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Abstract 

 

Biofuels provide a renewable option with large global potential for replacement of non-renewable 

fossil fuels. Some of the developing systems for thermal conversion of solid biomass depend on small 

particles or powders for feeding and dispersion in the reactors. Powder gasification research and the 

high temperature and heating rates of a pulver flame can be simulated in lab scale. Simulations aim 

at formulating generic or case specific predictive models for fuel behavior considering conversion 

rates and ash reactions. Differences in behaviour can be attributed to differences in chemical 

composition, but also to physical particle properties such as density, porosity, shape and 

fractionation behaviour. In this study, an advanced high-speed camera intended for particle studies 

was evaluated for use in an entrained flow reactor with optical access. The ability to characterize 

properties such as changing aspect ratio, agglomeration or fragmentation tendency, speed and drag 

coefficient were measured by computational analysis of optical data, and correlated to previously 

proposed models. Impact of different milling methods on flow properties of spruce powder was 

investigated, but found insignificant. 
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1 INTRODUCTION 

 

The motion of particles in gas or fluid flow plays an important role in both technical and natural 

processes. Modeling of these processes usually relies on the assumption of spherical particles. In 

practice however, many kinds of particles tend to be non-spherical and variations in particle shape 

and particle orientation affects the motion of the particle. Irregular non-spherical particles are found 

in industrial particulate flows and similarly many engineering flows are turbulent, further 

complicating things. Examples of irregularly shaped particles are found in many applications, such as 

sedimentation and flocculation of aggregates of fine particles in rivers and lakes, pollutant transport 

in the atmosphere, chemical blending, mineral processing, powder sintering, manufacturing with 

phase change and solidification processes, fiber suspension flow in paper forming, and of primary 

interest in this article, combustion and gasification of pulverized coal and other solid bio-fuels [2-5]. 

For successful prediction of the behavior of these types of particles in a gas flow, many previous 

studies have aimed at providing detailed data of the drag force acting on them, and this study aims 

to assess earlier models, and to examine how particle shape change can be included in earlier 

models. Most studies have used either spheres, isometric shapes or spheres glued together to 

represent other shapes [5-13]. Previous studies [14-16] have demonstrated the usefulness of an 

advanced optical method for visualization of fuel particle conversion, and subsequent image analysis 

gives information on changes in particle morphology, size and speed that is useful for particle 

conversion modeling. Of interest in this thesis is also how differences in biological and milling 

background of different bio-fuel particles influence combustion behavior. 

Drop Tube Furnaces (DTF’s) are capable of creating an environment that closely simulates industrial 

conditions during combustion; in particular the short residence times, high temperatures, fast 

heating rates, and dilute particle phases. In this thesis the sort of DTF that is used is a Laminar 

Entrained Flow Reactor (L-EFR), which allows the study of temperature, velocity (and hence, 

residence time), size and shape of the particles [17, 18]. These properties are of critical importance, 

because nearly all of the physical phenomena and chemical kinetics in a combustion environment are 

size and/or temperature-dependent. An L-EFR is a useful device for studying these issues in the 

laboratory, providing a monodimensional laminar gas flow and easy operation, while yielding useful 

information for simulating biomass powder in a real industrial boiler. Such reactors are often used to 

investigate the fuel conversion behaviors of particles, because it can keep the reaction conditions 

uniform and similar to that of entrained flow gasifiers, meaning heating rates of 100−10 000 K/s and 

particle sizes at less than 1 mm [19]. Optical diagnostics are powerful techniques for non-intrusive 

and in situ measurement of particle properties in a combustor. Their application in L-EFRs is enabled 

by using transparent quartz reactors for optical access or employing observation ports along the 

heated section [1, 20]. In general, non-reacting mathematical models have been employed for 

particle velocity estimation. It however raises the question of how a high heating rate affects the 

aerodynamic behavior of a particle. The assumption of no change in particle flow properties in a hot 

gas atmosphere leads to large uncertainties.  

Photography/imaging using CCD cameras is a technique for particle velocity and shape 

measurement. Through the use of such a camera system, the individual particles can be “frozen” on 

a nanosecond-scale exposure time, allowing their properties to be analyzed using particle imaging 

velocimetry (PIV) [14, 15]. Earlier studies observed that particle sizes affect the fuel conversion of 

biomass by changing both residence time and heat transfer processes [15, 19, 21]. 
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By collecting data for particles without heating but at a similar flow environment, the 

appropriateness of proposed models for irregular particles can be assessed. By then subjecting the 

same particles to high heating rates and recording their behavior, the model can be corrected for use 

in gasification, combustion and/or pyrolysis. 

1.1 OBJECTIVE 
The objectives of this thesis were to: 

 Design, build and evaluate a laminar entrained flow reactor for studies of fuel particles 

during conversion 

 Evaluate an optical system for high speed PIV for in-situ monitoring of particle motion and 

conversion 

 Evaluate the impact of two different milling methods on the flow behavior of spruce 

 Evaluate the usefulness of previously proposed drag coefficient models 

1.2 SCIENTIFIC INNOVATION AND RELEVANCE 
By the use of a drop tube reactor with optical access, this study examines some of the different ways 

proposed in literature to determine how to correlate the shape of a particle with its fluid mechanical 

behavior. The relevance of this thesis becomes evident considering the increasing efforts towards the 

replacement of pulverized coal with biomass in existing and new power plants, and also with the 

developments in biomass gasification [22, 23]. Whereas pulverized coal particles are small by 

comparison and the spherical ideal is a fair approximation, pulverized biomass particles are 

characterized by long and thin particles because of their fibrous nature, giving them high aspect 

ratios and a distinctly non-spherical shape, which can also change during thermal conversion. 

1.3 APPROACH 
The experimental setup designed and built for the purpose was an entrained flow reactor (EFR) with 

optical access at different heights, giving in-situ access to particles after different residence times in 

the heated part of the reactor. The optical equipment included a high speed CCD camera, a 

stroboscope for background illumination and controlling equipment. Data collected were treated 

with particle imaging velocimetry (PIV) software for determining particle speed and drag coefficients. 

Also numerical analysis (image analysis and advanced statistics) of the particle shadows gave 

information on particle shape and changing aspect ratio. Information on particle density, speed, 

shape and size distribution were also used for the final evaluation of particle behavior. A number of 

different fuels and size distributions were used for the evaluation. 

An extensive review of previous studies was done, and used as the basis for the design of the 

experimental apparatus. Following this, the experimental part was carried out in two steps, first 

using a cold tube, and secondly a heated tube, and the changing influence of shape on the drag 

coefficients during heating was studied. 
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2 THEORETICAL CONSIDERATIONS 

2.1 PARTICLE SHAPE 
The majority of scientific investigations of particulate flows assume particles to be perfectly spherical, 

or close enough to be approximated as perfectly spherical, and simulate other shapes by joining 

spheres together to form configurations. These also tend to focus on laminar flow regimes. The 

studies on the drag of regular particles mainly addressed a limited number of solid shapes and, in 

most cases, the particle free-falling velocity and drag was formulated with respect to a well-defined 

particle shape. A number of empirical correlations were proposed for regular polyhedrons, cylinders, 

thin disks, parallelepipeds, cones and flat annular rings, and these have been analyzed in detail in 

earlier studies [2, 5-7, 10, 12, 13, 24]. In comparison to these correlations for specific particle shapes, 

studies for irregularly shaped particles have been relatively few [3, 8, 9, 25-28].  

There is a need to define what is meant by spherical, non-spherical, irregular and regular particles. 

Mandø and Rosendahl [27] recently gave attention to the inconsistent use of these terms. For 

example, the word non-spherical most often refers to shapes which are not perfect spheres. The 

meaning of the term spherical is however a ‘shape that is sphere-like’, meaning it is not necessarily a 

perfect sphere. By that definition non-spherical would mean a shape that is not sphere-like, which 

means the definition of sphere-like needs to be defined in some way, and this definition should 

include shapes that can be approximated as spheres with reasonable accuracy. Here the word 

reasonable implies a subjective distinction, which means it is up to the individual researcher to 

decide what limit to use. 

Regular shapes are defined as shapes which are easily defined mathematically, like spheres, rods and 

disks. In short, shapes that are symmetric or can be approximated as symmetric around one or more 

axis. Irregular shapes would then imply shapes that are not well approximated by easily defined 

mathematics, meaning they need to be defined in some other way. This way of defining shapes was 

surmised as seen in Table 1 [27]. 

Table 1: Proposed categorization of shapes 

 Spherical Non-spherical 

Regular Polygons, spheroids with low 
aspect ratio 

Cubes, cylinders, disks, 
tetrahedron, spheroids with 
high aspect ratio 

Irregular Pulverized coal, sand, many 
powders, particulate matter 

Pulverized biomass, flakes, 
splinters, agglomerates 

 

2.2 GAS FLOW 
Most flow models are based on laminar flow, yet many industrial applications are turbulent, 

especially combustion-type applications where the turbulence is necessary for efficient conversion. 

For turbulent flow the governing equations have been known for over a century, but utilizing these 

for simulation and prediction is difficult because of the need to resolve the smallest flow structures 

and time scales. As a consequence turbulence is most often modeled using different forms of 

averaging and the interaction with particles is handled by random walk models [27]. Large non-

spherical particles present their own set of problems in the context of Computational Fluids 

Dynamics (CFD), as compromises need to be made between the level of geometric complexity and 
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the available processing power in computers. The challenge here is related to things such as how to 

define and quantify the shape? How to deal with secondary motion caused by the non-symmetry of a 

given particle? How well will already developed models for spheres work for highly non-spherical 

shapes? How to handle turbulence? As the initial aim of this thesis is to examine how to modify 

earlier proposed models to take into account combustion, and earlier models have been constructed 

using laminar flows, laminar flows will also be used here.  

2.3 PARTICLES IN GAS FLOWS 
A particle falling through a medium is mainly affected by two forces, inertial forces and viscous 

forces. A dimensionless number used for describing the relation between these forces is the particle 

Reynolds number, Rep, which is the ratio of the inertial force divided by the viscous force. 

𝑅𝑒𝑝 =
𝜌𝑓𝑣𝑑

𝜇
   (1) 

Where ρf is the desity of the surrounding fluid, v the velocity of the particle, d the characteristic 

diameter of the particle and μ is the viscosity of the medium through which the particle is falling.[29] 

This equation describes what sort of behavior to expect from a particle, depending on what sort of 

flow it will experience. If Rep is less than 0.1, the flow around a spherical particle will be fully laminar, 

and viscous forces dominate the behavior of the flow. As the Reynolds number increases, the fluid 

inertia becomes more important and at some location along the body of the particle, the fluids 

inertia will prevent it from following the curvature of the particle body, and a separation bubble will 

appear behind the particle. This bubble will actually force the fluid to flow in the same direction as 

the particle is traveling. The geometry of the particle is important for the creation of separation 

bubbles, as sharp edges will make it harder for the flow to follow the curvature of a given particle.  

The initial approach used by many previous studies is to treat a falling particle as a sphere, and this is 

the assumption used by Stokes’ law. This law is derived from the equilibrium achieved between the 

resistance R experienced by a particle falling through a medium and the net gravitational force F. 

The resistance R of a particle with diameter d falling at constant velocity v through a medium whose 

viscosity is μ is given by: 

𝑅 = 3𝜋𝑑𝑣𝜇   (2) 

The number 3π was originally determined analytically by Stokes [30], and can also be found 

experimentally. Of interest for the subject of this thesis is that for any arbitrarily shaped particle, 

equation 2 can be expressed as: 

𝑅 = 𝛼𝐿𝑣𝜇   (3) 

Where 𝛼 is an empirical constant and L is a dimension chosen which defines the projected area or 

size of the particle.  

For a spherical particle falling in a medium, the net gravitational force F is given by: 

𝐹 = 𝑔𝑉(𝜌𝑠 − 𝜌𝑓) = 𝑔 (
𝜋

6
𝑑𝑠

3) (𝜌𝑠 − 𝜌𝑓)  (4) 

 

Where V is the volume of the particle, g is the local acceleration of gravity and ρs is the desity of the 

solid particle. 
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Terminal velocity for a falling particle, that is, the maximum velocity it can reach in the given 

medium, is achived when R and F are equal. By combining equation 2 and 4 Stokes law [30] gives: 

𝑣 = (
𝑔

18
) [

𝑑𝑠
2(𝜌𝑠−𝜌𝑓)

𝜇
]  (5) 

Equation 5 only applies in the viscous region, when the Reynolds number is less than about 0.4.  

Also of interest is the drag coefficient, which is defined as [29]: 

𝐶𝐷 = [
2𝑅

𝜌𝑓𝑣2𝐴
]   (6) 

Where A is the projected area of the particle in the direction of motion. 

By combining equation 6 with equation 1 and 2, it can be shown that the theoretical drag coefficient 

for a sphere is a fuction of the Reynold number: 

𝐶𝐷 = [
24

𝑅𝑒
]   (7) 

However, this only applies at low Reynolds numbers (Re<0.05) [6]. 

By combining equation 3 and 4, a more generic form of Stokes law can also be obtained, in the form 

of: 

𝑣 = 𝑔 (
𝑉

𝛼𝐿
) [

(𝜌𝑠−𝜌𝑓)

𝜇
]  (8) 

Equation 8 tells us that the terminal velocity should be able to be analytically determined by knowing 

the volume V of any given particle, the dimension which defines the projected area or size of the 

particle L, and 𝛼. 

For a sphere, equation 8 can instead be expressed as: 

𝑣𝒔 = 𝑔
𝑽

𝟑
(

𝒅𝒔

𝑨𝒔
) [

(𝜌𝑠−𝜌𝑓)

𝜇
]  (9) 

 
Where vs is the velocity of a sphere and As the projected area of a sphere.  

For a non-sphere of equal volume, the equation would instead be:    

𝑣𝒏𝒔 = 𝑔
𝑽

𝟑
(

𝑳

𝑨𝒏𝒔
) [

(𝜌𝑠−𝜌𝑓)

𝜇
]  (10) 

 
And as the projected area of the particle in the direction of motion is a function of the characteristic 

dimension L (L=ds and As=(π/4)*ds
2 in the case of a sphere for example), the terminal velocity of a 

non-spherical particle can be expressed as a function of the form 

𝑣𝒏𝒔 = 𝑓 (
𝑨𝒔

𝑨𝒏𝒔
) ∙ 𝑣𝒔  (11) 

How this shape function appears depends on the particle shape and orientation of any given particle, 

and has been the basis for much previous research [2, 3, 8-11, 13, 24, 25, 27, 28, 30-34].  
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2.4 HEAT TRANSFER  
Heat transfer in a particle can generally be characterized into internal heat transfer and external heat 

transfer. Internal heat transfer consists of conduction in a material, whilst external heat transfer 

consists of convective and radiant heat transfer which makes up the external heat transfer 

mechanisms. A useful dimensionless number for studying this is the Biot number Bi [35-37]: 

𝐵𝑖 =
ℎ0𝐿𝐶

𝜆𝑝
   (12) 

Where h0 is the outer heat transfer coefficient and λp is the thermal conductivity of the particle. The 

characteristic length LC is defined as the volume of the particle divided by the surface of the area of 

the particle. How to measure these for irregular particles is a challenge that requires compromise, as 

both the area and the volume of an irregular particle with a rough surface both are wholly 

dependent on where the line is drawn for approximation. 

When the Biot number is very small (Bi<<1) the internal heat transfer is fast and the temperature of 

the particle can be regarded as uniform, meaning gasification will depend on external heat transfer 

and chemical kinetics. If the Biot number is large, external heat transfer is faster than internal heat 

transfer, meaning the physical shape and size of the particle will be a limiting factor. 

In chemistry the Arrhenius law is commonly used to describe a reaction. Therefore most pyrolysis 

models use this Arrhenius law to model the reaction as well. The Arrhenius law is given by equation 

13 below: 

𝑘 =  𝐴 𝑒𝑥𝑝(−
𝐸

𝑅𝑇
)  (13) 

Here k is the reaction rate, A is the pre-exponential factor, which is different for each reaction, E is 

the activation energy, R is the universal gas constant and T the temperature in Kelvin. 

The Internal Pyrolysis number Py gives a measure of the relative importance of the internal 

conduction and the reaction time [35]: 

𝑃𝑦 =
𝜆𝑝

𝑘𝜌𝑝𝑐𝑝𝐿𝐶
2    (14) 

Equation 14 describes the ratio between the propagation of the thermal wave and the propagation 

of the chemical reactions in the particle. If Py >> 1 the reaction proceeds slowly in comparison with 

the temperature wave, whilst if Py << 1 the reaction is instead limited by the spread of the 

temperature. 

The External Pyrolysis number is the product of the Biot and Internal Pyrolysis number (Py’ = Bi*Py). 

The External Pyrolysis number gives the ratio between heat convection rate and the reaction 

rate[35]: 

𝑃𝑦′ =
ℎ0

𝑘𝜌𝑝𝑐𝑝𝐿𝐶
   (15) 

For large Py’ values the reaction is controlled by kinetics, whilst when Py’ is small the reaction is 

controlled by external heat transfer. When the Biot number is small and the Pyrolysis number is large 

the reaction rate is instead controlled mainly by kinetics, and when the Biot number is large and Py is 

small internal heat transfer is instead the controlling factor.  

Table 2 sums up how the different values can be interpreted. 
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Table 2. Controlling factor classification 

Controlling factor Bi Py Py’ 

External heat transfer Small  Small 

Kinetics Small  Large 

Internal Heat Transfer Large Small  

Geometry Large Large  

2.5 FLOW CALCULATIONS. 
The entrance length le, which is the length a gas or fluid need to travel before the flow can be 

considered fully laminar was calculated using equation[29]: 

𝑙𝑒 = 𝐷 ∗ 0.06 ∗ 𝑅𝑒𝑓  (16) 

Where D is the diameter of the tube in which the gas is flowing, and Ref is the Reynolds number of 

the gas flow, calculated using equation 1 but substituting d for D. 

2.6 EARLIER WORK 
At higher Reynolds number equation 5 does not give good predictions, though Bonadonna[4] has 

presented a modified equation of the form: 

𝑣 = 𝑑 (
4𝜌𝑠

2𝑔2

225𝜇𝜌𝑓
)

(1
3⁄ )

   (17) 

The equation suggested by Bonadonna applies at Reynolds numbers of 0.4<Re<500, which is the 

region of interest for all but the smallest particles in this study. 

When calulating both the Reynolds number and the terminal velocity, a diameter is needed for the 

particle. This is easily determined in the case of a sphere, but incresingly complicated when it comes 

to irregular shapes. One of the most important concepts for this was proposed by Wadell [38] as the 

nominal diameter, dn, which is a circle-equivalent-area diameter, defined as follows: 

𝑑𝑛 = √4𝐴𝑝/𝜋  (18) 

Where AP is the projected area of the particle normal to the direction of travel. A similar concept is 

found in the surface equivalent sphere diameter, dA, which is defined as: 

𝑑𝐴 = √𝐴𝑠/𝜋   (19) 

Where As is the surface area of the particle.The ratio between these two, that is dn/dA, has proven 

useful in many studies. [10, 33, 39, 40] 

One other similar parameter is dv, which is defined as the diameter of a sphere with the same volume 

as the particle.  

𝑑𝑣 = √6𝑉/𝜋3    (20) 

Where V is the particle volume. 

Axisymmetrical shapes are conveniently described by the aspect ratio E, which is the particle length 

along the symmetrical axis over the largest diameter of the cross-section. However, as this study 

deals with irregular particles the concept of aspect ratio will be of limited use, as irregular particles 
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tend not to be axisymmetrical. A similar concept suited for sphereoids and elipsoids is the concept of 

particle sphericity, ψ. This was first proposed by Wadell [38] and uses equation 18, the nominal 

diameter, for calculating an equivalent sphere area and dividing this with the acual particle surface 

area A. 

𝜓 = 𝜋𝑑𝑛
2/𝐴   (21) 

From a practical standpoint 𝜓 is difficult to determine for strongly irregular particles because it 

requires a measure of the surface area. This is in many cases hard to obtain accurately, and 

depending on surface structure require simplifications. 

Therefor the concept of particle circularity (also called surface sphericity), c, is used as it is easier to 

determine for irregular particles. The definition is as follows: 

𝑐 = 𝜋𝑑𝐴/𝑃𝑃   (22) 

Where Pp is the projected perimeter of the particle in its direction of motion. 

A variant of the commonly used Corey shape factor was proposed by Loth [8]. This has been used 

successfully for predicting the behavior of irregularly shaped particles, though the predictions of 

irregularly shaped particles are approximate and probabilistic, as the shapes of such particles tend to 

tumble and give rise to differences in drag depending on orientation. However, they also tend to fall 

mostly in the so-called broadside orientation, which is falling with dmin roughly parallel to the fall 

direction. This means the free-fall orientation for irregular particles is not uniformly random over all 

possible angles: 

𝐴𝑚𝑚𝑚
∗ =

𝑑𝑚𝑎𝑥∗𝑑𝑚𝑒𝑑

𝑑𝑚𝑖𝑛
2   (23) 

Where dmax is the particles longest length, dmed is the particles medium or intermediate length and 

dmin is the particles shortest length. 𝐴𝑚𝑚𝑚
∗  is a dimensionless shape function which is used to predict 

the behavior of the particle. This factor require that a large number of particles are studied and 

measured, and averages calculated, but this is still more feasible than trying to calculate the volume 

of highly irregular particles, and also does not require that the orientation of travel is known. 

For low Reynolds numbers (Rep<1) the “max-med-min” form factor can be converted into a shape 

function fshape and a drag correction factor known as Cshape. 

𝑓𝑠ℎ𝑎𝑝𝑒 = 𝐴𝑚𝑚𝑚
0.09  (24) 

 

𝐶𝑠ℎ𝑎𝑝𝑒 = √6 ∗ 𝐴𝑚𝑚𝑚 − 1  (25) 

Where Cshape is applied to CD, which is the drag coefficient given by Clift and Gauvin [7]: 

𝐶𝐷 =
24

𝑅𝑒𝑝
[1 + 0.15(𝑅𝑒𝑝)

0.687
] +

0.42

[1+4.25×104(𝑅𝑒𝑝)
−1,16

]
  (26) 

CD divided by Cshape gives CD
*, which is a shape corrected drag coefficient [8]. 

𝐶𝐷
∗ =

𝐶𝐷

𝐶𝑠ℎ𝑎𝑝𝑒
   (27) 

However, Trang-Cong, Gay and Michaelides [2] proposed a drag coefficient which is a function of the 

well-established , dn, dA, 𝑐 and Rep, where Rep is the Reynolds number of a given particle: 



9 
 

𝐶𝐷 =
24

𝑅𝑒𝑝

𝑑𝐴

𝑑𝑛
[1 +

0.15

√𝑐
(

𝑑𝐴

𝑑𝑛
𝑅𝑒𝑝)

0.687
] +

0.42(
𝑑𝐴
𝑑𝑛

)
2

√𝑐[1+4.25×104(
𝑑𝐴
𝑑𝑛

𝑅𝑒𝑝)
−1,16

]
 (28) 

Other approaches have been used, most notably an approach by Ganser [11], who suggested the use 

of two shape correction factors, a Stokes shape factor K1 and a Newton shape factor K2. The Stokes 

shape factor describes how much the shape of a particle causes it to deviate from the behavior of a 

sphere in the Stokes’ regime (𝑅𝑒 ≪ 0.05), whilst the Newton shape factor describes how the shape 

of the particle changes the approximately constant drag coefficient experienced by a sphere at 

around Re=104. 

The suggested drag equation was: 

𝐶𝐷

𝐾2
=

24

𝑅𝑒𝐾1𝐾2
(1 + 0.1118(𝑅𝑒𝐾1𝐾2)0.6567) +

0.4305

1+
3305

𝑅𝑒𝐾1𝐾2

  (29) 

And which is valid for 𝑅𝑒𝐾1𝐾2 ≤ 105. For nonisometric particles, the shape correction factors K1 and 

K2 are defined as: 

𝐾1 = (
1

3

𝑑𝑛

𝑑𝑣
+

2

3
𝜑−1 2⁄ )

−1
− 2.25

𝑑𝑣

𝐷
  (30) 

And: 

𝐾2 = 101.8148(−𝑙𝑜𝑔𝜑)0.5743
   (31) 

Where D is the diameter of the tube in which the particle is traveling. 

Baba and Komar [26] suggest using the E shape factor first proposed by Janke [41], which is defined 

as: 

𝐸 = 𝑑𝑠 [
𝑑𝑠

2+𝑑𝑖
2+𝑑𝑙

2

3
]

−1 2⁄

   (31) 

Where ds is the shortest axis, di the intermediate axis (or average axis) and dl is the longest axis. With 

this they were able to accurate predict the settling velocity at low Reynolds numbers (Re<2), which is 

essential for predicting an accurate drag coefficient. 

By first calculating a ‘Stokes terminal velocity’ we and correcting that, the setting velocity can be 

determined. 

𝑤𝑒 =
1

18

1

𝜇
(𝜌𝑠 − 𝜌𝑓) 𝑔 𝑑𝑛(0.672 + 0.0318𝐸)  (32) 

And then using the velocity we, in equation 33 below to calculate the terminal velocity: 

𝑣 =
1.057𝑤𝑒

1+0.111𝜌𝑓𝑑𝑛𝑤𝑒/𝜇
   (33) 

By using this velocity v in equation 1 and the nominal diameter dn as d, the Reynolds number can be 

calculated and the drag coefficient is then given by equation 7. 

A large comparative study has also been presented by Brown [34], suggesting the comparatively 

simple equation below. 

𝐶𝐷 =
24

𝑅𝑒
(1 + 0.150𝑅𝑒0,681) +

0.407

1+
8.710

𝑅𝑒

  (34) 
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Based on a plethora of empirical data for fixed and freely falling particles Hölzer and Sommerfeld [3] 

proposed an expression which uses a cross-wise sphericity ψ⊥ and lengthwise sphericity ψ||. This was 

to account for the difference in drag coefficient of many shapes at different orientations: 

𝐶𝐷 =
8

𝑅𝑒

1

√𝜓||
+

16

𝑅𝑒

1

√𝜓
+

3

𝑅𝑒

1

√𝜓
3

4⁄

+ 0.42100,4(−𝑙𝑜𝑔𝜓)0,2 1

𝜓⊥
  (35) 

Analogous to the sphericity, the crosswise sphericity (ψ⊥) is the ratio between the cross-sectional 

area of the volume equivalent sphere and the projected cross-sectional area of the considered 

particle perpendicular to the flow. The lengthwise sphericity (ψ║) is the ratio between the cross-

sectional area of the volume equivalent sphere and the difference between half the surface area and 

the mean projected cross-sectional area of the considered particle parallel to the direction of flow. 

The cross-sectional area parallel to the direction of flow of a particle has in general different values, 

depending on the angle of view. The mean projected cross-sectional area parallel to the direction of 

flow is therefore the arithmetic average over an entire revolution of the particle around the axis 

parallel to the direction of relative flow. 
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3 EXPERIMENTAL SETUP 

The L-EFR was constructed based on a 1 

meter long 50 mm quartz tube (Saveen & 

Werner AB), mounted inside a rig (see 

Figure 3). A simplified sketch of the system 

can be seen in Figure 1. 

The gas flow traveled through a laminar 

flow straightener, based on a honeycomb 

structure of 36 metal tubes with an inner 

diameter of 4 mm, an outer diameter of 6 

mm and a length of 100 mm. These were 

fitted inside a metal tube with an inner 

diameter of 47 mm, an outer diameter of 

50 mm and a length of 100 mm. The metal 

cylinder was filled with steel wool to further 

 

Figure 1. A schematic of the layout of the L-EFR system. Figure 
adapted from Tolvanen [1]. 

Figure 2. The velocity profile of the flow through the quartz tube is illustrated. 0 on the horizontal axis 
represents the center of the drop tube. 1000 on the vertical axis represents the inflow to the drop tube. 
Both vertical and horizontal scales are in mm. 
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normalize the pressure distribution within the gas flow before it entered the honeycomb structure as 

seen in Figure 4 and Figure 5.  

The flow straightener can be seen in Figure 4. All tube lengths were checked to satisfy equation 16, 

ensuring the flow would be laminar. The flow into the quartz tube was simulated using the software 

COMSOL Multiphysics, and the simulated flow profile can be seen in Figure 2. 

 

The biomass particles traveled from the fuel container situated at the top of the rig through a metal 

tube with an outer diameter of 6 mm, which passed through the center of the flow straightener, also 

seen in Figure 5. The particles then entered the quartz tube where they could be observed using the 

CCD camera. The particle carrier gas flow was normalized to match the gas flow exiting the flow 

straightener. The particles were supplied by a syringe pump with a vibrator attached to the particle 

containing tube.  

Electrical heating elements, type N thermocouples and PID regulators were used to heat and control 

the quartz tube temperature up to 800°C. 

Gas was supplied at 5 l/min, with helium used at room temperature, and air at room temperature, 

600°C, 700°C and 800°C. 

 

 

Figure 4. A close up of the flow straightener. Figure 3. The L-DTF rig without heating elements 
surrounding the quartz tube. 
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Experiments were performed to correlate how the milling technique affected the shape and 

subsequent behavior of the particles using helium gas at room temperature. Helium gas was used for 

the cold experiments because it has similar density as hot air, meaning the flow behavior will be 

similar. The experiments were then repeated using air at room temperature, followed by exposing 

the particles to a hot environment ranging from 600 to 800°C and a carrier gas consisting of air. (Note 

that one experiment using helium gas was not performed, as were most experiments at 700°C.) 

What part combustion played on the behavior of the particles could then be calculated. The falling 

particles were photographed and analyzed using a PIV system (ParticleMaster, Lavision, Germany).  

Double frame images of the particle shadows are obtained by placing a pulsing LED array opposite 

the camera (see Figure 1 and Figure 7). Two white-light LED arrays are pulsed at 15 Hz frequency, 

with a time delay of 150 ms between each flash, and a flash duration of 5 ms per flash. The camera 

records at 15 Hz, with a time delay of 150 ms between the first frame and the second frame so that 

the light pulses from the LED arrays are synchronized with the frame recording.  

The design of the experiment consisted first of using spruce biomass which was milled either by 

hammer mill or by knife mill. The particles were sieved to span a size range of 200 μm to 300 μm, and 

were fed into the reactor by the use of a syringe pump, seen in Figure 6.  

Experimental runs using both knife-milled and hammer-milled spruce were conducted according to 

Table 3. Each experiment consisted of 2000 double frames, meaning the analysis was based on 

80,000 frames of data. 

The parameters used for property calculations are found in Table 4. 

 

 
Figure 6. Syringe pump fuel feeder. Figure 5. A cross-section of the flow straightener, 

illustrating the interior structure. 
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3.1 OPTICAL CHARACTERIZATION SYSTEM 
The particles were sampled at 15 Hz using a 150 μs delay between the first and the second frame. 

Each frame was then subtracted from a reference background frame, thereby inverting the 

intensities (the dark shadows from the particles become light, and the bright background becomes 

dark). The two topmost images in Figure 8 below illustrate a typical frame, which covers an area of 

approximately 4x5mm. The sampled particles in the frame were knife milled spruce traveling through 

air at room temperature. The depth of focus was only approximately 1 mm; ensuring particles are 

not characterized as bigger than they really are by being closer to the camera than the reference 

frame used for scaling. In the two first frames in Figure 8, two particles are clearly visible, with the 

larger one closer to the top in sharp focus, and a smaller one downwards to the right being blurred. 

Three much smaller particles are also visible below.  

By setting an intensity threshold for what counts as a particle, the software can collect useful data.  

As can be seen in the two middle frames, the software detects the two bigger particles in both 

frames, but not the smaller particles.  The pixels that fulfill the intensity requirement are marked in 

green. The software can also sort particle intensities into high intensity pixels, and low intensity 

pixels. The edges of particles tend to be less clearly defined than the central regions, and a blurry 

particle will have a large low-intensity area in comparison with the high-intensity area.  

The two lowest frames in Figure 8 show the particles low-intensity regions in red, with the high-

intensity regions in green. As one of the particles is blurred, it is discarded to not give misleading 

data. The software also adds up the total area of the non-discarded coherent pixels (that is, each 

particle is treated as a separate unit) and displays an equivalent-circle-diameter. It also calculates an 

aspect ratio by taking the longest cross section of the particle and dividing it by the shortest cross 

section of the particle.  In the second frame (the frame to the bottom right), the software tries to 

match the area of the identified particle in the first frame to an identified particle in the second 

frame. In this case, a match is made, and by comparing the translation of the center of the particle 

and knowing the time difference between the first and the second frame, the velocity can be 

calculated. 

 
              Figure 7. The reactor rig with heating elements attached and the optical system in place. 
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However, what settings to use are not easily determined and varies depending on the experiment 

settings. Even within the same experiment, mismatches are hard to avoid. Figure 9 shows three 

clearly defined particles, with the ones to the left being in sharp focus across the particle in both 

frames. The particle at the top is blurred and out of focus in both the second and the first frame. The 

particle to the right is fairly well defined at the bottom, but the top part of the particle extends 

outside of the depth of focus. This is especially clear in the second frame. The particle is discarded in 

the velocity analysis, but interestingly, the top particle contains an area which is classified as a 

particle in the final analysis frame. This is because the blur of different parts of the particle overlap, 

whilst the surrounding area is discarded because of the low intensity. Still one small area gets a high 

enough intensity that it can be classified as a particle, even though it is only part of a particle that is 

out of focus. Because the particles are extremely irregular, finding a balance between discarding bad 

particles and not discarding particle with many small fibers sticking out (which leads to large low-

intensity areas) is arbitrary, determined though a trial-and-error approach which is ill suited for 

reproducibility. 

 

Table 3. Design matrix of experiments. 

  Temperature 

Fall distance from entry  Helium (20°C) 20°C 600°C 700°C 800°C 

0 cm x x x x x 

5 cm x x x  x 

10 cm x x x  x 

20 cm x x x  x 

35 cm x x x  x 

50 cm   x x   x 
 

 

Table 4. Physical and chemical properties 

Parameter Symbol  Value  

Wood thermal conductivity λp 0.1256  J/(s m K) 
Wood bulk density ρp  440 kg/m3 
Wood specific heat capacity cp 1.67  J/(g K) 

Heat transfer coefficient  ho 8.4 J/(s m2 K) 
Activation energy  E 5.9×104 J/mole 
Pre-exponential factor  A  3×103 1/sec 
Helium density at room temperature ρhe 0.1639 kg/m3 
Helium viscosity at room temperature μhe 1.98x10-5 Ns/m2 
Air density at room temperature ρair 1.184 kg/m3 
Air viscosity at room temperature Ρair 1.85x10-5 Ns/m2 
Air density at 600°C ρair 0.42064 kg/m3 
Air viscosity at 600°C Ρair 3.827x10-5 Ns/m2 
Air density at 700°C ρair 0.38478 kg/m3 
Air viscosity at 700°C Ρair 4.082x10-5 Ns/m2 
Air density at 800°C ρair 0.34892 kg/m3 
Air viscosity at 800°C Ρair 4.65x10-5 Ns/m2 
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Figure 8. Left side shows first frame, right side shows corresponding second frame with a 150 μs delay. 
The two frames in the middle show particle identification by intensity threshold. Pixels in green are identified as 
belonging to a particle. The two frames at the bottom show size determination by a yellow circle-equivalent 
diameter, high-intensity region by green pixels and low-intensity region by red pixels. Note that the particle close to 
the center of the frame has been discarded because of blurriness, that is, it has a large low-intensity region in 
relation to high intensity region.  
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Figure 9. Left side shows first frame, right side shows corresponding second frame with a 150 μs delay. 
The two frames at the top show three different particles, the one at the top is clearly out of focus, the one to the 
left is in focus, and the large one to the right is both in and out of focus. The two frames in the middle show particle 
identification by intensity threshold. Pixels in green are identified as belonging to a particle. The two frames at the 
bottom show size determination by a yellow circle-equivalent diameter, high-intensity region by green pixels and 
low-intensity region by red pixels. Note that the entire large particle to the right of the frame has been discarded 
because of blurriness, and also the small particle at the top, but in the second frame a small part of the particle out 
of focus at the top has been misidentified as a particle. 
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4 RESULTS AND DISCUSSION 

22,160 particles were successfully sampled, and 5501 particles were successfully matched from the 

first frame to the second frame. 

4.1 THE EFFECT OF HEATING 
The Biot number, the internal pyrolysis number and the external pyrolysis number of the sampled 

particles were calculated by using equations 12, 13, 14 and 15. The data (with the experiments at 

room temperature removed) was sorted by ascending internal pyrolysis number Py and can be seen 

below in Figure 10, Figure 11 and Figure 12. 

 
Figure 10. The Biot number of the particles plotted in in ascending Py number order. 
 

  
Figure 11. The Internal pyrolysis number plotted in ascending order. 
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Figure 12. The external pyrolysis number plotted in ascending Py number order. 

 

By plotting Bi, Py and Py’ on a logarithmic axis, it is apparent all particles have low (<<1) Biot 

numbers, this means the temperature inside the particles can be considered uniform.   

From Figure 11 it can be seen that the majority of particles have high internal pyrolysis numbers, 

meaning the temperature wave will propagate faster than the chemical reaction in these fuels. 

However, from Figure 12 it can be seen that a small proportion of the particles have external 

pyrolysis numbers greater than 1, though the majority have an external pyrolysis number lower than 

one. What separates these particles is predominantly the length of the shortest side of the sampled 

particles, as can be seen below in Figure 13. This means that the combustion behavior will in general 

be controlled by the heating rate for this fuel, though for the fraction of smallest particles chemical 

kinetics and gas transport limitations will be the dominant factor. 

  
Figure 13. The length of the short side plotted on a logarithmic scale in ascending Py number order. 
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The temperature profile of the reactor was measured by the insertion of a thermocouple along the 

path of fuel particles. Distance 0 is the point where the flow straightener ends and the quartz glass 

part of the reactor begins. A negative number corresponds to a position upwards, away from the 

reactor, and a positive value corresponds to a position downwards into the reactor. Figure 14 

illustrates how the temperature increases as the particle travels downwards into the reactor. 

 

 

Figure 14. The temperature profile of the reactor at different heating settings. 

 

By plotting the derivative of the temperature curve along the path of travel, the heating rate per cm 

is plotted in Figure 15 below. It can be seen that the temperature increases sharply about 25 cm 

above the reactor entry, reaching a peak at approximately 18 cm above entry. This position 

corresponds to the beginning of the large chamber (see Figure 5) where the non-heated bulk gas 

enters the flow straightener, leading to cooling of the fuel carrier tube. As the particle enters the 

honeycomb area of the flow straightener around 8 cm before entry into the reactor, a sharp increase 

in heating rate occurs again, and a new small peak is experienced when the particle enters the 

reactor quartz tube at distance 0. 
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Figure 15. The derivative of the temperature increase along the path of movement for a fuel particle. 

 

The average velocity measured during each experiment in plotted in Figure 16. Particles at room 

temperature have the lowest average speed when entering the reactor, and particles at 800°C have 

the highest average speed, which is expected because of the expansion of the gas due to heat. 

However, the standard deviation indicates that there is no statistically significant difference for the 

measured particle velocity at different temperature and positions within the reactor. 

 
Figure 16. The average measured speed of the sampled particles at different settings and at different points in the 
reactor. 

 

However, calculations for particle speed are based on a non-moving gas surrounding the particle, so 

the measured speeds were corrected by the gas flow profile seen earlier in Figure 2, which was also 

corrected for the gas expansion caused by the heating of the gas. The corrected velocity profiles can 

be seen in Figure 17.  

From Figure 17 we can see that there is no noticeable difference in average speed for the cold 

experiments, whilst the hottest (800°C) experiment gave particles traveling at a much reduced 
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velocity. By correcting Figure 15 with the average entry speed of the particles (seen in Figure 16), the 

heating rate per second can be illustrated as seen in Figure 18 below. 

 
Figure 17. The corrected average measured speed of the sampled particles at different settings and at different points in 
the reactor. 

 

 
Figure 18. The heating rate per second along the path of movement for a fuel particle. 

 

From this is it clear that a heating rate of 10,000 K is far beyond the capabilities of the tested reactor, 

and also that the peak of the heating is situated where there is no optical access. Reaching a heating 

rate of 10,000 K requires a more complex feeding probe, and more advanced cooling.  

The optical system was not well suited for dealing with combusting particles, as seen in Figure 19. In 

the first frame (top-left), a burning particle is clearly visible, the dark area above the particle is a 

flame. In the second frame however, the particle can hardly be identified at all, and most of the 

frame is simply noise. This is caused by the camera hardware. The first frame has an exposure time of 

150 μs as set by the operator, and after that it switches to the second frame, which is exposed until 

the camera has transferred the data from the first frame to RAM, which takes approximate 30,000 

μs. This is not a problem when the only light that hits the camera is the 5 μs light pulse emitted by 
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the LED array, but if the particles are emitting light, and also the environment (which is the case at 

800°C), the long exposure time of the second frame leads to lost data.  

  

  
Figure 19. The first frame has an exposure time of 150 μs, whilst the second has an exposure time of over 30,000 μs. 
Velocity-matching particles at 800°C or higher is problematic. 

 

Particles can be matched in a hot environment, provided they are not burning, and also that no other 

burning particle passes by in front of the camera during the second frame. Figure 20 below illustrates 

a non-burning particle in a hot environment (also 800°C). Not the dark trail left below the particle in 

the second frame. The surrounding environment is emitting light, and during the exposure of the 

second particle it travels far enough to leave the frame, visible from the shadow it cast as it fell. 
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4.2 FLOW MODELLING 
An essential part of predicting the drag coefficient of a particle is to accurately predict the terminal 

velocity. The correlation between the sphere-equivalent diameter dn and the corrected velocity is 

presented in Figure 21. From Figure 21 below it is apparent that there is a correlation between 

particle size and velocity, though a linear fit only explains 38% of the variation. 

 
Figure 21. The corrected velocity plotted against the sphere-equivalent diameter of the particles. 

 

The Stokes theoretical sphere velocity and the velocity model proposed by Bonadonna [4] are plotted 

against the corrected velocity in Figures 22 and 23. The Stokes velocity only applies to spherical 

particles at Rep of <0.4, and a linear fit explains 24% of the variation. The predicted velocities 

mismatch greatly though, as can be seen by scales of the x and y axis. The model proposed by 

Bonadonna seem to give better predictions, though many particles are predicted as having much 

higher velocities than measured. 

Figure 20. A successfully velocity-matched particle in a hot environment. Note the dark trail cast by the particle shadow in 
the second frame to the right. 
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Figure 22. The calculated Stokes velocity plotted against the corrected velocity. 

 

 
Figure 23. The calculated velocity using the model proposed by Bonadonna [4] against the corrected velocity. 

 

As can be seen, neither of these models give satisfactory predictions. 
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4.3 MULTIVARIATE DATA ANALYSIS 
Assessing the usefulness of the shape-dependent models require previous knowledge of the shape of 

the particle. However, in the case of spruce biomass powder, the question of shape is much more 

complex than the scope of this thesis. Figure 24 illustrates the shape of one particle that aptly 

describes the problem, as the particle has a shape that is hard to describe using a simple geometry.  

The method used in this thesis is to treat each particle as either a sphere, a box with two equal long 

sides and one short side (to simulate a flake) determined by the aspect ratio, or as a cylinder with the 

size of the round base and length of the long side determined by the aspect ratio. This means each 

particle will have three different drag coefficients per model, and each shape factor coefficient will 

also have three different values per particle. As there were over 22,000 particles successfully 

sampled of which 5500 were successfully velocity-matched, in total each particle had over 100 values 

to correlate. Therefor multivariate data analysis was used. The specific software was SIMCA version 

13, Umetrics AB. 

The samples were analyzed using multivariate data analysis, to assess the impact of the different 

grinding methods on the behavior of the particles. To achieve this, an initial Principal Component 

Analysis (PCA) was used to characterize the data the data. 

All 22,000 particles were analyzed, and their variation in the two first components is plotted in a 

score plot seen in Figure 25, with the corresponding loading plot seen in Figure 26. 

 

Figure 24. A particle, or agglomeration of particles, which presents a shape that is hard to model accurately. 
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Figure 25. A score plot illustrating the primary variation between the 22,000 sampled particles. 

 

 

Figure 26. A loading plot explaining what the variations in the score plot are correlated to. 
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By comparing the score plot and the loading plot, we can see that the particles are separated in three 

different directions. The upper right corner corresponds to high calculated volumes, a high particle 

area and high dn and da. It is also negatively correlated to the internal and external pyrolysis number, 

which is expected. The large particles are situated at the top right. 

The lower right corner seen in the scatter plot is correlated to high aspect ratio and negatively 

correlated to high centricity and other similar factors modeling degree of roundness. This means the 

particles in the lower right corner are the unusually long, stick-shaped ones.  

The corner in the middle left of the scatter plot is negatively correlated to having a long longest side, 

meaning they are fairly round. As can be seen from Figure 25, the majority of particles belong to this 

group. 

The different grinding methods are located around the center of the loading plot, meaning they are 

weakly ‘loaded’ when it comes to explaining the properties of a particle, as is the fall height, 

temperature and gas viscosity.  

By using this data, a Partial Least Squares model was constructed, with the aim of predicting the 

corrected velocity of the particles. 

It could explain 30% of the corrected velocity, and by examining a coefficient plot, the importance of 

the different variables can be assessed. Figure 27 present the variables with error bars. 

 

Figure 27. The influence of the different variables with corresponding error bars. 

 



29 
 

An error bar that crosses the axis means that the variable does not contain useful information for the 

task at hand. By the removal of all variables that contained no or little information, a new model was 

constructed. The scatter plot can be seen in Figure 29, with corresponding loading plot seen in Figure 

30. 

In Figure 29, the particles are clearly grouped according to the temperature at which they were 

sampled. By comparison with Figure 30, it can be seen that they are classified according to size from 

left to right. As K1 is negatively correlated to particle size (as seen in Figure 26), it is clear that a large 

amount of particles are very small in the experiments conducted at room temperature. By including 

the grinding method in this model, the impact of this variable on the velocity or size of a particle can 

be assessed. 

By examining these coefficients, it is clear that the grinding method has little to no impact on particle 

velocity, as the error bars clearly passes over zero as seen in Figure 28.  

The model has a predictive ability of 29%, meaning only 1% predictive ability was lost by the removal 

of all variables except the particle area, the temperature, the external pyrolysis number and the 

calculated K1 variable using an assumption of spherical particles. 

 

Figure 28. Coefficient plot of model based on all 22,000 samples. An error bar crossing the axis means the variable has no 
impact. 

 

The predicted velocity plotted against the corrected velocity can be seen in Figure 31. It is clear that 

the model is not good, as it makes a systematic error. Almost all particles are predicted to be 

traveling at between 0.4 and 0.6 m/s. 
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Figure 29. Predictive model of the corrected velocity based on the temperature, particle area, grinding method and the 
Stokes velocity. 

 

Figure 30. Loading plot explaining the relationship between the variables used in the model. 
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The model was based on all particles, yet only around a quarter of the particles were successfully 

matched in the second frame, yielding a velocity. The size distribution of all particles can be seen in 

Figure 32. The particles were sieved to span the size range of 200-300 μm, meaning the high amount 

of small particles is unexpected and likely means a large amount of the smallest particles have 

somehow been characterized as particles even though they are not, or they could be small 

appendixes attached to larger particles that have been mistaken as separate units. 

 
Figure 31. Predicted velocities in a model based only on particle area, gas temperature and the calculated Stokes velocity. 

 

Figure 32. Particle size distribution of all sampled particles. 
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By only using the particles that were successfully matched in the velocity analysis, a new size 

distribution can be calculated. This is seen in Figure 33. 

 

Figure 33. Particle size distribution of velocity matched particles. 

 

From Figure 33, it is clear that the velocity-matched particles follow the expected size distribution to 

a much higher degree. Considering their fibrous nature, it is expected that the average circle 

equivalent diameter dn should be larger than the sieving size used, as a sieve only sorts by the two 

shortest dimensions. (A long fiber can pass through a small opening.) 

However, the amount of particles that are successfully matched to yield a velocity is strongly 

dependent on the temperature, as seen in Figure 34. This means the statistical foundation for 

producing a model valid at high temperatures is strongly reduced. 

 
Figure 34. The number of velocity-matched particles divided by the number of identified particles depending on 
temperature. 
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A new model was constructed using the same approach as before, using only the velocity-matched 

particles. The model was based on the three variables dn, K1 using a ψ of 1 and treating the particle 

as a sphere with a diameter dn, and the calculated stokes velocity, using the particle diameter dn. 

The predicted velocity is plotted against the corrected velocity in Figure 35, and has a predictive 

ability of 43%. 

By studying Figure 35 and Figure 21, it can be seen that the deviation does not seem fully random. 

The particles traveling at low to medium speed are predicted as having too high a velocity, and the 

particles traveling fast are predicted to travel slower than they should. The cumulative deviation in 

the upwards and downwards direction can be seen in Figure 36. 

 

 

Figure 35. The velocities predicted by the model plotted against the corrected velocities. 



34 
 

 

Figure 36. The cumulative sum of the corrected velocity minus the predicted velocity. 

 

It is clear that the deviation is not random, meaning the upwards deviation is likely caused by a 

different phenomenon than the downward deviation. A likely reason for the upwards deviation is 

that a particle is only defined by two dimensions as the dimension into or out from the camera is not 

visible. Combine this with the propensity of particles to fall with the largest sided area downwards, 

and this means the particle size will always be defined as the correct size or smaller, but never bigger. 

So by that reasoning, many particles will be defined as smaller than they should actually be 

considered, with a higher velocity than their apparent size would indicate. Therefor the model 

predicts too low velocities, but never too high velocities, because the correctly defined particles are 

the ones who set the upper bounds for the model. 

However, because of the irregular shapes of the particles, many smaller particles are if fact part of or  

stuck to bigger particles, or are part of agglomerates, meaning they get characterized as separate 

particles but fall at the speed to the bigger particle, or the speed of the bigger agglomerate. 

Many different models for calculating the drag of differently shaped particles have been proposed, 

and by the use of equation 4 and 6, a ‘real’ drag coefficient for each particle could be determined. 

The models by Clift & Gauvin [7], Brown [34], Tran-Cong [2], Ganser [11] and Baba & Komar [26], 

Loth [8] as well as the theoretical model of 24/Re were evaluated. The model by Hölzer and 

Sommerfeld [3] was not evaluated, as the optical data does not allow the factors of crosswise 

sphericity (ψ⊥) and lengthwise sphericity (ψ║) to be determined in any meaningful way. 

Because of the uncertainties associated with using all the collected data, only the velocity-matched 

data was used for assessing the drag coefficient models. By plotting the proposed drag coefficient 
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models against the measured drag coefficient, the model could be assessed using different 

geometries (sphere, box or cylinder), presented in Figure 37. 

 
Figure 37. The predicted drag coefficient of six different models plotted against the measured drag coefficient, all using 

different geometrical assumptions. 

 

It is clear that there are three groups of models. Most are lumped along the horizontal axis to the 

right, meaning the differences between the models proposed by Clift & Gauvin [7], Brown [34], Tran-

Cong[2] and the theoretical drag coefficient are minimal when applied to this system. Gansers [11] 

model deviate and form a separate group in the upper right hand corner, being also the most 

strongly loaded variable. The model proposed by Baba & Komar [26] is located at the bottom, 

forming a separate group. 

By closer examination of Figure 37, it is clear that it is only the model proposed by Ganser that gives 

any noticeable differences depending on shape assumptions.  

In Figure 38 it is clear that the measured drag coefficient using cylindrical particles is best described 

by the available data. 

 From Figure 39 it can be seen that the differences between the models proposed by Clift & Gauvin, 

Brown and Tran-Cong and Baba & Komar are small, and none of them seem well suited for modeling 

spruce biomass particles. The model proposed by Ganser gives the best fit by assuming cylindrical 

particles. It can predict the variation in drag coefficient to 37%. A prediction plot is seen in Figure 40. 
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Figure 38. Here the differences in how well the available data can explain the drag coefficient based on three different 
geometrical assumptions (sphere, box and cylindrical particles). The cylinder assumption (to the right) gives the best fit. 

 
Figure 39. A measure of correlation for the different drag coefficient models and the measured drag coefficient.  

It is clear that the drag coefficient models do not correlate well with mesured data for spruce 

biomass particles. 
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From Figure 40, it is clear that the deviation is bigger above the hypothenus than below it, and as 
in the velocity models, this is likely due to particles being sampled as smaller than they really are, 
or being sampled as separate particles even though they are part of an agglomerate or larger 
structure.

 
Figure 40. The measured drag plotted against the predicted drag using Gansers model and assuming cylindrical particles. 
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5 CONCLUSIONS 

To summarize this thesis, the objective was four-fold; 

 Design, build and evaluate a laminar entrained flow reactor for studies of fuel particles 

during conversion 

 Evaluate an optical system for high speed PIV for in situ monitoring of particle motion and 

conversion 

 Evaluate the impact of two different milling methods on the flow behavior of spruce 

 Evaluate the usefulness of previously proposed drag coefficient models 

The design of the laminar drop tube reactor was not perfectly suited for the study of fuel conversion 

behavior, as it did not reach a heating rate of 10,000 K/s, and the heating rate peak was also not 

optically accessible. 

The optical system was useful for the study of shape and velocity of particles, provided they were 

done without light interference. The software however could not identify more complex particle 

behavior such as agglomeration when applied to highly irregular particles such as milled biomass. 

The study of shape and velocity either needed more thorough pre-studies of the particles used, for 

example by microscope to find average proportions and ratios between height, width and length. 

Also, because of hardware limitations the use of the camera was limited for the study of particles 

emitting light, or for studies conducted at temperatures above 700°C. The lack of a dedicated shutter 

mechanism meant the data in the second frame was often lost, thereby making velocity 

measurements impossible.  

The impact of different milling methods (knife mill and hammer mill) on the flow behavior of spruce 

milled powder in the size range of 200-300 μm was found to be non-significant. 

The previously proposed drag coefficient models for calculating speed or drag coefficients did not 

correlate well to experimental data, and proved uniformly unsatisfactory for modelling highly 

irregular particles. The model by Ganser had a correlation under the assumption of cylindrical 

particles, though it only explained 37% of the variation in the data. A satisfactory model for 

predicting the flow behavior of spruce powder could not be obtained using the sampled data. 

 

6 SUGGESTED FUTURE WORK 

In order to reach higher heating rates, the feeding probe needs cooling all the way through the flow 

straightener. This is fairly easily achieved, and would also move the heating rate peak point into an 

area with optical access. 

The optical system needs modifications for the task at hand. The addition of a shutter would improve 

the system greatly, and make it more useful for high temperature studies. Also, with the addition of 

an external shutter frames with an exposure time of only 10 µs and a light pulse of 5 µs could be 

used to study particle combustion, yielding high quality data. For example, the first frame in Figure 

19 was useful, even though it used an exposure time of 150 µs (because a time difference of 150 µs 

was desired for the velocity calculations). By not using the camera in double-frame mode, and 

instead obtaining images using an exposure time of only 10 µs, the impact of the emitted light would 

be reduced to almost nothing. 
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The use of an IR-filter combined with a laser system instead of LED light would also allow the system 

to give good images at high temperatures. The addition of an IR-filter by itself would not work, as a 

large part of the light the LED emits is within the IR-part of the spectra. 

A change of the LED-system to a laser system combined with a narrow wavelength filter could also 

yield improved image quality. 

This would however not solve the problem of determining the true 3D shape of the particles, though 

more stringent settings and more experiments could clean up the data somewhat. Using less 

magnification and a deeper field of focus could also give better data, as the small zoom and narrow 

field of focus would probably work better with smaller particles (sieved to below 100 μm for 

example) than the ones used. Another option would be to use a second camera, to obtain 3D data 

directly. 

The source of error between the proposed models and the collected data was most likely due to the 

way shape and speed were determined, together with too simple geometrical models. A more 

promising approach would be to use aerodynamically equivalent sphere diameter. That is, what 

diameter would a sphere falling at the same velocity as any given particle have? What complicates 

this problem is then instead how to determine the equivalent density. 

However, the models were constructed using easily defined geometric properties, and it is not 

certain that milled spruce powder even can be modeled accurately using such simplifications. By 

comparison with Table 1, the particles were modelled as having a regular shape, when they in fact 

have strongly irregular shapes, meaning some other approach is probably better suited to solve the 

task. 
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