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[bookmark: _Toc218260013]1.0	Introduction
	This technical summary report has been produced to highlight the authors contribution to, and reflections on, the group presentation shown in Appendix A.
This presentation looked to compare the performance, manufacturability, safety and stability of both of Ammonium Perchlorate (AP), Hydroxyl Terminated Polybutadiene (HTPB) and Hexanitrohexaazaisowurtzitane (CL-20), Glycidyl Azide Polymer (GAP) propellants within Solid Rocket Motor (SRM) systems.
AP / HTPB represents a typical composite rocket propellant consisting of an oxidiser (AP) and a fuel (HTPB). This formulation is used in many tactical weapons systems, e.g. ASRAAM, CAAM etc [1].
In contrast CL-20 / GAP propellants, where both elements contribute as a fuel and oxidiser, represent a high energy density propellant, similar to those currently being explored by SRM engineers.
This area of research is of critical importance to SRM engineers in the context of increasing geo-political uncertainty, where nation states are investing in increased sovereign hard power. CL-20 / GAP propellants promise to support this by enabling tactical weapons with increased payload, range and speed. One such example from the UK is Project Nightfall [2], which aims to develop a sovereign short range ballistic missile. Such systems, as will be demonstrated, could see significant benefits from the use of high energy propellants highlighting the potential impact of this research. 
[bookmark: _Toc218260014]2.0	Technical Contribution
	This section of the report will focus on the authors technical contribution to the presentation and explores the comparison of propellant performance.
[bookmark: _Toc218260015]2.1	Solid Rocket Motor Performance
The primary measure of SRM performance is thrust which can be calculated using the equation shown in Figure 1.
[image: A diagram of a combustion chamber
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[bookmark: _Toc218260028]Figure 1 - Rocket motor thrust equation. [3], [4], [5]
Thrust however, is an instantaneous measurement and must be integrated with respect to time, Figure 2, to provide the work done by the motor, also known as total impulse [6], [7]. 
[image: A graph with a line pointing to the end

AI-generated content may be incorrect.]
[bookmark: _Toc218260029]Figure 2 - Plot of Thrust against Time and the Total Impulse equation. [6], [7]
To enable comparison between propellants total impulse must be made agnostic of the motor size. This is achieved via Specific Impulse (Isp), Equation 1, which normalises for propellant mass [3], [4], [6].
[bookmark: _Toc218260039]Equation 1 - Specific Impulse Equation. [3], [4], [6]
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Isp can be calculated through a number of formula. For propellant comparison however, the factors related to motor design may be isolated as constants allowing purely the chemical factors to be considered as shown in Equation 2.
[bookmark: _Toc218260040]Equation 2 - The proportionality of Specific Impulse and chemical factors. [3], [4], [6]
[image: A black background with a black square
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This shows that Isp is proportional to propellant flame temperature and inversely proportional to the average molecular mass of combustion products. Both these may be estimated using basic thermochemical calculations enabling an empirical comparison of propellant performance. 
[bookmark: _Toc218260016]2.2	Formulation Data
To perform these thermochemical calculations fundamental properties of each material must be know. These are easily collected for the molecular oxidisers but must be calculated for a single unit cell of the polymeric binders using thermochemical codes due to variations in cross linking and polymer chain lengths [8]. The required data is shown in Table 1. 

[bookmark: _Toc218260035]Table 1 - Thermochemical data for propellant formulation components.
	Component:
	Image:
	Chemical Formula:
	Molecular Weight (g/mol):
	Heat of Formation (kJ/mol):
	References:

	AP
	[image: A close-up of a chemical structure

AI-generated content may be incorrect.]
	NH4ClO4
	117.489
	-295.77
	[9], [10]

	CL-20
	[image: A diagram of a chemical structure
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	C6H6N12O12
	438.185
	+454
	[11], [12], [13]

	HTPB (R-45M) + IPDI
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Fig. 2.13 Homopolymeric R45HT (hydroxyl terminated polybutadiene, HTPB). ]
	C214H323O5N2
	2999
	+342
	[14], [15],

	GAP + IDPI
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	C81H138O27N65
	2452
	+2311.06
	[4], [16], [17] 



In order to enable direct comparison this data was then combined to produce data on a 1kg propellant formulation with an 80% solid loading as show in Table 2.  This formulation data will be used in all further calculations.
[bookmark: _Toc218260036]Table 2 - Chemical and Thermochemical data for representative propellant formulations.
	Formulation:
	80% AP + 20% HTPB
	80% CL-20 + 20% GAP

	Mol. Oxidizer:
	6.809
	1.826

	Mol. Binder:
	0.067
	0.082

	Stochiometric Formula:
	C14H49N7O28Cl7
	C18H22N27O24

	Molecular Weight:
	≈ 1000 g/mol
	≈ 1000 g/mol

	Heat of Formation:
	-1991.14 kJ / kg
	+1017.37 kJ / kg



[bookmark: _Toc218260017]2.3	Oxygen Balance Comparison
	Oxygen Balance indicates if complete combustion may occur without the addition of environmental oxygen and is an indicator of the propellant’s combustion efficiency [18]. It can be calculated via Equation 3.
[bookmark: _Toc218260041]Equation 3 - Oxygen Balance equation for Cl containing energetics. [19]
[image: A black background with a black square
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Results for both formulations are shown in Equations 4 and 5 respectively.[bookmark: _Toc218260042]Equation 4 - Oxygen Balance calculation for AP / HTPB propellant.
[bookmark: _Toc218260043]Equation 5 - Oxygen Balance calculation for CL-20 / GAP propellant.




The oxidising nature of chlorine contributes to an improved oxygen balance for AP / HTPB suggesting a more efficient combustion. This however does not predict SRM performance. 
[bookmark: _Toc218260018]2.4	Estimating Combustion Products
	To calculate the Heat of Combustion (HoC) the combustion products must be identified. In practice this system is in equilibrium requiring iterative calculation but empirical rules such as the Kistiakowsky–Wilson (KW), Modified Kistiakowsky–Wilson (MKW) and Springall Roberts (SR) Rules may be used for low accuracy estimations [3], [18], [20].
In this work the MKW rules were used as they effectively handle low oxygen balance formulations. These rules are shown in Figure 3 bellow and have been modified such that all Cl becomes HCl in line with empirical results. The combustion products for each formulation are subsequently presented in Table 3.
[image: ]
[bookmark: _Toc218260030]Figure 3 - Modified Kistiakowsky-Wilson Rules. [18] 
[bookmark: _Toc218260037]Table 3 - Estimated combustion products.
	Formulation:
	AP / HTPB
	Cl-20 / GAP

	Stochiometric Formula:
	C14H49N7O28Cl7
	C18H22N27O24

	Mol HCl :
	7
	0

	Mol H2O :
	21
	11

	Mol CO2 :
	0
	0

	Mol CO :
	7
	13

	Mol C :
	7
	5

	Mol N2 :
	3.5
	13.5



Beyond use in calculating HoC, these estimation also allow the average molecular mass of combustion products to be identified as required for Isp calculations. This is presented in Table 4.
[bookmark: _Toc218260038]Table 4 - Average Molecular Mass of Combustion Products.
	Formulation:
	AP / HTPB
	Cl-20 / GAP

	Avg MM of Comb. Products:
	22.23
	23.53



These results suggest AP / HTPB should perform better due to the inverse relationship between Isp and product mass. This, however, does not consider flame temperature.
[bookmark: _Toc218260019]2.5	Calculating Heat of Combustion
The HoC for each formulation may be calculated using a Hess’s Cycle as shown in Figure 4, [3], [18], [20]. The calculations for each formulation are subsequently shown in Equations 6 and 7 respectively.
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[bookmark: _Toc218260031]Figure 4 - Use of Hess's Cycle to determine the heat of combustion.

[bookmark: _Toc218260044]Equation 6 - Heat of Combustion calculation for AP / HTPB
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[bookmark: _Toc218260045]Equation 7 - Heat of Combustion calculation for CL-20 / GAP
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[bookmark: _Toc218260020]2.6	Estimating Combustion Temperatures
Combustion Temperature can be estimated from the Heat of Combustion and Combustion Products using Equation 8, [3], [18], [20].
[bookmark: _Toc218260046]Equation 8 - Combustion Temperature equation. [18]
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This equation assumes volume in constant and all liberated energy is used to heat the gas. As molar heat capacities vary nonlinearly with temperature Tc cannot be directly calculated. Instead, an iterative or extrapolative method is used. 
This work used an extrapolative method with the results shown in Figure 5.
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[bookmark: _Toc218260032]Figure 5 - Combustion Temperate extrapolation for each propellant formulation.
[bookmark: _Toc218260021]2.7	Specific Impulse Comparison
	With the Tc and combustion product mass calculated the proportional specific impulse of each formulation can be calculated as shown in Equation 9.
[bookmark: _Toc218260047]Equation 9 - Proportional Specific Impulse calculations.
[image: A black background with a black square
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This shows that CL-20 / GAP SRM’s provides a 10% increase in specific impulse assuming equivalent motor efficiency. This demonstrates a significant increase in energy density, and hence payload, range and velocity improvements as required for generation after next weapon systems. 
[bookmark: _Toc218260022]2.8	Burn Rate Characteristics
	When comparing SRM performance it is also important to consider how the impulse is delivered and the shape of the thrust time curve. This is heavily influenced by both mechanical factors such as grain geometry and chemical factors such as burn rate.
Propellent combustion is a surface effect where the burning surface gradually regresses. The speed of this regression is known as the Linear Burn Rate and is dictated by Vieille’s Law, Equation 10, [3], [4], [18].
[bookmark: _Toc218260048]Equation 10 - Vieille's Burning Rate Law [3].
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The burn rate coefficients 𝛽 𝑎𝑛𝑑 𝛼 are unique to each propellant formulation and must be determined experimentally by varying the pressure on the burning surface and measuring regression. Experimental data for the studied formulations are shown in Figure 6.
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[bookmark: _Toc218260033]Figure 6 - Burning Rate and Flame Temperature with respect to Pressure [21].
This data clearly shows CL-20 / GAP formulations have higher burning rates and pressure exponents which increases the mass flow rate and hence thrust. It also means the propellant is used up at a faster rate creating steeper shorter thrust time curves as shown in Figure 7.
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[bookmark: _Toc218260034]Figure 7 - Qualitative comparison of thrust time curves.
[bookmark: _Toc218260023]2.9	Performance Conclusions
The thermochemical calculations conducted in this report show CL-20 / GAP provides a greater specific impulse but that this is delivered over a short period of time. This makes the formulation preferable for high acceleration systems such as ballistic and hypersonic missiles.
In contrast AP / HTPB motors typically have greater endurance and are less sensitive to pressure improving thrust stability and making them preferential in low-cost conventional munitions.
[bookmark: _Toc218260024]3.0	Technical Reflections for Future Work
	Despite the depth and breadth of the work presented this only explores a fraction of the potential comparisons between the propellant formulations. This presentation briefly discusses the use of thermochemical codes for calculating performance [20], [22], [23], [24], but this is a whole topic in itself which could be better explored. Furthermore, this work utilises simplistic, unrealistic formulations, excluding metallic fuels, plasticisers and processing aids. Future work should look to explore these to draw more comprehensive and accurate conclusions. Finally, the conclusions drawn regarding the thrust profile and applications of each propellant are rudimentary and generalised. If more work was to be conducted it should explore the use of burn rate modifiers, propellant grain geometry and motor hardware design to alter the thrust profiles of each propellent type and enable more flexibility in final application [25]. With the time constraints provided however, this work still provides essential insight and understanding on the future of solid rocket propellants.
[bookmark: _Toc218260025]4.0	Conclusion
	This technical summary clearly highlights the importance of the authors contribution to the group presentation shown in Appendix A. The importance of both propellants within SRM design is highlighted before a comprehensive thermochemical analysis is conducted for each propellant. This shows a clear increase of 10% in specific impulse for CL-20 / GAP which highlighting the differences in the thrust time profile. This analysis allows for conclusions to be drawn on the application of each propellant; Ballistic and hypersonic missiles for Cl-20 / GAP, conventional and low cost for AP / HTPB. Finally, technical limitations are discussed alongside areas for exploration in future work which, if conducted would provide a more rounded analysis and further advance the audiences understanding.
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AH ¢ ombustion = —(1017.37) + (—4097.02) = —5114.39kJ / kg
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T. = Combustion Temperature

T. — AHcombustion LT T; = Initial Temperature
¢ Z Cy ' Cy = Molar Heat Capacity
at Constant Volume
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r = Rate inmm s~ 1

p = Pressure on
Burning Suface (Pa)

p = Burn Rate
Co — efficient

a = Pressure Exponent
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Burning rate (mm/s)

Fig. 11. Variations in combustion temperature and burning rate with pressure for
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Presentation Outline:

Introduction to Solid Rocket Motors (LS)

* Performance Calculation and Comparison (LS)

« Synthesisability and Manufacturing
Considerations (QD)

« Sensitivity and Safety Management (AL)

« Stability and Storage Life Analysis (TA)
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&
Produced By: %gk
Leo Smith N

Solid Rocket Motors:

+ Rocket Motors are a type of Reaction Engine that exploit Newtons 31
Law of Motion to produces thrust.

Motor case Thermal insulation

Igniter Propellant
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Composite Rocket Propellant:

« Fueland Oxidiser suspended ina Binder ~ Propellant Meso-Structure

« Most common formulation:
Aluminium Powder
8 Ammonium Perchlorate (AP)

Hydroxyl Terminated Polybutadiene
(HTPB) + Di-Isocyanate

« Proven Performance (*)
« Relatively Low Cost (1) Oxidiser
+ Smokey High IR Plume

Stide Produced By: Leo Smith Ref: [5]

Slide 05 0f 88
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Composite Propellants:

« To increase Operational Range & Maximum Thrust
within the same package engineers need to
increase Energy Density.

« This can be achieved using Higher Energy Fuels,
Oxidisers and Binders.

« Promising Formulation:

[T al Hexanitrohexaazaisowurtzitane (CL-20)

-T2l Glycidyl Azide Polymer (GAP) +
Di-Isocyanate

Slide Produced By: Leo Smith

71

Slide 06 of 88
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Objectives of this Research Project:

+ To compare AP HTPB and CL-20 GAP Solid Rocket Propellants.

« Focus placed on four key areas:
= Performance
= Synthesis and Manufacture
= Sensitivity and Safety
= Stability and Storage

« Draw conclusions on the benefits and compromises for each system and
suggest example applications for each propellant type.

Comparing
Propellant
Performance

Produced By:
Leo Smith
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Measuring Rocket Motor Performance:

* The primary measure of Rocket Motor Performance is Thrust.
Fudl Otz Votre Flae Frot CSIBSR  orde F = Thrust

th = Mass Flow Rate
V, = Gas Exit Velocity

V= Velocity P, = Chamber Pressure
= mass flow rate

P pressure

Thrust= F =V, + (pg-P,) Ag

P, =External Pressure

A, =Nozzle Area

Total Rocket Motor Impulse:

« By plotting thrust against time and integrating under the curve we can find
the total impulse delivered by the system.

7of

I, :der
0

THRUST (L8F)

1, = Total Impulse
F=Thrust
t=Time

£
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Specific Impulse:

« To compare between propellants Total Impulse is converted to Specific
Imputse (l,,).

o Total Impulse
P~ Mass of Propellant Consumed

« Considering purely the chemical parameters this becomes :

K and Ky = Motor Ef ficency Constants
1. T.= Flame Temperature
Ip=Kyn-Te=Ki |30 1 = Number of moles of gaseous products
M = Average RMM of gaseous products

Chemically Comparing Propellant Performance:

« The specific impulse equations shows propellant performance s directly
proportional to:

1. Combustion Chamber (Propellant Flame) Temperature (T, )
2. Average Molecular Mass of Combustion Products (M)

« Both these properties can be estimated using empirical thermochemical
calculations, as demonstrated in this slide pack.
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Oxidiser Properties:

Ammonium Perchlorate (AP)

Chemical
Formula:

Molecular Weight:
Heat of Formation:

Chemical
Formula:

[T CAS Tl 117.489 g/mol
[ -295.77 ki/mol
Density: 1.95 glem?

NH,CIO, CHeNy20y2

438.185 g/mol
+454 ki/mol
2.04 glem?

Density:

Rot:(6,13,14,15, 161 st

130188

Binder (Fuel) Properties:

+ Binders are more complex to characterise due to their
variable chain length and the inconsistencies in
isocyanate cross linking.

* This makes the determination of the polymer's
chemical properties such as composition, density
and heat of formation challenging.

* As such, the properties presented on the next slide
have been calculated from both thermochemical
calculations and experimental results.

Slide Produced By: Leo Smith Ret:[17] Sl

1aot8s
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Chemical
Formula:

Molecular Weigh 2999 g/mol
Heat of Formation: [SESREYLYSIURY
Densi 1.00 glom®

Ca1aHs2506N2

Slide Produced By: Leo Smith

Rets (9, 18, 19,20, 21]

GAP +IPDI

Chemical
Formula:

Molecular Weight:

CaiHi5a027Nes

2452 g/mol
+2311.06 ki/mol
1.3 glom?

Heat of Formation:
Density:

Slide 150 88
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1KG Propellant Formulation:

80% AP +20% HTPB

Mol. Oxidiser:
Mol. Binder.

Stochiometric
Formula:

6.809 Mol
0.067 Mol

CiaHigN;02CLy

Molecular
Weight:
Heat of
Formation:

~1000 g/mol.

1991.14 k) / kg
Approx. Density: 1.76 g/em?

Slide Produced By: Leo Smith

80% CL-20 +20% GAP

Mol. Oxidiser: 1.826 Mol

0.082 Mol

Stochiometric
Formula: a0
Molecular
Weight:
Heat of
Formation:

1000 g/mol

+1017.37 k) / kg

Approx. Density: 1.89 glom?®

sti

160188
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Oxygen Balance:

« Oxygen Balance indicates if Complete Combustion will occur and helps
to predict likely combustion products. b
e
d-2a-5+3
Molecular Weight

AP /HTPB Cl-20 / GAP
Q=-33.23% (1) Q=-36.80 (+)

« AP /HTPB has a better Oxygen Balance primarily due to the contribution
of CL

« Oxygen Ballance is NOT a measure of performance, for that we need to
calculate Heat of Combustion.

For Explosive CaHyNeOgCle : © = 15999 x % 100

Slide Produced By: Leo Smith Ret:(22,23] Siide 170 88
17

Calculating Combustion Products: ’k’i*

« The first step in calculating the Heat of Combustion is to estimate the
combustion products.

« This can be conducted using empirical rules such as the Kistiakowsky-
Wilson, Modified Kistiakowsky-Wilson and Springall Roberts Rules.

Table 5.5 Modified Kistiakowsky-Wilson rules.

Rule no. Conditions
1 Hydrogen atoms are converted to water

If any oxygen remains then carbon is converted to carbon monoxide:

If any oxygen still remains then carbon monoxide s oxidized to carbon dioxide
Al the nitrogen is converted to nitrogen gas N;

+ Modified to add that all Cl becomes HCL before the rules are applied.

Slide Produced By: Leo Smith Ret: [8, 22, 24] Siide 18 0f 88
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Combustion Products:

80% AP +20% HTPB 80% CL-20 + 20% GAP

Stochiometric Stochiometric
Formula: RS | Formuta:

7 0
1
0
13
5

CigHzaNy 0z

Avg. MM of Products: 22.23 (+) | | Avg. MM of Products: 23.53 (t)

Slide Produced By: Leo Smith Stide 190t 88
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Calculating Heat of Combustion:

* The Heat of Combustion is calculated from the Formulations and
Products Heat of Formation.

+ This is most simply demonstrated using a Hess’s Cycle

A AHcompustion A
Combustion Products
D Al nergetic )

Slide Produced By: Leo Smith

" by compson prodets

22,24) Slide200f 88
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Heat of Combustion:

80% AP +20% HTPB 80% CL-20 +20% GAP

" 8 nergeticsy = ~1991141g / kg | Y AHy energesicsy = +1017.37 ] / kg

> Ay Compusion produces) = D" Al Compustion products) =
HCL: 7 % (~9231)kjmol™ = —646.17 kj + Hy0:11 x (~241.83)k/mol™" = —2660.13 k] +
H,0: 21 X (~24183)kjmol~! = ~5078.43 k] + €0:13 X (~110.53)kjmol™* = ~1436.89 k]

= -64983114 / kg = —4097.02 k] / kg

AHcombustion = —4507.17 kJ [ kg | AHcombustion = —5114.39 k] / kg

Calculating Combustion Temperature:

+ From the Combustion Products and Heat of Combustion the
‘Combustion Temperature can be estimated.

« This assumes that the Combustion Gases do not have time to expand and
all energy liberated is used to heat the gases.

T, = Combustion Temperature
AHcompustion T; = Initial Temperature
= —Comwton 4 1y

€” Y ey Cy = Molar Heat Capacity
at Constant Volume
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Calculating Combustion Temperature Continued :

« Asthe Molar Heat Capacities (Cy) vary with temperature in a nonlinear
manner directly calculating T is challenging.

Hew Lberned 00)
1200

+ The easiest method s to calculate ..., ne
T¢ at high and low temperatures )
and extrapolate between.

1000

« Anexample of this process s - Temauk

shown beside: 3500 4030 0
Tempersnee ofBplosn ()

AP/HTPB-T, CL-20/GAP-T,

| an, L
A compustion = compuston
—4507.17 k] / kg L SU439K kg
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Specific Impulse Comparison:

+ Both the Combustion Temperature and Average Molecular Mass of
‘Combustion Products have now been calculated.

« This allows the Specific Impulse of both propellants to be compared
using the Isp equation previously discussed.

Specific Impulse Comparison Continued:

80% AP +20% HTPB 80% CL-20 +20% GAP

« Assuming equivalent efficiency CL-20 / GAP provides a 10% increase in
Specific Impulse.

« This demonstrates a Significant Increase in Energy Density.
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Thermochemical Codes:

« In reality these empirical calculations are extremely inaccurate.

« This is because the combustion products are dependant on but also
determine the pressure and temperature in the motor.

« Hence, the true combustion products, flame temperatures and motor
energy outputs must be iteratively calculated.

* This is most effectively achieved using thermochemical codes such as
Cheetah v10, EXPLOS or the NASA CEA Code.

NASA CEA Code:

« To demonstrate the differences the NASA CEA code was used to
calculate the combustion products of the CL-20 / GAP propellant.

« The following parameters were set:
s24 Cen analysis performed on Tue 25-Nov-2025 05150153
= broblen Type: "Rocket” (Infinite Area Combustor)
prob case = 5638 ro cquilibrivn

# pressure (1 value):

2 Subsonic Area Ratio (1 value)
subars 5

# Supersonic Area Ratio (1 value)
supar= 5
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NASA CEA Code Results:

PERFORMANCE PARAMETERS

Tsp, M/SEC 1822.0
MASS FRACTIONS

* Significant differences
in combustion products.

Camber Exit Empirical
cHa -60000 0.00415  0.000 . Results in different

o .43418 035049 0.364  Epergy Impulse, and

*C02 .10795 .22182  0.000
HON ‘o000l 0.0 0000  lemperaturevalues.

*H2. 01298 .01663  0.000
120 .68161 0.03965 0.198 . Computationally
NH3 00003 .000e4  0.000 Expensive and requires

N2 .36323 0.36323  0.378 "
e "00000 ©0.00800 0.06 data on Motor Design

So far, the method for chemically
comparing the Energy of a
Propellant (I,,) has been shown.

What though influences the shape
of the Thrust Time Curve?

THRUST L8F)
)

ek Burn Rate

Area=1,,
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What is Burn Rate:

+ Propellant combustion is a surface Vieille's Law:

phenomenon.
—_ a
r= pBp

r = Rate inmm s~

+ Assuch, the burning surface regresses

as the propellant burns. )

« The rate at which the surface regresses p = Pressure on
is known as the Linear Burning Rate. Burning Suface (Pa)
B = Burn Rate
+ The Burning Rate Equation is known as Co — ef ficient
Vieille's Law.
@ = Pressure Exponent
Siide Produced By: Leo Smith Ret: (8,5, 22] Stide 31 0f88
a1

Determination of Burning Rate:

+ Burning Rate parameters (8 and a) cannot be calculated empirically or
via thermochemical codes.

+ They must be determined experimental through the following methods:

ey

- 4

Ballistic Evaluation
Motor (BEM)
e Produced By: Leo Srmith Reti[5,261 Sidesaolsd

Stojan Vessel Strand Burner
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Burning Rate Comparison:

+ CL-20/ GAP Propellants have
a higher burning rate.

« They also have a higher-
pressure exponent.

+ Thisincreases Mass Flow
Rate and hence Thrust.

« Propellant used up ata
faster rate.

Presure (MPa)

Thrust - Time Comparison:

+ Assuming comparable grain and motor designs:

AP/ HTPB CL-20/ GAP

Thrust (N)
Thrust (N)
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+ CL-20/ GAP provides higher specific
impulse increasing the energy available in the
same weight / volume.

This energy, however, is delivered in the form
of high thrust over a short period of time.

This makes CL-20 / GAP favourable for high
acceleration systems such as Ballistic
Missile Interception or Hypersonic
Weapons.

Slide Produced By: Leo Smith Rot:[31,32] Siide 350 88
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« They are also less sensitive to the chamber
pressure making their thrust more stable.

« This makes them extremely useful for
conventional weapons systems and the
sustain phase of multi motor systems.

« Despite the lower specific impulse AP / HTPB
motors burn more slowly so have a greater
endurance.

Slide Produced By:

Ret:[33,34]
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Fuel - Oxidizer Mixture Flame Front Chamber

V = Velocity
m = mass flow rate
p = pressure

Thrust= F=m V, + (p,-p,) Ae

F =Thrust

m = Mass Flow Rate

V, = Gas Exit Velocity
P, = Chamber Pressure
P, =External Pressure

A, = Nozzle Area




