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Powerplant selection

Howe

The choice of powerplant is primarily determined 
by the requirement for reasonable propulsive 
efficiency ηP at the Mach number regime of the 
dominant flight task (typically, cruise). 

For a constant propulsive efficiency (say 70% – 
80%) it is evident that Vj must increase with 
flight speed, and it is this that determines the 
most appropriate type of powerplant.

where Vj = average exhaust jet speed and V∞ = 
flight speed.  Mach number M = V∞ / a.

Nicolai
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Rule-of-thumb guidelines for initial engine sizing

Ultimately, sizing the amount of installed propulsion capacity must be determined by balancing 
demands for performance and economy, which is attended to in developing the workable design.
But for the speculative design phase it is helpful to have guidelines in order to get an initial grasp of 
appropriate engine sizes/numbers.  Use with caution.

Propeller aircraft: P0/W0   

Raymer

Jet aircraft: T0/W0

Raymer
Nicolai & Carichner

The key choice of basic type of propulsion for the class of aircraft has already been made based on 
target speed regime.

Design Building Blocks
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Initial estimate of installed engine size
Basic engine sizing guesses typically come from cruise thrust (or power) requirements, with some 

allowance for increases in output required at takeoff.  More complete analysis comes later.

e.g. recall: for steady, level flight
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Where T0 and W0 are respectively maximum rated sea-level thrust, and maximum take-off weight.
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is aircraft weight fraction at (start of) cruise; accounts for fuel burned to reach cruise, O(0.95)
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Raymer

Similar considerations apply for 
reciprocating engines …

Indicative thrust lapse at cruise:
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Example for civil transport aircraft
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Still need to estimate W0 (e.g. from mission analysis).

(NB: right in the middle of the ranges 

suggested by Raymer and Nicolai & Carichner.).

(Ignoring possible 
compressibility 
constraints…)
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1. The thrust or power produced as a function of aircraft altitude and speed. 
2. The mass flow rate of fuel consumed per unit thrust or power.

The two basic powerplant types
Soon we turn to describing the key characteristics of propulsion systems from the viewpoint of aircraft 
performance analysis and need to consider 

Engine thrust, or power?  Which is more appropriate?  We note that by definition the available power 
delivered by a powerplant, PA, is simply related to the available thrust, TA.

For propeller driven aircraft, the shaft power, while dependent on altitude, is almost independent of 
aircraft speed, and the total available power (= shaft power × ηp) at cruise is also almost independent 
of aircraft speed at cruise.  So we work with power-based descriptions for prop aircraft.

For jet driven aircraft, the available thrust initially falls linearly with airspeed, according to

However there is a mitigating effect: inlet pressure (hence air density) rises with airspeed (‘ram effect’).

But we find that having two distinct categories is useful.

Overall, at cruise speeds, jet thrust is typically almost independent of airspeed, as is fuel consumption rate. 

We work with thrust-based descriptions for jet aircraft.

Effect of flight speed 
at constant altitude

Jet 
propulsion

cruise

Effect of altitude at 
constant flight speed

cruise

Torenbeek & 
Wittenberg
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Powerplant performance modelling
Approximation: jet engines at cruise speeds and altitudes provide thrust that is independent of airspeed, 
while piston engine/propeller combinations provide power that is independent of airspeed.  

The logic for this is that the volume flow rate of air ingested (and fuel burnt) by a piston engine is 
nearly independent of airspeed, while for a jet engine it is nearly proportional to airspeed.
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We will see that for jet engines, it will typically be simplest to deal with thrust characteristics while for 
piston/prop combinations, it will typically be simpler to deal with power (if the problem allows a choice).

The thrust and power 
production are also affected 
by altitude, mainly because 
the amount of oxygen 
available per unit volume of 
air falls with altitude.

Not shown here:
1. For jet engines, thrust falls 

with speed at low speeds 
(e.g. take-off). 

2. For prop engines at low 
speeds, the maximum 
thrust is finite. 

3. For prop engines at high 
speeds, compressibility 
effects limit thrust. 

4. Effect of throttle variation. 
5. Fuel consumption.

Total efficiency related to specific fuel consumption
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One usually deals somewhat differently with powerplants rated on shaft power PS (typically, propeller-
powered aircraft), in which case propulsive (propeller) efficiency usually is broken out as a separate item, 
or on thrust T (typically, jet-powered aircraft), in which case it is not (propulsive efficiency is buried in 
specific fuel consumption).  In either case, it is sometimes useful to consider the total efficiency.

where cp is the power-specific mass flow rate of fuel (dimensions: [mass/(power × time)])

For propeller-powered aircraft,  PS
.
=

ṁf

cp

For jet-powered aircraft, T .
=

ṁf

ct
where ct is the thrust-specific mass flow rate of fuel (dimensions: [mass/(thrust × time)]).

and the total efficiency is split up as ⌘tot = ⌘pr ⇥ ⌘th = propulsive efficiency × thermal efficiency
⌘totPC = ⌘prPS (= TV )From one finds ⌘tot = ⌘pr/(cpH)

Torenbeek & 
Wittenberg

(NB: different from specific excess power     .)Ps
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Powerplant performance modelling
For design purposes, we always need to relate the installed thrust or power, as described by the 
powerplant’s maximum sea-level static thrust T0 or maximum sea-level static power, P0, to the 
amount the powerplant can deliver at any speed, altitude, throttle setting.

We will typically use the de-rating function α as a short-hand for this relationship. 

(for jet engines)
(for propeller engines)

While the relationship may appear simple, it 
must be chosen with care as it buries a wealth 
of powerplant complexity and amounts to the 
designer’s model for how the powerplant 
performs.

As such, it deserves detailed consideration 
and justification in design reporting.

Schaufele

It is typical to use different types of de-
rating functions for different flight phases, 
often only takeoff, climb, and cruise (the 
primary cases).

Characterisation of jet engines
10

For jet transport aircraft we are primarily concerned with finding α for takeoff, climb, and cruise.

For military/combat aircraft we may be also interested in short-term thrust for manoeuvres. 

Take-off: engines are run at full rated thrust (full throttle) for short periods, usually near sea level (SL).

At low speed, jet thrust falls approximately linearly with speed, and the effect is stronger at 
higher bypass ratio (BPR), a.k.a. λ.

where 0.9< G <1.2.

Torenbeek supplies a quasi-theoretical formula for these dependencies:

Schaufele

To account for ducting/installation losses, derate this by a further factor of approximately 0.97.

Note that the maximum value is 
approximately 0.97: this accounts 
for the fact that maximum installed 
thrust is typically less than the 
manufacturer’s data, owing to 
losses incurred by inlet ductwork.
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Cruise: engines are typically throttled back to achieve both longer life and better fuel efficiency.
Turbofan maximum cruise thrust is approximately independent of speed but falls with increasing altitude.

Schaufele

Turbofan trend data, λ = 1.0

Turbofan trend data, λ = 6.0

Blackburn

A correlation that does a reasonable job of 
fitting turbofan maximum cruise thrust near 
h = 11 km (typical jet cruise altitude) is

Use this if no engine-specific data available.
where and

Dry, a.k.a. ‘military’ Wet/reheat/AB

Characterisation of jet engines
12

Climb: climb throttle setting is typically a little higher than for cruise.  The correlation below 
also accounts for increased air density near sea level, compared to cruise heights.

For combat aircraft, the maximum thrust for short 
periods is heavily dependent on engine design, inlet 
ductwork configuration, and whether an afterburner 
is to be used (which substantially increases TSFC). 


Maximum thrust without afterburner is also called 
military thrust or ‘dry’ thrust.


Maximum thrust with afterburner lit is also called 
thrust with reheat, afterburner, or ‘wet’ thrust.


It’s best to use appropriate performance curves 
rather than data correlations.

Schaufele

Brandt et al.
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We now turn to the issue of modelling thrust-specific 
fuel consumption, TSFC or ct, for turbofan engines.  
Again this is a function of throttle setting, speed, 
altitude, BPR, etc.

Raymer

BPR=0

BPR=0.7

BPR=8

(lb
/lb

f/h
r)

Nicolai cruise thrust

For initial design purposes, we can alternatively take 
Raymer’s values as sufficiently accurate:

Mattingly et al. supply correlations of form 
TSFC = (C1 + C2M1/2)θ1/2.  Values have units of 
lb/lbf/hr, multiply by 28.33 to get mg/Ns.        
(mil power ⇒ dry, max power ⇒ wet)

Indicative powerplant data — 1

Fielding
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Indicative powerplant data — 2

Fielding
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Torenbeek

3. Maximum shaft power Ps developed by 
reciprocating engines is approximately 
independent of airspeed.  They are rated by 
power at sea level Ps0, which is quite well 
correlated using a variety of factors (see plot).

Characterising reciprocating engines
1. Reciprocating engine+prop typically has the 

lowest fuel consumption at low airspeeds.

2. Unlike jet engines, characterisation of 

propeller-type propulsion is separated 
between the engine shaft power Ps and 
propeller (propulsive) efficiency ηpr.  (For jet 
engines, the propulsive efficiency is ‘built into’ 
the powerplant description.)

4. The power-specific fuel consumption 
PSFC cp is used to characterise fuel burn 
rate.  Like shaft power it is approximately 
independent of airspeed. [c]=kg/Ws.

Raymer

16

Reciprocating engine + 
propeller:



Reciprocating engine + propeller combination — 2
4. Reciprocating engine shaft power depends 

linearly on air density.  With a supercharger or 
turbocharger — now rare — maximum power 
has to be limited at low altitude to avoid over-
stressing the engine.


5. For all types shown, power falls linearly with air 
density to zero at an altitude of approx. 16km, 
where σ=0.132.  For the standard type, direct 
drive, normally aspirated (DN):

6. Power-specific fuel consumption, PSFC, cp, is 
approximately independent of altitude, but does 
vary somewhat with throttle setting.  For initial 
design purposes, Raymer’s figures (previous 
slide) are adequate.

D direct drive
G geared
N normally aspirated
S supercharged
T turbocharged
C carbureted
I fuel injection

Torenbeek

Torenbeek

7. The turboprop engine + propeller combination 
is typically assumed to have similar 
characteristics as reciprocating engine + 
propeller for initial design purposes, i.e. it is 
assumed to have power independent of speed. 
An allowance may be made for contribution of 
jet efflux to propulsive effort.

17

Reciprocating engine + propeller combination — 3

2. Typical maximum values of ηpr are in the range 0.8-0.9.

3. For a fixed-pitch propeller, the pitch is chosen to maximise ηpr for the most important design task 

(e.g. cruise speed, rate of climb).  Torenbeek, Nicolai have details of propellor choice/design.

4. If the aircraft cost justifies it, we can use a variable-pitch propeller, or better yet, a constant-speed 

propeller wherein an automatic governer allows the engine to run at a constant optimal speed (i.e. 
the governer keeps PA constant).   This assumption allows considerable simplification in design.


5. We can alternatively characterise the combination by thrust instead of power, and use thrust-specific 
fuel consumption TSFC ct in place of PSFC, cp.  This is helpful if we want to compare to a turbojet.

1. Available power PA depends on propeller efficiency. A propeller is basically a rotating wing and needs 
to run at the correct angle of attack for maximum efficiency (i.e. maximum L/D).  This is characterised 
by the propeller advance (gear!) ratio J.

Anderson
Barnard & Philpott
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TA =
⌘prPs

V1
, ct =

cpV1
⌘pr



Limiting effects for propellers
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More advanced designs with swept 
blades and thin sections have been 
proposed and tested, but so far not 
used in practice.

Torenbeek & 
Wittenberg

Our simple models for propeller performance are adequate for many 
aircraft performance problems, but are weak at very low or high speeds.

For low speeds, the simple approximation that                         suggests 
TA becomes infinite as               (cannot be correct!).

Other simplified models suggest an upper limit to thrust at 

where is the swept area of the propeller disc.

If the tip speeds approach the speed of sound, shock wave 
drag will act to limit the available thrust, too (and produce 
unacceptable noise levels).

or

This has limited propeller applications to

Propeller sizing
20

Detail of propeller sizing and design is quite complex; all we need to know for now is an approximate 
propeller diameter for a given power requirement.

In addition the propeller tip speed needs to be kept below approximately M = 0.85

where n is revs/sec.

P in kW, D in m. Raymer



Turboprop — 1

1. A turboprop is much like a propeller driven by a 
non-integrated gas turbine.  Its performance 
characteristics are quite similar overall to those of 
the reciprocating engine + propeller combination, 
though jet exhaust may contribute at most 5% to 
thrust.  For this reason, they are typically rated by 
equivalent shaft power Pes, rather than thrust.

True air speed, kts

Maximum cruise power derating

Schaufele

Propeller

Shaft
Jet 
exhaustAir inlet

Gas turbine

Gearbox

Stinton

2. Equivalent shaft power is approximately 
independent of airspeed, so α is mostly a 
function of σ, as well as throttle setting.  α≈σn, 
where 0.7 < n < 1.0, can use n = 1 in initial 
work but something smaller is a better 
approximation.  Again, an additional derating 
should be used for throttle setting.

21

Turboprop — 2

5. Just as for the reciprocating engine/propeller combination, we can alternatively characterise 
turboprop performance by thrust instead of power, and also use thrust-specific fuel 
consumption TSFC ct instead of PSFC c.

3. A turboprop is also like a very high bypass ratio turbofan, but without an external duct.  Its 
efficiency is higher than a turbofan at moderate Mach numbers (M<0.4-0.6) and the upper limits 
are set by the need to keep prop-tip Mach numbers subsonic to avoid shock-related power loss.


4. (Power) Specific fuel consumption PSFC (or c) is relatively independent of altitude and airspeed.  
We can use the indicative values given by Raymer in initial design work:

Raymer

6. Propfans or unducted fans i.e. ‘modern generation’ 
turboprops with propellers designed for Mach 
numbers closer to unity than conventional versions, 
(e.g. up to M=0.8 or more) have been proposed and 
tested but not widely used (yet).  

22



Indicative powerplant data — 3

Fielding
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Scaling laws for sizing propulsion systems
Supposing we have reference performance characteristics for an example powerplant and we want to 
estimate the mass, size etc of a comparable powerplant of larger thrust (or power) capacity.

If we say SF=scale factor=T0scaled/T0ref (for a jet) or SF=P0scaled/P0ref (reciprocating engine or turboprop) 
then the following approximate relationships apply:

Prop

Raymer

Jet Weight

Diameter

LengthRaymer/Nicolai
Thrust-specific fuel 
consumption values 
remain fixed.

Power-specific fuel 
consumption values 
remain fixed.
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Commonly called ‘rubberising’ an engine.


