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Fig. 3 Instantaneous wetness at 50% span in NASA Rotor 37
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Fig. 7 Characteristic curves (CASE 1: dry air, CASE 2:
0.5% wetness, CASE 3: 1.0% wetness)
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Fig. 8 Pressure-temperature diagram for CO2
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Fig. 9 Supercritical CO; flow of RESS process (left: Mach
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Fig. 10 Visualized CO; liquid in experiment *
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Fig. 12 Pressure coefficient distributions at nozzle axis

AW % AHCOHAE, FROFEEFME LTS
T, BRI N TV S, BERRCOIEEI D i L
HIEMBRICBWTRET L Z ENBEINTWBHCOD
P 2 e LT\ bhe EH S DBE, oAl
JEMEFEN IR OB RCOMNEZFIH L TWHEZATH
5o

5. 8hYIC

A A 2 £ 9 I8 D 22 - 1B D AR D BB & 1R
THRIEFTNVOREDE, WL DD MBI 2 JlEzT
BOlZRAMN L7ze E72, BIEBRBICEBT IR O
FHECIE, FEESRRIR A BB L 7o — IR R % R
LTEFAMRTHALZ LR LI, 5, ekl
ML OBMETFTIVECFDT 7)) LHlAEDLE, <
WF T4V 7 ACFDOWENEA L LB
B, FOBRIZ, BT TN ORGSR RPCFDT
7T L DM EOAGIILETDH B, WEEIED P
HEoRHET VI, BBURAKIS—RBR (—i) F
BT, ZOPTRIDHDET) v xRS,
HWIZL, BEET) O 7 OIBNRMHERESLSIX
BLAS A, INAIZEILE 7V oW & 2 0Bl
fREORRE, 7 & OIIEPHENG T 7V DR L IEF
M EEIE N O BRI T 2 2 o0#%k ) — + (FEE

W)®®% 5 TIZABA LTS, BEEF) v r0sE
LTV NEREwTdh b,

S EZE X

(1) IIARTE, W7EEYE, CFD2SCFCNDIRTF A4 LY T
b, HABEA: 25 SCHEBRE, Vol 77, No. 774 (2011),
pp. 195-204.

(2) Seinfeld, J.H., Atmospheric Chemistry and Physics of
Air Pollution, (1986), Wiley.

(3) Pratsinis, SE. Simultaneous Nucleation, Condensation,
and Coagulation in Aerosol Reactors, Journal of Colloid
and Interface Science, Vol. 124, No. 2 (1988), pp. 416-427.

(4) Yamamoto, S., Computation of Practical Flow Problems
with Release of Latent Heat, Energy, Vol. 30 (2005),
pp. 197-208.

(5) Frenkel, ], Kinetic Theory of Liquids, (1955), Dover.

(6) Gyarmathy, G., Bases for a Theory for Steam Turbine,
Bulletin, Institute for Thermal Turbomachines, Federal
Technical University, Zurich, Switzerland, Vol. 6 (1964).

(7). Young, J. B, Physicochemical Hydro- dynamics, Vol. 3,
No. 1 (1982). p. 57.

(8) Schnerr, G. H. and Dohrmann, U., Transonic Flow
around Airfoils with Relaxation and Energy Supply by
Homogeneous Condensation, AIAA Journal, Vol. 28,
No. 7 (1990), pp. 1187-1193.

(9) Startzmann, J. et al, Results of the International Wet
Steam Modeling Project, Proc. IMechE, Part A, Journal
of Power and Energy, March, (2018), 21 pages.

(10) Miyazawa, H., Furusawa, T. Yamamoto, S., Sasao, Y.
and Ooyama, H., Unsteady Force on Multi-stage and
Multi-passage Turbine Long Blade Rows Induced by
Wet-steam Flows, Proceedings of ASME Turbo Expo
2016, GT2016-56360, (2016), 12 pages.

(1) Miyazawa, H.,, Furusawa, T. Yamamoto, S. Numerical
Analysis of Condensation Effects on Final-stage Rotor-
blade Rows in Low-pressure Steam Turbine, Journal
of Fluid Science and Technology, Vol. 12, No. 2 (2017),
pp. 1-12.

(120 Moriguchi, S., Endo, T., Miyazawa, H., Furusawa, T.,
Yamamoto, S, Numerical Simulation of Unsteady Moist-
air Flows through Whole-annulus Rotor Blade Rows in
Transonic Compressor, ASME-JSME-KSME 2019 Joint
Fluids Engineering Conference, AJKFLUIDS2019-4782,
(2019), 9 pages.

(13}  Yamamoto, S., Moriguchi, S, Miyazawa, H. and Furusawa,
T, Effect of Inlet Wetness on Transonic Wet-steam and
Moist-air Flows in Turbomachinery, International Journal
of Heat and Mass Transfer, Vol.19 (2018), 720-732.
(Featured online on 'Advances in Engineering' as key
scientific article < https: //advanceseng.com/free-energy-
dominates-nucleation-condensation/ >)

(14 Moriguchi, S., Miyazawa, H., Furusawa, T. and
Yamamoto, S., Wetness Effect on Transonic Moist-air
Flow through a Compressor Rotor, Proceedings of ASME
2018 5th-Joint US-European Fluid Engineering Division

Download service for the GTSJ member of ID , via 216.73.216.87, 2025/06/07.



Vol.47 No.6 2019.11

FFEEMBEEOIINTF T4 Ty T ABREDY I 2L —> a3 ol 395

0

@

Download service for the GTSJ member of ID , via 216.73.216.87, 2025/06/07.

Summer Meeting, FEDSM2018-83422, (2018), 10 pages.
Peng, D-Y. and Robinson, D.B., A New Two-Constant
Equation of State, Industrial and Engineering
Chemistry Fundamentals, Vol. 15 (1976), pp. 59-64.
Angus, S. et al, International Thermodynamic Table of
the Fluid State-3 Carbon Dioxide, IUPAC, Vol.3 (1976).
REFPROP, NIST <https://www.nist.gov/srd/refprop>.
A PROGRAM PACKAGE FOR THERMO-PHYSICAL
PROPERTIES OF FLUIDS, Vol. 12.1, PROPATH group.
Yamamoto, S., Furusawa, T. and Matsuzawa, R,
Numerical Simulation of Supercritical Carbon Dioxide
Flows across Critical Point, Internatinal Journal of Heat
Vol. 54, No. 4 (2011), pp. 774-782.
Debenedetti, P.G., Homogeneous Nucleation in
Supercritical Fluids, AIChE Journal, Vol. 36, No. 9 (1990),
pp. 1289-1298.

Furusawa, T. and Yamamoto, S., Mathematical Modeling

and Mass Transfer,

and Computation of High-pressure Steam Condensation
in a Transonic Flow, Journal of Fluid Science and
Technology, Vol. 12, No. 1 (2017), pp. 1-11.

Yamamoto, S. and Furusawa, T., Thermophysical
Flow Simulations of Rapid Expansion of Supercritical
Solutions (RESS), Journal of Supercritical Fluids, Vol.
97 (2015), 192-201. (Featured online on 'Advances
in Engineering' as key scientific article < https://
advanceseng.com/general-engineering/thermophysical-
flow-simulations-of-rapid-expansion-of-supercritical-
solutions-ress/ >)

@3

@9

@5

26)

@

29

Yamamoto, S. and Furusawa, T., Mathematical Modelling
and Computation for Rapid Expansion of Supercritical
Solutions (Chapter 13), Supercritical and Other High-
pressure Solvent Systems (ed. by T. M. Attard and A. J.
Hunt), Royal Society of Chemistry, August, (2018).
Lettieri, C., Paxson, D., Spakovszky, Z. and Bryanston-
Cross, P., Characterization of Non- Equilibrium
Condensation of Supercritical Carbon Dioxide in a De
Laval Nozzle, Proc. ASME Turbo Expo 2017, GT2017-
64641, (2017).

Furusawa, T., Miyazawa, H. and Yamamoto, S.,
Numerical Method for Simulating High Pressure CO:2
Flows with Nonequilibrium Condensation, Proceedings
of ASME Turbo Expo 2018, GT2018-75592, (2018).
Wright, S. A, Radel, R. F., Vernon, M. E., Rochau, G.
E. and Pickard, P. S., Operation and Analysis of a
Supercritical CO2 Brayton Cycle, SANDIA Report
2010, SAND2010-0171, (2010).

Yamamoto, S., Introduction to Mathematical Modeling
and Computation < https://www.researchgate.net/
publication/295290766_Introduction_to_Mathematical_
Modeling_and_Computation >.

Yamamoto, S., Introduction to Multiphysics CFD <
https://www.researchgate.net/publication/283084920_
Introduction_to_Multiphysics_CFD >.



396 HAAR 2 —EFRE

Vol.47 No.6 2019.11 [

b
gﬁ
*
=
5&
hwu

B <V F 74 V92 Av3Ialb—Ya roiEE

RIZEALZ PE 5 B b2 i o B b b

Numerical Simulation for Free-surface Flows

with Phase Change

oy
W KPR PN A

HIMENO Takehiro  WATANABE Toshinori

®—7— K AMEG, S A L #<Y A2 8, CFD, fkuy v b
Key Words : Free-surface Flow, Two Phase Flow, Phase Change, Heat Management, CFD, Liquid Rocket

1. MEFPHEHEED AT LEKBEZAR

WLZEBR R F AR IS S N AHEAE Y X 7 41, BAIEH)
R 23 LD ETHHARARBIRZ, AHIHEOR
W LT o> THRAESE, Thbz ETFICHED
®5IZET, LRI ANF—RBE AR R
CEWMST A7 NV TH D,

BB IER T 5 &, AL LT, Afkoz
Ko DBV, BAROHEAERERLEINO X 9 % EAHT S
JTh L, KR EHRDRAEY 25 AR A b %

B b A v, BIZIE, & ¥ 7k EOHEMEREITEGR,
BRI - 2NV T - R T - SR & OHEE SRR,

sz - I E OB {RER, BOcHEr - Bt s &0

BEMR L EThHDL, ¥Rt 70 TORIMTEE,
PRBESE T OMESHRAL, BASHLEs TOIBERE LR &3,

A DB L 7= B & TR ISRV 3 261 CTH 525, b
FH, FITOAU Yy Yy I5E, A VT a—HRe Ry
TTOF YU T—3 3y, BRY — UV EAOEHMG IR
757 &3, e 2hs, S HRETHTFICLELT

BoRWHEFERL). HE LI EHLICHDLT,

Lotk MLZeEdiHEE Y A 7 4 RS 2 AR S 05 1E
Pz s, RIS A N EEHY 27 OE%E
HIR3I121E, 2oEr - HmERE 2> SRSk 0 258 &
BIRBY R 2 RIS P 2 Bl AR S s,
KA, A ATHEIIC HET 2 P4 AR AT
HETHbH, LaL, SMEMMHERTDRmE, 2210
IR EZ 2T, EEERIE - TREMICES S Hl
HiiThY, TOREZHWL, BHEXZ2FNTLDEES
TRV, TO LX) RIS, FHEOSDPHIRT 5 U
KV oy MEEFEE T, EHEOAR ST, 20
RIS, ST 2 B R & L TRtk 3 5 $i

EfaZft 20194108 7 H
* 1 RHRF L RWIZER  Heaiii sy
T113-8656 SCIEAR7-3-1
E-mail: himeno@aero.t.u-tokyo.ac.jp
E-mail: watanabe@aero.t.u-tokyo.ac.jp

Boiling in feed line

R e O Tl i

TIP Shaft Chill-down

(=

- g ] .
b i - oot & 2o T SN

1o

Fig. 1 Free-surface flows in a liquid rocket propulsion system.
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(a) Diffused interface (b) Sharp interface

Fig. 3 Concept of sharp interface capturing and anti-diffusion by
improved VOF method considering interface inclination.
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Fig. 4 Re-construction of Interface; Tangential plane of zero
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level set and the interpolation of H¢ in & -direction based
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Fig. 6 Jump of heat fluxes through the gas-liquid interface,
consumed by latent heat.
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exciter for sloshing test (right)®
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Fig. 8 Sloshing in the model tank of RSR with multiple baffles’®
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Fig. 10 Computed deformation of liquid hydrogen during
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Fig. 11 Liquid motion in a cylinder with a vane driven by
capillary force. Ethanol and poly-acrylate resin, 80 mm in
diameter'®.
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Numerical Simulations of Combustion
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1. Introduction

Combustion noise has been a topic of practical relevance
since the early 1960s. In one of the earliest experimental
investigations performed by Smith and Kilham® on the noise
generated by turbulent premixed flames, it was clarified that
combustion noise could be attributed to monopole sources
that are statistically distributed throughout the combustion
zone, and dominate the low-frequency emissions. Further
experimental studies, such as those by Price et al.®®, Strahle
and Shivashankara®, and Rajaram and Lieuwen® were
conducted in the following years, to understand the generation
mechanism and analyze the characteristics of combustion
noise from turbulent premixed flames. Additionally, Kotake
and Takamoto examined the influences of the shape and
size of burner nozzle®, and the inflow velocity turbulence®
on combustion noise of premixed flames. Notable works
on turbulent premixed flame combustion noise theory
include the ones by Strahle®™ ® © and Clavin and Siggia®®.
Experimental investigations have also been conducted for
combustion noise generated by turbulent non-premixed
flames, such as those by Ohiwa et al.*?, Klein and Kok®? and
Singh et al.*®, The main objectives of these studies were to
elucidate the noise generation mechanism, and to unravel the
noise characteristics, such as spectral content, acoustic power,
directivity patterns, etc., and there dependence on various
flow parameters. Recently, there has been a re-emergence
of interest in combustion noise with regards to design of gas
turbine combustors, since the contributions of other primary
noise sources, such as turbomachinery (fan, compressor
and turbine) noise and jet exhaust noise, in a commercial
gas turbine have undergone drastic reductions. On the other
hand, with the introduction of low-emission combustion
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strategies, such as lean direct injection and lean premixed
prevaporized combustion, combustion noise has become a
major contributor to engine-core noise, since lean combustion
is inherently unsteady and substantially louder, and also
increases the risk of occurrence of combustion instability®.
Noise generated by combustion originates from two distinct
processes. The first process is associated with the unsteady
heat release rate fluctuations arising from the interaction
between chemical reactions and turbulence, and is referred
to as direct combustion noise. While, in the second process,
noise is generated as a consequence of the acceleration of
entropy inhomogeneities (temperature fluctuations created by
combustion) through a non-uniform mean flow field (for e.g.,
across the turbine stages and nozzle beyond the combustor
exit), and is called indirect combustion noise.

Combustion noise falls under the purview of intricate
multi-physics problems, since it involves the simultaneous
interactions between fluid dynamics (i.e., turbulence),
chemical reactions and accompanying heat release,
evaporation (in case of spray combustion where exchanges
of mass, momentum and energy occur between the gas
and dispersed phases), noise generation and subsequent
propagation of acoustic waves. With significant improvement
in computing power, numerical simulations are now a potent
and cost-effective alternative to examine the combustion
noise problem. Hence, several recent studies on combustion
noise have been performed using the relatively new numerical
framework called the hybrid Computational Fluid Dynamics/
Computational Aero-Acoustics (CFD/CAA) approach. For
example, the direct combustion noise of an experimental
turbulent non-premixed flame was investigated by lhme and
Pitsch®® using a hybrid approach combining Large-Eddy
Simulation (LES) and Lighthill’s acoustic analogy. Similarly,
Flemming et al.®” used a hybrid approach consisting of LES
for the reacting flow field, and a CAA method that solves a
system of 1%--order hyperbolic partial differential equations for
acoustic wave propagation, to study the combustion noise of
a turbulent non-premixed hydrogen flame®®. More recently,
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Bui et al.*®: @9 gpplied a new hybrid approach combining
LES and the Acoustic Perturbation Equations for Reacting
Flows (APE-RF), to analyze combustion noise radiation and
its source mechanisms for turbulent non-premixed flames.
This APE-RF method is an extension of the original system of
Acoustic Perturbation Equations (APE) developed by Ewert
and Schroder®® for non-reacting flows, to multicomponent
reacting flows.

Reviews of the progress made in comprehending direct and
indirect combustion noise, using numerical, theoretical and
experimental techniques have been reported by Strahle®,
Dowling and Mahmoudi® and Ihme®. However, it is worth
mentioning that all the studies mentioned so far, mainly
investigate the combustion noise phenomena of turbulent
gaseous flames (premixed and non-premixed). Combustion
noise generated by spray flames is not well documented in
existing scientific literature. Therefore, this review article
complements the previous reviews by primarily focusing
on direct combustion noise using the hybrid CFD/APE-
RF approach®®: @9 which is extended to an experimental
turbulent spray flame®, and also applied to a turbulent non-
premixed flame®® for benchmarking. To simulate the reacting
flow-fields of flames, Direct Numerical Simulations (DNS)
are used instead of LES. Hence, the numerical framework
employed in this study is termed as the hybrid DNS/APE-
RF approach. The mathematical background of this hybrid
approach is described in Section 2, along with the flame
configurations and computation details. In Section 3, the
hybrid approach is first applied to a turbulent non-premixed
hydrogen flame®® to predict its combustion generated
acoustic field, and its noise radiation is validated against
measurements. Based on this validity of the hybrid DNS/
APE-RF approach, it is then used to predict the acoustic field
generated by an experimental turbulent spray flame®® and its
noise radiation characteristics are investigated. Conclusions
of this article are presented in Section 4, along with possible
future research opportunities.

2. Numerical Method: Hybrid DNS/APE-RF Approach

The hybrid DNS/APE-RF approach is a 2-step approach,
wherein the first step consists of DNS of the reacting flow-
field of turbulent flame. The DNS is performed on a relatively
smaller computational domain, which is sufficiently large to
contain the near-field of the flame within which the sources
exciting acoustic waves are present. The second step of
the hybrid DNS/APE-RF approach consists of the CAA
simulation, wherein the system of APE-RF is solved and the
acoustic wave propagation is captured all the way into the
far-field. The computational domain of the CAA simulation
is larger in size than that of the DNS domain and encloses

the complete source region of the flame. Additionally, the
CAA grid is coarser than the DNS grid, since there is a
large disparity between the characteristic fluid dynamic and
acoustic length scales. For low Mach number reacting flows,
the acoustic length scales of interest are more than an order
of magnitude larger than the fluid dynamic length scales.
Therefore, this hybrid approach is computationally efficient
and cheaper compared to a compressible DNS of a turbulent
flame, performed on a large computational domain extending
up to the acoustic far-field.

2.1 Direct Numerical Simulations (DNS)

Two flames are investigated in this work, the first is a well-
documented open turbulent non-premixed hydrogen flame
of the TNF-workshop®, designated as H3®. The second
is an experimental open turbulent ethanol spray flame
investigated at University of Sydney and designated as
EtF3®4. The governing equations solved for the gas-phase,
are conservation equations of mass, momentum, energy
and species mass fraction applicable to DNS®®@7, For the
DNS of ethanol spray flame EtF3, an Eulerian-Lagrangian
framework is employed in which the gas-phase is treated
as an Eulerian continuum, while the dispersed evaporating
fuel droplets are tracked as Lagrangian mass points. Phase
coupling between the gas and dispersed phases is realized
using the Particle-Source-In-Cell (PSI-Cell) approach®@®. With
the PSI-Cell approach, appropriate source terms to account
for the interactions between gas-phase and dispersed-phase
(fuel droplets) are incorporated in the governing equations.
Detailed descriptions of the governing equations used to
perform the DNSs of both flames, and the abovementioned
source terms for phase coupling using the PSI-Cell approach
in case of the spray flame EtF3, are provided in@",

The simulations performed in this study are DNS in the
sense that neither any turbulence model nor any turbulence-
chemistry interaction model is used. However, the combustion
of fuel in both flames is modeled using simplified reaction
mechanisms to keep computational costs practical. For the
non-premixed flame H3, the combustion of hydrogen is
described using a one-step global reaction model®, and in
case of the spray flame EtF3 whose liquid fuel is ethanol, a
two-step global reaction model®® is used for the combustion
of gaseous ethanol. The DNSs are restricted to relatively
smaller computational domains, which are large enough to
compute the near field of the turbulent flames within which
the sources exciting acoustic waves are present. The physical
sizes of the DNS domains are smaller compared to the
respective CAA domains’ sizes in case of each flame.

2.2 Acoustic Perturbation Equations for Reacting
Flows (APE-RF)
To capture the propagation of acoustic waves produced by
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turbulent flames in non-uniform mean flows with varying
mean speed of sound (i.e., wave convection and refraction
effects are considered), the APE-RF system®®: @9 is solved in
the CAA simulations. The system of APE-RF is given by the
following set of partial differential equations

LV (pu+pu) =0 @
ow — ’ pry _
E‘FV(U'U)%‘V(%)—() (2)
pr _ —29p" _

ac ¢ o T ders ®

where, the density p, velocity u and pressure p have been
decomposed into time averaged mean (p, U and p) and
fluctuating (p', u' and p') components as p=p+p', u=u+u'’, and
p=p+p". C is the mean speed of sound and g, is the source term
exciting acoustic waves in the turbulent flames expressed as

Qorf = —C2 [(E+@)D_p_iD_p_VT_lu.vﬁ_v.(upe)_

p pc?) Dt 2Dt
4 Vp _Vp Pe
Hu(F-2)+2s)] “)

here, y is the ratio of specific heats and pe is the excess density
defined aspe.=(p — p) — (p — p)/c2 The acoustic source term
Qert CONtains various sub-mechanisms exciting acoustic waves
in combustion noise. The first term with the substantial time
derivative of density (p/p+(p — p)/(oC ?))Dp/Dt, implicitly
takes into account the effects of unsteady heat release rate
(one of the important and dominant source mechanisms of
direct combustion noise), volumetric expansion due to non-
isomolar combustion, species diffusion, heat diffusion and
viscous effects. Apart from the substantial time derivative
of density term, the other sub-mechanism contributions to
combustion noise arise from the excitation of acoustic waves
due to combustion at non-constant pressure via. the Dp/Dt
term; the effect of acceleration of density inhomogeneities in
the V-(upe) term; the contribution of fuel droplet evaporation
rate source term S,, which accounts for the density variations

L, =59Dy;
(400 grid points)

Fuel (Hy/N;)

Dy; = 8 mm
Ujer = 34.8 mis L, = 106Dy;
(1080 grid
points)

Coflow Air

Upgtons = 0.2 Vs

[CEPPREI, i 8
1
L,=59Dy,
z (400 grid
7 5 points)

@

caused by fuel droplet evaporation via. the (pe/p)S, term (note
that this term is zero for the gaseous non-premixed hydrogen
flame H3); and the remaining terms, i.e., [ — ((y — 1)/y)u-Vp
— (p/c?)u-(Vp/p — Vplp)] account for the effects of non-
uniform mean flow. For the spray flame EtF3 investigated in
this study, it was found that the (pe/p)S, term is two orders
of magnitude smaller than the dominant acoustic source
mechanism represented by the substantial time derivative of
density term. Further information on the APE-RF system and
its acoustic source formulation are provided int®: @0 @7,
2.3 Computational Setup

The schematics in Fig. 1 illustrate the computational
domains used for the DNS of the two flames. Fig. 1(a) shows
the computational domain parameters and inflow conditions
for the non-premixed hydrogen flame H3, while Fig. 1(b)
shows the same for the ethanol spray flame EtF3. The burner
configuration of the H3 flame consists of a circular nozzle
of diameter Dnz = 8 mm, through which a mixture of H, and
N2 gas issues out into a low velocity laminar co-flow of dry
air®®, On the other hand, the ethanol spray flame EtF3 uses
a laboratory scale piloted spray burner®, consisting of a
central jet nozzle of diameter Dews = 10.5 mm, through which
a mixture of ethanol spray and carrier air issues out. The
central nozzle is surrounded by a coaxial pilot annulus and
this pilot flame stabilizes the main ethanol spray flame. The
entire burner (central nozzle and annular pilot) is surrounded
by an outer stream of co-flowing air as shown in Fig. 1(b).
The pilot flame is composed of fully-burned products of the
stoichiometric mixture of 5.08% acetylene (C.H), 10.17%
hydrogen (H,) and 84.75% air by volume, at the burner exit.
Further details regarding the burner setup/configurations
of the H3 flame and EtF3 flame are described in®® and®¥,
respectively. The DNS of both flames are performed on
non-uniform staggered Cartesian grids, consisting of
approximately 0.17 billion grid points for the H3 flame, and

L, = 49Dgy;
(400 grid points)

Fuel spray + Air
Dgz = 10.5 mm
Ui =24 m/s

Pilot Flame
Dia. =25 mm

Uit = 11.6 m/s

L, =94Dg;;
(1160 grid
points)

E i v
L,=49Dgz;
z . (400 grid
5 points)

(b)

Coflow Air
Umgm.- =4.5m/s

Fig. 1 Schematics of the computational domains for DNS of (a) turbulent non-premixed hydrogen flame H3 and (b) turbulent ethanol

spray flame EtF3. (With permission from Elsevier).
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AEAHZR 2 —E ¥R

0.19 billion grid points for the EtF3 flame. For the EtF3
flame, fuel droplets are injected from random positions at the
inflow boundary, within the cross-sectional area of the central
nozzle of the burner in a polydisperse fashion. Fuel droplet
size distribution is prescribed using a best fit log-normal
Probability Density Function (PDF) to the measured droplet
size distribution data® @), Relevant flow and computational
parameters for both flames are summarized in Table 1.

Table 1 Flow and computational parameters of the H3 and EtF3 flames
(“~" implies Not Applicable to that case).

Flame designation H3 EtF3
Fuel H,/N; : 50/50 Ethanol
(Vol%) (C,Hs0H)
Jet diameter [mm] Dy;=8 Dgirz =105
Pilot diameter, D, No Pilot 25
[mm]

Bulk jet velocity, Uj.,

4. 24
(ms] 34.8
Bulk velocity pilot _ 1.6

(burned), Upizor [m/s] )

Co-flow air velocity,

0.2 4.5
Ucnﬂow [m/s]

Carrier air mz}ss flow 3 150

rate [g/min]

Liquid fuel injection

. - 45
rate [g/min]

Measured liquid fuel _ 30.7
flow rate at exit [g/min] '
Vapor fuel flow rate at _ 143

exit [g/min] ’

Jet Reynolds number, 10000 19700

Re [-]
Ambient temperature 300 293.15
K]
Jet Mach number, M =
’ 0.1 0.07
Ujed e [-]
Initial droplet

temperature [K] - 293.15

Pilot temperature [K] - 2493

DNS grid points (v,7,2 | 1460400400 | 1160x400x400
directions)
CAAgrid points (63,2 | 440,340x188 | 510x335x198
directions)
CPU time [hours] 639000 1105920

Number of MPI cores

for DNS 1024 1024

Number of OpenMP

threads for CAA 68 68

2.4 Numerical Procedure

The hybrid DNS/CAA simulations are performed using an
in-house hybrid CFD/CAA code called FK3-CAA, which is
a new extension of the previous FK® in-house thermal flow

analysis code®?, The CFD solver of FK3-CAA code uses
a pressure-based semi-implicit algorithm for compressible
flows. Numerical schemes used in the DNSs for discretization
of spatial derivatives in the governing equations, and for
time marching of the solution are detailed in®”, along with
the velocity inflow conditions, and treatment of outflow and
lateral boundaries of the DNS computational domains of
both flames. For capturing the propagation of acoustic waves
produced by the flames, the CAA solver of FK3-CAA code
computes the APE-RF system in Egs. (1)-(3). Descriptions
of the numerical schemes used for evaluating the spatial
derivatives in the APE-RF system, and for time integration
of the APE-RF solution are provided in®»: @7, along with
details of the non-reflective radiation boundary conditions
that suppress spurious reflections at the boundaries of the
CAA domain. The CAA simulations of the non-premixed
flame H3 and spray flame EtF3 are performed on 3D non-
uniform Cartesian grids. The number of grid points used in
each Cartesian direction for both flames is listed in Table
1. The size of the CAA grid of H3 flame in the respective
Cartesian directions is -12< x/Dn3<85, -12<y/Dn3<77 and
-12<7/Dps<12, while that of the EtF3 flame is -10<x/Dgs<73,
-14<y/Dewr3<60 and -13<z/Dewrs<13. This ensures that the
CAA domain completely encloses the acoustic source region
of each turbulent flame. Quantities required for solving the
APE-RF system in the CAA simulations, such as p, U, ¢ and
e, are obtained from the DNS solutions of the reacting flow-
fields of the flames in the first step. In the second step, these
quantities are mapped onto the CAA grid from the DNS grid
(using a trilinear interpolation algorithm) at the end of every
DNS step, and then the APE-RF system is solved. The hybrid
DNS/APE-RF simulations of both flames were performed on
a CRAY-XC40 supercomputer at the Academic Centre for
Computing and Media Studies (ACCMS), Kyoto University.
The computational costs in terms of CPU time for both hybrid
simulations are listed in Table 1.

3. Combustion Noise Characteristics

Results of the hybrid simulations are now presented. The
instantaneous temperature fields obtained from DNS are
shown in Fig. 2 for the H3 (left) and EtF3 (right) flames. The
inflow configuration of the spray flame EtF3 is more complex
than that of the gaseous non-premixed flame H3, since the
spray flame EtF3 has an annular pilot flame between its central
jet stream and the surrounding co-flow stream (see Fig. 1(b)).
The EtF3 flame’s temperature field in Fig. 2 also contains
the dispersed fuel droplets (represented by grey entities). As
the fuel droplets convect downstream with the carrier gas,
they undergo evaporation resulting in droplet size reduction,
which is followed by ignition of the vaporized fuel by the
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Fig. 2 Instantaneous snapshots of DNS computed temperature fields of
the non-premixed hydrogen flame H3 and the ethanol spray flame
EtF3 with fuel droplets (grey entities), in their respective central
x-y planes. Dimensions shown in axial (x) and radial (r) directions
are in mm. (With permission from Elsevier).

surrounding hot gas leading to further combustion. Due to
evaporation of the convecting fuel droplets, a steady reduction
in droplet count with increasing downstream location is
evident. Moreover, simultaneous mixing occurs between
the central jet (ethanol + air) and the pilot flame, between
the pilot flame and the co-flow, and entrainment of co-flow
air into the central jet stream. This promotes more droplet
dispersion with increasing downstream distance from the
burner exit. The flow-field quantities obtained from DNS of
the H3 flame have been validated against measurements®8) 29
in terms of 1% and 2™ order statistics of temperature, mixture
fraction, and axial and radial velocity components. Similarly,
the flow-field statistical quantities of the spray flame EtF3,
such as axial and radial velocity statistics of droplets, and gas-
phase temperature, computed from the DNS have also been

ﬂ' 1%108
Yorr [Pars]
-1x108
X
5
p'[Pa]
0 - ‘5
211 mm 0 -05 mm

validated against measurements®?. These extensive validation
results are available in our previous work®”, and will not be
discussed here for the sake of brevity.

Fig. 3 illustrates the instantaneous perturbation pressure
fields p' of both flames. Here, p' is a solution of the CAA
simulations, and its distribution represents the acoustic fields
generated by the flames. Also shown are the instantaneous
distributions of acoustic source term ge,s (colored contours),
and the dispersed fuel droplets in the size range of 20pum -
40um (yellow entities) in spray flame EtF3. The acoustic
source term (et is stronger in case of the spray flame EtF3
compared to the non-premixed flame H3. A piloted burner
configuration is used for the EtF3 flame, and the presence
of the high temperature annular pilot flame around the
central ethanol/air jet results in stronger acoustic sources
Qe compared to those in H3 flame. Consequently, the EtF3
flame generates a stronger perturbation pressure field than
the H3 flame. Noise generation occurs along a wide axial
spread owing to the spatial distribution of acoustic sources
in both flames, and the strongest acoustic sources are
primarily situated in regions influenced by the unsteady heat
release rate. For the gaseous H3 flame, the amount of fuel
available for combustion decreases with increasing stream-
wise distance from the burner exit, therefore, the effect of
unsteady heat release rate also diminishes with increasing
stream-wise distance. However, for the spray flame EtF3
whose fuel consists of liquid ethanol droplets, there exist
unburned fuel droplets that are convected further downstream
and undergoing evaporation. This leads to the production of
vaporized fuel necessary for heat release process at the far
downstream regions, due to which strong acoustic sources
tend to exist in these downstream regions. Hence, the acoustic
source distribution of the EtF3 flame extends over a larger
axial region compared to the H3 flame, and the acoustic fields
generated by the two flames are different (see Fig. 3).

320 1
mm Ix|0F
Goir [Pars]
-3x108
> 1
8
p'[Pa]
0 - ‘H
1
153 mm =153 mm

Fig. 3 Instantaneous fields of perturbation pressure p’ (gray scale) calculated from CAA simulations, acoustic source term ge (colored contours) and
dispersed fuel droplets (yellow entities in the spray flame EtF3) computed from DNS and interpolated onto the CAA grid, for the turbulent non-
premixed flame H3 (top) and spray flame EtF3 (bottom) in the central x-y planes of their respective CAA grids.
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Fig. 4 Comparison of CAA results with measurements for the sound intensity level spectra of the H3 flame at different far-field positions. @ is the angle
made by the measurement/computation position with the flame axis. (With permission from Elsevier).

Next, the combustion noise results obtained from the CAA
simulation of the hybrid DNS/APE-RF approach for the non-
premixed flame H3 are validated against measurements as
depicted in Fig. 4. The computed sound intensity level spectra
of the H3 flame are compared with the measured spectra
at different far-field positions, and the overall agreement
is favorable in terms of the sound intensity levels, spectral
content and shape at all positions. Some minor discrepancies
in the computed sound intensity levels are observed, which
are attributed to errors induced in the acoustic source term e,
when it is interpolated from the DNS grid onto the CAA grid.
Based on this validity of the hybrid DNS/APE-RF approach,
it is now used to investigate the combustion noise generated
by the spray flame EtF3. The power spectral density of EtF3
flame computed from the CAA simulation at various positions
is shown in Fig. 5(a). These positions are at a fixed radial
distance of y = 400 mm from the flame axis and at increasing
stream-wise distances from the burner exit. It is observed
that the acoustic power spectra have a power law dependence
upon frequency (f) of the form f2# (i.e., acoustic power
decays with frequency as f24), in the frequency range of 300
Hz < f < 1000 Hz. This power law dependence of the EtF3
flame’s acoustic power spectra is a peculiar feature found in
the acoustic spectra of turbulent premixed flames, as reported
in the previous experimental findings by Rajaram and
Lieuwen®, of noise radiation from turbulent premixed flames.
They found that the acoustic power rolls off at a decay rate as
fe, where o lies in the range a = 2.1 - 3.2. Furthermore, Clavin
and Siggia®® theoretically predicted a power law dependence
of the acoustic power spectrum of turbulent premixed flames
of the form 25, Hence, the power law behavior of the acoustic
power spectra of EtF3 spray flame in the frequency range of
300 Hz < f < 1000 Hz, is consistent with previous studies®: %
and is attributed to the partially-premixed nature of spray
flame EtF3.

Fig. 5(b) depicts the Sound Pressure Level (SPL) spectra
of combustion noise generated by the spray flame EtF3,

computed for the far-field positions at a constant radial
distance of y = 400 mm from the flame axis, and various
stream-wise locations. Each position makes an angle 6 with
the flame axis. Broadband character of the SPL spectra is
evident, however the spectral content and shapes differ from
those of the noise spectra of H3 flame (see Fig. 4). This is
caused by the differences in strength and spatial distribution
of the acoustic source ge.s between the two flames, as
discussed previously. Furthermore, the SPL spectra of spray
flame EtF3 in Fig. 5(b) have virtually same shapes and SPL
at all radiation angles 6 for the low-frequencies, i.e., f <
1000 Hz. It is observed that for positions corresponding to 0
> 43°, the spectral shapes and SPL are quite similar for the
entire frequency range, and this is attributed to the extended
distribution of acoustic sources in the stream-wise direction in
EtF3 flame. The SPL spectra for almost all the positions also
contain a nearly constant sound pressure amplitude plateau
in the frequency range of 1000 Hz < f < 3000 Hz. Such a
constant SPL plateau has also been observed in experimental
measurements of combustion noise of turbulent non-premixed
flames by Singh et al. ®®, This plateau arises due to the
various sub-mechanisms within the substantial time derivative
of density term®@ in Eq. (4), as discussed in Section 2.2.
The SPL decreases in a linear manner for f > 3000 Hz at all
positions, which is another feature found in the noise spectra
of non-premixed flames®®. Moreover, it is apparent in the
SPL spectra for positions corresponding to 8 < 43°, that the
sound pressure amplitudes of high-frequencies (i.e. f > 1000
Hz) undergo reduction. These positions correspond to 6 =
37°and 33° and are situated far downstream of the burner
exit. The suppression of high-frequency noise emissions
is a result of the refraction effects arising from gradients
in the speed of sound within the flame, which is caused by
temperature inhomogeneities within the flame®. Such weak
directivity of sound pressure of the high-frequencies has
also been confirmed in previous studies on non-premixed
flames®®: 9, High-frequency acoustic waves propagating in
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Fig. 5 (a) Acoustic power spectra and (b) Sound Pressure Level (SPL) spectra of spray flame EtF3, computed for positions at various stream-wise locations
(x) and at a constant radial distance of y = 400 mm from flame axis. Black dash-dotted line in (a) represents the power law dependence of the
form £24, and the red dash-dotted horizontal lines in (a) and (b) indicate the plateau of nearly constant acoustic power and sound pressure level,

respectively. (With permission from Elsevier).

the flame downstream direction get refracted away from the
flame axis upon interacting with temperature dependent sound
speed gradients within the flame. The acoustic refraction
effects are mainly dominant at the far downstream positions
(at low radiation angles to the flame axis) of EtF3 flame, and
the higher the noise emission frequency, the stronger the
suppression of its SPL.

4. Conclusions and Future Research Opportunities

The recent progress on numerical simulations of direct
combustion noise generated by turbulent spray and non-
premixed (gaseous) flames, using a relatively new numerical
framework termed as the hybrid DNS/APE-RF approach, was
reviewed in this article. This approach is computationally
efficient and cheaper than performing DNS on a large
computational domain, as it takes advantage of the large
disparity in the characteristic fluid dynamic and acoustic
length scales. Therefore, the hybrid CFD/APE-RF approach
is a promising new framework for further investigations on
combustion noise problems.

Thus far, this approach has been mainly applied to simple
unconfined jet flame configurations. Even in the context of
simple jet spray flames, the influences of various parameters
such as burner nozzle shape and size, fuel droplet loading,
carrier mass flow rates, inflow velocity turbulence and flame
temperature, on combustion noise behavior need further
examination. The hybrid CFD/APE-RF approach is much
suited for such investigations. With regards to simulating
combustion noise generation from confined flames/
combustion, like that inside a gas turbine combustor, the
hybrid CFD/APE-RF approach cannot be applied directly in
its current form. This is because the hybrid CFD/APE-RF
approach discussed in this article and used in previous studies

consists of a one-way coupling alone, i.e., data obtained from
the CFD simulation of turbulent flame’s flow-field, is used
to determine the acoustic sources and other quantities which
are then used to solve the APE-RF system. The feedback of
acoustics onto the flame was not considered. However, by
coupling back the acoustic field computed from the CAA
simulation into the CFD simulation, a two-way coupling can
be implemented and the present CFD/APE-RF approach can
be extended to confined flame configurations. Feedback of the
combustion generated acoustics onto the turbulent combustion
itself can be incorporated in the hybrid approach using an
appropriate model.

This will enable us to perform hybrid simulations of
combustion noise for real gas turbine combustor geometries.
The computational cost of DNS for a real combustor is still
exorbitant, instead an incompressible variable density LES
can be used for the turbulent reacting flow field inside the
combustor in conjunction with the APE-RF system to describe
acoustic wave propagation. This way, the acoustic pressure
perturbations can be clearly separated and the individual
contributions of the source mechanisms corresponding to
direct and indirect combustion noise can be investigated,
along with their influences on the triggering of combustion
instabilities. Data obtained from these hybrid CFD/APE-
RF simulations can also be used to derive combustion noise
models. Ultimately, all these efforts can help devise a strategy
to suppress combustion noise at the source via. combustor
design optimization, and pave the way for the development of
next generation low noise and efficient gas turbine engines.
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Fig. 1 Schematics of coal gasification process.
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Fig. 2 Schematics of CRIEPI lab-scale gasifier.
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Fuel Burn of an Aircraft with Lightweight ICR Engines
Using Airfoil Heat Exchangers
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ABSTRACT
Along with accommodating the recent increase in demand for aircraft passengers and cargos, the reduction of
aircraft CO2 emissions is an urgent task. It is expected that a reduction in fuel consumption of aircraft engines will
greatly contribute to reducing CO emissions. In this study, we focus on a lightweight ICR system using airfoil heat
exchangers designed by Ito et al. This ICR system was mounted on the "GEnx-1B64" base engine used in B787-
8, based on the assumption that the total mass of the engine does not change. Three cases were investigated, namely
the base engine, the ICR engine, and the ICR engine taking into consideration the reduction in loaded fuel mass as a
result of the ICR system. We evaluated the effectiveness of this ICR system by calculating the fuel burn of the entire
aircraft for the flight path between Narita Airport and Chicago O'Hare Airport.
X—J—R 1 HFRFY—VY Yy, Vv Iy, A ZUEE, BB T a—ToN—
Key words : Gas turbine, Jet engine, Cycle calculation, Airfoil heat exchanger, Fuel burn
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Fig. 3 Schematic of an airfoil heat exchanger system using a
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Fig. 4 New ICR system by using airfoil heat exchangers
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Table 1 Specifications of engines

Aircraft Genx-1B64 Genx-2B67
Fan diameter [m] 2.82 2.66
Length [m] 4.95 4.31
Weight [kg] 5,816 5,623
1-stage fan, 1-stage fan,
4-stage LPC, | 3-stage LPC,
Configuration | 10 -stage HPC, | 10 -stage HPC,
2-stage HPT, | 2-stage HPT,
7-stage LPT 6-stage LPT

Table 2 Design parameters

Type Base ICR
Flight status Cruise
Altitude [m] 12192
(higfﬂtni}:;gr) Biee
Airflow rate [kg/s] 386
OPR 52.3
TIT [K] 1780

RKALEDOTITZ VT, [EFFE—F] 1
FKOWHFEZ KD 7=,

¥ 72, AWFZETIE, Fig 3T/R L 7zREIBA K e % 1l
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E L7 BARMICIE, LPC4BtH EHPCL B H DM >
AA FXR—=>, HPC4 B H, XU, 6EHOHETH S,
PGSR ORBERIZIX, AFF 2 F ¥ — FH A4 FR—

X0 R

STRUCTURED
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. CORE NOZZLE
GUIDE VANES

Mum uv =0l

P®: Pumrs
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HEAT TRANSPORT MEDIUM

COMBUSTOR INLET
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Fig. 5 Installation places of airfoil heat exchangers
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Table 3 Glinstan specifications

Density [kg/m3] 6,440
Viscosity [Pa-s] 2.4 %1073

Thermal conductivity

[W/(mK)] 2
Specific heat [J/(kg -K)] 320
Liquid phase range at 254 t0 1573

atmosphere pressure [K]
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Table 4 Calculation points in the average flight path
from Narita to Chicago

Flight status Calculation point
Take-off 11
Climb 15
Cruise 25

Descent at altitude of

3000 or more )

Descent at altitude of 10
3000 or less

Land on 10

Total 76
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Fig. 6 Relationships between altitude, Mach number and time in the average flight path from Narita to Chicago

Table 5 Lift to drag ratio (L/D)

A .
L:Lift Flight Status L/D
Climb at altitude of
10
TTh t 3000m or less
= J_E Climb at altitude of i
= 8980m or more
g Cruise 20
Descent at altitude 5
,W:Wei ght of 3000m or less
Land on 5
Fig. 7 Forces exerted on an aircraft
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Fig. 8 Relationships between aircraft mass, thrust and time in the average flight path from Narita to Chicago
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Fig. 9 Relationships between SFC, fuel consumption and time in the average flight path from Narita to Chicago
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Fig. 10 The temperature distribution in cruise
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Table 6 Calculation conditions

Casel Case2 Case3
Type Base ICR ICR

Mass of Bare
Engine per 5,816 5,685
engine [kg]
Total Mass

Including ICR 5,816 5,816

per engine [kg]
Aircraft B787-8
Aircraft Mass

Including loaded 219.54 218.94
fuel [t]

75000

74800 +

74600 [601kg ]| [814kg]

74400

74200

Fuel burn [kg]

74000

73800

73600 —
Casel Case2 Case3

Fig. 11 Fuel burns of casesl, 2, and 3 from Narita to Chicago
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