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ABSTRACT

ANALYSIS OF RANGE AND ENDURANCE OF N-219 UNDER POTENTIAL

ELECTRIC PROPULSION

by

Maheswara Sinatriyo

Triwanto Simanjuntak, Ph.D., Advisor

As carbon footprint continues to grow, electrical vehicle holds a high value for

preventing further damages to the environment. Over the past few years EV has

grown rapidly, even to the point where small fixed-winged propeller-driven aircraft

were able to be operated under full electric system. But aircraft energy requirement

increases exponentially by its total weight. Thus, this research tackle the ability of

a 19 seater commuter aircraft to perform under full electric system modification,

in which, the N-219 aircraft were made as the base model for this research for its

flexibility. Therefore, in order to measure the capability of an all-electric N-219,

a comparison between the maximum range and endurance performance of both

aircraft is necessary. The airbreathing performance is calculated using Breguet

formula for maximum range and endurance. A modification for the Breguet formula

is necessarry to accommodate the Peukert’s effect of a battery (Traub, 2011). To

further enhance the analysis, the calculation were made using different scenario

such as different payload, fuel/battery capacity, altitude, and airspeed. The result

show that, an electric 19 seater aircraft is still very limited in terms of usability,

since it can only achieve less than 300 km of range under half payload with current

battery technology.

Keyword: electric aircraft, electric vehicle, Peukert’s effect
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CHAPTER 1

INTRODUCTION

1.1 Background

Over the past few decades, aircraft has been a necessity and a vital component

for the human race. It allows humankind to travel around the world quickly and

with ease. Compared to other modes of transportation, an aircraft can travel

further in a shorter amount of time. As new destinations open every year, more

and more people are willing to travel using aircraft over time. Thus, the airline

industries will keep on growing and producing and operating more aircraft, and as

with most other transportation modes, aircraft uses fossil fuel, which is finite and

unsustainable. Thus the growing aircraft industries come with a cost, an increase

of harmful carbon emission, which is one of the causes of climate change.

1.1.1 Climate change

There are many things that cause climate change, and one of them is carbon

dioxide (CO2). Natural processes like respiration and volcanic eruption emit carbon

dioxide, as do human activities such as deforestation, urban development, and fossil

fuel combustion. Since the Industrial Revolution, humanity has boosted CO2 levels

in the atmosphere by 47%. (Jackson, 2021a)

We can already see the effect of global climate change on the environment.

Things such as glaciers have receded, ice on rivers and lakes has broken up earlier,
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plant and animal ranges have altered, and trees have begun to bloom earlier. Scien-

tists are convinced that global temperature will continue to increase over the next

decades due to greenhouse gas emissions caused by human activities. A prediction

that over the next century, the temperature will rise from 2.5 up to 10 degrees

Fahrenheit was made by over 1,300 experts from the United States and other

nations that make up the Intergovernmental Panel on Climate Change (IPCC).

(Jackson, 2021b)

Even though the number of aircraft in the world is not that much compared

to other vehicles, globally, commercial aviation accounts for around 2% to 3% of

global carbon emissions (Working Towards Ambitious Targets, n.d.). It is heart-

breaking to see that such an essential technology for humanity brings harm to the

environment. But what if there is a way to reduce the damage? If we look at

automotive industries, they are now racing on developing sustainable vehicles us-

ing renewable energy such as electricity and hydrogen. As a result, over the past

few years, we have seen an increase in sustainable automotive around the globe, so

much so that there is even the of Formula E.

1.1.2 Green technology

If greener technologies such as electric vehicles are implemented into aircraft, we

would definitely see a reduction of global carbon emission from commercial avia-

tion. Electric propulsion has several benefits over airbreathing propulsion; mainly,

an aircraft can reduce carbon emission directly and indirectly by using electric

propulsion. Electric propulsion can also have significantly less noise (depending on

the design), which opens up the possibility of flying at noise ordinance time without

disturbing the area, and also a more comfortable flight (Schäfer et al., 2019). Fur-

thermore, electric propulsion design is very simple, thus could potentially reduce

maintenance costs. Also, cost-wise using an electric motor as a means for aircraft
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propulsion could reduce the operating cost of an aircraft. Schäfer and colleagues

also analyzed how the emission produced from electricity generation compares to

direct jet engine combustion for a narrow-body aircraft with 740 km mission length,

see Figure 1.1. Furthermore in the same analysis, a breakeven comparison of elec-

tricity price and jet fuel price is elaborated, see Figure 1.2.
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Figure 1.1: Warming intensity of a projected first-generation all-
electric aircraft and of a current-generation jet engine aircraft versus

carbon intensity of electricity. (Schäfer et al., 2019).
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But why are there not many or any electric aircraft in the world if it could

benefit the environment? Well, the answer lies in the battery; batteries are very

heavy compared to fossil fuel. Unlike a car which can benefit from extra weight

for grip and traction, an aircraft needs to be as light as possible to fly efficiently.

Thus, when can we expect the technology to be implemented into aircraft? A few

years? Decades? or maybe it is actually possible right now? Yes, it is possible

right now, with limitations, of course.

1.1.3 Electric aircrafts

Actually, electric aircraft have been around for a while, but those electric aircraft

are usually designed for a 1 to 2 seater and hobbyist aircraft due to battery tech-

nology limitations. Only recently a company named Eviation has been developing

a nine-seater all-electric aircraft called Alice. The aircraft can fly up to 440 nmi

(815 km) with a cruising speed of 220 kts (113 m/s). This is impressive for an all-

electric aircraft, considering the energy density of a battery is roughly a tenth of

fossil fuel. Furthermore, operating an Alice only costs 200$ per hour compared to

1200$-2000$ operating cost of similarly performing turboprop aircraft (Narishkin,

2020). This low operating cost is like opening the door to a new world because

the airline industries have always had a low margin of profit, around 8% (Pearce,

2017). Moreover, the volatile price of oil does not help the operating cost of an

airline. Therefore, with an all-electric aircraft, tickets price could be lower while

maintaining or even an increase in the overall profitability of an airline.

But the thing about Eviation Alice is that the aircraft is designed from the

ground specifically for an all-electric aircraft. Then what about other aircraft

that are already operating in the world? There is a solution for that, retrofit.

Retrofitting an aircraft from a fossil fuel-based system into a fully electric system

could be one of the several solutions for greener flights. magniX, an electric motor
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Figure 1.3: Eviation Alice (Alcock, 2020).

company that designs electric motor for aircraft, has been retrofitting aircraft since

2019. The company has retrofitted a De Havilland Beaver seaplane that Harbour

Air operates and a 208B Cessna Grand Caravan into an all-electric aircraft. The

Cessna B208 is a nine-seater single-engine aircraft, which initially utilizes Pratt

& Whitney Canada PT6A-114A with 497kW power and can fly as far as 1,982

km. The retrofitted B208, also known as the e-Caravan, operates using magniX

magni500, a 560kW electric engine. magniX claimed that the e-Caravan could carry

4-5 passengers up to 160 km with reserve power using 2019 battery technology.

Furthermore, the e-Caravan claimed to only use 6$ USD worth of electricity for a

30 minutes test flight (Garrett-Glaser, 2020).

Schäfer and colleagues published a first-order study of an all-electric aircraft’s

potential to decrease overall environmental consequences in Nature Energy (Schäfer

et al., 2019). They explained that if a battery technology that is sufficiently ad-

vanced is available, an all-electric regional aircraft that can reach up to 1100 km

has a tremendous potential to minimize negative environmental effects, be cost-

competitive, and have superior noise performance. Based on Schäfer analysis,

Viswanathan and Knapp visualized Figure 1.5. Furthermore, this figure indicates
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Figure 1.4: Cessna B208 eCaravan by magniX and AeroTEC
(Calderwood, 2020).

that smaller aircraft such as Cessna B208 would benefit more from electrification

rather than bigger aircraft such as Airbus A320 or Boeing 737. Figure 1.5 indicates

at what specific energy can a battery sufficiently supply power to operate different

types of aircraft. Thus a battery specific energy that allows a Cessna B208 e-

Caravan to operate might not be even able to provide enough energy for a regional

aircraft even if the battery’s volume/mass were to scale up. Schäfer also explained

that a narrow-body aircraft with more than 100 passenger capacity might rely on a

much-advanced technology such as lightweight high-temperature superconducting

electric motors for better cooling and higher power-to-weight ratio than standard

electric motors.a
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Figure 1.5: Electric aircraft scaling (Viswanathan & Knapp, 2019).

1.1.4 Batteries advancement

The success of Eviation and magniX shows that battery technology is mature

enough to be used for electric aircraft. Furthermore, with all the development

of electric vehicles, humanity is exposed to the benefits of greener technologies;

thus, more and more people are open to buying EVs and greener vehicles. This

indirectly opens up a market for EVs and, in turn, demands better batteries; thus,

more companies are willing to spend more into researching and developing a better

battery for commercial use.

Nowadays, Lithium-Ion is probably the most widely used battery type. Lithium-

Ion batteries can be found almost everywhere, from electronic devices such as lap-

tops, phones, e-cigarettes to EVs. This is because Lithium Ion has the highest

volumetric and gravimetric energy densities for commercial batteries at 700 Wh/L

and 265 Wh/kg. Schäfer and colleagues calculated the battery’s exact energy de-

mands considering weight is a serious challenge for air travel. Thus if we compare

current battery technology with Figure 1.5 we can see that we are limited to smaller

aircraft; Furthermore, to achieve full electrification for an aircraft such as Airbus
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A320 or Boeing 737 that can do at least 1100 km mission, we need a battery spe-

cific energy that is up to 5 times higher than current battery packs (Schäfer et al.,

2019). However, there is actually another battery type that had almost double the

specific energy of Lithium Ion, which is the Lithium-Sulfur battery. Lithium-Sulfur

has 1000 Wh/L and 500 Wh/kg of volumetric and gravimetric energy density, but

because the technology is still very new, there are not many applications yet. See

Table 3.8 for battery specifications.

1.1.5 N-219

If we look at the previous example of electric aircraft, we found that those aircraft

are for nine seaters and lower. Furthermore, an Article by Viswanathan and Knapp

and an Analysis by Schäfer and colleagues explained that it is impossible for narrow-

body aircraft to be electrified using current battery technology. Thus, we want to

see the effect of aircraft scaling for an aircraft that is a niche bigger than both

Eviation Alice and the Cessna e-Caravan.

The Indonesian Aerospace’s N-219 is the perfect candidate for this task, and

it is a 19 seater multi-purpose aircraft. N-219 was created to increase people’s

economic prosperity and maintain defense and security in remote places. The N-

219 Nurtanio is the latest-generation multi-purpose aircraft with the biggest cabin

cross-section in its class, a proven and economic engine, sophisticated avionics

system, fixed tricycle landing gear, and a broad cargo door to make altering aircraft

configurations easier. As a result, N-219 Nurtanio is intended to give operators with

economical and technical advantages. Aside from passenger transport, the N-219

Nurtanio can be configured to handle a variety of mission requirements, including

medevac, and search and rescue (SAR), troop transport, reconnaissance, cargo

transportation (Aerospace, n.d.-a).

The N-219 aircraft has a certification for basic CASR 23, commuter category.
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Figure 1.6: N-219 (Meszaros, 2019).

The powerplant for this aircraft is Two Pratt & Whitney Canada PT6A-42, and

attached to it is the Hartzell 4-Blade Metal Propeller. The engine has a 625 kW

(850 shp) power output @2000 rpm while only weighing around 159 kg (350 lbs).

N-219 has a high wing configuration, and this helps with engine clearance from the

ground because N-219 is designed to be able to take off and land on an unpaved

runway. This also includes short Take-Off and Landing (STOL) operation, with

a Take-Off distance of 435 m (1230 ft) and Landing distance of 509 m (1670 ft),

Figure 1.7. This shows the capabilities of N-219 for reaching and traversing remote

areas (N219 SOLUTION FOR FRONTIER GATEWAY , 2018).

The N-219 are able to achieve a maximum cruising speed of 210 kts (108 m/s)

with an economical cruise speed of 170 kts (87.5 m/s). Figure 1.8 shows the range

achievable by N-219 depending on its load, and as can be seen, the N-219 can

reach 480 nmi with a 19 passenger load, and if the payload were reduced, it could

even reach up to 828 nmi, almost doubling the range of the maximum passenger

configuration. This also shows that the N-219 can reach further if operated within

its 170 kts economical cruise speed.

Since N-219 is designed to be flexible and versatile, it is equipped with a quick
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Figure 1.7: N-219 Take-Off and Landing illustration (N219 SO-

LUTION FOR FRONTIER GATEWAY , 2018).

change configuration. For example, several of the N-219 cabin configurations in-

clude foldable seats; this design makes it easier to change the aircraft configuration.

That is why the N-219 also provides a wide cargo door that can load D2 contain-

ers. Furthermore, to add to the already flexible characteristic of N-219, Indonesian

Aerospace planned on making an amphibian version of the N-219. This plan was

proposed to increase the reachability of the N-219 aircraft further. With an am-

phibian version of N-219, the aircraft could reach even the remotest areas, such

as a small island that has a lot of hills thus cannot build any runways and only

reachable using water (Pesawat N219 Melengkapi Jam Terbang Sebelum Diproduksi

Massal: Ekonomi , 2019).

1.1.6 Aircraft performance

The capacity of an aircraft to do particular tasks that make it useful for specific

reasons is referred to as performance. For example, it is critical for pilots that fly

in and out of short, unimproved airfields to know and understand the performance

and limitations of an aircraft take-off and landing capabilities. There are many

things that are categorized as a performance of an aircraft and more that affect it.
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Figure 1.8: N-219 Payload Range (N219 SOLUTION FOR FRON-

TIER GATEWAY , 2018).

The takeoff and landing distances, stability, ceiling, payload, fuel economy, speed,

rate of climb, maneuverability, range, and endurance are the significant parameters

most impacted by performance. The predominance of one or more of these elements

determines aircraft differences and explains the high level of specialization observed

in modern aircraft (Pilot’s Handbook of Aeronautical Knowledge, 2016).

Most of the aircraft flight took place in a cruising state, and the aircraft’s range

and endurance are primarily restricted by the fuel (for an airbreathing engine)

or battery (for an electric motor). The aircraft’s range and endurance can be

calculated using Breguet’s equation, but generally, a Breguet equation is tailored

for airbreathing engine calculation. For battery-powered aircraft, the weight does

not change over time, but the battery’s voltage changes with the battery charge

state. The reduction in battery voltage will force the battery to supply more current

to maintain the same amount of power. Thus by drawing more current, specifically

more current than the battery rated capacity, the battery will lose its efficiency. In

other words, with an increasingly higher current, the usable capacity of the battery
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will be reduced; this phenomenon is also known as Peukert’s law. (Traub, 2011)

1.2 Problem Statement

Now with all the known benefits of green technology, imagine how much better

would it be if the N-219 and other similar aircraft could fully fly using renewable

energy? or perhaps it might be worse since we know that battery volumetric and

gravimetric energy density is very small compared to fossil fuel energy density,

but how much does it really affect the performance? Unfortunately, we do not

fully know yet about the effect of electrification on a commuter type of aircraft.

One thing for sure is that retrofitting an existing aircraft from an airbreathing

engine into a fully electric system is not an easy task. A modification on such a

large scale would pose problems ranging from fittings, weight distribution, aero-

dynamic behavior, performance capability, safety, and many more. But before

considering other things, we must first find out about the aircraft’s performance

after retrofitting, specifically for the maximum range and endurance performance.

Because if it turns out that the aircraft could not even fly after retrofitting, why

bother considering other factors. That is why this thesis challenges the idea of

how the performance of the N-219 aircraft would be affected by the electrification

of the N-219 aircraft, and what paramters affect the performance of the electric

N-219 aircraft. Furthermore, how would the electric N-219 aircraft compare with

the original N-219 in terms of maximum range and endurance.

1.3 Research Purpose

Knowing the estimated range and endurance of an electric N-219 could potentially

open up the possibility of realizing the idea, especially if we are able to analyze

it under various condition such as different altitude, airspeed, and even different
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battery properties. Suppose that we are able to know and understand the effect

and behavior of retrofitting a commuter-type aircraft into an all-electric aircraft.

We could figure out the next step of making an electric commuter aircraft a pos-

sibility in that case. Let’s say an all-electric plane can achieve one-fifth of the

airbreathing counterpart range and endurance, and then from here, we can figure

out how we can increase the range or when can we expect the performance of an

all-electric counterpart to match with the airbreathing counterpart? By compar-

ing both results, we can determine whether we should start electrifying commuter

aircraft with current technology or wait for more.

1.4 Problem Scope

Estimating an aircraft’s range and endurance requires a lot of foundation work.

There are many variables to collect and calculate before one can go on assess-

ing a range and endurance of an aircraft, let alone calculating an electric aircraft

that have a different principle than fossil fuel-based aircraft. In addition, a seem-

ingly small thing can affect the aircraft’s performance in many ways. Take the

atmosphere as an example; the atmosphere of the earth varies within regions and

heights. Thus an exact same aircraft tested in America can have a different per-

formance than an aircraft tested in Australia. This is why it is crucial to account

for atmospheric properties using the International Standard Atmosphere (ISA) as

a fundamental aspect.

Cruise

Loiter

Landing

Climb

Warm-up and

takeo�

Figure 1.9: Typical aircraft mission profile (Meszaros, 2019).
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In general, for an aircraft to reach from one point to another, the aircraft

needs to ascend/climb, then cruise, finally descend, and land when the aircraft is

near the destination, see Figure 1.9. According to boeing, most of aircraft flight

time (for a 1.5-hour flight) is on cruise (Statistical Summary of Commercial Jet

Airplane Accidents, n.d.). But, in terms of range coverage, cruising takes about

90% of distance covered for a medium-range flights. Furthermore, the ratios of

maximum landing weight with MTOW of all classification ranges are within 71%

to 93% (Loftin, 1980).Thus, it is safe to estimate the range and endurance of an

aircraft using only cruising state performance. Furthermore, Breguet’s equation, a

most common equation to estimate an aircraft’s range and endurance, mostly only

accounts for the aircraft’s cruising state and does not include climbing and descend

state.

Although there are many other commuter aircraft are out there, it is better

to keep the variable as minimal as possible. Thus this thesis will solely focus on

estimating the range and endurance of electric and airbreathing N-219 in the hope

that the result will also be relevant for similarly spec aircraft.

The problem that occurs when comparing electric N-219 and airbreathing N-

219 is that there are not any exact engine but electric. We already know the

airbreathing N-219 engines and its specification, but what about the electric motor

for the electric N-219? It is very unlikely to find an electric motor that has the

exact same specification of 625 kW of power with 153 kg of weight; it might be

possible, but only if one would go through the trouble of designing an electric motor

that performs similarly pays someone to. Thus, at best, we can assume that there

is exactly the same performing electrical motor with several attributes borrowed

from a close enough performing electric motor.

magniX also produces a commercial electric motor for aircraft. Currently, the

company has two models, which are the magni250 and magni500. The bigger one,

magni500 only capable of producing a continuous power of 560 kW (750 shp) with
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Figure 1.10: magni500 with propeller (Lavars, 2019).

a 133 kg weight, which falls short if we compare it to the Pratt & Whitney Canada

PT6A-42. But, there are other important parameters of magni500 that cannot be

replicated: voltage and motor efficiency. Thus in this thesis, the electric motor will

be assumed to be as heavy and as powerfull as the PT6A, but with the voltage and

efficiency of magni500.

As mentioned earlier, retrofitting and aircraft modification can pose a lot of

complications. For example, things like different engine shape and placement can

affect the aerodynamics, with fossil fuel being a fluid have a different effect when

maneuvering compared to a solid material such as batteries, and much other stuff

that can affect the performance. But, the feasibility analysis starts form cruising

performance. Thus, everything about the N-219 is assumed to be the same except

mentioned.

Table 1.1: N-219 weight component

Airbreathing Version Electric Version
Structure + Engine + Structure + Engine +

Payload + Fuel Payload + Battery

In general the N-219 total weight makes up from 4 major components, Table
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1.1. For both airbreathing and electric N-219, the structure and engine weight are

fixed. But, the payload and fuel/battery varies depending its configuration.

Table 1.2: N-219 configurations

Configuration Payload Fuel/Battery Fuel/Battery Total Weight
Weight Volume

Airbreathing A 1100 kg 1600 kg 1975L 7030 kg
Electric A 1100 kg 1600 kg 632L 7030 kg
Airbreathing B 2100 kg 644 kg 795L 7030 kg
Electric B 2100 kg 644 kg 255L 7030 kg
Electric C 1100 kg 4997 kg 1975L 10 603 kg
Electric D 2100 kg 4997 kg 1975L 11 603 kg

Since aircraft flies with different payload, we must take into account the variety

of payload and battery/fuel capacity. Thus there will be several N-219 configura-

tions that are classified by its payload capacity and battery/fuel capacity, Table

1.2. For this thesis, we take into account that 1 person with luggage takes up

around 100 kg of weight each even though in reality the number might be lower.

Thus the configurations are as follows:

1. Airbreathing A, 11 PAX (1100 kg payload) with 1975L AVTUR (1600 kg).

This configuration maximize the fuel capacity to its limit, which is 1600 kg in

weight or around 1975L in volume. Thus in order to maintain a total weight

below MTOW, the payload needs to be less than 1144 kg, thus in terms of

passenger it can only hold up to 9 passengers, with 2 pilots at a total of 11.

2. Electric A, 11 PAX (1100 kg payload) with 632L battery (1600 kg) This

configuration has the same payload as configuration Airbreathing A. But

instead of AVTUR, this configuration uses Lithium Ion battery of the same

weight (1600 kg). Since Lithium Ion has a much different density compared

AVTUR, the total volume of the battery is only 632L.

3. Airbreathing B, 21 PAX (2100 kg payload) with 795L AVTUR (644 kg)

The second airbreathing configuration maximize the payloads, which are 19
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passengers and 2 pilots. This payloads have a remainder weight of around

644kg before it reaches MTOW, thus the rest of the remainder weight is

filled by fuel. This inherently will give out significantly different result than

configuration Airbreathing A.

4. Electric B, 21 PAX (2100 kg payload) with 255L battery (644 kg) This

configuration has the same payload as configuration Airbreathing B. But

instead of AVTUR, this configuration uses Lithium Ion battery of the same

weight (644 kg). Since Lithium Ion has a much different density compared

AVTUR, the total volume of the battery is only 255L.

5. Electric C, 11 PAX (1100 kg payload) with 1975L battery (4997 kg) Similar

to configuration Electric A, but instead of the same fuel/battery weight as

Airbreathing A, this configuration has the same fuel/battery volume as

configuration Airbreathing A. Thus, with its 1975L battery, the battery

weight is 4997 kg.

6. Electric D, 21 PAX (2100 kg payload) with 1975L battery (4997 kg) Similar

to configuration Electric B, but instead of the same fuel/battery weight as

Airbreathing B, this configuration has the same fuel/battery volume as

configuration Airbreathing B. Thus, with its 1975L battery, the battery

weight is 4997 kg.

1.5 Thesis Structure

This thesis will be branched into five parts, which are:

1. Introduction: The first part of this thesis will introduce the topics and the

problems around them. This chapter emphasizes the possibility of electric

aircraft and its benefits, including general information about electric engines,

batteries, and the N-219 aircraft.
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2. Literature review: This part will be about all the formulas and theories be-

hind the thesis. This part is very detailed, including the final form of the

equation and the basic form from where it begins. These parts explain Inter-

national Standard Atmosphere (ISA), Equation of motions, Aerodynamics,

Cruise performance, and a modified Breguet’s equation for electric aircraft.

3. Research methodology: The workflow and structure of this thesis is explained

intricately within this section. From researching about the effect of electrifi-

cation of aircraft, data taking of N-219 aircraft, and how the equation works

will be described in great detail within this chapter.

4. Results and discussion: The result from range and endurance calculation of

both electric and airbreathing N-219 will be compared and analyzed within

this section.

5. Conclusion and recommendation: The final part will be about concluding the

result of this research, answering the problem statement of the thesis, and

giving advice about the analyzed result.

18/305



ANALYSIS OF RANGE AND ENDURANCE OF N-219 UNDER POTENTIAL ELECTRIC

PROPULSION

CHAPTER 2

LITERATURE REVIEW

2.1 The Atmosphere

2.1.1 Atmospheric Layer

The properties of the atmosphere play a significant role in defining the performance

of an aircraft. The atmosphere’s properties, such as temperature, pressure, density,

and viscosity, vary based on height. The atmosphere is divided into five parts based

on their height; those are the troposphere, the stratosphere, the mesosphere, the

thermosphere, and the exosphere.

The troposphere is the lowest part of the atmosphere and expands to about

11 km above sea level. In this atmosphere layer, a phenomenon known as weather

occurs; the temperature in this atmosphere layer also decreases 6.5 °C per kilometer.

This part of the atmosphere is also where most terrestrial aircraft operate.

The stratosphere is divided into two parts, the lower stratosphere, and the

upper stratosphere. The lower stratosphere lies just above the troposphere and

up to 20 km above sea level. The temperature in these atmospheric layers is

constant thoroughly. In the upper stratosphere, in this part of the atmosphere,

the temperature starts to increase by 1 °C per kilometer from 20 km to 32 km and

2.8 °C per kilometer from 32 km to 50 km up to 0 °C.

The mesosphere stretch just shy from upper stratosphere up to 90 km, the

temperature then again change by −2.8 °C per kilometer from 50 km 71 km and
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−2 °C per kilometer from 71 km to 90 km up to −90 °C.

2.1.2 Standard atmosphere

In a real-life scenario, the atmosphere never stays the same. There will always be

a variation of atmosphere properties at any given moment in time, be it small or

large. Thus, since an aircraft’s performance depends on the atmosphere’s condition,

there must be a generalization of the atmosphere condition so that a comparison

between two aircraft or more can be relevant.

If the air in the atmosphere is assumed to be a perfect gas and that the atmo-

sphere is not moving in reverence to the Earth, a standardization for computation

such as temperature, pressure, density, viscosity, and other properties with respect

to altitude can be formulated.

Table 2.1: Primary constants values
(Ruijgrok, 2009)

Sea-level pressure p0 = 101325 N/m2

Sea-level temperature TM0 = 288.15K(15 °C)
Sea-level density ρ0 = 1.225 kg/m3

Acceleration of gravity at sea level g0 = 9.80665 m/s2

Universal gas constant Ra = 8314.32 J/K kmol
Ratio of specific heats of air γ = cp/cv = 1.4

As mentioned in 2.1.1 temperature change differently in the different atmo-

spheric layer. The calculation for the temperature can be calculated using

TM = TM1 + λ(H −H1) (2.1)

In which TM1 is the temperature at H1 or the lower barrier of the atmospheric

layer (e.g., 0 km for the troposphere, 11 km for the lower stratosphere), and λ is

the temperature gradient dTM/dH which varies with each atmospheric layer.
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The pressure of the atmosphere decreases as one goes higher within the atmo-

sphere. This is expressed by the equation

p− (p+ dp)− ρgdh = 0 or dp = −ρgdh (2.2)

where:

• p is pressure,

• ρ is density,

• h is geometrical altitdue,

• g is the acceleration of gravity.

The Equation (2.2) can be derived multiple times to get the pressure equation

for a non-isothermal layer. A non-isothermal layer is characterized by the change

in temperature according to the height. When Equation (2.2) is inserted by

p

ρ
=

Ra

m
TM ,

yields the following

dp = − mp

RaTM

gdh or
dp

p
=

mg

RaTM

, (2.3)

where

• Ra denoted as the universal gas constant,

• m identified as the molecular mass of the gas,

• TM is the absolute temperature.
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When Equation (2.3) is integrated from sea level into a certain altitude h, it

will yields
∫ p

p0

dp

p
=

∫ h

0

Mg

RaTM

dh, and (2.4)

ln
p

p0
=

∫ h

0

Mg

RaTM

dh. (2.5)

Geopotential altitude H is the height that considers the change of gravity with

latitude and altitude, which defined by the following equation,

H =

∫ H

0

dH =
1

g0

∫ h

0

gdh, (2.6)

with g0 being the acceleration of gravity at sea level.

When Equation (2.6) is combined with Equation (2.5) will resulted in the fol-

lowing relationship geopotential altitude H and air pressure

ln
p

p0
= −

∫ H

0

mg0
RaTM

dH, (2.7)

and if we insert Equation (2.1) into Equation (2.7) the following equation is ob-

tained

ln
p

p1
= −

∫ H

H1

g0
R [TM1 + λ(H −H1)]

dH = − g0
Rλ

ln [TM1 + λ(H −H1)]
∣

∣

∣

H

H1

or

ln
p

p1
= − g0

Rλ
ln
TM1 + λ(H −H1)

TM1

. (2.8)

The variation with altitudes will result in

p

p1
=

[

1 +
λ(H −H1)

TM1

]− g0
Rλ

. (2.9)
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Repeating the same derivation method for density ratio result in

ρ

ρ1
=

pTM1

p1TM

=

[

1 +
λ(H −H1)

TM1

]−[ g0
Rλ

+1]
. (2.10)

For an isothermal atmospheric layer such as the lower stratosphere, the equation

for pressure ratio and density ratio differs. Direct integration of Equation (2.7)

between the lower boundaries of the layer H1 and the height H result in

ln
p

p1
= −

∫ H

H1

g0
RTM1

dH = − g0
RTM1

(H −H1) or (2.11)

p

p1
= e

− g0
RTM1

(H−H1). (2.12)

and for density
ρ

ρ1
=

p

p1
.

ρ

ρ1
= e

− g0
RTM1

(H−H1). (2.13)

The function above requires knowing the geopotential altitude, which is a height

that considers the change of gravity due to altitude and latitude. To better under-

stand the function of geopotential altitude, we first must establish the relationship

between the geometrical altitude with the acceleration of gravity. The following

expression can be obtained by applying Newton’s law of gravitation.

g

g0
=

R2
e

(Reh)2
(2.14)

Then, a combination of Equation (2.14) and (2.6) yields

∫ H

0

dH =

∫ h

0

R2
e

(Re + h)2
dh = R2

e

∫ h

0

dh

(Re + h)2
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H = R2
e

∫ h

0

−d(Re + h)−1 =
Reh

Re + h
, or

h =
ReH

Re −H
. (2.15)

The viscosity µ can be obtained by the following

µ =
βT

3/2
M

TM + S
, (2.16)

where:

• β is a constant of 1.458× 10−6kgs−1m−1K−1/2

• SC is the Sutherland’s constant which is 110.4 K

• TM is the absolute temperature

The dynamic viscosity coefficient at sea level µ0 is 1.7894x10−5kg/ms. The kine-

matic viscosity is a ratio of dynamic viscosity over density, v = µ
ρ
. The value speed

of sound cs can be calculated using

cs =

(

γ
Ra

m
TM

)1/2

= (γRTM)1/2 (2.17)

at sea level, the value of c is 340.294 m/s.

2.1.3 Off-standard atmosphere

A standard atmosphere (ISA+0) is generalized using base temperature 15 °C at sea-

level. Since different deviation in the temperature ∆TM affects the performance of

the aircraft, the equation must consider the temperature difference, thus

TM = TISA +∆TM , (2.18)
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Figure 2.1: Variation of pressure, density and temperature In the
International Standard Atmosphere
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Figure 2.2: Free body diagram

where TISA is the base temperature at standard atmosphere, which is 15 °C or

288.15K at sea-level. Although the temperature change in off-standard atmo-

sphere, the pressure remain constant. The density can be calculated using perfect

gass law

ρ =
p

(RTM)
, (2.19)

where Ru is the specific gas constant, 287.053J/(kg K).

2.2 Equations of Motion

2.2.1 Translational motion

The force used to propel an aircraft in any direction is equal to the weight of the

aircraft times the desired acceleration. This implication is supported by Newton’s

second law of motion, which can be written as

F⃗ =
d(MV⃗ )

dt
, (2.20)

in this equation, the sum of all resultant external forces applied to the body of the

aircraft is denoted as F⃗ , while the linear velocity vector of the body’s center of

26/305



ANALYSIS OF RANGE AND ENDURANCE OF N-219 UNDER POTENTIAL ELECTRIC

PROPULSION

gravity relative to an inertial reference frame is referred to as V⃗ , and the weight of

the aircraft is known as M .

Realistically the body of an aircraft is flexible to some degree, in the sense that

some of the relative positions of the various parts of the aircraft’s structure change

when affected by forces. But this adds complexity to the equation, and most often,

simplifying by ignoring the deformations is beneficial and justified. Thus assuming

the aircraft has a rigid body with constant mass, the Equation (2.20) morphed into

F⃗ = M
dV⃗

dt
= Ma⃗. (2.21)

The equation for rotational motion of a rigid body is

M⃗cg =
dB⃗cg

dt
. (2.22)

The above equation states that the external moment applied to a body relative to

its center of gravity is equal to the time derivative of its angular momentum.

The translational motion of the rigid aircraft’s constant mass will be defined

within this chapter using the body axis system. In this case vector F⃗ becomes

F⃗ = M

(

δV⃗

δt
+ Ω⃗× V⃗

)

. (2.23)

δV⃗
δt

is defined as the time derivative of the velocity vector in respect to the body

axis system in the above equation.

2.2.2 Rotational motion

The sum of the angular momentum relative to the aircraft’s center of gravity is

B⃗cg =

∫

M

r⃗ ×
(

Ω⃗× r⃗
)

dM. (2.24)
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The position vector of a mass element relative to the aircraft’s center of gravity

is denoted as vector r⃗. The equation above can be rewrite by utilizing the basic

law of the vector triple product (r⃗ × (Ω⃗r⃗) = Ω⃗(r⃗ · r⃗)r⃗(Ω⃗ · r⃗)) as follows

B⃗cg =

∫

M

Ω⃗(r⃗ · r⃗)dM −
∫

M

r⃗(Ω⃗r⃗)dM. (2.25)

The dot product of Equation (2.25) in the condition that the coordinates are

x,y,z are r⃗ · r⃗ = x2 + y2 + z2, and Ω⃗ · r⃗ = px+ qu+ rz. Which when integrated into

Equation (2.25) become

B⃗cg = Ω⃗

∫

M

(x2 + y2 + z2)dM −
∫

M

r⃗(px+ qy + rz)dM.

2.2.3 Special Types of Flight

Although there are several special types of flight, in this thesis, we will only be

discussing about Steady straight nonsideslipping flight as it is the state of

flight that is mostly used on the cruise phase.

In this flight state, all variables in the lateral plane are zero. Thus β, C, S, and

µ is equal to zero. Thus the forces acting on the aircraft are

−D + T cosαT −W sin γ = 0

−L− T sinαT +W cos γ = 0
(2.26)

The aerodynamic of the aircraft change depend on the use of the controls.

However, in this case of flight types, the lift, drag, and side force from the control

surface are very small that it is arguably okay to neglect. It is also beneficial to

ignore these previously contributed forces as the moment Mx,My, and Mz must be

zero. Since this state of flight only focuses on translational motion, the equation is

limited to forces only.
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Figure 2.3: Ejection of airplane mass (Ruijgrok, 2009)

2.2.4 Translational equation for variable mass

When an aircraft operates, the power from the engine is provided by the fuel. As

the aircraft fly, the fuel will be continuously consumed and thus gradually reduce

the total mass of the aircraft.

To calculate the translational motion for a rigid aircraft, we first must formulate

the equation by considering that it is flying straight in a horizontal plane and that

has mass M and velocity V at time t with respect to the inertial frame of reference

(Fig. 2.3a).

Since as time increases, the mass of the aircraft is reduced, and the reduction

of mass increases the velocity; thus, at time t + ∆t, the mass is M − ∆M and

velocity is V +∆V (Fig. 2.3b). The total external force acting on the whole mass

system at time t is equal to the rate of change in linear momentum of the system,

according to Newton’s second equation of motion. We have

F = lim
∆t→0

(M −∆M)(V +∆V ) + ∆M(V − w)−MV

∆t
= M

dV

dt
− w

dM

dt
,

in the limit as ∆t approaches zero. Thus

F + w
dM

dt
= M

dV

dt
,
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with M dV
dt

replaced as fuel flow rate −mf (the minus sign is because the mass is

reduced) the equation become

F −mfw = M
dV

dt
. (2.27)

2.3 Aerodynamic Basis

2.3.1 Aerodynamic coefficients

Forces acting on a moving aircraft such as viscous forces and pressure forces produce

moment Mcg and also the aerodynamic forces R. On the outer surface of the

airplane, the shear stress generates viscous forces, and on the wing, along with the

other aircraft’s component, an asymmetric pressure occurs that creates pressure

forces.

The fluctuation of the static pressure p along a streamline is given by the following

equation according to Bernoulli’s equation for compressible isentropic flow.

pt = p

[

1 +
γ − 1

2

1

γ

ρ

p
V 2

]
γ

γ−1

. (2.28)

The freestream total pressure pt becomes the same as the static pressure when the

velocity decreases until zero from the freestream value by the stagnation point on

the wing’s nose.

As seen in fig (2.4), the streamline flow along the upper wing’s surface, the

local static pressure decreases as the result of the increase in velocity. The pressure

and the velocity keep decreasing and increasing respectively along the surface until

the pressure reaches its lowest value and velocity its highest value; after passing

those points, the pressure increase as the velocity decreases. On the lower surface,

a similar phenomenon is also happening, and the difference is in the values and

the location of the occurrence. Due to the camber difference between the upper
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Figure 2.4: Pressure distribution over a wing section (Ruijgrok,
2009)

and lower surface, and also the effect of the incident angle of the wing section, the

pressure of the wing’s lower surface is greater than the upper surface. Thus the

wing’s shape and the wing’s angle of attack resulted in a force.

When fluid particles interact in cohesion, it creates a velocity difference between

air laminae. The shear force is induced due to the sliding motion between adjacent

layers. The skin friction drag of the body is the resultant effect of all these forces.

The boundary layer is the layer where air adheres to the surface where friction is

crucial. To understand the characteristic of drag, it is imperative to learn the con-

cept of the boundary layer. Thus the departure point is the concept that viscosity

manifests only in a confined area and not in the main flow.

The pattern of a flow around a body can be split into two areas, a thin boundary

layer one where friction is significant as well as an area above that where the air

functions as a frictionless fluid.

It has been experimentally found that the shear stress τ0 is determined by the

result of both the slope of the surface velocity profile and the dynamic viscosity
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coefficient µ,

τ0 =
dV

dn 0
µ. (2.29)

The coefficient µ is a physical property roughly proportional to T over the

standard spectrum of air temperatures, which refers to the basic type of laminar

flow where air layers slide over each other in the form of parallel layers.

The following quantities may determine the aerodynamic forces and moments:

• the shape of the aircraft in general,

• the surface size of the aircraft S,

• condition of the aircraft,

• deflection of the control surface,

• aircraft attitude in relation to the free stream,

• the airspeed V ,

• air density ρ,

• dynamic viscosity coefficient µ,

• speed of sound c,

• Mach Number Ma = V/c.

The parameter Mach number is essential to indicate the air compressibility on the

pressure distribution over the aircraft surface.

The dimensional analysis is a tool used to extract the expression moment Mcg

and aerodynamic force FA Stating the aerodynamic force on the aircraft depends

on variable µ, ρ, c, S, V as follows

FA = f(S, V, ρ, c, µ).
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As we know, FA is the force dimension; Thus, it must have a force dimension on

both the left and right sides of the equation, which the previous was for the left

side. Therefore to make sure the dimension is uniform, then the previous equation

should be written as

FA = K(SaV bρdceµf ). (2.30)

The superscript a, b, d, e, and f are an unknown constant, while the function of

the remaining dimensionless variables is K. In terms of time T, length L, and mass

M,
MaL

T 2
= K(L2)a

(

L

T

)b(
Ma

L3

)d(
L

T

)e(
Ma

LT

)f

.

From the previous equation, the mass exponent on the right-hand side of the

equation is d+ f while the left-hand side is 1, so

1 = d+ f, (2.31)

and for the length

1 = 2a+ b− 3d+ e− f, (2.32)

for the time we have

−2 = −b− e− f. (2.33)

The three previous equations have five unknowns. If we assume that ρ, V, andS

are priority, then Equation (2.31) until (2.33) using d, b, anda in terms of f and e,

we obtain

a = 1− f/2

b = 2− e− f

d = 1− f.
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Replacing the variable in Equation (2.30) with the previous variables yields

FA = K(S)1−f/2(V )2−e−f (ρ)1−fceµf .

Grouping variables with specific exponents generates

FA = KρV 2S
( c

V

)e
(

µ

ρV S1/2

)f

.

As the S1/2 dimension corresponds to a length l, we can write

FA = KρV 2S
( c

V

)e
(

µ

ρV l

)f

.

The freestream Mach number is the ratio V/c.The relative value of shear and

inertia forces within the flow is indicated by the Reynolds number Re, also known

as the quantity ρV l/µ. The lower the value of Re, the more viscous forces are

relatively significant.

FA = KρV 2S

(

1

Ma

)e
( µ

Re

)f

K

(

1

Ma

)e(
1

Re

)f

=
CR

2
,

thus

FA = CR
1

2
ρV 2S = CRqS. (2.34)

The wing planform area is usually used as the reference surface for an aircraft;

34/305



ANALYSIS OF RANGE AND ENDURANCE OF N-219 UNDER POTENTIAL ELECTRIC

PROPULSION

this area is often called the wing area. In the Equation (2.34), there is a represen-

tation of lift L, drag D, as well as the aerodynamic force side force components:

L = CL
1

2
V 2S

D = CD
1

2
V 2S

S = CS
1

2
V 2S,

(2.35)

CS, CD, andCL are the coefficient of side force, drag, and lift, respectively.

Applying the dimensional analysis technique into moment Mcg, we obtain

Mcg = CM
1

2
ρV 2Sc̄, (2.36)

Here the coefficient of the nondimensional moment is referred to as CM . The wing

aerodynamic chord is equal to the factor of the length c̄.

2.3.2 Airfoil and wing characteristics

An airfoil or also called aerofoil, is a surface that provides a useful aerodynamic

force when moved through the air, when air moves over it or a combination of

both. An airfoil is shaped in such ways so that it can generate as much lift without

excessive drag.

The curvature of an airfoil is determined by the mean chamber line, as shown in

Figure 2.5, the mean chamber line is located between the top and bottom surface.

At both ends of the mean chamber, line are the trailing edge and the leading edge.

If we draw a straight line between the trailing edge and the leading edge, we have

a chord line. The distance measured along the chord line, from one end to another,

is called chord or chord length c. The angle α is the angle of attack, which is the

angle between the chord line and the freestream direction.
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Figure 2.5: Airfoil geometry and nomenclature (Ruijgrok, 2009)

According to Equations (2.35) and (2.36)the two-dimensional lift, drag and moment

coefficients are,

cl =
l

1
2
ρV 2c

, (2.37)

cd =
d

1
2
ρV 2c

, (2.38)

cm =
m

1
2
ρV 2c

, (2.39)

l is the Lift, d is the drag, and m is the pitching moment of the aerodynamic force

per unit width of the wing. Usually, moment Mo is located in the one-fourth of

the chord line, and at low speed, the aerodynamic center is very close to the point

Mo; thus the aerodynamic center is at c/4.

Several parameters are shown in Figure 2.7. The length between one end of the

wing to the other end of the wing is called wing span, denoted as b. The wing area

S can be find using S =
∫ −b/2

b/2
c(y)dy,

The ratio between the tip chord and the root chord,ct/cr, is known as the taper

ratio.

The geometric chord cmg can be calculated using

cmg =
S

b
.
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Figure 2.7: Wing geometry (Ruijgrok, 2009)
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Figure 2.8: Effect of a slot on wing lift curve (Ruijgrok, 2009)

The aspect ratio A is the ratio of the wingspan over geometric chord,

A =
b

cmg

=
b2

S
. (2.40)

The aerodynamic chord c̄ is important for assessing the moment coefficient,

c̄ =
1

S

∫ b/2

−b/2

c2(y)dy. (2.41)

When the angle of attack is changed, the drag is affected in a sense that

CD = CDp + CDi, (2.42)

where CDp is the profile drag coefficient, and CDi is the induced drag coefficient.

The maximum lift coefficient CLmax can be raised by changing the wing configura-

tion; this can be done using the trailing-edge flaps. CLmax can also be raised using

slot, which allows the air to flow from under the wing into the top of the surface as

shown in Figure 2.8 . This allows the use of a higher angle of attack and reduces

stall speed.
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Figure 2.9: Aerodynamic characteristics of a low-subsonic airplane
(estimated) (Ruijgrok, 2009)

2.3.3 The lift-drag polar

Drag polar is the relationship between an aircraft’s lift and its drag, defined in

terms of the drag coefficient’s dependency on the lift coefficient. An equation may

explain it or show it in a diagram called a polar plot.

As shown in Figure 2.9 the drag and lift coefficient on the low-subsonic airplane

using clean configuration is an angle of attack function. The wing section essentially

has the same form as these curves. When the angle of attack is around 16°, the

flow separation begins from the wing, this causes an increase in drag and severe

loss of lift. Thus only at below critical angle of attack can an aircraft fly.

the lift-drag polar can be obtained by eliminating angle of attack α from the

relations CD = f(α)andCL = f(α)

CD = f(CL). (2.43)

The lift-drag polar from Figure 2.9 is given in Figure 2.10. Furthermore, the

aircraft lift-drag polar with its wing’s flaps down is plotted. The maximum lift

coefficient will increase significantly due to the deflection of the flap. From Equation

(2.43) it is known that lift-drag polar is vital if only several parameters are known,
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Figure 2.10: Lift-drag polar for a low subsonic airplane (estimated)
(Ruijgrok, 2009)

which are:

• Aircraft shape,

• Reynolds number,

• Mach number.

The drag increment from the deflection of the control surface can be neglected

in most calculations.

Within various aircraft flight phases, typical configurations might be distin-

guished in concern of the condition of the aircraft. Thus, the aircraft’s condition

during a particular flight phase will be represented by the lift-drag polars. These

phases that will be represented are some of the following:

• takeoff (landing gear down and partly deflected flaps),

• cruise (retracted landing gear and flaps),

• landing (landing gear down and fully deflected flaps).

The lift-drag polars of a retractable landing gear transport aircraft, as seen in

Figure 2.11, indicate that the landing gear also provides a major contribution to
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Figure 2.11: Typical lift-drag polars for propeller-driven transport
airplane (estimated) (Ruijgrok, 2009)

the overall drag of the aircraft in addition to the rise in the drag coefficient due to

flap deflection.

In the presence of the boundary layer, the viscous flow manifested. The flow

in the boundary layer will become linear when the Reynolds number is low, while

turbulent flow is prominent in higher Reynolds numbers. Air particles will oscillate

across the boundary layer when the flow is turbulent, which from the boundary layer

freestream an energy transfer is happening and among the laminae an exchange

of kinetic energy. Shown in Figure 2.12 are both the velocity profiles across the

boundary layer for turbulent and laminar flow. If the flow condition is assumed

to be the same, the layer with laminar flow is thinner than the one with turbulent

flow. Furthermore, The laminar flow layer is much smaller near the surface of the

velocity gradient rather than the turbulence layer. Thus, Equation (2.29) shows

that skin friction drag will increase due to transition to turbulence.

An aircraft undergo a Reynolds number of 5× 106 to 108 or higher as a charac-

teristic linear measure referenced to the wing chord. Around 90percent of the wing

chord portion presents a turbulent flow when at high Reynolds numbers.

Figure 2.13 shows a sketch of the boundary layer development over a wing upper

surface. A boundary layer always presents near the leading edge just over the

front portion. When flow moves from the wing nose, the layer thickness increases.

Passing the minimum local pressure of the air, the turbulence transition occurs; this
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Figure 2.13: Development of the boundary layer over the wing
(Ruijgrok, 2009)

transition is accompanied by the boundary layer drastic thickening. The increase in

downstream distance causes the boundary layer to thickens. The air particles press

against the increasing local pressure and the viscous forces when moving over the

rear portion of the wing surface. The flow collapsed at a given point and emanated

a wake from the separation of the flow.

Typically near the trailing edge at a lower angle of attack, a separation occurs.

The thickness of the boundary layer increases if the angle of attack increases, the

point of separation moves forward and builds up the coefficient of the drag.

The boundary layer becomes turbulent further upstream as the Reynolds num-

ber increases. Separation is postponed at the same time, resulting in a smaller

wake. A separation causes a drag measured by the size of the wake. The smaller

overall drag coefficient is due to the smaller component of pressure drag, which is

caused by the smaller wake. Contrarily, as the Reynolds number grows, the overall

lift coefficient that can be achieved increases marginally.

At this stage, it should be remembered in order to detect the approaching stall of
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an aircraft, an appropriate stall warning, with flaps and landing gear in any normal

position, in straight and turning flight, must be present. Either the artificial stall

warning device or the aircraft’s intrinsic actions can give a warning. The artificial

stall warning device usually consists of a pressure vent on the wing’s leading edge,

positioned such that the stagnation pressure reaches the aperture just before the

stall point. The pressure there changes rapidly as a consequence. To create an

acoustic signal or warning light, this huge pressure change is used to inform the

pilot that the angle of attack is near the angle of the stall. The stall warning starts

at a pace that exceeds the speed of the stall and persists until the stall happens.

A tiny vane on the fuselage side near the nose can also assess the stall angle.

The vane will rotate freely so that it is aligned with the flight direction, translating

the angle of the vane into an electrical signal sent to the cockpit indicator.

With respect to the differences between the maximum lift coefficient and the drag

coefficient of the profile, it should be noted that these coefficients vary only at a

very small scale within the usual ranges of Reynolds numbers observed during the

different flight phases. This observation means that it would normally be necessary

to take into account the mean value of the Reynolds number in each flight phase.

2.3.4 Parabolic lift-drag polar

The component drag Dn of the aircraft, and the drag of the wing Dw can be

summed into the total drag of an aircraft,

D = Dw +Dn.

From Equation (2.42) the wing drag can be written as the total of profile drag

Dp and induced drag Di. Thus the previous equation becomes

D = Di +Dp +Dn.
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Skin friction drag, pressure drag, and wave drag are a part of the profile drag.

For subsonic airspeed below the critical Mach number, the wave drag is null. Cer-

tain area Sn is referenced as a foundation for a drag coefficient of each component

element, CDn; thus the total drag of the aircraft is given by

CD
1

2
ρV 2S = CDi

1

2
ρV 2S + CDp

1

2
ρV 2S + (ΣCDnSn)

1

2
ρV 2S.

The aircraft drag coefficient is

CD = CDi + CDp +
ΣCDnSn

S
,

here the parasite drag coefficient is denoted as ΣCDnSn

S
.

In principle, the induced drag coefficient is directly proportional to C2
L and

inversely proportional to efficiency factor of the wing ϕ and the aspect ratio A,

CDi =
C2

L

πAϕ
.

The variable ϕ relies mainly on the wing planform as it shows how similar the

distribution of elliptic spanwise lift is received. ϕ should be equal to 1 (minimal

coefficient of induced drag) for elliptic lift distribution.

CD =
C2

L

πAϕ
+ CDp +

ΣCDnSn

S
.

The previous equation can be written as the following because the parasite and

profile drag coefficient are both dependent on the angle of attack,

CD =
C2

L

πAϕ
+XC2

L +

[

CDp +
ΣCDnSn

S

]

CL=0

.

The word XC2
L indicates the presumed parabolic change in the lift coefficient with
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Figure 2.14: Parabolic approximation of lift-drag polar of low-
subsonic airplane (Ruijgrok, 2009)

the profile and parasite drag coefficients. The quantity in parentheses is called the

zero-lift drag coefficient CD0
. Thus the previous equation can be turned into

CD = CD0
+

C2
L

πAe
(2.44)

while e (Oswald’s efficiency factor) is obtained from 1
e
= XπA + 1

ϕ
. This factor

evidently accounts for the heterogeneity of the lift coefficient with profile and para-

site drag coefficients and the influence of the real span-wise lift distribution on the

induced drag coefficient. Thus in several occasion 1
e
= XπA+ 1

ϕ
can be written as

CD = CD0
+ kC2

L. (2.45)

Induced drag factor k is equal to 1/(πAe).

Figure 2.14 plotted the drag coefficient of Figure 2.10 against C2
L. A large

portion of the Iift-drag polar is a parabola, but there is some extra drag at lift

coefficients above around 1.0.
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If the CD0 and k values from Equation 2.45 are correctly modified, then the

parabolic lift-drag polar can also be used for both supersonic and transonic speed.

It should be mentioned that aircraft performance in many respects is calculated by

the following aerodynamic ratios: CL/C
2
D, CL/CD, and C3

L/C
2
D. We differentiate

maximum CL/CD with regard to CL and set the first derivative equal to zero.

Since CD ̸= 0, then
dCD

dCL

=
CD

CL

.

Using Equation 2.44, we can get

2CL

πAe
=

CD0
+ C2

L/πAe

CL

or CL =
√

CD0
πAe.

Substitution of CL =
√

CD0
πAe into

(

CL

CD

)

max

=

√

CD0
πAe

2CD0

=
1

2

√

πAe

CD0

(2.46)

In the same way, differentiation provides the general condition for maximum C3
L/C

2
D

as follows
dCD

dCL

=
3

2

CD

CL

Using parabolic lift-drag polar we obtain

2CL

πAe
=

3

2

[

CD0
+ C2

L/(πAe)

CL

]

or CL =
√

3CD0
πAe.

Substituting the equation above into 2.44 gives

CD = 4CD0
, and
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(

C3
L

C2
D

)

max

=
3CD0

πAe
√

3CD0
πAe

16C2
D0

=
3
√
3

16
πAe

√

πAe

CD0

. (2.47)

For a parabolic lift drag polar, the following can be found

CL =

√

1

3
CD0

πAe,

CD =
4

3
CD0

, and

(

CL

C2
D

)

max

=

√

1
3
CD0

πAe

16
9
C2

D0

=
3
√
3

16
πAe

√

πAe

C3
D0

.

Thus it is to be noted that an important aerodynamic quantity of an aircraft is the

overall lift-to-drag ratio, (CL/CD)max.

2.4 Drag

2.4.1 Types of drag

Estimating the drag of a whole airplane, even for the simplest designs, is a difficult

and time-consuming task. A list of definitions for different types of drag reveals

part of the basis behind this:

Induced Drag, the drag caused by a trailing vortex system forming downstream

of a lifting surface with a limited aspect ratio.

Parasite Drag, the difference between the total drag and the induced drag of an

airplane. As a result, it is the drag that is not directly related to the creation of

lift. The parasite drag is made up of several drag components, each of which has

its own meaning.

Skin Friction Drag, the drag caused by viscous shearing stress on a body’s wetted
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surface. Skin friction drag Cf is expressed by:

Cf =
D

qSw

, (2.48)

where Sw is the wetted surface area that is exposed to the flow.

Form Drag (Pressure Drag), the drag on a body caused by the combined ac-

tion of static pressure operating normal to its surface, which is resolved in the drag

direction.

Interference Drag, the increase in drag that occurs when two bodies are brought

close together. The total drag of a wing-fuselage combination, for example, is gen-

erally higher than the sum of the wing and fuselage drag when they are considered

separately.

Trim Drag, the increase in drag caused by the aerodynamic forces necessary to

trim the plane about its center of gravity. This usually manifests itself as increased

induced and form drag on the horizontal tail.

Profile Drag, for a two-dimensional airfoil section, it’s typically interpreted to

mean the sum of skin friction drag and form drag.

Base Drag, a pressure drag attributable to the blunt after-end of a body is a

pressure drag due to the blunt after-end of a body.

Wave Drag, this drag is a pressure drag caused by non-canceling static pressure

components on each side of a shock wave acting on the surface of the body from

which the wave is coming. It is confined to supersonic flow.
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Figure 2.15: Drag of a thin flat plate (McCormick, 1994)

2.4.2 Form Drag

A body suffers some type of drag in addition to skin friction drag. Unlike skin

friction drag, which is caused by viscous shearing forces tangential to a body’s

surface, form drag is caused by pressure distribution normal to the body surface.

Figure 2.16 depicts the extreme example of a flat plate parallel to the flow. The

drag is entirely due to an imbalance in the normal pressure distribution in this

scenario. In this instance, there is no skin friction drag.
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Figure 2.16: Flat plate normal to flow (McCormick, 1994)

Figure 2.17: Body having both skin friction and form drag
(McCormick, 1994)

Form drag is notoriously difficult to predict. Except in the simplest instances,

skin friction drag is also a problem. As a result, in most instances, such as the

one depicted in Figure 2.17, where the total drag is caused by both normal and

tangential strains (or pressures), experimental data must be used to estimate the

drag.
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Form drag, like skin friction drag, is mostly determined by Reynolds number.

Consider the flow around the circular cylinder in Figure 2.18 to see why. Figure

2.18a shows a flow with a low Reynolds number. A laminar boundary layer forms

here, starting at the stagnation point. The static pressure (normal) on the cylin-

der’s surface is greatest at the stagnation point and lowest at the top and bottom.

Moving farther from these locations, the static pressure rises, eventually reaching

the stagnation pressure at the very end. The normal pressure distribution would be

symmetrical in the absence of viscosity and there would be no drag. D’Alembert’s

paradox asserts that a body in an inviscid fluid will suffer no drag. As the slower

moving fluid in the laminar boundary layer goes past the cylinder’s minimum pres-

sure point, its velocity is inadequate to overcome the positive pressure gradient,

known as an unfavorable gradient, and the flow splits just past the top and bottom

locations. The static pressure in the separated area, which covers the majority of

the back section of the cylinder, is constant and equal to the low pressure at the

top and bottom. As a result of the high pressure pushing on the front and the low

pressure acting on the back, there is a lot of form drag.

Figure 2.18b depicts the high-Reynolds number situation. Before splitting, the

laminar boundary layer transitions to a turbulent boundary layer. The ensuing

turbulent mixing increases the momentum and energy of the boundary layer, caus-

ing it to stick to the back of the cylinder, much past the laminar layer’s separation

point. As a result, the separation zone is significantly smaller in this case, and the

static pressure on the back of the cylinder is much larger than in the laminar case.

As a result of the reduced form drag, a cylinder’s drag coefficient is lower with

higher Reynolds numbers.

Figure 2.19 shows Cd as a function of Reynolds number for both spheres and

two-dimensional circular cylinders. The predicted frontal area is used to calculate

Cd. Above an R value of around 2 × 105, notice the fast drop in Cd.This is the

so-called critical Reynolds number, where: The transition point and the separation
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Figure 2.18: Flow over a circular cylinder. (a) Low Reynolds
number. (b) High Reynolds number. (McCormick, 1994)

point are virtually identical. Flow at Reynolds numbers less than critical is referred

to as "subcritical," whereas flow at R values more than critical is referred to as

"supercritical." A body form with a clearly-defined separation point, as well as

streamlined shapes, will not have a crucial Reynolds number.

Figure 2.19a includes the amount fD/v, commonly known as the Strouhal

number, St, which describes an intriguing behavior of bluff bodies with rounded

trailing edges but is unrelated to drag. As a result, as a body moves through a

fluid, the vorticity in the boundary layer is shed symmetrically from the upper and
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bottom surfaces, forming two opposing rotational vortices. However, the symmet-

rical placement of the vortex pair is unstable, so that succeeding vortices are then

shed alternately from the upper and lower surfaces. The resulting flow patter of

periodically spaced vortices downstream of the body is known as a Karman vortex

street.

Figure 2.19: Drag coefficients of cylinders and spheres vs Reynolds
number. (a) Two-dimensional circular cylinder. (b) Spheres.

(McCormick, 1994)

The frequency at which the vortices are shed is defined as f in the formulation of

the Strouhal number. When a vortex is ejected from one of the cylinder’s surfaces,

it causes a brief circulation around the cylinder in the opposite direction as the

vortex. A force on the cylinder normal to V arises from the Kutta-Joukowski

law. The forces switch direction when the next vortex is shed, producing in an
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alternating force on the cylinder. The "singing" of telephone lines in the wind is

caused by this exact phenomena.

Consider the extreme example of form drag shown in Figure 2.16, when the flow

separation point is strongly defined and unaffected by Reynolds number. The fact

that drag coefficients for such geometries are virtually constant throughout a large

range of Reynolds number values is not unexpected. Figure 2.20 depicts a variety

of similar forms.

Values for two-dimensional and three-dimensional forms are shown in this dia-

gram. All bodies of revolution are three-dimensional shapes. Take note of the fact

that for the same profile form,

Cd2D

Cd3D

≈ 1.8 (2.49)

Figure 2.20: Examples of shapes having Cd values nearly inde-
pendent of Reynolds number. (McCormick, 1994)
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Figure 2.21: Transition form three-dimensional to two-
dimensional drag for cylinders at supercritical Reynolds number.

(McCormick, 1994)

Cd is almost constant and equal to the 3D value if the ratio of the span to the

height (or diameter) of a flat plate (or cylinder) normal to the flow is less than 5.

For aspect ratios larger than 5, Cd changes roughly in the way seen in Figure 2.21

normalized curve.
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Figure 2.22: Qualitative estimate of drag for two-dimensional
shapes. (McCormick, 1994)

Some "informed intuition" can be used to make a qualitative assessment of the

drag coefficient for a given shape. The drag jected frontal regions, as shown in

Figure 2.22, become
Cd2D

Cd3D

=
Sw(3D)

Sw(2D)

4

πD
(2.50)

where D is the maximum three-dimensional body diameter or the maximum thick-

ness of the two-dimensional shape. For an elliptical two-dimensional shape com-

pared to an ellipsoid, this becomes

Cd2D

Cd3D

=
π

2
(2.51)

For the minimum profile drag coefficients for NACA four- and five-digit airfoils

as a function of thickness ratio at a Reynolds number of 6×106. Cd is based on the

chord length, as is customary for airfoils. Airfoils with varied camber ratios produce

several data points for each thickness ratio. It’s worth noting that Cdmin
doesn’t
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change much with camber. Cdmin
appears to change almost linearly with t/c and

extrapolates to 0.004 for a t/c of zero. A Cf value of 0.002 corresponds to this.

According to Figure 2.15, this would necessitate more extensive laminar flow across

these portions than one may assume. Transition is most likely postponed until

about the 25% chord point, where maximum thickness is found. A Cdmin
value of

0.005 would therefore be expected.

Figure 2.23: Drag of fuselages and similar shapes. (McCormick,
1994)

Figure 2.23 shows three-dimensional drag data. Figure 2.23 shows data from

real-world fuselage and nacelle construction, as well as Cd findings from torpedo-

shaped bodies. Expected Cd values for various values of Cf are also given in the

figure, assuming a fair connection between the frontal and wetted regions of such
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entities. As the fineness ratio increases, the experimental findings should approach

one of these lines for a given Cf value.

Cf for a flat plate in completely turbulent flow at a R of 25 × 106 would be

0.0026, but the data appears to be closer to a C of 0.0032 to 0.0034. Surface

roughness is likely to blame for the increased skin friction drag on the bodies.

It’s fascinating to look at Figure 2.23 data in terms of minimal drag for a

particular body volume. This is especially essential for underwater and airship

applications. It’s also relevant to tip tank design, where the lowest possible drag

for a given volume of gasoline is desired. We will define another drag coefficient by

denoting the volume by Vm.

Cdv =
D

qV
2/3
m

(2.52)

Cdv is related to Cd in Figure 2.23 by

Cdv =
A

V
2/3
m

Cd (2.53)

The ratio of the frontal area, A, to the 2/3 power of the volume, obviously, varies

depending on the body shape. We will suppose the body is made up of a hemi-

spherical nose, a cylindrical midbody that extends to the body’s midsection, and

a tail cone. For this particular shape,

A

V
2/3
m

=

[

9π
(

4 l
d
− 1
)

]

(2.54)
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Figure 2.24: Drag coefficients based on volume for bodies as a
function of fineness ratio. (McCormick, 1994)

The graphs in Figure 2.24 were created using this connection and Figure 2.23.

This figure shows that the finesse ratio for enclosing a certain volume with a mini-

mal drag body should be greater than the optimal values in Figure 2.23. Indeed, for

l/d values of 4 to 10, the drag for a given volume is virtually constant for fuselages.
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Figure 2.25: Effect of afterbody contraction ratio on drag.
(McCormick, 1994)

For some purposes, keeping the rear part of a fuselage as broad and bluff as

feasible without incurring too much drag is advantageous. Flow separation will

occur over the rear if the afterbody is tapered too abruptly, resulting in excessive

form drag. Figure 2.25 provides some help in this area. The increase in Cd (based on

frontal area) caused by afterbody contraction is plotted as a function of afterbody

shape in this figure. The ratio of the afterbody length to the corresponding diameter

should be no less than 2.0, according to this diagram.

Figure 2.26, which is drawn to scale, visually illustrates the necessity of stream-

lining. The ratio of Cd for a circular cylinder to a two-dimensional streamlined form

with a fineness ratio of 4 roughly 7.5 (supercritical flow). For the same drag, the

height of the streamlied form can be 7.5 times larger than the circular cylinder, as
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illustrated in Figure 2.26. The contrast gets much more remarkable for subcritical

flow, with the ratio climbing to around 25.

Figure 2.26: Two bodies having the same drag (supercritical flow).
(McCormick, 1994)

2.4.3 Interference drag

Figure 2.27: Effect of nacelle location on interference drag.
(McCormick, 1994)
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Figure 2.28: Effect of hub pylon gap on interference drag.
(McCormick, 1994)
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Figure 2.29: Wing-fuselage interference drag. (McCormick, 1994)

When the pressure distributions and boundary layers of two forms cross or are po-

sitioned close together, they can interact, resulting in a net drag of the combination

that is greater than the total of the individual drags. Interference drag is the term

for this increase in drag. Interference drag is difficult to predict correctly unless

there are particular situations when data is available. Figures 2.27, 2.28, and 2.29

show several examples of interference drag.

On a tandem helicopter, the drag penalty for placing an engine nacelle close

to a rear pylon is shown in Figure 2.27. (like a CH-47). Because the nacelle is

placed so close to the pylon, the interference drag is approximately equivalent to

the drag of the nacelle alone in this case. The interference drag disappears when

the distance is more than one-half of a nacelle diameter.

The interference drag between the rotor hub and the pylon for a helicopter

is shown in Figure 2.28. The patterns in this graph are similar to those in the

preceding graph. In both cases, the additional interference drag is most likely on
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the pylon rather than the attached component.

A wing abuts the side of a fuselage in Figure 2.29. If the boundary layers from

the two airplanes meet at an angle different than 90◦, a drag increase occurs at the

fuselage-wing juncture. Acute angles between intersecting surfaces, in particular,

should be avoided. For example, when the angle drops from 90◦ to about 60◦, the

interference drag of a 45 percent thick strut abutting a flat wall doubles. Filleting

should be utilized at the junction if sharp angles cannot be avoided.

Interference drag can be advantageous in some situations, such as when one

body functions in the wake of another. In the technique of "drafting," race car

drivers regularly exploit this to their advantage. Figure 2.30, based on data ac-

quired in Pennsylvania State University’s subsonic wind tunnel, shows some ev-

idence of this beneficial interference. The drag on one rectangular cylinder in

conjunction with another is plotted as a function of the distance between them.

The fineness ratio of the cylinders is 2:1. The long side of the test was oriented

both with and against the free-stream velocity. The drag is measured in terms of

D∞, which is the drag on a single cylinder. With respect to the diameter of the

cylinder closest to the flow, the gap is rendered dimensionless. When the cylinder

on which the drag is measured is downstream of the other, the spacing, x, is pos-

itive. The Cylinder’s drag is greatly decreased for positive x values, and it even

turns negative for tiny positive x values. The drag is somewhat enhanced for tiny

negative x values.
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Figure 2.30: Interference drag for a two-dimensional rectangular
cylinder in tandem with another. (McCormick, 1994)

2.4.4 Drag polar prediction methods

This method is catered for airplanes with straight, tapered wings. Total airplane

drag in lbs can be written as:

Dtot = CDtot
q̄S (2.55)

where:

• CDtot
= total aircraft drag coefficient,

• q̄ = 0.5p(V1)
2 = 14826M2

a , or also known as free stream dynamic pressure.

• δ = pressure ratio

Generally, the total airplane drag can be broken into the following components,

(different aircraft can have more or less components):

CDtot
= CDwing

+ CDfus
+ CDemp

+ CDnp
+ CDflap

+ CDgear
+ CDcw

+

CDstore
+ CDstore

+ CDtrim
+ CDint

+ CDmisc

(2.56)
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where:

• CDwing
is wing drag coefficient,

• CDfus
is fuselage drag coefficient,

• CDemp
is empennage drag coefficient,

• CDnp
is nacelle/pylon drag coefficient,

• CDflap
is leading/trailing edge flap drag coefficient,

• CDgear
is landing gear drag coefficient,

• CDcw
is canopy/windshield drag coefficient,

• CDstore
is store(s) drag coefficient,

• CDtrim
is trim drag coefficient,

• CDint
is interference drag coefficient

• CDmisc
is for miscellaneous drag coefficient such as antennas, struts, speed

brake, etc.

2.5 Incompressible Flow over Finite Wings

2.5.1 Downwash and induced drag

Figure 2.31 shows the front and top views of a finite wing. The occurrence of high

pressure on the bottom surface and low pressure on the top surface is the physical

process for creating lift on the wing. The flow at the wingtips tends to wrap around

the tips as a result of the pressure disparity, being driven from the high-pressure

zone immediately under the tips to the low-pressure zone on top. The front view

of Figure 2.31 shows the flow around the wingtips.
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Figure 2.31: Finite wing (Anderson, n.d.).

Figure 2.32: Schematic of wing-tip vortices (Anderson, n.d.).

Another key influence on the wing’s aerodynamics is the tendency for the airflow

to "leak" near the wingtips. This flow creates a trailing vortex at each wingtip,

which creates a circulatory motion that trails downstream of the wing. Figure

2.32 shows these wing-tip vortices. (These tip vortices can be powerful enough

for huge jets like the Boeing 747 to force small planes following too closely to lose

control. Such mishaps have happened, which is one of the reasons for significant

gaps between planes landing or taking off at airports.) These downstream wing-tip

vortices cause a minor downward component of air velocity in the wing’s vicinity.

Downwash is the term for this downward component, which is represented by the

letter w. As a result of the downwash interacting with the freestream velocity V∞,
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a regional relative wind is formed that is canted downward in the area of each

wing’s airfoil section, as shown in Figure 2.33.

Figure 2.33: Effect of downwash on the local flow over a local
airfoil section of a finite wing (Anderson, n.d.).

Looking at Figure 2.33, the angle of attack α is the angle formed between the

chord line and the direction of V∞. The local relative wind in Figure 2.33 is angled

below the path of V∞ by the angle αi which is known as the induced angle of attack.

The existence of downwash, and its influence on inclining the local relative airflow

in a downward direction, has two key consequences on the local airfoil section, as

follows:

1. The local relative wind and the chord line form the angle of attack that are

perceived by the local airfoil section. This angle, indicated by the letter αeff

in Figure 2.32, is known as the effective angle of attack.

αeff = α− αi (2.57)
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2. The local lift vector has a component in the direction of V, indicating that

there is a drag generated by the presence of downwash. This is shown in

Figure 2.33, which is known as Induced drag Di.

As a result, we can observe that the existence of downwash over a finite wing

generates a drag component called induced drag Di.

A finite wing’s profile drag coefficient is virtually the same as its airfoil sections

at a modest angle of attack. Using

cd =
Df +Dp

q∞S
(2.58)

as the profile drag coefficient and

CDi =
Di

q∞S
(2.59)

as the induced drag coefficient, resulted in

CD = cd + CDi (2.60)

as the overall drag coefficient for the finite wing.

2.6 Airplane in Symmetric Flight

2.6.1 Fundamental Equations

The Xa-axis and the Za-axis of the air-path axis system and the Xb-axis of the

body-axis system are formed at a given point in the trajectory. The Xa-axis is

tangent to the flight line, and via the Xa-axis, the Za-axis lies perpendicular to

the local flight direction in the vertical plane. The flight state is defined by the

following kinematic and geometric parameters at one moment along the trajectory:
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• V is airspeed, which is the velocity vector of the airplane’s center of gravity.

The velocity vector coincides with the Xa-axis and lies inside the airplane’s

plane of symmetry.

• αT is an angle that determines the thrust vector’s inclination to the Xa-axis

• γ is the Flight-path angle, which is the angle on the horizontal plane between

the Xa-axis and its projection. The angle L is positive if the airplane climbs

relative to the air and negative if the airplane descends. Thus, the flight path

angle ranges from µ/2 to -µ/2 from vertical climb to vertical dive.

• α is the angle of attack, which is the angle between the body axis system’s

Xb-axis and the Xa-axis. The attack angle indicates the aircraft’s attitude

relative to the incoming air and is positive if the Xb-axis is turned to the

Xa-axis in a positive direction.

• θ is the angle of pitch, which is the angle between the horizontal and Xb-

axis. According to the sign convention for the flight-path angle, angle V has

a positive value if the Xb-axis is above the horizontal plane and negative if it

is below that plane.

The angle of pitch, the angle of attack, and the flight path angle of symmetrical

flight are correlated by

θ = α + γ. (2.61)

The three main forces acting on an airplane that dictate its performance are

also shown in Figure 2.34. These forces are as follows:

• W is the aircraft’s weight, which acts downwards vertically.

• T is the aircraft’s thrust, which is assumed to have an angle αT related to

the Xa-axis.
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Figure 2.34: Airplane In symmetric flight (Ruijgrok, 2009).

• FA is the aerodynamic force, with its following components, the lift L and

drag D. The forces L and D interact, respectively, along the negative Za-axis

and negative Xa-axis.

The application of Newton’s second law of motion along the Xa-axis yields the

following equation,
W

g

dV

dt
= T cosαT −D −W sin γ. (2.62)

dV/dt is the acceleration tangent to the flight path. On the Za-axis there is

W

g

V 2

CR

= T sinαT + L−W cos γ, (2.63)

CR is the flight path’s curvature radius. With V = CRdγ/dt the equation above

can described as
W

g

V 2

CR

=
W

g
V
dγ

dt
(2.64)
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lift L can be written as

L = CLqS = CL
1

2
ρV 2S (2.65)

CL is denoted as the lift coefficient, q is the dynamic pressure which is 1
2
ρV 2, and

S denote the wing area. For drag D can be written as

D = CDqS = CD
1

2
ρV 2S (2.66)

CD is denoted as the drag coefficient. Thus the Equation (2.23) and (2.24) become

the following
W

g

dV

dt
= T cosαT − CD

1

2
ρV 2S −W sin γ, (2.67)

W

g

V 2

CR

=
W

g
V
dγ

dt
= T sinαT + CL

1

2
ρV 2S −W cos γ, (2.68)

During the flight, the weight of the aircraft reduces continuously due to fuel con-

sumption by the engine(s), thus we have

F = −dW

dt
(2.69)

where F is the fuel weight flow rate

The variance of true altitude per unit time in the absence of wind is the aircraft’s

rate of climb RC, which is equal to the vertical part of airspeed V,

RC =
dh

dt
= V sin γ (2.70)

When the aircraft is ascending, the rate of climb will be positive, and when the

aircraft descent, negative.
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2.6.2 Point Performance

Point performance is a study that analyses the conditions of performance at a

given point in time or a given point in the direction of flight. Parameters such

as maximum speed Vmax and minimum speed Vmin, the minimum radius of turn,

rate of climb, and maximum climb angle are part of point performance.

2.6.3 Air Loads

Air loads are a type of force applied to the aircraft due to motion action controlled

by the pilot, such as maneuvering loads or by gust loads that cause turbulence.

All forces are in equilibrium when a symmetric flight is sustained at unchanged

airspeed and altitude. The flight-path angle γ at Equation (2.67) and (2.68) is zero

for this condition, thus

0 = T cosαT − CD
1

2
ρV 2S (2.71)

T sinαT + CL
1

2
ρV 2S −W (2.72)

The thrust inclination in most aircraft is very minimal, thus in most cases we can

neglect it. Since we can assume cosαT is 1 and sinαT is 0, then the Equations

above can become

T = D = CD
1

2
ρV 2S = CD

1

2
ρ0V

2
e S (2.73)

W = L = CL
1

2
ρV 2S = CL

1

2
ρ0V

2
e S (2.74)

• Ve is the (E.A.S.) airspeed

• ρ0 is the density at sea-level
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When the aircraft maneuver from quasi-steady-state and cause the flight path

to curve, the lift and drag value will increase and can be conveyed as the following

L′ = L+∆L = (CL +∆CL)
1

2
ρV 2S (2.75)

D′ = D +∆D = (CD +∆CD)
1

2
ρV 2S (2.76)

load factor n is used when describing the air load. load factor is a parameter

that refers to the ratio of the resultant aerodynamic force to the airplane’s weight.

n =
|A|
W

(2.77)

where A is the vector sum of FA (Aerodynamic Force) and T (Thrust).

Since the lift increase will be of paramount significance and thus the loads from

normal accelerations to the Xa-axis will be of primary concern. Thus in its usual

form, the load factor can be obtained by the following

n =
L′

W
= 1 +

∆CL

CL

. (2.78)

For the Za-axis, the equation of motion is

W

g
an = L′ −W, (2.79)

here, an is the centripetal acceleration, or the acceleration towards the curvature

center.

an = g(n− 1). (2.80)

The variable an is zero in quasi-steady level symmetric flight, meaning that the lift

is equal to the airplane’s weight and that the load factor is equal to one.

If the maximum amount of lift is produced, the greatest maneuvering load factors
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will happen. In other words, if the angle of attack is elevated to the critical angle

of attack, the maximum lift will be generated. Thus

n =
CLmax

1
2
ρV 2S

W
(2.81)

The CLmax is actually related to the minimum stalling speed VMS which will be

explained later, thus

W = CLmax
1

2
ρV 2

MSS. (2.82)

Then from Equation (2.81) and (2.82) can obtain n as follows

n =
V 2

V 2
MS

(2.83)

The obtainable load factor n increases strongly with the increasing airspeed as

shown above.

2.6.4 Stalling Speed

The minimum stalling speed is the minimum speed achievable where the aircraft

is performing a prescribed stalling maneuver at a certain given configuration.

The load factor first remains approximately constant when reaching the stall, and

the lift coefficient steadily increases as shown in the following equation

W

g
an = CL

1

2
ρV 2S −W (2.84)

CL =
nW

1
2
ρV 2S

(2.85)

When a stall occurs, the lift coefficient goes beyond the maximum lift coefficient;

in this state, the load factors drop tremendously. To recover from a stall, the pilot

requires maneuvering the aircraft so that the nose is pitching down to increase
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airspeed, which will recover lift.

The minimum stalling speed changes with different configurations, such as flap and

landing gear configuration, at a certain point in time. It is also possible to subtract

the VMS from the following measurement data

VS =

√

W

S

2

ρ

1

CLmax

(2.86)

With lift equal to drag, L = W, the lift coefficient obtained by

CLmax =
W

12ρV 2S
(2.87)

2.7 Performance in Steady Symmetric Flight

2.7.1 Basic relations

From Figure 2.35, the forces parallel to the flight path is as follow

T cosαT −D −W sin γ = 0 (2.88)

and for the forces acting perpendicular to the flight path we have

T sinαT + L−W sin γ = 0 (2.89)

Since most aircraft, when under standard flight conditions, have a very small

αT , the αT can be neglected, thus simplifying the previous equation into

T −D −W sin γ = 0 (2.90)

L−W sin γ = 0. (2.91)
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Equation (2.90) can be multiply using airspeed V for convenience as follows

TV −DV −WV sin γ = 0. (2.92)

Equation 2.92 can be modified further by introducing the rate of climb RC as

follows

RC = V sin γ (2.93)

thus

TV = DV +W (RC). (2.94)

As we can see from Equation (2.94), the left-hand side of the equation TV

indicates the power delivered by the power-plant of the aircraft at certain airspeed

V; this variety can also be declared as Pa,

Pa = TV. (2.95)

For the right-hand side of Equation (2.94) the equation DV for Drag D multi-

plied by the airspeed V , is the power required Pr which translate to

Pr = DV. (2.96)

Excess power is the difference between the power available and the power re-

quired, thus

Pc = Pa − Pr (2.97)

In other words, the equation (2.94) can be translated into

Pa = Pr +W (RC)
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Figure 2.36: Performance diagram (Ruijgrok, 2009).

Pc = W (RC) (2.98)

The typical performance curve types are seen as regards both force and power

in Figure 2.36. When evaluating turbojet and turbofan-powered aircraft, adding

together the two thrust and drag curves are valuable because their engines are

rated in terms of thrust (Figure 2.36a).

Piston- and turboprop engines, on the other hand, are classified in terms of shaft

power.
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2.7.2 Drag and power required

Using L from Equation (2.74) and implementing it into Equation (2.91) we can

obtain airspeed as

V =

√

W

S

2

ρ

1

CL

cos γ (2.99)

and implementing Equation (2.99) into Equation (2.73) will get D,

D =
CD

CL

W cos γ (2.100)

then implement Equation (2.99) and (2.100) into Pr = DV resulted in

Pr = W

√

W

S

2

ρ

C2
D

C3
L

cos3 γ (2.101)

The equations above displayed that a low-subsonic aircraft has V , D, and Pr

as functions of angle of attack α and flight=path angle γ at a given altitude and

weight. Most of the time, γ is neglected in performance analysis for simplification.

Thus safe to assume that γ is very small and negligible or γ = 0. Thus by having

cos γ = 1, Equation (2.99),(2.100), and (2.101) becomes

V =

√

W

S

2

ρ

1

CL

(2.102)

D =
CD

CL

W (2.103)

Pr = W

√

W

S

2

ρ

C2
D

C3
L

(2.104)
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Parabolic approximation of lift-drag polar can be obtained by

CD = CD0 +
C2

L

πAe
(2.105)

• CD0 is denoted as the zero-lift drag coefficient

• A is denoted as the aircraft’s wing aspect ratio

• e is the Oswald’s efficiency factor

With the establishment of parabolic drag equation, the Equation (2.100) can be

rewrite as

D = CD0
1

2
ρV 2S +

C2
L

πAe

1

2
ρV 2S (2.106)

Insert CL from Equation (2.74) into Equation (2.106) yields

D = CD0
1

2
ρV 2S +

W 2

πAe1
2
ρV 2S

= D0 +Di (2.107)

• D0 is the zero-lift drag

• Di is the induced drag

The condition dD/dV = 0 correspond to the minimum drag speed. We can

differentiate Equation (2.107) with respect to V and set the derivative to zero to

obtain

VDmin =

√

W

S

2

ρ

1√
CD0πAe

. (2.108)

Then we insert Equation (2.108) into (2.107) to get the following

D0 = Di = W

√

DD0

πAe
and (2.109)

Dmin = 2W

√

DD0

πAe
. (2.110)
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Equation (2.110) can also be obtained by deriving Equation () and (2.103).

Dmin =
W

(CL/CD)max

= 2W

√

DD0

πAe
. (2.111)

From Equation (2.96) we have Pr = DV , we also have D from Equation (2.73)

which result in Pr =
1
2
ρV 3CDS, and from Equation (2.105) we have CD which will

yield Pr = CD0
1
2
ρV 3S + CD0

C2

L

πAe
. We also have CL from Equation (2.74) thus we

have Pr,

Pr = CD
1

2
ρV 3S = CD0

1

2
ρV 3S +

W 2

πAe1
2
ρV S

. (2.112)

The ratio dPr/dV = 0 for the minimum power required. If we derivate the

equation above with respect to V and equating it to zero, we can obtain

VPrmin
=

√

W

S

2

ρ

1√
3CD0πAe

. (2.113)

Since we now have V for minimum power, we can find the minimum power

required Prmin by substituting Equation (2.113) into (2.112). Thus we have

Prmin =
4

3
W

√

√

√

√

W

S

2

ρ

√

3CD0

(πAe)3
. (2.114)

If we combine Equation (2.108) with (2.113) we obtain the following

VDmin =
4
√
3VPrmin. (2.115)

Mach number can be obtained by

M =
V

c
=

V√
γRT

. (2.116)
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Drag coefficient can also be obtained by

CD = CD0 + kC2
L, (2.117)

where k is the drag factor k = 1
πAe

.

Compressibility increase the drag power and power required in transonic and su-

personic flight.

2.7.3 Thrust and power available

As turbojets and turbofans have their output characteristics as thrust T , the power

curves that are available for these engine types are simply obtained from Pa = TV .

The calculation process is actually more difficult for propeller-driven aircraft be-

cause the power available comes from the product of the engine’s shaft brake power

and propulsive efficiency.

Pa = ηjPbr (2.118)

• ηj is the propulsive efficiency

• Pbr is the shaft brake power

A shaft brake power in the engine rpm is identified from the standard power

diagram for a piston engine aircraft with a propeller. The shaft brake power is

known directly from chosen values, the inlet manifold pressure, and engine rpm at

a given altitude.

The propulsive efficiency can be obtained by

ηj =
CT

CP

J (2.119)
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Figure 2.37: Propeller chart of 2-bladed propeller (estimated)
(Ruijgrok, 2009).

CP or power coefficient can be obtained by

CP =
Pbr

ρn3
pD

5
(2.120)

in condition that PP = Pbr. The advance ratio J can be calculated using

J =
V

npD
. (2.121)

The value CT can be determined by referring to Figure 2.37 using CP and J

Most of the gas generator power in a turboprop is extracted by the turbine from

the gas stream through the engine to drive the propeller, while a small portion is

used to produce jet thrust by expanding the exhaust gases in the nozzle. The

turboprop’s power available is then the total power generated from the propeller

with the jet thrust power. Thus for turboprop, the function for power available is

Pa = ηjPbr + TjV, (2.122)
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where Tj is the jet thrust.

2.7.4 The performance diagram

The maximum forward velocity is defined by the condition that Pc = 0 in equation

(2.97) at which the unaccelerated flight velocity can be sustained. Thus

Pa = Pr. (2.123)

The rate of climb of the aircraft can be obtained by combining equation (2.97)

and (2.98),

RC =
Pa − Pr

W
. (2.124)

A hodograph is one of few ways to display the climbing performance curve, the

plot of the climb rate against the horizontal airspeed component, Vh = V cos γ. The

slope for radius vector from the origin and intersecting the curve can be obtained

as from the following ratio

RC

Vh

=
V sin γ

V cos γ
= tan γ (2.125)

For fixed-pitch propeller aircraft, the rate of climb and the climb angle at each

flight velocity would be lower due to the fact that for a reduction in engine speed

with decreasing airspeed, the shaft brake power and available power is lower for a

fixed-pitch propeller.

The thrust and drag curve intersection in Figure 2.38 sets the maximum airspeed

for level flight,

T = D (2.126)
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Figure 2.38: Performance diagram for turbofan transport airplane
(Ruijgrok, 2009).

The excess thrust explicitly defines the angle of climb at velocities below Vmax,

as we find from Equation (2.90), the angle of climb is directly determined.

sin γ =
T −D

W
(2.127)

The equation above reveals that with a maximum excess thrust, the maximum

climb angle is reached.

The relationship between actual climb angle vs climb angle with cos γ = 1 is

sin γ =
T −D

W
=

T −D1

W
+

∆Di

W
(2.128)

• Subscript 1 is for the case cos γ = 1

• ∆Di is the induced drag surplus. ∆Di = ∆CDi
1
2
ρV 2S

with ∆Di = ∆CDi
1
2
ρV 2S and CDi = kC2

L, another form for Equation (2.128) is as

follows

sin γ = sin γ1 + k sin2 γ
W

1
2
ρV 2S

(2.129)
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By setting γ = γ1 on the right-hand side of Equation (2.129) in the second term,

the problem can be adequately defined so that

sin γ

sin γ1
=

RC

RC1

= 1 + k sin γ1
W

1
2
ρV 2S

(2.130)

2.7.5 Performance prediction using analytical expression

In order to achieve a full analytical view of the results curves, we must also in-

corporate simplistic assumptions in terms of thrust and power available curves.

However, these empirical performance computation methods can only provide an

evaluation of the actual performance and are particularly useful for gaining insight

into the performance effects of the different parameters.

The cold air flowing through the bypass duct and the hot air going through the ex-

haust nozzle generates the thrust of a turbofan engine. The thrust of the turbofan

usually decreases with airspeed, which behavior can be easily defined by:

T

Tstatic

= 1− k(V )
1

2 (2.131)

in this equation, k is a constant for a given bypass ratio, control setting, and

altitude.

The available power for a constant speed propeller is basically constant across

the airplane’s speed range. Therefore, it can be concluded that the power available

for propeller-driven airplanes is independent of airspeed, given that the setting and

altitude of the engine control remain unchanged.

Pa

Pa0

= (
ρ

ρ0
)n (2.132)

• subscript ”0” is a designates sea-level condition

• in the troposphere n is less than 1
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At flight velocity, the thrust of a subsonic turbojet engine is relatively constant.

Therefore, it seems worthwhile to conclude that a jet-powered airplane’s thrust has

a constant value in the subsonic speed range.

T

T0

= (
ρ

ρ0
)n (2.133)

going back to the rate of climb equation, the maximum rate of climb can be

obtained when the power available is unchanging,

RCmax =
Pa − Prmin

W
(2.134)

Substituting Pr from Equation (2.104) into the equation above yields

RCmax =
Pa

W
−
√

W

S

2

ρ

1

(C3
L/C

2
D)max

(2.135)

From Equations (2.127) and (2.103), we can write the following for climb angle,

sin γ =
T −D

W
=

T

W
− CD

CL

. (2.136)

At the maximum lift drag ratio the climb angle become

sin γ =
T

W
− 1

(CL/CD)max

. (2.137)

For the rate of climb, integrating Equations (2.102) and (2.136) results in the

equation given,

RC = V sin γ =

√

W

S

2

ρ

1

CL

[

T

W
− CD

CL

]

. (2.138)
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It is possible to achieve the optimal rate of climb by setting the first derivative of

the equation above with respect to CL equal to zero,

dRC

dCL

=
d

dCL

[
√

W

S

2

ρ

1

CL

[

T

W
− CD

CL

]

]

. (2.139)

We can obtain the condition for the maximum rate of climb by following through

with this differentiation.
T

W
= 3

CD

CL

− 2
dCD

dCL

. (2.140)

Substituting Equation (2.105) into the equation above yields the following equation

for a parabolic variation of CD and CL

T

W
= 3

CD0

CL

− 2
dCD

dCL

. (2.141)

lift coefficient for maximum rate of climb,

CLC =
πAe

w

T

W



−1 +

√

1 + 12
CD0

πAe

(

W

T

)2


 (2.142)

The conditions for maximum level steady flight speed

W = CL
1

2
ρV 2S (2.143)

T = CD
1

2
ρV 2S (2.144)

Equation (2.107) into (2.144) Vmax,

T = CD
1

2
ρV 2

maxS +
W 2

πAe1
2
ρV 2

maxS
(2.145)
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Equation (2.145) solved into

Vmax =

√

√

√

√

√

T

ρCD0S



1±

√

4
CD0

πAe

(

W

T

)2


 (2.146)

2.8 Cruise Performance

2.8.1 Range and endurance

The expression range is used in cruising flights for the horizontal straight line

distance in which the aircraft operates. A block distance, stage length, or total

range is where an aircraft travels from ascending, cruising, and descending, forming

a complete cycle. In general, the total range where the aircraft operates, is limited

by the the aircraft’s fuel capacity. The function for fuel consumption per unit time

can be seen as follow

F =
dWf

dt
, (2.147)

Wf is the total fuel load

since dWf = −dW , the weight of the aircraft is affected by the fuel weight flow

F = −dW

dt
(2.148)

The aircraft’s range can be obtained by the following

R =

∫ t2

t1

V dt =

∫ W2

W1

−V

F
dW =

∫ W1

W2

V

F
dW (2.149)

• V/F is the range per unit fuel weight, or the specific range

• 1 and 2 is a subscript that refer to the start and end of the cruise, respectively,

for initial and final state.
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For the amount of time spent on cruising flights, the term endurance is used.

The equation is written as

E =

∫ t2

t1

dt =

∫ W2

W1

−dW

F
=

∫ W1

W2

dW

F
. (2.150)

For the equilibrium condition of propeller propulsion where power available Pa

is equal to power required Pr, there is a certain value of specific fuel consumption

cp and the propulsive efficiency ηj. Thus the engine power can be obtained from

the following

ηj =
Pa

Pbr

Pbr =
Pa

ηj

(2.151)

For the fuel weight flow rates is obtained from

cp =
F

Pbr

F = cpPbr

(2.152)

2.8.2 Range and endurance for propeller aircraft

Specific range and fuel weight flow rate may also be correlated to the parameters

of the airplane and propulsion system by utilizing Equations 2.151 and 2.152 to

get analytic formulas for range and endurance. The following can be written if we

assume a quasi-level and quasi-steady flight,

F = cpPbr = cp
Pa

ηj
= cp

Pr

ηj
= cp

DV

ηj
. (2.153)
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Then by utilizing Equation 2.102 and 2.103 the following can be obtained,

V

F
=

ηj
cp

CL

CD

1

W
(2.154)

F =
cp
ηj
W

√

W

S

2

ρ

C2
D

C3
L

(2.155)

Integrating Equation 2.154 into 2.149, and Equation 2.155 into 2.150 resulted in,

R =

∫ W2

W1

ηj
cp

CL

CD

dW

W
(2.156)

E =

∫ W2

W1

ηj
cp

dW

W
√

W
S

2
ρ
(C2

D/C
3
L)

. (2.157)

Then,

R =
ηj
cp

CL

CD

∫ W2

W1

dW

W
=

∫ W2

W1

ηj
cp
|lnW |W1

W2
=

ηj
cp

CL

CD

W1

W2

(2.158)

E =
ηj
cp

√

C3
L/C

2
D

1
S

2
ρ

∫ W2

W1

dW

W
√
W

=
ηj
cp

√

C3
L/C

2
D

1
S

2
ρ

∣

∣

∣

∣

−2√
W

∣

∣

∣

∣

W1

W2

E =
ηj
cp

√

C3
L/C

2
D

1
S

2
ρ

[

2√
W2

− 2√
W1

]

. (2.159)

With initial airspeed of,

Vi =

√

W1

S

2

ρ

1

CL

, (2.160)

Equation 2.159 can be modified into

E = 2
ηj
cp

CL

CD

1

Vi

[

√

W1

W2

− 1

]

. (2.161)
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2.8.3 Range and endurance for battery powered aircraft

In the case of electric aircraft, instead of fuel, a battery provides the required power

to overcome the drag. Usually, a battery pack capacity is labeled in ampere-hours

Ah or milliampere-hours mAh. A 1 Ah battery would be able to supply a 1 A

current continuously for 1 hour (Usually, battery capacity relies on a 1 h discharge

for compact batteries or 20 h for larger installations). Thus, in a sense, it seems

that a 1 Ah battery could provide a 2 A current for half an hour, but this is not

the case as there is a law called Peukert’s effect; thus, a 1 Ah battery if it were to

supply a 2 A current, it would last less than half an hour. This indicates that a

higher current draw would reduce the effective capacity of the battery. This also

means that if the current were less than the battery capacity, the effective capacity

would increase. Peukert’s equation is as follows:

t =
C

in
, (2.162)

where C is the capacity of the battery in Ah, i is the discharge current in amperes,

t is time in hours. n is a discharge parameter that is dependent on the type and

the temperature of the battery. As the battery ages, the parameter n changes such

that the capacity usually diminishes. Only if the discharge of the battery is 1 A

will the previous equation be valid, which often is not the case as discharge varies

as needed. To account the effect of the discharge rate, the equation needs to be

modified into the following

t =
Rt

in

(

C

Rt

)n

, (2.163)

where Rt is the time (in hours) of discharge over which the capability has been

defined, or simply battery hour rating. The power output of a battery can be

estimated by

PB = Voi, (2.164)
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where Vo is the battery voltage in volt. We can find i by rearranging Equation

(2.163),

in =
Rt

t

(

C

Rt

)n

,

i =
n

√

Rt

t

C

Rt
,

i =

(

Rt

t

)1/n
C

Rt
. (2.165)

Substituting Equation (2.165) into Equation (2.164) will yield the following

PB = Vo
C

Rt

(

Rt

t

)1/n

. (2.166)

Battery power can also be calculated by dividing the power required with the total

efficiency ηtot

PB =
Pr

ηtot
. (2.167)

Losses in the propulsion system, which consists of motor, motor driver, and

propeller, would decrease the battery power output. Each element has its own

efficiency, and they will be merged into a total efficiency ηtot for this calculation

and further. Thus integrating Equation (2.112) and (2.167) into (2.166) with k =

1/(πAe) yield

1
2
ρV 3SCD0 + (2W 2k/ρV S)

ηtot
= Vo

C

Rt

(

Rt

t

)1/n

,

C

Rt

(

Rt

t

)1/n

=
1

ηtotVo

[

1

2
ρV 3SCD0 +

2W 2k

ρV S

]

. (2.168)
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Solving the equation in terms of time t give us

n

√

Rt

t
=

Rt

ηtotVoC

[

1

2
ρV 3SCD0 +

2W 2k

ρV S

]

,

(

Rt

t

)

=

(

Rt

ηtotVoC

[

1

2
ρV 3SCD0 +

2W 2k

ρV S

])n

,

t = Rt

(

ηVo × C
1
2
ρV 3SCD0 + (2W 2k/ρV S)

1

Rt

)n

,

t = Rt
1

Rtn

[

ηVo × C
1
2
ρV 3SCD0 + (2W 2k/ρV S)

]n

,

E = t = Rt1−n

[

ηVo × C
1
2
ρV 3SCD0 + (2W 2k/ρV S)

]n

, (2.169)

where E is the endurance of the aircraft in hours. To measure the endurance of a

battery-powered electric aircraft we can use Equation (2.169), this equation also

accounts the battery discharge rate at any flight velocity. Maximum endurance

and range have their own condition, for maximum endurance the condition is

CD0 =
1

3
kC2

L (2.170)

C2
L = 3CD0/k

CL =
√

3CD0/k

and for maximum range the condition is

CD0 = kC2
L. (2.171)

C2
L = CD0/k

CL =
√

CD0/k
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Equation (2.170) and (2.171), combined with Equation (2.74) result in the fol-

lowing for maximum range VR and maximum endurance VE;

V 2 =
W

CL
1
2
ρS

,

V =

√

W

CL
1
2
ρS

,

V =

√

2W

ρS

1

CL

,

thus

VE =

√

2W

ρS

√

k

3CD0

, (2.172)

VR =

√

2W

ρS

√

k

CD0

. (2.173)

VE and VR are required to find the aircraft endurance and range, respectively. To

estimate the endurance of the aircraft VE is used in Equation (2.169). For maximum

range estimation, VR is used in Equation (2.169) to find the endurance when the

aircraft is flying for maximum range. Then, the maximum range can be estimated

using

Rmax = E × VR (2.174)

where the endurance E is the endurance at maximum achievable range.

Another way to estimate the maximum endurance is by integrating Equation

(2.170) and Equation (2.102) into

Pr =
1

2
ρV 3S(CD0 + kC2

L) (2.175)
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which resulted in

Pr = 2ρSCD0

(

2W

ρS

√

k

3CD0

)3/2

Pr =
2√
ρS

C
1/4
D0

(

2W

√

k

3

)3/2

. (2.176)

Since the denominator in Equation (2.169) is the power required Pr then we

can simply replace it with the power required from Equation (2.176) which yields

Emax = Rt1−n







ηVo × C

2√
ρS
C

1/4
D0

(

2W
√

k
3

)3/2







n

h. (2.177)

Similarly for maximum range Rmax with CL =
√

CD0/k will yield

Pr =
1

2
ρV 3S

(

CD0 + k
3CD0

k

)

Pr = 2ρV 3SCD0,

then integrate V from Equation (2.172) we got,

Pr = 2ρSCD0

(

2W

ρS

√

k

3CD0

)3/2

,

Pr = 2ρSCD0

√
ρS

(ρS)2
4
√
CD0

CD0

(

2W
√

k/3
)3/2

Pr = 2

√
ρS

ρS
C

1/4
D0

(

2W
√

k/3
)3/2

Pr =
2√
ρS

C
1/4
D0

(

2W
√

k/3
)3/2

. (2.178)
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Thus, the endurance for maximum range will be

E = Rt1−n







ηVo × C

2√
ρS
C

1/4
D0

(

2W
√

k/3
)3/2







n

h. (2.179)

Integrating Equations (2.179) and (2.173) into Equation (2.174) will yield

Rmax = Rt1−n







ηVo × C

2√
ρS
C

1/4
D0

(

2W
√
k
)3/2







n
√

2W

ρS

√

k

CD0

· 3.6km, (2.180)

the 3.6 multiplier is for converting from m/s to km/h.
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CHAPTER 3

RESEARCH METHODOLOGY

Table 3.1: N-219 Fuel/Battery Configuration for 11 PAX

Fuel/Battery (F/B) Airbreathing A Electric A Electric C

Type Avtur Li-Ion Li-Ion
Mass 1600 kg 1600 kg 4996.8 kg
Volume 1975 L 632.4 L 1975 L
Specific Energy 42.8 MJ/kg 0.954 MJ/kg 0.954 MJ/kg

(11,889 Wh/kg) (265 Wh/kg) (265 Wh/kg)
Energy Density 34.668 MJ/L 2.412 MJ/kg 2.412 MJ/kg

(9,630 Wh/L) (670 Wh/L) (670 Wh/L)
Density @ 15 °C ≈ 0,81 kg/L 2.53 kg/L 2.53 kg/L
Total Energy 68,470 MJ ≈ 19 MW 1525 MJ ≈ 423.6 kW 4763.7 MJ ≈ 1.3 MW
Total Weight 7030 kg 7030 kg 10603 kg

Table 3.2: N-219 Fuel/Battery Configuration for 21 PAX

Fuel/Battery (F/B) Airbreathing B Electric B Electric D

Type Avtur Li-Ion Li-Ion
Mass 644 kg 644 kg 4996.8 kg
Volume 795 L 254.5 L 1975 L
Specific Energy 42.8 MJ/kg 0.954 MJ/kg 0.954 MJ/kg

(11,889 Wh/kg) (265 Wh/kg) (265 Wh/kg)
Energy Density 34.668 MJ/L 2.412 MJ/kg 2.412 MJ/kg

(9,630 Wh/L) (670 Wh/L) (670 Wh/L)
Density @ 15 °C ≈ 0,81 kg/L 2.53 kg/L 2.53 kg/L
Total Energy 68,470 MJ ≈ 19 MW 1525 MJ ≈ 423.6 kW 4763.7 MJ ≈ 1.3 MW
Total Weight 7030 kg 7030 kg 11603 kg

In order to identify whether changing from fuel to battery would pose any is-

sues, a configuration comparison is necessary; as seen in Table 3.1 and 3.2, this

comparison also intended to foresee the potential of a battery compared to fossil
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fuel. According to Figure 1.8, different payload affects the maximum range. That

is because, in order to increase the payload, some part of the fuel must be sacrificed,

and vice versa. That is why there are two different tables for different payloads,

as each payload has its own fuel/battery capacity, with exception of configuration

Electric C and D. The Airbreathing configuration and the Electric A and B con-

figuration obey the total weight limit of MTOW (7030 kg), where the Electric C

and D configuration is made solely for research purposes that disregards any struc-

tural barrier and has no limit in any aspect. That is why the Electric C and D

configuration has an alarmingly extra weight up to 3 tonnes more than the other

configurations.

3.1 Methodology/Steps of work

Figure 3.1 represents the steps taken throughout the making of this thesis, and

as shown, in order to calculate the range and endurance for electric N-219, the

author first needs to complete a specific task. From the top left, the author needs

to collect the N-219 data and performance. This is one of the most important data

to obtain and research aside from the influence of aircraft electrification, as this is

the fundamental of range and endurance performance.

The ISA computational model was made in order to smoothen the overall pro-

gression of calculating the range and endurance. Thus this makes the reconfirma-

tion of data more accessible. The author does not have to manually calculate the

atmospheric properties every time the author decides to recode or calculate the

related data.

The research on the influence of aircraft electrification is done because differ-

ent systems use different measurement methods. For example, a fossil fuel based

system takes into account the change in aircraft weight for calculating its range

and endurance; meanwhile, with the use of a battery, an electric aircraft retains
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comparison of different
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configurations

Figure 3.1: Methodology Flow Chart

its weight from takeoff to landing. This alone already changes the equation by a

bit; furthermore, there are other effects of battery voltage and current that must

be considered for using an electric vehicle.

Then after taking note of current and future battery specifications, the author

can calculate the range and endurance of electric N-219 with the combination of

data and research the author did previously. A calculation that takes into account

battery characteristics using N-219 data and the latest battery technology. Thus

with the calculation done, analysis and discussion can be created to compare the

performance between the electric N-219 and the airbreathing N-219.
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3.2 N-219 data collection

Table 3.3: N-219 General Data (Aerospace, n.d.-b)

Maximum Take Off Weight (MTOW) 7,030 Kg

Max. Landing Weight 6,940 Kg

Max. Fuel Capacity 1,600 Kg

Maximum Range with Maximum Fuel 828 NM

Maximum Payload 2,313 Kg

Take Off Distance 435 m

Landing Distance 509 m

Maximum Cruise Speed 210 Kts

Economical Cruise Speed 170 Kts

Stall Speed 59 Kts

Range with 19 pax 480 NM

Range at Max Fuel 828 NM

Operating altitude 10,000 ft

Ceiling Altitude 24,000 ft

Finding a credible source for the N-219 data was not an easy task, as the aircraft

itself is still in production and certification state. This results in very few pa-

pers about N-219 and other sources of N-219 data. Furthermore, the Indonesian

Aerospace website only provides a fraction of N-219 data, which mostly is a general

performance specification as shown in Table 3.3.

Luckily most of the data required for this thesis can be found within some

of these papers; most notably is the thesis by Mirna Sari about lift coefficient

optimization for single slotted flap and double slotted flap on N-219 aircraft (Sari,

2018). The data obtained here can be seen from Table 3.4. Another important

piece of data obtained from this thesis is the N-219 wing profile; finding out the
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wing profile is crucial as it enables the advisors to assist the author in finding one

of the most important variables: the zero-lift drag coefficient of the N-219 aircraft.

Table 3.4: N-219 Geometric Characteristic (Sari, 2018)

Wing Area 41.5 m2

Wing Span 19.5 m
Wing Aspect Ratio 9.16
Wing Taper Ratio 0.52
Wing Sweep Angle -0.79°

Mean Aerodynamic Chord, MAC 2.13 m
Fuselage Diameter 1.3 m
Horizontal Tail (HT) Area 10.99 m2

HT Aspect Ratio 5.17
HT Taper Ratio 0.53
HT Sweep Angle (deg) 3.43°

Vertical Tail (VT) Area 8.34 m2

VT Aspect Ratio 1.6
VT Taper Ratio 0.5
VT Sweep Angle 30.95°

Landing Gear Wheel Base 5.126 m
Landing Gear Wheel Track 3.7 m

The N-219 use an airfoil profile LS(1)-0417, as shown in Fig. 3.2, this airfoils

has a characteristic as follow:

• Maximum airfoil thickness 0.17c;

• αcl=0 = −4 deg;

• clα = 6.3814/rad;

• cmα
= 0.2455/rad for α > 6 deg and cmα

= −0.1705/rad for α < 4 deg;

According to Figure 3.3, at moderate α with Re = 6 × 106, the cd varies from

0.01 to 0.016. The N-219 have a maximum cruise speed of 108 m/s, which is less

than Mach 0.3, thus the air can be considered as incompressible.
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alpha L=0 at -4 deg
cl linear < 1.4 at alpha < 8.571 deg

scale: 7 mm : 0.4

scale: 7 mm : 4 deg

Figure 3.2: Airfoil series LS(1) -0417

Figure 3.3: cl, cd, and cm at Re = 6× 106
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Figure 3.4: clmax
for various Reynolds numbers.

Figure 3.5: Induced drag coefficient vs taper ratio.

Wing theory

General lift equations,

Γ = 2bV∞

N
∑

1

An cosnθ, (3.1)
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dΓ

dθ
= 2bV∞

N
∑

n=0

nAn cosnθ, (3.2)

Downward velocity = w,

w =
1

4π

∫ b/2

−b/2

(dΓ/dy)dy

y − y0
(3.3)

w =
1

4π

∫ π

0

2bV∞
∑

n An cosnθdθ

−1/2(cos θ − cos θ0)

w =
V∞

π

∫ π

0

∑

n An cosnθdθ

cos θ − cos θ0

w =
V∞

π

∑

nAn

∫ π

0

cosnθdθ

cos θ − cos θ0

w = V∞

∑

nAn
sinnθ

sinθ
(3.4)

Lift per unit span,

L′ =
1

2
ρV 2

∞cc′l (3.5)

ρV∞Γ =
1

2
ρV 2

∞cc′l

c′l =
2Γ

V∞c

(3.6)

where:

c′l = a0(αeff − α0),

c′l = a0(α− αi − α0),

c′l = a0[(α− α0)− αi],

and

• α0 = αL=0,
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• αeff = α− αi,

• αi = tan−1 w
V∞

w
V∞

.

2Γ

a0c
= V∞

[

(α− α0)−
w

V∞

]

= V∞(α− α0)−
V∞ΣnAn sinnθ

sin θ

2bV∞
∑N

n=1 An sinnθ

a0c
= V∞(α− α0)−

V∞ΣnAn sinnθ

sin θ

4b

ca0

N
∑

n=1

An sinnθ = (α− α0)−
∑

n An sinnθ

sin θ

∑

An sinnθ =
ca0
4b

(α− α0)−
ca0
4b

∑

n An sinnθ

sin θ

ca0
4b

(α− α0) =
∑

An sinnθ
(

1 +
ca0
4b

n

sin θ

)

suppose that K = ca0
4b

K(α− α0) =
∑

An sinnθ

(

1 +
Kn

sin θ

)

K sin θ(α− α0) =
∑

An sinnθ (sin θ +Kn)

Table 3.5: N-219 wing properties

For N-219 Mid span Wing tip

c 2.622 1.456
a0 = dCL/dα 6.3814 6.3814
αL=0 −4◦ (-0.0698 rad) −4◦ (-0.0698 rad)
α incident angle −2◦ (-0.035 rad) −2◦ (-0.035 rad)

L =

∫ b/2

−b/2

ρV∞Γdy =

∫ π

0

ρV∞Γ

(

b

2
sin θdθ

)

(3.7)

L =
1

2

∫ π

0

ρV∞bΓ sin θdθ =
1

2

∫ π

0

ρV∞b2bV∞ΣAn sinnθ sin θdθ
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L = b2ρV 2
∞

∫ π

0

ΣAn
1

2
[cos(n− 1)θ + cos(n+ 1)θ] dθ

L = b2ρV 2
∞
1

2

∫ π

0

ΣAn

[

cos(n− 1)θ

n− 1
+

cos(n+ 1)θ

n+ 1

]∣

∣

∣

∣

π

0

L = b2ρV 2
∞
1

2
An

(

sin(n− 1)θ

n− 1

)∣

∣

∣

∣

π

0

L = b2ρV 2
∞
1

2
An

[

lim
n→1

A1
sin(n− 1)θ

n− 1

]π

0

L = b2ρV 2
∞
1

2
A1π (3.8)

L
1
2
ρV 2

∞

= b2A1π

CL = A1πAR (3.9)

Induced drag

D =

∫ b/2

b/2

ρWΓdy =

∫ π

0

ρ
V∞ΣnAn sinnθ

sin θ
2bV∞ΣAn sinnθ

b

2
sin θdθ (3.10)

D = ρV 2
∞b2

∫ π

0

ΣnAn sinnθΣAn sinnθdθ

Di = ρV 2
∞b2

(π

2
ΣnA

2
n

)

(3.11)

A1 =
CL

πAR
(3.12)

cdi =
CL

A1

σnA
2
n = CLσn

A2
n

A1

A1

A1

= CLσn
A2

n

A2
1

A1 = CL
CL

πAR
σn

A2
n

A2
1
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cdi =
C2

L

πAR

[

1 +

(

3A2
3

A2
1

+
5A2

5

A2
1

+ ...

)]

(3.13)

δ =
3A2

3

A2
1

+
5A2

5

A2
1

+ ... (3.14)

cdi =
C2

L

πAR
(1 + δ) =

C2
L

πeAR
(3.15)

e =
1

1 + δ
(3.16)

From numerical calculation using array of A, we obtain

e =
1

1 + δ
= 0.62921

CL wing at level flight = CL = πARA1 = 0.320817 (α is only αincidence 2◦)

Power Law:
µ

µ0

= (
T

T0

)0.7. (3.17)

µ = (1.789× 10−5)(
268.67

288.15
)0.7 = 1.703× 10−5

Re =
0.90926(30m/s)(2.1772)

1.703× 10−5
= 34.86× 105 = 3.5× 106

ν =
µ

ρ
= 1.87345× 10−5

For skin friction coefficient Cf ,

Cf =
1.328√
Re

=
1.328√
3.5× 106

= 0.0007098← laminar

Cf

0.455
= (log10R)−2.58 => Cf = 0.003574← turbulent
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From airfoil profile, we have Cd = 0.011← including profile drag and skin friction

drag.

Fuselage estimation

known variables:

• Fuselage ν-cabin: 18.1 m3

• N-219 ν-baggage: 3.87 m3

• Swetted : 86.74 m2

We can estimate the profile drag coefficient Cd and skin friction drag coefficient Cf

•
l
d
= 11.202

2
= 5.6 => Cd ≈ 0.058

• Cf = Cd

3
× D

l
= 0.00345

4652 6550 4500

15702

Figure 3.6: N-219 fuselage estimation

Horizontal tail: MS(1)-0313 mod airfoil.

• Area = 10.88 m2

• Span = 7.5 m

• ct/cr = 0.527

• cr = 1.9 m
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• ct = 1.0 m

• αincidence = 0

Vertical tail : Joukowsky airfoil.

• Area = 8.344 m2

• Span = 3.7 m

• cr = 3 m

• ct = 1.51 m

• t = 13%

Cl

Cd

= 20

2πα

Cd

= 20(assume α < .2)

Cd ≈ 0.0055

Nacelle drag coefficient

min 0.08

0.73

1.28

Figure 3.7: N-219 nacelle estimation

Wheel + fairings
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500

300 150

6
0
08
5
5

1
0
0

Figure 3.8: N-219 wheel + fairings estimation

The CD for the wheel is 0.7. For 3D shape, a correction is required,

CD20

CD30

= 1.8

thus, CD30
= 0.39

Wheel strut, from Figure x, the CD is 0.6 (cylinder). Thus,

D

q
= CDwing

S + CDf
(Sf) + Cff (Sf) + CDV T

(S) + CDHT
(S)+

CDN
(S) + CDV T

(S) + CDW
(S) + CDWS

(S)

D

q
= (0.011)(41.5) + (0.058)(2)(2) + (0.00346)(86.74) + (0.0055)(8.344)+

(0.009)(10.88) + (0.08)(π)

(

0.73

2

)2

+ (0.39)(0.3)(0.855)× (2)+

(0.39)(0.15)(0.6) + (0.6)(0.5)(0.1)× (2)

D

q
= 1.5836 => CD0

=
D

q
× 1

S
= 0.0357

One particular data were not available for the public and that is the specific

data for Pratt & Whitney Canada PT6A-42 (the main engine for N-219 aircraft)

and the Hartzell propeller. In order for the author to calculate the range and
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endurance of the airbreathing N-219, the author needs to know parameters such as

Specific Fuel Consumption SFC, Shaft Horsepower SHP , Thrust T , and propeller

efficiency ηj. Only the engine manufacturer and the aircraft manufacturer hold

these data for this specific type of engine; thus, the author of this thesis proposes

a formal letter to Indonesian Aerospace for a data retrieval, Appendix A.

3.3 ISA Computational model

In order to accurately calculate the range and endurance of aircraft with ease,

the author of this thesis formulates a python code to compute the atmospheric

properties on any given temperature and altitude. This python code is one of

the fundamental aspects for the final code later on in this thesis. This code is also

present in almost every other code the author creates throughout this thesis. Figure

3.9 shows the workflow of the ISA python code; The code for ISA computational

model can be found in Appendix B.
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Initial variable:
Altitude Array and

Temperature Deviation

0<= H <= 11km

11km< H <= 20km

20km< H <= 32km
Use Troposphere Equation

Eq. 2.8, 2.12, 2.13, 2.19
(Ruijgrok, 2009) Use Lower Stratosphere Equation

Eq. 2.8, 2.15, 2.16, 2.19
(Ruijgrok, 2009) Use Upper Stratosphere Equation

Eq. 2.8, 2.10, 2.11, 2.19 
(Ruijgrok, 2009)

Return result

END

TRUE

TRUE

TRUE

FALSE

FALSE

FALSE

Figure 3.9: ISA computational model flow chart (H is geometrical
altitude)
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3.4 Confirmation of N-219 data using range & en-

durance

Locate Thrust, SHP, and SFC for
specific Altitude, temperature
deviation, and airspeed from

engine data

calculate k using
paramter AR, and e

Calculate CL and CD

Calculate Power
Available (Pa = Pr for

cruise)

Calculate propulsive
efficiency ηj

Calculate
Range/Endurance

END

Set dataframe

Initial known parameter setup: 
-ISA

-MCR
-geometrical altitude h,

-airspeed V,
-initial final aircraft weight W1 & W2,

-CD0,
-oswald's efficiency e,

-air density ρ

Save dataframe to
.xlsx

Figure 3.10: Range and endurance airbreathing aircraft flow chart
table

Table 3.6: N-219 aerodynamics data

H (ft) W (kg) rho (kg/m3) S (m2) A e CD0 VR (kts) VE (kts)

0 7030 1.225 41.5 9.16 0.62921 0.0357 112.93 82.78
5000 7030 1.0556 41.5 9.16 0.62921 0.0357 121.62 92.41
10000 7030 0.9046 41.5 9.16 0.62921 0.0357 131.38 99.83

It is known from the Indonesian Aerospace webpage about N-219 that the N-

219, under optimal operating altitude and velocity, could reach a maximum range of

around 828 nmi (1534 km). Thus with the obtained data, the author can calculate

the range and endurance of N-219 to confirm the data and calculation with the

published result of N-219. For this particular section, the author also devised a

computational model to calculate the airbreathing range and endurance of the N-

219 aircraft, Appendix B. Figure 3.10 shows the flowchart of the airbreathing range
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and endurance computational model. So far, it is known that an N-219 with 1600kg

of AVTUR and 7030 total weight, flying at 10,000 ft (3048 m) with an airspeed

of 170 kts (87.5 m/s), could reach a distance of around 828 nmi (1534 km). But

before everything else, the author must confirm that the airspeed given is the same

as the VR for the N-219 aircraft.

Using Equation 2.173, the author can determine the airspeed for N-219 maxi-

mum range, which can be seen in Table 3.6. It is to be noted that when using any

aircraft formula, the weight should be in newton. As stated previously in Chapter

2.8, to achieve maximum endurance, the aircraft requires a different airspeed which

caters to the changing lift drag ratio. Using Equation 2.172 the author finds the

maximum endurance airspeed VE.

Now that the optimal airspeed is known for each flight type, the next thing

to do is to identify the Thrust T , Specific Fuel Consumption SFC, and Propeller

Efficiency ηj as these parameters are dependent on airspeed, altitude, and temper-

ature deviation. A slight inconvenience here is that the data is only available at a

specific interval of airspeed, altitude, and temperature. Luckily for the altitude and

temperature deviation has data for 10,000 ft and ISA +0. But the inconvenience

comes from the fact that the airspeed data only comes at 20 kts interval, as seen in

Appendix A. Thus since the calculated airspeed does not match any airspeed data

given, then the airspeed will be rounded to the closest available data; in this case,

both are rounded to 100 kts (51.4 m/s) for VE and 140 kts (72 m/s) for VR.

Table 3.7: N-219 engine data

ISA Altitude (ft) Airspeed (kts) Thrust (kgf) Fuel Flow (lb/hr) ηp SHP (hp) SFC(lb/hr/lb)

0 10000 140 434.62 326.32 0.823 507.12 0.34
0 10000 100 523.43 320.7 0.734 489.15 0.28

Now that the author knows the airspeed and the altitude, the author can de-

termine the Thrust produced and Fuel Flow rate consumed during that specific

airspeed and altitude, Table 3.7. For Thrust T , Fuel Flow FF , and Propeller
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Efficiency ηp were taken directly from Appendix A, which is the data given from

Indonesian Aerospace. SHP can be found using

SHP =
V T

ηp
, (3.18)

it is to be noted that to achieve SHP in hp; the calculation must use imperial units.

For SFC calculate using

SFC =
FF

T
, (3.19)

and again, for SFC in lb/hr/lb the units must be in imperial. One thing to note

that the data from Table 3.7 is only for one engine, and since N-219 uses two Pratt

& Whitney Canada PT6A-42, then the data for T, FF, SHP, and SFC must be

multiplied by the total engine.

Then with the data from Table 3.7 and 3.6 the range and endurance of N-219

can be estimated using step from Figure 3.10. With k = 1
πAe

, the CL can be taken

from Equation 2.91; since at cruse the lift is equal to aircraft weight, Thus

CL =
2W

ρV 2S
. (3.20)

The CD can be found from Equation 2.45. Then since Pa = Pr, using Equation

2.112 the following equation can be obtained,

Pa = Pr =
1

2
ρV 3SCD0 +

2W 2k

ρV S
. (3.21)

Then with SHP = Pbr, the propulsive efficiency can be found from using Equation

2.118 into,

ηj =
Pa

SHP
. (3.22)

Now that all the prerequisite variable is found, the author can proceed to calculate

the range and endurance. Since the variable obtained for the maximum range is
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mostly in Imperial units, the author calculates the maximum range using the Im-

perial unit tuned Breguet equation, which includes the final conversion multiplier.

This decision were made in order to minimize unit conversion; rather than convert-

ing each variable individually, it is much quicker to combine the conversion unit at

the end. Thus the maximum range equation becomes,

R = 375
ηj
cp

CL

CD

W1

W2

, (3.23)

and the result will be in miles (Saarlas, 2007). In order to get the result in Metric

unit then the equation becomes,

R = 375
ηj
cp

CL

CD

W1

W2

1.61 = 603.75
ηj
cp

CL

CD

W1

W2

. (3.24)

For endurance angkanya masih salah

3.5 Electrification of Aircraft

This particular section of this chapter covers the research on the influence of aircraft

electrification on aircraft’s performance, research about Peukert’s law and its effect

on aircraft, and research on modification of Breguet equation for electric aircraft

from Figure 3.1. The most notable influence of aircraft electrification on aircraft’s

performance lies in the capability of the aircraft to achieve a maximum range

and endurance under other similar performance aspect as fossil fuel based system.

This has been demonstrated by companies such as Eviation and magniX, who had

successfully flown a 9 seater all-electric aircraft. While Eviation designed a 9 seater

electric aircraft from scratch, magniX retrofitted an existing Cessna B208 Grand

Caravan from its fossil fuel based system into an all-electric system. This difference

resulted in Eviation able to achieve a farther range of 540-650 nmi (1,000-1,200 km)

while magniX only able to achieve around 87 nmi (161 km), around one-tenth of
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it’s fossil fuel counterparts. Albeit, it is still an impressive result for a 30-minute

test flight.

Since the Breguet equation is specifically designed for an airbreathing engine,

it is crucial to find an equation for aircraft’s range and endurance that caters to

the electric aircraft specification. A paper by Lance W. Traub has an in-depth cal-

culation and its derivation about calculating electric aircraft range and endurance

with a modified Breguet equation that takes into account the electric properties

of electric aircraft (Traub, 2011). This, as well as Peukert’s effect, which is also

explained in Traub’s paper, has been explained in Chapter 2.8.3.

3.6 Current and future battery technology

Table 3.8: Battery Specification Short (Raymer, 2006)(“TYPES
OF LITHIUM-ION BATTERIES”, 2021)

Battery type/ Specific Energy Energy Density Voltage Charge Discharge Charge Cycle

manufacturer (Wh/kg) (Wh/L) (V) (C-rate) (C-rate)

Lead Acid 45 100 - - - -

Alkaline 100 300 - - - -

Nickle Cadmium 60 160 - - - -

Nickle Metal Hydride 90 300 1.35 1 2-4 -

Lithium ion 100-265 250-700 3.0-4.2 0.7-1 1-2 500-2000

Lithium Sulfur 500 1000 3.82 0.5 2-5 -

Table 3.8 shows a small list of battery types specification. The one showed in

Table 3.8 is one of the most commonly used battery types over the years. Although

Lithium-Sulfur (LiS) is the best in terms of overall capabilities, it is not yet widely

used due to the technology being very recent, and not many products adopt the

technology yet. Rather, Lithium-ion (Li-ion) dominates more than 80% of the

battery market share.
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With that being said, the main calculation for the electric N-219 will be using

the Li-ion battery specification and characteristic due to the certainty of the battery

availability.

3.7 Calculation of electric N-219 range and endurance

Initial variable setup
Electric range,

endurance, and
current relation

Effect of n
Maximum electric

range and
endurance

End code

Figure 3.11: Electric Range and Endurance flowchart

Input from main file Start payload loop Start altitude loop Start battery n rate
loop

Start battery capacity
loop

Start airspeed loop

If Electric 1:
Find endurance, 

range, current

If Electric 2:
Find endurance, 

range, current

save to arrayEnd of airspeed 
loop?

End of battery
capacity loop?

End of battery n rate
loop? End of altitude loop? End of payload loop?Save plot and table

Yes Yes Yes

YesYes

No No

No No

No

End

Figure 3.12: Electric range, endurance, and current relation flow
chart
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Start battery n rate
loop

Start battery capacity
loop

Calculate electric
range and endurance

If n == 1
save to n1 array

If n == 1.3
save to n1.3 array

End of battery
capacity loop?

End of battery n rate
loop

n1.3/n1 ratio

Input from main file

Save plot

YesYes

No No

Start payload loop

End of payload loop? End
Yes

No

Figure 3.13: Effect of n flow chart

If Electric 1 If Electric 2

Calculate
Vr
Ve

Er max
Pb
I

Emax
Rmax

for Electric1

Calculate
Vr
Ve

Er max
Pb
I

Emax
Rmax

for Electric 2

Save configurations
into CSV

Input from main file

Yes

Start payload loop Start altitude loop

End of payload loop? End of altitude loop?

End

Yes

No

No

Figure 3.14: Maximum electric range and endurance flow chart

Figure 3.11 visualize the flow of work of maximum range and endurance calculation,

which is the main topic of this thesis. Generally, this part is divided into three

calculation phases, the first one being the calculation of the relation of range,

endurance, and current in terms of airspeed, which can be seen in Figure 3.12. Then

in Figure 3.13 is the calculation of the effect of n for range and endurance. Finally,

in Figure 3.14 there is the calculation for the maximum range and endurance.

There are several things to note before going deep into the inner working of the

calculations. For the discharge parameter n, the author will be using n = 1 for a
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general battery type and n = 1.3 for lithium-ion battery. There are also several

pre-defined variables for this section, which can be seen in Table 3.9.

Table 3.9: N-219 Electric Variables

Altitude 10,000 ft (3048 m)
Temperature deviation ISA+0
Total efficiency ηtot 0.81
Airdensity ρ 0.904637
Rt 1 h
Aircraft weight 7030kg (68941N)
Aircraft weight w/o fuel/battery 5430kg (53250N)
Fuel/battery weight Wf 15690.64N
Fuel/battery volume Vf 1975L
Wing area S 41.5m2

Vertical Tail (VT) Area 8.34 m2

Voltage V olt 567V
Zero-lift drag coefficient CD0 0.0357
Wing aspect ratio A 9.16
Oswald’s efficiency e 0.62921
Battery specific energy BSE 265Wh/kg
Battery energy density BED 700Wh/kg

The calculation of the relation of range, endurance, and current in terms of

airspeed. The calculation will be done for n = 1 and n = 1.3, for every electric

configurations, and current i, along a specified airspeed of 0 m/s to 120 m/s.

Calculating the endurance is done using Equation 2.169, which, if multiplied by

the airspeed at that moment, will result in the achievable range for the aircraft

at that specific airspeed. Then to find the electrical current i, the author needs

to find the power battery PB first. Since E = t, the author can find PB using

Equation 2.166 , then using Equation 2.164 the author extract the i. The result

will be shown in a graph. The purpose of this calculation is to see at what speed

does the range and endurance peak and fall off, as well as to see the behavior of

the electrical current throughout different airspeeds.
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The calculation for effect of n. From here onwards, the calculation for range

and endurance will be on a fixed airspeed using eV for maximum endurance Emax

and rV for the maximum range Rmax. The calculation will also be for every

electric configurations with n = 1 and 1.3. The calculation for maximum range and

endurance can be calculated directly using Equation 2.180 and 2.177 respectively.

Then afterward, the result from n = 1.3 is divided by n = 1 to see the ratio between

them.

The calculation for the maximum range and endurance will solely be using

n = 1.3. Then for each configuration, the author first calculates the VR using

Equation 2.173 and VE using Equation 2.172. The author then calculates the

endurance for the maximum range ERmax (Equation 2.179), which is necessary

to find the electrical current for the maximum range. From ERmax, the author

can find PB then i in the same manner as the calculation for effect of n. Then

the author calculate the Rmax directly using Equation 2.180. Moving on to Emax

calculated using Equation 2.177, and the find the PB as well as i. This concludes all

calculations for the maximum range and endurance, and the result will be shown

in a table.
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CHAPTER 4

RESULTS AND DISCUSSIONS

In this chapter, we will be discussing the results obtained by using the methods

from Chapter 3. In section 4.1 we will be analyzing how different altitudes and

atmospheric properties would affect the range and endurance of the N-219 aircraft.

Furthermore, we will also see how different aircraft configurations such as different

payload and fuel capacity would affect the range and endurance and even the

optimal airspeed of the aircraft. Due to the data obtained at a specific interval, the

calculation for range and endurance for the airbreathing N-219 would be provided

in a summarized table, with a full table available in Appendix A. An official data

from Indonesian Aerospace for range and endurance also available and can be seen

in Figure 1.8. This also acts as a benchmark to see whether the author’s calculation

for the range is accurate or not. If the result from Section 4.1 is similar to the Figure

1.8 for the same configuration, then the result can be said as accurate enough.

Section 4.2 will discuss the entirety of the electrification of the N-219 and its

effects on the performance. There will be multiple configurations as well for the

electric range and endurance. The first is that the configuration will be separated

based on the payload or passenger capacity. Then for each payload, there will be

two battery capacities. There will be two payloads: for nine passengers and two

pilots, and nineteen passengers and two pilots; The passengers and pilot each is

estimated as 100 kg, including the luggage. Then for the battery configurations, the

first one will be filling up unused available weight with batteries. Available weight is

calculated by subtracting the MTOW with the fuselage weight and payload weight.
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Thus for the first battery configurations, the total weight will always be at MTOW.

The trade-off for this configuration is that the more payload the aircraft carries,

the lesser the batteries can be integrated. For the other configurations, the volume

of the batteries will be constant, which replace the entirety of the 1600L Fuel Tank

with a 1600L worth of batteries. In turn, the latter battery configurations will

exceed the MTOW by a significant amount. All the electric N-219 were calculated

using lithium-ion batteries with 265 Wh/kg of specific energy and 700 Wh/L energy

density unless specified otherwise.

Both results from 4.1 and 4.2 will be compared and analyzed in section 4.3.

4.1 N-219 airbreathing range & endurance

Table 4.1: N-219 Airbreathing Results, 11 PAX (1100 kgpayload)

Altitude ρ(kg/m3) CL CD Pr(hp) V (m/s) Endurance (h) Range (km)

0.0 1.225 0.707 0.063 507.614 61.733 3.548 1045.358
0.0 1.225 0.52 0.051 644.245 72.022 3.522 1079.651
0.0 1.225 0.398 0.044 844.431 82.311 3.5 1099.609
0.0 1.225 0.314 0.041 1113.484 92.6 3.479 1109.291
0.0 1.225 0.255 0.039 1457.774 102.889 3.459 1111.13
0.0 1.225 0.21 0.038 1884.243 113.178 3.428 1104.524

5000.0 1.056 0.821 0.073 503.575 61.733 3.899 1129.807
5000.0 1.056 0.603 0.056 611.851 72.022 3.876 1177.886
5000.0 1.056 0.462 0.047 777.255 82.311 3.856 1207.902
5000.0 1.056 0.365 0.043 1003.576 92.6 3.838 1225.006
5000.0 1.056 0.295 0.041 1295.828 102.889 3.817 1231.819
5000.0 1.056 0.244 0.039 1659.694 113.178 3.787 1229.148

10 000.0 0.905 0.958 0.086 511.188 61.733 4.55 1307.297
10 000.0 0.905 0.704 0.063 592.612 72.022 4.514 1363.528
10 000.0 0.905 0.539 0.052 725.839 82.311 4.48 1397.515
10 000.0 0.905 0.426 0.046 913.169 92.6 4.446 1416.662
10 000.0 0.905 0.345 0.042 1158.331 102.889 4.404 1421.193
10 000.0 0.905 0.285 0.04 1465.834 113.178 4.349 1413.104
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Table 4.2: N-219 Airbreathing Results, 21 PAX (2100 kgpayload)

Altitude ρ(kg/m3)) CL CD Pr(hp) V (m/s) Endurance (h) Range (km)

0.0 1.225 0.712 0.064 510.414 61.733 1.428 388.59

0.0 1.225 0.523 0.051 646.645 72.022 1.418 401.337

0.0 1.225 0.4 0.045 846.531 82.311 1.409 408.756

0.0 1.225 0.316 0.041 1115.351 92.6 1.401 412.355

0.0 1.225 0.256 0.039 1459.454 102.889 1.392 413.039

0.0 1.225 0.212 0.038 1885.77 113.178 1.38 410.583

5000.0 1.056 0.826 0.073 506.824 61.733 1.569 419.982

5000.0 1.056 0.607 0.056 614.637 72.022 1.56 437.854

5000.0 1.056 0.465 0.048 779.692 82.311 1.552 449.012

5000.0 1.056 0.367 0.043 1005.742 92.6 1.545 455.37

5000.0 1.056 0.297 0.041 1297.778 102.889 1.536 457.902

5000.0 1.056 0.246 0.039 1661.466 113.178 1.524 456.909

10 000.0 0.905 0.964 0.087 514.98 61.733 1.831 485.96

10 000.0 0.905 0.708 0.063 595.862 72.022 1.817 506.862

10 000.0 0.905 0.542 0.052 728.683 82.311 1.803 519.496

10 000.0 0.905 0.428 0.046 915.697 92.6 1.79 526.614

10 000.0 0.905 0.347 0.042 1160.606 102.889 1.773 528.298

10 000.0 0.905 0.287 0.04 1467.902 113.178 1.75 525.291

Table 4.1 and 4.2 shows the result for achievable range and endurance of the air-

breathing N-219 over various altitude and airspeed. As expected, the airbreathing

N-219 has a better range and endurance at higher altitudes, and this phenomenon

is more pronounced in the 11 PAX (1100 kg) payload. The airspeed for maximum

range also increases. Supposedly, the optimum airspeed for the maximum range

would increase as the altitude increase since to maintain the same lift, a higher

airspeed is needed for lower air density. But due to the limitation of engine data,

the shift of the optimum airspeed is not easily observable. Albeit, we can still

slightly perceive that at sea level, the optimum airspeed is around 93 to 103 m/s,
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and this increase in 5000 ft to around 103 to 113 m/s, but recede to around 103

m/s in 10 000.0feet.

It seems that for maximum endurance, the optimum airspeed might be much

lower than the available data. This is relevant since endurance uses the highest lift

to drag ratio to obtain the minimum power required. The velocity for minimum

power required usually is slightly above the stalling airspeed. But nevertheless,

the endurance also increases in time as the altitude increases. Note that the only

difference between the 11 PAX (1100 kg payload) and 21 PAX (2100 kg payload) for

airbreathing N-219 is just the fuel capacity, with 11 PAX fuel capacity at 1600 kg

and 21 PAX fuel capacity at around 644 kg; everything else is the same. That is

why for both payloads, the power required Pr is identical, and due to less drag at

higher altitude, the power required is greatly reduced.

4.2 N-219 electric range & endurance

Figure 4.1 and 4.2 show the relation between aircraft velocity and its achievable

range and endurance along with its required current. Theoretically, it is impossible

for aircraft to cruise with airspeed below the stall airspeed, around 50 m/s for

N-219 aircraft. But the graph provides a wide range of airspeed so that we can

also observe the effect of Peukert’s law which is differentiated by the continuous

line and dashed lines. The continuous line has an n rate of 1.3, which is a typical

n rate for lithium battery types, and the dashed line has an n rate of 1, which is

what it would be for a perfect battery. The n rate is affected by many things, and

those are the battery types, temperature, and the age of the battery.
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Figure 4.1: Range on Endurance based on airspeed 11 PAX
(1100 kg payload).
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Figure 4.2: Range on Endurance based on airspeed 21 PAX
(2100 kg payload).

The apex of each line indicates the maximum endurance it can achieve and its

optimum airspeed for each cruise type and configuration. Now here on the apex

line for the constant battery configurations (Electric C and D), we can clearly see

128/305



ANALYSIS OF RANGE AND ENDURANCE OF N-219 UNDER POTENTIAL ELECTRIC

PROPULSION

that the battery with higher n rates benefits more when cruising at the optimum

airspeed. This is in accordance with Peukert’s effect. When a battery is discharged

by a current lower than its capacity, it will last longer, but its capacity would

last much shorter if a higher current discharges it. Note that at the apex of the

endurance and range for the 2438 A config (Electric C and D), the battery capacity

is only being discharged by a current lower than 2438 A, and when the discharge

current rises above that, the dashed lines and continuous lines crossed paths.

Now the opposite effect can be seen with the 768 A battery capacities (Electric

A). We can see that the continuous line almost touches the dashed line at the

lowest current if we observe closely. Again this is in line with what Peukert’s effect

implies. Since the battery capacity is small (768 A), and the lowest current is still

slightly higher than the battery capacity, the battery would be drained a bit faster

compared to a battery with no Peukert’s effect. One of the few ways to benefit from

Peukert’s effect is by increasing the battery capacities and reducing the discharge

current. Increasing the battery capacity can be done in two ways.

The first is by adding more batteries, and more batteries mean more weight. An

aircraft can only take so much weight before it damages the structural integrity of

the aircraft, which for the case of N-219, only has 7030 MTOW and 6940 Maximum

Landing Weight. Increasing the weight also resulted in an increase of current draw

as well, since the current draw of the battery is related to the battery power, which

is affected by the power required. The effect of weight on current can also be

seen in the current section of Figure 4.1, here the current for 2438 A configuration

(Electric C) is significantly higher than the current for 768 A configuration (Electric

A). This is because the higher battery capacity configuration has a much heavier

total weight at 10603 kg rather than 7030 kg of MTOW for the lower battery

capacity configuration.

The other way to increase the battery capacity is by using better batteries that

have a higher specific energy. The problem is that this can only be done when
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there is a new battery technology available to the market, in which a significant

improvement only happens once in a few years.

Suppose we focus only on the endurance part. In that case, the gap for the

Peukert’s effect and the perfect battery is around 10%, which if we have much

bigger battery capacities, the difference would be more significant. Realistically

speaking, the 768 A configurations (Electric A) are the most reasonable estimation

for an electric N-219 without deviating too much from the basic configuration for

current technology. With 11 occupants, the 768 A configuration (Electric A) could

approximately achieve a one-hour flight. While the 2438 A configuration (Electric

C) has more than double the battery capacity of the 768A configuration (Electric

A), the added weight from the extra battery capacities contributes to the increase

of power required, which burns more power.

We can see that the maximum endurance for battery with n = 1.3 and n =

1 differs depends on the gap between the battery capacities and the discharged

current, which when both are the same, the line intersect. The 768 A configuration

(Electric A) has an optimum airspeed of around 50 m/s and can achieve a maximum

endurance of almost 1 hour. At the same time, the 2438 A configuration (Electric

C) has a higher optimum airspeed of approximately 60 m/s and a much higher

endurance of around 1.75 hours. But despite that, for each configuration, the

optimum airspeed for n = 1.3 and n = 1 is roughly the same. Thus the optimum

airspeed seems only to be affected by the total aircraft’s weight.

Things are a bit different if we look at the range section, we can roughly see

that the optimum airspeed for maximum endurance differs even for different Peuk-

ert’seffectst. Peukert’s effect is clearly seen to be more beneficial for the config-

urations that use less power and current. Meanwhile, the batteries with n = 1,

or the "perfect" battery, do not benefit from a higher current or lower current.

From here, we can understand that Peukert’s effect can be a double edge sword
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for electric aircraft. Peukert’s effect significantly benefits the aircraft when the air-

craft is the most optimum airspeed or at economical cruising. Still, it can suffer a

loss when the discharge current is more powerful than the battery capacity. Thus,

take-off, climbing, and maneuvering can drain batteries with a higher n rate much

faster.

Now the downfall of Peukert’s effect really shows in Figure 4.2. Since the 301

A configuration (Electric B) has a much lower battery capacity than the discharge

current, the gap between the perfect battery and the battery with n = 1.3 is more

significant. Peukert’s effect makes the aircraft lose much more range and endurance

than it should have if using a perfect battery.
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Figure 4.3: Effect of battery n-rate (11 PAX).
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Figure 4.4: Effect of battery n-rate (21 PAX).

Figures 4.3 and 4.4 represent the Peukert’s effect for different battery capacities.

Take the peak of the continuous lines from Figure 4.1 and 4.2, then divide it by the

peak of the dashed line, we got Figure 4.3 and 4.4. Here we can observe in a more

simplified manner on how Peukert’s effect behaves. As mentioned before, Peukert’s

effect does favour bigger batteries more. Both Figure 4.3 and 4.4 shows that the

bigger battery capacities can have up to 30% better performance during maximum

range and endurance cruise, whilst the batteries that have lower capacity than its

discharge current suffer almost 30% performance loss depending on its payload.

Thus to maximize Peukert’s effect, we must have the biggest batteries we can

have, and we must achieve the lowest possible n rate. For weight, as previously

mentioned, we will need better batteries with higher specific energy; Or modify the

aircraft to accommodate higher take-off and landing weight. But if we change the

N-219 in such a way, would it still be an N-219 aircraft? or would it be a completely

new model? Well, it’s a discussion for another topic. For now, we will be focusing

on the performance aspect of the electric N-219.
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Figure 4.5: Effect of increasing battery capacity on weight (11
PAX).
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Figure 4.6: Effect of increasing battery capacity on weight (21
PAX).

Speaking of weight, figure 4.5 and 4.6 shows the relation between battery ca-

pacities and total weight. The red dashed lines represent the N-219 maximum
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take-off weight, which if the N-219 were to be operated above that line, it would

pose problems and potentially suffer permanent damage. We can clearly see that

the configurations with only 11 occupants (Electric A) can store significantly more

batteries with more than double the capacity of the 21 occupants (Electric B)of the

same total weight. At 11 occupants, the configuration with 2438 A battery capac-

ities (Electric C) exceed the maximum take-off weight by more than three tonnes

and even more for the 21 occupants payload (Electric D). That extra weight is al-

most half of the maximum take-off weight. Unless the N-219 were to be structurally

configured to support those extra weight, there is zero chance the 2438 A battery

capacity configuration (Electric C and D) would be able to fly. These results will

be crucial for later discussion.
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Figure 4.7: Effect of increasing total weight on optimum airspeed
and currente (11 PAX).
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Figure 4.8: Effect of increasing total weight on optimum airspeed
and current (21 PAX).

Figure 4.7 and 4.8 represent the change in optimum airspeed according to total

aircraft weight. As previously mentioned, the optimum airspeed increases as the

weight increases so do the current. This is because at cruise lift is equal to the

weight, Equation 2.74; Thus to maintain an efficient level flight, a faster airspeed

is required, which leads to more power required and more current being drawn,

Equation 2.96, 2.167, and 2.164.
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Figure 4.9: Effect of increasing battery capacity on maximum en-
durance (11 PAX).
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Figure 4.10: Effect of increasing battery capacity on maximum
endurance (21 PAX).

Figure 4.9 and 4.10 show the scaling of battery capacity and its maximum

achievable endurance. Each line represents the total weight for its configurations,

and the dot represents where we are at with current battery technology. If we are

going to electrify the N-219 aircraft, we want to have the longest endurance and
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farthest range possible. These plots show what we can expect from future battery

technology. Notice that the line is not linear; that is because of Peukert’s effect.

Since the weight is constant, the current will also be consistent. Thus if the battery

capacity were to be increased while maintaining the total weight, Peukert’s effect

would be more significant. We can see that the maximum achievable endurance is

more than double the initial value for the 7030 kg total weight (Electric A and B)

if the battery capacity were doubled. But as mentioned before, the increase of a

battery specific energy happens gradually at a slow rate.

The only option to increase the battery capacity with current technology is by

adding more batteries, which we could see if we observe the 2438 A configurations

(Electric C and D) from Figure 4.9 and 4.10. Even though the battery capacity is

more than double, the total achievable maximum endurance is not doubled due to

the added power required from extra weight. This excess weight is the trade-off we

must embrace in order to achieve better range and endurance using current battery

technology.
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Figure 4.11: Effect of increasing battery capacity on maximum
range (11 PAX).
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Figure 4.12: Effect of increasing battery capacity on maximum
range (21 PAX).

Although the near one-hour maximum endurance might not sound that con-

vincing, the result for the maximum range gives a gist of hope for electric N-219.

Figure 4.11 shows that at current battery technology with MTOW as consideration

(Electric A), the N-219 aircraft could achieve around 200km of range. The result

might not mean much compared to the airbreathing counterpart, but it is still quite

good for an electrified aircraft.

The following Table 4.3, 4.4, and 4.4 will show about the maximum endurances

and their respective optimum airspeed for electric N-219 on various altitude with

constant lift-drag ratio. Where Table 4.6, 4.7, and 4.7 is for the maximum range.

Note that these tables does not include the overweight configuration (Electric C

and D) that maximize the battery capacity, thus all weight are at MTOW of 7030

kg. The tables also include a 7 PAX payload configuration, this is also to see how

much more benefit can the electric N-219 obtain from a bigger payload reduction

and battery capacity increase. Which is shown that the payload reduction is very

beneficial, reducing the payload from 11 PAX to 7 PAX allows for lager battery

138/305



ANALYSIS OF RANGE AND ENDURANCE OF N-219 UNDER POTENTIAL ELECTRIC

PROPULSION

capacities. The endurance could be increased by around half an hour and the range

could be increased by up to 70 km depending on the altitude.

The most notable thing among these tables is that the range and endurance

much higher at sealevel compared to higher altitude, contrary to the airbreathing

performance where higher altitude resulted in better range and endurance. These

result is greatly unexpected considering the airbreathing results. This phenomenon

is likely caused by the current which increases exponentially as the airspeed in-

creases. The optimum airspeed, current, and power required increase by up to 50%

more depending on the altitude for both maximum range and endurance. Wile the

maximum endurance itself is decreased by up to 40% and 20% for the maximum

range. The only major difference between the maximum endurance and maximum

range table are the lift drag and the optimum airspeed.

Table 4.3: N-219 electric results for maximum endurance, 7 PAX

Altitude ρ CL CD Pr I V Endurance

0.0 1.225 1.393 0.143 418.219 679.32 44.132 1.557

5000.0 1.056 1.393 0.143 450.539 731.819 47.543 1.413

10 000.0 0.905 1.393 0.143 486.67 790.506 51.355 1.279

15 000.0 0.771 1.393 0.143 527.225 856.381 55.635 1.152

20 000.0 0.653 1.393 0.143 572.95 930.652 60.46 1.034

25 000.0 0.549 1.393 0.143 624.751 1014.793 65.926 0.924
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Table 4.4: N-219 electric results for maximum endurance, 11 PAX

Altitude ρ CL CD Pr I V Endurance

0.0 1.225 1.393 0.143 418.219 679.32 44.132 1.173

5000.0 1.056 1.393 0.143 450.539 731.819 47.543 1.065

10 000.0 0.905 1.393 0.143 486.67 790.506 51.355 0.963

15 000.0 0.771 1.393 0.143 527.225 856.381 55.635 0.868

20 000.0 0.653 1.393 0.143 572.95 930.652 60.46 0.779

25 000.0 0.549 1.393 0.143 624.751 1014.793 65.926 0.696

Table 4.5: N-219 electric results for maximum endurance, 21 PAX

Altitude ρ CL CD Pr I V Endurance

0.0 1.225 1.393 0.143 418.219 679.32 44.132 0.347

5000.0 1.056 1.393 0.143 450.539 731.819 47.543 0.315

10 000.0 0.905 1.393 0.143 486.67 790.506 51.355 0.285

15 000.0 0.771 1.393 0.143 527.225 856.381 55.635 0.257

20 000.0 0.653 1.393 0.143 572.95 930.652 60.46 0.231

25 000.0 0.549 1.393 0.143 624.751 1014.793 65.926 0.206

140/305



ANALYSIS OF RANGE AND ENDURANCE OF N-219 UNDER POTENTIAL ELECTRIC

PROPULSION

Table 4.6: N-219 electric results for maximum range, 7 PAX

Altitude ρ CL CD Pr I V Range

0.0 1.225 0.804 0.071 476.666 774.257 58.081 274.656

5000.0 1.056 0.804 0.071 513.504 834.093 62.57 268.591

10 000.0 0.905 0.804 0.071 554.684 900.982 67.587 262.446

15 000.0 0.771 0.804 0.071 600.907 976.063 73.219 256.219

20 000.0 0.653 0.804 0.071 653.022 1060.714 79.57 249.906

25 000.0 0.549 0.804 0.071 712.062 1156.614 86.763 243.5

Table 4.7: N-219 electric results for maximum range, 11 PAX

Altitude ρ CL CD Pr I V Range

0.0 1.225 0.804 0.071 476.666 774.257 58.081 206.897

5000.0 1.056 0.804 0.071 513.504 834.093 62.57 202.328

10 000.0 0.905 0.804 0.071 554.684 900.982 67.587 197.7

15 000.0 0.771 0.804 0.071 600.907 976.063 73.219 193.009

20 000.0 0.653 0.804 0.071 653.022 1060.714 79.57 188.253

25 000.0 0.549 0.804 0.071 712.062 1156.614 86.763 183.427
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Table 4.8: N-219 electric results for maximum range, 21 PAX

Altitude ρ CL CD Pr I V Range

0.0 1.225 0.804 0.071 476.666 774.257 58.081 61.224

5000.0 1.056 0.804 0.071 513.504 834.093 62.57 59.872

10 000.0 0.905 0.804 0.071 554.684 900.982 67.587 58.502

15 000.0 0.771 0.804 0.071 600.907 976.063 73.219 57.114

20 000.0 0.653 0.804 0.071 653.022 1060.714 79.57 55.707

25 000.0 0.549 0.804 0.071 712.062 1156.614 86.763 54.279

4.3 N-219 airbreathing vs electric range & endurance

The red dashed lines on Figures 4.9, 4.10, 4.11, and 4.12 represent the perfor-

mance calculated for the airbreathing N-219 using same parameters, while the black

dashed lines are the official result from Indonesian Aerospace regarding the N-219

performance. For 11 PAX endurance (Electric A), to catch up with the airbreath-

ing performance, we need at least three times the specific energy of the current

state-of-the-art battery, and quadrupling it will even outperform the airbreathing’s

performance. This is slightly different for the 21 PAX endurance (Electric B), as

with current technology with 7030 MTOW, the electric N-219 can only achieve less

than 1 hour with 301 A of battery. But in order to catch up with the 2-hour en-

durance of the airbreathing N-219, the battery technology must at least quadruple

its specific energy to achieve around 1200 A worth of battery within the same total

weight. If we disregard the MTOW as a limitation for research purposes, adding

more battery to increase the battery capacity could potentially compete with the

airbreathing endurance for 21 PAX (Airbreathing B). But it is to be noted that

the increase in total weight would exceed 3 tonnes.

142/305



ANALYSIS OF RANGE AND ENDURANCE OF N-219 UNDER POTENTIAL ELECTRIC

PROPULSION

Surprisingly, the disparity between the electric and airbreathing performance

is quite significant disparity for the range performance compared to the endurance

performance. Using fossil fuel is still more than six times better than using current

battery technology for 11 PAX (Electric A). Using current battery technology with

11 PAX (Electric A), the N-219 can achieve around 200 km of maximum range

while using fossil fuel (Airbreathing A) could achieve more than 1400 km of range

depending on the conditions. This means that for electric commuter aircraft to

compete with its airbreathing counterpart in terms of range performance, it will

need to wait several decades of battery development unless some heavy modification

were made to the aircraft, such as increasing the MTOW and Landing weight,

increasing wing area, or even making a new aircraft from scratch. A range of 200

km can still be utilized in many ways. Things such as commuter flight or other

short-range mission that are less than 200 km can significantly benefit from electric

N-219.

Table 4.9 and 4.10 were made using the same airspeed as Table 4.1 and 4.2 in

order to have a coherent comparison. The electric endurance and range seem to be

performing well in 5000 ft compared to other altitudes, but the airbreathing result

is still far superior compared to the electric result. And again, the airbreathing N-

219 greatly benefit from higher altitude while the electric N-219 have a performance

increase on lower altitudes. This might seem to limit the N-219 aircraft to fly at a

low altitude if it were to be electrified. But then again, the altitude increase does

not affect the electric N-219 range by a ton. Thus, it would not matter much if the

N-219 were to be operated at a higher altitude.

Now Figure 4.13 and 4.14 shows both the MTOW (Electric A and B) and

overweight (Electric C and D) configuration of electric N-219. Figure 4.14 seems

to indicate that the overweight N-219 (Electric D) could almost compete with the

airbreathing N-219 (Airbreathing B). But it is to be noted that the overweight

N-219 (Electric D) has 4 tonnes more weight compared to the airbreathing N-219
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at 7030 kg MTOW. Despite that, it is still good to know that an electric N-219

could achieve such a feat despite the added disadvantages. Furthermore, we can

clearly see that for the range, the optimum airspeed differs by quite a lot for

the airbreathing N-219 (Airbreathing B) and the electric N-219 (Electric B and

D). While the electric N-219 has an optimum airspeed for a maximum range of

around 70 m/s, the airbreathing N-219 has an optimum airspeed for a maximum

range of around 100 m/s. This happens because of the significant increase of the

current past 70 m/s for the electric N-219, while the increase in power required for

airbreathing N-219 was likely to be offset by the fuel consumption.
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Table 4.9: N-219 electric results at constant airspeed, 11 PAX

Altitude ρ CL CD Pr I V Endurance Range

0.0 1.225 0.712 0.064 510.414 829.074 61.733 0.905 201.196

0.0 1.225 0.523 0.051 646.645 1050.356 72.022 0.666 172.584

0.0 1.225 0.4 0.045 846.531 1375.034 82.311 0.469 138.971

0.0 1.225 0.316 0.041 1115.351 1811.684 92.6 0.328 109.238

0.0 1.225 0.256 0.039 1459.454 2370.616 102.889 0.231 85.57

0.0 1.225 0.212 0.038 1885.77 3063.088 113.178 0.166 67.457

5000.0 1.056 0.826 0.073 506.824 823.243 61.733 0.914 203.051

5000.0 1.056 0.607 0.056 614.637 998.365 72.022 0.711 184.358

5000.0 1.056 0.465 0.048 779.692 1266.467 82.311 0.522 154.653

5000.0 1.056 0.367 0.043 1005.742 1633.644 92.6 0.375 124.962

5000.0 1.056 0.297 0.041 1297.778 2108.002 102.889 0.269 99.68

5000.0 1.056 0.246 0.039 1661.466 2698.748 113.178 0.195 79.528

10 000.0 0.905 0.964 0.087 514.98 836.491 61.733 0.895 198.88

10 000.0 0.905 0.708 0.063 595.862 967.869 72.022 0.74 191.945

10 000.0 0.905 0.542 0.052 728.683 1183.612 82.311 0.57 168.872

10 000.0 0.905 0.428 0.046 915.697 1487.382 92.6 0.423 141.167

10 000.0 0.905 0.347 0.042 1160.606 1885.193 102.889 0.311 115.26

10 000.0 0.905 0.287 0.04 1467.902 2384.338 113.178 0.229 93.423
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Table 4.10: N-219 electric results at constant airspeed, 21 PAX

Altitude ρ CL CD Pr I V Endurance Range

0.0 1.225 0.712 0.064 510.414 829.074 61.733 0.268 59.537

0.0 1.225 0.523 0.051 646.645 1050.356 72.022 0.197 51.07

0.0 1.225 0.4 0.045 846.531 1375.034 82.311 0.139 41.123

0.0 1.225 0.316 0.041 1115.351 1811.684 92.6 0.097 32.325

0.0 1.225 0.256 0.039 1459.454 2370.616 102.889 0.068 25.321

0.0 1.225 0.212 0.038 1885.77 3063.088 113.178 0.049 19.961

5000.0 1.056 0.826 0.073 506.824 823.243 61.733 0.27 60.086

5000.0 1.056 0.607 0.056 614.637 998.365 72.022 0.21 54.554

5000.0 1.056 0.465 0.048 779.692 1266.467 82.311 0.154 45.764

5000.0 1.056 0.367 0.043 1005.742 1633.644 92.6 0.111 36.978

5000.0 1.056 0.297 0.041 1297.778 2108.002 102.889 0.08 29.497

5000.0 1.056 0.246 0.039 1661.466 2698.748 113.178 0.058 23.534

10 000.0 0.905 0.964 0.087 514.98 836.491 61.733 0.265 58.852

10 000.0 0.905 0.708 0.063 595.862 967.869 72.022 0.219 56.799

10 000.0 0.905 0.542 0.052 728.683 1183.612 82.311 0.169 49.972

10 000.0 0.905 0.428 0.046 915.697 1487.382 92.6 0.125 41.773

10 000.0 0.905 0.347 0.042 1160.606 1885.193 102.889 0.092 34.107

10 000.0 0.905 0.287 0.04 1467.902 2384.338 113.178 0.068 27.645
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Figure 4.13: Electric and airbreathing N-219 comparison (11
PAX).
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Figure 4.14: Electric and airbreathing N-219 comparison (21
PAX).
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CHAPTER 5

SUMMARY, CONCLUSION,

RECOMMENDATION

5.1 Summary

The following is the summarization of this thesis that is based on what has been

shown and discussed in it:

1. The author managed to make an ISA computational model to expedite other

calculations and make it more flexible.

2. The author has successfully obtained the engine data for N-219 and process

it to produce range and endurance results in order to reconfirm the accuracy

of the data.

3. The aerodynamic properties, especially the zero-lift drag coefficient and Os-

wald’s efficiency, has been meticulously calculated in order to obtain the most

precise and accurate data.

4. Various battery types and specifications have been collected and compared

in order to find the best in slot for the electric N-219 aircraft.

5. The effect of Peukert’s law has been properly researched and integrated into

the electric aircraft equation in order to retrieve a more realistic result.
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6. Successfully asses the Peukert’s effect from the electric N-219 results and

compare the effect according to different configurations.

7. The author has successfully evaluate the result from the electric N-219 range

and endurance and compare it with the airbreathing N-219 result.

5.2 Conclusion

Many interesting things were unveiled within Chapter 4. How the electric N-219

benefit more from a lower altitude and the airbreathing N-219 benefit more from

higher altitude is a very interesting phenomenon. It seems that the airbreathing

result was heavily affected by the specific fuel consumption, while the electric air-

craft does not possess such things. This also happens because of peukert’s effect,

since higher altitude requires higher velocity, more current draw is required. Thus,

for electric N-219, increasing altitude reduce the maximum range and endurance.

Then there is a difference between optimum airspeed for airbreathing and elec-

tric N-219. The difference was around 30-40 m/s, which is significant. The reason

why the electric N-219 could not achieve a similar airspeed is due to the substantial

increase of current past 70 m/s and the effect of fuel efficiency for the airbreathing

engine. Thus, increasing airspeed would increase the current exponentially.

For the performance comparison, at best scenario the electric N219 performs

around 1/5 the performance of the airbreathing N219, and that is on a sea level alti-

tude. At worst, the N219 performs around 1/15 the performance of the airbreathing

N219, this happens because the airbreathing performance increase significantly at

higher altitude, while the electric performance suffers on higher altitude.

Peukert’s effect can affect the performance by quite a lot, depending on the sit-

uation it can boost or reduce the performance by 30%. Increasing battery capacity

would significantly increase the maximum range and endurance of electric N-219.
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Increasing the battery weight can result in a significant increase in performance,

but the weight increase is also significant which according to configuration Electric

D can lead to 4 ton of excess weight. Furthermore, increasing the payload capacity

while maintaining MTOW will significantly reduce the achieveable range of the

electric N-219.

So, should the N-219 be made an all-electric variant? Well, the answer depends

on the situation and use case of the aircraft. Suppose we are talking about a long-

range flight of around 1000 km. In that case, the answer is no, not by using current

battery technology, at least unless the N-219 were to be modified in such ways that

it could handle the heavier weight and have a bigger wing area to obtain greater

lift with less power. But if the N-219 would be used for flights around 200 km,

then electrifying the N-219 could bring many benefits.

Nevertheless, if there is a plan for an electric N-219 somewhere in the future,

there’s nothing wrong to start the development process of electric N-219 as early

as possible. That is because research and development, legalization and other stuff

might take some times. Perhaps, when the extensive research and development

were done, by then, a battery technology such as lithium-sulfur, which double the

capacity of the current battery, might already be in the mass market. Especially

with the added benefits of Peukert’s effect, any increment to the battery capacity

would greatly benefit the range and endurance of the aircraft.

5.3 Recommendation

1. The first recommendation I would give is that doing market research for flight

around 200 km would be a great start for utilizing the electric N-219. If there

is a high demand for flight around 200 km, then an electric N-219 is very

plausible and beneficial.
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2. A research on other method or technology to improve cruising performance

while maintaining MTOW is recommended. For example, research on how

solar panel on the wing and upper body of the N-219 would affect its perfor-

mance could be a great option.

3. Since the Peukert’s effect does affect the performance by quite a lot (up

to 30% depending on the situation, and likely more for a much bigger/lower

battery capacity), It is recommended to atleast have a battery capacity as big

as the cruising current draw in order to not have any performance reduction.

4. If lithium-sulfur were to be mass-produced it could give more flexibility to

the electric N-219 mission profile as it can double the range and endurance

of the electric N219.

5. If one would expand on this thesis, an airfield performance and Landing Take-

off analysis is necessary for configuration with 5 tonnes of battery. Other

things such as climbing performance and maximum airspeed would also give

a broader perspective about electric N-219 aircraft.

6. The data for airbreathing N-219 was a bit limited by an airspeed increment

of 20 knots. Thus if obtaining more broad data is possible, then it would

greatly increase the observe-ability of the airbreathing N-219.
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Appendix A: Tables

Table 1: PT6A-42 Data 70% MCR

RPM RC ISA ALT V THRT FF ηp

C ft kn kgf lb/hr

2000.00 70.00 -10.00 0.00 100.00 725.66 471.37 0.7340

2000.00 70.00 -10.00 0.00 120.00 657.31 475.02 0.7860

2000.00 70.00 -10.00 0.00 140.00 600.29 478.23 0.8205

2000.00 70.00 -10.00 0.00 160.00 552.45 480.90 0.8435

2000.00 70.00 -10.00 0.00 180.00 510.30 483.50 0.8570

2000.00 70.00 -10.00 0.00 200.00 473.23 486.51 0.8655

2000.00 70.00 -10.00 0.00 220.00 444.40 490.86 0.8685

2000.00 70.00 -10.00 5000.00 100.00 698.55 427.81 0.7170

2000.00 70.00 -10.00 5000.00 120.00 636.84 430.61 0.7735

2000.00 70.00 -10.00 5000.00 140.00 581.85 433.03 0.8120

2000.00 70.00 -10.00 5000.00 160.00 534.79 435.18 0.8390

2000.00 70.00 -10.00 5000.00 180.00 494.09 437.23 0.8565

2000.00 70.00 -10.00 5000.00 200.00 458.00 439.92 0.8670

2000.00 70.00 -10.00 5000.00 220.00 428.88 443.45 0.8725

2000.00 70.00 -10.00 10000.00 100.00 629.98 366.39 0.7080

2000.00 70.00 -10.00 10000.00 120.00 575.44 369.34 0.7660

2000.00 70.00 -10.00 10000.00 140.00 529.00 372.30 0.8070

2000.00 70.00 -10.00 10000.00 160.00 488.94 375.34 0.8345
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2000.00 70.00 -10.00 10000.00 180.00 453.19 378.49 0.8535

2000.00 70.00 -10.00 10000.00 200.00 423.58 382.72 0.8655

2000.00 70.00 -10.00 10000.00 220.00 397.51 387.69 0.8730

2000.00 70.00 -10.00 15000.00 100.00 566.56 320.47 0.6970

2000.00 70.00 -10.00 15000.00 120.00 519.96 322.43 0.7565

2000.00 70.00 -10.00 15000.00 140.00 478.80 324.59 0.7990

2000.00 70.00 -10.00 15000.00 160.00 442.68 326.79 0.8295

2000.00 70.00 -10.00 15000.00 180.00 410.37 328.98 0.8495

2000.00 70.00 -10.00 15000.00 200.00 384.08 332.53 0.8630

2000.00 70.00 -10.00 15000.00 220.00 360.31 336.45 0.8715

2000.00 70.00 -10.00 20000.00 100.00 506.92 280.55 0.6840

2000.00 70.00 -10.00 20000.00 120.00 466.10 282.09 0.7460

2000.00 70.00 -10.00 20000.00 140.00 430.10 284.10 0.7905

2000.00 70.00 -10.00 20000.00 160.00 398.78 286.06 0.8225

2000.00 70.00 -10.00 20000.00 180.00 369.87 287.94 0.8450

2000.00 70.00 -10.00 20000.00 200.00 347.08 291.48 0.8595

2000.00 70.00 -10.00 20000.00 220.00 326.31 295.02 0.8695

2000.00 70.00 -10.00 25000.00 100.00 442.12 241.42 0.6735

2000.00 70.00 -10.00 25000.00 120.00 407.67 242.65 0.7375

2000.00 70.00 -10.00 25000.00 140.00 377.73 244.48 0.7840

2000.00 70.00 -10.00 25000.00 160.00 350.24 246.31 0.8175

2000.00 70.00 -10.00 25000.00 180.00 325.93 248.45 0.8405

2000.00 70.00 -10.00 25000.00 200.00 306.83 252.20 0.8560

2000.00 70.00 -10.00 25000.00 220.00 288.68 255.85 0.8670

2000.00 70.00 0.00 0.00 100.00 659.44 447.31 0.7410

2000.00 70.00 0.00 0.00 120.00 596.61 450.91 0.7910

2000.00 70.00 0.00 0.00 140.00 543.04 454.25 0.8230

2000.00 70.00 0.00 0.00 160.00 499.34 457.11 0.8435
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2000.00 70.00 0.00 0.00 180.00 461.64 459.84 0.8560

2000.00 70.00 0.00 0.00 200.00 427.70 462.56 0.8625

2000.00 70.00 0.00 0.00 220.00 400.85 466.68 0.8650

2000.00 70.00 0.00 5000.00 100.00 646.85 407.50 0.7235

2000.00 70.00 0.00 5000.00 120.00 588.57 410.35 0.7780

2000.00 70.00 0.00 5000.00 140.00 536.24 412.82 0.8160

2000.00 70.00 0.00 5000.00 160.00 492.90 414.90 0.8410

2000.00 70.00 0.00 5000.00 180.00 456.05 416.89 0.8570

2000.00 70.00 0.00 5000.00 200.00 420.51 419.18 0.8665

2000.00 70.00 0.00 5000.00 220.00 394.44 422.51 0.8715

2000.00 70.00 0.00 10000.00 100.00 584.54 348.81 0.7145

2000.00 70.00 0.00 10000.00 120.00 533.90 351.67 0.7715

2000.00 70.00 0.00 10000.00 140.00 489.59 354.43 0.8110

2000.00 70.00 0.00 10000.00 160.00 451.62 357.11 0.8375

2000.00 70.00 0.00 10000.00 180.00 418.48 359.86 0.8555

2000.00 70.00 0.00 10000.00 200.00 390.36 363.32 0.8665

2000.00 70.00 0.00 10000.00 220.00 366.71 367.93 0.8725

2000.00 70.00 0.00 15000.00 100.00 531.90 306.22 0.7020

2000.00 70.00 0.00 15000.00 120.00 486.82 308.18 0.7610

2000.00 70.00 0.00 15000.00 140.00 447.30 310.14 0.8030

2000.00 70.00 0.00 15000.00 160.00 413.65 312.10 0.8325

2000.00 70.00 0.00 15000.00 180.00 382.89 314.06 0.8520

2000.00 70.00 0.00 15000.00 200.00 357.73 316.86 0.8645

2000.00 70.00 0.00 15000.00 220.00 335.44 320.19 0.8725

2000.00 70.00 0.00 20000.00 100.00 479.27 268.63 0.6880

2000.00 70.00 0.00 20000.00 120.00 440.37 270.12 0.7490

2000.00 70.00 0.00 20000.00 140.00 405.80 271.93 0.7930

2000.00 70.00 0.00 20000.00 160.00 375.67 273.77 0.8250
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2000.00 70.00 0.00 20000.00 180.00 348.60 275.52 0.8470

2000.00 70.00 0.00 20000.00 200.00 325.75 278.36 0.8605

2000.00 70.00 0.00 20000.00 220.00 306.08 281.46 0.8705

2000.00 70.00 0.00 25000.00 100.00 419.73 231.88 0.6765

2000.00 70.00 0.00 25000.00 120.00 386.71 233.08 0.7400

2000.00 70.00 0.00 25000.00 140.00 357.99 234.77 0.7860

2000.00 70.00 0.00 25000.00 160.00 332.07 236.42 0.8185

2000.00 70.00 0.00 25000.00 180.00 308.52 238.02 0.8420

2000.00 70.00 0.00 25000.00 200.00 290.20 241.13 0.8575

2000.00 70.00 0.00 25000.00 220.00 272.78 244.44 0.8680

2000.00 70.00 10.00 0.00 100.00 591.54 424.28 0.7480

2000.00 70.00 10.00 0.00 120.00 534.76 427.86 0.7940

2000.00 70.00 10.00 0.00 140.00 488.21 431.33 0.8235

2000.00 70.00 10.00 0.00 160.00 448.09 434.48 0.8420

2000.00 70.00 10.00 0.00 180.00 414.47 437.48 0.8525

2000.00 70.00 10.00 0.00 200.00 383.41 440.35 0.8570

2000.00 70.00 10.00 0.00 220.00 360.07 444.21 0.8580

2000.00 70.00 10.00 5000.00 100.00 593.04 387.13 0.7315

2000.00 70.00 10.00 5000.00 120.00 536.78 389.96 0.7840

2000.00 70.00 10.00 5000.00 140.00 489.80 392.49 0.8195

2000.00 70.00 10.00 5000.00 160.00 450.23 394.54 0.8430

2000.00 70.00 10.00 5000.00 180.00 415.41 396.47 0.8575

2000.00 70.00 10.00 5000.00 200.00 383.51 398.46 0.8655

2000.00 70.00 10.00 5000.00 220.00 359.81 401.80 0.8700

2000.00 70.00 10.00 10000.00 100.00 541.30 332.14 0.7215

2000.00 70.00 10.00 10000.00 120.00 493.98 334.97 0.7765

2000.00 70.00 10.00 10000.00 140.00 451.34 337.72 0.8145

2000.00 70.00 10.00 10000.00 160.00 416.24 340.31 0.8400
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2000.00 70.00 10.00 10000.00 180.00 386.36 342.95 0.8570

2000.00 70.00 10.00 10000.00 200.00 357.99 345.98 0.8670

2000.00 70.00 10.00 10000.00 220.00 336.99 350.05 0.8720

2000.00 70.00 10.00 15000.00 100.00 496.60 291.98 0.7085

2000.00 70.00 10.00 15000.00 120.00 453.34 293.92 0.7655

2000.00 70.00 10.00 15000.00 140.00 416.26 295.70 0.8070

2000.00 70.00 10.00 15000.00 160.00 384.50 297.38 0.8355

2000.00 70.00 10.00 15000.00 180.00 355.84 299.15 0.8540

2000.00 70.00 10.00 15000.00 200.00 331.48 301.48 0.8660

2000.00 70.00 10.00 15000.00 220.00 310.59 304.50 0.8730

2000.00 70.00 10.00 20000.00 100.00 450.47 256.96 0.6930

2000.00 70.00 10.00 20000.00 120.00 413.58 258.41 0.7535

2000.00 70.00 10.00 20000.00 140.00 380.69 259.93 0.7970

2000.00 70.00 10.00 20000.00 160.00 351.79 261.47 0.8280

2000.00 70.00 10.00 20000.00 180.00 326.40 262.98 0.8490

2000.00 70.00 10.00 20000.00 200.00 304.58 265.18 0.8620

2000.00 70.00 10.00 20000.00 220.00 285.79 267.85 0.8720

2000.00 70.00 10.00 25000.00 100.00 398.40 222.83 0.6800

2000.00 70.00 10.00 25000.00 120.00 366.93 224.11 0.7435

2000.00 70.00 10.00 25000.00 140.00 338.82 225.70 0.7880

2000.00 70.00 10.00 25000.00 160.00 314.37 227.30 0.8205

2000.00 70.00 10.00 25000.00 180.00 292.00 228.83 0.8440

2000.00 70.00 10.00 25000.00 200.00 273.86 231.37 0.8585

2000.00 70.00 10.00 25000.00 220.00 257.76 234.15 0.8690

2000.00 70.00 20.00 0.00 100.00 519.58 402.21 0.7510

2000.00 70.00 20.00 0.00 120.00 468.58 405.74 0.7925

2000.00 70.00 20.00 0.00 140.00 425.35 409.27 0.8185

2000.00 70.00 20.00 0.00 160.00 392.58 412.76 0.8345
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2000.00 70.00 20.00 0.00 180.00 365.13 416.18 0.8440

2000.00 70.00 20.00 0.00 200.00 338.71 419.47 0.8480

2000.00 70.00 20.00 0.00 220.00 318.99 423.13 0.8470

2000.00 70.00 20.00 5000.00 100.00 540.06 368.03 0.7390

2000.00 70.00 20.00 5000.00 120.00 488.70 370.83 0.7895

2000.00 70.00 20.00 5000.00 140.00 444.22 373.48 0.8220

2000.00 70.00 20.00 5000.00 160.00 408.39 375.70 0.8435

2000.00 70.00 20.00 5000.00 180.00 376.73 377.80 0.8560

2000.00 70.00 20.00 5000.00 200.00 348.34 379.77 0.8635

2000.00 70.00 20.00 5000.00 220.00 325.46 382.75 0.8655

2000.00 70.00 20.00 10000.00 100.00 498.03 315.54 0.7290

2000.00 70.00 20.00 10000.00 120.00 452.17 318.35 0.7820

2000.00 70.00 20.00 10000.00 140.00 413.44 321.15 0.8180

2000.00 70.00 20.00 10000.00 160.00 381.13 323.64 0.8420

2000.00 70.00 20.00 10000.00 180.00 353.39 326.19 0.8575

2000.00 70.00 20.00 10000.00 200.00 326.96 328.91 0.8665

2000.00 70.00 20.00 10000.00 220.00 308.77 332.89 0.8710

2000.00 70.00 20.00 15000.00 100.00 461.15 278.25 0.7150

2000.00 70.00 20.00 15000.00 120.00 420.78 280.21 0.7715

2000.00 70.00 20.00 15000.00 140.00 385.26 282.01 0.8110

2000.00 70.00 20.00 15000.00 160.00 354.87 283.61 0.8380

2000.00 70.00 20.00 15000.00 180.00 328.49 285.17 0.8560

2000.00 70.00 20.00 15000.00 200.00 305.06 286.99 0.8665

2000.00 70.00 20.00 15000.00 220.00 286.34 289.58 0.8725

2000.00 70.00 20.00 20000.00 100.00 423.34 245.88 0.6985

2000.00 70.00 20.00 20000.00 120.00 387.99 247.33 0.7580

2000.00 70.00 20.00 20000.00 140.00 356.42 248.73 0.8005

2000.00 70.00 20.00 20000.00 160.00 329.46 250.10 0.8310
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2000.00 70.00 20.00 20000.00 180.00 304.93 251.43 0.8515

2000.00 70.00 20.00 20000.00 200.00 284.36 253.20 0.8645

2000.00 70.00 20.00 20000.00 220.00 266.17 255.53 0.8725

2000.00 70.00 20.00 25000.00 100.00 375.71 213.26 0.6850

2000.00 70.00 20.00 25000.00 120.00 345.71 214.45 0.7475

2000.00 70.00 20.00 25000.00 140.00 318.64 215.79 0.7915

2000.00 70.00 20.00 25000.00 160.00 295.61 217.22 0.8235

2000.00 70.00 20.00 25000.00 180.00 274.74 218.66 0.8455

2000.00 70.00 20.00 25000.00 200.00 256.43 220.72 0.8605

2000.00 70.00 20.00 25000.00 220.00 241.35 223.19 0.8700

2000.00 70.00 25.00 0.00 100.00 484.24 391.56 0.7500

2000.00 70.00 25.00 0.00 120.00 437.20 395.18 0.7895

2000.00 70.00 25.00 0.00 140.00 395.23 398.80 0.8130

2000.00 70.00 25.00 0.00 160.00 365.27 402.49 0.8280

2000.00 70.00 25.00 0.00 180.00 340.32 406.05 0.8370

2000.00 70.00 25.00 0.00 200.00 315.43 409.49 0.8400

2000.00 70.00 25.00 0.00 220.00 298.16 413.19 0.8395

2000.00 70.00 25.00 5000.00 100.00 513.84 358.78 0.7425

2000.00 70.00 25.00 5000.00 120.00 464.68 361.58 0.7915

2000.00 70.00 25.00 5000.00 140.00 422.33 364.26 0.8230

2000.00 70.00 25.00 5000.00 160.00 387.72 366.59 0.8435

2000.00 70.00 25.00 5000.00 180.00 358.15 368.79 0.8550

2000.00 70.00 25.00 5000.00 200.00 330.90 370.87 0.8610

2000.00 70.00 25.00 5000.00 220.00 308.81 373.73 0.8625

2000.00 70.00 25.00 10000.00 100.00 475.74 307.62 0.7335

2000.00 70.00 25.00 10000.00 120.00 431.41 310.36 0.7855

2000.00 70.00 25.00 10000.00 140.00 394.60 313.16 0.8200

2000.00 70.00 25.00 10000.00 160.00 364.04 315.65 0.8430
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2000.00 70.00 25.00 10000.00 180.00 337.18 318.20 0.8575

2000.00 70.00 25.00 10000.00 200.00 312.28 320.78 0.8655

2000.00 70.00 25.00 10000.00 220.00 294.53 324.70 0.8700

2000.00 70.00 25.00 15000.00 100.00 443.77 271.64 0.7185

2000.00 70.00 25.00 15000.00 120.00 404.95 273.62 0.7740

2000.00 70.00 25.00 15000.00 140.00 370.05 275.42 0.8130

2000.00 70.00 25.00 15000.00 160.00 340.79 277.00 0.8390

2000.00 70.00 25.00 15000.00 180.00 315.67 278.54 0.8565

2000.00 70.00 25.00 15000.00 200.00 292.22 280.22 0.8670

2000.00 70.00 25.00 15000.00 220.00 274.46 282.75 0.8725

2000.00 70.00 25.00 20000.00 100.00 409.65 240.28 0.7015

2000.00 70.00 25.00 20000.00 120.00 374.79 241.71 0.7605

2000.00 70.00 25.00 20000.00 140.00 344.09 243.01 0.8030

2000.00 70.00 25.00 20000.00 160.00 318.09 244.30 0.8320

2000.00 70.00 25.00 20000.00 180.00 294.26 245.56 0.8525

2000.00 70.00 25.00 20000.00 200.00 274.16 247.14 0.8650

2000.00 70.00 25.00 20000.00 220.00 256.50 249.36 0.8730

2000.00 70.00 25.00 25000.00 100.00 364.51 208.70 0.6875

2000.00 70.00 25.00 25000.00 120.00 335.16 209.89 0.7495

2000.00 70.00 25.00 25000.00 140.00 308.77 211.16 0.7935

2000.00 70.00 25.00 25000.00 160.00 286.16 212.47 0.8255

2000.00 70.00 25.00 25000.00 180.00 266.21 213.75 0.8470

2000.00 70.00 25.00 25000.00 200.00 248.10 215.55 0.8610

2000.00 70.00 25.00 25000.00 220.00 233.48 217.91 0.8705

2000.00 70.00 30.00 0.00 100.00 452.74 381.74 0.7460

2000.00 70.00 30.00 0.00 120.00 407.09 385.34 0.7840

2000.00 70.00 30.00 0.00 140.00 368.03 388.95 0.8055

2000.00 70.00 30.00 0.00 160.00 340.73 392.99 0.8205
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2000.00 70.00 30.00 0.00 180.00 317.72 396.96 0.8280

2000.00 70.00 30.00 0.00 200.00 294.89 400.60 0.8300

2000.00 70.00 30.00 0.00 220.00 278.51 404.19 0.8295

2000.00 70.00 30.00 5000.00 100.00 486.79 349.70 0.7460

2000.00 70.00 30.00 5000.00 120.00 439.62 352.50 0.7935

2000.00 70.00 30.00 5000.00 140.00 399.87 355.21 0.8235

2000.00 70.00 30.00 5000.00 160.00 366.76 357.65 0.8430

2000.00 70.00 30.00 5000.00 180.00 339.30 359.96 0.8530

2000.00 70.00 30.00 5000.00 200.00 313.14 362.14 0.8580

2000.00 70.00 30.00 5000.00 220.00 292.71 364.90 0.8585

2000.00 70.00 30.00 10000.00 100.00 453.83 299.89 0.7370

2000.00 70.00 30.00 10000.00 120.00 411.50 302.59 0.7880

2000.00 70.00 30.00 10000.00 140.00 375.68 305.42 0.8215

2000.00 70.00 30.00 10000.00 160.00 346.86 307.98 0.8430

2000.00 70.00 30.00 10000.00 180.00 321.20 310.55 0.8570

2000.00 70.00 30.00 10000.00 200.00 298.20 313.13 0.8650

2000.00 70.00 30.00 10000.00 220.00 280.42 316.79 0.8685

2000.00 70.00 30.00 15000.00 100.00 426.56 265.10 0.7220

2000.00 70.00 30.00 15000.00 120.00 389.02 267.09 0.7770

2000.00 70.00 30.00 15000.00 140.00 354.68 268.91 0.8150

2000.00 70.00 30.00 15000.00 160.00 326.77 270.47 0.8405

2000.00 70.00 30.00 15000.00 180.00 303.09 271.98 0.8570

2000.00 70.00 30.00 15000.00 200.00 279.66 273.54 0.8670

2000.00 70.00 30.00 15000.00 220.00 263.02 276.01 0.8725

2000.00 70.00 30.00 20000.00 100.00 395.78 234.75 0.7050

2000.00 70.00 30.00 20000.00 120.00 361.48 236.19 0.7630

2000.00 70.00 30.00 20000.00 140.00 331.75 237.50 0.8050

2000.00 70.00 30.00 20000.00 160.00 306.60 238.65 0.8340
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2000.00 70.00 30.00 20000.00 180.00 283.60 239.77 0.8535

2000.00 70.00 30.00 20000.00 200.00 263.79 241.12 0.8660

2000.00 70.00 30.00 20000.00 220.00 246.93 243.26 0.8735

2000.00 70.00 30.00 25000.00 100.00 353.64 204.27 0.6900

2000.00 70.00 30.00 25000.00 120.00 324.98 205.45 0.7515

2000.00 70.00 30.00 25000.00 140.00 299.26 206.67 0.7955

2000.00 70.00 30.00 25000.00 160.00 277.00 207.92 0.8270

2000.00 70.00 30.00 25000.00 180.00 257.68 209.13 0.8480

2000.00 70.00 30.00 25000.00 200.00 239.90 210.73 0.8620

2000.00 70.00 30.00 25000.00 220.00 225.62 212.85 0.8715

Table 2: N219 Electric Results, 7 PAX

Altitude ρ CL CD Pa I V Endurance Range

0.0 1.225 1.695 0.194 423.916 688.574 40.0 1.53 220.308

0.0 1.225 1.339 0.135 418.46 679.711 45.0 1.556 252.056

0.0 1.225 1.085 0.101 428.905 696.677 50.0 1.507 271.229

0.0 1.225 0.897 0.08 454.066 737.547 55.0 1.399 277.04

0.0 1.225 0.753 0.067 493.457 801.53 60.0 1.256 271.245

0.0 1.225 0.642 0.058 547.023 888.538 65.0 1.098 257.005

0.0 1.225 0.554 0.053 614.984 998.928 70.0 0.943 237.69

0.0 1.225 0.482 0.049 697.745 1133.36 75.0 0.8 216.118

0.0 1.225 0.424 0.046 795.84 1292.696 80.0 0.675 194.291

0.0 1.225 0.375 0.043 909.888 1477.947 85.0 0.567 173.448

0.0 1.225 0.335 0.042 1040.577 1690.227 90.0 0.476 154.248

0.0 1.225 0.301 0.041 1188.64 1930.728 95.0 0.4 136.96

0.0 1.225 0.271 0.04 1354.846 2200.699 100.0 0.338 121.612

0.0 1.225 0.246 0.039 1539.993 2501.436 105.0 0.286 108.106
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0.0 1.225 0.224 0.038 1744.897 2834.266 110.0 0.243 96.278

0.0 1.225 0.205 0.038 1970.393 3200.543 115.0 0.208 85.944

0.0 1.225 0.188 0.038 2217.329 3601.645 120.0 0.178 76.92

5000.0 1.056 1.967 0.249 468.703 761.322 40.0 1.343 193.343

5000.0 1.056 1.554 0.169 452.51 735.019 45.0 1.405 227.683

5000.0 1.056 1.259 0.123 452.316 734.705 50.0 1.406 253.122

5000.0 1.056 1.041 0.095 466.475 757.703 55.0 1.351 267.498

5000.0 1.056 0.874 0.078 494.149 802.654 60.0 1.253 270.752

5000.0 1.056 0.745 0.066 535.001 869.011 65.0 1.131 264.538

5000.0 1.056 0.642 0.058 589.015 956.746 70.0 0.998 251.402

5000.0 1.056 0.56 0.053 656.388 1066.182 75.0 0.867 233.985

5000.0 1.056 0.492 0.049 737.465 1197.877 80.0 0.745 214.517

5000.0 1.056 0.436 0.046 832.695 1352.561 85.0 0.636 194.635

5000.0 1.056 0.389 0.044 942.602 1531.085 90.0 0.541 175.408

5000.0 1.056 0.349 0.042 1067.764 1734.387 95.0 0.46 157.449

5000.0 1.056 0.315 0.041 1208.802 1963.477 100.0 0.392 141.05

5000.0 1.056 0.285 0.04 1366.367 2219.413 105.0 0.334 126.295

5000.0 1.056 0.26 0.039 1541.136 2503.294 110.0 0.286 113.145

5000.0 1.056 0.238 0.039 1733.805 2816.248 115.0 0.245 101.492

5000.0 1.056 0.219 0.038 1945.083 3159.431 120.0 0.211 91.2

10000.0 0.905 2.295 0.327 526.11 854.57 40.0 1.155 166.378

10000.0 0.905 1.814 0.217 498.408 809.572 45.0 1.24 200.811

10000.0 0.905 1.469 0.155 487.183 791.339 50.0 1.277 229.829

10000.0 0.905 1.214 0.117 490.269 796.351 55.0 1.266 250.746

10000.0 0.905 1.02 0.093 506.446 822.628 60.0 1.214 262.237

10000.0 0.905 0.869 0.077 535.077 869.134 65.0 1.13 264.489

10000.0 0.905 0.75 0.067 575.899 935.443 70.0 1.027 258.87

10000.0 0.905 0.653 0.059 628.901 1021.534 75.0 0.916 247.366
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10000.0 0.905 0.574 0.054 694.24 1127.665 80.0 0.806 232.04

10000.0 0.905 0.508 0.05 772.196 1254.29 85.0 0.702 214.688

10000.0 0.905 0.453 0.047 863.136 1402.007 90.0 0.607 196.686

10000.0 0.905 0.407 0.045 967.494 1571.517 95.0 0.523 178.985

10000.0 0.905 0.367 0.043 1085.748 1763.6 100.0 0.45 162.176

10000.0 0.905 0.333 0.042 1218.417 1979.095 105.0 0.388 146.585

10000.0 0.905 0.304 0.041 1366.045 2218.891 110.0 0.334 132.35

10000.0 0.905 0.278 0.04 1529.201 2483.907 115.0 0.289 119.489

10000.0 0.905 0.255 0.039 1708.47 2775.097 120.0 0.25 107.951

Table 3: N219 Electric Results, 11 PAX

Altitude ρ CL CD Pa I V Endurance Range

0.0 1.225 1.695 0.194 423.916 688.574 40.0 1.152 165.957

0.0 1.225 1.339 0.135 418.46 679.711 45.0 1.172 189.873

0.0 1.225 1.085 0.101 428.905 696.677 50.0 1.135 204.315

0.0 1.225 0.897 0.08 454.066 737.547 55.0 1.054 208.693

0.0 1.225 0.753 0.067 493.457 801.53 60.0 0.946 204.328

0.0 1.225 0.642 0.058 547.023 888.538 65.0 0.827 193.601

0.0 1.225 0.554 0.053 614.984 998.928 70.0 0.711 179.05

0.0 1.225 0.482 0.049 697.745 1133.36 75.0 0.603 162.8

0.0 1.225 0.424 0.046 795.84 1292.696 80.0 0.508 146.358

0.0 1.225 0.375 0.043 909.888 1477.947 85.0 0.427 130.658

0.0 1.225 0.335 0.042 1040.577 1690.227 90.0 0.359 116.195

0.0 1.225 0.301 0.041 1188.64 1930.728 95.0 0.302 103.171

0.0 1.225 0.271 0.04 1354.846 2200.699 100.0 0.254 91.61

0.0 1.225 0.246 0.039 1539.993 2501.436 105.0 0.215 81.436

0.0 1.225 0.224 0.038 1744.897 2834.266 110.0 0.183 72.526
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0.0 1.225 0.205 0.038 1970.393 3200.543 115.0 0.156 64.741

0.0 1.225 0.188 0.038 2217.329 3601.645 120.0 0.134 57.943

5000.0 1.056 1.967 0.249 468.703 761.322 40.0 1.011 145.644

5000.0 1.056 1.554 0.169 452.51 735.019 45.0 1.059 171.513

5000.0 1.056 1.259 0.123 452.316 734.705 50.0 1.059 190.676

5000.0 1.056 1.041 0.095 466.475 757.703 55.0 1.018 201.505

5000.0 1.056 0.874 0.078 494.149 802.654 60.0 0.944 203.956

5000.0 1.056 0.745 0.066 535.001 869.011 65.0 0.852 199.275

5000.0 1.056 0.642 0.058 589.015 956.746 70.0 0.752 189.38

5000.0 1.056 0.56 0.053 656.388 1066.182 75.0 0.653 176.26

5000.0 1.056 0.492 0.049 737.465 1197.877 80.0 0.561 161.594

5000.0 1.056 0.436 0.046 832.695 1352.561 85.0 0.479 146.618

5000.0 1.056 0.389 0.044 942.602 1531.085 90.0 0.408 132.134

5000.0 1.056 0.349 0.042 1067.764 1734.387 95.0 0.347 118.606

5000.0 1.056 0.315 0.041 1208.802 1963.477 100.0 0.295 106.252

5000.0 1.056 0.285 0.04 1366.367 2219.413 105.0 0.252 95.138

5000.0 1.056 0.26 0.039 1541.136 2503.294 110.0 0.215 85.231

5000.0 1.056 0.238 0.039 1733.805 2816.248 115.0 0.185 76.454

5000.0 1.056 0.219 0.038 1945.083 3159.431 120.0 0.159 68.701

10000.0 0.905 2.295 0.327 526.11 854.57 40.0 0.87 125.332

10000.0 0.905 1.814 0.217 498.408 809.572 45.0 0.934 151.27

10000.0 0.905 1.469 0.155 487.183 791.339 50.0 0.962 173.129

10000.0 0.905 1.214 0.117 490.269 796.351 55.0 0.954 188.885

10000.0 0.905 1.02 0.093 506.446 822.628 60.0 0.915 197.542

10000.0 0.905 0.869 0.077 535.077 869.134 65.0 0.851 199.238

10000.0 0.905 0.75 0.067 575.899 935.443 70.0 0.774 195.006

10000.0 0.905 0.653 0.059 628.901 1021.534 75.0 0.69 186.339

10000.0 0.905 0.574 0.054 694.24 1127.665 80.0 0.607 174.795
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10000.0 0.905 0.508 0.05 772.196 1254.29 85.0 0.529 161.724

10000.0 0.905 0.453 0.047 863.136 1402.007 90.0 0.457 148.163

10000.0 0.905 0.407 0.045 967.494 1571.517 95.0 0.394 134.828

10000.0 0.905 0.367 0.043 1085.748 1763.6 100.0 0.339 122.166

10000.0 0.905 0.333 0.042 1218.417 1979.095 105.0 0.292 110.422

10000.0 0.905 0.304 0.041 1366.045 2218.891 110.0 0.252 99.698

10000.0 0.905 0.278 0.04 1529.201 2483.907 115.0 0.217 90.011

10000.0 0.905 0.255 0.039 1708.47 2775.097 120.0 0.188 81.319

Table 4: N219 Electric Results, 21 PAX

Altitude ρ CL CD Pa I V Endurance Range

0.0 1.225 1.695 0.194 423.916 688.574 40.0 0.341 49.109

0.0 1.225 1.339 0.135 418.46 679.711 45.0 0.347 56.186

0.0 1.225 1.085 0.101 428.905 696.677 50.0 0.336 60.46

0.0 1.225 0.897 0.08 454.066 737.547 55.0 0.312 61.755

0.0 1.225 0.753 0.067 493.457 801.53 60.0 0.28 60.464

0.0 1.225 0.642 0.058 547.023 888.538 65.0 0.245 57.289

0.0 1.225 0.554 0.053 614.984 998.928 70.0 0.21 52.984

0.0 1.225 0.482 0.049 697.745 1133.36 75.0 0.178 48.175

0.0 1.225 0.424 0.046 795.84 1292.696 80.0 0.15 43.31

0.0 1.225 0.375 0.043 909.888 1477.947 85.0 0.126 38.664

0.0 1.225 0.335 0.042 1040.577 1690.227 90.0 0.106 34.384

0.0 1.225 0.301 0.041 1188.64 1930.728 95.0 0.089 30.53

0.0 1.225 0.271 0.04 1354.846 2200.699 100.0 0.075 27.109

0.0 1.225 0.246 0.039 1539.993 2501.436 105.0 0.064 24.098

0.0 1.225 0.224 0.038 1744.897 2834.266 110.0 0.054 21.461

0.0 1.225 0.205 0.038 1970.393 3200.543 115.0 0.046 19.158
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0.0 1.225 0.188 0.038 2217.329 3601.645 120.0 0.04 17.146

5000.0 1.056 1.967 0.249 468.703 761.322 40.0 0.299 43.098

5000.0 1.056 1.554 0.169 452.51 735.019 45.0 0.313 50.753

5000.0 1.056 1.259 0.123 452.316 734.705 50.0 0.313 56.424

5000.0 1.056 1.041 0.095 466.475 757.703 55.0 0.301 59.628

5000.0 1.056 0.874 0.078 494.149 802.654 60.0 0.279 60.354

5000.0 1.056 0.745 0.066 535.001 869.011 65.0 0.252 58.968

5000.0 1.056 0.642 0.058 589.015 956.746 70.0 0.222 56.04

5000.0 1.056 0.56 0.053 656.388 1066.182 75.0 0.193 52.158

5000.0 1.056 0.492 0.049 737.465 1197.877 80.0 0.166 47.818

5000.0 1.056 0.436 0.046 832.695 1352.561 85.0 0.142 43.386

5000.0 1.056 0.389 0.044 942.602 1531.085 90.0 0.121 39.101

5000.0 1.056 0.349 0.042 1067.764 1734.387 95.0 0.103 35.097

5000.0 1.056 0.315 0.041 1208.802 1963.477 100.0 0.087 31.442

5000.0 1.056 0.285 0.04 1366.367 2219.413 105.0 0.074 28.153

5000.0 1.056 0.26 0.039 1541.136 2503.294 110.0 0.064 25.221

5000.0 1.056 0.238 0.039 1733.805 2816.248 115.0 0.055 22.624

5000.0 1.056 0.219 0.038 1945.083 3159.431 120.0 0.047 20.33

10000.0 0.905 2.295 0.327 526.11 854.57 40.0 0.258 37.087

10000.0 0.905 1.814 0.217 498.408 809.572 45.0 0.276 44.763

10000.0 0.905 1.469 0.155 487.183 791.339 50.0 0.285 51.232

10000.0 0.905 1.214 0.117 490.269 796.351 55.0 0.282 55.894

10000.0 0.905 1.02 0.093 506.446 822.628 60.0 0.271 58.456

10000.0 0.905 0.869 0.077 535.077 869.134 65.0 0.252 58.958

10000.0 0.905 0.75 0.067 575.899 935.443 70.0 0.229 57.705

10000.0 0.905 0.653 0.059 628.901 1021.534 75.0 0.204 55.141

10000.0 0.905 0.574 0.054 694.24 1127.665 80.0 0.18 51.724

10000.0 0.905 0.508 0.05 772.196 1254.29 85.0 0.156 47.856
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10000.0 0.905 0.453 0.047 863.136 1402.007 90.0 0.135 43.844

10000.0 0.905 0.407 0.045 967.494 1571.517 95.0 0.117 39.898

10000.0 0.905 0.367 0.043 1085.748 1763.6 100.0 0.1 36.151

10000.0 0.905 0.333 0.042 1218.417 1979.095 105.0 0.086 32.675

10000.0 0.905 0.304 0.041 1366.045 2218.891 110.0 0.075 29.502

10000.0 0.905 0.278 0.04 1529.201 2483.907 115.0 0.064 26.635

10000.0 0.905 0.255 0.039 1708.47 2775.097 120.0 0.056 24.063
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Appendix B: Python Codes

.1 ISA main code

1 import numpy as np

2 from module import ISAfunc as calc

3 # import RANGEfunc as RNG

4 import matplotlib.pyplot as plt

5 plt.rcParams['axes.grid'] = True

6 # from scipy import stats

7 # import xlsxwriter

8 plt.rcParams['text.usetex'] = True

9

10 cols = 'Altitude (km)'

11 rows = ['{}'.format(row) for row in ['Temperature (k)', 'Pressure (kPa)',

12 "Density (kg/"'$\displaystyle''{m^3}$'")",

13 'Viscosity (Pa.S)']]

14

15 # workbook = xlsxwriter.Workbook('ISA32.csv')

16 # worksheet = workbook.add_worksheet()

17 row = 0

18 col = 0

19

20 del_t = np.arange(-15,16,5)

21 # del_t = np.arange(0,5,5)

22

23

24 n_alt = 80001

25
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26 alt_dat = np.arange(0,n_alt)

27

28 t = np.array([])

29 p = np.array([])

30 rho = np.array([])

31 miu = np.array([])

32

33 for n in range(7):

34 for i in range(n_alt):

35 if (alt_dat[i] <= 11000):

36 ISA = calc.TROPOSPHERE(del_t[n],alt_dat[i])

37 if (11000 < alt_dat[i] <= 20000):

38 ISA = calc.TROPOPAUSE(del_t[n],alt_dat[i])

39 if (20000 < alt_dat[i] <= 32000):

40 ISA = calc.LOWERSTRAT(del_t[n],alt_dat[i])

41 if (32000 < alt_dat[i] <= 47000):

42 ISA = calc.UPPERSTRAT(del_t[n],alt_dat[i])

43 if (47000 < alt_dat[i] <= 51000):

44 ISA = calc.STRATPAUSE(del_t[n],alt_dat[i])

45 if (51000 < alt_dat[i] <= 71000):

46 ISA = calc.LOWERMESO(del_t[n],alt_dat[i])

47 if (71000 < alt_dat[i] <= 80000):

48 ISA = calc.UPPERMESO(del_t[n],alt_dat[i])

49

50 ISAtotal = np.array([ISA])

51

52 t = np.append(t,ISAtotal[0,0])

53 p = np.append(p,ISAtotal[0,1])

54 rho = np.append(rho,ISAtotal[0,2])

55 miu = np.append(miu,ISAtotal[0,3])

56

57

58 """Plot"""
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59

60

61 #ISA

62 fig, axs = plt.subplots(3,sharex=True,figsize=(5,10))

63 fig.suptitle('ISA '+ str(del_t[n]))

64

65 axs[0].plot(alt_dat/1000,t)

66 axs[1].plot(alt_dat/1000,p/1000)

67 axs[2].plot(alt_dat/1000,rho)

68

69 plt.xlabel(cols)

70

71 for ax, row in zip(axs, rows):

72 ax.set_ylabel(row, rotation=90, size='large')

73

74 fig.tight_layout(rect=[0, 0.03, 1, 0.95])

75 fig.savefig("data_result/ISA/ISA_Plot"+ str(del_t[n]) +".pdf",dpi=100)

76

77

78 #Temp

79 fig, axs = plt.subplots(1,sharex=True,figsize=(5,5))

80 fig.suptitle('Temperature Over Altitude, ISA ' + str(del_t[n]))

81 axs.plot(alt_dat/1000,t)

82 # plt.xlim(0, 80)

83 # plt.ylim(180, 320)

84 plt.xlabel(cols)

85 plt.ylabel(rows[0])

86 fig.tight_layout(rect=[0, 0.03, 1, 0.95])

87 fig.savefig("data_result/ISA/ISA_Plot_Temp"+ str(del_t[n]) +".pdf",dpi=600)

88

89

90 #Press

91 fig, axs = plt.subplots(1,sharex=True,figsize=(5,5))
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92 fig.suptitle('Pressure Over Altitude, ISA ' + str(del_t[n]))

93 axs.plot(alt_dat/1000,p/1000)

94 # plt.xlim(0, 80)

95 # plt.ylim(0, 140)

96 plt.xlabel(cols)

97 plt.ylabel(rows[1])

98 fig.tight_layout(rect=[0, 0.03, 1, 0.95])

99 fig.savefig("data_result/ISA/ISA_Plot_Press"+ str(del_t[n]) +".pdf",dpi=600)

100

101 #Dens

102 fig, axs = plt.subplots(1,sharex=True,figsize=(5,5))

103 fig.suptitle('Density Over Altitude, ISA ' + str(del_t[n]))

104 axs.plot(alt_dat/1000,rho)

105 # plt.xlim(0, 80)

106 # plt.ylim(0, 1.4)

107 plt.xlabel(cols)

108 plt.ylabel(rows[2])

109 fig.tight_layout(rect=[0, 0.03, 1, 0.95])

110 fig.savefig("data_result/ISA/ISA_Plot_Dens"+ str(del_t[n]) +".pdf",dpi=600)

111

112 #AIO

113

114 def make_patch_spines_invisible(ax):

115 ax.set_frame_on(True)

116 ax.patch.set_visible(False)

117 for sp in ax.spines.values():

118 sp.set_visible(False)

119

120

121 fig, host = plt.subplots(figsize=(6,5))

122 fig.subplots_adjust(right=0.8)

123

124 fig.suptitle('ISA '+ str(del_t[n]))
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125

126 par1 = host.twinx()

127 par2 = host.twinx()

128

129 par2.spines["right"].set_position(("axes", 1.15))

130 make_patch_spines_invisible(par2)

131 par2.spines["right"].set_visible(True)

132

133 p1, = host.plot(alt_dat/1000, t, "tab:blue", label="Temperature (K)")

134 p2, = par1.plot(alt_dat/1000, p/1000, "tab:orange", label="Pressure (kPa)")

135 p3, = par2.plot(alt_dat/1000, rho, "tab:green",

136 label="Density (kg/"'$\displaystyle''{m^3}$'")")

137

138 host.set_xlim(0, 80)

139 host.set_ylim(180, 320)

140 par1.set_ylim(0, 140)

141 par2.set_ylim(0, 1.4)

142

143 host.set_xlabel("Altitude (km)")

144 host.set_ylabel("T,Kelvin")

145 par1.set_ylabel("p,kPa")

146 par2.set_ylabel(r'$\displaystyle\rho$'",kg/"'$\displaystyle''{m^3}$')

147

148 host.yaxis.label.set_color(p1.get_color())

149 par1.yaxis.label.set_color(p2.get_color())

150 par2.yaxis.label.set_color(p3.get_color())

151

152 tkw = dict(size=4, width=1.5)

153 host.tick_params(axis='y', colors=p1.get_color(), **tkw)

154 par1.tick_params(axis='y', colors=p2.get_color(), **tkw)

155 par2.tick_params(axis='y', colors=p3.get_color(), **tkw)

156 host.tick_params(axis='x', **tkw)

157
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158 lines = [p1, p2, p3]

159

160 host.legend(lines, [l.get_label() for l in lines])

161 fig.tight_layout(rect=[0, 0.03, 1, 0.95])

162 fig.savefig("data_result/ISA/ISA_Plot_AIO"+ str(del_t[n]) +".pdf",dpi=600)

163

164 #clear

165 t = np.array([])

166 p = np.array([])

167 rho = np.array([])

168 miu = np.array([])

169

170 # ISAcompile = np.array([])

171

172

.2 ISA function code

1 """ ISA Formula from Troposphere to Upper Stratosphere """

2 """ Using Ruijgrok Equation"""

3 import numpy as np

4 import math as math

5

6 g0 = 9.80665

7 Ra = 8314.32

8 R = 287.053

9 gamma = 1.4

10 BETA = 1.458 * 10**-6

11 S = 110.4

12

13 def SPEEDSOUND (t):

14 """

15
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16

17 Parameters

18 ----------

19 t : TYPE

20 temperature (K).

21

22 Returns

23 -------

24 c : TYPE

25 speed of sound (m/s).

26

27 """

28

29 c = np.sqrt(gamma * R * t)

30

31 return c

32

33 def MACHNUMBER (V,c):

34 """

35

36

37 Parameters

38 ----------

39 V : TYPE

40 airspeed.

41 c : TYPE

42 speed of sound.

43

44 Returns

45 -------

46 M : TYPE

47 Mach number.

48
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49 """

50

51 M = V/c

52

53 return M

54

55 def airspeed (W,s,rho,Cl):

56 """

57

58

59 Parameters

60 ----------

61 W : TYPE

62 aircraft weight (N).

63 s : TYPE

64 wing span (m).

65 rho : TYPE

66 air density (kg/m^3).

67 Cl : TYPE

68 lift coefficient.

69

70 Returns

71 -------

72 V : TYPE

73 airspeed (m/s).

74

75 """

76 #s = wing span

77 V = np.sqrt((2*W)/(s*rho*Cl))

78

79 return V

80

81 def LiftCoefficient (Cd,Cd0,k):
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82 """

83

84

85 Parameters

86 ----------

87 Cd : TYPE

88 drag coefficient.

89 Cd0 : TYPE

90 zero lift drag coefficient.

91 k : TYPE

92 k.

93

94 Returns

95 -------

96 Cl : TYPE

97 lift coefficient.

98

99 """

100

101 Cl = np.sqrt((Cd-Cd0)/k)

102

103 return Cl

104

105 def k (A,e):

106 """

107

108

109 Parameters

110 ----------

111 A : TYPE

112 wing aspec ratio.

113 e : TYPE

114 oswald efficiency.
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115

116 Returns

117 -------

118 k : TYPE

119 k.

120

121 """

122

123 k = 1/(np.pi*A*e)

124

125 return k

126

127 def TROPOSPHERE (del_t,alt):

128 """

129

130

131 Parameters

132 ----------

133 del_t : TYPE

134 temperature deviation (k).

135 alt : TYPE

136 altitude (m).

137

138 Returns

139 -------

140 t : TYPE

141 temperature (k).

142 p : TYPE

143 pressure (Pa).

144 rho : TYPE

145 density (kg/m^3).

146 miu : TYPE

147 viscosity (Pa.s).

182/305



ANALYSIS OF RANGE AND ENDURANCE OF N-219 UNDER POTENTIAL ELECTRIC

PROPULSION

148

149 """

150

151 lmd = -0.0065

152 rho0 = 1.225

153 t0 = 288.150

154 p0 = 101325

155

156 #temperature

157 #eq 2.8

158 t = t0 + (del_t) + (lmd * float(alt))

159

160 #pressure

161 #eq 2.12

162 p = p0 * ((t0+(lmd * float(alt))) / t0) ** (-g0 / (lmd * R))

163

164 #density

165 #eq 2.13

166 rho = rho0 * (t / t0) ** -((g0 / (lmd * R)) + 1)

167

168 #viscosity

169 #eq 2.19

170 miu = (BETA * t**(3/2))/(t+S)

171

172 return t, p, rho, miu

173

174

175 def TROPOPAUSE (del_t,alt):

176 """

177

178

179 Parameters

180 ----------
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181 del_t : TYPE

182 temperature deviation (k).

183 alt : TYPE

184 altitude (m).

185

186 Returns

187 -------

188 t : TYPE

189 temperature (k).

190 p : TYPE

191 pressure (Pa).

192 rho : TYPE

193 density (kg/m^3).

194 miu : TYPE

195 viscosity (Pa.s).

196

197 """

198

199 alt1 = 11000

200 ISA = TROPOSPHERE (del_t,alt1)

201 t1 = ISA[0]

202 p1 = ISA[1]

203 rho1 = ISA[2]

204 lmd = 0

205

206 #temperature

207 #eq 2.8

208 t = t1 + lmd*(alt-alt1)

209

210 #pressure

211 #eq 2.15

212 p = float(p1) * math.exp((-g0/((t1-del_t)*R))*(alt-alt1))

213
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214 #density

215 #eq 2.16

216 rho = rho1 * math.exp((-g0/(t*R))*(alt-alt1))

217

218 #viscosity

219 #eq 2.19

220 miu = (BETA * t**(3/2))/(t+S)

221

222 return t, p, rho, miu

223

224

225 def LOWERSTRAT (del_t,alt):

226 """

227

228

229 Parameters

230 ----------

231 del_t : TYPE

232 temperature deviation (k).

233 alt : TYPE

234 altitude (m).

235

236 Returns

237 -------

238 t : TYPE

239 temperature (k).

240 p : TYPE

241 pressure (Pa).

242 rho : TYPE

243 density (kg/m^3).

244 miu : TYPE

245 viscosity (Pa.s).

246
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247 """

248

249 alt1 = 20000

250 ISA = TROPOPAUSE (del_t,alt1)

251 t1 = ISA[0]

252 p1 = ISA[1]

253 rho1 = ISA[2]

254 lmd = 0.001

255

256 #temperature

257 #eq 2.8

258 t = t1 + lmd*(alt-alt1)

259

260 #pressure

261 #eq 2.10

262 p = p1 * (t / t1) ** (-g0 / (lmd * R))

263 #density

264 #eq 2.11

265 rho = rho1 * (t / t1) ** -((g0 / (lmd * R)) + 1)

266

267 #viscosity

268 #eq 2.19

269 miu = (BETA * t**(3/2))/(t+S)

270

271 return t, p, rho, miu

272

273

274 def UPPERSTRAT (del_t,alt):

275 """

276

277

278 Parameters

279 ----------
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280 del_t : TYPE

281 temperature deviation (k).

282 alt : TYPE

283 altitude (m).

284

285 Returns

286 -------

287 t : TYPE

288 temperature (k).

289 p : TYPE

290 pressure (Pa).

291 rho : TYPE

292 density (kg/m^3).

293 miu : TYPE

294 viscosity (Pa.s).

295

296 """

297

298 alt1 = 32000

299 ISA = LOWERSTRAT (del_t,alt1)

300 t1 = ISA[0]

301 p1 = ISA[1]

302 rho1 = ISA[2]

303 lmd = 0.0028

304

305 #temperature

306 #eq 2.8

307 t = t1 + lmd*(alt-alt1)

308

309 #pressure

310 #eq 2.10

311 p = p1 * (t / t1) ** (-g0 / (lmd * R))

312

187/305



ANALYSIS OF RANGE AND ENDURANCE OF N-219 UNDER POTENTIAL ELECTRIC

PROPULSION

313 #density

314 #eq 2.11

315 rho = rho1 * (t / t1) ** -((g0 / (lmd * R)) + 1)

316

317 #viscosity

318 #eq 2.19

319 miu = (BETA * t**(3/2))/(t+S)

320

321 return t, p, rho, miu

322

323

324 def STRATPAUSE (del_t,alt):

325 """

326

327

328 Parameters

329 ----------

330 del_t : TYPE

331 temperature deviation (k).

332 alt : TYPE

333 altitude (m).

334

335 Returns

336 -------

337 t : TYPE

338 temperature (k).

339 p : TYPE

340 pressure (Pa).

341 rho : TYPE

342 density (kg/m^3).

343 miu : TYPE

344 viscosity (Pa.s).

345
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346 """

347

348 alt1 = 47000

349 ISA = UPPERSTRAT (del_t,alt1)

350 t1 = ISA[0]

351 p1 = ISA[1]

352 rho1 = ISA[2]

353 lmd = 0.000

354

355 #temperature

356 #eq 2.8

357 t = t1 + lmd*(alt-alt1)

358

359 #pressure

360 #eq 2.15

361 p = float(p1) * math.exp((-g0/((t1-del_t)*R))*(alt-alt1))

362

363 #density

364 #eq 2.16

365 rho = rho1 * math.exp((-g0/(t*R))*(alt-alt1))

366

367 #viscosity

368 #eq 2.19

369 miu = (BETA * t**(3/2))/(t+S)

370

371 return t, p, rho, miu

372

373

374 def LOWERMESO (del_t,alt):

375 """

376

377

378 Parameters
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379 ----------

380 del_t : TYPE

381 temperature deviation (k).

382 alt : TYPE

383 altitude (m).

384

385 Returns

386 -------

387 t : TYPE

388 temperature (k).

389 p : TYPE

390 pressure (Pa).

391 rho : TYPE

392 density (kg/m^3).

393 miu : TYPE

394 viscosity (Pa.s).

395

396 """

397

398 alt1 = 51000

399 ISA = STRATPAUSE (del_t,alt1)

400 t1 = ISA[0]

401 p1 = ISA[1]

402 rho1 = ISA[2]

403 lmd = -0.0028

404

405 #temperature

406 #eq 2.8

407 t = t1 + lmd*(alt-alt1)

408

409 #pressure

410 #eq 2.10

411 p = p1 * (t / t1) ** (-g0 / (lmd * R))
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412

413 #density

414 #eq 2.11

415 rho = rho1 * (t / t1) ** -((g0 / (lmd * R)) + 1)

416

417 #viscosity

418 #eq 2.19

419 miu = (BETA * t**(3/2))/(t+S)

420

421 return t, p, rho, miu

422

423

424 def UPPERMESO (del_t,alt):

425 """

426

427

428 Parameters

429 ----------

430 del_t : TYPE

431 temperature deviation (k).

432 alt : TYPE

433 altitude (m).

434

435 Returns

436 -------

437 t : TYPE

438 temperature (k).

439 p : TYPE

440 pressure (Pa).

441 rho : TYPE

442 density (kg/m^3).

443 miu : TYPE

444 viscosity (Pa.s).
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445

446 """

447

448 alt1 = 71000

449 ISA = LOWERMESO (del_t,alt1)

450 t1 = ISA[0]

451 p1 = ISA[1]

452 rho1 = ISA[2]

453 lmd = -0.002

454

455 #temperature

456 #eq 2.8

457 t = t1 + lmd*(alt-alt1)

458

459 #pressure

460 #eq 2.10

461 p = p1 * (t / t1) ** (-g0 / (lmd * R))

462

463 #density

464 #eq 2.11

465 rho = rho1 * (t / t1) ** -((g0 / (lmd * R)) + 1)

466

467 #viscosity

468 #eq 2.19

469 miu = (BETA * t**(3/2))/(t+S)

470

471 return t, p, rho, miu

.3 Aircraft Performance function code

1 # -*- coding: utf-8 -*-

2 """

3 Created on Thu Feb 18 19:33:53 2021
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4

5 @author: mahes

6 """

7

8 import numpy as np

9

10 def k (AR, e):

11 """

12 from Elements of airplane performance ruijgrok

13

14 Parameters

15 ----------

16 AR : TYPE

17 wing aspect ratio.

18 e : TYPE

19 oswald's efficiency.

20

21 Returns

22 -------

23 k : TYPE

24 k.

25

26 """

27 k = 1 / (np.pi * AR * e)

28

29 return k

30

31 def PowerRequired(rho,V,S,cd0,W,k):

32 """

33

34

35 Parameters

36 ----------
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37 rho : TYPE

38 air density.

39 V : TYPE

40 airspeed.

41 S : TYPE

42 wing area.

43 cd0 : TYPE

44 zero lift drag coefficient.

45 W : TYPE

46 aircraft weight N.

47 k : TYPE

48 k.

49

50 Returns

51 -------

52 Pr : TYPE

53 power required.

54

55 """

56 Pr = 0.5 * rho * V ** 3 * S * cd0 + (2 * W**2 * k)/(rho * V * S)

57

58 return Pr

59

60 def PowerRequired2(rho,S,cd0,W,k):

61

62 Pr = (2/np.sqrt(rho*S)) * cd0 ** 0.25 * (2 * W * np.sqrt(k/3))**(3/2)

63

64 return Pr

65

66 def Vdmin (W, S, rho, k, cd0):

67 """

68 airspeed at drag minimum/for max range

69 From "Range and Endurance Estimates for Battery-Powered Aircraft" by Traub,
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70 Journal of Aircraft.

71 Equation no. 12.

72

73 Parameters

74 ----------

75 W : TYPE

76 aircraft weight (N).

77 S : TYPE

78 wing area (m^2).

79 rho : TYPE

80 air density (kg/m^2).

81 k : TYPE

82 k.

83

84 Returns

85 -------

86 V : TYPE

87 airspeed (m/s).

88

89 """

90 V = np.sqrt( (2*W) / (S * rho * np.sqrt(cd0/k) ) )

91

92 return V

93

94 def Vemax (W,S,rho,k,cd0):

95 """

96 airspeed for max endurance

97 From "Range and Endurance Estimates for Battery-Powered Aircraft" by Traub,

98 Journal of Aircraft.

99 Equation no. 11.

100

101 Parameters

102 ----------
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103 W : TYPE

104 aircraft weight (N).

105 S : TYPE

106 wing area (m^2).

107 rho : TYPE

108 air density (kg/m^2).

109 k : TYPE

110 k.

111 cd0 : TYPE

112 zero lift drag coefficient.

113

114 Returns

115 -------

116 V : TYPE

117 DESCRIPTION.

118

119 """

120 V = np.sqrt( ((2*W)/(rho*S)) * np.sqrt(k/(3*cd0)) )

121

122 return V

123

124 def Vrmax (W,S,rho,k,cd0):

125 """

126 airspeed for max range

127 From "Range and Endurance Estimates for Battery-Powered Aircraft" by Traub,

128 Journal of Aircraft.

129 Equation no. 12.

130

131 Parameters

132 ----------

133 W : TYPE

134 aircraft weight (N).

135 S : TYPE
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136 wing area (m^2).

137 rho : TYPE

138 air density (kg/m^2).

139 k : TYPE

140 k.

141 cd0 : TYPE

142 zero lift drag coefficient.

143

144 Returns

145 -------

146 V : TYPE

147 DESCRIPTION.

148

149 """

150 V = np.sqrt( ((2*W)/(rho*S)) * np.sqrt(k/cd0) )

151

152 return V

153

154 def endurancemaxElectric (Rt, n, ntot, Volt, C, rho, S, k, W, cd0):

155 """

156 maximum endurance of aircraft

157 From "Range and Endurance Estimates for Battery-Powered Aircraft" by Traub,

158 Journal of Aircraft.

159 Equation no. 16.

160

161

162 Parameters

163 ----------

164 Rt : TYPE

165 battery hour rating (h).

166 n : TYPE

167 battery discharge parameter.

168 ntot : TYPE
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169 total efficiency.

170 Volt : TYPE

171 voltage (V).

172 C : TYPE

173 battery capacity (Ah).

174 rho : TYPE

175 air density (kg/m^3).

176 S : TYPE

177 wing area (m^2).

178 k : TYPE

179 DESCRIPTION.

180 W : TYPE

181 aircraft weight (N).

182 cd0 : TYPE

183 zero lift drag coefficient.

184

185 Returns

186 -------

187 R : TYPE

188 range (km).

189

190 """

191 E = (Rt ** (1-n)) * ((ntot*Volt*C) /

192 ((2/np.sqrt(rho*S)) * (cd0**0.25) *

193 (2*W*np.sqrt(k/3))**(3/2) ) ) ** n

194

195 return E

196

197 def rangemaxElectric (Rt, n, ntot, Volt, C, rho, S, k, W, cd0):

198 """

199 maximum range of aircraft

200 From "Range and Endurance Estimates for Battery-Powered Aircraft" by Traub,

201 Journal of Aircraft.
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202 Equation no. 18.

203

204 Parameters

205 ----------

206 Rt : TYPE

207 battery hour rating (h).

208 n : TYPE

209 battery discharge parameter.

210 ntot : TYPE

211 total efficiency.

212 Volt : TYPE

213 voltage (V).

214 C : TYPE

215 battery capacity (Ah).

216 rho : TYPE

217 air density (kg/m^3).

218 S : TYPE

219 wing area (m^2).

220 k : TYPE

221 DESCRIPTION.

222 W : TYPE

223 aircraft weight (N).

224 cd0 : TYPE

225 zero lift drag coefficient.

226

227 Returns

228 -------

229 R : TYPE

230 range (km).

231

232 """

233 R = (Rt ** (1-n)) * ((ntot*Volt*C) /

234 ( (1/np.sqrt(rho*S)) * (cd0**0.25) *
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235 (2*W*np.sqrt(k))**(3/2) ))** n * np.sqrt(

236 ((2*W)/(rho*S)) * np.sqrt(k/cd0) ) * 3.6

237

238 return R

239

240 def enduranceRmaxElectric (Rt, n, ntot, Volt, C, rho, S, k, W, cd0):

241 """

242 endurance at maximum range

243 From "Range and Endurance Estimates for Battery-Powered Aircraft" by Traub,

244 Journal of Aircraft.

245 derived from Equation no. 18.

246

247

248 Parameters

249 ----------

250 Rt : TYPE

251 battery hour rating (h).

252 n : TYPE

253 battery discharge parameter.

254 ntot : TYPE

255 total efficiency.

256 Volt : TYPE

257 voltage (V).

258 C : TYPE

259 battery capacity (Ah).

260 rho : TYPE

261 air density (kg/m^3).

262 S : TYPE

263 wing area (m^2).

264 k : TYPE

265 DESCRIPTION.

266 W : TYPE

267 aircraft weight (N).
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268 cd0 : TYPE

269 zero lift drag coefficient.

270

271 Returns

272 -------

273 E : TYPE

274 endurance (h).

275

276 """

277 E = (Rt ** (1-n)) * ((ntot*Volt*C) / ( (1/np.sqrt(rho*S)) * (cd0**0.25) *

278 (2*W*np.sqrt(k))**(3/2) ))** n

279

280 return E

281

282 def enduranceElectric (Rt,n,ntot,Volt,C,rho,V,cd0,W,k,S):

283 """

284 From "Range and Endurance Estimates for Battery-Powered Aircraft" by Traub,

285 Journal of Aircraft.

286 Equation no. 9.

287

288 Parameters

289 ----------

290 Rt : TYPE

291 battery hour rating (h).

292 n : TYPE

293 battery discharge parameter.

294 ntot : TYPE

295 total efficiency.

296 Volt : TYPE

297 voltage (V).

298 C : TYPE

299 battery capacity (Ah).

300 rho : TYPE
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301 air density (kg/m^3).

302 V : TYPE

303 airspeed (m/s).

304 cd0 : TYPE

305 zero lift drag coefficient.

306 W : TYPE

307 aircraft weight (N).

308 k : TYPE

309 DESCRIPTION.

310 S : TYPE

311 wing area (m^2).

312

313 Returns

314 -------

315 E : TYPE

316 endurance (h).

317

318 """

319 E = Rt ** (1-n) * ((ntot*Volt*C) / ((0.5 * rho * V**3 * S * cd0) +

320 ((2 * W**2 * k)/(rho * V * S)))) ** n

321

322 return E

323

324 def rangeElectric (E,V):

325 """

326 From "Range and Endurance Estimates for Battery-Powered Aircraft" by Traub,

327 Journal of Aircraft.

328 Equation no. 13.

329

330 Parameters

331 ----------

332 E : TYPE

333 aircraft endurance (h).
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334 V : TYPE

335 airspeed (m/s).

336

337 Returns

338 -------

339 R : TYPE

340 range (km).

341

342 """

343 R = E * V * 3.6

344

345 return R

346

347 def powerbatt (Volt,C,Rt,n,E):

348 """

349 From "Range and Endurance Estimates for Battery-Powered Aircraft" by Traub,

350 Journal of Aircraft.

351 Equation no. 7.

352

353 Parameters

354 ----------

355 Volt : TYPE

356 Voltage (V).

357 C : TYPE

358 battery capacity (Ah).

359 Rt : TYPE

360 battery hour rating (h).

361 n : TYPE

362 battery discharge parameter.

363 E : TYPE

364 aircraft endurance (h).

365

366 Returns
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367 -------

368 Pb : TYPE

369 power battery.

370

371 """

372 Pb = Volt * (C/Rt) * (Rt/E) ** (1/n)

373

374 return Pb

375

376 def current (Volt,Pb):

377 """

378 From "Range and Endurance Estimates for Battery-Powered Aircraft" by Traub,

379 Journal of Aircraft.

380 derived from Equation no. 6.

381

382 Parameters

383 ----------

384 Volt : TYPE

385 Voltage (V).

386 Pb : TYPE

387 Power Battery (W).

388

389 Returns

390 -------

391 I : TYPE

392 current (A).

393

394 """

395 I = Pb/Volt

396

397 return I

398

399 def Ctot (j,Cbatt):
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400 """

401 From "Range and Endurance Estimates for Battery-Powered Aircraft" by Traub,

402 Journal of Aircraft.

403 Equation no. 19.

404

405 Parameters

406 ----------

407 j : TYPE

408 a counter expressing the number of batteries.

409 Cbatt : TYPE

410 capacity of each battery (Ah).

411

412 Returns

413 -------

414 Ctot : TYPE

415 total capacity of the battery (Ah).

416

417 """

418 Ctot = j * Cbatt

419

420 return Ctot

421

422 def Wtot (j,Wbatt,BR):

423 """

424 From "Range and Endurance Estimates for Battery-Powered Aircraft" by Traub,

425 Journal of Aircraft.

426 Equation no. 20.

427

428 Parameters

429 ----------

430 j : TYPE

431 a counter expressing the number of batteries.

432 Wbatt : TYPE
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433 weight of each individual battery (N).

434 BR : TYPE

435 battery weight as a fraction of the total weight.

436

437 Returns

438 -------

439 Wtot : TYPE

440 aircraft's total weight (N).

441

442 """

443 Wtot = (j * Wbatt) / BR

444

445 return Wtot

446

447 def Wtot2 (W,BR):

448 """

449 Parameters

450 ----------

451 W : TYPE

452 aircraft weight.

453 BR : TYPE

454 DESCRIPTION.

455

456 Returns

457 -------

458 Wtot : TYPE

459 DESCRIPTION.

460

461 """

462 Wtot = W / (1-BR)

463

464 return Wtot

465
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466 def j1 (Ctot,Cbatt):

467 """

468 From "Range and Endurance Estimates for Battery-Powered Aircraft" by Traub,

469 Journal of Aircraft.

470 derived from Equation no. 19.

471

472 Parameters

473 ----------

474 Ctot : TYPE

475 total capacity of the battery (Ah).

476 Cbatt : TYPE

477 capacity of each battery (Ah).

478

479 Returns

480 -------

481 j : TYPE

482 a counter expressing the number of batteries.

483

484 """

485 j = Ctot/Cbatt

486

487 return j

488

489 def current0 (Pr,V0,ntot):

490 """

491 required battery supply current (I) at the rated full-capacity battery

492 supply voltage (V)

493 From "Range and Endurance Estimates for Battery-Powered Aircraft" by Traub,

494 Journal of Aircraft.

495 Equation no. 21.

496

497 Parameters

498 ----------
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499 Pr : TYPE

500 Power Required (W).

501 V0 : TYPE

502 initial airspeed (m/s).

503 ntot : TYPE

504 aircraft total efficiency.

505

506 Returns

507 -------

508 I : TYPE

509 current (A).

510

511 """

512 I0 = Pr/(V0*ntot)

513

514 return I0

515

516 def C0 (I0,Rt,C,n):

517 """

518 effective initial battery capacity

519 From "Range and Endurance Estimates for Battery-Powered Aircraft" by Traub,

520 Journal of Aircraft.

521 Equation no. 22.

522

523 Parameters

524 ----------

525 I0 : TYPE

526 initial current (A).

527 Rt : TYPE

528 battery hour rating (h).

529 C : TYPE

530 rated total battery capacity (Ah).

531 n : TYPE
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532 battery discharge parameter.

533

534 Returns

535 -------

536 C0 : TYPE

537 effective initial battery capacity (Ah).

538

539 """

540 C0 = (I0 ** (1-n)) * (Rt ** (1-n)) * (C ** n)

541

542 return C0

543

544 def Vj (V0, k, C0, Cjt):

545 """

546

547

548 Parameters

549 ----------

550 V0 : TYPE

551 initial velocity(airspeed).

552 k1 : TYPE

553 .

554 C0 : TYPE

555 initial battery capacity.

556 Cj : TYPE

557 battery capacity at counter j (time t).

558

559 Returns

560 -------

561 Vj : TYPE

562 DESCRIPTION.

563

564 """
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565 Vj = V0 - k * (C0 - Cjt)

566

567 return Vj

568

569 def Ij (Pr, Vj, ntot):

570 """

571

572

573 Parameters

574 ----------

575 Pr : TYPE

576 power required.

577 Vj : TYPE

578 airspeed at time t.

579 ntot : TYPE

580 total efficiency.

581

582 Returns

583 -------

584 Ij : TYPE

585 current at time t.

586

587 """

588 Ij = Pr / (Vj*ntot)

589

590 return Ij

591

592 def Cj (Ij, Rt, C, n, SIGMA):

593

594

595 Cj = ((Ij ** (1-n)) * (Rt ** (1-n)) * (C ** n)) - SIGMA

596

597 return Cj
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598

599

600 #aerodynamic properties

601

602 def CL (W, rho, V, S):

603 """

604

605

606 Parameters

607 ----------

608 W : TYPE

609 Aircraft weight in Newton.

610 rho : TYPE

611 air density (kg/m^3).

612 V : TYPE

613 airspeed (m/s).

614 S : TYPE

615 Wing area (m^2).

616

617 Returns

618 -------

619 CL : TYPE

620 Lift Coefficient.

621

622 """

623

624 CL = W / (0.5 * rho * (V**2) * S)

625

626 return CL

627

628 def CD (cd0, CL, AR, e):

629 """

630
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631

632 Parameters

633 ----------

634 cd0 : TYPE

635 zero lift drag coefficient.

636 CL : TYPE

637 Lift Coefficient.

638 AR : TYPE

639 wing aspect ratio.

640 e : TYPE

641 Oswald's Efficiency.

642

643 Returns

644 -------

645 CD : TYPE

646 Drag Coefficient.

647

648 """

649

650 CD = cd0 + ((CL**2) / (np.pi * AR * e))

651

652 return CD

653

654 def CLCD (CL, CD):

655 """

656

657

658 Parameters

659 ----------

660 CL : TYPE

661 Lift Coefficient.

662 CD : TYPE

663 Drag Coefficient.
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664

665 Returns

666 -------

667 CLCD : TYPE

668 Lift Drag Ratio.

669

670 """

671

672 CLCD = CL/CD

673

674 return CLCD

675

676 def Pa (CD, rho, V, S):

677 """

678

679

680 Parameters

681 ----------

682 CD : TYPE

683 Drag Coefficient.

684 rho : TYPE

685 air density (kg/m^3).

686 V : TYPE

687 airspeed (m/s).

688 S : TYPE

689 wing area (m^2).

690

691 Returns

692 -------

693 Pa : TYPE

694 Power available (HP).

695

696 """
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697

698 Pa = (CD * 0.5 * rho * (V**3) * S) * 0.0013404825737265416

699

700

701 return Pa

702

703 def Pa1 (cd0, rho, V, S, k, W):

704 """

705

706

707 Parameters

708 ----------

709 cd0 : TYPE

710 zero lift drag coefficient.

711 rho : TYPE

712 air density (kg/m^3).

713 V : TYPE

714 airspeed (m/s).

715 S : TYPE

716 wing area (m^2).

717 k : TYPE

718 k.

719 W : TYPE

720 aircraft weight (N).

721

722 Returns

723 -------

724 Pa : TYPE

725 power available (hp).

726

727 """

728

729 Pa = ((0.5 * rho * (V**3) * S * cd0) + ((2 * (W**2) * k) / (rho * V * S))) * 0.0013404825737265416
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730

731 return Pa

732

733 def nj (Pa, SHP):

734 """

735

736

737 Parameters

738 ----------

739 Pa : TYPE

740 Power available (HP).

741 SHP : TYPE

742 Shaft Horse Power.

743

744 Returns

745 -------

746 nj : TYPE

747 propulsive efficiency.

748

749 """

750 nj = Pa/SHP

751

752 return nj

753

754 def rangeAirbreathing (nj, SFC, CLCD, W1, W2):

755

756 R = 375.0 * (nj/(SFC)) * (CLCD) * np.log(W1/W2)

757

758 R = R * 1.60934

759

760 return R

761

762 def enduranceAirbreathing (nj,SFC,W1,W2,S,rho,CD,CL):
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763

764 E = (nj/SFC) * (1/(np.sqrt((1/S)*(2/rho)*(CD**2/CL**3)))) * np.log(W1/(W2))

765

766 return E

767

768 def enduranceAirbreathing2 (nj,SFC,W1,W2,S,rho,CD,CL):

769

770 W1 = W1 * 0.22481

771

772 W2 = W2 * 0.22481

773

774 E = (nj/SFC) * (1/(np.sqrt((W2/S)*(2/rho)*(CD**2/CL**3)))) * np.log(W1/W2)

775

776 return E

.4 Electric N219 code

1 # -*- coding: utf-8 -*-

2 """

3 Created on Thu Feb 18 19:59:18 2021

4

5 @author: mahes

6 """

7

8

9 import pandas as pd

10 import numpy as np

11 import matplotlib

12 import matplotlib.pyplot as plt

13 from module import AircraftPerformance as AP

14 from module import ISAfunc as ISAfunc

15

16
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17 MCR = 70 #Maxium Continuous Rating percentage

18

19 alt = 10000 #ft

20 altM = alt * 0.3048 #meter

21

22 dt = 0

23 dts = [dt]

24

25 #endurance airspeed m/s

26 eV = 51

27

28 #range airspeed m/s

29 rV = 67

30

31 #total efficiency

32 ntot = 0.81

33

34

35 #air density

36 for del_t in dts:

37 if (altM <= 11000):

38 ISA = ISAfunc.TROPOSPHERE(del_t,altM)

39 if (11000 < altM <= 20000):

40 ISA = ISAfunc.TROPOPAUSE(del_t,altM)

41 if (20000 < altM <= 32000):

42 ISA = ISAfunc.LOWERSTRAT(del_t,altM)

43 if (32000 < altM <= 47000):

44 ISA = ISAfunc.UPPERSTRAT(del_t,altM)

45 if (47000 < altM <= 51000):

46 ISA = ISAfunc.STRATPAUSE(del_t,altM)

47 if (51000 < altM <= 71000):

48 ISA = ISAfunc.LOWERMESO(del_t,altM)

49 if (71000 < altM <= 80000):
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50 ISA = ISAfunc.UPPERMESO(del_t,altM)

51

52 ISAtotal = np.array([ISA])

53

54 rho = ISAtotal[0,2]

55

56 #Rt

57 Rt = 1 #hour

58

59 #max aircraft weight/MTOW

60 W = 68941 #Newton

61

62 #aircraft no fuel/battery weight

63 W0 = 53250.1095 #newton

64

65 #fuel/battery weight

66 Wf = 15690.64 #newton

67

68 #fuel/battery volume

69 Vf = 1600 #litre

70

71 #wing area

72 S = 41.5 #m^2

73

74 #Voltage

75 Volt = 567 #V

76

77 #cd0

78 cd0 = 0.0357

79

80 # wing aspec ratio

81 AR = 9.16

82
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83 # oswald's efficiency

84 e = 0.62921

85

86 #k

87 k = AP.k(AR,e)

88

89 #n

90 ns = [1,1.3]

91

92 #battery weight as a fraction of the total weight

93 BRs = [0.48]

94

95 #battery specific energy Wh/kg

96 # BSE = 250 #tesla 18350

97 BSE = 265 # Raymer

98

99 #battery energy density Wh/l

100 # BED = 721 #tesla 18350

101 BED = 700 # Raymer

102

103 # #battery capacity

104 # C1 = round( ((Wf/9.80665) * BSE)/ Volt )

105 # C2 = round( (Vf * BED) / Volt )

106

107 # Cs = [C1,C2]

108

109 # #aircraft weights

110 # W1 = W0 + Wf #Config 1

111 # W2 = W0 + (((Vf * BED)/BSE)*9.80665) #Config 2

112

113 # Wsi = [W1,W2]

114

115 #passengger weight

219/305



ANALYSIS OF RANGE AND ENDURANCE OF N-219 UNDER POTENTIAL ELECTRIC

PROPULSION

116 passengger = 85 #kg

117 luggage = 15 #kg

118

119 PAX = (passengger + luggage) *9.80665

120

121 #######################################

122 #configurations

123

124 #number of pilots and passengger, pilots always 2

125 p1 = 7

126 p2 = 11

127 p3 = 21

128 PAXs = [p1,p2,p3]

129

130

131 MTOW = 7030 *9.80665 #N, Maximum Take-Off Weight

132 Wb = 42031 #N, Fuselage Weight

133

134 #Config X1

135 Wp = p1 * PAX

136 Wf = MTOW - (Wb+Wp)

137 C = round( ((Wf/9.80665) * BSE)/ Volt )

138 X1 = np.array([Wb,Wf,Wp,C])

139

140 #Config X2

141 Wp = p1 * PAX

142 Wf = ((Vf * BED)/BSE)*9.80665

143 C = round( ((Wf/9.80665) * BSE)/ Volt )

144 X2 = np.array([Wb,Wf,Wp,C])

145

146 #Config Y1

147 Wp = p2 * PAX

148 Wf = MTOW - (Wb+Wp)
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149 C = round( ((Wf/9.80665) * BSE)/ Volt )

150 Y1 = np.array([Wb,Wf,Wp,C])

151

152 #Config Y2

153 Wp = p2 * PAX

154 Wf = ((Vf * BED)/BSE)*9.80665

155 C = round( ((Wf/9.80665) * BSE)/ Volt )

156 Y2 = np.array([Wb,Wf,Wp,C])

157

158 #Config Z1

159 Wp = p3 * PAX

160 Wf = MTOW - (Wb+Wp)

161 C = round( ((Wf/9.80665) * BSE)/ Volt )

162 Z1 = np.array([Wb,Wf,Wp,C])

163

164 #Config Z2

165 Wp = p3 * PAX

166 Wf = ((Vf * BED)/BSE)*9.80665

167 C = round( ((Wf/9.80665) * BSE)/ Volt )

168 Z2 = np.array([Wb,Wf,Wp,C])

169

170 Configs = [X1,X2,Y1,Y2,Z1,Z2]

171 Config = [str(X1),str(X2),str(Y1),str(Y2),str(Z1),str(Z2)]

172 # Config = np.array([X1,X2,Y1,Y2,Z1,Z2])

173

174 #Battery capacities array

175 Csi = np.array([])

176 for x in Configs:

177 C = x[3]

178 Csi = np.append(Csi,C)

179

180 #Total Weight Array

181 Wsi = np.array([])
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182 for x in Configs:

183 Wb = x[0]

184 Wf = x[1]

185 Wp = x[2]

186 Wtot = Wb + Wf + Wp

187 Wsi = np.append(Wsi,Wtot)

188

189 ########################################

190 #for refrence

191 for p in PAXs:

192 Wp = p * PAX

193 Wf = MTOW - (Wb+Wp)

194 C = round( ((Wf/9.80665) * BSE)/ Volt )

195 Con1 = np.array([Wb,Wf,Wp,C])

196 Ci = C

197

198 Wp = p * PAX

199 Wf = ((Vf * BED)/BSE)*9.80665

200 C = round( ((Wf/9.80665) * BSE)/ Volt )

201 Con2 = np.array([Wb,Wf,Wp,C])

202

203 Configs = [Con1, Con2]

204

205 ########################################

206 plt.style.use("ggplot")

207

208 matplotlib.rcParams["text.usetex"] = True

209

210

211 for p in PAXs:

212

213

214 FIG = plt.figure(figsize=(7, 15))
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215

216 # Endurance

217 ax1 = FIG.add_subplot(311)

218 ax1.grid(True)

219 ax1.set_ylabel("Endurance ($\mathbf{h}$)")

220 # ax1.set_ylim(0,4)

221 plt.setp(ax1.get_xticklabels(), visible=False)

222

223 # Range

224 ax2 = FIG.add_subplot(312, sharex=ax1)

225 ax2.set_ylabel("Range ($\mathbf{km}$)")

226 # ax2.set_xlabel("Velocity ($\mathbf{m/s}$)")

227 # ax2.set_xticks(np.arange(0,21,5))

228 # ax2.set_xlim(0,25)

229 # plt.setp(ax2.get_xticklabels(), visible=True)

230

231 # Current

232 ax3 = FIG.add_subplot(313, sharex=ax1)

233 ax3.set_ylabel("Current (A)")

234 ax3.set_xlabel("Velocity ($\mathbf{m/s}$)")

235 # ax3.set_xticks(np.arange(0,21,5))

236 # ax3.set_xlim(5,120)

237 ax3.set_ylim(0,10000)

238 ax3.grid(True)

239 # plt.setp(ax2.get_xticklabels(), visible=True)

240

241 #Fig 1

242 #electric

243

244 Wp = p * PAX

245 Wf = MTOW - (Wb+Wp)

246 C = round( ((Wf/9.80665) * BSE)/ Volt )

247 Con1 = np.array([Wb,Wf,Wp,C])
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248

249 Wp = p * PAX

250 Wf = ((Vf * BED)/BSE)*9.80665

251 C = round( ((Wf/9.80665) * BSE)/ Volt )

252 Con2 = np.array([Wb,Wf,Wp,C])

253

254 Configs = [Con1, Con2]

255 for n in ns:

256 for x in Configs:

257 Vs = np.linspace(0,120,num=1000)

258 Es = np.array([])

259 Rs = np.array([])

260 Is = np.array([])

261 Wb = x[0]

262 Wf = x[1]

263 Wp = x[2]

264 C = x[3]

265 W1 = Wb + Wf + Wp

266

267 for V in Vs:

268 E = AP.enduranceElectric(Rt,n,ntot,Volt,C,rho,V,cd0,W1,k,S)

269 Es = np.append(Es, E)

270 R = AP.rangeElectric(E,V)

271 Rs = np.append(Rs, R)

272 Pb = AP.powerbatt(Volt,C,Rt,n,E)

273 I = AP.current(Volt,Pb)

274 Is = np.append(Is, I)

275

276 if str(x) == Config[0]:

277 # label = "Config X1"

278 label = str(C) + " A, " + str(round(W1/9.80665)) + " kg, n=" + str(n)

279 color = "tab:green"

280 if str(x) == Config[1]:
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281 # label = "Config X2"

282 label = str(C) + " A, " + str(round(W1/9.80665)) + " kg, n=" + str(n)

283 color = "tab:blue"

284 if str(x) == Config[2]:

285 # label = "Config Y1"

286 label = str(C) + " A, " + str(round(W1/9.80665)) + " kg, n=" + str(n)

287 color = "tab:orange"

288 if str(x) == Config[3]:

289 # label = "Config Y2"

290 label = str(C) + " A, " + str(round(W1/9.80665)) + " kg, n=" + str(n)

291 color = "tab:cyan"

292 if str(x) == Config[4]:

293 # label = "Config Z1"

294 label = str(C) + " A, " + str(round(W1/9.80665)) + " kg, n=" + str(n)

295 color = "tab:purple"

296 if str(x) == Config[5]:

297 # label = "Config Z2"

298 label = str(C) + " A, " + str(round(W1/9.80665)) + " kg, n=" + str(n)

299 color = "tab:pink"

300

301

302 # label = str(C) + " Ah, " + str(n) + " n"

303 if n == 1:

304 line = "--"

305 else:

306 line = "-"

307

308 ax1.plot(Vs, Es, line, label=label,color=color)

309 ax2.plot(Vs, Rs, line, label=label,color=color)

310 ax3.plot(Vs, Is, line, label=label,color=color)

311

312 plt.suptitle(str(p) + "PAX")

313
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314 ax1.legend(

315 bbox_to_anchor=(0.0, 1.02, 1.0, 0.2),

316 loc="lower left",

317 ncol=2,

318 mode="expand",

319 borderaxespad=0.0,

320 )

321

322 plt.tight_layout()

323 plt.savefig("data_result/Electric N219 V4/EelctricN219EnduranceRange"+ str(p) +"PAX.pdf",

324 dpi=600)

325 plt.show()

326

327

328

329

330 #effect of n

331 for p in PAXs:

332 Wp = p * PAX

333 Wf = MTOW - (Wb+Wp)

334 C = round( ((Wf/9.80665) * BSE)/ Volt )

335 Con1 = np.array([Wb,Wf,Wp,C])

336 Ci = C

337

338 Wp = p * PAX

339 Wf = ((Vf * BED)/BSE)*9.80665

340 C = round( ((Wf/9.80665) * BSE)/ Volt )

341 Con2 = np.array([Wb,Wf,Wp,C])

342

343 Configs = [Con1, Con2]

344

345

346 E1 = np.array([])
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347 E13 = np.array([])

348 R1 = np.array([])

349 R13 = np.array([])

350 Cs = np.array([])

351

352 for n in ns:

353 for x in Configs:

354 Wb = x[0]

355 Wf = x[1]

356 Wp = x[2]

357 C = x[3]

358 W1 = Wb + Wf + Wp

359

360 E = AP.endurancemaxElectric(Rt,n,ntot,Volt,C,rho,S,k,W,cd0)

361 R = AP.rangemaxElectric(Rt,n,ntot,Volt,C,rho,S,k,W,cd0)

362 if n == 1:

363 E1 = np.append(E1, E)

364 R1 = np.append(R1, R)

365 # Cs = np.append(Cs,C)

366 if n == 1.3:

367 E13 = np.append(E13, E)

368 R13 = np.append(R13, R)

369 Cs = np.append(Cs,C)

370

371

372 plt.figure(figsize=(7.5,5))

373 plt.suptitle(str(p) + "PAX")

374 plt.plot(Cs, E13/E1, "-o", label="Endurance",color="black")

375 plt.plot(Cs, R13/R1, "-o", label="Range",color="slategrey")

376 plt.plot([Ci,Ci], [0.7,1.4], label="MTOW",linestyle="--",color="tab:red")

377 plt.xlabel("Capacity, Ah")

378 plt.ylabel("E n=1.3/E n=1 \n R n=1.3/R n=1")

379 plt.legend(
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380 bbox_to_anchor=(0.0, 1.02, 1.0, 0.2),

381 loc="lower left",

382 ncol=2,

383 mode="expand",

384 borderaxespad=0.0,

385 )

386 # plt.xlim(0,5)

387 # plt.ylim(0.8,1.4)

388 for x,y in zip(Cs,E13/E1):

389

390 label = "{:.2f}".format(y)

391

392 plt.annotate(label, # this is the text

393 (x,y), # this is the point to label

394 textcoords="offset points", # how to position the text

395 xytext=(0,10), # distance from text to points (x,y)

396 ha='center') # horizontal alignment can be left, right or center

397 for x,y in zip(Cs,R13/R1):

398

399 label = "{:.2f}".format(y)

400

401 plt.annotate(label, # this is the text

402 (x,y), # this is the point to label

403 textcoords="offset points", # how to position the text

404 xytext=(0,-17), # distance from text to points (x,y)

405 ha='center') # horizontal alignment can be left, right or center

406

407 plt.tight_layout()

408 plt.savefig("data_result/Electric N219 V4/EelctricN219effectofn"+ str(p) +

409 "PAX.pdf", dpi=600)

410 plt.show()

411

412
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413

414 #Fig 3.1

415

416 for p in PAXs:

417 plt.figure(figsize=(6,6))

418

419 Wp = p * PAX

420 Wf = MTOW - (Wb+Wp)

421 C = round( ((Wf/9.80665) * BSE)/ Volt )

422 Con1 = np.array([Wb,Wf,Wp,C])

423

424 Wp = p * PAX

425 Wf = ((Vf * BED)/BSE)*9.80665

426 C = round( ((Wf/9.80665) * BSE)/ Volt )

427 Con2 = np.array([Wb,Wf,Wp,C])

428

429 Configs = [Con1, Con2]

430

431 Csx = np.arange(1,4001)

432 Wsx = np.array([])

433 labels = np.array([])

434

435 for x in Configs:

436 Ws = np.array([])

437 for C in Csx:

438 Wfx = (C*Volt/(BSE)) *9.80665

439 Wb = x[0]

440 Wf = x[1]

441 Wp = x[2]

442 Wx = Wb + Wfx + Wp

443 Ws = np.append(Ws, Wx)

444

445 plt.plot(Csx,Ws/9.80665,linestyle="-",color="slategrey")
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446

447

448 C = x[3]

449 Wx = Wb + Wf + Wp

450

451

452 if str(x) == Config[0]:

453 # label = "Config X1"

454 label = str(C) + " A, " + str(round(Wx/9.80665)) + " kg, n=" + str(n)

455 color = "tab:green"

456 if str(x) == Config[1]:

457 # label = "Config X2"

458 label = str(C) + " A, " + str(round(Wx/9.80665)) + " kg, n=" + str(n)

459 color = "tab:blue"

460 if str(x) == Config[2]:

461 # label = "Config Y1"

462 label = str(C) + " A, " + str(round(Wx/9.80665)) + " kg, n=" + str(n)

463 color = "tab:orange"

464 if str(x) == Config[3]:

465 # label = "Config Y2"

466 label = str(C) + " A, " + str(round(Wx/9.80665)) + " kg, n=" + str(n)

467 color = "tab:cyan"

468 if str(x) == Config[4]:

469 # label = "Config Z1"

470 label = str(C) + " A, " + str(round(Wx/9.80665)) + " kg, n=" + str(n)

471 color = "tab:purple"

472 if str(x) == Config[5]:

473 # label = "Config Z2"

474 label = str(C) + " A, " + str(round(Wx/9.80665)) + " kg, n=" + str(n)

475 color = "tab:pink"

476

477 plt.scatter(C,Wx/9.80665,label=label,color=color)

478 plt.plot([0,2000],[7030,7030],linestyle="--",color="tab:red",label="MTOW")
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479

480 plt.xlim(0,2000)

481 plt.ylim(5000,11000)

482

483 plt.suptitle(str(p) + "PAX")

484 plt.xlabel("Capacity, Ah")

485 plt.ylabel("Total Weight, kg")

486

487 plt.legend(

488 bbox_to_anchor=(0.0, 1.02, 1.0, 0.2),

489 loc="lower left",

490 ncol=2,

491 mode="expand",

492 borderaxespad=0.0,

493 )

494

495

496 plt.tight_layout()

497 plt.savefig(

498 "data_result/Electric N219 V4/"+

499 "EelctricN219 Effect of increasing battery capacity on weight n = 1.3, "+

500 str(p) + "PAX.pdf", dpi=600)

501 plt.show

502

503

504

505 #Fig 3.2

506 for p in PAXs:

507 Wp = p * PAX

508 Wf = MTOW - (Wb+Wp)

509 C = round( ((Wf/9.80665) * BSE)/ Volt )

510 Con1 = np.array([Wb,Wf,Wp,C])

511 Ci = C
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512

513 Wp = p * PAX

514 Wf = ((Vf * BED)/BSE)*9.80665

515 C = round( ((Wf/9.80665) * BSE)/ Volt )

516 Con2 = np.array([Wb,Wf,Wp,C])

517

518 Configs = [Con1, Con2]

519

520 # plt.figure(figsize=(5.3,5.3))

521

522 n = 1.3

523 Ws = np.array([]) #aircraft weights

524 Vrs = np.array([]) #V for max range

525 Ves = np.array([]) #V for max endurance

526 irs = np.array([]) #current for max range

527 ies = np.array([]) #current for max endurance

528

529 Www = np.array([])

530

531

532 ###for plots#####################################

533 def make_patch_spines_invisible(ax):

534 ax.set_frame_on(True)

535 ax.patch.set_visible(False)

536 for sp in ax.spines.values():

537 sp.set_visible(False)

538

539 fig, host = plt.subplots(figsize=(6.5,6))

540 fig.subplots_adjust(right=0.8)

541

542 fig.suptitle(str(p) + "PAX")

543

544 par1 = host.twinx()
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545

546 par1.spines["right"].set_position(("axes", 1))

547 make_patch_spines_invisible(par1)

548 par1.spines["right"].set_visible(True)

549 #################################################

550

551

552 for x in Configs:

553 Wb = x[0]

554 Wf = x[1]

555 Wp = x[2]

556 C = x[3]

557 Wx = Wb + Wf + Wp

558 Ws = np.append(Ws, Wx)

559 Vr = AP.Vrmax(Wx,S,rho,k,cd0)

560 Ve = AP.Vemax(Wx,S,rho,k,cd0)

561

562 Www= np.append(Www, Wx)

563

564 Vrs = np.append(Vrs, Vr)

565 Ves = np.append(Ves, Ve)

566

567 Er = AP.enduranceRmaxElectric(Rt,n,ntot,Volt,C,rho,S,k,Wx,cd0)

568 Pb = AP.powerbatt(Volt, C, Rt, n, Er)

569 ir = AP.current(Volt,Pb)

570 irs = np.append(irs, ir)

571

572 E = AP.endurancemaxElectric(Rt,n,ntot,Volt,C,rho,S,k,Wx,cd0)

573 Pb = AP.powerbatt(Volt, C, Rt, n, E)

574 ie = AP.current(Volt,Pb)

575 ies = np.append(ies, ie)

576

577
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578 if str(x) == Config[0]:

579 VrX1 = Vr

580 VeX1 = Ve

581 irX1 = ir

582 ieX1 = ie

583 WX1 = Wx

584 if str(x) == Config[1]:

585 VrX2 = Vr

586 VeX2 = Ve

587 irX2 = ir

588 ieX2 = ie

589 WX2 = Wx

590 if str(x) == Config[2]:

591 VrY1 = Vr

592 VeY1 = Ve

593 irY1 = ir

594 ieY1 = ie

595 WY1 = Wx

596 if str(x) == Config[3]:

597 VrY2 = Vr

598 VeY2 = Ve

599 irY2 = ir

600 ieY2 = ie

601 WY2 = Wx

602 if str(x) == Config[4]:

603 VrZ1 = Vr

604 VeZ1 = Ve

605 irZ1 = ir

606 ieZ1 = ie

607 WZ1 = Wx

608 if str(x) == Config[5]:

609 VrZ2 = Vr

610 VeZ2 = Ve
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611 irZ2 = ir

612 ieZ2 = ie

613 WZ2 = Wx

614

615

616 for i in Config:

617 if str(x) == Config[0]:

618 # label = "Config X1"

619 label = str(C) + " A, " + str(round(Wx/9.80665)) + " kg, n=" + str(n)

620 color = "tab:green"

621 if str(x) == Config[1]:

622 # label = "Config X2"

623 label = str(C) + " A, " + str(round(Wx/9.80665)) + " kg, n=" + str(n)

624 color = "tab:blue"

625 if str(x) == Config[2]:

626 # label = "Config Y1"

627 label = str(C) + " A, " + str(round(Wx/9.80665)) + " kg, n=" + str(n)

628 color = "tab:orange"

629 if str(x) == Config[3]:

630 # label = "Config Y2"

631 label = str(C) + " A, " + str(round(Wx/9.80665)) + " kg, n=" + str(n)

632 color = "tab:cyan"

633 if str(x) == Config[4]:

634 # label = "Config Z1"

635 label = str(C) + " A, " + str(round(Wx/9.80665)) + " kg, n=" + str(n)

636 color = "tab:purple"

637 if str(x) == Config[5]:

638 # label = "Config Z2"

639 label = str(C) + " A, " + str(round(Wx/9.80665)) + " kg, n=" + str(n)

640 color = "tab:pink"

641

642

643 if str(x) == Config[0]:
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644 host.scatter([WX1/9.80665,WX1/9.80665],

645 [VrX1,VeX1],label=label,color=color)

646 par1.scatter([WX1/9.80665,WX1/9.80665],

647 [irX1,ieX1],color=color)

648 if str(x) == Config[1]:

649 host.scatter([WX2/9.80665,WX2/9.80665],

650 [VrX2,VeX2],label=label,color=color)

651 par1.scatter([WX2/9.80665,WX2/9.80665],

652 [irX2,ieX2],color=color)

653 if str(x) == Config[2]:

654 host.scatter([WY1/9.80665,WY1/9.80665],

655 [VrY1,VeY1],label=label,color=color)

656 par1.scatter([WY1/9.80665,WY1/9.80665],

657 [irY1,ieY1],color=color)

658 if str(x) == Config[3]:

659 host.scatter([WY2/9.80665,WY2/9.80665],

660 [VrY2,VeY2],label=label,color=color)

661 par1.scatter([WY2/9.80665,WY2/9.80665],

662 [irY2,ieY2],color=color)

663 if str(x) == Config[4]:

664 host.scatter([WZ1/9.80665,WZ1/9.80665],

665 [VrZ1,VeZ1],label=label,color=color)

666 par1.scatter([WZ1/9.80665,WZ1/9.80665],

667 [irZ1,ieZ1],color=color)

668 if str(x) == Config[5]:

669 host.scatter([WZ2/9.80665,WZ2/9.80665],

670 [VrZ2,VeZ2],label=label,color=color)

671 par1.scatter([WZ2/9.80665,WZ2/9.80665],

672 [irZ2,ieZ2],color=color)

673

674

675 p1, = host.plot(Ws/9.80665,Vrs, label="Velocity for Max. Range",

676 color="slategrey")
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677 p1, = host.plot(Ws/9.80665,Ves, label="Velocity for Max. Endurance",

678 color="black")

679 p1, = host.plot([7030,7030],[40,100],linestyle="--",color="tab:red",

680 label="MTOW")

681 p2, = par1.plot(Ws/9.80665,irs, label="Current for Max. Range",

682 color="slategrey",linestyle="--")

683 p2, = par1.plot(Ws/9.80665,ies, label="Current for Max. Endurance",

684 color="black",linestyle="--")

685

686 # host.set_xlim(0, 80)

687 host.set_ylim(40, 100)

688 par1.set_ylim(600, 1800)

689

690 host.set_xlabel("Total Weight, kg")

691 host.set_ylabel("Flight Velocity, m/s")

692 par1.set_ylabel("Current, A")

693

694 l1, = host.plot(Ws/9.80665,Vrs, label="Velocity for Max. Range",

695 color="slategrey")

696 l2, = host.plot(Ws/9.80665,Ves, label="Velocity for Max. Endurance",

697 color="black")

698 l3, = host.plot([7030,7030],[40,100],linestyle="--",color="tab:red",

699 label="MTOW")

700 l4, = par1.plot(Ws/9.80665,irs, label="Current for Max. Range",

701 color="slategrey",linestyle="--")

702 l5, = par1.plot(Ws/9.80665,ies, label="Current for Max. Endurance",

703 color="black",linestyle="--")

704

705

706 lines = [l1,l2,l3,l4,l5]

707

708 # host.legend(lines, [l.get_label() for l in lines])

709 # fig.tight_layout(rect=[0, 0.03, 1, 0.95])
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710

711 host.legend(lines,[l.get_label() for l in lines],

712 bbox_to_anchor=(0.0, 1.02, 1.0, 0.2),

713 loc="lower left",

714 ncol=2,

715 mode="expand",

716 borderaxespad=0.0,

717 )

718

719

720

721 fig.tight_layout()

722 fig.savefig(

723 "data_result/Electric N219 V4/"+

724 "EelctricN219 Effect of increasing total weight on optimum airspeed " +

725 "and current, n = 1.3, "+ str(p) + "PAX.pdf", dpi=600)

726 plt.show

727

728

729

730

731 #Fig 3.3

732

733 for p in PAXs:

734 plt.figure(figsize=(6,6))

735

736 Wp = p * PAX

737 Wf = MTOW - (Wb+Wp)

738 C = round( ((Wf/9.80665) * BSE)/ Volt )

739 Con1 = np.array([Wb,Wf,Wp,C])

740 Ci = C

741

742 Wp = p * PAX
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743 Wf = ((Vf * BED)/BSE)*9.80665

744 C = round( ((Wf/9.80665) * BSE)/ Volt )

745 Con2 = np.array([Wb,Wf,Wp,C])

746

747 Configs = [Con1, Con2]

748

749

750 for x in Configs:

751 n = 1.3

752 Ws = np.array([])

753 Es = np.array([])

754 for C in Csx:

755 Wb = x[0]

756 Wf = x[1]

757 Wp = x[2]

758 Cx = x[3]

759 Wtot = Wb + Wf + Wp

760 Ws = np.append(Ws, Wtot)

761

762 E = AP.endurancemaxElectric(Rt,n,ntot,Volt,C,rho,S,k,Wtot,cd0)

763 Es = np.append(Es, E)

764

765 if str(x) == Config[0]:

766 W = Wtot

767 EX1 = AP.endurancemaxElectric(Rt,n,ntot,Volt,Cx,rho,S,k,W,cd0)

768 if str(x) == Config[1]:

769 W = Wtot

770 EX2 = AP.endurancemaxElectric(Rt,n,ntot,Volt,Cx,rho,S,k,W,cd0)

771 if str(x) == Config[2]:

772 W = Wtot

773 EY1 = AP.endurancemaxElectric(Rt,n,ntot,Volt,Cx,rho,S,k,W,cd0)

774 if str(x) == Config[3]:

775 W = Wtot
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776 EY2 = AP.endurancemaxElectric(Rt,n,ntot,Volt,Cx,rho,S,k,W,cd0)

777 if str(x) == Config[4]:

778 W = Wtot

779 EZ1 = AP.endurancemaxElectric(Rt,n,ntot,Volt,Cx,rho,S,k,W,cd0)

780 if str(x) == Config[5]:

781 W = Wtot

782 EZ2 = AP.endurancemaxElectric(Rt,n,ntot,Volt,Cx,rho,S,k,W,cd0)

783

784 for i in Config:

785 if str(x) == Config[0]:

786 # label = "Config X1"

787 label = str(Csi[0]) + " A, " + str(round(W/9.80665)) + " kg, n=" + str(n)

788 color = "tab:green"

789 if str(x) == Config[1]:

790 # label = "Config X2"

791 label = str(Csi[1]) + " A, " + str(round(W/9.80665)) + " kg, n=" + str(n)

792 color = "tab:blue"

793 if str(x) == Config[2]:

794 # label = "Config Y1"

795 label = str(Csi[2]) + " A, " + str(round(W/9.80665)) + " kg, n=" + str(n)

796 color = "tab:orange"

797 if str(x) == Config[3]:

798 # label = "Config Y2"

799 label = str(Csi[3]) + " A, " + str(round(W/9.80665)) + " kg, n=" + str(n)

800 color = "tab:cyan"

801 if str(x) == Config[4]:

802 # label = "Config Z1"

803 label = str(Csi[4]) + " A, " + str(round(W/9.80665)) + " kg, n=" + str(n)

804 color = "tab:purple"

805 if str(x) == Config[5]:

806 # label = "Config Z2"

807 label = str(Csi[5]) + " A, " + str(round(W/9.80665)) + " kg, n=" + str(n)

808 color = "tab:pink"
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809

810 if str(x) == Config[0]:

811 plt.scatter(Csi[0],EX1,label=label,color=color)

812 # plt.plot([Csi[0],Csi[0]],[0,3.5],label="MTOW",color='tab:red',linestyle="--")

813 plt.plot(Csx,Es,label=str(round(W/9.80665))+" kg/MTOW",color=color)

814 if str(x) == Config[1]:

815 plt.scatter(Csi[1],EX2,label=label,color=color)

816 plt.plot(Csx,Es,label=str(round(W/9.80665))+" kg",color=color)

817 if str(x) == Config[2]:

818 plt.scatter(Csi[2],EY1,label=label,color=color)

819 # plt.plot([Csi[2],Csi[2]],[0,3.5],label="MTOW",color='tab:red',linestyle="--")

820 plt.plot(Csx,Es,label=str(round(W/9.80665))+" kg/MTOW",color=color)

821 if str(x) == Config[3]:

822 plt.scatter(Csi[3],EY2,label=label,color=color)

823 plt.plot(Csx,Es,label=str(round(W/9.80665))+" kg",color=color)

824 if str(x) == Config[4]:

825 plt.scatter(Csi[4],EZ1,label=label,color=color)

826 # plt.plot([Csi[4],Csi[4]],[0,3.5],label="MTOW",color='tab:red',linestyle="--")

827 plt.plot(Csx,Es,label=str(round(W/9.80665))+" kg/MTOW",color=color)

828 if str(x) == Config[5]:

829 plt.scatter(Csi[5],EZ2,label=label,color=color)

830 plt.plot(Csx,Es,label=str(round(W/9.80665))+" kg",color=color)

831

832

833 # plt.plot(Csx,Es,label=str(round(Wx/9.80665))+" kg")

834

835 plt.suptitle(str(p) + "PAX")

836 plt.xlabel("Capacity, Ah")

837 plt.ylabel("Maximum Endurance, h")

838 # plt.ylim(0,20)

839

840 plt.legend(

841 bbox_to_anchor=(0.0, 1.02, 1.0, 0.2),
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842 loc="lower left",

843 ncol=2,

844 mode="expand",

845 borderaxespad=0.0,

846 )

847

848 # plt.tight_layout()

849 plt.savefig(

850 "data_result/Electric N219 V4/"+

851 "EelctricN219 Effect of increasing battery capacity on maximum endurance"+

852 " n = 1.3, "+ str(p) + "PAX.pdf", dpi=600)

853 plt.show

854

855

856

857

858

859 #Fig 3.4

860 for p in PAXs:

861 plt.figure(figsize=(6,6))

862

863 Wp = p * PAX

864 Wf = MTOW - (Wb+Wp)

865 C = round( ((Wf/9.80665) * BSE)/ Volt )

866 Con1 = np.array([Wb,Wf,Wp,C])

867 Ci = C

868

869 Wp = p * PAX

870 Wf = ((Vf * BED)/BSE)*9.80665

871 C = round( ((Wf/9.80665) * BSE)/ Volt )

872 Con2 = np.array([Wb,Wf,Wp,C])

873

874 Configs = [Con1, Con2]
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875

876 R1s = np.array([])

877 for x in Configs:

878 n = 1.3

879 Ws = np.array([])

880 Rs = np.array([])

881

882 for C in Csx:

883 Wb = x[0]

884 Wf = x[1]

885 Wp = x[2]

886 Cx = x[3]

887 Wtot = Wb + Wf + Wp

888 Ws = np.append(Ws, Wtot)

889

890

891 R = AP.rangemaxElectric(Rt,n,ntot,Volt,C,rho,S,k,Wtot,cd0)

892 Rs = np.append(Rs, R)

893

894 if str(x) == Config[0]:

895 W = Wtot

896 RX1 = AP.rangemaxElectric(Rt,n,ntot,Volt,Cx,rho,S,k,Wsi[0],cd0)

897 if str(x) == Config[1]:

898 W = Wtot

899 RX2 = AP.rangemaxElectric(Rt,n,ntot,Volt,Cx,rho,S,k,Wsi[1],cd0)

900 if str(x) == Config[2]:

901 W = Wtot

902 RY1 = AP.rangemaxElectric(Rt,n,ntot,Volt,Cx,rho,S,k,Wsi[2],cd0)

903 if str(x) == Config[3]:

904 W = Wtot

905 RY2 = AP.rangemaxElectric(Rt,n,ntot,Volt,Cx,rho,S,k,Wsi[3],cd0)

906 if str(x) == Config[4]:

907 W = Wtot
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908 RZ1 = AP.rangemaxElectric(Rt,n,ntot,Volt,Cx,rho,S,k,Wsi[4],cd0)

909 if str(x) == Config[5]:

910 W = Wtot

911 RZ2 = AP.rangemaxElectric(Rt,n,ntot,Volt,Cx,rho,S,k,Wsi[5],cd0)

912

913

914 for i in Config:

915 if str(x) == Config[0]:

916 # label = "Config X1"

917 label = str(Csi[0]) + " A, " + str(round(W/9.80665)) + " kg, n=" + str(n)

918 color = "tab:green"

919 if str(x) == Config[1]:

920 # label = "Config X2"

921 label = str(Csi[1]) + " A, " + str(round(W/9.80665)) + " kg, n=" + str(n)

922 color = "tab:blue"

923 if str(x) == Config[2]:

924 # label = "Config Y1"

925 label = str(Csi[2]) + " A, " + str(round(W/9.80665)) + " kg, n=" + str(n)

926 color = "tab:orange"

927 if str(x) == Config[3]:

928 # label = "Config Y2"

929 label = str(Csi[3]) + " A, " + str(round(W/9.80665)) + " kg, n=" + str(n)

930 color = "tab:cyan"

931 if str(x) == Config[4]:

932 # label = "Config Z1"

933 label = str(Csi[4]) + " A, " + str(round(W/9.80665)) + " kg, n=" + str(n)

934 color = "tab:purple"

935 if str(x) == Config[5]:

936 # label = "Config Z2"

937 label = str(Csi[5]) + " A, " + str(round(W/9.80665)) + " kg, n=" + str(n)

938 color = "tab:pink"

939

940 if str(x) == Config[0]:
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941 plt.scatter(Csi[0],RX1,label=label,color=color)

942 # plt.plot([Csi[0],Csi[0]],[0,3.5],label="MTOW",color='tab:red',linestyle="--")

943 plt.plot(Csx,Rs,label=str(round(W/9.80665))+" kg/MTOW",color=color)

944 if str(x) == Config[1]:

945 plt.scatter(Csi[1],RX2,label=label,color=color)

946 plt.plot(Csx,Rs,label=str(round(W/9.80665))+" kg",color=color)

947 if str(x) == Config[2]:

948 plt.scatter(Csi[2],RY1,label=label,color=color)

949 # plt.plot([Csi[2],Csi[2]],[0,3.5],label="MTOW",color='tab:red',linestyle="--")

950 plt.plot(Csx,Rs,label=str(round(W/9.80665))+" kg/MTOW",color=color)

951 if str(x) == Config[3]:

952 plt.scatter(Csi[3],RY2,label=label,color=color)

953 plt.plot(Csx,Rs,label=str(round(W/9.80665))+" kg",color=color)

954 if str(x) == Config[4]:

955 plt.scatter(Csi[4],RZ1,label=label,color=color)

956 # plt.plot([Csi[4],Csi[4]],[0,3.5],label="MTOW",color='tab:red',linestyle="--")

957 plt.plot(Csx,Rs,label=str(round(W/9.80665))+" kg/MTOW",color=color)

958 if str(x) == Config[5]:

959 plt.scatter(Csi[5],RZ2,label=label,color=color)

960 plt.plot(Csx,Rs,label=str(round(W/9.80665))+" kg",color=color)

961

962 if str(p) == str(PAXs[1]):

963 plt.plot([0,4000],[1553,1553],linestyle="--",color="tab:red",label="Airbreathing's Performance"

964

965 if str(p) == str(PAXs[2]):

966 plt.plot([0,4000],[888,888],linestyle="--",color="tab:red",label="Airbreathing's Performance"

967

968 plt.suptitle(str(p) + "PAX")

969 plt.xlabel("Capacity, Ah")

970 plt.ylabel("Maximum Range, km")

971 # plt.ylim(0,350,50)

972

973 plt.legend(
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974 bbox_to_anchor=(0.0, 1.02, 1.0, 0.2),

975 loc="lower left",

976 ncol=2,

977 mode="expand",

978 borderaxespad=0.0,

979 )

980

981 plt.tight_layout()

982 plt.savefig(

983 "data_result/Electric N219 V4/"+

984 "EelctricN219 Effect of increasing battery capacity on maximum range" +

985 " n = 1.3, "+ str(p) + "PAX.pdf", dpi=600)

986 plt.show

987

988

989

990

991 # #Fig 3 AIO

992

993 # FIG = plt.figure(figsize=(10, 10))

994

995 # # top left

996 # ax1 = FIG.add_subplot(221)

997 # ax1.grid(True)

998 # ax1.set_ylabel("Total Weight, $\mathbf{kg}$")

999 # ax1.set_xlabel("Capacity, $\mathbf{Ah}$")

1000 # plt.setp(ax1.get_xticklabels(), visible=True)

1001

1002 # # top right

1003 # ax2 = FIG.add_subplot(222)

1004 # ax2.set_ylabel("Flight Velocity, $\mathbf{m/s}$ \n Current, $\mathbf{A}$")

1005 # ax2.set_xlabel("Total Weight, $\mathbf{kg}$")

1006 # ax2.grid(True)
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1007 # plt.setp(ax2.get_xticklabels(), visible=True)

1008

1009 # # bot left

1010 # ax3 = FIG.add_subplot(223)

1011 # ax3.set_ylabel("Maximum Endurance, $\mathbf{h}$")

1012 # ax3.set_xlabel("Capacity, $\mathbf{Ah}$")

1013 # ax3.grid(True)

1014 # plt.setp(ax3.get_xticklabels(), visible=True)

1015

1016 # # bot right

1017 # ax4 = FIG.add_subplot(224)

1018 # ax4.set_ylabel("Maximum Range, $\mathbf{km}$")

1019 # ax4.set_xlabel("Capacity, $\mathbf{Ah}$")

1020 # ax4.grid(True)

1021 # plt.setp(ax4.get_xticklabels(), visible=True)

1022

1023

1024

1025 # n = 1.3

1026 # # Wbatt = 0.4

1027 # # Cbatt = 3/135

1028 # Csx = np.arange(1,C2+1)

1029 # Rs = np.array([]) #aircraft ranges

1030 # Ws = np.array([]) #aircraft weights

1031 # Wx = np.array([]) #same as Ws but for BR 0.3

1032 # Es = np.array([]) #aircraft endurances

1033 # Vrs = np.array([]) #V for max range

1034 # Ves = np.array([]) #V for max endurance

1035 # irs = np.array([]) #current for max range

1036 # ies = np.array([]) #current for max endurance

1037 # for C in Csx:

1038 # W = (C*Volt/(BSE)) *9.80665

1039 # Wtot = (W0 + W)
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1040 # Ws = np.append(Ws, Wtot)

1041 # R = AP.rangemaxElectric(Rt,n,ntot,Volt,C,rho,S,k,Wtot,cd0)

1042 # Rs = np.append(Rs, R)

1043 # E = AP.endurancemaxElectric(Rt,n,ntot,Volt,C,rho,S,k,Wtot,cd0)

1044 # Es = np.append(Es, E)

1045

1046 # Vr = AP.Vrmax(Wtot,S,rho,k,cd0)

1047 # Vrs = np.append(Vrs, Vr)

1048

1049 # Ve = AP.Vemax(Wtot,S,rho,k,cd0)

1050 # Ves = np.append(Ves, Ve)

1051

1052 # Er = AP.enduranceRmaxElectric(Rt,n,ntot,Volt,C,rho,S,k,Wtot,cd0)

1053 # Pb = AP.powerbatt(Volt, C, Rt, n, Er)

1054 # ir = AP.current(Volt,Pb)

1055 # irs = np.append(irs, ir)

1056

1057 # E = AP.endurancemaxElectric(Rt,n,ntot,Volt,C,rho,S,k,Wtot,cd0)

1058 # Pb = AP.powerbatt(Volt, C, Rt, n, E)

1059 # ie = AP.current(Volt,Pb)

1060 # ies = np.append(ies, ie)

1061

1062 # if C == C1:

1063 # Vr1 = Vr

1064 # Ve1 = Ve

1065 # ir1 = ir

1066 # ie1 = ie

1067 # R1 = R

1068 # E1 = E

1069

1070 # if C == C2:

1071 # Vr2 = Vr

1072 # Ve2 = Ve
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1073 # ir2 = ir

1074 # ie2 = ie

1075 # R2 = R

1076 # E2 = E

1077

1078

1079

1080

1081

1082

1083 # ax2.plot(Ws/9.80665,Vrs, label="Velocity for Max. Range")

1084 # ax2.plot(Ws/9.80665,Ves, label="Velocity for Max. Endurance")

1085 # ax2.plot(Ws/9.80665,irs, label="Current for Max. Range")

1086 # ax2.plot(Ws/9.80665,ies, label="Current for Max. Endurance")

1087

1088 # ax2.scatter([W1/9.80665,W1/9.80665,W1/9.80665,W1/9.80665],

1089 # [Vr1,Ve1,ir1,ie1],color="tab:blue",label="Configuration 1")

1090 # ax2.scatter([W2/9.80665,W2/9.80665,W2/9.80665,W2/9.80665],

1091 # [Vr2,Ve2,ir2,ie2],color="tab:orange",label="Configuration 2")

1092

1093

1094 # ax1.plot(Csx,Ws/9.80665,color="slategrey",linestyle="-")

1095 # ax1.scatter(C1,W1/9.80665,color="tab:blue",label="Configuration 1")

1096 # ax1.scatter(C2,W2/9.80665,color="tab:orange",label="Configuration 2")

1097

1098 # ax3.plot(Csx,Es,color="slategrey")

1099 # ax3.scatter(C1,E1,color="tab:blue",label="Configuration 1")

1100 # ax3.scatter(C2,E2,color="tab:orange",label="Configuration 2")

1101

1102 # ax4.plot(Csx,Rs,color="slategrey")

1103 # ax4.scatter(C1,R1,color="tab:blue",label="Configuration 1")

1104 # ax4.scatter(C2,R2,color="tab:orange",label="Configuration 2")

1105
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1106 # ax1.legend(

1107 # bbox_to_anchor=(0.0, 1.02, 1.0, 0.2),

1108 # loc="lower left",

1109 # ncol=2,

1110 # mode="expand",

1111 # borderaxespad=0.0,

1112 # )

1113 # ax2.legend(

1114 # bbox_to_anchor=(0.0, 1.02, 1.0, 0.2),

1115 # loc="lower left",

1116 # ncol=2,

1117 # mode="expand",

1118 # borderaxespad=0.0,

1119 # )

1120 # ax3.legend(

1121 # bbox_to_anchor=(0.0, 1.02, 1.0, 0.2),

1122 # loc="lower left",

1123 # ncol=2,

1124 # mode="expand",

1125 # borderaxespad=0.0,

1126 # )

1127 # ax4.legend(

1128 # bbox_to_anchor=(0.0, 1.02, 1.0, 0.2),

1129 # loc="lower left",

1130 # ncol=2,

1131 # mode="expand",

1132 # borderaxespad=0.0,

1133 # )

1134

1135 # plt.tight_layout()

1136 # plt.savefig(

1137 # "data_result/Electric N219 V2/"+

1138 # "EelctricN219 Effect of increasing battery capacity on weight maximum range"+
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1139 # " endurance flight velocity and current draw n = 1.3.pdf", dpi=600)

1140 # plt.show()

.5 N219 comparison code

1 # -*- coding: utf-8 -*-

2 """

3 Created on Thu Feb 18 19:59:18 2021

4

5 @author: mahes

6 """

7

8

9 import pandas as pd

10 import numpy as np

11 import matplotlib

12 import matplotlib.pyplot as plt

13 from module import AircraftPerformance as AP

14 from module import ISAfunc as ISAfunc

15

16

17 MCR = 70 #Maxium Continuous Rating percentage

18

19 alt = 10000 #ft

20 altM = alt * 0.3048 #meter

21

22 dt = 0

23 dts = [0]

24

25 #endurance airspeed kts

26 ekts = 100

27

28 #endurance airspeed m/s
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29 eV = 72

30

31 #range airspeed kts

32 rkts = 120

33

34 #range airspeed m/s

35 rV = 87.5

36

37 #endurance SHP and SFC

38 df = pd.read_csv("data_result\PT6A\pandas\PT6-42 full for pandas - "+str(MCR)+

39 "%mcr.csv")

40 Rating = df.loc[(df['ALT'] == alt) & (df['ISA'] == dt) & (df['V'] == ekts)]

41 Te = Rating.iloc[0,5]

42 SHPe = Rating.iloc[0,8]

43 SFCe = Rating.iloc[0,9]

44 FFe = Rating.iloc[0,6]

45

46 #range SHP and SFC

47 df = pd.read_csv("data_result\PT6A\pandas\PT6-42 full for pandas - "+str(MCR)+

48 "%mcr.csv")

49 Rating = df.loc[(df['ALT'] == alt) & (df['ISA'] == dt) & (df['V'] == rkts)]

50 Tr = Rating.iloc[0,5]

51 SHPr = Rating.iloc[0,8]

52 SFCr = Rating.iloc[0,9]

53 FFr = Rating.iloc[0,6]

54

55

56

57 #total efficiency

58 ntot = 0.81

59

60

61 #air density
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62 for del_t in dts:

63 if (altM <= 11000):

64 ISA = ISAfunc.TROPOSPHERE(del_t,altM)

65 if (11000 < altM <= 20000):

66 ISA = ISAfunc.TROPOPAUSE(del_t,altM)

67 if (20000 < altM <= 32000):

68 ISA = ISAfunc.LOWERSTRAT(del_t,altM)

69 if (32000 < altM <= 47000):

70 ISA = ISAfunc.UPPERSTRAT(del_t,altM)

71 if (47000 < altM <= 51000):

72 ISA = ISAfunc.STRATPAUSE(del_t,altM)

73 if (51000 < altM <= 71000):

74 ISA = ISAfunc.LOWERMESO(del_t,altM)

75 if (71000 < altM <= 80000):

76 ISA = ISAfunc.UPPERMESO(del_t,altM)

77

78 ISAtotal = np.array([ISA])

79

80 rho = ISAtotal[0,2]

81

82 #Rt

83 Rt = 1 #hour

84

85 #max aircraft weight/MTOW

86 W = 68941 #Newton

87

88 #aircraft no fuel/battery weight

89 W0 = 53250.1095 #newton

90

91 #fuel/battery weight

92 Wf = 15690.64 #newton

93

94 #fuel/battery volume
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95 Vf = 1600 #litre

96

97 #wing area

98 S = 41.5 #m^2

99

100 #Voltage

101 Volt = 567 #V

102

103 #cd0

104 cd0 = 0.0357

105

106 # wing aspec ratio

107 AR = 9.16

108

109 # oswald's efficiency

110 e = 0.62921

111

112 #k

113 k = AP.k(AR,e)

114

115 #n

116 ns = [1,1.3]

117

118 #battery weight as a fraction of the total weight

119 BRs = [0.48]

120

121 #battery specific energy Wh/kg

122 # BSE = 250 #tesla 18350

123 BSE = 265 # Raymer

124

125 #battery energy density Wh/l

126 # BED = 721 #tesla 18350

127 BED = 700 # Raymer
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128

129

130 #passengger weight

131 passengger = 85 #kg

132 luggage = 15 #kg

133

134 PAX = (passengger + luggage) *9.80665

135

136 #######################################

137 #configurations

138

139 #number of pilots and passengger, pilots always 2

140 p1 = 7

141 p2 = 11

142 p3 = 21

143 PAXs = [p1,p2,p3]

144

145

146 MTOW = 7030 *9.80665 #N, Maximum Take-Off Weight

147 Wb = 42031 #N, Fuselage Weight

148

149 #Config X1

150 Wp = p1 * PAX

151 Wf = MTOW - (Wb+Wp)

152 C = round( ((Wf/9.80665) * BSE)/ Volt )

153 X1 = np.array([Wb,Wf,Wp,C])

154

155 #Config X2

156 Wp = p1 * PAX

157 Wf = ((Vf * BED)/BSE)*9.80665

158 C = round( ((Wf/9.80665) * BSE)/ Volt )

159 X2 = np.array([Wb,Wf,Wp,C])

160
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161 #Config Y1

162 Wp = p2 * PAX

163 Wf = MTOW - (Wb+Wp)

164 C = round( ((Wf/9.80665) * BSE)/ Volt )

165 Y1 = np.array([Wb,Wf,Wp,C])

166

167 #Config Y2

168 Wp = p2 * PAX

169 Wf = ((Vf * BED)/BSE)*9.80665

170 C = round( ((Wf/9.80665) * BSE)/ Volt )

171 Y2 = np.array([Wb,Wf,Wp,C])

172

173 #Config Z1

174 Wp = p3 * PAX

175 Wf = MTOW - (Wb+Wp)

176 C = round( ((Wf/9.80665) * BSE)/ Volt )

177 Z1 = np.array([Wb,Wf,Wp,C])

178

179 #Config Z2

180 Wp = p3 * PAX

181 Wf = ((Vf * BED)/BSE)*9.80665

182 C = round( ((Wf/9.80665) * BSE)/ Volt )

183 Z2 = np.array([Wb,Wf,Wp,C])

184

185 Configs = [X1,X2,Y1,Y2,Z1,Z2]

186 Config = [str(X1),str(X2),str(Y1),str(Y2),str(Z1),str(Z2)]

187 # Config = np.array([X1,X2,Y1,Y2,Z1,Z2])

188

189 #Battery capacities array

190 Csi = np.array([])

191 for x in Configs:

192 C = x[3]

193 Csi = np.append(Csi,C)
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194

195 #Total Weight Array

196 Wsi = np.array([])

197 for x in Configs:

198 Wb = x[0]

199 Wf = x[1]

200 Wp = x[2]

201 Wtot = Wb + Wf + Wp

202 Wsi = np.append(Wsi,Wtot)

203

204 ########################################

205 #for refrence

206 for p in PAXs:

207 Wp = p * PAX

208 Wf = MTOW - (Wb+Wp)

209 C = round( ((Wf/9.80665) * BSE)/ Volt )

210 Con1 = np.array([Wb,Wf,Wp,C])

211 Ci = C

212

213 Wp = p * PAX

214 Wf = ((Vf * BED)/BSE)*9.80665

215 C = round( ((Wf/9.80665) * BSE)/ Volt )

216 Con2 = np.array([Wb,Wf,Wp,C])

217

218 Configs = [Con1, Con2]

219

220 ########################################

221 plt.style.use("ggplot")

222

223 matplotlib.rcParams["text.usetex"] = True

224

225

226 for p in PAXs:
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227

228

229 FIG = plt.figure(figsize=(7, 15))

230

231 # Endurance

232 ax1 = FIG.add_subplot(311)

233 ax1.grid(True)

234 ax1.set_ylabel("Endurance ($\mathbf{h}$)")

235 # ax1.set_ylim(0,4)

236 plt.setp(ax1.get_xticklabels(), visible=False)

237

238 # Range

239 ax2 = FIG.add_subplot(312)

240 ax2.set_ylabel("Range ($\mathbf{km}$)")

241 # ax2.set_xlabel("Velocity ($\mathbf{m/s}$)")

242 # ax2.set_xticks(np.arange(0,21,5))

243 # ax2.set_xlim(0,25)

244 # plt.setp(ax2.get_xticklabels(), visible=True)

245

246 # Current

247 ax3 = FIG.add_subplot(313, sharex=ax1)

248 ax3.set_ylabel("Current (A)")

249 ax3.set_xlabel("Velocity ($\mathbf{m/s}$)")

250 # ax3.set_xticks(np.arange(0,21,5))

251 # ax3.set_xlim(5,120)

252 ax3.set_ylim(0,10000)

253 ax3.grid(True)

254 # plt.setp(ax2.get_xticklabels(), visible=True)

255

256 #Fig 1

257 #electric

258

259 Wp = p * PAX
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260 Wf = MTOW - (Wb+Wp)

261 C = round( ((Wf/9.80665) * BSE)/ Volt )

262 Con1 = np.array([Wb,Wf,Wp,C])

263

264 Wp = p * PAX

265 Wf = ((Vf * BED)/BSE)*9.80665

266 C = round( ((Wf/9.80665) * BSE)/ Volt )

267 Con2 = np.array([Wb,Wf,Wp,C])

268

269 Configs = [Con1, Con2]

270

271

272

273

274 #########################################################################

275 kts = np.arange(120,221,20)

276

277 Vs = np.array([])

278 Es = np.array([])

279 Rs = np.array([])

280

281 for V in kts:

282 Rating = df.loc[(df['ALT'] == alt) & (df['ISA'] == dt) & (df['V'] == V)]

283 T = Rating.iloc[0,5]

284 SHP = Rating.iloc[0,8]

285 SFC = Rating.iloc[0,9]

286 FF = Rating.iloc[0,6]

287 # nj = Rating.iloc[0,7]

288

289 Vx = V*0.514444

290

291 # W1 = MTOW

292

259/305



ANALYSIS OF RANGE AND ENDURANCE OF N-219 UNDER POTENTIAL ELECTRIC

PROPULSION

293 Win = MTOW

294 Wfin = Wb + Wp

295

296 FuelCap = (Win-Wfin)/9.80665

297 MaxFuelCap = 1600

298

299

300

301 if FuelCap < MaxFuelCap:

302

303 Win = MTOW

304 Wfin = Wb + Wp

305

306 CL = AP.CL(Win,rho,Vx,S)

307 CD = AP.CD(cd0,CL,AR,e)

308 Pa = AP.Pa1(cd0,rho,Vx,S,k,Win)

309 nj = AP.nj(Pa,SHP*2)

310 CLCD = AP.CLCD(CL,CD)

311

312 E = FuelCap/FF

313 R = AP.rangeAirbreathing(nj,SFC*2,CLCD,Win,Wfin)

314 #for label

315 airbreathing = str(round(FuelCap)) + " L Avtur"

316

317 if FuelCap > MaxFuelCap:

318

319 FuelCap = 1600

320 Win = Wb + Wp + (MaxFuelCap * 9.80665)

321 Wfin = Wb + Wp

322

323 CL = AP.CL(Win,rho,Vx,S)

324 CD = AP.CD(cd0,CL,AR,e)

325 Pa = AP.Pa1(cd0,rho,Vx,S,k,Win)
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326 nj = AP.nj(Pa,SHP*2)

327 CLCD = AP.CLCD(CL,CD)

328

329 E = FuelCap/FF

330 R = AP.rangeAirbreathing(nj,SFC*2,CLCD,Win,Wfin)

331 #for label

332 airbreathing = str(round(FuelCap)) + " L Avtur"

333

334

335 Es = np.append(Es, E)

336 Rs = np.append(Rs, R)

337 Vs = np.append(Vs, V)

338

339 line = "."

340 color = "tab:red"

341 label = airbreathing

342

343 ax1.plot(Vs*0.514444, Es, line, color=color, label=label)

344 ax2.plot(Vs*0.514444, Rs, line, color=color, label=label)

345

346 #########################################################################

347

348

349

350

351 for n in ns:

352 for x in Configs:

353 Vs = np.linspace(0,120,num=1000)

354 Es = np.array([])

355 Rs = np.array([])

356 Is = np.array([])

357 Wb = x[0]

358 Wf = x[1]
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359 Wp = x[2]

360 C = x[3]

361 W1 = Wb + Wf + Wp

362

363 for V in Vs:

364 E = AP.enduranceElectric(Rt,n,ntot,Volt,C,rho,V,cd0,W1,k,S)

365 Es = np.append(Es, E)

366 R = AP.rangeElectric(E,V)

367 Rs = np.append(Rs, R)

368 Pb = AP.powerbatt(Volt,C,Rt,n,E)

369 I = AP.current(Volt,Pb)

370 Is = np.append(Is, I)

371

372 if str(x) == Config[0]:

373 # label = "Config X1"

374 label = str(C) + " A, " + str(round(W1/9.80665)) + " kg, n=" + str(n)

375 color = "tab:green"

376 if str(x) == Config[1]:

377 # label = "Config X2"

378 label = str(C) + " A, " + str(round(W1/9.80665)) + " kg, n=" + str(n)

379 color = "tab:blue"

380 if str(x) == Config[2]:

381 # label = "Config Y1"

382 label = str(C) + " A, " + str(round(W1/9.80665)) + " kg, n=" + str(n)

383 color = "tab:orange"

384 if str(x) == Config[3]:

385 # label = "Config Y2"

386 label = str(C) + " A, " + str(round(W1/9.80665)) + " kg, n=" + str(n)

387 color = "tab:cyan"

388 if str(x) == Config[4]:

389 # label = "Config Z1"

390 label = str(C) + " A, " + str(round(W1/9.80665)) + " kg, n=" + str(n)

391 color = "tab:purple"
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392 if str(x) == Config[5]:

393 # label = "Config Z2"

394 label = str(C) + " A, " + str(round(W1/9.80665)) + " kg, n=" + str(n)

395 color = "tab:pink"

396

397

398 # label = str(C) + " Ah, " + str(n) + " n"

399 if n == 1:

400 line = "--"

401 else:

402 line = "-"

403

404 ax1.plot(Vs, Es, line, label=label,color=color)

405 ax2.plot(Vs, Rs, line, label=label,color=color)

406 ax3.plot(Vs, Is, line, label=label,color=color)

407

408 plt.suptitle(str(p) + "PAX")

409

410 ax1.legend(

411 bbox_to_anchor=(0.0, 1.02, 1.0, 0.2),

412 loc="lower left",

413 ncol=2,

414 mode="expand",

415 borderaxespad=0.0,

416 )

417

418 plt.tight_layout()

419 plt.savefig("data_result/N219 Comparison/EelctricN219EnduranceRange"+ str(p) +"PAX.pdf",

420 dpi=600)

421 plt.show()

422

423

424
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425

426

427

428

429

430 #Fig 3.3

431

432 Csx = np.arange(1,4001)

433

434 for p in PAXs:

435 plt.figure(figsize=(6,6))

436

437 Wp = p * PAX

438 Wf = MTOW - (Wb+Wp)

439 C = round( ((Wf/9.80665) * BSE)/ Volt )

440 Con1 = np.array([Wb,Wf,Wp,C])

441 Ci = C

442

443 Wp = p * PAX

444 Wf = ((Vf * BED)/BSE)*9.80665

445 C = round( ((Wf/9.80665) * BSE)/ Volt )

446 Con2 = np.array([Wb,Wf,Wp,C])

447

448 Configs = [Con1, Con2]

449

450 #########################################################################

451 Rating = df.loc[(df['ALT'] == alt) & (df['ISA'] == dt) & (df['V'] == ekts)]

452 FF = Rating.iloc[0,6]

453

454 CL = AP.CL(W1,rho,eV,S)

455 CD = AP.CD(cd0,CL,AR,e)

456 Pa = AP.Pa1(cd0,rho,eV,S,k,W1)

457 nj = AP.nj(Pa,SHPe*2)
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458 CLCD = AP.CLCD(CL,CD)

459 Win = MTOW

460 Wfin = Wb + Wp

461

462 FuelCap = (Win-Wfin)/9.80665

463 MaxFuelCap = 1600

464

465

466 if FuelCap < MaxFuelCap:

467 E0 = FuelCap/FF

468 #for label

469 airbreathing = str(round(FuelCap)) + " L Avtur"

470

471 if FuelCap > MaxFuelCap:

472 FuelCap = 1600

473 # E0 = AP.enduranceAirbreathing(nj,SFCe*2,Win,Win-(1600*9.80665),S,rho,CD,CL)

474 E0 = FuelCap/FF

475 #for label

476 airbreathing = str(round(FuelCap)) + " L Avtur"

477

478 plt.plot([0,4000],[E0,E0],linestyle="--",color='tab:red',label=airbreathing)

479 #########################################################################

480

481

482 for x in Configs:

483 n = 1.3

484 Ws = np.array([])

485 Es = np.array([])

486 for C in Csx:

487 Wb = x[0]

488 Wf = x[1]

489 Wp = x[2]

490 Cx = x[3]
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491 Wtot = Wb + Wf + Wp

492 Ws = np.append(Ws, Wtot)

493

494 E = AP.endurancemaxElectric(Rt,n,ntot,Volt,C,rho,S,k,Wtot,cd0)

495 Es = np.append(Es, E)

496

497 if str(x) == Config[0]:

498 W = Wtot

499 EX1 = AP.endurancemaxElectric(Rt,n,ntot,Volt,Cx,rho,S,k,W,cd0)

500 if str(x) == Config[1]:

501 W = Wtot

502 EX2 = AP.endurancemaxElectric(Rt,n,ntot,Volt,Cx,rho,S,k,W,cd0)

503 if str(x) == Config[2]:

504 W = Wtot

505 EY1 = AP.endurancemaxElectric(Rt,n,ntot,Volt,Cx,rho,S,k,W,cd0)

506 if str(x) == Config[3]:

507 W = Wtot

508 EY2 = AP.endurancemaxElectric(Rt,n,ntot,Volt,Cx,rho,S,k,W,cd0)

509 if str(x) == Config[4]:

510 W = Wtot

511 EZ1 = AP.endurancemaxElectric(Rt,n,ntot,Volt,Cx,rho,S,k,W,cd0)

512 if str(x) == Config[5]:

513 W = Wtot

514 EZ2 = AP.endurancemaxElectric(Rt,n,ntot,Volt,Cx,rho,S,k,W,cd0)

515

516 for i in Config:

517 if str(x) == Config[0]:

518 # label = "Config X1"

519 label = str(Csi[0]) + " A, " + str(round(W/9.80665)) + " kg, n=" + str(n)

520 color = "tab:green"

521 if str(x) == Config[1]:

522 # label = "Config X2"

523 label = str(Csi[1]) + " A, " + str(round(W/9.80665)) + " kg, n=" + str(n)
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524 color = "tab:blue"

525 if str(x) == Config[2]:

526 # label = "Config Y1"

527 label = str(Csi[2]) + " A, " + str(round(W/9.80665)) + " kg, n=" + str(n)

528 color = "tab:orange"

529 if str(x) == Config[3]:

530 # label = "Config Y2"

531 label = str(Csi[3]) + " A, " + str(round(W/9.80665)) + " kg, n=" + str(n)

532 color = "tab:cyan"

533 if str(x) == Config[4]:

534 # label = "Config Z1"

535 label = str(Csi[4]) + " A, " + str(round(W/9.80665)) + " kg, n=" + str(n)

536 color = "tab:purple"

537 if str(x) == Config[5]:

538 # label = "Config Z2"

539 label = str(Csi[5]) + " A, " + str(round(W/9.80665)) + " kg, n=" + str(n)

540 color = "tab:pink"

541

542 if str(x) == Config[0]:

543 plt.scatter(Csi[0],EX1,label=label,color=color)

544 # plt.plot([Csi[0],Csi[0]],[0,3.5],label="MTOW",color='tab:red',linestyle="--")

545 plt.plot(Csx,Es,label=str(round(W/9.80665))+" kg/MTOW",color=color)

546 if str(x) == Config[1]:

547 plt.scatter(Csi[1],EX2,label=label,color=color)

548 plt.plot(Csx,Es,label=str(round(W/9.80665))+" kg",color=color)

549 if str(x) == Config[2]:

550 plt.scatter(Csi[2],EY1,label=label,color=color)

551 # plt.plot([Csi[2],Csi[2]],[0,3.5],label="MTOW",color='tab:red',linestyle="--")

552 plt.plot(Csx,Es,label=str(round(W/9.80665))+" kg/MTOW",color=color)

553 if str(x) == Config[3]:

554 plt.scatter(Csi[3],EY2,label=label,color=color)

555 plt.plot(Csx,Es,label=str(round(W/9.80665))+" kg",color=color)

556 if str(x) == Config[4]:
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557 plt.scatter(Csi[4],EZ1,label=label,color=color)

558 # plt.plot([Csi[4],Csi[4]],[0,3.5],label="MTOW",color='tab:red',linestyle="--")

559 plt.plot(Csx,Es,label=str(round(W/9.80665))+" kg/MTOW",color=color)

560 if str(x) == Config[5]:

561 plt.scatter(Csi[5],EZ2,label=label,color=color)

562 plt.plot(Csx,Es,label=str(round(W/9.80665))+" kg",color=color)

563

564

565 # plt.plot(Csx,Es,label=str(round(Wx/9.80665))+" kg")

566

567

568

569 plt.suptitle(str(p) + "PAX")

570 plt.xlabel("Capacity, Ah")

571 plt.ylabel("Maximum Endurance, h")

572 # plt.ylim(0,20)

573

574 plt.legend(

575 bbox_to_anchor=(0.0, 1.02, 1.0, 0.2),

576 loc="lower left",

577 ncol=2,

578 mode="expand",

579 borderaxespad=0.0,

580 )

581

582 # plt.tight_layout()

583 plt.savefig(

584 "data_result/N219 Comparison/"+

585 "EelctricN219 Effect of increasing battery capacity on maximum endurance"+

586 " n = 1.3, "+ str(p) + "PAX.pdf", dpi=600)

587 plt.show

588

589
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590

591

592

593 #Fig 3.4

594 for p in PAXs:

595

596 plt.figure(figsize=(6,6))

597

598 Wp = p * PAX

599 Wf = MTOW - (Wb+Wp)

600 C = round( ((Wf/9.80665) * BSE)/ Volt )

601 Con1 = np.array([Wb,Wf,Wp,C])

602 Ci = C

603

604 Wp = p * PAX

605 Wf = ((Vf * BED)/BSE)*9.80665

606 C = round( ((Wf/9.80665) * BSE)/ Volt )

607 Con2 = np.array([Wb,Wf,Wp,C])

608

609 Configs = [Con1, Con2]

610

611

612 #########################################################################

613 Rating = df.loc[(df['ALT'] == alt) & (df['ISA'] == dt) & (df['V'] == rkts)]

614 FF = Rating.iloc[0,6]

615

616 Win = MTOW

617 Wfin = Wb + Wp

618

619 FuelCap = (Win-Wfin)/9.80665

620 MaxFuelCap = 1600

621

622
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623

624 if FuelCap < MaxFuelCap:

625

626

627

628 Win = MTOW

629 Wfin = Wb + Wp

630

631 V = AP.Vdmin(Win, S, rho, k, cd0)

632

633 CL = AP.CL(Win,rho,V,S)

634 CD = AP.CD(cd0,CL,AR,e)

635 Pa = AP.Pa1(cd0,rho,V,S,k,Win)

636 nj = AP.nj(Pa,SHPr*2)

637 CLCD = AP.CLCD(CL,CD)

638

639 R0 = AP.rangeAirbreathing(nj,SFCr*2,CLCD,Win,Wfin)

640 # R0 = (FuelCap/FF) * V *3.6

641 #for label

642 airbreathing = str(round(FuelCap)) + " L Avtur"

643

644 if FuelCap > MaxFuelCap:

645

646 FuelCap = 1600

647 Win = Wb + Wp + (MaxFuelCap * 9.80665)

648 Wfin = Wb + Wp

649

650 V = AP.Vdmin(Win, S, rho, k, cd0)

651

652 CL = AP.CL(Win,rho,V,S)

653 CD = AP.CD(cd0,CL,AR,e)

654 Pa = AP.Pa1(cd0,rho,V,S,k,Win)

655 nj = AP.nj(Pa,SHPr*2)
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656 CLCD = AP.CLCD(CL,CD)

657

658 R0 = AP.rangeAirbreathing(nj,SFCr*2,CLCD,Win,Wfin)

659 # R0 = (FuelCap/FF) * V *3.6

660 #for label

661 airbreathing = str(round(FuelCap)) + " L Avtur"

662

663

664 # print(R0)

665 plt.plot([0,4000],[R0,R0],linestyle="--",color='tab:red',label=airbreathing)

666 #########################################################################

667

668

669 R1s = np.array([])

670 for x in Configs:

671 n = 1.3

672 Ws = np.array([])

673 Rs = np.array([])

674

675 for C in Csx:

676 Wb = x[0]

677 Wf = x[1]

678 Wp = x[2]

679 Cx = x[3]

680 Wtot = Wb + Wf + Wp

681 Ws = np.append(Ws, Wtot)

682

683

684 R = AP.rangemaxElectric(Rt,n,ntot,Volt,C,rho,S,k,Wtot,cd0)

685 Rs = np.append(Rs, R)

686

687 if str(x) == Config[0]:

688 W = Wtot
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689 RX1 = AP.rangemaxElectric(Rt,n,ntot,Volt,Cx,rho,S,k,Wsi[0],cd0)

690 print(RX1)

691 if str(x) == Config[1]:

692 W = Wtot

693 RX2 = AP.rangemaxElectric(Rt,n,ntot,Volt,Cx,rho,S,k,Wsi[1],cd0)

694 print(RX2)

695 if str(x) == Config[2]:

696 W = Wtot

697 RY1 = AP.rangemaxElectric(Rt,n,ntot,Volt,Cx,rho,S,k,Wsi[2],cd0)

698 print(RY1)

699 if str(x) == Config[3]:

700 W = Wtot

701 RY2 = AP.rangemaxElectric(Rt,n,ntot,Volt,Cx,rho,S,k,Wsi[3],cd0)

702 print(RY2)

703 if str(x) == Config[4]:

704 W = Wtot

705 RZ1 = AP.rangemaxElectric(Rt,n,ntot,Volt,Cx,rho,S,k,Wsi[4],cd0)

706 print(RZ1)

707 if str(x) == Config[5]:

708 W = Wtot

709 RZ2 = AP.rangemaxElectric(Rt,n,ntot,Volt,Cx,rho,S,k,Wsi[5],cd0)

710 print(RZ2)

711

712

713 for i in Config:

714 if str(x) == Config[0]:

715 # label = "Config X1"

716 label = str(Csi[0]) + " A, " + str(round(W/9.80665)) + " kg, n=" + str(n)

717 color = "tab:green"

718 if str(x) == Config[1]:

719 # label = "Config X2"

720 label = str(Csi[1]) + " A, " + str(round(W/9.80665)) + " kg, n=" + str(n)

721 color = "tab:blue"
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722 if str(x) == Config[2]:

723 # label = "Config Y1"

724 label = str(Csi[2]) + " A, " + str(round(W/9.80665)) + " kg, n=" + str(n)

725 color = "tab:orange"

726 if str(x) == Config[3]:

727 # label = "Config Y2"

728 label = str(Csi[3]) + " A, " + str(round(W/9.80665)) + " kg, n=" + str(n)

729 color = "tab:cyan"

730 if str(x) == Config[4]:

731 # label = "Config Z1"

732 label = str(Csi[4]) + " A, " + str(round(W/9.80665)) + " kg, n=" + str(n)

733 color = "tab:purple"

734 if str(x) == Config[5]:

735 # label = "Config Z2"

736 label = str(Csi[5]) + " A, " + str(round(W/9.80665)) + " kg, n=" + str(n)

737 color = "tab:pink"

738

739 if str(x) == Config[0]:

740 plt.scatter(Csi[0],RX1,label=label,color=color)

741 # plt.plot([Csi[0],Csi[0]],[0,3.5],label="MTOW",color='tab:red',linestyle="--")

742 plt.plot(Csx,Rs,label=str(round(W/9.80665))+" kg/MTOW",color=color)

743 if str(x) == Config[1]:

744 plt.scatter(Csi[1],RX2,label=label,color=color)

745 plt.plot(Csx,Rs,label=str(round(W/9.80665))+" kg",color=color)

746 if str(x) == Config[2]:

747 plt.scatter(Csi[2],RY1,label=label,color=color)

748 # plt.plot([Csi[2],Csi[2]],[0,3.5],label="MTOW",color='tab:red',linestyle="--")

749 plt.plot(Csx,Rs,label=str(round(W/9.80665))+" kg/MTOW",color=color)

750 if str(x) == Config[3]:

751 plt.scatter(Csi[3],RY2,label=label,color=color)

752 plt.plot(Csx,Rs,label=str(round(W/9.80665))+" kg",color=color)

753 if str(x) == Config[4]:

754 plt.scatter(Csi[4],RZ1,label=label,color=color)
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755 # plt.plot([Csi[4],Csi[4]],[0,3.5],label="MTOW",color='tab:red',linestyle="--")

756 plt.plot(Csx,Rs,label=str(round(W/9.80665))+" kg/MTOW",color=color)

757 if str(x) == Config[5]:

758 plt.scatter(Csi[5],RZ2,label=label,color=color)

759 plt.plot(Csx,Rs,label=str(round(W/9.80665))+" kg",color=color)

760

761 if str(p) == str(PAXs[1]):

762 plt.plot([0,4000],[1553,1553],linestyle="--",color="black",label="Official Result")

763

764 if str(p) == str(PAXs[2]):

765 plt.plot([0,4000],[888,888],linestyle="--",color="black",label="Official Result")

766

767 plt.suptitle(str(p) + "PAX")

768 plt.xlabel("Capacity, Ah")

769 plt.ylabel("Maximum Range, km")

770 # plt.ylim(0,350,50)

771

772 plt.legend(

773 bbox_to_anchor=(0.0, 1.02, 1.0, 0.2),

774 loc="lower left",

775 ncol=2,

776 mode="expand",

777 borderaxespad=0.0,

778 )

779

780 plt.tight_layout()

781 plt.savefig(

782 "data_result/N219 Comparison/"+

783 "EelctricN219 Effect of increasing battery capacity on maximum range" +

784 " n = 1.3, "+ str(p) + "PAX.pdf", dpi=600)

785 plt.show
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.6 N219 tables code

1 # -*- coding: utf-8 -*-

2 """

3 Created on Sat Jun 19 14:50:27 2021

4

5 @author: mahes

6 """

7

8

9 import pandas as pd

10 import numpy as np

11 import matplotlib

12 import matplotlib.pyplot as plt

13 from module import AircraftPerformance as AP

14 from module import ISAfunc as ISAfunc

15

16

17 MCR = 70 #Maxium Continuous Rating percentage

18

19 #altitudes

20 alts = [0,5000,10000]

21 altsM = [alts[0]*0.3048,alts[1]*0.3048,alts[2]*0.3048] #for metrics

22

23 #off ISA/temperature deviation

24 dt = 0

25 dts = [0]

26

27 #total efficiency

28 ntot = 0.81

29

30 #Rt

31 Rt = 1 #hour

32
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33 #max aircraft weight/MTOW

34 W = 68941 #Newton

35

36 #aircraft no fuel/battery weight

37 W0 = 53250.1095 #newton

38

39 #fuel/battery weight

40 Wf = 15690.64 #newton

41

42 #fuel/battery volume

43 Vf = 1600 #litre

44

45 #wing area

46 S = 41.5 #m^2

47

48 #Voltage

49 Volt = 567 #V

50

51 #cd0

52 cd0 = 0.0357

53

54 # wing aspec ratio

55 AR = 9.16

56

57 # oswald's efficiency

58 e = 0.62921

59

60 #k

61 k = AP.k(AR,e)

62

63

64 #battery specific energy Wh/kg

65 # BSE = 250 #tesla 18350
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66 BSE = 265 # Raymer

67

68 #battery energy density Wh/l

69 # BED = 721 #tesla 18350

70 BED = 700 # Raymer

71

72

73 #passengger weight

74 passengger = 85 #kg

75 luggage = 15 #kg

76

77 PAX = (passengger + luggage) *9.80665

78

79 #######################################

80 #configurations

81

82 #number of pilots and passengger, pilots always 2

83 p1 = 7

84 p2 = 11

85 p3 = 21

86 PAXs = [p1,p2,p3]

87

88

89 MTOW = 7030 *9.80665 #N, Maximum Take-Off Weight

90 Wb = 42031 #N, Fuselage Weight

91 ########################################

92

93 plt.style.use("ggplot")

94

95 matplotlib.rcParams["text.usetex"] = True

96

97

98
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99 n = 1.3

100

101 df = pd.read_csv("data_result\PT6A\pandas\PT6-42 full for pandas - "+str(MCR)+

102 "%mcr.csv")

103

104 for p in PAXs:

105

106 kts = np.arange(120,221,20)

107

108 ResA = np.array([]) #results airbreathing

109

110 Hs = np.array([]) #altitude

111 rhos = np.array([]) #air density rho

112 CLs = np.array([]) #lift coefficients

113 CDs = np.array([]) #drag coefficients

114 Pas = np.array([]) #power available

115 Varr = np.array([]) #airspeed

116 Earr = np.array([]) #endurances

117 Rarr = np.array([]) #ranges

118

119 Wp = p * PAX

120 Wf = MTOW - (Wb+Wp)

121

122 for alt in alts:

123

124 altM = alt * 0.3048

125

126 for del_t in dts:

127 if (altM <= 11000):

128 ISA = ISAfunc.TROPOSPHERE(del_t,altM)

129 if (11000 < altM <= 20000):

130 ISA = ISAfunc.TROPOPAUSE(del_t,altM)

131 if (20000 < altM <= 32000):
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132 ISA = ISAfunc.LOWERSTRAT(del_t,altM)

133 if (32000 < altM <= 47000):

134 ISA = ISAfunc.UPPERSTRAT(del_t,altM)

135 if (47000 < altM <= 51000):

136 ISA = ISAfunc.STRATPAUSE(del_t,altM)

137 if (51000 < altM <= 71000):

138 ISA = ISAfunc.LOWERMESO(del_t,altM)

139 if (71000 < altM <= 80000):

140 ISA = ISAfunc.UPPERMESO(del_t,altM)

141

142 ISAtotal = np.array([ISA])

143

144 rho = ISAtotal[0,2]

145

146 for V in kts:

147 Rating = df.loc[(df['ALT'] == alt) & (df['ISA'] == dt) & (df['V'] == V)]

148 T = Rating.iloc[0,5]

149 SHP = Rating.iloc[0,8]

150 SFC = Rating.iloc[0,9]

151 FF = Rating.iloc[0,6]

152

153 Vx = V*0.514444

154

155 Win = MTOW

156 Wfin = Wb + Wp

157

158 FuelCap = (Win-Wfin)/9.80665

159 MaxFuelCap = 1600

160

161 if FuelCap < MaxFuelCap:

162

163 Win = MTOW

164 Wfin = Wb + Wp
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165

166 CL = AP.CL(Win,rho,Vx,S)

167 CD = AP.CD(cd0,CL,AR,e)

168 Pa = AP.Pa1(cd0,rho,Vx,S,k,Win)

169 nj = AP.nj(Pa,SHP*2)

170 CLCD = AP.CLCD(CL,CD)

171

172 E = FuelCap/FF

173 R = AP.rangeAirbreathing(nj,SFC*2,CLCD,Win,Wfin)

174

175 if FuelCap > MaxFuelCap:

176

177 FuelCap = 1600

178 Win = Wb + Wp + (MaxFuelCap * 9.80665)

179 Wfin = Wb + Wp

180

181 CL = AP.CL(Win,rho,Vx,S)

182 CD = AP.CD(cd0,CL,AR,e)

183 Pa = AP.Pa1(cd0,rho,Vx,S,k,Win)

184 nj = AP.nj(Pa,SHP*2)

185 CLCD = AP.CLCD(CL,CD)

186

187 E = FuelCap/FF

188 R = AP.rangeAirbreathing(nj,SFC*2,CLCD,Win,Wfin)

189

190 Hs = np.append(Hs, alt) #altitude

191 rhos = np.append(rhos, round(rho,3)) #air density rho

192 CLs = np.append(CLs, round(CL,3))

193 CDs = np.append(CDs, round(CD,3))

194 Pas = np.append(Pas, round(Pa,3))

195 Varr = np.append(Varr, round(Vx,3))

196 Earr = np.append(Earr, round(E,3))

197 Rarr = np.append(Rarr, round(R,3))
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198

199

200 ResA = np.vstack((Hs,rhos,CLs,CDs,Pas,Varr,Earr,Rarr))

201

202

203 ResA_transpose = ResA.transpose()

204

205 dfA = pd.DataFrame(data=ResA_transpose,columns=['Altitude','rho','C_L','C_D','Pa','V','E','R'

206 dfA.to_csv("data_result/N219 Airbreathing Table/AirbreathingResults, "+ str(p) +" PAX.csv")

207 # print(dfA)

208

209

210

211 for p in PAXs:

212 #Electric table kts

213

214 ResA = np.array([]) #results airbreathing

215

216 Hs = np.array([]) #altitude

217 rhos = np.array([]) #air density rho

218 CLs = np.array([]) #lift coefficients

219 CDs = np.array([]) #drag coefficients

220 Pas = np.array([]) #power avai lable

221 Is = np.array([]) #currents

222 Varr = np.array([]) #airspeed

223 Earr = np.array([]) #endurances

224 Rarr = np.array([]) #ranges

225

226 Wp = p * PAX

227 Wf = MTOW - (Wb+Wp)

228 C = round( ((Wf/9.80665) * BSE)/ Volt )

229 Con1 = np.array([Wb,Wf,Wp,C])

230
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231 Configs = [Con1]

232

233 for alt in alts:

234

235 altM = alt * 0.3048

236

237 for del_t in dts:

238 if (altM <= 11000):

239 ISA = ISAfunc.TROPOSPHERE(del_t,altM)

240 if (11000 < altM <= 20000):

241 ISA = ISAfunc.TROPOPAUSE(del_t,altM)

242 if (20000 < altM <= 32000):

243 ISA = ISAfunc.LOWERSTRAT(del_t,altM)

244 if (32000 < altM <= 47000):

245 ISA = ISAfunc.UPPERSTRAT(del_t,altM)

246 if (47000 < altM <= 51000):

247 ISA = ISAfunc.STRATPAUSE(del_t,altM)

248 if (51000 < altM <= 71000):

249 ISA = ISAfunc.LOWERMESO(del_t,altM)

250 if (71000 < altM <= 80000):

251 ISA = ISAfunc.UPPERMESO(del_t,altM)

252

253 ISAtotal = np.array([ISA])

254

255 rho = ISAtotal[0,2]

256

257 for x in Configs:

258 Vs = np.arange(40,121,5)

259 Wb = x[0]

260 Wf = x[1]

261 Wp = x[2]

262 C = x[3]

263 W1 = Wb + Wf + Wp
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264

265 for V in kts:

266

267 V = V*0.514444

268

269 CL = AP.CL(Win,rho,V,S)

270 CD = AP.CD(cd0,CL,AR,e)

271 Pa = AP.Pa1(cd0,rho,V,S,k,Win)

272 CLCD = AP.CLCD(CL,CD)

273

274 E = AP.enduranceElectric(Rt,n,ntot,Volt,C,rho,V,cd0,W1,k,S)

275 R = AP.rangeElectric(E,V)

276 Pb = AP.powerbatt(Volt,C,Rt,n,E)

277 I = AP.current(Volt,Pb)

278

279 Hs = np.append(Hs, alt) #altitude

280 rhos = np.append(rhos, round(rho,3)) #air density rho

281 CLs = np.append(CLs, round(CL,3))

282 CDs = np.append(CDs, round(CD,3))

283 Pas = np.append(Pas, round(Pa,3))

284 Is = np.append(Is, round(I,3))

285 Varr = np.append(Varr, round(V,3))

286 Earr = np.append(Earr, round(E,3))

287 Rarr = np.append(Rarr, round(R,3))

288

289 ResE = np.vstack((Hs,rhos,CLs,CDs,Pas,Is,Varr,Earr,Rarr))

290 ResE_transpose = ResE.transpose()

291

292 dfE = pd.DataFrame(data=ResE_transpose,columns=['Altitude','rho','C_L','C_D','Pa','I','V','E'

293 dfE.to_csv("data_result/N219 Electric Table/ElectricResultsKTS, "+ str(p) +" PAX.csv")

294

295 print(dfE)

296
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297

298

299 for p in PAXs:

300 #Electric table m/s

301

302 ResA = np.array([]) #results airbreathing

303

304 Hs = np.array([]) #altitude

305 rhos = np.array([]) #air density rho

306 CLs = np.array([]) #lift coefficients

307 CDs = np.array([]) #drag coefficients

308 Pas = np.array([]) #power avai lable

309 Is = np.array([]) #currents

310 Varr = np.array([]) #airspeed

311 Earr = np.array([]) #endurances

312 Rarr = np.array([]) #ranges

313

314 Wp = p * PAX

315 Wf = MTOW - (Wb+Wp)

316 C = round( ((Wf/9.80665) * BSE)/ Volt )

317 Con1 = np.array([Wb,Wf,Wp,C])

318

319 Configs = [Con1]

320

321 for alt in alts:

322

323 altM = alt * 0.3048

324

325 for del_t in dts:

326 if (altM <= 11000):

327 ISA = ISAfunc.TROPOSPHERE(del_t,altM)

328 if (11000 < altM <= 20000):

329 ISA = ISAfunc.TROPOPAUSE(del_t,altM)
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330 if (20000 < altM <= 32000):

331 ISA = ISAfunc.LOWERSTRAT(del_t,altM)

332 if (32000 < altM <= 47000):

333 ISA = ISAfunc.UPPERSTRAT(del_t,altM)

334 if (47000 < altM <= 51000):

335 ISA = ISAfunc.STRATPAUSE(del_t,altM)

336 if (51000 < altM <= 71000):

337 ISA = ISAfunc.LOWERMESO(del_t,altM)

338 if (71000 < altM <= 80000):

339 ISA = ISAfunc.UPPERMESO(del_t,altM)

340

341 ISAtotal = np.array([ISA])

342

343 rho = ISAtotal[0,2]

344

345 for x in Configs:

346 Vs = np.arange(40,121,5)

347 Wb = x[0]

348 Wf = x[1]

349 Wp = x[2]

350 C = x[3]

351 W1 = Wb + Wf + Wp

352

353 for V in Vs:

354

355 CL = AP.CL(Win,rho,V,S)

356 CD = AP.CD(cd0,CL,AR,e)

357 Pa = AP.Pa1(cd0,rho,V,S,k,Win)

358 CLCD = AP.CLCD(CL,CD)

359

360 E = AP.enduranceElectric(Rt,n,ntot,Volt,C,rho,V,cd0,W1,k,S)

361 R = AP.rangeElectric(E,V)

362 Pb = AP.powerbatt(Volt,C,Rt,n,E)
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363 I = AP.current(Volt,Pb)

364

365 Hs = np.append(Hs, alt) #altitude

366 rhos = np.append(rhos, round(rho,3)) #air density rho

367 CLs = np.append(CLs, round(CL,3))

368 CDs = np.append(CDs, round(CD,3))

369 Pas = np.append(Pas, round(Pa,3))

370 Is = np.append(Is, round(I,3))

371 Varr = np.append(Varr, round(V,3))

372 Earr = np.append(Earr, round(E,3))

373 Rarr = np.append(Rarr, round(R,3))

374

375 ResE = np.vstack((Hs,rhos,CLs,CDs,Pas,Is,Varr,Earr,Rarr))

376 ResE_transpose = ResE.transpose()

377

378 dfE = pd.DataFrame(data=ResE_transpose,columns=['Altitude','rho','C_L','C_D','Pa','I','V','E'

379 dfE.to_csv("data_result/N219 Electric Table/ElectricResults, "+ str(p) +" PAX.csv")

380

381 # print(dfE)

382

383

384 #Fig 3.3

385

386 for p in PAXs:

387

388

389 ResE = np.array([]) #results electric

390

391 Hs = np.array([]) #altitude

392 rhos = np.array([]) #air density rho

393 CLs = np.array([]) #lift coefficients

394 CDs = np.array([]) #drag coefficients

395 Pas = np.array([]) #power avai lable
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396 Is = np.array([]) #currents

397 Varr = np.array([]) #airspeed

398 Earr = np.array([]) #endurances

399 Rarr = np.array([]) #ranges

400

401 Wp = p * PAX

402 Wf = MTOW - (Wb+Wp)

403 C = round( ((Wf/9.80665) * BSE)/ Volt )

404 Con1 = np.array([Wb,Wf,Wp,C])

405

406

407 Configs = [Con1]

408

409 alts = np.arange(0,25001,5000)

410

411 for alt in alts:

412

413 altM = alt * 0.3048

414

415 for del_t in dts:

416 if (altM <= 11000):

417 ISA = ISAfunc.TROPOSPHERE(del_t,altM)

418 if (11000 < altM <= 20000):

419 ISA = ISAfunc.TROPOPAUSE(del_t,altM)

420 if (20000 < altM <= 32000):

421 ISA = ISAfunc.LOWERSTRAT(del_t,altM)

422 if (32000 < altM <= 47000):

423 ISA = ISAfunc.UPPERSTRAT(del_t,altM)

424 if (47000 < altM <= 51000):

425 ISA = ISAfunc.STRATPAUSE(del_t,altM)

426 if (51000 < altM <= 71000):

427 ISA = ISAfunc.LOWERMESO(del_t,altM)

428 if (71000 < altM <= 80000):
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429 ISA = ISAfunc.UPPERMESO(del_t,altM)

430

431 ISAtotal = np.array([ISA])

432

433 rho = ISAtotal[0,2]

434

435

436 for x in Configs:

437 n = 1.3

438

439 Wb = x[0]

440 Wf = x[1]

441 Wp = x[2]

442 Cx = x[3]

443 Wtot = Wb + Wf + Wp

444

445 V = AP.Vemax(Wtot,S,rho,k,cd0)

446 CL = AP.CL(Wtot,rho,V,S)

447 CD = AP.CD(cd0,CL,AR,e)

448 Pa = AP.Pa1(cd0,rho,V,S,k,Wtot)

449 Pr = AP.Pr(cd0,rho,V,S,k,Wtot)

450 CLCD = AP.CLCD(CL,CD)

451

452 E = AP.endurancemaxElectric(Rt,n,ntot,Volt,C,rho,S,k,Wtot,cd0)

453 Pb = AP.powerbatt(Volt,C,Rt,n,E)

454 I = AP.current(Volt,Pb)

455

456 Hs = np.append(Hs, alt) #altitude

457 rhos = np.append(rhos, round(rho,3)) #air density rho

458 CLs = np.append(CLs, round(CL,3))

459 CDs = np.append(CDs, round(CD,3))

460 Pas = np.append(Pas, round(Pa,3))

461 Is = np.append(Is, round(I,3))
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462 Varr = np.append(Varr, round(V,3))

463 Earr = np.append(Earr, round(E,3))

464

465 ResE = np.vstack((Hs,rhos,CLs,CDs,Pas,Is,Varr,Earr))

466 ResE_transpose = ResE.transpose()

467

468 dfE = pd.DataFrame(data=ResE_transpose,columns=['Altitude','rho','C_L','C_D','Pa','I','V','Emax

469 dfE.to_csv("data_result/N219 Electric Table/ElectricResultsEmax, "+ str(p) +" PAX.csv")

470

471 # print(dfE)

472

473

474

475 # Fig 3.4

476

477 for p in PAXs:

478

479

480 #Fig 1

481

482 ResE = np.array([]) #results electric

483

484 Hs = np.array([]) #altitude

485 rhos = np.array([]) #air density rho

486 CLs = np.array([]) #lift coefficients

487 CDs = np.array([]) #drag coefficients

488 Pas = np.array([]) #power avai lable

489 Is = np.array([]) #currents

490 Varr = np.array([]) #airspeed

491 Earr = np.array([]) #endurances

492 Rarr = np.array([]) #ranges

493

494 Wp = p * PAX
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495 Wf = MTOW - (Wb+Wp)

496 C = round( ((Wf/9.80665) * BSE)/ Volt )

497 Con1 = np.array([Wb,Wf,Wp,C])

498

499 Configs = [Con1]

500

501 alts = np.arange(0,25001,5000)

502

503 for alt in alts:

504

505 altM = alt * 0.3048

506

507 for del_t in dts:

508 if (altM <= 11000):

509 ISA = ISAfunc.TROPOSPHERE(del_t,altM)

510 if (11000 < altM <= 20000):

511 ISA = ISAfunc.TROPOPAUSE(del_t,altM)

512 if (20000 < altM <= 32000):

513 ISA = ISAfunc.LOWERSTRAT(del_t,altM)

514 if (32000 < altM <= 47000):

515 ISA = ISAfunc.UPPERSTRAT(del_t,altM)

516 if (47000 < altM <= 51000):

517 ISA = ISAfunc.STRATPAUSE(del_t,altM)

518 if (51000 < altM <= 71000):

519 ISA = ISAfunc.LOWERMESO(del_t,altM)

520 if (71000 < altM <= 80000):

521 ISA = ISAfunc.UPPERMESO(del_t,altM)

522

523 ISAtotal = np.array([ISA])

524

525 rho = ISAtotal[0,2]

526 for x in Configs:

527 n = 1.3
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528

529 Wb = x[0]

530 Wf = x[1]

531 Wp = x[2]

532 Cx = x[3]

533 Wtot = Wb + Wf + Wp

534

535 V = AP.Vemax(Wtot,S,rho,k,cd0)

536 CL = AP.CL(Wtot,rho,V,S)

537 CD = AP.CD(cd0,CL,AR,e)

538 Pa = AP.Pa1(cd0,rho,V,S,k,Wtot)

539 Pr = AP.Pr(cd0,rho,V,S,k,Wtot)

540 CLCD = AP.CLCD(CL,CD)

541

542 R = AP.rangemaxElectric(Rt,n,ntot,Volt,C,rho,S,k,Wtot,cd0)

543 E = R/V

544

545 Pb = AP.powerbatt(Volt,C,Rt,n,E)

546 I = AP.current(Volt,Pb)

547

548 Hs = np.append(Hs, alt) #altitude

549 rhos = np.append(rhos, round(rho,3)) #air density rho

550 CLs = np.append(CLs, round(CL,3))

551 CDs = np.append(CDs, round(CD,3))

552 Pas = np.append(Pas, round(Pa,3))

553 Is = np.append(Is, round(I,3))

554 Varr = np.append(Varr, round(V,3))

555 Rarr = np.append(Rarr, round(R,3))

556

557 ResE = np.vstack((Hs,rhos,CLs,CDs,Pas,Is,Varr,Rarr))

558 ResE_transpose = ResE.transpose()

559

560 dfE = pd.DataFrame(data=ResE_transpose,columns=['Altitude','rho','C_L','C_D','Pa','I','V','Rmax
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561 dfE.to_csv("data_result/N219 Electric Table/ElectricResultsRmax, "+ str(p) +" PAX.csv")

562

563 print(dfE)
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