Mission Analysis

1 Introduction

Mission analysis in aircraft design is a critical phase where the intended purpose
and operational requirements of the aircraft are thoroughly examined and defined. This
process significantly influences the overall design and performance characteristics of the
aircraft. Key aspects of mission analysis include:

1. Defining the Mission Profile: This involves understanding the specific tasks
the aircraft is expected to perform.

2. Operational Requirements: Identifying the operational environment and re-
quirements, such as the type of airfields it will operate from, the climatic condi-
tions it will encounter, and the types of missions it will undertake

3. Performance Goals and Constraints: Establishing the performance goals
like maximum speed, range, fuel efficiency, and service ceiling, along with any
constraints imposed by regulations, technology, or cost considerations.

4. Load and Configuration Analysis: Understanding the load the aircraft will
carry, including passengers, cargo, fuel, and armaments for military aircraft.
This also involves analyzing the configuration requirements, such as the need
for stealth, agility, or the ability to carry specific equipment.

2 General Approach

2.1 Overview

From the previous section, the initial values of thrust loading V?,STLO and wing loading

@ are determined, now we need to focus on the weight estimation:

Wro=We+Wp+Wg+ Wg (1)

Here:
1. We: crew weight
2. Wp: payload weight

3. Wg: empty weight
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4. Wp: fuel weight
This equation could also be expressed with fuel and empty weight fractions:

Wy Wg

Wro +

Wro Wro

Among this, the crew and payload weights are usually defined as constants, the fuel

weight ratio is a function of mission, related to aerodynamics and fuel consumption,

and empty weight fraction is a function of take-off gross weight from empirical data,
the equation could be further expressed as:

Wro = We +Wp + Wro (2)

We +Wp
WTO = W Wg (3)
- Wro  Wro
2.2 Fuel Burn Equation
The generic fuel burn ODE is:
dWw  dWp
= = —TSF T 4
dit  dt SFC x @
This could be rewritten as:
dW T
— = -—TSFC | — | dt 5

Here T is the installed thrust and TSFC is the installed thrust specific fuel con-
sumption.

2.3 Weight Fractions (f3)

Instantaneous weight fraction is also used for computing the constraints. [ is a fuel
or payload correction for different points or segments along the mission. The beta value
for each segment is essentially an intermediate weight fraction:

g = W Wo W W, “
" WTO W1 W2 Wn—l

After the § values have been estimated or calculated, they must be reapplied to
the constraint equations. With new (s, constraint analysis will yield new Ty /Wro,
Wro/S values. With these new ratios, mission analysis is performed resulting in new
Bs. This process is repeated until a convergence on fs is reached.
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Figure 4: Beta for Cargo/Passenger

This requires knowledge of TSFC behavior and instantaneous thrust loading as a
function of time along flight path:

T o a TS L (7)
w5 Wro
Recall the definition of weight specific excess power:
T—(D+ R d %& dz
V. ( ):PS:—(h+—): ° (8)
W at T 2g,) Tt
So the integration could be divided into two classes:
1. P> 0 (Type A)
2. P, =0 (Type B)
2.3.1 Type A
Examples of type A including the following cases:
1. Constant speed climb
2. Horizontal acceleration
3. Climb and acceleration
4. Takeoff Acceleration
Rearrange the equation we get:
(h+ 5)
_ 290
Vit = ——5 9)
W
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T d(h + 5)
T
Here we define:
D+ R
u = T (11)

where v is how total engine thrust work is distributed between mechanical energy
and dissipation. Therefore:

T d(h+ £ dz,
—Vdt = B+ ) - (12)
w 1—u 1—u
Combine this with equation 5, we can get:
AW TSFC e TSFC
- - d{h+-—)=——""" 4, 13
%1% V(1 —u) ( 290) V(1 —u) - (13)
After integration, we can get:
W, TSFC e
L T A 14
v o (rat (1 2 o
Or in terms of z.:
W, TSFC
] — - Az, 15
i o (ps o) )

One of the important analysis is to show the supposed best way to fly certain legs
for minimum fuel used. For type A legs:

TSFC
AWp =T X TSFC x dt — TSLO‘sze (16)
Define the fuel consumed specific work (f;) as:
P
L R 17
J oT'SEFC {17
Then the integration will be:
2 z
e2 d .
W, = / AWy = Ty, fz (18)
1 Zel s

From the equation we can see that the fuel-to-climb flight corresponds to a flight
path that produces the max thrust work per unit weight of fuel at each energy
height level in the climb, or max value of f, at each z..

Similarly, we can express the min time-to-climb path:
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ze2
At = <
t /Z - (19)

el S

2.3.2 TypeB

When P, = 0, usually the speed and altitude are essentially constant. Examples
include:

1. Constant speed cruise

2. Constant speed turn

3. Best cruise Mach number and altitude
4. Loiter

5. Warm-up

6. Takeoff rotation

7. Constant energy height maneuver

For this type of flight, the thrust is modulated or throttled so that:

T'=D+R (20)
And the fuel burn equation will be:
d D
W _rsro@ 1)
W
After integration, we could have:
|44 D+ R
# = exp(=TSFC( il JAt) (22)

2.3.3 Summary

TSFC behavior is a complex function of altitude, speed and throttle setting. One
of the good way for TSFC approximation is (good for turbojet and turbofan, TSFC is
not a strong function of speed and throttle setting):

TSFC = CVo (23)
Here:
1. C': constant

2. 0: represents the usual thermodynamic cycle improvement due to a lower ambient
temperature at higher altitude
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Then the summary of type A equations will be:

- ‘V(Cy—gu)d (h+ 33) (24)
= (o (o)) -
The summary to type B equations will be:
% = —CVo <DJ/R> dt (26)
M‘/g = exp (—C’\/@ <DI;R> At) (27)

3 Detailed Calculation (Phases)

3.1 Crew and Payload Weight

Assumed known from RFP. The payload weight may comprise of passengers, bag-
gage, cargo and military loads.

3.2 Empty Weight Fraction

The empty weight (Wg) consists of the basic aircraft structure and any permanently
attached equipment. The empty weight fractions I' are mainly determined by empirical
correlations.

Cargo aircraft:

['=1.26W55"% (28)
Passenger aircraft:

I'=1.02W; % (29)
Fighter aircraft:

= 2.34W; 5" (30)
Twin turboprop aircraft:

I'=1.26W; % (31)
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3.3 Fuel Weight

Fuel weight (W) depends on the rate of fuel consumption, which depends on the
thrust specific fuel consumption (TSFC). The unit of TSFC is mass flow rate
per unit of thrust. TSFC depends on the engine cycle, flight conditions.

To find the fuel fraction, we need to break down mission into a number of mission
phases and calculate fuel used in each phase.

TSFC is related to the constant C' in the last section. Examples include:

1. High bypass turbofan (M < 0.9): C'= 1h~!
2. Low bypass turbofan:

(a) C =1.35n"" (M < 1) mil power

(b) C =1.45A~1 (M > 1) mil power

(c) C =2h~! max power
3. Turbojet engine:

(a) C'=1.45R"" (M < 1) mil power

(b) C =1.65A"1 (M > 1) mil power

(c) C =2h~! max power

4. Turboprop engine: C' = 0.6h~*

3.3.1 Phase 1: Engine start and warm up

W1
Wro

is determined using existing data for comparable aircraft.

3.3.2 Phase 2: Taxi

W

W 18 determined using existing data for comparable aircraft.

3.3.3 Phase 3: Takeoff

% is determined using existing data for comparable aircraft.

3.3.4 Phase 4: Climb/accelerate to start of cruise

% is determined using existing data for comparable aircraft, or using Breguet’s

endurance equation, or numerically integrate over a climb profile.
Endurance in aircraft design refers to the duration an aircraft can remain airborne
on a single fuel load. The endurance equation for jet is:

1L Whnal )
EF=——1In 32
(V[/initial ( )

Here, L/D is the lift-drag ratio, which is a measure of the aerodynamic efficiency

of the aircraft. ¢, represents the specific fuel consumption (SFC), which is a mea-
sure of the efficiency of the engine and is defined as the amount of fuel needed
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to produce a certain amount of thrust for a certain time. For jet, SFC is
interchangeable with TSFC, the unit is fuel mass per unit of thrust per hour.
The endurance equation for propeller:

55077 r L Wﬁnal
E = PP=1p [ —22 33
cv.D“(wmm) (33)

Here:

1. 550: conversion factor from horsepower to foot-pounds per second when using
imperial units.

2. npr is the propeller efficiency, which represents how effectively the propeller con-
verts the engine power into thrust

3. ¢: the specific fuel consumption of the engine based on power, often given in
pounds of fuel per horsepower per hour

4. V. true airspeed of the aircraft in feet per second

3.3.5 Phase 5: Cruise

% is determined using Breguet’s range equation, or numerically integrate the

generic fuel burn ODE. The Breguet’s range equation for jet is:

VL Wﬁnal
R=—"ln|—mal 34
qD“(wmm) 3
For propeller is:
55077}77“% Wﬁnal
R = 1 35
& " VVinitial ( )

3.3.6 Phase 6: Loiter

% is determined using Breguet’s endurance equation, or numerically integrate the
generic fuel burn ODE.

3.3.7 Phase 7: Descent

Wy

e 18 determined using existing data for comparable aircraft.

3.3.8 Phase 8: Landing, Taxi and Shutdown

% is determined using existing data for comparable aircraft.
7
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3.4 Weight Calculation

Final to initial weight ratio is expressed as:

W, W, W W, W, 0
Wro Wi Wy =0 W,n o Wro
The mission fuel weight fraction will be:
4% W,
LR (R S (37)
Wro Wro

Trapped fuel in aviation refers to the quantity of fuel that remains unusable in an
aircraft’s fuel tanks. With this consideration:

Wr 106 <1 - M‘i/” > (38)

Wro TO

The process of estimating takeoff weight is shown below:

From Mission Analysis

Initialize by W%/m = f(W,,.Mission Profile, Engine Properties)

Guessing

From Empty Weight Regression

W =10

Estimate of W

Stop when
Converged

W+,

(7 )

Figure 5: Weight Estimation

Wio =

4 Case Study

4.1 Case 1: Constant Speed Climb

Variable Value
dv/dt 0
n 1
R 0
T aTsy,
Rinitiats Pginat, V| Given
Py dh/dt

Table 1: Case 1 Variables

@TSJ: sijjan@umich.edu 10



Fixed Wing Design - Mission Analysis

The condition is summarized as:

Y Cp B (Wro
C’La TSL

Because V' is a constant, so the equation 25 becomes:

Wy CVo Ah
— = eX —
WLV - () @) ()
CL (0% TSL
During the level flight, the relation between drag and lift is:
D o D o qC’DS o CD

W L qCS C
And the change in altitude is:

Ah = Ahfinal - him’tial

Typically the variables values are averaged for altitude interval.

4.2 Case 2: Horizontal Acceleration

Variable Value
dh/dt 0
n 1
R 0
T aTsy
by Vinitiats Vina | Given

Table 2: Case 2 Variables

With constant altitude, the equation becomes:

Wi _ o OV A(V2/2gp)
UV (@) o)

Here:

initial

AV? = meal — V2
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4.3 Case 3: Climb and Acceleration

Just a combination of case 1 and case 2:

Wy OV | A(h+V?/2g0)
LV L= (@)@ ()

The fraction of the engine thrust work that is dissipated is expressed as:

(€)@ ()

And the fraction that is invested in mechanical energy or energy height:

(@)@ (5)

4.4 Case 4: Takeoff Acceleration

Variable Value
dh/dt 0
n 1
R Given
T OéTS L
p, D, CL  kro Given
P, VdV/godt

Table 3: Case 4 Variables

The equation is simplified as:

Wf . C\/@ VT()
W exp {— [ ] } (48)

Recall the definition of wu:

Y D+ R 19
= — (19)
From previous section:
D+ R q S
= - 50
5o §ro 3 <WTO> + pro (50)
Therefore after rearrangement:
qS B (Wro
= — 51
oo (i) el (7)o
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And:
Vro = kroVsian (52)

B 28 (Wro
Vitall = \/pCL ( 5 ) (53)

max

4.5 Case 5: Constant Altitude/Speed Cruise

Variable | Value
dh/dt 0
dV/dt 0

n 1

R 0
h,V,As | Given

P, 0

Table 4: Case 5 Variables

Recall the definition of cruise range:

As =V At (54)
Therefore the equation 27 will be expressed as:
Wy CVo (Cp
— = — (=1 A 55
w, TP TV (CL> ’ (55)

4.6 Case 6: Constant Altitude/Speed Turn

Variable Value
dh/dt 0
dv/dt 0
n > 1
R 0
N Number of turns, Given
= 0

Table 5: Case 6 Variables

In level flight, the lift generated by the wings must equal the weight of the aircraft
plus the centripetal force needed for the turn. The level turn could be shown here:

13
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Figure 6: Level turn

Therefore, we have the relationships:

Front view

W
L= 56
os(0) o
And the load factor:
L 1 57)
n———=
W cos(o)
The centripetal force:
V2 WV?  Lcos(¢)V?
F,=Lsin(¢p)=m—=——=——"""— (58)
‘ R, g R. g R
Therefore we can express the radius as:
VQ
R.=—— 59
© gtan(¢) o
The turn rate could be expressed as:
V tan
w= L gtan) (60)
R, V
We can also express this using load factor:
1 — cos? sin’
n*—1= (9) = (9) = tan?(¢) (61)
cos?(¢) cos?(¢)
V2
Ro=—— (62)
gvn? —1
2
gvnc —1
w=-—— 63
v (63)
Therefore, the duration of one turn is:
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At:Q—W:ﬂ (64)

w  gvn?—1

With numbers of turn:

2NV
At = (65)
gvn? —1
And the mass fraction will be:
Wf nCD > 2rNV :|
—exp | —CV0 66
w, -~ OP [ < Cr ) gov/n?—1 o

4.7 Case 7: Best Cruise Mach Number and Altitude (BCM/BCA)

Variable Value
dh/dt 0
dv/dt 0
n 1
R 0
As Value of cruise range, Given
P, 0

Table 6: Case 7 Variables

Recall the weight change equation for type B:

AW D+R
=-C dt 67
" oa(%") .
Using Mach number and ds, we can get:
aw Cyq., ds
W —CVO(= )(Ma) (68)

Here, a is the speed of sound at specific altitude:

YRT (69)

For sea level, we have:

asrp — W/RTSL (70)

Recall the definition of 8:

0 — — 71
Tos (71)

Therefore:
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T
VO VT 1] )
o«  VART 7 RTs; asi
Therefore the weight change equation becomes:
dWw Cy 1\ Cds
— === ) — (73)
|44 CrM) asgp

So the weight reduction can be minimized by operating at lowest value of ((g—z %) .
And this condition will be the best cruise condition, denoted using * superscript.

The critical drag rise Mach number refers to the Mach number at which the
airflow over a substantial part of an aircraft’s wing (or other surfaces) transitions from
subsonic to supersonic, resulting in a significant increase in drag. When the Mach

number below this Mach, we have:

Cp KiC%+ KyCp+ Cp, Cp
— = K,Cp+ Ky + —= 74
. C, 10 2 (74)
Take the derivative of C, and make it equal to zero:
Cho
Ki——=0 75
Therefore:
Chb
C] = . 76
o (76)
C
Ch = 20D, + Koy | —2 (77)
Ky
And:

Cp

(C—L)* = /K Cp, + K2 + /K ,Cp, = \/4Cp, K1 + K> (78)

<@i>* _ ViACn I+ K (79)
Cr M Merrr
Plug in back to weight equation:

ﬂ__ A4Cp, K1 + Ky C ds (80)

w Mcrir asr,

After integration:
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Wy VAChEi+ Ky O

—~ = exp
f Mcrrr asr,

S (81)

The aircraft must sustain its weight under this condition. The weight could be
expressed as:

W =qCLS (82)
Recall the dynamic pressure definition:
1 2 1 2
And the ideal gas law:
P = pRT (84)
Therefore:
1 2
W = E’YPM CLS (85)
And the weight fraction is:
|44
b= (86)
Wro
So we can get:
1
BWTO = §7PM2CLS (87)
Rearrange:
W 2
p_Wro 25 (58)
S 7M2CL
So the pressure ratio at best cruise condition will be:
R 1 (WTO) -
Pst YPstMégir \ \/Chp,/K: S

Because during the flight, 8 must gradually diminish as the mission progresses, the
altitude must gradually increase. If the Mach number is fixed, then the speed will
gradually decrease (proportional to v/6).
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4.8 Case 8: Loiter

Variable Value
dh/dt 0
dv/dt 0
n 1
R 0
At Flight Duration, Given
P, 0

Table 7: Case 8 Variables

Pretty similar with case 7, the weight change formula now is:

dW Ch
— = -COVo =) dt 90
n (£) 0
And the optimum Cp/Cy is still the same, so:
dwW NG
S = OV (\/4ODOK1 + K2) dt (o1)
After integration:
Wy emura
W = eXp{—C\/é( 4CD0K1 +K2> At} (92)
)
And the pressure variation if the loiter Mach number is given will be:
2 1 W
5 20 : < TO) (93)
WPSLM \/CDO/Kl S
4.9 Case 9: Warm-Up
Variable Value
dh/dt 0
dv/dt 0
n 1
R =T = OéTSL
At Warm up time, Given
h Altitude, Given
P, 0
V 0, Standing still
D 0, Not moving
Table 8: Case 9 Variables
@TSJ: sijjan@umich.edu 18
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AW = —CV0(aTsy)dt (94)
Wy o a Ty
W 1-CVo (ﬁ <WT0) At) (95)

Where g is evaluated at the beginning of warm-up

4.10 Case 10: Takeoff Rotation

Variable Value

dh/dt 0

dv/dt 0
n 1

D + R =T = OéTS L
tr Warm up time, Given
h Altitude, Given
P, 0
V Given

Table 9: Case 10 Variables

dW = —CV0(aTsy)dt (96)
Wf 1 g TSL
W 1—CVo (B <WT0> tR> (97)

Where  is evaluated at the beginning of rotation.

4.11 Case 11: Constant Energy Height Maneuver

Variable Value
Az, 0
n 1
R 0
hinitiala hfinala V;nitiala Vfinal Given

Table 10: Case 11 Variables

In this case potential energy is exchanged for kinetic energy and any loss to aero-
dynamic drag is balanced by the engine thrust. The weight equation will be:

Wy _ _ Cb
W exp{ cVo (CL> At} (98)
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