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UNIT VD

THRUST ENGINES

The operating principles of gas power cycles were explained in Unit VA and applied to en-
gines that deliver their output as mechanical power., In this unit we extend these prin-

ciples to engines whose output is propulsive power.

I. PERFORMANCE PARAMETERS FOR PROPULSTON ENGINES

Like all power—broducing systems, thrust engines are forward thermal engines. The
thermal efficiencies of thrust engines are defined by eqn. IVB-6 and the area enclosed by
the process trace on a p-v or T-s plane is their net work. Since thrust engines develop
propulsion by expelling gas at high velocity, they are normally analyzed as open systems
with a reference frame fixed to the engine. However, from this perspective no net work.
is done by the engine, that is, the net work for the cycle cannot be directly interpreted,
Nevertheless, we can interpret the useful part of the enginefs output as the change of
kinetic energy that it produces in its flowing gases. For jet and rocket engines, resepc—

tively, this output per unit mass of gas flow through the engine is

02 w2 97 g2 02
Ake, = (1+<x —_——— el Ake =-— {(VD~1)
ey=ldrg, ) 5 35573 )
In these equations, Vc is the velocity of the exhaust jet relative to the engine, T is
S o

the speed of the air frame relative to the surrounding air, and rf/a is the fuel/air mass
ratio.! Since the fuel/air ratio is usually small in jet engines, we will approximate it
as zero and apply the air standard assumption. Eqn. VD-1 allows the thermal efficiency
of a propulsive power engine to be written as

I |a | [ake |
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In our considerations of mechanical power - producing gas power cycles,we limited our
" consideration to the power generated by the working media withim the engine. The only
mechanical losses considered were viscous losses of the working media.? For propulsion
engines not all the power generated can be used., It is demonstrated below for a jet en-—
gine and rocket engine respectively that the kinetic energy of the exhaust leaving the

engine relative to the ground, ke 6 = IVL - 00[2/2, does not contribute to propulsion
a o

b
power,

IThe subscript "o refers to the free stream properties of the atmosphere.

“Mechanical losses such as bearing or piston ring friction occur outside the working
. g I g fri :
media and are not part of the cycle traversed by the working media.
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Fxample 1, Consider a jet engine in steady level flight at velocity VO relative to the

atmosphere. Perform energy analyses of the air that flows through the engine using

two different reference frames, one fixed to the engine and the other fixed to the space
through which the aircraft flies., Subtract these two expressions to show that the work

domne by the engine is equal to the product of its forward velocity, A , times its devel~
oped thrust per mass of flow, (!vo-—ﬁol). ©

Using the reference frame fixed to the engine, and assuming ey = (0, the steady state
S

energy equation is
2 2
0 e
= 3 P R —e - 4 ——
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In this reference frame the system work is zero, since there is no forward velocity rela-
tive to the frame.

In a reference frame fixed to the space through which the system moves, the velocity of
the gas entering the engine is zero. The exit velocity in this reference frame is the

absolute velocity, ]Ve abql = !Ve[ - ]Vo . The energy equation is
) 10, -0, 17
0 = ho - (he4"~~~5m*—~) + ]qH] ~ [wsl = 0

The properties of the media are unaffected by the reference frame., These include the ‘en-—
thalpies and thé energy released by the combustion process,!qu. Thus the two energy equa—
tions can be subtracted to determine system work in terms of velocities
0 -0 12 ¢ 90
w _:__§~_..,.9__+__%.___.9_-:\'7{} ~\72={7<|{‘7
S, 2 2 2 o e 0 o e
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The mass of a rocket varies with its expenditure of propellant. Thus the vehicle as
a system does not satisfy steady-state conditions. The rocket engine, as a part of the
vehicle, intakes propellants and combusts them to generate hot gas products that are then
expelled from its nozzle as a high velocity jet. Therefore, it is possible to analyze the
rocket engine as a steady state system,
Exercise 1., Modify the steady state energy equations for an air-breathing engine (see
Exmp. 1) to the conditions of a steady state rocket engine. Subtract them to derive the
following expression for the work done by the rocket.

qu r] oe
s, ]

Exmp. 1 and Exer. 1 developed the system work per mass of flow through jet and rocket
engines respectively from an energy perspective, System work can also be predicted from
the momentum principle, The force developed by a propulsion engine equals the rate of
change of momentum of the gases that move through 1it, For jet and rocket engines, the
propulsion forces are, respectively,3

F. =F - (p ~p A = (¥ - ¥ ) (Vb-2a)
e o’ e e

j ‘t:hr. 5] 0

3The assumption that e/ = 0 is incorporated in eqn. VD-2a. In general it would be
F, =n [(1+ 7 v -V ],
a[( f/a) e o]






PERFORMANCE PARAMET FOR PROPULSTON ENGINES 3

F. o= F -~ (p_ = p A =l : : {(VD-2b)
T thr r e o’ e e

The forces on the engine,ﬁj or Fr’ have Dbeen separated into two components —the exterior
pressure force and the thrust exérted on the airframe.” The rate at which the engine does
work in steady, level (or gravity free) flight is the product of its propulsive force and
the forward velocity, ﬁj = Fjﬁo or Qr = Frvo. The two force components also separate the
engine's power into two compbnents. An underexpanded nozzle pe3>po, adds to the thrust
developed by the engine to move the airframe forward. This thrust component is part of
the engine's output. (A greater net output could be obtained by using a fully expanded
nozzle that would achieve an optimal exit velocity corresponding to the exit pressure.)
Independent of the nozzle's degree of expansion, in steady level flight, the thrust re-

= F_, Under these

I
thr D
conditions the power requirement to drive the airframe at speed VO is wt

quired to drive the airframe forward is equal to the drag force,
o 5
. =F vV .”
hr thr o
Thus the work oufput per mass of flow for a jet or rocket engine in steady level flight

is® .
| =9 (F -7U) , ]w I =9 ¢ {VD-3a,b)

|
o e o : S,T oe

s,
We noted previously that the output of a propulsion system, relevant to its thermal effi-
ciency, is the increase in kinetic energy that it produces in its working media relative
7
{2
- &

5 or Aker =

t j i N ~ o
o the engine (Vé _ Vi)
Ake, = - -
]

A comparison of the expressions for engine output shows that they are not equal. A por-

tion of the change in relative kinetic energy developed by the engine is not converted to

propulsion power., The loss equals the change in kinetic energy that the gas experiences

relative to the ground; that is, Ake, = Ake = (§ -9 )2/2 or hke = [(V -V )2
? loss abs,j e o] abs,r e o

- Vg]/Z. This loss is the basis for the definition of propulsive efficiency. It rates

the proportion of propulsive power that is converted to thrust work.

o, | jv._|

S s '
P ]Akel PJSI + ‘Akeabsl
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“The control surface for the analysis of the engine is taken sufficiently upstream
that the pressure force on the entrance is Py Thus only the exit pressure differential
appears,

5The energy analysis approach of Exmp. 1 and Exer. 1 did not separate the two power
components, It listed only the power requirement to drive the aircraft forward.

6We continue to ignore the contribution of the fuel to the exit mass flow. A com—
plete form of eqn. VD-3a is

]ws,jl - Vo[(l + rf/a)ve - Vo]

7Aker = Vé/Z incorporates the assumption that the propellant enters the rocket engine
with a negligible relative velocity.






4 . THRUST ENGINES

Upon substitution for jet and rocket engines respectively, propulsive efficiency becomes

ANAN 2|% /¥
N, s n Py (VD-4a,b)
P31+ [T, /0,] PoT 14 |0 /0,17 ’

The forms of eqns. VD-4 reveal some important operating characteristics of propulsion sys-

tems, Optimum propulsive efficiency occurs when the exit gas speed equals the airframe

. & e P . . . .
speed, that is, np = 1 when ]Ve! = IV . This optimum condition corresponds to zero exit
0
kinetic energy relative to the ground. It has only theoretical significance to an air-
breathing engine, since the engine would then develop no thrust (egqn. VD-2a). The thrust

developed by a rocket engine is proportional to its exit velocity. A rocket develops

- thrust even when its exit velocity is less than the ground speed, f@e‘ < [Qo . This is an
essential characteristic for interstellar travel when the speed of tﬁe vehicle must be
very high. The overall efficiency of a propulsion system accounts for both its thermal
efficiency in developing kinetic energy change and its mechanical or propulsion efficiency
in converting- that energy to propulsion power

n = nthnp (VD-5)
We explore the operating characteristics of a few jet and rocket engine cycles in the fol-

lowing sections.

1T, JET ENGINES

Air-~breathing jet engines are the principel means of aircraft propulsion at the high

subsonic speeds used by most commercial aircraft and in the transonic and supersonic

speeds employed by many military and some commercial aircraft, Jet engines employ a num-

ber of variations of a Brayton cycle (see Unit VA), We begin with a description of the

processes that occur in an idealized turbojet engine,Fig. V-1.

States 0~1; isentropic deceleration of the entering air, initial speed Vos as
it approaches the engine and enters the DIFFUSER compressing the air from py
to py. States 1-2; continued Isentropic compression in the COMPRESSOR to py.
States 2-3; constant pressure heat addition (fuel addition followed by com-

bustion) in the COMBUSTOR to attain Ty. States 3-4; isentroplc expansion in

Ans, 1. 1In the reference frame fixed to the engine the entering velocity is negligible

...... o
-t M=
0 = ho G%}% 3 ) : !qu

and in the reference frame fixed to the space, the inlet gas has a velocity that approaches
VO. Hence

A ~

3,3,
on fu ) b )l e
Subtracting, we obtain
0 -9 |2 92 @
’WS,T I e e 2‘-' ——— “5' + —E- = OOVQ Q'E.D.







JET ENGINES

L

Chamber

Fig.

VD-1. Idealized Turbojet Engine

the TURBINE to a pressure level sufficient to generate the mechanical power re-
quired by the compressor. States 4-5; continued isentropic expansion to py, in
the fully expanded, ideal NOZZLE to accelerate the air leaving the engine to

a high speed, Vg, to generate thrust. States 5-0; constant pressure heat rejec—
tion and deceleration returning the engine air to its undisturbed state (EXHAUST
of the combustion products to be mixed in the atmosphere).

Example 2. A commercial aircraft cruises at a speed of 450 mph (201 m/s) at an altitude
of 40,000 £t. The atmospheric conditions are p = 0,185 atm and To = 216 K. The engine's
diffuser decelerates the air flow to 50 m/s and the pressure ratlo of the compressor is 20.
The limit cycle temperature, at turbine inlet, is 1700 K, The kinetic energy changes
across the compressor, combustion chamber, and turbine are negligible in comparison to
their work and heat interactions. Model the engine as an idealized turbojet and deter-
mine the turbine pressure ratio required to develop the compression power. What pressure
ratio is then available across the nozzle and what is the exit gas velocity? Alsowhat is
the engine's thermal efficiency, efficiency ratio, propulsive efficiency and overall effi-
ciency? How much thrust is developed per unit of exit area?

The engine operates in steady state. We will apply the energy equation to each of its com-
ponents in succession. We begin with the diffuser

N A A

Air is a perfect gas. Thus hz - hi = c (I ~T ), p =y R/(Y -~1), and

T, =T +;Yy"-) v2- v2>-216;<+591135(%§§%5 (g K) /3-[(201)2 = (50 1m2/s2+107 37 & / (g m2)=232 K
The process is 1sentrop1c, Thus
VO 1.33/0.33
R Y - 0.185 atm (232 K) = 0.247 atm
Py T PolT e 216 K
o

The compression process continues in the compressor in a similar manner; but in this stage

the pressure ratio is specified, rp o 20, Thus
3

- (Y*-1) /v* 0.33/1.33 _
=p_ = = . =£4,94 ¢ d T.=T =232 K (20) =488 K
Py =P, rp’cpl 20 0,247=4.94 atm an 9 l(rp)
The work required in the steady state, adiabatic compressor is
* * 1.33/8.314 ;
e e (T ~T.) =222 Ce 20 )+ (488 ~232)K =296 J/g
0=c, (T, T,)+—§K24—7f4-w [wcl (_p(r2 T =5 33(2% 97)J/(gBJ ( ) g

and the heat added in the combustor is

=C*(T _ ) _1.33 (8mjj4> J/{(gK)« (1700 - 488)K = 1402 J/g
P

Iy 0.33 \28.97





