NASA/TM—2010-216323

‘Ll:%.‘f‘

%

A Nonlinear Dynamic Subscale Model for Partially
Resolved Numerical Simulation (PRNS)/Very

Large Eddy Simulation (VLES) of Internal
Non-Reacting Flows

Tsan-Hsing Shih
Ohio Aerospace Institute, Brook Park, Ohio

Nan-Suey Liu
Glenn Research Center, Cleveland, Ohio

May 2010



NASA STI Program . . . in Profile

Since its founding, NASA has been dedicated to the
advancement of aeronautics and space science. The
NASA Scientific and Technical Information (STI)
program plays a key part in helping NASA maintain
this important role.

The NASA STI Program operates under the auspices
of the Agency Chief Information Officer. It collects,
organizes, provides for archiving, and disseminates
NASA’s STI. The NASA STI program provides access
to the NASA Aeronautics and Space Database and

its public interface, the NASA Technical Reports
Server, thus providing one of the largest collections
of aeronautical and space science STI in the world.
Results are published in both non-NASA channels
and by NASA in the NASA STI Report Series, which
includes the following report types:

e TECHNICAL PUBLICATION. Reports of
completed research or a major significant phase
of research that present the results of NASA
programs and include extensive data or theoretical
analysis. Includes compilations of significant
scientific and technical data and information
deemed to be of continuing reference value.
NASA counterpart of peer-reviewed formal
professional papers but has less stringent
limitations on manuscript length and extent of
graphic presentations.

TECHNICAL MEMORANDUM. Scientific
and technical findings that are preliminary or
of specialized interest, e.g., quick release
reports, working papers, and bibliographies that
contain minimal annotation. Does not contain
extensive analysis.

» CONTRACTOR REPORT. Scientific and
technical findings by NASA-sponsored
contractors and grantees.

CONFERENCE PUBLICATION. Collected
papers from scientific and technical
conferences, symposia, seminars, or other
meetings sponsored or cosponsored by NASA.

SPECIAL PUBLICATION. Scientific,
technical, or historical information from
NASA programs, projects, and missions, often
concerned with subjects having substantial
public interest.

TECHNICAL TRANSLATION. English-
language translations of foreign scientific and
technical material pertinent to NASA’s mission.

Specialized services also include creating custom
thesauri, building customized databases, organizing
and publishing research results.

For more information about the NASA STI
program, see the following:

Access the NASA STI program home page at
http://www.sti.nasa.gov

E-mail your question via the Internet to help@
sti.nasa.gov

Fax your question to the NASA STI Help Desk
at 443-757-5803

Telephone the NASA STI Help Desk at
443-757-5802

Write to:

NASA Center for AeroSpace Information (CASI)
7115 Standard Drive

Hanover, MD 21076-1320



NASA/TM—2010-216323

‘Ll:%.‘f‘

%

A Nonlinear Dynamic Subscale Model for Partially
Resolved Numerical Simulation (PRNS)/Very
Large Eddy Simulation (VLES) of Internal
Non-Reacting Flows

Tsan-Hsing Shih
Ohio Aerospace Institute, Brook Park, Ohio

Nan-Suey Liu
Glenn Research Center, Cleveland, Ohio

National Aeronautics and
Space Administration

Glenn Research Center
Cleveland, Ohio 44135

May 2010



Acknowledgments

This work was supported by the Subsonics Fixed Wing Project as part of the NASA Fundamental Aeronautics Program. The
authors would like to thank Dr. Farhad Davoudzadeh for providing the numerical grid of the single-element LDI combustor.

This report is a formal draft or working
paper, intended to solicit comments and
ideas from a technical peer group.

This report contains preliminary findings,
subject to revision as analysis proceeds.

Trade names and trademarks are used in this report for identification
only. Their usage does not constitute an official endorsement,
either expressed or implied, by the National Aeronautics and

Space Administration.

This work was sponsored by the Fundamental Aeronautics Program
at the NASA Glenn Research Center.

Level of Review: This material has been technically reviewed by technical management.

Available from

NASA Center for Aerospace Information National Technical Information Service
7115 Standard Drive 5301 Shawnee Road
Hanover, MD 21076-1320 Alexandria, VA 22312

Available electronically at http://gltrs.grc.nasa.gov



Contents

ADSIIACE ..ttt e e ettt e et e e ta e e e be e e tbeeebe e e tbeeeateeetbeeabae e taeeaebeeebbeeetbeeanbeeesreeereeenreas 1
1.0 TNEEOAUCTION. ..ttt sttt et e bt s bt st et et e sbeesbeesaeeeane e 1
2.0 Temporal Filter Based PRNS/VLES Approach..........ccccccevviiviiiiiienieieieiecieeeeeesee e 2
2.1 Basic EQUALION ..c...eiiiiiiieii ettt ettt ettt ettt et e e st e eaee e 3

2.2 Nonlinear Subscale MOdel........cc.ooiiiiiiiiiii e 3

2.2.1 Modeling of Unresolved Turbulent Stresses Tij.........cccoveirueiiiiiiiiiiniiiiiicine 4

2.2.2  Nonlinear Interaction Between Resolved and Unresolved Turbulence................. 5

2.2.3  Transport Equations for Subscale K — € ......ccccccviieiiiniiiciiiiiecee e, 6

2.2.4  Modeling of Unresolved Turbulent Heat FIUXES Gjvecovvevvvereveiiieiiiiienieciie e, 7

2.3 Time-Averaging Turbulent QUANtIties..........ccvevvereeriirririesieesierierre e e esreeseeeseeesenessne e 8

2.4 Guideline for Conducting the Simulation ...........cccceeviieiiieiieiieiee e 9

2.4.1 Resolution Control Parameter RCP ..........ccocoiiiiiiiiiiiieeeeeeeeee 10

2.4.2  Arrangement of Numerical Grid Spacing and Grid Independent Solution.......... 11

3.0 Numerical Results of PRNS/VLES Simulations ..........cccceeeoiiiiiiieeiieiie e 11
3.1 PAPE FIOWS.....tiiiiiieeiee ettt ettt et e et e e s e e eabe e e tbeeesteeesebaesssaeesseessseeensseans 11

3.1.1 Reynolds Number Re 7= 180 ........cccceeiiriiirieiieiieiienee et ere e 12

3.1.2  Reynolds Number Re T=3322......cccccciriiirciiriierieiieee et eie e 14

3.2 Flow in a Single-Element LM6000 INJECTOT .......couerierierieiiniieieniinieeierieeeie e 20

3.2.1 Nonlinear Subscale Model.........ccccoeoiiiiiirierieeeseee e 21

3.2.2  Linear Subscale MOdel ........ccccooiiiiiriiiiiiiieieeee e 22

33 Flow in a Single-Element LDI COMDBUSLOT .........coerierieriiiiniinieniiniceeesieeteie e 24

3.3.1  FLOW SHUCHUIES ...ttt ettt ettt et ettt ettt st ettt e sbe e saeesaeeeaeeens 25

3.3.2  Profiles of Velocity COMPONENLS........ccecevveerierrieriieiieriesieereereesseesseeseesneesneens 26

3.3.3  Comparisons Between RANS, URANS, PRNS/VLES and Experimental Data .31

4.0 CONCIUSIONS ...ttt ettt et e s ht e sat e sab e et e e bt e bt e sbeesmbeemteembeebeenbeesbeesanesateeas 35
RETEIEIICES ...ttt bbbttt ettt et e e s bt e s bt e sat e et e bt e bt e s bt e sbtesaeeeateenteen 35

NASA/TM—2010-216323 il






A Nonlinear Dynamic Subscale Model for Partially
Resolved Numerical Simulation (PRNS)/Very Large
Eddy Simulation (VLES) of Internal Non-Reacting Flows

Tsan-Hsing Shih
Ohio Aerospace Institute
Brook Park, Ohio 44142

Nan-Suey Liu
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

Abstract

A brief introduction of the temporal filter based partially resolved numerical simulation/very large
eddy simulation approach (PRNS/VLES) and its distinct features are presented. A nonlinear dynamic
subscale model and its advantages over the linear subscale eddy viscosity model are described. In
addition, a guideline for conducting a PRNS/VLES simulation is provided. Results are presented for three
turbulent internal flows. The first one is the turbulent pipe flow at low and high Reynolds numbers to
illustrate the basic features of PRNS/VLES; the second one is the swirling turbulent flow in a LM6000
single injector to further demonstrate the differences in the calculated flow fields resulting from the
nonlinear model versus the pure eddy viscosity model; the third one is a more complex turbulent flow
generated in a single-element lean direct injection (LDI) combustor, the calculated result has
demonstrated that the current PRNS/VLES approach is capable of capturing the dynamically important,
unsteady turbulent structures while using a relatively coarse grid.

1.0 Introduction

Many engineering applications of the computational fluid dynamics (CFD) for combustor flows need
to capture the relatively large scales of unsteady, turbulent structures at both low and high Reynolds
numbers to facilitate a higher fidelity analysis of the design. The conventional Reynolds-averaged Navier-
Stokes (RANS) approach is known to be limited for this kind of task, because, by definition, the RANS
solution can not contain the abovementioned flow information. Most recently, an approach called
partially resolved numerical simulation (PRNS) (Refs. 1 and 2) has been developed for the simulation of
very large eddy turbulence while using RANS type of grid resolution. Although PRNS is mainly aimed at
the very large eddy simulation (VLES), hence notated as PRNS/VLES, it can easily be set to perform the
large eddy simulation (LES) when the grid spacing reaches the traditional LES type of resolution.
PRNS/VLES is based on the concept of temporal filtering to avoid the frequently overlooked issues that
the traditional LES approach suffers from when a spatial filter is employed in conjunction with a spatially
non-uniform grid. In PRNS/VLES, the larger time scales (or lower frequencies) of the turbulence are
directly calculated, and the effects of the unresolved time scales of the turbulence are modeled by a
dynamic equation system. The contents of both the resolved and unresolved turbulence are regulated by a
“resolution control parameter” (RCP), which is related to the width of the temporal filter.

The basic equations of PRNS/VLES and its subscale models are grid invariant, i.e., they do not have
grid spacing as a parameter in their formal formulations. Therefore, it is possible to achieve a grid-
independent numerical solution, and this is a major difference from the traditional LES approach and its
variants. Another distinction is that PRNS/VLES enables us to perform unsteady RANS (URANS),
VLES, LES, and even DNS in a unified way through the judicious selection of the value of RCP, in
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conjunction with the employment of a grid spacing whose numerical resolution can consistently support
the scale contents stipulated by the selected RCP. It should be noted that the PRNS/VLES approach is not
a variant of the popular hybrid RANS/LES (Refs. 3, 4, 5, and 6). There is no enforced transition between
the perceived RANS and LES domains.

The subscale model is always one of the key issues in all turbulent numerical simulations. Some less
than satisfactory large eddy simulations using the Smagorinsky eddy viscosity and its variants have been
reported in the past (Refs. 7 and 8). Recently, we have also noticed that in a PRNS/VLES calculation of
the turbulent pipe flow at a low Reynolds number Ret= 180 (based on the pipe radius and the skin
friction velocity), the turbulent fluctuations were not sustainable over a long period of time and were
eventually suppressed; and this can be attributed to the attempt of just using the eddy viscosity to account
for all the subscale effects, even though the eddy viscosity is constructed from a k£ —¢ dynamic equation
system. It is known that, in addition to the dissipative and diffusive effects accounted for through the eddy
viscosity, the effects of anisotropy and rotation should also be included in the subscale model, especially
when the simulation is a very large eddy simulation. To construct a more general relationship between the
unresolved turbulent stresses and the resolved turbulent flow field, we have followed the analysis of the
rational mechanics and obtained a general constitutive relationship (Refs. 9 and 10). This relationship
indeed shows that, in addition to an eddy-viscosity term, there are several other terms representing the
anisotropy and the rotation effects due to the interactions between the resolved and unresolved turbulence.
They then introduce source terms in the momentum equation to sustain the turbulent fluctuations in the
calculated flow field. The simulations presented in this paper will demonstrate this unique feature of the
nonlinear subscale model.

In the following, a brief description of the PRNS/VLES equations and the subscale model will first be
presented, followed by an outline for the concurrent selections of RCP and the numerical grid. The results
of simulations from three internal turbulent flows are then presented: the turbulent pipe flow, the turbulent
swirling flow issued from a LM6000 single injector, and the flow generated in a single element lean direct
injection (LDI) combustor.

2.0 Temporal Filter Based PRNS/VLES Approach

Using a homogeneous temporal filter G(¢—¢"), the large time-scale turbulent variable (I_) and its
density-weighted variable ¢ can be defined as

b= 6w Gle-r)ar, §=22. 1)

where the integral is over the entire time domain and G satisfies the normalization condition:

I G(t—1t")dt' =1. There are several such temporal filters available, the simplest one is the top hat filter:

, YAp, iflt—t|<Ap/2
G- ={ VA i=rlzar/2 b
0 , otherwise
where Ay is the width of the top hat filter. Using this filter, the left part of Equation (1) becomes
1 t+AT/2
otx)=— [ 6. x)dr. 3)
Ar
t-Ap/2
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Equation (3) reveals an unified feature of ¢ and (T), because they will become the exact Reynolds-

averaged quantity and Favre-averaged quantity when A7 — oo. On the other hand, they will become the
instantaneous turbulent quantity as Az — 0. For a finite A7, they represent the quantities of large time-

scale turbulence.
2.1 Basic Equation

Performing the filtering operation defined by Equation (1) on the Navier-Stokes equations, we obtain
a set of exact, basic equations for the resolved, large time-scale turbulence (¢ and (T)):

(P )’t +(5ﬂiﬁj )7]. ==D,i—Tj; +(2ﬁ§y‘ _gaijﬁgkkj E 4)
. J
(5;)7 +(p; é)’,- :(Ef,i),i + PSik — Y4i,i +[2HS/1';?; —gﬁskksii}rés (5)
p,c+(pii;) ; =0, P=PRT, (6)
vy =Py ~ii;), ;=P (e —i). ()

where s;; = (u, U ) / 2 . The symbols ( ), and (), represent the temporal and spatial derivatives,
respectively. p, u;, T, p, e, and Q are the density, velocity, temperature, pressure, internal energy per unit
mass, and the radiation rate. p and « are the viscosity and heat conductivity of the fluid. R is the gas
constant. T;; and ¢; are the extra terms that were created by the process of temporally filtering the

nonlinear Navier-Stokes equations. They represent the effects of unresolved, small time-scale turbulence.
However, they are not in closed forms, and must be modeled. We call them the unresolved turbulent
stresses and heat fluxes.

It is clear that the basic Equations (4) to (7) which govern the large time-scale turbulence are not
associated with the grid spacing, hence they are grid independent or grid invariant. This feature must be
maintained in the development of the subscale models. It is important to note that in the temporally
filtered turbulent field the filtering time scale Az is not the sole factor in determining the effective filtering
length scale of the numerical simulation, and this gives leeway in arranging the grid spacing to carry out a
physically meaningful numerical simulation.

2.2 Nonlinear Subscale Model

In order to obtain the solution for the large time-scale turbulence using PRNS/VLES Equations (4) to
(6), we must model the unclosed terms defined in Equation (7): t; = p(u, —u;), p(u e—1e).
There are several ways to model these terms. The more sophisticated method is to directly solve the
transport equations for the unresolved turbulent stresses and heat fluxes, which can be derived from the
Navier-Stokes equations (see Ref. 1). This method will require modeling of higher order unclosed terms
appeared in the transport equation system of t;; and ¢; . A less complicated way is to use a general
constitutive relationship between the unresolved turbulent stresses T;; and the strain rate of resolved large
time-scale turbulence §;;, ;. This general constitutive relationship is then simplified according to the
flow complexity by truncating the higher order nonlinear terms of §;;, @;;. For example, the simplest
form is just a linear relationship, which is the widely used subscale eddy viscosity model. Even at this
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level, there are several ways to formulate the subscale eddy viscosity. The most popular one used in the
traditional LES is the Smagorinsky model (Ref. 11) and its variations, which explicitly uses the local grid
spacing A as the filtering length scale. A more sophisticated one is the one-equation model, such as the
one proposed by Kim and Menon (Ref. 12), which solves the transport equation of the unresolved
turbulent kinetic energy k, and using Jk as the velocity scale, but still keeping the local grid spacing as
the filtering length scale.

In the context of PRNS/VLES, the subscale model is required to be a function of the width of the
temporal filter Az, but independent of the local grid spacing. The constitutive relationship for the
unresolved turbulent stresses is derived from the general constitutive relationship (Ref. 13) by invoking
the realizability condition and the rapid distortion theory limit. The current subscale model contains
linear, quadratic and cubic terms while the temporal filter width Arappears via the resolution control
parameter RCP.

2.2.1 Modeling of Unresolved Turbulent Stresses T;
The model proposed for PRNS/VLES is the following:

k2
—Zfl Hp_(slj 6yskk/3)+ SUTkk
_K3, . - .
-4 /3 pg_z(sikmkj — @y Sy ) (®)

Yl T - . ~ ~
+ 2A5f5 p8_3|:0)ikslgj - Sl%{(l)kj + Ot S Oy — (Dklslm(omkSij + 11 (Sl/ - 5ij5kk /3):|,

where, §;; =(ﬁ,-,j i )/2 , O = (ﬁw uj ,)/2 Il = Skksmm SiSik )/2 The model coefficients
Cy., 43 and 4s are constrained by the realizability condition and the rapid distortion theory limit. They
are not arbitrary but formulated as (see Ref. 13):

2
| \/I.O—ASzC& (kS*j 1. 6Cu§ﬁ
€
n k . 5 3 P 5 5 4 PRE)
4.0+ A4,~U 0_5+1_5%Q*S* 5%M
€ € € 4
in which,
S S]kSkz

Ay =J6coso, <p=§arCCOS(«/5W*), w*= , (10)

(57)°

* [ o * * [ o * * o~ 1 ~
U = (S )2+(Q )2, S = Sl]Sls Q = (Dljo‘)l]’ SU‘:SU—gSijSkk (11)

The coefficients fi, f3, and f; are functions of A;/T, i.e. the ratio of the temporal filter width to the global
time scale of the turbulent flow of interest, where the global time scale 7" can be considered as the
maximum integral time scale in the entire domain. These functions must have the following property:
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A T
f{—TT j: A (12)
1 if =L 5
T

This is because the unresolved turbulent stresses T;; must vanish when the filter width A7 vanishes, and
T;; must approach the Reynolds-averaged stresses R;; as A7 increases towards the global time scale 7 . In
PRNS/VLES, A7 /T <1, so we may take the following general expansion:

2
A o (AR Ag _

All Cé must be zero, because f; must be zero as Ay goes to zero. If we retain the remaining two leading
terms as an approximation and assume the first order derivative of f; is zero at A7 /T =1 to reflect that
f; reaches its maximum value of 1.0 at A7 /T =1, then all f; will have the same form:

(ALY (Ar)_(ArY .
ﬁ(Tj~2[Tj [Tj =135 (14)

We call the ratio A7/T the resolution control parameter (RCP). It controls, at the governing equation level,
the content of resolved large time-scale turbulence in the resolved field, which may, in theory, contain all
length scales that have not been physically filtered. However, at the numerical solution level, the grid
spacing will be imposed and its associated solution (say, the subscale eddy viscosity) together with the
RCP will determine the effective content of the large-length scale turbulence. We will further discuss this
parameter in Section 2.4.1.

2.2.2 Nonlinear Interaction Between Resolved and Unresolved Turbulence

It is important to identify the various physical interactions between the resolved and unresolved
turbulent scales and to understand how these interactions are mimicked in the numerical simulation. In the
momentum equation (4), these interactions are represented by the term T;; ; , which is unclosed and must
be modeled. In the traditional LES, this term is modeled via the isotropic eddy viscosity. Therefore, the
effect of the interactions is accounted for only by a modification to the viscosity of the fluid. However,
the real physical interactions are much more complex than this. In fact, the general constitutive
relationship of t; contains many more terms, in addition to a leading term that is related to an eddy
viscosity. For example, the model of t; in Equation (8) has two parts: the linear term and the nonlinear
(quadratic and cubic) terms. Each part plays different role in the momentum equation. The linear part
leads to a term acting like an additional viscosity (called the subscale eddy viscosity); and the nonlinear
part leads to terms acting like additional sources capable of promoting the resolved large scale turbulence.
This can be clearly demonstrated by plugging the t;; model into Equation (4), which yields

. . _ 1 _ 2. 3
(Pa;) , +(Pitt;) | Z—(ngkkj .+(2(“+“T)Sij_561]'(“+HT)Skkj +57 (15)
51 > J
where,
_k?
uT=f1Cup? (16)
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_k3 I
ST =4/3 pg_z(sikmkj_mikskj)
J (17

_kir. o, - .~ O - ~
—{2A5f5 pg—z[w,-kslgj _Sz%cmkj + O Sfem Omj — mklslmmmkSij +I]S (S,-j _al'jskk/?’)]
2 J

Apparently, the linear part of the model adds an additional subscale eddy viscosity puy (which is
isotropic) to the viscosity of the fluid [t ; and the nonlinear part provides a complex source term SI-T ,
which accounts for the effects of anisotropy and rotation.

We have noticed that, although different subscale eddy viscosity models have been used in different
LES approaches, most of them have neglected or missed the source term S . Our study shows that this
source term could become critically important for some flow simulations, especially for those at relatively
low Reynolds numbers or flows with strong rotation, and this will be demonstrated in Section 3.1.1.2 and
Section 3.2.2.

2.2.3 Transport Equations for Subscale k — ¢

To complete the proposed model for t;, we need & and ¢, the unresolved turbulent kinetic energy and
its dissipation rate. Their exact transport equations can be derived from the Navier-Stokes equations, and
contain several higher order unclosed terms due to the temporal filtering operation. Here, we briefly
describe the procedure of the derivation. The first step is to establish the transport equation for 1,
followed by a tracing operation to establish the equation for t; (which is 2 p k), and this leads to the

transport equation for .
The exact transport equation for the unresolved turbulent stresses T;; = (pu;u ; — pu;it; ) is

Tﬁ,t+(ﬂkty)klej_'_q)ijJ’-})lj_ﬁgij? (18)

where D, ®;,F; and pe; are the diffusion term, the pressure-strain correlation term, the

production term, and the dissipation term, respectively. The following expressions indicate that
all terms on the right hand side of the equation, except for the production term P, are unclosed
and must be modeled.

_ o — o — 2 — —~ . 2 .
Dy; :_(p”i“juk —puju; ”k)"‘{zﬂujsik _§6ik“”jsmm _|:uj (2}15% _§6ikusmmj:|}
k

+(Tikﬁj+fjkﬁi)k —(Puj5z‘k +pu; 8 —pu; Sy —17171'5jk) .

_— 2o _—— | A 2. _.
+{2Huisjk —§5jkuuismm _|:ui (ZMSjk _gajkusmm H}
k

By =Tl j e — Tk Ui g

_ 4_ (- - 4__ .
pE; = 2H(Sikuj,k +Sjk“i,k)—§ll5mmsgj - 2H(Sikuj,k +Sjk“i,k)—§HSmmSij .
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Now, if the diffusion term D; is modeled by a gradient-type diffusion of t; with the effective viscosity,

I+ ur, then the trace of Equation (18) becomes

0 0 0 _
ok +—pik=—|(R+nr)—k |- 15 —pe 19
ot P 5)@- pu; 6)61- |:(u uT)aXi :| TijSij — P ( )

in which, ®@;; has been neglected by ignoring the effect of compressibility on @;; .
The dissipation rate is defined by pg; /2, i.e.,

_ _— 2_ . 22—~
pg:(zusijsij —gusmmsiij—(zusijsij ~ 3 HSmm Siij (20)

A model transport equation for the dissipation rate € can be constructed by the analogy to Equation (19)
as

Se2

0 _ 0 _. 0| ,— 0 . € €
—pa-l——_P“ig:7{(“+MT)6_I.8}_Cslrl'jsij%_cﬁsz D

where Cg; and Cg, are the model coefficients. We have adopted the commonly used values of C;; = 1.45
and Cg, = 1.92 in the present work; while keeping in mind that they can be further constructed as
functions of the local subscale turbulence quantities (Ref. 14).

2.2.4 Modeling of Unresolved Turbulent Heat Fluxes ¢;

A common practice in modeling the unresolved turbulent heat fluxes ¢; = 5(;1;; —1u;e) is to employ
the following isotropic model:

q; = —Kr é,i (22)

where k7 is the eddy diffusivity for the heat, which is often modeled as «7 = ur / Pry, where Pry

(about 0.9) is the turbulent Prandtl number. However, based on the analysis of the constitutive
relationship (see Ref. 9 and 10), the simplest form that considers the effects of strain and rotation should
be

~ ko . -\~
q; =—Kre ; —Kr E(Clsij +c220),~j)e, Jj (23)

Where ¢; and ¢, are yet to be determined coefficients. This more general model will result in
modifications to both the diffusion term and the source term in Equation (5):

. . - . — _— 2_ —
(pe)’t +(pu e)’i = ((K +xr)e, i) . DSk + (2usijs,~j _El.«lskksl'ij +0+8¢ (24)
where the extra source term originated from the unresolved turbulent heat fluxes is

ko . -\
Sze; Z[KT E(C]S’ij +02(Dij)e’j:| (25)

N
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So far, this source term has not been considered in most of the RANS and LES simulations. Furthermore,
equations similar to Equations (23) to (25) can be applied to any filtered species equation.

23 Time-Averaging Turbulent Quantities

Since various filters can be used to define the resolved turbulent quantities, a practical yet somewhat
overlooked question is how to conduct an apple-to-apple comparison between the calculated results and
the experimental data of turbulent flows.

Most of the experimental data are the “mean” values of turbulent variables (e.g., velocity,
temperature, pressure, etc.); they are either the pure time-averaged values (for incompressible flows) or
the density-weighted time-averaged values, i.e., the Favre-averaged values (for compressible flows):

T/2 /2
(9)= lim j odr, [9]= lim —— J' pbdt, (26)

=y T—>oo
-T2 T/2

where ¢ represents an instantaneous turbulent quantity, it can be w; , u;u;, or u;u juy, ete., T'is the entire

time domain. <(I)> is the pure time-averaged (Reynolds-averaging) quantity and [¢]is the density-weighted

time-averaged (Favre-averaging) quantity. This type of experimental data is actually based on the
assumption that the measured turbulent flows are statistically steady, or at least approximately steady.
Otherwise, the experimental data of “mean” values must be redefined via the ensemble average of many
repeated independent realizations of the (nominally) same experiment, i.e.,

= lim Zq)l p¢ lim L%(pq))("), 27)
M—o M “ %w{p}M i1

where M is the total number of realizations and ¢() and (pd))(i) are the values from each independent

realization. The symbol { }represents the ensemble average. For statistically steady turbulent flows, the
time average and the ensemble average become identical, i.e.

{0} =(9)> %=[¢]. (28)

In summary, the experimental “mean” values for the compressible flows are either the density-weighted
time average [¢] or the density-weighted ensemble average {p(l)} / { p} , expressed by Equations (26) and
(27), respectively.

Now, in PRNS/VLES, the temporally filtered values ¢ , (T) of turbulent variables are directly

calculated. As a result, this enables an apple-to-apple comparison between the PRNS/VLES data and the
experimental data. In Reference 1, relations between the PRNS/VLES data and the experimental data
have been established for the first order, second order and higher order correlations. Furthermore, the
relations for the Reynolds stresses and the scalar fluxes (which are second order moments formed by the
zero-mean, fluctuating components of the velocities and scalars) can also be derived. Here we just present
these relations under the statistically steady condition:

[ui]=(p)/(p). [e]=(pe)/(p) (29)
[uie] = (pe) [(B), [wine; | =(puae) /(). [waw i | = (P i) [(B), -+ (30)
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Equation (29) indicates that the experimentally measured mean velocity and mean scalar (the terms
on the left hand side of the equation) can be compared directly with the post-processed PRNS/VLES data
(the terms on the right hand side). Even though Equation (30) cannot be used for direct comparison due to
the unclosed terms on the right hand side, they are useful for establishing the following relationships for
the Reynolds stresses and the scalar fluxes:

i =T +{;)/(P). 31)

R =T; +<ql‘>/<l_3>» (32)

where,
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(33)
Ry = (p (s~ [u]) (e ~[e])) p) = [me] - [ ][], (34)
1y = (5a; )/ (5) - (i) (51, (5 (33)

1= (i )/ (p) - (pii)(p2)/ (3) (36)

The experimentally measured Reynolds stresses R;; and the scalar fluxes R; are determined according

to Equations (33) and (34), respectively. Their PRNS/VLES counterparts, on the right hand side of
Equations (31) and (32), consist of two components: the first component, Tj; or 7;, can be determined

by using the resolved variables according to Equation (35) or (36); the second component, the

unresolved turbulence stresses t; or the scalar fluxes g; , will have to be obtained via the subscale models,
Equations (8) and (23), discussed in the previous section. It is not difficult to recognize that the second
component will evolve to the total Reynolds stresses and fluxes when the width of the temporal filter
becomes sufficiently large, i.e., the contributions from both 7}; and 7; should vanish.

2.4  Guideline for Conducting the Simulation

In the unfiltered turbulent flow field, the smallest time, length and velocity scales are the Kolmogorov
micro-scales (Ref. 15). By invoking an analogy to the Kolmogorov micro-scales, the smallest time, length
and velocity scales occurring in the filtered field are

1

_ 1 — 3
+ vr +V — 1
T prns :(VTE ij > Npras :[( T_ ) J > Vpras :[(VT +V)8]4 (37)

=

€

Equation (37) indicates that, in addition to the viscosity of the fluid v, these smallest scales also depend
on the mean values of subscale eddy viscosity vy and dissipation rate € , which are turbulent flow

properties. Following Equation (37), the relationship between the length scale 1,,,,,; and the time scale T,
is

1
MNpras = |:Tprns (VT + V)j|2 (38)
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Equation (38) indicates that for a fixed smallest time scale 1, (its minimum value should be A7 in the
filtered field), the smallest length scale 1, can automatically adjust itself to the change of the mean
subscale eddy viscosity V7, or vice versa, i.e. the mean subscale eddy viscosity vy will adjust itself to

the given local grid spacing which, in this scenario, is viewed as the local smallest length scale 1,,,;. In
this sense, there is some leeway in selecting the grid spacing for a given temporal filter width. Equation
(38) also suggests that, for a given Az, when v is no longer changing with respect to the reduction of

grid spacing, the smallest length scale in the temporally filtered field will also not be affected by grid
spacing reduction, i.e., a grid independent solution is reached.
At the governing equation level, vy and & are functions of the resolution control parameter RCP

(i.e., the temporal filter width). At the numerical solution level, their calculated values are functions of the
RCP as well as the local grid spacing. The consistency conditions require that the resulted time scale T,
is of the same order of the temporal filter width Az, and the resulted length scale 1., can be of the same
order of the grid spacing or larger. In practice, these two conditions can only be rigorously verified
posterior, because the values of the time and length scales (T, Npms) Will not be known until the
simulation is completed. As a rule of thumb, a ‘successful’ simulation often is indicative of these two
conditions being by and large satisfied.

2.4.1 Resolution Control Parameter RCP

The resolution control parameter RCP (i.e., the ratio A/T) is used in PRNS/VLES to regulate the
content of the time scales of the resolved turbulence. When RCP— 1.0, all time scales of turbulence have
been filtered (i.e., modeled), and the PRNS/VLES simulation becomes a RANS simulation, i.c., the
directly calculated field is intrinsically the time mean, no turbulent fluctuation occurs in the directly
calculated quantities. As the value of RCP decreases, the turbulent fluctuation becomes more pronounced
in the directly calculated field, and the simulation moves towards VLES or LES.

To carry out a very large eddy simulation, we need to choose a value of RCP from the outset. The
consistency condition requires that 1, is of the same order of the temporal filter width Az. Therefore, by
using Equation (37), we have

1
Vr+v )2

ol | =

39)
€
This is based on the assumption that vy > v for a very large eddy simulation and the mean subscale eddy

viscosity vy is of the order of k2 / T, where k and € are the mean value of subscale kinetic energy and
its dissipation rate. As a result, the resolution control parameter RCP (A7/T) is estimated according to

rep=Br_KE K

~ (40)
kref [Eres  Krer

where 7 is the global time scale of interested turbulent flow and is expressed as a ratio of the reference
turbulent kinetic energy to its dissipation rate. We have also assumed that €,.r and € are of the same

order, since the dissipation mostly concentrates in the small scales (Ref. 15). Equation (40) suggests a
way to guide the selection of the value of RCP. For example, RCP = 0.20 means that we intend to directly
resolve those turbulence scales that are responsible for about 80 percent of the total turbulent kinetic
energy while to model the rest unresolved turbulence scales that contain about 20 percent of the total
turbulent kinetic energy.

In the simulations presented in Section 3.0, the coefficient f{A7/T) for the subscale model in Eq. (8) is
set to be 0.3, 0.3333 and 0.4444 for the pipe flow, the LM6000 injector and the LDI combustor,
respectively. According to Equation (14), the respective A7/T is about 0.16, 0.18 and 0.25, which means
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that the PRNS/VLES simulation is to resolve the large scale turbulence that contains about 84 percent of
the total turbulent kinetic energy for the pipe flow, 82 percent for the LM6000 injector and 75 percent for
the LDI combustor.

2.4.2 Arrangement of Numerical Grid Spacing and Grid Independent Solution

Usually, a computational grid based on a priori knowledge of the flow field is generated subject to the
constraint of the available computing resources. Typically, finer grid spacing is used in regions where the
shear rates are higher and the turbulent fluctuations are stronger. Then we decide, as practically as
possible, the extent to which the turbulence is to be resolved at the governing equation level and choose a
value of RCP according to Equation (40). As discussed above, the consistency of the calculated results
needs to be assessed posterior. In general, simulations with different levels of coarse grid spacing are all
legitimate as long as the consistency conditions are satisfied. And of course, finer grid spacing is capable
of revealing finer turbulent structures, but the statistical mean should be about the same. By refining the
grid, it is possible to attain a grid independent solution; the criterion should be that for a given value of
RCP the calculated mean values of t,,,, and 1,,,,; do not change when the grid spacing is further reduced.

3.0 Numerical Results of PRNS/VLES Simulations

The simulations of three internal flows will be presented, the first one is a turbulent pipe flow to
illustrate the basic features of PRNS/VLES; the second one is a swirling turbulent flow associated with a
GE LM6000 single injector to further demonstrate the advantage of the nonlinear model over the pure
eddy viscosity model; and the third one is the flow in a single-element lean direct injection combustor.
The last simulation was performed with a relatively coarse grid but for a quite complex geometry, and the
dynamically important, unsteady turbulent flow structures have been revealed.

3.1 Pipe Flows

The turbulent pipe flow is one of the ideal benchmark flows for evaluating/validating numerical
simulation approaches, because the geometry is simple and the flow is statistically homogeneous in the
axial direction so that periodic boundary conditions can be applied to the inlet and the outlet to avoid the
often complicated boundary-condition issues. In addition, some experimental data (Ref. 16) are available
for comparison.

Turbulent pipe flows at several different Reynolds numbers (from high to low) have been used to
evaluate the fundamentals of the PRNS/VLES approach (Ref. 17). At each Reynolds number, the
simulation was performed over a range of /' (RCP) (from 0.2 to 1.0) to demonstrate the unified feature of
the current approach. Also, two types of subscale models were used for flow simulation at each Reynolds
number: one is a pure eddy viscosity model, and the other is a nonlinear model described by Equation (8).
We have noticed that the nonlinear subscale model is critically important for the successful simulation
of low Reynolds number pipe flow. Here we present some of the results at two Reynolds numbers:

Re 1= 180 and 3322 (based on the pipe radius and friction velocity). The value of /' (RCP) was set to 0.3,
which is a typical value for a very large eddy simulation.

The computational domain has an aspect ratio of Length/Radius = 10, where Radius = 0.06468
m. Figure 1 shows the grid spacing in a cross section of the pipe. The grid is nearly orthogonal
everywhere. The total number of the hexahedral elements is 906,750, more specifically, (156 x 29 + 39 x
39) x 150.
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Figure 1.—Grid spacing in a cross section of the pipe.

This grid was used for flows at both Reynolds numbers 180 and 3322. The initial flow field was

created by an arbitrary smooth profile plus random fluctuations. At the wall, a generalized wall function
was imposed (Ref. 18).

3.1.1 Reynolds Number Re 7= 180

Turbulent pipe flow at the low Reynolds number Re T = 180 (or Re = 7,000 based on the pipe
diameter and centerline velocity) is relatively weak. In this section, we will present the numerical results,
which demonstrate that for such a low Reynolds number turbulent flow, the pure eddy viscosity subscale
model is unable to develop and sustain turbulent fluctuations in the numerical simulation.

3.1.1.1 Nonlinear Subscale Model

The PRNS/VLES simulation using the nonlinear subscale model given by Equation (8) has
successfully simulated the turbulent pipe flow. The transition from the initial disturbances to the fully
developed, large scale turbulence can clearly be identified from the time histories of the velocity
components (w, u and v). For a fully developed turbulent pipe flow, the turbulent fluctuations are stronger
near the wall where the shear rates are higher. Near the centerline, the turbulent fluctuations are weaker.
We have arranged 15 probes along a radius of the pipe to record the time history of the flow variables.
Also, we have another 16 probes along the centerline to examine the statistical homogeneity in the axial
direction. Here we only present the time histories of three velocity components at the probe 1, which is
located at the center of the pipe.

The time history of the velocity indicates that the initially induced random fluctuations are
significantly damped during the first 600 time steps, then fluctuations quickly grow and evolve into a
fully developed turbulence (See Figs. 2 and 3).

The instantaneous contours of the axial velocity in a center plane (Fig. 4) and in a cross section (Fig.
5) clearly demonstrate the motions of various turbulent scales.
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Figure 2.—Time history of the axial velocity. Figure 3.—Time history of the u, v components.
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Figure 4.—Contour of axial velocity in a center plane. Figure 5.—Contour of axial velocity in a cross section.

3.1.1.2 Linear Subscale Model

The PRNS/VLES simulation using the pure eddy viscosity subscale model is unable to develop the
turbulent fluctuation into a fully developed turbulent pipe flow. The time histories of the three velocity
components w, u and v at the center of the pipe indicate that the initially induced random fluctuations are
quickly damped out and no new turbulent fluctuation emerges (see Figs. 6 and 7).

Figures 8 and 9 are the contours of the axial velocity in a center plane and in a cross section of the
pipe. These smooth contours do not show any turbulent fluctuating feature.

To further study these phenomena, we have restarted a simulation using the eddy viscosity subscale
model but starting from a fully developed turbulent flow field obtained in Section 3.1.1.1. We have
observed that this initial fully developed turbulence could not be sustained, in fact, it was quickly
annihilated. Then we continued the simulation by turning on the nonlinear subscale model, and we found
that the turbulent fluctuations quickly re-emerged and evolved into a fully developed turbulent pipe flow.
The results of above simulations suggest that the pure eddy viscosity model is not suitable for
PRNS/VLES simulation of relatively weak turbulent flow which has a low Reynolds number.
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Figure 8.—Contour of w component in a center plane.  Figure 9.—Contour of w component in a cross section.

3.1.2 Reynolds Number Re T = 3322

Turbulent pipe flow at high Reynolds number Re 1= 3322 (or Re = 150,000 based on the pipe
diameter and centerline velocity) has quite strong turbulence. These strong turbulent fluctuations are easy
to sustain in the numerical simulation, even with the use of pure eddy viscosity subscale model. We have
performed simulations using /' (RCP) = 0.3 with both the nonlinear subscale model and the linear eddy
viscosity model. In both cases, the initially induced random fluctuations were able to evolve into the fully
developed turbulent fluctuations. Here we only present the numerical results from using the nonlinear
subscale model.

3.1.21 Time History

The time histories of the velocity components w, u, v and the subscale turbulent kinetic energy are
recorded at 15 probes along a radius in a cross section at the mid-length of the pipe. Figures 10 to 15
present the time histories of the axial velocity and the subscale turbulent kinetic energy k& at the probes 1,
6, and 14, which correspond to the locations #/R = 0.0, 0.5, and 0.9743, or y" = 3322, 1661 and 85.
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Probe 1 is at the center of the pipe, Probe 6 is at the midpoint between the center and the pipe wall, and
Probe 14 is very close to the wall. The time histories at other 28 locations along the pipe radius and axis
are also available. These time histories indicate that the initially induced disturbances of the velocity
components are at first somewhat damped, followed by the emergence of new fluctuations, which are
then quickly amplified and evolved into a fully developed turbulent pipe flow. The amplitude of the
velocity fluctuations increases from the center towards the wall, so does the unresolved turbulent kinetic

energy.
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Figure 10—Time history of w component at Probe 1.
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Figure 12—Time history of w component at Probe 14.
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Figure 14.—Time history of k at Probe 6. Figure 15.—Time history of k at Probe 14.
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Figure 16.—Contour of w component in a center plane. Figure 17.—Contour of w component in a cross section.

3.1.2.2 Instantaneous Contour

To examine the turbulent flow structures, we have plotted the instantaneous contours of various
variables in a center plane and in a cross section. Here we present the instantaneous contours of the axial
velocity component, the vorticity magnitude, the subscale turbulent kinetic energy and the effective
subscale viscosity in Figures 16 to 23. The contours of the velocity component and the vorticity
magnitude illustrate the features of the resolved large scale turbulent structures, whereas the subscale
turbulent kinetic energy and the effective viscosity illustrate the highly non-uniform features of the
unresolved scales.
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Figure 20.—Contour of k in a center plane.
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Figure 19.—Contour of the vorticity in a cross section.
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Figure 21.—Contour of k in a cross section.
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3.1.2.3 Radial Profile

The radial profiles of various flow variables (w, u, v, gauge pressure, vorticity magnitude, Mach
number, subscale turbulent kinetic energy and dissipation rate, effective subscale eddy viscosity) are
examined at different locations along the pipe axis z= 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.645 for the spatial
development of the turbulent flow. Note that z is non-dimensionalized with the pipe radius. Figure 24
shows the experimentally measured mean axial velocity (Ref. 16) together with the (calculated)
instantaneous axial velocity at six downstream locations. Figure 25 presents the profiles diametrically.
Figures 26 and 27 illustrate the radial profiles of the subscale turbulent kinetic energy and the effective
viscosity, respectively. These results indicate that the simulated turbulent flow is fully developed and is

statistically homogeneous along the pipe.

30

PRNS, non-linear, Re=150,000

PRNS, non-linear, Re=150,000
Istantaneous value at 41,400's time step

Instantaneous value at 41,400's time step
; - ; - Z=0.,01,02,0.3,0.4,05,0.6, 0645
NCC-1.1.8, single precision, grid B 25~ NCC-1.1.8, single precision, grid B
20
15
z [
— z=01 3
—— Z=02 i
- —— 7=03 10k
1o z=04 i
Z=05 [
i - Z=086 [
5k Experimental data 5
o T P T I ] oY S VRSN ISVENIN ENRVENIN MRMEEN EARIN NI S
0 02 0.4 06 08 1 0068 -004 -002 0 002 004 006
rIR Y
Figure 24.—Radial profile of the axial velocity. Figure 25.—Radial profile of instantaneous axial velocity.
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Figure 26.—Radial profile of instantaneous k.
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3.1.24

Spectrum and Correlation Analysis

Figure 28 and 29 present the power spectrum density (PSD) of the axial velocity component and its

two-point (time) correlation at three locations (Probes 1, 6 and 14). The broadband feature of the PSD

(i.e., more than two orders of energy variation from small scale to large scale) and the typical two-point
correlation shapes (i.e., the correlation rapidly decreases as the time lag increases) indicate that the
PRNS/VLES simulation with /' (RCP) = 0.3 does mimic the statistical features of a fully developed
turbulence.
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Figure 28.—Power spectrum density of the axial velocity
at Probes 1, 6 and 14.
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Figure 29.—Two-point time correlations of <ww> at Probes 1, 6 and 14.
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Figure 30.—Comparison of mean axial velocity between
PRNS/VLES, URANS and experimental data.

The experimental data of the mean axial velocity at Reynolds number of 145,700 is used to compare
the time averaged axial velocity obtained from the current simulation at a Reynolds number of 150,000.
In Figure 30, the result obtained from URANS using a standard £ —& model and the wall function is
included. The result obtained from PRNS/VLES is in reasonable agreement with the experimental data,
while the URANS result exhibits significant under-prediction.

3.2 Flow in a Single-Element LM6000 Injector

LM6000 is a General Electric low NOx gas turbine. We have performed several types of numerical
simulation of the flow issued from one of its fuel injector. A highly swirling jet is injected from a circular
inlet. The inlet pressure is about six atmospheres and the inlet temperature is about 644 K. The inlet
boundary condition is the specified mean profiles from the experiments. The combustor is a rectangular
box. The Reynolds number based on the inlet axial velocity and the inlet jet diameter is about 3,200,000.
Figure 31 depicts the computational domain and the numerical grid. The total number of the grid points is
about 495,000. This is the only grid used in this study to perform all of the simulations including
PRNS/VLES, URANS and RANS. Here we only present the results from the very large eddy simulation
using the PRNS/VLES approach.

The value of /(RCP) is set to 0.3333. A convective unsteady boundary condition (Ref. 19), similar to
that proposed by Ferziger (Ref. 20) and Grinstein, et al (Ref. 21), is applied at the outlet boundary. The
initial condition is the solution of a steady RANS simulation (see Figs. 32 and 33 for the axial velocity u
and the vorticity magnitude in a center plane). Two subscale models (nonlinear and linear) have been
used. The results indicate that the nonlinear model is very helpful in the simulation of swirling turbulent
flow, which occurs commonly in the combustor system.
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Figure 31.—Computational domain for LM6000 single
injector flow simulation.
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Figure 32.—Contour of the axial velocity (RANS). Figure 33.—Contour of the vorticity magnitude (RANS).

3.2.1 Nonlinear Subscale Model

The time history of velocity components and gauge pressure are recorded at four locations along the
centerline: x = 0.015, 0.05, 0.10 and 0.2 m. From which we may monitor the development of turbulent
fluctuations. Here, the presented time histories of the velocity components are at x = 0.1 and 0.2 m, which
are located before and after the rear stagnation point of the recirculation zone. Figures 34 and 35 indicate
that the turbulent fluctuations are fully developed.
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Figure 34.—Time histories of velocity at Probe 3. Figure 35.—Time histories of velocity at Probe 4.
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Figure 36.—Contour of instantaneous axial velocity. Figure 37.—Contour of instantaneous vorticity.

The instantaneous contours of flow variables in a center plane are presented for the time step 60,000
which is about 100 through flow times (TFT, defined as the ratio of the length of the combustor to the
inlet centerline axial velocity). Figures 36 and 37 are the contours of the axial velocity and the vorticity
magnitude, respectively. The recirculation zone, the massive separation and the shear layers are clearly
visualized.

3.2.2 Linear Subscale Model

In the early stage of the simulation, the calculated turbulent structures look reasonable. However, they
are not sustainable in the long run, and the calculation crashes after 18,000 time steps (about 36 times of
the through flow time, TFT).

Here, we present the instantaneous contours at two instances: the time step 10,000 (about 20 TFT)
and the time step 18,000 (about 36 TFT). Around 20 TFT, the flow structures, shown in Figures 38, 40
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and 42, look reasonable except for the subscale turbulent quantities. The subscale turbulent kinetic energy
k (not shown) and the eddy viscosity pr are too small (about two orders of magnitude smaller) when

compared with its counterpart obtained from the nonlinear subscale model. Around 36 TFT, the flow
structure near the outlet becomes unphysical (see Figs. 39, 41 and 43), e.g., large amount of high speed
inflow occur at the exit. The subscale turbulent kinetic energy (not shown) and the eddy viscosity become
even weaker and smaller. The simulation crashes soon after 36 TFT. These results suggest that the linear
subscale k& —& model does not work very well for highly swirling flows.
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Figure 38.—Axial velocity at 10,000 time step. Figure 39.—Axial velocity at 18,000 time step.
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Figure 40.—Contour of vorticity at 10,000 time step. Figure 41.—Contour of vorticity at 18,000 time step.
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Figure 42.—Effective viscosity at 10,000 time step. Figure 43.—Effective viscosity at 18,000 time step.

3.3 Flow in a Single-Element LDI Combustor

The lean direct injection (LDI) injector is a liquid fuel injector developed to reduce aircraft emissions.
Stable combustion is essentially completed within a short distance through rapid fuel and air mixing. This
design also allows for many small fuel injectors integrated into modules facilitating different fuel staging
strategies, such as the one shown in Figure 44. So far, experimental observations have not fully clarified
the dynamics of the mixing and combustion processes occurring in these injectors, and numerical studies
need to be conducted to achieve a better understanding of the underlying unsteady physics of the LDI
combustor.

A very large eddy simulation (PRNS/VLES) has been carried out for the non-reacting turbulent flow
in a single-element LDI combustor as the first step towards the simulation of, for example, a 3x3 injector
module.

Figure 45 depicts the single-element LDI combustor geometry and its computational domain. The
numerical grid is formed using hexahedral elements and the total number of elements is about 862,000,
which is a relatively coarse grid used in a previous RANS simulation (Ref. 22). Embedded in this figure
are the instantaneous iso-surface of zero axial velocity component colored by the subscale effective
viscosity and six instantaneous stream lines originating from the inlet of the injector, then passing through
the swirler and the convergent-divergent nozzle, finally entering the combustion chamber.

In this study, we first carry out a steady RANS simulation to provide the initial flow field for the
PRNS/VLES simulation. The inlet boundary condition is set by specifying the velocity, the density and
the temperature based on the experimental data, the outlet boundary condition is an unsteady convective
boundary condition (Ref. 19). The nonlinear subscale model is used since it has been proven to be very
effective in our previous studies. The value of f(RCP) is set to 0.4444 since the available numerical grid
spacing is very coarse. We have also carried out an unsteady RANS (URANS) simulation to compare
with the PRNS/VLES simulation. Available experimental data is used to assess the simulation results. It
is demonstrated that, even with a RANS type of grid spacing, the PRNS/VLES approach can successfully
reveal the complex unsteady turbulent structures occurring in this single-element LDI combustor. These
dynamically important flow structures include the precessing vortex core (PVC) and the vortex
breakdown bubble (VBB). Good comparisons of velocity components with the experimental data are also
demonstrated.
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Figure 45.—A snap shot of the flow and the grid spacing.

3.3.1 Flow Structures

In the following, the instantaneous contour snap shots and the iso-surfaces of some quantities are used
to illustrate the flow structures.
3.3.1.1 Instantaneous Contour Plots

Figure 46 is the contour plot of the axial velocity component in a center plane at time step 90,000. It
shows that a strong recirculation zone is extended from the combustor dump plane deep into the upstream
nozzle throat. Figure 47 is the contour plot of the subscale turbulent kinetic energy, which is high near the
high shear regions.
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Figure 46.—Contour of axial velocity in a center plane. Figure 47.—Contour of subscale k in a center plane.
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Figure 48.—Side view of the PVC and the VBB.  Figure 49.—Forty-five degree view of the PVC and the VBB.

3.3.1.2 Instantaneous PVC and VBB

The dominant flow structures in the LDI combustor can be best visualized via the iso-surface of the
zero axial velocity and the iso-surface of a relatively low pressure. The iso-surface of the zero axial
velocity is also known as the vortex breakdown bubble (VBB). The iso-surface of a sufficiently low
pressure captures the precessing vortex core (PVC). Figures 48 and 49 are the snap shots taken from two
different angles. Figure 48 is a side view and Figure 49 is a perspective view. In these figures, the dark
blue region is a vortex core, which is formed near the nozzle throat and extends into the combustor
chamber. This spiraling vortex rotates and breaks, it changes randomly in space and time. Embedded in
these figures is an instantaneous stream line, which starts from the inlet of the injector and goes through a
complex seemingly random path in the combustor chamber. This stream line spirals around the dark blue
surface indicating that the dark blue region is indeed a vortex core. The light green surfaces are the iso-
surfaces of the zero axial velocity.

3.3.2 Profiles of Velocity Components

The experimental data reported in Reference 23 is used to assess the current numerical results. The
experimental data are mean values, but the numerical results are instantaneous values.
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3.3.2.1 Axial Velocity Distribution Along the Centerline

Figure 50 is a comparison of the axial velocity profile between the calculated instantaneous values
and the experimental mean value. Figure 51 is an enlarged view near the dump plane of the combustor
chamber. These figures show that the calculated values are in a reasonable agreement with the
experimental data. It also supports the experimental observation that, near the dump plane, the turbulent
fluctuations are quite large.

3.3.2.2 Axial Velocity Distribution Along the y-Axis at Several Downstream Locations

The distributions of the axial velocity along the y-axis in the cross section plane at several
downstream locations x = 3-, 6-, 9-, 12-, 90- and 180-mm are presented for 10 different instants and
compared with the experimental mean value. Figures 52, 53 and 54 clearly indicate that the turbulent
fluctuations are quite large near the inlet of the combustion chamber and are quickly reduced towards
downstream as shown in Figures 55, 56 and 57. In addition, the largest turbulent fluctuations are off the
centerline, somewhere between the centerline and the wall.
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Figure 50.—Centerline profile of the axial velocity. Figure 51.—Instantaneous profiles near the dump plane.
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Figure 52.—Axial velocity at x = 3 mm. Figure 53.—Axial velocity at x = 6 mm.
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3.3.23

40

o

LI I B B Y I (0}

w
E
=
8 20
)
=
=

-20

-40

-60

Axial velocity (m/s)
r ] N
(=] o o o

'
N
o

'
(=]
o

X =12mm

45K time step
50K time step
55K time step
60K time step
65K time step
70K time step
75K time step
80K time step
85K time step
90K time step
EXP (mean)

|
-0.01 0
Y (m)

-0.02

0.01

0.02

Figure 55.—Axial velocity at x = 12 mm.
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Figure 57.—Axial velocity at x = 180 mm.

Velocity Components w and v Along the y-Axis at Several Downstream Locations

The distributions of the other two velocity components w and v along the y-axis in the cross section at
several downstream locations x = 3-, 6-, 9-, 12-, 15- and 90-mm are shown for 10 different instants and
compared with the experimental mean value in Figures 58 to 69. Again, these figures clearly indicate that
the turbulent fluctuations are larger near the inlet of the combustor chamber and are quickly reduced
downstream. The strongest turbulent fluctuations are found off the centerline, somewhere between the

centerline and the wall.
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Figure 58.—Velocity component w at x = 3 mm.
100 X=9mm
B — — =— 45Ktime step
[ - 50K time step
80 _.__ 55K time step
=== 60K time step
- 65K time step
60~ 70K time step
|l —r—— 75K time step
| 80K time step
40 85K time step
. N 90K time step
W (m/s) - v EXP
20
C /o N S
o K
| ~
-20 -
-40
.60_'|‘ L L o7 7
-0.02 -0.01 0 0.01 0.02
Y (m)
Figure 60.—Velocity component w at x = 9 mm.
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Figure 62.—Velocity component w at X = 15 mm.
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Figure 61.—Velocity component w at x = 12 mm.
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Figure 64.—Velocity component v at x = 3 mm. Figure 65.—Velocity component v at x = 6 mm.
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Figure 66.—Velocity component v at x =9 mm.
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3.3.3 Comparisons Between RANS, URANS, PRNS/VLES and Experimental Data

This section will compare some time averaged mean velocity profiles from PRNS/VLES simulation.
The mean values are obtained by time averaging the PRNS/VLES simulation over the last 10,000 time

steps.

3.3.3.1 Axial Mean Velocity Along the y-Axis at Several Downstream Locations

The distributions of the axial mean velocity along the y-axis in the cross section plane at several
downstream locations x = 3-, 6-, 9-, 12-, 90- and 180-mm are presented for RANS, URANS and
PRNS/VLES and compared with the experimental mean values. Figures 70 to 75 clearly show that the
time averaged axial velocity profile from PRNS/VLES simulation are much closer to the experimental
data, especially in the region near the inlet of the combustor chamber where turbulent fluctuations are

strong.
60
| X =3 mm
B Mean value of PRNS
| ————— RANS
a0 R URANS 4
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Figure 70.—Velocity component U at x = 3 mm.
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Figure 71.—Velocity component U at x = 6 mm.
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Figure 72.—Velocity component U at x =9 mm.
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Figure 73.—Velocity component U at x = 12 mm.
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Figure 76.—Velocity component V at x = 3 mm. Figure 77.—Velocity component V at x = 6 mm.
3.33.2 Mean Velocity Components w and v Along the y-Axis at Several Downstream Locations

The distributions of the other two mean velocity components w and v along the y-axis in the cross
section at several downstream locations x = 3-, 6-, 9-, 12-, 15- and 90-mm are compared with the
experimental mean value in Figures 76 to 87. Again, these figures clearly indicate that the time averaged
mean velocity profiles from PRNS/VLES simulation are much closer to the experimental data, especially
in the region near the inlet of the combustor chamber where turbulent fluctuations are strong.
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4.0 Conclusions

The basic equations of the PRNS/VLES approach for the large or very large simulation are presented.
They are based on the temporal filtering with a constant filter width. Consequently, they are grid-spacing
independent or grid invariant. This feature allows the possibility of achieving a grid independent solution.

The nonlinear subscale model is mathematically and physically more sound than the pure eddy
viscosity model. The advantage of the nonlinear subscale model over the eddy viscosity model has been
demonstrated in the simulations of the turbulent pipe flow at low Reynolds number Re t = 180 and the
highly swirling flow issued from a LM6000 single injector. In both cases, the pure eddy viscosity model
does not lead to a sustainable and physically meaningful solution.

The simulations of the single-element LDI injector flow using the nonlinear subscale model has
demonstrated that the PRNS/VLES approach can capture the dynamically important unsteady turbulent
structures even with a grid spacing typically used in the RANS calculation. This is particularly
encouraging, because the capability of revealing unsteady turbulent flow structures with a coarse grid is
very much desired for the practical engineering application.
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