16.522, Space Propulsion
Prof. Manuel Martinez-Sanchez
Lecture 1b: Review of Rocket Propulsion

The only practical way to accelerate something in free space is by reaction. The idea
is the same as in air breathing propulsion (to push something backwards) but in
rockets the “something” must be inside and is lost.

Here is a revealing derivation of the thrust equation for vacuum:

- t : 1 1 1 1
hé\f(t) L Mom. (£) = M(E)v (£) + [, 'm(t)[v(t) - c(t)] d;c},nstant
M(t) < no drag, no interaction

of molecules with
ambient air

d(Mom) _

dt

Mj—:+vcclj—l\t4+rﬁ(v-c) =0

But

: dM dv -

m=-— >(M=—=m

dt dt

call this thrust, F.

Notice

d(Mv)
dt
which can be (+) or (-)

=F-vr§1=n'1(c-v)

Using the same technique, the kinetic energy of the system rocket-jet is

1 el - , N2 e
KE=§Mv2+jOEm(t)[v(t)-c(t)} dt
So,
dKE NV NLodM e Ne o S L
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So, if thermal (or electrical) energy is expended internally at the rate E, and
converted to total kinetic energy with efficiency n,, (or n.,);
i.e.,

16.522, Space Propulsion Lecture 1b
Prof. Manuel Martinez-Sanchez Page 1 of 6



S
then
T]thlé=%mc2

jet kinetic power

Note that we counted both vehicle and wake KE as produced by E , and this is

unambiguous. If we try to define “useful Propulsive work” as Fv = rﬁcv,then we find
that the “propulsive efficiency”

is arbitrarily high! [If v > %, Nor. > 1}.

For this reason, 1, is not used for rockets. But it is still true that thrusting at high
speed increases kinetic energy more

2
A(lmfvz) = lmf (vo +c Inﬂj -V?
2 2 m

1 2m 2 m,
=m;|=c’In" —2+v,cln” —=2
2 m; m

In the presence of ext?_rnal air, some modification is needed, leading to the well-
known formula (or finite Pe)

F=mu, +A,(P,-P,)=mc
defines ¢ = u, =Jet speed far from exhaust

For finite P,, in thermal rockets, increasing A. increases u. (towards a limit
u, =,2c,T, ), but it eventually makes (P, - P,)A, negative.

The best A¢ is such as to make P, = P,.

The thrust coefficient cr is used to quantify the performance of nozzles. Starting from
F=mu, +A,(P,-P,)
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Isentropic flow p « p* p’ = constant

and assuming ideal gas,

: 2 L 2
m = pUA, =p, {_j ryRT, (_j A,
Y+

P0
ROTO
—~ m= Po'f‘t
C
with
RT -
C* — 0 , = \/;(sz(“/'l)
r (y) y+1
SF=PA {uf i[P‘f - H
C A (P, P,
- —
non-dimensional ¢
So
F = c.P,A,

Usually, ¢, ~1.5-2
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Specific impulse (inverse of specific fuel consumption) is defined as

We want high I, (high c), since

dv _ dm m
—=-—Cc—>AV=cln—2
dt dt m;
Using
m, =m, +mg +m, (m, = propellant, mg = structure, m_= payload)
_av
m =-—+t—-Mg Oor m =me ¢ -mg

ec -1

So, for given mp, mg, the higher c (I,), the higher m; this dependence is at least

linear (for small A—Cv,mL =m, A_C\/ -m; ), but it becomes exponentially fast for high

o AV
energy missions (T >1).

For chemical rockets, c is limited by chemical energy/mass in fuel c_,, = v2E.

In general, since

1. 2 _ ._ .
Emue—nthE—nthmE

u, = /2‘r]thE

(Accounting for work of expansion leads to a replacement of E by H, the enthalpy.)

For ideal expansion, Brayton cycle, so

1

P )7
=)

and

H=cpTy (ideal gas)
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x I

) . . . A ) .
This shows we want high Py/P.. This means large area ratio Ae not necessarily high

Po. In fact, for vacuum operation, higher P, simply means higher P, with no increase
of ue (or Isp). In a closer look, higher Py can increase T, by inhibiting
dissociation ——> higher Igp.

But the main reason to go to high Py is to reduce weight for a given thrust (also for
boosting, where P. cannot be much lower than P,, so high Py/P. means high Py).

Roughly

2 —_— t
M _ 4nR7tp, 27Rte = nR2p, / A
F CPA, 6

R
t=p — 2R
Po 20 l l

2 —_——
M 4zR*PRp, A, = K R?
F 20c.P,K
M_ 2% pu F = c.P,KR? R= |
F K¢ o c.P.K
M 27 p, [1

F3/2 (KCF )3/2 ? i

Thus, for a given thrust level, the engine mass scales Iike%/P— .
0

For a given total impulse (not thrust), it may be better to reduce Py, reduce thrust,
operate longer. In boosters, there is a complex tradeoff, involving gravity losses,
drag penalties, improved I, at high Py, etc. In general, for boosters it is found
advantageous to go to high Py, limited mostly (in liquid rockets) by turbomachinery.

For space engines the result is less clear, but they do tend to optimize at much lower
Po.

The power of a rocket can be extremely high. For the Shuttle
F = 3000 ton = 3 x 10”Nt,

¢ = 3300 m/sec

%rﬁc2 :%Fc:%3x107 x 3.3x10° =5x 10" watt =50 GW!!

Thus, if one step in the power chain involves electrical power, the engine is likely to
be very heavy. Why then electrical? Because it breaks the u. limit, allowing any I,

or, in other words, it gives very fuel efficient rockets. With EM forces one can
increase u. almost arbitrarily; however looking at the power requirements,
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11- Fc
=—_mc=—
N2 PALS
1_& cC  ac
M M 21, 2N¢

P

0.5 watt/Kg — 2 Kg/watt = 2000 Kg/KW
50 watt/Kg —» 2x10?% — 20

CHEMICAL
100
a
(m/sec?) 10 So, with
reasonable
mass/power
1 ratios for electric
power one gets
very low
0.1 accelerations
0.01
c(m/sec)
Isplsec)
0.001
ELECTRICAL

If one pushes I, in an electric thruster, Mp is reduced for given AV, but Mg
increases due to the high P, unless a is very low (which may be impossible
because of mission duration constraints). Thus, an optimum I, is found to
exist (~2000 sec, depending on conditions).
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