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1 Introduction

The overall objective of the current effort at NASA GRC is to evaluate, develop and
apply methodologies suitable for modeling intra-engine trace chemical changes over post
combustor flow path relevant to the pollutant emissions from aircraft engines [1, 2]. At
the present time, the focus is the high pressure turbine environment. At first, the trace
chemistry model of CNEWT [1, 2] were implemented into GLENN-HT [3] as well as
NCC [4]. Then, CNEWT, CGLENN-HT and NCC were applied to the trace species
evolution in a cascade of Cambridge University’s No.2 rotor and in a turbine vane pas-
sage. In general, the results from these different codes provide similar features. However,
the details of some of the quantities of interest can be sensitive to the differences of these
codes. This report summaries the implementation effort and presents the comparision
of the NO.2 rotor results obtained from these different codes. The comparison of the
turbine vane passage results is reported in [5].

In addition to the implementation of trace chemistry model into existing CFD codes,
several pre/post-processing tools that can handle the manipulations of the geometry,
the unstructured and structured grids as well as the CFD solutions also have been
enhanced and seamlessly tied with NCC, CGLENN-HT and CNEWT. Thus, a complete
CFD package consisting of pre/post-processing tools and flow solvers suitable for post-
combustor intra-engine trace chemistry study is assembled.

2 Codes Acquired from MIT

The programs acquired initially from MIT were

e CNEWT — A compressible Navier-Stokes flow solver which utilizes a single ro-
tating frame of reference for rotating turbine blades, the unstructured tetrahedral
grids for finite-volume discretization, a k — ¢ model for the turbulence closure, and
a passive finite-rate reactive flow! for trace chemistry. A simple MPI (Message
Passing Interface) procedure was implemented at the subroutine level to compute
the species production rate.

o CALCHEM — 1-D version of CNEWT.

e CKINTERP — CHEMKIN II interpreter for reaction rate parameters and chemical
mechanism.

e cfe_ NASA — A MATLIB script to generate species inlet conditions using CHEMKIN
IIT libraray which is a commercial extension of CHEMKIN II. The trace chemistry
mechanism currently has twenty five species and seventy four reaction steps.

!The passive finite-rate reacting flow means that the transport coefficients of the mixture, such as
molecular viscosity, molecular thermal conductivity are independent of mass fraction of species, so are
the specific heat at constant pressure and the ratio of the specific heats.
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3 Pre-Processing

The main pre-processing tools are computer programs called FPLOT and T3D.
Briefly, FPLOT is an ensemble of utility routines for generating the structured and un-
structured meshes as well as viewing the solutions of CFD. Furthermore, it has the ability
to digitize IGES files from other CAD packages. It will digitize the IGES untrimmed en-
tities into representable data in PLOT3D format, and trimmed entities as unstructured
quadrilateral elements. It also has the ability to build surface quadrilateral meshes
out of the geometry almost automatically. Additionally, the ability to generate over-
set [6] or conforming [7] unstructured hexahedral meshes has been added for advanced
users. The graphical user interface (GUI) of FPLOT is based upon FLTK (pronounced
”fulltick”, which is an open-sourced C++ user interface toolkit for X Window, MS Win-
dows XP/2000/NT/98/95 and Mac OS X), which can be downloaded from www.fitk.org.
T3D is a predecessor of FPLOT, and it is based upon SGI graphics library (GL) and
XFORMS? user interface. In short, it is a structured as well as an unstructured mesh
generation program. It can also be used as a post-processing program for CFD solutions.

A summary of the current effort in this area follows:

e Geometry acquiring tools

1. Import of CAD data — FPLOT can read geometry files in the following
formats:

(a) IGES format

(b) PATRAN neutral format

(c) STL (stereolithography) format

(d) FPLOT format

(e) Plot3d format

(f) FAST format

(g) Lockheed ACAD format

The preferred format of the data is IGES.

2. Creation of commonly used geometry shapes — T3D is used here to build
and create simple geometries. The effort of porting the entire functionalities
of T3D to FPLOT is continuing under the current project.

e Grid generation tools

1. Conforming grids — The default meshes used by CNEWT, GLENN-HT and
NCC are conforming grids. The point-to-point constraints make the gener-
ation of very high quality viscous grids for complicated geometries a time
consumming job. Both T3D and FPLOT are used to generate the grids for
the current project. A module for generating the unstructured all-hexahedral
mesh has been added to FPLOT. The underlined algorithm of this module

2XFORMS is a graphical user interface toolkit for X Window Systems and can be freely downloaded
from ftp://nemir.ucsd.edu/pub/zforms/OpenSource
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was described in [7]. The effort of implmenting another algorithm for generat-
ing hexahedral-dominant unstructured mesh is in pending. Other commercial
grid generators may be used as well to generate conforming structurd grid for
CGLENN-HT or unstructured grid for NCC.

2. Non-conforming grids — Overset grid techniques allow each component or
partition of a given configuration to be gridded independently and then su-
perimposed to form a composite of overset meshes for CFD simulations. The
point-to-point constraints are relaxed so that it makes the generation of very
high quality viscous grids for complicated geometries a less time consuming
job. The overset grid option has been implemented into CNEWT, CGLENN-
HT and NCC for any rapid prototyping CFD application. In the present work,
T3D is used to generate the component grids and OVERGCJ8], acronym of
overset grid communicator, is used to build the grid interfaces among the
component grids. FPLOT[6] is then utilized to convert the composite grids
to overset unstructured grids for CNEWT and NCC, or overset structured
grids for CGLENN-HT. FPLOT is also used to tag the boundary elements
and fluid elements for the NCC and CNEWT. This capability of generalized
grid interface allows the geometry and mesh generation of complex systems
to be dealt with via a ’divide and conquer’ approach. The analyst can as-
semble the definition for a complex system by pulling together meshes from
independently created components, thereby greatly reducing the amount of
time spent on the overall mesh generation.

e Graphics user interface (GUI) for GLENN-HT — To reduce the tedious and time
consuming preparation process, a module is implemented into FPLOT to allow
users to graphically prepare the block connectivity of the conforming grids, the
boundary conditions and the initial conditions for GLENN-HT. (see in Figure 1.)
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Figure 1: Using FPLOT to prepare boundary and initial conditions for GLENN-HT.
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4 CNEWT/GRC

The original CNEWT developed at MIT (CNEWT/MIT) has been enhanced under
the current effort, this enhanced version is termed as CNEWT/GRC3. A description of
the enhancements follows:

e Dynamic allocation of memory — C routines are used here to achieve the goal. It
results in mixed FORTRAN and C source codes.

e Type of elements — In addition to tetrahedral element, hexahedral, wedge and
pyramid elements are added to CNEWT/GRC.

e Overset/chimera grid capability has been added for rapid prototyping.

e Multiple rotating frames of reference (MRF) for rotating grids— For a single rotat-
ing reference frame, the entire mesh in a computational model can rotate at con-
stant angular velocity (<) about a prescribed axis. The same feature is extended
to multiple rotating frames of reference, in which different angular velocities (and
even different rotating axes) are assigned to different mesh blocks or groups within
the model. Balance equations for each group are expressd in the relative reference
frame but in terms of the absolute velocity (i.e. the velocity with respect to a sta-
tionary coordinate system), and this leads to a hybrid formulation of the balance
equations.

Continuity equation:

& [l pav+ ff -y s

Species transport equation:

%//medv+/[49m(ﬁ“@) dA = /APDeffV(%)"—L)-d/f—l—wm

Momentum equation:

dt///p“dv+// pil(i—U,)-dA = //pdA+//T dA
~ [[[ oy x tav

l

Energy equation:

dt///pEdV"L//pEﬁ U,)-dA = //PU dA - //q dA
+//Au-7'~dA

3 An alternative name for the CNEWT/GRC is TEXANS, acronym of TEtrahedal and heX Ahedral
Navier-Stokes solver.
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Turbulence equations:

dt///"’“‘“”// pk(i — U,) - dA = SH// u+—Vk dA
dt///pedV—k// pe(i — Uy) .dA = S, +// /JJ+M€)V€ dA

where
q_': —K,VT
2 - 1 - -\T
;= _gﬂ(v I+ §M(Vu+ (Vi)™)

where V is an arbitrary control volume with control surface A, p is the fluid density,
Pm is the partial density of species m, 1w, is the production rate of species m,
is the flow velocity in a stationary Cartesian coordinate system, «wj, is the grid
rotating velocity for each designated axis, U;, = wy X T, E is the total energy
density, k is the turbulent kinetic energy, € is the turbulent dissipation rate, Sk
is the source term for k, S, is the source term for €, p is the static pressure, 7
is the viscous stress tensor, ¢ is the heat flux vector, Dy is the effective mass
diffusivity coefficient which is equal to ‘—:)%ff, k and p are the thermal conductivity
and viscosity coefficients, respectively. For gas, the Schmidt number (S¢) is about
1.

This formulation is userful for the following applications:

flow in turbomachinery
flow in torque converters
flow in mixing vessels

flow in axial and centrifugal pumps

AT oal o S

flow in ducted fans

e Sliding mesh — The sliding mesh technique is ideally suited for problems involving
rotor/stator interactions. It is presumbly the most accurate and straightforward
method for a turbomachinery calculation. It starts by dividing the computational
mesh into stationary groups/blocks and rotating groups/blocks. They are con-
nected to each other through a slightly overlapped sliding surface. The governing
equations must be time dependent. The information transfer across the interface
is accomplished by using the conventional overset grid interpolation. This option
in CNEWT/GRC is yet to be fully validated.

e Arbitrary Lagrangian-Eulerian formulation

In order to handle the moving frames of reference associated with the moving mesh,
the partial differential equtions need to be modified. This is most easily accom-
plised by the Arbitrary Largrangian-Eulerian (ALE) formulation. The integrated
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mass, momentum, and energy equations over a moving control volume for the gas
phase may be written as:

Continuity equation:

d — — —
A (@ dA = / / v.U,d
dt / / /V(t) pd / /A(t) w=Uy) vy ? UgdV

Species transport equation:

d — — pm — .

il o dV // (G—U,)-dA = // Do V(2™ dA + i,

dt///v(t)p + A(t)p (@ = Uy) A(t)p 1 (p) tw
- mV'U’d
//V(t)p g @V

Momentum equation:

alll i + [ o= 0-ak = =[], pade f], o

—//V(t)pu_'V-Ung

l

Energy equation:

gg///v(t)pEdeL/A(t)pE(ﬁ‘ﬁ A= _// pii A - //A(t) A
+//A(t)u-7'-dA
o Geav

Turbulence equations:

dt/// pkdv*/MP’“ -dA = Swr// M+—)Vk dA
*///V(t)ka'Ung

dt//v(t)pE +// pe(i — Uy) -dA =S, +// ,LL+/L€)V€ dA
*///V(t)peV'Ung

where
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where V(¢) is an arbitrary control volume with control surface A(t), both are
functions of time. Also, p is the fluid density, p,, is the partial density of species
m, W, is the production rate of species m, # is the flow velocity in a stationary
Cartesian coordinate system, [7'9 is the grid velocity, F is the total energy density,
k is the turbulent kinetic energy, € is the turbulent dissipation rate, Sj is the
source term for k, S, is the source term for ¢, p is the static pressure, 7 is the
viscous stress tensor, ¢'is the heat flux vector, D,y is the effective mass diffusivity
coefficient which is equal to %ﬁ{'—, # and p are the thermal conductivity and viscosity
coefficients, respectively. For gas, Sc is about 1.

For a domain in the sliding mesh mode, the ALE form of the governing equations
is simplified by the assumption that the mesh associated with the rotor is in rigid
body rotation. The term V - U;, on the right hand side of the equations vanishes
and [79 is just Q x 7, where 7 is the radius from the rotating axis, Q is the rotating
velocity of the rigid body.

5 CGLENN-HT

GLENN-HT of version 3.1 (March 1999) was acquired from the Turbine Branch,
NASA GRC. It is a Navier-Stokes compressible flow solver for the calorically perfect
gas. It uses a single rotating frame of reference for rotating turbine blades, the multi-
block structured grids for finite-volume discretization, a k& — w model for the turbulence
closure, and a multigrid algorithm for convergence acceleration. Neither OpenMP (Multi
Processing) nor MPI is implemented in the version 3.1.

This version was enhanceed into CGLENN-HT. A description of the enhancements
follows:

e Dynamic allocation of memory — C routines are used here to achieve the goal. It
results in mixed FORTRAN and C source codes.

e Overset/chimera grid capability — A major advantage of the overset approach is
that the individual grid blocks can be superimposed to form a composite of meshes
for CFD computations without subject to the usual point conforming restrictions
due to the multi-block structured grids. It retains the computational efficiency
associated with the use of the structured grids.

e Implementation of species transport equations —
—d—// pmdV + [[ pu(@—Uy) - dA= [[ pDeg;v(E2) - dA+ i
dtJJ "™ AT g AT p m

e Using Chemkin-II v.4.3 library and variable coefficient ordinary differential equa-
tion solver (VODE) for species production rate — A simple MPI procedure is
implemented to compute the species production rate. Since the parallelism is im-
plemented at the local subroutine level, other parts of the computation is still
running in serial mode.
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e Roe flux differencing — For convective flux terms, Roe’s characteristic-based flux-
difference splitting scheme is implemented as an alternative to the central difference
with artificial dissipation.

e Alternative species gradient calculations — This method uses non-overlapping con-
trol volumes and stores the species gradient at the cell center of the grid for mass
diffusion integration.

6 NCC

NCC v.1.0.8 is a general purpose Navier-Stokes compressible and incompressible flow
solver based upon conforming unstructured grids. It can handle gaseous species and
liquid fuels. The turbulence are modeled by the k — e equations. PVM and MPI are
implemented in the current version for massively parallel computing platforms.

A description of the enhancements follows:

e Enhancements to NCC pre-processor — GEN_FILES is modified so that it can
convert a grid interface file created by FPLOT to ncc-overset.bin as an optional
input file for NCC.

e Enhancements to NCC post-processor — NODAL_RESULTS is modified to be
able to write data files in FPLOT and FIELDVIEW formats for either rotational
or stationary coordinate system.

e Enhancements to NCC solver

1. overset/chimera grid capability — Unstructured overset/chimera grid makes
the mesh generation even easier than the regular unstructured grid.

2. Multiple rotational reference frame (MRF) for rotational grids — It enables
quasi-steady stator/rotor interaction simulations. It facilitates the analysis of
the flow throughout the whole turbine by taking into account of the stator-
rotor interaction while avoiding the potentially inaccurate boundary condi-
tions imposed among the components. However, when compared to separate
simulations for each component, such coupled calculations require larger do-
main and longer computing time. Separate analysis for each component is
much faster, but it is essential to know when coupled analysis must be per-
formed and what are the differences between separate and coupled analyses.
It is well known that the separate analysis usually overpredicts flow energy
losses in all turbine parts and only coupled analysis is suitable for accurate
prediction of turbine efficiency.

3. Multiple dissipation zones — Following the spirit of the multiple rotational
reference frame, the dissipation coefficients and CFL number can be set to
different values for each zone to achieve better convergency.

4. Initial conditions — In stead of the 80 columns limitation, it uses a data file
to input initial species conditions.
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5. Total pressure and total temperature inlet boundary conditions — Total pres-
sure and total temperature are specified at the inlet. This is more in line
with other turbomachinery CFD codes. Both radial and circumferencial non-
uniform profiles of the inlet conditions are implemented.

6. Total temperature and mass flux inlet boundary conditions are implemented.

7. Isothermal wall boundary condition — CNEWT style isothermal wall bound-
ary condition is implemented.

8. Using Chemkin-II v.4.3 library and variable coefficient ordinary differential
equation solver (VODE) for species production rate - this is an addition to
the original NCC chemistry solver.

9. Roe flux differencing — For convective flux terms, Roe’s characteristic-based
flux-difference splitting scheme is implemented as an alternative to the central
difference with artificial dissipation.

10. Alternative form of energy equation — For steady-state computation, the
default dependent variable for the energy equation is the static enthalpy. In
the alternative form, the total energy is the dependent variable to be solved.

11. Passive trace chemistry model — In this model, the transport coefficients of
the mixture, such as molecular viscosity, molecular thermal conductivity are
independent of the mass fractions of species, so are the specific heat at con-
stant pressure and the ratio of the specific heats. It is the same model as that
in CNEWT. It is noted here that, in the CGLENN-HT code, the molecular
viscosity of the mixture is calculated using a power-law for its dependence on
temperature.

7 Post-Processing
A description of the enhancements follows:

e Data reduction of the structured and unstructured grid flow solutions — To rapidly
conduct sensitivity, parametric and trend analyses along a typical post-combustor
intra-engine flow path, a module, which can dynamically apply data reduction
technique to a set of three-dimensional CFD solutions to yield one dimensional
data has been implemented into FPLOT. Three options are available for computing
the averaged variables along the dominant flow path in the domain, they are area-
weighted average, mass flux-weighted average and density-weighted average.

e Visualization of structured and unstructured grid flow solutions — In addition to
data reduction, FPLOT is also used to visualize and interrogate the vast three-
dimensional CFD results.
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8 Examples

8.1 A Generic Stator-Rotor Configuration in MRF

To test the options of multiple reference frames (MRF) and overset grid, a generic
stator-rotor configuration is created and gridded using T3D and OVERGC. Then FPLOT
is used to tag the identification of the boundary patches and fluid elements so that the
different rotaional speeds can be assigned to the stator and the rotor with ease. A
typical turbine case is selected for NCC and CNEWT/GRC: the total pressure at the
inlet is 1629080 N/M?, the total temperature is 1645 K at the inlet, the exit pressure is
985627 N/M?, the blade wall temperature is 956 K, and the rotating speed of the rotor
is 8868 RPM. In addition, a chemically frozen flow is assumed. The pressure distribution
and the relative velocity vector of the NCC solution are shown in Figure 2 and Figure 3.
The pressure distribution and the relative velocity vector of the CNEWT/GRC solution
are shown in Figure 4 and Figure 5.
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NCC-- Quasi-steady, Overset Unstructured Hexa.
RPM of Rotor = 8868

PRESSURE
11 1.66817e+06
1.55714e+06
1.4451e+086
1.33306a+06
'1.22103e+06
1.10899e+06
966853
884016
772879
660843
548808

Figure 2: A stage of the generic stator-rotor rows using NCC — quasi-steady pressure
contours.
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W ﬁ‘\k"ﬁ"ﬂcc— Quasi-Steady, Overset Unstructured Hexa. %0
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4 VECTOR \) Ve B
11,783,578 S (g 2T
2%, 1 ®
‘Il’,élg‘ :'la - '. - ’:\\ ) v .
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Figure 3: A stage of the generic stator-rotor rows using NCC — quasi-steady relative
velocity vectors.
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CNEWT/GRC -~ Quasi-steady
Overset Unstructured Hexa. RPM of Rotor = 8868

PRESSURE
. 11 1.66917e+06
1.55713e+06
1.44518406
1.33306e+06
7 1221026408
6 1.10899e+06

Figure 4: A stage of the generic stator-rotor rows using CNEWT/GRC — quasi-steady
pressure contours.
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N ~ CNEWT/GRC - Quasi-steady < [
Wy Overset Unstructured Hexa. RPM of Rotor = 8868 SRk
\ Relative Velocity Vector

x". '-\
AN\
;docif; Vector

730 039
657.035
584 031
511.027
F 438023
385019
292 016
218.012
146 008

Figure 5: A stage of the generic stator-rotor rows using CNEWT/GRC — quasi-steady
relative velocity vectors. Most of the velocity vectors are omitted so that the velocity
transition from the stationary reference frame of the stator to the relative reference frame
of the rotor can be viewed clearly.
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8.2 A Generic Stator-Rotor Interaction Using the Sliding Mesh
Option

To test the sliding mesh capability implemented into CNEWT/GRC (also known as
TEXANS), the previous example is computed in the sliding mesh mode. The pressure,
temperature and Mach number distributions are shown in Figure 6, Figure 7 and Figure 8
respectively.

CNEWT/GRC
Stator - Rotor Interaction
Rotor RPM = 8868

PRESSURE
. 1.64624e+06
1.54627e+06
1.45230+08
1.35533e+06

| 1,1613%e+06

Figure 6: A stage of the generic stator-rotor rows using CNEWT/GRC (also known as
TEXANS) — unsteady pressure contours.
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- CNEWT/GRC
Stator — Rotor Interaction
Rotor RPM = 8868

TEMP
1649.91
1589.8
1529.69
1469.58
1409.46
. 6 1349.35
1289.24
4122913
3 1169.02
1108.9
1048.79

Figure 7: A stage of the generic stator-rotor rows using CNEWT/GRC (also known as
TEXANS) — unsteady temperature contours.
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CNEWT/GRC
Stator - Rotor Interaction
Rotor RPM = 8868

MACH NO.

1 119893
107904
0.950144
0.839251
0.716358

5 0.500465
" 8§ 0479572
40350679
0.239786
0.119893

0

Figure 8: A stage of the generic stator-rotor rows using CNEWT/GRC (also known as
TEXANS) — unsteady Mach number contours.
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8.3 Cambridge No. 2 Rotor

Homogeneous inlet conditions are used and the blade row is simulated in the rotor
relative frame using three blade passages. The angular velocity is 2600 rpm at a radius
of about .065 meter. At the inlet, the total pressure of the mainstream hot gas is set
to be 907351 N/M?; the specific heat at constant pressure is 1184 J/kg K; the ratio of
specific heats is 1.32. Following standard practice, the value of the turbulence intensity
is assumed to be 2.5% of the computed inlet normal velocity, while the turbulence length
scale at the inlet is set to be .05 m. At the exit, the static pressure is set to be 781057.9
N/M?, ie. 86.1% of the inlet total pressure. The surface temperature of the blade is
1000 K.

Since transport properties are evaluated differently in different codes, they are sum-
marized as the following three options:

a. Option 1 — The temperature is iteratively computed from the static enthalpy of the
gas mixture, h, and the specific heat at constant pressure of the gas mixture, C,.
In addition, the gas constant of the mixture, the specific heat at constant pressure
of the gas mixture, laminar viscosity of the mixture and thermal conductivity of the
mixture are all functions of species mass fractions and the temperature.

b. Option 2 — The temperature is computed from the enthalpy of the gas mixture, h
and a constant C,. Gas constant of the mixture, specific heat at constant pressure
of the gas mixture, Cp, laminar viscosity of the mixture and thermal conductivity of
the mixture are all constants which are either user specified parameters or computed
via other parameters such as the Prandtl number.

c. Option 3 — The gas constant of the mixture and the specific heat at constant pressure
of the gas mixture, Cy, are constants provided by the users. The laminar viscosity of
the mixture is calculated using a power-law for its dependence on temperature.. The
thermal conductivity of the mixture is computed through Prandtl number and C,.
The temperature is computed from the equation of state.

8.3.1 Relative Inlet Boundary Condition

The relative total temperature is 1631.7 K and the relative swirl angle is 26°, viewed
from a rotating reference frame. The solutions of NCC and CGLENN-HT were presented
from Figure 9 to Figure 15. The difference of solution between NCC’s option 1 and 2 is
negligible in this case from the point of view of trace chemistry. However, NOand SO,
display larger differences between the solution from NCC and that from CGLENN-HT.
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NCC NCC | CGLENN-HT
Option 2 Option 1 Option 3

PRESSURE
928187

711090
N2 (N2 i N2

Figure 9: Comparison of the pressure distribution.
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NCC 'CGLENN-HT
Option 3

1228.5

1168

1109.5 1100.5

1050 1050
K 'K 'K

Figure 10: Comparison of the temperature distribution.
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NCC NCC CGLENN-HT
Option 2 Option 1 Option 3

co co
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Figure 11: Comparison of the COdistribution.
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Figure 12: Comparison of the N Odistribution.
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Figure 13: Comparison of the N,Odistribution.
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Figure 14: Comparison of the SO, distribution.
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Figure 15: Comparison of the SOj3 distribution.
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As an attemp to reconcile these differences, the Roe’s upwind algorithm is used both
in the NCC and the CGLENN-HT to conduct the calculations. This will minimize
the differences due to the treatment of the convective terms. Furthermore, the terms
representing the species mass diffusion in the species equations are dropped off from
CGLENN-HT. From Figure 16 to Figure 19, it can be seen that the differences of the
solution of NOand SO, are now less appreciable than those previously indicated in
Figure 12 and Figure 14.

NCC —— UPWIND SCHEME CGLENN-HT -- UPWIND SCHEME
NEGLECT SPECIES MASS DIFFUSION

11 0.000184206
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0.000157487
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"7 0.000120767
8 0.000102408

Men Jun 17 2002

Figure 16: Comparison of the COdistribution.

NASA/TM—2003-212184 27



NCC —- UPWIND SCHEME

NO

0.000120703
0000119561
0.000118419
0.000117278
7 0000116138
} 0.000114994
& 0000113852
} 0000112711
| 0.000111569
0.000110427
0.000108285
Mon Jun 17 2002

CGLENN-HT -— UPWIND SCHEME
NEGLECT SPECIES MASS DIFFUSION

1 0.000120703
0.000119561
0.000118419
0.000117278

7 0.000116136
0.000114994
0.000113852
0.00011271

30000111569
0.000110427
0.000109285

Mon Jun 17 2002

Figure 17: Comparison of the N Odistribution.
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Figure 18: Comparison of the SO, distribution.
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Figure 19: Comparison of the SO; distribution.
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8.3.2 Absolute Inlet Boundary Conditions

The total temperature is 1631.7 K and the swirl angle is 64°, viewed from a stationary
reference frame. Five sets of computed results are assembled together to show the differ-
ences due to various codes and options. They are (1) CGLENN-HT using option 3 with
structured hexahedron, (2) NCC using option 1 with unstructured hexahedron, (3) NCC
using option 2 with unstructured hexahedron, (4) CNEWT/GRC using option 2 with
unstructured hexahedron, (5) CNEWT/MIT using option 2 with tetrahedron. Data re-
duction technique has been used to average the CFD results to get 1D distribution along
the axis of the flow path.

The area-averaged pressure distributions along the axis of the flow path are shown
in Figure 20. It indicates that the differences among the five cases are minimal for the
pressure except in the front part of the domain.

Cambridge NO. 2 Turbine Rotor
Areca-Averaged Pressure Distribution Along Axis of Flow Path (Absolute Inlet B.C.)
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Figure 20: Comparison of pressure distribution along the axis of the flow path.
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The temperature distributions along the axis of the flow path are shown in Figure 21.

Cambridge NO. 2 Turbine Rotor
Area-Averaged Temperature Distribution Along Axis of Flow Path (Absolute Inlet B.C.)
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Figure 21: Comparison of the temperature distribution along the axis of the flow path.

CO distributions are shown in Figure 22. The mass fraction decreases as the flow
passing through the turbine passage.

Cambridge NO. 2 Turbine Rotor
Averaged CO Distribution Along Axis of Flow Path (Absolute Inlet B.C.)
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Figure 22: Comparison of the CO distribution along the axis of the flow path.
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NO distributions are shown in Figure 23. The mass fraction increases significantly
at first then remains nearly constant as the flow passing through the turbine passage.

Cambridge NO. 2 Turbine Rotor
Area-Averaged NO Distribution Along Axis of Flow Path (Absolute Inlet B.C.)
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Figure 23: Comparison of NO distribution along the axis of the flow path.

NOQO, distributions are shown in Figure 24.

Cambridge NO. 2 Turbine Rotor
Area-Averaged NO2 Distribution Along Axis of Flow Path (Absolute Inlet B.C.)
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Figure 24: Comparison of the NO, distribution along the axis of the flow path.
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SO distributions are shown in Figure 25.

Cambridge NO. 2 Turbine Rotor
Area-Averaged SO2 Distribution Along Axis of Flow Path (Absolute Inlet B.C.)
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Figure 25: Comparison of the SO, distribution along the axis of the flow path.

SOj3 distributions are shown in Figure 26. The solution of CNEWT/MIT deviates
signifcantly from that of other computations.
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Area-Averaged SO3 Distribution Along Axis of Flow Path (Absolute Inlet B.C.)
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Figure 26: Comparison of the SO; distribution along the axis of the flow path.
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HONO distributions are shown in Figure 27. The mass fraction obtained from
CNEWT/MIT using tetrahedron shows more activity than that obtained from other
computations.

Cambridge NO. 2 Turbine Rotor

Area-Averaged HONO Distribution Along Axis of Flow Path (Absolute Inlet B.C.)
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Figure 27: Comparison of the HONQ distribution along the axis of the flow path.

Velocity distributions are shown in Figure 28.

Cambridge NO. 2 Turbine Rotor
Area- Averaged Velocity Distribution Along Axis of Flow Path (Absolute Inlet B.C.)
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Figure 28: Comparison of velocity distribution along the axis of the flow path.
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8.4 The Impact of the Mesh Shape

At this point, a note on the impact of the mesh shape on the computing time is in
order. A tetrahedral mesh used by CNEWT for the case of Cambridge’s NO.2 rotor was
converted to NCC format via FPLOT, and NCC computations were performed using this
tetrahedral mesh. A tetrahedral mesh will usually increase the overall element count,
and for a cell-center based algorithm, this in turn will increase the frequency of chemical
source term evaluation. This kind of impact becomes significant when the number of
species becomes sufficiently large, such as the case of trace chemistry mechanism. The
CPU time statistics for NCC using hexahedral and tetrahedral meshes are summarized
in Table 1

NCC Hexahedron | Tetrahedron
grid points 100980 37135
elements 79056 171636
facets 280594 224845
boundary facets 43000 32144
CPU time (sec/iteration step) 538 1125

Table 1: Run time statistics for NCC using hexahedral and tetrahedraon meshes.

When using the tetrahedral mesh, NCC not only consumes more CPU time per
iteration step but also needs many more number of iterations to reach the convergence.
The main reason for longer CPU time per step using tetrahedral mesh is that NCC
needs to compute the species production rate 171636 times per step, while only 79056
times are required for the hexahedral mesh. The main resaon for more iteration numbers
needed for convergence is that the number of information cxchange among tetrahedral
elements is four, while that number is six for a hexahedral element. Thus, less amount
of information is exchanged per step among the tetrahedral elements.

9 Concluding Remarks

The goal of the present effort is to establish GRC/NASA in-house capability for
modeling and simulation of intra-engine trace chemical changes over post-combustor
flow path. The coding effort to port the trace chemistry model in CNEW'T to GLENN-
HT and NCC has completed. In addition to the implementation of trace chemistry
model to existing CFD codes, several pre/post-processing tools that can handle the
manipulations of the geometry, the unstructured and multi-block structured grids, as
well as CFD solutions have been enhanced and seamlessly tied with NCC, CGLENN-HT
and CNEWT/GRC. These tools have been applied to several test cases.

The existing tool kit consists of the following software:

1. cfe. NASA — A MATLIB script to generate species mass fractions at a combustor
exit using CHEMKIN III libraray which is a commercial extension of CHEMKIN
IL
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2. CKINTERP — A program to create a CHEMKIN II linking file for reaction rate

parameters and chemical mechanism. It takes the output of cfe. NASA and gen-
erates a file called chem.bin for use in CALCHEM, CNEWT/GRC, CGLENN-HT
and NCC.

3. CALCHEM — A program for one-dimensional intra-engine trace chemistry anal-

ysis.

4. T3D, FPLOT, OVERGC — pre/post-processing codes.

5. CNEWT/GRC, CGLENN-HT, NCC — chemistry flow solvers.

Thus a complete CFD package consisting of pre/post-processing tools and flow solvers

suitable for the post-combustor intra-engine trace chemistry study has been assembled.
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