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Governing equations
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underbody curve

F=F,X)+h(T)+ (X —p3)0(T),

conservation of mass and momentum

Fr+ (uF)x =0,

ur + uuyx = —px, 0= —py,

body motion equations

density ratio

1 1 .
Mhpr = ydx, 1071 = r — 3)p dzr. PB A1
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Boundary conditions




Governing equations

To approach an O(1) density ratio, assume:

MIk1

New governing equations:

F=F/(X)+h(T)+ (X —-8)0(T),

Fr+ (uF)x =0,

ur + uuyxy = —px,0 = —py

1 1 | . . . ,
/ p dx = / (x — B)p dz = 0. SWH+p=-atX=0. p=0atX =1
0 0



Linear analysis for flat plate _—

(F ]I(‘;.H. U.])) — (1 -+ (_SFl. 1+ (5’11.(5()1. 1+ (5'11.1.5])1) 5 (hc=h — 6)

Linearised equations:

Hy = hi(T) + ‘\.Hl(T).
o o Kaap 80 =4 ug = —(h, +61)X — 0,X2/2 — Ay(T),

UI1T + U1X = —P1X,

/1 1 /1 . » pr = (B +200)X2%/2+ 60/ X3/6 + (A} + By + 61) X + AL (T),
p1 dr = rpp dxr =0,
0 0

u; = —p; at X =0,

py =0at X = L.



Linear analysis for a flat plate —

(F.hc.0,u,p) = (1 +0F1,1+0h1,001.1 +0uy,op1) +....
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Linearised equations: hi/246{/6 + A =R,

Fiy=h(T)+ X6,(T), ]27/6"‘93’/2—1_‘_;"11/2 :S.
F1T+F1_\'+ U1 x = 0,

hi/8 +67/30+ A1/3="T.
uIT + U1X = —P1X,
1 1
/ py dx = / xpy dx =0,
0 0

"= —()’1 §—= /?’1 . (7'1 = .41.

_ = —7 ;t_'r:().
Uy p1 at X S:—H’l/B—/zll/Q—m/Q—Al-

p1=0at X =1. T=—0;/4—N,/3—6./3— A;1/2.
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Figure 1: Results from solving the linearized system, showing convergence to two different steady
states for the two different initial conditions, each with h] = —f#; = const and A; = 0. The body
may have either a negative velocity (left) or a positive velocity (right).



Full nonlinear system

Fr+ (uF)x =0,

ur + uuyx = —px,0 = —py

1 1
/ D ax = / (x — B)p dx = 0.
0 0
1 . 1 .
5112 TI_]) — 5 at .\ — U »

p=0at X = 1.

u= —

[ReX + 30/ X2 + A(T)]

D , with D = ho + X0.

‘X .I. ) 1
= — ur dr — —u” + —.
0 2 2



Full nonlinear system o= [ Dan 101,23
| 1’11179'2/>+4D _
(lOAI + (1‘1//(,; + %(120” = €4 — % 1 ."'-))0- / = dx.
A7 N/ 1 /! hcz—,-(}’ 2/>+4 |
(11‘4 -+ OQ/IC -+ 5(1‘38 — €4 — _b—l - '31 =/ dr,

ag A" + aghg + %046’" eq — dg + Bo,
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Leadlng edge CO”|S|OnS apA’ + arhi + %agﬁ” = €4 — % + Po,
Olfy &+ OQ]?-I(,j + %(136’” = €4 — %lu + 31,
In the limit of collision at the leading edge, i.e. h; = 0, L _pl 1 n_ . _ . ,
the following asymptotic expansions apply: aA" + azhg + 2049 g — dy + [a,
ho = (to —t)hy + (tg — t)Ahy + ..., _D(lf();)+ L S Y
0=0y+ (tg —t)01 + (tg — t)AO) + .. .. 1 -(1+i>
A e ot

A=ANA)+ (to—t)A1 + ...,

\ 1 A [A)\ + Hohq (1 4 %log (;j—o))] =0,
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Summary

*Adapted model of ice particles in air to address ice
particles in water

*Found solutions to linearized problem for flat plate
*Found solutions to full non-linear problem for flat plate
*Asymptotically described leading edge collisions

Thank you!



