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Introduction  
 
For both the BEM and MiniSShot projects, the conventional BATES grain configuration, which 
is popular amongst amateur rocketry enthusiasts, has been used. The advantage to this 
configuration is the simplicity of the design and fabrication of the propellant grains. In particular, 
this configuration provides for a nearly neutral Kn profile, is straightforward to compute Kn 
versus regression, and allows for simple casting of individual grain segments. 
 
There are a number of issues that arise from the use of this configuration, especially with a dual-
burn, KNSB powered motor. For one thing, owing to the difficulty in readily igniting the 
propellant surfaces, delayed ignition of the grain end faces can result in a “triangular” thrust 
profile. This not only causes performance issues, but also results in a peak chamber pressure 
higher than design. The other issue relates to the burning of the grain segments at the end faces. 
As such, the motor chamber walls (or insulation) are subjected to severe heating over the full 
duration of the burn. For a dual-burn motor, the residual heat and erosion of the insulation during 
the first-phase burn adds to the challenges in implementing the thermal protection system for the 
motor. 
 
As such, the possibility of using a different grain configuration is being studied. A star grain is 
one such possible alternative. Both of the aforementioned issues can be eliminated. Ignition of 
the initial propellant surfaces is confined to the core, which presumably would allow for more 
effective and complete ignition upon firing, presumably, as long as the star channels are not 
overly restrictive (narrow). Another big advantage is that the propellant itself serves to insulate 
the motor casing from heating over most of the burn duration, as long as the “sliver” portion of 
grain is kept to a minimum. 
 
Research goal 
 
The goal of this study is to investigate the Kn profiles of various star configuration and to better 
understand how the various parameters that define a star shaped core affect such. Attempts are 
made in this study to find a suitable star configuration that delivers a nearly neutral burn, good 
volumetric loading, acceptably non-restrictive flow channels, and minimal sliver fraction. 
 
 
 
Materials and Methods 
 
Theoretical studies – software simulations using GrainsCAD 
The GrainsCAD software was kindly supplied to the author of this study by Troy Prideaux, 
creator of GrainsCAD software. The version of software that was used was Beta v.09. In the 
authors opinion the software was proven to be an excellent software for this study, being highly 
versatile and (importantly) quite simple to use.  
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Results 
 
Star geometry and various star configurations and parameters were chosen arbitrarily largely 
through an iterative, trial-and-error process. Certain features such as point radii were included as 
a practical necessity to reduce stress concentration, a necessity considering the brittle nature of 
KNSB propellant. 
In all cases, stated Kn ratio is based on a grain of OD 20 mm, length 40mm, a throat diameter of 
3mm and both ends of the grain inhibited. 
 
Sliver rating in Table 1 refers to the number of regression increments remaining once the star tips 
burn out (reach grain perimeter). 
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No. 
 Star 

  Point Star Volumetric  Kn  Tail-off Sliver Ref. 
Of 

points  ID OD radius  area efficiency  Profile   rating  figure 
  mm mm mm sq.mm.           
5 3 12 0.25 25.19 92.0% progressive moderate  4 1 
5 2 14 0.15 19.55 93.8% progressive long 3 2 

5 2 18 0.20 23.96 92.4% 
somewhat 
progressive long 5 3 

5 5 18 0.50 61.89 80.3% progressive long 5.5 4 
5 3.5 18 0.50 38.87 87.6% progressive moderate  4 5 
6 3 12 0.25 25.18 92.0% progressive short 2 6 
6 3 18 0.15 39.31 87.5% nearly neutral very long 5.5 7 
6 4 18 0.15 53.21 83.1% nearly neutral very long 6.5 8 
7 4 16 0.00 48.60 84.5% nearly neutral very long 5 9 
7 4 16 0.30 45.00 85.7% neutral short 2.5 10 
7 4 16 0.50 38.60 87.7% saddle short 1.5 11 
7 4 15 0.30 42.32 86.5% neutral saddle short 2.5 12 

7 4 15 0.50 36.55 88.4% 
progressive 
saddle very short 1.5 13 

7 4 15 0.15 44.75 85.8% nearly neutral moderate  3 14 
7 4 15 0.20 44.12 86.0% neutral short 3 15 
7 3 15 0.20 31.93 89.8% slight saddle short 2.5 16 
7 3 15 0.25 30.68 90.2% saddle short 2 17 
7 5 15 0.20 55.98 82.2% nearly neutral moderate  3 18 

7 5 15 0.25 55.43 82.4% 
neutral, sl. 
progressive moderate  3 19 

7 2.5 14 0.20 23.96 92.4% saddle very short 2 20 

7 2.5 14 0.25 22.48 92.8% 
saddle, 
progressive at end very short 1 21 

7 4 14 0.20 41.24 86.9% 
neutral, sl. 
progressive at end short 2.5 22 

7 4 14 0.25 40.52 87.1% 
neutral, somewhat 
progressive at end short 2 23 

7 4 14 0.15 41.80 86.7% 
neutral, sl. 
progressive at end moderate  2.5 24 

7 4 13 0.20 38.36 87.8% 
neutral, somewhat 
progressive at end short 1.5 25 

7 4 13 0.15 38.85 87.6% 
neutral, sl. 
progressive at end short 2.5 26 

Table 1: Summary of the graphical results. Interesting configurations are marked in yellow. 
 
All pictures are listed below (see appendix1-26). 
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Conclusions 
The software analysis results indicate that a seven pointed star can deliver a nearly neutral burn 
profile without excessive tail-off, and without excessive sliver fraction.  Five and six pointed 
stars were also investigated but suffered from either progressive burning profiles or long tail-
offs. 
An important design factor not considered in this study was the need for a suitably large port-
area to nozzle throat-area ratio.  
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Notes by the editor 
 
Star design evaluation 
More grain designs (3-4 stars and 8-10 stars) should be examined as well as other configurations, 
in order to obtain a more substantial and thorough evaluation of the grain geometry possibilities. 
 
Also, volunteer(s) is/are needed to experiment with the most promising grain geometries.  
The basic requirements being: 

1. The ability and tools to process metal, Teflon or Delrin rods to the appropriate star shape. 
2. The ability to safely cast KNSB grains. 
3. The ability and tools to statically test these motors in a "standard" motor including inside 

pressure check during the motor run, thrust curves, Kn calculations and video footage to 
examine the ease of ignition. 

 
 
Reducing Tail-off 
There may be an added advantage in filling in the sliver-lined areas with an ablative material that 
has a lower density than KNSB. This may reduce the sliver-line effect as well as lowering the 
total motor weight. However, this may not be feasible due to a more complex and labor intensive 
casting and pouring of the grains. Hence, it is suggested that a single casting test will be 
conducted to see if this idea is feasible.  
 
 
Priming BATES grains 
In parallel to the star grain tests it might be useful to conduct tests of several primes and priming 
methods for a BATES motor configuration such as the ones listed below. 
Since KNSB is hygroscopic the following solvents/binders should be used instead of water:  
ethanol, NC laqour, Red Gum (soluble in ethanol) if the grains are directly painted with the 
prime.  
 
Serge Pipko has tested and compared several priming methods successfully.  
The data listed in the website (http://airbase.ru/users/serge77/index.htm) clearly shows an added 
advantage to Serge’s wafer methods.  
Further tests should compare the primes tested by Serge in both forms – both as a grain coat as 
well as wafer primes located between the grains.  
 
Potential primes: 

1. KNO3-Charcoal (suggested by Richard Nakka) external coat using the following 
formulas: A-65:35; B-70:30; C-75:25 and D-80:20. A is parallel to the KNSB formula, B 
and D are well known as sulfur-less black powder formulas in the pyrotechnics 
community and C is parallel to standard black powder converting sulfur with charcoal.  

2. SIC-1: KNO3- C -sucrose-iron of oxide 75-15-5-5 wafers (suggested by Serge Pipko): 
Gauze soaked in the formula and allowed to dry. 

3. SIC-3: SIC-3. KNO3-Al- S -iron of oxide-wallpaper glue (modified starch) 57-30-10-1-2 
(suggested by Serge Pipko). Gauze soaked in the formula and allowed to dry. 
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4. BPNC tests – using a standard Black Powder formula (75KNO3-15Charcoal-10Sulfur) 
with 10% NC laqour as binder (based on the editors own experience). 

5. CuO-Mg prime in NC laqour binder evenly coated on the grains. The Mg should be pre-
treated with potassium bichromate to eliminate it's high reactivity with water and protect 
it as well as the KNS grain from reaction and possible autoignition. Alternatively a CuO-
Al prime could be used on grains containing +1% Boric acid to eliminate any possible 
reactions between the aluminum and the propellant.  

6. Top grain with a high (1-2%) metal content (preferably Ti or aluminum powder, flake or 
sponge (to be experimented). The top grain is, in theory, supposed to release a large 
amount of sparks and initiate all the other BATES grains.  

 
After reviewing the information on Serge's website it should be noted that Serge’s SIC-3 
aluminum containing wafer is so far the best candidate for a top grade grain ignition method. 
In order to avoid the possibility of any reaction between the motor grains and the prime it would 
be ideal to replace the Aluminum in the SIC-3 formula with Titanium.  
  
In order to perform these tests other volunteers with similar tools and experience as listed above 
are needed. 
 
 
Stopped  ignition experiments 
In order to compare between the different ignition systems the experiment designers need to find 
the time between ignition, firing and full thrust, considering also pressure spikes (not desired) 
and thrust curve (indicating a proper burn). 
 
However, there may be an additional way to visually inspect the motor parameters at varying 
times during the motor burn (if wanted or necessary).  
This visual mid-burn test could be carried out in the following manner: 
 
A PVCRM setup (PVC rocket motor) will be used as motor tube (see Richard Nakka’s website).  
One would attach the motor to a CO2 fire extinguisher using a unidirectional valve allowing the 
gas flow from the extinguisher out but not in reverse. 
.  
This method may allow the investigators to examine the initial charring effect and the charred 
layer on the propellant grains surface post ignition. The best priming method should provide an 
even charring on all the grain surfaces.  
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Appendix 
Figures 1-26: GrainsCAD software results. For full data and comparison see Table 1. 
 

 
Figure 1.  
5 points star, ID=3mm, OD=12mm, Kn-Progressive, Tailoff-moderate, sliver=4 
 

 
 
Figure 2.  
5 points star, ID=2mm, OD=14mm, Kn-Progressive, Tailoff-long, sliver=3 
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Figure 3.  
5 points star, ID=2mm, OD=18mm, Kn-Somewhat Progressive, Tailoff-long, sliver=5 
 

 
Figure 4.  
5 points star, ID=5mm, OD=18mm, Kn-Progressive, Tailoff-long, sliver=5.5 
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Figure 5.  
5 points star, ID=3.5mm, OD=18mm, Kn-Progressive, Tailoff-moderate, sliver=4 
 

 
Figure 6.  
6 points star, ID=3mm, OD=12mm, Kn-Progressive, Tailoff-short, sliver=2 
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Figure 7.  
6 points star, ID=3mm, OD=18mm, Kn-nearly neutral, Tailoff-very long, sliver=5.5 
 
 

 
Figure 8.  
6 points star, ID=4mm, OD=18mm, Kn-nearly neutral, Tailoff-very long, sliver=6.5 
 



Author : Richard Nakka 
Editor: Flint Hapirat  
  

13 

 

 
Figure 9.  
7 points star, ID=4mm, OD=16mm, Kn-nearly neutral, Tailoff-very long, sliver=�  
 

 
Figure 10.  
7 points star, ID=4mm, OD=16mm, Kn-neutral, Tailoff-short, sliver=2.5 
This option is one of the best configurations.  
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Figure 11.  
7 points star, ID=4mm, OD=16mm, Kn-saddle, Tailoff-short, sliver=1.5 
 
 

 
Figure 12.  
7 points star, ID=4mm, OD=15mm, Kn-neutral saddle, Tailoff-short, sliver=2.5 
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Figure 13.  
7 points star, ID=4mm, OD=15mm, Kn-Progressive saddle, Tailoff-very short, sliver=1.5 
 

 
Figure 14.  
7 points star, ID=4mm, OD=15mm, Kn-nearly neutral, Tailoff-moderate, sliver=3 
 
 
 
 



Author : Richard Nakka 
Editor: Flint Hapirat  
  

16 

 
Figure 15.  
7 points star, ID=4mm, OD=15mm, Kn-neutral, Tailoff-short, sliver=3 
This option is one of the best configurations.  
 

 
Figure 16.  
7 points star, ID=3mm, OD=15mm, Kn-Progressive, Tailoff-moderate, sliver=4 
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Figure 17.  
7 points star, ID=3mm, OD=15mm, Kn-Progressive, Tailoff-moderate, sliver=4 
 

 
Figure 18.  
7 points star, ID=5mm, OD=15mm, Kn-Progressive, Tailoff-moderate, sliver=4 
 



Author : Richard Nakka 
Editor: Flint Hapirat  
  

18 

 
Figure 19.  
7 points star, ID=5mm, OD=15mm, Kn-Progressive, Tailoff-moderate, sliver=4 
 

 
Figure 20.  
7 points star, ID=2.5mm, OD=14mm, Kn-saddle, Tailoff-very short, sliver=1 
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Figure 21.  
7 points star, ID=2.5mm, OD=14mm, Kn- saddle Progressive, Tailoff-very short, sliver=2 
 

 
Figure 22.  
7 points star, ID=4mm, OD=14mm, Kn-neutral slightly progressive, Tailoff-short, sliver=2.5 
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Figure 23.  
7 points star, ID=4mm, OD=14mm, Kn-neutral slightly progressive, Tailoff-short, sliver=2 
 

 
Figure 24.  
7 points star, ID=4mm, OD=14mm, Kn-neutral slightly progressive, Tailoff-moderate, sliver=2.5 
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Figure 25.  
7 points star, ID=4mm, OD=13mm, Kn-neutral slightly progressive, Tailoff-short, sliver=1.5 
 

 
Figure 26.  
7 points star, ID=4mm, OD=13mm, Kn-neutral slightly progressive, Tailoff-short, sliver=2.5 
 


