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— As seen in Prateek’s talk. This talk’s focus: implications, long-term evolution.



Implications of cooling supported survival: MG & Oh (2020)

Magnetic compression

)4 — pCl/IOhOt ~ 1009ﬂc1 ~ ﬁWind ~ 1

0.3 0.6 1.0
— [ds pirape

2.0

- = =

0.4 0.6 0.8 1.0

(B)

ﬁ = Pthermal/PB

— Non-thermally supported cloud

(as seen in observations? Werk et al. 2014; larger scale sims, Nelson et al. 2020)



Implications of cooling supported survival:

Molecular outflows Ryan Farber

(University of Michigan)
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— Molecules & dust can survive but surviving fraction
depends strongly on details of dust destruction.
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Implications of cooling supported survival: MG & Oh (20203, b)
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Implications of cooling supported survival: MG & Oh (20203, b)
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Implications of cooling supported survival: MG & Oh (20203, b)
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Zooming in on turbulent mixing layers

E Consistent 3D results

Seemingly converged mass growth rate

Brent Tan (UCSB)

also see Fielding et al. (2020) &
Drummond’s great talk!
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Insights from turbulent combustion

Z.EITSCHRIFT FUR ELEKTROCHEMIE
UND ANGEWANDTE PHYSIKALISCHE CHEMIE

Z. 1. Elekiroch. Bd. 46. November 1944, N 1L 0s, a0 -G02)

DER EINFLUSS DER TURBULENZ AULF DIE FLAMMENGESCHWINDIGKELT
IN GASGEMISCHEN.
Van Gerkord Drowgkolier

(Bemicht nus dem Institut fie Motorenfomschung der LulHahreforsckunesumsalt Hermoan CGeeing, Emunschwrig.)

Image of turbulent flame Giider 2007




Fuel & oxidizer instead of hot & cold gas: ~ Tan, Oh, MG (2020)

Insights from turbulent combustion

Z.EITSCHRIFT FUR ELEKTROCHEMIE
UND ANGEWANDTE PHYSIKALISCHE CHEMIE

G032)

Z. 1. Elekiroch. Bd. 46. November 1944, Nrea 1L US, 60—
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Abstract

Auf Grond von Versuchen on laminar sowic
turbulent brennenden Bunsenflammen wird der
KinfluB der Turbulenz auf die Ausbreitung ven
Flarmmen hehandelt Dabei wird in gleicker Weise
auf die physikalisch-chemische als auch auvf die
hydarodynamische Scite des Probhlems aingegangen.
Es exgeben zieh eine Relhe reuer Gesichtspunkte,
die sowohl fir die moorische Verbrenrung als
anch fiir andere sehr rasch verlanferde Flammen-
rcaitionen von Interesse sind, Wegan Einzelheiten
mull auf die Einleitung bzw. auf dis Zusammen.
fassung verwiesenm werden

Image of turbulent flame Gilder 200
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Schematische Darstellung des Einflusses der grobballigen
Turbnlenz auf cine umpriinglich glatte BronnflAche,

Turbulent flame speed important m « St, not Sy
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. burning |
Two different cooet1mng regimes
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. burning |
Two different cooet1mng regimes
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Cool things you can do with the model

Scalings for mass &
momentum transfer

u' — Q

] l.- ' \ ;.":
| L ’ l.aul_uul

']
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" ‘ To0pe ! V003 Myr)
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14

\ '4
va o f L YV as)
R 134 cool,c0d
Vin = Skms MR o I ( Lt |

(37
web™ 2\ 100 pe (.03 Myr | '

) \

for the Da > | “corrugated flame’ (fast cooling) regime, llere, P> =

Shearing layer u’

. 3/ f
n’ =30 kmsT MY
V15 kms™!

4/5 ;, - |
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Cool things you can do with the model

Scalings for mass &
momentum transfer

u' — Q

Y I-: r Y Z,"Z
e o~ 10 ks e 4 L/2 | ( L Tocol,cold
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= L100Ope)
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’
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, s 4.':‘ i i 1 'd - |
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Resolution requirement for
larger scale simulations

(resolving A not necessary)
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Cool things you can do with the model

Scalings for mass & Mixing length model
momentum transfer
u' — Q

Vip = 10 kms ‘HILL'”', -' |

Calibrate D4, from adiabatic sim
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/
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Back to: pulsations & mass growt

=000, m 5 =249mg Avy ;= 0.00

110"

What are the requirements
for pulsations?
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Back to: pulsations & mass growt

=000, m 5 =249mg Avy ;= 0.00
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What are the requirements
for pulsations?
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Requrements for pulsatlons size”

| N t =000, m;y=249m4, Avy; =0.00

o > min(c

S cool)

2
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: .
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-
: 10
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- S S e - —ee 1



MG & Oh (2020)

Reqmrements for pulsatlons size

t =000, m 5 =249mg, Avyy=0.00 t =000, m ;3 =249mg, Avy; =0.00

g > mm(c

S cool)

10°

10!

M. g = 249 . Az = 0.00 . Needs to be Out Of ) £= LK. i = 249 . Ar s =000
sonic contact.




(ryg > 1

Requirements for pulsations

Large enough cloud
= min(c.,.))

shatter

107

101 4

. )D’ACI)

= 107 4
£ 1071 -

10 2?4

107

MG & Oh (2020)

Initial perturbation 6P/P = 0.5
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¥r—10
N
-8 16 +
-l 64
+ Colist atter
® 1663
f‘ e 17 +
| Q' ® e 4.z ®
z2 0 10
T:'I!'T"Im:f



im :'l'((--,, fb:)'Acl}

MG & Oh (2020)

Requirements for pulsations

Large enough cloud

(I” cl > lshatter = min(cstcool))

3.0
2 e ':-'U-"':h:ﬂ'.tllus
10 - =16 é
B 1/l = 64 . 2.5
10! 4 :4{};4.,* =
s ?‘, + 2.0
'y - §
= . 15—
-]
10 Py s
. .
10 ? 9 [e)
. 0.5
1¢! 10° 10° 107
fc]a'j!mner
For clouds 10* = rj/fenamer = 103
103 E v ‘ ' rcj'l,ce" = 16
- L A4 AV .. .with heating
_E AY J'cﬂ,_c“ = Bd
@ R\
Bo102] & ak. shattering
@ NN 2 —=== Xria =300
S \-s' ’ Tt:/rfonr -2
e A Ai,
o o
= 10’ A Aa .
= pulsations ™
~ ' '
AL A A
10° L . ey ————rrr S
10° 10! 102 107

Xinitial
(but see Das et al. 2020!)

Initial perturbation 6P/P = 0.5

- 10
0.6 X
0.5 + +
7 0.4 + +
G
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a 03 - 16 +
£ -8 64
‘E 0.2 .
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® 1663
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0.0{@e @ . 5 o
2z 4 7] 8 10
Trlfr‘lnz:r

...but not too large
“Yoinal = X Tcl/ Thoor S Xerit ™ 300)

" aix

X 100, Tcl/Tﬂoor ~ 10 = Xfinal ~ 103
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‘Magical” boundary at Y¢..1 ~ Xerit
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‘Magical” boundary at Y¢..1 ~ Xerit
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‘Magical” boundary at Y¢..1 ~ Xerit

NLIump;(T = ?T”ao:)

£ = 0.C0 s pooe: 1127 LOY g, ey g =270, Vo, =000V,

' 4 -
10°
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‘Magical” boundary at Y¢..1 ~ Xerit

Alinitial ™ IOQ

£ = 0.C0 s pooe: 1127 £ = 0.C0 s pooe: 127, LOY g, arey 5 =2T0ang. Vor, 0.00 V4

' & In.
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‘Magical” boundary at )(ﬁnal ~ )(Cm

)(lnltlal 100 ¢ =0.00. o =0.0)n Vir, =000V,

£ = 0.00 0 pooe: 127, = 0OV e ey 5 =2T0ang, Vor, = 0.00 b

A

107
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0
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*‘—4 -3 -2 -1 0 1 2 3

o { 7 -> Competition between
fragmentation
H and
coagulation.




What drives coagulation?
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What drives coagulation?

X I()’ IOI

Cooling driven coagulation
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What drives coagulation?

> | ()’\ IOI

Cooling driven coagulation

"Shattering boundary”
Afinal = Tcl/ Tﬂoor)(initial 2 Acrit

'

T,/Tq,o x OP
b “height of drop”

\
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(relative) strength of cooling
>,
a
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2D simulation |
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What drives coagulation?

> | ()’\ IOI

Cooling driven coagulation

"Shattering boundary”
Afinal = Tcl/ Tﬂoor)(initial 2 Acrit
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What drives coagulation?

> | ()’\ IOI

Cooling driven coagulation

"Shattering boundary”
Afinal = Tcl/ Tﬂoor)(initial 2 Acrit

'

T,/Tq,o x OP
b “height of drop”

\
/

v
thOW,CIOUd = min Ainitial
D (relative) strength of cooling

COLe ILass
\code length

¢

. Mcloud ™ vmixAclphot

Densityv

Droplet acceleration

Pressure ( ~ ) Or mass

tdrag

/

transter (fg 0w droplet)?

tdrag - )ﬂ’dlv%lot N Viix N d > 1
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_ _ —mass transfer
2D S|mU|at|On (cf. MG & Oh 2018 for clouds)
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Fun with coagulation

Variation of initial distance & perturbation
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—Well modeled with cooling & entrainment scalings.



Coagulationin 3D

Variation of initial distance & perturbation
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Variation of initial distance & perturbation
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Many droplet coagulation (3D)

o l !'I“' (= ':'::"]

axint

ixio!

. .'
3=,
- ==
t - nd | =
— - -
= ZX 107 -2
e _
-
] .
¥ s
LT =
ot o
e .-
o T
s -]
o T
&
=3
-
-5

1.5 —1.0 0.5 0.0 n.s 10 1.5
x (code length) x 107

solid = sims., dashed = theory



Many droplet coagulation (3D)
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Many droplet coagulation (3D)
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Many droplet coagulation (3D)
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Many droplet coagulation (3D)
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Can coagulation save the doomead?

Cloud size
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Can coagulation save the doomead?

Cloud size
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Can coagulation save the doomead?

x ~ 100, #  ~ 1,14 ~ 0.5r,
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Can coagulation save the doomead?
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Can coagulation save the doomead?

x~ 100, # v ~ 1,r  ~ 0.5r,

l,crit
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So: cajon or fieston?
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Take away points

tcool mlx/ cC ~ Sler 1/ cl,crit ~ 2 1

survival criterion also in turbulent
media.

Cooling induced mass growth has many
implications and is backed up by theory &
experiments of mature field of turbulent
combustion.

; - * Coagulation inefficient but sets barrier
. "-— - between shattering and pulsation.



