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© Sarychev volcano in Russian Kuril island: plume, pyroclastic ﬂow and shock wave
© seen from ISS june 12, 2009
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@ supernova explosion: ejecta at Mach M = (1-2) 10%

supernova ejecta

: preceding shock wave
W Tycho 1572 (synchrotron radiation from | §
& Xrays (CXO) in-situ accelerated €°)
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@ supersonic stellar jets at Mach > 10
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@ star motion in the interstellar gas at Mach ~ 100
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Bow Shock Around LL Orionis
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hydro & MHD
conservation laws




© Euler vs. Lagrange

+ Euler: control volume focusing on a fixed region in the flowfield (instead of looking at the

whole flowfield at once)

+ Lagrange: moving control volume following the same fluid elements

“ time variation between p(x1,y1,z1,t1) and p(x2,y2,22,t2)

o P2 P _Dp
+ Taylor expansion: ,5_,2 t, —1, Dt
- A~ /’\ -
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\éx ), cy \ 6z J; \ ot )
Py~ P f’ap\f X~ % ___i 8,0\i Ya— N _:_i'/é’p\! 2274 fé’p\! d tim x;— w S }.:‘}1 =% BEm Z; ‘?1 —w
h—fh \ex)hnh—h @)L~ \&,hh-hn \d) BRI~ h % L4 B L4
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at fixed point
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Euler

changes in flow properties
convective derivative
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%(0‘ density) + ? - (e flux) = sources — sinks
~} mass conservation

internal var. in/outflux

a]{PdV——%P7 ds = %6 (p) dV:>]{ —’0

ot It

D

V-(p)=p(V-T)+ 7 Vp and D_f:ajL?.?p
.'-:."- o D
°  so mass conservation a—’z + ? : (,07) — 0 or D_::

total time variation due to velocity divergence in the flow
ex: diverging flow => 9p/dt < 0

® © case of a 1D steady flow: inward flux = outward flux

L

pP1U1 — p2uU2




|» Newton’s law:  fluid momentum in dV: (pdV)? 5
+ mass flow across dS: p ¥ - d? => momentum flow per unit time across dS: (p7 d?
+ pressure force acting on dS from outside: —pd S~~— 79
+ external force per unit mass from potential energy E., ~S ﬁ
=> force on mass indV: —(pdV) ?Epm D 7
= Newton'’s law for a perfect fluid (no viscosity) r —
D(mv) 0 -
(m ):—]{pﬁdv+7{(p7-a@)7:—?§pcﬁ—jgfp€Epmdv >
Dt ot Jv s s \%
internal var.  in/outflux ext. pressure forces in volume
+ using Ostrogradsky jépd?; = 7{/(613) dV and D(;)ntV) — 7{ 0 (%?) dV (next slide)
2 one obtains per unit volume: &
2 0 OV v2 v
p[%—(??)?]: (Dt) €p p?Epm:p[—l— <2>+(€/\7)/\7]

‘-'::J = case of a 1D steady flow without external forces: Q
%(p?-cﬁ)?z—%l)ﬁ
S S

= p1(—u1S)us + p2(u2S)uz = p1S — p2S
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p1 + Plu% = P2 + p211§




= alternative form of the time variation in momentum:

D(m7) = %ﬁp?dV%—j{S(p?.cﬁ)?

Dt

= projected onto the x axis:

2]{ vadV—|—j{Vx p7 cﬁ %pvde%—]{ ? pvx )dV = 7{ 8pvx+€ ,ovx dVv
ot Jv S ot

TUsing T (v W) = V- v (pT)] = ViV - (p0) + p T - Vv

and 8(pvx) o % 1y ap
ot ot T VX0t

= and regrouping terms in p and in vy, the integrand becomes

[av" + - ?vx] + vy {a— + 3 pﬁ)]

WS

At A

ot ot
Ry
Dv, 0 from mass conservation
Dt

¥ © same on other axes, therefore:
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= power conservation from 1st law of thermodynamics dE  0Q

+ et = internal energy density dt ot 51:

+ total kinetic energy per unit volume ein = Uint + pv2/2

+ net heat rate per unit volume (radiative+conductive): dQ/dVdt = I (gain) - A (loss)

+ pressure work dW = -pdV = -p dS v dt => flux dW/dSdt = -pv

internal var. in/outflux pressure work mech work heat change

3}{/p<eint+%2)dV+]i (emt+ ) 7. a8 = j{pcﬁﬁ %pdv?Epm)?jL]{/(r—A)dV

ot

using the divergence theorem to surface integrals and equating the volume integrands
0
pn — (pexin) + ? (exinp V) = ? (p?) — p?Epm .U+ (' = A)

USlng aﬁt(p ekllrl) - paeﬁl:n + €kin gi and ? eklnpﬁ) — ekln? ) (107) 107 eekln

the left hand side term becomes | Jekin - Op | = Dekin
P [ ot + ’ €ek1n] + €kin [a -+ P ) = p Dt

A IENRN

so the power conservation yields
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= development of the mechanical work:
? ' (pEme) = Epm {€ ' (/07)} T /07 ‘ €Epm
= Wineeh = —p 7 - VEpm = —V + (0Epm ¥) + Epm |V - (07)

) mass conservation =>

W = V. (BEpmp V) — Epm— = —? Eomp V) — (P?tpm) + pa]j;im

= power conservation

({ij(p ekln + ? eklnp7> ? ' (p?) - ? ' (Epmpv) o 6(pgtpm) t pa]z:;::m + (F B A)

= regrouping &

“ 9 2 v2 OE m o
It [Peint + P? T+ PEpm] T ? ' (Peint + P? + pEpm + P) v = p 81‘5) + ([T —A)

r_". = case of a 1D steady flow without external force:
' 2 u2

u
p1(€int1 + ?1)(—1115) + p2(€int2 + 72)(1128) = —p1(—u1S) — p2u2S + Qnet

u% u% Qnet
= | p2€int2 T ,02? + P2 | U2 = |P1€int1 T ,017 + pi1| U1 + g

— —— _— — _— —— ——— ————— — =
=— — —_— —— — —— ——— ——— - =
— = - — — — — — e ==
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= adiabatic equation of state to close the system of equatlons:

p = Kp’

Y = Co/Cy = 5/3 (ideal or monoatomic gas),

Yy = 7/5 (diatomic gas),
Y = 4/3 (relativistic gas)
isothermal transformation y = 1

= it ideal gas: internal energy Uin = CvT and gas law pV = VRT with C, — Cy = VR
therefore

enthalpy

pV

Uin —
t V-1

v —1

and enthalpy H = Ui, + pV

v —1




= Maxwell's equations with slow variations S 5’3 ) - (9§
? /\ E W ( V N\ E

Ve = Vion since very small lve - vionl necessary ‘|‘E <<) — 8—
to generate B ? E B ? ﬁ  Pc
- €
= Ohm’s law in the plasma rest frame (*) and - - .
. ] =okE et ] =]
Lorentz transformation (Y = 1) of E to the observer frame
j = speed difference = Lorentz invariant
E =vy(E+vaB)=E+vaAB = | =O@+\7/\B]
: : : - = = = T — S é
= induction equation: VAB-= U et ] = 0@ +V A B) — F = AB + VA
nwo
9B I . a .o :
E=—VAE=VA6/AB)—T]VA® ) 6/ )—nV(V/B)+nVZB
§ ! tic dift 1t
9 n = — = magnetic diffusivity
= 22 Y A (T AB)+19V3B Ko
ot term2 vL
~ — = magn. Reynolds nb

terml1 N

+ si Ry, << 1 induction equation = diffusion equation
B inhomogeneities diffuse and fade out with speed v4 ~ n/L
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2 ideal plasma: conductivity 0= «~ = ﬁ N T A B and 6§ ? A 7 A\ B

thus R, >> 1, no diffusion ot
= B field lines frozen in the plasma (the flow carries them away)

magnetic flux: time variations of B inside the tube + in/outﬂux of B across the tube walls

D[ - - L . -

o £B.ds f— dS +fB.(v A d7) =f— dS - f (V A B).d

- (248~ [V A (vAB)dS -0

S t S

car@—ﬁA(VAB) }
g ot \ %
= © Lorentz force per unit volume:
dForentz =i/\é\= (ﬁf\é)/\é _ éﬁ)@_ﬁ E
' av > Z w2

etV AB = Mj tension mgn. grad(ps)
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2 momentum (+ B pressure + B tension)

. i 2 -
a(pv,) N 0 OViVy + (p 4 B—)éik _ LBin = —p
ot x| 2u Wo | dx;

—

= energy (+ B energy density + Poynting flux with frozen B) E--VaAB

— Epv + Ut +— |+ V. (%pv2+uint+p)\7+
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“ sound speed

adiabatic: cg = /v | —

“ ratio of macro vs. micro kinetic energy scales

with M?:
2/V: vl

€int 2

“ shockwave = discontinuity in p, p, T, and
velocitv

shock: convert organised Eyin = pv?/2
to disorganised internal energy (ejnt, T)
adiabatic shock, but entropy increase
= through shock (order —> disorder)

. 2 sub-sonic flow:

+ disturbance can be felt by the whole
fluid domain.

¥ © supersonic flow e e — — < i e s .




= steepening of wave front

ex: sound wave
ex: incompressible MHD wave v(B)
ex: compressible MHD wave B « p (frozen)

= supersonic boum
4+ sound waves accumulate along a cone
behind the source
+ no pressure information upstream

Cg = \(EetpocpY —cgoxp 2
P

_ B
A /\/Mop

piston
pressure

profile
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© Papua New Guinea Tavurvur Volcano, August 29, 2014




thermalization

low bulk speed

compression => high density
much internal motion => high T
high sound speed => subsonic

shock

paVvy T,

L L) -
S
et e e ot u " S

upstream frame
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high bulk speed, supersonic
low density

little internal motion => low T
low sound speed
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= stationary shock, conservation in the shock frame:

2
4 Mass [PUL]l — (0
4+ momentum

GLO JUMP,CONTGHAG g =2, %=

- 2 2
p+puil; =0et [puiuy/|; =0
- 7 2 _______________________________
1 2 2
+ energy ) §P(UL + U//) + Uint +ppur| =0
L\ 1
e 2
) lp(u2 L))+ ﬂ} -UL} — 0 continuity of u//
or | 2 + // v —1 , = velocity rotates
, , closer to shock front
= Rankine-Hugoniot (1889): L and strong shock p2 » p
Mach number M by
.., compression ratio r - U  pr (Y + 1)|\/|12
U PO (y —1)M12 +2
2
Cson = YP/P Py 2\(|\/|12 —(y-1)
M=v/Cson P1 (v +1)
2 2
p +pu’ =p(1+yM?) T popr  [2yMP - (v = DIy - 1)yM? + 2]
T PP (y +1)*M?
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o fora large Mach number: M7 » 1

com pression saturates to

u  p2 v +1
U9 Ui /’)/—1 s

+ ideal gas (y = 5/3) r— 4
+ relativisticgas (y =4/3) r = 7

P2 27
P1 v+ 1

M7 111

~

T, 2y(y—-1)
T (v +1)2

~

M7 11
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downstream frame shock frame upstream frame
=0 = — | — — | =0
S S T, N S S S SO [
i i V2 = Us + U2 —> V)
5 P — | — —
J =T — i
| = UL — U2 = —U3 vy = vs(1—1/r)

= in the shock frame (or in upstream frame when replacing us with vy):

incident ram energy converted to disorder: high pressure and high temperature

2 2 1 1
P2 — ~ ] M% P1 = (V—> plu% — (1 _ ;) ,0111% and Pram?2 — /02113 — ;/0111%

: o (-UMPt2 (1)
| © subsonic motion downstream => uniform p; 2 2yM2 —(y—-1) 2y

~_'-_:' = equipartition in downstream gas (Exin microscopic = Exkin bulk) Viewed from the upstream frame

dUint2 1 dUint2 3 P2 3(7 _ ]-) 9 2

— —— = 2:—
- 1= 3 Vs

(frame ind.)
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= piStOﬂ with Ve|OCi‘ty Vp = 0.5 C1 Vitesee du Piston Vpe0.5 et celerite du choo ow1.3

= pressure shock running ahead of the

piston (detached) at velocity vs = 1.3 c;

u

uco

= Eyjafjallajkull (Iceland) 2010 \




@ ex: upstream gas = HI atomic interstellar cloud at 100 K (cs = 1 km/s)

R e i EartS

supernova shockwave vs = 10° km/s ;
T,/T1 =& 5M¢2/16 =>T,=310"K ‘

i
|
)
l

Alfvenic Mach number M, = v_ / Vaien
if Ma > 10
hydro shock good enough
if M, <10
need for MHD jump conditions
because of important dynamical role of B
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¥ @ momentum imparted to nuclei

)

electrons heat up later through
Log (Element Density) [g'cm )

j Coulome imeractions [ —
3 X Si
N N

318 266 216 166 .16
Kifonidis +2000
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= conservations (B resists in pressure and in tension)

+ masse [pul]? =0
_ 2 1 2 2 i 1 i

+ momentum p—l—puL—l——(B//—BL) =0et |puyu,y— —B,/B1| =0
- Q'uo 1 o 1
(1 1 2

+ energy {§p(ui + Uy /) + Uint +p} ur =By —Byjuy -B//] =0
: 0 1
- 2

4mgnf|ux _BJ_U//—B//UJ_}leGtBJ_l:BJ_Q //

u, changed because

- & 1 shock and strong shock pz » p: of current sheet at the

. : . shock front ...
..+ compression ratio X

uz p1 By
4+ solution of
/]
2pBl(7 — 2)X3 — X2 [27pth1 + (7 — 1)(pram1 + 4pB1)]
+27X [pthl + Pram1 T pBl] — (7 + ]-)praml =0 u, u,
+if pPs 0: X—4 e —— 1

+ if high magnetic pressure pg: X = 0




