
1. EſCAPE (8 points) — Solution by Päivo Sim­
son.

i) Let’s denote the diving angle by ϕ, the
magnitude of the trust force by T and the
magnitude of the lift force by L. As we can
see below, the later is not needed in the solu‐
tion. The Forces acting on the ariplane dur‐
ing a dive are shown in the figure below.

For the level flight ϕ = 0, and we have, by
balancing the horizontal forces

Fd = kv20 = T.

For the dive we have, by balancing the forces
acting parallel to the trajectory,

Fd = kv2 = T +mg sinϕ.

By eliminating T from the above equations
we get

v2 = v20

(
1 +

mg

kv20
sinϕ

)
.

Themaximumangle is obtained from the last
equation by equating v = c and solving for ϕ:

ϕmax = arcsin
(
k ·
(
c2 − v20

)
mg

)
.

Grading:
• Correct force equations (0.5 pts)
• Correct expression for v or v2 (0.3 pts)
• Expressing the final answer (0.2 pts)

ii) The propagation speed of the radiation
can be considered infinite compared to the
speed of the airplane. Therefore, the radi‐
ation burst hits the plane at the same instant
when the bomb detonates. The time it takes



for the bomb to drop from altitude H to h,
without air resistance, is obtained from

H − h = g
t2

2
.

By solving for t we have

t =

√
2(H − h)

g
≈ 41.6 s.

Grading:
• Understanding that the propagation speed
of the radiation can be considered infin‐
ite compared to the speed of the plane
(0.3 pts)

• Correct free fall equation (0.2 pts)
• Correct formula for t (0.3 pts)
• Correct numerical answer (0.2 pts)

iii) The forces acting perpendicular to the
plane’s trajectory during a turn are shown in
the figure below.

Here

Fc = m
v2

R

is the centripetal force, and R is the
curvature radius of the trajectory. From the
figure we get

L cosα = mg; L sinα = m
v2

R
.

Since themaximumallowed lift‐to‐weight ra‐
tio is n = 2.5, we have for this case

L =
mg

cosα = nmg.

By solving the above equations with respect
toR andα, we get the following values for the



minimal curvature radius and for the corres‐
ponding bank angle of the airplane:

R =
v2

g tanα
=

v2

g
√
n2 − 1

=

= 1606.0m ≈ 1.6 km;

α = arccos
(
1

n

)
≈ 66.4◦.

Grading:
• Correct force equations (0.3 pts)
• Correct understanding and use of n
(0.1 pts)

• Correct formula for R (0.2 pts)
• Correct formula for α (0.2 pts)
• Correct numerical value for R (0.1 pts)
• Correct numerical value for α (0.1 pts)

iv) As the problem text states, the air res‐
istance acting on the bomb can be neglected.
This means that the bomb’s horizontal speed
is always the same as the speed of the plane,
v = 190 m/s. If the airplane keeps travel‐
ling straight after releasing the bomb, it will
end up directly above the detonation point
by the time the bomb explodes, leaving only
the distance H − h = 8.5 km between the
bomb and the airplane. Hypothetically, the
best way to get as much distance between
the bomb and the airplane would be if the
plane turned around instantly and kept fly‐
ing straight after that. This is clearly not pos‐
sible, but it gives us the clue that the plane
should start turning immediately after re‐
leasing the bomb, and the turn should be as
sharp as possible, leaving us with the previ‐
ously found curvature radius R = 1.6 km.
After the turn, it shouldfly straight so that the
detonation point is directly behind it. The
geometric construction of this trajectory is
shown in the figure below.



In the figure, d is the horizontal distance
the bomb travels before detonation,

d = vt = v

√
2(H − h)

g
= 7909.4m ≈ 7.9 km,

and β is the total turning angle. From the
right triangle shown in the figure, we get

β = 2 arctan
(
d

R

)
≈ 157◦.

Grading:
• Good andwell explained overall analysis of
the problem (even if it contains some mis‐
taken assumptions and the suggested tra‐
jectory ends up being incorrect) (0.6 pts)

• Realising that the plane has to start turn‐
ing immediately with the previously found
turning radius R (0.2 pts)

• Correct trajectory (0.6 pts)
• Good justification for the correct trajectory
(0.5 pts)

• Correct formula for d (0.2 pts)
• Correct numerical value for d (0.2 pts)
• Correct formula for β (0.5 pts)
• Correct numerical value for β (0.2 pts)

v) Solution 1. Let D be the distance from
the detonation point to the airplane at the
moment when the shockwave hits it, and let
z = H − h = 8500 m. We can divide the ho‐
rizontal distance from the detonation point
to the plane into three parts as shown in the
figure below.

In the figure, s is the distance the plane
files straight after the turn and before the
bomb detonates,

s = v · (t− tturn) = d−Rβ = 3507.3m,

and x is the distance it flies straight while the
shockwave travels. If the travelling time is t0,
then x = vt0 and D = ut0. Eliminating t0
from these equations gives

x =
v

u
D.



From the Pythagorean theorem we have

D2 = (d+ s+ x)2 + z2,

or
D2 =

(
a+

v

u
D
)2

+ z2,

where we have eliminated x and denoted a =
d + s = 2d − Rβ for simplicity. The dis‐
tanceD is obtained by solving this quadratic
equation. The solution corresponding to our
problem is

D =
au

v
·
1 +

√
1 +

(
u2

v2 − 1
) (

z2

a2 + 1
)

u2

v2 − 1
≈

≈ 27.9 km.

Since the safe distancewas 25 km, we can say
that the airplane can escape the explosion.

Additional numerical values to help with the
grading. Lenght of the turn: Rβ = 4.4 km;
the time required to make the turn: tturn =
Rβ/v = 23.2 s; the time to travel the distance
s: t − tturn = 41.6 − 23.2 = 18.4 s; distance
x: x = vt0 = 15.1 km; total time from re‐
leasing the bomb to getting hit by the shock‐
wave: t + t0 = 121.3 s; Total horizontal dis‐
tance: d+ s+ x = 26.5 km; the parameter a:
a = d+ s = 2d−Rβ = 11.4 km.

Grading:
• Correct understanding of the problem and
correctly breaking it into smaller parts
(even if the detailed calculations are incor‐
rect) (0.2 pts)

• Correct expression and/or value for the dis‐
tance s (0.4 pts)

• Correct expression relating x and D
(0.4 pts)

• Correct Pythagorean equation or analog‐
ous equation for the suggested trajectory
(even if the trajectory found before was in‐
correct) (0.4 pts)

• Correct solution of the Pythagorean or cor‐
responding equation (0.4 pts)

• Correct valueD = 27.9 km (0.2 pts)
• Vertical distance z is not taken into account
when calculatingD (‐0.3 pts)
Solution 2. The beginning is the same as

in Solution 1. Instead of directly calculating
D, we can first calculate the travelling time
t0 of the shockwave. We have

x = vt0 = 190t0; D = ut0 = 350t0;



d = 7909.4m; s = 3507.3m.

Inserting these into the Pythagorean the‐
orem and simplifying, we get a quadratic
equation for t0:

t20 − 50.2t0 − 2344.8 = 0.

The positive solution is t0 = 79.65 s and

D = ut0 ≈ 27.9 km.

Grading:
• Correct understanding of the problem and
correctly breaking it into smaller parts
(even if the detailed calculations are incor‐
rect) (0.2 pts)

• Correct expression and/or value for the dis‐
tance s (0.4 pts)

• Correct expressions for x andD (0.4 pts)
• Correct equation for shockwave travelling
time t0 for the suggested trajectory (even if
the trajectory found before was incorrect)
(0.4 pts)

• Correct expression and/or value for t0 for
the suggested trajectory (0.4 pts)

• Correct numerical value D = 27.9 km or
close to it if approximations were used
(0.2 pts)

• Vertical distance z is not taken into account
when calculatingD (‐0.3 pts)
Solution 3. Same as Solution 1. but

solving the Pythagorean equation approxim‐
ately. For the first approximationwe can take
z = 0. This gives us a simple linear equation
forD1:

D1 = a+
v

u
D1

with a = d+ s = 2d−Rβ = 11.4 km, and the
solution

D1 =
a

1− v
u

= 25.0 km.

The second approximation is

D2 =

√(
a+

v

u
D1

)2
+ z2 = 26.4 km.

This is enough to see that the plane is able to
escape the explosion. The third approxima‐
tion would be

D3 =

√(
a+

v

u
D2

)2
+ z2 = 27.1 km.

Grading:

• Correct understanding of the problem and
correctly breaking it into smaller parts
(even if the detailed calculations are incor‐
rect) (0.2 pts)

• Correct expression and/or value for the dis‐
tance s (0.4 pts)

• Correct expression relating x and D
(0.4 pts)

• Correct Pythagorean equation or analog‐
ous equation for the suggested trajectory
(even if the trajectory found before was in‐
correct) (0.4 pts)

• Correct approximate solution method of
the Pythagorean or corresponding equa‐
tion (0.4 pts)

• Correct valueD = 26...28 km (0.2 pts)
• Vertical distance z is not taken into account
when calculatingD (‐0.3 pts)


