ASE 376K HW#3-1 Philip Varghese

Need: (a) m (b) pe, J4 for arocket nozzle \/—
Given: I =3.82 MN, M__ = 15 kg/kmol, Pe

prop - p01 T01 E Eu
7= 1.18, lgvac = 480 s, Hp-O; propellant M<<1 f —
Ideal nozzle, p, = 19.8 MPa, T, = 3400 K, _/\_
AJA=T2 M=1 :
e
Pa
Solution:
~ O , : Assumptions:
o = ‘.Svac e R . go=9.81 e [m= 811 kg (2) ldeal gas behavior, with
' g, | gvacTo constant ¢
O (3) Adiabatic nozzle
m=p,Au,; U, :N\_l‘/prroth (4) Ideal nozzle (given) so
R B flow is isentropic
) _
Rorop = AR _ 8314 llamol K _ 554 J/kg-K (5) ps. =101 kPa
M o 15kg / kmol
T(S) T, 2 T.=3119K JyR T =1.43 kv
= 0 = = - U = =1. S
t 1 7/_1M2\ 7+1 o t v prop 't
PN
®) P 4)
y-1 s
D :[ij p, =113 MPa; p =P =651kgm® Finally,|A =2 = 8.73x102 7,
7+1 Rproth ptut

In practical rocket nozzles we know that exit flow is supersonic and M; = 1. Hence A; = A* and
AJA =72 = AJA* = 72. But in an isentropic flow area ratio is a unique function of Mach
number so we can compute exit Mach number from specified area ratio (by iteration using Eq. 3-
15 in text or by using the isentropic flow spreadsheet posted on ERes). This gives Me= 4.51.
®) T
T.=T, =T, =T, =ﬁz1zoo K; U, =M /7R o T, =4.00 ks
1+T Mg

Y

)
From the isentropic relations: p, = p, [%T =121.5 kPa

[o]

® ®)
Ae=T2 A=6.28nT= Iy =mu,+(p,— P,q )A =B.32 MN Ig < 3, because nozzle is
overexpanded at sea-level (Pe < Pas.)



ASE 376K HW#3-2 Philip Varghese

Need: (a) m(b) A: (c) Acfor a rocket nozzle \/-
Given: M__ = 21.9 kg/kmol, y= 1.23, Pe

prop Tor | |
Po = 2.15 MPa, T, = 2860 K, pa= 100 kPa, f,‘,’;;} 5 Ue
3 = 1500 N, 7, = 0.96 _/\_
M=1 E
e
Pa
Solution:
O Assumptions:
S =mu, +M0(2)A\e (1) Steady, quasi-1D flow
) U2 2 (2) pe= paatdesign point
T,=T, =T+ > e =T, +2—&G = Uy =+/2€, (T, - T) (3) Adiabatic nozzle
Cp Cp (4) Ideal gas behavior, with
constant ¢,
rt ~
@) @) _
T05 :To & ’ =1614 K; Cp :—j/ Rprop; Rprop = ,\R = 8314 J /kmol —K = 380 J/kg-K,
5 y-1 M o 21.9 kg / kmol
= Cp = 2030 J/kg-K TA 0o
U, = U7, =20, (T, ~T..) =2.20 ks Pee
- 1500N T Toe=Toi oi/ oe Pt
\5 (o]
M=—=————=0.681 kg/s= _r'n:0.68 kg/s
u, 2.20x10°m/s gs=> =068 kg/3
T
&
M= p AU, = p.Al, 2 / 2
Ues/2Cp Ue/2Cp
4 p. @ p u;
po=—e—=—Ta_. T =T _——°=1664K (Note: Te> Tey)
RpropTe RpropTe 2c:p /e
@)
p, = p,= 100 kPa = p. = 0.160 kg/m’, Te :

and [Ae = 1.93x10° n? = 19.3 cn] ] B
Tofind A=——; u="M_/RT,: ’
P,

T, 2 |

T = ] = +1T0= 2565 K; u = 1.09 kimv/s

1 e 7
2 M\l
@ p, Assumptions (cont’d):

P, = ; need pr. Assume (5) as a reasonable approximation. (5) Constant polytropic
efficiency from inlet to

exit

prop 't

/4
®) Moo (D) “
Pz (T_t] = (—t] . Can find 7, (or equivalently x) from inlet and exit conditions
Po

[o]
because:



u
P In(po/ pe) ;
2= 0| = y=—2__"2=5648 (Correspondingl =0.947).
o, ( j U in(T,/T,) ( p gly 77pe )

Y7
Tt — . @ P _ 3.
Then p,=p, 77 1.16 MPa; p, = = =1.19 kg/n7’;

o prop 't

Finally, |A =% = 5.21x107 n = 5.21 cn?
Al




ASE 376K HW#3-3 Philip Varghese

Need: (a) m(b) 3. (c) Mc
Given: H,-O; propellant, M =1158 kg/kmol,

prop
y=1.20, pot = 8.26 MPa, T; = 3305 K,
Ac=750.4 cnT, pe= 18.1 kPa, AJA; = 39.8,
AJA; = 3.24; Flow € — t is isentropic

Solution:

D Assumptions:

M=p AU = PAU, (1) Steady, quasi-1D flow
u, :N\l,/ yRT, ; (2) Supersonic flow in

) nozzle
®_R — 8314 J/kmol —K = 718 Jkg-K = u = 1.69 knvs  (3) Ideal gas behavior, with

rop — M orop 11.58 kg / kmol constant G,
(4) Adiabatic nozzle

r
-1 (3)
o :{Ljy P =466 MPa; p, = ptT — 1.96 kg/n? ; = p, AU, =M= 249 kg/

7/+1 prop 't

()
Svac = mue +( P — pa) A{e = mue + pepb (pa =01n Vacuum)

Know m, pe, Ac = 39.8 A;; need Ue.

] P, u: @ @y
m= p,AU, = = Au,;need Te; But T =T, + Yo Tys €, = ~ 7 R ™ 4308 J/kg-K

prop ' e p V-
2 u’
T, == T =3636K (or T, =T, + 2 = 3636 K)
y+1 2c

ot
p

We have 2 equations, mass and energy (i.e. Ty), in 2 unknowns Ue, Te. Can solve in principle.

Explicitly, from mass conservation we have T, = P — AU, . Substituting in equation for Tyt we
prop
get a quadratic equation in Ue:
2
u 2
—+ —‘peA* u,-T,=0;u+bu,+c=0;b= = —pef% ;e=-2¢.T,;
2c, MR, y—1 m

Substituting numerical values b=2.61x10° m/s, ¢=-3.13x10" n?/s’ and picking positive root

~b++/b* -4c

of the quadratic equation u, = — - 4.44 ks

Finally 3, =u,+ p,A, = 1.15x10°Nor |3, = 1.15 MN
(Even in a vacuum the pressure term only contributes ~5% because of the large expansion ratio
in the diverging section ~40, and hence relatively low pressure in the exit plane.)

We can use relation between area and Mach number because the flow ¢ — t is specified as
isentropic. Using the spreadsheet for isentropic flow from ERes with y=1.20, and choosing the
subsonic solution, AJ/A;=3.24 = M.~ 0.19




