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C}\/;\?F Classic sprays vs. dense-fluid jets
F from liquid rocket imaging

Low chamber pressure
(10 bar)

High chamber pressure
(60 bar)

W. Mayer, A. Schik, B.Vieille, C. Chaveau, |.Gékalp, D. Talley, and R.Woodward,
“Atomization and breakup of cryogenic propellants under high-pressure subcritical and supercritical conditions,” 3
J. Propul. Power 14 (1998) 835-842
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Classic sprays vs. dense-fluid jets
from liquid rocket imaging

-

O Surface tension forces actually diminished?

2\

re

O What is the fundamental mechanism?

0 What is the relation to classic two-phase theory?

- . re
O Under what conditions precisely?

(Fuel properties, ambient gas composition, etc.)

O Significance to other cryogenic & hydrocarbon systems?

W. Mayer, A. Schik, B.Vieille, C. Chaveau, |.G6kalp, D. Talley, and R.Woodward,
“Atomization and breakup of cryogenic propellants under high-pressure subcritical and supercritical conditions,” 4
J. Propul. Power 14 (1998) 835-842
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A\ Real-fluid multi-component
( ‘ .
CRE thermodynamics and transport

Eric Lemmon, NIST, Boulder

N-Dodecane

d Helmholtz energy (A) EoS for each species! *°

A
RT
All thermodynamic properties derivable from A

= a%(8,7) +a" (0, 7)

Critical Point
(658.1,18.17

@)

Pressure [bar]

1 Non-linear combination rules for mixtures
Reducing functions vary with composition

i
=)

500 600 700 800 900
Temperature [K]

O Applies to (arbitrary) liquid & gas mixtures
at all relevant pressures and temperatures

Compressed Liquid Supercritical

1 1+1 11 Supercritical Mixture Pressure Supercritical Mixture Pressure
(incl. near-critical and supercritical) At A Nt el

Pressure [bar]

Saturation Points

o . . . 25l] prp?)® Toren®) Bl
O Exhibits desirable behavior over entire %

two-phase regime of fluid densities S|
(including meta-stable, unstable regions)

Vapor Ideal Gas
Subcritical Mixture Pressure
Superctitical Mixture Temperature
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A\ Mean-field capillary theory for
. CRE molecular gas-liquid interfaces
// S Mdiller et al., Fluid Phase Equilibria
- dTheory fqundatlon. | 282 (2009) 68-81
— Established by van der Waals in 1894 6.0 . [ ; , ; |
— Reformulated by Cahn & Hilliard in 1958 - Hexane/Decane S
ZZE/{--%QJ a0 -5 s0L313.15 K
2 dz dz i
_ £ Pressure |
L Thermo-mechanical model of
continuous fluid media s
— Surface tension & interfacial profiles as § 30
function of multi-component mixture &
2.0
U Applied to
— Hydrocarbon mixtures 1.0
— Polar compounds
— Vapor-liquid, liquid-liquid interfaces 0.0 S i ot : :
10 20 30 40 50
. . . . :/A
U Mean-field solution consistent with > Monte-Carlo Simulation
averaged Monte-Carlo simulations - Gradient Theory
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CRE Classic two-phase theory & spray atomization
6 I I I I I I
L e — HODAl THETmA) Equilibrium
T=410.93 K
Classic Vapor Liquid Z #/\ ]
Spray Atomization Phase  Phase = CH,4
by
'z 3r | p=150 bar
g 0=4.59 mN/m
RN I % ol |
Two-Phase zo C1oHoo
Interface 1r i
(T=const)

| | 0 1 2 3 4 5 6 7 8
U Classic scenario Distance [nm]
— Injected liquid has significantly lower temperature than ambient gas

OlIsothermal interface regardless of temperature difference

Qinterface: State of global thermal equil. — Helmholtz free energy is minimal !
— Mean-field equation (XX 5+%% -« -=) only valid for minimal free energy!
— Minimal energy state governs interfacial species distributions
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CRE Classic two-phase theory & spray atomization
4 1 I I 1 1 1 I 160
= ©
*qé) 6 T=410.93 K 1120 %
E _ 1110 §
A =
‘g 10k D 1100
S 19l . 190
e
N | e e—— |

o 1 2 3 4 5 6 7 8
Distance [nm]

L Chem. pot./pressure determined by density, composition, gradient energy
— Distributions also governed by interfacial minimal Helmholtz free energy state
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CRE Classic two-phase theory & spray atomization
4 1 I I 1 1 1 I 8 I I I 1 I 1
160 -
—y 7 235 !
g . 1,86
~ 2 6} 193 1
= o : | CHa 3.0 _
= 2, = 150
& © =
£ T=410.93 K 1120 2 2 4p
< 1110 : 2 st
& 8t Ay 3
g S 5l
£ -10f p 1100
g
O _19} 190 1
<120 ey, T=410.93 K
_‘—’-\—-—-' — T 1 1 1 1 1
Moo 5 1 5 6 7 8 0 1 2 3 4 5 6 17 8
Distance [nm)] Distance [nm]

L Chem. pot./pressure determined by density, composition, gradient energy
— Distributions also governed by interfacial minimal Helmholtz free energy state

U Minimal free energy state maintained in the limit of low surface tension

— Fundamental property distributions remain valid (XX 3% % - -«
— Interactions with flow field remain negligible (separation of scales)
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classic two-phase theory and spray atomization

r CZ\\;?E From molecular dynamics to

Pressure [bar|

Chemical Potential [10% J/ Inbl]

0 1 2 3 4 5 6 7 8
Distance [nm]
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Chemical Potential [10® J/mol]

From molecular dynamics to

3
Distance [nm)]

Pressure [bar|

classic two-phase theory and spray atomization
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Za From molecular dynamics to
classic two-phase theory and spray atomization

QO cChemical potential/pressure distribution recovers

g - 50 vapor-liquid—equilibrium theory
g 2 1140 3 TV _ L
= 1130 2
z s p¥ p"
= 120 5 \V4 L L
£ 6r 7 Hi = Hy
E gt 1110 &
g | 1100 — Assumption in two-phase theory: Minimal free energy !
& 1ol 2 100 — Justifies calculations of true critical points of mixtures

o = m — Justifies evaporation and heating laws, Spalding transfer

0 1 2 3 4 5 6 7 8 number, D2 - law, etc.

Distance [nm]
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2\ From molecular dynamics to
classic two-phase theory and spray atomization

160

U Chemical potential/pressure distribution recovers

H 50 vapor-liquid—equilibrium theory
= O 1140
g -2r {130 & rv = T°
=1 =]
s 8 Z By = My
= 1110 £
£ | 1100 — Assumption in two-phase theory: Minimal free energy !
& 1ol & {90 — Justifies calculations of true critical points of mixtures

’ m — Justifies evaporation and heating laws, Spalding transfer

0 1 2 3 4 5 6 7 8 number, D2 - law, etc.

Distance [nm]

T T T T T T
Global Thermal Equilibrium

T=110.93 K d Accumulation of methane within the interface
CH, — Lowers interfacial Helmholtz free energy

— Hence, species distribution maintained regardless of
differences (T, X;) between gas & liquid

IS
T

Molar Density [mol/L]
w

p=150 bar . g : i
o=4.59 mN/m « Immiscible boundary, mixing is prohibited
2t » Determines surface tension forces
CroHzo ) » Must lead to breakup processes

b
T

» Atomization, evaporation & drop formation

0o 1 2 3 4 5 6 7 8

Distance [nm] @ Sandia National Laboratories
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A\ Fundamental changes in

" Interfacial molecular dynamics
D MOIeCUIar dynam|CS governed by mInImIZIng 0 ' Gllobal ITheI‘Illlal E(iuilibrlium I
| Helmholtz free energy at equilibrium 5% - T=110.93K|
L doioj _ CH,
EX g -c0-e — 5 -

p=150 bar

U Helmholtz free energy only minimized in
0=4.59 mN/m

iIsothermal systems

Molar Density [mol/L]
w

2_
CioHaz
dF < —SdT — pdV 1J
U Thermal equilibrium unsustainable if 6o 1 2 3 4 5 6 7 8

Distance [nm]

internal temperature gradients develop
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2\ Fundamental changes in
aa Interfacial molecular dynamics

T

D MOIeCUIar dynam|CS governed by mInImIZIng 6 l Gllobal lr_l’hernlml E(;llilil)l‘lilllll

Helmholtz free energy at equilibrium 5:;@ "~ T=410.93 K
1 do; 0;
S L ) o, —— | o

: &7
T dz dz

IS

p=150 bar

U Helmholtz free energy only minimized in
0=4.59 mN/m

iIsothermal systems

(N
T

Molar Density [mol/L]
w

CioHaz
dF < —SdT — pdV 1.—’/0
U Thermal equilibrium unsustainable if 6o 1 2 3 4 5 6 7 8

internal temperature gradients develop Tt [o
U Fundamental thermodynamics:
Under non-isothermal constraints, Helmholtz free energy no longer be
minimized at equilibrium!
. o 1 doioj g
- Fundamental equation becomes invalid Z Slig=— = W 0) — Ws
- Breakdown of classic two-phase relations
« Fundamental dynamics which lead to sprays & drop dynamics no longer apply
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Development of
’ ,\ Interfacial temperature gradients

=

f ] At what conditions becomes Fourier’s law valid across the otherwise
isothermal interface?

8_T — iva
ot ocp

U Minimal length scale derivable in analogy to Fick’s diffusion law relations

gmax = —0cp ATV v : Mean molecular particle speed

QFourier = —kVT

k
0c,U

U Burnett & Super-Burnett extensions to Navier-Stokes equations
» Meaningful temperature differences develop over ~5 times this length scale

U Required interface thickness for interfacial temperature gradients
SENVEE.
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Two-phase interface structures
CRE P

& collision lengths

d Careful comparison of imaging & simulation

dLiquid n-dodecane C,, (T=363 K) into gaseous nitrogen at different conditions

“Low” Pressure (30 bar)

Vapz)r I ' ' IIJiquidI Core
600F
. 500}
e
o0
=4, 400
>
b
Z 300f fy 4 Interface
5 I I Thickness
200F -
100} I .
Tr=428 K, p=30 bar

0 1 2 3 ! 5) 6 T
Vapor-Liquid Interface [nm]

Isothermal Interface
Classic two-phase theory valid
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C}\/;\EF Two-phase interface structures
* & collision lengths

d Careful comparison of imaging & simulation

dLiquid n-dodecane C,, (T=363 K) into gaseous nitrogen at different conditions

“Low” Pressure (30 bar) “High” Pressure (60 bar)

T ; T T T T . 5 T 3.0 1
Vapor Liquid Core Qref,gom
: : 0L,y
()00 Fs a . 25 L : =
s |
o B= |
e 500F 7 = i | i
= 400} - & % |
g E} 1.5F gT(_;l :4— (N A
g 300F {rh L Interface T g :
5 I I Thickness v L : 7
200f - = |
2 rEL ' 1
100} 1 ~ - Wgref,lo% i
T1=428 K, p=30 bar ¥ T=567.3 K, p=60 bar
0 1 2 3 4 _5 6 7 0 1 2 38 4 5 6 7
Vapor-Liquid Interface [nm] Distance [nm)]
Isothermal Interface Non-isothermal Interface
Classic two-phase theory valid Breakdown of spray atomization
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Non-equilibrium nano-scale flow dynamics
within fluid interfaces

. . . 7
QClassic micro-scale flow regime 10— —————m

diagram for pure gas flows
G.A. Bird, “Molecular gas dynamics

and the direct simulation of gas flows,”
Oxford University Press, New York, 1994

U Modified for two-phase
multi-component interfaces

= 108E
Rl = i
;9; "C:S; sl Conti.nuun.l
10 Approximation

-

-

- Molecular {J/Cy\
-Chaos Regime oy

—
O
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-

Normalized Molecular Distance
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<
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Non-equilibrium nano-scale flow dynamics
within fluid interfaces

U Classic micro-scale flow regime

diagram for pure gas flows
G.A. Bird, “Molecular gas dynamics

and the direct simulation of gas flows,”
Oxford University Press, New York, 1994

D

U Modified for two-phase
multi-component interfaces

107-'Ulll' L) lllll" Ll L] lll LA | L) L)

Fourier’s
Law

[
[
o=
o
T
1

VLE
Virt
L) L

— .
Continuum

Approximation % o
= 1

d
—
)

ot

F
i = Navier-Stokes |
- M £ o). .
E olecular L) o Regime

-Chaos Regime = L0p

—
O
o

—
)
W
T

—_
@)
[\
L .

Normalized Length Scale

H
)
[
LR 5 L

Classic Two-Phase Theory
X and Spray Atomization

103 102 10 1

. . Vi
Normalized Molecular Distance — |[-]
Virt

Ll
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CRE

U Classic micro-scale flow regime

diagram for pure gas flows
G.A. Bird, “Molecular gas dynamics

and the direct simulation of gas flows,”
Oxford University Press, New York, 1994

U Modified for two-phase
multi-component interfaces

L Non-isothermal interfaces
> Navier-Stokes invalid !

U Transition regime

» Bridges classic two-phase &
dense-fluid mixing dynamics

Non-equilibrium nano-scale flow dynamics
within fluid interfaces

107 LA L) L] l" LI L L] L] 'll >0 @ L L L] p=
— 6 i Fourier’s D,("“_S(‘ ]
L 10°%F T Fluid -
i ! .
= e ; Continuum 4. "
=S 105 . Approximation KA -
2 ! L o
g x ’% .
5 4l , (. Navier-Stokes |
e 107 ¢ Moleculz%r £l S /s Regime =
= 'Chaos Regime vy 0p "
o0
% . 1) |
5 10°F 2 N{P®n,)>0.5
g %%
g 9 4/ ‘/4,/ il
:.5 10%F /’//4 ’/@ Transition
QU % egime
= d I ,
O 1 01 L Classic Two-Phase Theory B
Z i 5 and Spray Atomization ®
Interfacel
ey ey plocatjon
()
103 107 10 5 1
. . Vap
Normalized Molecular Distance — |[-]

Virt
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2\ Time scale analysis
CRE From two-phase relations to single-phase mixing

}D Navier-Stokes regime from micro-scale regime diagram

’ f 500 ¢ ~ 250 A ﬁ 10
p nm T~ 5 S

U Transition time scale: Micro-seconds rather than nano-seconds
» Meaningful to liquid dynamics, 30% of liquid penetration in diesel spray
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CRE

Time scale analysis

From two-phase relations to single-phase mixing

U Navier-Stokes regime from micro-scale regime diagram

E

~ 500 ]

2
[6~250nm} [ATN%N].OMS]

U Transition time scale: Micro-seconds rather than nano-seconds
» Meaningful to liquid dynamics, 30% of liquid penetration in diesel spray

COMBUS

550
500
450
=400

—

Global Thermal Equilibriun'l
» P(Kn.)>0.5
(Transitional Regime State)

-
-

-

| Time
ol, lyie T

Transition to
Local Equilibrium,_|

Two-Phase Theory & ==y ! Dense-Fluid
\Spray Atomization

Mixing/

v

-

Distance [nm]

| Laboratories



’ | Imaging of transitional mixing dynamics

- LC,, (363 K) into GN,
y 7% Crua et al, “Transition from droplet evaporation to miscible mixing at diesel engine
f/ conditions,” ICLASS 2015, August 23-27, 2015
Classic Evaporation
_ Flow
p=62 bar < © < - a <
T=700 K

100 ps 133 ps 857 s 1400 ps 1800 ps

U At predicted “supercritical pressure” conditions:
— Sphere’s diameter vanishes over time — Classic evaporation
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Imaging of transitional mixing dynamics

CRE LC,, (363 K) into GN,
p 77 Crua et al, “Transition from droplet evaporation to miscible mixing at diesel engine
f, conditions,” ICLASS 2015, August 23-27, 2015

Classic Evaporation
_ Flow
p=62 bar . < ° ° o <
T=700 K
100 ps 133 us 857 us 1400 ps 1800 ps

U At predicted “supercritical pressure” conditions:
— Sphere’s diameter vanishes over time — Classic evaporation

Transitional Mixing

p=88 bar C Y - - . (—FIOW
T=1000 K

L At predicted conditions:
— Initial spherical drop shape evidence of surface tension
— Liquid deformation & mixing with flow evidence of vanishing interface
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N\ Regime diagram of liquid injection
W CRE Example: N-dodecane / nitrogen

. Transition to - B R A P PN AN | ~30.4 kg/m’}
: Crua et al, ICLASS 2015 '

90 ) Dense-Fluids o
— 80 ) P L10.8 ° & '
g - ® 22.8 kg/m’®
5 ®
‘a* 60 0.6 ~ < o o P . ]
g o 5 £ 6 o (oo 15.2 kg/m]
A, =, 2 c@o (oY o o
g 40 0.4 ™ o ©
gfo a 4 o OO
2 30 S 3
= Atomization o 7.6kg/m
Pyt oo
Z 90 0.2 2b—1—¢ CO=2

0.0 500 600 700 800 900 1000 1100 1200 1300 1400 1500
400 600 800 1000 1200 1400 Temperature (K)

Nitrogen Temperature [K]

O Molecular interface simulations
predict transition conditions

U Performed experiments
validated predictions

U High-fidelity LES using dense-
fluid approximation utilizes
predictions
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Cryogenic LOX-H2:

- Coincidentally, dense-fluids often exist beyond p¢ o,

100F  \u

0.9
-

-
==

S
()
|

LOX (T1,=100 K) / GH,
T |

L[
Supercritical Mixture |Pressure :
h\ | o

|
Kn<0.1
Diffusion dominated
Mixing Regime

Kn>0.1
Classical Atomization
& Spray Reglme

Ambient Pressure [bar]
N\
o=,

I
!
\ Liquid Rocket

I
|  GH2

|Coaxial Injection

Kn~c'>(1o1)
A/ I ]

Hydrogen

0
100 150 200 250 300 350 400

Temperature [K]

Diffusion dominated
mixing

Classic spray
dynamics

27

Office of

,;*"ﬂ”‘n,é T OF
4 ENERGY Science

@ Sandia National Laboratories



zﬁ'
N Hydrocarbon fuels:
CRL*‘CompIex mixing dynamics even at very high pressures

e B ‘ "
I Dense-Fluid Regime
= 500 '
O All Mixing Dynamics
o are possible at high Pressures .
dDependent on gas temperature: & 400 i ——
Injection may exhibit all forms of 2 !
X1 I 9p) P(Kng) > 0.5
mIXIng dynamICS 8 Tran;itional
— Mixing Regime e
A, 300 \ | Miing Regime
= -
QLiquid injection temperature: % 200+ P(Knp)—0.5 :
Significantly alters locations = |
: P(Kn;) < 0.5
Of reglme Separators <C Classical TAtomization :
]_OO.q & Spray Regime
SN 5 e TC
_________________ pc __:._.___ Tcl(y=325 K..‘
1 1

| 1 1 1
300 400 500 600 700 800 900
Oxygen Temperature, K
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CRF, Summary & Conclusions
4
f I, Real-fluid framework for thermodynamics, transport & capillary effects

applies at arbitrary mixture states

Il. Molecular two-phase dynamics, governed by minimizing Helmholtz free
energy, lead to classic two-phase theory & spray atomization

Ill. For non-isothermal interfaces, Helmholtz free energy, along with
two-phase theory & spray atomization, becomes meaningless

I\VV. Non-equilibrium transitional dynamics to gas-liquid mixing layer
seamlessly extend classic two-phase theory

V. Cryogenic conditions often result, coincidentally, in dense-fluid jets
above chamber pressures comparable to pure liquid critical pressure

V1. Hydrocarbon fuels show complex dynamics even at very high pressures
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