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ABSTRACT

In this study, a thrust modulation through oxidizer mass flow rate control and internal ballistic
analysis based on Whitmore and Chandlers” models was conducted on a blow-down hybrid
rocket using nitrous oxide. The tank pressure prediction considering mass flow rate control of the
self-pressuring oxidizer was conducted, and the results showed good agreements with
experimental results. In order to verify the internal ballistic analysis, a ground combustion test
using a 500 N class hybrid rocket was conducted, and it was confirmed that the experimental
results and the analytical results were quite consistent in the chamber pressure and thrust,
thereby, a modeling technique capable of predicting the thrust modulation performance is
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Nomenclature r : Space-time averaged regression rate
(mm/sec)
a : Regression rate coefficient R : Universal gas constant
A, : Orifice cross-sectional area (m?) ot ¢ Tank outlet temperature, K
A,,, : Tank-outlet area (m?) v : Ratio of specific heats
A, : Nozzle throat area (m?) n,: : Characteristic velocity efficiency
BA  : Ball valve angle (deg) K : Non-homogeneous non-equilibrium
c : Characteristic velocity (m/sec) model- weighting parameter
lef : Discharge coefficient oL : Liquid propellant density (kg/m?)
G, .., ° Averaged oxidizer mass flux Py : Propellant vapor density (kg/m’)
(kg/m?” - sec) o+ Tank outlet total fluid density (kg/m’)
hi. ¢ Initial tank fluid specific enthalpy 7 : Residence time (sec)
(kJ/kg) T, : Bubble growth time (sec)
h,,, : Tank outlet fluid specific enthalpy
(k/keg)
M : Mach number .MM B
My, : Mass-flow rate calculated using homogeneous
equilibrium model formula (kg/sec) A ATAGAEY WstE 2PN LAkl
m;ve : Mass-flow rate calculated using e st F3del wet welMs AR
incompressible  discharge  coefficient 7PF AR stelnes 2% o8t &¥
formula (kg/se) A AT WA Az AFAYE AEs
my,., : Liquid mass-flow rate of propellant 57__2}E]-[1]. stelRes 2o des Il o
leaving the tank outlet (kg/sec) WAl AgHT BARA AR Dt &
. =70 W) oS Aeie], WA R FAA
Mygve . Mass-flow rate calculated using aco Baz HIEA Dob WA SiH =
nonhomogeneous nonequilibrium model o] mohmel | go] 7taH= Aol 9Tt ol
formula. (kg/sec) & Azl A} @ B wg a9
m, : Propellant mass flow rate(kg/sec) ol sfolnas ZA A = FHE kA
m,,.. : Vapor mass-flow rate of propellant o] &FA oo g FH&HA o]y} 75t Hol
leaving the tank outlet (kg/sec) . FEANE d5e ASAIE BF F->s) ok
n : Regression rate index st AAZAY D, stolBIYs EHL 43}
OF : Oxidizer to fuel ratio A FE WMoz FHA oy} foldlr]e
P, : Combustion chamber pressure (bar) FHA 9 7|ed drr} Ao r Yol F
P, : Tank outlet or combustion chamber gAol Azl F53 7 g £8FE H
pressure (bar) &5 AT F de AHel Aok wEHA ol
P, : Fluid vapor pressure (bar) BEE 2L TARILE AHer dUE
P, : Initial tank fluid pressure (bar) v ARHIA gEo] AFAGDAA A A
P, : Injector or orifice upstream pressure (bar) AFRd AR™E e FAVVOR AUiHN
P, : Injector or orifice downstream pressure SATH1].
3HH, obitsbE A (olsk N,O)= ZF-2(300 K)ell

(bar)
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Fig. 1 Flow chart of internal ballistics analysis
code using N,O blow-down system with

thrust modulation.
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Fig. 2 Mechanism of self-pressurizing N2O.
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Fig. 3 NIST data of NoO.
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Fig. 6 Experimental system schematic of cold flow
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Table 1. Cold flow test condition.

Liquid | Initial | Flow Valve
N>O | mass time angle
temp. |of N,O| (total) |sequence

Identifier
(=

Cold
Vw0 | k) | e | (deg)
Cc#1 288 283 20 90-90
5-5-5 | 90-74.25
C#2 285 1.85 15) g
5-5-5 |58.5-74.25
C#3 286 1.98 15) %0
5-5-5-5 | 90-81
C#4 288 242 20) 63
5-5-5-5 | 63-72
C#5 286 2.20 20) 81,90
C#6 287 1.80 10-10 58.5-90

(20)
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Fig. 9 Tank pressure comparisons of experimental results with theoretical analysis for cold flow tests.
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Table 2. Specification of fuel grain.

Fuel HDPE
Fuel density (kg/m’) 950
Port number 5
Port diameter (mm) 10
Fuel outer diameter (mm) 104.5
Fuel length (mm) 146
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Fig. 10 Characteristic velooity of NeO/HDPE vs. O/F ratio.
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Table 3. Hotfiring test condition.

... | Liquid | Initial Flow Valve
Identifier .
N,O | mass time angle
(H=
HOT) temp. | of NoO | (total) |sequence
(K) | (kg) (sec) (deg)
5-5-5-5 63-72
H#1 286 2.205 (20) 81-90
5-5-5-5 90-81
H#2 285 2.24 20) 7963
5-5-10 58.5
H#3 285 2.204 20) 749590
10-10
H#4 285 2.07 20) 90-58.5
H#5 286 2.03 20 90-90
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