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Geqa  Project objective

A Development and validation of predictive models for treatment of direct sCO, power
cycles through a synergistic combination of computational and experimental research

I Multiphysics model development using DNS/LES (Oefelein/Connolly/Andrews)
A Detailed treatment of high-pressure (supercritical) flow processes inherent to oxy-fueled combustion

A Progression from canonical laboratory-scale studies to device-scale conditions and geometries
(e.g., 1500 K, 30 MPa turbine inlet conditions)

I Experiments for model validation using a combination of laser and optical measurement
techniques (Steinberg/Ranjan/White)

A Mixing layer dynamics in sCO, loop at Georgia Tech
(i.e., Density measurements using 2D burst-mode Raman scattering)

A 1 MW sCO, combustor at Southwest Research Institute
(i.e., Chemiluminescence imaging of H,O and post-flame CO,)
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Supercritical fluids pose unique additional modeling
challenges due to highly nonlinear property variations
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“e%h  Tasks/milestones Current focal points

A Task 1.0: Project Management and Planning

A Task 2.0: Multiphysics Model Development
I Subtask 2.1: Unit physics model evaluation and verification studies
I Subtask 2.2: Treatment of turbulent multiscalar mixing processes
I Subtask 2.3: Treatment of turbulence-chemistry interactions

A Task 3.0: Benchmark Large Eddy Simulations
I Subtask 3.1: Model validation (Georgia Tech sCO2 Loop)
I Subtask 3.2: Model validation (SWRI 1 MW Oxy-Fueled sCO2 Combustor)
I Subtask 3.3: Parametric Analysis

A Task 4.0: Experiments for Model Validation
I Subtask 4.1: Non-reacting density and velocity measurements in redesigned test section
I Subtask 4.2: Preliminary IR measurements in 1 MW oxy-fueled sCO2 combustor
I Subtask 4.3: Complete IR measurements in 1 MW oxy-fueled sCO2 combustor




ceorgia  D€tailed analysis and model development enabled using
™" RAPTOR code suite designed for DNS/LES

A Theoretical framework (Comprehensive)

I Fully-coupled, compressible
conservation equations

I Nonideal gas/liquid equation of state
(high-pressure phenomena)

I Detailed thermodynamics, transport with
finite-rate chemistry

I Multiphase flow with interface tracking
(LS-GFM), spray (Lagrangian-Eulerian)
I Dynamic subfilter modeling
(no tuned constants)

I Fully-integrated CHT and FSI
(in progress)

A Numerical framework (High-quality)

I Kinetic-energy/entropy preserving
(non-dissipative, discretely conservative)

i All-Mach-number (dual-time stepping Project selected to

with generalized preconditioning receive 2020-2021 ASCR
Leadership Computing

I Compl ex geometry and BC@SChauenge(ALCC)award

A Massively-parallel (Highly-scalable)




ceorgia  D€tailed analysis and model development enabled using
™" RAPTOR code suite designed for DNS/LES

Grid Interface (Complex Geometry)

Liquid atomization, spray formation
A Secondary breakup, two-way coupling

Input A Multicomponent drop vaporization

Multistage Integrator High pressure thermodynamics, transport

A Real-fluid gas/liquid equations of state

Preconditioned A Supercritical, multicomponent mixtures

Dual-Time-Stepping
(All-Mach-Number Formulation)

Initial focus on turbulent
scalar mixing processes

High Reynolds number turbulence
A Multiscalar mixing, preferential diffusion
A Compressible, all-Mach-number flow

Spatial Differencing Operators

Turbulent multiregime combustion
A Turbulence-chemistry interactions
A Complex fuels, finite-rate chemistry

KEP-EP Finite-Volume Scheme
(Body-Fitted Coordinates)

System Library
Math Library (Portable)
Model Library (Portable)

Current focus on both
High-pressure chemistry, emissions, soot mixing and combustion
A Detailed and skeletal mechanisms
A Optimized modeled mechanisms

Unstructured Multiblock Connectivity

SPMD Distributed Communication Shell (MPI)
SMP Shared Memory Shell (OpenMP)

Lagrangian Particle Integrator

Heat transfer, boundary layer dynamics
A Turbulence-radiation interactions
A Transient wall-flow interactions

Output

Data Processing Interface
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A State-of-the-art formulation for
EOS, thermodynamics, transport,
and interfacial properties based
on NIST expertise over decades

I Real-fluid mixture properties
obtained using Extended
Corresponding States model

I Multicomponent formulation
using Cubic (e.g., SRK, PR),
BWR, or Helmholtz EOS

I Generalized to treat wide range

of hydrocarbon mixtures
(Fuel/Oxidizer/Products)

A Custom stand-alone software
designed to run efficiently on
HPC platforms

Simulations performed using completely general
treatment EOS, thermodynamic, and transport properties
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Georgia Georgia Tech s_COZ_Ioop designed tq providg ins?ghts Into
supercriirtnhcaltfdluird mixing (80
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Axial position fixture

Window openings
for laser access and diagnostics

3D printed Nylon liner

sCO, inlet ports
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Temperature / pressure
measurement port

(b) Thermoconplepot.  Spliiter plate Pressure  Temperature Re Density  Velocity
[MPa / psi] (K / F] [kg/m3]  [m/s]
Upper 8 /1160 308/94.7 | 1.26e5 | 419.08 0.55
Stream
Lower 8 /1160 318/113 | 4.48e4 | 241.04 0.11
Stream

Manifold section ~ Optical section Exhaust section



ceorgia 1€St Section Is designed to give full optical access across

Tech

the entire axial span of the mixing layer
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Georgia Detailed analysis supported via progression
of 2D/3D DNS and LES

Goal: Facilitate analysis required to understand basic physics
and model injection/mixing/combustion processes unique to
high-pressure (supercritical) power and propulsion systems

Scalar-Dissipation Field
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ceorgia COMputational domain and grid match experiment
=" (WRLES completed, full DNS in progress)

U=0.55m/s
T=308K ‘ : Wall-Resolved
Re,, = 126,000

U= 041 mis
—> T=318K mmm)
Re, = 44,800

25 ) U B pescd] e e e <
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E‘:m_ 1 .t = 1 mm (Splitter Plate Thickness)

Time-dependent turbulent inflow fluctuations
Imposed using Synthetic Eddy Method
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ceorgia F1OW dO nonlinear property variations affect flow and what
Tech . . . . .
are the implications with respect to modeling?
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A Heat capacity of the fluid increases dramatically (e.g., more than an order of
magnitude between 1 bar and 80 bar over the 1in

A Similarly, significant increases in the Prandtl number are induced (e.g., more than
an order of magnitude between 1 bar and 80 bar



ceorgia F1OW dO nonlinear property variations affect flow and what
Tech . . . . .
are the implications with respect to modeling?
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A Two forms of compressibility must be considered
'l sot her mal compressibility e change in volume due to c
I Coefficient of ther mal expansion €& change in volume du
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ceorgia RAtE Of change in pressure and temperature can be
Tech . - . -
significantly modulated by these nonlinearities

v _ b oGy — S (o — e G Y| V) | T bt ol = 3 (o L) i | v (pu)
T oC,) pT pPLlp - Prhy; — Py;Lp) Xi P 9t oC,) Pp PTp - Pplty; — PY; PTp2 i P
v= Mass = Mas
+pr|u-Vp + M?7:Vu — V- (phu) + V-q. +p,|u-Vp + M?*7:Vu — V- (phu) + V-q.
Mom:ntum Totalgnergy Momzntum TotalEnergy
N-1 N-1 T
+ Y (prhy, — pv,Cy) V- (pYiu) - V-q; — @ + > <Pth¢ — Py, PT;) V- (pYiu) - V-q; — w;
i=1 N i=1 ~
Species Species

where
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Georgia

Variation of isothermal compressibility
across three-dimensional mixing layer
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ceorgia ISOSUrface showing threshold where the coefficient
of thermal expansion is 0.15
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Ratio of ¢4/ Cp also modulates observables in
highly nonlinear manner

C, =20000 J/kg K ' =7.1x108m?/s

u-velocity, m/s

Transport properties exhibit
similar behavior

u-velocity, m/s

u-velocity, m/s
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Al nter1 mo

A Thermodynamic nonidealities and
transport anomalies impose additional
nonlinearities that modulate both
broadband turbulence characteristics and
observables (e.g., multiscalar mixing)

A Alters both the instantaneous and filtered
equations for LES identically*

I i.e., they premultiply convective/diffusive
operators and source terms in both sets of
equations and thus modulate these terms in
the same way

I *Additional focus needs to be placed on
filtering nonlinear EOS and related
properties (in progress)

A Chemical source term Jacobians and

related eigenvalues also involve ,and +

I i.e., compressibility and thermodynamic
nonidealities also affect finite-rate chemical
kKinetics and related stiffness in chemistry

A Nonequilibrium turbulence, baroclinic
torque, etc., also significant factors

A Analysis of results is ongoing
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Geo?dh Reactiionguifd ow st pdiacd

| T=300K p =10 MPa o
CH4| | p=74 kg/m? -
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_,xl =
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g Non-reacting supercritical LOX-CH4 mixing layer
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ceorgia Many additional terms arise as consequence of filtering
" compressible multicomponent conservation equations

e Filtered Mass:

- . (/13 — . 1
5 TV () =0 (1)
e Filtered Momentum:
., I D _
a(pu)+v-<,0u®u+WI>—V-T—V-T, (2)
where
7= —2(V )+ (Vu+ Vul)
Re | 3 '
e Filtered Species:
o - B _
S (PY)+ V- (oY) =V q -V S+, i=1... N-1, (3)
where
q = —— VY.
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e.g., Variances of viscous stress tensor and diffusion
fluxes can be significant depending on filter width
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Ge%h  Filtered total energy equation

e Filtered Total Energy:

9,
5570 + V- (e +p)t] = V- (q, + M7 - 1))
~ V- (Q+ MXT- 1)
) _
. [MTtr(TW)] LV (M) + O, 4
where
. . M?_ _ M?*tr(T)
eg = e+—u-u+ m—
2 2 P

~

N _ N ¢ ___ BN
e = Y Y- B ST (Y — hY) + (hY? + WY:) + YT
D — 1 1 ()




Consistent modeling of SFS variances/covariances rare,
enthalpy/EOS must also be filtered and require closures
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e Turbulent Momentum, Energy, and Species Fluxes:

T =pu®u—u®u)+puxu’+u"®u)+pu” ®@u”

—~— ————

Q = p(ht — ha) + p(hu” + h'a) + ph'u”

S = p(Yiu— Vi) + (Yo + ¥,") + pY/w”

e Enthalpy:

N 1 — — S
ot p=p Y it +p S (T = a¥i) + (¥ + )+ 1T

N 5 LA = = —~—
X (1Y (TY - TY) + (TY +TY) + TY)
p&Z( (TY, — T%) + (T, /

Wi Wi

e Filtered Viscous Stress Tensor, and Filtered Energy and Mass Diffusion Fluxes



Georgia N Micx e do Dymnamisc Smagorinsky (D
" below is consistent, DSM in not since it neglects terms

« Eddy Viscosity:

1 ~ O R .
pe=pCpANTI Tlg=S:S  S= 5 (Vi va')
» Stress Tensor:
%:(?—T):(u +u)i —g(v-ﬁ)1+(Vﬁ+VﬁT) - p(ﬁ@ﬁ-ﬁ@ﬁ) — lﬁQZ I
"TRe | 3 ghsts

» Energy Flux:

N
S a o (P P L oh oSS - o (i
J,=(q, Q)_(Prt+PT)RGVh+ZhH p(hu hu)

» Mass Flux:

- . b 7 1 - (= z .
= (qQ;—S;) = -+ VY, — Yiu—Y;
S =@ ) (Scti SCZ> Re p< " u>

Coefficients Cp, Pry, and Sc,;, evaluated dynamically as functions of space and time
24
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A priori assessment of Dynamic Smagorinsky
Model versus Dynamic Mixed Model
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