Optimization of Mixing of Two Air Flows in the Annular Region of a Cylindrical Swirl Combustor
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Torrefaction is a method of converting low energy density biomass into a higher energy density biofuel known as char under oxygen-controlled environments. During the torrefaction process, biomass is heated at very high temperatures of about 300 degrees Celsius which results in the release of volatile gases (torgas). In order to harness the energy from the torgas, swirl mixing technology is used. Swirling is an efficient method of enhancing mixing and combustion of fuels such as torgas. However, little is known about designing a combustor that can harness the efficiency of swirl mixing techniques for torrefaction. The aim of this SuperUROP project is understand the various parameters that affect swirl mixing by visualizing the flow of two air streams in a to-scale combustor model to inform us about how to design efficient swirl combustors. The combustor is made up of two concentric cylinders and an imaging system that consists of a Nikon D200 camera for taking images and 5mW green laser which will be pointed at the mixed air stream (smoke and air) in a dark room. The data is standardized using image analysis software, ImageJ and will be calibrated using an image bar that consists of a set of base images that show mixing with specified proportions of each air stream. The information collected from these images will inform on how to better design swirl combustors for small scale torrefaction systems that will provide economic benefit to local farmers in developing countries.

Problem statement
About 2.5 billion people in developing countries rely on low energy density biomass such as wood and agricultural waste as a source of energy. In most households, Biomass accounts for over 90% of energy consumption. [1] However, about 10 exajoules of biomass, which equates to 18% of the developing countries’ energy needs go unutilized each year in Sub-Saharan Africa and India. This otherwise wasted biomass can be converted into a usable fuel by the creation of small scale torrefaction systems which can be used by local farmers for their energy needs and to generate income. 
Torrefaction systems are reactors in which biomass is heated at very high temperatures of 250 to 300 degrees Celsius to produce a high density fuel known as char. In the reactor, the biomass is heated at temperatures of 250-300 degrees Celsius in a low-oxygen environment to drive out the moisture and low calorific components in the biomass while releasing volatile gases (torgas). Torgas can then be mixed with air and used as a fuel to provide energy to drive the torrefaction system, resulting in an autothermal setup. An autothermal reaction is one in which the combustion of a material requires little or no addition of heat after the initial heat input. The swirl combustor for the torrefaction system is made up two concentric cylindrical chambers. The swirl mixing occurs in the annular region located between the inner and outer cylinders. There is little information about the pattern of mixing of air streams in this annulus configuration. This lack of information makes it difficult to optimize the design of the swirl combustor as we do not know what changes to swirl conditions can enhance or weaken fuel mixing properties.
In this SuperUROP project I will work to understand swirl mixing in a combustor by focusing on three steps. The first step will involve designing a fully functioning imaging system in cold flow (room temperature). Then I will focus on creating a method of quantitatively analyzing the images obtained from the visualizing system. Finally, hot air streams will be introduced to simulate real life conditions in the combustor.
Related Work
A vast majority of the existing torrefaction initiatives are found in North America and Europe and are carried out on a large scale producing between 20000 and 100000 tons of torrefied pellets every year equivalent to a maximum of about 1.5 petaJoules of energy annually. [2]There are currently in the market various torrefaction technologies adapted from existing reactor models. Some of these technologies include screw type reactors, torbed reactors, and rotary drum reactors. [3] However, in many developing countries, there is the need for small scale torrefaction systems that will enable local farmers and communities to harness some of the unutilized biomass energy.
A swirl combustor is a solution to the decentralization of torrefaction initiatives because during the torgas created during torrefaction can be mixed with air and used as fuel as in the diesel engine to heat subsequent biomass inputs. The effectiveness of fuel combustion is dependent on how well the gases mix and swirling is a very effective mixing method. Swirl combustion was initially developed as a small scale laboratory burner and later on the technology was scaled up for commercial purposes such as in cooking stoves or in diesel engines. The swirl technology was then adopted in the diesel engine as a means to meet strict emission targets because it had significant positive effects on flame stability and combustion properties. [4]
In the diesel engines various iterations of swirl combustion technologies exist. One of the most recent swirling technologies involved using a conical shaped nozzle through which the fuel is injected in the combustor. This modified swirl combustion method has led to improvements in mixtures and combustion properties of fuel. [5] Although swirl combustion is a relatively new technology for torrefaction, there is a lot of research on how to optimize fuel mixing in diesel engines. In a recent paper, we are introduced to the process of forced swirl combustion system (FSCS) to optimize mixing characteristics of fuel and air and reduce environmental effects of combustion. FSCS resulted in improved fuel mixing and combustion characteristics with a slight decrease in the emission of hazardous products such as soot and NO. [6] The continuous innovation in swirling combustion techniques in the diesel engine sector shows that swirling is an effective mixing method that can also be applied to the reactor of a torrefaction system.
Experimental Method
In order to better understand to process of swirl mixing, I will obtain images that show mixing of an air stream entraining smoke and another pure air flow in the annular region of the combustor. Then, I will quantitatively analyze these images as to extract standardized data collected that will help with the design of the swirl combustor. This project will be implemented in 4 main steps
· Designing a functional air flow imaging system in cold flow (room temperature)
· Creating a method of quantitatively analyzing results
· Designing combustor in cold flow
· Adding heat to system

Designing a functional air flow imaging system
The combustor model used consists of 2 concentric cylinders held onto a base with air inlets leading to the annular region from both the inner and outer cylinders. Smoke particles and air are used as the two air streams in the experiment. The analysis is first done at room temperature, because at actual combustor temperatures of 300 degrees Celsius, gas properties such as density and viscosity can no longer be assumed constant. As such, it is easier to get a working system at room temperature before introducing more complexity. 
This prototype was designed and partly built by Kathryn Wopat a recent graduate from MIT during her senior thesis. In her paper, Kathryn details her design rational for the combustor model. Staring from a model that is made up of 2 concentric hexagon, she settles for a design that involved to concentric cylinders that are cheaper and much easier to fabricate and [7] Figure 1a is a CAD model of the combustor model without the air inlet connections. 
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Figure 1: CAD model of the combustor model without the air inlet connections 

The imaging system consists a 5 mW green laser, a cylindrical lens to fan out the laser beam and a Nikon D200 Camera. The mixing is made visible because the smoke particles in the air will reflect the light from the laser.

Two main configurations as proposed by Kathryn’s paper are considered in the imaging process. The Bird’s eye section method and the vertical section shown in figures 2a and 2b
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Figure 3a(left) and figure 3b(right): On the left is an image of the view from the camera of the bird’s eye section method and to the right is the vertical section method as viewed from the camera. [7]

Creating a method to quantitatively analyze images
Once we have a robust method of taking images, the images obtained from the imaging system will be analyzed both qualitatively by observing extent of interaction of two air flow in the image and quantitatively by using an image analysis software. There are various good open source image analysis software such as Icy, Fiji and ImageJ. In this SuperUROP project, I will be using ImageJ because the software interphase is easy to use and it is highly rated for it performance by different users. ImageJ will be used to measure the light intensity across the image and plot a graph of intensity versus time. This intensity graph will provide us with a basis for normalizing the images so as to ensure that when looking at an image, the perceived mixing in an area with less light is compared accurately to the mixing in an area with a lot of light.  The overall goal is to observe extent of mixing which can later inform about design of a configuration, the experiment will be calibrated using a picture bar where extent of mixing can be compared visually. For instance if there is an image of two air flows A and B of unknown ratios, then you can look up the images on the calibration bar and  find a picture that is similar to what you have and its ratio of the two gases will be about the same as the ratio of the image.
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Figure 3: Calibration picture bar structure in which images of mixing of an air stream containing selected proportions of gases A and B are shown.

Design combustor in cold flow and heat addition to system
Results obtained from image analysis, will provide us with information about how to design an efficient swirl combustor. In order to optimize the system, certain parameters such as the flow velocity and entry angles are varied and the level of mixing of 2 air streams is compared using the calibration image that was developed. The optimization of mixing between two air streams will be carried out once I have a working imaging system. After optimization of the combustor in cold flow is complete, there will be the addition of hot air to simulate conditions in a real combustor.

Conclusion
By the end of this project, I want to gain a better understanding of the swirl mixing process from the analyzed images collected throughout the year so as to be able to design more efficient swirl combustors. After testing various conditions in the combustor model such as entry angles and flow velocities of air and we can have set rules for how to design an ultimate swirl combustor that will enable the manufacture of small scale torrefaction systems for developing countrie
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Designing a functional air flow system

          -Exploring existing imagining methods

          -Relating model to real combustor

          -Designing stabilising contraption

          -Building contraption
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Design requirement for combustor in cold flow

         -Variation of velovity

         -Image analysis

         -Variation of air inlet angles

Addition of Heat into system
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