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1. Fluid Flow and Thermodynamics

* Introduction

* Fundamental equations

* Thermodynamics of gases
e Speed of sound

* |sentropic flow

* Nozzle fluid flow
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1. Fluid Flow and Thermodinamics
- Introduction

 Fluid flow:

— naturally three dimensional, but in some special cases can be
considered as one dimensional or quasi-one dimension

— fluid can be considered according to:
* steady-state VS transient
* turbulent VS laminar
* inviscid VS viscous fluid

. . . _»— __>
qguasi-one dimension
fluid flow | / \
inlet outlet
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1. Fluid Flow and Thermodinamics
. Introduction

e System or Control Mass (CM):
— is a collection of matter of fixed identity

— it may be considered enclosed by an invisible, massless,
flexible surface through which no matter can pass

— the boundary of the system may change position, size,
and shape

— is also called control mass

. _}_ _________________ - _}
moving of control
mass _ / K
inlet outlet

B

\\KE esa : : : : S T U Chemical P.ropulsion Systems
&\: e e o o Space for Education, Education for Space



1. Fluid Flow and Thermodynamics

e —— Introduction

e Control Volume (CV):

— is arbitrary volume fixed to the coordinate system
(stationary or moving)

— bounded by control surface (CS) through which fluid
may pass, CV can has differential or finite size

differential CV

B
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1. Fluid Flow and Thermodynamics
. Fundamental equations

 There are 4 fundamental equations, which must
be considered:

— Continuity equation
— Momentum equation
— Energy equation

— Entropy equation

B
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1. Fluid Flow and Thermodynamics
., Fundamental equations

* Continuity equation

| 4

Rate mass Rate mass
leaves CV enters CV
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1. Fluid Flow and Thermodynamics
., Fundamental equations

* Continuity equation

4

{Rate mass} {Rate mass}

leaves CV enters CV

¢4 8

A, p,U, A p,U,
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1. Fluid Flow and Thermodynamics
., Fundamental equations

* Continuity equation

4

{Rate mass} {Rate mass}

leaves CV enters CV

gl

A, p,U, A oYy
£ ¢
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1. Fluid Flow and Thermodynamics
., Fundamental equations

* Continuity equation

4

{Rate mass} {Rate mass} -

leaves CV enters CV
(p+dp)(u+du)(A+dA)
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1. Fluid Flow and Thermodynamics
., Fundamental equations

* Continuity equation

4

{Rate mass} {Rate mass} -

leaves CV enters CV
(p+dp)(u+du)(A+dA)

\l

pudA+ pAdu+uAdp =0
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1. Fluid Flow and Thermodynamics
., Fundamental equations

* Continuity equation

4

{Rate mass} {Rate mass} -

leaves CV enters CV
(p+dp)(u+du)(A+dA)

- pudA+ pAdu+uAdp =0
o u A
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1. Fluid Flow and Thermodynamics
., Fundamental equations

* Momentum equation

Forces on | Rate | Rate
gasin CV in |=| momentum |—| momentum
_direction X | _IeavesCV | _entersCV |
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1. Fluid Flow and Thermodynamics
., Fundamental equations

* Momentum equation

Forces on | Rate | Rate
gasin CV in |=| momentum |—| momentum
_direction X | _IeavesCV | _entersCV |

¢ 1 1

Ay
D F=pA-PA+| pdA Apul A
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1. Fluid Flow and Thermodynamics
., Fundamental equations

* Momentum equation
Ay, PyiUy, @

= p21T2 | Forces on | [Rate | [Rate
gasin CV in |=| momentum |—| momentum
__> ) )
| direction x | [leavesCV | |entersCV

¢ 31 8

S F=pA-PA [ PIA Apul ApuS

§j ¢ ¢

A
P.A — P A, +IA1 pdA= Azpzuzz - Alplulz
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1. Fluid Flow and Thermodynamics
., Fundamental equations

* Momentum equation

[ Forces on | | Rate 1 [Rate
gasin CV in |=| momentum |—| momentum
_direction X | IeavesCV entersCV

¢ N

(p+dp)(u+duf (A+dA)  pu’A
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1. Fluid Flow and Thermodynamics
., Fundamental equations

* Momentum equation

[ Forces on | | Rate 1 [Rate
gasin CV in |=| momentum |—| momentum
_direction X | IeavesCV entersCV

¢ N

(p+dp)(u+duyf (A+dA)  pu®A

“ ¢

Ao udu
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1. Fluid Flow and Thermodynamics
., Fundamental equations

* Momentum equation
A+dA, p-+dp I <

| Forces on | Rate 1 [Rate
U+ du’ P+ dp gasin CV in |=| momentum |—| momentum
| direction x | [leavesCV | |entersCV
A1 p1 u1 :_ ‘ \ l
X N"F =pA—(p+dp)(A+dA)+ Apudu

+—(p+(p+p))((A+dA)- A) = —Adp
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1. Fluid Flow and Thermodynamics
., Fundamental equations

* Momentum equation

[ Forces on | | Rate 1 [Rate
gasin CV in |=| momentum |—| momentum
_direction X | _IeavesCV | _entersCV |
—Adp Ap udu

“ ¢

—Adp = Apudu
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1. Fluid Flow and Thermodynamics
., Fundamental equations

* Momentum equation

[ Forces on | | Rate 1 [Rate
gasin CV in |=| momentum |—| momentum
_direction X | _IeavesCV | _entersCV |
—Adp Ap udu

% ¢

dp—udu 4= -Adp=Apudu

Euler’s equation

(e

\
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1. Fluid Flow and Thermodynamics
., Fundamental equations

* Energy equation

inviscid steady-state flow

[ Rate ener
9y | {Rate } {Rate

transfer into
energy energy

CV by work
leaves CV enters CV
| and heat

@ 1
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1. Fluid Flow and Thermodynamics
., Fundamental equations

* Energy equation

Az, P2, Uy, Rate energy | l

] Rate Rate
jo ,T2 transfer into
=| energy —| energy
CV by work
leaves CV enters CV
and heat | '
2 2
u u
2 1
quzA{ez + > PU A € + 5
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1. Fluid Flow and Thermodynamics
—— Fundamental equations
* Energy equation
Ay P2y U, Rate energy |

Rate [ Rate
jo ,T2 transfer into
=| energy —| energy
CV by work
leaves CV enters CV
andheat |

ZD%
(-
|_\
/ﬁ\
D
|—\
+
-
Ll Y
N

u2
quzAQE 72)
Win +Qin

\l\k
\\“ : : : : S T U Chemical Propulsion Systems
K oo o o Space for Education, Education for Space



1. Fluid Flow and Thermodynamics
—— Fundamental equations
* Energy equation
Ay P2y U, Rate energy |

Rate | Rate
Pri 1, transfer into
=| energy —| energy
CV by work
leaves CV enters CV
andheat | //\
uz U2
2 U,
p2u2 AZ 7 IOlul el + 7

Win + Qin
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1. Fluid Flow and Thermodynamics
—— Fundamental equations
* Energy equation
Ay Py U, Rate energy |

] Rate [ Rate
jo ,T2 transfer into
=| energy —| energy
CV by work
leaves CV enters CV
andheat |

e

(e

\

C
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1. Fluid Flow and Thermodynamics
., Fundamental equations

* Energy equation

A u )
21 P2, Uz, Rate energy |
] Rate Rate

jo ,T2 transfer into

Vb ‘ =| energy —| energy
wor
> y leaves CV enters CV

and heat

]
‘ using enthalpy h

. . u2 u2
Ws,in +Qin — IOZUZAZ[hZ +72]_101u1A1£h1 +71J
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1. Fluid Flow and Thermodynamics
., Fundamental equations

* Energy equation

A u ]
21 P2, Uz, Rate energy | -
_ Rate Rate
jo ,T2 transfer into
=| energy —| energy
CV by work
leaves CV enters CV
andheat | -
! using enthalpy h

. . u2 u2
Ws,in +Qin — IOZUZAZ[hZ +72]_101u1A1£h1 +71J
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1. Fluid Flow and Thermodynamics
., Fundamental equations

inviscid steady-state flow
[ Rate energy | ’

] Rate Rate
transfer into B

energy
leaves CV

|
+(p+dp)(u+du)(A+ d*)- ,ouA(e+u2 /2)
o(e+de+(u +du)’ /2)

energy

CV by work
enters CV

| and heat
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1. Fluid Flow and Thermodynamics
., Fundamental equations

inviscid steady-state flow

Rate energy | - &
] Rate Rate
transfer into ener
=| ener —
CV by work 9 9
leaves CV enters CV
and heat | -

+(p+dp)(u+du)(A+da). puAle+u?/2)

o(e+de+(u+du)2/2) s l

puA(de+udu)
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1. Fluid Flow and Thermodynamics
., Fundamental equations

inviscid steady-state flow
[ Rate energy | { ’

] Rate Rate
transfer into
energy —| energy

CV by work

leaves CV enters CV
| and heat s l
|yé\/\'/in +0Q, puA(de +udu)
évvp,in + éV\./s,in

puA—(p+dp)(u+du)(A+dA) mEp —pAdu—Audp— pudA
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1. Fluid Flow and Thermodynamics
., Fundamental equations

inviscid steady-state flow
[ Rate energy | ’

] Rate Rate
transfer into B

energy energy

CV by work

leaves CV enters CV
andheat | % \Q
@ . puA(de+udu)
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1. Fluid Flow and Thermodynamics
., Fundamental equations

inviscid steady-state flow
[ Rate energy | ’

] Rate Rate
transfer into B

energy energy
CV by work leaves CV enters CV
andheat | % \Q
.@ . puA(de+udu)
— pAdu — Audp — pudA+ oW ;, + &R, @

' using enthalpy h ~
MW ;, +;, =dh+udu
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1. Fluid Flow and Thermodynamics
., Fundamental equations

inviscid steady-state flow
[ Rate energy | ’

] Rate Rate
transfer into

=| energy
leaves CV

energy

CV by work
enters CV

| and heat

MW, ;, +;, =dh+udu

S [

adiabatic process
no shaft work

(s
\\K\“S_= esa : : : : S T U Chemical Propulsion Systems
&\? e o o o Space for Education, Education for Space



1. Fluid Flow and Thermodynamics
—— Fundamental equations
* Entropy equation

[ Rate entropy Rate Rate
transferinto entropy | | entropy
CV by heatand | leaves | |enters

irreversibilities | |[CV | |[CV
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1. Fluid Flow and Thermodynamics
., Fundamental equations

* Entropy equation

[ Rate entropy 'Rate | [Rate
transferinto _|entropy | | entropy
CV byheatand | | leaves enters
irreversibilities | |[CV | |[CV
2 Q) . '
+ S S S
1 T 2 1
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1. Fluid Flow and Thermodynamics
., Fundamental equations

* Entropy equation

[ Rate entropy 'Rate | [Rate
transferinto entropy | | entropy
CV by heatand | leaves | |enters

irreversibilities | |[CV | |[CV
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1. Fluid Flow and Thermodynamics
., Fundamental equations

* Entropy equation

[ Rate entropy 'Rate | [Rate
transferinto entropy | | entropy
CV by heatand | leaves | |enters
irreversibilities | |[CV | |[CV
2 5Qin 4+ S S@ @
Tt gn , S

reversible

' process 1-2 “
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1. Fluid Flow and Thermodynamics
., Fundamental equations

* Entropy equation

(Rateentropy | [Rate | [Rate
transferinto _|entropy | | entropy
CV byheatand | | leaves enters
irreversibilities | |[CV | |[CV
2 5Qin 4+ S : .
T gen 82 Sl
isentropic adiabatic % % \Q

process 1-2 reversible

' process 1-2 “ J;Z

S
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1. Fluid Flow and Thermodynamics
., Fundamental equations

* Entropy equation

(Rateentropy | [Rate | [Rate
transferinto entropy | | entropy
CV by heatand leaves enters
irreversibilities |

(N
‘ $eee Chemical Propulsion Systems
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1. Fluid Flow and Thermodynamics
., Fundamental equations

* Entropy equation

(Rateentropy | [Rate | [Rate
transferinto entropy | | entropy
CV by heatand | leaves | |enters

irreversibilities CVv

. _CV - L -
¢ 33
+dS en S +dS S

T
isentropic % % \Q

«Q

reversible
0=dS,0=ds,0=ds '

process
(o e o e o0
\\\\“t- c o o o S U Chemical Propulsion Systems
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1. Fluid Flow and Thermodynamics
., Fundamental equations

Quasi-one dimension fluid

flow equations: inviscid steady-state flow

» Continuity equation mm)p

* Momentum equation EEp

adiabatic flow,
no shaft work

* Energy equation -

* Entropy equation »

isentropic
flow
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1. Fluid Flow and Thermodynamics
—— Thermodynamics of gases

e perfect gas /
_ Pp=p RT p PRuT M,
equation of state (EOS) V= RT V=R T/M_

\\l\k
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1. Fluid Flow and Thermodynamics
—— Thermodynamics of gases

e perfect gas
r p:pRMT/Mm

: =pRT
— equation of state (EQOS P=p o)
G ( )szRT ov=R, T/M_

— internal energy e e=e(T) de=c,dT
—> —>

—enthalpy h=e+pv h=h(T) dh=c,dT
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1. Fluid Flow and Thermodynamics
—— Thermodynamics of gases

e perfect gas
r p:pRMT/Mm

: =pRT
— equation of state (EQOS P=p o)
G ( )szRT ov=R, T/M_

— internal energy e e=e(T) de=c,dT
—enthalpy h=e+pv :> h:h(T) :> dh=c dT

e=c,T calorically
h=c.T perfect gas
p
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1. Fluid Flow and Thermodynamics
. Thermodynamics of gases

e perfect gas
— equation of state (EOS) P PRI P ARuTIM,,
pv=RT pv=R,T/M_,
— internal energy e e=e(T) : de=c,dT
—enthalpy h=e+pv : h=h(T) dh=c,dT

e=c,T calorically
h=c.T perfect gas
p

— heat capacity ratio 7 =c¢,/c,

— difference between

heat capacities R=¢,-C,
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1. Fluid Flow and Thermodynamics
—— Thermodynamics of gases

e perfect gas

_ p= pRT p=pPRyT/M,
equation of state (EOS) V= RT V=R T/M_

=) e=e(T) — de=c,dT

h=h(T) dh=c,dT

e=c,T calorically
h = T perfect gas

— heat capacity ratio 7 =c,/c,

— internal energy e
—enthalpy h=e+pv

R
_7_ C o=

— difference between 1Ty

heat capacities

\

Qk esa : : : Chemical Propulsion Systems
e o o

Space for Education, Education for Space



1. Fluid Flow and Thermodynamics
—— Thermodynamics of gases

* moving fluid with speed U

— static parameters # p,T,p # “measured” in
moving fluid
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1. Fluid Flow and Thermodynamics
—— Thermodynamics of gases

* moving fluid with speed U
— static parameters I:> p,T,po I:> “measured” in

moving fluid
‘ u, =0

— fluid brought to rest
adiabaticall # Pos Tos Po

B
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1. Fluid Flow and Thermodynamics
. Thermodynamics of gases

* moving fluid with speed U
— static parameters I:> p,T,po I:> “measured” in

moving fluid
— fluid brought to rest @ Uo =0
adiabaticall |:> Po: Tos 20

total (stagnation) pressure,
temperature, density

— corresponding total enthalpy ho—eT
to total temperature P Mo =C,T.
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1. Fluid Flow and Thermodynamics

| Thermodynamics of gases

* stagnation conditions total enthalpy is constant throug

steady, inviscid, adiabatic flow

— adiabatic process

% rest of fluid‘ U2
Ehl + 71j = const. # h, = [hl +71)

B
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1. Fluid Flow and Thermodynamics

| Thermodynamics of gases

total enthalpy is constant throug
— adiabatic process steady, inviscid, adiabatic flow

U2 rest of fluidl\\x %
Ehl + 71j = const. |:'|> h, = [hl +— )

also total temperature
. - =C.I
is constant 0 "p'0

e stagnation conditions

B
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1. Fluid Flow and Thermodynamics

| Thermodynamics of gases

total enthalpy is constant throug
— adiabatic process steady, inviscid, adiabatic flow
5 rest of fluid 5
u u
h1+71 =const.  mm) hy = h1+71

also total temperature
. <',:I N, =C. T
is constant 0 "p'0

— Isentropic process # Po: Lo

\ total pressure and total
density are constant
s
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1. Fluid Flow and Thermodynamics
—— Thermodynamics of gases

* moving fluid with speed U

— static parameters # p,T,p # “measured” in
moving fluid

B
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1. Fluid Flow and Thermodynamics
—— Thermodynamics of gases

* moving fluid with speed U
— static parameters I:> p,T,po I:> “measured” in

moving fluid
‘ u=a

— fluid brought to speed
of sound isentropically # p.T .,p

B
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1. Fluid Flow and Thermodynamics
—— Thermodynamics of gases

* moving fluid with speed U
— static parameters I:> p,T,po I:> “measured” in

moving fluid
— fluid brought to speed @ u=a’
of sound isentropically |:> JaN ,,0

crltlcal pressure,
temperature, density
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1. Fluid Flow and Thermodynamics
—— Thermodynamics of gases

* reversible process
— added heat — closed system # oW, + ., =de
— reversible process mmp &, =dsT

—internal energy mm) de=c,dT
— pressure work mm) S, =—pdv

B
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1. Fluid Flow and Thermodynamics
—— Thermodynamics of gases

* reversible process
— added heat — closed system I:> oW+, =de
— reversible process mm) &y, =dsT _
— internal energy de=c,dT
— pressure work |:|:>>a/vin = —pdv .
—pdv+dsT =c,dT

B
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1. Fluid Flow and Thermodynamics
—— Thermodynamics of gases

* reversible process
— added heat — closed system =) MWy + X, =
— reversible process mm) &y, =dsT

— internal energy |:> de=c,dT H H
— pressure work mEm) S

in =—pdV
—pdv+ dsT =c,dT

— pdv+d(pv)+dsT =de+d(pv)

dpv+dsT =c,dT
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1. Fluid Flow and Thermodynamics
—— Thermodynamics of gases

* reversible process
— added heat — closed system =) Wy, + 3, =de
— reversible process mm) &y, =dsT
—internal energy m=) de=c,dT
— pressure work mE) Sw, =—pdv <>
—pdv+dsT =c,dT <>

— pdv+d(pv)+dsT =de+d(pv)

using using
C C,

V

- dpv+dsT =c,dT

B
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1. Fluid Flow and Thermodynamics
—— Thermodynamics of gases

* reversible process
— added heat — closed system I:> oW, + ., =de
— reversible process mm) &y, =dsT

— internal energy m=) de=c,dT
— pressure work E=) S, =—pdv

ds — ¢ dT N pdv dT pdv

YTT m) TOT
=C

B
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1. Fluid Flow and Thermodynamics
—— Thermodynamics of gases

* reversible process
— added heat — closed system I:> oW, + ., =de
— reversible process mm) &y, =dsT

— internal energy m=) de=c,dT
— pressure work E=) S, =—pdv
1

v, [T,
2 :L 2) 0—c dT_I_RdV 0—c dT+pdV

ey,

\{
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1. Fluid Flow and Thermodynamics
—— Thermodynamics of gases

* reversible process
— added heat — closed system I:> oW, + ., =de
— reversible process mm) &y, =dsT

— internal energy m=) de=c,dT
— pressure work E=) S, =—pdv
1

B
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1. Fluid Flow and Thermodynamics
—_—

* physical mechanism:

— sound propagation in gas is based on molecular
motion

— energy is transfer to gas molecules, they start to move
about in random fashion

— they collide with other molecules and transfer their
energy to these molecules

— the process of collision repeats — energy is propagated

— macroscopic parameters p,T,p are slightly varied by
increased microscopic parameter — energy of molecule

\l\k
\\“ esa : : : : S T U Chemical Propulsion Systems
K e oo o Space for Education, Education for Space




1. Fluid Flow and Thermodynamics
—_—

e parameters of fluid

source of disturbance

wave propagates with
speed a

%\ AN

_______ *g

p+dp p+dp, P, p
T +dT,du u=0

\l\k
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1. Fluid Flow and Thermodynamics

e parameters of fluid

view from
— “outside” of wave

B

\\KE esa : : : : S T U Chemical P.ropulsion Systems
&\? e o o o Space for Education, Education for Space



1. Fluid Flow and Thermodynamics

e parameters of fluid

view from

) =
pidp | p+dp A

y P+dp : p y P+dp ¢ D p

du T ,_0 ' a-du u=a
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e parameters of fluid

1. Fluid Flow and Thermodynamics

view from

moving wave & V;euv':s]iccr:lzr?of wave wave Q ‘5 moL\J/mg e
)
p+gp I p+gp I A
. P+ . D+ g
 PIp —, P p+4dp pp

(p+dp)(a—du) A—pa’A=

_ A(p—(p+dp)) (,0+dp)(a du)A paA=0
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1. Fluid Flow and Thermodynamics

e parameters of fluid

view from
moving wave a view from wave moving fIU|d
“outside” of wave % u=
p+ d,O p+dp I ‘_
. p+dp p+dp
__E’ _____ E’ P Pl F_’ . p p
a—du _________ U_

(p+dp)(a- du A= pa’A= p+dp a— du)A paA=0
:~ p+dp 1

dp pdu=adp

ey,
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1. Fluid Flow and Thermodynamics

* parameters of fluid Siew from

moving wave a view from Wave ‘f moving ﬂUld
“outside” of wave % U=

p+dp | p+dp I —_
';_E’_i_d_'?__ fi ’ '__E’_T_fjf_’_ _ pp
a—du _________ U_

p+dp aduApaA_ p+dpadU)A paA=0
SR <
a
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1. Fluid Flow and Thermodynamics

e parameters of fluid Ciow from

moving wave @ view from wave moving fIU|d
‘I “outside” of wave /Q‘ \ u=
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1. Fluid Flow and Thermodynamics

e parameters of fluid

view from

moving wave @ Vl)euv':s]iccrzloerrof wave wave Q 5 mOL\J/ ne uid
)
p+dp I p+dp I —

, p+dp 0 y P+dp | D P
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1. Fluid Flow and Thermodynamics

e parameters of fluid
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1. Fluid Flow and Thermodynamics

e parameters of fluid

view from

moving wave @ Vl)euv':s]iccrzloerrof wave wave Q 5 mOL\J/ ne uid
)
p+dp I p+dp I —

, P+dp : 0 , p+dp 5 o
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1. Fluid Flow and Thermodynamics

e parameters of fluid

view from

moving wave @ view from wave moving f|UId
— “outside” of wave % u=
p+gp I p+gp I —_
» P+ ¥ N !
 PrEP p PrEP p o

du 6 :> a—du , U:a

m Y,

28.96 1.404
Hydrogen  2.016 1.407 1270 , dp
Xenon 131.3 1.667 170 a =

\\\l\\
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1. Fluid Flow and Thermodinamics
Isentropic flow

* Importance of isentropic flow:
— isentropic flow is adiabatic in which viscous losses are negligible

— real flows are not isentropic

@ N

the effects of viscosity and major part of the flow can
heat transfer are restricted to be assumed to be isentropic

thin layers near the walls

B
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1. Fluid Flow and Thermodinamics
Isentropic flow

* Importance of isentropic flow:
— isentropic flow is adiabatic in which viscous losses are negligible

— real flows are not isentropic

@ N

the effects of viscosity and major part of the flow can
heat transfer are restricted to be assumed to be isentropic

thin layers near the walls

many flows in engineering practice can be adequately modeled by
assuming them to be isentropic and also steady-state and quasi-one
dimensional flow
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1. Fluid Flow and Thermodinamics
Isentropic flow

"""" isentropic 2 — P2
flow

/ s . . T, P1
isentropic
process 1-2

B

\\K S esa : : : : Chemical Propulsion Systems
\K\T e o o o Space for Education, Education for Space



1. Fluid Flow and Thermodinamics
Isentropic flow

° relatiOnShipS direction of T ﬁ V
———————— isentropic @ & — [_2] — (&j
flow T
/ % isentropic Py : P
process 1-2 l
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1. Fluid Flow and Thermodinamics
Isentropic flow

* relationships giection of

isentropic
flow
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1. Fluid Flow and Thermodinamics
Isentropic flow

* relationships giection of

isentropic
flow

L

adiabatic energy 2
equation 1-2

N

i
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1. Fluid Flow and Thermodinamics
Isentropic flow

* relationships giection of

isentropic
flow

L

equation 1-2 a critical '
oint
% -t :
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1. Fluid Flow and Thermodinamics
Isentropic flow

* relationships giection of

isentropic
flow

L
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1. Fluid Flow and Thermodinamics
Isentropic flow

° relatiOnShipS direction of 2 *2
N isentropic a -I—i . 7/+1 a
| u2 —

flow

L

(s
\\K\\“; esa : : : : Chemical Propulsion Systems
\K\T S A a o Space for Education, Education for Space



1. Fluid Flow and Thermodinamics
Isentropic flow

* relationships giection of

isentropic
flow

point1 'L _ - _ _ <
point 2

adiabatic energy
equation

3o g
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1. Fluid Flow and Thermodinamics
Isentropic flow

* relationships giection of

isentropic
flow

pointl'- ) L____Z<
point 2

adiabatic energy
equation

2l s
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1. Fluid Flow and Thermodinamics
Isentropic flow

* relationships giection of

isentropic
flow

L

point 1 '_@ _____ 2y RT
point 2

adiabatic energy
equation

2l s
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1. Fluid Flow and Thermodinamics
Isentropic flow

isentropic
flow

pointl'- ) L____Z<
point 2

-
e ST,
Y P 2T T
(h+—] h, |:>(c T+—j: c T, %szﬁ
y—1
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1. Fluid Flow and Thermodinamics
Isentropic flow

* relationships giection of

isentropic
flow

pointl'- ) L____Z<
point 2

adiabatic energy
equation
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1. Fluid Flow and Thermodinamics
Isentropic flow

* relationships giection of

isentropic
flow

pointl'- ) L____Z<
point 2

adiabatic energy
equation
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1. Fluid Flow and Thermodinamics
Isentropic flow

¢ relationships direction of Momentum equation

isentropic

N flow _dp_ udu
/v
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1. Fluid Flow and Thermodinamics
Isentropic flow

¢ relationships direction of Momentum equation

1 i t i
X tow,  _ 9P _ 4,
VA" 1
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1. Fluid Flow and Thermodinamics
Isentropic flow

* relationshi PS girection of mMomentum equation speed of sound
i isentropic dp
\ f:ow/ ———=udu a®=yRT =y
o, P
— - —> @ l
d
% P Ay
X P pu
dx
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1. Fluid Flow and Thermodinamics
Isentropic flow

* relationshi PS girection of mMomentum equation speed of sound
i isentropic dp
N flow ——=udu a’=yRT =y>
/ 7
- - @
, ~dp _ A
X p pu
" l
dp u® du
- — _7/ -
D a® u
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1. Fluid Flow and Thermodinamics
Isentropic flow

¢ relationships direction of Momentum equation speed of sound
isentropic

:_E flow _@ — P

udu azzyRsz/—
/ @ P

* magnitude of fractional pressure
change induced by a given fractional
velocity change depends on square
of Mach number
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1. Fluid Flow and Thermodinamics
Isentropic flow

¢ relationships direction of €nergy equation
isentropic dh+udu=0

i
: : flow

/

—> - —>
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1. Fluid Flow and Thermodinamics
Isentropic flow

e relationshi PS girection of energy equation calorically perfect gas
m isentropic dh+udu=0 - dh=c.dT
8 f:OW/ "
—  —
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1. Fluid Flow and Thermodinamics
Isentropic flow

¢ relationships direction of €nergy equation calorically perfect gas
isentropic  dh+udu=0 <:| thdeT

E_E flow l
'/ cpdT = —udu

—> - —>
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1. Fluid Flow and Thermodinamics
Isentropic flow

¢ relationships direction of €nergy equation calorically perfect gas
i isentropic  dh+udu=0 <:| thdeT

: : flow @
'/ cpdT = —udu

—> - —>
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1. Fluid Flow and Thermodinamics
Isentropic flow

¢ relationships direction of €nergy equation calorically perfect gas
isentropic  dh+udu=0 <:| thdeT

E_E flow @
'/ cpdT = —udu

— — speed of sound
@ l ge_e 0 sou_n )
a°=yRT =y—
dT p
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1. Fluid Flow and Thermodinamics
Isentropic flow

* relationshi PS girection of energy equation calorically perfect gas
m isentropic dh+udu=0 dh=c.dT
T deT = —udu speed of sound

P
@ a°=yRT =y—
dT u u Q P

- du
dx T cpT u

dT " sRu® du

T cpa2 u
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1. Fluid Flow and Thermodinamics
Isentropic flow

e relationshi PS girection of energy equation cgll?]rically ggrrfect gas
i isentropic dh+udu=0 ¢ | =C
: flow i

deT :@_Udu @ speed of sound 0

—> - —>

B

\\K S esa : : : : Chemical Propulsion Systems
\K\T e o o o Space for Education, Education for Space




1. Fluid Flow and Thermodinamics
Isentropic flow

e relationshi PS girection of energy equation cgll?]rically ggrrfect gas
i isentropic dh+udu=0 ¢ | =C
: : flow i

deT :@_Udu @ speed of sound 0

—> - —>

* magnitude of fractional
temperature change induced by a
given fractional velocity change
depends on square of Mach number
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1. Fluid Flow and Thermodinamics
Isentropic flow

* relationships giectionof equation of state

o isentropic L - R
N f:°W/ pT
—_— —
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1. Fluid Flow and Thermodinamics
Isentropic flow

* relationships giectionof equation of state

- isentropic P _ dT du
| 1 t p _— =

| ! flow ol @R —_ _(7/_1)M i T
| a4 M Zd—u

X u
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1. Fluid Flow and Thermodinamics
Isentropic flow

* relationships giectionof equation of state

m isentropic L_ dT du

X fyp pT@ AT
— — dp_dp_dT:OQ

> ; plT %d_s:_mz%u

dx % mr e —gm
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1. Fluid Flow and Thermodinamics
Isentropic flow

* relationships giectionof equation of state

isentropic L - R d_T _ _(7/ —1)|\/| 2 d_U
u

* magnitude of fractional
temperature change induced by a
given fractional velocity change
depends on square of Mach number
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1. Fluid Flow and Thermodinamics
Isentropic flow

* relationships giection of

* magnitude of fractional properties

_ i entropic
: : :s:v "oP! change induced by a given fractional
N velocity change depends on square
of Mach number
—_— —

B

\\K S esa : : : : Chemical Propulsion Systems
\K\\T— S0 0o Space for Education, Education for Space




1. Fluid Flow and Thermodynamics

Isentropic flow

* relationships giection of

* magnitude of fractional properties

_ i entropic
: : :s:v "oP! change induced by a given fractional
N velocity change depends on square
of Mach number
—_— —

fractional propert. change induced by
fractional velocity change of air [%]

Mach num.  density temp. pressure <:|

0.1 1 1.4 0.4

0.33 10.9 15.2 4.4
0.4 16 6.4
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1. Fluid Flow and Thermodinamics
., Nozzle fluid flow

e governing equations for analysis of nozzle

continuity
momentum
energy dh+udu=0
state dp — dp — dT =20

p p T
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1. Fluid Flow and Thermodinamics
Nozzle fluid flow

e governing equations for analysis of nozzle

< —%zudu
Yo,
% dh+udu=0

%dp_dp_dT 0
p p T
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1. Fluid Flow and Thermodinamics
Nozzle fluid flow

e governing equations for analysis of nozzle

dp , du dA_O =) - _p2du du dA_ .

&pu uuA
2

% dh+udu:0
%dp_dp_dT 0
p o T
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1. Fluid Flow and Thermodinamics
Nozzle fluid flow

e governing equations for analysis of nozzle

dp du dA:O |:>—I\/I2du+du+dA:O

apuA u‘uA

yo,
% dh+udu=0 d_::(Mz_l)CL_u
%dp_dp_dT 0
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1. Fluid Flow and Thermodinamics
., Nozzle fluid flow

e governing equations for analysis of nozzle

increase in velocity +dU s

associated with decrease in
area —0dA

1. subsonic flow: 0 <M <1 & increase in velocity +du s

2. supersonic flow: M >1 :> associatcig with increase in
area +

3. sonic flow: M =1
% dA=0 areareachesan
extremum — minimum
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1. Fluid Flow and Thermodinamics
., Nozzle fluid flow

e governing equations for analysis of nozzle

%:(MZ_l)d_u

A u » increase in velocity +du is

associated with decrease in
area —0dA

O<M«<l1 M >1

increase in velocity +dU s

associated with increase in
area +dA

dA=0 areareachesan
extremum — minimum
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1. Fluid Flow and Thermodinamics
., Nozzle fluid flow

e governing equations for analysis of nozzle

AU p" = Aup

’A,u,p

*

critical point
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1. Fluid Flow and Thermodinamics
Nozzle fluid flow

e governing equations for analysis of nozzle

A_Uup _app

. A" U u
Aup:Aupd P Po P

&\A,u,p

*

critical point
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1. Fluid Flow and Thermodinamics
Nozzle fluid flow

e governing equations for analysis of nozzle
A _ u p a p p,
* * * A* u u
AU = Aup o P Po p‘

&\A,u,p

*

critical point
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1. Fluid Flow and Thermodinamics
Nozzle fluid flow

e governing equations for analysis of nozzle

A_Uup _app

A*u*p*:Aup&A U pl U po p

critical point
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1. Fluid Flow and Thermodinamics
Nozzle fluid flow

* governing equations for analysis of nozzle

A/A
o
. x % 15|
AU p =Aup |
ﬁA’u’p 5:

*

critical point

(e

\

ST U

C

y=1.15

Space

y =1.30]
T T R R S

, arz —1Mac_h nuzmber relati;n_l ) 83
| =i

Chemical Propulsion Systems
for Education, Education for Space




1. Fluid Flow and Thermodinamics
., Nozzle fluid flow

* variation of parameters in nozzle

stagnation
point Pos To

back * stagnation parameters:
1 - @]
inlet exit pressure Pg T, =500°K

\ —1MPa
throat X % Po

* nozzle area:
inlet area (location 0 m): 0.004 m?
throat area (loc. 0.05 m): 0.002 m?
exit area (loc. 0.2 m): 0.004 m?

streamline

° air:

R =288 J/kgK
y=14

gas reservoir

(N
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1. Fluid Flow and Thermodinamics
., Nozzle fluid flow

* variation of parameters in nozzle
0.004 - | |

t 0.003\/

z 0.002¢ :

0.000" 5 - - - 2
. . . . . - (1)
0.00 005 010 015 020 A; _ 12 2 1.7 1M2 %
[ | | | ] A M| y+1 2

M [-]

10.00 0.05 0.10 0.15 0.20

(o,

\
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1. Fluid Flow and Thermodinamics
., Nozzle fluid flow

* variation of parameters in nozzle

0.004| 1+(7/ 1) M2 _ o
— 2 T
£ 0003 | .
< 0.002] ,

M [-]

10.00 0.05 0.10 0.15 0.20 10.00 0.05 0.10 0.15 0.20
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1. Fluid Flow and Thermodynamics
. Nozzle fluid flow

* variation of parameters in nozzle

* no pressure difference — no fluid flow

* if pressure ratio p./p, is different
from isentropic value, the flow will be
different (inside or outside the nozzle)

* exit pressure for isentropic flow with
supersonic speed is p,

pressure difference causes fluid flow

1.0F
0.8}
0.6}
0.4}

M [-]

0.2¢

0.0} : : 0.0} 5 | P/ P 4 x[m]

10.00 0.05 0.10 0.15 0.20 10.00 0.05 0.10 0.15 0.20

Y
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1. Fluid Flow and Thermodynamics

Nozzle fluid flow

* variation of parameters in nozzle

* Pg; is reduce below p,

il

very low-speed subsonic flow, p; ;= p, ;

pressure difference causes fluid flow

10 10 .‘““‘”

0.8 0.9
_ =08
2, 06 o
= < 07

Q .
0.4}
‘o‘\ ""llu"."“ 06
02 | .n“"\“ "“""""""mu..,,.,"""m_f
x[m] 0.5 - ‘ ‘ 1 x[m]
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
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1. Fluid Flow and Thermodynamics

Nozzle fluid flow

* variation of parameters in nozzle

* Pg, is reduce below pg;

[l

flow moves faster through nozzle, still
subsonic flow, mass flow increases, p; ,= p. ,

1.0l 1.0
dol S, e

0.8t _ ‘\ e -
—_ PRals 0.8 \ R
L 0.6} ? A N R QC_) ] <
> ’ ~ = 0.7

0.4¢ ,' Se o -

- ’ “\“‘0‘ "'M;,,,""“""“" ~ - -~ . 06
x[m] 0.5 - ‘ ‘ 1 x[m]
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20

Chemical Propulsion Systems
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1. Fluid Flow and Thermodynamics

Nozzle fluid flow

* variation of parameters in nozzle

* Pg 3 is such, that it produces sonic flow in

throat '

only in throat is flow sonic, in other parts of
nozzle is flow subsonic, mass flow increases and
reaches max. value, pg,=p.,

pressure difference causes fluid flow

1.0—

0.9

0.8

p/pg [-]

0.7
0.6

0.5 - \ \ 1 x[m]
0.00 0.05 0.10 0.15 0.20

Chemical Propulsion Systems
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1. Fluid Flow and Thermodynamics

Nozzle fluid flow

* variation of parameters in nozzle

* Pg 4 is reduce below pg;

il

in divergent nozzle flow is at first supersonic,
than shock wave is formed and flow is subsonic,
mass flow is constant — chocked flow, p; ,=p.,

pressure difference causes fluid flow

1.0
2.0¢ O ———s
08 =
. 1.5} o B 0.6
L o
o
= 1.0 S 04
0.5} - _ 0.2
lllllllllllllll X[m] 0.0L . ‘ ‘ ‘ X[m]
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20

N

\\K\\_ esa : : : : S T U Chemical P.ropulsion Systems
&\: e o o o Space for Education, Education for Space



1. Fluid Flow and Thermodynamics

Nozzle fluid flow

* variation of parameters in nozzle

* Pg s is reduce below p;,

il

shock wave is moving toward the exit plane,
Pg,4= Pe,4

: 1.0
2.0t “‘"s\ """"""""""""""""""""""""""""""""""""""""
# - ‘l 0.8 "\: S“ jmmm————
. —_ \ :
_ 9 e : 0.6 A, -
|_I| "“ E 1 o '\" E ]
LS o A - I
S 1.0 s 1 S 04 - .
f! : - ~ '
050 e, . . 0.2 ~
- e e e
x[m] 0.0 - ‘ ‘ 1 x[m]
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
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1. Fluid Flow and Thermodynamics

Nozzle fluid flow

* variation of parameters in nozzle

* Pg g is such, that shock wave is on the

exit plane '

the flow is supersonic in whole nozzle except the
exit plane, pgq=p,. ¢

1.0

0.8

0.6

p/pg [-]

0.4

0.2

0.0" - ‘ ‘ ‘
000 005 010 015 020

N
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1. Fluid Flow and Thermodynamics

Nozzle fluid flow

* variation of parameters in nozzle

* Pg g is such, that shock wave is on the

exit plane '

the flow is supersonic in whole nozzle except the
exit plane, pgq=p,. ¢

[1

other reduction of back pressure p,: 0.8
* exit pressure is constant p, o006
*if pg > P, shock waves moves outside nozzle éf 04
*if P& = P no shock waves are produced <
*if Pg < P. expansion waves are formed 0.2
outside the nozzle 0.0- . ‘ ‘ 1 x[m]

0.00 0.05 0.10 0.15 0.20

Chemical Propulsion Systems

Space for Education, Education for Space



1. Fluid Flow and Thermodynamics

Nozzle fluid flow

* variation of parameters in nozzle ;. expanded flow ps > b,

(low altitudes)

* Pg g is such, that shock wave is on the

exit plane '

the flow is supersonic in whole nozzle except the
exit plane, pgq=p,. ¢

il

other reduction of back pressure pg:

* exit pressure is constant p,

*if pg > P, shock waves moves outside nozzle

*if P& = P no shock waves are produced

*if Pg < Pe expansion waves are formed
outside the nozzle

under-expanded
flow Pg < P
(high altitudes)

source: NASA

Chemical Propulsion Systems
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2. Chemical Rocket Propulsion

.
e Performance Characteristics
* Liquid Propellant Performance
* Feed System

Chemical Propulsion Systems

Space for Education, Education for Space



2. Chemical Rocket Propulsion
. Performance Characteristics

e Rocket thrust chamber — combustion

1 2 e T isobaric
N 1 heating in p
[ ﬂ 1 combustion 0

chamber

propellant _V

) E

isentropic

. expansion
heat per unit mass in C-D nozzle

y s’

First thermo'dynam.lc = Ah= CpAT
law — isobaric heating:

(N
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2. Chemical Rocket Propulsion
. Performance Characteristics

e Rocket thrust chamber — combustion

1 2 e T isobaric
N 1 heating in p
[ ﬂ 1 combustion 0

chamber

propellant _V

) E

isentropic

. expansion
heat per unit mass in C-D nozzle

First thermodynamic
law — isobaric heating:

(N
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2. Chemical Rocket Propulsion

-] i
Performance Characteristics

* Rocket thrust chamber — expansion

1 2 e T isobaric
N 1 heating in D
[ ﬂ 1 combustion 0

chamber

propellant _V

) E

/ isentropic
expansion
isentropic expansion in C-D nozzle
S

stagnation u’
enthalpy: Moz = Mo » Moz = 7e+ h,

B
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2. Chemical Rocket Propulsion
. Performance Characteristics

* Rocket thrust chamber — expansion

1 2 e T isobaric
N 1 heating in p
[ ﬂ 1 combustion 0

chamber

propellant _V

) E

/ isentropic
expansion
isentropic expansion

in C-D nozzle

stagnation B : B uf
enthalpy: Mo, = o Ny, = 9

s
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2. Chemical Rocket Propulsion
. Performance Characteristics

* Rocket thrust chamber — expansion

1 2 e T isobaric
N 1 heating in p
[ ﬂ 1 combustion 0

chamber

propellant _V

) E

isentropic
expansion
in C-D nozzle

§
U, = \/2(h02 o he) =
:\/ch(TOZ _Te)

velocity of \
exhaust gases

Te
U, =\/20pT02[1——j = ZcpT02
T02

(N
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'\\\T S0 0o Space for Education, Education for Space




2. Chemical Rocket Propulsion

-] i
Performance Characteristics

* Rocket thrust chamber — exit velocity
1 2 e

1 |

propellant _V
) !
velocity of \
exhaust gases

v
u, = \/ZCpTOZ[l—_:——ej = _[2C, Ty, 1—[p_ej ’ <:| U, = \/Z(hoz _he) =
0

02

B
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2. Chemical Rocket Propulsion
. Performance Characteristics

* Rocket thrust chamber — exit velocity

U, /\RTy, []

1 2 €

) E

l

propellant _V

velocity of
exhaust gases

\t

3.0

2.8t
2.6¢
2.4¢
2.2t
2.0t
1.8}
1.6¢

dtesa

Chemical Propulsion Systems
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2. Chemical Rocket Propulsion

-] i
Performance Characteristics

* Rocket thrust chamber — exit velocity
1 2 e
propellant _:”\ﬂ/

=

velocity of \ ’ . Ry,
exhaust gases —
~ &

(e

\!

\\ esa : : : Chemical Propulsion Systems
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2. Chemical Rocket Propulsion
. Performance Characteristics

* Rocket thrust chamber — exit velocity

1 2

propellant _V

) E

velocity of
exhaust gases

. » higher exit velocity

1 low molecular weight - higher exit velocity

higher stag. temperature

higher pressure ratio p,/p, # higher exit velocity

dtesa

:::STU

Chemical Propulsion Systems
Space for Education, Education for Space




2. Chemical Rocket Propulsion

-] i
Performance Characteristics

e Rocket thrust chamber — mass flow
1 2 e

Iy 1

propellant _V

) E

mass flow

y

continuity

equation: m= Apu

\\\l\k
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2. Chemical Rocket Propulsion

-] i
Performance Characteristics

 Rocket thrust chamber — mass flow ( )
x " -1
12 e U =.RT 1+ M2 =2
i 1 coete
_E_\/ )

propellant

—)

_//\

mass flow
continuity * % *
equation: m=Apu

(e

\!

\\ esa : : : Chemical Propulsion Systems
K oo Space for Education, Education for Space




2. Chemical Rocket Propulsion
. Performance Characteristics

* Rocket thrust chamber — mass flow
1 2 e
1 |

propellant _V

—)

EPep H7 o RTg L2
/ Poz _(14‘7/ jyl
rrﬁssﬂow ,0* 2
t- -t * * *
continuity = AU

equation:

\\\\l\\ . .
=~ Chemical Propulsion Systems

W *
\&\;\? esa : Space for Education, Education for Space




2. Chemical Rocket Propulsion

-] i
Performance Characteristics

e Rocket thrust chamber — mass flow
1 2 e

1 |

propellant _V
) :

mass flow
continuity . -
equation: m=Apu

B
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2. Chemical Rocket Propulsion

-] i
Performance Characteristics

e Rocket thrust chamber — mass flow
1 2 e

*
[v ﬂ ﬂ 1 higher stag. pressure » higher mass flow
propellant _V

e

mass flow
continuity . -
equation: m=Apu

B
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2. Chemical Rocket Propulsion

-] i
Performance Characteristics

e Rocket thrust chamber — thrust

propeHant-__r\\\_//////

) !

thrust

Y

|:thrust = rhue + Ae(pe o pa)

B
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2. Chemical Rocket Propulsion
. Performance Characteristics

e Rocket thrust chamber — thrust

1 2 e 71
[ ﬂ * 1 u, = |2-L_RT, 1—[&jy
- ﬂ : V y—1 Po

propellant_V

—)

B
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2. Chemical Rocket Propulsion
. Performance Characteristics

e Rocket thrust chamber — thrust A E
1 9 e Fthrust _ m po thrust —

iy | P
y X . CF
propellant_V
— characteristic thrust
I ’ velocity coefficient

thrust depends only on stagnation pressure in
combustion chamber

S
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2. Chemical Rocket Propulsion
. Performance Characteristics

* Rocket thrust chamber — characteristic velocity
1 2 e

propellant _V

)
I—'/\ characteristic velocity is function of
combustion chamber design and

characteristic velocity — c” propellant characteristics
specify combustion chamber

y+1

0 A 1(y+1)y1 RyT,
y\ 2 M

C =

m

(s
\\K\“ﬁ esa * Chemical Propulsion Systems
\\;—d ° Space for Education, Education for Space



2. Chemical Rocket Propulsion
. Performance Characteristics

e Rocket thrust chamber — thrust coefficient

e

F’[

__ thrust
ﬂ thrust coefficient CF - CF — *

1 2
A 2 "
propellant = 5

—)

thrust coefficient depends on gas property ()
and nozzle parameters (nozzle area ratio and
pressure ratio), it is independent on
combustion chamber temperature

B

&&f esa : . Chemical Propulsion Systems
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2. Chemical Rocket Propulsion

e Rocket thrust chamber — thrust coefficient

propellant

—)

contribution to thrust
by exit velocity

A
Ai '=> Mel=> & '=> CF(velocity)

0

dzesa ::iSTU

1.5¢
1.0}
0.5¢
0.0F

0.5

Performance Characteristics

P/ p, =0.01 \

1 2 5 10 20 50 100

Chemical Propulsion Systems

AlA [-]

Space for Education, Education for Space



2. Chemical Rocket Propulsion

e Rocket thrust chamb

propellant

contribution to thrust
by exit pressure

A
Ai '=> M o '=> & '=> CF(pressure)

0

dzesa ::iSTU

A =
, i Vlw y=1" {py

— E CF[_] '

Performance Characteristics

er — thrust coefficient

1+y

1.5¢
1.0}
0.5¢
0.0F

0.5} '
P,/ p, =0.01 \

1 2 5 10 20 50 100

Chemical Propulsion Systems

AlA [-]

Space for Education, Education for Space



2. Chemical Rocket Propulsion
. Performance Characteristics

e Rocket thrust chamber — thrust coefficient

1 2 €
Iy |
propellantM

thrust coefficient for 0-5 K

defined conditions P,/ Py 0.0}
depends on area ratio _ost” =12 \
-.pa/p,o :0.0l | | | A\E/A* [_]

1 2 5 10 20 50 100

(N
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2. Chemical Rocket Propulsion
. Performance Characteristics

e Rocket thrust chamber — thrust coefficient

1 2 €
Iy
propellant ‘r\/
e 4 C .
’_1/\ 15|
1.0}
optimal thrust 0.5
coefficient is defined by 0.0}
area ratio, where exit _0.5

pressure equals
ambient pressure p, = p,

s
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2. Chemical Rocket Propulsion
. Performance Characteristics

e Rocket thrust chamber — thrust coefficient

propellant

) | C/
: C F (conv

convergent part of nozzle

M=1 ,  parameter :
(1+(7_1) sz“ _Po 05 Pl
2 Pe - y=12 0.1\ 0.025\0.01\ 0.0025 )
C = C f? 00 y . . . . - A\e/A [_]
F (conv) F ] 5 10 50 100 5001000

(N
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2. Chemical Rocket Propulsion
. Performance Characteristics

e Rocket thrust chamber — thrust coefficient

1 2 €

propellant M

k
| Feov)  max thrustline

1.0

optimal thrust coefficient for
individual pressure ratio form parameter :
max. thrust line 0.5/ p,/p,

y=12 0.1\ 0.025\0.01\ 0.0025

| "\ “\ATA ]
1 5 10 50 100 5001000

0.0

B
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2. Chemical Rocket Propulsion

-] i
Performance Characteristics

e Rocket thrust chamber — thrust coefficient

1 2 €

propellant M

*
: CF(conv -

’_'/\ e 0
| - 1.0} \
optimal thrust coefficient

for sea level and pressure ratio parameter :
0.001 and the change of the 0.5/ p,/p,

coefficient
y=1.2 0.1\ 0.025\ 0.01\ 0.0025

| "\ “\ATA ]
1 5 10 50 100 5001000

0.0

B

\\&\E esa : : : : S T U Chemical P.ropulsion Systems
&\? e o o o Space for Education, Education for Space



2. Chemical Rocket Propulsion

Liquid Propellant Performance

e performance of individual liquid propellants

4500 — - =——
_—"" |  LOX-lH, —
f \\
4300 — -
g 4100 \
S ~
Z ..
£ 3900 =
E / LOX—Kerosene LOX-Propane g &
8 3700 / / =9
£ T <
o -
8 3500 LOX—Ethanol LOX-Methane S 9
o+
E— 2300 LOX-Methanol N~ “\ g Q
o N ~ s ®
= 90%-H,0,—Kerosene| = &
g 3100 — 90%-H,0,~Ethanol - = 2
2 > 2
_g 2900 . } =g
- // Nzﬂd-_MMH Ideal specific impulse in g 8
2700 : . ' vacuum H 5 ¢
p.=100 bar, A/A;=45, CET93|| O T
Esm ] ] ] i 1 1 I
0 1 2 3 - 5 6 7 8 9

Mixture ratio O/F [-]

Chemical Propulsion Systems
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2. Chemical Rocket Propulsion
Feed System

 There are 2 main feed systems for liquid propellant:

pFESSUFiZEd systems
filling of filling of

fuel oxidizer * They are usually used when:
pressure * total impulse is small
_ KEgulakor  pressure in combustion chamber is
draining of draining of small
fuel oxidizer .
* Disadvantages:
fltews  walls of tanks are thicker — system
B high pressure is heavier
gas supplay .
ok * Usage: |
T —filling of . con.trol of attitude and change of
chamber high pressure orbit

gas

Chemical Propulsion Systems

Space for Education, Education for Space



2. Chemical Rocket Propulsion
Feed System

 There are 2 main feed systems for liquid propellant:

turbopump systems
pressurized _
helium —flﬁ Hﬁ L * They are usually used when:
= e total impulse is large
5 . * pressure in combustion chamber is
= | oxidizer
o

pump large
|_gear * Positive characteristics of system:

-----q/zgas * pressure in tanks is lower than
turbine .
BHE pressure in tanks when gas

fuel
pump

velves .
pressure feed system is used so the
thrust §‘//2§2rt1anger thickness of walls of tank is smaller
chamber * Usage:
gas * dominantly for boosters
generatorM

N
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2. Chemical Rocket Propulsion

e —— Feed System

* turbopump systems — 3 basic cycles
Gas generator cycle - open cycle

oxidizer
pump

fuel pump oxidizer

Description:

* It is the most common cycle

* It is relatively simple cycle

7 * The cycle efficiency is smaller than efficiency of
closed cycle

* Small part of the propellant is consumed in small

S, combustion chamber for generating gas for a

1. turbine, which drives the pump

* Gas from turbine flows to separate nozzle or to
the end part of the main nozzle, where it operates

\ as cooler of nozzle

* Engines: F-1 (Saturn V), 2 Vulcain (Ariane 5)

gas
generator

4
€]
— [

oxidizer
turbine

Chemical Propulsion Systems

Space for Education, Education for Space



2. Chemical Rocket Propulsion

Feed System

* turbopump systems — 3 basic cycles
Expander cycle - closed cycle

oxidizer
um
fuel pump
fuel pump oxidizer
/g 22
\ J '
™ W \
fuel /X
turbine \
oxidizer
turbine

Description:

* The fuel passed through the cooling jacket of
nozzle where it picked up energy and the fuel
works as coolant of nozzle

* The fuel is evaporated, heated, and then fed to
low pressure-ratio turbines

* at the outlet of the turbine fuel enters the
combustion chamber where it is mixed with an
oxidizer

* in that cycle all the fuel is burnt in combustion
chamber and the efficiency of engine is increased

* Engines: RL10 (the second stage of the Delta IV),
Vinci (ESA)

Chemical Propulsion Systems

Space for Education, Education for Space




2. Chemical Rocket Propulsion

e —— Feed System

* turbopump systems — 3 basic cycles
Staged-combustion cycle - closed cycle

oxidizer
pump
fuel

fuel pump oxidizer

Description:
* The fuel passed through the cooling jacket of
nozzle as in expander cycle
* Then the fuel flows into the precombustor
where all the fuel is burnt with a part of the
oxidizer, forming a high-energy gas to drive
* The turbines that drive the pumps
all the gas at the outlet of the turbine flows
into the combustion chamber where is mixed
\ with remaining oxidizer

¥ v

pre-
combustor
N Y

F §

turbine

* pressure in combustion chamber: up to 40 MPa
* Engines: Space Shuttle Main Engine — SSME,

oxidizer _ T
tUrbing RD-170 (Energija)

Chemical Propulsion Systems

Space for Education, Education for Space



3. Performance of Rocket Vehicle

 Static Performance

* Force-Free Motion
 Motion with Gravity

* Launch Flight Mechanics

Chemical Propulsion Systems

Space for Education, Education for Space



3. Performance of Rocket Vehicle

* Momentum equation — written for CV:
e simplifications:

— guasi-one dimensional flow

— steady-state flow

. control surface (CS)
ambient pressure p,

tank with propellant/ control volume (CV)
——————————————————————— exit pressure

| of nozzle p,

|
|
|
| . . /exit area of
| reaction '/ nozzle 4,
. net force
' F S _
s = = ' exhaust velocity u,

o o —— —— ——

s
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3. Performance of Rocket Vehicle

* Momentum equation — written for CV:

[ Forces on [ Rate [ Rate
gasin CV in |=| momentum |—| momentum
_direction X _IeavesCV | _entersCV |

ambient pressure p. control surface (CS)

tank with propellant/ control volume (CV)
————————— exit pressure

|
. ' of nozzle p,
| _ . /exit area of
| reaction // nozzle A,
. net force
' —> .
|4 dhrus = ;7_; ' exhaust velocity u,

(e

; * Chemical Propulsion Systems

\

Vs
Q\i—d . Space for Education, Education for Space



3. Performance of Rocket Vehicle

* Momentum equation — written for CV:

[ Forces on [ Rate [ Rate
gasin CV in |=| momentum |—| momentum » First T Ae(pa — pe)= mu,
_direction X _IeavesCV | _entersCV |

. control surface (CS)
ambient pressure p,

tank with propellant/ control volume (CV)
————————— exit pressure

|
. ' of nozzle p,
| _ . /exit area of
| reaction // nozzle A,
. net force
' —> .
|4 dhrus = ;7_; ' exhaust velocity u,

(e

; * Chemical Propulsion Systems

\

Vs
Q\i—d . Space for Education, Education for Space



3. Performance of Rocket Vehicle

* Momentum equation — written for CV:

Static Performance

 Forces on | Rate | Rate

gasin CV in | =| momentum |—| momentum |:> Firust T Ae(pa — pe)= mu,
 direction x | |leavesCV | |entersCV l

|:thrust = Mu, + Ae(pe o pa):
ambient pressure p, control surface (CS) —mlu + Ae pe o pa

tank with propellant / control volume (CV) B e m

it A . exit pressure

| ' of nozzle p,

| _ . /exit area of

| reaction '/ nozzle 4,

. net force

| —

|

B

dzesa ::STU

exhaust velocity u,

Chemical Propulsion Systems
Space for Education, Education for Space




3. Performance of Rocket Vehicle

* Momentum equation — written for CV:

[ Forces on [ Rate [ Rate
gasin CV in | =| momentum |—| momentum |:> Firust + Ae(pa — pe)= mu,
_direction X _IeavesCV | _entersCV | [L

|:thrust = mue + Ae(pe o pa):

: control surface (CS) _
ambient pressure p, —mlu pe pa
tank with propellant 4/0()””0' volume (CV) B e ¥ Ae

m

N . exit pressure

| ' of nozzle p,

| . . /exit area of

| reaction '/ nozzle 4 .

| e —

| net force Fthrust = MU
| Epus 9_7% ;7_7; ' exhaust velocity u,

Thrust

B

\\\ ; $eee S T U Chemical Propulsion Systems
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3. Performance of Rocket Vehicle

* Momentum equation — written for CV:

e st

F1 7.77 (vacuum)
Vulcain 2 1.35
2 1.03

control surface (CS) NK33 1.51

ambient pressure p,

tank with propellant/ control volume (CV)
e i Ant it exit pressure t

I
| ' of nozzle p,
| " . /exit area of
| reaction '/ nozzle 4 :
| e -
| net force Fthrust = MU
| Fius %L ?/;é ' exhaust velocity u,

Thrust

(e

; * Chemical Propulsion Systems

\

&—- . Space for Education, Education for Space



3. Performance of Rocket Vehicle

* Momentum equation — written for CV:

control surface (CS)

ambient pressure p, Total impulse
tank with propellant / control volume (CV) | = F t
________________________ . exit pressure t = 7 thrust
| ' of nozzle p,
| . . /exit area of ’
| reaction '/ nozzle 4, -
i Ir;et force Fthrust = MU
:__fhr_”si _____ ?;%——"?;é ________ ' exhaust velocity u,

Thrust

(s
\\K\\“?_ : : : : S T U Chemical Propulsion Systems
\&’: oo o o Space for Education, Education for Space




3. Performance of Rocket Vehicle

* Momentum equation — written for CV:
Specific impulse

. =1,/mg =F,, /Mg =

hrust

= MU /Mg =Ug /0

N

control surface (CS)

ambient pressure p, Total impulse
tank with propellant / control volume (CV) | = F t
________________________ . exit pressure t = 7 thrust
| ' of nozzle p,
| ] . /exit area of ﬁ
| reaction '/ nozzle 4, -
i Ir;et force Fthrust = MU
:__fhr_”si _____ ?;%——"?;é ________ ' exhaust velocity u,

Thrust

s
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3. Performance of Rocket Vehicle

* Momentum equation — written for CV:

Specific impulse

cold gas 50 .
Monopropellant 230 - Is — It /mg — |:thrust /mg —
hydrazine o . .

= MU, /Mg =Uy /9
LOX/LH2 455

lon propulsion >3000 %

ambient pressure p, control surface (CS) Total impulse

tank with propellant/ control volume (CV) | t
- t — 7 thrust

|
' of nozzle p,
' /exit area of
|
|

________ exit pressure -

reaction

|

! nozzle 4 .

| e -

| net force Fthrust — muef
| Fius ;7_7% ?}é ' exhaust velocity u,

Thrust

(e

; * Chemical Propulsion Systems

\

&—- . Space for Education, Education for Space




3. Performance of Rocket Vehicle

Force-Free Motion
* Force-free motion m=) absence of external forces
ambient V G dv
pressure [P, RT only ambient T R R
i pressure
mass My | is considered |- mass mg

mass dm —
exit pressure 5
of nozzle Pe

[tmet] ' . ™
Momentum: (Mg +dm)V, @) my (Vi +dVg )+ dm(V; +0, )

Change of momentumin dt ~ my dv, +dmu,

mass dm

\l\k
\\“ esa Teoe S T U Chemical Propulsion Systems
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3. Performance of Rocket Vehicle

Force-Free Motion
* Force-free motion m=) absence of external forces
ambient V G dv
pressure [P, RT only ambient T R R
I pressure
mass Mg | is considered |- mass mg

mass dm —
exit pressure 5
of nozzle Pe

[amee] 1 i

Pressure force: (P — P )AT: =) (p, - p,)Ad,
(Pe = Pa)A TR

Chemical Propulsion Systems

mass dm

Total impulse indt :

\\\\“:}- e o 00
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3. Performance of Rocket Vehicle

Force-Free Motion
* Force-free motion m=) absence of external forces
ambient V G dv
pressure [P, RT only ambient T R R
i pressure
mass My | is considered |- mass mg

exit pressure 5
of nozzle Pe

Comet] 1 i

Momentum equation: m,, dv,, +dmi, =(p, — p, )Ai,dt

Momentum equation in Ip: Mg dv, =dmu, +(pe - P, )A\edt

mass dm

Y
\\\\\\\;esa : : : : S T U Chemical Propulsion Systems
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3. Performance of Rocket Vehicle
. Force-Free Motion

* Force-free motion ==) absence of external forces

ambient Vi, T
pressure [P,

mass Mg
|

thrust

mass dm — =
exit pressure\jzg/ Feo
of nozzle Pe

dm = mdt s
: Mg dvp =dmu, +(pe — Pa )A\edt

Momentum equation in Iy

Chemical Propulsion Systems
Space for Education, Education for Space

dcesa :iSTU



3. Performance of Rocket Vehicle
. Force-Free Motion

* Force-free motion ==) absence of external forces

ambient Vi, T
pressure [P,

mass Mg
|

thrust

mass dm — =
exit pressure\jzg/ Feo
of nozzle Pe

dm = mdt %
: Mg dv, =dmu, +(pe — Pa )A\edt

Momentum equation in Iy

Chemical Propulsion Systems
Space for Education, Education for Space

dcesa :iSTU



3. Performance of Rocket Vehicle

e Force-Free Motion
* Force-free motion ==) absence of external forces
ambient VRT
pressure P dvp =
a‘—-\a% Mg F — ! thrust
mass Mg | t
mass dm—-\_,_ thrust m, dv; = mudt

exit pressure\lzg/ Ifthrust
of nozzle Pe m t
[omee] fo, Moo AN
dm = mdt % ﬁ

Momentum equation in Ip: Mg dv, =dmu, +(pe - P, )A\edt

(N
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3. Performance of Rocket Vehicle

e Force-Free Motion
* Force-free motion ==) absence of external forces
ambient Vi, T
pressure P dV V —F
a___\jg Mg d Firust - Mg t thrust
mass Mg |
mass dm—-\_,_ thrust m, dv; =mudt

exit pressure\lzg/ Ifthrust
of nozzle Pe ﬁ
T L
dm = mdt % ﬁ

Momentum equation in Ip: Mg dv, =dmu, +(pe - P, )A\edt

\l\k
\\“ esa Teoe S T U Chemical Propulsion Systems
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3. Performance of Rocket Vehicle
. Force-Free Motion

* Force-free motion ==) absence of external forces

ambient Vi, T
pressure [P,

mass Mg
_ |
thrust m, dv; = mu,dt

mass dm — b
exit pressure\lzg/ |fthrust
of nozzle Pe —m t
_ l B dmg .
-l dt "

Chemical Propulsion Systems
Space for Education, Education for Space
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3. Performance of Rocket Vehicle

e —— Force-Free Motion

* Force-free motion ==) absence of external forces
ambient

dm
pressure P, i —_ Ry f
A R = “ef mR e
mass Mgy
—
wiis] N
mass dm — = thrust 12000 - - -
exit pressure\lzg/pmrust 10000 | u,, = 4500 nvs
of nozzle Pe 5000
_— 4000
2000 | _
..:'E;E uef :lOOO IT]/S Mg
0L

2 4 6 8 10 12 14
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3. Performance of Rocket Vehicle

e —— Motion with Gravity

* Motion with gravity ==) vertical motion in

P Vg gravity field
JoR
tl meg
| |:thrust
dvg  dmg
m R dt - dt ef —MgY
dvp,  dmg Q.+ m.G
R dt dt ef R

(e

\!
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3. Performance of Rocket Vehicle

e —— Motion with Gravity

* Motion with gravity ==) vertical motion in
P Vg gravity field

dm,

mR

4 Me dvg = -
P meg
| |:thrust t
d
: m

Uer — gdt

B
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3. Performance of Rocket Vehicle

e —— Motion with Gravity

* Motion with gravity ==) vertical motion in
P Vg gravity field

dm, .

_ m
1 qu dvg =— . o+ — gdt - AV, =uean( mRRO]_gt
?f Mz g
| |:thrust ﬁ
d
. m

B
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3. Performance of Rocket Vehicle
Launch Flight Mechanics

* Forces act on rocket The flight of rocket has 2

main phases:

1. powered phase
2. unpowered phase

trajectory
of CM

"4

Powered phase:
* trajectory of vehicle from launch pad to
burnout point

horizont

Pe * during the phase, guidance system
U e/ control the trajectory — vehicle at
" burnout point should have prescribed
Simplif X position and velocity

* all forces act on the same plane
* Earth is inertial frame of reference

\\\\ \(N
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3. Performance of Rocket Vehicle
Launch Flight Mechanics

* Forces act on rocket

o |:> angle of attack

trajectory

of CM
/4 i
% ight path angle — angle between
' "\ local horizont and velocity vector
local
horizont

Simplif.: X
* all forces act on the same plane
* Earth is inertial frame of reference

B
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3. Performance of Rocket Vehicle
Launch Flight Mechanics

* Forces act on rocket

Three forces act on rocket at each

o instant:
1. gravitational force — applied at
p trajectory the CM ng'
4 — of CM

v

it is function of vertical location
of rocket

mass of rocket is function of
propellant mass flow

Simplif.: e X equation of propellant mass flow

* all forces act on the same plane
* Earth is inertial frame of reference

N
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3. Performance of Rocket Vehicle
Launch Flight Mechanics

* Forces act on rocket

Three forces act on rocket at each
instant:
1. gravitational force — applied at

trajectory the CM m,§
of CM _ ,
2. aerodynamic force — applied at

aerodynamic center and can
be decomposed into:

horizont - drag force FD
- lift force F|

.

8 they are function of vertical
Simplif. X location and attitude of rocket

* all forces act on the same plane
* Earth is inertial frame of reference

B
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3. Performance of Rocket Vehicle
Launch Flight Mechanics

* Forces act on rocket

Three forces act on rocket at each

. instant:
Fo | 1. gravitational force — applied at
D trajectory the CM m, g
4 — of CM _ .
2. aerodynamic force — applied at
aerodynamic center and can
meq be decomposed into:
|E - drag force F
fhrust - lift force F,
Pe 3. thrust force F, .,
Simplif.: X magnitude and direction can be
* all forces act on the same plane controlled

* Earth is inertial frame of reference
s
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3. Performance of Rocket Vehicle
Launch Flight Mechanics

* Forces act on rocket

Three forces act on rocket at each
instant:

1. gravitational force — applied at

trajectory the CM m,§
of CM

2. aerodynamic force — applied at
aerodynamic center and can
be decomposed into:

- drag force FD
- lift force F

3. thrust force F

thrust

|

Ft

Ue /] v d

Simplif:: L,x Q Motion of vehicle in 2D:
« all forces act on the same plane * translation motion of Center of Mass
e Earth is inertial frame of reference * relative rotation motion around the CM

B
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3. Performance of Rocket Vehicle
Launch Flight Mechanics

* Forces act on rocket

Three forces act on rocket at each

o instant:
1. gravitational force — applied at
trajectory the CM m,§
of CM . :
¥ 2. aerodynamic force — applied at

aerodynamic center and can
/ be decomposed into:

F ' 8_» horizont - drag force F

t - lift force F

3. thrust force F

thrust

|

dynamic equations:
relative rotation motion
around the CM
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3. Performance of Rocket Vehicle
Launch Flight Mechanics

* Forces act on rocket

Three forces act on rocket at each

o instant:
1. gravitational force — applied at
trajectory the CM m,§
of CM . :
¥ 2. aerodynamic force — applied at

aerodynamic center and can
be decomposed into:

F 4 horizont - drag force FD
t - lift force F

3. thrust force F

thrust

|

= dynamic equations:
dt — ' thrust translation motion
of the CM

&{‘ esa : Chemical Propulsion Systems
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3. Performance of Rocket Vehicle
Launch Flight Mechanics

* Forces act on rocket

trajectory
of CM tangent and normal decomposition

Mg %/~ “ —R _F,_ cosle—a)-m.gsiny —F,
|:thrust
Pe . a7 F.. Sin(e —a)+mygcosy —F,
Ue - .-
yi X v, = @ dynamic equations:

F = Fthrust + ng + FD + |:|_ translation motion
of the CM

(N
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3. Performance of Rocket Vehicle

* Forces act on rocket

trajectory

f
7/0 CM ‘

|

Ft

N

:::STU

{cesa

Launch Flight Mechanics

Equations of rocket motion:

* dynamic equations

* kinematic equations

* equation of propellant mass flow

y

Numerical solution of system of ODE

kinematic equations:
vertical and horizontal
distance

Chemical Propulsion Systems
Space for Education, Education for Space




3. Performance of Rocket Vehicle
Launch Flight Mechanics

* Forces act on rocket

Gravity turn:
* gravity turn trajectory — change of
flight angle due to gravity
trajectory * only thrust and gravity is considered
of CM  angle of attack is zero
* thrust is in axis of rocket

F “ 8_, horizont dvg

t Mg T — |:thrust _ngSin7/

|

d
Vg d_jt/ = —Q COoSy
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3. Performance of Rocket Vehicle
Launch Flight Mechanics

* Forces act on rocket

Gravity turn:
. a * initial mass 90 t, propellant is
F 80% of mass with flow 250 kg/s
D trajectory effective velocity 4000 m/s
pa/—-———\ of CM * in altitude 1 km, flight angle is
changed to 89.85°
dvy :
mR Mg dt = |:thrust —Mmggsiny
|:thrust Vi d_}/ =—QgCOSy
P % dt
_ dx V- cos
Ue /] at R
vl dy
X — =V, SIny
dt °
Or_ ‘ - - | X [km]
0 50 100 150 200 250

B
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