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Lecture - 48
Tutorial on Initial Sizing of Transport Aircraft
Hello, let us have a look at how we can do the initial sizing of a civil transport aircraft. And we
will take Boeing 787 - 8 Dreamliner as our test case.
(Refer Slide Time: 00:33)

Colour Scheme in this Presentation

a General Instructions

2 Specified Values
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a Calculated Values

a Comparison Values
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In this presentation, we will follow a color scheme, please understand this scheme so that you

know what the various colors mean. General instructions like this will be in brown color, if
there are any specified values from the database of Boeing 787, then they will be shown in
black color. The blue color will be the assumed values. The calculations to be carried out will
be marked with red color, so that the moment you see a red color, it means some calculations

need to be done.

And this pause button it will be aid to your memories, so that you can stop the video when you
see this button, do the calculations and then resume. And the values which are calculated will
be shown in dark blue color. Towards the end we will compare our data with some source and
those comparison values will be shown in green color.
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What is Initial Sizing ?

a Estimation of its design take-off gross weight W,

« Weight at the start of the design mission profile
2 Mission Profile specified by the user
2 Additional Requirements by Regulatory Bodies

Let us understand what is meant by initial sizing. At this point | hope you have already seen

the video regarding initial sizing because this tutorial can only be done if you have already seen
the video and if you understand what is initial sizing. So if you have not done I would suggest
you stop here go back and watch those clips. If not you can go ahead. So as we know initial
sizing is the estimation of aircrafts design gross weight Wo before it starts the design mission.
The mission profile is specified by the user. But there are certain additional requirements which
are given by the regulatory bodies.

(Refer Slide Time: 02:14

Source of Data and Comparison

a Boeing 787 8 (Dreamliner) sample analysis. (2005)
» PIANO Software Checkout: www.piano.aero

e

Let us look at the source of the data and comparison for this particular tutorial. We have used

the output provided by the Dimitri Simos of the piano software, so check out www.piano.aero

, to where the code is described. And we are going to use Boeing Dreamliner sample analysis

carried out in 2005 as our baseline.


http://www.piano.aero/
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Useful Data about Boeing B 787-8
« No.of passengars | W =224
« Weight of Oparational Nems W Stame » 963 b= 437 kg
« Maximum payload waight W ot = 100000 Ib = 45372 kg
« Mass of oach pax + baggage =210 1b =952 kg
~ Mass of sach crew + baggage = 2001 =907 kg
« Crulse Specific Fue! Consumption SFC = 1492 mgiNs
+ Loiter Specific Fusl Consumption SFC,, = 11,89 mg/N=»
‘ .)- Wing Aspect Ratio A = 1058
Source: Simos, 0., B787-0 Sample Anatysis (2005), PLAND, www. piano. aero

Let us look at some useful data about Boeing 787 - 8 which we will need to do this tutorial and
the source of this data is also from the output on piano by Simos. We are going to look at a
baseline case with 224 passengers. And the operational items which are going to be carried by
the crew members to serve these passengers would be 963 pounds or 437 kg. So we will add

this in the crew weight.

The maximum payload weight of the aircraft is 100000 pounds or around 45.372 tonnes. It is
assumed that the mass of the baggage and the passengers would be 210 pounds and for the
crew members it would be 200 pounds each. Now from the source given by the Dimitri Simos,
we know that the cruise specific fuel consumption of this aircraft in loiter and cruise phases are
specified as mentioned.

We have mentioned here the units in the SI system, the data is actually provided in terms of
pounds per hour divided by pound force, but we have converted that number into milligrams
per Newton seconds. And of course, the wing aspect ratio is 10.58.
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Let us look at the mission profile of Boeing 787. The mission profile that we will consider will
be a simple one which will involve several segments. So the first segment will be the warm up
taxi out and take off. The next would be the climb segment. After that we have a cruise segment
and it is mentioned that the cruise altitude is 37000 feet, Mach number is 0.850 and the total
distance to be covered in cruise is around 8000 nautical miles.
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Mission Profile of Boeing B-787-8
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And then we have the descent segment we descend down to the loiter altitude and then there is
a loiter for about 30 minutes. After which you have a missed approach.
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Mission Profile of Boeing B-787-8

0t Warmng. Tasiout & Take ot
13 Crimts

23 Crwee

34 Duscen

45 Lwver

-4 Missad Agproach & Diveruen

And then you divert the aircraft and travel a distance of 200 nautical miles at a Mach number
of 0.535, while flying at an altitude of 22117 feet, these numbers have come from the source,
which | have already mentioned to you.

(Refer Slide Time: 05:21)



Mission Profile of Boeing B-787-8
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And finally, the last segment is the approach and land segment. So this table shows you the
data to be used. And because it is in black color, it is understood that this information is
specified by the user as a mission profile. One more point you need to know which is the reserve
fuel fraction, how much is the additional fuel to be carried beyond the mission fuel that is 5%.
(Refer Slide Time: 05:47

Take-off weight build-up
o wo > wctow * wpny + w'\ml + wompty

« Weight of Structure, Engines, LG, Equipment, Avionics, etc
aW_ . . and W, _, are known
» User-specified Requirements & Regulations

3 Wio & W00y @re unknowns to be determined

)

So, the first step initial sizing is the takeoff weight buildup. So the takeoff weight can be
considered to be a summation of 4 items, the crew weight, which includes the items, the
operational items, the payload, the fuel and the empty weight. The empty weight would be the
weight of the structure, the engines, the landing gear, equipment, avionics etc. Now in this
particular situation, W,,.., is available from operational requirements as well as some

regulatory requirements.



ANd Wyay10aq 1S @ specified number. So therefore, if we can somehow estimate Wp,,; and
Wempty, then we can get a first estimate for W,, which is the initial sizing. So the problem now
is to determine the values of W, and Wy, and Wep,,.,,. SO these are the 2 unknowns which
are to be determined.
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Equation for Initial Sizing
W,=W,. +W, +W,, +W,

ompey

W..+tW.

W W, |
W W,

W o= i

=, +w,

{ ) W & W, are the two unknowns to be determined

The equations for initial sizing are very straightforward. As | mentioned, you can replace W,

by a summation of 4 terms. But since 2 of these terms are specified by the requirements of the
mission, we keep them in the numerator, and we take the remaining 2 terms in the denominator,
and then we divide by W, on both sides. So we get 2 ratios, the empty weight ratio and the fuel
weight ratio. So now, since the numerator is known, therefore to calculate IW,, we only need to
calculate w, and wy, which are the remaining 2 unknowns.

(Refer Slide Time: 07:29

W, .. estimation for B787-8

Cockpit Crew Cabin Crew
« Alleast 2, more for flight = 8 s « Atleast one per 35 pax
« B787-8 has space for 4 « B787-8 has space for 7

Crew Weight estimation
Crow Waeight = 11°(200) = 2200 Ib = 1000 kg
W, * Weight of Operating llems = 863 Ib = 437 kg

Thus, W,,.., = 1000 + 437 = 1437 kg

®




Let us see how the crew weight for Boeing 787-8 is estimated. There are 2 kinds of crew there
is a cockpit crew inside the cockpit and there is a cabin crew inside the cabin. As per regulatory
requirements that have to be minimum 2 pilots in the cockpit. But for durations more than 8

hours, we need at least 2 more. In our case, the flight is around 8000 nautical miles.

So surely it will travel for more than 8 hours. So we will assume that we will occupy the entire
space of 4 crew members. So there will be 4 crew members in the cockpit. In the cabin, we
require 1 crew member for every 35 passengers to ensure their safety during emergencies and
also their comfort and to provide them services. In case of Boeing 787 there is a provision for

7 crew members. So we will assume that all 7 are presence.

Which means, there are totally 11 crew members, each of whom is 200 pounds for their weight
and for their baggage. So therefore the crew weight turns out to be 1000 kilograms. But
remember, we have to also carry operational items, and this has been specified as 963 pounds,
so therefore the total crew weight would be 1437 kilograms.

(Refer Slide Time: 08:50

wpav
3 W ® Woae * Weaos + Weare
3 W, (Ib) = ng,, (210) + W, (Ib)
3 W,,, (kg) = Ny, (95.3) + W, (kg)

estimation for Transport Aircraft

u For B787-8
« Max. W, = 100000 Ib = 45372 kg
* Ny = 224, hence pax. W, = 21347.2 kg
o Woame = max W - pax W = 45372 - 21347.2 kg
* W = 24025 kg

ary

®

Let us look at the Wi,4,104q €Stimation. In this case, of course it is already specified. But just

to complete our information. The payload consists of passengers, weight of the passengers,
weight of the baggage and the weight of cargo. In our case, we have been told that each
passenger weighs 210 pounds. So when we calculate the payload weight in pounds, we will

use this simple formula, converting it into kilograms, we can use the formula as shown.



For Boeing 787 - 8 we are told that the maximum payload is 100000 pounds. So since there
are 224 passengers, therefore the payload with all the passengers and their baggage will be
21347.2. And in our design mission, we assume that we do not carry any extra cargo. However
because we can carry a total of 200000 pounds, therefore if required the cargo can be carried
to the tune of 24 tonnes approximately. But in our case, we are going to assume for the design
mission that you are only carrying the 224 passengers and their baggage.

(Refer Slide Time: 10:01)
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ESTIMATION OF EMPTY WEIGHT FRACTION

1-)

Now let us see how we estimate the empty weight fraction. As | mentioned, 2 unknowns are
remaining, the empty weight fraction and the fuel weight fraction. For the empty weight
fraction, we normally reach out to historical information.

(Refer Slide Time: 10:15

Estimation of empty weight fraction w,
w, =AW K,

a Where “A” and “C" are constants
a Values from statistical curve-fits for various a/c types
a K,, is a factor depending on the a/c sweep

« K., = 1.00 for conventional, fixed-wing

« K., = 1.04 for wing with variable sweep

So if you refer to the standard textbook by Daniel Raymer, the formula is AW Ky s, where A

and C are constants. And their values are different for different aircraft types. And we obtain



these values from statistical curve fits, as | will show you very shortly. The term K s takes care
of the additional weight due to variable sweep. So in our case, there is no variable sweep. It is

a fixed wing aircraft, so this factor will be 1.0.

However, if we design an aircraft with variable sweep, the additional weight because of that
would be approximately 4% of the empty weight fractions. So therefore, we have to add a
factor of 1.04.

(Refer Slide Time: 11:02)

Empty Weight Fraction Trends
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So, if you look at the textbook by Daniel Raymer, there is a table given where the coefficients

A and C, both in metric units, that is in kilograms, and in pounds are specified, the coefficient
C remains the same, whether you use the power remains the same whether you use the value
in pounds or in kilograms.
(Refer Slide Time: 11:27

Empty Weight Fraction Trends
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So since we are going to work in SI system, we will not worry about the units in pounds, so we
will go into metric. And since our aircraft is a jet transport aircraft, we have to use the values
as 0.97 for A, when Wy is in kilograms and -0.06 for C.

(Refer Slide Time: 11:47)
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Let us have a look at how the empty weight fraction trends are there for various aircraft type.
So, in this particular figure, the largest coefficients are generally for flying boats, you can see
they can go as to as high as 0.7, followed by jet fighters, jet trainer, general aircraft general
aviation twin engine aircraft, powered sailplane, twin turboprop, agricultural aircraft,
homebuilt metal or wood aircraft, homebuilt composite aircraft, sailplane unpowered, general

aviation single engine aircraft.

This is the curve for jet transport with which we are interested. Notice that the empty weight
fractions can go as high as nearly 0.53 or 0.54 depending on the aircraft weight. And the lightest
fractions are for the military cargo, which are seldom beyond the value of 0.44 or 0.45. So the
highest empty weight fractions are seen for the flying boat and the lowest empty weight
fractions are seen generally for the military cargo aircraft.

(Refer Slide Time: 13:04)



Empty Weight Fraction Estimation
= Trend lines for a/c types
» Choose relevant line
* Assume Wqg
« Estimate w,
* For B787-8, W, = 77 o 0

« we =097 wtolo 06
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So, this entire figure is shown in one shot in this particular graph, which is taken from the

textbook by Raymer. So, we have seen, so what we need to do is we need to choose a line
which is relevant to our type in our case it is jet transport. We assume some value of W 0 for
example, if he assumed the weight to be 100000 pounds, a 100000 kgs then we can estimate w
e bar directly as a ratio. So if the extra weight is 100000 kgs then the empty weight fraction is
around 0.49.

What do we do for Boeing 787 - 8. Unfortunately, we do not know its gross takeoff weight that

is what we have to determine. So therefore, we cannot use this method directly we cannot get

the empty weight fraction as a number. We have to use this expression because in our case W

takeoff is itself a variable which has to be determined. So therefore, we will use the expression
w, = 0.97W; 206

(Refer Slide Time: 14:11)



Estimation of mission fuel fraction w,

. Wmm ~ an»\u.r et * w tmsnrvn el
o W nsion s dEpEnds on

+ Type of mission, Aircraft asrodynamics and Engine SFC
« W, ... required for

1. Missed Approach, Diversion & Hold

2. Navigational errors and Roule weather effects

3 Trapped Fuel (nearly 0.5% 10 1 % of 1otal fuel)

« Assumption
o Wi s semre Proportional to W R
' ') « Hence wy is independent of the aircraft weight

Let us look at how we estimate the next variable which is the mission fuel fraction. So, just a
recap, the fuel in the aircraft is basically mission fuel and reserve fuel. The mission fuel depends
on the type of the mission that you are flying, the aerodynamics of the aircraft and the engine
SFCs. We need reserve fuel for 3 major contingencies either for missed approach diversion or
hold.

Or some errors in navigation because of and also route weather effects and plus a small amount
of fuel will be trapped in the pipelines, which will not be available to you. So in our method
that we follow for initial sizing, we have a very fundamental assumption that the mission fuel
segment weight is proportional to the aircraft weight in that segment. So, a heavier aircraft is

going to consume more fuel and hence give a higher fraction.

And also we have to assume that the value of this view is independent of the general aircraft
weight, it only depends upon the weight of the aircraft in that specific mission, it does not
depend upon the weight of the aircraft in the other missions.

(Refer Slide Time: 15:25)



Estimation of Mission Segment Weights
= Mission segmants are numbered, with 0" = start and 7" = end
« Mission segment weight fraction for ™ segment = W/W

» Total fuel weight fraction = (W, W,

Wo \We AW X/ w, e Wy We )
1
s -

=
W

So, going ahead here is our basic simple mission profile. So we number the segments from 0

to 7 with 0 being that start and 1 being the takeoff and 2 being climb et cetera, et cetera. So for

the ith segment, the mission segment weight will be Wi And the total fraction will be % in
0

i-1

this case, which can be obtained by just a multiplication of the individual mission fuel weight

segment fraction.

So, because of the assumption that we have made, this particular equation becomes very simple.
So, all you need to do now is calculate using some method or by assumptions, the weight of
the aircraft at the end of the mission divided by the weight of the aircraft at the beginning of
that particular segment. So for every segment, we have to now calculate the ratio as weight at

the end of the segment upon weight at the beginning of that segment.

So for takeoff, we are going to use some historical information, for climb also we will use some

historical information, for descent we are going to ignore the weights. So this number % will
3

be equal to 1. And similarly, for the land, for the approach and landing we are going to assume

from historical data. So, 3 of the mission segments are assumed from historical data, one of

them is assumed to be a segment which does not consume any fuel.

So what is remaining now is 3 segments, % that is the cruise segment, % which is the loiter
4

2

segment, and % which is the diversion segment. So all we need to do now is to calculate the
5



segment fuel fraction for these 3 segments. And then we can multiply all these terms together
to get the total fuel fraction.
(Refer Slide Time: 17:32)

Estimation of Mission Segment Weights
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So, as | mentioned for 3 of these segments, that is the warm up takeoff and landing, and also

climb, we are going to assume it from this table given by Daniel Raymer. And we will also
assume that the fuel consumed as well as the distance travelled during the descent segments is
going to be ignored.

(Refer Slide Time: 17:55

Effect of using historical data
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So what happens when you use historical data is that in this mission, this was the basic equation.

And 3 of these ratios, or other 4 of these ratios are now replaced by, values available from
historical data. So if you multiply those 3 that is 0.97 into 0.985 into 0.995, you will get 0.9506.



In other words, % is simply going to be a multiplication of the fuel fraction in 3 segments the
0

cruise segment, the descent and for the loiter segment and the diversion segment.
(Refer Slide Time: 18:41)

ESTIMATION OF MAX L/D
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So before that, we need to estimate the (%) . And again, we look at historical data.
max

(Refer Slide Time: 18:48

Approx. values of Cruise L/D max
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Because there is no other way you can do it at this stage of the design when you do not know

much about your aircraft. So first of all, let us look at what are the approximate values of %,

cruise (%) . So for a commercial jet transport is generally specified that the values of
max

(5) would be nearly about 15 to 18. And the average would be 14.4. So if you do not have
max

any information on you do not have any data about the aircraft you are safe to assume these



values. However, please note that modern day aircraft have a very high (%) values typically
max

of the order of 20.

(Refer Slide Time: 19:26)
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So here is a graph taken from Raymers textbook which talks about the wetted area ratio that is

% for various aircraft types on the basis of their shapes. So what we do is we eyeball our
ref

aircraft in this particular figure, we have a rough idea right now about how our aircraft will
look like. So you just locate where your aircraft will roughly fit. And then just read the value

Of Swet
Sref.

So for Boeing 787 - 8 where do you think it will fit. So I think the aircraft figure is very similar
to Boeing 747 except that Boeing 787 has got a much more slender wing compared to Boeing
787. So that is why it is positioned slightly below and slightly to the left of Boeing 747. So it
S

°t at that particular point turns out to be 6. So roughly it is a

sure turns out that the value of SW
ref

whole number.
(Refer Slide Time: 20:36)



Max. L/D vi/s AR,
» Calculate Wetted AR,

* Locate applicable line

» Estimate L/O,, e " —

« For B787-8

o Ay =10.58

* Wetted A, = 10.58/6 =777

* Wetted A =176
| ) Hence, [L/D],.., =21

So, that means you calculate the reference area of this aircraft multiply by 6 you will get the

wetted area. Now, once you know the wetted area, you can calculate the wetted aspect ratio.

And then there is this figure which shows the typical (%) values for various types of aircraft

max
as a function of the wetted aspect ratio. So first you calculate the wetted aspect ratio, which is

Swet

aspect ratio divide by the ratio that we got in the previous slide T
ref

So, we locate the applicable line for us and then we estimate the (5) . For Boeing 787 - 8
max

the line would be the top most line which is for civil jets. We know that the wing aspect ratio

wet

is 10.58. And just now, we have seen that the i— ratio is going to be approximately 6. So,
ref

please pause the video here and calculate the value of the weighted aspect ratio, it will be 10.58

divided by 6, the number comes out to be 1.76.

So then in this graph, what we do is, we start from 1.76 go to the appropriate line and then take
a left turn and hit the vertical axis we see that the value of % is estimated to be approximately
21. So this is how you can estimate the max % of the aircraft.

(Refer Slide Time: 22:05)



Usng manon profie and hisloncal data for engines |

ESTIMATION OF FUEL WEIGHT FRACTION

%)

Now, fuel weight fraction is estimated using mission profile and the historical data for engines.
(Refer Slide Time: 22:13

Fuel Fraction in Cruise segment W,/W,

Cruise segment mission weight fraction can be

estimated using the Breguet Range Equation
[ i W
. In t

R= |
¢ ! | W

R = Cruise Range (m)
Cindos Speciic Fuel consumpbon in crulse (per sec)
Venas = Cruise Veloaty (nvs)
V0L, e = Optimum IR to drag rabo during cruise
| ) = 0.866"[L/D],., for Jet engined alc

So, first let us look at there are 3 segments for which we need the fuel fraction in first is cruise,

the other is the loiter and third is the diversion which is also a cruise. So, for % ratio we assume
2

that we can follow the Breguet range equation, which is as shown in the screen. So what you

need is Vi ryiser SFCoryise (%) and if you know the value of R, then you can invert this

cruise
expression and you can easily get the value of %
Where R is the cruise range, ¢ cruise to this specific fuel consumption per second. Remember
the units are very important. Notice that the units of velocity are meters per second, and the

units of range are meters, so therefore, to balance the units on both sides, since L/D is



dimensionless and log of weight ratio is dimensionless the units of c.,;5. have to be per

second. Then in that case it will balance the units on both sides.

So, the value of ¢ cruise given in the requirements or in specifications is not in the units of per
second but we will convert it. And since we are looking at optimization of the fuel fraction for

a range of a transport aircraft, we know that the

(5)...... = 256+ 5)
J— — . *x | —
D cruise D max

(Refer Slide Time: 23:42)

Estimation of W.,/W, for B787-8

= Specifications
* R_, = 8034 nm = 14887 km
* H,=37000 ft = 112776 m
« M, =085
» Data
* a@H_, = 295.05 m/s
* LD, =21
« SFC_, =14.92 mg/Ns
= 1.4632x104/s

®

So let us see how to estimate the % So what are the specifications, it is specified that the R
2

cruise is 8034 nautical miles, which is 14887 kilometers. We also know the cruising altitude
and you also know the cruising mach number. So first thing we do is we calculate the value of
sonic speed at that particular altitude. This you can get from the atmospheric tables or you can

calculate based on the value of temperature. (%) was just previously calculated as 21. SFC
max

cruise is given as 14.92 milligrams per Newtons second.

This is the value inputted from the Piano data, it has to be converted into per second by
multiplying by 9.807 that is g and dividing by the 10 power 6 to convert the milligrams into
kilograms.

(Refer Slide Time: 24:34)



Estimation of W,/W,, for B787-8

» Calculate V_, LID_, W,J/W,
« V., =0.85'205.05= 250.81 m/s
« LD, =0.866"21 = 18.186

e LR P
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So let us calculate the values of V, L/D and % So V simply mach number into the sonic speed
2

which is 250.81. And (5) ~150.866 times 21, which is already known. So by inverting the
crutse
equation, you can simply get
__ Rxc
L
% =e V*(E)cruise
W,
And we get the value of
s _ 0.6205
w,

(Refer Slide Time: 25:06)

Fuel Fraction in Loiter segment W,/W,

Loiter sogment mission weight fraction can be

estimated using the Breguet Endurance Equation

| W
' L In A

/ |
Loy | W

E = Endurance (sec)
Cioimer = Specific Fuel consumption In Lolter (per sec)
(] ) N = Optimum lift to drag ratio during loiter

= [LD],.. for Jet engined alc
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Moving ahead, let us look at the fuel fraction in loiter segment % Again for this we use a
4

Breguet endurance equation
1L W,
E=-——1
cD W,

Here endurance ease in seconds and hence the SFCC loiter also has to be in per second, L/D

and log weight ratio are dimensionless. Now, since we are looking at turbo jet engine aircraft,
the L/D in loiter should be equal to L/D max.
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Estimation of W;/W, for B787-8

« Calculate L/D, and W,/W,
« LD, =LD,,, =21

" 100n | LAY
w,

[
e P v

« 5 = 09901
W,

{ )

So let us see how these numbers pan out for Boeing 787 - 8. The endurance time is half an hour

or 1800 seconds and L/D is 21, SFC already given in, during the loiter segment. So, just

calculate the value of % in the same fashion. So first you calculate L/D in during the loiter

4

which is equal to L/D max which is 21 and then you put in e power minus endurance into SFC
divided by L/D, you get the value of 0.9901. So there is a very small loss in the fuel fraction
during a half an hour cruise
(Refer Slide Time: 26:24)



Estimation of Wg/W; for B787-8

« Calculate V,, LID,, W/W,

« T@H,, =268.16-0.0065°6741.2 %244.34
. a@H, =314.52 mis

* V,, =0535'314.52= 167.65 m/s
« LD, =0.866"21 = 16.186

TR . .

» y- dx 1704-10" 1402200

o« ~L_Jelhhe =g (CLFS N TR
Wy

%) « %t - 0.0824

Then you go to diversion segment. Diversion segment is like a cruise segment. So therefore,

the same formula applies, the same condition of 0.866 times L/D max also applies only thing

is that the Vi yise» SFCeryise (%) will change because it is at a different operating

cruise

condition. So, let us see how it is calculated for diversion we are given that the distance to be
travelled is 200 nautical miles at a height of 22117 feet at a mach number of 0.535.

So, (%) was 21 as obtained earlier, SFC during diversion is given. So you can convert it to
max

per seconds, and then you just calculate the values of V, L/D and weight ratio. So, V is obtained
by calculating T
T = 288.16 — 0.0065 * 6741.2 = 244.34 K

then when you know the value of T

a = ./yRT

and since, you know the mach number you can get the value of V and L/D is also available to

you as a input. So, with that you can get % =0.9824.
5
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Estimation of mission fuel fraction for B787-8
Rocall that : 2 — n.9506« Y. Ws W3
W, Ws W, Wy
W,/W, = 0.9506°0.9824°0.9901°0.6205 = 0.5737
WW, = G, = [1+REE]11-W /W, ]
where RFF = Reserve Fuel Fraction = 0.05

Thus, G, = [1+0,051'(1-0.5737] = 777 (D

| -}.= 0.4476

Let us estimate the mission fuel fraction for Boeing 787. This is our equation which had putting
together of the various constant terms. So at this point I think you should pause and have a look

at the numbers and calculate the values. So we get it as 0.5737. And to bring in the fact that we

need to carry 5% more mission fuel, we are saying that % = wy which you obtained earlier, to
0

be changed slightly.

And the index of 0.8 has to be changed the reserve fuel fraction is 5%. So therefore,
wr = (1+0.05) * (1 —0.5737)
Please take a pause and calculate the value. The value comes out to be 0.4476.

(Refer Slide Time: 28:35

Design Gross Weight Estimation
Werew + Wi, 1437 + 21347.2

.= W, =
(1 —aw, " —w, [1=097w, %% - 0.4476]

w

Solved iteratively by assuming initial W, = 4(W,, +W....) = 91136.8 ({J[D

LS 8 048007 350548
* 0. 5" (ISAS4B+S1136 8) » 123706 0ATITS 305166
= 0.57133700+300168) = 219438 Q.46378 256004
= 0.5"(250094+210436) = 228215 0.46148 250552
247831 0.£6041 241032
| ,) Converged value of W, = 247631 kg

So, this is our equation the master equation for the initial sizing in which we have replaced
W, = AW;©



w; remains and we have just reproduced here the values from the previous slides. So, Werew Is

the weight of the crew members plus the operating items which is 1437 kg, W pay is the design
payload. This is the payload of these 224 passengers at the rate of 293.2 kgs each and the values
of A and C from Raymers table are taken directly here for a jet transport aircraft.

And we have just calculated the value of fuel fraction, mission fuel fraction as 0.4476. So what
we do now is we now solve iteratively we assume the first value of W 0 as 4 times the payload
plus crew. So being while doing that, you can have LHS as that value, then you calculate the
value of w, = 0.97W,; %96 which is the w e bar and with that you can calculate the RHS you

can see there is a huge difference.

So, in the next iteration, what you do is you can take the average of the new RHS and the old
LHS and repeat the calculations and you keep on doing this iteration a few times, few more
times. And finally is going to converge to a value of 247631 kgs.

(Refer Slide Time: 30:08

Mission Segment Fuel Weights

Estimated v/s Quoted Values (kg)
Seg [Estimated [Estinated  PANO ”[‘mim i :
| MaFF = Fusi I' Fuel 1 |

%) 09700 | a3t " © 508 | Grossly Overnstimated

12 | ooesol 3604 | as | <17 Underwstimated |
33 | osa0s weaas | 22 Overestimated |
34 1 0000 0 + 100 Descert Fusl Neglectod

5 | 00001 1400 | | "

‘s6 | ooeza, 2501 .l 12

&7 | 09980 114 I « 203 | Growsty Overwstimated

RF | 00800 sans | | 35 Oversstimated '
(W | | 105501 | w312 | « 39 Oversstemated

i ') Source: Simon. D, BT07-8 Sampis Analysis (2005], PIAND, wew. planc asro

Now let us see the comparison between what we got and what has been quoted by Piano. So

for the first segment that is a warm up taxi out we have estimated the weight to be 7431 kgs,
whereas piano it is 1115, there is a gross overestimation. For the climb segment, we have
obtained 3604 whereas, the value quoted is 4323, so that is a under estimation by us. During
the cruise, the value obtained by us is overestimated by 22%.

During the descent, we have ignored the fuel consumed, whereas in piano there is a fuel of 216

kgs. So of course, there is a very large mismatch. For the loiter segment, there is a reasonably



good match of around 11% we have slightly under estimated, but for the loiter segment, we

have overestimated by the same amount approximately 12%. So this is also okay

And again if you go for the landing, we have done a gross overestimation because we have
used the Raymers formula, with that you, get a number of 714, whereas the actual value given
by piano is only 181 kgs. Finally, the reserve fuel fraction will be overestimated because there
IS a gross mistake in the estimation of the fuel and hence there is also an overestimation in the
mission fuel, in the reserve fuel. So the total fuel estimation is around 30% beyond.

(Refer Slide Time: 31:49

Aircraft Weight Breakdown
Estimated v/s Quoted Values (kg)

Remarks

ence
Empty Weight Ratio | 0.4604 il | -7 | Underestimated

Fuel Weight Ratio 04478 03807 | <15 Underestimated
Empty Welght | w821 | 107083 | -18 | Undarestimated
Fuel Weight | 110840 ) +29 Ovorsstimated
Gross Weight | aaredn] 3| "+ 15 Overustimated

') Source: Simoa. D.. B787.8 Sample Analysis (2005 PMAND, www. plano. aeco

Now we have to worry, we have to also look at the ratios. So empty weight ratio has been

underestimated the actual value is 0.4959, but we have got 0.4604. Fuel weight ratio as |
mentioned there is a 15% excess. Empty weight has also been underestimated and fuel weight
has been overestimated. In short there is a 15% overestimate in the gross weight.

(Refer Slide Time: 32:16)
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Why errors in Mission Fuel Segments ?
a Warmup, Taxi-out and Take-off
« Raymer's approach assumes a constant fraction of 0.97
» Actual values are much lesser
a Climb
« Raymer's approach assumes a constant fraction of 0.985
« Actual Climb is in several segments
a Cruise
« We have assumed a single cruise segment
 Actsal Cruise is in two-steps
I722 nen @@ 37000 Nt ana 5245 nm @@ 41000 0
a Descent
« Raymer's approach neglects fuel consumed in Descent

Now, why are there so much errors in the mission fuel segments as compared to Piano. The
reasons are very clear. First of all in the warm up taxi out and take off Raymer assumes a
constant number of 0.97, whereas actual values are much lesser. During climb in Raymers

approach we have again a constant fraction of 0.985, actual value is different because climb

happens in many segments.

And in cruise we have assumed a single cruise segment whereas if you look very closely at the
data, we find that the actual aircraft profile involves a step. So there is a first cruise at 2722
nautical miles at 37000 feet, then you climb up by around 4000 feet to 41000 feet and then you

cruise for the remaining portion. And in descent Raymer approach is the fuel in descent whereas

that is actually consumed.
(Refer Slide Time: 33:06

( -)

Wih befler apprcoamabons

MODIFIED INITIAL SIZING




So we have to now look at how to modify our calculations. And for that we will take the values
for the, we will take the values from the table given by Piano and try to modify the values
according to that.

(Refer Slide Time: 33:26)

Modified Mission Profile

»

\. Twkeof g SL -
2 Comts Yo 37000 % 04 M, = 0.85 §.:Dassond o o= S000R

93 Lotar for 30 mewdes
3. Cnme 2722 M, 0000
Hn L poree. Divert 200 rem st H, = 22117 Rand M = 0538

4 Camd o 41000 8
0. Apgproach et Lava @ 54

5 Crume 5240 om & M, @ 41000 #

') Source: Simon. D, B707-8 Detalled Desgn Mission cutput, PMND, www plano sero

So, here is the modified mission profile as suggested by Simos in his output. So, the first one

is the takeoff segment. The second one is the climb segment. The third one is a short cruise at
37000 feet at a constant mach number, then there is a small gain in altitude at the 4000 feet and
then there is a bigger cruise of 5245 nautical miles at 41000 feet, but at the same cruise mach
number and also the same speed. And then there is a descent to the loiter altitude of 5000 feet

then there is a loiter for half an hour.

After that there is a missed approach and then a diversion. Finally we have landing. So we are
going to now calculate the mission, modified mission numbers for this particular profile.
(Refer Slide Time: 34:20)



Better Estimation of W,/W,and W,/W;

Take-off & Initial Climb Approach & Landing
« Warmup & Taxi-out Fuel separate « Landing Fuel neglected

* W uro=4581b =208 kg * W,ppvaan = 263 1b =119 kg
* W™ 352b=160 kg s Wi =157 b= T76kg
o Wy = 476000 Ity - W = 303524 v

* Hence, W,/W, =0.9983 * Hence, W,/W, =0.9986

') Source: Simon. D, B707-8 Detalled Design Mission cutput, PIAND, www plano sero

So for better estimation of Wy and Wy the weights in the initial first segment and the last

segment, first let us look at take off and initial climb. In this the first one is that the warm up
and taxi out fuel is not included in the numbers actually it is a separate value. Simos has
provided the fuel in takeoff as 458 pounds and fuel in the initial climb 352 pounds, so with this

we get some numbers and the takeoff weight is 476000 pounds.

Hence we can estimate that the weight in the initial segment ratio is only 0.9983 as compared
to 0.97 given by Raymer. Similarly in approach and landing, the landing fuel is neglected
actually and the weight of the fuel consumed in approach is 263 pounds and that in taxi in is
167 pounds. The landing weight at the end of the mission is given as 303524 pounds. Hence
the weight ratio during approach and landing is only 0.9986.

(Refer Slide Time: 35:25

Better estimation of Climb Fraction W, /W,

o Identify M_ . e

v B L0065 < 0 0325 Mo s -

« Estimate W /W,

L

 ForB787-8

oo

o M,y = 0.85
» Hence, WJ/W, = 0,978
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Now, let us look at a better estimation for climb fuel fraction that is % Now, if you look at
1

Raymers textbook there is a improved formula available where if the mach number of the

aircraft at the end of the climb is known that is called as M end climb, then you can calculate

%by this particular expression. So, what you can do is for Boeing 787 - 8 what we will do is
1

we know that the mach number at the end of the climb is 0.85.

And here is a graph from the textbook by Nicolai and Carichner, where they have shown this
particular fuel weight ratio for the accelerated climb or climb segment. So in our case, the mach
number at the end of climb is 0.85. So with that if you proceed on this line, you can get the
weight fraction as 0.978, whereas Raymer has taken a weight fraction of 0.985.
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Better Estimation of W,/W,

First Cruise Segment (2 2 o) Second Cruise Segment ( § = 3)
* R=2722 nm = 5.044"10°m o R=5245 nm =9.718"10" m
* V=488 kI TAS = 2512 m/s s V_S4BBKITAS = 2512 mis
» SFC=05277 v = 1.466°10%/s « SFC =05287 hr = 1.467*10%/s
« LUD=2083 o LD =2051

W o TR - 0.0682 « Vb RTENT - 07580

w; W,

') Source Simou. D, BTETS Detailed Design Minsion output, PIAND, www plano. sero

For better estimation of the cruise fuel fraction, there are 2 segments in the first segment we go

from 2 to alpha where the range is 2722, the velocity is 488 knots True AS or true air speed,

SFC is given and L/D is given. So with that you can get the % as 0.8682. Similarly, for the

second cruise segment, which is from beta to 3, we have been given the value of range as 5245,
the cruise velocity is the same, SFC is slightly different and L/D also is slightly different
because the aircraft is lighter.

So putting in the equation, we can get the weight fraction as 0.7580. So if you want to get a
better estimate of the weight ratio during the cruise, you just multiply these 2 numbers and
whatever number you get would be a better approximation than the one that we got earlier.
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Revised mission fuel fraction for B787-8

Wy Wy W Wy Wy Wy Wy W, Wy Wy
Wy Wy Wy Wy W, W, W, Wy W, W,

Recall that

Sl (0 UNB6 0 PEZA 09001 1 D00 TSHO -1 00 0 BAU2 0 9TH O 0N (@
L

-
06241
s

W /W, = &, = [1+RFFI'[1-W,/W,] RFF = 0.05 , Hance, @, = ! (@)
. )».-0.3947

Similarly, if you look at the revised mission profile, now we have
W7 W7 W6 W5 W4, W3 WB W Wz Wl
—_— % —

K —— k ——— %

Wo Wy Ws W, Wy Wy W, W, Wy W,

Now what we can do is Iooking at the number that we obtained earlier, we can just insert these

numbers one by one, the fresh one was 0. 9983 the fresh value was 0.978, then = W was
2

0.8682, beta / alpha we ignore because it is only 4000 feet.

There is of course some fuel consumed, but in this big picture, we can ignore that. And we
have no other way of estimating it. The second cruise segment we get a fuel fraction of 0.7580,
descent segment is again 4 / 3 we again ignore the value, 5/ 4 is the same as before, 6 / 5 is the
same as before, 7 / 6 is a modified one 0.9986. So with this, the new value comes to 0.6241,

which | think you should calculate by multiplying all these numbers.

So therefore, we can get the % which would be
0

Yr _ 4+ RFF (1 W7)
WO_( ) W,

during the mission, the RFF remains same. So pause and calculate the value of w, the number

comes out to be 0.3947.
(Refer Slide Time: 38:50)



Better estimation of we
+ Raymer -
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Now let us also look at how we can get a better estimate for the empty weight fraction. Empty

weight fraction is very important because it is a very large fraction. Raymer gives a simple
formula in terms of empty weight fraction in terms of the max takeoff weight. And here is a
graph taken from the textbook by Nicolai and Carichner which plots the empty weight fraction.

Empty weight versus takeoff gross weight in pounds for various transport aircraft.

These are all conventional metallic structure. Now let us look at some aircraft from the Boeing
family in this. So these 4 dots correspond to 4 aircraft in from the Boeing family, which were
designed and used a little bit few years ago. And these 3 dots represent the diagram the values
for the aircraft which are a little bit recent. So we notice that the 3 aircraft that have been
designed recently by Boeing, they follow a trend line which is slightly different from the

general trend line.

So, that number the general trend line is 0.911W 7. That is what Nicolai and Carichner talks
in general. But if we look at the data of 3, these 3 contemporary aircraft and if you actually try
to obtain the equation of this line, that turns out that the empty weight is equal to 0.7758W-9*
And the empty weight fraction is as shown on the screen. So if we use this equation, we will
get a better estimate.
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Revised Design Gross Weight Estimation

1437 + 21347.2

s 4
Werew + Wi, !
- " i

W, . ‘ S doel
[1-aw, wyl [1arms w,

; “ |40“7 7-|

Solved iteratively by assuming initial W, = 4(W___+W___) = 911368 (HD)

Converged value of W, = 213770 kg

\\/

So the revised gross estimate can be calculated by using the same formula. This is the original
number. Originally we had 0.99W; °%¢as 0.4476. But now we know that the new fuel weight
fraction is 0.3947. And the new coefficients for Wy are 0.7758 and -0.036. So with this if you
solve iteratively with the same initial assumption, finally the value would converge to 213770,
which is a much better estimate for the gross weight as compared to obtained earlier.
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Hope your calcudations wero matching with these !

THANKS FOR YOUR ATTENTION !
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Hope your calculations were matching with these. Thanks for your attention.



