UtahState
Rocket Science 102:

How High will My Rocket Go?

Newton's Laws as
Applied to
"Rocket Science"

... its not just a job ... its an
adventure

Sellers: Chapter 14
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UtahState INtechanicsledrienospace,

UNIVERSITY RS 101: Summary
*Rocket Thrust Equation

Ehrust = m Vexlt exlt( exit atmosphere)
*Specific Impulse .. Total .... Instantaneous)
t
I JEhrustdt F
. mpulse _ 0 thrust
Y g M ot m
1l
0 propellant g() J M propellant dl. 8 o 't propellant
0
*Rocket Equation

_ - *Propellant Mass Budget Equation

AV

burn

M fues =M +M [ [gOIsp
+ oxidizer _[ dry payload] C

m propellant

.

AV =g [l In|l+
Burn go Mﬁnal
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Summary ,,

*Propellant Mass Budget Equation

[ !AV
qurn
80 lsp
M s oxdirer [M ay * M payload] ¢ -]
°load Mass Fraction
AV
L — M propellant M propellant 1 e_(go -1 sp]
mf — _ o
M initial M final T M initial
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UtahState INiechanicaladrenospace)
U N l V E R S I T Y Engineering

Summary

Available AV
AV, =g, 1, [1n(1+me)}— .
: P=ca
"combustion AV" Dy
tburn

J g(1)-sinOdr _ j PV
0 \5 B

|" gravity loss" "drag loss"

Path dependent velocity losses
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UNIVERSITY
Summary

AV for a Vertically Accelerating Vehicle
Flight Direction

Ehqu AV;burn - g() . ]Sp |:1n (1 + me ):| - g() . tbulf'l’l
. propellant
P, =
BN M final
f — o ]Sp . mpropellamz‘
burn F

thrust

g
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UtahState NeChanic s lEdaenospece,
U N l v E R S I T Y Engmeering

AV for a Vertically Accelerating Vehicle ..

eCalculate burnout altitude
Instantaneously :

dh ] ln M initial . 7
dt =0 Mnitial —m-t s

at Burnout : (Above ground level — AGL)

t
"t Mini ial

*After a lot of arithmetic!

My, M.
hfb v - go 2burn + (g() ) [ initia] ln [ Mfmal }_'_ burn {1 + ln [_Allnll‘lal ]]]
initial final
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UtahState e hanicaledlenospace,

Engineering

UNIVERSITY

AV for a Vertically Accelerating Vehicle

*Collecting terms and simplifying

M, M,,
hz‘burn = S0 2burn + (g 0 ) mztzal -In ( Mfznal ]4— burn [1 +1n [_ initial

initial final
initial __ Mf inal+ m propellant
m mpropellant/tburn
ln (1 +P ) by
— . . urn
— htbum = 8o tburn 1 sp p )
mf

)
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utahstate MeclianicallEg
U N I V E R S I T Y Engineering

AV for a Vertically Accelerating Vehicle

‘Summary
Flight Direction ( )
h _ Ny <] ] ln(1+P ) “burn_ X
tyrn 8o " Lourn sp p 7
mf
Ehust = =

P . Mpmpellant

final

g, 1, -m

sp propellamt

tburn —
M * g Ehrusz‘
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UtahState

INTechanicIedlenosphace)

Engineering

oNivERSITY - How High will my Rocket go?

In the absence of dissipative (friction, etc) forces ... total mechanical energy of rocket

remains constant following motor burnout

\\\‘,
Kinetic Energy $

A

Potential Energy (m) oo
-y /

“Motor Burnout”
At Motor Burnout (V )2
. burnout
E mech ~— M final 9 T 8o h burnout
At Apogee Point...
2
(Vaposee)
. apogee
Emech _ Mf inal 9 8o apogee

= final. g() ) h apogee

MAE 5930, Rocket Systems Design

“ Y/
Apogee Point
h[m] &
2
H Yy Perfect parabola
g0=9.81m/s2
(assumed constant
with height)
he
\ 1 ob y
By
hb \
0 oi
\ 22
| I
O xH x3 x  Xxml

a!CHIMAERA




UtahState . . RIS & I e
oNIVERSITY How High will my Rocket go?

Solving for h

apogee
( 2
I/a ogee
Emech — Mfinal ( ng ) +g0 ) hapogee = Mﬁnal ) gO ) hapogee
\
2
~ Emech _ (I/burnout) +
apogee o burnout
Mfinal.go 2g0
hapogee =
1 : ( in(1+P,) ,um\
g() E(ISP |:ln(1+me)j|_g0.tburn) +tburn4[sp' Pf b2 >
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UtahState INtechanicsladhenospace]

UNIVERSITY Example Calculation e
N
l TR

2009 USLI Rocket

. - AMW L777 Motor

“Dry” vehicle mass : 11.2451 kg, Propellant mass: 1.7623 kg
Propellant I ,: 181.49sec, Mean Motor Thrust: 774.475 Newtons

P = mpropellant :| 1.7623 =0.156717
" My, |112451
tb = S0 .ISP . Mpropellamz _ 9'8067 ) 181 .49 1 .7623 404993 sec
urn F
thrust 774 ,475 |
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Uu'sla\’%§tsal$$ PIE el & (RIS PEIED
Example Calculation ¢

m A M

p, =lodon 456717 g, =20 e T pdon =4 04993 sec
final Fthrust
[ In (1 +F,, )\ ,
— urn | _
htbum _gO.tburn<]sp. 1- P o 9 F =
mf
C \ Y, J
9.8067-4.04933 (181.49 (1 _In (1+0.156717) ) — 4'04993) =431.5 meters
0.156717 2

thum = 80 ']sp |:1n (1+me ):|_go Ly =

9.8067-181.49 (In (1 +0.156717)) —9.8067-4.004993 = 219. 5 m/sec
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Example Calculation ¢

Calculate Apogee Altitude (above ground level)

2
Emech (I/burnouz‘ )

ha oee ~ —_ + h burnout —
e Mfinaz'go 28
2
219.5 + 431.5 =2888 meters
2-9.8067
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utahstate . . M echanicallizdg
UNIVERSITYC ompare to Simulation Results

Analytical Solution
We will build this h — 28 88 7 1 m => 2888 meters

apogee
simulation later =219. 5 m/sec

V, =219.34 m/sec

urnout

Ignoring drag for now!

Altitude Velocity, m/sec
220- ‘ ‘

200-

- Max velocity/m/sec

ot 219.353
" , 160- —
—_
o h 140- g
Q S
g € 120-2m
- M peak ALTITUDE g 100~ g
é AGL, meters o
- &)
< 2888.71 g

0-} 1 I 1
0 10 20 30

Time, sec

Time, sec

Better than 0.056%
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UtahState

UNIVERSITY

Mechanicallcd

Engineering

Compare to Simulation Results ¢

apogee

Yy

urnout

h =2888. 71 m
=219.34 m /sec

Ignoring drag for now!

POTENTIAL ALTITUDE, agl

H, P{OTENTIAL, m

Time, sec

E

m

apogee

o~ —

— " potential —

V 2
ech _ ( burnout)

MAE 5930, Rocket Systems Design 15
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+h,

urnout

2-g,



UtahState pMaEfrETEs]] & (RIRE TS
Engiineering

UNIVERSITY Compare to Fight Data

Ropocee = 2888.71 m
Why the difference? ~ 15% error in peak altitude
Primarily .... Drag! Vbumout =219.34 m /sec

3000 ! ; ! ; ; ;

/Motor Burnout :

2500 |- - - S— - R R PR SRR TR e

+ Second Airbrake Deployment<_|

fe o 2 o 0 6le 0 o @ p s o s o s.we o e . e e eis s o e o oeae’eeeise s deoceece’ oo e e

(3]
(=)
(=
(=]

1500

Pirstf Airbra:ke Dep:loymenft

Potential Altitude (meters)

[u—
(=
o
(=]

SO0 e umes SRS SRR SRR SRR SEREe . Kalman Filter Estimate H
: : : : RDAS Altitude
s ParfectFlite Altitude
= = = Target Altitude
0 i i i i i i I i I I 2
0 2 4 6 8 10 12 14 16 18 20 22 V
Time (s) h — h +

potential
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UtahState . POl & I e
university Compare to Fight Data )

Why the difference? Drag!

2
AI/a ogee E 2-F
( ;g ) = Mn;e::al > AI/apogee = \/ﬁ = \/2 ‘8o hpotential
(A I/apogee )calc - (A Vapogee)f light X 1 OO _
o, =
(A I/apogee )calc + (A Vapogee)f light
2

(2888.71-2:9.8067) % — (2500-2-9.8067)

(2888.71-2-9.8067)"° + (2500-2-9.8067)>  =7.22%
2

~ 7.2 % error in delivered apogee A V

MAE 5930, Rocket Systems Design 17 O\CHIM AERA




UtahState INtEeC hvanicSllElienospace)
U N l v E R S I T Y Engmeering

How Drag Losses Effect Peak Altitude

t ¢t C Aref sz t 'V3
Virag \/_([ dt_sz 2 dt:\/!pﬁ dt
AV}’U ’ |
Mg = 2-dgj _2ogo°,3_£p.V3dt_

Check units! \

MAE 5930, Rocket Systems Design O\CHIM AERA e




UtahState INtechanicsladhenospac e,
U N l v E R S I T Y Engineering

How Drag Losses Effect Peak Altitude ¢

1 4
Ah Vidt
drag 2 go ﬁ _‘(’)‘ IO

Correct peak altitude estimate

go (2+Pf)(] ln(1+Pf)) i =

%.(2+me)-(1 ‘In 1+Pf))—2 o {j.p-l/ffdt}

Path Independent Path Dependent

“Rule of thumb” ~ drag loss is about 5-10% of delivered AV from motor

MAE 5930, Rocket Systems Design O\CHIM AERA o




UtahState INtechanicsladhenospac e,
UNIVERSITY engineering
Drag Losses

1 ¢C,pV° &
D,y =Cpdyy > pV* = AV, A, [P ar = j P"_ 4t

rag
0
Depending
Ft/sec h
ii&t::l:: On thrust to-weight
1,000 Off of the pad
P x drag losses
@ 750 7~ can be significant
]
N \ During motor burn
§ 500 -
3 \ Drag As much as 12-15% of
250 Potential altitude
//\\\ Gravity
A
... path dependent!

Must simulate trajectory

MAE 5930, Rocket Systems Design O\CHIM AERA 20




UtahState MechanicalEliienospace,

UNIVERSITY Engineering
Drag Coefficient is Configuration Dependent

f.\; I v

N

0.5

2N

T8 m

Iy —— 0104 m ——

133 mm — 130 mem - 4 [—‘”" 'r__
A "

T T ™ ”,

" 3 L bl 3

01 —<Z t- — = O,
3<al ogrer Comtact et 013 m

L 1 - L 1 1 1
0 0s 10 15 20 25 30 is 4.0
Mach Number Af dmenmonicns

Figure 3-4. Drag Coefficient vs Mach Number-HO-mm Rocket
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UtahState Mechanicoleliienospace
U N I V E R S I T Y Engineering

Drag Coefficient is Configuration Dependent

05 2 |
A =4%=w 'm’ 7506 ™

0.458 m
=
-

e
-~
4

\ poe §cal Ogive -{L::me DI‘L- “’E’-

=]
w

Acrodynamx Drag Coellicien £, dinensionies
\\Q _

Ly

/

/
/
/
/
/

,/
(

- it
—— B

0 05 1.0 15 20 25 30 35 40
Mach Number M, dmensionles

Figure 3-5. Drag Coefficient vs Mach Number—762-mm Rocket
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UtahState Mechanicoleliienospace
U N I V E R S I T Y Engineering

Drag Coefficient is Configuration Dependent

a3 - _— ]

049 m -—
o A - Gf'Tl.‘ « I tent ‘(d(m l ‘ ‘T"qr_ -_'mL-
A
W mmed, oNm - E’““.L

-

.03 j \

g Coetlicien (. &

Acrvoedvrame Drag Coetfio

o B

® Coam
A Bum

0 05 1.0 15 20 25 30 35 4.0
Mach Number Af. dimenuonien

Figure 3-6. Drag Coefficient vs Mach Numbr-321-mm Rocket
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UtahState

INTechanicIedlenosphace)

Engineering

UNIVERSITY A Recipe for Energy Management

 Velocity and drag are
Very high just after
motor burnout .. But
diminish near apogee

 Specific Energy of
Rocket becomes “more

constant” with time

Conservation of Energy :
Potential + Kinetic Energy = Constant — Dissipated Energy
2 ta ogee
g . h + V apogee + Vzburnout _ Tt p ) V3 dl’
apogee — "“burnout
2 2 Lburnou ﬁ
2 Lapogee 3
Vv 4 1" p-V

— hapogee = hbumout + ; o — 2ap0gee o J. p dt

. g . g Lburnout ﬁ
Velocity, m/sec Drag

Velocity, m/sec
Drag Nt.

15 20 25 N
: 0 25 5 75
Time, sec

[ 1
0 5 10

| I I | 1 1 I
10 125 15 17.5 20 225 25
Time, sec

MAE 5930, Rocket Systems Design ﬁc HIMAERA
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UtahState

UNIVERSITY

INTechanicIedlenosphace)

Engineering

A Recipe for Energy Management ¢

» Specific Energy of Rocket becomes “more constant” with time (and altitude)

- =

Altitude
2000-

1800~
1600~
1400-

p—
N
o
7

Altitude, meters

Energy rate,

Edot, KWatts

-20-

20 0

1 |
10 15
Time, sec

_40-|m-

Total

~

Drag

Thrust

1 1 | | | ] | |
25 5 75 10 125 15 17.5 20 225 25
Time, sec

» At motor burn out Drag Energy Dissipation rate is ~3.5 times higher than at 1000 m AGL

* At 1500 m AGL Drag Energy Dissipation is essentially zero ..

MAE 5930,

Estimated energy level~ constant

aCHIMAERA

Rocket Systems Design



UtahState INtEeC hvanicSllElienospace)
U N l v E R S I T Y Engmeering

A Recipe for Energy Management

» Potential Altitude as an Estimator of “Achievable Altitude” Becomes Increasingly
More accurate as Apogee is Approached

e Use Augmentation Thrust to “Manage Energy” at waypoints of Increasing Altitude

Along Probably trajectory Altitude
2000-

Waypoint Array 1800-

1600-
1400-
1200-

Thrust
Augmentation
Active

Altitude, meters

> W 16003

ot
N BAE O 8 O
o o O o O
PR R E

I I
0 5 10 15 20 25

Time, sec

41500 ] 160932 |
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UtahState INiechanicalledhienospace,

Engineering

CNIVERSITY A Recipe for Energy Management

Altitude POTENTIAL ALTITUDE, agl
2000-

§=c Drag decay

Thrust
Augmentation
Active

Altitude, meters

|
0 5 10 15 20 25
Time, sec

| I | | I |
0 12515 17.5 20 225 25
ime, sec

Waypoint Array

4o W 16003

¢ &
MAE 5930, Rocket Systems Design 'VCHIMAERA
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UtahState IMechanicalladrenospac e
UNIVERSITY A Recipe for Energy Management @

POTENTIAL ALTITUDE, agl Thrust
1400-

1200-

1000-

i
c
O
2 s00-

H, P{OTENTIAL,
qu
=
=)
I

I | | I | | I |
0 25 5 75 1012515 175 20 225 25 0 5 25
Time, sec Tlme, sec

A — — 4

* First (mostly constant) Augmentation Impulse Boosts Energy to “achievable level”
Once we have calculated energy state (using IMU) ... 1706.8 m = 5600 ft

» Second Augmentation Impulse Boosts Maintains Energy level at Desired (Target Level)
Eneregy Level using Pulsed-modulation ... 1609.32 m = 5280 ft

MAE 5930, Rocket Systems Design @\c HIMAERA



UtahState INiechanicalledhienospace,

Engineering

CNIVERSITY A Recipe for Energy Management

Altitude Thrust
wvi Vi
g 5
VU
e :
< =
o -
= Wi
= =
< £
| I | I I | I I I I I
0 5 10 15 20 25 0 25 5 7.5 10 12515 17.5 20 22.5 25
Time, sec Time, sec
* Lower Augmentation Thrust :
levels allow for more precise J

modulation, but are less
efficient and must “burn
longer”

1500 160932 |

MAE 5930, Rocket Systems Design VE; HIMAERA



UtahState

CRIVERSITY A Recipe for Energy Management

Altitude

Thrust

Altitude, meters

i Augmentation S8

B Active

|
0 5 10 15
Time, sec

20

IMechanic3fcdrlenoshace)

Engineering

POTENTIAL ALTITUDE, agl

H, P{OTENTIAL, m

25

2200~
2000~
1800-
1600-

1400-
1200-

1000-
800~}
600~}

| I I I | | | I
0 25 5 75 1012515 175 20 225 25
Time, sec

 Early Energy Management is More Effective, But less Precise

MAE 5930, Rocket Systems Design
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UtahState

INTechanicIedlenosphace)

Engineering

CNIVERSITY A Recipe for Energy Management o,

Altitude

Altitude, meters

Peak ALTITUDE |

AGL, meters

1516.93

I
0 5 10 15 20

Time, sec

25

Thrust
1400-

1200-

1000-

800-

Thrust, Newtons

600-
400-
200- I
0-) I I I I I
0 5 10 15 20 25
Time, sec

» Single Waypoint Energy Management Near Apogee i}) 0

* Insufficient Propellant to hit target

MAE 5930, Rocket Systems Design
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L W 6003

41500 ] 160932 |
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Engineering

CNIVERSITY A Recipe for Energy Management

Altitude Thrust
i v
g S
V
e -
By =
© o
> Vi
= 2
< ooo- YA e £
SRUARMERRRRRRARRRE P oo ALTITUDE SSis
AGL, meters
—
0 5 10 15 20 25
Time, sec Time, sec
 Earlier Implementation of First Waypoint
e There will definitely be a Design
« Insufficient Accuracy to Hit target “Sweet spot” .. here

MAE 5930, Rocket Systems Design @\c HIMAERA



utahstate IMecClianicallsg
U N I V E R S l T Y Engineering

Adjusting Potential Altitude Estimate for
Effects of Horizontal Velocity

Velocity, m/sec

90 deg launch angle
87.5 deg launch angle -
85 deg launch angle -

82.5 deg launch angle -
80 deg launch angle

* Any Launch Angle not
“Completely Vertical”
Results in some horizontal
Component of Horizontal
velocity at Apogee

I I I I I I I
0 25 5 75 10 125 15 175 20 225 25

: * However as apogee 1s
Time, sec .
Approached Horizontal
Velocity Component becomes
~ constant

MAE 5930, Rocket Systems Design Q\c HIMAERA



UtahState INiechanicaladrenospace)
U N I V E R S I T Y Engineering

Adjusting Potential Altitude Estimate for
Effects of Horizontal Velocity ()

Velocity, m/sec

» Compared to total velocity of Vehicle
Horizontal component ~ constant

Very soon after motor burn out

z ¢ Vhor . \Y
€ waypoint apogee
g
é ‘/hor waypoint - Vwaypoint . COS('}/) ~ ‘/apogee
>

y = flight path angle

— L h
=tan ——
Vhor

MAE 5930, Rocket Systems Design @c HIMAERA 34




UtahState IMechanicIledraenosphac ey
U N l V E R S I T Y Engineering

Adjusting Potential Altitude Estimate for
Effects of Horizontal Velocity ()

V2 . V2 1 tapogee . V3
hapogee — hwaypoint + S - — o J p dt =
2 . g 2 . g g twaypoint ﬁ

Vzwa oin Vzwa oin V2a ogee 1 e ) V3
— hwaypoint + {(%] + (% - % - J. p dt
. g vertical . g horizontal . g g twaypoint ﬁ

2 2
V . |%
waypoint apogee
- (% ~ 2 POg
g horizontal g

V2 . V 2 1 tapogee . V3
— hapogee = hwaypoint + R — = - = J. p dl —
2-g 2-g ) g, p

waypo int “0 » Neal"
Apogee

2-g
MAE 5930, Rocket Systems Design CHIMAERA 35
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UtahState IMechanicIledraenosphac ey
U N I V E R S I T Y Engineering

Adjusting Potential Altitude Estimate for
Effects of Horizontal Velocity

2 apogee 3
. 1 “% ok V
. waypoint
— hapogee - hwaypoinz + ( 7. } T ﬁ dt
g vertical g twaypoint
2 . 2
}Al _ h V waypoint - Sin (]/)
— potential — " “waypoint +
2-g
« Non-optimal strategy continuously estimate ...
.. But it works pretty well _ V2(t) . sin’ (7(;))
(o) = Py +
potential | )
* Some potential that 0
non—(?r;eard“bang—lflang” o1 at waypoint..we have a very simple control strategy....
Dead-band controller may _
Be more propellant efficient Lf [( h. <h<h )&& (h <Nensial )]
7 n "
* But hpotential 18 a critical thrust on
feedback parameter ...else
n !
MAE 5930, Rocket Systems Design : thrust Oﬁa




UtahState INiechanicaladrenospace)
U N l V E R S I T Y Engineering

Accounting for Drag Losses In Potential
Altitude

Ignoring drag .... At any point along the trajectory ...

V(t)-sin(y)

h . =h(t)+
potential ( ) 2 . g
since >V, =V(t)- cos(}/ ) =~ constant

But because of drag .... The true apogee will be...

Drag Loss

Lapogee 1 C A
[ _ J 5'p°V2)- D et |y ar

apogee potential

4

MAE 5930, Rocket Systems Design Q\CHIM AERA 37




UtahState . paEelerliesl & R ey
university - Accounting for Drag Losses

In Potential Altitude ,

ial Alti I
True, Potentia titude and Drag Loss “Potential Altitude® A

2400~ h = 160932m + Ahdmg Achieved True Altitude ™|

5200 target
§ Altitude Drag Loss /‘\|
2000- / \ Target Altitude Schedule x’“\|_
1600~ I/ /— —
1400- —
]\ / Pre-schedule target
\ / Altitude ...

{

E—
- /><
:zz: ' 4 h =h(t)+ > ¢
yrud

-200- ™
i ~ C, A
-400 / Ahdmg:_ J (%pvzj( = refj_v,df

1800~

1200-

Altitude, meters

| | I
0 2 4 6 8 10 12 14 16 18 20 22
Time From Launch, sec 38




Yoot Pt
Accounting for Drag Losses

In Potential Altitude ,

4[ Activate C-BAS J(

Potential

Disagree altitude sensor
hpotential < htarger .
Algorithm
r Active once
Deactivate C-BAS Acceleration
k

Drops below

4 : 1-
Next Altitude sensor g
time-period .
Disagree
state e P << Py

Calculate

) h potential
h Energy Management Control Algorithm.

MAE 5930, Rocket Systems Design O\CHIM AERA 39




UtahState . paEelerliesl & R ey
university - Accounting for Drag Losses

In Potential Altitude ,

ial Alti
True, Potential Altitude and Drag Loss “Potential Altitude® /.\I
2400-

2200~ """ htarget = 160932m + Ahdrag ieved True Altitude ﬁ

& Amcude Drag Loss /"\|—
2000- Target Altitude Schedule /‘“\|_
1800-

L600- / N
-_._‘_‘
1200- Pre-schedule target

é 1000~ / \ / Altitude ...
g 800- / Energy Low Launch
g 222 / pd V(t)- sin()/)

00— / / hpotential — h(t) +

drag ~—

Lapogee C A
e Ah, =-— _[ (LP'sz-( 2 ”f)-V-dT

I |
0 2 4 6 8 10 12 14 16 18 20 22
Time From Launch, sec 40




UtahState . paEelerliesl & R ey
university - Accounting for Drag Losses

In Potential Altitude

T Potential Altitude and D Loss
rue, ntia itude and Lrag “Potential Altitude” /'\|

2400~ target =1609. 32 + Ah |eved True Altitude  ~™|

2200-——— Al[l(Ude Drag Loss /’A\|_
2000- Target Altitude Schedule f\|_
1800- /

1600~ / —

£ 1200- I // Pre-schedule target
g 1000~ / Altitude ...
@ 800- / Energy Low Launch
£ 600- - — With augmentation
= / V(t)-sin(y)
< 400 / hpotentlal — h(t) +

200- - g

0_.

|
0 2 4 6 8 10 12 14 16 18 20 22
Time From Launch, sec a1




UtahState

UNIVERSITY

Thrust

Thrust, Newtons

MechianiCallG e oS A e,

Accounting for Drag Losses

In Potential Altitude

Acceleration

Acceleration, G's

Time, sec

Engineering

MAE 5930, Rocket Systems Design @c HIMAERA
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Engineering
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