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O. INTRODUCTION

OPR is rising!

Switching super- /
subcritical during climb

Critical phase in take-off
not designed with focus on
transcritical injection

p.. of kerosene
~20 bar




O. INTRODUCTION

440 K, 29 bar 900 K, 60 bar
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At supercritical conditions, (p.,. = |.8 MPa,
T.. = 658 K) surface tension and mixing
dominated injection is observed
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Oefelein et al. (2012), Dahms et al. (2013),
Manin et al. (2014)




l. Thermodynamics

Il. Transcritical injection
lll. Combustion
V. Transcritical atomization

V. Open Challenges / Summary
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l. What is a supercritical fluid?




Fluid behavior can be described as a surface in pvT
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Wl Nomenclature

\ E No consensus on naming

: * Supercritical
A B * B: Oschwald, Candel, etc.
’ A, B, gas: Bellan
* Gas, B: Tucker, Younglove

P

¢ A
* Transcritical
* Compressed liquid
* Compressible liquid
* Supercritica
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“Recently’:

* Liquid-like (LL) and gas-like
(GL) supercritical fluids (Nishikawa
& Tanaka 1995, Gorelli et al. 2006)

p cr| * Divided by “ridge”, characterized by
peaks in isothermal compressibility
and heat capacity (‘pseudoboiling

line’ Oschwald et al. 2006)

* Doesn’t make naming easier!

. THERMODYNAMICS 12/ 85



W&l Molecular structure of state diagram

Molecular dynamics computations reveal the
similarities and differences between the states
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W&l Molecular structure of state diagram

Nishikawa-
| Widom » Supercritical fluids are liquid,
line 0 gaseous, or transitional
!
) * There is no qualitative difference
/ between a) the liquid states, and b)
/ the gaseous states, regardless of
pcr pressure
IIqUId S * Transition is marked with
g Nishikawa-Widom / pseudoboiling
line
Tcr * Peaks in heat capacity

. THERMODYNAMICS
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Isobaric specific heat capacity ¢ in kd/K kg

Vaporization
is a first order

phase transition
from liquid to

gaseous states at
T

sat

Pseudoboiling

is a higher order
phase transition
from liquid-like to
gas-like supercritical
states around T,
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Cp | * Pseudoboiling temperature
T, at maximum c,

Cp,pb

Cp'L

Cp,iG

L T

Banuti (2015)
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Cp ! * Pseudoboiling temperature
T, at maximum c,
Cp,pb
* Transition occurs over
finite T interval
Cp'L
Cp,iG

T T T T

Banuti (2015)
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Cp | * Pseudoboiling temperature
T, at maximum c,
Cp,pb
liquid  * Transition occurs over
heating finite T interval
Cp,L
* Added heat leads to
Cp,iG * Increase in temperature

A

T T T T

Banuti (2015)
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3_1 Energy budget during pseudoboiling

Cp | intermolecular Pseudoboiling temperature

forces pr at maxXimum c,

 Transition occurs over
finite T interval

* Added heat leads to
* Increase in temperature

* Overcoming inter-
molecular forces

A latent heat needs to
be overcome at
Banuti (2015) supercritical pressures!
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* Pseudoboiling points (c, max) can be added to p T diagram
* Line up nicely in log-linear plot
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* Pseudoboiling points (c, max) can be added to p T diagram
* Line up nicely in log-linear plot — for number of fluids!
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(&M Real fluid equations of state

RT a

P = v — b 12 van der Waals
RT a(T)

P = Peng-Robinson

v—>b v? 4+ 20b — b?

RT ( By B> >
U U

Reid / Prausnitz / Poling
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P Preal

Compressibility factor 2 = —— =
,ORT Pideal
* 0.7\

* |deal gas at

real gas supercritical p
1.05

* |deal gas only at

higher T
= : * Vapor is not an
2 ideal gas (except at
i very low p,)

L i * E.g. 30% p error at
p,=0.5 (e.g. 10 bar
dodecane)

0 1 2 3 4 5 6
Tl’
Banuti et al. (CnF 2016) Data from NIST
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wa»

W& The real fluid phase plane

Nishikawa- oo o) e divided
: * Phase plane can be divided into
3p } VVIIi?]Zm. liquids and gases
cr !
” * |deal gases for
! ¢ T>2Tcr
* P<3p.
Per| . ,
||qU|d vapor Ideal * Pseudoboiling is supercritical
as phase transition from liquid to
9 gas, with distributed latent heat
Tcr 2Tcr * Smooth transitions at p>3p_.

. THERMODYNAMICS



“Does a supercritical spray
exist, and if so, what is it?”

Bellan (2000)

Mayer et al. (2003)



*' Key differences of high pressure break-up

Subcritical pressure

* Classical atomization

* Instabilities grow, ligaments
and droplets detach

Supercritical pressure
* Vanishing surface tension
* Mixing-like disintegration

Mayer et al. (1998)

Il. TRANSCRITICAL INJECTION



(A) (B) (D) (E)
|
p ' -

(A) Subcritical injection B -

(B) Transcritical injection [\ y E\

(C) Near critical flashing Per \

(D) Supercritical injection y \\

(E) High pressure ratio expansion _—
Banuti, Dissertation, 2015 -
(A), (B): Chehroudi; (C) Lamanna; (D) Branam; (E) Stotz Tc‘/" [

Il. TRANSCRITICAL INJECTION



Pseudoboiling provides a
physical jet boundary
criterion

* Highest density
gradient

* Local identification
via temperature!

M IEEII I R

11111, density gradient

600 —————— T — —
\cp_’ Nitrogen |

500 |-
7™ )

400

300

Density p in kg/m®

S et R

200 L

Isobaric specific heat capacity c, in kJ/K kg

100

heat capacity — pseudoboiling!

Il. TRANSCRITICAL INJECTION



* Increase in co-flow
velocity shortens

dense core (Davis and
Chehroudi 2004)

p, =04

p. = 1.03

Davis & Chehroudi (2004)

Il. TRANSCRITICAL INJECTION



3 . o« o . H2
WM Coaxial injection LN2/GN2 oxpost |
N e N ey

Gaseous co-flow velocity
—————————————————— e

Heat transfer
e——

* Transcritical jet is
uniquely sensitive to
injector heat transfer

* Enhances break-up

e Acts like momentum

flux ratio (Banuti and
Hannemann AlAA
2014-3571)

Davis & Chehroudi (2004)

Il. TRANSCRITICAL INJECTION



liguidlike

Experiments: Branam & Mayer (2003),
Transcritical injection of LN2 into GN2

\ |

transitional

gaslike

[>> pr

ambirent

Banuti & Hannemann, PoF (201 6)

Il. TRANSCRITICAL INJECTION
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Experimental results LOX/GH2 combustion

* Mayer & Tamura
(1996), Candel,

Bright Spot (Recirculation Zone)
- * Flame is anchored at
':'._'. S | LOX-Jet LOX post

* Flame separates LOX
and GH2 streams

* Practically impossible
to quench at rocket
conditions (Juniper et

al. 2003)

I1l. COMBUSTION



A S
M One fluid mixing model

Peng-Robinson equation of state:

Fluid A Fluid B
_ RT a
P=0 b 2+ 2bv— 12 oo o O S
®e%e¢ O
(R 2 ‘W O QQ
Ccr . |
a = 0457236 < 1em1 - D] - . b

m = 0.3746 + 1.54226w — 0.26992w>

b = 0.077796RT“.

pCI'

pseudo-pure fluid

Oefelein and Yang (1998)

I1l. CoOMBUSTION



Peng-Robinson equation of state:

RT a

P=0"b 21200 _ 12

2 2
a = 0.457236 (R;“) [1 +m(1— \/i)]
Cr

m = 0.3746 + 1.54226w — 0.26992w>

b = 0.077796RT“.

pCl‘

Oefelein and Yang (1998)

ComMBUSTION

Mixing rules

i)
g =1 j=1
Z N
g b= yb
O i=1
S
> N
w = ZYia)i
=1
1/2
Tcrz] — (Tcr,i : Tcr,j) ’
= 1 ’
= (Y3
8_ Verij = (2 (Ucr,i +Ucr,j)) ’
s 1
o
o
o Zcr,i, j RTCl‘,i,j
=S pcr,i,j — 2
() Ucr,i,j
)
o 1
Wi = i(wi + wj).




e
LOX — B | Eisiesibii i o}
H, - —

Annular Duct LOX Post Thickness:

* Transcritical injection (Oefelein & Yang |1998) D,=46mm(11508) .. =0.3mm (0.075 )
* p=100bar, T ox=100K, T, = 150K

D, =6.5mm (1.625 d)

Temperatlure. K

* Flame is anchored at LOX post; wall heat transfer taken into account
* Steep transition with density ratio >250 across few cells

11l. COMBUSTION 44 | 85



Ruiz et al. (2016) Courtesy of
Peter C. Ma

I1l. CoOMBUSTION



* Transcritical injection (Oefelein & Yang 1998, Oefelein
e p=100bar, T ox=100K, T, = 150K

0.8
0.6
0.4

Mass Fraction

0.2

* Transition to ideal gas occurs before mixing
* Mixing process is ideal
* Real fluid phenomena found in O2 only

Compressibility Factor

O (88988444470 W pl

{ EERN S R A -
I & [ l
3 l.'.".
|. ' \ e I'.
"' I' A's ! IS e H2
I _ 1
l' o E:f: fi | eSSt 02
? / \\ /I __________ OH
H I \ { A IS - H O
5 / 2
i g
i :
{ ";.I ‘I ‘-'l\
,.1;;1’ }*ﬁ;} AAAAAAAAAAA X "& MO -

0.5 5 0.6
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Structure of transcritical diffusion flames

ideal
gas
pseudo ©
boiling =
point _5
©
c
g
oxidizer = fel
axisymmetry -
g | 1 _specific heat
%l /\\ »4l......... Lemperature
____—’ \ "'Illl--.----.---
= N density
CC) ................... _
tgﬁdzer _fuel ___.
c o7 ;T T
% 3 ‘
O
C ©
€ & water _
X

Banuti et al. (AIAA |PC 2016)

ComMBUSTION

Two thermodynamic
transitions

* Pseudoboiling

* |deal gas

Mixing occurs in ideal gas
only

Real fluid behavior is
essentially confined to pure
oxygen

Understanding of pure
fluid behavior needed!

47/ 85



&M Assumptions and limits

900 K, 60 bar

State-of-the-art mixing rules adhere to
single fluid formalism

* Assumptions (Ely & Hanley 1981/83)
* Mixing rules are valid
* Single phase :
* Similar fluids 01
* No polar substances

440 K, 29 bar

—— - _— —

* Works very well for intended purpose [
(LOX/GH2 combustion)

* What about 3
* Mixing? 01
* Lifted off flames (hydrocarbons)!?
e Residual surface tension?

Dahms et al. 201 3,
Manin et al. 2014

I1l. CoOMBUSTION



V. Transcritical Atomization

49/70



PL
pU?D
Weber no. We =
o
ratio of aerodynamic stress LIQUID
to surface tension stress
normal to
interface

—> Sharp interface
(~single-molecule thick)

=
L« ex=xZg
Xipag

Jofre et al. (2014), Ivey & Moin (2015)

T IR o5 Computational techniques:
e P R 2%
2 e e e
5 * ° N Fe 2 h . . .
Z e g .| | VoF: Hirt & Nichols (1981),
é "3 ..- ....' v . 0 -
Gl D

- R
o

2. Level-Set: Osher & Sethian (1988),
Desjardins et al. (2008),
Herrmann et al. (2008)

o
O

, increasing We
Baillot et al. (2009)

IV. TRANSCRITICAL ATOMIZATION 50/ 85

3. Front-Tracking: Unverdi, Tryggvason
et al. (1992, 2001)




Single-component equilibrium systems liquid
————————— P = P(T)
closed chamber vapor in phase equilibrium
ey J o Baldakov & ov 1902)
§20- 2 Blagol et al. (19
Q ol ¢
Isotherms | } i : ::tu 4 ':‘llgc dd Wm)
critical point g o x Freeman D
¥ row & Pnulnlt.: l 6a
.......................................... =133 " Stanstieid (1058) )
T > T, 8
s 3 .
liquid I'=Te = "
! liquid:vapor \ o Oxygen
' 'l| T < Tcr 3 '{ Argon
i i vapor R
- B Nitrogen
Molar volume o “aq.
. T = Tcr :
o S8 U.85:0 80 B U SR Q. ¥ 0 § 0 P LELERS I 9 0-80 © 0.9 rTT‘[ | Y M R M oot |
S0 70 90 110 130 150

Temperature (K)
Lemmon & Penoncello (1994)

Surface tension vanishes and interface disappears above the critical point

IV. TRANSCRITICAL ATOMIZATION 51/85



vapor
liquid — Ta > Tex
Tj < Ty

critical point
Pressure

‘ T=T,
f Hqukﬁvapor:;\\\\\\\

vapor

Molar volume

There is a transition from jet breakup to diffusive
mixing as pressure increases above the critical value

In general, surface tension does not necessarily
vanish instantaneously = transient surface tension

IV. TRANSCRITICAL ATOMIZATION

LN, jet into GN, ambient:

P.. = 34bar
T.., = 126K

R

o

Cheroudi (201

]
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% High-pressure injection of hydrocarbon fuels

n-Dodecane spray into GN, ambient n-Dodecane: P., = 18bar T., = 658K
Manin et al. (2014) GN,: P, = 34bar T, = 126K

P, = 30bar, T, = 440K P, = 46bar, T, = 700K P, = 60bar, T, = 900K

| 1 1 1 |

Injection off |

P, | T, lp, 11,

Ligaments and droplets: surface tension Blurred interfaces: diffusive mixing

IV. TRANSCRITICAL ATOMIZATION 53/85



Atomization and classical evaporation: n-Hexadecane: P_. = 14 bar, T_ =722 K

n-Hexadecane into O, at 900 K, 79 bar

- Droplets are observed

- Ligaments break into droplets

- Droplets persist and have round
shapes, leaving a vapor wake behind

Crua et al. (2015)

IV. TRANSCRITICAL ATOMIZATION 54/ 85



Atomization and miscible mixing: n-Hexadecane: P_. = |4 bar, T_ =722 K

n-Hexadecane into O, at 1200 K, 107 bar

- Droplets are observed near injector
- Ligaments break into droplets

- Droplets vaporize faster in diffusive-
like mixing process

Crua et al. (2015)

IV. TRANSCRITICAL ATOMIZATION 55/85



&M] The critical locus of a binary mixture

Vapor-liquid equilibrium: Critical point: 0y — Q[
Mechanical: Py = P, O 0211
Thermal: Ty =17, <—> — <—2> =0
: p— aY PC?”')TC’I‘ 8Y PC’T‘aTC'r‘
Chemical: Uy ,; = HUL;

PT diagram: one mixture composition

Pressure

Temperature

IV. TRANSCRITICAL ATOMIZATION 56 / 85



W& The critical locus of a binary mixture

Vapor-liquid equilibrium: Critical locus: Py = P, forY € [0, 1]
Mechanical: Py = P, O 0211
Thermal: Ty =17, <—> = <—2> =0
Ch < 1. — aY -PCT')TC'I‘ 8Y PcraTcr
emical: Uy, = UL,

PT diagram: all mixture compositions

Pressure "
Critical locus

Species A
critical point

Critical mixing temperature:
two-phase region upper bound
for a given pressure

Species B
critical point

Yang (2000)

Temperature

IV. TRANSCRITICAL ATOMIZATION 57 /85



Pressure

Type I: e.g. Mixtures of Hydrocarbons

3

Critical locus
Species A =TT T
critical point »~~ s ~
\\\\ .
. Species B
critical point
liquid
vapor
Temperature

There is a “telescopic effect” on the mixture

critical pressure in hydrocarbon-air systems

—> System appears to be shifted into the
two-phase region upon mixing

IV. TRANSCRITICAL ATOMIZATION

Mixture types: van Konynenburg & Scott (1980)

Type lll: e.g. Hydrocarbons and Nitrogen

\
\
\
\

Pressure | \
\, Critical locus
Species A \
critical point N,
S Species B
“===X critical point
liquid
vapor
Temperature
200 = nC_H, ' ¥ ¢ |n-Alkane and N,

nC, H,, ' ‘, I
— g -4
T 160 +enC_H,, . \. gas
z p
o) i o
= 120
§ :
o W
S 8ot two -
g phases \
O 40} \ :

P,
o
0_{/ P Y RS SRS e S (L
100 200 300 400 500 600 700 800

Critical temperature [K] Qiu & Reitz (20 | 5)
58/ 85




.f; _f.‘ N
:\ :* 7 J
ey
n-Dodecane / GN, equilibrium system n-Dodecane spray into GN,

ljét-lbll*eellklup / Diffusive |’11i'xing

VLE: critical locus

70 IR T A R R R | T | T |
_ 8 o Zz
; 0
Or 7 I~ Transition Iine\ i -
50 | © 6 \ ' ' )
' ol ] JeT( N * | Diffusive
: = reaku ' - -
: = 5
g 40} . > = X"x mixing
- i - - s
Q 30f 2 4 \
: two-phase o | . _ i
; | @
20 X 3 a
i 2T 5] o -
ik 1 \
;/aNz CP n-Dodecane CP 1 Critical point n-Dodecane
(100* i 2(1)0 AR 3(1)0 o ‘4(1)04 T 5(1)?)b“_:5(§-0 —~ 700 0 660 860 1 0|00 1 2100
L emperature [K]
Experiments by Garcia et al. (2011) Manin et al. (2014)

Surface tension may exist above critical locus

IV. TRANSCRITICAL ATOMIZATION



&) Computational modeling of high-pressure tflows

State-of-the-art: single-phase formulations

Conservation equations for compressible miscible fluids without interfacial phenomena
Real-gas equation of state + mixing rules

Experimental correlations for transport properties at high pressures

Conditions typically chosen when transcritical range does not play a significant role
LES of jet flows

: 400 1000 1600 2200 2800

Hickey & lhme (2014)

0 0.05 x [m] |

Simulations of flame stabilization

1emperature K]

100 1333 2567

3800
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&M Reduced-order analysis of transcritical flows

Transcritical vaporization of liquid fuels Sirignano & Delplanque (1999)

ambient gas AT , Supercritical
T,>T. T, °
P,>P, . &
F . Subcritical
fuel droplet s Y

Subcritical and supercritical trajectories may exist simultaneously
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Global thermodynamic (i.e. static) analysis of transcritical flows

N-Dodecane/N; (Tp=363 K)

L L} L]

1
' Kn<0.1
- | Diffusion dominated ||
) - =00 Mixing Regime
— -~ 05 s L
. - e sl |
o - a5 0.1} | —
—— : '
8 100 0 | —
7 |
2 .
8 80 : Classical o
- | 3 Diesel Engine
< 60 Kn> 0.1 ' 3 Injection
5 lassical Atomization Ni=
e & Spray Regime |1
E 40 ’9.'-\& » E :
<< X : A

)
o

400 500 600 700 800 900 1000 1100
Ambient Temperature Ty [K]

Dahms & Oefelein (2013)
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Hydrodynamic modeling of transcritical flows

! Interface

PL //— Example: LN, into GN,

07 = 0.5x mean free path at P = 0.2P,,
M LIQUID 0r = 15x mean free path at P = 0.9P,,

5; At high pressures, the interface is still thin in hydrodynamic
% < > scales (~O(10nm)) but enters the continuum range
Distance c Dahms & Oefelein (201 3)

Theoretical foundations:

The thermodynamic potentials are non-local = dependence on composition gradients.
Poisson (1831), Van Der Waals (1892), Landau (1937), Cahn & Hilliard (1958)

Some recent works on diffuse interface:

- Anderson (1998): Utilization of diffuse interface method in equations of fluid motion

- Dahms & Oefelein (2013): One of the first applications to address high-pressure combustion
- Gaillard et al. (2016): Multi-component transcritical diffusion flame structure
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The diffuse-interface approach

Wish list:
A continuum single set of conservation equations accounting for interfacial phenomena

vanishing

supercritical vapor surface tension supercritical
> shear layer
heat
transport \ L '
diffuse interface 3 \ L
™ sharp interface l e T .”6,, mass\& -
——pan {9%&%, transport
G%C‘Q-./
- —
liquid
dp 0
Mixture continuity: — + g ) =10
: . d (pu; 0 Ot1;; OK;; Mustinclude pressure and
Mixture momentum conservation: (pus) + — (puju,) = =—2% + —= > P
ot o dx;  Oxz; surface-tension stresses
. . O(pes) 8 dqg;  09; 0 Must include work done by
Mixture energy conservation: —z= + 5~ (pwies) = —5 - = gt oz, (T T Kig)il g -face-tension stresses and
modified heat conduction
Species mass conservation: 8(g2fk) + 88' (Y s) = _88%,.1{; — 8(,;7“@ Must |nclud§ mc?d|ﬁed
157 T L5 molecular diffusion

+ Real gas equation of state
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The diffuse-interface approach

PL
IIC. - p
Single-component mechanical equilibrium: Y0
8xj 9%
n
Minimization of interface’s F = / {,Of 4+ & ( dp Ip )} dV k = Gradient coefficient
Helmholtz free energy % 2 \ Oz; Ox; Pismen (2001)
Non local correction
(first approx.)

2
Capillary stress tensor Koo — —P§ d“p 1 ( dp 0Op ) dp Op
g2 = — I Ofi + PK -+ =i 0ii — K —
Korteweg (1901) ’ e 0xk0zr, 2 \OTm OTm ) Oy O,

- K
Lin et al. (2007) 2 \dn

D

2
mmmm) Gradient theory (1D) 1 <@> =p(f—pn)+ Py subjectto p—pPL at N — OO
D

coefficient

2
Local surface tension _ /+OO (dp>
g=5 — | dn

— 00

Note surface tension coefficient does not appear explicitly in the diffuse-interface-based
conservation equations.
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1.0 T T 1.0 T T T
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(7 _
@&¥1 Toward multi-component flows
&/

Non local correction
(first approx.)

Interface’s Helmholtz / 1
F= + —Kij VpiVpi| dV
free energy: . folp) szﬁg piVp;

- z.,j -
Species mass conservation 0 (pYy) 0 vy i, O
(Cahn-Hilliard type): Ot O (puiY) = or;  Ox;

Must asymptotically collapse to zero (sharp
interfaces, subcritical) and to Stefan-Maxwell-

type diffusion (diffusive mixing, supercritical)

See more details in Gaillard et al., Comb.
Theor. Modelling (2016)

— “Another perspective of high scientific interest would be to
perform DNS as well as LES of the transition between subcritical
and supercritical flames using [this] compressible formulation,
which is fully valid in several dimensions.”
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V. Conclusions & Open Challenges
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Summary

* The supercritical p,T phase plane is divided into liquid and gaseous states.

* Pseudoboiling is the transition from supercritical liquid to gas. It occurs across the
Widom line p< 3p_,. A distributed latent heat is required to overcome
intermolecular forces.

* Transcritical jets are sensitive to heating in the injector, causing thermal break-up.

* In LOX/GH2 non premixed combustion, real-fluid effects are confined to O, .

* Liquid-gas interfaces become broader at high pressures and enter the continuum range.

* Surface tension persists in hydrocarbon-air systems above the critical pressure of the
components, leading to simultaneous occurrence of classic-like jet breakup and diffusive

mixing.

* Current trends of increasing combustor pressures will make the transcritical problem
increasingly more relevant in internal combustion engines and gas turbines.
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@&¥] Open challenges

* Experimental diagnostics: Quantitative diagnostics and optical access are hindered by
the high pressures & temperatures > lack of data for validation.

* Thermodynamics of transcritical fluids: Fundamental understanding is required to model
thermodynamic coefficients, critical points, equations of state and mixing rules for real
fluid mixtures in combustion systems.

* Aerodynamics of hydrocarbon-air jets in transcritical regimes: A predictive,
thermodynamically consistent set of conservation equations is required to model
transition from delayed classic atomization (sharp interfaces) to diffuse mixing (smeared
interfaces) simultaneously in the same flow field = diffuse interface method (?)

* Subgrid-scale modeling for interfaces: High-pressure interfaces are thicker but still
thin in hydrodynamic scales = thickened interface models (?)

* Combustion of transcritical hydrocarbon-air jets: Unexplored problem that becomes
additionally complicated by the occurrence of high-pressure low-temperature
complex hydrocarbon chemistry and transport.
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