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It is normal to expect
• that the burn rate of solid rocket propellants depends largely on pressure: ṙ = a pc

n (pc = chamber 
pressure) and initial temperature dependence of burn rate is small or not important for space 
rocket motors.

• that the regression rate of hybrid rocket fuels depends on mass flux past the surface: ṙ = a Gn (G = 
mass flux through the port)

• Burn rate of liquids in liquid rockets is not sought for. On the other hand, what is used in liquid 
rockets is a quantity called L* = Vc/At . 

Why are these ideas like this?

• Solid rockets have propellants containing both oxidizer and fuel and so can burn on their own. Their
burn rate depends on the reaction rate between oxidizer and fuel that depends on pc

• Hybrid motor fuel regression rate depends on heat transfer from the diffusion flame created 
between the fuel vapor and oxidizer. This depends on the flow rate and is not dependent on 
pressure

• Liquid rockets will have liquids are injected through orifices of fine spaces (or at least one of them) 
so that drop atomization is the key process that controls the conversion process. This takes some 
length or say, characteristic length – L* (It will depend on the chamber diameter that gets indirectly 
involved through the choice of L*) for droplet combustion to be completed. What matters is drop 
evaporation.



Particle size effect on AP/HTPB propellant

From: Gross and Beckstead (2000)

Premixed flame

Diffusion flame
Premixed
Flame speed 
~ 0.4 m/s 
(Hydrocabon –
air)

~ 2.5 m/s for 
Hydrogen - air

Premixed
/Diffusion



The reaction zone 
is smaller
for premixed condition 
compared to 
Diffusion limited combustion

This is the crucial reason for lower 
regression rates in hybrids compared to 
solids

In the accompanying video, the LPG fuel – air
premixed gas mean speed is 
(~500 cm3/s)/(2 cm2)~ 2.5 m/s

six times the premixed flame speed and
that is why the flame is long conical

The diffusion flame has to draw air from the
ambient. This is slow and so the flame is longer



Basic physics and some thermo-chemistry
• In a “strong” diffusion flame, chemistry is very fast compared to 

diffusion. Hence, the flame is thin. 

• Therefore, the  burn rate Is controlled by diffusion rate which is 
affected by boundary layer next to the regressing fuel surface

• To obtain the dependence of burn rate flux on flow velocity and 
thermochemical parameters, we use Reynolds Analogy

The heat flux balance at the surface gives      ρpṙΔHs = q’’ = k dT/dy]s ~  k dT/dU dU/dy ~  k(Tf-Ts)/U  1/µ µdU/dy ~ 

(k/cpµ) cp(Tf-Ts)/U τw ~ (k/cpµ) cp(Tf-Ts)/U   (cf/2) ρU2     ~ (k/cpµ) cp(Tf-Ts)   (cf/cf0) (cf0/2) ρU

[ρpṙ = fuel/propellant mass flux from the surface; ΔHs = Heat of phase change; (cf/cf0) = Blocking effect]

From this, we get:  ρpṙ ~ (k/cpµ) [cp(Tf-Ts)/ ΔHs] (cf/cf0) (cf0/2) ρU ~ (1/Pr) B [ln(1+B)/B] ρU [0.054 (ρU)-0.2] ~ C0 ln(1+B) G0.8

where B = [cp(Tf-Ts)/ ΔHs] ; G = ρU ; ln(1+B) is sometimes treated as B0.25 in the range of B’s relevant

Thus ρpṙ = C0 B0.25 G0.8

This indicates that that thermochemical parameters characterized by B have little influence on ρpṙ



The data shows that in a practical range, 
pressure does not influence the regression 
rate. This is a direct evidence for 
diffusion- limitedness of the phenomenon.

Index on B is much 
higher than by M & W
model.
Also, reg. rate is much 
Higher than the 
results of M & W



What was shown in Paul et al (1982) is that 

(a) If B & W model is correct, then ρpṙ ~ B0.23 and therefore differences in fuel cannot have any impact on the fuel burn flux.
(b) Experimental data of M & W do not support their own model. 
(c) Analyzed as due to improper accounting of blocking effect – the effect of variation of fuel injection on the boundary layer.
(d) The molecular weight of the fuel fragments coming off the fuel surface can be up to 400,  the value depends 

on the nature of the  fuel itself.  This raises the density of the gas at the surface and so the density profile in the bl.
(e) This affects the estimation of blocking effect known earlier with experimental results of injection of CO2 and Freon into air
(f) This results in an expression for ρpṙ ~ B0.51 Modified result for the regression rate when tested against known data works 

better



The result of Paul et al (1982) is:

Other researchers have performed experiments and developed models for burn rate

There is considerable similarity in the final expressions recommended to be adopted recently and the earlier result
derived by P. J. Paul.  Yet, the expression that is adopted is given by eqn (3).







IISc data:
GOX-(Natural rubber + Synaprene)
ṙ = 3.1 x 10-5 Gox

0.5 m/s, Gox = kg/m2s



Problems & Pitfalls
• The burn rates in literature are often obtained from mass loss

• Problems with this approach

• Nonlinear behavior of the burn rate over time generates a wrong average

• Non-uniform regression

• One must be careful when interpreting results for experiments with oxygen. The differences between LOX and GOX are large, 
but which one was used is not always very well documented (e.g. Sutton Fig. 15-6).

example of non-uniform regression



….Many factors including scale, O/F, combustion configuration, injector design, fuel composition  (trace additives 
included) and processing, data  reduction and experimental techniques impact the accuracy of the data 
presented.…..the actual regression rate of a fuel and oxidizer Combination should be independently verified.

Zilliac, G. G.,  and Karebayaglu, 
Hybrid regression rate data 
and modeling, AIIA 2006-4054, 
42nd AIAA-ASME 
Joint Prop. conf.

GOX-(Natural rubber + Synaprene)
ṙ = 3.1 x 10-5 Gox

0.5 m/s, Gox = kg/m2s

My comments: (a) I agree with the general observations. (b) The data scatter is such that all the above data may actually be described by ṙ= a Gox
n

with n = 0.5 within the error bounds of the experiments (c) The most accurate Information is weight loss over a certain time and should be 
determined to ensure the data is reproducible.  All analysis done at IISc were performed in this manner.



Regression rate vs mass flux on various fuels by researchers

B and Hb:  LOX-HTPB 
by two different studies

GOX – solid CH4

(<91 K)

GOX - Wax

GOX-Wax
+0.13Silbal

GOX-(Natural rubber + Synaprene)
ṙ = 0.031 Gox

0.5 mm/s, Gox = kg/m2s
GOX - Rubber

D. G. Pastrone, Approaches to low fuel 
regression rate in hybrid rocket engines,
Int. J. Aerospace Engg, 2012



Data on regression rates (Pastrone, 2012)

For chemistry controlled 
combustion, we can write   ρpṙ
~  (k/cp)  B 1/ δbl

It is the chemistry driven 
flame thickness δbl or x* ~ 
ρpṙ/w’’’ for premixed 
combustion,
This gives the burn rate 
expression for fine particle 
based solid propellant :  
(ρpṙ )2 ~  (k/cp) B w’’’ 





1. PMMA - Oxygen

2. PMMA - Oxygen

3. PMMA - Oxygen

4. PE - H2O2

5. Rubber - N2O4

6. Rubber (metalized) - N2O4

7. PE - FLOX

8. p-Toluidin/p-Aminophenol -HNO3 - Swedish work

9. p-Toluidin/PVC-HNO3 - Swedish work 

10. Tagaform-HNO3 - Swedish work

11. LiAlH3 - H2O2

12. Rubber - GOX-Rubber  - IISc



ṙ= 3.2 mm/s (Gox/20)0.5

Gox in g/scm2



Scaramuzzoni et al, 2013
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Question:  The authors have set out the above plot. If we take it that they are correct, does it
matter a whole lot which burn rate law we choose as long as they are within the data band?

My answer: It does not.







How do we decide the burn rate law with so many 
options?
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Zilliac & Karebeyoglu

IISc- from experiments



If we choose ṙ = an Gox
n, how do we get n and a

dmfu/dt = ρp Ab ṙ ; This can be written as

ρp L d/dt {π(D2 –D0
2)/4} = ρp π D L an [ṁox/(π D2/4)]n ; We simplify this to get

(1/2) dD/dt = 2 an [4 ṁox/π]n D-2n Which can be integrated to give

D (t) = [D0
(1 + 2n) + 2 an (1 + 2n) [4 ṁox/π]n t][1/(1 + 2n)]  and 

mfu (t) = ρp L π/4{[D0
(1 + 2n) + 2 an (1 + 2n) [4 ṁox/π]n t][2/(1 + 2n)]     – D0

2}

= 2 π0.5 ρp L an ṁox
0.5 t           for n = 0.5  It is linear in t

If we have mfu at specific burn times then we get an for specific choice of n; We examine 
two cases with n = 0.5 and n = 0.7 as found in correlations. You can change these 
parameters in an excel sheet and see what happens.
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Expt-deLuca (2012)

n=0.5, a(n=0.5)=2

n=0.7, a (n=0.7)= 3

• The experimental data 
which is nearly always in a 
limited range is not 
particularly sensitive to the 
choice of n.

• For larger fluxes, n = 0.5 is 
a truly more appropriate 
choice because at larger 
fluxes, the role of radiation 
flux will be slightly larger 
and this reduces the index.



What about non-circular grains?
Star, Wagon wheel, etc?



From: Okninski, Acta Astronautica, 145 (2018) 1-10

There are severe problems of peel off of the not-truly strong (nearly brittle desirably) of thin layers during final burn 
period. Sliver losses will be high. Avoiding this calls for a proper design of perhaps a star shaped grain



H2O2 – HTPB propellants
Star grain without and with 
diaphragm

For computation they use

ṁox = 2 kg/s, 

Yox = 0.42, H2O = 0.58, 
T = 1000 K 

My comment:  An excellent piece of R & D







Experimental details
different from simulation

Fuel used: 60 HTPB, 28 Al, 10 Mg, 2C

Diaphragm: Steel framework
+ EPDM rubber over it.

Burn time with diaphragm: 10 s
Burn time without diaphragm = 30 s





3-d numerical simulation of 2-phase flow in hybrid rocket motor



Conclusion: 
Injector A is better

Such studies will add value



Summary
• The burn rates of fuels with oxygen/N2O can vary widely from 0.3 mm/s to 3 mm/s at 

100 kg/m2s of oxidizer flux. 

• An index of n = 0.5 in ṙ = aGox
n would be most appropriate for reasonably large fluxes. 

Index increases to 0.7 at low fluxes (< 50 kg/m2s).

• Measuring the regression rates at smaller sizes may not add much value. Performing 
these at right scale of use would be the most appropriate strategy. CFD as an auxiliary 
tool would add value.

• All issues like web stability during tail-off and performance will become simultaneously 
revealed. 

• Such a strategy is time and resource optimal too. 
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Simple analysis of the premixed and diffusion limits







Simple analysis of the premixed and diffusion limits








