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SUMMARY

A computational study has been undertaken to study the performance of advanced
phenomenological turbulence models coded in a modular form to describe incompressible turbulent
flow behavior in two dimensional/axisymmetric and three dimensional complex geometry. The
models include a variety of two equation models (single and multi-scale k -€ models with different
near wall treatments) and second moment algebraic and full Reynolds stress closure models. These
models were systematically assessed to evaluate their performance in complex flows with rotation,
curvature and separation. The models are coded as self contained modules that can be interfaced
with a number of flow solvers. These modules are stand alone satellite programs that come with
their own formulation, finite-volume discretization scheme, solver and boundary condition
implementation. They will take as input (from any generic Navier-Stokes solver) the velocity field,
grid (structured H-type grid) and computational domain specification (boundary conditions), and
will deliver, depending on the model used, turbulent viscosity, or the components of the Reynolds

stress tensor uu;. There are separate 2D/axisymmetric and/or 3D decks for each module

considered.

The modules are tested using Rocketdyn's proprietary code REACT. The code utilizes an efficient
solution procedure to solve Navier-Stokes equations in a non—orthogona-l- body-fitted coordinate
system. The differential equations are discretized over a finite-volume grid using a non-staggered
variable arrangement and an efficient solution procedure based on the SIMPLE algorithm for the
velocity-pressure coupling is used. The modules developed have been interfaced and tested using
finite-volume, pressure-correction CFD solvers which are widely used in the CFD community.
Other solvers can also be used to test these modules since they are independently structured with
their own discretization scheme and solver methodology. Many of these modules have been
independently tested by Professor C.P. Chen and his group at the University of Alabama at
Huntsville (UAH) by interfacing them with own flow solver (MAST).



CHAPTER 1

Introduction

1.1 Background

Computational Fluid Dynamics (CFD) has been used extensively for the last decade or so in
analyzing complex flow phenomenon for many industrial applications, such as combustion and
turbomachinery. Most flows of practical interest are turbulent and for many of them, relatively
simple prediction methods are sufficient to produce results of engineering accuracy. For others,
mainly flows in complex geometry with large body forces such as curvature, rotation and

separation, more complex prediction methods are required.

With advancing state-of-the-art of computer technology, the range, size and complexity of flow
models being applied have increased. Users have become more sophisticated and there is a
constant demand for improvement. CFD codes have adapted to this demand and many general-
purpose computer codes have been developed and used. As these general purpose codes become
Jarger, their code structure becomes sophisticated and in general this structure can be divided into

three main areas;

1) Numerical algorithms which include discretization methods and solution techniques.

2) Methods of dealing with complex geometry, such as grid generation, structured or
unstructured grids.

3) Physical models which include turbulence models, porosity, combustion kinetics,
multi-phase flows, etc.

It seems, therefore, that the practicing engineer must have the knowledge of all these elements of
the CFD program in order to successfully utilize the code. Modularization of the code structure
may then become necessary in order to obtain the maximum benefits from these general-purpose
CED codes. This means developing individual modular routines for the solver and other physical
models. If such modules are successful they would allow users to concentrate their talents on
developing and improving physical hypothesis such as turbulence models that can be easily tested
using these modules.



In general, the physics of turbulence can be captured by solving the full time-dependent Navier-
Stokes equations in what is termed as Direct Numerical Simulation (DNS). However, DNS is not
practical for engineering purposes mainly because it is restricted to flows at low Reynolds
numbers. Large Eddy Simulations (LES) are now competitive with DNS in accuracy at an order of
magnitude less cost, however, it is still expensive for routine engineering calculations. Therefore,
current engineering prediction methods are based on Reynolds-averaged equations, with models
for the unknown Reynolds stresses which appear as the result of time-averaging the nonlinear
Navier-Stokes equations. These models fall mainly into three categories; "eddy-viscosity" models,
where a relation between the Reynolds stresses and mean velocity gradients at the same point in
space is sought. Algebraic stress models, where the Reynolds stresses are expressed as an
algebraic relation of turbulence production and dissipation. Reynolds stress models where the exact
partial differential equations for the Reynolds stresses are solved after closing the higher order
terms. These transport equations account for the dependence of Reynolds stresses on the history of
the flow and should perform better than the eddy-viscosity models.

1.2 Outline of the Present Study

In the present work, phenomenological, single-point turbulence models coded in a modular format
are developed as self-contained code decks that can be interfaced with a number of flow solvers to
analyze turbulent flows in complex 2D/axisymmetric or 3D geometry. These modules are validated
using Rocketdyn's REACT code and are independently tested at UAH using own code MAST.

The models that are developed in a modular form include;

1. 2D/axisymumetric single-scale k-€ model with three options for near wall treatment that include;
- Standard Launder and Splading wall functions.
- Chen and Patel two-layer model.
- Lam and Bremhorst low-Reynolds number model.

2. 2D/axisymmetric multi-scale k-€ model with the standard wall function and Chen & Patel two-

layer near wall treatment.
3. 2D/axisymmetric implicit algebraic stress model (ASM) based on the original work of Rodi.

4. 2D/axisymmetric full Reynolds stress turbulence model (RSM) based on the simplified linear

-7-



second moment closure model of Launder, Reece and Rodi (LRR) second moment closure.

5. 3D standard k-¢ turbulence model with wall function and two-layer near wall treatments.

6. 3D algebraic stress model (ASM).

Each model is coded as a self contained, stand alone module deck that can be interfaced with a
number of CFD solvers to analyze turbulent flows in complex geometry. The user can use these
modules without concern as to how they are implemented and solved. The input to the modules are
the mean flow variables, boundary and geometric information which are to be provided by a mean
flow solver. The output of the module are the turbulent eddy-viscosity for the eddy-viscosity
models and the Reynolds stresses for the second moment closure models. Moreover, source terms
which are needed for the mean flow calculations are calculated and must be passed to the main
solver. The modules are tested using the finite-volume REACT code and the results compared with

available experimental data.

Full details of each module are given in the next chapters. Chapter 2 discusses the theory and
model equations for the two-equation k- model used in the 2D/axisymmetric module deck. The
module is evaluated with a number of benchmark problems and detailed description of the module
variable names together with the input/output structure are given in appendix A. The complete
listing of the module is provided at the end of the chapter. Similarly, chapter 3 discusses the theory
and model equations for the 2D/axisymmetric multi-time-scale k-€ model. The 2D/axisymmetric
Algebraic stress module is presented in chapter 4 and chapter 5 discusses the 2D/axisymmetric
Reynolds stress module deck. Full description of the 3D k-¢ turbulence model is given in chapter
6 and chapter 7 presents a full description of the 3D algebraic stress model together with module
description and code listing in the appendix. Finally in chapter 8, copies of related turbulence work
that are presented or published elsewhere are attached.
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2.1 Introduction

In this section a description of the standard k-€ turbulence model that is coded as a self contained
computer program to compute turbulent flow quantities in two-dimensional planar or axisymmetric
geometry is given. Detailed description of the module structure, variables used and how to
interface the module with CFD flow solvers are given in Appendix A. The module has been tested
as a separate self-contained unit using the REACT code [1] and was independently tested at the
University of Alabama at Huntsville (UAH) using own code (MAST).

2.2 Theory and Model Equations

The k-£ turbulence module is based on the widely used single-scale two equation k-¢ turbulence
model (k is the turbulent kinetic energy and € is the energy dissipation rate). The model developed
originally by Launder and Spalding [2] was successful in providing good predictions for a wide
range of turbulent flows. The k and € -equations can be derived from the transport equations for

the Reynolds stresses assuming fully turbulent flow.

For low-Reynolds number flows close to solid boundaries, adjustments to the model are needed to
bridge the viscous dominated sublayer region with the fully turbulent flow region. The success of
the wall function method depends on the universality of the turbulent flow structure near the wall.
In many complex flows, however, the flow field near the wall has to be determined accurately and
the traditional wall-function method is not satisfactory. This is because the specification of all
turbulence quantities in terms of the friction velocity fail at separation where the flow near the wall
is no longer controlled by the wall shear stress. Pate] et al [3] assessed the relative performance of
various models which describe the near-wall flows and found that there are still areas of

improvements needed to accurately model flow behavior near the wall.

Jones and Launder [4] extended the original k-€ model to the low-Reynolds number form which
allowed the calculation to be performed all the way to the wall. Numerical difficulties of accurately
resolving the large gradients close to the wall necessitates resolving the wall region with a very fine

grid structure. Chen and Patel [5] introduced a method to resolve the near-wall region which
combines the standard k-£ model with the one-equation model of Wolfshtein [6] near the wall. In

this "two-layer" model an algebraically prescribed eddy-viscosity for the wall region is coupled to
the k- model to describe the details of the flow in the vicinity of the wall.
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Momentum and continuity equations are solved up to the wall and this reduces the physical
uncertainties of near-wall turbulence and the numerical difficulties of resolving the very large

gradients of turbulence parameters.

For an incompressible, steady and axisymmetric turbulent flow, the Reynolds averaged momentum
and continuity equations can be expressed in a generalized form as;

& ) oP
Aou®) 19 ey = L 1o, 3D +1 5 T ) + So @

where @ is the dependent variable, which stands for @ = u, v, w for the axial, radial and
tangential velocities respectively. p is the fluid density, I'¢, and I'p, are exchange coefficients in

x and r -directions, respectively, and S¢ is the source term for the variable &.
The source terms for the dependent variable are:
* Axial direction, ®=u, I'p, =21, I'd,=H, and

oP 10 ov
Sy = -x tTor (ﬂerZ) 2)

where (. is the eddy viscosity and P is the pressure

* Radial direction, @ =v, I'p, = Up, 'y =24, and
J u w2 P
Sy = -3 (ﬂe'a'r') —Zﬂeyr}+£;‘—§; (3)
e Tangential direction, @=w, I'p, = pe, I'p, = e and

pvw

Sw o= B2 @

Equations 2, 3, and 4 above are the momentum equations that are solved by the CFD solvers.
However, in order to close the equations and determine the eddy viscosity different turbulence

models are used.
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The present module utilizes the k-€ model. In this model two equations for the turbulent kinetic
energy k and its dissipation € which have the same general form as equation (1) are solved.

For the turbulent kinetic energy equation

D=k, F¢X=F¢r=u+:—t and S¢p=G - pE (5)
k

For the energy dissipation equation

I €
®=g I'p,=Tg= p+—L and Sp =7 (Cif;G - Cof; pe) 6
o k (6)

where o} and O are turbulent Prandtl/Schmidt numbers for k and € respectively, and G denotes

the rate of production of the turbulent kinetic energy and is expressed as:
G = e (21307 + G + 71+ G+ 50 + G + G307 G

where g is the dynamic viscosity, and g, is the turbulent viscosity,

k2
#r=Cﬁmﬁr; (&)

and fe = [L+ lh

Cu, C;, C;, oy and o¢ are constants whose values are 0.09, 1.44, 1.92, 1.0, 1.0,
respectively and fj, f> and f, are damping functions.

Near a wall, turbulent flow can be divided into two regions, the inner viscous sublayer where low
turbulent Reynolds number effects are important and the velocities decrease rapidly to zero at the
wall, and the outer fully turbulent region. The successful application of the k-£ turbulence model

for many complex flows depends to a large extent on how accurately the flow field near the wall is
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determined. In the present module three different models are used to treat this thin sublayer region,
they include;

Wall function method, where
ut =yt at yt < 11.6 9

ut = Lln(Ey*)aty'*'z 116 (10)
K

where, u+=;u;, yt = u_;x and ug =\]‘L'w/p

7., is the wall shear stress which can be determined from
T =“—;’2for y+ < 116 (11)

K Cu0.25 p up k05
In [E Cu0.25 p 5k0.5/u]

foryt > 11.6 (12)

Tw

Here, u;, denotes the velocity component parallel to the wall at the first grid point p from the wall.
& is the normal distance from the wall and x is a constant = 0.42.

In this approach, k and € equations are solved with f, = f; =f2 = 1, only in the fully turbulent
region beyond some distance from the wall. Boundary conditions i.e., velocity components and
turbulent parameters at that distance are specified in terms of the friction velocity ur.

In the low-Reynolds number model, the flow is resolved all the way to the wall with a very fine
mesh. Many models have been proposed that are based on the k-£€ model and differ mainly in the
choice of the damping functions fy;, f; and f> to bridge the gap between the sublayer and the fully
turbulent region. The model due to Lam & Bremhorst [7] is used in this work, where;

20.5

fu = [1-exp(-0016Ry)] " (1+ %)
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f1 = 1+(0—fﬁé)3 andf2=1—exp(-Rf)

12 2
where, Ry = Lo and R; = L2l are turbulent Reynolds number.
1% VE

These damping functions tend to unity with increasing distance from the wall.

In the two-layer model due to Chen and Patel [5], a simple algebraically prescribed eddy-viscosity
model for the wall region is coupled to the k- model for the outer flow to describe the flow
details. Unlike the low-Reynolds number model that requires the solution of transport equations
for both k and £ all the way to the wall, the one-equation mode] requires the solution of only the
turbulent kinetic energy equation in the sublayer region while algebraically specifying the eddy
viscosity and energy dissipation.

2%, X

vy = Cﬂfu— and £=—L;.

The length scales L, and L, contain the necessary damping effects in-the near-wall region in
terms of the turbulence Reynolds number Ry.

Ly = Cpy[1-exp(-Ry/Aw] (13)

Le C;y[1-exp(-Ry/AJ] (14)

Ly and L¢ become linear and approach C;y with increasing distance from the wall.

Cr=xC” and Ag=2Cy. Chen and Patel 5] used Ay = 70.

The damping effects decay rapidly with distance from the wall independent of the magnitude of the
wall shear stress. The matching between the one-equation and the standard k-€ models is carried
along prescribed grid lines where Ry, ~200.

For flows in rotating ducts a modification was made by Chen and Guo [8] to reflect the effects of a
system rotation on the length scales L, and L, as;
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k
L, =Ly, [].0+1.3(0.4%]--0.8[2).(2(;)2]1-5

Le=Lgy[10+ 1.3(0.4%-0.89)9(—5)2]0-5
Moreover, the function f> in the dissipation equation is modified to
f2=f2+Ri
where Ri is a Richardson number to reflect the effects of streamline curvature due to rotation and
is defined as
R;=(04 wk-0.8.Qk)Qk(—§)2

au; . .
where =€z - is the local mean vorticity.
j

The above modification to account for streamline curvature and rotation seemed adequate in the
framework of two equation k-€ modeling. Other modifications have also been considered but not

implemented in this module and can be referred to in Hadid and Sindir [9].

2.3 Module Evaluation

The single scale k-& turbulent module was evaluated by comparison with published experimental
data. One of the test problems considered is the two dimensional incompressible turbulent flow
over a backward facing step with and without rotation (see figure 1) to compare with the
experiment of Rothe and Johnston[10]. While the mean flow is in the x -y plane, the channel is
rotated with constant angular velocity €2 about the z -axis. The ratio of the channel width to the
step height is very large so that the secondary flow can be ignored, which made the flow remain
two dimensional. The channel height to step ratio was set to 2 and the inlet channel height (A )

equals to the step height (H ). The Reynolds number based on the uniform inlet velocity was about
5500. The rotation number ( Ro = /U ) was varied between +0.06 and -0.06.

The streamline patterns for the three different rotation numbers Ro = -0.06, 0.0, +0.06 by using
the three different wall treatments are shown in figures 2-4. In each figure, the upper (a) and lower
(c) parts correspond to Ro = +0.06 and Ro= - 0.06 respectively. While the middle part (b) is the
non-rotating case. It is observed that the streamline patterns are influenced by the system rotation.
Suction side step extends the recirculation zone and the pressure side step reduces the recirculation

zone. The reattachment length for Ro= - 0.06 using the wall functions is larger compared to the
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experimental results. This is due to the fact that no Coriolis effect is accounted for in the law of the
wall. The predicted variation of reattachment length with Ro (figure 5) shows reasonable
correlation with the experimental data of Rothe and Johnston [10].

The single scale k-¢ model using three different wall treatments with rotational stress generation
terms embodied seems to capture the main effects of system rotation on turbulence structure, i.e.
the suppression of turbulence level with clockwise rotation and enhancement of turbulence level
with counterclockwise rotation The effects are also noticeable in the corresponding increase in the
reattachment length with clockwise rotation and its decrease with counterclockwise rotation.

The other two test cases were those of Daily and Nece [11] where rotating disk cavity circulation
and secondary flows are induced by a rotating wall, and Roback and Johnson [12] for a confined
double concentric jets with a sudden expansion. Flow swirl in this case is induced by imposing a
tangential velocity component at the outer jet. Figure (6) shows the two-dimensional axisymmetric
rotating lid cavity of Daily and Nece. The flow is bounded by a disk (rotor) and a stationary end
wall (stator) of a chamber. The ratio of the axial clearance between the rotor and the stator (s ) to
the radius of the disk (a ) is 0.0255. The disk rotates with a rotational Reynolds number
R=4.4x106 defined as R = Qa?/v, where Q is the disk rotational speed and v is the kinematic

viscosity.

Computations were performed on a 33x75 grid with different grid clustering near the walls for the
different near-wall models. Figure (7) shows the velocity vectors at the top region of the cavity
using the wall function model. Centrifugal forces move the fluid radially outward on the disk,
axially away from the disk on the wall casing, and radially inwards on the stationary end wall.
Figure 8, shows the axial variations of the radial velocity component at a radial position r/a=0.765.
The agreement is fair with some discrepancy for all near-wall models close to the rotating disk.
Figure (9), shows the axial variation of the tangential velocity component at the radial position
r/a=0.765. At the rotating disk (x=0), the tangential velocity approaches the value (a£2). The two-
layer near wall model seem to offer closer agreement with the data than the other two models. The
presence of corner regions presents a difficulty in defining the normal distances used in the
definition of turbulent Reynolds number. In the present analysis, values of the normal distance
were based on the normal distance to the nearest solid boundary.

Predictions of the experiments of Roback and Johnson [12] have been presented by several
workers, e.g. Sloan et al. [13] and Durst and Wennerberg [14]. Unfortunately, inlet flow profiles

were not provided in the experiment. Therefore, the present calculations were started at the
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expansion plane using the measured velocity profile at 5 mm downstream of the expansion after
some adjustments near the edges of the coaxial jets. Measurements of main turbulent intensities
were used to calculate inlet values of the turbulent kinetic energy. Energy dissipation rate was
estimated from € = C ﬂlc”/L, where L is a length scale of turbulence at the inlet of the order of

107 m.

Figure 10, shows an illustration of the test chamber geometry. The chamber diameter is about
twice the secondary tube diameter. The exit from the 8-bladed, 30°, free vortex swirl generator is
located approximately 0.005 m upstream from the confluence plane.

A prominent phenomenon in axisymmetric swirling flows in such geometry is the "bubble” or
vortex breakdown which has been studied extensively [15-18]. In the present numerical simulation
of the experiment, a 150xI00 grid nodes was used with different clustering on the walls for the
different near-wall models used. Figure 11, shows the velocity vectors indicating the presence of a
closed recirculation zone at the center with additional zones at the corner downstream and between
the inner jet and the outward diverted secondary jet. The figure also shows flow diversion
outwards with high gradients characterized by large turbulent shear and fluctuation levels.
Comparisons were made of the radial variations of flow variables at two axial locations, x=0.025m
upstream of the vortex bubble and x=0.102m located inside the bubble. Figure (12), shows the
radial variation of the axial velocity profile at x=0.025m using the wall function, two-layer and the
Jow Reynolds number models. Fair agreement by the different models is shown. They also seem
to predict small negative velocities at a radial position r~0.0153m (the interface between the inner
and outer jets), slightly under predicted in strength and width. Figure (13) shows the radial
variation of the axial velocity profiles at x=0.102m. The two-layer model shows a better agreement
with the experimental data.

Radial variations of the tangential velocity at x=0.025m is shown in figures 14. The figure shows
that the two-layer model offers better agreement with the experiment as compared with the wall
function or the low Reynolds number models.

In general, the calculations shown above indicate that the two layer model seem to offer a better
comparisons with the experimental results. The three near-wall models are built in the standard
two-dimensional/axisymmetric k-€ turbulence module. The structure of the module will be

discussed next together with the details of interfacing with a flow solver and descriptions of

variables.
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APPENDIX A
2D/Axisymmetric k-&¢ Turbulence Module Deck

A.1 Introduction

In an attempt to modularize the k-& turbulent physical model -a difficult task as many CFD users

may know. A self-contained, stand-alone turbulence module has been constructed that computes
turbulent flow quantities using the standard k-€ turbulence model. The module is structured to be

flexible with options for three near-wall treatments. It can be easily accessed by the user and
interfaced with own CFD solvers to calculate turbulent flows.

It is hoped that the program is sufficiently "full proof” and user friendly. However, care must be
exercised to identify the limitations of the module to be compatible with the flow solver. Module

capabilities and input/output structure is described next in details followed by a FORTRAN listing
of the module.

A.2 Program KEMOD

This is basically the solver for the k and € - transport equations. It reads through its argument list
different variables from the calling flow solver. These variables are described below where, each
variable name ends with either an (I) for Integer variable, (R) for Real variable or (L) for Logical
variable.

The flow chart of the program is shown in Figure A.1. It shows the main operations performed by
the code.

List of Argument Variable Names

NIMI Number of cell nodes in the I- or &-coordinate lines. (input from flow solver)

NIMI Number of cell nodes in the J- or -coordinate lines. (input from flow solver)
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XR

UR

TER

URFKR

URFER

PRTKR

PRTER

GR

Grid node locations in the x or &-direction, dimensioned to XR (NX,NY) (input

from flow solver)

Grid node locations in the y or 1-direction, dimensioned to YR (NX,NY) (input

from flow solver)

Axial or x-direction velocity (u), dimensioned as UR (NX,NY) (input from
flow solver

Radial or y-direction velocity (v), also dimensional as VR (NX,NY) (input

from flow solver)

Azimuthal velocity (w), dimensional WR (NX,NY) (input from flow solver)

Turbulence kinetic energy k, dimensioned TER (NX,NY) (calculated in
KEMOD and returned to flow solver)

Turbulent energy dissipation rate €, dimensioned EDR (NX,NY) (calculated in
KEMOD and returned to flow solver)

Under-relaxation factor for k -equation (input from flow solver)

Under-relaxation factor for € -equation (input from flow solver)

Prandtl/Schmidt number for turbulent energy-equation, assumed known (input
from flow solver)

Prandtl/Schmidt number for turbulent energy dissipation equation, assumed

known (input from flow solver)

= 1.0 if second order upwinding is desired
= 0.0 if first order upwinding is used
(input from flow solver. Usually calculation of k and £ are not very sensitive

to the order of upwinding used)
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FIR

F2R

ITERI

VISCOSR

VISR

AKSIL

LREL

LAY2L

CIR

C2R

CMUR

2L WI

I2LEI

J2LSI

Mass flux variable at cell faces in x- or §-direction, dimensioned F1R (NX,NY)

(input from flow solver)

Mass flux variable at cell faces in y or 1-direction, dimensioned F2R (NX,NY)

(input from flow solver)
Iteration number (input from flow solver)
Dynamic viscosity (input from flow solver)

Eddy viscosity, dimensioned VISR (NX,NY) (calculated in KEMOD and

returned to main solver)

Logical variable for axisymmetric geometry (AKSIL=-TRUE-) or plain
geometry (AKSIL=-FALSE-) (input from flow solver)

Logical variable for Lam & Bremhorst's low-Reynolds number model
(LREL=-TRUE") or others (LREL=-FALSE-) (input from flow solver)
Logical variable for Patel's two-layer model if (LAY2L=-TRUE-) or others
(LAY2L = -FALSE-) (input from flow solver)

Turbulence model constant, C; (input from flow solver)
Turbulence model constant, C; (input from flow solver)
Turbulence model constant, Cy, (input from flow solver)

Grid line location from the west wall in the x-direction for the two-layer model
(input from flow solver)

Grid line location from the east wall in the x-direction for the two-layer model
(input from flow solver)

Grid line location from the south wall in the y-direction for the two-layer model
(input from flow solver)
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J2LNI Grid line location from the north wall in the y-direction for the two-layer model
(input from flow solver)

JTBEI Boundary condition flag along east boundary must have one for each boundary
node set to: l-inlet, 2-outlet, 3-symmetry and 4-wall e.g., for an outlet
boundary condition on the east boundary set JTBEI to NJ*2, and similarly for
other boundaries, dimensioned JTBEI (NY) (input from flow solver)

JTBWI Boundary condition flag along west boundary, dimensioned JTBWI (NY)
(input from flow solver)

ITBNI Boundary condition flag along north boundary, dimensioned ITBNI (NX)
(input from flow solver)

ITBSI Boundary condition flag along south boundary, dimensioned ITBSI (NY)
(input from flow solver)

Program KEMOD is interfaced with the main flow solver by a call to KEMOD with its arguments.
For iterative flow solvers KEMOD is called within the iteration sequence after the solution of the
momentum equations where the mean velocities are passed to KEMOD. There are different flow
solvers utilizing different schemes from staggered to nonstaggered grid arrangement and for
nonorthogonal coordinate system there are at least three alternatives to the choice of the velocity
components

i. Cartesian velocity components
ii. Contravariant velocity components
iti. Covariant velocity components

The Cartesian velocity components are the most widely used and have the advantage of simple
formulation of the governing equations. Whatever the arrangement used, mass fluxes at cell faces

are required and passed to KEMOD as FIR and F2R in both directions. The location of other
variables such as k and € are at the cell center or cell nodes.
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The module starts by reassigning variable names passed to it from flow solver to names that are
shared with the different subroutines of the module in a common statement file
"KEMOD-COMMON". Then a check is made if it is the first iteration in which case the grid file
"GRIDF" is called -after passing the grid node locations XR & YR in KEMOD- in order to
calculate grid related quantities which will be explained later. The need to call GRIDG can be
waived if all the grid data are passed to the module. That is all the information about the grid such
as interpolation factors FX and FY, cell areas (ARE) and volumes (VOL) and normal distances of
first grid point from grid boundaries (DNS from south boundary, DNN - from north boundary,
DNW - from west boundary and DNE - from east boundary).

After this a call to subroutine CALCE is made to calculate the turbulent kinetic energy k (with the
identifier IPHI=1) followed by a check if the low-Reynolds number model or the two-layer model
are to be used in which case subroutine TWOLAY is called. The energy dissipation equation is
solved next by a call to subroutine CALCE again with the identifier IPHI=2. The turbulent
viscosity is updated next by calling subroutine MODVIS. A brief description of each subroutine is

given next.

A.3 Subroutines

GRIDG

Before calling this subroutine, the coordinates of all grid nodes, defined in reference to a fixed
Cartesian coordinate frame are read. Figure A.2 shows the position of cell and grid nodes.

This subroutine is called only once to calculate coordinates of grid nodes (intersection of grid lines)
and geometrical properties of the grid (cell areas and volumes, interpolation factors, normal
distances of near-boundary cell nodes from boundary). All variables including grid node
coordinates are converted to one-dimensional arrays. These are formed by scanning the grid in J-
direction (figure A.2) for I=1, and then repeating for all I's. The position of any node in one-
dimensional array is therefore defined as;

IJ = (LJ)=(I-1)*NJ +J

The actual number of grid nodes is one row and one column less than for all cell nodes. For I=
NI and J = NI fictitious grid nodes are introduced which have the same coordinates as actual nodes
on NI-1 in I-direction and NJ-1 in J-direction.
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The subroutine then calculates interpolation factors which are associated with cell nodes and are
used in the main program to calculate values of dependent variables at locations other than cell
nodes (cell centers). Definition of these are given in Figure A.3. Cell areas and volumes are
calculated next followed by calculations of normal distances of near-boundary nodes from all four

outer boundaries.

CALCE (PHI, IPHI)

This subroutine solves the linearized and discretized transport equations for the turbulent energy k
and the energy dissipation rate €. The two dummy parameters in the calling statement, PHI and

IPHI, represent arrays containing dependent variables for which the equation is to be solved. the

subroutine sets up the convective and diffusive coefficients over the entire field. Then it calculates
the source terms for either k or € transport equations. A call is made to entry MODPHI in order to

modify these sources and boundary coefficients to suit the particular problem. Moreover, a check
is made if the two-layer model is selected then the energy dissipation is set algebraically in the

sublayer region.

The discretized equations have the form

where the coefficients A; (i=E,W,N,S see figure A.3 ) contain both the convective and diffusive

fluxes. these equations are assembled and solved by calling subroutine SOLSIP which is based on
Stone's Strongly Implicit Solver [19].

TWOLAY

This subroutine is called if the two-layer or low-Reynolds number models are used. It calculates

the different coefficients needed to describe the energy dissipation and eddy viscosity. In this
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subroutine the normal distances used in the definition of the turbulent Reynolds number Ry, at
comer regions are calculated based on the normal distance nearest to the solid boundary.

SOLSIP

This subroutine solves the system of linear algebraic equations for k and € using Stone's Implicit
Procedure [19]. The array RES (1J) is used to store residuals. The sum of absolute residuals
"RESORP" calculated in the first pass through this part of the routine is used as a measure of
convergence of the solution process as a whole and this value is stored in RESOR (IPHI). This
variable RESOR (IPHI) is passed to the main solver and if desired can be normalized and

compared with the maximum error allowed there. If necessary, inner iterations counter L and the
sum of absolute residuals RESORP are printed out to monitor the rate of convergence of k and €

solution. If the ratio RSM is greater than the maximum allowed for the variable in question, SOR
(IPHI), and the number of inner iterations is smaller than a prescribed maximum, NSWP (IPHI),
then the routine repeats the sequence of calculating the residuals, increment vectors and updating

the dependent variable.

USERM

This subroutine has different ENTRY points or sections where variables are updated and boundary

conditions are set.

Section MODVIS

This section calculates effective viscosity (Eq. 8). It is called after calculating k and € . At locations
where € is close to zero (i.e., < 1030) viscosity is set to zero. A provision is made for under
relaxing changes in effective viscosity which may help to stabilize oscillations and improve

convergence rate.

Section MODPHI

This section is called from CALCE subroutine and sets the boundary conditions for & and €
depending on which variable being called (IDIR = 1 for k and IDIR = 2 for €). For the k -equation,

the south boundary is checked first if it is one of four options:
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(1) An inflow boundary ITBS(I) = 1, where the source term is set to accept the inlet values at
J = 1 (south boundary)

(2) Outflow boundary ITBS(I) = 2, where zero gradient in y or n-direction is employed.
(3) Symmetry boundary, TBS(I) = 3, where gradients normal to symmetry plane are zero.

(4) Wall boundary, ITBS(I) = 4, where the production term GENTS(I) calculated form
subroutine WALLFN in program MODIFY is added to the rest of the source term
sudl).

Boundary conditions for the £ -equation are similar to those of k except at the wall where they are

set to appropriate values for each near wall treatment.

A.4 Program MODIFY

This program is compiled separately and is called from the u and v solver routines. It basically
updates the flux source term of the discretized momentum equation due to wall shear stresses. If
the u-momentum equation for example is discretized in the form

* *
Apup = 1:121 Ui +Su

- * . .

where P, E, W, N, S are cell nodes as shown in Figure A.3, and Ap and A;'s contain convective
- - . * - 3 . - - -

and diffusive coefficients. S, is the source term containing pressure gradients and cross-derivative

diffusion terms and convective terms for second-order upwinding scheme. This source term is
*
usually linearized as S, = Sy - Bpup . The term B,, is usually moved to the left hand side of the

- . . . * . .
equation and modifies the diagonal coefficient A, = Ap + By, and the equation can be written as
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Then S, and B, are passed to subroutine MODIFY where they are modified if a wall is present
(e.g., ITBS(I) = 4 for south boundary).

For an iterative flow solver using the finite-volume methodology. A typical interface and call to the
k-¢ module from the main flow solver can be represented by a flow chart as shown in figure A.4.
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READ GEOMETRY DATA
GRID NODES

Y

CALL GRIDG CALCULATE
Fx, Fy, ARE, VOL

* MODPHI
CALL CALCE (TE, 1) ag——— FORIDIR =1

(TURB KINETIC ENERGY K) [—%
<4—— SOLSIP

IF(LAY2 - OR-LRE)
TWOLAY

1 MMDPHI
CALL CALCE (ED, 2) - _
ENERGY DISSIPATION FORIDIR=2
EQUATION (¢) <—— soLsiP
MODVIS

Figure A.1 2D/axisymmetric k-¢ module deck
flow chart
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RESIDUAL
ERROR OF EQUATIONS
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Figure A.4 Typical main flow solver with calls to
the 2D/axisymmetric k-¢ module
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