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Introduction 

The discovery of paraffin based fuels has lead to renewed interest in hybrid rocket 
research. Experiments have shown that they burn 3-5 times faster than conventional 
hybrid fuels. High thrust level that would have required a multi-port design in the past 
can now be achieved with a single-port motor. While tests performed in Stanford and 
NASA Ames have demonstrated the paraffin hybrids to be a promising technology, one 
of the major challenges has been the relatively low efficiency. The c* efficiency has 
ranged between 80% and 90% in experiments conducted at the Ames Hybrid Combustion 
Facility (HCF). The test motor in these experiments had a 45 inch long fuel grain with the 
initial port diameter ranging between 3 and 5 - inches. The c* efficiency is defined as the 
ratio of measured and theoretical characteristic velocities and is related to how 
completely the fuel and oxidizer are converted to combustion products. A low efficiency 
means that the reactants burn incompletely, and the reaction does not release the 
maximum possible amount of energy. 
Two species react incompletely if either their chemical reaction rate is slow or if they are 
not mixed adequately. Chemical reactions take place through molecular collisions, and if 
the two species do not come into contact because of insufficient mixing, they can not 
form products. Typical fuels and oxidizers exhibit fast reaction rates. The characteristic 
time scale of chemical reactions is much smaller than the time scales related to 
convection and diffusion. In other words, the Damk hler number, Da=- phys/_chem, where 
g h y s  and &em are characteristic physical and chemical time scales, is large. In this limit 
of large 6% chemical kinetics is not thought to influence the efficiency. Therefore, a high 
efficiency can be accomplished by effective mixing. It can be challenging to achieve 
good mixing between the reactants in a hybrid motor. Fuel and oxidizer are stored 
separately and in different phases. The solid fuel must vaporize and the reactants must 
diffise to meet each other before chemical reactions can take place. In contrast, the he1 
and oxidizer in a solid rocket are premixed, and in liquid-liquid systems, the reactants can 
be injected into the combustion chamber in a way that promotes mixing. Consequently, 
hybrids are generally less efficient than solid or liquid systems. It should be noted, 
however, that while storing the reactants separately makes it difficult achieve high 
efficiency, the same feature also makes hybrid rockets inherently safe which is one of 
their major advantages over other types of rockets. 
The efficiency of a hybrid rocket is generally found to increase with the length of the 
motor. The residence time increases with the length of the motor, allowing more time for 
the reactants to diffuse towards each other. However, simply making a motor longer to 
increase its efficiency is not a practical solution, and alternate approaches must be 



considered. The fwus of the present research is to find a way to mix the fuel and oxidizer 
better that is practical and simple to implement in a hybrid motor. The approach taken is 
to alter the flow field by generating disturbances to the oxidizer flow upstream of the 
combustion chamber, and to look for a configuration that promotes mixing. Passive 
mixing devices inserted to the oxidizer flow path or changes in the pre-combustion 
chamber area geometry can be used to produce such disturbances. 
A cold flow experiment was designed for investigating the mixing process in a hybrid 
rocket. Operating a chemically inert experiment is simpler, safer and less costly than 
firing the real motor. While heat release will influence the flow field in the chemically 
reacting case, the flow patterns should be qualitatively similar to those in the cold flow 
situation, and the mixing aspect of the flow field can be captured in the non-reacting 
environment. A configuration that produces a high degree of mixing in the cold flow case 
is expected to do so in the presence of chemical reactions. 
This document describes the cold flow experiment performed to study mixing in a hybrid 
motor, and a numerical simulation of the experiment. 

Figure 1 : Mixing experiment apparatus 

Experiment setup 

Figure 1 shows a photograph of the experimental apparatus. Both the fuel and the 
oxidizer are simulated with air. The fluid representing oxidizer flows axially in a pipe, 
while the fluid representing fuel is injected from the pipe walls. The radial flow is 
maintained at a temperature slightly higher than that of the axial flow. Mixing is inferred 
from temperature profile measurements taken at the pipe exit. 
Figure 2 shows a schematic of the apparatus. The axial flow is driven by a high pressure 
blower, and the flow rate is controlled by adjusting the speed of a motor driving the 
blower. The fluid first flows through a long, 3 inch diameter inlet pipe. This will produce 
a fully developed velocity profile at the downstream end of the inlet pipe. The pipe also 
contains honeycomb and screens for flow conditioning. After the inlet pipe, the flow 
expands through what would be the pre-combustion chamber area in a hybrid motor, and 
finally enters the main pipe, which corresponds to the fuel port of a motor. The diameter 
of the pipe is 4 inches, and it is 44 inches long. The fluid representing the fuel comes 



from a compressed air supply. The flow rate is controlled by a choked orifice. Before 
being injected into the axial flow, the fluid enters an outer chamber surrounding the main 
pipe through a distribution tube. The tube contains holes that increase in size along its 
length to distribute the fluid into the chamber as uniformly as possible. The fluid then 
enters the main pipe through the wall. The pipe wall is a perforated metal cylinder, and it 
is surrounded by layers of foam and low-permeability cloth. The foam and the cloth 
create a significant pressure difference between the interior of the pipe and the outer 
chamber. The pressure drop between the pipe centerline and the outer chamber for a 
typical run is about 350 Pa, while the difference between the maximum and minimum 
pressure inside the pipe is of the order 20 Pa. This ensures that the radial flow at the wall 
is as uniform as possible along the length of the pipe. After entering the pipe, the axial 
and radial flows can interact and mix, and finally exit the pipe. 
The temperature of each air stream is actively controlled. A lo00 W heater located 
downstream of the choked orifice controls the temperature of the radially injected fluid. 
The heater is connected in series with a solid state relay. An Omega CN8501 temperature 
controller unit switches the relay on and off, maintaining the fluid at a desired setpoint. 
The temperature of the axial stream is set by another controller of the same model. A 
500W heater is located upstream of the blower. The axial flow is typically maintained at 
a degree or two above the ambient temperature, and the radial flow is heated by an 
additional 10 K. 
The geometry of the apparatus replicates that of the Ames Hybrid Combustion Facility, 
with the exception that it does not include a post-combustion chamber or a nozzle. The 
ratio of axial to radial mass flow rates in the experiment is nhxladmm~1al=2.4, 
corresponding to a typical oxidizer to fuel ratio in test firings at the Ames facility. The 
Reynolds number based on the pipe diameter and average velocity of the incoming axial 
flow is approximately 3-105. 
The primary measurements have been mean temperature and velocity profiles at the exit 
of the pipe. Temperature profiles are recorded with an RTD probe, and velocity profiles 
are measured with a Pitot static probe used in conjunction with a high-precision Combist 
manometer. To measure the profiles, the appropriate sensor is mounted on a traverse. 
After each data point is recorded, a stepper motor moves the sensor by a distance set by 
an indexer. In addition to the movable sensor at the pipe exit, the experiment has four 
additional, permanently mounted RTD sensors. One of these sensors is mounted on the 
perforated wall of the pipe, and another one measures the temperature in the outer 
chamber. Two sensors monitor temperatures of the incoming air streams, and provide 
process values for the two temperature controllers. 
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Choked orifice Heater 
Figure 2: Schematic of experimental apparatus 



Computational Model 

The numerical simulation was a Reynolds Averaged Navier Stokes solution for the 
geometry of the experiment. Star-CD, a commercial CFD package was used for pre- 
processing, solving and post-processing. The turbulence model was the standard k-- 
model with wall functions. The flow was assumed to be axisymmetric, and cylindrical 
coordinates were used in the model. The calculation was performed in a wedge extending 
10 degrees in the azimuthal direction. The solution was performed on two different grids. 
The base grid had approximately 12000 cells. This grid was refined by subdividing each 
cell into four cells, resulting in a grid with approximately 48000 cells. Views of a section 
of the base grid and refined grid are shown in figures 3 and 4. The computation required 
boundary conditions for both temperature and velocity. In the azimuthal direction, a 
symmetry boundary condition was specified for both variables on planes at +/- 5 degrees. 
A fixed axial velocity profile and a constant temperature were specified at the inlet, the 
temperature and radial velocity of the injected fluid were fixed at the pipe wall, and the 
mass flow rate was specified at the exit. 



Figure 3: View of a part of the computational mesh, base grid 



Figure 4: View of a part of the computational mesh, refined grid 

Results 

Comparison of Experimental and Computational Results 

Figure 5 shows a comparison of calculated and experimentally measured velocity and 
temperature profiles. The axial velocity at the pipe exit is plotted as a function of the 
radial distance from the pipe centerline. The temperature data is presented in the non- 
dimensional form, (T-Tref)/(Tw,~l-T,ef). Tref is the temperature of the incoming axial flow, 
TwaI1 is the temperature of the perforated pipe wall, and T is the temperature measured at 
the pipe exit. The data corresponds to the baseline case with undisturbed axial flow. 
Computational results are shown for both the base grid and the refined grid. The match 
between the computational and experimental results is currently rather poor. Refining the 
grid did not bring the computational solution closer to the experimental results. This 
indicates that further refinement of the grid is not expected to produce a better match 
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between the two. Compared to the computation, the experimental results show a 
significantly larger difference between the centerline temperatures and the temperature at 
region near the wall. It appears that the computation is producing more turbulent 
difision than the experiment. Fluid injected fiom the wall is more llkely to end up near 
the centerline according to the computation than according to the experimental data. 
Figure 6 shows a comparison between the calculated and experimentally measured static 
pressure as a function of axial distance in the pipe. This indicates that in the calculation, a 
larger pressure gradient is required to drive the flow through the pipe than what is 
observed in the experiment. These discrepancies have not been satisfactorily explained. 
However, only the standard k-- turbulence model has been attempted, and it is possible 
that another turbulence model might produce better results. It is also possible that the 
flow in question, particularly with the complex separation-reattachment zone at the 
expansion area upstream of the pipe is too complicated to be handled by a steady RANS 
calculation. More powerful computational tools may be required to improve the match 
between experiment and computation. 
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Figure 5: Comparison of experimental and computational results, velocity and 
temperature profiles at exit plane 
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-e 6: Comparison of experimental and computational results, axial pressure profile 

Testing of Flow Disturbance Generators 

Figures 7-1 1 show images of the devices that have been tested. The devices are placed in 
the path of the axial stream, either at the downstream end of the inlet pipe or just 
upstream of the main pipe. The intent is to enhance mixing by generating disturbances to 
the axial flow. None of the devices tested so far have produced a significant deviation to 
the temperature profile compared to the baseline case, an example of which is 
demonstrated by the data in figure 12 showing the baseline temperature profile and the 
profile produced by one of the devices (shown in figure 7). 
One important point to be made is that a mean temperature measurement does not 
indicate whether or not the fluid is mixed at molecular level. The mean temperature of a 
flow of warm and cool fluid blobs may be the same as that of a flow of homogeneously 
mixed fluid. The mean temperature profile can only indicate how likely it is for the warn 
fluid entering through the wall to end up near the centerline, or for the cooler fluid to find 
its way from the centerline to a region near the wall. A measurement of the fine scale 
mixing should be incorporated to truly distinguish between mixed and unmixed fluid. 
The mean temperature profile by itself can only provide information about the bulk 
movement of the fluid in the radial direction. If the mean temperature between the wall 
and the centerline is small, the cool fluid has been transported towards the wall, and the 
warm fluid from the walls has moved towards the centerline. On the other hand, if the 
mean temperatures at the centerline and near the wall are very different, the cool fluid 



had stayed near the centerline, and the warm fluid still resides next to the wall. 
Ultimately, it might be desirable to achieve both an increase in the bulk transport of fluid 
in the radial direction as well as a high degree of mixing at the molecular level. I-Iowever, 
just increasing the molecular mixing with no change in the mean profile would be a good 
start. The fact that the devices tested so far have not significant differences in the mean 
temperature profile does not necessarily mean that they did not produce any changes to 
the flow field. 

Figure 9 

Figure 10 Figure 11 
Figures 7- 10: Flow disturbance generators. 7: Serrated disturbance generator 1, attaches 
to inlet of the main pipe, 8: Vortex generator, attaches to inlet of the main pipe, 9: Swirl 
generator, inserts into inlet pipe near its exit, 10: Serrated disturbance generator 2, inserts 
into inlet pipe near exit, 11 : Spherical disturbance generator, inserts into flow path 
upstream of main pipe entrance 
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Figure 12: Temperature profile at the exit plane with and without the disturbance 
generator shown in figure 7 

Conclusions and suggestions for further work 

Efficiency is an important area of current hybrid combustion research. A cold flow 
experiment and a related numerical simulation motivated by hybrid rocket efficiency 
were described in the preceding paragraphs. The experimental and computational results 
do not match very well, and this issue remains to be resolved. An LES calculation or 
possibly a different turbulence model may be needed to improve the agreement between 
the two. 
There is a slight ambiguity in relating results from the cold flow experiment to the actual 
hybrid motor. While enhanced mixing is in general related to an improvement in the 
efficiency of a chemically reacting system, in the case of hybrid combustion, better 
mixing may result in a higher combustion temperature, which will increase the regression 
rate. If the cold flow experiment shows improved mixing for a particular device, it is hard 
to say if a similar device in the real motor would result in higher efficiency, or if it would 
instead increase fuel production at the fuel surface, in which case the efficiency could 
remain unchanged or even decrease. However, despite the ambiguity, it is worthwhile to 
do testing with the cold flow experiment. If a device does not produce significant changes 
to the flow field in the cold flow case, it is unlikely to affect the flow field in a real motor 
either, and it is probably not worth the effort and resources to test a similar concept in the 
combusting environment. On the other hand, if a device substantially alters the mixing 
behavior in the cold flow case, it is more likely to cause some type of a change to the 
flow in the motor. However, further testing in the reacting flow will be necessary to 
determine the precise effect. 
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If it turns out that influencing the flow by upstream disturbances can not produce 
significant enough changes to the flow field, one option is to try to influence the mixing 
downstream of the port. If this idea is pursued, a section corresponding to a post- 
combustion chamber could be added to the cold- flow experiment downstream of the 
main pipe. In this case, there would be a more direct correspondence between the results 
of a cold flow experiment and the hybrid rocket efficiency. If the flow in the port is 
unchanged from one case to another, the fuel production at the wall should not be 
influenced. Enhanced mixing in the cold flow case should correspond to higher efficiency 
in the reacting case. 
Another possibility to be pursued in the future is addition of flow visualization to the 
experiment. Seeing the flow patterns may help in the design of new disturbance 
generating devices. 
Although the experiment has not yet produced positive results in terms of finding a way 
to mix the axial flow with the radially injected fluid more effectively, future efforts may 
turn out more fruitful. None of the devices tested have produced large changes in the 
mean profiles. However, some measure of molecular mixing should also be obtained for 
assessing their effectiveness. If future work is pursued with this experiment, it is 
important that this measurement is added. 
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Transient Modeling of Hybrid Rocket Low Frequency Instabilities 
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After the application of the L’Hospital’s rule one 
obrains tbt WeD Lnown trpnsfb fimakm fa a 
simple single volume system- 
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Figure 3: Plot of the transfer function of the TC coupled system with no delays (z, ,  = zb12 = 0). This plot 

is for a HTPB system with E, =I 5 kdmole .  
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4: The unstable poles ofthe TC coupled system in the s plane forrm = 0 ,  T M ~  = 38 msm. plot 

is for a HTPB system with E, =15 kcal/mole. 
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Figure 7: Effect of bwnday layer delay time on the oscillatiofi hquency for various activation energies. 



Figarc 9 The contour plot of the TCG cuupled system with 7 ~ 2  = 38 msec. Most of the transient features 
ofahybridsystemambededocedfkmtbeloationsofdepds. 
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Fagtln 11: Fouriertransfm of the chamber pressure for the paraffin-based motor test, 4LO5. 
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