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Exotic Engines — Ramjets
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Exotic Engines — Ramjets

Ramjets: A jet engine with no moving parts, only a
hollow tube (and often, a spike to help with inlet
compression). Only works while going fast enough for
inlet compression to get the air hot enough for
combustion. At zero speed, you get zero thrust. Used
on a couple of experimental helicopters (rotors spun
up on ground) and drones and missiles (boosted to
speed by a rockets or a B-52). A couple of French
prototypes had a turbojet for slow speed flight and a
ramjet for high speed flight. The Blackbird engine is
basically a turbojet sitting inside a ramjet .

Scramjets: It used to be that a jet engine (including
ramjets) could only work if the flow inside was
subsonic. This only allows speeds up to about Mach
4: Any faster, and slowing the air down to below
Mach 1 would heat it too much for any existing
materials. So if an engine can sustain combustion in
supersonic air, that would allow an airplane to go
faster without melting the engine. The X-43 reached
Mach 10 briefly, and the X-51 could fly for four
minutes, which gets you a long ways at a mile per
second.
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Electric Airplanes & Solar Power
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Now for really exotic engines! Would it make sense to use these in commercial airplanes?

Electric: We have electric cars, why not electric airplanes? Because batteries’ energy density is very low: A given
weight of batteries carries 5%-10% of the energy of that same weight in fuel. (A car’s gas tank weighs less than
100 Ibs when full: ~15 gal x ~6 Ibs per gal. But a Tesla’s battery weighs... ~1400 Ibs). This means electric airplanes
must either (A) have very short endurance, only 5%-10% that of an otherwise identical avgas-powered airplane
(e.g. electric EZ, Cri Cri, and SportStar)... or (B) be designed to fly using extremely little power, i.e. be extremely
lightweight, slow, and glider-like (e.g. Electraflyer ULS, eGenius, Taurus) or ultralight-like (e.g. eSpyder, Lazair). The
vast majority of electric airplanes are single-seater proof-of-concept airplanes (e.g. PC-Aero, E-Fan). However, over
the past few years, a few have flown that could carry two people for about an hour; Enough to be attractive for
flight-training: E-Fan, Yuneec, Pipistrel WattsUp, Itaipu Sora-E. We’ll see if these go into production. (They’re about
15 times as expensive to buy as a used Cessna 152. Buy an old Cessna instead, and you’ll save enough money to
buy a lifetime of avgas...)

Solar: Solar airplanes have a strict speed limit. Each square foot of surface can only generate so much power. But
the faster it goes through the air, the more viscous drag pulls on each square foot. At about 60mph, you just can’t
go any faster: All the solar power available per square foot would be needed to fight the drag on each square
foot of surface. Given that (A) solar cells are not 100% efficient, (B) the airplane’s surfaces cannot all be 100%
covered with cells that all see sunlight, and (C) you probably want to store some energy for flying through the
night... Practical speeds will be in the 20mph-45mph range. This is doable, but it’s arguably impractical for
transportation. However, it’s good for HALE (high altitude long endurance): The Qinetiq Zephyr is studying the
possibility of a solar-powered military UAV; it has done flights of over 14 days! The NASA Helios has flown higher
than any other airplane. And the Solar Impulse is being flown around the world (with stops!).
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Thrust Vectoring
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Thrust Vectoring

Some nozzles — specifically in the, X-31, F-15ACTIVE, F-18HARV, F-22, and
some jets in the Su-27 and MiG-29 family — can point the exhaust in
directions other than “backwards”.

This allows these nozzles to act as control surfaces and to point the jet
exactly where the pilot wishes, regardless of the speed or direction or
attitude at which the airplane is moving through the air.

Some of these airplanes can do backflips, hover in the air with the nose

pointed straight up, etc.

The original experiments (X-31, HARV) used three paddles that could
push the back of the airplane in any direction. However, most production
applications only contain two paddles: each nozzle can only go “up” or
“down”, like an elevon, no “rudder” authority. (At least some of the
Sukhoi nozzles can only go “down and inwards” or “up and outwards”, so
differential deflection gives both roll and yaw).

Many VTOL jets also rely on thrust vectoring, not for maneuvering but for
landing: X-13, Harrier, F-35 etc.
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Contralls
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Contralls

Engines that burn fossil fuels work with combustion reaction:
[Fuel = some combination of C, H, sometimes O] + O, = CO, + H,0

Airplanes are surrounded by cold-air during high-altitude flight.
Cold air can “hold” less water dissolved in it than warm air can.

Instead of dissolving into the air, the water in exhaust might
condense (similar to water in our breath during cold/humid days)
and might form contrails. The water might then freeze.

Between 30,000 and 40,000 feet, the air is typically both cold enough
and humid enough to form contrails. (At over 40,000 feet: Too dry).

The original B-2 design included tanks outboard of the main landing
gear to hold chlorofluorosulphonic acid to mix with the exhaust and
suppress contrail formation. This scheme wasn't actually used.
Several chemicals were tested, but all were too corrosive. Instead,
the B-2 carries an aft-facing Ophir LIDAR sensor to determine if it’s
“conning”. It also often flies above 40,000 feet.
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Performance
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Performance

How much weight could a given airplane possibly carry? How is this limited at
some airports by runway length and air temperature and pressure?

How much fuel can an airplane carry? How far can it fly as a function of its load?
How much runway is required to take off? To land?

How can we change the design to fly farther, carry more stuff,
or be able to take off and land on shorter runways?

What is the most fuel-efficient speed for a given airplane?
How high can a given airplane fly?
How steeply can an airplane climb? How far could it glide if it lost power?

While designing a new airplane: How do we make sure that the airplane still
operates safely if it loses an engine? Which requirements dictate the size of the
wing, the size of the rudder, the height and location of the landing gear, the
engine thrust, and where the engines are placed along the wingspan?
These questions are answered next. For each airplane, answering them typically means being
familiar with a set of performance graphs: Not just reading the graphs, but understanding

where their shape comes from and how it changes during flight (as a function of weight,
altitude, etc.) and in modified designs (as a function of engine thrust, fuselage length, etc.).




Part 9: Performance

Takeoff & Landing
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In theory, takeoff & landing physics is simple: What is the takeoff speed (typically: the stall speed plus a safety factor like +15%)? How much
time would it take to accelerate from rest to that speed (given the airplane’s weight, the engines’ thrust, and the wheels’ rolling resistance
and axle friction)? How much distance would this acceleration cover? Typically, we also ask: What if there is a 50-foot obstacle just across the
street, i.e. How much ground would the airplane fly over while climbing from the group up to 50+ feet? That’s all high-school physics: f=ma
and x=vot+Y2at? and so on. Pretty intuitive. Same thing for landing: The landing speed is the stall speed plus about 15%, the time (and thus the
runway length) required to decelerate from that to rest depends on the airplane weight and on the tires’ coefficient of friction given runway
conditions, and the airplane could need to fly over a 50-foot obstacle just before touching down.

In practice, airplane operating handbooks/manuals come with graphs that show how much runway is needed given the airplane weight an
other factors, so that the pilots don’t have to figure it out using physics equations.

The impact of tailwinds/headwinds, runways that slope up or down, grass or wet or icy runways, airplane weight, air density (i.e. temperature
and pressure, typically expressed as “density altitude” or “pressure altitude” i.e. the elevation where air has this density on a standard day),
flaps setting, etc., are all quantified. They can either be shown as additional lines on the graph (e.g. the Boeing 747 graphs with additional
dashed lines for wet runways, or the FAA nomogram in the previous slide, which is a notional example very similar to what is used on most
single-engine airplanes), or as a correction factor (e.g. the Cessna 172 manual says “decrease landing distance 10% for each 9 knots of
headwind”), or as a whole separate graph (e.g. Boeing has one graph for each flap setting that could be used during landing, e.g. “Flaps 30”).

Given a runway length and the air density, these sets of graphs allow the pilot to determine the max weight the airplane can take off at during
the conditions at the time, or the max temperature and winds that would still allow them to take off with a certain weight.

One 777 pilot has created this colorful cheat-sheet for the airports he flies into. The blue ones (“...°C”) have enough runway for a max-weight takeoff on a standard
day, but on hotter days, if the listed temperatures are reached, the 777’s weight starts being limited. The red ones (“...T”) have short runways, so on a “standard

day” (15°C), these are the 777’s weight limits there, and even less on hotter days. This pilot wrote an interesting article about one time when his flight was being

delayed, and as the day got hotter, he had to decide whether to un-load things from his 777. It ended up depending on the wind. You can read his article at
www.flight.org/performance-limited-takeoff-in-a-boeing-777

During landing, it’s ok for the airplane to be draggy. But during takeoff (and especially during climb, as we’ll see), drag gets in the way. So
steeper flap deflection settings are typically used on landing, and less steep flap deflections on takeoff. Also, the airplane is heavier on takeoff
than during landing. For these two reasons (and due to the safety-margin, balanced-field-length reason we will discuss in the next slide),
airplanes need more runway to take off than to land. If an airplane can take off from an airport, it can definitely land there. But it is physically
possible to land at an airport where the runway is too short for safely taking off!

Now, if you're designing an airplane, and you want it to have a certain weight (in order to carry the desired amount of payload plus enough
fuel to fly the desired distance), engines with a certain amount of thrust, and wings with a certain coefficient of lift (i.e. flaps and slats with a
certain level of complexity), then in order to take off from a runway of a certain length, you need at least a certain amount of wing area,
enough for the airplane to lift off at the speed that it will achieve at that weight, with those engines, by the end of that runway.

In short, the wing area (i.e. overall size) on an airplane is primarily driven by takeoff and landing requirements

Multi-engine airplanes (especially commercial transports) like to have an additional layer of safety during takeoff, so their takeoff
requirements are a little more complicated, as we’ll see on the next slides.
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Multi-Engine Takeoff
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Multi-Engine Takeoff

There is some minimum distance that the airplane needs to barely get off the ground (as a function of air density and airplane weight) if
both engines work flawlessly.

If one engine fails, however: There is some longer distance that the airplane might need in order to abort a takeoff if the engine failure
happens well into the takeoff, or to complete a takeoff with one engine failed. What is this longer distance?

How do we make sure that, if an engine fails at ANY point during a takeoff, the airplane will not over-run the end of the runway (i.e.
that it can either safely brake to a stop, or still reach take-off speed and lift off the ground, no matter when the engine fails)?

When determining how much runway is needed for takeoff by a multi-engine airplane (or, rather, how much weight an airplane can
take off with, given the runway and weather), the thought process goes something like this. Say that, for a given airplane weight and air
density, if both engines work flawlessly, then | need 5000 feet to get off the ground. Say that the brake force is about the same as the
engine force, and say that losing an engine would double the amount of runway needed to gain a certain amount of speed. Then...

- If I have an engine failure 500 feet down the runway: How much distance would | need to brake to a stop? About 500 feet more.
How much distance would | need to accelerate to takeoff speed (with one dead engine)? about another 9000 feet.

- If I have an engine failure 1000 feet down the runway: How much distance would | need to brake to a stop? Probably about 1000 feet more.
How much distance would | need to accelerate to takeoff speed (with one dead engine)? Roughly another 8000 ft.

- If an engine fails 1500 ft into the takeoff: About 1500 more ft needed to stop, or about 7000 more ft needed to complete the takeoff.
- If an engine fails 2000 ft into the takeoff: About 2000 more ft needed to stop, or about 6000 more ft needed to complete the takeoff.

- If an engine fails 4500 ft into the takeoff: About 4500 more ft needed to stop, or about 1000 more ft needed to complete the takeoff.
- If an engine fails 5000 ft into the takeoff: About 5000 more ft needed to stop, or about 0 more ft needed to complete the takeoff.

At the beginning of the takeoff, braking to a stop would be quick and not require a lot of runway. Completing the takeoff with one
engine failed, however would take a LOT of additional runway.

Near the end of the takeoff, when the airplane is almost at takeoff speed, completing the takeoff with one engine failed would be quick
and not require a lot of extra runway. Braking to a stop, however would take a LOT of additional runway.

What is the worst-case scenario? Of all the places where an engine would fail, which would require the most total runway?
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Multi-Engine Takeoff
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What'’s the worst-case scenario? Of all the places where an engine would fail, which would require the most total runway?

As you can see by the graphs (and from the arrows in slide 294): The worst case is an engine failure at the point where the
distance required to come to a stop is the same as the distance required to complete the takeoff with one engine failed
(here called “C”).

- If the engine fails any earlier, braking takes less extra runway, and less total runway is required.

- If the engine fails any later, completing the takeoff requires less extra runway, and less total runway is required.

If the airplane has enough runway to make it to this critical point (where braking or completing the takeoff would require
the same additional runway), to then experience an engine failure, and to then brake to a stop or complete the takeoff...
this means that, no matter where the engine failure occurs, the airplane will not run off the end of the runway.

If an engine fails before this point, the airplane has enough room to brake to a stop.

If an engine fails after this point, the airplane has enough room to reach takeoff speed on one fewer engine
(which takes more time i.e. requires more runway than if all engines were working).

If the runway were any shorter, then an engine failure at or near that critical point would mean
the airplane would not be able to come to a stop, or get off the ground, before the end of the runway ®

This is known as a balanced field length; the minimum runway length required for a safe takeoff in a commercial airplane.

How much longer is this “safe” runway length, compared to the runway actually required just to get off the ground? Depends on things
like the ratio of the engine thrust to the tire traction (e.g. for an F-22 [which accelerates in a short distance] or for a wet runway, that red
line would go up much more steeply), and how many engines the airplane has (e.qg. if it has 4 engines instead of 2, then taking off with one
fewer engine would not prolong the takeoff roll that much, so that green line would come down less steeply from a max value that is less
high). Assuming that the acceleration with one engine is %2 the acceleration with two engines (actually it’s less, because drag and rolling
resistance do not drop to % if an engine fails) and that the braking deceleration is the same as the max-thrust acceleration (which actually
depends on how over-powered the airplane is, whether the runway is wet or icy, etc.), you can do algebra on the graphs (the green line is
y=-2(x-1), the red line is y=x, they meet at some [x,,y,], the total required runway is x,+y,): In order to prevent an over-run in case of an

engine failure anywhere, you require over one third more runway than what the airplane “actually” needs to get off the ground. In
other words, according to this slightly-simplified linear analysis: If you take the required runway length for a given flight (i.e. a given
airplane, weight, and air density), over one quarter of that required runway length is there “just in case”, and will almost certainly not
actually be needed. (I say “over” because the green line is actually steeper than shown here, due to drag and rolling resistance).

With more engines (e.g. four), you’d need less buffer: If the green line has a slope of -4/3 instead of -2 (i.e. assuming that an engine failure
causes you to have % as much acceleration, rather than only % as much acceleration), the buffer drops from 33% “extra” runway to 14%
“extra” runway. So, because it has four engines, the 747 is allowed to take off with much less buffer, i.e. to actually used up nearly all the
runway at the airport, without requiring as much “extra” runway “just in case”. Losing one engine in a 747 is much less bad than in a twin!
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Climbing
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Thrust-to-Weight Ratio

How quickly will an airplane accelerate during the takeoff? Depends on its
Thrust-to-Weight ratio, T/W (and on the increase in air resistance and wheel rolling
resistance, which subtract from the thrust as the airplane picks up speed). So the takeoff
speed and the T/W determine how long the takeoff roll will be.

How steeply can an airplane climb? Depends on the Excess-Thrust-to-Weight ratio,
where “excess thrust” is how much thrust the engines can generate, minus the thrust
that is required to fly at the speed that the airplane is at, i.e. minus the drag. So, you
climb while flying at your minimum-drag speed; That way, you have the most thrust “left
over” for climbing. Same physics as a car or bicycle going uphill. The more overpowered
the airplane (i.e. the more excess thrust it has), the more steeply it can climb.

(In airplanes other than airliners, the T/W ratio is also crucial for things like aerobatics

and dogfighting, in determining how much speed is lost during vertical maneuvers and
during high-alpha maneuvers such as tight turns.

The more excess thrust, the more sustained Gs can be pulled,

because the more induced drag can be overcome without the airplane slowing down).

Note that, during steady level flight, Thrust=Drag and Lift=Weight.

So it seems like T/W=L/D , the Lift-to-Drag ratio.

This is not quite right, however, because T/W usually means the max thrust,
while L/D usually uses the minimum drag or the drag at cruise.




Forwards
component
of Weight
(i.e. “Thrust”)

UnderstandingAirplanes.com

Part 9: Performance

L/D and the Glide Ratio
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L/D and the Glide Ratio

The Lift-to-Drag ratio during cruise flight is a common way to measure aerodynamic efficiency.
It answers a fundamental question about the airplane (or, sometimes, only about its wing):

To carry this amount of weight (i.e. to generate this amount of lift) at this speed,

how much drag do we need to overcome? (i.e. how hard do the engines have to work?)
(You can see why some aerodynamicists are obsessed with flying wings: Fuselages are all “D”, no “L"!)

Most of the advance in jetliner aerodynamics over the past several decades can be summarized by

their increasing L/D: 13 to 15 in the 727/DC-10 days, 18 to 21 now. That’s almost 50% better!

To cruise, a modern jetliner only needs about 2/3 as much thrust as an old one of the same weight!
(Data from http://web.mit.edu/aeroastro/sites/waitz/publications/Babikian.pdf and
http://aviation.stackexchange.com/questions/1738/how-does-the-boeing-787-dreamliners-glide-ratio-compare-to-other-airliners )

Supersonic and single-engine airplanes L/D are around 8-12, sailplane gliders are over 30,
the Space Shuttle L/D was around 4.5, wingsuits achieve an L/D of about 2.5.

How far can an airplane glide if it loses all power? How “shallow” can the glide be? From the
pilot’s point of view (flying slightly downwards rather than horizontally), the weight has a slightly
forwards component that acts like thrust.

Steady gliding flight is achieved when the ratio of “downwards weight” (the component of weight
perpendicular to the airplane’s belly) and “forwards weight” (the component pulling in the
direction out the nose) matches the ratio between lift and drag (which oppose those two
components of the weight). [This is done every day in gliders, and occasionally in jets ® ].

So the glide ratio (number of feet flown forwards for every foot flown downwards)

IS the same as the L/D ratio! So if you lose all your engine power, slow down to your
minimum-drag speed, to maximize your gliding range by maximizing the L/D.
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(If your rudder is big enough, then even in
an engine-out, you should be able to fly
straight forward, without the kind of
crabbing or sideslip implied by this photo).

15 degree bank turn
will reduce these
climb rates by
approximately 100 FPM

777 FIGHTING
A CROSSWIND
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Engine-Out Requirements

Multi-engine airplanes such as commercial airliners have to be able to fly with one engine failed. And not just “fly” but take
off, climb slightly, set up an approach, and land.

Note that the requirements are for performance with ONE engine failed. So for a four-engine airplane, this means flight at
~75% power. For a twin-engine airplane, it means flight at ~50% power. So twin-engine airplanes tend to be more over-
powered than four-engine airplanes, because they have to be able to lose HALF their thrust and still do all this (although
the engine-out climb requirement is slightly easier on twins than on quads).

These requirement drive a lot of things, such as choosing the required thrust of the engines, and the required size of the
rudder for a new design, and (as we saw) determining the required runway length for an existing airplane .

As we saw, the rate of climb and angle of climb depend on the “excess thrust”, i.e. thrust in addition to the thrust that
would be needed to fly at that speed in level flight. If an airplane of a certain weight must be able to climb at a certain angle
(and generates a certain amount of drag), then this sets the minimum engine thrust required for that airplane.

Imagine you are at an airport with a very long runway, and at high elevation on a hot day, i.e. the air density is low, so the engines cannot generate
as much thrust. On such occasions, the climb-out requirements might limit the airplane’s maximum weight for that takeoff, rather than the runway

length or the airplane structure. But if the runway is long enough, the pilot may be able to increase the takeoff weigh by using less flaps/slats.
Flaps/slats add lift (which reduces the takeoff speed and thus the required runway length) but they also add drag (and thus reduce the excess
thrust and the climb angle). So by reducing flap/slat deflection on takeoff, the required runway goes up, but the climb angle gets better, i.e. the
airplane can take off with more weight and still meet the climb requirements... as long as the runway is long enough and the tires can take the extra
speed on the ground. (Notice how, due to this reasoning, pilots typically use full flaps/slats deflection for landing, but less deflection for takeoff).

Rudder size: The airplane flies the most slowly right after takeoff and during the approach to land. This means that those
times see the lowest dynamic pressure, and the lowest forces (i.e. most sluggish behavior) exerted by any given control
surface... such as the rudder. If one engine fails, the rudder needs to exert enough force to overcome the asymmetric thrust.
This can be especially difficult right after takeoff, or during an aborted landing (go-around), because that is when the engines
are generating the most thrust. This condition determines how big the rudder must be: The further outboard the engines
are, the higher the thrust asymmetry will be, and the larger the rudder has to be in order to be able to overcome that
asymmetry and keep the aiplane flying straight even at slow speeds and max power. (If the engines could be on the
centerline, like a Cessna Skymaster, or very close like in a Beech Starship, then the rudder could be tiny). On the other hand,
the further outboard the engines are, the less bending is caused on the wing by lift (because some of this bending is un-
done by the engine weight), and the thinner the wing structure can be. The engines end up at the optimal location that
minimizes the total drag, from the rudder size plus from the weight of the wing structure.

UnderstandingAirplanes.com
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How far back should the landing gear be along the fuselage?

. One might answer: “Right under the center of gravity. That way, it will be easy for the elevator to push the tail down during
takeoff, and the nose won’t come slamming down on landing”. However... three problems:
One: If the rear of the airplane is loaded first, or if the engines are removed without the airplane being properly secured,
or if a strong gust blows... the airplane could end up sitting on its tail. (This already happens once in a while, as it is).
Two: While taxiing, the airplane is steered by the nosewheel. The nosewheel needs some force pushing it down into the ground,
otherwise it would have no traction and would skid when turned.

Three: If the engines are very low (as they typically are on airliners), the nose-up moment from full thrust at takeoff will reduce
nosewheel traction (and might even lift it off the ground) at the beginning of the takeoff roll when the airplane does not have
enough airspeed to be controllable by the rudder. The airplane would have no steering for the first several seconds, if at full power.
For these reasons, typically, the nose gear is placed so that the distance from the CG to the nose gear is ~12x greater than the
distance between the CG and the main gear. This way the nose gear takes~8% of the airplane’s weight.
(Depending on whether the CG is near the front or the back of the permissible envelope, the nose gear will typically take 5% to
10% of the weight, but it can be as little as 3% [1, page 98] and as much as 12% [2, page 374] ).

Recall that you want the CG near the leading edge of the wing (i.e. ahead of the center of lift). So, on airplanes with straight

(unswept) wings, it usually works out well to place the main gear near the trailing edge of the wing (i.e. just behind the center
of gravity), e.g. on the rear spar. With swept wings (e.g. on modern jetliners), however, this gets a little trickier: The inboard
part of the wing is further forward than it would be if the wings were straight, so the rear spar is just a bit too far forwards, too
close to the CG. The solution? Add an unswept segment to the inboard part of the trailing edge, and put a spanwise beam
through it for the landing gear, like a bridge between the rear spar and the fuselage.

1: http://www.boeing.com/assets/pdf/commercial/airports/acaps/747_8.pdf

1 ’) 2: http://www.airbus.com/fileadmin/media_gallery/files/tech data/AC/Airbus-AC-A340-500-600-20140101 pf
HOW ti” ShOU|d the Iandlng gear be ) 3: http://www.boeing.com/commercial/aeromagazine/articles/qtr 1 07/article 02 5.html

«  Most airliners stall at a little over 15° alpha. So the pilot should be able 4 oo googe compatents/US6182925
to pull up to almost 15° on takeoff without the tail hitting the ground. This requires the landing gear to have a certain height.

This has implications for stretching derivatives. Re-designing the main landing gear to be taller is prohibitively difficult. The
longer an airplane is (without the landing gear getting any taller), the lower the rotation angle on takeoff that would cause a
tail-strike (so the more likely a tail-strike becomes). The more “extra tall” the landing gear is on a new model, the more it can
be stretched later. (E.g. The DC-8 could be stretched to bigger sizes than any other first-generation jetliner because it had taller
landing gear). And notice how longer derivatives (e.g. the 737-900, 777-300, etc.) often get tail skids.

Some airplanes [3] have Semi-Levered Gear [4], “SLG”. An additional hydraulic piston “locks up” the wheel truck, so that when
the airplane rotates on takeoff, it pivots about the rear wheels, allowing for more o (i.e. more lift) before getting too close to a
tail-strike, without the gear needing to be extra tall.

UnderstandingAirplanes.com
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Tail-draggers

DHC-2 Beaver

T-6 and PT-17 ground loops

RV-7A “pole vault”
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Tailwheel airplanes were ubiquitous until the late 1940s. (The technical term for this arrangement is
still “conventional landing gear” as opposed to “tricycle landing gear”). What are their pros and cons?

Advantages

The taildragger’s key advantage is that, on rough terrain, nosewheels have a propensity to “catch” bumps on
the ground. Either the nosewheel breaks and the airplane ends up sliding on its nose, or the airplane flips over
its nose (“pole-vaults”) and ends up on its back. So for landing on unpaved runways, and definitely for landing
in the wilderness, taildraggers are preferable. Most bushplanes are taildraggers. Before World War 2, there
were not many long paved runways, also favoring taildraggers as airliners and fighters. (Many nosewheel
airplanes were introduced during World War 2 such as the B-24, B-29, P-38, P-61, P-63, F7F, and Constellation).

One may guess that the nose-up angle allows for a bigger and thus more efficient propeller. However, this is
not really the case: Much of the takeoff, and sometimes the landing, is performed in a conventional horizontal
orientation with the tail in the air (rather than a “three point” pitch attitude with all wheels on the ground). A
minimum-distance landing is actually performed with a slight nose-down attitude, so that the wings generate
downwards lift to help with wheel braking. For these reasons, the propellers may not be larger than for a
tricycle-gear airplanes, unless the landing gear is taller.

Disadvantages

The takeoff roll is slightly longer than for an otherwise-identical nosewheel airplane, because the direction of
the thrust is (at least initially) partially upwards, giving the thrust a slightly reduced horizontal component.

Hit the brakes too hard and the nose — or worse, the prop — might hit the ground.

Taildraggers are unstable in yaw whenever the wheels are on the ground, i.e. during taxi, takeoff, and landing.
(Because of this, flying taildraggers requires a special endorsement). This is because the main gear is ahead of
the CG, so a taildragger on the ground is like a bicycle being pushed backwards by the handle-bars: Any slight
angle to the side will trigger a force that pushes it even further to the side. (The extreme of this is the “ground
loop”, where a taildragger veers sharply to the side, typically causing one wingtip to hit the ground). A pilot
controlling a taildragger during taxi, takeoff, and landing has his/her feet on the rudder pedals at all times,
always pushing slightly this way or that in order to keep the airplane going in a straight line.

UnderstandingAirplanes.com



Part 9: Performance © Bernardo Malfitano

Power Curve. Best speeds?
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Power Curve. Best speeds?

What is the most fuel-efficient speeds for a given airplane?
Depends on the shape of its power curve:

Viscous drag experienced by all airplanes, and compressibility
drag and pressure drag experienced by some airplanes, gets
worse at higher speeds.

Induced drag gets worse at lower speeds.

Plot them on a graph and add them up, and you get what is
known as the power curve for a given airplane.

The left region, known as “the back of the power curve”, is tricky: Speed is unstable!
Slow down, and your drag increases, which slows you more, which increases the
drag... In other words, while flying slowly, keep an eye on the airspeed! If it starts to
drop, don’t let it drop too fast! Add power and lower the nose right away! You're
walking on a tight-rope!
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100 mph

200 mph

600 GPH

150 mph

300 mph

600 GPH

250 mph

500 GPH

300 GPH

300 GPH

50 mph

150 mph

150 GPH

150 GPH
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300 GPH

300 mph

150 GPH
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500 mph

500 GPH

500 mph

250 GPH
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1-2-3-4-5-6-7-8-Part9: Performance - 10

Speed and Fuel Burn
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The next step in figuring out the most fuel-efficient speed for a given airplane requires
learning to think about miles-per-gallon (MPG) in the following way:

Imagine a chart with speed (miles per hour, mph) on the X axis and fuel burn rate
(gallons per hour, GPH) on the Y axis. This chart will cover various kinds of aircraft,
from helicopters and single-engine propeller airplanes to airliners and fighters, at
various power settings. Heck, we could stick cars and trains and boats on there too.

Here are some examples of combinations of gallons-per-hour and miles-per-hour that
you might see on various kinds of aircraft. How would you plot them on the chart?

50 mph

150 mph

150 mph

300 mph

200 mph

300 mph

150 GPH

300 GPH

150 GPH

150 GPH

600 GPH

600 GPH

100 mph

250 mph

300 mph

500 mph

500 mph

300 GPH

500 GPH

300 GPH

250 GPH

500 GPH

Note: In general , bigger airplanes will burn more GPH for a given speed, smaller airplanes can go faster for a given fuel burn, hence the wide
range of combinations. Large airliners will do 550 mph while burning roughly 3000 to 5000 GPH. Business jets do ~400 mph while burning
100-200 GPH, as little as 65 GPH for the smallest bizjets. An 86-foot yacht might cruise at 22 mph while burning 110 GPH. Two 2000-ton
locomotives will go at 40 to 70 mph (depending on incline/gradient) while burning 250 GPH. (That’s about the same MPG as a 767 or A330,
but carrying 40 to 80 times the payload). Just some rough ballpark numbers for various kinds of vehicles, for fun.

Four-seater single-engine airplanes (e.g. Cessna, Cirrus) typically do 100 mph at 7 GPH, or 150 mph at 10 GPH. Two-seaters (e.g. LSAs, RVs,
EZs) range from 80 mph at 3 GPH to 140 mph at 4 GPH to 200mph at 7 GPH. A bus or semi truck will burn 5 to 10 GPH while going at 30 to 70
mph. Cars, of course, cruise around 70 mph and burn roughly 1 (Prius) to 5 (Suburban) GPH.

UnderstandingAirplanes.com
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0.33 MPG

/ Speed and
Fuel Burn

200 mph
600 GPH
0.33 MPG

500 mph
500 GPH
1 MPG

300 mph
300 GPH
1 MPG

100 mp
300 GP|
0.33 MP

500 mph
250 GPH
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50 mph

150 mph

150 GPH

150 GPH

0.33 MPG

1 MPG
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Speed and Fuel Burn

How many miles-per-gallon does each kind of vehicle get? Well, if you think about it,
Miles Per Gallon = Miles Per Hour + Gallons Per Hour, so...

50 mph

100 mph

150 GPH

300 GPH

150 mph

200 mph

0.33 MPG

0.33 MPG

150 GPH

600 GPH

300 mph

300 mph

1 MPG

0.33 MPG

300 GPH

150 GPH

500 mph

500 mph

1 MPG

2 MPG

500 GPH

250 GPH

1 MPG

2 MPG

Notice how, on the chart, the ones with the same MPG seem to line up. This makes sense:

Whether you go 1 MPH burning 1 GPH, or 10 MPH burning 10 GPH, or 500 MPH burning 500 GPH, you’re getting one mile per gallon.

So all the 1 MPG vehicles line up along the line that goes through the origin and has slope 1: e.g. (1,1) and (10,10) and (500,500), etc.

Whether you go 5 MPH burning .1 GPH, or 50 MPH burning 1 GPH, or 500 MPH burning 10 GPH, you’re getting 50 MPG.

So all the 50 MPG vehicles line up along the line that goes through the origin and has slope 1/50t": e.g. (5,.1) and (50,1) and (500,10), etc.

Whether you go 1 MPH burning 20 GPH, or 10 MPH burning 200 GPH, or 50 MPH burning 1000 GPH, you're getting 1/20t" MPG. So

all the 1/20t MPG vehicles line up along the line that goes through the origin and has slope 20: e.g. (1,20) and (10,200) and (50,1000), etc.
This allows us to group all points that have the same MPG into an “MPG line”, and make an MPG line for each MPG value. All
combinations of speed and fuel-burn that have the same MPG will fall on one “MPG line”. For each point, its angle relative to the
origin (i.e. the ratio between its fuel consumption and its speed) gives the MPG.

So this “graph about all vehicles” ends up having a bunch of diagonal lines that all go through the origin,

each line for a certain MPG value. Higher MPG values are found on lines that are lower and to the right.

If I tell you an airplane’s speed and fuel burn, you could use this graph to tell me the miles-per-gallon, by noticing what MPG line goes
through, or near, that particular combination of speed and fuel burn. (Yes, | know you could just use the MPH/GPH=MPG equation
instead of the graph, but... this graphical approach will come in handy in the next slide).

How do we determine an airplane’s most fuel-efficient cruise speed?
Let’s find out.

[Note that, if the vertical axis were “engine power” or “thrust” instead of “fuel burn rate”, then the lines would not be straight, because there is a non-linear relationship between them (i.e. doubling
the engine power or thrust may require more than doubling the fuel burn rate). Making a non-linear version of this graph is left as an exercise to the reader © Such a graph would only apply to one
kind of engine anyways, because the non-linearities between fuel burn and power or thrust are different for different kinds of engines].

UnderstandingAirplanes.com
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Best Speeds

LOWEST DRAG
- BEST ENDURANCE
- FASTEST CLIMB
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HIGHEST MPG
- LONGEST RANGE
- CHEAPEST PER MILE
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Best Speeds

» The speed at the bottom of the power curve is the speed with the least total drag.
— So it requires the least thrust, the least engine power, the least fuel burn.

— This means it’s the longest-endurance speed. Handy for surveillance, sightseeing,
building pilot hours, etc.

“VX”: It’s also the speed where you have the most excess thrust available. That
means it’s the best speed for climbing (i.e. gaining altitude) steeply.

“Best glide”: The highest L/D also means the highest glide ratio. So if you lose all
engine power, this speed will allow you to glide the farthest, the least steeply.

The power curve is horizontal at the bottom ( gradient =0 ), so you can go a little faster
without burning almost any extra fuel: Better MPG. What speed gives the best MPG?

— Remember the MPG graph:
the speed that has the shallowest “straight line to the origin” has the most MPG.

— So draw a straight line from the origin that is tangent to the power curve. That’s
the cruise speed (best MPG) for the airplane with that power curve.

I am “sweeping under the rug” two facts: (1) thrust is not the same thing as power. In fact, power = thrust x speed ... and

(2) most engines have non-linear relationships between fuel burn and power, or fuel burn and thrust. This means, for example, that the MPG
lines you saw in slide 312 should actually be slightly curved. And there are two “lowest drag” speeds: one is Vx for minimum thrust (which
makes for the steepest climb angle and the shallowest glide angle) and the other is Vy for minimum power (which makes for the fastest climb).
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Best Speeds (More Realistic)
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CRUISE SPEED

- ALL OF THESE SPEEDS AND POWER
SETTINGS HAVE ALMOST THE SAME
MPG AS THE OPTIMAL SPEED
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Best Speeds (More Realistic)

In most airplanes, the power curve is not symmetric, it’s more like a “Nike swoosh”, with a
steep left/slow side and a shallower right/fast side that only gets steep again close to
Mach 1. This is because, typically, induced drag only rises steeply at very slow speeds and
high angles of attack. This means two things:

— The minimum-drag speed tends to be very slow, close to the stall speed. In practice, it
Is impractical to fly an airplane so slowly for very long, except gliders and extremely
underpowered airplanes e.g. ultralights and electric airplanes.

The best-MPG speed occurs in a region of the curve that tends to be relatively flat.
That means that applying quite a bit more (or less) power, and going quite a bit faster
(or slower), often results in almost the same MPG as the optimal speed. Most
airplanes cruise at about 115%-120% of the best-MPG speed,

and still get about 90%-95% of the optimal MPG.

One final note: The heavier an airplane gets, the more
induced drag there is, so the more thrust is required
for any given speed... but at least the cruise speed
gets a little faster. That’s because the best cruise LU LA UL
happens at a certain angle of attack, not at a certain ARREAERRIRAR) o2 et (a0
speed! More weight means that more speed is B
needed at that angle of attack to generate enough lift.

Power required
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Best Altitude

Altitude
-Feet- Airplane Altitude
I T

Maximum
40,000 — — — — Cabin Altitude
Allowed

This elapsed time
— shall not exceed
two minutes.

5.000 feet

40000 ft 600 kts

500 kts
30000 ft
400 kts

20000 ft 300 kts
200 kts

10000 ft
100 kts

Ot 0 kts
8:00PM 8:30PM 9:00PM 9:30PM 10:00PM 10:30PM 11:00PM 11:30PM 12:00AM 12:30AM 1:00AM

UnderstandingAirplanes.com



1-2-3-4-5-6-7-8-Part9: Performance - 10 © Bernardo Malfitano

In general: Fly as high as you can! The higher the altitude, the less dense the air. Dynamic pressure is ¥2pV?,
and aerodynamic forces are usually a multiple of dynamic pressure. So if you fly higher (at a lower p)...

- ... either going at a given speed generates less drag, or...

- ... you can go faster and generate the same dynamics pressure and therefore the same lift and drag.

However, there are three complicating factors.

— Air at 40,000 feet is thin enough to cause brain damage after only a couple minutes of exposure. Even in
an emergency loss of cabin pressure, airlines are not allowed to expose passengers to air this thin. So
they generally do not fly higher than ~41,000 feet. FAA regulations also say that the cabin pressure,
typically equivalent to an altitude of 8,000 feet, may not exceed the equivalent of 25,000 feet for more
than 2 minutes: If the pressure drops quickly, the airplane has 120 seconds to descend to 25,000 feet
(and recall that the airplane has a maximum dive speed, typically related to the flutter speed), also
taking into account the crew’s reaction time. Any loss of cabin pressure causes the pilots to quickly
descend to at most 15,000 feet, where the air is safe to breathe, and ideally on to 5,000 feet.

The lower the air pressure, the lower the temperature at which water boils. At 50,000 feet, the pressure
is so low that water boils at room temperature. This means your blood, your saliva, your tears... would
boil at 50,000 feet. This is called the Armstrong Line. Airplanes only fly higher than 50,000 feet if
occupants are wearing pressurized suits (i.e. “astronaut suits”) even if the airplane is pressurized.

Recall that, the higher the CL of a wing (i.e. the higher its angle of attack), the lower its Mcrit (i.e. the
speed at which it begins to make shockwaves, the increase in drag at the start of the “sound barrier”).
As an airplane flies higher into less-dense air, it needs to either fly faster or fly at a higher angle of
attack, i.e. at some altitude it will start to make shockwaves. So most jets cruise at the altitude that is as
high as they can fly without making shockwaves. As they burn fuel and become lighter, the wing does
not need to generate as much lift, so they can then fly up into thinner air without having to increase
speed or angle of attack, i.e. without making shockwaves. So during long flights, jets typically cruise
higher and higher as they burn fuel, because they are able to fly in less and less dense air without
needing speeds or angles of attack that would trigger the formation of shockwaves.

UnderstandingAirplanes.com
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ALTITUDE

“The Envelope”

“THE ENVELOPE”
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“The Envelope”

So far we have been talking about optimal performance. But given
an airplane, what are the extremes of its performance?

Most people know that “pushing the envelope” and “the edge of
the envelope” originate from flight-testing, from exploring these
extremes.

Mathematically, the “envelope” is just the boundary between one
region and another, typically between the region where something
IS possible and the region where it is not possible.

(If you're standing in the middle of a flat field, what are all the
points on the ground that you could hit by throwing a ball? The
circle-shaped line at the edge of this region is its “envelope”).

For airplanes, the “flight envelope” is one of various graphs that
separates safe (or possible) combinations of flight parameters
(typically: speed and altitude) from unsafe (or impossible)
combinations.

The altitude/speed flight envelope typically looks like this. Why?
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“The Envelope”
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“The Envelope”

Assume a “standard day” (sea level at 15°C and 29.92Hg, air gets colder & less dense
with altitude... look up the “standard atmosphere”) and a given airplane with a given
configuration (e g. flaps up, gear up) and a given weight (e.g. max weight).

There is some speed at which the airplane stalls. Specifically, there is some dynamic
pressure ( %2 pV?) at which the airplane hits its “stall” angle of attack. So as density
goes down (e.g. as altitude goes up), that stall speed goes up.

Max engine power gives a max speed... or, rather, a max thrust, which fights a max
drag, at a max dynamic pressure: As you go hlgher you can fIy faster due to lower p.

At increasing Mach numbers, various effects kick in: a shockwave over the wing,
buffeting, Mach tuck, high temperatures, high localized pressures. A jet airplane can
only take so much, and has a max safe Mach number, “MMO”. The speed of sound
goes down with altitude, so the max safe speed starts going down past altitudes where
the airplane is capable of reaching MMO.

At the “coffin corner”, the airplane is both at MMO and on the verge of stalling!
(U-2s cruise there: At ~70K feet, stall buffet at ~425mph, Mach buffet at ~435mph).

Slow airplanes often do not have an unsafe Mach number or the ability to reach VNE
in level flight: You can jam the throttles forward at any altitude. Piston engines do
produce less thrust at altitude. (Jet engines run very lean and don’t need as much
oxygen; Piston engines could use all the oxygen they can get). So a slow airplane can
set the engine at max thrust, and climb until it’s at the verge of a stall: It will be going
as fast as physically possible AND as slow as physically possible, at the same time!

Other factors may “chop off” parts of this graph. Some system, component, or device might not like
certain combinations of speed and altitude.
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Impact of Weight and/or “G’s
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Impact of Weight and/or “G”s

Notice that “the envelope” for a certain airplane
is really the 1G envelope for that airplane at a certain weight.

If the airplane is heavier, it will have worse induced drag, so
the max speed will be lower. And the wings must generate
more lift, i.e. they need more dynamic pressure at the critical
angle of attack at the verge of the stall, so the stall speed (at
any given altitude) gets faster for the heavier airplane.
Therefore, the max altitude becomes lower.

So although lower weight is important for the ability to carry
more payload and have greater fuel efficiency, it is also
important for absolute performance (max speed and altitude).

To the right are four envelopes for a model of the F-16. Two
different weights, and two different power settings. (Not using
afterburners does not change the stall speed but does restrict
the max speed and altitude, almost like being heavier).
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Pulling Gs (i.e. making tight turns) also requires the wings to make more lift.
So, for the exact same reasons, the “2G envelope” and “3G envelope” (and so
on...) of an airplane are smaller and smaller than the 1G envelope.

These multi-G envelopes come in handy for comparing fighters. For what
combinations of speed and altitude can an F-16 pull more Gs than a MiG-29?
If you’re an F-16 pilot, this could be a life-or-death question!
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Payload and Range

Airbus and Boeing: Passengersvs Range
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Payload and Range

The questions “How much stuff/people can this airplane carry?” and “How far can it go?”
(arguably followed by “How does the max takeoff weight go down if the runway is not super long?”)
are the most important when describing a transport airplane (and a bomber, for that matter).

Thinking about these curves is the first step in designing a new airliner. Look at all the commercial flights out there: How
many people do the airlines carry in each flight, and how far does each flight go? Are flights in certain-sized airplanes over
certain distances always full (if so: Make a slightly bigger derivative airplane!) or never full (in which case: Make a slightly
smaller derivative airplane!), are some flights often flown with full fuel and barely able to reach their destinations if there’s a
headwind (if so: Add some fuel tanks!), etc.

In short: If the airlines could change the fuel capacity and/or payload capacity of some of their airplanes, how would they
change them? The answer is typically expressed in terms of payload and range... and the answer drives what airplane should
be developed next.

(Another aspect of this question, also key to “What airplane should be developed next?”: What do the payload-range curves
look like for airplanes due to be retired in 5 to 10 years? If we develop a new airplane to replace them, would it sell? Also,
what markets are currently growing, what regions of the world are seeing more travelers and cargo, what are the distances
of the flights in those markets, and how much stuff/people will they want to be flying over those distances in a few years?)

Different airlines will have different answers to “How would you change the payload and/or fuel capacity of some of your
airplanes” and to “What would the ideal payload-range curve be of the airplanes you think you’ll want to buy in a few
years?”. Island-hoppers in Hawaii or Japan might want lots of payload and relatively little fuel (i.e. higher zero-fuel weights),
airlines flying narrowbodies across the Atlantic will want extra fuel tanks (i.e. more range even when the payload is small),
etc. The airplane manufacturers pay more attention to the airlines that will buy more airplanes. American, Delta, etc. get
what they want; IcelandAir and AeroMexico... maybe not so much.

When Boeing and Airbus decide what their next derivative should look like (How long should the A330NEO fuselage be?
Should the 777-8X have fuel tanks in the belly or just wing tanks?), this is what they think about. What do the airlines want?
How many of this derivative would we sell, how many of that derivative would we sell?

Boeing has a public webpage (!!!) for its “Current Market Outlook”, including a PDF that details the latest forecasts on which
kinds of transport airplanes will sell where in the world, for what kind of role, over the next 20 years. It’s fascinating reading,
and offers hints about what the next Boeing might be like: http://www.boeing.com/commercial/market/long-term-market/downloads/

UnderstandingAirplanes.com
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Payload & Fuel Weights

Payload
Weight
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fuel weight max total
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payload)
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Payload & Fuel Weights

Let’s say that total airplane weight = airplane empty weight + payload weight + fuel weight
An airplane will have a certain max total weight.

An airplane can fly with full fuel tanks, or with a nearly (for some airplanes: totally) full cargo
bay and passenger cabin... but not both. This means the max weight can be reached by any[*]
combination of fuel and payload.

[*] Not “any” combination: (1) The fuel tanks can only hold so much fuel, and also...

(2) There’s a min weight for the fuel, because too much weight in the fuselage and too little
weight in the wings could cause excessively high bending moments at the wing root

(i.e. Structurally, there’s a “max zero-fuel weight” for the airplane).

This means that each airplane can carry any combination of payload and fuel that is bound by
this three-line region. If it fills the tank, it can fly its max range but with limited payload. If it
carries max payload, it won’t be able to fill the tanks and will only have a limited range. Etc.

Most airliners can just about fly with full tanks and max passengers if they don’t also carry
cargo (e.g. mail). If they also want to carry cargo, they will have to fly with less-than-full tanks.
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Payload-Range Curves
and Derivatives
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Payload-Range Curves, and Derivatives

With full tanks, the less payload you have, the lighter the airplane is, and the longer the range gets (because of less
induced drag). So the right-most segment (“full tanks™) of a Payload-Range curve (as opposed to the Payload-Fuel
curve on slide 328) is not vertical: It is slightly diagonal, down and to the right.

The best way to compare the overall capability of different transport airplanes (airliners and cargo freighters) is to
compare their payload-range curves. Again, a transport airplane is defined by how much it can carry, and how far.

For example, look at those widebodies. It should be no surprise that the A380 can carry more payload than any other
airliner, and that the 777-200LR has the longest range. But it turns out you can only fly a full A380 if your range is
relatively short. To carry enough fuel to fly more than about 6600 miles, you can’t carry the maximum number of
people that would physically fit in an A380. Surprisingly, if you're flying farther than about 7600 miles, a 777 can carry
more people than an A380! Similarly for the 747, which is bigger, versus the A340, which can fly very far and still carry
pretty close to its max capacity.

As we will discuss in the next slide, a set of closely-related derivatives (e.g. some variants of the 777) will have slightly
different payload-range curves. Some can carry more fuel (e.g. have auxiliary tanks in the belly), some can carry more
payload (i.e. have longer fuselages and stronger wings). If the max weight is the same, then at the same payload, the
longer one will have less range... and to make the same range, the longer one must carry less payload. This is due to
the higher structural weight of the longer one.

Even a single airplane (e.g. 777-200LR) will have different payload-range curves depending on its max weight. On a
hotter day and/or while taking off from a shorter runway, the 777 has to take off with a lower max weight, so it must
sacrifice some fuel (range) and/or some payload. And the addition of auxiliary tanks in the belly would allow for even
longer ranges if operators are willing to sacrifice payload (i.e. not carry as many people).

Data is gathered about the payload and fuel load of commercial flights. So given an airplane type (e.g. the A300
Freighter, and/or the 777-200ER), this data could be displayed as red dots plotted on the payload-range curve. The
payload-range curve is an envelope of maximum allowed combinations, so typical flights are not right up against these
limits. Do most flights come close to carrying the max payload? Or to requiring the airplane to fly its maximum range?
That data — the red dots — inform the airplane manufacturer about how airlines are actually flying the airplanes, about
how the airplane could be modified in order to help it sell better. (For example: Look at these red dots. Airlines seem
to never carry as many people as possible in their 777-200ERs, but some do fly these airplanes very close to their max
range. So Boeing should make a longer-range version! This is where the 777-200LR came from). That brings us to...

UnderstandingAirplanes.com
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Say that operators want an airplane like yours, but with more range, or with the capability to carry more payload...
(or so you deduce, from the model’s usage data statistics). So you decide you want to design and sell a derivative.

Increasing the max weight.

Typically, a version of an airplane with a bigger fuselage and/or carrying more fuel will be heavier! This will require serious
engineering (i.e. inve$tment) to develop: Bigger engines, stronger landing gear and control surfaces and wing and fuselage
structure (to deal with the higher loads from the higher weight). Maybe even larger wings and high-lift devices. If this is what
the market wants, it often pays to do it. Examples: 777-300 and 200ER, MD-80, 737-900, A321, 747-8, 787-9, Cessna 207.

Could your derivative carry more payload without needing a higher overall max weight?

If your customers often fill up the airplane but rarely fly it very far... Could they put more weight in the fuselage (payload) and
less weight in the wings (fuel)? Only to a limit, because this would cause more wing-bending. A derivative that addresses this
demand would have to beef up the wings (or implement Maneuver Load Alleviation) so they can take the higher bending.
The fuselage is then typically “stretched” i.e. lengthened (more seats and/or cargo volume) and correspondingly
strengthened (there’ll be higher fuselage bending loads in the middle of the longer tube). The elevators and horizontal stab’s
need to be strengthened too, to provide greater maneuvering forces (due to the higher moment of inertia, and the longer
size means the tips of the fuselage need to move faster through the air). Taller landing gear is ideal but typically impractical,
so typically we add a tail skid. These changes increase the structural weight (beyond just the weight of the added “hoops” of
fuselage), so if the max weight stays the same, your useful load (payload + fuel) decreases. Examples: DC-8-61, E-195, 787-10.

Could your derivative fly further without needing a higher overall max weight?

If your customers rarely fill up the airplane, but fly it to the limit of its range... just add auxiliary tanks to the belly. Simple!
Cheap! But filling those tanks would mean the fuselage can’t be filled... unless the fuselage is shortened. Shortening the fuse
requires a larger rudder, to make up for the shorter moment arm, in case of an engine-out. But a shorter fuse allows for more
lightweight structure, so even more weight (not just the weight of the removed fuselage “hoop”) is “freed up” for even more
fuel. That structural weight reduction would be less simple (more expensive) than just adding aux belly tanks, but would
make for a more capable airplane, if the market is willing to pay for it. Examples: 720, 737-500, 747SP, ERJ-135LR, A330-200.

Note: If you value affordability over efficiency, and foresee a “family” for your new airplane, you could over-design the original
model so that fewer modifications are needed for the derivatives: Start off with extra-strong fuselage and wings and horizontal stab
in case you want to make a stretch later, an extra large rudder in case you might want to make a shortened version, etc. If you do,
the derivatives will require less re-engineering so they cost less to develop... However, each derivative ends up less optimized, i.e.
less fuel-efficient. (Airbus generally does this more than Boeing, making Airbus airplanes cheaper but less fuel-efficient).

For more on these topics: http://www.theicct.org/sites/default/files/publications/aircraft_efficiency trends.pdf

http://catsr.ite.gmu.edu/SYST660/aircraft payload range analysis for financiers  v1.pdf

UnderstandingAirplanes.com
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For even more information...
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This has been a “reduced” version of my Understanding Airplanes course.

The “full” version also includes “special topics” that do not apply to most
mainstream airplanes but that are very interesting: Aerobatics, stealth
airplane design, vertical takeoff and landing technologies, aviation safety
statistics and trends, record-breaking airplanes, and the latest developments
in the world of aerospace technology such as reusable spacecraft, geared-
turbofan airliners, automation, more fuel-efficient approaches to landing,
parachutes that can save an entire airplane, etc.

However, the full slide decks for these “special topics” are available at
UnderstandingAirplanes.com in the “Resources” page. Feel free to download
them, print them, share them, etc. | hope to soon be adding videos of these
“special topics” presentation to the website.

UnderstandingAirplanes.com ‘s “Resources” page also contains tons of links
to informative videos, online courses, books, talks, and other resources about
airplanes, aeronautical engineering, aviation history, and flying. Check it out!

Any feedback would be sincerely appreciated: UnderstandingAirplanes@Gmail.com

Thank you! ©
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