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PURPOSE

Thisreport isthe deliverable for the Texas Water Development Board under Research and
Planning Fund Grant 2004-483. Completed under this project were: 1) literature review of
existing modeling techniques, and 2) development of a new hydrodynamic modeling theory
including large woody debris. Development of computer code for testing the methodology (a
“time permitting” option under the scope of work) was not possible within the present research
period. Development of afield survey plan for data collection (an “if necessary and appropriate”
option under the scope of work) was not considered appropriate given the present state of the
model devel opment.

INTRODUCTION

The important environmental role and significance of large woody debris (LWD) has been
indicated in recent research works (Gippel 1995; Marzolf 1978; Harmon et al. 1986; Bisson et al.
1987; Sullivan et al. 1987). The effect of LWD in ariver is determined by the flow field near
LWD. However, the flow structure around LWD is complicated and usually turbulent (Mutz
2000; Beebe 2001; Daniels & Rhoads 2003). Moreover, thereis alarge difference in scales
between the hydraulic process and the critical ecological processes (Gippel 1995). These
complexities have lead us to evaluate the need for a new turbulence model to link the large scale
free stream in ariver and the small scale flow around LWD.
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LITERATURE REVIEW

Turbulence is a phenomenon which is chaotic and unpredictable although it has some statistical
guantities. Those properties of turbulence give rise to the exploration of average quantities. In
other words, we typically compute the averaged quantities and model the fluctuated part. RANS
(Reynolds averaged Navier-Stokes equations) and LES (large eddy simulation) are two
representative methods based on this “averaging” idea. RANS employs atime averaging
technique while LES is applies a spatial filtering concept (which is subtly different from
averaging). In either case, it is the nonlinear term in the Navier-Stokes equations that makes the
turbulence “closure” problem both challenging and interesting.

Reynolds-averaged Navier-Stokes models

A century ago, Osborne Reynolds first proposed what are now known as “ Reynolds averaged
equations.” In the Reynolds-averaged approach, the short-time-scal e unsteadiness of flow
phenomenais removed by averaging. The mean of correlations for the fluctuating components
are regarded as turbulence (Lamb, 1945). To derive the Reynolds-averaged Navier-Stokes
equations, the flow field is decomposed into average and fluctuating parts and then atime
averaging operation is applied to the equations. The decomposition is defined as:

u=u+u'

where u =time-averaged velocity and »' = fluctuating velocity. The properties of time
averaging imply that if

A=A+a, B=B+b
then it follows that
A=A+a, B=B+b
As a consequence, the average of an average is unchanged, i.e.
A=A, B=B
from which it follows that the average of afluctuation is zero:
a=0, b=0
From the above, the averaging operator is commutative for interior averages, so that
Aa=A4a=0
Note that the above commutation does not hold for LES filters, which creates more complexities
for the LES-filtered equations (see LES section below). From the above, it follows that

da=Bb=A4b=Ba=0

and similar properties are derived as
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A=A+ 42
B:=B2+h?
AB=AB +ab

a_oi w@_ot
ox ox ot ot

Thus, the Reynolds-averaging for Cartesian velocity terms ., tu’, uv', aw’, .... provides u ,
0,0,0... respectively. It follows that (Lamb, 1945)

uu=uu+uu', w=uv+uV, uw=uwt+u'w.

After manipulating the Navier-Stokes equations with Reynolds-averaging approach, the
turbulence closure problem appears because of the nonlinear term. Time averaging of linear
terms in the N-S equations causes the fluctuations to disappear. However, time-averaging of the
decomposed nonlinear term gives rise to the Reynolds stress term (z;), which increases the
number of unknowns in the equation set (hence the problem of “closing” the equation set with a
model for the Reynolds stresses). The Reynolds stresses can be defined as

where we adopt Cartesian tensor notation such that ;,; = 1,2,3 and the conventional (u,v,w)
velocity components are represented as

u=u
u,=v
Ug=w
For closing the RANS equations, numerous methods have been developed to model the Reynolds

stress. The earliest and most widely used closures are based on the Boussinesg hypothesis:
(Speziae 1996, Dubios 1998)

Ou. Ou,
i SO _/)
ox ; ox,

1

Dz; =-v,(

where Dz, isthe deviatoric part of the Reynolds stress (z;,) andv, is the eddy viscosity

It can be observed that the Boussinesq's hypothesis ties the Reynolds stress tensor 7, to the

mean velocity field. The earlier approaches to modeling Reynolds stress included the “ zero-
equation” and “one-equation” models. In zero-equation models, eddy viscosity isgiven by a
function of turbulent length scale and time scale. A good example for zero-equation model is
Prandtl’ s mixing length theory (Prandtl, 1925). Both scales are determined by empirical

methods. In the zero-equation model the scales are considered fixed (i.e. there is no transport
equation solved for any turbulent component). In one-equation models the time scale 7, is
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typically developed from turbulence statistics or atransport model rather than from empirical
means. In a one equation k£ —/ model, the eddy viscosity is given as afunction of turbulence
length scale and the turbulent kinetic energy &, which is modeled by the transport equation. A
two equation k —/ usestransport equations for both the turbulent kinetic energy and the
turbulence length scale to parameterize eddy viscosity. A similar basisis used for the popular
two equation k& — & model, which replaces the turbulent length scale with the turbulent
dissipation rate¢ , where both £ and & are again modeled by their transport equation (Speziae
1996).

In summary, the basic idea of RANS is that we compute the averaged motions and
approximate the fluctuating motions based on their mean correlations. Hence, RANS will predict
good results for atime-averaged state when the coefficients are derived from a sufficiently dense
empirical data set. However, in many cases, we need accurate prediction of future statein an
unsteady process, where the empirical averaging coefficients cannot be a priori obtained, such as
for ocean or weather forecasts. This need drove the development of Large Eddy Simulation
(LES) methods, first proposed by a meteorologist (Smagorinsky, 1963).

Large Eddy Simulation (LES)

Large eddy simulation treats the large eddies in a turbulent flow more exactly than the small
ones. In LES only the large-scale field is directly resolved, while the effect of the small scales on
the large-scale motion is modeled. This approach is based on the idea that the large-scale
motions are generally more energetic than the small scale ones and are the top-down control on
the turbulent cascade of energy from large motions to the small dissipative scales. The critical
point in LES is to capture the effects of the subgrid scale (SGS) motion, using simple and
“universal” models (Ferziger, 1996).

In early LES calculations, the most widely used SGS model was proposed by Smagorinsky
(1963), which parameterized the subgrid scale stresses in terms of an eddy viscosity and local
strain rates, calculated locally from the resolved velocity scales. All such models are based on
the notion that the principal effects of the SGS Reynolds stress are increased transport and
dissipation (Salvetti, 1995). The anisotropic part of The SGS stress in Smagorinsky model is
(Ferziger,1999).

7; —%TKK = —ZVTE;,-
where the eddy viscosity is
_2 a—
v, =CA’[S]

This model can be obtained in different ways (Ferziger, 1996): 1) presuming production and
dissipation of subgrid scale turbulent kinetic energy in equilibrium; 2) direct interaction
approximation (DIA) turbulence theory (Leslie, 1973, Ferziger, 1996); 3) the eddy damped
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quasi-norma Markovian (EDQNM) approximation (Lesieur, 1992, Ferziger, 1996), and 4)
renormalization group theory (RNG) (Y akhot and Orszag, 1986, Ferziger, 1996).

However, the LES model, though very popular, has some notable drawbacks, which include
that it (a) requires an input model coefficient C which is flow dependent; (b) predicts incorrect
asymptotic behavior near awall or in alaminar flow; (c) does not allow SGS energy backscatter
to the resolved scales; (d) assumes that the principal axes of the SGS stress tensor are aligned
with those of the resolved strain rate tensor, aresult which is not supported by direct numerical
simulation data (Piomelli, 1990); and (€) the basic Smagorinsky model istoo dissipativein LES
of wall-bounded transitional flows (Zang et al., 1993).

A scale similarity model was proposed by Bardina el al. (1980). The idea of thismodel is
that the small scales resolved in asimulation are similar in many ways to the still smaller scales
that are treated viathe model. The principal argument is that the important interactions between
the resolved and unresolved scales involve the smallest eddies of the former and the largest
eddies of the latter. Arguments based on this concept lead to the following model:

t,) =—p(uu; —uu;)

where the superscript ‘s isareminder that thisis a scale similarity approximation of the e
Reynolds stress, and the double overline indicates a quantity that has been filtered twice. The
model constant of the Smagorinsky approach does not appear in the above asit isrequired to be
unity to satisfy the Galilean invariance (Ferziger,1999). This model cannot be directly correlated
with eddy viscosity models and is not dissipative. However a mixed model, which isalinear
combination of the scale similarity and eddy viscosity models, predicts turbulence statistics
better than eddy viscosity models for homogeneous isotropic, rotating, and sheared turbulence
(Bardina, 1980). Also the scale similarity term in this model provides SGS backscatter transfer of
energy.

The dynamic subgrid stress model (DSM) proposed by Germano et a (1991) overcomes
several of the limitations of the Smagorinsky model. In the DSM, the unknown Smagorinsky
coefficient is dynamically computed using the information from the resolved scal es instead
treated as a given constant. The DSM model has correct asymptotic behavior near awall and in
laminar flow and permits energy backscatter from small scalesto large scales. In spite of these
desirable features, the DSM has some aspects that are not ideal. Because the Smagorinsky model
is used as the base model, the principal axes of the SGS stress tensor are assumed to be aligned
with those of the resolved strain rate tensor, which may not reflect the redlities of turbulence.
Zang et al, 1993, combined the DSM with the scale similarity model to create the Dynamic
Mixed Model (DMM), which retains the favorable features of DSM and has two additional
advantages: 1) the scale similarity term enables the SGS model to have a better representation of
the local flow dynamics; 2) the SGS stress tensor and the strain tensor are not required to be
aligned. The DMM has been successfully applied to the LES simulation of flowsin lid-driven
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cavity, using afinite-volume method and a “box filter” in physical space. The results show better
agreement with experiment data than obtained using the DSM (Zang et al.,1993).

LES has become the preferred approach when turbulence at large scales is resolved on the
model grid and the mostly-isotropic small scales are modeled by closure algorithms. However,
the key weakness to LES is the need for the model to create the correct large-scal e turbulence
structures: that is, LES isthe preferred approach to capturing the down-scaling of the turbulent
energy cascade from large turbulent eddies. However, when such large eddies are created by an
upscaling from small scales (e.g. boundary layer ‘sweep’ and ‘burst’ events, Nezu and
Nakagawa, 1993), LES models may produce the wrong number and size of large-scale eddies
(Hodges, 1997, pg. 76-77). Thus, LES modelsin the presence of upscaling are faced with a
conundrum: if the model correctly represents the dissipative energy of asingle turbulent
structure, the overall flow will be insufficiently dissipative as insufficient structures are created
(leading to an accelerated flow); alternatively, if the model gets the correct large scale
dissipation, it must have overpredicted the dissipation of the individual simulated turbulent
structures (Hodges, 1997). In the context of modeling rivers with LWD, the turbulent structures
created by the LWD are inherently an upscaling phenomena, so it cannot be expected that simple
application of LES methods at coarse grid scales can solve the problems associated with RANS
modeling.

Summary of literature review

The most widely-used turbulence models are RANS and LES. In LES, the nonlinear termin
the Navier-Stokes equations requires the “closure’ to capture the effects of the subgrid scale
(SGS) motion, using simple and “universal” models (Ferziger, 1996). However, for a coarse
model grid, eddies generated from a subgrid-scal e obstruction cannot be resolved at the grid
scale, and their effects cannot be predicted from the resolved flow; thus, LES cannot resolve the
effects of subgrid-scale physical feature. In RANS, al the unsteadiness is averaged out i.e. all
unsteadiness is regarded as part of the turbulence (Lamb, 1945) and the resulting affect is
considered locally homogeneous, which requires sufficiently dense empirical datato provide the
modeling coefficient. The crucial task for “closure” in RANS is capturing the temporal
unsteadiness of motions (Ferziger, 2002) rather than the spatial heterogeneity. Hence, RANS
cannot satisfactorily account for subgrid-scale inhomogeneity in physical features that are below
amodel grid scale.

PROGRESS — A NEW MODEL FORMALISM

The crucial effort in accounting for subgrid-scale inhomogeneity is developing a new scaling
theory to link the coarse grid scale and fine grid scale, thereby making the new turbulence model
independent of the grid size. To solve this problem, we propose a new conceptual model that
applies a spatial filter to the Reynolds-averaged Navier-Stokes equation, effectively combining
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RANS and LES. The advantage of this approach isit allows heterogeneity in the subgrid-scale
turbulence structure to be model ed independent of grid size in the new model.

To better understand the new approach, it is useful to go alittle deeper into the differences
between a RANS approach an LES approach. A RANS formalism implies atime average of the
equations of motion, which are then discretized on amodel grid. Thus, within the RANS
approach the discrete equations are an approximation of the complete spatial structure of the
time-averaged flow, and the spatial error associated with homogenization of subgrid-scale
featuresis part of the model spatial truncation error (turbulence is considered sub-time scal€). In
contrast, the LES formalism applies a spatia filter to the equations of motion. This createsa
continuous smooth velocity field that is resolvable at the filter scale, so the subfilter-scale
features can be modeled explicitly and are separate from the model spatial truncation error. The
key observation is that the spatianfiltering of the equations of motion is significantly different
than time averaging since spatial filters of nonlinear terms do not behave the same as simple time
averaging for nonlinear terms (Leonard, 1974).

Spatially-filtered Reynolds-averaged Navier-Stokes equations

For the new model formalism, we begin with the RANS equation, derived by decomposing the
velocity into time-average and fluctuating parts then time-averaging the entire equation. The

result is:
au, o 16p _ox, 10ty 0 —
E+§( += e (uuf)

where U isatime-averaged velocity and u’ isavelocity fluctuation defined respectively as

u Eij.udt
At
At

' —

u=u-u
We apply a LES spatial filter to the RANS equations, where thefilter isindicated by ( ). This

new approach provides a set of equations for continuous velocity and pressure fields that are
resolvable at the spatial filter scale:

o, \ 0 | _ 10, ox 15<T_u>a—

—(U)+—(UU )=————(p)+g—+——————(u'l
<'> < > i(p) gaz p X axj<'1>

However, the nonlinear term cannot be simulated in this form, so we move it to the right-hand

side and add to both sides of the equation a resolvable nonlinear term:

0

a—xjwi )(u,)
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which resultsin:

In amodel, the spatially-filtered time-averaged velocity is the velocity resolved on the model
grid, so for simplicity in notation let us define

U= <U>
The sub-filter-scale velocity (i.e. what cannot be resolved on the model grid) can be defined from
=u-U

Note that an unconventional tilde is applied to indicate the sub-filter scale velocity to remind us

that this velocity istime-averaged and therefore does not include turbulent (i.e. sub-time scale)
fluctuations. A similar simplified notation can be made for the resolved pressure asP=(p) .

Substituting provides

ou, o 1P o G P R o /. i
E—i—a—ijiUJ——;a—)(i—i—ga-l—;a—xj—a—xj<uiuj>+a—ijin—a—xj<(ui+Ui)(uj+Uj)>
Expanding the last term gives
((@+U)(a,+U,))= (00 +Ug+8U, +VU,)

Substituting we obtain

[ CRTITRE 9
ot ox; ' pox, Toz p ox;  OX

a2 v {ou) - (uv)
8x.'18xj'18xj'18x b

J

__1£+ %Jrl@ 0 <ﬁ>+iuu

We can regroup terms to write this as

oz, _
W, 2y P 1000) 0
ot ox, P OX; 0z p OXx; OX

i j

“aclon) e+ au) -5 {(u)-uu)

J

The filtering operation passes through the derivatives, so this can be written as
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u, o 10P ox 10<Tu> 0 —
—+—UU=——+g—+— —(—uu )+
oX; P OX, 0z p OX,

—<aixjuiuj>—<aixj{uiuj +oiuj}>—§{<uiuj>—uiuj}

We can define the classic LES terms derived by Leonard (1974):
L;=(UU))-UU,
C,=U,0,+0 U,

R,

et}

0,0,

Substituting, the spatial filter applied to the RANS equations provides:

g NN

ot ox, 0 pox, oz p oo, \ox, | \ox, | ox, ox )

The above equation is similar to prior LES forms, but includes a filtered Reynolds stress term
<Tu;> and the LES terms are considered correlations of time-filtered, spatially resolved (U) and

subgrid-scale () quantities.

Flow regions around LWD

The new model treats the flow field around LWD differently from the conventional approaches,
allowing us to relate the small scale and the large scale physical quantities. As an example, we
consider the simple turbulent flow around a circular cylinder. This canonical flow has four

different regions based on Prantl’ s boundary layer theory (Prantl,1925; Zdravkovich, 1997). We
consider agrid cell of volume V , that can be divided into 4 sub-volumes: 1) a background

volumeV, that is unaffected by sub-grid scale inhomogeneity, 2) an obstructed volume Vv in
which the flow is slowed, 3) an accelerated volume Y, in which the obstruction leads to local
flow acceleration, and 4) awake volume vV, where the sub-filter scale velocity isfairly close to
the resolved velocity, but the turbulence is enhanced by the wake of the object.
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background volume

obstructed

accelerate

—>U

The characteristic scale of the time-averaged velocity in each subregion are sub-filter scale
VElOCItI€S! Uy ground » Uopsiructed  Uzccaieraea Unake - L-EL US CONSider the simplest possible model where
the resolved flow isonly in the U direction (V=0) such that the flow is decelerated through an
obstruction and accelerated around the obstruction. The characteristic velocity in each regionis
modeled by an empirical parameter and the resolved velocity such that

ﬂmwwm =U %mmm =0 Wmmmm =0
Uspsruced =AY Vgpgrea =0 Wopsrued =0
Upcseted =PY Vosemed =7V Woaaaed =0
a =U v =0 W =0

wake wake wake

where the model coefficientsare: ¢ <1, f>1, and —1<y <1. Thus, the new approach is based
on empirically linking the subgrid-scale velocities to the resolved velocity and the subgrid-scale
obstruction.

Using the scale relations proposed above, we can calculate the cross term in the spatially-
filtered RANS equation as:

acll — 1 vb aCll(b) + vo aCll(o) + Va aCll(a) + VW 6Cll(w)
OX A OX OX OX OX

cell

where subscripts indicate: b = background, o = obstructed, a = accelerated, w = wake. It follows
that

Cypy = U0, =U’

Cuy = U0, =al?

C11(a) = Uaa :BUZ
Cuwy = U0, =U?

w

10
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which provides

2
<%> = vuce” [V, +aV,+fV,+V,]
Thus, once we have the empirical coefficients for the relationships between the background
(free-stream) flow and the flow in the object-affected regions, the crossterm is analytically
calculable. Similar approaches can be used for the other cross, Leonard and Reynolds terms.
The key insight is that the modeling relationships (i.e. values for model coefficients such

asa, 3,y ) are determined empirically without regard to the model grid spacing, but their
implementation implicitly includes the effect of the grid scale. Note that the above is simply an
illustrative example, and the appropriate forms for the relationships between the characteristic
and resolved velocities requires further investigation.

Conclusions

This project has successfully developed the theoretical underpinnings of a new model formalism
for representing large woody debrisin river models. That is, the forma mathematical structure
of spatial filtering applied to RANS equations provides a basis for multiple modeling approaches
(much as RANS and LES themselves are formalisms that admit a multitude of models). The
principle advantage of the new theory isthat it can explicitly represent the relationships between
model grid scales and empirical data collected in the field and laboratory. Future work to
develop and test this approach will provide a more effective methodol ogy for modeling the flow
effects of large woody debris.

FURTHER COURSE OF WORK

The LWD modeling framework derived in this report needs further devel opment,
implementation and testing/validation against theory, other model predictions, laboratory
experiments, and field data. Model development/implementation requires: 1) selecting a
workable framework for relating the characteristic subgrid scale flows and the large-scale flows
for submerged objects; 2) choosing a suitable existing base model for hydrodynamic solution,
and 3) coding a basic structure for the new model. Initial model testing should be conducted
with simple geometry (perhaps flow around a circular cylinder) that has been previously
modeled and for which the fundamental flow features are well-understood. Initial testing should
be against theory and model results for simple geometries to demonstrate how knowledge of the
turbulence field around an object can be transformed into empirical coefficients that improve the
modeling of alarge-scale flow field. The second level of testing should be against flow fields for
more complex geometries that are studied in alaboratory flume. The laboratory testing effort
should demonstrate the robustness of the model for capturing the large-scale flow around a
variety of object shapes. Thethird level of testing/validation should be against field data
collected in ariver. For field validation purposes, ariver reach should be selected for study and

11
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hydrodynamic modeling using standard TWDB practices. In addition to the data typically
collected for modeling, an effort should be made to collect detailed velocity data around 8 or 10
pieces of LWD. The datafrom 50% of this collection should be used to calibrate the empirical
coefficientsfor all the LWD featuresin theriver reach. The remaining data should be used for
evaluating the model performance. The key issue to be analyzed is whether or not the new
model provides a better representation of the large-scale flow than is obtained by a model using
standard RANS approaches for turbulence closure.

12
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