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Here eg is the acceleration due to gravity at the earth’s surface.  Note that the choice 
of eg  is arbitrary. The advantage is that in all common systems (fps, cgs, SI etc.) the 
unit of specific impulse ( spI ) is the same ‘seconds’. 

 

 

Thrust: 

 aeeee ppAUmT    eqe Um  

where e
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Maximum Thrust: 

  0 eeaeeee dpAppdAdUmdT   

 

 

 

 

 
Figure 2 A differential element at the nozzle exit 

momentum equation for a differential element (Fig.2)  at exit gives 

        eeeeeeeexeeeeeeeee dAPdPPdAAPAFAUdAAdUUd  22 
0 eeeeeeeeee dpAdUmdpAdUAU   

  0 aee ppdAdT , or ae pp   

  eeaee dpdAppAdTd  22  

eeppat
dpdATd

ae




2  

Now 0eedpdA as 00  ee dpanddA  

Therefore, ae pp   refers to optimum expansion. Under-expansion ae pp   implies 
additional force is remaining unused and over-expansion ae pp   can be noted as 
beginning of negative contribution to thrust generation 
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Figure 3. Schematic showing optimal expansion in a CD nozzle. 

Exhaust gas velocity (Ue) in terms of combustion chamber properties   

 

Ideal analysis: one dimensional, steady state, isentropic flow. The gas is assumed to 
be a perfect gas with constant properties 

 

 

 

 

 

Figure 4 A schematic showing control volume to relate exhaust velocity (Ue) to thermodynamic 
properties in the combustion chamber. 

Conservation of energy 
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eliminating vC  we get 
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for isentropic flow the pressure temperature relationship follows 
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Substituting for )( ec TT    in (1) 

2/1

2

1

1
1

2

















































c
c

eu

W

c
e V

p
pR

M
TU





      (3) 

Now 

 cV  = gas flow velocity in combustion chamber is very small and hence 
neglected 

 ep  = outside atmospheric pressure 
c

e
c p

pp  is very small. 

 eU  = const  
W

c

M
T        (4) 

 

Note: Exhaust velocity, eU  and thus the specific impulse, spI  is directly proportional 
to combustion temperature, cT  and inversely proportional to the molecular weight, 

WM  of combustion gases  a criterion for selecting propellant 

Specific Impulse ( spI ) of representative space propulsion system  
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2. ROCKET DYNAMICS 

 

 

 

 

 

 

 

 

Figure 1 

Consider an accelerating rocket vehicle (figure. 1). Let ‘M’ be the mass of the vehicle at 
time ‘t’ and ‘V’ its velocity. Over a short time interval ‘ t ’ the rocket ejects mass ‘ m ’ 
with velocity ‘v’ and the vehicle acquires velocity ‘ VV  ’.  

The change in momentum of rocket: VmMVVmM )()()(   

The change in momentum of mass m :   )(Vmvm   

The change in momentum of the system:  vVmVM   

The net external forces on the system:    sineaee MgDppA   

     tMgDppAvVmVM eaee  sin  

    



 









sin

00 eaeett
MgDppAvV

t
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t
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    sineaee MgDppAvVm
dt
dVM    where m

t
mLt

t





 0
 

Now       eqaeeeaee UmppAUmppAvVmT    

Rearranging we get general Equation of Motion for a rocket vehicle 

sin, eg
M
D

M
T

dt
dVaaccleationVehicle    

Typically for a launch vehicle, launched from the earth, the thrust to weight 
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eMg
T , is between 1.5 to 2 to ensure reasonable acceleration.  

Case I (Neglecting the atmospheric drag and the effect of gravity) 
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dV eqaee 





 

M
dMUdV eq   

Integrating over time ‘0’ to ‘t‘  

M
M
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dMUdVV eq

M
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0ln

00

   

We get Rocket Equation (Konstantin Tsiolkovsky’s Rocket Equation) 

M
MngI

M
MnUV espeqideal

00       --------------- (1) 

Here:  0M = initial mass of the vehicle, 

M = instantaneous mass of the vehicle a time ‘t’. 

Total velocity increment over the acceleration phase lasting for time ‘tb’ 

B
esp M

MngIV 0
max         ------------- (2) 

 where BM  is the mass of the vehicle at burnout 

Plotting  maxV  vs  (Mo/M) for different values of Isp using eqn. (2), the following points can be 
observed from figure 2.                                        

 

 

 

 

 

 

 

 

Figure 2 




