of a combined CFD and Monte Carlo scheme in the present study. The
scheme would use the conventional flow solvers when calculating the flowfield
properties such as velocity, pressure, etc., while the chemical reaction part
would be solved using Monte Carlo solvers.



2. Works Accomplished

2.1 Code development.

A parabolic code with k£ — € turbulence models have been developed
in the past months. Three different £ — ¢ models have been tested with
satisfactory numerical resuits.

A grid dependent Monte Carlo scheme is being explored. This scheme
discretize the pdf equation on a given grid and write, for parabolic flows:

PZ-‘l"dI,j = a]ﬁz’]+l + 'Bj]sz,j + 7.7?11]_1 (1)
and we require
a;j + B+ =1 . (2)

Using a very simple test case of a convection/diffusion process with two
scalars, it was found that the previous scheme does not conserve mass frac-
tions due to re-contamination. It is found that in order to conserve the
mass fractions absolutely, one needs to add further restriction to the scheme,
namely

| aj +7; = aj1 + Y (3)

A new algorithm was devised and is currently being tested. Again using
the simple test case of two scalars with assumed constant coefficients in the
pdf equation, the new algorithm is shown to conserve the mass fractions
perfectly in cases of uniform flows or pure diffusion problems. Deficiencies
such as directional bias and re-contamination that were found in the previous
algorithm are completely eliminated.

2.2 Applications.

The code developed has been validated by solving a heated turbulent
jet. The temperature is treated as a conserved passive scalar and solved
using the pdf Monte Carlo simulation while the flow field is obtained using
a conventional CFD solver. The mean temperature profile and RMS of the
temperature fluctuation were compared with experimental data.

As a first application to combustion problems, the non-premixed flame
of hydrogen and fluorine is being studied. A comparison between primary
results from the present study and experimental data show that the present
scheme predicts the mean flame temperature accurately.



3. Future Plans

1. Further investigate the case of hydrogen-fluorine reaction.

2. Study finite rate calculation of the same non-premixed flame.
3. Study the interaction between mixing and chemical reaction.
4. Study compressibility effects.

4, Publications

1

Hsu, A.T., “The Study of PDF Turbulence Models in Combustion,”
9th National Aero-Space Plane Technology Symposium, November 1-2,
1990.

Hsu, A.T., “ On Recontamination and Directional Bias Problem in
Monte Carlo Simulation of PDF Turbulence Models,” NASA CFD Con-
ference, April 12-14, 1991, Moffett Field,California.

Hsu, A.T., “Progress in the Development of PDF Turbulence Models for
Combustion,” 10th National Aero-Space Plane Technology Symposium,
April 23-25, 1991, Monterey, California.

Hsu, A.T., “The Study of PDF Turbulence Model in Nonequilibrium
Hydrogen Diffusion Flames” AIAA Paper 91-1780, Honolulu, Hawaii,
June, 1991.
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Turbulence Modeling
Tsan-Hsing Shih

1. Motivation and Objectives

(1) Examine the performance of existing two-equation eddy viscosity mod-
els and develop better models for the near-wall turbulence using direct
numerical simulations of plane channel and boundary layer flows.

(2) Use the asymptotic near-wall behavior of turbulence to examine the
problems of current second-order closure models and develop new models
with the correct near-wall behavior.

(3) Use Rapid Distortion Theory to analytically study the effects of mean
deformation (especially due to pure rotation) on turbulence, obtain
analytical solutions for the spectrum tensor, Reynolds stress tensor,
anisotropy tensor and its invariants, which can be used in the turbu-
lence model development.

(4) Explore the potential of the renormalization group (RNG) theory in
turbulence modeling. '

(5) Modeling of compressible turbulent flows.

(6) Modeling of bypass transition.

2. Work Accomplished and Ongoing Work
2.1 k-¢ model

The k-e model is still the most widely used model for computing engi-
neering flows. We have examined the near-wall behavior of various eddy
viscosity models proposed by different researchers, and have studied the
near-wall behavior of the terms in the k-equation budget. We found that
the modeled eddy viscosity in many existing k-e¢ models does not possess
correct near-wall behavior and the pressure transport term in the k-equation
1s not modeled appropriately. Based on the near-wall asymptotic behavior of
the eddy viscosity and the pressure transport term in the k-equation, a new
set of improved closure models has been obtained. In addition, a modeled
equation for the dissipation rate is derived more rationally. This work is
reported in NASA TM 103221 ICOMP-90-16[11.

In addition, all the existing two-equation models (except Jones & Laun-




der model, which unfortunately does not work well even for some simple
flows) have an “unacceptable” wall distance parameter (y*) in their eddy
viscosity damping function f,(y*). This will result in an unphysical zero
eddy viscosity near the separation region. In addition, y* can not be well
defined in many flows with complex geometry. To remove this deficiency,
Dr. V. Michelassi, Dr. A. Hsu and I proposed two new eddy viscosity damp-
ing functions, and both of them are independent of the wall distance. The
new models have been satisfactorily tested in channel and boundary layer
flows. This work is reported in two papers: AIAA-91-0611(2] and NASA
TM/ICOMP/CMOTTPI.

2.2 Second order modeling of near-wall turbulence

The main emphasis is on developing a near-wall turbulence model for
the velocity pressure gradient correlation and the dissipation tensor in the
Reynolds-stress equation. A modeled dissipation rate equation is also derived
more rationally. Near a wall, a reduction in velocity fluctuations normal to
the wall becomes significant. Because of this wall effect, the viscous diffusion
term in the Reynolds-stress equations becomes the leading term and it must
be properly balanced by the other terms. We have used this as a model
constraint for developing a model for the pressure and dissipation terms. To
test the models, a fully developed channel flow and boundary layer flows
are chosen as the test flows, for which direct numerical simulations and ex-
perimental data are available for comparison. The modeled Reynolds stress
equations for the channel flow are steady one-dimensional, and for bound-
ary layer flows are steady two-dimensional. Therefore model testing will be
very accurate. This part of workl! is reported in the paper: Proceedings
of the International Symposium on Engineering Turbulence Modeling and

Measurements and NASA TM 103222 ICOMP-90-0017.

2.3 Second order modeling of a three-dimensional boundary layer

A study of three-dimensional effects on turbulent boundary layer was
achieved by the direct numerical simulation of a fully developed turbulent
channel flow subjected to transverse pressure gradient (see Physics of Flu-
ids, Vol.2 N0.10, 1990, pp. 1846-1853). The time evolution of the flow was
studied. The results show that, in agreement with experimental data, the
Reynolds stresses are reduced with increasing three-dimensionality and that,
near the wall, a lag develops between the stress and the strain rate. In ad-
dition, we found that the turbulent kinetic energy also decreased. To model
these three-dimensional effects on the turbulence, we have tried different
two-equation models and second order closure models. None of the current




closure models can predict the reductions in the shear stress and turbulent
kinetic energy observed in direct numerical simulations. Detailed studies
of the Reynolds-stresses budgets were carried out. One of the preliminary
conclusions from these budget studies is that the velocity pressure-gradient
term in the normal stress equation (v?) plays a dominant role in the re-
duction of shear stress and kinetic energy. These budgets have been used
to guide the development of better models for three dimensional turbulent
boundary layer flows. This work(’] was presented in the American Physical
Society Forty-Third Annual Meeting, November, 1990.

2.4 The effect of rotation on turbulence

In addition to the above studies of second order closure models, we have
carried out some RDT analysis on simple homogeneous turbulent flows. An
order of magnitude analysis shows that under the condition of S(g%)/e >
VR, the equations for turbulent velocity fluctuations can be approximated
by a linear set of equations, and if S(g*)/e > R‘;‘/ *, then the turbulent ve-
locity equations can be further approximated by an inviscid linear equation.
Therefore, RDT can be used to analytically study some very basic turbulent
flows, such as, homogeneous shear flows, irrotational strain flows and pure ro-
tational flows. This work focuses on the effect of rapid rotation on turbulence
using RDT. We have obtained analytical expressions for velocity, the spec-
trum tensor, Reynolds-stress, the anisotropy tensor and its invariants. The
solutions show that the turbulence is strongly affected by the rapid rotation.
Using RDT, we can calculate the rapid pressure-stain term exactly and we
can obtain very useful information for developing corresponding turbulence
models. See the report!®! for this work.

2.5 Renormalization Group Theory (RNG) in turbulence modeling

RNG method has been introduced to the turbulence modeling mainly in
the Large Eddy Simulation (LES) of turbulence with a subgrid scale model.
One also attempted to use it to develop Reynolds-averaged turbulence model
equations, for example, k-e¢ model equations. However, we found that there
are a few fundamental concepts and important procedures used in the deriva-
tion of those model equations which are not clear and well justified. Dr. Z.
Yang and I are working on this subject and try to explore the potential of
RNG in the turbulence modeling.

2.6 Modeling of compressible turbulent flows

The turbulence models for compressible flows are of great interest in hy-
personic flows and turbulent combustion. The modeling scheme greatly de-



pends on the averaging schemes (i.e., conventional average, density weighted
average and mixed average) used in the turbulence equations. We start with
the analysis of the turbulent equations derived from the different averaging
schemes to see what kind of averaging scheme is most convenient for both
turbulent modeling and applications in CFD. We concentrate on the second
order closure model (i.e. Reynolds stress model) and two-equation model.
Dr. W. Liou and I are working on this subject. See Referencel”l for the first
report on averaging schemes for compressible flows.

2.7 Modeling of bypass transition

Most common transition phenomena occurred in engineering flows are
bypass transition. A few papers on modeling of transition with turbulence
models show that the bypass transition can possibly be modeled with the
modified turbulence models developed solely for turbulent flows. However,
most of the work in this direction was based on the parabolic two-equation
models. We expect that the bypass transition phenomena will be more ap-
propriately described by the elliptical equations. Then, the prediction of
normal stresses becomes important. Because of the inability of modeling
normal stresses with the two-equation models, we are pursuing the ellipti-
cal Reynolds stress model equations for the bypass transition studies. Dr.
Z. Yang and I are working on the improvement of our previous near-wall
Reynolds stress model for the purpose of modeling bypass transition.

2.8 Modeling of scalar turbulence:

Modeling of scalar turbulence is of great importance in turbulent heat
transfer. Eddy viscosity models often fail in the prediction of heat trans-
fer in many shear flows. We have developed a set of second order closure
models based on the joint realizability (between velocity and scalar) and the
experiments. Dr. A. Shabbir and I are working on this subject. A paperl®]

was presented in the Lumley Symposium: Recent developments in turbulence,
November, 1990.

3. Publications:

1. Shih, T.-H., 1990, “An Improved k-e Model for Near-Wall Turbulence
and Comparison with Direct Numerical Simulation,” NASA TM 103221
ICOMP-90-16.

2. Shih, T.-H. and Hsu, A.T., 1991, “An Improved k-¢ Model for Near-Wall
Turbulence,” AIAA-91-0611.



10.

Michelassi, V. and Shih, T.-H., 1991, “Low Reynolds Number Two-
Equation Modeling of Turbulent Flows,” NASA TM 104368, ICOMP-
91-06, CMOTT-91-01.

Shih, T.-H. and Mansour, N.N., 1990, “Modeling of Near-Wall Turbu-
lence,” Proceeding of the International Symposium on Engineering Tur-
bulence Modeling and Measurements, September, 1990, Dubrovnic, Yu-
goslavia, Editors: W. Rodi, E.N. Ganic. or, NASA TM 103222 ICOMP-
90-0017.

Shih, T.-H., 1990, “Modeling of 3D Turbulent Boundary Layer Flows,”
American Physical Society Forty-Third Annual Meeting, 1990, Cornell,
U. Ithaca, New York.

Shih, T.-H., 1991, “Rapid Distortion Theory on Homogenous Turbu-
lence with Rapid Rotation,” CMOTT Report.

Liou, W.W. and Shih, T.-H., 1991, “On the Basic Equations for the
Second-order Modeling of Compressible Turbulence,” CMOTT-91-06.

Shih, T.-H. and Shabbir, A., 1990, “Advances in Modeling the Pressure
Correlation Terms in the Second Order Moment Equations,” the Lum-

ley Symposium: Recent developments in turbulence, November, 1990,

ICASE, NASA Langley Research Center, Edited by T.B. Gatski, S.Sarkar
and C.G. Speziale

Shih, T.-H., 1990, “Advancements in Engineering Turbulence Model-
ing,” 9th NASP Technology Symposium, Paper-105, November, 1990,
Orlando FL.

Shih, T.-H., Chen, J.-Y. and Lumley, J.L., 1991, “Second Order Mod-
eling of Boundary Free Turbulent Shear Flows,” ATIAA 91-1779.
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Experiments and Modeling

Aamir Shabbir

1. Motivation and Objectives

The usual approach in establishing the correctness and accuracy of tur-
bulence models is to numerically solve the modeled differential equations
and then compare the results with the experiment. However, in the case
of a discrepancy, this procedure does not pinpoint where in the model the
drawback lies. It is also possible that the model overcompensates one phys-
ical phenomenon and undercompensates the other so that the net result is
a good agreement between the two. Therefore a more desirable approach is
to directly compare the individual terms in the equations with their mod-
els. To achieve this objective primarily physical experiments have been used
to carry out the second moment budgets. These can then be used to ana-
lyze and assess various models and closure assumptions and seek improve-
ments/modifications where models prove deficient.

2. Work Accomplished

2.1 Evaluation and Development of Turbulence Models for Pres-
sure Correlations.

A direct comparison between the pressure strain and pressure temperature-
gradient correlations and their closure models is carried out. The flows used
include both physical and numerical experiments on homogeneous shear flows
and physical experiments on buoyant plumes. Models considered include
both the linear and the more elaborate non-linear ones. It is found that
the non-linear models provide a much better agreement with these experi-
ments than the linear ones. A new model for the slow part of the pressure
temperature-gradient correlation is also derived using joint realizability con-
cept.

2.2 On the Ratio of Mechanical to Thermal Time Scales in Tur-
bulent Flows.

The ratio of these time scales is very often employed in the two equation
turbulence models. The study of Béguier et al (1978) recommended this



ratio to be around 2.0. The current analysis using the buoyant plume and
homogeneous shear flow experiments shows that this value is about 3.0. It
is shown that this departure from the commonly used value is a consequence
of the local equilibrium assumption being not satisfied by these experiments.

2.3 Turbulent Buoyant Transport - A Comparative Study between
Models and Experiments.

The more popular gradient diffusion type models for the turbulent trans-
port (third moments) were found to underestimate the experiment by an
order of magnitude. More complex models (André et al 1976, Lumley et
al 1978), based on the simplification of exact transport equations of third
moments, do a much better job in reproducing the third moments although
the results are still less than satisfactory.

2.4 Experimental Balances of Second Moment Equations for a
Buoyant Plume.

Despite large volume of work on second moment closure, there is very
little experimental information available about the budgets of the second
moments. Part of this reason stems from our inability, at present, to mea-
sure the pressure correlations. Experimental budgets for Reynolds stresses
and heat fluxes have been carried out for a boundary free shear flow (round
plume) and the pressure correlations are obtained as the closing terms in
these budgets. These budgets show how different terms in the equations are
distributed across the flow and can be used to analyze some of the modeling
assumptions. For example they show that the assumption of local equilib-
rium is not justified for bulk of the flow field - an idea fundamental to the
algebraic stress models.

2.5 X-wire Response in Turbulent Flows of High Intensity Turbu-
lence and Low Mean Velocities.

This work is based on an experimental study, which was carried out at
SUNY/Buffalo, of angular response of an x-wire, at low velocities (0.25m/s
to 1m/s). It is found that the k-factor in the modified Cosine Law is strongly
velocity dependent. The implications of this on multi component turbulence
measurements are explored. Expressions are also derived for evaluating when
the cross-flow errors begin to affect x-wire measurements.

10




2.6 Modeling of Turbomachinery Flows using the Average Passage
Approach.

Turbomachineray flows are turbulent and unsteady and numerical calcu-
lation of a flow in a multistage machine, at present, 1s not possible. However,
the effects of periodic unsteadiness can be accounted through the models for
deterministic stresses which arise in the average passage equation set (Adam-
czyk 1985). Exact equations governing the transport of these stresses have
been derived and a two equation model is being developed and tested at
present. The model uses ideas from turbulence modeling such as the gradi-
ent diffusion type hypotheses. This work is being performed in collaboration
with J. Adamczyk of the Lewis Research Academy, at the NASA Lewis Re-

search center.

3. Future Plans

3.1 Study the effect of buoyancy on turbulence by computating flows using
turbulence models. In addition to environmental flows, such a work also
has industrial applications e.g. cooling of nuclear reactors and electronic
components, and “geyser” formation in fuel tanks in microgravity.

3.2 Seek improvements in the models for turbulent transport. In general
the transport is not too important in most of the turbulent flows but in
some applications, e.g. geophysical flows, the modeling of the transport
could be critical in the success of a computation.

3.3 Seek improvements in the existing two equation models by incorporating
newer models for pressure correlations etc.

3.4 Assess the models for deterministic stresses in a multistage turboma-
chinery environment.

4. Publications

1. Pressure Correlations in the Reynolds Stress and Heat Flux Equations
- A Comparison between Experiment and Models. A. Shabbir. APS
Bulletin, Vol. 35, No. 10, Nov. 90, Abstract KC4.

2. Evaluation of Turbulence Models for Predicting Buoyant Flows. A.

Shabbir and D.B. Taulbee. J. Heat Transfer, 1990, Vol 112, No 4, pp
945-951.

3. Experiments on Round Turbulent Buoyant Plumes. A. Shabbir and

11



W.K. George. Under review for publication in J. Fluid Mechanics.

4. Advances in Modeling Pressure Correlation Terms in the Second Mo-
ment Equations. T.-H. Shih and A. Shabbir. Presented at the Sympo-
stum honoring J. Lumley’s 60th birthday, November 90, NASA Langley
Research Center.

5. X-wire Response in Turbulent Flows of High Intensity Turbulence and
Low Mean Velocities. A. Shabbir, P.D. Beuther, and W.K. George.
Submitted to Ezperimental Thermal and Fluid Science.

5. References

Adamczyk, J. J. “Model Equation for Simulating Flows in Multistage
Turbomachinery”, ASME Paper No. 85-GT-226. (1985)

André J.C., G. De Moor, P. Lacarrére and R. du Vachat “Turbulence
Approximation for Inhomogeneous Flows: Part I. The Clipping Approx-
imation”, J. Atmos. Sci., Vol. 33, pp. 476-481, (1976)

Béguier, C., I. Dekeyser and B. E. Launder “Ratio of Scalar and Velocity
Dissipation Time Scales in Shear Flow Turbulence” ,” Phys. Fluids, Vol.
21, pp. 307-310 (1978).

Lumley, J. L., O. Zeman and J. Siess “The influence of Buoyancy on
Turbulent Transport”, J. Fluid Mech., Vol. 84, pp. 581-597 (1978).
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Modeling of Compressible Turbulent Shear Flows

William W. Liou

1. Motivation and Objectives

Despite all the recent development in computer technologies and numer-
ical algorithms, full numerical simulations of turbulent flows are feasible only
at moderate Reynolds numbers and for flows with relative simple geometries.
Turbulence models provide alternatives in the pressing need for the prediction
of turbulent flows and,in fact, have become an important pacing factor for
the successful development of computational fluid dynamics (CFD). With
the advent of supercomputers, however, it has become more affordable to
apply second order closure models in the prediction of flows with complex
effects; such as strong curvature, three-dimensionality and compressibility.
The main goal of this research is to develop new second order moment clo-
sures for compressible turbulence. It has been shown that the models based
on the extension of those developed originally for incompressible flows fail
to predict adequately turbulent flows at high Mach numbers. In this at-
tempt, the compressibility effects will be explicitly considered. A successful
development of these models that take into account directly the compress-
ibility effects may have a range of technological implications in the design of
supersonic and hypersonic vehicles.

2. Work Accomplished

During this early stage of the task, the goal is to obtain an objective yet
comprehensive understanding of the development and the current status of
compressible turbulence modeling. Due to the variable density effects in com-
pressible flows, density correlation terms appear in the governing equations
for the mean flow, if the conventional ensemble averaging technique is ap-
plied. These terms do not exist in incompressible flows and need to be mod-
eled. On the other hand, the mass-weighted-averaging or Favre procedure
generates a set of mean equations that have the similar forms as they are for
incompressible flows. One may then incline to use the incompressible analog
in compressible flow calculations. A simple test, however, should show that a
direct application of the exact incompressible models fails. One of the main
effects that is excluded in incompressible models is the finite propagation



speed of disturbances. In compressible flows, modulation of flow properties
occurs only within Mach cones of influence, with acoustic time delay. This
introduces additional scales for the transport properties. Caution also needs
to be exercised in comparing Favre-averaged calculations with experiments,
since the differences between Favre-averaged and measured quantities may
not be negligible at high Mach numbers.

Compressible turbulence modeling is still in its infancy. This appears
to be true both theoretically and computationally. Recently, a new concept
called dilatation dissipation was proposed. Dilatation dissipation, as op-
posed to the solenoidal dissipation in incompressible flows, accounts for the
viscous dissipation of turbulent kinetic energy due to volume fluctuations.
Models accommodating this effect show the importance of this additional
drain of turbulent kinetic energy in order to obtain adequate model predic-
tions. Dilatation dissipation appears to be among the direct consequencies
of compressibility effects.

Another school of thought on compressibility effects focuses on the
changes of turbulence stiuctures at high Mach numbers. Note that these
structures are identified by using conditional sampling techniques in exper-
iments. Due to the communicability problem between interacting elements,
structures that are highly efficient in extracting energy from the mean flow at
low Mach numbers no longer prevail as the Mach number increases. They are
replaced by structures that are less sensitive to tha Mach number. This se-
lective amplifying behavior is describable by quasi-linear theory, which view
the turbulence energetics as physical manifestations of ongoing nonlinear
instability in turbulent shear flows.

The above mentioned matters are described in detail in an ICOMP/
CMOTT report [1] that is in preparation. Equations for the second order
moments and the mean flow as a result of the application of different averages
will also be given. Modeling methodologies used in compressible flow calcula-
tions will be reviewed. The evaluation process performed during the present
stage of the research has identified avenues that will be pursued during the
next period of this task.

3. Future Plans

(1) Develop second order models for compressible turbulence based on en-
semble averages. This may be assisted by first developing k — € types of
models to identify important mechanisms.

(2) Develop unconventional models that incorporate explicitly the charac-
teristics of the structures of compressible turbulence.



The developed models will be applied to certain benchmark flows with and /or
without chemical reactions.

4. Publications

1. Liou, W. W. and Shih, T.-H., “On the Basic Equations for the Second-
order Modeling of Compressible Turbulence,” CMOTT-91-06, 1991.

2. Liou, W. W. and Morris, P. J., “An Comparison of Numerical Methods
for the Rayleigh Equation in Unbounded Domains,” CMOTT-91-05,
1991.
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RNG in Turbulence and Modeling of Bypass Transition

Zhigang Yang

1. Motivation and Objectives

Since I joined CMOTT on July 1990, I have been working on two
research projects. The first project concerns the Renormalization Group
(RNG) analysis of turbulence and the second project is on the calculation of
bypass transition through turbulence modeling. In addition, the preparation
of two papers on work performed at was completed.

Application of RNG in turbulence was proposed by Yakhot and Orszag
in 1986. RNG is a process which eliminates systematically the small scales,
and represents the effect of those eliminated small scales on the uneliminated
large scales as the changes in the transport properties. It is because of this
property of RNG that Yakhot and Orszag suggested that RNG could be
used as a model builder in turbulence modeling. They also presented a
k — € model in their 1986 paper. However, this paper is lengthy, with many
unstated assumptions. Our aim is first to understand, and to validate the
RNG approach in turbulence through an independent study. We will then
study the possibility of constructing RNG based turbulence models, and try
to proceed to do the turbulence modeling through RNG in parallel with the
classical approach. We will also compare the numerical predictions made by
RNG models and by classical models against data from Direct Numerical
Simulation and against experimental data from different benchmark cases.

In a quiescent environment, the transition is initiated by the instability
of the laminar boundary layer to Tollmien-Schlichting waves. These waves
are amplified with streamwise distance and eventually breakdown into tur-
bulent spots, which are precursors of turbulent boundary layer. While in an
environment with high freestream turbulence, the transition is found to be a
bypass one in which turbulent spots are formed without Tollmien-Schlichting
wave amplification. The formation of turbulent spot is a random process,
and flow within a turbulent spot is almost fully turbulent. This suggests the
possibility of using turbulence modeling to describe and predict the bypass
transition. There have been some works in this direction, primarily using
different versions of two equation models. Bypass transition is predicted, as
the level of the freestream turbulence is increased. However, it is found that
the predicted transition is much sharper than that observed in the experi-
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