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A presentation of a complete design cycle for optimised hybrid rocket motors

Due to the regression of the burning fuel surface, the internal geometry of a hybrid rocket motor changes during operation. This implies a modification of the internal flow and the area of the wetted surface. The result is a change in mixing ratio and therefore a modification of the performances of the motor. This paper presents a genetic optimisation algorithm aiming to reduce the variation of the mixing ration while minimising the fuel residues by modifying the initial geometry of the grain. The use of a 3D printer allows for exotic geometries not feasible with more classic fabrication processes. Finally the optimised grain has been test fired and the results are analysed.

Introduction

Hybrid rocket engines suffer from a number of difficulties [3]. Notably the variation of the internal geometry due to the consumption of the fuel grain that results in a modification of the fuel mass flow and hence, given a constant oxidiser mass flow, a change in the engine performances. This means that a classical hybrid engine is reaching its optimal performances only for a brief instance during the firing.

Besides throttling the oxidiser mass flow [2], one can ask the question if a cylindrical geometry is optimal and if we could find initial forms that, when regressing, conserve or minimise the variation of the oxidiser to fuel ratio O F . If we assume that the regression rate of the fuel grain surface respects the well known Marxman law[4] v r = aρU (x) b then we see that the total fuel mass flow depends not only directly on the surface area of the grain but as well on the cross sectional area of the port (through the local gas velocity U ). This renders an analytic optimisation extremely complicated (all our initial attempts to find an optimal solution have failed).

Instead of searching for the optimal solution analytically we used a genetic algorithm [1] to search for a semi-optimal geometry that could be realised by a 3D printer.

The experiments were carried out in our Hycat engine (cf. figure 1), a modular, hybrid test engine using a catalytic swirl injector to decompose the H 2 O 2 used as oxidiser. The setup is equipped with 4 pressure probes and 3 ultra-sound regression speed sensors. The fuel grains have a maximal length of 240 mm and a diameter of 95 mm. A classical configuration for this set-up consists of a cylindrical HDPE fuel grain with a port diameter of 25 mm combined with an oxidiser mass flow of 100 gr/s. This will be used as a reference for the rest of the study (this is arbitrary since we will not use HDPE as a fuel). The following sections deal with the details of this optimisation process, the realisation of the fuel grain and the experimental work. The figures in the experimental section are non-dimensional at the explicit demand of CNES.

Optimisation of the geometry

The basic idea of a genetic optimisation algorithm is surprisingly simple; create an initial population P 0 of M random individuals I 0,m , sort them according to some selection criteria, create a new generation from the best elements and repeat.

In our case an individual is a fuel grain defined by its geometry. We impose a fixed external diameter to be compatible with the experimental hardware but we could allow for a variable length. If we restrict ourselves to axi-symmetrical and evenly distributed, identical ports described by a polynomial of degree n then, an individual is fully defined by its length L, the coefficients of the polynomial C i , and the number of fuel ports n p .

I = [L, C 1 , . . . , C n , n p ]
For each individual we determine its performances by a simple, iterative simulation. We discretise time by a time step of dt, indexed as i, and space (1D) by N steps of dx, indexed as j:

S i,j = n p 2πr i,j dx A i,j = n p πr 2 i,j ṁi,j = ṁox + j-1 k=1 ρ f v ri,j S i,j (1) 
v ri,j =    a ṁ tot i,j Ai,j b if r i,j < R m 0 if r i,j ≥ R m r i+1,j = r i,j + V r i,j dt OF i = ṁox N j ρ f V r i,j S i,j
where r i,j is the radius of the fuel port, R m the maximal radius before touching the engine wall and v ri,j the fuel regression speed at station j at time i. Now we can define the following selection criteria:

minimal variation: Q 1 = max i (OF i ) -min i (OF i ) OF i optimal O/F: Q 2 = OF st -OF i OF i minimal residues: Q 3 = V init -V end V init
where V init/end is the initial/end volume of the grain.

Then we can sort our individuals by a weighted sum of the quality criteria:

w 1 Q 1 + w 2 Q 2 + w 3 Q 3 .
The reproductive step to construct the next generation P i+1 is as follows:

1. keep the first n best individuals. x : r ≤ 0.5 y : r > 0.5

I n+1,m = I n,m ∀m ∈ [1, n best ]
M (x, ) = x × (1 + (1 -2r) )
with r ∈ [0, 1] a random number and a small number (0.1 here) then:

cross(I, J) =[R(L I , L J ), R(C I 1 , C J 1 ), . . . , R(C I n , C J n ), R(n I p , n J p )] mutate(I) =[M (L, ), M (C 1 , ), . . . , M (C n , ), M (n p , )]
We repeat this until convergence.

Quality criteria

The choice of the weights w k has a big influence on the outcome of the optimisation process. For instance, if we give a big weight to the unburnt fuel criterion Q 3 the algorithm clearly favours a mono-canal solution since this limits the leftovers if we start with a sufficiently large initial port diameter.

If, however, we pick a high value for w 1 , the tendency is for a maximal number of ports. This increases the burning fuel surface and thus lowers the regression rate resulting in a smaller overall variation of the geometry.

We opted for w 1 = 10, w = 5 and w 3 = 1 but we are aware of the fact that this is a rather arbitrary choice.

Convergence

Convergence is difficult to asses theoretically given the random nature of the process. To get an idea of the convergence rate a series of 10 runs of 1000000 iterations (10 runs take about 24h on a standard PC) has been carried out with the following parameters: maximal polynomial degree = 3

T max =10 s L=0.24 (fixed) n p ∈ [1, 3] w 1 = 10, w 2 = 5 and w 3 = 1
At this point the values for a and b are unknown so we used the coefficients for polyethylene (a=1.55e -5 and b=0.64) which has an influence on the absolute value of OF (piloted by w 2 ) but hopefully not so much on the variation of OF (governed by w 1 ) hence the distribution of the weights. After the first experimental results we will be able to determine the correct values.

To compare the results we start out with a reference geometry of a cylindrical grain with a port diameter of 25 mm. Figure 2 shows a two step convergence profile; very rapidly (less than 1000 generations) the algorithm finds a much better solution compared to the reference cylinder followed by a long period of small improvements. However, all 10 runs arrive at the same quality level after a million generations. The second graph in figure 2 shows that the found optima are far from identical hinting that there is no unique, optimal, solution. Intuitively this seems obvious given the multitude of dependant parameters involved in the problem, mathematically it is not evident to prove this. The choice of the fuel was limited mainly by the available polymer filament compatible with our 3D printer (ABS, PLA, PETG and Nylon. ). These filaments are standard printing material and their available thermodynamic parameters are dubious at best. The manufacturers of these filaments either don't want to divulge the exact composition of their products or don't have this sort of data. For each material a typical, generic, composition was fed to RPA1 in order to estimate it's propulsive potential. The results are given in figure 3. ABS and Nylon have comparable theoretical performances. We choose to use ABS since it is much easier to print. The optimisation process in section 2 gave the following polynomial for a grain with 3 fuel ports (using the known values for a and b for HDPE):

R(x) = 0.01441 -0.04014X + 0.04547X 2 (2)
This is the geometry that has been printed in ABS and used for Hycat 20 (cf. figure 4 

Firing Hycat 11

Hycat number 11 is the first of 3 experimental firings. To serve as a reference, a simple, cylindrical, fuel grain was made from a solid bloc of ABS by a classical method (milling). Table 1 shows the initial dimensions of the grain. Table 2 gives the measurements of the port size post firing and the burned thickness Eb.

If we assume that the regression velocity is much higher than the heat diffusion speed (ABS is a very good thermal insulator) we can use a constant speed of sound through the fuel grain and hence directly deduce the remaining fuel thickness E rn from the ultrasound flight time τ us,n measured at instant n. If we assume the evolution of the regression to be linear as we travel downstream then we can write

v r (x, t) = a t x + b t a t = v rus0 (t) -v rus1 X us0 -X us1 b t = v rus1 (t) -aX t1
where v rusm is the regression rate measured by US sensor m at position X m . This way we can calculate the evolution of the geometry of the fuel port:

R(x, t) = R init (x) + t 0 v r (x, t)dt
If we discretise space (1D) with a step of dx we can estimate the fuel mass flow as follows :

ṁf (t) = N i=0 v ri (t)ρ2πR i (t)dx (3)
Figure 6 shows the evolution of the mixing ratio O/F (t) = ṁo ṁf (t) (in green circles) under the hypothesis that the oxidiser mass flow is constant (figure 5 confirms this is true once combustion has started). 2)

M b = ρL π 2 (R 2 f in -R 2 init ) = =1039 * 0.240 * π 4 (0.0356 2 -0.025 2 ) =0.126 kg
If we integrate equation 3 over the duration of the combustion phase we find 0.135 kg. The difference is probably due to errors in the measurements of the diameters, the fuel port is far from regular after the firing. The measured burned mass is 171 gr. This means that 73% to 78% of the fuel mass flow comes from the fuel port and thus 27% to 22% comes from the consumption of the lateral faces of the fuel grain. The thus corrected mixing ratio is given in figure 5 in violet diamonds. We modify equation 1 to take the lateral mass flow into account. Then we can find an estimation of the parameters a and b of Marxmans law by running the algorithm given in 2 on the geometry of Hycat 11 with only a and b as variables for an individual, the data given in table 3 and the following quality criterion

Q = max R 1 -R us1 R us1 , R 2 -R us2 R us2
We find a=1.048e -5 and b=0.911 (the corresponding mixing ratio is given in figure 6 in orange crosses). The exponential factor is surprisingly high compared to that for polyethylene. 

ρ

Firing Hycat 14

For this experiment we used the same configuration as for Hycat 11 except for the fact that the fuel grain was made on our 3D printer (to be sure, the grains are printed slightly bigger, before assembly they are rectified to assure a perfect fit). Table 5 shows that the density of the grain is significantly lower as for Hycat 11, this might be due to the printing process or the different raw materials. An interesting problem came up when exploiting the US measurements since no usable signal was recorded. Verification afterwards showed that the 3D printed material does not allow for ultra-sound waves to penetrate. Our first explanation is that the printing process introduces density variations at each layer of the print. These variations scatter the US waves thus dissipating its energy. Further research is needed to confirm and eventually overcome this problem. For the present study this was a major problem because the regression rate measurements are needed to asses the time variation of the mixing ratio. An analysis as thorough as in section 4.1 is therefore not possible and we will have to content ourselves with a comparison of average values.

Figure 7 shows a nice comparison between the measured thrust and pressure and the average values of Hycat 11. The slightly lower thrust and slightly higher pressure is probably due to the lower density of the fuel. As mentioned before, the mixing ration can not be determined precisely without the US measurements so we estimate it with For Hycat 11 we find OF = 3.46 where as the US analysis gives an average mixing ratio of 4. The difference is due to the transient phase where the fuel consumption is low (cf figure 6). For want of a better solution we apply the same ratio to Hycat 14 and we estimate the average mixing ratio to be OF = 3.25 * 4.0 3.46 = 3.76. Using RPA with A = π 4 Φ nozzle = 3.8484e The difference with the results from Hycat 11 are due to the density variation between a grain made from a solid block of ABS and one build by a 3D printer. These differences are small though.

Firing Hycat 20

Hycat 20 is an experimental firing under the same conditions as Hycat 11. The fuel grain has been realised by 3D printer with an optimised form for the fuel ports (cf. section 2 and figure 8). Figure 9 shows the pressure and thrust measurements. We notice that for a fuel density comparable to Hycat 11 (cf. tables 3 and 7) chamber pressure is lower and thrust is higher. This hints that the efficiency increased.

The optimisation of the fuel grain was carried out with the parameters for HDPE and finally it turns out that The performance difference between Hycat 11 and 14 can be explained by a reduction of the density (Lower C f and Isp and an increase in C ). Hycat 20, with its optimised geometry has a density comparable to Hycat 11. So if the evolution of the mixing ration was similar for both configurations we would expect to see similar efficiency for both firings. Table 9 show that this is not the case. Hycat 20 shows increased efficiency for all 3 values strongly suggesting that the optimisation of the geometry has significantly reduced the variation of the mixing ratio.

Conclusions

In this article we presented the development of a genetic algorithm to optimise the initial geometry of a fuel grain for a hybrid rocket motor. The optimisation aims at reducing the variation of the mixing ration dur-ing the operation of the engine since this reduces its overall performances. The optimised form can not (or with great difficulty) be produced with conventional production methods, we therefore used a 3D printer for its realisation. Three tests have been carried out with fuel grains made from ABS. The first, Hycat 11, with a cylindrical fuel port with constant diameter build with classical production methods (milling). The second, Hycat 14 with the same geometry but printed on a 3D printer and the last, Hycat 20, with an optimised geometry printed on the same 3D printer.

The main objective of this study is to show that we can increase performances of a hybrid rocket motor by reducing the variation of the mixing ration over time by optimising the initial geometry. To solidly prove the reduction of the variation of the mixing ratio, real time regression rate measurements are indispensable. Sadly our US system in its current form does not work for printed fuel grains so we have to make do with what we can deduce from the averaged values.

Comparing tables 4, 6 and 9 strongly indicates that the optimisation of the geometry has significantly reduced the variation of the mixing ratio.
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  Figure 9: Measurements Hycat 20

Table 2 :

 2 Post firing measurementsstance n is nothing more than E bn = E r0 -E rn . Figure5shows the confrontation of the post firing measurements with the US measurements. As a result of the catalyst ignition there is a mono-propellant phase (no combustion) between 2.2 seconds (the opening of the oxidiser valve) and ≈7.5 seconds. During this phase hot oxidiser flows in to the combustion chamber and heats up the fuel grain. The hypothesis of a constant celerity is not valid for this phase and results in negative values for the burned thickness E b . As soon as this hot layer is burned away we find a classical curve for the regression rate. The results at the end of the burn fit well with the post firing measurements hence validating the US measurements.

	tus,0 Er 0	. Then the burned thickness at in-

E rn = τ us,m * c 2

where a =

Table 4 :

 4 Performances

		f uel	1039 kg/m³
		L	0.240 m	
		ṁox	0.089 kg/s	
	lateral fuel mass flow 0.22* ṁfuel
	Table 3: Determination of a&b	
	With A = π 4 Φ col = 3.8484e -5 , P 0 = 4.175 MPa and
	O F = 4, RPA gives the results in table 4.	
		Measured Theoretical Efficiency
	Avg. thrust	235 N		
	Cf	1.46	1.521	96.0 %
	Isp	205 s	238 s	86.1 %
	C*	1381 m/s	1536 m/s	89.9 %

Table 5 :

 5 Initial measurements

	Hycat 11	
	Hycat 11	
	Pressure (MPa)	Thrust (N)
	Pchamber (avg. 4.271 ) Thrust (avg. 228.318)	
	Time (s)	

Table 6 :

 6 Performances

			-5 , P 0 = 4.28 MPa
	and a mixing ratio of 3.76 gives:	
		Measured Theoretical Efficiency
	Avg. thrust	228 N		
	Cf	1.395	1.522	91.7 %
	Isp	199 s	236 s	84.3 %
	C*	1400 m/s	1524 m/s	91.9 %

Table 7 :

 7 Initial measurementsABS burns a lot faster. Figure8cshows that the inlet of the fuel ports has regressed to much, eating away the central structure of the grains. This makes the determination of the final geometry a bit more complicated.

	With help from a projector and CAD software we de-
	termined the dimensions given in figure 10 and column
	5 in table 8			
		initial		final
	φ port (mm) initial HDPE ABS measured
	frond	28.82	31.14 32.89	36.00
	rear	15.42	19.83 24.40	25.00
	Table 8: Geometrical variations
	If we use the algorithm given in 2 on the geometry of
	Hycat 20 but with the parameters a and b for ABS we
	find the values in column 4 table 8 (compared to those
	for HDPE in column 3). We see that the 1D model
	slightly underestimates the evolution of the entrance
	of the fuel port. The 3D effects of the injector swirl
	are probably not negligible in this area. However, the
	predictions of the 1D model are rather good.
	As for Hycat 14 the US measurements are not us-
	able and we revert to the same, global method used
	in section 4.2 to deduce an estimation of the mixing
	ration of 2.02 * 4.0 3.46 = 2.34. Hence, with A = π 4 Φ col = 3.8484e -5 O F = 2.34 and P 0 = 4.13 MPa, RPA finds:
		Measured Theoretical Efficiency
	Avg. thrust	242 N		
	Cf	1.532		1.535	99.8 %
	Isp	196 s		206 s	95.1 %
	C*	1239 m/s	1319 m/s	93.9 %

Table 9 :

 9 Performances

	Hycat 14	Hycat 11
	Hycat 11	Hycat 14
	Pressure (MPa)	Thrust (N)
		Pchamber (avg. 3.840 ) Thrust (avg. 223.270)
		Time (s)

The main objective of this study is to show that we can increase performances of a hybrid rocket motor by
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