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Notes04
Ideal Rocket Design Example
Text Reading: Sutton Ch. 3, 



1. Relationship between nozzle area ratio and pressure ratio.

Recalling the equation for thrust coefficient (37), we see that the first term is a function only of the nozzle pressure ratio and the second term is a function of the atmospheric pressure.  The first term, CFo, is a constant for a given area ratio nozzle since, for a supersonic nozzle, the nozzle pressure ratio is a function of the nozzle area ratio:

(37)
Note:  In designing a rocket, we are given Pc and Pa as main design parameters.  The desired goal is to design a nozzle such that the exit pressure, Pe, closely matches the ambient pressure Pa.  Obviously, this is not always possible.

To design a nozzle that achieve a given exit pressure, we need to determine the relationship between pressure ratio and area ratio in a nozzle.  Consider the following nozzle.

Nozzle Area Ratio  



Nozzle Pressure Ratio






To derive a relationship between area ratio and pressure ratio, we start with the continuity equation, and solve for the area ratio:

(1)
Recalling the isentropic relationships for T/To, /o, P/Po and a/ao vs. Mach #:

Substituting (using the isentropic relationships and substituting M=1 at the throat):

Results in the following:

(2)

Note:  The nozzle area ratio is not a function of propellant energetics (RTc), just the ratio of exit pressure to chamber pressure!

This is a key equation, since it allows us to design the nozzle area ratio given parameters that we generally know something about:  Pc and Pe.  The latter pressure, we would like to be as close as possible to Pa.

2. Relationship between nozzle area ratio and Mach #:

You can also start with the continuity equation to derive an expression for area vs. Mach number:

Substituting the isentropic relationships for M=1 at the throat and M=Me at the exit yields:

3)

3. Using thrust coefficient, area ratio, and Mach # equations to design a rocket nozzle

Rocket scientist have been using the above equations for rocket design for a long time.  For example, Fig. 3.6 in Sutton is a plot of the CFo vs. pressure ratio for various :
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And figure 3.4 and 3.5 in Sutton is a plot of Area ratio vs. pressure ratio for various .
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FIGURE 3-6. Thrust coeflicient C§ s a function of pressure ratio, nozzle area ratio, and specific heat ratio for.
opiimum expansion conditions (73 = py).
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Note:  As a first guess, you should use  = 1.2 for rocket exhaust gases.  The NASA CEC code will calculate a  for you.

Example 4.1: How to use the above graphs and/or equations.

Known:  A rocket nozzle needs to be designed optimally for the following conditions.

Find:  The nozzle area ratio and the rocket thrust as a function of nozzle exit area.

Given:  Pc = 70 Atm.  Pe = 1 atm.   = 1.2.

Example 4.2 Basic Example for the Design of a Rocket

We now have the basic theory that we need to start the conceptual design of a rocket engine.  A similar procedure can be used in your semester design project.

Known:  A rocket needs to be designed for horizontal flight at 10,000 meters.  The rocket must generate 100,000 N of thrust for 5 seconds.

Find: Nozzle area ratio, mass flow rate, mass of propellant, thrust coefficient, Isp, Total Impulse, throat diameter, nozzle exit diameter, Chamber temperature and Sea Level Thrust.

Given:  Cstar = 1500 m/s,  = 1.2, MW = 25 kg/kmol, Pc = 1000 psia, tb = 5 sec.  

(Note: these are typical values that a rocket designer will start with, if a propellant combination has not been decided on yet, or if the exact performance of a propellant combination is not yet known.)

Design Example (Continued)

4. Designing an Optimum Nozzle for Varying Ambient and/or Chamber Pressure

In the previous example, the rocket traveled horizontally at 10,000 meters and the chamber pressure was constant at 1000 psia.  Therefore, it was possible to design a rocket nozzle so that the exit pressure was identically equal to the ambient pressure.

We then found that if that same rocket were fired at sea level, the thrust would decrease from 100,000 N to 80,000 N.

How would you design an optimum nozzle if the chamber pressure and/or the ambient pressure varied as follows?

You can use the following equation:

The following table contains atmospherica pressure, temperture, density, acceleration due to gravity, viscosity, thermal conductivity and speed of sound as a function of altitude. 
[image: image3.png]Table C.5 Properties of the US. Standard Atmospherc®

Zm K pNm o pkgm gmst e l0kpme ko 0kalmeK ams
SI000 2465 LIS 130070 9897 La6 61138 st
S0 NS0 Lo 1286 oss2 L8050 sl 3
0 IS 1013 1250 96 L1794 6050 302
S0 2490 951+ L6 9%t 17T 9919 337
1000 2165 8986 LU s 1159 39%8 33644
50 7840 sesso ] iose os 170 s8690 33449
200 2SS 790l 1o0es  osws 1760 swn s
B DS Ty oSS o 19 sust 306
00 266 02i)  oomas  orns  neom sem s
0 Sl 6T g6M0  oms  1e7IS sei0 ey
A0 26217 61660 81935 oma  1se ssigs pasy
0289 SIS o7 o ress 4950 s
S0 25568 SN T3 ami 16w sa 32085
00 2019 478 Gal omm 1594 S8 3i6as
00 2270 41005 so2  oms  1ser s a3
B0 62 38 s omw  usm so0 s
000 2973 3001 4606 9T Lasas aoms oass
000 2335 26500 4B om® LS ame 208
000 2677 22700 3em0 o 1ax as 81
1000 266s 139 Sass  9n9r e a7 507
DO 2665 16880 26660 91687 1426 pree 507
14000 J66s 140 226 9%k 142i6 6617 507
1500 2ies 1212 1345 o360 1426 a6 2507
16000 2ie6s 103 Lse7 o355 1426 a1 2507
1000 266s §849743 1230 975 1426 a7 9800
18000 2665 756 1dies 973 1426 a7 3507
19000 2l6€s G475 100 o 1426 a7 507
W00 di6ss 593 Ew0-2 9 146 6617 2507
2000 217 479 TSS9 Lae ass 2870
2o 2857 405 easio o1l e a0 29638
Zo00 20957 a6 ssw6 o7l 14w am 9708
24000 2056 297 % 970 140 sy w2
2500 2155 254929 4008 970 ladsd a0
200 mse 2zl e ome vk a0 2906
2000 254 1sw0 298 om® L4 awe  2em
000 2453 16162 25076 oTmE  Ldsis asiy 0w
2000 265 1300 214 oM L9 pree 0105
000 2eS LI im0 omaT 147 preey 30171
W0 250 103 SR eI a6 48790 30037
200 29 w062 1355 96 L4 asoms 30303
B0 0o e s owss  1em 49481 0467
3400 2 66MI  9EEH-3 9T LS s0001 0649
3500 2651 Sk ke oews  Lsw S0 30830
600 MW gk 1259 oses  1sn sms 31010
000 24208 433 6% o L sien 3
WO 24 AT s Se Lo 5213 367
W0 24158 AW e o Lss 52577 350
00 25038 26ME 39957 o8 L&D 5395 3119
2199 2eess eews 163 se 3067

4000 10 10 225 9em LS ssos a2
46000 26693 1334 174l sees  Lessl ss601 sz
48000 206s 1020 136 sew2 L0 s 3980




[image: image4.png]FIGURE 3-4. Arca and valociy ratos as functon of pressure raco for the diverging
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