Introduction to Aircraft Design
Prof. Rajkumar S. Pant
Department of Aerospace Engineering
Indian Institute of Technology — Bombay

Lecture -71
Tutorial on RDT and E and Production Cost Estimation of Transport Aircraft
Let us have a look at how we estimate the research development testing and engineering or RDT
and E cost.
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Tutorial on RDT&E and Production Cost Estimation

-

And also the aircraft production cost for a given amount of production run. We have taken Boeing
B 787-8 Dreamliner as our test case for this exercise.
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Colour Scheme in this Presentation

- General Instructions

- Specified Values

« Assumed Values

« Calculations to be done @
- Calculated Values

« Comparison Values

¥
We are going to follow a color scheme in this presentation as always the general instructions are
going to be given in this brown color. If there are some values which are specified in some sources
we would show them in black color. The values which are assumed are shown in this light blue

color. The places where you need to do some calculations will be shown in red color and they will
be this symbol which represents a pause button.

Wherever you see this symbol you are expected to pause the video do those calculations and only
then proceed further. | would like to reiterate that you will learn aircraft design only when you do
calculations just by looking at the videos and nodding your head you really will not be able to
appreciate and also get a first-hand feel for doing conceptual design calculations. The values which
are calculated will be shown in this dark blue color and towards the end we will compare the value
and the color green will be used to show the quoted values.
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Procedure followed and Assumptions

» CER Based Method

- RAND Modified DAPCA-V model, 2012

+ Costs scaled up to 2020 using Inflation Factors
« Assumptions

« Weight and Cost of Avionics

+ Engine Production costs increased by 20%

(,) Return on Investment and Initial Spares add 20%
A _ Source: Dani P Raymer, Arcraft Design, A Cancepdual Appvaach, ALV Publications, 6% ed

The procedure that we follow is based on the cost estimating relationships or CER's which are
outlined by Daniel Raymer in his seminal textbook we have used the RAND modified DAPCA IV
model of 2012 which has been mentioned by Raymer in the 6th edition of his textbook note that
the values that this model predicts is for 2012. So therefore we have to scale up the cost from 2012

to today 2020 using some inflation factors.

And for inflation factors we have referred to an online source. There are also some assumptions
which have been made while carrying out this analysis. The DAPCA IV model does not have any
way of predicting the cost of avionics. So we need to assume some weight of avionics equipment
onboard the aircraft and the cost per unit weight of those items. The engine used on Boeing 787

series is a very advanced engine.

It is a turbofan engine high bypass ratio and it has several features like Chevron etcetera which
reduce the noise etcetera. So the DAPCA IV model gives you the estimation of costs based on the
some parameters related to the engine such as the turbine inlet temperature and the maximum
weight etcetera. But we have increased the values by around 20% as suggested by the raymer for

a turbofan engine.



And finally there will be an assumption that 10% of the costs are going to be added towards the
return on investment. And another 10% will be required for the initial spares which are supplied
with every aircraft. So whatever cost we estimate it is going to be scaled up by a factor of 20%.
(Refer Slide Time: 04:06)

Useful Data for Boeing B787-8

« Aircraft Data
+ Empty Weight 236032 Ib
+ AMPR Weight{62%) 146340 th
« Avionics Weight 4000 Ib
« Maximum Speed 426 KEAS

+ Maximum Thrust/Engine 69800 Ib
« Turbine Inlet Temperature J150R

« Material Fudge Factor 2 (Mostly Graphite Epoxy Composites)
+ Assumed Production Related Data

« Assumed Production run 1100 alc

» Rate of Production 10 ale per month

‘) No. of Flight Test Aircraft ]

Let us look at some useful data for Boeing B 787 dash 8 aircraft, the aircraft data so empty weight
is as mentioned 236032 pounds, the AMPR weight is the aviation manufacturers planning report
this weight is assumed to be 62% of the empty weight. So it turns out to be 146340 pounds. This
is an assumption because 62% is an assumption. The weight of the avionics items in the accurate

is not known.

So we have taken a suggestion from Raymer we have taken the value so Raymer suggest the value
to be between 2000 to 6000 pounds we have taken a medium value of 4000 pounds. The maximum
speed of the aircraft as listed in the specifications is 426 knots equivalent airspeed hence it appears
in black the maximum thrust per engine as mentioned in the Gen X engine bulletin is 69800

pounds, Gen X is one of the choices available for the engines for Boeing 787-8.

And in the same specification manual the turbine inlet temperature is mentioned as 3150 Rankine
as far as the material is concerned Raymer suggests the value of up to 1.8 for the graphite epoxy

composites but we have taken a slightly higher value of 2 because there is very aggressive use of



composites in Boeing 787. As you know the most of the fuselage is consisting of composite

material unlike other transport aircraft where the fuselage generally is aluminum alloy.

We have to also assume some production related data we have to assume the production run. So
we have taken the number as 1100 aircraft This is based on some websites where they discuss
about the plans of the company the rate of production of the aircraft is also assumed to be 10 per
aircraft the same number is used in the RDT and E phase as well as in the production phase because
in RDT and E any phase actually the fabrication of the aircraft is a kind of almost like a individual

you know hand built prototype in some ways.

So therefore we have assumed that even the rate there is also 10 to bring in a little bit higher cost
and we assume that there are 6 aircraft to be built during the RDT and E any phase or 6 of them
are going to be subjected to flight testing and then maybe 1 or 2 of them will also be used in the
structural testing some of them may actually be completely destroyed there may be destructive

testing for example the wing of the aircraft is generally tested to destruction.

| think even the fuselage some areas are checked for ruptured loads during pressurization etcetera.
But we assume here that all these 6 aircraft are to be costed in RDT and E phase and they will not
be sold to any manufacturer they will be available with the manufacturer for any further exercises.
(Refer Slide Time: 07:07)

Manhour Rates and Costs
Inflation Factor (from 2012 to 2020) = F,, = 1.117

Average hourlyrate Sihour Shour
(US Dept of Labor) (2012) (2020) Avionics Cost:

Tooling | 11512846 6000 per Ibin 2012
Engineering | 118 131,81 § 6702 per lbin 2020
Quality Control | 108 120.64
Manufacturing | 98 10945

Saurce M.WWKMM

o~

%)
Source: Danigl P Raymer, Arcraft Design, A Canceptual Appeaach, ALV Publications, 6% ed




The manhour rates specified by Raymer in his textbook are as shown for 2012. And these have
been increased based on an inflation fraction from 2012 to 2020. Using an online inflation
calculator called as usainflationcalculator.com as per that the inflation factor from 2012 to 2020 is
1.117. So all these costs are scaled up accordingly. The avionics cost as mentioned by Raymer is
6000 dollar per pound in 2012. This also has been scaled up using the same inflation factor as 6702
per pounds.

(Refer Slide Time: 07:49)

Airframe Engineering Cost (RDTE)

« Airframe Engg. Hours = F,,4 86Wy 777 VOB%QRI63 = g e
» =24.86-236032"777426"%160193 = 979 @
* Hg rpre = 4.370"107 hours
» Ry = $131.81/ hour
» Cost of Airframe Engineering = Cyp gore = Hy poreRe
» =4.370407*131.81 = 222 ()
(,) Caee rore = $ 5.76'10° i.e., $ 5760 Million or § 5.76 Billion

Let us look at the first and the most important component of the cost. That is the airframe
engineering cost. In the RDT and E phase the hours required for airframe engineering can be
estimated using this particular cost estimation relationship in which empty weight maximum speed
and a production rate per month are the quantities to be used. So we are using F material is 2

because we are using graphite composites and more advanced versions.

So at this stage you should pause the video and do these calculation the number comes out to be
4.37 *107 hours. This number is for the hours needed for the airframe engineering and the manhour
rate for the airframe engineering is already mentioned in the previous slide is reproduced here. So
the cost of airframe engineering in RDT and E phase would be a product of the hours required and
the manhour rate. So please pause the video and do this calculation. The number comes out to be
5.76 into 10 power 9 which corresponds to 5760 million or 5.76 billion US dollars.

(Refer Slide Time: 09:06)



Airframe Engineering Cost (Production)

» Airframe Engg. Hours = F,,, - 4.86W2777V084QM8 = g,
» =2-4.86-236032°777426"%41100"1% = 722 ()
* H progn =1.022'10* hours
* Ry = $131.81/ hour
* Cost of Airframe Engineering = Cyee pogn = Hi proanRe
« =1.0221104131.81 = 222 [
G) Care proo = $ 13.47*10° i.e., § 13.47 Billion

The airframe engineering cost for production is obtained by the same formula as shown here. So
when we look at the production aircraft the number is 1100. So I think you need to have a look at
this and pause the video and calculate this number. The number turns out to be 1.022*108 hours.

Now we know that the cost inflated figure for the engineering manhour rate is 131.81 per hour.

So the cost of engineering in the production phase would be the product of the hours needed and
the rate per hour. So putting in the numbers pause the video at this stage and calculate this number.
The number turns out to be 13.47 into 10 power 9 or 13.47 billion dollars.

(Refer Slide Time: 10:07)

Tooling Cost (RDTE)

* Tooling hours = Fmatl5, 99w 777v06%6Q0363 = g oo
» =2-5.99-236032°777426%%6%% =227 ()
* Hy gore =1.943*10" hours
* Ry = §128.46 / hour
» Cost of Tooling = Cy pore = Hy poreRy
» =1.943107*128.46 = 722 ()
_G) = Cy gore = $ 2495'10° i.e., § 2.495 Billion




The tooling costs in RDT and E phase can be determined by the expression in terms of the empty
weight the maximum speed and the quantity produced. So again putting in the number for RDT
and E phase there are only 6 aircraft produced the maximum speed and the aircraft empty weight
is already known. And the factor 2 takes care of the material. So this number turns out to be
1.943*107 hours.

The cost inflated manhour rate is as mentioned. So therefore the cost of tool will be the product of
the hours required and the manhour rate. This is as shown in the screen. So at this place you should
pause the video and do this calculation the number comes out to be 2.495*10° or 2.495 billion US
dollars.

(Refer Slide Time: 11:09)

Tooling Cost (Production)

» Tooling hours = Fmatl5, 99w 77706960263 gy
» =2-5.99-236032°777426"5%1100%% = 297 @

* Hy progs =7.649*10" hours

* Ry = $128.46 / hour

» Cost of Tooling = Cy pore = Hy prognRy

+ =7.649'107*128.46 = 727 ()
(,) = C; gore = $9.82610° f.¢., $ 9.826 Billion

Look at the tooling cost in production phase the formula is the same. The only difference is that
now instead of 6 we will use 1100 which is the quantity produced during production. So once again
pause the video and do this calculation turns out to be 7.649*107 hours the tooling manhour rate
is as mentioned multiply by that rate to get the value of the cost of tooling. And that would be
7.649*107 *128.46. Please pause the video and do this calculation now. The value comes out to be
9.826 billion.

(Refer Slide Time: 12:00)



Manufacturing Labour & QC Cost (RDTE)
» Mfghours = Fmatl1, 133 - 7.37Wp B2v044 Q064 — Ky o rore
» =2-1.133-7.37 236032052426 48460641 = 977 ([]])
* Hyyoc pore =2.514"107 hours
* Ry = $109.47 [ hour
+ Cost of Maﬁufacturing = Cy_pore = Hynoc roeRw
* =2.514107*109.47 = 722 ()
(,) = Cyiac rore = $ 2.751*10° i.e,, § 2.751 Billion

Manufacturing labor and quality control. Now what we have done here is that we have actually
included a factor of 13.3% in terms of 1.133 for the quality control costs because what we have
done is the manufacturing hours are going to be increased by 13.3% to take care of the quality
control hours. And we also assume here we make a spot departure we assume here that the cost of
the people or the manhour rate for the quality control is the same as that for manufacturing labor.

This is because the in reality the costs are slightly higher.

However in the interest of ease of calculations we have just assumed this cost to be the same. So
this number is likely to be slightly higher than the number is slightly lower. So the number of hours
are going to be correct because the factor is included. However we multiply it by the manufacturing

labour manhour rate. And we get the total cost of manufacturing as 2.514*107*109.47.

So let us see what number is there please pause the video and do the calculation the number turns
out to be 2.751 billion. In reality what you should do if possible is that calculate the hours by using
the using only 0.133 here but when you multiply by the manhour rate for the quality control you
can use a higher rate of around 120 odd dollars. So that way you will get slightly more cost for the
quality control. But we have assumed that the two are same and made it a bit simple here.
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Manufacturing Labour Cost & QC (Production)

* Mfghours = Fmatl1. 133 - 7. 37WIB2VO434Q064 = Hor o prodn
» 22-1,133-7.37 - 236032°%2426%4%4 1100764 = 977 (D:ﬂ)
* Hytqc proda = 7.097*10° hours
* Ry = $ 109.47 / hour
» Cost of Manufacturing = Cyy prop= Huigc proaRu
« =7.007*10°*109.47 = 222 ()
(& ) = Cyuae proan = $ 7.7683'10'° i.e., § 77.683 Billion

Similarly for the quality control and the labour cost during production the formula remains the
same. The only difference is that you have to insert 1100 here instead of 6 which was there earlier.
So please do this calculation by pausing the video and then you can compare your numbers with
the value of 10 by us which is 7.097*108 hours. In other words if we now assume the same man
hour rate for manufacturing labour and QC which is simplification as | mentioned then you can

get the value.

For total cost of manufacturing labor and quality control the production would be
7.097*108%109.47 please pause the video here and do the calculations. The value comes out to be
7.7683*10'° or 77.683 billion very large amount of money is needed for manufacturing labor and
quality controlling production.

(Refer Slide Time: 14:56)



Manufacturing Material Cost (RDTE & Production)

* Mfg material cost = F,,, - 11.0W2#1v062190799 = ¢ o0

* Cyygore = 1117 11-2360320914266216°7% = 997 (ﬂﬂ)
=§1.963'10° i, § 196.3 Millon or § 0.1963 Billon

* Cynproan = 1. 117 11-236032%2426%¢211100°7% = 222 ()
=$1.2626*10° i.e., § 12.626 Billion

0

e

Let us look at the manufacturing material cost and we will look at both the RDT and E phase and
the production phase together because it is just 1 equation the only difference being the number of
aircraft produced. So the formula is the same for both only thing is that when you calculate the
manufacturing material cost for the RDT and E phase you use 6 here and this factor takes care of
the inflation from 2012 to 2020. So this number turns out to be 1.963*10° okay.

And then it comes out to be 0.1963 billion. Similarly when you do this calculation again pause the
video and do the calculations you put 1100 here is instead of 6 everything else remains the same
do the calculations please the value is 12.626 billion.

(Refer Slide Time: 15:57)

Development Support & Flight Test Costs

« Devel support cost = F,,» 91.3W2630y13 = ¢,

« Cpg = 1117 - 91.3-236032°5 - 426" = 222 ([
=$0.6482"10° i.e., 648.2 Million,gr $ 0.6482 Billion

« Flight Test Cost = F,, - 2498W2325y0822pA121 — ¢

Cer = 1.117- 249823603225 426922 6121 = 222 ({I))

() =$0197210" e, 197.2 Millon or § 0.1972 Billon



Development support and flight test costs are incurred only during the RDT and E any phase. So
there is a formula available for the development support cost in which we have inserted a factor
for inflation. So these 2 are the parameters which are already known and this is an assumed

inflation factor please calculate the value it comes out to be 648.2 million or 0.6482 billion dollars.

Similarly the cost of flight test is available in terms of the empty weight maximum velocity and
the number of flight test aircraft. So we assume here that all the 6 aircraft which are made during
the RDT and E phase they all are used to undergo flight testing. So hence we have put the value 6
here. So please calculate this number turns out to be 197.2 million or 0.1972 billion dollar. Again
these two costs are incurred only during the RDT and E phase.

(Refer Slide Time: 17:02)

Engine Production Cost

+ Cep = ney,* 3112[0.043 T,y +243.25My + 0.969TIT - 2228
= 2-3112(0.043 - 69800 + 243.25- 0.95 + 0.969 - 3150 — 2228

= § 2.5250*107 i.e,, § 25.250 Million in 1998
« Inflation Ratio from 1998 to 2020 = 1.573
« Cgp(2020) = 25.25 * 1.573 = § 39.72 Million
+ Turbofan Engines have ~ 20% higher cost, C;;, = $ :7.661 Million
+ Cgp pore = 6'47.661 = § 285.97 Million = § 0.286 Billion
(3)Cep prg=1100°47.661 = § 52.427 Biljon

ource: www.usainflationcalculator com

Let us look at the engine production cost. So the cost of the engine is available through a formula
in terms of the maximum thrust maximum Mach number and the turbine inlet temperature and Ne
is for a number of engines. Which we know is 2 so | would suggest that even though there is no
pause button here and no question mark you should actually pause the video here do this

calculation and determine the value of Cep.

It turns out to be 25.25 million dollars in 1998. This formula was available for 1998. So if you use
the inflation ratio from 1990 to 2020 as given in the same source then the factor is 1.573. So if you

scale up the values you get 39.72 million. But remember as per Raymer suggestion turbofan



engines have around 15 to 20% higher cost. So we have taken the higher value of these 20% higher

cost. So the cost scales up to 47.661 million.

So since there are 6 aircraft each of them will cost 47.661 million. So because the number of
engines is already included here so this is the total cost of the 2 engines which is scaled up to 2020
values. So we go for the calculation and we get the number as 0.286 billion for the RDT and E
phase because just 6 of them have engines. But if you go to the production phase it is 52 billion
dollars or more because there are 1100 aircraft to be produced.

(Refer Slide Time: 19:02)

Avionics Cost
= 4000 Ib

* Wavionics
« Cost of Avionics = § 6702/ Ib

+ Hence, C,, = 67024000 = 222({[)

« C,,=$268"107 i.e., § 26.8 Million per aircraft

+ Cyy gore =6 * 268 Million = 160.8 Million )

72x oy progo ™ 1100* 26.8 Million = 29.48 Billion
= Source; Danel P Raymer, Averalt Design, A Canceptusl Appranch, AIWA Pubications, 67 sd

Quite a bit cost avionics cost as | mentioned we do not know the mass of avionics and we do not
know what is the cost per mass per unit mass. So as per Raymer suggestions the avionics weight
of a typical transport aircraft varies between you know 2000 to 6000 pounds so | have taken a
value of 4000 pounds. So therefore the cost of avionics supposed to be 6702 into 4000 which turns
out to be 26.8 million per aircraft. And therefore the total cost in the RDT and E phase would be
6*26.8 million because there are 6 of them produced it is 160.8 million and during the production
that are 1100 aircraft the costs will be 29.48 billion.

(Refer Slide Time: 19:48)



Other Cost Factors
+ Cost of Cabin Interiors = $3500 per passenger
* Coy= Fiot'n,."n ., "3500
+ Cg pore = 1:117°6*1043500 = 722 ()
+ =§2.346"10° i.e., $ 0.2346 Million
Cet progn = 1.117"1100"242°3500 = 777 (E_H)
+ =§1.0407*10° i.e., $ 1.0407 Billion

» Return on Investment and Initial Spares Cost = 0.10°C,, each

)
Source; Danel P Raymer, Avoralt Design, A Canceptul Approach, AWA Publcations, 67 sd

There are a couple of other cost factors we have to consider which may not be some of them may
not be very very prominent. For example every aircraft has an interior cabin interior and that costs
some money. So suggestion by Raymer is to assume 3500 dollar per passenger. And that too it is
the number given in 2012. So the RDT and E phase interior they will be 6 aircraft. And we assume
that there are 10 seats in every aircraft just an assumption because very few people go when you
actually go for flight testing.

And this is a escalation cost escalation factor or the due to inflation. So calculate this number
please. It is a relatively small amount of 0.2346 million dollars. And but in the production cost this
is going to be much larger number because the multiplying factor is not 6 but 1100. And the
number of seats is not 10 but 242 which is a maximum capacity of Boeing 787-8 as specified in

the manual. So therefore this cost comes to around a billion dollars.

Now we also assume that the company that makes the aircraft which is Boeing would like to get
some return on investment that we assumed to be 10%. And initial spares cost of the aircraft is
also 10%. So we will scale up the cost by 20%. To take care of the fact that some initial spares
have to be used. So let us look at now how all these costs are put together in a straight table. So
here we see all the 9 sub components of the flyaway cost.

(Refer Slide Time: 21:38)



Estimation of Unit Flyaway Cost
Sr.  Cost Component Symbol ROTE {§ 10*)  Production {§ 10%)
1 Airframe Engineering Cuee = HeRs 5760 13470
2 Tooling Cy= HiRy 2405 9.828
3 Manufacturing Labour 8 QC Cy,qr = Hig ocRy 2751 77,683
4  Manufacturing Material Cuy 196.3 12626
5 Development Support Cos 648.2 NIL
6  Flight Testing Csr 1972 NIL
7  Engine Production Cen 286.0 52427
8 Avionics (XL 1608 29.48
9 Cabin Interiors Ca 0.2346 1,0407
10 Sub-Total 12495 196.55
11 RO & Spares (10% each) 2499 »nHn
_@12 Grand Total 14994 235.86

And then there is a subtotal both for RDTE and production or that we add 10% each towards the
return on investment that is a profit for the company. And spares initial spares that go with the
aircraft to get the grand total we see that the RDTE cost is approximately 15 billion dollar. And
the production cost is 235 billion dollars.

(Refer Slide Time: 22:05)

Breakdown of RDTE Cost ($ Million)

» Airframe Engineering
a Tooling
Manufacturing Labour & QC
» Manufacturing Material
S Development Support
11 g—— u Flight Testing
# Engine Production
u Avionics
« Cabin Interiors

uRol & Spares

0%

®

wrTeL

Let us look at the breakdown of the RDTE costs. So in the breakdown we observed that the largest
component is of the airframe engineering cost followed by the cost for manufacturing labour and
quality control and equal weightage for the manufacturing material and the cost of tooling. So

these together correspond to approximately 70% or more in fact much more this is 25%. And you



know so around 80% of the costs are because of this 80, 90%. And the remaining all costs come

under these small pies.
(Refer Slide Time: 22:51)

Breakdown of Production Cost ($ Billion)

» Airframe Engineering
s Tooling
Manufacturing Labour & QC
» Manufacturing Material
33% Engine Production
= Avionics
= Cabin Interiors
# Rol & Spares

)

e

Here is a breakdown of production cost in billion dollars. So now in the production cost we notice
that the largest component is the manufacturing labour and Quality Control Act respected followed
by the airframe engineering and the tooling and avionics. These are the major components and
everything else corresponds to the remaining.

(Refer Slide Time: 23:15)

Estimation of Unit Flyaway cost
+ RDT&E Cost = $14.99 Billion

- Total Production Cost = $235.86 Billion
« Total Program Cost = RDTE + Total Production Cost
= § 250.857 Billion
+ Unit Flyaway cost = Total Program Cost / Production Run
=250857/1100 = $ 228 Million
(l;zupnce of B-787-8 = § 224.5 Million (~ 1.6 % lower !)

hitpz:modemartiers, comboerg-787-dreaminenboeing- 787 ream|rer-specs’

So let us now estimate the unit flyaway cost. So we have seen that the RDTE cost is approximately
15 billion dollar 14.99 to be precise the production cost was 235.86 billion. So together the total



program cost turns out to be the addition of these 2 costs which is 250.857 billion dollars. Now the
unit flyaway cost would be the cost of the total program divided by production run which means
it will be 250.857 million divided by the number of aircraft sold which is 1100. So per aircraft it

comes out to be 228 million dollar.

Whereas if we look at the list price of Boeing 787 dash 8 in one of the online sources we see that
the quoted price or the list price is 224.5 million dollar. So the difference is only about 1.6%. So
we have obtained just 1.6% higher cost the quoted price is 1.6% lower.

(Refer Slide Time: 24:19)
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