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Abstract 

Research is presented on the development and testing of a new procedure for the 

timo dependent, spatially varying numerical simulation of wall bounded turbulent 

flows. The Flow Simulation Methodology (FSM). as it is now known, was originally 

proposed by Speziale (1996) for the purpose of computing complex, non-equilibrium 

flows which are currently beyond the reach of Smagorinsky based Large-Eddy Sim

ulations (LES). The new method represents a hybrid approach that combines favor

able a.spccts of Reynolds stress modeling lu.sod for Reynolds .Averaged .\avier-Stokes 

(R.-X.N'S) calculations] with the underlying principles of LES. For instance. Reynolds 

stress models developed for non-equilibrium, anisotropic, and/or rotational flows can 

be utilized in the unsteady manner of LES. i.e.. where the flow field is decomposed 

into resolved-scale (calculated) and subgrid-scale (modeled) components, thereby re

ducing computational requirements. The key to the FSM is a contribution function 

which provides a degree of local turbulfMice modeling that is dependent upon the ratio 

of the numerical resolution to the Koltiiogorov length-scale, an estimate for the small

est scales of turbulent motion. With this approach, a calculation resolved to the level 

of a Direct .\umerical Simulation (DXS) can proceed continuously to a Reynolds Av

eraged .Xavier-Stokes calculation as the luimerical resolution is decreased and/or the 

Reynolds number is increa.sed. In between these rwo limits, an "untraditional" LES is 

recovered. The method is untraditional because it replaces the commonly employed 

Smagorinsky subgrid-scale model, which is known to have considerable limitations, 

with a more capable Reynolds stress model. 

.\ detailed evaluation of the Flow Simulation Methodolog\- is made for the test case 

of a transitional and turbulent Hat plate boundary layer with zero pressure gradient. 

The relatively simple geometry is chosen because the technical issues associated with 

combining elements of RANS calculations and LES must be established and the FSM 

itself must be validated before more complex flows can be attempted. The Reynolds 

stresses needed for the new method are computed using the two-equation Algebraic 
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Stress Model (ASM) of Gatski k. Speziale (1993) developed for non-equilibrium tur

bulent flows. Results of FSM calculations are compared with results obtained from 

coarse grid DXS. traditional LES based on the Smagorinsky subgrid-scale model, and 

RAXS. all of which are implemented using an identical core computer code. This 

approach is extremely valuable to the evaluation of the FSM since a common code 

allows for certain behaviors to be more easily attributed to the turbulence models as 

opposed to numerical effects. Further validation is achieved through comparisons of 

FSM results with various direct numerical simulations and experiments available in 

the literature. 
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Nomenclature 

X .  y. z streamwise. wall-normal, and spanwise directions 

t time 

u .  V .  w  streamwise. wall-normal, and spanwise velocities 

streamwise. wall-normal, and spanwise vorticities 

5,J rate of strain tensor 

ir,j vorticity tensor 

^'k- ^ fc- n't spectral streamwise. wall-normal, and spanwise velocities 

Qx. Qy. Q: spectral streamwise. wall-normal, and spanwise vorticities 

'k spanwise wavenumber 

A^. A,^ streamwise and spanwise wave-lengths 

/ft global Reynolds number. Re = UL/u 

Rt 'j. local Reynolds number. Rej. = i'x/u 

Re.o momentum thickness Reynolds number. Reg = UO/u  

i' reference velocity 

I reference length 

u kinematic viscosity 

0 momentum thickness 

<) boundary layer thickness 

.(/max location of free stream boundary 

dx. dy. dz step-size in the x .  y .  and c directions 

.iy exponential grid stretching parameter (y-direction) 

'•y polynomial grid stretching parameter (y-direction) 

uj turbulent tress tensor component 

Rij Reynolds stress tensor component 

K turbulent kinetic energ>-

e turbulent dissipation rate 

Vt turbulent eddy-viscosity 



25 

/(A. Z,«) turbulence model contribution function 

A grid spacing function 

Kolmogorov length-scale 

3 contribution function parameter 

\'an Driest damping function 

fiq.O effective eddy-viscosity coefficient 

Cf skin-friction coefficient 

P total turbulence production 

r total stress 

Modifiers 

r. I), z component in streannvise. wall-normal, and spanwise direction 

J  wall-normal grid point 

IJ tensor component 

tr wall 

temporal or spatial mean 

/ temporal or spatial fluctuation 

Frequent Abbreviations 

FS. \ [  Flow Simulation .Methodology 

LES Large-Eddy Simulation 

D.VS Direct Numerical Simulation 

RAXS Reynolds .Averaged Navier-Stokes (equations) 

ASM .\lgebraic Stress Model 

SGS Subgrid-Scale 

DSGS Dynamic Subgrid-Scale 

ADI  .Alternating Direction Implicit (integration scheme) 
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1. Introduction 

The numerical simulation of high Reynolds number wall bounded flows and flows with 

complex geometries is of fundamental interest in turbulence research and for a wide 

range of engineering applications. These flows are characterized by anisotropy. non-

equilibrium spatial development, and large-scale, unsteady coherent structures which 

play a dominant role in the transport of heat and momentum. Phenomenological 

approaches such as traditional Reynolds Averaged N'avier-Stokes (RAXS) methods 

cannot account for large-scale, time dependent effects. Rather, accurate results can 

only be obtained using three-dimensional, time-dependent simulations. Researchers 

must therefore choose between the methods of Direct Numerical Simulation (DNS) 

and Large-Eddy Simulation (LES). 

D.NS is highly desirable from the standpoint of turbulence research because it pro

vides detailed information about the full range of turbulent scales, from the largest 

gcoriietric scales down to the smallest turbulent structures. However, the demand 

of spatial and temporal resolution of the entire turbulent spectrum has a consider

able computational cost that increases with Re®^"* [Rogallo Moin (1984)] for wall-

bounded flows. Therefore, despite the capabilities of present day supercomputers. 

DNS is limited to simple flow geometries and low Reynolds numbers. When com

putational demands are beyond the reach of D.NS. LES must be considered as an 

alternative approach. In LES. the larger energy containing structures are calculated, 

while the effects of the small structures are modeled. Modeling the small scales, rather 

than computing them, reduces the overall range of physical scales in the turbulent 

flow field that must be spatially resolved and subsequently decreases the computa

tional demand. Because of its ability to compute turbulent flows at higher Reynolds 

numbers and its potential to compute a greater number of flows of general engi

neering interest. LES is more widely used than DNS for time-dependent turbulent 
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simulations. 

Smagorinsky (1963) developed LES in a landmark approach to meteorological 

applications. That original effort and the combined contributions of several other 

researchers over the past 37 years make up contemporary LES. Detailed reviews of 

LES can be found in Rogallo & Moin (1984), Piomelli (1994). and Ghosal Sz Moin 

(1995). In brief, for LES. flow field variables are separated into large-scale (resolved-

scale) and small-scale (subgrid-scale) components by means of a spatial averaging 

operator that amounts to a low-pass spatial filter. When the operator is applied to 

the .\avier-Stokes equations to yield the governing equations for resolved-scale fluid 

motion, the filtering produces the well known closure problem in the convective terms. 

This problem is alleviated by replacing the unknown terms with a subgrid-scale stress 

tf.'nsor that must model the total effects of the subgrid-scales on the resolved-scale 

flow. Therefore, the ultimate success of any LES is dictated by the ability of the 

subgrid-.scale (SGS) turbulent stress model to properly account for the exchange of 

turbulent energy between large and small scales. 

Today, the original model proposed by Smagorinsky (now referred to as the 

Smagorinsky model) remains, without doubt, the most widely used. The reason 

for its popularity, however, is unclear as it has been only moderately successful and 

is limited to relatively simple flows. For example, the numerical calculation of a fully 

developed turbulent channel flow at low Reynolds number, conducted by Deardorf 

(1970). was the first application of LES and the Smagorinsky model to a wall bounded 

flow. Though it was a significant achievement for its time, the simulation produced 

results that were only qualitatively correct. Mean flow profiles did not agree well with 

experimental data or with analysis, particularly near the walls. Later work by Moin 

k Kim (1982) utilized a residual stress model, a modified form of the Smagorinsky 

model incorporating a Van Driest [Van Driest (1956)] wall-normal spatial damping 

function to account for near-wall behavior. The damping function reduces the model 

contribution near the wall where the inherent zissumptions of the Smagorinsky model 
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are in greatest error. As a result. Moin and Kim were able to improve mean flow agree

ment near the wall. Piomelli et al. (1990) later extended LES and the Smagorinsky 

model to the transitional and turbulent boundary layer. Again, reasonable results 

were obtained but only with the use of the ad-hoc Van-Driest damping function. Ap

plication of the original method to complex geometries and higher Reynolds number 

flows has been less than satisfactory. For example, in \ang & Ferziger (1993). the 

standard Smagorinsky LES produced unfavorable estimates for turbulence statistics 

in the calculation of a turbulent obstacle flow. Furthermore. Kosovic (1997) notes 

that the model cannot be applied to the high Reynolds number atmospheric boundary 

layer due to the restriction of isotropy. 

In 1991. Germano et al. (1991) proposed the Dynamic Subgrid-Scale (DSGS) 

method in an effort to address some of the limitations confronting the Smagorinsky 

model and LES [refer to .\Ioin et al. (1991) for the compressible form]. The method 

replaces the Smagorinsky constant of the Smagorinsky model with a coefficient that 

is computed by using what is now referred to as the "dynamic model." The dynamic 

model provides an estimate for the coefficient that is more consistent with the state 

of the local turbulence than the Smagorinsky constant (which requires a series of 

calibration calculations) and removes the need for ad-hoc spatial damping functions. 

Since the work of Germano et al. (1991). DSGS has been used to calculate wall-

bounded turbulent flows to a greater degree of accuracy than has been achieved 

with the constant coefficient approach [Vang Ferziger (1993) and Piomelli (1994)]. 

Unfortunately, however. DSGS modeling is also limited to simple geometries. In order 

to avoid instability in the dynamic procedure, one or more spatial directions must 

be homogeneous [Zang et al. (1993)], a condition that does not generally exist for 

complex geometries. A further limitation stems from the use of test level filters for 

the dynamic computation of the Smagorinsky coefficient [Speziale (1998a)]. Irregular 

geometries and strongly stretched grids, for instance, require potentially complex 

spatial filter operations in order to avoid commutation errors [Ghosal Sc Moin (1995)]. 
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The most significant limitation of the DSGS approach, however, is that it is based 

on the Smagorinsky model and consequently suffers from the model's liabilities, the 

most significant of which are discussed in the following text. 

The failures and limitations of LES cannot be attributed to the method itself, but 

rather are due to a reliance on the Smagorinsky model. In terms of its applicability, 

the Smagorinsky model has two fundamental flaws; it is based on the Boussinesq 

eddy-viscosity approximation and it is poorly parameterized. 

The eddy-viscosity approximation implicitly assumes equilibrium turbulence and 

isotropic behavior in the subgrid-scales. Small-scale equilibrium requires spatial res

olution of the How field down to the inertial subrange of turbulence. For complex 

Hows, which possess general geometries and/or high Reynolds numbers, it is impos

sible to predict, in advance of a calculation, the physical size of the minimum spatial 

length-scales that must be resolved. Therefore, proper results can never be guaranteed 

without conducting several computations. In fact, theoretically accurate simulations 

may not be achievable if an equilibrium range does not exist. A further issue is the 

inability of the model to account for anisotropy in the small scales, an effect which 

is known to occur in high Reynolds number flows such as the atmospheric boundary 

layer. The model does not allow for the redistribution of turbulent energ}' among the 

normal stress-tensor components [Kosovic (1997)]. .As a result, the normal stresses 

are always nearly equal to one another regardless of the state of the local flow. For 

anisotropy effects to be reflected in the model, the magnitudes of the normal stresses 

must be more uncorrelated. Lastly, due to the eddy-viscosity approximation, the 

Smagorinsky model is absolutely dissipative. .As such, it cannot account for the tur

bulent backscatter [Leonard (1974)]. the reverse cascadc of turbulent energ>' from the 

subgrid-scales to the resolved-scales. For wall bounded flows, it has been shown [Pi-

omelli et al. (1990)] that at any instant in time, approximately 50% of the turbulence 

near the wall is experiencing a reverse cascade of energy. In order to properly account 

for this effect, stochastic backscatter models such as those of Schumann (1995). Mason 
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Thomson (1992), and Piomelli et al. (1991) are sometimes employed near the wall 

along with the Smagorinsky model to form what is typically referred to as a "mixed 

model." Though these models can improve results near the wcdl. their associated 

computational cost is rather high. 

The most significant problem with the Smagorinsky model is that it is poorly 

parameterized. In a critical assessment of the Smagorinsky model. Speziale (1996) 

asserts that the dependence of the turbulent length-scale of the eddy-viscosity on the 

dimensional grid size A is incorrect. The dimensional dependence fails, because the 

magnitude of the SGS stress is unrelated to the disparity between the numerical res

olution and the smallest scales of turbulent flow. Therefore, the Smagorinsky model 

has no mechanism for the determination of a SGS stress magnitude other than cali

bration of the Smagorinsky coefficient or dynamic calculation of the coefficient. The 

use of A as a turbulent length-scale is derived from assumptions of equilibrium turbu

lence in the small scales and the Boussinesq eddy-viscosity approximation. Piomelli 

(1994) shows that for any eddy-viscosity SGS model, the assumption of equilibrium 

turbulence in the subgrid-scales dictates that. 

(1.1) 

where t^,. and |S| are the eddy-viscosity, the characteristic length-scale, and 

the norm of the spatially averaged rate of strain tensor respectively. Because the 

largest subgrid-scales are responsible for most of the subgrid-scale turbulent energy (in 

equilibrium turbulent flows), the dimensional grid size A is assumed to be an adequate 

representation of the characteristic turbulent length-scale. While this choice of length-

scale is reasonable for regions of the flow field possessing equilibrium turbulence in the 

small scales, it is incorrect for regions of the flow field that are far from equilibrium 

or for regions that lack sufficient spatial resolution to capture the equilibrium scales. 

Speziale (1996) proposes that a proper dependence on the numerical resolution 

is best achieved by utilizing the dimensionless ratio A/Z.^. is the Kolmogorov 
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length-scale and represents the characteristic size of the smallest structures present 

in the turbulent flow. The length-scale is commonly defined as. 

U = .  (1 .2)  

where u is the kinematic viscosity and t is the turbulent dissipation rate. The A/L^ 

dependence is more reasonable than the A dependence of the Smagorinsky model 

because the degree of the contribution from the SGS model to the resolved-scale 

.\avier-Stokes equations is better estimated if the separation between the resolved-

scales and the Kolmogorov length-scale is known. Furthermore, for the FSM, the 

turbulent length-scale is not constrained by the assumption of equilibrium turbulence 

and the potential for application to non-equilibrium conditions is improved. 

1.1 The Flow Simulation Metiiodoiogy 

The new approach, referred to as the Flow Simulation Methodology (FSM). is based 

on employing a new type of turbulent stress model for time dependent, three-dimensional 

turbulence computations in the general form of large-eddy simulation. That is to say, 

like LES, the FSM retains the capability of computing the time dependent, spatially 

varying motion of the large, energy containing structures while modeling the effects 

of the of small scales. The model [Speziale (1996). Speziale (1998c), and Speziale 

(1998a)] is such that when integrated into the N'avier-Stokes code, simulations ap

proach an unsteady RANS calculation when the grid resolution is decreased or the 

Reynolds number is increased. Conversely, simulations approach a DNS when grid 

resolution is increzised or the Reynolds number is decreased. In between these two lim

its. levels of turbulence modeling exist ranging from highly refined LES to extremely 

coarse LES or Unsteady RANS. The advantage is that the FSM can be applied across 

a broad range of spatial resolutions because it combines the methods of DNS, LES. 

and RANS into one turbulence model. Furthermore, the use of Reynolds stress models 



32 

makes it possible to realistically simulate complex and even non-equilibrium turbulent 

boundary layers to a greater degree of accuracy than can be achieved with traditional 

LES methods. 

In the new methodologj'. the subgrid-scale stress is defined by a turbulent stress 

tensor r,j (expressed in index notation) which is the product of a contribution function 

/(A. and a Reynolds stress model /?,j based on the relation. 

=  0 < / < 1 .  ( 1 . 3 )  

The contribution function is designed to provide the appropriate degree of turbulent 

stre.ss to the governing equations based on the ratio of the dimensional grid resolution 

A to the physical size of the smallest scales present in the flow, the Kolmogorov length-

scales expressed as L^. When the local flow field is well resolved relative to the 

ratio is small and the contribution function adjusts the calculation to a DNS or a well 

resolved LES. For poor numerical resolution, the ratio is large and the contribution 

function provides turbulent stresses on the order of a RANS calculation. In between 

DXS and RANS. assuming the contribution function is properly calibrated, the model 

ideally provides an appropriate degree of turbulent stresses on the order of refined 

to coarse LES. Consequently, the ability of the contribution function to accurately 

account for the necessary amount of turbulent stress in the resolved-scale Navier-

Stokes equations is critical to the success of the FSM. The reader is directed to 

section 3.3 for a detailed presentation of the new approach including a description of 

one possible form of the contribution function. 

The use of Reynolds stress models to replace the traditional SGS models used 

in LES is a key component of the new methodology. Reynolds stress models can be 

employed that are more complex and apply to a broader range of flow conditions than 

the Smagorinsky model. Non-linear models which are not based on the eddy-viscosity 

approximation, such as the Algebraic Stress Model of Gatski &c Speziale (1993). can 

account for non-equilibrium boundary layer development and strong anisotropy in 
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the turbulent stresses. The Smagorinsky model, by comparison, has never been suffi

ciently tested for non-equilibrium boundary layers, and its performance for such flows 

is widely doubted. In addition, the assumption of isotropy in the small-scales for the 

Smagorinsky model is invalid near solid boundaries and restricts the method to flows 

which are not dominated by mean shear. 

The use of a contribution function gives the FS.VI a significant advantage over 

the Smagorinsky model. For the new method, proper dependence on the turbulent 

length-scalc is made through the non-dimensional ratio of A/L« rather than through 

the dimensional value A. Thus, the magnitudes of the turbulent stresses of the new 

method are proportional to the disparity between the level of grid resolution and the 

smallest turbulent scales. Furthermore, the contribution function forces the method 

to be consistent in that the function properly bounds the turbulent stresses to zero in 

the fine resolution limit of D.N'S (as A ~tj 0) and to Reynolds stress model 

levels in the coarse mesh limit of RAXS (as A ^ oc. 7,^ —>• The magnitudes 

of the turbulent stresses for the Smagorinsky model, however, depend linearly on the 

grid-mesh size under the assumption that the smallest resolved-scales lie within the 

inertial subrange of turbulence. Using either calibration or the dynamic procedure 

to determine the Smagorinsky coefficient for traditional LES is really nothing more 

than an attempt to account for the level of numerical resolution relative to without 

explicitly knowing the value of L^. In addition, by relying only on the dimensional 

length-scale, the Smagorinsky model is not properly bounded in the coarse mesh limit 

(as A —> oc. 7,J —>• 3c). This inconsistency appears in poorly resolved calculations 

where the Smagorinsky model is well known for being excessively dissipative. 

The Flow Simulation Methodolog}' heis recently motivated and influenced the de

velopment of new methods that are also based on incorporating combined elements of 

RAXS and LES. The new methods further borrow from Speziale's concept of using a 

characteristic length-scale to pair the two modeling approaches. In 1998. Spalart [re

fer to Nikitin et al. (2000)] developed Detached Eddy Simulation (DES) for external 
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aerospace applications where boundary layer effects are less emphasized. The method 

imposes the Spalart-Allmaras. one-equation RANS model near the wall boundary' and 

reduces the model contribution to typical LES levels away from the wall. second 

recent approach is the method of Limited Numerical Scales (LNS). developed by Bat 

ten et al. (2000). which builds directly on the FSM. LNS combines RANS and LES 

in virtually the same manner as the FSM with some notable exceptions. 

Nikitin et al. and Batten et al. each propose their own alternative form for the 

non-dimensional length-scale apart from the dependence originally developed 

by Spoziale. For DES. Spalart (2000) and Nikitin et al. contend that for wall bounded 

flows it is sufficient to select a length-scale based solely on wall-normal distance which 

acts to transition the turbulence modeling from RANS to LES levels at some critical 

distance from the wall. For the new methodology, the value of A/L^ is. in part, 

a function of wall-normal distance since A varies with the local spatial resolution 

and is known to possess strong wall-normal dependence for turbulent boundary 

layer flows. However, the value of A/L^ provides a means for determining the proper 

level of model contribution relative to the numerical resolution and is not intended to 

represent some critical distance from wall. In L.NS. the length-scale of the contribution 

function (which Batten et al. define £is a latency parameter) is replaced by the length-

scale/velocity-scale product. It is believed that the product is responsible for the level 

of subgrid-scale stresses generated by the RANS and LES models and is therefore a 

better representation of the turbulent energy exchange between resolved and subgrid-

scales. Whether or not the LNS length-scale produces more accurate results, however, 

remains to be determined. Batten et al. only provide results for a steady channel flow. 

.Additionally, in the LES limit, the method unfortunately reverts to a Smagorinsky 

model with constant coefficient and is subject to all the associated limitations. 

In summar>-. it is believed that the FSM offers significant improvements over tra

ditional LES methods, and in particular, over the Smagorinsky model. The new ap

proach is not based on the eddy-viscosity assumption and as such can better account 



35 

for non-equilibrium turbulent flows and anisotropy. Furthermore, the length-scale of 

the new model does not depend entirely on the local spatial resolution but rather is 

properly related to the non-dimensional ratio of Therefore, due to these im

provements. the FSM should perform better than Smagorinsky based LES for coarse 

numerical simulations of turbulence. The extensive validation and testing of these 

assertions are the subject of this research. 

Clearly, the Smagorinsky model is not an appropriate subgrid-scale stress model 

for the accurate simulation of complex turbulent flows. While modifications have 

served to extend the usefulness of the model, its fundamental form ultimately limits 

its range of applicability to relatively simple flows. In the following sections, a new 

methodology that replaces the Smagorinsky model, but retains the underlying themes 

of LES. is presented. 

1.2 Research Overview 

The purpose of this research is to implement and test the Flow Simulation Methodol

ogy for spatially developing wall bounded turbulent flows. The chosen test case is the 

zero pressure gradient, flat plate boundary layer at moderate local Reynolds number 

(500 < Retf < 1700). Though the method is theoretically suited to complex and non-

equilibrium wall bounded flows, a relatively simple geometry is selected as the focus 

of this research. The combination of the fundamentally different approaches of RAN'S 

and LES and the FSM itself are best validated by application to the flat plate. The 

selected geometry has been the subject of several detailed investigations and offers a 

significant amount of comparison data for the examination of FSM results. As such, 

numerical investigations focus on the ability of the new methodologv* to accurately 

reproduce spatial development, mean flow profiles, and turbulent statistics. 

For comparison with the FSM. the methods of DNS. LES based on the Smagorin

sky model, and RAXS calculations are also implemented into the same core Navier-
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Stokes code used for the FSM and are applied to the same set of test cases. This 

combined approach is necessary in order to separate the effects of turbulence model

ing from the overall numerical method and to isolate the effects of a particular model 

in the numerical solution. In the present work, direct numerical simulations are used 

a.s a reference case that is completely devoid of any modeling effects. DNS is also 

used in a-pnori fashion to compare the subgrid-scale stresses with their definitions 

(see section 3.2 and 3.3) and to estimate the proper form of the contribution func

tion by borrowing from the dynamic procedure utilized for Dynamic Subgrid-Scale 

(DSGS) modeling. Though these simulations are relatively coarse, they are reason

able reference cases for comparison with the FSM. The Smagorinsky-based LES is 

included as a standard against which the new methodology can be measured. For 

c omparison purposes, the Smagorinsky model is ideal due to the large amount of in

formation available from past research efforts. RANS calculations are also presented 

for validation of the RANS methods which underlie the new methodolog\'. Three 

different Reynolds stress models are utilized: the Baldwin-Lomax model, the stan

dard two-equation K-e model, and the equilibrium form of the ASM model [Speziale 

(1996)] (also a two-equation model). The role of the Baldwin-Lomax model and the 

standard two-equation model are to validate the .ASM which is subsequently used as 

the Reynolds stress model for the FSM. 
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2. Governing Equations 

The governing equations are the incompressible Xavier-Stokes equations in vorticity-

transport formulation [Meitz (1996)]. For the vorticity vector being decomposed into 

strcanuvise. wall-normal, and spanwise directions, the corresponding equations are 

respectively. 

d'jJx da dc 
-1-

1 , 
dt dy ¥z 

-1-
Re 

dUy da db 
-h 

1 
dt dx dz 

-h 

du!: dc 
_L 

db 
-H 

1 
IT dx dy 

-H 

(2 .1 )  

(2.2) 

. (2.3) 

Relations for th(> velocities are derived from the definition of the vorticity and from 

the non-divergenco of the velocity field and are given as. 

d-w d'-iv _ dujy d'-v^ 

di '  dz^ di dydz 

d'u d'u duj,.  d'v 
(2.6) 

dx' dz' dz dxdy 

The variables a. b. and c represent the nonlinear terms expressed in conservative form: 

a = vuii — uujy. b = IV,jjy — c jj . .  c = UjJ; — w j Ji .  (2.7) 

X'orticity components jjy. and jJ ; are defined as. 

dc dw da- du du dv 

dz dy' dx dz' dy dx 
(2 .8)  

for streamwise velocity u. wall-normal velocity t\ and spanwise velocity w. 

Proper non-dimensionalization is obtained via a reference length L and a reference 

velocity U. The Reynolds number in equations (2.1)-(2.3) is defined as Re = ULIu 

where u is the kinematic viscosity. 
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Equations (2.1) through (2.6) are further simplified by pseudo-spectral decompo

sition in order to reduce overall numerical cost and increeise computational accuracy. 

The flow is assumed to be periodic in the spanwise direction, c, and is expanded 

in a finite Fourier cosine and sine series in the c-direction. The series is separated 

into individual elements consisting of a mean flow mode (zeroth mode). A' symmetric 

cosine modes, and A' antisymmetric sine modes for a total of 2A' -i- 1 total Fourier 

modes. For flow variables u. v, uj~. b. and c. the Fourier series has the form. 

K 
f i x . y . z . t )  ̂  F o ( x . i j . t )  + Fkix. y.t)co.'i{~'k=) (2.9) 

>K 

+ ^  Fk{x. y.t)stn{'kz). 
k=K-^l 

where / = u. L\^\.b.c and Ffc = L'*... I'k.Clzk- Bk.Ck respectively. The remaining flow 

variables ir. and a are expressed in a Fourier series of the form. 

K 

f ( x . y . z . t )  =  F o i x . y . t )  + Fk{x. y.t)sin(-k:) (2 .10)  
k=\ 

2K 
+  ^  F k [ x . y . t ) c o s { - k Z ) .  

k - K - l  

where / = and F = \V.Ctj.k.V.yk- Ak respectively. The spanwise wavenum-

ber ~k. is determined from the relation. 

r : 1 < ^- < A' 
- I _2T(fc-K')  . ^ + 

where A; is the spanwise wavelength of the lowest spanwise Fourier mode. 

The final form of the governing equations as they are solved in the Navier-Stokes 

codc is obtained by substituting the Fourier expansions of all flow variables [based on 

equations (2.9) and (2.10)] into equations (2.1) through (2.6). For the vorticity. the 
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resulting set of partial differential equations for each spanwise mode k is. 

SQxfc dAk ^ \  f d' d-

7-^ 
- OkCk + -pr ~ 7fc ) • (2.12) 

dt dy Re \dx' dy 

OQyk dAk „ I f d- d'^ 2 
+ (7kBk + -=r- + x-o — 7fc ^yk • (2.13) 

dt dx Re \dx- dy-

dt dx dy Re \dx- By 

Similarly, the set of equations for the pseudo-spectral velocities is. 

dx' 

d-

dy' 
-i)Vk = CTkV.^k 

dQ,k 

dx 

d'\\\  

dx' 

dP.yk 

dx 

dVk 
-Ok^ 

d'i 

dx' 
-••ii 'k = -CTk^yk 

d-\k 

dxdy 

(2.15) 

(2.16) 

(2.17) 

The parameter crt accounts for the change in sign associated with the spanwise deriva

tive of modes A' -I- 1 through 2K relative to modes 1 through A'. The spanwise 

wavenumber is related to ba.sed on. 

„  _  j  - ' k  : l < k < K  

Equations (2.12) through (2.18) are devoid of any turbulence modeling. They 

are used in this research for D.\S simulations of turbulent flows. The results of 

D.XS calculations are presented in section 5.3 and serve to validate turbulence model 

calculations. 

For calculations of two-dimensional flows, the flow field is assumed to be uniform 

in the spanwise direction and. therefore, only the k = Q (mean flow) spanwise mode 

must be computed. The governing equations are simplified to the following set of 

three equations in terms of u. and v. 

du; dc db I f  d^ d^ \  
— !- "5 '"17" ( I • (2.19) 

dt dx dy Re \dx- dy 
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d^u 

dx^ 

dx' dy') 

dxdy 

du. 

dx 

(2.20) 

(2.21) 

The non-linear terms b and c are reduced to. 

b — — V uj  ̂  ^ C  =  U  U J .  .  (2.22) 

2.1 Spatially Averaged Equations 

Spatial averaging is a mathematical procedure that, when applied to the numerical 

simulation of turbulent flows, defines the separation of spatial scales. The governing 

equations of fluid motion for the FSM as well as for traditional LES methods are 

derived utilizing this procedure. 

For spatially averaged flows, flow field variables are decomposed into resolved-scale 

and subgrid-scale components based on. 

where x is the spatial coordinate vector. The resolved-scales, denoted by an over-

bar. are the physical structures large enough to be resolved on the computational 

grid. These large-scales play a dominant role in the convection of turbulent energy 

and heat energy in turbulent flows. The subgrid-scales. denoted by a prime, are by 

definition the physical structures that cannot be accurately resolved numerically. The 

smallest-scales of turbulence, while contributing to the production and convection of 

turbulent energy, tend to be more isotropic and homogeneous than the larger scales 

and are therefore more easily modeled. A detailed discussion of the role of subgrid-

scale modeling in this research is presented in sections 3.2 and 3.3. 

A spatial filtering operation provides a formal definition for the separation of 

the resolved-scales and the subgrid-scales. The filtering operation is defined by the 

f i x . t )  =  f ( x . t )  +  .  (2.23) 
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integral operator, 

J { x . t )  =  J^G( - } c - z )f( z . t) d z .  (2.24) 

where the overbar on f { x . t )  represents spatial filtering. \' is the volume over which 

fix. t) is filtered, and G{x. z) is the filter function. Spatial coordinates are represented 

by the vectors x and z. When the filtering operation is applied to the flow field, the 

choice of G(x.z) dictates exactly how the resolved and subgrid-scales are separated. 

The manner in which the averaging operator separates scales is easily demon

strated for the case of a spectral cut-off filter. Upon recognition that equation (2.24) 

is nothing more than the convolution of G and /. the filtering operator can be ex

pressed in spectral form as. 

T i K . t )  =  g { K . K c ) r { K . t ) .  (2.25) 

where K is the vector coordinate of wavenumber space and Kc is the effective cut-off 

wavenumber. For the cut-off filter. Q can be written as. 

S(K,K.) = { 1 (2.26) 

The transfer function Q achie%-es the separation of physical scales by being equal to 

zero for wavenumbers K > Kc and by being equal to unity for wavenumbers K < Kc-

Such characteristics are true for all properly defined filter functions, not just for the 

spectral cut-off filter. The difference between various functions lies in exactly how 

these limits are approached. 

In the present research, a specific definition of the filter function is not required. 

It will be shown in equations (2.27) through (2.30) that the resolved-scale governing 

equations of fluid motion contain only spatially averaged terms. Theoretically, explicit 

application of equation (2.24) to any flow variable is unnecessary because the aver

aging process is implicitly included in the solutions of the governing equations. Only 

when the turbulence model demands extra levels of spatial filtering (such as for DSGS 
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modeling) or when "noise" from numerical errors becomes excessive for the smallest 

resolvable scales is explicit spatial averaging used. For the FSM presented in this 

work and for traditional LES methods employing the constant coefficient Smagorin-

sky model, extra levels of spatial filtering are not needed. However, as discussed in 

section 4.8. the current work does make use of a fourth-order spatial filter to reduce 

the potential for numerical instabilities in the streamwise derivatives. Aside from 

these demands for explicit filtering, it is sufficient to know that there exists some 

filter function which is normalizable to one. approaches zero at its bounds, and has 

higher moments equal to zero. 

The governing equations for spatially averaged flows are derived beginning from 

the three-dimensional Navier-Stokes equations. The filtering operation of equation 

(2.24) is applied to the incompressible form of the momentum equations and the 

continuity equation to obtain the resolved-scale equations. 

du, 
^ = 0. (2.27) 

du, d &D \  d~u. 

expressed here in index notation with standard summation conventions. These equa

tions dictate the convective behavior of the larger scales present in the flow. Their 

solution, however, is not possible due to the term TZTiiJ, a tensor containing six new 

unknown variables. To provide closure, a substitution in the form of six additional 

equations. 

iZTtZJ = Tij u, Uj. (2.29) 

is made in equation (2.28). The tensor r,j. referred to as the subgrid-scale stress 

tensor for spatially averaged flows, must be modeled. Sections 3.2 and 3.3 define the 

respective traditional LES and the FSM subgrid-scale turbulence models used in this 

research for 
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Substitution of equation (2.29) into the resolved-scale momentum equations yields 

the filtered form of the Navier-Stokes equations. 

du,  d  ^ _  9p  d  (  1 \ 

which can be solved by direct methods as long as a model for the tensor is provided. 

In order to be consistent with the form of the Xavier-Stokes equations used in 

the computer code, the filtered form of the vorticity-transport equations must be 

obtained. The curl operator is applied directly to equation (2.30) along with the 

definition of the resolved-scale vorticity. 

~ Tz~'d^'  ~  ~  ~  dy  dx '  '  

to obtain the filtered form of the vorticity-transport equations [equations (2.32) 

through (2.34)]. 

duj. da dc 1 , 

dt dy ^ dz Re 

On db I 

dt d: '  Te 
djJ; dc- dh 1 

dt dx dy Ye 

• 2 —  (2.32) 

(2.33) 

(2.34) 

The overbar on the non-linear terms a .  b .  and c represents a short-hand notation for 

spatial averaging being applied to individual variables within the non-linear terms 

and functions as a reminder that the SGS stress tensor terms are also included. For 

spatial averaging and a symmetric SGS stress tensor, the non-linear terms are. 

I — f  d rn  , dT i2  5ri3^ oc \  6 = . (2.36) 

c = s- - 5 :̂:, - f  ̂  ̂  ̂V CWT) 

Stress tensor indices 1. 2, and 3 correspond to spatial directions r. y ,  and 2 respec-

tivelv. 
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V^v = 
azjx 

dz  

diJ, 

~ ~ d x '  
d'̂ w d -w 

dz -

d-v  

dx-

d-w 

dz - dx  dydz  

d^H d^u = duly d-v  

dx^ 

d^u = 

dz  dxdy  

Spatial averaging is also applied to the velocity relations [equations (2.4) through 

(2.6)]. At the resolved-scale level, these equations are. 

(2.38) 

(2.39) 

(2.40) 

The spatially averaged variables contained in the resolved-scale governing equations 

are non-dimensionalized in the same manner as the non-averaged equations. The 

subgrid-scale stresses are non-dimensionalized in a manner consistent with their def

inition. 

The spatially averaged governing equations are similar in general form to their 

noii-averagcd counterparts. Therefore, pseudo-spectral decomposition of the spanwise 

direction for equations (2.32) through (2.34) and (2.38) through (2.40) match, in form, 

equations (2.1) through (2.6). This provides a tremendous advantage in that the same 

numerical model used for solving the non-averaged equations can be used to solve the 

spatially averaged equations. 

2.2 Temporally Averaged Equations 

Temporal averaging, like spatial averaging, is a mathematical procedure. Unlike 

spatial averaging, however, temporal averaging separates turbulent scales based on 

duration in time rather than physical size. Reynolds Averaged Navier-Stokes (RANS) 

calculations form a class of turbulence modeling that is based on the principle of 

temporal averaging. In the present research. RAXS plays a vital role. The FSM 

is consistent with RANS in the coarse grid and/or high Reynolds number limit. In 

addition, models for the Reynolds stress and the turbulence dissipation rate associated 

with RANS calculations are kev terms of the turbulent stress of the FSM. 
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RANS has long been a useful tool for the computation of turbulent mean flows. 

The approach relies on the use of Reynolds-stress turbulence models to account for 

all the effects of the full range of turbulent scales in the time averaged Xavier-Stokes 

equations. The fundamental assumption of RAXS is the notion that instantaneous 

flow variables can be separated into slowly varying mean and rapidly varying fluc

tuating parts. Following Reynolds (1895). any flow variable / can be decomposed 

ciS. 

/ = 7 - r / ' .  (2.41) 

where the overbar denotes an ensemble averaged value and the prime denotes a fluc

tuation. Separation of mean and fluctuating components for statistically stationary 

turbulence is defined by a time average integral operator acting over a time period 

T that is considerably longer than the time scale of any turbulent fluctuations. The 

time average of a general flow variable /(x. y. z. t) is shown here as. 

l [ x . y . z . t )  =  Y  j f { x . y . z . T ) d T .  (2.42) 

-Xote that the same overbar notation used in section 2.1 to denote a spatial averag

ing process is also used here. The notation is retained to demonstrate the similarities 

in the final governing equations and the turbulent stress definitions of spatially and 

temporally averaged methods. By no means is the intention to equate the two obvi

ously different operations. For the remainder of this section, the overbar denotes the 

temporal average. 

In the limit as T —> oc for equation (2.42). the mean is devoid of time variation 

and the fluctuation contains all of the time dependent random turbulent motion. For 

this case, the functional dependence of the decomposition of / is. 

/(i. y. r. t )  =  7 (x. y .  r) -h f ' (x .  y .  z .  t ) .  (2.43) 

Substitution of equation (2.43) into equation (2.42) produces the following set of 
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useful properties. 

7 = 7- 7 = 0 (2.44) 

I g  =  J g -  1 q '  =  0  

f g  =  f 9  +  f ' g '  

In the case of unsteady RAXS. T  in equation (2.42) is finite and must be of a 

sufficient duration that any time dependent motion in the mean flow is not due to 

random turbulent fluctuations. Since T is finite but large, the properties expressed 

in equations (2.44) are considered to be only approximately valid. 

The derivation of the governing equations for Reynolds averaged Navier-Stokes 

calculations begins from the same point as that of spatial averaging. The time average 

operator of equation (2.42) is applied to the incompressible Navier-Stokes equations 

to produce the time averaged continuity and momentum equations. 

^ = 0. (2.-15) 
a x ,  

d  ,  ,  _  d p  I  d - u ,  ^  ^ ( 2 - 4 6 )  
at as J as. Re ax' 

Based on the definition of the time average, the tensor of six unknowns TTJTj can be 

expressed as. 

u,uj = UxHj -!-  u\nj .  (2.47) 

The term commonly referred to as the Reynolds stress, is replaced in equation 

(2.46) by the symmetric tensor. 

= u[u'j. (2.48) 

which must be modeled. 

Consistency with the vorticity-velocity formulation is achieved by applying the 

curl operator to the time averaged momentum equations in conjunction with the def

inition of the time averaged vorticity. The resulting set of equations are identical to 
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their spatially averaged counterparts except for the turbulent stress tensor being rep

resented by the Reynolds stress tensor. In regard to this research, all temporally aver

aged computations are conducted for two-dimensional flows. In the two-dimensional 

limit, the governing equations for temporal averaging are reduced to, 

dc db I 
—^ = H H V-r,. 2.49 
dt dx dy Re - ^ '  

where the quantities b and c are. 

1  — Q R v x  d R n  -  dR\2 dRoo ir, -n\ 
b= — C  =  U i J ,  r (2.oO) 

ax ay ax ay 

Closure of equation (2.49) requires that the time average operator must also be applied 

to the velocity relations [refer to equations (2.4) through (2.6)]. In two-dimensions, 

these equations simplify to. 

d~V _ duJz d^u _ d'v ^9-n 

dx' dy' dx dx' dxdy 
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3. Turbulence Modeling 

The Flow Simulation Methodology' (FSM) utilizes Reynolds Stress modeling in the 

subgrid-scale sense of large-eddy simulation. Therefore, validation of the method 

demands that several different types of turbulence models must be implemented and 

tested for proper examination of the FSM. Presented in section 3.1, the Baldwin-

Lomax model, standard two-equation model, and the ASM serve to validate the 

numerical approach in the limit of traditional RAXS. Verification of the .Algebraic 

Stress .Model {.A.SM) is made by comparisons with the other RAXS methods. Though 

not directly a part of the FSM. the traditional Smagorinsky LES model is presented 

in section 3.2. Its purpose is to provide a baseline set of data for the FSM and 

to validate the numerical method for subgrid-scale type calculations. The FSM is 

presented last in section 3.3 since it combines elements of both RAXS and LES. 

3.1 Reynolds Stress Models 

3.1.1 Algebraic Reynolds Stress Model: Baldwin-Lomax 

The Baldwin-Lomax turbulence model belongs to the general class of algebraic tur

bulence models that are named for the algebraic expression used in the computation 

of the Reynolds stresses. These models rely on the Boussinesq eddy-viscosity approx

imation and Prandtl mixing length theory. Specifically, the Boussinesq approxima

tion assumes a linear relationship between the Reynolds stress and the time averaged 

strain rate [Wilcox (1993)]. In an analogy to shear stress and molecular viscosity, the 

Reynolds stress tensor is cissumed to be equal to the product of an eddy-viscosity and 

the strain rate tensor. From mixing length theor\'. the eddy-viscosity is assumed to 

depend on one or more length-scales that are physically characteristic of the given 

flow field. 
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The Baldwin-Lomax model is a two-layer type of algebraic Reynolds stress model 

that is best suited for boundary layer flows where properties such as the boundary 

layer thickness and the freestream velocity are unknowns. Adverse pressure gradient 

and separated boundary layers are two examples of flows that can be successfully 

computed with this model. In the two-layer approach, the eddy-viscosity is separated 

into inner layer and outer layer components. This accounts for the eddy-viscosity 

having different near-wall and outer region turbulent length-scale dependence for 

boundary layer flows. From the wall to the point where the eddy-viscosity reaches a 

maximum value, the eddy-viscosity in the inner layer is given by the relation. 

For the outer layer, from the edge of the inner layer to the outer edge of the defect 

layer, the eddy-viscosity is given as. 

(3.1) 

whore. 

Imix = 1 - e (3.2) 

^to — ^^cp^wnke^Kleb(y'- Umax/^Kleb) • (3.3) 

where. 

rriin [ymai-frnax'i CwkHmax^dxf I wake (3.4) 

f^klebiy-ymax/^Kleb) — 1 (3.5) 

[max(/, max mix (3.6) 

The following values are used for the coefficients listed here. 

k  =  O A I .  .4^ = 26. Q = 0.0168 

Ccp = 1.6 . Ch leb — 0.3 . Cu-k = 1 
(3.7) 
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The quantity i/^aj is the wall-normal location of the maximum value of j/j,. F^ake 

represents the effects of the outer log-layer and defect layer on the eddy-viscosity. 

Intermittency of the turbulent boundary layer is accounted for by the correction 

factor Fi^ieb- Inner and outer eddy-viscosities are matched asymptotically in the log-

layor by Fmax- The magnitude of the vorticity vector for two-dimensional, boundary 

layer flows is given by. 

,  ,  du 
(3.8) 

dy 

With all components defined in the preceding equations, the Reynolds stress com

ponent Ry> is. 

Rn = -i^,^. (3.9) 
OH 

where i>, is evaluated from either equation (3.1) or equation (3.3) depending on 

distance from the wall. The Baldwin-Lomax model is implemented assuming the 

boundary-layer approximation. Therefore, the normal stress terms /?ii and R22 are 

ru'sk'cted. 

3.1.2 Two-Equation Reynolds Stress Models 

In two-equation models, the Reynolds stresses are computed based on solutions of 

turbulent transport equations that represent the turbulent velocity-scale and the tur

bulent length-scale (or their equivalents). In this sense, these models are said to 

be complete models of turbulence because the Reynolds stresses can be computed 

without any previous knowledge of the turbulent flow field [Xu &: Speziale (1996)]. 

The turbulent velocity-scale is characterized by the turbulent kinetic energ>' K. 

For time averaged quantities, K is defined as one-half of the trace of the Reynolds 

stress tensor. 
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The turbulent length-scale is replaced by an expression relating the length-scale to 

K and to the turbulent dissipation rate e that is based purely on dimensional argu

ments. For two-equation models of turbulence, the scalar form of e is derived from 

the assumption that the dissipation rate tensor e,j. appearing as a dissipation term 

in the homogeneous Reynolds stress transport equations, is locally isotropic. In di-

mensionless form, the dissipation rate is given by the correlation. 

"iSM. 
Note that e is non-dimensionalized by the reference length L. the reference velocity 

i'. and the appropriate substitution of Re = UL/u where u is the kinematic viscosity. 

.\ transport equation for the turbulent kinetic energy is obtained by contracting 

the Reynolds stress transport equation. .After a series of simplifications [refer to 

Wilcox (1993) for a detailed explanation], the final form of the equation as it appears 

iti Speziale (1998c) is. 

' ' d x j  ' d x j [ a , d x j )  R e  '  ^  

For incompressible flows, an equation for the dissipation rate can be obtained from 

the application of a moment operator to the Xavier-Stokes equations. After some 

algebra and a considerable number of approximations, the equation for e is expressed 

as. 

a t  o x  J K  o x  J K  o x  J \ (Te O X j  J  R e  

The coefficients C^. C^i. cTk- and are assigned the values 0.09. 1.44. 1.83. 1.0. 

and 1.3 respectively. The function is designed to eliminate the singularity that 

occurs at the wall in the dissipation of the dissipation term, /k. of equation (3.13). 

It is expressed as. 

U y )  
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The eddy-viscosity f, used in equations (3.12) and (3.13) is consistent with the so-

called "Standard" two-equation Reynolds stress model. The algebraic relation for the 

eddy-viscosity is. 

= CJf,(y)K-/e . (3.15) 

where = 0.09. The Van-Driest damping function /^(y) is included in the eddy-

viscosity to account for a reduced turbulence model contribution very close to the wall 

boundary. For RAXS calculations, the relation for the \ an-Driest damping function 

is. 

lAy) = 1 - exp [- ((/'/25)j . (3.16) 

3.1.2.1 Standard Reynolds Stress Model 

Like the Baldwin-Lomax model, the standard Reynolds stress model is based on 

the Buussinesq eddy-viscosity approximation and the Prandtl mixing length theory. 

However, in the standard Reynolds stress model. Ut is computed from an algebraic 

expression involving k and e as opposed to an expression containing only a turbulent 

length-scale. In standard form, the Reynolds stress is modeled ELS. 

Ri] = . (3.17) 

where Ut is given by equation (3.15) for wall bounded flows and 5,^ is the mean rate 

of strain tensor. The quantities k and e are computed from the solutions of equations 

(3.12) and (3.13). 

3.1.2.2 Algebraic Stress Model (ASM) 

The algebraic stress model used in this research is based on the original work of 

Pope (1975) and subsequent efforts of Gatski Speziale (1993). Pope developed an 

explicit relation for a non-linear two-equation Reynolds stress model applicable to 
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two-dimensional equilibrium turbulent flows. Later. Speziale and Gatski extended 

the method to three-dimensional flows and added a method based on solving ad

ditional transport equations for non-equilibrium turbulent boundary layers. The 

.A.SM has considerable advantages over algebraic Reynolds stress models such as 

Baldwin-Lomax and the standard two-equation Reynolds stress model. The ASM 

model possesses a non-linear relationship between the Reynolds stress and the strain 

rate. Therefore, the model does not rely on the Boussinesq eddy-viscosity approxi

mation. does not need ad-hoc wall functions, and can better predict Reynolds stress 

anisotropics. Furthermore, via the solution of extra partial differential equations, the 

.•\,SM can theoretically (application of the ASM model to the non-equilibrium bound

ary layer is untested ) account for non-equilibrium effects, whereas the Baldwin-Lomax 

model and the standard two-equation Roynold.s stros.s models apply only to equililv 

rium flows. 

The Reynolds stress expressed in equilibrium form, is given by Speziale (1996) as. 

2 
Ql^Sij + QOTT { S t k ^ V k j  +  S j k ^ V k t )  2 "-"'J 3-'2r)--6 -̂

{S,kSkj - . (3.18) 

Tlie time averaged tensors for the strain rate and the vorticity are. 

The terms rj and ^ are the irrotational strain invariant and the rotational strain 

invariant respectively. They depend on S,j and 11",^ in the following way. 

1 = = • (3.20) 
2  Q i e  Q i  e  

Closure coefficients qi, qo. and are a.ssumed to be constants for equilibrium tur

bulent boundary layer flows having the following values. 

Qi = 0.227. a2 = 0.0423. Q3 = 0.0396. (3.21) 
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The first term within the braces of equation (3.18) accounts for turbulent equilibrium 

effects in much the same way as the UtSij term of equation (3.17). The second 

and third terms of equation (3.18) generally improve the Reynolds stress model by 

accounting for rotation and anisotropy (through the decorrelation of the normal stress 

components). 

3.2 The Smagorinsky Subgrid-Scale Model 

The -subgrid-scale turbulence model used in this research for traditional LES is the 

constant coefficient Smagorinsky model modified to account for near-wall effects and 

transition. This model is chosen to represent the general class of SGS models for 

comparison to the FS.\I because it is. by far. the most commonly used model in LES. 

Therefore, it.s behavior is fairly well understood and it is a valuable tool for evaluating 

the FSNL The Smagorinsky model is based on the Boussinesq eddy-viscosity appro.v-

imation and is written here in typical form except for the inclusion of a streamwise 

ramping function fpos. 

r , j  -  ̂rkkS^J = -2u,S, j  .  (3.22) 

with eddy-viscosity. 

= [C,A • f , [ y )  •  U o s { x ) f  { 2 S , t S k i f '  .  (3.23) 

The value in equation (3.23) is the Smagorinsky coefficient and is assumed to 

be constant for the calculations presented in this study. Recall that for LES, the 

overbar notation appearing in equation (3.22) and elsewhere in this section denotes 

a spatial average. For homogeneous isotropic turbulence, the established value of Cs 

is approximately 0.18 [Piomelli (1994)]. Deardorf (1970) and others, however, have 

found this value to be excessively dissipative for wall bounded fiows. proposing values 

ranging from 0.065 to 0.1. For this work, the value of = 0.065 is chosen as it is 

the least likely to cause difficulties during laminar to turbulent transition. 
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The function f^{y) is a variation of the Van-Driest wall daniping function given 

as. 

The function acts to reduce the contribution of the model near the wall in order 

to avoid contaminating the flow with improper modeling effects. Despite being ad-

hoc. use of /^(y) is credited with improving results of LES for simple wall bounded 

turbulent flows [Moin k Kim (1982)]. 

Since the model is invalid for laminar flow, it is switched off in the laminar and 

transitional portions of the flow field by means of a spatial ramping function beised 

on. 

Streamwise locations are referenced by Xo.  Xi. x- , .  and x^ which represent the inflow, 

start of ramping, end of ramping, and outflow respectively. The user, based on a 

knowledge of where transition occurs within the computational domain, must define 

the values of streamwise locations xi and xo. For the calculation of transitional 

flows, this approach has advantages over other methods such as the intermittency 

function used by Piomelli et al. (1990). Piomelli's function utilizes the ratio of the 

calculated boundary layer shape factor to the shape factor value expected for a fully 

turbulent flow as the means of switching on the turbulence model. The drawback of 

this approach is that the turbulence model may be activated prematurely and delay or 

even prevent the onset of turbulence due to its dissipative nature [Fasel et al. (1997)]. 

With the method of equation (3.25). the user is given complete control of turbulence 

model activation. 

The Smagorinsky model outlined in equations (3.22) through (3.25) has been im

plemented in the code by Meitz (1996) and extensively tested for a variety of wall 

f n i y )  = 1 - exp I - (y'/25)^ . (3.24) 

2 !r(J-Xi) 
: Xo < X < xi 

;  X i  <  X <  x> .  

: X j < X < Xp 

(3.25) 
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bounded turbulent flows. Recently, in Fasel et al. (1997). the method was used to 

compute subharmonic transition and turbulence. Funk (1996) utilized this code to 

compare how inducing laminar to turbulent transition in a boundary layer with ran

dom forcing versus inducing transition with periodic forcing affected downstream 

turbulence statistics. Lastly, the method was also used by Bock (1996) for the calcu

lation of a turbulent wall jet. 

The Flow Simulation Methodology is a new approach for subgrid-scale turbulence 

modeling. As such, it is based on the same set of resolved-scale equations of fluid mo

tion [equations (2.32) though (2.40)] and relies on the same assumption that the flow 

field can be separated into large-scales and small-scales as with traditional LES. One 

fundamental difl'erence between the FSM and LES lies in the form of the subgrid-scale 

stress model. In traditional LES. the SGS stresses are most commonly represented 

by the Smagorinsky model which has been shown to have considerable limitations. 

The Flow Simulation Methodology replaces the Smagorinsky model with any one of 

the general class of complete Reynolds stress models. Many of these models, and 

the .ASM in particular, have been shown to perform well over a broad range of flow 

conditions. 

The other fundamental difference between the FSM and Smagorinsky based LES 

is the use of a turbulence model contribution function to modify the magnitude of the 

Reynolds stress model [refer to equation (3.26)]. A form of the contribution function 

developed by Speziale (1996) is given in equation (3.27). 

3.3 The Flow Simulation Methodology (FSM) 

f(XL^) = [1 - exp(-iA/I^)]/pos(x) 

(3.26) 

(3.27) 

A = [dxdydz)^^^ 

(3.28) 

(3.29) 
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Note that the expression for /(A./.«) appearing in equation (3.27) is simply one 

possible form for the contribution function. Though this specific form of /(A, L^) is 

utilized for most of the test cases presented in this research, it does not define the 

FSM. Equation (3.27) is chosen because it is a reasonable starting point from which 

to investigate the performance of the FSM. 

The quantity r,j of equation (3.26) is the turbulent stress tensor that appears in 

the filtered .Xavier-Stokes equations [equations (2.32) through (2.37)]. The Reynolds 

stress tensor is computed from the ASM of section 3.1.2.2 utilizing the turbulent 

transport equations [equations (3.12) and (3.13)] for the turbulent kinetic energy 

K and the turbulent dissipation rate e. N'ote that for all variables and equations 

di.scussed in this section, the overbar denotes a spatial average as opposed to section 

 .1 where the overbar denotes the operation of temporal averaging. Therefore, the 

velocity terms appearing in the turbulence model and turbulent transport equations 

 .sed for the FSM represent resolved-scale quantities. 

The contribution function /(A. Z.«) of equation (3.27) determines the degree of 

turbulence modeling that is commensurate with the ratio of the numerical resolution 

to the smallest turbulent scales. The quantity i is a parameter of/(A. L^) that ideally 

is independent of spatial resolution but nevertheless must be calibrated. A is the grid 

spacing function and represents the local spatial resolution in three-dimensions. 

i s  t h e  K o l m o g o r o v  l e n g t h - s c a l e  ( e . x p r e s s e d  i n  d i m e n s i o n l e s s  f o r m  u s i n g  R e  =  U L / u  

and the non-dimensional form of e). the prediction of the physical size of the smallest 

structures in the turbulent flow. An estimate for is provided from the turbulent 

dissipation rate e which is determined from one of the turbulent transport equations 

that must be solved for the computation of R,j. The final term /pos(x) is a spatial 

ramping function defined in equation (3.25). Like the Smagorinsky model, the ASM 

for the FSM is only valid in regions of turbulent flow. 
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3.3.1 Selection of Turbulence Model 

The Reynolds stresses of equation (3.26) can be computed from virtually any Reynolds 

stress model. The only basic requirement is that the model allow for an estimation 

of since that length-scale is critical to the determination of the proper turbulence 

model length-scale. 

From his earliest efforts with the model. Speziale (1996) believed that the ASM was 

ideally suited to the Flow Simulation Methodology. Though it was originally derived 

for steady RAXS conditions. Speziale predicted that the higher-order correction terms 

along with the irrotational and rotational strain-rate invariants would lead to more 

accurate modeling of instantaneous flow field characteristics. For example, in Speziale 

(1998a). it is shown that the second and third terms of the .ASM are dispersive in 

nature and therefore allow for turbulent backscatter. Several researchers have shown 

that including backscatter effects (not possible with the Smagorinsky model) in SGS 

models can improve performance, particularly at higher Reynolds numbers. 

Speziale s prediction of improved performance in subgrid-scale applications for the 

.\S.M has been increasingly validated by recent results, the present work included. In 

Zhang et al. (20006). the ASM was successfully able to accurately compute the shed

ding of large-scale, periodic structures behind a region of strong laminar separation 

with turbulent re-attachment. Other methods such as the standard two-equation 

Reynolds stress model failed. Most recently. Seidel (2000) used the ASM to compute 

the receptivity of a turbulent wall-jet to two-dimensional disturbances. .Again, the 

standard two-equation model failed for this flow. 

3.3.2 Implementation of Turbulence Model 

The turbulent stress components of the ASM are computed from the three-dimensional 

extension of the relation given in equation (3.18). The model is repeated here for com



59 

pleteness and to address issues of three-dimensionality. 

Rtj  = -/('?>?) ["iT'^y + "2 7^ {SikWkj + SjkW'ki)  

-03^ (5.,5tj - . (3.30) 

The function is computed in two-dimensions and given by the relation, 

f i n - 0 = ^ .,0, —r • (3-31) 
3 - 2Ti- { x . y )  +6^-{x .  y)  

where the irrotational and rotational strain rate invariants q and ^ are also computed 

in two-dimensional form based on the relations expressed in equation (3.20). 

The terms k . and e are computed two-dimensionally in an effort to reduce 

complexity and computational cost. To accommodate such a simplification, the span-

wise averaged instantaneous velocity fields are utilized for the computation of these 

terms. The terms f{T].^)K-/e and fiT},^)K^/e'^ appearing in equation (3.30), there

fore. possess uniform spanwise distribution resulting in instantaneous SGS stresses 

that are poorly correlated to localized spanwise flow variation. However, some corre

lation is retained through the three-dimensional strain-rate and turbulent stress terms 

of Rij. .Additionally, because the spanwise direction is assumed to be homogeneous 

and flow field variables are statistically stationary in the spanwise sense, the SGS 

stresses should be relatively accurate over long periods of time. The notion of assum

ing a homogeneous direction for the distribution of turbulence model quantities is 

also used for DSGS modeling [Zang et al. (1993)]. In DSGS. a homogeneous direction 

is  required to  maintain numerical  s tabi l i ty  in  the dynamic procedure [Ghosal  et  a l .  

(1995)]. 

Some discussion is needed regarding the combination of the spatial averaging af>-

proach of LES with the ensemble averaging approach of RANS calculations. Combin

ing spatial and temporal averaging procedures in the turbulent transport equations 

and for the subgrid-scale stresses with the methods discussed in this report is an 
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approximation. Eventually, ensemble averaging will need to replace the spatial av

eraging of LES in order to bring LES and RANS together properly. A somewhat 

detailed discussion of this concept can be found in Speziale (1998c). 

3.3.3 Contribution Function 

The contribution function given in equation (3.27) is the original grid-function sug

gested by Speziale (1996). Simple in form, the function satisfies the requirement 

of consistency in the limits of DXS and RAXS. As the grid resolution is increased 

and/or the Reynolds number is decreased, the ratio of A/L^ approaches zero and 

a DXS calculation is recovered. Conversely, as the grid resolution becomes more 

coarse and/or the Reynolds number is increased. A/Z.^. —> oc. indicating conditions 

for R.A.XS calculations. 

3.3.4 Application of the Flow Simulation Methodology 

The Flow Simulation Methodology is examined by conducting a series of numerical 

simulations for the test case of a zero-pressure gradient, turbulent flat plate boundary 

layer in the following areas: 

i) The J parameter of the contribution function given in equation (3.27) must be 

calibrated before the FSM can be properly evaluated. Therefore, a series of FSM 

calculations are conducted on matching spatial grids using different values of 3. 

Results from FSM calculations are utilized to determine the range of possible 

J values which yield accurate results when compared with available numerical 

and experimental data. A large range of acceptable 3 values shows that the 

FSM is not exceedingly dependent on the particular form of the contribution 

function, a significant consideration when evaluating the performance of the 

new methodology. In addition, the results also serve to validate the FSM for 

the chosen flow field and spatial resolution. 
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ii) With the contribution function properly calibrated, a second series of test cal

culations is conducted to examine the performance of the FSM over a range of 

spatial resolutions. The FSM is a practical method for the simulation of tur

bulent flows only if it is not overly dependent on the specific form of /(A,Z,k) 

(possessing a large range of possible 3 values) and is relatively insensitive to 

the spatial resolution. 

iii) A-prion analysis of DXS results is used to derive alternative forms of the orig

inal contribution function proposed by Speziale. One simulation investigates 

the potential for utilizing the new methodology when the contribution function 

approaches the R.\.XS limit near the wall but remains near typical LES levels in 

the outer region of the boundary layer. This alternative form has the potential 

to significantly reduce computational demands by decreasing near-wall resolu

tion and eliminating the need for turbulent backscatter models. In a second 

simulation, the contribution function is modified to approach RAXS levels at 

the edge of the boundary layer and to retain typical LES levels near the wall. 

With this form of /(A.I^). researchers can investigate turbulence mechanisms 

near the wall without the numerical expense of resolving the outer region of 

the boundary layer (assuming near-wall mechanisms are not controlled by the 

smaller scales of the outer region). 
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4. Numerical Method 

The present research builds upon the original code developed by Meitz (1996) for 

the direct numerical simulation of transitional boundary layer flows by incorporat

ing the turbulence models and corresponding equations presented in section 3. The 

numerical methods that are common to the two efforts and detailed by Meitz are 

summarized here in the interest of brevity. Detailed information is provided, how

ever. for the numerical methods relating to the various turbulence models and their 

implementations. 

4.1 Computational Domain 

4.1.1 Three-Dimensional, Unsteady Computations 

The computational domain for all time dependent, spatially varying simulations of 

turbulcncp is shown in figure (4.1). A steady, laminar boundary layer enters the do

main from the left. Disturbances are introduced at a blowing and suction slot located 

on the wall [shown in figure (4.1) as the shaded strip] far enough downstream to avoid 

possible interactions between the inflow boundary and the disturbance slot. Near the 

outflow boundary, a relaminarization region (shown in light-gray) removes time de

pendent disturbances from the flow field before they reach the outflow boundary. For 

sinmlations involving turbulence modeling, the turbulent stresses are "ramped-in" 

spatially over a streamwise region denoted by the short-dashed lines and the dark 

gray shading along the wall. 

4.1.2 Two-Dimensional, Steady Computations 

The computational domain used for steady RAXS calculations is shown in figure (4.2). 

For simulations involving the Baldwin-Lomax model, a laminar boundary layer flow 
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with a Blasius profile enters the domain from the left. The Reynolds stress component 

Ry2 is ramped in spatially over a short streamwise region near the inflow. The two-

equation models (the standard n-e and the ASM) are employed over a sub-domain 

of the domain used for the Baldwin-Lomax model beginning from the streamwise 

location denoted by the short-dashed lines. For all simulations, the flow develops 

spatially in the streamwise direction until reaching the outflow boundary where a 

smoothing procedure identical to the relaminarization method mentioned previously 

acts to reduce the potential for reflections at the outflow boundary. 

4.2 Boundary Conditions 

4.2.1 Inflow Boundary 

.•\t ihe inflow of the domain. Dirichlet conditions are imposed for each velocity and 

vorticity component and for all the necessary x-derivatives required for compact differ

encing in the streamwise direction. For steady, two-dimensional FL\NS calculations, 

employing either the standard K-e model or the ASM. Dirichlet conditions are im

posed for the inflow profiles of k and e. These profiles are derived from the initial 

conditions discussed in section 4.3. All other simulations involving turbulence models 

assume a laminar inflow with a BlEisius boundary layer profile. Therefore, values of 

turbulence model quantities are not needed as spatial ramping functions are used 

to remove turbulent stress contributions from the governing equations at the inflow 

boundary. 

4.2.2 Outflow Boundary 

Near the outflow boundary, a buffer zone (relaminarization region) similar to that 

of Kloker et al. (1993) restores the flow to a steady laminar condition. As a result, 

second derivatives of the velocities and the vorticities can be set to zero, thereby 

avoiding possible boundary reflections. Consistency with the relaminarization region 
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is maintained for simulations employing turbulence models by spatially ramping the 

turbulent stresses to zero near the onset of relaminarization. 

4.2.3 Freestream Boundary 

The upper boundary of the computational domain is assumed to be irrotational. 

Therefore, the vorticities and all derivatives of the vorticities are set to zero. Irro-

tationality also requires that the freestream be devoid of turbulence. For the wall-

normal velocity, a boundary condition is imposed that allows for either the decay 

of weak disturbances or the specification of pressure gradient. While it is valid to 

impose Dirichlet conditions of zero for k and e. the V'on-Neumann conditions of. 

are used because they are less likely to cause interaction problems between the 

freestream boundary and the interior of the domain. 

4.2.4 Wall Boundary 

.A,t the wall, the no slip condition is applied to the velocities with the only exception 

being the wall-normal component, r. over the blowing and suction slot. The additional 

condition of dvjdy = 0 is also imposed to ensure conservation of mass. 

Simulations employing the turbulent transport equations require wall boundary 

condit ions  for  k and e .  For  turbulent  k inet ic  energy a t  the  wal l ,  the  def in i t ion of  k 

[equation (3.10)] dictates a natural boundary condition of K = 0. Specification of a 

natural boundary condition for e. however, is considerably more difficult. Based on 

the definition of the turbulent dissipation rate [equation (3.11)]. no natural boundary 

condition exists. Instead, a condition for e is derived by simplifying the transport 

equation for k. At y = 0. equation (3.12) reduces to. 

dy 
= 0 

2 d-K 

^ ~  Re dy-  " 
(4.1) 
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or the more commonly used equivalent form of, 

1 
•> 

(4.2) 
Re \  dy 

Though they are not natural boundary conditions for e. equations (4.1) and (4.2) are 

at least consistent with the turbulent transport equations. However, the application 

of either equation leads to numerical difficulties [Speziale et al. (1992)]. 

The value of e at the wall is extremely sensitive to the accuracy of the applied 

finite differencing scheme and to the near-wall spatial resolution. For example, the 

turbulent kinetic energy has a zero slope and a positive curvature at y = 0. The 

positive curvature is observable to a distance in wall coordinates of approximately 

//' = 5. Therefore, if there is insufficient resolution to resolve this feature such that it 

cannot be accurately calculated by the finite differencing scheme, the error in e could 

be considerable and even result in a negative (non-physical) value. 

.\ second and perhaps more restrictive problem for utilizing equation (4.1) or 

equation (4.2) as a boundary condition for e is numerical stiffness. .According to 

Ferzigor (1981). stiffness arises in systems of equations when there exists a strong 

variation in characteristic length or time scales. .Application of equations (4.1) or 

(4.2) enforces the turbulent dissipation time scale, K/C. on the transport equation 

for f  a t  the wall .  Near y = 0.  K/e scales asymptotical ly as  0{y')  [Speziale et  al .  

(1992)]. approaching zero rapidly as y —> 0"^. Moving away from the wall, the ratio 

changes dramatically, thus creating the strong disparity in time scale characteristic 

of stiffness. 

In practice, the stiffness problem is alleviated by using the V'on-Xeumann condi

tion. 

1^=0. H.3) 
dy 

Equation (4.3) removes the turbulent dissipation time scale from the boundarj* con

dition since it is only dependent upon e rather than upon k and e. Comparisons of 
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experimental results with numerical simulations suggest that de/dy is not zero but, 

in fact, approaches a constant value [Sarkar k. So (1997)]. However, it will be shown 

that equation (4.3) can be used for flat plate boundary layer flows at zero pressure 

gradient with excellent results. 

4.3 Initial Conditions 

4.3.1 Initialization of DNS and Traditional LES Computations 

.A.11 DNS and traditional LES calculations begin with a Blasius boundar\' layer mean 

flow where higher spanwise Fourier modes are set to zero. The Blasius solution is 

sufficiently accurate to initialize all time dependent, spatially varying simulations 

of turbulent flows. Subgrid-stresses for traditional LES are initialized to zero in 

correspondence with the laminar starting condition. 

4.3.2 Initialization of Steady RANS Computations 

For the Baldwin-Lomax model, no initial conditions for turbulence model quantities 

are needed. Calculations begin from a laminar. Blasius boundary layer flow. The 

Reynolds stress component /?i2 is "ramped-in" spatially in the streamwise direction 

and instantaneously in time to its full value at the start of each computation. The 

flow field then adjusts spatially and temporally until a steady state is reached. 

For the two-equation Reynolds stress models, a turbulent velocity field is needed 

to obtain initial conditions for k and e. The mean turbulent velocity field can be taken 

from the results of a Baldwin-Lomax calculation or be the time averaged solution of 

a DXS. a traditional LES. or the FSM. A "stand-alone" solver developed by Seidel 

(2000) that solves only the turbulent transport equations assuming constant velocity 

profiles is then used to compute k and e. The velocities and vorticities obtained 

from the preceding calculation are combined with the turbulence quantities K and e 
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produced by the stand-alone solver to serve as the initial conditions for steady RANS 

computations. 

4.3.3 Initialization of FSM Computations 

Initial values for flow field variables are obtained from either a preceding DNS or tra

ditional LES. The mean-flow modes [/: = 0 based on equation (2.9)] of the streamwise 

and wall-normal velocities at a given time step are used as inputs to the same stand

alone solver discussed in section 4.3.2 for steady RANS computations. The solver 

provides as output the turbulence quantities k and e converged to the instantaneous 

two-dimensional spamvise-mean velocity field. The spatially varying nature of the 

velocities is reflected in the solutions of K and e which possess corresponding spatial 

dependence. The turbulence quantities, along with the velocity and vorticity fields, 

are then used as the initial conditions to start calculations employing the FSM. 

4.4 Disturbance Generation 

Periodic disturbances are introduced via one or more spanwise blowing and suction 

slots located on the wall. For a given disturbance slot. n. the spectral form of the 

wall-normal velocity for each spanwise fourier mode, k. is given by. 

t )  =  F(x)AnkCos{2Trfnkt  +  Onk)  • (4.4) 

The streamwise variation of V across the slot is represented by the function F(x). 

It is a symmetric fifth-order polynomial with zero value and zero slope at the end 

points of the slot that results in a zero mass flux through the slot at any point in 

time. The time dependent behavior of a given disturbance is set by the specification 

of the disturbance amplitude Ank, the frequency fnk- and the phase shift ank-

The purpose of introducing disturbances into the steady laminar boundary layer 

for all three-dimensional, time dependent calculations presented in this study is to 
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transition or "trip" the boundary layer from laminar to turbulent flow. The objective 

is to transition the flow efficiently and naturally over as short a streamwise distance 

as possible in order to conserve the remaining computational domain for the cal

culation of a spatially developing turbulent boundary layer. Periodic disturbances 

are more efficient than random disturbances, for e.xample. because random distur

bances require significantly more energy [Funk (1996)] to transition the flow and can 

yield substantantial laminar regions when the disturbances are insufficient to produce 

turbulence. 

4.5 Time Integration 

4.5.1 Integration of the Vorticity Transport Equations 

.A fourth-order, explicit Runge-Kutta predictor-corrector scheme is utilized for the 

time advancement of the vorticity transport equations. .A.s an explicit method, it is 

only conditionally stable. 

4.5.2 Integration of the Turbulent Transport Equations 

The turbulent transport equations are numerically integrated using either a parabolic 

procedure or an .\lternating Direction Implicit (.^DI) method. For the parabolic 

method, equations (3.12) and (3.13) are simplified by removing the streamwise diffu

sion terms and the principle stress terms Rn and Roo- The boundary layer form of the 

equations is then computed using a marching procedure in the streamwise direction 

combined with a backward Euler wall-normal implicit scheme for time integration. 

The ADI method, originally implemented by Seidel (2000). solves the full form of 

equations (3.12) and (3.13) and maintains a high degree of stability (unconditional 

stability cannot be guaranteed for non-linear equations) by alternating the implicit 

direction (streamwise or wall-normal) from one integration half-step to the next. A 

more detailed description of the ADI scheme is given in Seidel. In order to match the 
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time advancement of the Navier-Stokes equations, the turbulent transport equations 

are calculated after each Runge-Kutta correction step (twice per time step). 

4.6 Spatial Differentiation 

4.6.1 DiflFerence Approximations for the Vorticity-Velocity Equations 

Spatial derivatives are approximated with fourth-order accurate finite differencing 

schemes. In the streamwise direction, compact differencing with upwind biased and 

downwind biased switching is employed. The biasing is based on a weighting function 

which acts to reduce the potential for grid mesh oscillations by dissipating small wave

length disturbances. Wall-normal derivatives are computed with a compact scheme 

derived for non-equidistant grids. 

4.6.2 Difference Approximations for the Turbulent Transport Equa
tions 

Spatial derivatives in the turbulent transport equations are calculated using first 

and second order methods. The reduction in formal accuracy from the fourth-order 

schemes used for the vorticity-velocity equations is necessary to address the significant 

numerical stiffness in the integration of the k and e equations. However, this should 

not be viewed as a compromise between numerical accuracy and numerical stability. 

The excessive approximations associated with turbulent transport equations and the 

various Reynolds stress models make the use of highly accurate finite differencing 

methods unnecessary. 

The time integration procedure determines the finite differencing scheme used 

for the streamwise derivatives (x-direction). In boundary layer formulation, the x-

derivatives are computed using a second-order upwinding procedure beginning from 

the third streamwise grid point. First-order upwinding is employed at the second 
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streamwise grid point so that the finite differencing stencil fits within the compu

tational domain. For the ADI procedure, streamwise first-derivatives are computed 

using first-order upwind differencing. Second-order central differencing is used for 

the viscous dissipation terms. Wall-normal differencing is independent of the time 

integration procedure. First and second derivatives are computed using second-order 

differences derived for non-equidistant grids. 

4.6.3 Difference Approximations for the Reynolds Stresses 

-A-pplication of the Baldwin-Lomax model, the standard K — E model, and the .ASM 

(also u.sed for the FSM) demand the computation of the two-dimensional strain rate 

and vorticity tensors. The associated derivatives of the mean flow (k = 0) u and v ve

locities are computed using second-order finite differences in the streamwise and wall-

normal directions. .Accuracy is reduced to first-order at the computational boundaries 

where one-sided differences are substituted. 

4.6.4 Difference Approximations for the Turbulent Stresses 

The FSM and the Smagorinsky model for traditional LES require the computation 

of the strain rate and vorticity tensors in three-dimensions. For the strain rates, 

streamwise derivatives of the velocities are computed using fourth-order central dif

ferences. For greater accuracy, spanwise derivatives are computed in spectral space 

and transformed to physical space by means of cosine and sine Fourier transforms. 

E.xplicit application of wall-normal finite differences are avoided by substituting vor

ticity components or x and 2 elements of the continuity equation in place of the various 

y-derivative terms. For the vorticity tensor, all of the elements can be represented by 

the vorticities. Therefore, no additional finite differences are needed. 

For the FSM. however, special consideration must be given to the substitution of 

y-derivatives when /(A,Lk) > 0.5. The turbulent stresses rn, T22. and T12 can act 
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to make the spatially averaged vorticity-transport equations numerically stiff when 

/(A. L k.) becomes large. In this case, the stiffness problem is alleviated by computing 

the du/dy term of 5i2 and W12 using a second-order central finite difference. 

4.7 Integration of the Vorticity at the Wall 

One drawback of the vorticity-velocity formulation is the inability to compute the 

vorticity components at the wall. An alternative is to obtain the vorticities in terms 

of the velocity fields which have well defined wall boundary conditions. The complete 

details for this procedure can be found in Meitz (1996). 

4.8 Spatial Filtering 

In section 2.1. it is stated that the turbulence models employed in this research 

do not require the explicit application of a spatial filter since test level filtering is 

not employed. However, spatial filtering is utilized in the numerical code. First, 

the anti-aliasing of the pseudo-spectral method results in a Fourier cutoff filter in 

the spanwise direction. Second, the vorticities u-i. jjy. and W; are filtered in the 

streamwise direction after each Runge-Kutta substep in order to reduce the potential 

for grid-mesh oscillation (error in the form of "'noise" arising in the smallest resolvable 

scales). The method employs a fourth-order accurate spectral-like compact filtering 

scheme developed by Lele (1992) for uniform grids. The compact method provides 

a minimum contamination of physical scales larger than the filter cut-off wavelength 

compared with non-compact spatial filtering methods. Both the spanwise Fourier 

cutoff filter and the streamwise spectral-like filter act to remove turbulent structures 

smaller than the filter width in keeping with the purpose of a filtering operator. 

However, their presence is an artifact of the numerical method and. as such, should 

not be considered a part of the turbulence modeling. 
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4.9 Wall-Normal Grid Stretching 

In the wall-normal direction, grid points are clustered near the wall using either an 

exponential grid stretching function, 

The j  inde.x of i j j  is the index of grid points in the wall-normal direction extending 

from _/ = 0 at the wall to j = rriy for the freestream boundary at y = j/mai- In 

equation (4.5), is the grid stretching parameter. For 0y 1"^, all points are 

clustered at the wall. Conversely, a uniform distribution is attained as 8y -> oo. The 

grid stretching of equation (4.6) utilizes the 7j, parameter in a somewhat different 

fashion. A uniform distribution is attained for 7y = 1 while a true cubic stretching 

occurs for -fy = 0. Meitz (1996) clearly points out that the grid stretching is not 

implemented by means of a coordinate transformation. Instead, the finite difference 

approximations are constructed for the non-uniform grid with the benefit of allowing 

the user to adjust all of the coefficients in a given finite difference formula. 

4.10 Non-Linear Terms and Turbulent Stresses 

Evaluation of the turbulent stresses (r^) and the non-linear terms {Ak, Bk, Ck) re

quires the application of fast fourier trjinsforms to convert the velocity and vorticity 

fields from spectral to physical space. Once in physical space, the non-linear products 

and turbulent stress components are computed. Spatial derivatives are applied to the 

turbulent stresses and those results are added to corresponding non-linear terms based 

on equations (2.35) through (2.37). The resulting non-linear terms (a, b, and c) are 

(4.5) 

or a cubic polynomial grid stretching function. 

(4.6) 
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then transformed back to spectral space. [For DN'S, the turbulent stresses are not 

computed. Therefore, the appropriate equations for the non-linear terms are given 

by equation (2.7).] 

4.11 Spanwise Decomposition 

.A,s stated previously, the spanwise direction is treated pseudo spectrally based on the 

Fourier series decomposition presented in equations (2.9) and (2.10). The calcula

tion of spatially varying, time dependent turbulent flows demands an extraordinary 

amount of computational resources even for coarse resolutions and/or low Reynolds 

numbers. Therefore, in order to save additional memor>' and to further reduce com

putational costs, an approximation is made whereby the so-called "symmetric" forms 

of the Fourier series are used. For both equations (2.9) and (2.10), this amounts to 

discarding terms A' -I- 1 to 2K at the expense of creating spanwise symmetry planes. 

The benefit is a factor of nearly two reduction in memory and computational re

sources which allows for more highly resolved calculations. The impact of symmetric 

transforms of the numerical solution, however, is not discounted simply because of the 

advantage in computational resources. Simulations are also conducted using "non-

symmetric" transforms [i.e., using terms 0 through 2K in equations (2.9) and (2.10)] 

in order to quantify the "symmetric" effects. However, unless stated otherwise, any 

three-dimensional calculation presented herein utilizes symmetric Fourier transforms. 

4.12 Code Validation 

Meitz (1996) has validated the core Navier-Stokes code used for DNS by comparing the 

results of numerical solutions to flows which have either exact solutions, or extensively 

verified solutions. These include the asymptotic suction flow and Tollmien-Schlichting 

waves in the Blasius boundary layer respectively. The reference calculations presented 
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in section 5 serve as code validation for the Reynolds stress models and subgrid-scale 

methods that are the core of the FSM. 
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5. Reference Calculations 

Reference calculations are conducted for the methods of RANS calculations, tradi

tional LES based on the Smagorinsky subgrid-scale model, and coarse direct numerical 

simulations. Their purpose is to form a baseline data set for comparison with and 

examination of the Flow Simulation Methodology. In addition, these calculations 

validate the .A,SM and associated methods used for the RANS approach along with 

the implementation of subgrid-scale modeling in the core N'avier-Stokes code which 

together form the basis of the FSM. 

5.1 Reynolds Stress Model Validation 

.\ series of Reynolds Averaged N'avier-Stokes calculations are conducted for a specific 

Ctise of the turbulent flat plate boundarv* layer at zero pressure gradient. These calcu

lations are intended to validate the implementation of the Reynolds stress turbulence 

models (Baldwin-Lomax, standard two-equation K-e. and ASM) presented in section 

3.1. In addition to model validation, wall-normal resolution requirements are inves

tigated by performing simulations at successively increasing levels of grid resolution 

in the y-direction for each of the Reynolds stress models. Proper wall-normal resolu

tion is established when further refinement of the grid spacing does not significantly 

improve results. These simulations will also assist in defining wall-normal resolution 

requirements for subsequent DNS, LES. and FSM calculations. 

The test cases for the RANS reference calculations are divided into two segments. 

The first segment, given in section 5.1.1, focuses on the validation of each turbulence 

model and the determination of proper wall-normal resolution. Table A.l, defines the 

RANS case sets (1.2, and 3) used in this segment. For RANS calculations, each case is 

designated by a number and a letter. The number corresponds to the type of Reynolds 

stress model being used while the letter designates the level of wall-normal resolution. 
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A case set is designated by a number only (no letter) and refers to all the cases of the 

same number. For example, case set 1 refers to cases la. lb. and Ic. For case sets 1, 

2. and 3, those cases designated "a" have the least wall-normal resolution while those 

cases denoted by "c" have the highest. All cases, regardless of letter designation, 

employ the exponential wall-normal grid stretching method given by equation (4.5). 

Though cases designated by "b" and "c" possess the same number of wail-normal 

grid points, "c" utilizes a stronger grid stretching factor to further increase resolution 

near the wall. In addition to model validation, the first segment of calculations also 

validates the overall numerical scheme. Recall that the vorticity transport equations 

are advanced in time by a fourth-order accurate explicit integration method. The k-6 

transport equations used for the two-equation Reynolds stress models (cases 2 and 

3) are advanced using a first-order implicit method. It is vital to the FSM that the 

coupling of these two integration schemes produces accurate steady RANS results. 

Without an accurate solution, the methodology is not consistent in the limit of R.\NS. 

The second segment of the RANS reference calculations (presented in section 5.1.2) 

validates the Alternating Direction Implicit scheme for the two-equation models and 

the polynomial grid stretching [equation (4.6)] that are used in section 6 for the time 

dependent, spatially varying FSM calculations. The test cases of the second segment 

(cases 4a and 4b) are listed at the bottom of table A.l. The ADI method utilizes the 

full form of the Algebraic Stress Model [refer to equation (3.18)] as opposed to only the 

leading term used for RANS case set 3 and includes the normal stress components i?u 

and R22- The polynomial grid stretching of case 4b allows for a greater clustering of 

grid points near the wall region where they are needed. Grid points are consequently 

reduced in the outer region of the boundary layer where mean flow gradients are less 

severe. Results of cases 4a and 4b are compared with the most highly resolved results 

of case sets 1. 2, and 3. In addition, when possible, results are also compared with 

external sources such as Murlis et al. (1982) and Spalart (1988) among others. 

Examination of the CFL (Courant, Friedrichs, and Lewy) number needed for 
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each case demonstrates a limitation of the explicit integration scheme used for the 

time averaged vorticity-transport equations. High wall-normal resolution requires 

a small time step that decreases quadratically with increasing resolution in order to 

overcome the viscous instability limit [Meitz (1996)]. A series of test calculations were 

conducted for all cases to determine the largest time step for maintaining numerical 

stability. 

Wilcox (1993) states that typical two-equation RANS turbulence models require 

that the viscous sublayer must be adequately resolved in order to produce accurate 

results. This generally equates to approximately 7 to 10 grid points within = 10. 

For DXS. Spalart (1988) reports similar requirements with a total of 80 grid points 

spread non-uniformly in the wall-normal direction. The distribution appears to be 

only slightly different for traditional LES as Moin k Kim (1982) report the need to 

resolve the flow within = b and employ a total of 63 wall-normal points spread 

across half of the height of their channel. For DNS, the strong grid stretching needed 

to cluster points near the wall while using relatively few total wall-normal points 

ensures that the outer region of the boundary layer will be more coarsely resolved 

than the inner region. Since the bulk of turbulent production occurs near the wall 

[Townsend (1961)], it is most important to adequately resolve the inner portion of 

the boundary layer. A relatively coarse outer region is of little consequence to LES 

and the FSM since these methods are theoretically suited for flow regions that are 

isotropic and homogeneous. Therefore, a simple conclusion from these comparisons is 

that a wall-normal resolution suitable for RANS is most likely suitable to DNS, LES. 

and the FSM. Judgment must be used, however, since RANS defined wall-normal 

grid spacing should not be applied without proper investigation. 

RANS calculations were conducted on a Silicon Graphics, Origin 2000 supercom

puter using one processor. Convergence to a steady state solution was achieved within 

20000 explicit time steps which were completed in roughly 8 hours of computational 

time. The criterion for convergence was to allow no more than a 1.0 x 10"^ variation 
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in the spanwise vorticity along the wall at the streamwise mid-point of the flow after 

1000 steps. Flow profiles were then obtained from the final computed time step. 

5.1.1 Model Validation and Resolution Study 

5.1.1.1 Mean Streamwise Flow Development 

The skin-friction coefficients for FL\NS case sets 1, 2. and 3 versus local Reynolds 

number are presented in figures 5.1 through 5.3. Results for the Baldwin-Lomax 

model (figure 5.1) demonstrate how the turbulent stress is ramped-in spatially to 

model the process of laminar to turbulent transition. The Reynolds stress is set to 

zero for the first 60 streamwise grid points and then increased, by means of a spatial 

ramping function, over the following 40 points to a value of 1. Beyond that point, the 

full value of the Reynolds stress is used throughout the remainder of the computa

tional domain. After transition, cases lb and Ic are closer to the turbulent reference 

line than the lesser resolved case la though all cases fall below the expected value for 

Cf. The magnitude of Cf for case la suggests that greater wall-normal resolution on 

the order of case lb is required for the Baldwin-Lomax model. Skin-friction values 

obtained for the two-equation models (RANS case sets 2 and 3) are provided in figures 

5.2 and 5.3. The initial over-shoot in Cf occurring at the most upstream location is 

caused by an adjustment of the flow field to the inflow boundary layer profile obtained 

from the Baldwin-Lomax calculations. Case sets 2 and 3. regardless of wall-normal 

resolution, have greater Cf than any of the Baldwin-Lomax calculations. Further

more. the two-equation models show better agreement with the turbulence reference 

line cis streamwise distance increases. This is to be expected as two-equation mod

els are better able to adjust to localized and streamwise development than algebraic 

models. As for wall-normal resolution, no clear convergence can be established for 

either of the two-equation models from comparisons of C/ data. 

Streamwise development of the turbulent boundary layer is characterized by com
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parison of boundary layer momentum thickness versus local Reynolds number (figures 

5.4 through 5.6). In each figure, solid thick lines are used to represent laminar and 

turbulent development, respectively, as predicted by theory. For the turbulent refer

ence line, the streamwise location must be shifted to account for the initial laminar 

development of the boundary layer. The Baldvvin-Lomax model (figure 5.4) and 

the standard K — e model (figure 5.5) do not strongly match the streamwise growth 

predicted by the reference curve. This is particularly true for Ccise la. again indicat

ing a need for increased wall-normal resolution for the Baldwin-Lomax model. The 

best agreement with the reference curve is achieved by the .A.SM (figure 5.6) where 

streamwise development of momentum thickness appears to be virtually independent 

of wall-normal resolution. 

5.1.1.2 Mean Flow Profiles 

.Mean velocity profiles normalized by wall shear velocity at a streamwise location of 

Reg = 2100 for RAN'S case sets 1. 2. and 3 are given in figures 5.7 through 5.9. 

.\ote that for variables expressed in dimensionl form, the wall shear velocity and the 

near-wall scaling are given respectively b\'. 

For the Baldwin-Lomax model (figure 5.7), the more highly resolved cases lb and Ic 

show good agreement with the log-law line and demonstrate reasonable wake region 

behavior. This is to be expected for algebraic models as they rely on an ideal normal

ized turbulent velocity profile to determine the eddy-viscosity. The low skin-friction 

of case la is responsible for its normalized velocity curve being slightly greater than 

the log-law line. The profiles of the standard k — e (figure 5.8) and the ASM (figure 

5.9) are also affected by skin-friction but in an opposite sense of case la. The slight 

(5.1) 

yur 
(5.2) y  
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under-prediction of the velocity profiles for the two-equation models is in part due to 

high skin-friction values relative to the reference Cj (figures 5.2 and 5.3). Despite the 

under-prediction, the two-equation models yield profiles that match the slope of the 

log-law line and have proper wake region behavior. Note that results for RANS cases 

4a and 4b will show that the log-law agreement is improved by using an Alternating 

Direction Implicit (ADI) scheme rather than the parabolic solution method of case 

sets 2 and 3. 

5.1.1.3 Turbulence Statistics 

In figure 5.10. Reynolds stress profiles are plotted versus near-wall coordinates at 

the streamwise location of Reg % 2100. Though the shapes of the R\2 profiles are 

reasonably similar, differences exist between the models and for different levels of 

wall-normal resolution. The standard K — e model has the greatest amplitude and 

is the most full both near the wall and near the edge of the boundary- layer. In 

contrast, the Baldwin-Lomax model has the lowest amplitude, is the least full, and 

has a peak R12 magnitude farther from the wall than the other models. The lower 

overall amplitudes of the Rn profiles for cases la, lb, and Ic are responsible for 

the Baldwin-Lomax model having the lowest skin-friction coefficient (see figures 5.1 

through 5.3) of the Reynolds stress models tested thus far. As for the effects of wall-

normal resolution, the standard /c — e model shows the greatest dependence, with no 

noticeable convergence for increasing resolution. Conversely, the ASM. as has been 

the case thus far. shows strong convergence, particularly between cases 3b and 3c. 

These trends in R12 can be better understood by examining the corresponding profiles 

of eddy-viscosity Ut. 
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5.1.1.4 Turbulence Model Quantities 

Profiles of eddy-viscosity plotted versus near-wall coordinates for RANS case sets 1, 

2. and 3 at Reg % 2100 are given in figure 5.11. Note that the Algebraic Stress 

Model does not possess an eddy-viscosity term. Instead, for case set 3. figure 5.11 

shows profiles of "effective eddy-viscosity." an equivalent to Ut, that by comparison 

of equation (3.17) with equation (3.18) can be written as. 

2/(r/,0Q!i Y • (^-3) 

Baldwin-Lomax cases possess the lowest eddy-viscosity peak magnitude, which in 

turn, results in the lowest Reynolds stress (see figure 5.10). The peak magnitude is 

limited by the wall-normal location where inner-layer and outer-layer eddy-viscosities 

are equal, a fundamental characteristic of the Baldwin-Lomax model. The standard 

two-equation model has the largest eddy-viscosity and the fullest eddy-viscosity pro

file. The larger eddy-viscosity, caused by relatively large peak values of « (see figure 

5.12). is responsible for case set 2 having the largest Reynolds stresses. Convergence 

of eddy-viscosity profiles for different levels of wall-normal resolution occurs only for 

.•\SM results. One possible reason could be that the term (present only in the 

.•\SM) is somehow able to control turbulent stresses near the wall in a way that is 

independent of spatial resolution. 

Turbulent kinetic energy and dissipation rate profiles are shown in figures 5.12 and 

5.13. For K (figure 5.12), the standard model shows the greater amplitude and fuller 

profile for all resolution levels relative to the ASM. In addition, the standard model 

possesses a different profile shape with peak location at roughly = 20 compared 

to the ASM peak value at = 80. As for the dissipation rate e (figure 5.13), the 

greatest variation between cases occurs near the wall. This is due to the fact that the 

boundary condition de/dy = 0 is an approximation of the true boundary' condition 

and is chosen in order to improve numerical stability (refer to section 4.2.4 for a 

detailed discussion). 
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5.1.2 ADI Validation 

5.1.2.1 Mean Streamwise Flow Development 

\'ariation of the skin-friction coefficient with streamwise distance for the RANS cases 

of greatest wall-normal resolution (cases Ic. 2c. 3c. 4a. and 4b) is shown in figure 5.14. 

.-Mso provided are the results from the Sarkar k So (1997) survey on the performance 

of various two-equation Reynolds stress turbulence models for a flat plate boundary 

layer at zero incidence. The Sarker and So data is provided not only for validation 

purposes but also to demonstrate the strong variation in estimated Cf that occurs for 

various turbulence models. The Launder/Sharma (LS) model and the Myong/Kasagi 

(MK) model, for instance, show a total difference in estimated C/ of roughly 24%. The 

surprising behavior of these two models is that, despite the large difference in skin-

friction coefficient, each is capable of producing reasonable turbulent velocity profiles 

and turbulence statistics. In fact, to varying degrees, the same can be said for all of 

the turbulence models studied by Sarker and So. Therefore, accurate prediction of 

mean flow profiles and turbulence statistics does not guarantee an accurate estimate 

of the skin-friction coefficient. Instead, Cf must be considered separately. Similar to 

the results of Sarker and So, the current results show some variation in Cf though to 

a smaller extent. RANS case 2c over-predicts the theoretical Cf but is still within the 

range of Sarker and So results. Cases Ic, 3c, 4a, and 4b are in much better agreement 

with theory and lie within the range of the bulk of reference data. 

The variations of the momentum thickness and the boundary layer shape factor 

with streamwise distance for R.A.NS cases Ic. 2c, 3c. 4a. and 4b are given in figures 

5.15 and 5.16 respectively. Note again that the turbulence reference curves for the 

momentum thickness are shifted to account for the initial laminar development of the 

boundary layer. Shape factor reference curves do not require shifting. The reference 

point of the shift for the momentum thickness is defined to occur at Reg = 1000 

for RANS case 3c. That curve is subsequently applied as the reference for all other 
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results (figures 5.14 and 5.15), giving case 3c the greatest comparative advantage. In 

terms of Rbq and H\2- results show good agreement with theory and with the results 

of Purtell k KlebanofF (1981). Despite its comparative advantage, the Ree result of 

case 3c is only as accurate as the less resolved case 4b; each of these cases has a 

slope slightly greater than predicted by theory. The Reg profile of case 4a is the most 

accurate of any of the two-equation models (cases 2c. 3c, 4a, and 4b). Those results 

combined with the certainly reasonable results of case 4b show that the ADI method 

yields a streamwise development that is at least as accurate if not more accurate than 

the parabolic methods. 

5.1.2.2 Mean Flow Profiles 

Profiles of mean streamwise velocity normalized by wall shear velocity and plotted in 

near-wall coordinates are given in figure 5.17 for RANS cases Ic. 2c. 3c. 4a. and 4b. 

Results from figures 5.7 through 5.9 (presented in section 5.1.1.2) show that increasing 

the near-wall resolution improves agreement with the log-law line. Figure 5.17 shows 

that results can be improved even further by using the ADI scheme and the full ASM 

of cases 4a and 4b. RANS case 4a is conducted on an identical grid to case 3c. 

Each is highly resolved near the wall, but case 4a is in better agreement with theory 

and with the results of Murlis et al. (1982) and Spalart (1988). The improvements 

achieved using the ADI scheme and the full ASM are further exemplified by case 4b 

which performs as well as case 3c despite despite case 4b having fewer wall-normal 

grid points. 

5.1.2.3 Turbulence Statistics 

Consider the near-wall behavior for the Reynolds Stresses and the total turbulence 

production shown in figures 5.18 and 5.19 respectively for the RANS cases Ic, 2c, 3c, 

4a. and 4b. The RANS cases based on the ADI integration scheme (cases 4a and 4b) 
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agree well with the reference data of Spalart (1988) as do cases Ic, 2c, and 3c. In fact, 

all cases show at least a reasonable match in terms of amplitude and peak location. 

Of all the test cases, the Baldwin-Lomax model (case Ic) most strongly resembles the 

reference data. Again, this is not surprising considering that the eddy-viscosity of 

the Baldwin-Lomax model is based on the assumption of an ideal turbulent velocity 

profile. The inner length-scale of the eddy-viscosity is derived from a log-layer [refer to 

equation (3.2)] distribution through y' % 100 which extends far beyond the critical 

near-wall portions of the Reynolds stress and the turbulence production of figures 

5.18 and 5.19. The two-equation models do not share in this advantage because, 

for these methods, the turbulent length-scale is derived from the solution of a set of 

transport equations rather than being specified for the type of flow as the length-

scale is for algebraic models. While potentially less accurate for the zero-pressure 

gradient boundary layer, the use of transport equations for the length-scale makes 

two-equation models applicable to a far wider range of flows. 

The use of transport equations for the determination of the turbulent dissipation 

rate provides a valuable method for model validation. In the current simulations of an 

equilibrium turbulent boundary layer, the production to dissipation ratio should be 

equal to one in regions not dominated by either the wall or the edge of the wake layer. 

The ability of any given turbulence model to reproduce values near unity is therefore 

an estimation of model accuracy for equilibrium type flows. Figure 5.20 gives profiles 

for the ratio of turbulence production to turbulent dissipation for RANS cases 2c. 

3c. 4a. and 4b plotted versus near-wall coordinates. The dissipation is obtained from 

the dissipation rate e, derived from the solution of the turbulent transport equations 

for the two-equation model cases. Note that the Baldwin-Lomax model is omitted 

from this analysis because it does not contain an estimate for the dissipation. Rather, 

as an algebraic eddy-viscosity model, its production to dissipation ratio is unity by 

definition. 

At each of the streamwise locations {Reg = 1410 and 1900), P/e is constant and 
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nearly equal to unity in the middle portion of the boundary layer for all ASM cases 

(3c. 4a. and 4b). The ASM. used in its equilibrium form as it is here, models the 

equilibrium state of the boundary layer very accurately. The slight deviation above 

one is most likely due to the host of assumptions associated with the derivation of the 

dissipation rate transport equation. The integration method (parabolic versus ADI) 

can be discounted as a possible source since cases 3c and 4a produce virtually identical 

results. The production to dissipation ratio for case 2c (standard two-equation model) 

is relatively close to one but is not constant across the middle of the boundary layer. 

Near the wall, production exceeds dissipation by over 20% while near y"*" ss 100, P/e 

dips below equilibrium as if to account for the excessive production near the wall. 

While this may in fact be a better representation of the actual physical interchange 

between production and dissipation across a boundary layer profile, the results are 

unexpected for an equilibrium eddy-viscosity model. 

.A.lgebraic Stress Model performance for cases 4a and 4b is also measured by exam

ination of the shear-stress correlation coefficient shown at two streamwise locations in 

figure 5.21 plotted versus y/5. Murlis et al. (1982) describes the correlation coefficient 

given by. 

(5.4) 
(u'u'  v 'v ' )  

as an approximation for the efficiency of turbulent mixing. In terms of turbulence 

model stress components, equation 5.4 is equivalent to. 

For each streamwise location shown in figure 5.21. profiles for the correlation coeffi

cient are only slightly lower than the corresponding profiles of Murlis. Such agreement 

is possible only if the individual Reynolds stress components comprising equation 5.5 

are modeled accurately and, thereby, demonstrates the capabilities of the ASM. Note 
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that the other test cases are excluded because the parabolic integration method does 

not require the computation of the normal stresses. 

5.1.2.4 Turbulence Model Quantities 

Turbulence model quantities for the RANS cases employing ADI are characterized in 

figure 5.22. Profiles for the turbulent kinetic energy k and the dissipation rate e are 

plotted versus near-wall coordinates for R.A.NS cases 2c, 3c. 4a, and 4b along with 

reference profiles from Karlsson k Johansson (1988) and Zhang et al. (20006). In 

terms of the performance of cases 4a and 4b. results are nearly identical to those of 

case 3c (employing a parabolic integration scheme and the ASM). The only exception 

occurs near the wall for f where the ADI cases tend toward zero. Unfortunately, this 

behavior is non-physical and is caused by a combination of the boundary condition 

(df /dy = 0) and the integration method. Sarkar k So (1997) correctly point out that 

the proper behavior for e is for it to approach a constant, non-zero value at the wall 

(similar to the Karlsson results). 

5.1.3 Summary of RANS Results 

Results of this section validate the Reynolds-Averaged Navier-Stokes turbulent stress 

models defined in section 3.1. For sufficient wall-normal resolution, each model is 

able to accurately reproduce mean turbulent boundary layer development, mean ve

locity profiles, and turbulent statistics. In addition, the success of these models 

also validates the numerical methods used in the solution of the governing equations 

given in section 4. The results demonstrate that it is possible and in some ways 

advantageous to couple the fourth-order accurate, explicit integration method of the 

vorticity-transport equations with the first-order implicit parabolic (RANS cases sets 

1. 2. and 3) or the second-order ADI (RANS case set 4) methods of the turbulent 

transport equations. 
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The resolution study conducted for all R.\NS cases shows that results generally 

improve as the wall-normal resolution is increased. Beyond a certain resolution, 

however, the Baldwin-Lomax model (case set 1) and the .\SM (case sets 3 and 4) 

results converge. That is to say, results for these models are independent of infinitely 

increasing resolution. 

The .A.DI scheme used for case set 4 improves upon the results of the parabolic 

methods. Cases 4a and 4b show better agreement with theory and with the references 

for mean flow evolution and streamwise velocity profiles than cases Ic. 2c, and 3c. 

Only for the near-wall behavior of e are cases 2c and 3c notably more accurate than 

cases 4a and 4b. However, the inability of cases 4a and 4b to correctly reproduce c near 

the wall does not appear to have an impact on the mean flow results or on the other 

turbulent statistics. Therefore, the discrepancy in e between the cases employing a 

parabolic scheme (cases 2c and 3c) and the cases employing an ADI scheme (cases 

4a and 4b) is relevant only to e for y* < 10 but can be largely discounted for other 

flow field quantities. .A.side from the near-wall behavior of e. the .-XDI scheme of case 

set 4 performs either as well or better than the parabolic scheme of czise sets 2 and 

3. even for reduced wall-normal resolution (case 4b). Because the performance can 

be maintained with less resolution, the ADI procedure is chosen as the integration 

scheme for the K-e equations of the FSM. 

The time dependent, spatially varying simulations presented in the following sec

tions make use of the RANS wall-normal resolution results. RANS case 4b is able to 

accurately predict the turbulent flow despite having half the number of grid points 

of Ccises with similar accuracy. Since RANS calculations, direct numerical simula

tions. and large-eddy simulations share similar near-wall resolution requirements, the 

wall-normal resolution of case 4b is a reasonable choice for the DNS. LES, and FSM 

calculations to be presented later. 
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5.2 Traditional Large-Eddy Simulation 

Large-eddy simulations (refer to table .\.2) are conducted for the test case of a transi

tional and turbulent flat plate boundary layer at low to moderate Reynolds number. 

The two calculations employ the traditional Smagorinsky subgrid-scale model pre

sented in section 3.2. Its widespread use in research and its recent extensions in 

DSGS and LNS make the Smagorinsky model an obvious reference for comparison 

with the Flow Simulation .VIethodology. The purpose of this section is to verify the ac

curate implementation of the Smagorinsky model and to validate the numerical code 

for SGS calculations. Results are compared with both experimental and numerical 

sources. 

The physical geometry and the spatial resolution for LES cases 1 and 2 are chosen 

to exactly match subsequent FSM calculations presented in sections 6.1. 6.2. and 6.3. 

This matching is critical to the evaluation of the FSM and the .\SM based SGS stress 

model. By utilizing identical geometry, numerical resolution, and core Navier-Stokes 

code, differences in mean flow parameters and turbulent statistics can by attributed 

directly to the particular SGS turbulence model. 

The computational domain is based on a spatial simulation model and is given in 

figure 4.1. .A. steady, laminar boundary layer based on the Blasius similarity solution 

enters the computational domain from the left. At a distance far enough downstream 

to avoid excessive interaction with the inflow boundary, a set of high amplitude peri

odic disturbances (refer to table A.2 for details) are input via a blowing and suction 

slot located in the wall. These disturbances act to rapidly transition the laminar 

boundary layer to turbulence by means of a bypass mechanism. Shortly downstream 

of the transition region, a spatial ramping function based on equation (3.25) switches 

on the turbulence model over the streamwise extent from x = 0.4 m to x = 0.5 m. 

Beyond x = 0.5 m, the boundary layer develops with turbulence model effects in

cluded. 
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Each LES calculation was conducted on a Silicon Graphics Origin 2000 supercom

puter with 12 RlOOOO processors and 2GB of available RAM. LES case 1 required 

approximately 400 MB of runtime memory and 200 hours of computation time as

suming parallel execution on two processors. The reduced spatial resolution of case 

2 relative to case 1 demanded only 160 MB of runtime memory and 80 hours of com

putation time based on two processors. Statistical data sampling was not initiated 

until after enough time had elapsed to avoid the inclusion of start-up effects. Once 

a statistically steady state was achieved, data was gathered over the duration of ap

proximately 50 boundar>' layer thickness convection times. Similar sampling times 

are utilized for all LES. DNS. and FSM calculations. Therefore, refer to section 6.1 

for a more detailed description of data sampling. 

Note that all wall-normal profiles presented in this section and in subsequent 

sections for DNS and the FSM correspond to a streamwise location of Re^ 2= 1400 

unless otherwise stated. This location is approximately 20 boundary layer thicknesses 

downstream of the streamwise region where the turbulence models take full effect. 

Because of the downstream distance, the results should contain only a small amount 

of contamination from the turbulence model ramping and transition process. A wealth 

of references in the literature for boundary layer results at this streamwise location 

makes it an ideal choice for comparison of LES, DNS, and FSM data. 

5.2.1 Mean Streamwise Flow Development 

Streamwise development of the turbulent boundary layer is shown in figures 5.23 

through 5.25 for LES cases 1 and 2. For the turbulent reference line, the stream-

wise location must be shifted to account for the initial laminar development of the 

boundary layer. LES cases demonstrate good agreement with theory for the skin-

friction coefficient and the momentum thickness. The over-shoot observed in C/ at 

the laminar to turbulent transition location is a physical effect caused by the bypass 
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transition. A similar result has been found in the by-pass transition experiments of 

Suder et al. (1988). The boundary layer in each simulation grows in the predicted 

manner without much noticeable dependence on the different resolutions which de

fine the two cases. In figure 5.25, the boundary layer shape factors of LES cases 1 

and 2 under-predict those of the reference data given by Purtell k. Klebanoff (1981) 

while over-predicting the theoretical value for the turbulent reference curve. Similar 

behavior also occurs for DNS (presented in section 5.3) and FSM results (presented 

in section 6.1) and should not be viewed as an effect of the Smagorinsky subgrid-scale 

model. 

5.2.2 Mean Flow Profiles 

.Mean streamwise velocity profiles for the LES cases along with reference data from 

Spalart (1988) and Murlis et al. (1982) are given in figures 5.26 and 5.27. For figure 

5.26. the mean streamwise velocity is normalized by wall shear velocity Ut and plotted 

versus near-wall coordinates. Cases 1 and 2 match the log-law and the reference data 

in the log region. Each case, however, fails to predict the wake region, retaining a log-

law behavior to the edge of the boundary layer. Poor wake region performance is also 

clearly visible in the velocity defect profiles plotted versus y/5 in figure 5.27. Inside 

of u/6 ss 0.6. cases 1 and 2 strongly under-predict the reference data, giving profiles 

that appear too "full" away from the wall. The Smagorinsky model is responsible for 

some of the distortion in the mean boundary layer profile. 

5.2.3 Turbulence Statistics 

Profiles of the total Reynolds shear stress (resolved-scale + subgrid-scale), u'v', and 

the subgrid-scale stress component ri2 are given in figure 5.28 along with data from 

the direct numerical simulations of Spalart (1988) and Rai ic Moin (1991). The 

stresses are normalized by the square of the wall shear velocity and plotted versus 
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near-wall coordinates. The total Reynolds stress of case 2 matches the wall-normal 

peak location of the references and shows reasonable peak magnitude. Case 1, despite 

its greater spatial resolution performs less well though it is possible that the difference 

between the two cases is statistically insignificant. The peak location for case 1 is 

shifted somewhat farther from the wall relative to the other profiles and its magnitude 

is larger than expected. 

In comparison with their respective total turbulent Reynolds stresses, profiles of 

the mean subgrid-scale stresses of LES cases 1 and 2. given figure 5.28, are of signifi

cantly smaller magnitude. This is a common characteristic of traditional LES models 

where the role of the model is believed to be only to drain energj' from the small

est scales. In section 6.1, a detailed examination of turbulence model contribution is 

made for these LES cases and for the forthcoming FSM results. There it is shown that 

the SGS stresses predicted by the Smagorinsky model for LES cases 1 and 2 are of 

insufficient magnitude to constitute any significant contribution to the resolved-scales 

away from the wall. 

The contribution of a turbulence model to the resolved-scale motion is best un

derstood when taken in context with the individual components of the total stress. 

The total stress, shown in figure 5.29, is the sum of viscous, resolved-scale Reynolds, 

and SGS stresses and is defined as. 

2 _ 
T = — ~ S \ 2  +  u ' v '+ T \ 2  .  (5.6) 

Re 

The magnitude of r is expected to remain near unity from the wall to y'^ as 100. 

Though not exact, cases 1 and 2 satisfy this requirement and show reasonable profiles 

for the total stress. However, the rise of case 2 above unity is an indication of an 

imbalance between resolved-scale and subgrid-scale stress components that could be 

improved if the model contribution were reduced. Smagorinsky subgrid-scale stresses 

show peak values in the near-wall region of the boundary layer and decay Eisymptot-

ically to zero as wall-normal distance increases. The stress component of case 2 is 
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greater than case 1, reflecting the dependence of the turbulent length-scale on the 

spatial resolution as defined in equation (3.23). Across the boundary layer. SGS com

ponents are notably less than their viscous stress counterparts, generally by a factor 

of at least 2 or greater. For y'^ < 10, viscous dissipation dominates turbulent energy 

transfer and production. For the region of the boundarj^ layer where the resolved-

scale stress matches or exceeds the viscous stress component {?/"•" > 10). turbulent 

production and turbulent energy transfer between scales dominate viscous dissipation. 

Therefore, it is in this region where the SGS contribution is expected to be equal to 

or greater than the viscous contribution. Cases 1 and 2 fail to meet this expectation, 

once again demonstrating that for this particular flow, the subgrid-scale stresses of 

the Smagorinsky model are so small that they are nearly insignificant. This point is 

shown with even more clarity in section 6.1. 

Profiles for the total turbulent energy production and the corresponding subgrid-

scale contributions are plotted in figure 5.30 with the DNS results of Spalart (1988). 

Peak total production values of LES cases 1 and 2 match the wall-normal location of 

Spalart almost exactly. Case 2 also matches the peak magnitude and closely follows 

the Spalart profile, .\gain. case 1 is outperformed by case 2 despite case 1 having the 

better spatial resolution. Though its profile shape is reasonable, the peak production 

magnitude of case 1 fails to match that of Spalart. The lower peak turbulence pro

duction of case 1 relative to case 2 is the result of case 1 possessing greater spatial 

resolution (smaller A) and, consequently, having a smaller SGS contribution from 

the C5A term of the Smagorinsky model. Whereas the model contribution for the 

total stress is shown to be negligible away from the wall, the near-wall subgrid-scale 

production component plays at least a minor role in the total energv- production. For 

example, cases 1 and 2 account for approximately 4% and 10% of the total produc

tion respectively. Without these contributions, peak production magnitudes would 

be slightly less than the peak production measured by Spalart. 
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5.2.4 Summary of LES Results 

The results of LES cases 1 and 2 validate the implementation of the Smagorinsky 

subgrid-scale model. Both cases are able to accurately predict mean flow develop

ment and some turbulence statistics such as the Reynolds stress and the total stress. 

Furthermore, cases 1 and 2 give nearly identical results despite the difference in their 

streamwise and spanwise spatial resolutions with the only notable exception being the 

total turbulence production shown in figure 5.30. Aside from the turbulence produc

tion. this behavior is in agreement with the LES of Moin Sz Kim (1982) where results 

where also largely independent of spatial resolution despite the factor of nearly three 

variation in streamwise and spanwise step size. 

The mean flow velocity profiles capture the log-layer but fail to give proper de

fect layer behavior. The contribution of the turbulence model in both cases is sus

pected to be too low away from the wall to make any meaningful contribution to the 

resolved-scales though its near-wall contribution does play a small role in total energy 

production. These issues make the LES results highly valuable in the forthcoming 

analysis and validation of the Flow Simulation Methodology. 

5.3 Coarse Grid Direct Numerical Simulation 

Direct Numerical Simulations are conducted for the same spatially developing tran

sitional and turbulent boundary layer as for the large-eddy simulations presented in 

section 5.2. The primary difference between the two cases (refer to table A.2) is 

the choice of spanwise Fourier decomposition. DNS case 1 is conducted using the 

non-symmetric form of the Fourier transforms defined in equations (2.9) and (2.10) 

while case 2 employs the symmetric form. The obvious advantage of the symmetric 

method is the corresponding reduction in the total required memory associated with 

reducing the total number of spanwise Fourier coefficients from 2K -t- 1 to K + 1 

terms. The preceding large-eddy simulations and the forthcoming FSM calculations 
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would be substantially limited in terms of their number and resolution by available 

computational resources if the symmetric method were not utilized. Unfortunately, 

like most approximations, the symmetric method does have some detrimental effects 

on the numerical solution. Sandberg (1999) was able to use symmetric spanwise 

Fourier transforms to obtain reasonably accurate results for the temporal simulation 

of a turbulent boundary layer. However, that study did not investigate the potential 

adverse effects of using symmetric transforms on the numerical solution or the po

tential improvements that could be obtained if non-symmetric transforms were used. 

Presently, a goal of the DNS calculations outlined here is to identify and quantify 

the effects of using symmetric versus non-symmetric transforms in mean flow profiles 

and turbulence statistics by comparing the results of DNS cases 1 and 2. Analysis of 

later FSM calculations, which also includes a single non-symmetric case presented in 

section 6.4. benefits from this comparison by being better able to isolate the effects 

of the transform method from the effects Eissociated with the turbulence model. 

DNS results are also used as reference data for comparison with LES and FSM 

calculations. The direct simulations are devoid of turbulence modeling. Therefore, by 

comparing results of these calculations with those of LES and the FSM, the effects of 

the various turbulence models can be isolated from the common numerical methods 

and better evaluated. In addition, the DNS results provide estimates of subgrid-scale 

quantities a-priori bzised on their respective definitions. For example, the subgrid-

scale stress component ri2 can be evaluated from equation (2.29) by the explicit 

application of a spatial filtering operator. The filter in turn defines the effective 

spatial resolution which, for the filtered results of DNS case 1, corresponds with a 

spatial resolution similar to LES case 2 and FSMg case 3 (presented in section 6.2). 

The filtered DNS results are then compared with LES and FSM data to obtain a 

basic understanding of how modeled quantities relate to their actual definitions. 

Relative to the LES calculations, each of the DNS cases employs a more refined 

spatial resolution in the streamwise and spanwise directions. In terms of wall units. 
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streamwise and spanwise discretizations are given by = 34 and Az"*" = 17 re

spectively. This results in a minimal flow unit (refer to section 6.1 for a detailed 

discussion) that is resolved by approximately 15 streamwise and 7 spanwise grid 

points. Though coarse, this resolution should adequately capture the characteristic 

high and low speed streaks. DNS. by definition, demands that the entire flow field 

must be spatially and temporally resolved. This includes resolution of the viscous 

region (the highest wavenumber portion) of Kolmogorov's Universal Subrange of tur

bulence. However, the computational demands associated with the Reynolds numbers 

of the chosen flow geometry are beyond the range of all but the most powerful super-

computing facilities available today. Therefore, results from these DNS calculations 

do not define the ideal numerical solution because the calculations are under-resolved 

spatially. Instead, they are used to investigate numerical effects and to provide esti

mates of subgrid-scale quantities. Despite the coarse resolution, cases 1 and 2 are still 

reasonably well resolved in comparison to other notable direct numerical simulations. 

For instance, the spatial resolution of DNS cases 1 and 2 is only slightly less than 

that used for the calculations by Rai i.: Moin (1991) and possess approximately half 

the streamwise and spanwise resolution of the notably well resolved DNS of Spalart 

(1988). 

The DNS calculations impose such large computational demands that they could 

not be computed on the system that was used for most of the RANS. LES, and 

FSM cases. As such. DNS cases 1 and 2 were conducted using the University of 

.•\rizona super-computing facility Origin 2000 composed of 32 R12000 processors. 

The largest of the calculations (DNS case 1) required 1.2 GB of run time memory 

and approximately 480 hours of computation time using 1 processor. Substantial 

time savings could have been achieved if the system allowed for parallel processing 

(multiple processors) of large calculations. Data sampling was conducted over a time 

duration similar to that used for the LES calculations. 
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5.3.1 Mean Streamwise Flow Development 

Figures 5.31 through 5.33 show the mean streamwise flow development for DNS cases 

1 and 2 in terms of the skin-friction coefficient, momentum thickness, and boundary 

layer shape factor. Curves from laminar and turbulence theory are provided as ref

erences. Just as with the LES calculations, turbulence reference curves are shifted 

downstream to account for the initial laminar development of the boundary layer. 

DXS case 1 data at Reg = 1000 serves as the reference point for the establishment of 

momentum thickness and skin-friction reference curves. 

DNS cases 1 and 2 show good agreement with theory for skin-friction coefficient 

and momentum thickness based on Reynolds number. Streamwise development and 

magnitude are properly predicted. In addition, correspondence of C/ with the results 

of Murlis et al. (1982) and Spalart (1988) is also reasonable. Comparison of case 

1 with case 2 shows that the effect of symmetric transforms appears to be a slight 

increase in the magnitudes of C/ and Reg. 

For the shape factor, case 1 more accurately predicts the results from both Spalart 

(1988) and Purtell k Klebanoff (1981). The results also more closely follow the RANS 

data discussed in section 5.1.2 for figure 5.16. Results for case 2. on the other hand, 

closely resemble the results of LES cases 1 and 2 shown in figure 5.25. The discrepancy 

between DNS czises 1 and 2 can be attributed to the differences in their respective 

spanwise decompositions. The common results of DNS case 2 and LES cases 1 and 2 

are due to the fact that each case utilizes symmetric transforms. RANS calculations 

are devoid of any type of Fourier transform and, as such, their agreement with DNS 

case 1 results is expected. 

5.3.2 Mean Flow Profiles 

Profiles of mean streamwise velocity are given in figures 5.34 and 5.35 at Reg % 1400. 

In figure 5.34, the streamwise velocity is normalized by the wall shear velocity and 
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plotted versus near-wall coordinates. DNS cases 1 and 2 slightly under-predict mean 

velocity magnitude in the log-law region of the boundary layer. In relation to other 

reference calculations, DNS profiles in the log-layer region show an under-prediction 

that is similar to the RANS profiles of figure 5.17 and are less accurate than the LES 

profiles given in figure 5.26. 

Performance in the wake region of the boundary layer, shown in figure 5.35, dif

fers dramatically between DNS cases 1 and 2. Case 1 strongly matches the reference 

experimental data of Murlis et al. (1982) while somewhat under-predicting the results 

of Spalart (1988). For case 2. wake region performance is poor. Though in reasonable 

agreement with the Spalart data from 0 < yjS < 0.2. the case 2 profile is too full in 

the outer region of the boundary layer. LES cases 1 and 2 (refer to figure 5.27) show 

somewhat similar behavior though to a substantially reduced degree. Since DNS case 

2 and LES cases 1 and 2 use the symmetric spanwise decomposition, it can be specu

lated that at least some portion of excessive profile fullness can be attributed to the 

use of symmetric Fourier transforms. However, the extent of the over-prediction for 

DXS case 2 appears to be unique unto itself. None of the other cases that utilize sym

metric transforms. FSM cases included, show such a large deviation. Furthermore, a 

comparison of FSM calculations employing non-symmetric and symmetric transforms 

conducted in section 6.4 (figure 6.81) shows a substantially smaller disparity in defect 

velocity profiles. 

5.3.3 Turbulence Statistics 

Reynolds stress and turbulent production profiles are given in figures 5.36 and 5.37 for 

DXS ceises 1 and 2. The Reynolds stresses of each case agree reasonably well with the 

direct numerical simulations of Spalart (1988) and Rai & Moin (1991) though some 

characteristics merit discussion. Case 1 is in agreement with the Reynolds stress pro

file shape of Spalart but has a relatively smaller peak amplitude. Case 2 possesses 
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a peak magnitude that occurs at a wall-normal distance that is slightly larger that 

of case 1 and the references. None of these minor characteristics can be definitively 

associated with the nature of the spanwise decomposition, however. In terms of the 

turbulence production, the most notable feature is the smaller peak magnitude of 

case 2 relative to case 1 and the Spalart data. This behavior also cannot by directly 

attributed to the type of Fourier transform. Other calculations employing symmet

ric transforms and the comparison calculations of symmetric versus non-symmetric 

transforms for FSM computations given in section 6.4 do not consistently demonstrate 

this behavior. 

The turbulence intensities for the streamwise. wall-normal, and spanwise velocity 

components are given in figures 5.38 through 5.40. The profiles, expressed in root-

mean square form, are normalized by Ur and plotted versus near-wall coordinates. In 

each figure, results for DNS cases 1 and 2 are in agreement with the reference data 

of Spalart (1988) and Purtell k Klebanofi" (1981). The only notable exception is a 

somewhat smaller peak magnitude in the predicted spanwise intensity for both DNS 

cases relative to the Spalart data. Agreement between case 1 and case 2 indicates 

that the turbulence intensities are not sensitive to the choice of symmetric versus 

non-symmetric spanwise Fourier decomposition. 

5.3.4 Spatially Averaged Quantities 

The contents of figure 5.41 represent an a-priori estimate of resolved and subgrid-

scale stresses. The estimate is considered a-priori because the profiles are computed 

in advance of a possible LES in order to determine the optimal turbulence model 

stress components. 

In this section, a modification is made to the notation presented in sections 2.1 

and 2.2 to allow for spatial and temporal averaging operations to be expressed in the 

same relations. The overbar denotes the operation of temporal averaging as given in 
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equation (2.42) while the prime denotes a fluctuation in time away from the mean. 

.A.ngle brackets (< >) represent the explicit application of spatial filtering which in 

general form is given in equation (2.24). 

The time averaged resolved-scale and subgrid-scale stresses are. 

For the computation of the stress components given in figure 5.41, a volume av

erage box filter. 

where Ax = dx. Ay = dy. and Ac = dz. is chosen. 

In figure 5.41. the total Reynolds stress of D.\S case 1 and the subgrid-scale 

stress ru of LES case 2 as computed from the Smagorinsky model are provided as 

references. LES case 2 is cho.sen for comparison because its spatial resolution most 

closely matches that of the DNS data after spatial filtering. 

The estimated resolved-scale Reynolds stress profile is computing from equation 

(5.7) using the spatial filtering operation given in equation (5.9). As expected, spatial 

filtering acts to remove a portion of the total resolvable motion and, as such, the peak 

estimated resolved-scale Reynolds stress is less than the total Reynolds stress. If the 

filter width in any direction (AxJ were increased, peak resolved-scale stress would 

decrease, reaching zero in the limit of infinite Ax,. 

The estimated SGS stress given in equation (5.8) is also computed using the 

spatial filter of equation (5.9). The magnitude of the estimated subgrid-scale stress 

is largest close to the wall (at y' ss 20). The near-wall region is known [Townsend 

(1961)] to be responsible for most of the production of turbulence in the boundary 

layer. Due to the immediate presence of the wall and EIS modeled in the Prandtl 

mixing length theory, the scales produced near the wall tend to be the smallest 

Resolved-Scale —> < u >'< v >'. 

Subgrid-Scale —> ti2 = < u v > — < u >< v > . 

(5.7) 

(5.8) 

f{T],(:,^,t)d^d(;dT] (5.9) 
•i-rAi ry-rAy pz-rSz 

Ji-Ax Jy-Ai/ Jz-Az 
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scales in the flow field. The near-wail peak location of the estimated SGS stress 

shows that, despite the increased spatial resolution near the wall, these structures are 

relatively less resolved and therefore require increased turbulence modeling compared 

to other regions of the boundary layer. The subgrid-scale stress profile computed 

from the Smagorinsky model in LES case 2 accurately shows a peak location near the 

wall but at a considerably lower magnitude than the estimated SGS stress. In this 

particular case, only by increasing Cs to 0.2 (one of the original estimates for C,) for 

LES case 2 could the discrepancy between modeled and estimated SGS stresses be 

overcome. As early cis the work of Deardorf (1970), however, it was known that C, 

values in the area of 0.2 cause excessive dissipation of resolved-scale motion near the 

wall. Therefore, simply increasing C, in the present calculations will not reduce the 

problems associated with the Smagorinsky model. 

Finally, a word of caution is necessary when utilizing the type of a-priori methods 

presented in this section. Piomelli (1994) and Jimenez k Moser (1998) indicate 

that estimates of resolved and subgrid-scale quantities derived from DNS data are 

sensitive to the choice of spatial filter. Other filtering schemes, for example, such as 

the spectral cut-ofF filter and the Gaussian filter can produce estimates for the SGS 

stresses that differ by as much as a factor of two or more. Jimenez and Moser go on to 

state that the results of a-priori tests are only weakly indicative of turbulence model 

performance. Therefore, the estimated resolved and subgrid-scale quantities shown 

here do not define optimal stress profiles against which all others are judged. Instead, 

they serve as qualitative indications of approximate turbulence model performance. 

5.3.5 Summary of DNS Results 

Comparison of DNS cases 1 and 2 show that adverse effects of using symmetric trans

forms for the spanwise decomposition of flow field variables are minor. Non-symmetric 

transforms yield slight improvements in shape factor, velocity defect profile, and 
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spanwise turbulence intensity. However, the substantially greater computational cost 

associated with non-symmetric methods does not justify the small improvement in 

accuracy. 

The estimated subgrid-scale stresses computed from DNS case 1 are substantially 

larger than the SGS stresses computed using the Smagorinsky model. Because a-

pnon results are highly sensitive to the choice of filter function, past large-eddy 

simulations and the profiles of figure 5.41 suggest that the estimated subgrid-scale 

stresses computed from DNS results are too large to be of practical use. 
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6. Results of FSM Calculations 

A series of calculations are conducted in order to validate the FSM for spatially devel

oping wall bounded flows. Simulations begin with a set of five calculations intended 

to establish a range of 3 values for Speziale's original contribution function [equa

tion (3.27)] which yield accurate results when compared with available numerical 

and experimental data. Four separate calculations are then conducted to determine 

the robustness of the FSM and the particular choice of contribution function for 

various levels of spatial resolution. Alternatives to Speziale's original contribution 

function are also considered. DNS results from section 5.3 are used in an a-priori 

manner to predict, by a dynamic procedure, an estimate for the form of /(A. L^). 

Two alternatives for the contribution function are derived from considerations of the 

DNS results and applied in respective FSM calculations. The effects of symmetric 

versus non-symmetric Fourier transforms on calculations involving the FSM are in

vestigated. Unlike the DNS reference calculations, these calculations identify how 

transform methods alter various turbulence model quantities and subsequently how 

these altered model quantities affect numerical results. In the last section, spectral 

analysis is performed for selected cases to study the role of model contribution in the 

resolved-scale turbulent energy spectrum. 

6.1 Fixed Resolution, Variable ^ Calculations 

The first step in the validation of the FSM with the contribution function according 

to equation (3.27) is the calibration of the 3 parameter. Five simulations (outlined 

in table A.3) with matching spatial resolution are conducted for a transitional and 

turbulent flat plate boundarv' layer at a global Reynolds number of 1.0 x 10®. The 

3 parameter in each calculation is successively doubled from one case to the next, 

beginning with 3 = 0.002 for FSM case 1 through d = 0.032 for FSM case 5. As 
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before, results from these simulations are compared with several external sources such 

as the experiments of Murlis et al. (1982) and Purtell k KlebanofF (1981) as well as 

with the simulations of Spalart (1988) and Rai k Moin (1991). Additionally, when 

appropriate for the validation of 3, FSM results are compared with results from the 

R.-\..\S. traditional LES. and DN'S reference calculations presented in section 5. .A.n 

acceptable value of 3 (or range of values) is that which compares most favorably with 

all available sources across the broadest range of turbulent statistics. 

The computational grid for FSM cases 1 through 5 has 751 x 80 x 15 points in 

streamwise. wall-normal, and spanwise directions respectively. Wall-normal resolu

tion is such that 7 points lie within = 10 and the first grid point apart from the 

wall is located at y'^ ^ 1.3. Wall-normal grid stretching is derived from the cubic 

polynomial given in equation (4.6) with coefficient 7^ = 0.041. .\pproximate stream-

wise and spanwise resolutions based on near-wall scalings are respectively Ax"^ = 46 

and Ar* = 23. .A. parametric study of the effects of grid resolution on turbulence 

modol performance is a fundamental part of the present work and is reserved for 

section 6.2. 

For FSM cases 1 through 5. the extent of the computational domain and the 

spatial resolution are designed to capture what Jimenez Moin (1991) describe as 

the "minimal flow unit.'" The minimal flow unit contains the small coherent struc

tures commonly referred to as the high and low speed streaks which are present near 

the surface. Their role in the production of near wall turbulence and the inability 

of the Smagorinsky model of traditional LES to account for anisotropy in the small 

scales indicate that more accurate solutions might be obtained for FSM calculations 

if these structures are spatially resolved. According to Jimenez & Moin (1991) and 

Jeong et al. (1997). the minimal flow unit has near-wall spatial dimensions of roughly 

Aj s: 500. Xy ^ 60. and Aj % 120. The computational domain for FSM cases 1 

through 5 encompasses approximately 5 minimum flow units in the spanwise direc

tion with slightly more than 5 grid points per unit. Though seemingly coarse, the 



104 

spanwise Fourier decomposition requires only 2 points per streak for adequate spatial 

resolution. Streamwise and wall-normal resolutions are such that 11 and 19 points 

per unit are used respectively. 

In addition to the requirement for capturing the minimal flow unit, the choices of 

spanwise and streamwise resolutions are also based on the author's previous research 

[see Fasel et al. (1997). Zhang et al. (2000a). and Zhang et al. (20006)], prominent 

large-eddy simulations appearing in the literature, and limitations imposed by avail

able computational resources. For their turbulent channel flow calculation, Moin 

Kim (1982) report AJ"^ = 62.8 and As"*" = 15.7. Similarly, the simulation of a back

ward facing step flow by Ghosal et al. (1995) using a Dynamic Localized LES model 

reports Ax^,„ = 17, •^x:^a.x — 2"3. and As"^ = 36. The present choices of Ax"^ = 46 

and Ac' = 23 are within the range of established simulations. 

In the same manner as the LES and DNS reference calculations of sections 5.2 

and 5.3. FSM calculations begin with a laminar boundary layer of a Blasius profile 

entering the computational domain from the left [see figure 4.1]. High amplitude, 

periodic disturbances are input via a spanwise blowing and suction slot extending 

from X = 0.33 m to x = 0.36 m in the streamwise direction. The disturbances, given 

in table .A.3. are identical to those utilized in the previous LES and DNS calculations 

and act to rapidly transition the laminar flow to turbulence by means of a turbulent 

bypass mechanism. 

FS.\I calculations were performed on the same computer system described for 

LES cases 1 and 2. Calculations for FSM cases 1 through 5 were conducted on 

a Silicon Graphics Origin 2000 with 12 RIOOOO processors and 2 GB of available 

RAM. Each complete simulation required approximately 400 MB of runtime memory 

and roughly 200 hours of computation time using two processors. Data samples for 

mean flow turbulence statistics (excluding data used for spectral analysis presented 

in section 6.5) were gathered for over 50 boundar\- layer thickness convection times 

(time required for the flow at speed Uo to travel 1 boundarv' layer thickness). Over 
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160 boundary layer thickness convection times were allowed before data gathering 

was initiated. Note, however, that despite the duration of the averaging time, some 

of the data described herein contain small oscillations. Additional averaging would 

smooth data but would not meaningfully alter time averaged results. 

6.1.1 Mean Streamwise Flow Development 

Samples of mean streamwise flow development for FSM cases 1 through 5 are shown 

in figures 6.1. 6.2. and 6.3. Laminar and turbulent reference curves for the skin-

friction coefficient Cf and for the Reynolds number based on momentum thickness 

Reo are obtained from White (1991). The turbulence reference curves must be shifted 

relative to the fixed Rex frame in order to account for the initial laminar development 

of the boundary layer. The extent of the reference curve shift is determined by 

comparing the streamwise location associated with Res = 1000 for FSM case 1 with 

the streamwise distance predicted by turbulence theory for the same Reg. 

Dependence of the skin-friction coefficient on streamwise distance is given in figure 

6.1. The initial laminar to turbulent over-shoot observed in C/ is a physical effect 

caused by the bypass transition that is also captured in the LES and DNS reference 

calculations. Downstream of the over-shoot, FSM cases recover the skin-friction pre

dicted by theory and continue with proper development in the streamwise direction. 

R e s u l t s  s u g g e s t  t h a t  i n c r e a s i n g  0  y i e l d s  a  s l i g h t  r e d u c t i o n  o f  C f .  

Spatial variation of Reg is shown in figure 6.2. FSM results are similar to the 

theoretical prediction except for case 5. At Rex = 5.0 x 10®. where the spatial 

ramping of the turbulence model is completed, the slope of Reg for case 5 increases 

beyond the slope of the other cases and theory. The agreement with theory of both 

the reference RANS calculations [see figure 5.15]. which have effectively infinite 3. 

and the other FSM cases where 3 < 0.016, combined with the lack of agreement of 

case 5. suggest that an intermediate region exists for 0.16 < 0 < oo where boundary 
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layer growth is exaggerated. Further explanations for this deviation are postponed 

until after the examination of mean flow profiles and turbulent statistics. 

Figure 6.3 shows the variation of the boundary layer shape factor H12 with stream-

wise distance. Data for FSM cases 1 through 4 lie between the experimental data 

of Purtell Sc Klebanoff (1981) and the simple theoretical results derived from the 

assumption of a constant ratio of displacement thickness to momentum thickness. 

Purtell explains that results are somewhat larger than anticipated due to a relatively 

low Reg. Some of the under-prediction. however, is shown in section 5.3 to be caused 

by the use of symmetric transforms. Section 6.5 and figure 6.79 also demonstrate that 

results are improved for the FSM if non-symmetric transforms are employed. The 

poor performance of FSM case 5 is not related to the type of transform but can be 

attributed to the large 3 value which also causes excessive growth of the momentum 

thickness with Rex. 

6.1.2 Mean Flow Profiles 

Mean flow streamwise velocity profiles are given in figures 6.4. 6.5. and 6.6 for all 

FSM cases. .Just as with the LES and DNS reference calculations, all profiles have 

a streamwise location of Reg ss 1400. Recall that experimental results from Murlis 

et al. (1982) have a streamwise location of Reg = 1368 while DNS results from Spalart 

(1988) have a streamwise location of Reg = 1410. 

Figure 6.4 shows the mean streamwise velocity normalized by wall friction velocity 

u-. FSM cases 1 through 4 are in good agreement with the log-law profile Eind with 

the references. Ceises 1, 2, and 3 match the log-law curve closely in both slope and 

magnitude. Case 3 shows improved performance over cases 1 and 2 by displaying the 

most accurate defect layer behavior, sweeping up above the log-line for > 100. As 

for case 4. its magnitude is correct but its slope does not match the expected log layer. 

The performance of case 5 is even more suspect, failing to match both the magnitude 
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and slope of the log-law. These results suggest that, while some turbulence modeling 

can be effective (case 3 improves on cases 1 and 2), the relatively higher values of /3 

associated with cases 4 and 5 degrade accuracy. 

Streamwise velocity profiles and streamwise velocity defect profiles are plotted 

versus y/5 in figures 6.5 and 6.6. Agreement of the profiles for cases 1 through 

4 with the references is acceptable. This is particularly true when one notes the 

sensitivity of these profiles to the boundary layer thickness, a quantity that can only 

be approximated. Increasing 3 tends to decrease the velocity and the velocity defect 

at a given y/6. For instance, case 4 very nearly matches the results of Spalart (1988), 

while case 3 shows improvement over cases 1 and 2. Again, case 5 demonstrates 

the worst performance. The inflection in the velocity profile at y/6 ss 0.4 is more 

indicative of an adverse pressure gradient boundary layer than a zero pressure gradient 

boundary layer. 

6.1.3 Turbulence Statistics 

The behavior of the total (resolved-scale -I- subgrid-scale) Reynolds shear stress, u'v', 

at Reg % 1400 is demonstrated in figures 6.7. 6.8, and 6.9. In 6.7 and 6.8. profiles 

of u'v' are normalized by the square of the wall shear velocity Ur and plotted versus 

near-wall coordinates along with the results of Spalart (1988) and Rai Moin (1991). 

•Agreement between the Reynolds stresses and the references is seen for FSM cases 

1 and 2. Case 2 matches the Spalart results almost exactly, reproducing accurate 

peak location and magnitude. Slightly reduced in magnitude, case 1 closely matches 

the Rai and Moin data though the profile appears to be less full away from the wall. 

.A clear trend develops for a 3 value of 0.008 and greater, with the total Reynolds 

stress decreasing in the near-wall region and the peak location moving progressively 

farther from the wall. Reasons for the trend can be attributed to the magnitude of 

SGS stresses relative to the resolved-scale stresses for cases 3, 4, and 5. A detailed 



108 

explanation is reserved for the presentation of SGS stress data following later in this 

section. 

Similar behavior is also seen in figure 6.9 which shows stress profiles normalized 

by the square of the free-stream velocity plotted versus outer coordinates y/8 with 

the results of Murlis et al. (1982). The wall-normal locations of the peak stresses 

shift away from the wall for larger values of 3. This is particularly true for FSM case 

5. Relative to the Murlis results, profiles for Ccises 1. 2. and 3 appear to be far less 

full. Caution must be exercised, however, because in their own comparison to the 

famous results of Klebanoff (1955), Murlis data shows a more full profile, suggesting 

that the present FSM results may be more realistic. This is also supported upon 

examination of figure 6.8 where FSM profiles closely match Rai and Moin data away 

from the wall. Even if the FSM profiles do lack proper fullness, the reason cannot be 

due to the Flow Simulation Methodology or to the Algebraic Stress Model. Figure 

5.28 shows a similar set of profiles for the reference LES calculations of section 5.2. 

The LES profiles also appear less full to the same degree as those of FSM cases 1, 2, 

and 3. 

Subgrid-scale Reynolds stress profiles of tx2 are shown in figure 6.10. Turbulent 

stress profiles are normalized by the square of the wall shear velocity and plotted 

versus near-wall coordinates. Figure 6.10 is subdivided into two portions. The upper 

portion shows 7^2 FSM cases 1 through 5, DNS case 1 (estimated stress from 

section 5.3.4), and LES case 1 along with the viscous stress component, 

The lower portion shows a magnified region of lower stress values from 0.0 < 

0.1 suitable for FSM cases 1, 2, and 3 and LES case 1. The most noticeable charac

teristic of figure 6.10 is the increase in peak ri2 magnitude for increasing 0. This is 

due to the simple functional dependence of r,j on J{^.Lk.) given in equation (3.27). 

Relative to LES case 1, subgrid-scale stresses of the FSM are generally larger but 

(6.1) 



109 

have similar shape near the wall. The peak magnitude for LES case 1, for example, 

is in fact so small that it is only comparable to FSM case 1 which has the lowest 

magnitude of all FSM cases. Away from the wall, in the fully turbulent portion of the 

boundary layer {y^ > 100), the disparity between the magnitude of LES and FSM 

results becomes even greater. Magnitudes of the subgrid-scale stresses for the FSM 

cases are 5 to 10 times larger than the LES result in the outer region of the boundary 

layer. The LES SGS stress is smaller than even the viscous component, suggesting 

that the LES contribution to the total Reynolds stress is negligible away from the 

wall. Kosovic (1997) and others have leveled this criticism against traditional LES 

stating that, for low Reynolds number turbulent flows. SGS effects are small or even 

insignificant. 

FSM cases 3 and 4 show SGS stress maxima similar to the estimated stress of 

D.\S case 1. The performance of case 3 in particular demonstrates that the a-priori 

prediction of the SGS stress is not as excessively dissipative as the Smagorinsky model 

would indicate with its substantially smaller magnitude. 

Increasing the magnitude of the SGS stresses (as observed in figure 6.10) can ex

plain the trend noted for the total Reynolds stresses of decreasing peak magnitude 

with increasing 3. .A,s 3 increa.ses. the subgrid-scale component of the total Reynolds 

stress increases in a manner proportional to the increase in /(A. £,«). The increase in 

the turbulence model stress also acts to dissipate a larger portion of the unsteady tur

bulent motion, thereby reducing the resolved-scale contribution to the total Reynolds 

stress. For case 4 near the wall and for case 5 in general (see figure 6.8), the reduction 

of the resolved-scale stress is greater than the increaise in the turbulence model stress, 

resulting in a total Reynolds stress that is not properly balanced. It is exactly this 

problem that is responsible for the trend of decreasing Reynolds stress magnitude for 

increasing values of 3. For large values of 3. there is an insufficient degree of total 

turbulent stress, resolved and modeled, to produce a properly shaped Reynolds stress 

profile. 
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FSM c£ises 1 through 4 and LES case 1 of figure 6.10 show near-wall peak SGS 

stress magnitudes between y"*" ss 10 and « 20. Near the wall, turbulence produc

tion is largest and the turbulent length scales, which are dependent on distance from 

the wall, are the smallest. Therefore, the peak is the result of an increased demand for 

turbulence modeling relative to other regions of the flow and is accurately predicted 

by both FSM and LES turbulence models. Beyond y"*" = 100, all FSM cases show a 

distinct second peak. The cause of this peak cannot be a result of a local distortion 

in Si2: the principle component of ti2. Mean velocity profiles given in figures 6.4, 6.5, 

and 6.6 clearly show that FSM cases 1 through 4 have no distortion in the middle 

portion of the boundary layer. Distortion only appears for FSM case 5. and thus only 

for case 5 can the peak be attributed to a distortion in the mean velocity. A close 

study of LES case 1 reveals that its SGS stress profile does not have a second peak. 

This result also acts to discount S12 as the possible source because the Smagorinsky 

model used for LES case 1 shares a similar dependence on the strain-rate as the ASM 

of the FSM. Because of the shared dependence on Syo- the LES results suggest that 

the cause of the second peak must be attributed to variables used in the contribution 

function of the FSM. 

Examination of turbulence model variables k and /{A.L«) show local maxima at 

y~ locations that match the second peak in t^2 (see figures 6.20 and 6.26 respectively). 

The leading term of the .ASM model can be expressed as. 

(6.2) 

With Qi being a constant and the terms Si_, and e (see figure 6.23) having no distor

tions at the second peak location, only remains to play the dominant role. The 

dependence of on dictates that even small increases in k will have a relatively 

larger effect on the turbulent stress. The expectation for the contribution function 

is that /(iX. Lk) will decrease with increasing wall distance for uniform wall-normal 

grid spacing. This is due to the inverse dependence of the contribution function on 
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the Kolmogorov length scale which increases as y increases. In the present calcu

lations. however, the grid is not uniform in the wall-normal direction but is, instead, 

strongly stretched. The result is that the ratio of A/L^ of the contribution function 

does not decreaise with wall-normal distance but rather remains relatively constant 

or increases farther from the wall. 

The behavior of the FSM for t\2 validates the original argument of Speziale (1996) 

for use of the FSM over traditional LES employing the Smagorinsky model. For the 

FSM. the turbulent length-scale is based on A/L^, the ratio of spatial resolution to 

the smallest scales of turbulence. Near the center of the boundary layer where the 

ratio becomes relatively large, the contribution function increases, helping to create 

a second peak in t^2- The Smagorinsky model, on the other hand, cannot predict 

a second peak in T12 because its turbulent length-scale depends only on A. The A 

length-scale fails because the magnitude of the SGS stresses are unrelated to the 

disparity between the numerical resolution and the smallest scales of turbulent flow, 

which, for the present results, grows larger in the middle portion of the boundary 

layer. The end product is that the Smagorinsky model does not provide the proper 

level of turbulence model contribution to the governing equations in the outer region 

of the flow. 

Profiles for the total stress r, given in equation (5.6). along with the components 

of the total stress normalized by ui and plotted versus near-wall coordinates for FSM 

cases 1 through 4, are shown in figure 6.11. Near the wall, the expectation for r 

is to remain near unity into the log-layer region of the boundary layer. FSM cases 

1 and 2 meet this expectation out to % 100. FSM cases 3 and 4 (case 5 is 

omitted) show a slight drop in r beyond y^ = 10 which could be improved if the SGS 

stresses did not possess local minima near y"*" = 100. The SGS stress components 

are relatively smaller than the total and resolved-scale Reynolds stresses, as is typical 

of any subgrid-scale turbulence model. The percentage of peak SGS stress to peak 

resolved-scale stress ranges from as low as 3.2% for case 1 to as high as 35.0% for 
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case 4. The exception is FSM case 5 (not shown) which is so dissipative that the 

resolved-scale stress is essentially zero. Between 0 = 0.016 and 0 = 0.032, a critical 

juncture is reached where all but the largest turbulent scales are dissipated by the 

model. 

Figures 6.12 and 6.13 show total turbulent energy production and SGS turbulent 

energ>- production plotted versus near-wall coordinates. Total production profiles 

for FSM cases 1 through 3 agree very strongly with the results of Spalart (1988). 

Not only are peak magnitude and peak wall-normal location predicted accurately, 

but the decay of production with y'^ also closely matches the Spalart data and the 

theoretical l/ny^ profile. FSM case 4 performs nearly as well but is slightly reduced 

in magnitude along the entire profile. Total production for FSM case 5 is the most 

reduced of all which, when taking into account the results of case 4. outlines a trend 

of decrecising total turbulence production for 8 values greater than 0.008. 

The subgrid-scale turbulent energy production represents the exchange of turbu

lent energy between the resolved-scales and the subgrid-scales. The generally dissipa

tive nature of the .A-SM used for the FSM dictates that the exchange of energv- consti

tutes a dissipation (drain) of resolved-scale energy that acts to produce subgrid-scale 

turbulent energy. Profiles for the production (see figure 6.13) are smaller (except for 

FSM case 5) than their resolved-scale counterparts but are not insignificant relative 

to the total turbulent energy production. FSM cases 1 through 4 would substantially 

under-predict the total production if not for their SGS contributions. For example, 

nearly 1/2 of the total production for case 3 and over 2/3 of the total production 

for case 4 are accounted for by the turbulence model. For FSM case 5, subgrid-scale 

production accounts for almost all of the total turbulent energy production but agree

ment with references is poor. For 5 = 0.032 and greater, the increased dissipation 

of the resolved-scales is not offset to a great enough extent by an increase in the 

SGS contribution to the total turbulent energy production. This behavior was also 

identified for the total Reynolds stress. 
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Total turbulence intensities for the velocity components u, v, and w are shown 

in figures 6.14 through 6.19. The intensities are expressed in root-mean square form 

and normalized by Ur- In the first three figures (6.14 to 6.16), profiles are plotted 

versus inner coordinates, while in the remaining three figures, intensities are plotted 

versus y/S. Beginning with the streamwise intensity profiles of figures 6.14 and 6.17, 

cases 1. 2, and 3 strongly match the wall-normal peak location and peak magnitude 

of Spalart (1988) and Purtell k Kiebanoff (1981). Case 4 shows the peak location to 

be shifted farther from the wall with a slight decrease in amplitude. Case 5 shows a 

much more dramatic reduction in peak magnitude and contains a secondary peak at 

y~ ^ 300. The shift in peak location and reduction in magnitude of cases 4 and 5 

are caused by the same factors addressed in the discussion of the Reynolds stress. 

For the wall-normal intensity of figures 6.15 and 6.18. cases 1 and 2 demonstrate 

the strongest agreement with the results of Spalart (1988). Unlike the streamwise 

intensity, however, the trend of increasing 3 does not cause a decrease in the wall-

normal intensity amplitude. Rather, there is only a slight trend to shift the peak 

location farther from the wall. For case 5. the SGS component, r22, dominates the 

total intensity with the resolved scale component being nearly zero. The peak location 

at y" sr 10 corresponds to the peak value of k (see figure 6.20), the leading term in 

Too. 

The spanwise intensity is given in figures 6.16 and 6.19. Though profile shapes are 

fairly reasonable, peak values are approximately 15% lower than peak values found 

by both Spalart (1988) and Murlis et al. (1982). Roughly 2/3 of this deficiency can 

be attributed to the use of symmetric spanwise Fourier transforms for FSM cases 1 

through 5. 
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6.1.4 Turbulence Model Quantities 

Profiles for the turbulent kinetic energy k normalized by the square of the wall shear 

velocity are plotted versus near-wall coordinates in figure 6.20 and versus y/5 in figure 

6.21. The experimental results of Karlsson k. Johansson (1988) and RANS case 4a 

are included as references in figure 6.20. The wall-normal peak value of K for all FSM 

cases very nearly matches that of the Karlsson and Johansson data. In addition, 

FSM cases 1 and 2 closely match the peak magnitude near the wall. The effects of 

increasing 3 are to increase the near-wall peak magnitude and to decrease the second 

peak magnitude. 

Figures 6.22 through 6.24 show profiles of the turbulent dissipation rate c plotted 

versus near-wall and outer coordinates. Similar to the results of the turbulent kinetic 

energy. FSM cases 1 through 5 have greater peak magnitudes than the RANS case 

4a reference calculation. Unlike the results of the turbulent kinetic energy, however, 

increasing 3 does not result in a consistent increase in c peak magnitude. It appears 

the peak magnitude increases up to 3 = 0.008 but decreases beyond that value. Case 

5 again shows an increase in peak e, but the shift in peak location and the broadening 

of the profile suggest that this result is more likely due to the distortion of the mean 

velocity profile than to an increase in 0. 

The purpose of figure 6.24 is to demonstrate the variation in with increasing 3 

for FSM cases 1 through 5. Understanding the variation of is important because 

it relates directly to the variation in the estimation of the Kolmogorov length scale 

needed for the contribution function. Ideally, the predicted Kolmogorov length scale 

should be the same for each FSM case since the geometries are identical. However, 

due to the fact that e is a computed quantity, the variation in between cases 1 

{3 = 0.002) and A {0 = 0.016) is approximately 8%. (Case 5 is discounted due to 

its poor performance.) This variation is relatively small considering the factor of 8 

increase in 3 between cases 1 and 4. Speziale (1996) predicted correctly that the 
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dependence of on 3 would be small since any variation in e would be subject to a 

fourth-root operation. 

Figure 6.25 shows the effective eddy-viscosity coefficient /{t], of the ASM plotted 

versus near-wall coordinates. RANS case 4a and the coefficient ICJolx are provided 

as references. The effective eddy-viscosity coefficient is analogous to the constant 

coefficient = 0.09 of the standard two-equation K-t model. The term 2C^Ioli is 

the result of a normalization that must be made if is to be compared with 

the constant coefficient Cu of the standard two-equation model eddy-viscosity. Near 

the wall. FSM cases 1 through 4 closely match RANS c£ise 4a with no clear depen

dence on 3. .A.way from the wall, the effective eddy-viscosity profiles of the FSM 

cases are notably less than that of RANS case 4a and somewhat less than 2C^/oi. 

The time dependence of the FSM calculations, as opposed to the steadiness of the 

R.A..\'S case 4a calculations, results in an increase of the mean effective eddy-viscosity 

coefficient. This behavior, however, does not dictate that time dependent calculations 

are more dissipative over time than steady calculations. Recall that for FSM cases 1 

through 4. the subgrid-scale stress contribution is responsible for 3.2% to 35% of the 

total Reynolds stress. For the RANS calculations, the turbulence model accounts for 

100% of the total Reynolds stress and, therefore, the steady calculations are far more 

dissipative than the unsteady FSM calculations. 

Profiles for the contribution function of the FSM are plotted versus near-wall 

coordinates in figure 6.26 and versus outer coordinates in figure 6.27. As the 8 

parameter increases, the overall magnitude of /(A, L^) increases as expected. For 

each individual case, the contribution function approaches its maximum near the wall 

and shows a secondary local maximum at y'^ « 300, signifying the greatest model 

contributions are needed in those regions. The near-wall peak is in disagreement 

with the conventional wisdom of Smagorinsky-based LES which states that, near the 

wall, the model should be switched off and resolution should be increased to DNS 

levels [Piomelli et ai (1990)]. Based on the ratio of A/L^ for FSM case 2, ne£ir-wall 
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resolution of the current set of calculations should be increased by roughly a factor 

of 40 for a proper DNS. Therefore, due to computational restrictions, the near-wall 

treatment of Smagorinsky-based LES seems highly impractical. 

An understanding for the occurrence of near-wall and outer boundary layer re

gion peak magnitudes of the contribution function can be obtained by considering 

the individual components of the grid-spacing function A of equation (3.29) for FSM 

case Ic. Figure 6.28 gives profiles of individual A components dx, dy, and dz. each 

normalized by local values of the Kolmogorov length-scale In the near-wall re

gion, the profiles for the streamwise {dx) and spanwise {dz) grid spacing show distinct 

peak values at ss 8. The profile for the wall-normal (dy) grid spacing, however, 

is approximately of the same order as in the viscous sublayer and increases only 

slightly from the wall to the onset of the log-layer. Therefore, the results of figure 

6.28 establish that the near-wall peak magnitude of /(A.L^) is caused by insufficient 

spatial resolution (relative to L^) in the streamwise and spanwise directions and is not 

associated with the particular choice of wall-normal resolution. In the outer region of 

the boundary layer (j/"^ > 300). the wall-normal grid spacing profile achieves a max

imum value while the streamwise and spanwise grid spacing profiles are decreasing. 

Thus, the second peak value of /(A. Lk) observed in figures 6.26 and 6.27 is due only 

to the wall-normal grid spacing which, based on the employed grid stretching (refer 

to section 4.9). becomes more coarse as distance from the wall increases. 

6.1.5 Instantaneous Flow 

Figures 6.29 and 6.30 show contours of instantaneous spanwise vorticity in x - y  planes 

for FSM cases 1 through 5 for two portions of the computational domain. Each case 

is plotted for precisely the same time instant so that time sensitive flow features that 

are affected by the subgrid-scale turbulence model Ccm be identified. Laminar flow 

enters the computationad domain from the left and is tripped to turbulence by periodic 
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forcing at the blowing and suction slot positioned at Rex = 3.6 x 10^. The turbulence 

model is completely ramped in spatially by Re^ = 5.0 x 10^ and the boundary layer 

grows rapidly in the streamwise direction. 

Comparing the results of cases 1 through 5 for figures 6.29 and 6.30 demonstrates 

the effect of increasing the turbulence model contribution on the instantaneous flow 

behavior. For case 1, small-scale structures are clearly apparent throughout the com

putational domain, indicating that much of the turbulent spectrum is being resolved 

and that only a relatively small portion of it is being modeled. This is consistent with 

the fact that case 1 produces a smaller degree of model contribution much like the 

large-eddy simulations of section 5.2 and isn't far removed from the direct numerical 

simulations of section 5.3. As the turbulence model contribution is increased (pro

ceeding from case 1 through case 5). the density of the vorticity contours is seen to 

decrease and the resolved structures appear visibly larger compared to cases where 

the value of 3 is smaller. As discussed for the Reynolds stresses and turbulence pro

duction. the impact of increasing turbulence model contribution for the FSM is to 

increase the dissipation of the smallest scales. For case 5, for example, the dissipation 

is large enough to suppress all but the largest structures. In essence, the smallest 

scales disappear because their effects on the resolved-scales are being modeled by the 

SGS stresses. Even though it would be possible to numerically resolve more structures 

in cases 2 through 5. the turbulence model contribution is large enough to define the 

separation of resolved and subgrid-scales. This demonstrates a key capacity of the 

FSM in that the user can study the effects of the turbulence model on the numerical 

solution without excessive influences from numerical resolution errors. 

.•\s discussed in section 3.3, the FSM requires the integration of transport equations 

for K and e simultaneously with the Navier-Stokes equations. Figure 6.31 depicts how 

K relates to the spanwise vorticity at a given instant in time for cases 1 through 4 

(case 5 is omitted since its results are largely devoid of any instantaneous character). 

The spanwise vorticity is shown in gray-scale for a small region of the computational 
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domain. Overlaid on the gray-scaling are contour lines of turbulent kinetic energy. 

For all cases, contours of k strongly correspond to vorticity variations throughout 

the boundary layer. Despite the integration scheme (second-order .A.DI), it can be 

concluded from these results that k correlates to variations in the instantaneous flow 

field. 

The effects of model contribution on the instantaneous turbulent flow and coher

ent turbulent structures can also be examined by considering the streamwise vorticity 

near the wall. For cases 1 through 5. figures 6.32 and 6.33 show gray-scale contours 

along the wall and three-dimensional surface contours, respectively. Just as with the 

spanwise vorticity, increasing the model contribution is shown to decrease the presence 

of the small turbulent structures. However, for cases 1 through 3, the turbulence dis

sipation does not appear to be significant enough to eliminate the presence of the high 

and low speed streaks that are characteristic of turbulent boundary layers. At several 

locations for cases 1. 2, and 3, pairs of positively (white) and negatively (black) ori

ented streamwise vortices can be identified. By their presence, these structures show 

that the calculations possess sufficient spatial resolution to capture the smallest co

herent structures. Furthermore, these structures appear not to be adversely impacted 

by the turbulence model unless the model contribution is large enough to dissipate a 

broad range of scales. 

6.1.6 Summary of Results for FSM Cases 1 Through 5 

Calculations for FSM cases 1 through 4 show that mean flow results are accurate over 

a range of 3 values from 0.002 to 0.016. Turbulence statistics have proven to be more 

sensitive but are still fairly accurate over a range of 3 from 0.002 to 0.008 (cases 1 

through 3). In all, the range of 0 values which yields accurate results varies by a 

factor of 8 for mean flow values and by a factor of 4 for the turbulent statistics. Such 

a broad range shows that the Flow Simulation Methodologv' is not overly sensitive to 
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the choice of 3. By comparison, typical large-eddy simulations report Smagorinsky 

coefficients ranging from 0.065 to 0.1. a factor of only 2.37 difference in Cj. For the 

grid resolution study of the following section, a 3 value of 0.004 is chosen. Though 

an argument could be made for choosing 0 = 0.008. 0.004 has yielded very accurate 

results for all mean flow data and is the most accurate for all of the turbulence 

statistics. 

6.2 Calculations with Constant 0 and Varying Grid Resolution 

The next step in the validation of the Flow Simulation Methodology is to examine 

its performance for a range of spatial resolutions. Four simulations with 0 = 0.004 

but with different spatial resolutions (see table A.4) are conducted for the same tran

sitional and turbulent fiat plate boundary layer investigated in section 6.1 (see table 

The streamwise locations of the disturbance slot and of the spatial ramping 

functions used to switch on the turbulence model are the same for all cases. No al

lowance is made for extending these distances in order to achieve smoother transitions 

as that would unfairly bias results in favor of the more coarsely resolved calculations. 

Results from these calculations are compared with results from section 6.1. the refer

ence calculations of section 5, and the external results of Murlis et al. (1982). Purtell 

Klebanoff (1981). Spalart (1988), and Rai Moin (1991). 

The term "FSMg" is a naming convention adopted to designate the test cases of 

this section relative to the term "FSM'' used in section 6.1. The letter "g" denotes 

FS.M calculations with different spatial grid resolutions but with constant i3. 

Beginning with FSMg case 1, the streamwise and spanwise spatial resolutions are 

successively made more coarse through FSMg case 4. The wall-normal resolution is 

not altered for the FSMg cases and is the same as that used for FSM cases 1 through 

5 as well as for the LES and DNS reference calculations. In general, the methods of 

DNS, LES, and RANS all require that the large mean flow gradients associated with 
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the presence of shear near the wall must be well resolved if an accurate solution is 

to be obtained. For example, results of the RANS calculations discussed in section 

5.1 show that significantly reducing wall-normal resolution degrades accuracy, while 

increasing the wall-normal resolution beyond that used for the FSMg cases yields 

only a slight improvement. Aside from the mean flow gradients, another reason for 

increasing the wall-normal resolution that is relevant to DNS, LES and the FSM is to 

increase the range of turbulent structures that can be resolved. However, because of 

the inhomogeneity of the grid spacing required for the turbulent boundary layer, the 

resolution in the y-direction is comparatively much greater than that used in the x 

and c-directions. Increasing the wall-normal resolution does not necessarily increase 

the total number of resolvable structures because structures that can be resolved in 

(/. for instance, may not be resolved in x and ; due to the difference in the respective 

grid spacing. Therefore, due to the inhomogeneous nature of the flow field and the 

associated mean flow resolution requirements, %'ariation of grid spacing in the x and 

c-directions (not in the j/-direction) is the most reasonable approach for investigating 

the effects of spatial resolution on the FSM. 

FSMg cases 1 through 4 cover a range of a factor of 3 difference in streamwise 

and spanwise resolution. FSMg case 1 is the most highly resolved FSM calculation. 

Streamwise and spanwise resolutions for case 1 based on near-wall scalings are Ai"*" = 

26 and Ac* = 13 respectively. By comparison, DNS cases 1 and 2 of section 5.3 are 

less resolved, the DNS of Spalart (1988) is only slightly more resolved with resolutions 

of Ax~ = 20 and Ac"^ = 6.7, and the DNS of Rai k. Moin (1991) is nearly identical 

with resolutions of Ax* = 28 and Ac* = 10. Relative to the minimal flow unit, 

case 1 is sufficiently resolved to capture the characteristic high and low speed streaks 

with 20 streamwise and 9 spanwise grid points per unit. FSMg case 2 is identical to 

FSM case 2. The naming convention of FSMg is retained in order to avoid confusion 

when comparing FSM cases with FSMg cases. The coarse streamwise and spanwise 

resolution of FSMg 3 (Ax"*" = 78 and Az"^ = 40) means that the minimeil flow unit 
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cannot be properly resolved. The same is true but to a greater extent for FSMg case 

4 = 158 and Az"*" = 74). Failure to capture the minimal flow unit may result 

in a reduction of total turbulence production as well as other problems. 

Total calculation times and the computer systems used depended on the compu

tational demands imposed by each calculation. FSMg case 1 was conducted using 

the University of Arizona Super-computing facility Origin 2000 with 32 R12000 pro

cessors. The complete simulation required approximately 1 GB of runtime memory 

and roughly 1200 hours of computation time using 1 processor. As FSMg case 2 

is identical to FSM case 2, refer to section 6.1 for its computational requirements. 

FSMg cases 3 and 4 were conducted on the same Origin 2000 system used for FSM 

cases 1 through 5. Each calculation required 160 and 60 MB of run time memory and 

80 and 30 hours of computation time respectively. Data samples for mean flow and 

turbulence statistics were gathered using the same criteria established for FSM cases 

1 through 5 (see section 6.1). 

6.2.1 Mean Streamwise Flow Development 

The mean streamwise flow development for FSMg cases 1 through 4 are shown in 

figures 6.34. 6.35. and 6.36 respectively. Laminar and turbulent reference curves for 

Cf. Reg. and are obtained from White (1991). Reference curves are shifted in the 

same manner discussed in section 6.1 to account for transition occurring downstream 

from the leading edge of the flat plate. 

X'ariation of C/ with streamwise distance is given in figure 6.34. The laminar 

to turbulent over-shoot, common to all test cases shown thus far. is also present 

for all FSMg cases. Downstream of transition, FSMg cases 1 through 3 agree well 

with theory, possessing proper streamwise decay with increasing Re^. FSMg case 4. 

however, over-predicts Cf by approximately 20% for nearly all Re^. Typically, for 

coarse grid calculations, an over-estimation of C/ is an indication of poor wall-normal 
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resolution. However, RANS reference calculations (see section 5.1) and the preceding 

FSM cases clearly show that the wall-normal resolution is satisfactory. FSMg case 4 

possesses only coarse streamwise and spanwise resolution, a combination that Rai & 

Moin (1991) found to predict a low Cf. It appears that for case 4. the relatively large 

/(A. L^) (see figure 6.58 for a comparison of contribution function values for FSMg 

cases) near the wall acts to over-compensate for the effects of poor streamwise and 

spanwise resolution, resulting in an increased Cf rather than the expected decrease. 

Figure 6.35 shows the Reynolds number based on momentum thickness variation 

with streamwise distance. FSMg cases 1 through 3 are in agreement with the turbu

lent Reg reference curve. The apparent slight under-prediction of case 1 is the result 

of a delayed transition to turbulence relative to FSMg case 2 for which the reference 

curve is derived. The slope of the Ree curve for FSMg case 4 is larger than the slopes 

of the other FSMg curves and theory. FSM case 5 (see figure 6.2) shows a similar 

behavior, indicating that the problem may be due. at least in part, to the relatively 

large value of /(A. L^) common to both FSMg case 4 and FSM case 5. 

Spatial variation of H\2 is given in figure 6.36. Data for FSMg results lie between 

the experimental data of Purtell & KlebanofF (1981) and the theoretical results. As 

with the results for FSM cases 1 through 5, the under-prediction of H\2 for FSMg 

cases 1.2. and 3 is due to the use of symmetric Fourier transforms. 

6.2.2 Mean Flow Profiles 

Profiles of the mean streamwise velocity are given in figures 6.37 through 6.39 for all 

FSMg cases. As before, profiles shown in this section have a streamwise location of 

Ree ~ 1400 which approximately matches the locations of the reference data from 

Murlis et al. (1982) and Spalart (1988). 

Figure 6.37 shows profiles of the mean streamwise velocity normalized by wall 

shear velocity and plotted versus near-wall coordinates. FSMg cases 1 through 3 
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agree well with the log-law reference curve and with the results of Murlis et al. (1982) 

and Spalart (1988). The results of FSMg case 4, however, are in poor agreement. 

Near the wall, the case 4 profile deviates prematurely from the viscous sublayer at 

the low value of % 3. This indicates a high velocity gradient and is responsible for 

the large C/ identified in figure 6.34. In addition, case 4 does not show a well defined 

log-layer. 

Profiles for the streamwise velocity and the streamwise velocity defect plotted 

versus y/d are shown in figures 6.38 and 6.39. Though not exact, the agreement of 

profiles for FSMg cases 1 through 3 with the references is acceptable. Near the wall 

(y/(5 < 0.2), case 1 performs slightly better than cases 2 and 3. Away from the wall 

(0.2 < y/d < 0.5). the performance of case 3 is perhaps the best. FSMg case 4 shows 

a large gradient near the wall and an overly full velocity profile. This is in opposition 

to FSM case 5 (see figures 6.5 and 6.6). where the profile has a reduced near-wall 

gradient and is under full in the middle portion of the boundary layer. Despite the 

dominant role played by the turbulence model for both of these cases, the coarse 

resolution of FSMg case 4 over-compensates for the effects of large /(A, L^) that 

would otherwise act to reduce the profile. Increasing d for FSMg case 4 to produce a 

larger turbulence model contribution more closely matched to FSM 5, however, may 

result in a less full profile and improve results. 

Thus far. results for the mean flow streamwise evolution and the mean flow profiles 

(figures 6.34 through 6.39) have been accurate and have shown little variation between 

FSMg cases 1. 2. and 3 despite a factor of nearly 3 difference in spatial resolution. 

The choice of i = 0.004 appears to be reasonable for any spatial resolution as long 

as that resolution is sufficient enough to capture the salient features of the turbulent 

boundary layer flow. 
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6.2.3 Turbulence Statistics 

Total Reynolds stress profiles for FSMg cases 1 through 4 normalized by and 

plotted versus near-wall coordinates along with results from Spalart (1988) and Rai 

<k Moin (1991) are given in figures 6.40 and 6.41. The agreement between FSMg case 

2 and Spalart (1988) is striking. Case 2 matches the amplitude and peak location 

almost e.xactly. FSMg case 1 is a reasonable match for the Rai Sz Moin (1991) data 

but its peak location is shifted slightly away from the wall. A similar shift is also 

seen for FSMg case 3 in addition to a reduction in peak amplitude. The combination 

of a shift in location and a reduction in magnitude of the peak Reynolds stress is 

shown in section 6.1. figures 6.7 through 6.9, to correspond directly to FSM cases 

3. 4 and 5 where the SGS stress contribution ITIJI is appro.ximately 0.2 or greater. 

The peak magnitudes of SGS stresses for FSMg cases 3 and 4 (see figure 6.42) are 

approximately 0.19 and 0.3 respectively. Therefore, the shift in peak Reynolds stress 

and the reduction in magnitude for cases 3 and 4 can be attributed directly to the 

near-wall peak magnitudes of their respective SGS stresses being roughly equal to or 

exceeding 0.2. The poor performance of case 4 can also be attributed to the coarse 

resolution and large turbulence model contribution which combine to dissipate all 

but the largest turbulent scales near the wall, .^way from the wall, the subgrid-

scale component of the total Reynolds stress is relatively small and. consequently, the 

resolved-scale contribution becomes larger in the absence of SGS dissipation. 

The expected result for the SGS stress is for Ti2 to increase with decreasing spatial 

resolution. As the resolution becomes more coarse, the ratio of A/Lk in the contribu

tion function increases, thereby increasing /(A. L^) and consequently increasing ri2 

based on equation (3.26). FSMg cases 3 and 4. for example, clearly demonstrate this 

behavior (see figure 6.42). However, inside of 20, FSMg case 1, the case with the 

highest spatial resolution, has a peak Ti2 value that is greater than that of FSMg case 

2. The higher peak stress of case 1 relative to case 2 is primarily due to a disparity 
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between peak turbulent kinetic energy values for those cases. As explained in section 

6.1, the dependence of on means that small increases in k have a large effect 

on the turbulent stress. Figure 6.52 shows a dramatically higher peak value of k for 

case 1 compared with case 2 that occurs at a location which matches the near-

wall peak of the ri2 profiles. Therefore, it is because of the difference in respective k 

values that the magnitude of for case 1 exceeds that of case 2 near the wall. The 

reasons for the near-wall peak magnitude of k for case 1 being substantially greater 

than that of case 2 are unclear though the difference must somehow be dependent 

on the difference in the respective spatial resolutions of cases 1 and 2. The effects 

of this behavior are a slight shift in the wall-normal peak location of the Reynolds 

stress for case 1 relative to case 2 that is associated with the larger SGS stress of case 

1. Mean flow values, however, are mostly unaffected by the difference in K near-wall 

magnitude and are either as accurate or more accurate for case 1 than for case 2. 

Profiles for the total stress r along with the components of the total stress for 

FS.Mg cases 1 through 4 are given in figure 6.43. The total stresses and the viscous, 

resolved-scale, and subgrid-scale total stress components are normalized by ul and 

plotted versus near-wall coordinates. Close to the wall, only case 2 remains near unity 

into the log-layer region of the boundary layer. FSMg case 1 drops away at ss 20 

but shows some recovery with a local maxima in r"*" near y"*" = 100 where the resolved-

scale stress component is a maximum. FSMg case 3 rises above unity near the wall, an 

indication of an imbalance between resolved and subgrid-scale components with the 

subgrid-scale stress being too large. Over the region of 10 < y"*" < 100, the total stress 

of case 3 decreaises with no distinct local maxima at 100. The peak resolved-

scale stress for case 3 has a reduced amplitude due to a relatively large turbulence 

model contribution which acts to dissipate some resolved-scale motion. FSMg cjise 

2. however, shows better performance for r"*", remaining near unity into the log-layer 

(y^ =2 100) of the boundary layer. Results for FSMg case 4 are significantly distorted 

by poor resolution and/or improper model contribution. Only by increasing the 
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turbulence model contribution to RANS levels, and hence removing nearly all time 

dependent, resolved-scale motion, could results for this case be improved. 

The work of Piomelli et al. (1991) on subgrid-scale backscatter (the reverse cascade 

of turbulent energy from smaller scales to larger scales) suggests that overall agree

ment of the total stress may be improved if the turbulence model contribution were 

reduced. In a DNS, Piomelli and co-workers found that across the boundary layer, 

approximately half of total turbulence is in a state of local backscatter. Therefore, 

it is logical to conclude that turbulence models which are overly and/or excessively 

dissipative (i.e.. capable of accounting for only the forward scatter of turbulence) may 

inhibit resolved-scale motion as appears to be the situation for cases 1 and 3. Re

ducing the subgrid-scale model contribution, however, is contradictory to the work of 

Kosovic (1997) (as well as many others) and to the present research which has clearly 

shown that it is unrealistic computationally to require DNS resolution near the wall. 

Rather than reduce the model contribution, the results of cases 1 and 3 show that it is 

possible to achieve accurate results with a significant turbulence model contribution 

near the wall. 

Total turbulent energy production and SGS turbulent energy production plotted 

versus near-wall coordinates are given in figures 6.44 and 6.45. Total production 

profiles for FSMg cases 1 through 3 are in good agreement with theory (I/KJ/'*') and 

with the results of Spalart (1988). Furthermore, along the entire profile, there appears 

to be no dependence on model contribution or spatial resolution for case 1. 2, and 

3. The profile for FSMg case 4 is reduced in magnitude in a manner ver>' similar to 

FS.\I c£ises 4 and 5 (see figure 6.12). Like FSM czises 4 and 5, FSMg case 4 has a 

relatively large /(A. L^) value near the wall, once again outlining a trend of decreased 

production with increased model contribution. The subgrid-scale components account 

for a substantial portion of the total turbulent energy production. For example, 27%, 

109c. and 49% of the peak total turbulence production is accounted for by the SGS 

component for cases 1, 2, and 3 respectively. Note that the SGS production of case 1 is 
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larger than the production of case 2 because the SGS stress of c£ise 1 is larger. For case 

4. the SGS component accounts for nearly all of the total production and agreement 

with the references is poor. Again, these results show that the coarse spatial resolution 

and relatively large contribution function [/(A. L^) > 0.12] combine to limit and 

dissipate most of the resolved-scale motion in such a way that the total flow quantity 

is not preserved. The form of /(A.L^) used for case 4 does not adequately account 

for the spatial resolution being so coarse that it cannot sustain time dependent, 

spatially varying turbulent flow. Though the contribution of the turbulence model 

for case 4 does increase relative to the other more spatially resolved cases, it does not 

increase sufficiently enough to account accurately for the total turbulence production. 

Therefore, future contribution functions should be developed that rapidly approach 

the RAN'S limit [/{A. £«) 1] when the spatial resolution is similar to that of FSMg 

case 4. 

Figures 6.46 through 6.51 show profiles of total turbulence intensity for the u ,  

V. and W velocity components. .•Ml profiles are expressed in root-mean square form 

(RMS) and normalized by Ur- In the first three figures (6.46 to 6.48), profiles are 

plotted versus near-wall coordinates, while profiles in the remaining three figures are 

plotted versus y/5. Starting with the streamwise turbulence intensity profiles (figures 

6.46 and 6.49), FSMg cases 1 and 2 show excellent agreement of peak location and 

magnitude with the references of Spalart (1988) and Purtell & Klebanoff (1981). Case 

3 shows a proper peak streamwise intensity location but its magnitude slightly exceeds 

the results of Purtell k Klebanoff (1981). The expectation for reduced magnitude 

and shifted peak location resulting from the increased model contribution for case 

3. as seen for the total Reynolds stress (see figure 6.40), is not realized. The peak 

turbulent kinetic energy of rn (see figure 6.52). the subgrid-scale component of the 

total streamwise intensity, acts to compensate for the shift and reduction in magnitude 

of the profile. For FSMg case 4, the expected reduction in magnitude associated 

with increased model contribution does occur. The peak turbulent kinetic energy 
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of Til is not large enough to offset the extreme reduction in resolved-scale motion. 

The contribution function in this case is not capable of increasing the local model 

contribution to RANS levels as needed to off-set the lack of resolved-scale motion. 

In the future, it may be necessary to adopt contribution functions that have greater 

wall-normal direction sensitivity when the overall level of model contribution is large 

enough to substantially suppress resolved-scale motion. Away from the wall, cases 1 

and 2 somewhat under-predict profile fullness while cases 3 and 4 more closely match 

the results of Spalart. 

Total wall-normal intensity profiles are given in figures 6.47 and 6.50. FSMg cases 

1 and 2 are again in relatively good agreement with the Spalart (1988) data though, 

in the outer region of the boundary layer, these profiles appear to be less full. FSMg 

case 3 shows better agreement in terms of profile fullness but suffers near the wall. 

The turbulent kinetic energy of T22- in a similar manner noted for the streamwise 

intensity, acts to compensate for the expected shift and reduction in peak magnitude 

near the wall. In this situation, with the natural peak location being farther from 

the wall than it is for the streamwise intensity, the effect of T22 on the total wall-

normal intensity is to over-compensate. FSMg case 4 demonstrates this ver>' clearly. 

\'irtually all of its near-wall behavior can be attributed to an improperly large T22 

contribution. 

Profiles of the total spanwise turbulence intensity are given in figures 6.48 and 

6.51. Similar to the FSM case 1 through 5 results (see figures 6.16 and 6.19), current 

results are of the proper shape but peak values are approximately 15% lower than 

peak values found by Spalart (1988). Again, the use of symmetric spanwise Fourier 

transforms for FSMg cases 1 through 4 accounts for roughly 2/3 of the difference. 

The remainder of the deficiency is slight and is matched by a similar deficiency in the 

wall-normal intensity. 
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6.2.4 Turbulence Model Quantities 

Profiles for the turbulent kinetic energy normalized by ul are plotted versus near-wall 

coordinates in figure 6.52 and versus y/5 in figure 6.53. The results of RANS case 

4a and the experiments of Karlsson & Johansson (1988) are also given in figure 6.52 

for comparison. Away from the wall. FSMg cases perform as the results of FSM 

cases I through 5 (see figure 6.21) predict. The magnitude of the outer peak in the k 

profile decreases with increasing mod°l contribution. Close to the wall, the previously 

observed trend of increasing peak value with increasing model contribution is present 

for FSMg cases 2. 3, and 4 but not for case 1. FSMg case 1, with the smallest /(A, L^) 

profile, has a peak k magnitude that well exceeds case 2 and nearly matches case 3 

despite the factor of 3 difference in their respective streamwise and spanwise spatial 

resolutions. At this time, the apparent inconsistency of the peak magnitude of k for 

ca.se 1 relative to the other cases cannot be explained. 

Figures 6.54 through 6.56 give profiles of the turbulent dissipation rate e plotted 

versus near-wall and outer coordinates. Previous results for FSM cases 1 through 

5 (see figures 6.22 and 6.23) show a slight dependence of peak e values on model 

contribution. FSMg results show a similar trend of peak e increasing with increasing 

peak /(A. L^) for cases 2, 3, and 4. The match of peak magnitudes for cases 1 and 3 

cannot be explained at this time though it is certzunly correlated with the match in 

peak K magnitudes visible in figure 6.52. 

Figure 6.56 demonstrates the variation in the predicted Kolmogorov length scale 

with increasing resolution. Profiles of which is inversely proportional to are 

plotted versus near-wall coordinates along with the results of reference calculation 

RANS c£ise 4a. FSM cases 1 through 4 show a variation in peak magnitude 

(see figure 6.24) of only 8% despite a factor of 8 increase in the magnitude of the 

contribution function. The variation of peak magnitude for FSMg cases 1 through 

3 (case 4 is omitted due to its poor performance) is 16% for a factor of 2 difference 
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in the contribution function and factor of 3 difference in streamwise and spanwise 

resolutions. 

Considering the large difference in spatial resolution covered by cases 1, 2, and 3, 

the effect of a 16% variation in the predicted Kolmogorov length scale is relatively 

small. The previously presented results of FSM cases 1 through 4, for example, 

show that accurate results can be obtained over a factor of 8 range in /3 for a set 

of calculations conducted on the same numerical grid. Compared with a factor of 8 

variation in 3. which translates directly into a factor of 8 variation in the argument 

of /(A. L«), the 16% variation in the Kolmogorov length scale is nearly insignificant. 

The behavior of the effective eddy-viscosity coefficient /(rj,^) of the ASM is given 

in figure 6.57. The profile from RANS case 4a and the standard two-equation 

model coefficient = 0.09. analogous to /(r;,0 when expressed as 2ChIol\, are pro

vided. Results from FSMg cases 1 through 4 are similar to results for FSM cases 1 

through 5 (see figure 6.25). Near the wall. FSMg results closely match the peak loca

tion and magnitude of the RA.NS case 4a profile. Away from the wall, FSMg results 

for f(r].^) are slightly less than throughout the log-layer. FSM and FSMg 

results show that unsteadiness tends to increase the mean effective eddy-viscosity 

coefficient beginning from the log-layer of the boundary layer and extending beyond 

the wake region in a manner that is independent of turbulence model contribution. 

FSMg results further show that this effect is not dependent on spatial resolution for 

reasonably resolved calculations. 

Figures 6.58 and 6.59 show profiles of the contribution function plotted versus 

near-wall coordinates and y/5 respectively. As the resolution decreases from FSMg 

case 1 to FSMg case 4. the overall magnitude of /(A. Z.^) increases as expected. For 

each individual case, the contribution function reaches its meuximum value near the 

wall, signifying the greatest model contribution is needed in that region. A tendency 

toward a second local maximum in /(A,!,«), also observed for FSM cases 1 through 

5 for y/(J ?s: 0.5 (see figure 6.27), is present for FSMg cases 1 through 4 though to a 
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reduced degree. 

6.2.5 Instantaneous Flow 

Instantaneous contours of spanwise vorticity in an x - y  plane are shown in figures 6.60 

and 6.61 for FSMg cases 1 through 4. Though the streamwise and spanwise grid 

spacing differs for each calculation, the bjisic flow geometries are essentially identical. 

Refer to the discussion of figures 6.29 and 6.30 in section 6.1 for a more detailed 

description of how the flow geometrj' relates to the flow development shown in the 

instantaneous flow quantities 

Comparison of cases 1 through 4 shows that one of the effects of decreasing spatial 

resolution and increasing turbulence model contribution is to visibly decrease the 

range of spatially resolved scales. Cases 1 and 2, for example, have the greatest 

spatial resolution and lowest mean subgrid-scale stresses and consequently possess 

smaller spatial structures than cases 3 and 4. In terms of grid resolution alone, this 

is not surprising since cases 3 and 4 simply lack the spatial resolution that is needed 

to capture the smallest structures appearing in cases 1 and 2. However, the grid 

resolution is not primarily responsible for structure size in the less resolved cases. A 

comparison of FSM cases 1 through 5 (see figures 6.29 and 6.30) with FSMg cases 1 

through 4 indicates that the subgrid-scale stress model of the FSM plays the dominant 

role. FSM case 3 and FSMg case 3 have mean subgrid-scale turbulent stress profiles of 

similar magnitude and shape [see figures 6.10 and 6.42] despite their different spatial 

resolutions. Examination of the instantaneous vorticity contours in figures 6.30 and 

6.61 shows similar levels of contour density and overall range of structure size. The 

same characteristics of model contribution and contour form are also shared by FSM 

case 4 and FSMg case 4. The conclusion is that the model contribution in FSMg 

cases 3 and 4 is responsible for determining the minimum structure size. 

Figure 6.62 demonstrates the relation between the instantaneous turbulent kinetic 
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energy k and the spanwise vorticity for FSMg cases 1, 2, and 3 (case 4 is omitted 

due to its simplicity). Gray-scale contours of uj, in an x-y plane are overlaid with 

corresponding contour lines of k. Local variation in w, is most visibly followed by k for 

FSMg cases 1 and 2. The correlation demonstrates that the integration scheme for the 

turbulent transport equations yields local variations in the turbulent kinetic energy 

that corresponds to local variations in the velocities and the vorticities. This occurs 

despite the method being based on equations typically employed for traditional R.A.NS 

where the possibility of such motion is neglected. For case 3, the agreement between 

and K is notably less. Contours of k show little spatial variation as if the model 

contribution were excessively dissipative. The ADI scheme used in the computation 

of K and e employs upwind and downwind differencing that is highly dissipative to 

the smallest resolvable wavelengths. Though this is intended to promote numerical 

stability, the effect for cases 3 and 4 (not shown) is to limit the small scale variation 

in K and e. It cannot be attributed to the level of model contribution since FSM case 

3 shows similar SGS stress magnitude but retains agreement between cj. and k (refer 

to figure 6.31). 

The behavior of the near-wall coherent structures for the FSMg cases is given in 

figures 6.63 and 6.64. Streamwise vorticity is plotted in gray-scale contours at the 

wall and in three-dimensional surface contours, respectively, to demonstrate the ef

fects of decreasing spatial resolution on the high and low speed streaks comprising 

the minimal flow unit. Pairs of positively and negatively oriented streamwise vortices 

are visible for all cases. However, as the spatial resolution decreases, the structures 

become physically larger and more organized. The increase in size is expected because 

the resolution acts to limit the structures by confining their motion (their interac

tions. convection, and decay) to larger scales. Confined motion is also responsible 

for increased organization. With fewer streamwise grid points and spanwise Fourier 

modes, the interplay between various wavelengths becomes restrained to a smaller 

range of resolvable wavenumbers. In case 4, for example, the available wavenumber 
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range is so limited that the random motion characteristic of turbulence is not possi

ble. As stated previously, results for case 4 can only be improved by increasing the 

model contribution to traditional RANS levels. Again, future contribution functions 

should be designed to be more sensitive to situations where the spatial resolution is 

as coarse as that of case 4 and modify their magnitudes in order to approach RANS 

levels more directly than is currently true of equation (3.27). 

6.2.6 Summary of Results for FSMg Cases 1 through 4 

For 3 = 0.004 and fixed y resolution, results from FSMg cases 1 through 3 show that 

the Flow Simulation Methodology can be used accurately over a factor of 3 range in 

streamwise and spanwise resolution. Results for cases 1 and 2 are very similar despite 

a nearly factor of 2 difference in their streamwise and spanwise resolutions. The 

agreement can be attributed to their similar levels of subgrid-scale turbulent stress. 

For these two cases, the similar magnitudes of modeled SGS stress influence the flow 

field to the same degree and at a level which exceeds effects associated with spatial 

resolution. In traditional LES, this is typically not the case as performance is found to 

improve steadily with increasing resolution and decreasing model contribution. Case 

3 yields accurate mean flow profiles but suffers somewhat near the wall in predicting 

turbulence statistics such as peak magnitudes. Overall, however, the performance of 

case  3  i s  s a t i s f ac to ry ,  pa r t i cu la r ly  cons ide r ing  i t s  accura t e  p red ic t ions  o f  C / .  f f i 2 ,  R e g ,  

and the mean streamwise velocity. The failure of case 4 can mainly be attributed to 

extremely coarse spatial resolution. This implies that the contribution function should 

be modified so that /(A. L^) —> 1 when the spatial resolution strongly decrejises and 

approaches, for example, the resolution used in FSMg case 4. 
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6.3 Variations of the Contribution Function 

Results from DNS case 1 of section 5.3 are utilized to predict the turbulence model 

contribution function used in the FSM. Two alternative forms of /(A, L^) are derived 

from considerations of the DNS prediction and subsequently implemented for testing. 

The calculations are designated as FSMf cases 1 and 2 (refer to Table A.5) and are 

based on the identical geometrj' and spatial resolution used for FSM cases 1 through 

5 of section 6.1. The "f refers to a modification of the contribution function. 

6.3.1 DNS Estimate of the Contribution Function 

The a-priori methods presented in section 5.3 can be applied to total flow field quan

tities to obtain an estimate for the contribution function. Following the work of 

Speziale (1998c), Germano (1998) outlines an approach to determine /(A, £«) by 

means of a dynamic procedure similar to that developed in Germano et al. (1991) for 

DSGS. The approach is based on the expression. 

which is derived in Germano (1992) and relates the time averaged total Reynolds 

stress Rtj with the time averaged subgrid-scale (f,j) and resolved-scale (T,j) stresses. 

.A substitution of equation (3.26) into equation (6.3) is then made to replace the 

subgrid-scale term giving, 

The proper contribution function, expressed in this analysis with spatial dependence 

as f(x.y.z). is that which satisfies equation (6.4). 

The difficulty with equation (6.4) is that no single solution for f { x , y , z )  exists 

that can simultaneously satisfy the five independent equations. Lilly (1992) proposed 

a method for the dynamic procedure of DSGS based on a least squares approach that 

(6.3) 

=  f { x . y . z ) R , j  +  .  (6.4) 
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can also be applied here to minimize the error in the evaluation of f { x , y , z ) .  The 

quantity Q is defined as the square of the error in equation (6.4), 

Q  =  { R i j  -  f { x , y , z ) R i j - T i j ) ^ .  (6.5) 

The error is minimized by setting d Q / d f  = 0 so that f { x , y , z )  is evaluated from the 

resulting tensor equation, 

f { x . y , z )  = 1 - . (6.6) 

Germano suggested that this procedure be used dynamically in that equation (6.6) 

would be evaluated during the calculation in a manner similar to the evaluation of 

the Smagorinsky coefficient for DSGS. Speziale (19986) counters that an algebraic 

equation (rather than a dynamic method) for the contribution function eliminates 

the need for explicit spatial filtering that restricts DSGS to simple geometries. It 

could be useful, however, to utilize Germano's approach to predict the form of the 

contribution function by evaluating the terms of equation (6.6) from their respective 

definitions using DN'S data. 

The total Reynolds stress and the time averaged resolved-scale stress are defined 

as. 

Rij = uiuj — uiu^, (6.7) 

r,j = < Ut >< Uj > — < Ui >< Uj > . (6.8) 

where angle brackets denote the operation of spatial averaging. Values of R^j are 

determined from the time averaged velocity fields of DN'S case 1. Ty values are 

obtained from applying the spatial average defined in equation (5.9) to the appropriate 

total velocity fields and then time averaging as needed. 

The results of this process are given in figure 6.65 where the contribution func

tion is plotted in near-wall and outer coordinates. Peak values occur near the wail 

and near the edge of the boundary layer. Close to the wall, turbulence production 
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is a maximum and the associated turbulent scales tend to be relatively smaller than 

in the outer regions of the boundary layer. Therefore, despite the wall-normal grid 

stretching which clusters points near the wall, the expected turbulence model con

tribution increases by roughly a factor of two with respect to the central portion of 

the layer. Perhaps unexpectedly, the maximum value of the predicted contribution 

function occurs in the outer region of the boundary layer where turbulent structures 

tend to be large. The results indicate that the wall-normal grid stretching exceeds 

the increase in typical turbulent structure size with increasing y value. In addition 

to the grid stretching, filtering in the wall-normal direction has a greater effect as the 

grid spacing in the y-direction approaches the grid spacing of the x and 2-directions. 

The magnitude of the turbulence model contribution predicted by DNS data gen

erally exceeds the magnitudes of the contribution functions of FSM case 5 and FSMg 

case 3. FSMg case 3 is chosen for comparison because it possesses a similar resolved-

scale resolution to the filtered DNS data. FSM case 5 is selected for its similar (though 

smaller) level of turbulence model contribution and the effect that contribution has on 

the numerical solution. The over-prediction of the DNS derived contribution function 

is similar to the over-prediction observed in section 5.3.4 (figure 5.41) for the a-priori 

subgrid-scale stresses. A portion of the over-estimate is caused by the choice of filter 

operator. Lele (1992) has shown, for example, that the volume average box filter 

tends to be more dissipative than the spectral-like methods. Being more dissipative, 

the filter creates a greater separation between estimated resolved and subgrid-scale 

quantities which is reflected in larger amplitudes of the estimated contribution func

tion and the subgrid-scale stresses. Despite the over-prediction, however, the a-priori 

estimate shown in figure 6.65 give qualitative behaviors that may improve FSM re

sults if incorporated into future forms of the contribution function. Because these 

behaviors are qualitative and not quantitative, the estimate represents only a possi

ble form of the contribution function and, therefore, must not be considered as an 

"ideal" form. 
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6.3.2 Alternative Contribution Functions 

Results from the a-priori contribution function profile suggest that greater emphasis 

should be placed on both the near-wall and outer regions of the boundarj' layer. In

corporating each local maxima behavior into a single modified contribution function, 

however, will most likely result in excessive model dissipation due to the increase in 

mean wall-normal /{A,!^). The magnitude of the contribution function for FSM 

case 5 is similar to the predicted value shown in figure 6.65, for example, and the 

results for FSM case 5 are found in section 6.1 to be excessively dissipative. 

FSMf case 1 captures the near-wall peak contribution through modifying the orig

inal contribution function to the following form: 

The function f^f{y) is similar to the classical Van Driest function used in several 

turbulence models (including the Smagorinsky model) to reduce the eddy-viscosity 

to zero near solid boundaries. For FSMf case 1, /;i/(y) acts to increase /(A,Ls) 

to RANS limits as y —> 0"^ by reducing the exponential term near the wall. The 

Detached-Eddy Simulation approach of N'ikitin et al. (2000) functions similarly in 

the RAXS limit near solid boundaries. The only attached flow attempted by N'ikitin, 

however, is a fully developed turbulent channel. FSMf case 1 is more challenging as 

it is conducted for a spatially developing turbulent boundary layer. 

FSMf case 2 employs a form of the contribution function that accounts for the 

peak occurring in the outer region of the boundarj- layer but reverts to its original 

form near the wall. A modification is made to /(A, L^) using the function fnf{y) of 

/(A.L«) = 1 -/^/(i/)exp(-JA/I«) 

InAv) = 1 - exp[-(j/^/.4+)^] 

(6.9) 

(6.10) 

3 = 0.004. .4- = 10 
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equation (6.10) to yield: 

/(A.L«) = I - exp{-3A/L^)+af^f{y) 

U f i y )  =  1 - e x p [ - ( y ^ / . 4 " ^ ) ^ ]  

(6.11) 

(6.12) 

8 = 0.008, a = 0.3, = 250 

From preceding calculations it was found that numerical instability occurs when the 

magnitude of the contribution function is significantly larger away from the wall 

than in the near-wall region. The instability arises when small, energetic structures 

produced near the wall are convected outward into the region of increased /(A, L^). 

The parameter Q limits the maximum value of the contribution function away from 

the wall in order to avoid this problem. 

Figures 6.66 and 6.67 show profiles of the time averaged contribution functions 

for the results of FSMf cases 1 and 2. /(A.L^j) for case 1 approaches the RANS 

limit near the wall and remains large from the wall extending through the viscous 

sublayer into the log-layer region (0 < < 20). Away from the wall, the contribution 

function is relatively smaller and should not be excessively dissipative to turbulent 

structures. The profile for case 2 has peak magnitude over the region beginning from 

the log-layer and ending at the edge of the computational domain. FSM cases 4 and 5 

have demonstrated that some dissipation of the turbulent structures can be expected 

since the contribution is relatively large. However, near the wall, the relatively lower 

value of /(A.Lr), similar to that of FSM case 3. should allow for the development 

of small scales without excessive model dissipation. Again, it must be noted that 

the contribution functions for FSMf cases 1 and 2 represent only possible forms of 

/(A. L^) and should not be considered as ideal. 

6.3.3 Mean Streamwise Flow Development 

Streamwise development for FSMf cases 1 and 2 is shown in figures 6.68, 6.69, and 

6.70 for the skin-friction coefficient, momentum thickness, and boundary layer shape 
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factor respectively. In each figure, FSMf case 2 agrees well with the predictions 

of turbulence theory and with reference results. By contrEist, the results for FSMf 

case 1 are less satisfactory. The skin-friction is substantially over-predicted as is the 

magnitude and growth rate of the momentum thickness. At first glance, the shape 

factor results for case I appear reasonable. However, agreement merely indicates that 

the displacement thickness suffers from the same magnitude and growth rate errors 

as the momentum thickness. 

6.3.4 Mean Flow Profiles 

Profiles of the mean streamwise velocity for FSMf cases 1 and 2 are plotted in figures 

6.71 and 6.72. In figure 6.71. the velocity is normalized by Ur and plotted versus 

near-wall coordinates. Case 1 shows substantial distortion of the mean flow profile 

particularly in the viscous sublayer and log-layer regions. Referring to figure 6.66 

for the contribution function, the distortion is strongest beginning at y'^ ss 30, the 

wall-normal location where the modification effects in /{A./,«) end. It appears that 

the strong local variation in the subgrid-scale stresses, which must coincide with the 

artificial distortion in the contribution function, acts to similarly distort the mean 

velocity profile. Unlike the results of FSMf case 1, the mean velocity profile of case 2 

agrees much better with the results of Murlis et al. (1982), Spalart (1988), and theory. 

While the magnitude of the profile is reasonable for y"*" > 200. the profile shape in 

the inner region of the boundary layer fails to capture the log-layer slope. 

In terms of the defect velocity profiles given in figure 6.72, FSMf case 1 is again 

outperformed by case 2. The profile for case 1 shows strong distortion near the wall 

and a wake region that is forced to recover from the poor near-wall behavior. Case 

2 matches the results of Spalart (1988) almost exactly except for near y/S »; 0.5 

which corresponds to the region where is a maximum. Aside from this 

slight deviation, the employed contribution function yields fairly accurate results for 
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FSMf case 2. 

6.3.5 Turbulence Statistics 

Total and subgrid-scale turbulent stresses are given in figure 6.73 for FSMf cases 1 

and 2. The profiles are normalized by and plotted versus near wall coordinates. 

For FSMf case 1, agreement between the total Reynolds stress and the reference data 

of Spalart (1988) and Rai k. Moin (1991) is extremely poor. The near-wall maxima is 

caused by the subgrid-scale stress model whose magnitude is increased artificially by 

the locally large contribution function. The resulting SGS stress, which is shown in 

section 6.1 to be overly dissipative for magnitudes greater than 0.2 (when normalized 

by uz). acts to substantially limit resolved-scale development. The effects on the 

resolved-scale motion extend beyond the region of peak subgrid-scale contribution 

into the log-layer portion of the profile. For example, the substantial minimum in the 

total Reynolds stress value at s: 30 is due to the absence of turbulent structures 

that would otherwise exist if they had not been suppressed by the subgrid-scale model 

near the wall. The result of the large near-wall SGS stress for case 1 is to push 

turbulence production farther from the wall. Beyond « 30, where the contribution 

function is not modified, the resolved-scale stress is the dominant component of the 

total Reynolds stress and a second peak is observed. 

Unlike case 1. the total Reynolds stress profile of FSMf case 2 shows some agree

ment with the reference data in terms of wall-normal peak location and magnitude. 

The profile shape itself is unsatisfactory, however, because it is distorted both near 

the wall and at the boundary layer edge. In each instance, these distortions are 

caused by locally large contributions of the subgrid-scale turbulence model. Away 

from the wall, the local maxima in SGS stress is the result of the modified contri

bution function given in equation (6.11). The large subgrid-scale contribution acts 

to overlv' dissipate the resolved-scale motion, reducing the resolved-scale contribution 
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of the total stress and consequently leading to the distorted outer profile. Near the 

wall, the peak subgrid-scale stress is not associated with any local modification of 

the contribution of the function. The peak value does, however, correspond with a 

peak in the turbulent kinetic energy shown in figure 6.75 which in equation (6.2) 

is shown to have a strong influence on r,j. The near-wall peak for k is most likely 

the result of the large outer subgrid-scale model contribution acting to create high 

intensity fluctuations within the boundary layer. These fluctuations are balanced by 

the dissipation associated with the large near-wall subgrid-scale stresses (produced 

by relatively larger values of K). Evidence for this behavior can be drawn from the 

resolved-scale profile and from the numerical instability that occurs for a > 0.3. If in

tense fluctuations were not created, it is known from FSM cases 4 and 5. for example, 

that larger stress magnitudes would act to significantly dissipate the resolved-scale 

motion. Since the resolved-scale portion of the total Reynolds stress profile for FSMf 

case 2 appears adequate, the fluctuations must be at least strong enough to avoid 

the dissipation. Furthermore, the numerical instability in the application of equation 

(6.11) grows more rapidly as a increases. This implies that the intensity of the in

duced near-wall fluctuations increases with Q to the extent that those fluctuations 

are no longer balanced by the subgrid-scale model for q > 0.3. 

Profiles of the total and subgrid-scale turbulent energy production for FSMf cases 

1 and 2 are given in figure 6.74 along with the results of Spalart (1988). As noted in the 

discussion of the total Reynolds stresses, the large subgrid-scale stress contribution 

of case 1 prevents the origination of a significant portion of the resolved-scale motion 

near the wall, resulting in a lower total Reynolds stress and a lower total turbulence 

production. For FSMf case 2, the subgrid-scale contribution is also substantial and, in 

general, highly dissipative. This result appears to validate the assertion made in the 

previous discussion that high intensity fluctuations must be present near the wall in 

order to overcome the excessive subgrid-scale dissipation and yield reasonable results. 

The SGS contribution is too large, however, and the total production for case 2 is 
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greater than that predicted by Spalart and several of the preceding DNS, LES, and 

FSM calculations. 

6.3.6 Turbulence Model Quantities 

The turbulent kinetic energy and the turbulence dissipation rate as computed from 

the .A.SM for FSMf cases 1 and 2 are shown in figures 6.75 and 6.76 respectively. As 

discussed previously for the total Reynolds stress, the strong peak value of k for case 

2 is most likely the result of intense resolved-scale fluctuations near the wall. The 

peak e value for case 2 naturally corresponds with the peak k location because the 

turbulent transport equations utilize an equilibrium form of the ASM. By comparison, 

the results for caise 1 are closer to the reference data of Karlsson Johansson (1988), 

RAXS case 4a. and the FSM calculations with relatively small model contribution. 

The increased stress associated with the modified contribution function has only a 

moderate effect on K and €. 

6.4 Effects of Symmetry in the Spanwise Direction 

In the FSM calculations of sections 6.1, 6.2, and 6.3 and the traditional LES calcula

tions of section 5.2, the spanwise direction is decomposed utilizing symmetric Fourier 

transforms. As stated in section 5.3 for the DNS calculations, symmetric transforms 

are desirable computationally because their use reduces memor\' requirements and 

the total number of Fourier transform operations by approximately a factor of two. 

The model calibration investigation and the grid resolution study for the FSM would 

be significantly limited due to available computational resources if symmetric trans

forms were not used. Therefore, in order to understand the effects of symmetric versus 

non-symmetric Fourier transforms on FSM calculations, results from FSMg Ccise 3 are 

compared with a single non-symmetric calculation defined in table A.6 £is FSMn case 

1. The calculations share the same spatial resolution but differ in spectral spanwise 
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decomposition. Conclusions from preceding sections are modified as necessary based 

on this comparison. 

6.4.1 Mean Streamwise Flow Development 

The streamwise development of the flow field is given in figures 6.77 through 6.79 

for the skin-friction coefficient, momentum thickness based on Reynolds number, 

and the boundary layer shape factor respectively. Generally, the symmetric and 

non-symmetric results presented in this section are similar to one another with some 

notable exceptions that are also identified in the symmetric and non-symmetric direct 

numerical simulations discussed in section 5.3. 

The skin-friction of FSMn case 1 is slightly lower than theory and the results 

of FSMg case 3. In addition, the symmetric case shows better agreement with the 

slope of the theoretical momentum thickness. The slope of Reg for FSMn case 1 

decreases relative to theory beyond Rcx = 6.0 x 10^. The better agreement of the 

momentum thickness is also found for the symmetric DNS case 2 compared with the 

non-symmetric DNS case 1 (see figure 5.32). However, H12 for the non-symmetric 

case provides a closer match to the reference data of Purtell k Klebanoff (1981) than 

the data of FSMg case 3. The improved performance of the non-symmetric case for 

the FSM is similarly demonstrated for the non-symmetric DNS case (see figure 5.33). 

In all. based on mixed performance, non-symmetr\- for FSM calculations does not 

provide a clear benefit for the prediction of mean streamwise flow development just 

as it did not provide a clear benefit for the direct numerical simulations of section 

5.3. 

6.4.2 Mean Flow Profiles 

The benefits of non-symmetric spanwise Fourier transforms are more apparent for 

the mean streamwise velocity. Figure 6.80 gives profiles for the streamwise velocity 
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normalized by Ur and plotted versus near-wall coordinates at Ree ^ 1400. Near-

wall and log-law agreement between symmetric and non-symmetric results is very 

strong. However, in the wake region, FSMn case 1 is better able to capture the 

defect layer behavior and is a better match with the reference results of Murlis et al. 

(1982) and Spalart (1988). This is further demonstrated in profiles for the defect 

velocity shown in figure 6.81 plotted versus y/5. Results for FSM cases (see figure 

6.6). FSMg cases (see figure 6.39), and LES cases (see figure 5.27). all based on the 

symmetric transform, show an over-prediction of the defect profile similar to that of 

FSMg case 3. Therefore, the over-prediction may to some extent be caused by the 

use of symmetric transforms and can be reduced by the use of the non-symmetric 

transform. It is unlikely that the turbulence model of the FSM is the cause of the 

over-prediction because an over-prediction of the same magnitude is also observed for 

the velocity defect profile of the symmetric DNS case 2 (see figure 5.35). However, 

for the LES results, an additional portion of the over-prediction was shown to be the 

result of the Smagorinsky subgrid-scale model. In those LES cases, non-symmetry 

would not reduce the profile distortion caused by the turbulence model. 

6.4.3 Turbulence Statistics 

Total turbulence intensity profiles for the streamwise. wall-normal, and spanwise ve

locities normalized by Ur and plotted versus near-wall coordinates are given in figures 

6.82 through 6.84. Non-symmetry does not significantly change intensity profiles 

for the streamwise and wall-normal velocities. Notably, the near-wall deviation as

sociated with the wall-normal intensity profile does not improve for FSMn case 1. 

The deviation appears to be caused purely by the combination of coarse streamwise 

and spanwise resolution and by the large near-wall turbulence model contribution. 

The spanwise intensity profile, however, is somewhat improved for non-symmetric 

transforms though it still under-predicts the reference profile of Spalart (1988). This 



145 

behavior is expected since it is the spanwise motion that is most limited by the 

restriction of symmetry. Recall from figure 6.48 that all FSMg cases show an under-

prediction of peak spanwise intensity that is independent of spatial resolution. Using 

non-symmetric transforms would improve results equally for each FSMg case. 

Non-symmetric results also show improved performance for the total Reynolds 

stress (see figures 6.85 and 6.86) and the total turbulence production (see figure 

6.87). FSMn case 1 is in good agreement with the Spalart (1988) reference data 

while FSMg case 3 under-predicts peak magnitude. Previous results from FSM and 

FSMg cases show (see figures 6.8 and 6.41) that, as the grid resolution is decreased 

and/or the model contribution is increased, the peak total Reynolds stress and the 

total production decrease. However, this only occurs for cases where the subgrid-scale 

stress component |r[^| is on the order of 0.2 or greater. In terms of outer coordinates, 

both FSMn case 1 and FSMg case 3 perform equally well when compared with the 

Reynolds stress provided by Murlis et al. (1982). 

Consider the subgrid-scale stress profiles for the symmetric and non-symmetric 

cases plotted versus near-wall coordinates in figure 6.88. FSMg case 3 has a peak 

magnitude of roughly 0.19 (very close to 0.2) while FSMn case 1 has a peak 

7(2 magnitude of only 0.11. Recall that the reduction in peak total stress and total 

production is associated with increased dissipation of resoived-scale motion caused by 

a larger model contribution. Therefore, by comparison of peak subgrid-scale stress 

values, one can expect that the total stress and total production of the symmetric 

case will be less than those of the non-symmetric case. In contrast to the present 

results, neither of the total Reynolds stresses of the direct numerical simulations (see 

figure 5.36) show a reduction in peak magnitude because these calculations do not 

involve subgrid-scale modeling. 

The difference in peak SGS stresses for symmetric and non-symmetric cases with 

matching spatial resolution is caused by a relatively larger turbulent kinetic energy 

computed for the symmetric case as shown in figure 6.89. Recall from equations 
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(3.18) and (3.26) that the leading term of the stress component ri2 is a function of 

K'. Therefore, any increase in the kinetic energy produces an increase in the SGS 

stress. In terms of the results found for cases employing the symmetric transforms, 

these results suggest that using a non-symmetric transform reduces the near-wall peak 

amplitude of the subgrid-scale stresses by reducing k. 

The SGS stress magnitude for FSM is also dependent on the contribution function. 

Figure 6.90 demonstrates, however, that the contribution function is influenced very 

little by the spanwise transforms. The impact of such a result is that the estimated 

Kolmogorov length-scale is also relatively independent of the spanwise transform. 

6.4.4 Summary of Symmetric and Non-Symmetric FSM Calculations 

The effects of symmetric versus non-symmetric spanwise Fourier transforms on the 

FS.M are similar to the those identified in section 5.3 for DNS. Shape factor, mean 

streamwise velocity profile, and spanwise turbulence intensity result in minor im

provements with the use of non-symmetric methods. As for the turbulence model 

quantities, the near-wall peak values of the turbulent kinetic energy and the subgrid-

scale stress are larger for symmetric transforms. The increased subgrid-scale stress 

is somewhat more dissipative but is still appropriate considering the level of spatial 

resolution employed for the test calculations. In all, the small improvement attained 

by using non-symmetric transforms does not justify their computational cost. The 

same conclusion was reached from the DNS results of section 5.3. 

6.5 Turbulent Spectra 

The effects of turbulence model contribution and spatial resolution on the turbulent 

energy spectrum are investigated for several FSM and LES cases. Streamwise spectra 

for u' are computed at the wall-normal distances of y"*" = 60 and y"*" = 200 for the 

streamwise location of Ree = 1400. This region of the boundary layer is chosen to 
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ensure that the resolved flow field is fully turbulent. Spalart (1988), for example, 

asserts that the fully turbulent region of the boundary' layer (the region that is less 

sensitive to viscous sub-layer and boundary layer edge effects) occurs over the wall-

normal distance from ss 50 to y'^ % 200. Additionally, the fully turbulent region 

is indicated by a turbulent Reynolds number of 350 computed from RANS case 4a k 

and e data at Ree = 1400. 

The streamwise velocity data are obtained at fixed x .  y ,  and c locations and 

represent the temporal variation of the flow. Therefore, the frequency of the computed 

spectrum / is transformed to the streamwise wavenumber k by means of the Taylor 

approximation k = 2nf/u{y). The wavenumber is normalized by the Kolmogorov 

length-scale so that it can be compared with the results of Champagne (1978). The 

choice is somewhat arbitrary since several other length-scales such as boundary layer 

thickness, wall-normal distance, and near-wall scaling have been used. 

Note that results for the spanwise turbulent energy spectrum are deliberately 

omitted here. Each of the FSM and LES cases possesses relatively few spanwise 

modes. Therefore, it cannot be expected that these few modes can be a truly ac

curate representation of the spanwise spectrum. Furthermore, both Spalart (1988) 

and Sandberg (1999) were not able to detect an inertial subrange in the spanwise 

energy- spectrum despite their much higher spanwise resolution. Spalart attributed 

this behavior to the spanwise turbulence not being fully developed at Reg = 1410. 

In figures 6.91 and 6.92, x-direction turbulent energy spectrum profiles for the 

streamwise velocity component u' are shown for selected FSM and LES cases. Re

sults are plotted in terms of the Kolmogorov normalized spectrum function ^{LK.k). 

The magnitude of the turbulent energy is close to that of the reference data from 

Champagne (1978) for all cases shown although spectra at y"*" = 200 are slightly 

greater than expected. 

For y'^ = 60 (figure 6.91). aside from the profiles for LES case 1 and FSMg case 

3. all of the profiles are in resisonable agreement with the slope of the {L^k)'^^^ 
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reference curve over the wavenumber range of 0.02 < < 0.1. Agreement over 

a similar wavenumber range was also found by Champagne (1978) and by Sandberg 

(1999) and is evidence that an inertial subrange exists for the corresponding FSM 

cases. Overall, the inertial subrange appears to be only slightly dependent on the 

level of turbulence model contribution. FSM case 2. FSM case 3, and FSMf case 2, 

for example, possess nearly equal spectra over the subrange region despite a factor 

of 4 difference in turbulence model contribution. For LES case 1, where the model 

contribution is relatively small, the effect on the energ>' spectrum near the wall is to 

dissipate an insufficient amount of the resolved-scale energy. This accounts for the 

distortion of the energ>' spectrum profile at L^k % 0.7. 

Farther from the wall at t/"*" = 200 (figure 6.92), the presence of an inertial sub

range is only indicated for LES case 1. The remaining cases show a less convincing 

agreement with the slope of than the results for = 60 and suggest that 

the inertial subrange may not be represented accurately. The decay of the energy 

spectrum for FSMg case 3 beginning at lower wavenumbers with respect to the other 

cases is the result of reduced spatial resolution. For FSMg case 3. the occurrence of the 

energy decay within the inertial subrange is simply an indication of poor resolution. 

For calculations involving subgrid-scale turbulence modeling, high wave-number 

dissipation is vital to the success of a particular model. Piomelli (1994) explains that 

when a given subgrid-scale turbulence model does not dissipate sufficient resolved-

scale energ}-, energy is built-up in the highest resolvable wavenumbers. An example 

of this behavior is the distortion of the turbulent energj' spectrum of LES case 1 

near L^k = 0.7 shown in figure 6.91. An additional difficulty may arise when the 

numerical dissipation is not sufficient enough to prevent the turbulent energy from 

growing without bound until the simulation can no longer be sustained. Figure 6.92 

demonstrates the relationship between turbulence model contribution and the tur

bulent energ\' spectrum. As the mean turbulence model contribution increases, the 

turbulent energ\' associated with the highest resolvable wavenumbers decreases. For 
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instance. LES case 1 provides the lowest level of model contribution in the outer re

gion of the boundary layer and possesses the largest turbulent energy at its highest 

wavenumbers. Conversely, FSMf case 2 has a relatively large model contribution at 

y~ = 200 yet its turbulent energy is the least of all cases. 
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7. Conclusions 

A detailed investigation of the Flow Simulation Methodology- has been conducted 

for the test case of a turbulent flat plate boundary layer with zero pressure gradient. 

Results of numerical simulations show that the new approach is a viable alternative to 

traditional LES that can successfully address several of the problems associated with 

the Smagorinsky model. In addition, unlike other alternative methods to traditional 

LES such as the DSGS model, the FSM does not significantly increase computational 

demands. 

The FSM was validated in a series of calculations that were subdivided into two 

portions. In the first portion, five calculations were conducted with matching spa

tial resolution in order to investigate the performance of the FSM for different levels 

of turbulence model contribution. The different levels were achieved by successively 

doubling the 3 parameter of the chosen contribution function from one case to the 

next beginning from 3 = 0.002. The results of the simulations showed that flow 

field quantities can be accurately predicted over a relatively large range in the con

tribution function magnitude. For the particular contribution function used in these 

calculations, a range of 3 values from 0.002 to 0.016 was found to accurately repro

duce streamwise development and turbulent mean flow profiles. Turbulent statistics 

proved to be somewhat more restrictive, requiring 0.002 < < 0.008. The range of 

acceptable 3 values was found to exceed the range of Smagorinsky coefficient values 

(Cs) by approximately a factor of 2, indicates that the FSM is less sensitive to the 

choice of model parameter than traditional LES. 

With the 3 parameter of the contribution function established, the second set 

of calculations investigated the performance of the FSM for four different levels of 

spatial resolution. Results from these simulations showed that reasonable agreement 

with reference data and theory could be obtained for a factor of three range of spatial 
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resolution. The investigation also found that the chosen contribution function does 

not perform adequately in situations where the spatial resolution is extremely coarse. 

Performance could be improved, for example, if the contribution function was mod

ified so that the RANS limit was approached more rapidly when the turbulent flow 

was significantly under-resolved. 

In addition to validating the FSM. the investigation also found that the ability 

of the FSM to accurately predict flow field quantities is relatively insensitive to the 

magnitude of the contribution function. However, results suggested that the particu

lar contribution function used in these calculations was inappropriate for flows where 

the spatial resolution is extremely coarse. To address this issue, results from DNS 

calculations were used in an a-prion fashion to obtain a possible form of the contribu

tion function. Though the form is largely an approximation and therefore cannot be 

considered exact, it was useful for guiding the development of two alternative forms 

of the contribution function. In the first form, the original contribution function was 

modified to approach RANS limits near the wall. The FSM calculation for this case 

found that allowing the turbulence model contribution to approach R.A.NS limits only 

in the near-wall region resulted in suppressing the otherwise naturally occurring pro

duction of turbulence and yielded very poor estimates of flow field quantities. For the 

second form, where the contribution function was modified to approach RANS levels 

away from the wall, certain aspects of the results were considerably improved. In 

this case, streamwise development and mean flow profiles were accurately predicted. 

However, the estimates of the turbulent statistics were relatively poor and generally 

less accurate than several of the calculations conducted using the original contribution 

function. 

DNS and FSM calculations were conducted to determine the effects of using sym

metric versus non-symmetric Fourier transforms on the numerical solution. Com

parison of these calculations for both DNS and the FSM showed that symmetric 

transforms are capable of yielding reliable results. In general, non-symmetric trans
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forms led only to slight improvements in the shape factor, the velocity defect profile, 

and the spanvvise turbulence intensities. The small improvements, however, did not 

justify the significantly increased computational cost of non-symmetric transforms. 

Turbulent energ\' spectra were investigated for selected FSM and LES calcula

tions. The magnitudes of the spectra were close to the Champagne (1978) reference 

data. Though not conclusive for all cases, the results also indicated the presence of 

an inertial subrange in the individual calculations. In addition, it was shown that in

creased turbulence model contribution results in lower turbulent energy at the highest 

resolvable wavenumbers. as expected. 

The .-Mgebraic Stress Model commonly employed for steady RANS applications 

performed well as the subgrid-scale model used for all FSM calculations. The effective 

eddy-viscosity, for example, did not grow excessively large in the presence of strong 

instantaneous shear and. consequently, the model did not become overly dissipative. 

.Also, the turbulent kinetic energy computed from the set of transport equations was 

able to track the instantaneous flow variation despite the use of a second-order implicit 

integration scheme. 

Relative to the FSM, the traditional Smagorinsky model of LES was found to 

be largely ineffective. .\way from the wall, the SGS stress was shown to be notably 

smaller than the viscous stress contribution. By comparison. SGS stresses computed 

using the FSM were typically much larger and certainly made meaningful contribu

tions to the resolved-scales. Furthermore, the length-scale dependence of the FSM on 

A/demonstrated the failure of the A length-scale employed by the Smagorinsky 

model. As wall-normal distance increased, the A/Z.^ length-scale ratio was able to ac

count for the disparity between grid resolution and Kolmogorov length-scale with the 

length-scale ratio growing relatively large in the outer portion of the boundary layer. 

The A length-scale did not account for the disparity, and the resulting Smagorinsky 

model contribution was insufficient. 

The present research has Vcilidated the Flow Simulation Methodology for an equi
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librium wall bounded flow. In the future, research must focus on applying the method 

to non-equilibrium flows such as the adverse pressure gradient boundary layer and 

flows of complex geometry. In addition, research must continue toward the develop

ment of alternatives to Speziale's original contribution function. New functions, with 

the potential to reduce computational resources, make the FSM an attractive choice 

for future CFD research and industrial applications. 
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Appendix A: Tables 

Baldwin-Lomax Calculations 
U = 15 m/s, L = 0.1 m, 1/ = 15.0 x 10~® ni^/s 

Xo = 0.3 m, Xmax = 1-501 m, dx = 1.668 x 10"^ m, 721 streamwise grid points 
Umax = 6.274 X 10"'^ m 
RANS Case la: 3y = 1.03, 80 wall-normal points, CFL = 0.60 
RAXS Case lb; 3y = 1.03, 160 wall-normal points, CFL = 0.3 
RANS Case Ic: 3y = 1.01. 160 wall-normal points. CFL = 0.15 

Standard Two-Equation k. - e Calculations: Boundary layer form 
U = 15 m/s. Z, = 0.1 m. i/ = 15.0 x 10"® m^/s 

Xo = 0.6670 m. Xj^ax = 1-501 m, dx = 1.668 x 10"^ m, 501 streamwise grid points 
Umax = 6.274 X 10"^ m 
RAXS Case 2a: 3y = 1.03, 80 wall-normal points, CFL = 0-60 
RAXS Case 2b: 3y = 1.03, 160 wall-normal points, CFL = 0.12 
RAXS Case 2c: 3y = 1.01, 160 wall-normal points, CFL = 0.006 

•A.SM Calculations: Boundary layer form 
~T~=~rrin7srz~=~oTiiiri7^i3ioiri^~^nrrr7s 

Xo = 0.6670 m. Xmax = 1-501 m. dx = 1.668 x 10"^ m, 501 streamwise grid points 
ymax = 6.274 X 10"2 m 

RAXS Case 3a: 3y = 1-03, 80 wall-normal points, CFL = 0.60 
RAXS Case 3b: 3y = 1.03. 160 wall-normal points, CFL = 0.12 
RAXS Case 3c: 3y = 1.01, 160 wall-normal points. CFL = 0.075 

.A.SM Calculations: ADI Method 
C = 15 m/s. I = 0.1 m. J/ = 15.0 x 10~® m^/s 

[ Xo = 0.6670 m. Xmax — 1-501 m. dx = 1.668 x 10"^ m, 501 streamwise grid points 
ymax = 6.274 X 10"^ m 
RAXS Case 4a; 3y = 1.01, 160 wall-normal points, CFL = 0.10 
RAXS Case 4b: jy = 0.041, 80 wall-normal points, CFL = 0.18 

Table A.l Computational parameters for R-\NS case sets 1, 2, 3, and 4. 
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LES Calculations 
U = 15 m/s, £ = 0.1 m, 1/ = 15.0 x 10"® m^/s 

Umax = 6.274 X 10"^ m, 7y = 0.041, 80 wall-normal points 
Xo = 0.3 m. Cs = 0.065 

Xrfi = 0.33 m. Xd2 = 0.36 m, disturbance slot beginning and end points 
0. 0.005. 200.0; spanwise mode, amplitude, and frequency 
1. 0.020. 100.0: spanwise mode, amplitude, and frequency 
2. 0.010. 400.0; spanwise mode, amplitude, and frequency 

LES Case I: 751 x 80 x 15 
CFL= 0.2. dx = 1.0 X 10"^ m, dz  = 0.5 x 10"^ m 

Turbulence model ramped in over streamwise grid points 101 to 201 
LES Case 2: 481 x 80 x 9 

CFL= 0.114, dx = 1.75 x 10"^ m. dz = 0.875 x 10"^ m 

Turbulence model ramped in over streamwise grid points 57 to 114 

DXS Calculations 
i '  =  15 m/s, L = 0.1 m, t/ = 15.0 x 10~® m*/s 
Xo = 0.3 m. dx = 7.5 x lO""* m 

Umax = 6.274 X 10"* m. 7j, = 0.041 
dz  = 3.75 X 10"' m 
CFL = 0.267 

i Xrfi = 0.33 m. Xd2 = 0.36 m. disturbance slot beginning and end points 
j 0. 0.005. 200.0; spanwise mode, amplitude, and frequency 
! 1. 0.020. 100.0; spanwise mode, amplitude, and frequency 

2. 0.010. 400.0; spanwise mode, amplitude, and frequency 
D.\'S Case 1: 901 x 80 x 65, non-symmetric 
D.\'S Case 2; 901 x 80 x 35, symmetric 

Table A.2 Computational parameters for DNS and LES calculations. 
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Fixed Grid Calculations 
T^^='T5'ln7s7T~=~0~r'm7F=T5^0"xT0^^^~rn^7s 

Xo = 0.3 m. Xjnax = 1-105 m. dx = 1.0 x 10"^ m, 751 streamwise grid points 
ymax = 6.274 X 10"- m, jy = 0.041, 80 wall-normal points 
dz = 0.5 X 10"^ m. 15 spanwise Fourier modes 
CFL = 0.2 

Xiii = 0.33 m. Xd2 = 0.36 m. disturbance slot beginning and end points 
0. 0.005. 200.0: spanwise mode, amplitude, and frequency 
1. 0.020. 100.0: spanwise mode, amplitude, and frequency 
2. 0.010. 400.0; spanwise mode, amplitude, and frequency 

Turbulence model ramped in over streamwise grid points 101 to 201 
FSM Case 1: /? = 0.002 
FS.\1 Case 2: 3 = 0.004 
FSM Case Z: 3 = 0.008 

j FSM Case 4: J = 0.016 
{ FS.M Case 5: 3 = 0.032 

Table A.3 Computational parameters for FSM calculations. 
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\"ariable Grid, Fixed 0 Calculations 
U = 15 m/s, L = 0.1 m, J/ = 15.0 x 10~® m^/s 

2/mai = 6.274 X 10"^ m, jy = 0.041, 80 wall-normal points 
Xo = 0.3 m, 3 = 0.004 

Xdi = 0.33 m, Xd2 = 0.36 m, disturbance slot beginning and end points 
0. 0.005, 200.0; spanwise mode, amplitude, and frequency 
1. 0.020, 100.0: spanwise mode, amplitude, and frequency 
2. 0.010. 400.0; spanwise mode, amplitude, and frequency 

FSMg Case 1; 1281 x 80 x 25 
CFL= 0.342. dx =  5.83 x lO"' m, dz  = 2.92 x lO-* m 
Turbulence model ramped in over streamwise grid points 171 to 344 

FSMg Case 2: 751 x 80 x 15 
Identical calculation to FSM 2. 

FSMg Case 3: 481 x 80 x 9 
CFL= 0.114, dx = 1.75 x 10"^ m, dz = 0.875 x 10"^ m 

Turbulence model ramped in over streamwise grid points 57 to 114 
FSMg Case 4; 301 x 80 x 5 

CFL= 0.057. dx = 3.5 x 10"^ m, dz = 1.75 x 10"^ m 

Turbulence model ramped in over streamwise grid points 31 to 61 

Table A.4 Computational parameters for FSMg calculations. 

Modified Contribution Function Calculations 

i' = 15 m/s. Z. = 0.1 m. = 15.0 x 10~® m^/s 

Xo = 0.3 m. Xmai = 1.105 m, dx = 1.0 x 10"^ m. 751 streamwise grid points 
{Jmax = 6.274 X 10"^ m, jy = 0.041, 80 wall-normal points 
dz = 0.5 X 10"^ m, 15 spanwise Fourier modes 
CFL = 0.2 

Xd\ = 0.33 m. Xd2 = 0.36 m, disturbance slot beginning and end points 
0. 0.005. 200.0; spanwise mode, amplitude, and frequency 
1. 0.020. 100.0: spanwise mode, amplitude, and frequency 
2. 0.010, 400.0; spanwise mode, amplitude, and frequency 

Turbulence model ramped in over streamwise grid points 101 to 201 
FSMf Case 1:0 = 0.004 
FSMf Case 2: 0  =  0.008 

Table A.5 Computational parameters for FSMf calculations. 
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Xon-Symmetric FSM Calculation 
i' = 15 m/s. L = 0.1 m, £/ = 15.0 x 10"® m"^/s 

ymai = 6.274 X 10~* m, 7y = 0.041, 80 wall-normal points 
Xo = 0.3 m .  3  =  0.004 

Xd\ = 0.33 m, Xd.2 = 0.36 m, disturbance slot beginning and end points 
0. 0.005. 200.0; spanwise mode, amplitude, and frequency 
1. 0.020. 100.0; spanwise mode, amplitude, and frequency 
2. 0.010, 400.0; spanwise mode, amplitude, and frequency 

FSMn Case 1: 481 x 80 x 17 
CFL= 0.114, dx = 1.75 x 10"^ m, dz = 0.875 x 10"^ m 

Turbulence model ramped in over streamwise grid points 57 to 114 

Table A.6 Computational parameters for the FSMn calculation. 
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Appendix B: Figures 

z 

Figure 4.1 Computational domain (bounded by long-dashed lines) for time depen
dent. spatially varying simulations in three dimensions. The shaded strip on the wall 
downstream of the inflow boundary is the disturbance slot. Turbulence models are 
ramped in spatially beginning from a streamwise location slightly downstream of the 
disturbance slot to full magnitude at the streamwise location denoted by the short-
dashed lines. Turbulence models function at normal magnitude over the streamwise 
extent denoted by the dark gray shading at the wall. The relaminarization region is 
defined by light gray shading near the outflow. 

Figure 4.2 Computational domain for RANS calculations. Calculations involving the 
standard K-t model and the ASM model utilize a domain beginning from the short-
dashed line. 
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Figure 5.1 Variation of skin-friction coefficient with streamwise distance: RANS cases 
la (-<-). lb (-•-), and Ic (-o-) of the Baldwin-Lomax model. Solid lines are laminar 
and turbulent reference curves obtained from White (1991). 
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Figure 5.2 \'ariation of skin-friction coefficient with streamwise distance: for RANS 
cases 2a (-o-), 2b {-•-), and 2c (-o-) of the standard k - e model in boundary layer 
form. Solid lines are laminar and turbulent reference curves obtained from White 
(1991). 
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Figure 5.3 Variation of skin-friction coefficient with streamwise distance; RANS cases 
3a (-0-). 3b (-•-), and 3c (-o-) of the ASM in boundary layer form. Solid lines are 

laminar and turbulent reference curves obtained from White (1991). 
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Figure 5.4 Variation of momentum thickness with streamwise distance: RANS cases 
la (-0-), lb (-•-), and Ic (-o-). Solid lines are laminar and turbulent reference 
curv'es obtained from White (1991). 
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Figure 5.5 Variation of momentum thickness with streamwise distance; RANS cases 
2a (-0-), 2b {-•-), and 2c (-o-). Solid lines are laminar and turbulent reference 
curves obtained from White (1991). 
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Figure 5.6 Variation of momentum thickness with streamwise distance; RANS cases 
3a (-0-). 3b (-•-), and 3c (-o-). Solid lines are laminar and turbulent reference 
curves obtained from White (1991). 
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Figure 5.7 Normalized streamwise velocity profiles at Re^ ^ 2100; RANS cases la 
(-0-), lb (-•-), and Ic (-o-). Inner layer reference curve is given by u"*" = y"*". 
Log-law reference line is given by u"'" = 5.0 -I- 2.51n(y''"). 
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Figure 5.8 Xormalized streamwise velocity profiles at Reg 2100; ElANS cases 2a 
(-0-). 2b (-•-), and 2c (-o-). Log-law reference line is given by = o.0 + 2.5\n{y'^). 



168 

30 r 

3 

10 1000 1 100 10000 

Figure 5.9 Normalized streamwise velocity profiles at Re^ a: 2100; RANS cases 3a 
(-0-). 3b (-•-), and 3c (-o-). Log-law reference line is given by = 5.0 + 2.51n(y'^). 
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Figure 5.10 Reynolds stress i?t2 profiles normalized by wall shear velocity at Reg = 
2100: la (- -). lb (• • •)• Ic (—). 2a (- -o- -). 2b (• o •"). 2c (-o-), 3a (- -), 3b 
(• • •)• and 3c (-•-). 
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Figure 5.11 Profiles of turbulent eddy-viscosity at Reg s: 2100; la (—), lb (• • •), Ic 
(—). 2a (- -o- -), 2b (• o •), 2c (-o-), 3a (- -), 3b (• • •), and 3c (-•-). 
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Figure 5.12 Profiles of turbulent kinetic energy k  at Re^ ft: 2100; 2a (—o—), 2b 
(• o •). 2c (-0-), 3a (—•—), 3b (• • •), and 3c (-•-). 
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Figure 5.13 Profiles of turbulent dissipation rate e at Reg » 2100; 2a (—o—), 2b 
(• o •), 2c (-0-), 3a (—•—), 3b (• • •), and 3c (-•-). 
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Figure 5.14 Variation of skin-friction coefficient with streamwise distance for well 
resolved computations compared with the test calculations of Sarkar & So (1997). 
RAXS cases are denoted as: Ic (-o-), 2c (-0-), 3c (-o-), 4a and 4b (-<-). 
Sarkar <k So cases are denoted as: CH (+), JL (x), LS (»), MK (A), SSA (>), YS 
(O). and VVi (•). Solid lines are laminar and turbulent reference curves obtained 
from White (1991). 
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Figure 5.15 Variation of momentum thickness with streamwise distance for well re
solved computations. RANS cases are denoted as: Ic (-o-), 2c (-•-), 3c (-o-). 4a 
(-0-). and 4b (-<-). Caset.: are displaced successively upward from case 4b by 1000 
in Reo- Solid lines are laminar and turbulent reference curves obtained from White 
(1991). 
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Figure 5.16 Variation of boundary layer shape factor with streamwise distance for well 
resolved computations; Ic (-o-), 2c (-•-), 3c (-o-), 4a (->-), 4b (-<-), auid Purtell 
k Klebanoff (1981) (x). Cases are displaced successively upward from case 4b by 

0.35 in Hi2-
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Figure 5.17 Normalized streamwise velocity profiles; RANS cases Ic (-o-), 2c (-•-), 
3c (-0-). 4a {-^), and 4b (-<-) at Res 1410. Profiles from the experiments of 
Murlis et al. (1982) (O) and the DNS of Spalart (1988) (•) are given at Re® = 1368 
and Reg = 1410 respectively. Cases Eire displaced successively upward from case 4b 
by 10 in y^. Inner layer reference line is given by u"*" = y"*". Log-law reference line is 
given by = 5.0 + 2.5ln(y''"). 
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Figure 5.18 Profiles of Reynolds stress normalized by wall shear velocity at Re^ 
1410: Ic (-0-), 2c (-•-), 3c (-0-), 4a (-£>-), 4b (-<-) and Spalart (1988) (•). 
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Figure 5.19 Turbulence production normalized by wall shear velocity at Re^ = 1410; 
Ic (-0-). 2c (-•-), 3c (-0-), 4a 4b (-<-) and Spalart (1988) (•). 
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Figure 5.20 Ratio of turbulence production to turbulent dissipation rate for profiles 
at Refl = 1410 (top) and Re® = 1900 (bottom). RANS cases are denoted as: 2c 
(-•-), 3c (-0-), 4a (-0-), and 4b (-<-). Dashed lines are references to equilibrium 
turbulence levels. 
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Figure 5.21 Profiles of shear correlation coefficient; RANS cases 4a (-c>-), 4b 
( -<-). and Murlis et al. (1982) (O). Lower curves correspond to Ree = 1410. Upper 
curves are displaced upward by 0.2 units from the lower curves and correspond to 
Ree = 1900. 
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Figure 5.22 Turbulent kinetic energy (top) and turbulent dissipation rate (bottom) 
normalized by wall shear velocity at Reg = 1410; 2c (-•-), 3c (-o-), 4a 4b 
(-<-), Zhang et al. (2000ft) (—), and Karlsson Johansson (1988) (x). 
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Figure 5.23 Variation of skin-friction coefficient witii streamwise distance; LES cases 
1 (•) and 2 (o). Solid lines are laminar and turbulent reference curves obtained from 
White (1991). 
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Figure 5.24 Variation of momentum thickness with streamwise distance; LES cases 1 
(-•-) and 2 (-o-). Solid lines are laminar and turbulent reference curves obtained 
from White (1991). 
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Figure 5.25 Variation of shape factor with streamwise distance; LES cases 1 (-•-), 
2 (-0-). and Purtell-i: KlebanofF (1981) (x). Solid lines are laminar and turbulent 
reference curves obtained from White (1991). 
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Figure 5.26 Normalized streamwise velocity profiles; LES cases 1 (-•-), 2 (-o-), 
Murlis et al. (1982) (O), and Spalart (1988) (•). Inner layer reference curve is given 
by u"*" = Log-law reference line is given by u'^ = 5.0 + 2.5^(2/"^). 
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Figure 5.27 Streamwise velocity defect profiles; LES cases 1 (-•-), 2 (-o-), Murlis 
et ai (1982) (O), and Spalart (1988) (•). 
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Figure 5.28 Profiles of total and SGS Reynolds stress normalized by wall shear veloc
ity; total stress LES cases 1 (-O-jr and 2 (-o-), SGS stress LES cases 1 (—•—), 
and 2 (- -o—). Spalart (1988) (•). and the coarse grid DNS of Rai k Moin (1991) 
(A).  
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Figure 5.29 Total stress and total stress components: LES cases 1 (•) and 2 (o). Lines 
coinciding with symbols denote total stress (—), resolved- scale Reynolds stress (- -), 
viscous stress (—), and subgrid-scale stress (•••). 
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Figure 5.30 Turbulence production normalized by wall shear velocity; total production 
LES cases 1 (-•-) and 2 (-o-), SGS production LES cases 1 (—•—) and 2 
(- -o—), Spalart (1988) (•), and l/Ky"*" (—). 
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Figure 5.31 Variation of skin-friction coefficient with streamwise distance; DNS cases 
1 (-0-), 2 (-•-), Murlis et al. (1982) (O), and Spalart (1988) (•). Solid lines are 
laminar and turbulent reference curves obtained from White (1991). 
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Figure 5.32 Variation of momentum thickness with streamwise distance; DNS cases 
1 (-0-) and 2 (-•-). Solid lines are laminar and turbulent reference curves obtained 
from White (1991). 
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Figure 5.33 Variation of shape factor with streamwise distance; DNS cases 1 (-o-), 
2 (-•-)r Spalart (1988) {•), and Purtell & Klebanoff (1981) (x). Solid lines are 
laminar and turbulent reference curves obtained from White (1991). 
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Figure 5.34 Normalized streamwise velocity profiles; DNS cases 1 (-o-), 2 (-•-), 
Murlis et al. (1982) (O), and Spalart (1988) (•). Inner layer reference curve is given 
by =y^. Log-law reference line is given by = 5.0 -I- 2.5ln(y''"). 
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Figure 5.35 Streamwise velocity defect profiles; DNS cases 1 (-o-), 2 (-•-), Murlis 
et al. (1982) (O), and Spalart (1988) (•). 
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Figure 5.36 Profiles of Reynolds stress normalized by wall shear velocity; DNS cases 
1 (-0-), 2 (-•-), Spalart (1988) (•), and Rai &: Moin (1991) (A). 
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Figure 5.37 Turbulence production normalized by wall shear velocity; DNS cases 1 
(-0-), 2 (-•-), Spalart (1988) (•), and l/zcy"'' (- -). 
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Figure 5.38 Turbulence intensity of streamwise velocity normalized by wall shear 
velocity: DNS cases 1 (-o-). 2 (-•-), Spalart (1988) (•), and Purtell k KlebanofF 
(1981)'(o). 



198 

0.8 

0.6 
s 
cr 

> 

0.4 

0.2 

0.0 
1000 10000 10 100 1 

•f 
y 

Figure 5.39 Turbulence intensity profiles of wall-normal velocity normalized by wall 
shear velocity: DNS cases 1 (-o-). 2 (-•-), and Spalart (1988) (•). 
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Figure 5.40 Turbulence intensity profiles of spanwise velocity normalized by wall shear 
velocity; DNS cases 1 (-o-), 2 (-•-), and Spalart (1988) (•). 
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Figure 5.41 Turbulent resolved and subgrid-scale stress components derived from 
spatial averaging; DNS case 1 (o) and LES case 2 (o). Lines coinciding with symbols 
denote non-filtered stress u'v' (—), resolved-scale Reynolds stress < u >'< v >' (- -), 
and subgrid-scale stress (•••)• 
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Figure 6.1 Variation of skin-friction coefficient with streamwise distance; FSM cases 
1 (o). 2 (•), 3 (o), 4 (>), and 5 (<). Solid lines are laminar and turbulent reference 
curves obtained from White (1991). 
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Figure 6.2 Variation of momentum thickness with streamwise distance; FSM cases 1 
(-0-). 2 (-•-), 3 (-0-), 4 (-c>-), and 5 (-<-). Solid lines are laminar and turbulent 
reference curves obtained from White (1991). 
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Figure 6.3 Variation of shape factor with streamwise distance; FSM cases 1 (-o-), 2 
(-•-), 3 {-0-), 4 (->-), 5 (-<-), Spalart (1988) (•), and Purtell & Klebanoff (1981) 
(x). Solid lines are laminar and turbulent reference curves obtained from White 
(1991). 
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Figure 6.4 Normalized streamwise velocity profiles; FSM cases 1 (-o-), 2 (-•-), 3 
(-0-). 4 (-o-), 5 (-<-), Murlis et al. (1982) (O), and Spalart (1988) (•). Inner 
layer reference curve is given by u"*" = y"*". Log-law reference line is given by u"*" = 
5.0 -I- 2.51n(y''"). 
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Figure 6.5 Mean streamwise velocity profiles; FSM cases 1 (-o-), 2 (-•-), 3 (-o-), 4 
(->-), 5 (-<-), Murlis et al. (1982) (O), and Spalart (1988) (•). 
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Figure 6.6 Streamwise velocity defect profiles; FSM cases 1 (-o-), 2 (-•-), 3 (-o-), 4 
(-{>-). 5 (-<-), Murlis et ai (1982) (O), and Spalart (1988) (•). 
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Figure 6.7 Near wall behavior of total Reynolds stress normalized by wall shear ve-
locitv: FSM cases 1 (-o-), 2 (-•-), 3 (-o-), 4 (-0-), 5 (-<-), and Spalart (1988) 
( • ) •  
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Figure 6.8 Total Reynolds stress normalized by wall shear velocity; FSM cases 1 

(-0-), 2 (-•-), 3 (-0-), 4 (->-), 5 (-<-), Spalart (1988) (•), and Rai k Moin (1991) 

(A). 



209 

Figure 6.9 Total Reynolds stress profiles expressed in outer coordinates; FSM cases 1 

(-0-), 2 (-•-), 3 (-«-), 4 (->-), 5 (-<-), and Murlis et al. (1982) (O). 
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Figure 6.10 Profiles of SGS component T i 2  normalized by the wall shear velocity; FSM 

cases 1 (-0-), 2 (-•-), 3 (-<>-), 4 (->-), 5 (-<-), DNS case 1(—\—), and LES case 

1 (- -X- -). The dashed line is the viscous stress component. 
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Figure 6.11 Total stress and total stress components expressed in near-wall coordi

nates; FSM cases 1 (o), 2 (•), 3 (o), and 4 (>). Lines coinciding with the symbols 

denote the total stress (—), the resolved-scale Reynolds stress (- -), the viscous stress 

(-•-). and the subgrid-scale stress (• • •). 
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Figure 6.12 Total turbulence production expressed in near-wall coordinates; FSM 

cases 1 (-0-). 2 (-•-). 3 (-o-), 4 (->-), 5 (-<h), Spaiart (1988) (•). and l/Ky"*" 

(- -)• 
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Figure 6.13 Subgrid-scale turbulent production expressed in near-wall coordinates; 

FSM cases 1 (-o-), 2 (-•-), 3 (-o-), 4 (-c>-), and 5 (-<-). Total turbulent production 

from Spalart (1988) (•) is provided as a reference. 
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Figure 6.14 Total turbulence intensity of streamwise velocity normalized by wall shear 

velocity; FSM cases 1 (-o-), 2 (-•-), 3 (-o-), 4 5 (-<-), Spalart (1988) (•), 

and Purtell Klebanoff (1981) (O). 
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Figure 6.15 Total turbulence intensity profiles of wall-normal velocity normalized by 

wall shear velocity; FSM cases 1 (-o-), 2 (-•-), 3 (-o-), 4 (-£>-), 5 (-<H), and Spalart 

(1988) (•). 
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Figure 6.16 Total turbulence intensity profiles of spanwise velocity normalized by 

wall shear velocity; FSM cases 1 (-o-), 2 (-•-), 3 (-o-), 4 (->-), 5 (-<-), and Spalart 

(1988) (•). 
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Figure 6.17 Total turbulence intensity profiles of streamwise velocity; FSM cases 1 
(-0-). 2 (-•-), 3 (-0-), 4 {->-), 5 (-<-), Murlis et al. (1982) (O), and Spalart (1988) 
( • ) •  
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Figure 6.18 Total turbulence intensity profiles of wall-normal velocity; FSM cases 1 
(-0-). 2 (-•-). 3 (-0-), 4 (->-), 5 (-<-), Murlis et al. (1982) (O), and Spalart (1988) 
( • ) •  
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Figure 6.19 Total turbulence intensity profiles of spanwise velocity; FSM cases 1 (-o-), 

2 (-•-). 3 (-0-), 4 (-0-), 5 (-<-), and Spalart (1988) (•). 
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Figure 6.20 Turbulent kinetic energy normalized by wall shear velocity; FSM cases 1 

( -0 - ) .  2  (-•-), 3 ( -0 - ) ,  4 (-t—), 5 (-<-), RANS case 4a (—<3- -), and Karlsson &: 

Johansson (1988) (x). 
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Figure 6.21 Turbulent kinetic energy profiles expressed in outer coordinates; FSM 

cases 1 (-0-), 2 (-•-), 3 (-o-), 4 (-{>-), 5 {-<-), and RANS case 4 (—<3—). 
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Figure 6.22 Turbulent dissipation rate profiles expressed in near-wall coordinates; 

FSM cases 1 (-o-), 2 (-•-), 3 (-o-), 4 (->-), 5 (-<-), and RANS case 4a ( <i—). 



223 

0.20 

0.15 

[ D <  

0.10 

0.05 r 

0.00 ' 
1.2 1.4 0.8 1.0 0.0 0.2 0.4 0.6 

y/5 

Figure 6.23 Turbulent dissipation rate expressed in outer coordinates; FSM cases 1 

( -0 - ) ,  2 (-•-), 3 (-0-), 4 (->-), 5 (-<-), and RANS case 4a (- -<- -). 



224 

0.6 r 

S 0.4 h 

10000 

Figure 6.24 One-fourth root of turbulent dissipation rate; FSM cases 1 (-o-), 2 (-•-), 

3 (-0-). 4 (-!>-), 5 (-<-), and RANS case 4a (—«3—). 
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Figure 6.25 Effective eddy-viscosity coefficient /(r?,^); FSM cases 1 (-o-), 2 (-•-), 3 

(-0-). 4 (->-), 5 (-<-), and RANS case 4a (- -<—). Dotted line corresponds to the 

effective value of assuming a standard /c-e formulation with = 0.09. 
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Figure 6.26 Contribution function /(A, L,^) profiles; FSM cases 1 (-o-), 2 (-•-), 3 

(-0-), 4 {->-), and 5 (-<-). 
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Figure 6.27 Contribution function /(A, profiles expressed in outer coordinates; 

FSM cases 1 (-o-), 2 (-•-), 3 (-o-), 4 (-c>-), and 5 (-<-). 
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Figure 6.28 Grid spacing function A components of /(A. L ^ )  for FSM case Ic; dx/L^. 
{ — ) .  d y / L ^  { -  - ) ,  and d z / L ^  ( •  •  • ) .  
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Figure 6.29 Instantaneous contours of spanwise vorticity in the x - y  plane for FSM 

cases 1 (top) through 5 (bottom). 
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Figure 6.30 Instantaneous contours of spanwise vorticity in the x - y  plane continued 

downstream from figure 6.29 for FSM cases 1 (top) through 5 (bottom). 
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Figure 6.31 Gray-scale of the instantaneous spanwise vorticity in the x - y  plane overlaid 

with contours of instantaneous turbulent kinetic energy for FSM cases 1 (top) through 

4 (bottom). 
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Figure 6.32 Instantaneous contours of an x-z plane of streamwise vorticity at the wail 
for FSM cases 1 (top) through 5 (bottom). 
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Figure 6.34 Variation of skin-friction coefficient with streamwise distance; FSMg cases 

1 (o), 2 (•), 3 (o), and 4 (>). Solid lines are laminar and turbulent reference curves 

obtained from White (1991). 
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Figure 6.35 Variation of momentum thickness with streamwise distance; FSMg cases 

1 (-0-). 2 (-•-), 3 (-0-), and 4 (-c>-). Solid lines are laminar and turbulent reference 

curves obtained from White (1991). 
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Figure 6.36 Variation of shape factor with streamwise distance; FSMg cases 1 (-o-), 

2 (-•-). 3 (-o-)r 4 (->-), Spaiart (1988) (•), and Purtell k Klebanoff (1981) (x). 

Solid lines are laminar and turbulent reference curves obtained from White (1991). 
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Figure 6.37 Normalized streamwise velocity profiles; FSMg cases 1 (-o-), 2 (-•-), 3 

(-0-), 4 {-0-), Murlis et al. (1982) (O), and Spalart (1988) (•). Inner layer reference 
curve is given by it"'" = y"*". Log-law reference line is given by u"*" = 5.0 + 2.51n(y'''). 
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Figure 6.38 Mean streamwise velocity profiles; FSMg cases 1 (-o-), 2 (-•-), 
4 (-0-). Murlis et al. (1982) (O), and Spalart (1988) (•). 
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Figure 6.39 Streamwise velocity defect profiles: FSMg cases 1 (-o-), 2 (-•-), 3 (-o-), 
4 (-{>-). Murlis et al. (1982) (O), and Spalart (1988) (•). 



240 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 
0 20 40 60 80 100 120 140 160 180 200 

"f 
y 

Figure 6.40 Near wall behavior of total Reynolds stress normalized by wjdl shear 
velocity: FSMg cases 1 (-o-), 2 (-•-), 3 (-o-), 4 (->-), amd Spalart (1988) (•). 
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Figure 6.41 Total Reynolds stress normalized by wall shear velocity, FSMg cases 1 
(-0-), 2 (-•-). 3 (-0-), 4 (-0-), Spalart (1988) (•), and the coarse grid DNS of Rai 
k Moin (1991) (A). 
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Figure 6.42 Subgrid-scale turbulent stress expressed in near-wall coordinates; FSMg 
cases 1 (-0-). 2 (-•-), 3 (-o-), 4 (-£>-), and Spalart (1988) (•). The viscous stress 
of FSMg case 2 (—) is provided as a reference. 
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Figure 6.43 Total stress and total stress components expressed in near-wall coordi
nates: FSMg cases 1 (o), 2 (•), 3 (o), and 4 (>). Lines coinciding with the symbols 
denote the total stress (—), the resolved-scale Reynolds stress (- -), the viscous stress 
(—). and the subgrid-scale stress (• • •). 
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Figure 6.44 Total turbulence production expressed in near-wall coordinates; FSMg 
cases 1 (-0-), 2 (-•-): 3 (-o-), 4 (->-), Spalart (1988) (•), and l/ny^ (—). 
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Figure 6.45 Subgrid-scale turbulence production expressed in near-wall coordinates; 
FSMg cases 1 (-o-), 2 (-•-), 3 (-o-), and 4 (->-). The Reynolds stress of Spalart 
(1988) (CH) is provided as a reference. 
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Figure 6.46 Total turbulence intensity profiles of streamwise velocity normalized by 
wall shear velocity; FSMg cases 1 (-o-), 2 (-0-), 3 (-o-), 4 (-c>-), Spalart (1988) 
(•). and Purtell & Klebanoff (1981) (O). 
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Figure 6.47 Total turbulence intensity profiles of wall-normal velocity normalized by 
wall shear velocity; FSMg cases 1 (-o-). 2 (-•-). 3 (-o-), 4 (-o-). and Spalart (1988) 
( • ) •  
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Figure 6.48 Total turbulence intensity profiles ofspanwise velocity normalized by wall 
shear velocity; FSMg cases 1 (-o-), 2 (-•-), 3 {-o~), 4 (->-), and Spalart (1988) (•). 
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Figure 6.49 Total turbulence iateuaity profiles of streamwise velocity; FSMg cases 1 
(-0-). 2 (-•-), 3 (-0-), 4 (-0^), Murlis et al. (1982) (O), and Spalart (1988) (•). 



Figure 6.50 Total turbulence intensity profiles of wall-normal velocity; FSMg cases 1 
(-0-), 2 (-•-), 3 (-0-), 4 (->-), Murlis et al. (1982) (O), and Spalart (1988) (•). 
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Figure 6.51 Total turbulence intensity profiles of spanvvise velocity; FSMg cases 1 
(-0-). 2 (-•-). 3 (-0-). 4 {->-), and Spalart (1988) (•). 
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Figure 6.52 Turbulent kinetic energy profiles normalized by wail shear velocity; FSMg 
cases 1 (-0-), 2 (-•-), 3 (-o-), 4 (h>-), RANS case 4a (—<i—), and Karlsson k 
Johansson (1988) (x). 
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Figure 6.53 Turbulent kinetic energy profiles expressed in outer coordinates; FSMg 
cases 1 (-0-), 2 (-•-), 3 (-o-), 4 (-c>-), and RANS case 4a (—^—). 
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Figure 6.54 Turbulent dissipation rate profiles expressed in near-wall coordinates; 
FSMg Ccises 1 (-0-), 2 (-•-), 3 (-^), 4 (->-), and RANS case 4a (—<]—). 
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Figure 6.55 Turbulent dissipation rate profiles expressed in outer coordinates; FSMg 
cases 1 (-0-), 2 (-•-), 3 (-o-), 4 (->-), and RANS case 4a (——). 
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Figure 6.56 One-fourth root of turbulent dissipation rate: FSMg cases 1 (-o-), 2 
(-•-). 3 (-0-); 4 (->-), and RANS case 4a ^—<3—). 
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Figure 6.57 Effective eddy-viscosity coefficient profiles: FSMg cases 1 (-o-), 2 
(-•-), 3 (-0-), 4 (-c>-), and RANS case 4a (—c—). Dotted line corresponds to the 
effective value of /{t], assuming a standard K-e formulation with = 0.09. 
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Figure 6.59 Contribution function profiles expressed in outer coordinates; FSMg cases 
1 ( -0-) .  2 (-•-), 3 (-0-), and 4 (->-). 
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Figure 6.60 Instantaneous contours of spanwise vorticity in the x-y plane for FSMg 
cases I (top) through 4 (bottom). 
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Figure 6.61 Instantaneous contours of spanwise vorticity in the x-y plane continued 
downstream from figure 6.60 for FSMg cases 1 (top) through 4 (bottom). 
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Figure 6.62 Gray-scale of the instantaneous spanwise vorticity in the x-y plane overlaid 
with contour lines of instantaneous turbulent kinetic energy for FSMg cases 1 (top) 
through 3 (bottom). 
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Figure 6.63 Instantaneous contours of streamwise vorticity in an x-z plane at the wall 
for FSMg cases 1 (top) through 4 (bottom). 
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Figure 6.65 Contribution function profiles derived from a dynamic scheme applied to 
DNS case 1 (-o-). Data also provided from FSM case 5 (—<i—) and FSMg case 3 
( -  -o-  -) .  
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Figure 6.66 Contribution function profiles; FSMf cases 1 (-o-) and 2 (-•-). 
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Figure 6.67 Contribution function profiles expressed in outer coordinates; FSMf cases 
1 (-0-) and 2 (-•-)• 
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Figure 6.68 Variation of skin-friction coefficient with streamwise distance; FSMf cases 
1 (o) and 2 (•). Solid lines are laminar and turbulent reference curves obtained from 
White (1991). 
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Figure 6.69 Variation of momentum thickness with streamwise distance; FSMf cases 
1 (-0-) and 2 (-•-). Solid lines are laminar and turbulent reference curves obtained 
from White (1991). 
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Figure 6.70 Variation of shape factor with streamwise distance; FSMf cases 1 (-o-), 
2 (-•-), Spalart (1988) (•), and Purtell k Klebanoff (1981) (x). Solid lines are 
laminar and turbulent reference curves obtained from White (1991). 
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Figure 6.71 Xormalized streamwise velocity profiles: FSMf cases 1 (-o-), 2 (-•-), 
Murlis et al. (1982) (O), and Spalart (1988) (•). Inner layer reference curve is given 
by = y^. Log-law reference line is given by = 5.0 + 2.51n(y'^). 
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Figure 6.72 Streamwise velocity defect profiles; FSMf cases 1 (-o-), 2 (-•-), Murlis 
et al. (1982) (O), and Spalart (1988) (•). 
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Figure 6.73 Profiles of total and SGS Reynolds stress normalized by wall shear veloc
ity; total Reynolds stress FSMf cases 1 (-0-) and 2 (-•-), SGS stress FSMf cases 1 
(- -o—) and 2 (—•—), Spalart (1988) (•), and Rai k Moin (1991) (A). 



274 

0.4 

0.3 

+ 
>» 

:o 

% 0.2 

0.1 

0.0 
0 20 40 60 80 100 

y 

Figure 6.74 Total and SGS turbulence production expressed in near-wall coordinates; 
total production FSMf cases 1 (-o-) and 2 (-•-), SGS production FSMf cases 1 
(- -o- -) and 2 (—•—), Spalart (1988) (•), and l/zcy"'" (—). 
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Figure 6.75 Turbulent kinetic energy normalized by wall shear velocity, FSMf cases 
1 (-0-), 2 (-•-), RANS case 4a (—<3—), and Karlsson k Johansson (1988) (x). 



276 

0.8 

0.6 

0.4 

0.2 

0.0 
1 10000 1000 10 100 

4-

y 

Figure 6.76 Turbulent dissipation rate profiles expressed in near-wail coordinates; 
FSMf cases 1 (-o-), 2 (-•-), and RANS case 4a (—<3—). 
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Figure 6.77 \ ariation of skin-friction coefficient with streamwise distance; FSMn case 
1 (o). and FSMg case 3 (o). Solid lines are laminar and turbulent reference curves 
obtained from White (1991). 
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Figure 6.78 Variation of momentum thickness with streamwise distance; FSMn case 1 
(-0-). and FSMg case 3 (-o-). Solid lines au-e laminar and turbulent reference curves 
obtained from White (1991). 
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Figure 6.79 Variation of shape factor with streamwise distance; FSMn case 1 (-o-), 
FSMg case 3 {-<>-), Spalart (1988) (•), and Purtell k KlebanofF (1981) (x). Solid 
lines are laminar and turbulent reference curves obtained from White (1991). 
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Figure 6.80 Normalized streamwise velocity profiles; FSMn case 1 (-o-), FSMg case 
3 (-0-), Murlis et al. (1982) (O), and Spalart (1988) (•). Inner layer reference curve 
is given by u'^ = y"*". Log-law reference line is given by u"*" = 5.0 + 2.5ln(y"*"). 



Figure 6.81 Streamwise velocity defect profiles; FSMn case 1 (-o-), FSMg case 3 
(-0-). Murlis et al. (1982) (O), and Spalart (1988) (•). 
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Figure 6.82 Total turbulence intensity profiles of streamwise velocity normalized by 
wall shear velocity; FSMn case 1 (-o-), FSMg case 3 (-o-), Spalart (1988) (•), and 
Purtell k Klebanoff (1981) (O). 
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Figure 6.83 Total turbulence intensity profiles of wall-normal velocity normalized by 
wall shear velocity; FSMn case 1 (-o-), FSMg case 3 {-<>-). and Spalart (1988) (•). 
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Figure 6.84 Total turbulence intensity profiles of spanwise velocity normalized by wall 
shear velocity: FSMn case 1 (-o-), FSMg case 3 (-o-). and Spalart (1988) (•). 
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Figure 6.85 Total Reynolds stress normalized by wall shear velocity; FSMn case 1 
( - 0 - ) .  F S M g  c a s e  3  ( - o - ) ,  S p a l a r t  ( 1 9 8 8 )  ( • ) ,  a n d  R a i  &  M o i n  ( 1 9 9 1 )  ( A ) .  
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Figure 6.86 Total Reynolds stress profiles expressed in outer coordinates; FSMn case 
1 (-0-), FSMg C2ise 3 (-o-), and Murlis et ai (1982) (O). 
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Figure 6.87 Total turbulent production; FSMn case 1 (-o-). FSMg case 3 (-o-), 
Spalart (1988) (•), and I/kj/"'" (—). 
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Figure 6.88 Profiles of SGS component Ti2 normalized by wall shear velocity; FSMn 
case 1 (-0-), and FSMg case 3 (-o-). The viscous stress component (—) from FSM 
case 2 is provided as a reference for SGS stress magnitude. 
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Figure 6.89 Turbulent kinetic energy profiles normalized by wall shear velocity; FSMn 
case 1 (-0-), FSMg case 3 (-o-), RANS case 4a (—<3—), and Karlsson & Johansson 
(1988) (x). 



290 

0.40 

0.30 

-J- 0.20 <3 

0.10 

0.00 
1 10 10000 1000 100 

• y 

Figure 6.90 Contribution function /(A, profiles; FSMn case 1 (-o-), and FSMg 
case 3 (-o-). 



Figure 6.91 Turbulent energy spectrum of resolved-scale u' in the x-direction at y"*" = 
60; FSM case 2 (-o-), FSM case 3 (-•-), FSMg case 3 (-<>-), FSMf case 2 (-x-), 
LES case 1 (-+-), Champagne (1978) (—), and (L^fc)"®/^ (- -). 
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Figure 6.92 Turbulent energy spectrum of resolved-scale u' in the x-direction at y"*" = 
200; FSM case 2 (-o-), FSM case 3 (-•-), FSMg case 3 (-o-), FSMf case 2 (-x-), 
LES case 1 (-+-), Champagne (1978) (—), and (- -). 
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