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Synopsis 
 
The project involved development of an agent-based computer model for transport of 
particulate matter in biofuel production systems, as well as application of this model to 
two different types of biofuel generation systems. The computational model examines 
particles of both spherical and non-spherical shape transported in a flow with complex 
geometry. The particles can be non-adhesive or adhesive, e.g., via van der Waals or 
liquid bridging adhesion. The agent-based model integrates to a finite-volume fluid 
dynamics code (U2RANS) to account for effects of particle transport in a flow. 
Applications of the computational method was made to: (1) combustion of biowaste 
particles, such as grain hulls or pellets, (2) separation of particles from the surrounding 
aqueous medium (de-watering), and (3) enhancement of algae growth rate in algae-based 
biofuel production systems. 
 
In the first application area, the particle agents in the model represent pieces of biowaste 
products, such as wood chips or grain hulls. In this part of the project, we shared our 
computer code with a collaborator at the University of Iowa specializing in combustion, 
and worked together with the investigators at Iowa to train a graduate student in using 
this code. The University of Iowa graduate student then used the code to compute 
biowaste particle combustion in a stoker burner, with comparison to experimental results 
obtained at Iowa.  
 
In the second application area, we examine methods for separation of particles from the 
surrounding aqueous medium. This type of de-watering problems arise in many areas of 
biofuel generation, e.g., in processes attempting to concentrate algae from suspension in 
algae production systems prior to oil extraction. We have identified a new fluid dynamic 
phenomenon in which a particle suspension flowing through a corrugated tube exhibits a 



drift of the particles toward the tube center. The underlying mechanics of this new 
phenomenon have been identified and described mathematically. 
 
In the third application area, we examine experimental data on the effect of fluid mixing 
on algae growth rate, which various from results showing that mixing enhanced growth 
rate by more than 250% to other results showing that it has little or no effect. We have 
coupled a model for algae growth to our particle transport model, and have integrated the 
combined model to spectral-based direct numerical simulation code for turbulent flows. 
The numerical model was then used, together with simpler heuristic models, to clearly 
identify the conditions under which significant enhancement of algae production occurs 
in a turbulent flow. The computational results are able to explain the widely divergent 
experimental data on algae growth rate enhancement and clearly delineate the conditions 
for enhancement of algae growth by mixing. Of particular interest is that finding that 
algae growth rate saturates at mixing rates beyond a critical value, so that for more rapid 
mixing no further enhancement is observed.  
 
Introduction  
 
Particulate flows are encountered in an extraordinarily broad array of industrial, 
environmental and biological problems, encompassing within it diverse subfields such as 
aerosol dynamics, sediment transport, colloidal dispersions, fluidized beds, and cohesive 
granular flows. Many of these flows are of great importance in generation of alternative 
energy sources, including biofuels and hydrogen. For instance, it is common to utilize 
biowaste products, such as wood chips, corn stalks, grass, cereal hulls, etc., to generate 
electricity by combustion processes. The biowaste products are processed into small 
pieces (particles, often of non-spherical shape), which are then fed into a combustion 
chamber, sometimes together with traditional combustion sources such as coal. Particle 
flow problems govern the fuel feeding process, the combustion process, and the ash 
collection process – all of the key processes for biowaste power generation. As a second 
example, one of the most promising technologies for generation of both biodiesel and of 
hydrogen comes from algae production. Two key aspects of reducing the cost of algae 
production are that are enhancing the algae growth rate (with minimal energy input) and 
efficiently extracting oil and hydrogen from the algae. Both of these concern optimization 
of a flow containing adhesive particles (algae cells) interacting with the surrounding 
turbulent fluid flow in geometrical regions (bioreactors) of complex shape.  
 
Particle Transport Model 
 
The primary focus of the current project is to develop, implement and test new 
computational methods for prediction of particulate flows typically observed in biofuel 
and hydrogen generation systems, as discussed above. To be useful, these computational 
methods need to be able to efficiently handle systems with large numbers (tens of 
thousands) of particles; function with particles that are adhesive, collide frequently, and 
are in general non-spherical; and solve for flows and particle transport in geometrically 
complex regions. The following advances were made during the course of the project: 
 



1.  A new highly efficient discrete element method (DEM) was developed for flows with 
adhesive particles (Journal Paper 6). The method uses a multiple time scale approach 
to achieve rapid computational speeds with large number of particles. New models 
are proposed for rolling, sliding and twisting resistance of particles exposed to 
adhesive forces. 

 
2. A level-set based method is developed which allows particles to be transported on a 

Cartesian mesh even in highly complex flow domains (Journal Paper 5). The method 
was implemented for a micronozzle flow field, as well as other flows fields of 
interest. The level-set method is much faster than the previous method, which 
requires searching for particle positions on a complex mesh at each particle time step. 

 
3. A new, highly efficient model was developed for transport and collision of ellipsoidal 

particles (Journal Papers 5, 9 and 10), which can be used to represent elongated 
biofuel pellets or chips. The model introduces new methods for modeling of collision 
or non-spherical particles.   

 
4.  A new computational method was introduced for modeling particles transported in 

the presence of an electric field (Journal Paper 4). This method is a common approach 
to particle separation/extraction processes. 

 
Biowaste Combustion 
 
We have worked, together with our collaborators at the University of Iowa, to integrate 
the discrete-element model for particle transport with a combustion model for the 
particles. The particle/combustion model is then integrated with the finite-volume fluid 
dynamics code U2RANS. The computations use our level-set method to allow rapid 
particle transport simulations in combustion units of complex shape. Sample biofuel 
combustion calculations have been performed by our colleagues at the University of Iowa 
using our combined computer code (see Figure 1). These calculations also utilize a 
radiation module added to the code to compute radiant heat transfer between a particle 
and the combustion unit wall. 
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Figure 1. Time series of three-dimensional temperature profiles in a rectangular 
combustion unit obtained from simulation of biofuel particles injected at the left-hand wall 
of the combustor.  (Courtesy of Albert Ratner, University of Iowa.) 
 
 
 
Particle Separation Process 
 
We have shown in a series of two papers (Journal Papers 3 and 8) that particles immersed 
in a suspension exposed to oscillating straining rate will tend to drift toward the nodal 
points of the straining field. The reason for this drift has been clearly explained and 
modeled in terms of the dynamic properties of the damped Mathieu equation (Journal 
Paper 8). This new fluid dynamic phenomenon is demonstrated to cause an inward drift 
of particles in a corrugated pipe flow toward the pipe center (Figure 2), thereby 
separating the particles from the surrounding fluid (Journal Paper 3). An illustration of 
this process is given in Figure 2, showing the particle positions from an end view at three 
different times during the separation process. The separation process is particularly 
efficient at low Reynolds numbers, and hence would work well for smaller tube sizes 
characteristic of microfluidic systems. The particle focusing is related to the tube 
corrugations, and does not occur in the absence of tube corrugations. A theory has been 
developed explaining why the particles exhibit the focusing phenomena, and predicting 
the rate at which focusing occurs for different tube geometries.  
 



 
 

Figure 2. Schematic diagram of flow in a corrugated pipe. 
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Figure 3. Time series showing particles focusing at the center of a corrugated tube for a 
case with Reynolds number Re = 10, from an end view. The dashed circle denotes the 
maximum (crest) of the tube corrugations and the solid circle represents the minimum 
(trough) of the corrugations. The side view in frame (c) is shown in frame (d). 
 
 
Algae Growth Enhancement 
 
We have coupled a well-known model for algae growth rate in a light-limited 
environment, which is typical of commercial algae production systems, to our discrete-
element method code, together with the Beer-Lambert law for light attenuation by the 
algae. The resulting numerical method is used to examine the effect of fluid mixing on 



algae growth rate (Journal Paper 2). A simple model is first examined in which the algae 
with a single frequency in accordance to  
 

 (1) 

 
where H is the depth of the algae-containing mixed layer, ! is mixing frequency, and  
is a random variable with uniform probability distribution in the interval 

. The various parameters in the model are selected based on 
experimentally-obtained values for typical algae production systems. A plot is given in 
Figure 4 showing the increase in algae growth rate with time for different values of the 
mixing frequency, where the case with  corresponds to no mixing. It is 
found that the effect of mixing on algae growth saturates at a certain mixing frequency, 
which was not previously realized. Increase in mixing rate beyond this saturation point 
will cost energy, but not enhance algae growth.  
 
It is also found that the extent to which algae growth rate is increased by fluid mixing is 
highly dependent on the fraction of the algae-containing fluid layer which is penetrated 
by the light. This latter length scale is associated with the inverse of the light decay rate 

, where " is the algae concentration and # is a light attenuation coefficient. Figure 5 
shows that at large light penetration depths (small values of ), there is little or no 
enhancement of algae growth rate by fluid mixing. However, at smaller light penetration 
depths (large values of ), while the overall growth rate decreases, the enhancement of 
growth rate by mixing dramatically increases. These findings are in agreement with 
experimental data of a number of studies, some of which show small enhancement of 
growth rate with mixing and some showing large enhancement. Indeed, some 
experimental studies have demonstrated that growth rate enhancement with mixing 
increases, on a percentage basis, with increase in algae concentration, but the reason for 
this finding was not previously understood. 
 
Our algae growth / particle computational model was then implemented together with a 
pseudo-spectral method for direct numerical simulation of homogeneous turbulent flow 
(Figure 6), in which all scales of a turbulent flow are predicted. The results for algae 
growth rate enhancement in turbulent flow was in qualitative agreement with results from 
our simple single-frequency model, provided that the mixing time scale is set equal to the 
eddy-turnover time scale of the turbulent flow (defined as the turbulence integral length 
scale divided by the root-mean-square velocity fluctuation). 
 
 
 



 
 
 
 

Figure 6. Plots illustrating the homogeneous turbulence flow field used for computing 
effect of turbulence on algae growth rate: (a)  iso-surface in a three-dimensional 
perspective view, illustrating the vortex structures in the turbulent flow field, (b) 
contours of  in the  cross-sectional plane 

Figure 4. Enhancement of algae growth rate 
for different dimensionless mixing 
frequencies.  
 

Figure 5. Variation of maximum algae 
growth rate µ  with the inverse depth of the 
illuminated layer  for cases with no 
mixing (circles and solid line) and with 
rapid mixing ( ; squares and dashed 
line). 



 
In order to provide a rapid, but accurate, method for prediction of the effect of turbulence 
on algae growth rate, we have developed an integrated algae-hydrodynamics 
computational method that includes the following parts:  
 
(1) Reynolds-Averaged Navier-Stokes (RANS) model of turbulent fluid flow in reactor, 
(2) stochastic Largangian model for turbulent fluid fluctuations,  
(3) simulation of light intensity in reactor, and  
(4) simulation of algae growth rate within reactor. 
 
The RANS model provides prediction for the mean velocity field and averaged 
turbulence quantities, such as turbulent kinetic energy and dissipation rate. The stochastic 
Lagrangian model solves a stochastic differential equation of the Langevin form 
 

 , (1) 

where  is the turbulence kinetic energy associated with the ith component of 
the fluctuating velocity field and  is the eddy turn-over time,  which is related to the  
turbulence dissipation rate ! and the total turbulent kinetic energy  by 

. The differential d! is a Gaussian distributed random variable with zero mean 
and variance equal to the time step dt. The solution for light intensity within the reactor 
solves the Beer-Lambert equation with light refraction effects, and the algae growth rate 
model solves the Eilers-Peeters model for three-phase algae growth. The key new feature 
in this computational approach is the use of a stochastic Lagrangian model to connect 
RANS based turbulence simulations with algae growth simulations, which had not been 
done previously.  

Figure 7. Predicted dimensionless 
growth rate as a function of 
dimensionless time for  cases with no 
flow (dashed line), predictions from the 
direct numerical simulation of Marshall 
and Haung (2010) for mixing with 

 (circles) and  
(triangles), and the corresponding 
predictions from the stochastic 
Lagrangian model with the same 
turbulent kinetic energy and dissipation 
rate (solid lines). 



In Figure 7, predictions for the dimensionless algae growth rate with no flow (dashed 
lines) are compared with those for forced homogeneous turbulence with dimensionless 
mixing frequency  of 0.36 and 1.8, where  is the photosynthesis time scale. 
The results with turbulent flow are shown both for the direct numerical simulation (DNS) 
(symbols) and for the stochastic Lagrangian approach (lines). The stochastic Lagangian 
approach is found to match nearly exactly with the DNS results. 
 
Final Results 
 
This project has improved the state-of-the-art for modeling of fluid and particulate flows 
critical to biofuel and hydrogen generation in a number of ways. (1) We have developed a 
computational method for discrete-element modeling which exceeds in capabilities, speed 
and accuracy any other such model in the world. The model allows for adhesive particles, 
two-way coupling with the fluid, particle combustion, non-spherical particles, particle 
interaction with an electric field, and particle transport in complex domains. (2) We have 
utilized our computational model to discover a new fluid dynamical phenomenon 
allowing continuous-flow separation of particles from the surrounding liquid in a 
continuous manner with low energy dissipation. A mathematical theory explaining this 
new phenomenon has been developed and demonstrated. (3) We have integrated a 
stochastic Lagrangian model for algae particle motion with a RANS turbulent prediction 
method and a model for algae growth, and used the combined model to examine the 
effect of turbulent fluid mixing on algae production. A simplified model for effect of 
mixing on algae growth was developed and validated by comparison to simulations using 
direct simulation of turbulent flow. It is found that a saturation state exists beyond which 
more rapid mixing does not cause on increase in algae growth rate. Previous experimental 
results for algae growth rate, which appear to contradict each other, have been explained 
by our model. A stochastic Lagrangian model for turbulent fluid fluctuations was 
developed and used to move algae particles. The predicted values with this stochastic 
approach are nearly identical to those predicted with a direct numerical simulation of the 
full turbulent flow field. Using the computational methods developed in this study, it is 
for the first time possible to accurately simulate clustering and growth rate enhancement 
of algae particles during algae biofuel production processes. 
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