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While continuous rotary calcination is a widely used thermal treatment in large-scale 

catalyst manufacturing, fundamental understanding of the process is absent from scientific 

literature. Thus, the goal of this research is to improve fundamental understanding of rotary 

calcination processes to aid in scale-up. For successful calcination to occur, the residence time of 

the particles must exceed the time required for heating and calcination. The optimal residence 

time therefore depends on both of these competing time scales, which are functions of feed 

material properties, kiln geometry and kiln operating conditions. For uniform treatment of the 

feed, the particles must also exhibit low axial dispersion. In this work, the residence time 

distribution and axial dispersion coefficient for two cohesive fluid cracking catalyst powders 

were measured in pilot plant kilns using a tracer study developed by Danckwerts. Results were 

successfully matched to the Taylor fit of the axial dispersion model and the Sullivan prediction 
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for mean residence time. It was found that an increase in feed rate, kiln incline and rotary speed 

decreased mean residence time and overall dispersion. The axial dispersion coefficient was 

found to vary with kiln conditions. Such results have not been previously reported for the 

cohesive powders such as the ones used in our work. 
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Chapter 1 

Introduction 

With applications in a wide range of solids manufacturing processes including blending, 

drying, and calcining, the rotary kiln has been established as an essential device in chemical and 

metallurgical industries [1]. The device’s popularity stems from its apparently simple geometry – 

the kiln operates by allowing gravity and rotation to move granular material or powder from inlet 

to outlet. This mechanism has improved product quality in both batch and continuous processes
 

[1], and researchers have performed analyses of the process since as early as the 1920’s [2]. Still, 

the mass and heat transfer mechanisms governing the utility of rotary kilns remain a challenge to 

characterize and predict; developing fundamental understanding of rotary kiln processes will 

therefore greatly improve their scale-up from laboratory and pilot plant scales to the 

manufacturing scale.  

In preparation of chemical catalysts in particular, a better scientific understanding of 

rotary kilns will improve continuous calcination processes in which the particle bed exchanges 

heat with a freeboard gas and the kiln wall as it rotates and moves axially along the kiln, as 

shown in Figure 1. Successful calcination occurs when the residence time exceeds the time 

required for calcination. The typically long residence times associated with rotary kilns favors 

uniform treatment of the feed [3], but long residence times lead to large material and energy 

costs. The key to successful and efficient calcination is therefore to minimize both the residence 

time and axial dispersion of particles within the kiln and to understand their relationship to the 

time required for calcination. 
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Figure 1. Schematic of Rotary Kiln 

Radial and axial mixing are key factors that influence both residence time and calcination 

time, and modifications such as lifters and dams, in various sizes and shapes, have been installed 

in industrial kilns to improving mixing processes. Currently, no methodology exists correlating 

such modifications, kiln geometry and material properties with optimal operating conditions and 

residence times. It has been established, however, that the degree of particle mixing depends on 

the characteristics of the bed motion through the kiln. The mode of motion depends on 

rheological properties, fill level and rotation rate. Six modes of motion – centrifuging, 

cataracting, cascading, rolling, slumping, and slipping – have been identified [2]. Saeman [3] 

developed a model to compute the mean residence time based on material properties and kiln 

geometry, and analytical solutions that agree well with the model have since been developed [8, 

9]. A predictive model for transverse mixing has also been established by Sai et al.
 
[12] for 

particles in rolling mode. The model assumes that two layers, the passive and active layers, exist 

within the particle bed. The passive layer rotates with the kiln wall, and then rolls down the 

surface of the particle bed in a thin active layer [13]. The time required for the particles to roll 

down the active layer is very small compared to the time spent in the passive layer, but the bed 

depth and axial residence time of the material is calculated using the kiln geometry and angle of 

repose of the material. Studies using such models have generally shown feed rate has little impact 
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on the mean residence time; however, the mean residence time scales with particle aspect ratio 

and is inversely related to rotary speed and kiln incline [3, 14, 15, 16, 17, 18]. 

While recognizing such trends aid in kiln operation, the mean residence time alone fails 

to provide insight into the axial dispersion of the particles and therefore the overall quality of the 

treated feed. For this, the residence time distribution, a probability distribution characterizing the 

flow profile of a material, must be measured [19, 20]. The width of the distribution depends on 

material flow determined by material properties and operating conditions. Narrower distributions 

are indicative of yielding a more uniform product. Experimentally, this can be measured by 

injecting tracer particles and observing them at the outlet [21]. This has been done for 

millimeter-sized particles including extrudates, sand and broken rice grains [3, 14, 15]. For 

extrudates, Gao et al. [3] found that the axial dispersion coefficient of millimeter-sized 

extrudates decreased with rotary speed and incline angle. Higher feed rates and larger angle of 

repose of the materials led to higher fill levels, reducing axial dispersion. Similar trends were 

seen in sand and rice grains by Njeng et al. in a pilot plant kiln equipped with square and 

rectangular lifters [14, 15].  

In the aforementioned work, the cohesion of the feed material was considered negligible 

[3, 14, 15].  The goal of this research is therefore to extend the material database gained form 

previous kiln studies through study of a dry cohesive powder. While powders are widespread in 

industry, predicting and characterizing their flow is difficult due to several factors. In rotary 

kilns, product uniformity depends on kiln geometry and operating conditions [27, 28, 29]. 

Particles also segregated depending on their density, aspect ratio, and the intensity of the 

cohesion
 
[27, 28, 29, 30]. Cohesion in particular has been marked for its major effect on the 

mixing process and therefore the uniformity of products [22]. In recent simulations and 
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experiments, it was found that low degree of cohesion increased mixing, while high cohesion 

slowed mixing
 
[8, 35]. Debacq et al. [36, 37] has also provided a hydrodynamic model for the 

transverse motion of cohesive powders in flighted rotary kilns. Still, residence time and axial 

dispersion coefficient trends for the material were absent from literature. In our experiments, 

tracer studies following a methodology by Danckwerts [22] were conducted at room temperature 

using a dry cohesive powder as feedstock seeking similar trends to those found for extrudates. 
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Chapter 2 

Methods 

Measurement of Mean Residence Time 

The mean residence time was calculated from the mass holdup, measured at the end of 

each experiment by shutting off the feed and collecting the powder remaining in the kiln. 

𝜏ℎ𝑜𝑙𝑑𝑢𝑝 =
𝑀

ṁ
                                                 (1) 

where 𝜏ℎ𝑜𝑙𝑑𝑢𝑝 is the mean residence time, M is the mass hold up, and ṁ is the mass flow rate of 

the material. The measured  𝜏ℎ𝑜𝑙𝑑𝑢𝑝 was then used to validate the prediction of mean residence 

time proposed by Sullivan (Equation 6). 

𝜏𝑆𝑢𝑙𝑙𝑖𝑣𝑎𝑛 =  
1.77(𝜃)0.5𝐿𝑓

𝜑𝐷𝑁
                                            (2) 

where 𝜃 the angle of repose of the material, L is the length of the kiln, 𝜑 is the incline of the kiln, 

D is the diameter of the kiln, and N is the rotary speed. A coefficient for flow f is included to 

account for obstructions in flow due to modifications such as lifters. A value of f = 1 was 

initially assumed to determine the accuracy of the model during each experiment, defining f as 

the ratio of 𝜏ℎ𝑜𝑙𝑑𝑢𝑝 to 𝜏𝑆𝑢𝑙𝑙𝑖𝑣𝑎𝑛. 

𝑓 =  
𝜏𝐻𝑜𝑙𝑑𝑢𝑝

𝜏𝑆𝑢𝑙𝑙𝑖𝑣𝑎𝑛
                                                       (3) 

Residence Time Distribution and Axial Dispersion Coefficient 

The residence time distribution was calculated using the following equation [19]: 
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𝐸(𝑡) =  
𝐶(𝑡)

∫ 𝐶(𝑡)𝑑𝑡
                                                                  (4) 

where E(t) is the residence time distribution and C(t) is the concentration of tracer particles at 

time t. 

The axial dispersion model was used to represent the residence time distribution under 

the following assumptions [14, 40, 41]: 

(i) the conditions reached steady state; 

(ii) a delta-dirac tracer pulse was a function only of time and axial position; 

(iii) the axial convective velocity and axial dispersion coefficient of tracer particles was 

constant for stable operating conditions. 

The model considers axial motion of the particles as two components: a convective compontent 

arising from the bulk motion of the material and a diffusive component arising from the random 

motion of the particles. This can be represented by the Fokker-Planck equation, which describes 

the evolution of particle distribution in continuous systems [11, 37]. 

𝜕𝐶

𝜕𝑡
=  

1

𝑃𝑒

𝜕2𝐶

𝜕𝑥2 −
𝜕𝐶

𝜕𝑥
                                                  (5) 

where 

𝑃𝑒 =  
𝑙

𝑉𝑥𝐷𝑎𝑥
                                                               (6) 

where Pe is the Peclet number, l is the length traveled by the tracer, D is the axial dispersion 

coefficient, and vx is the axial velocity of the particles. Several analytical solutions have been 
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presented for granular materials [38, 39, 40]., but the Taylor [36, 37, 38] dispersion solution was 

used (Equation 4). 

𝐸(𝜀, 𝜃) =  
𝑃𝑒0.5

(4𝜋𝜃)0.5 𝑒−
𝑃𝑒(𝜀−𝜃)2

4𝜃                                         (7) 

where 𝜃 =  
𝒕

𝝉𝑻𝒂𝒚𝒍𝒐𝒓
 and 𝜀 =  

𝒙

𝒍
 represent the dimensonless time and location of the material in 

the kiln, respectively; and 𝜏𝑇𝑎𝑦𝑙𝑜𝑟 is the mean residence time, implicitly calculated from the 

experimental data. 

Experimental Setup 

Experiments were conducted in two pilot plant rotary kilns at atmospheric temperature 

and pressure. In each kiln, a pulse test method developed by Danckwerts
 
[21] was used to 

determine the residence time distribution. Undyed powder was fed into the kiln at a constant feed 

rate. At steady state, the kiln was turned off for approximately one minute to inject tracer 

particles into the kiln using a spoon 2.5 inches long, 2 inches wide and 1.5 inches deep. A pulse 

injection was assumed, so the spoon dimensions were neglected in analysis of the data. Mixtures 

of tracer and undyed powder exit the kiln at the outlet at 30 second intervals until tracer was 

invisible to the eye. As tracer was distinguishable from the undyed powder by its black color, the 

concentration C(t) was determined as a function of time based on the % reflectance of each 

sample at a given time t. Operating conditions were chosen based on previous experiments [3] 

and equipment capabilities. 

Setup 1: Rotary Kiln with Triangular Lifters 

The kiln had an internal diameter of 4 inches and a length of 90 inches, giving an L/D 

ratio of 22.5. Three sets of lifters spanned 70% of the kiln length, starting from the inlet. Each set 
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contained four lifters, five inches apart from each other set equiangular from each other along the 

circumference of the kiln. Each lifter had a base of 2.5 inches, a height of 0.25 inches and a 

length of 8.5 inches (Figure 2). 

 

Figure 2. Rotary Kiln Equipped with Triangular Lifters 

The matrix of experiments conducted is summarized below in Table 1. A screw feeder fed 

material into the kiln at constant rates of 1 lb/hr or 5 lb/hr. A control panel set kiln speeds to 3.5, 

4.0 or 4.5 RPM. A jack mechanism at the inlet of the kiln adjusted the incline angle to 2.0º or 

4.0º. A fixed circular dam at the inlet prevented backward leakage of materials; the maximum 

operation fill level without backward leakage was about 15%. Operating fill levels during 

experiments ranged from 2% to 10%. 

Table 1. Matrix of Operating Conditions for Setup 1 

Operation Variables Conditions 

Incline angle 𝝋 (°) 2.0, 4.0 

Rotary speed  (rpm) 3.5, 4.0, 4.5 

Feed Rate (lb/hr) 1.0, 5.0 
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Setup 2: Rotary Kiln with a Circular Lifter 

The kiln had an internal diameter of 6 inches and a length of 120 inches, giving an L/D 

ratio of 20. A single circular lifter with a diameter of 5 5/8 inches spanned the length of the kiln. 

(Figure 3). 

 

Figure 3. Rotary Kiln with a Singular Circular Lifter 

The experiments conducted in this setup were designed to extend those conducted in the first 

setup. Again, operating fill levels during experiments ranged from 2% to 10%, corresponding to 

a minimum feed rate of 1 lb/hr and a maximum of 12 lb/hr. A control panel set kiln speeds to 

2.0, 3.5, 4.0 or 4.5, 8.0 and 16.0 RPM. A jack mechanism at the inlet of the kiln adjusted the 

incline to angles between 2.0º and 5.0º. The full set of conditions can be found below in Table 3. 
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Table 2. Matrix of Operating Conditions for Setup 2 

Operation Variables Conditions 

Incline angle 𝝋 (°) 2.0, 3.0, 4.0, 5.0 

Rotary speed  (rpm) 2.0, 3.5, 4.0, 4.5, 8.0, 16.0 

Volumetric feed rate (lb/hr) 1.5, 3.0, 6.0, 12.0 

 

Materials 

In each kiln, a different industrial fluid catalytic cracking (FCC) powder was used as the 

feed. The powders were chosen because of their industrial relevance and to further extend the 

library of materials used in previous work. Measured material properties can be found below in 

Table 3. The loose bulk density was measured using the mass of material required to fill a 100 

mL graduated cylinder. The static angle of repose was measured using a fixed funnel method. 

Table 3. Measured Material Properties of Feed 

Experimental 

Setup 
Material 

Diameter 

(mm) 

Bulk 

density 

(g/cm
3
) 

Static 

angle of 

repose (º) 

Setup 1 
FCC Catalyst 

(W.R. Grace) 
0.08 0.76 37.0 

Setup 2 
FCC Catalyst 

(BASF) 
0.07 0.79 32.0 

 

An incipient wetness impregnation using cobalt (II) nitrate hexahydrate was performed for each 

material to create the tracer. The powder contained 10 wt% cobalt oxide following calcination at 
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538ºC for 8 hours. The measured loose bulk density and the static angle of repose of the material 

were unchanged by the dying process. 

Sample Analysis 

The concentration of tracer particles was measured using a spectrophotometer according to a 

methodology developed by Emady et al [42]. This offline detection digital imaging analysis 

method was selected since previous studies have shown that inline solid sampling can be 

invasive and slow, disrupting particle movement [43]. The spectrophotometer was used to 

analyze each mixture by measuring the % reflectance corresponding to each concentration 

(Figure 4). The data shown was taken at an incline of 2°, 3.5 rpm and a feed rate of 1 lb/hr. 

 

Figure 4. % Reflectance vs. Time. 

To obtain C(t) and therefore calculate E(t), a calibration curve was developed using % 

reflectance data from of mixtures of 0%, 5%, 10%, 15%, 20%, and 25% undyed to dyed powder 

(Figure 5). The resulting concentration curve was then used to obtain the residence time 

distribution (Equation 4). 
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Figure 5. Example of Spectrophotometer Calibration Curve. 

Chapter 3 

Results and Discussion 

Mean Residence Time 

Setup 1: Rotary Kiln with Triangular Lifters 

Figure 6 shows the comparison among the experimental data, the Taylor fit and 

Sullivan’s model at both 2° and 4° (Figure 6). Generally, both the Taylor fit and Sullivan’s 

model underestimated the experimental mean residence time 𝜏ℎ𝑜𝑙𝑑𝑢𝑝. This occurred due to the 

presence of the lifters, which increased the mean residence time by causing back mixing of the 

particles as they traveled along the particle bed.  The same results were found by Njeng et al. 

[14, 15]. An increase in incline was found to decrease the mean residence time, as predicted by 

Sullivan; however, feed rate unexpectedly effected the mean residence time while the rotary 

speed had little effect. The rotary speed may have had little effect due to the irregularity of the 
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particle flow behavior within the kiln; the velocity profile may was discontinuous due to the 

large fraction of the power bed consumed by the lifters, hindering the effect of rotary speed.  

 

Figure 6. Mean Residence Time Data for Setup 1 at (a) 2° and (b) 4° 

The deviations of the experimental data from Sullivan’s model were quantified by 

calculating the coefficient for flow f at each operating condition using Equation 7. Generally, the 

Sullivan model underestimated 𝜏ℎ𝑜𝑙𝑑𝑢𝑝, with f  ≥ 1.0 (Table 4). This inaccuracy generally 

increased with in incline; 𝜏𝐻𝑜𝑙𝑑𝑢𝑝 was nearly double that of 𝜏𝑆𝑢𝑙𝑙𝑖𝑣𝑎𝑛 at a feed rate of 1 lb/hr at 

4°, with an exception of the transition between 4.0 rpm and 4.5 rpm at a feed rate of 5 lb/hr at 4°. 

Sullivan’s model was found to be more accurate at this rotary speed. In this case, the velocity of 

the particles may have been so charged that the particle bed approached plug-flow like behavior, 

and Sullivan’s model became more accurate. This effect as more pronounced at 2°; at this 

incline, the contribution of the axial velocity by the feed rate may have dominated that of 

rotation, whose primary function is to improve mixing. 
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The Taylor dispersion fit reasonably matched these data, falling between 𝜏ℎ𝑜𝑙𝑑𝑢𝑝 and 

𝜏𝑆𝑢𝑙𝑙𝑖𝑣𝑎𝑛 at each operating condition. The accuracy of the fit increased with feed rate. 

Inaccuracies may again have been introduced by the lifters; each group of lifters was set at a 

distance of 5 inches apart, allowing the lifters to intermittently influence bed mixing. It was 

possible that the lifter geometry segregated the tracer pulse particles from one another, skewing 

results. 

Table 4. Flow Coefficient f for Setup 1 

  Incline (°) 

 2 4 

Feed Rate 

(lb/hr) 

Rotary 

Speed (rpm) 
f 

1 

3.5 1.1 1.8 

4 1.2 1.7 

4.5 1.2 1.7 

5 

3.5 1.0 1.9 

4 1.3 1.9 

4.5 1.1 1.3 

 

Setup 2: Rotary Kiln with a Circular Lifter 

In Figure 7, 𝜏ℎ𝑜𝑙𝑑𝑢𝑝at both low feed (LF) and high feed (HF) are compared to  𝜏𝑇𝑎𝑦𝑙𝑜𝑟 

and 𝜏𝑆𝑢𝑙𝑙𝑖𝑣𝑎𝑛 at both 2° and 4°. At 2°, 𝜏𝑇𝑎𝑦𝑙𝑜𝑟 and 𝜏𝑆𝑢𝑙𝑙𝑖𝑣𝑎𝑛 reasonably matched 𝜏ℎ𝑜𝑙𝑑𝑢𝑝. 

Inaccuracies and variations in measurements were more prevalent at an incline of 4°. This is may 

be due more unpredictable behavior of the particles at a higher velocity due to the incline of the 

kiln; holdup data at an incline of 4° also did not follow the linear trend observed in hold up data 

taken during experiments conducted at 2°. 
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Figure 7. Mean residence time versus the inverse of rotary speed. At (a) 2° and (b) 4° 

It was found that at low feed rate, Sullivan’s model underestimated time, with f > 1.0. 

The underestimation increased with an increase in incline and in rotary speed. At high feed rate, 

however, Sullivan’s model overestimated the actual mean residence time, with f < 1.0 at low 

rotary speeds. At 4.0 rpm and 8.0 rpm, f = 1, signifying that Sullivan’s model accurately 

predicted the actual mean residence time. The accuracy of Sullivan’s model therefore improved 

with an increase in feed rate. The dependency of f on rotary speed also decreased at both inclines 

at the high feed rate.  
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Table 5. Coefficient of Flow f for Setup 2 

 
Feed Rate 

(lb/hr) 
3 12 

  f 

 Incline (°) 2.0 4.0 2.0 4.0 

N
 (

rp
m

) 

2.0 1.1 1.2 0.7 0.8 

3.5 1.2 N/A N/A N/A 

4.0 1.3 1.3 1.0 1.0 

4.5 1.3 N/A N/A N/A 

8.0 1.4 1.2 1.1 1.0 

16.0 1.5 1.8 1.2 1.1 

 

When intermediate feed rates were tested at the same incline and rotary speed (2° and 4 rpm), 

however, f increased from a feed rate of 1.5 lb/hr to 6.0 lb/hr.  At a feed rate of 12 lb/hr, the axial 

velocity of the particles charged by the feed rate dominated the effects of the other operating 

conditions, allowing the material to move quickly enough to neglect the other operating 

conditions. The material bed moved more like a plug, moving axially more quickly than it 

mixed, allowing for Sullivan’s model to match the experimental mean residence time.   

 While these results corresponded to a higher feed rate than used in Setup 1, each feed rate 

actually corresponded to the same fill level of 10%. This indicated that at a minimum fill level of 
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10%, Sullivan’s model was applicable, despite differences in kiln geometry and material 

properties.  

Table 6. Coefficient of Flow f at Different Feed Rates 

Feed Rate  (lb/hr) f 

1.5 1.2 

3.0 1.3 

6.0 1.4 

12.5 1.0 

Residence Time Distribution and Axial Dispersion Coefficient 

The residence time distribution E(t) was obtained for each trial conducted at each 

operating condition. While variation was seen among the trials, the Taylor dispersion fit 

adequately modeled the data (Figure 8). In succeeding figures, the E(t) curves displayed are 

therefore average curves. The value of C(t) at each time point was averaged across the three 

trials to obtain an average E(t). 

 

Figure 8. Residence Time Distribution Data. 
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Effect of Rotary Speed and Mean Residence Time 

Overall, an increase in rotary speed narrowed the residence time distribution and 

decreased the mean residence time, as shown in Figure 9. Limitations to this effect were seen 

between 8.0 rpm and 16.0 rpm. From 8.0 rpm to 16.0 rpm, the residence time distribution 

narrowed, but the curves overlapped, indicating close values in mean residence time despite 

doubling of rotary speed from 8.0 rpm to 16.0 rpm. This overlap was in agreement with 

Sullivan’s prediction of the mean residence time, but in disagreement with the experimental 

residence time; according to the holdup data, the mean residence time was 20 minutes at 8.0 rpm 

and 11 minutes at 16.0 rpm (Figure 7). This therefore exposed a limitation of the Taylor 

dispersion fit and Sullivan’s model. 

 

Figure 9. Residence Time Distribution at Increasing Rotary Speeds. 

The value of the axial dispersion coefficient was less sensitive to changes in rotary speed 

than the residence time distribution was. From 4.0 rpm to 8.0 rpm, the values of Dax were 

similar, with a standard deviation of 0.1. At 16.0 rpm, however, an increase by roughly ten times 

the value of Dax at 4.0 rpm was observed (Figure 10). It was expected that a narrow residence 

time distribution would produce a low value of Dax. At 16 rpm, however, the particle bed 

appeared to exit the rolling regime and flowed more erratically, producing dust as it flowed along 

the kiln. This indicated that various regimes of particle flow occurred across the experiments.  



19 

 

 

 

 

Figure 10. Axial Dispersion Coefficient Dax versus Rotary Speed N. Data is shown here for an 

incline of 2° and a feed rate of 3 lb/hr. 

 

Effect of Kiln Incline 

Increasing the kiln incline from 2° to 4° decreased the mean residence time. The shape of 

the residence time distribution, however, became less predictable. Overall, an increase in incline 

narrowed the residence time distribution (Figure 11). As rotary speed increased, however, the 

narrowness of the residence time distribution fluctuated.  
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Figure 11. Residence Time Distributions at Increasing Incline. 

Such trends were not seen in the axial dispersion coefficient, which showed a direct 

relationship to rotary speed (Figure 12). This reiterated the findings found at low incline – that is, 

a narrow residence time distribution is not an indicator of a low value of the axial dispersion 

coefficient. Axial dispersion was relatively small, but the value of the coefficient was large.  

 

Figure 12. Axial Dispersion Coefficient vs. Rotary Speed at 2° and 4° 
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No effect by incline was seen on the axial dispersion coefficient at rotary speeds of 2.0 rpm and 

4.0 rpm. At 8.0 rpm, however, the axial dispersion coefficient was 22.0 cm
2
/min, almost equal to 

the value at 16.0 rpm at 2°. At the high incline, particle flow behavior changed at a lower rotary 

speed than at low incline. The values at 16.0 rpm approach one another, perhaps indicating a 

limit to the axial dispersion coefficient.  

Effect of Feed Rate 

The residence time distribution data supported the fact the mean residence time lost its 

dependency on feed rate 12 lb/hr, as indicated by the values of the flow coefficient f.  From 1.5 

lb/hr to 6 lb/hr, the residence time distribution shifted to shorter times and narrowed. The mean 

residence time decreased. At 12 lb/hr, however, the residence time distribution appeared in the 

middle of the residence time distributions found at lower feed rates. The mean residence time 

decreased from 6 lb/hr to 12 lb/hr, though the residence time distribution again narrowed.  

 

Figure 13. Residence Time Distributions at Increasing Feed Rate 
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In this case, a narrowing of the residence time distribution indicated a smaller axial dispersion 

coefficient (Figure 14). As values of f decreased with feed, this corresponded to a more “plug 

like” flow of the feed, and therefore a lower value of the axial dispersion coefficient. 

 

Figure 14. Axial Dispersion Coefficient Dax vs. Feed Rate 

Overall, these trends collapse to an inverse relationship of the axial dispersion coefficient to the 

mean residence time (Figure 15). Given a set operating parameters, then, the dispersion can be 

determined. 



23 

 

 

 

 

Figure 15. Axial Dispersion Coefficient Dax versus Mean Residence Time at 2° and 4° 

Comparison to Other Measurements of Dax 

The axial dispersion coefficients from both setups were compared those of extrudates 

found by Gao et al. [3] as well as to a measurement conducted in a small batch experiment 

conducted by Koynov et al. relating Dax to bulk flow properties [45] (Figure 16). In both setups, 

the axial dispersion coefficient was found to exceed the measurement made by Koynov. In her 

study, Dax was calculated using Fick’s second law and therefore neglected the impact of incline 

on bulk flow. Our results therefore showed that the influence of incline was therefore significant 

at high enough rotary speeds. Still, the measured axial dispersion coefficients for each catalyst 

were found to be very similar despite differences in kiln length, diameter and lifter orientation. 

The axial dispersion coefficient was therefore found predictable based solely on the axial 

velocity determined by the material feed rate and rotary speed. A limitation may exist due to 

material properties, as the measurements for extrudates produced a similar trend to the cohesive 

powders, just at increased values of the axial dispersion coefficient. 
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Figure 16. Comparison of Axial Dispersion Coefficients Dax 

 

Conclusions and Future Work 

In this work, the axial dispersion coefficient was determined for dry cohesive powders 

using the Taylor dispersion fit to the axial dispersion model. Previously used to determine the 

axial dispersion coefficient for free-flowing materials like extrudates, the model was used 

successfully for dry cohesive powders for the first time. The axial dispersion coefficient was 

found to be greater than a batch measurement done using Fick’s second law, which neglected the 

effect of bulk flow. The effect of continuous flow and incline was therefore significant in 

determining the axial dispersion coefficient.  Overall, the axial dispersion coefficient increased 

with a decrease in residence time.  Comparing the two systems studied, it was found that the 

geometry of the kiln – its length, diameter, and lifter orientation – had an insignificant effect on 

the axial dispersion coefficient.  
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Overall, kiln geometry only effected the residence time. Generally, the experimental 

residence time exceeded the time predicted by the Sullivan model and the Taylor dispersion fit. 

This was attributed to the presence of lifters, which increased the residence time of the particles 

by encouraging back mixing. Still, both fits provided a reasonable estimate of the measured 

mean residence time. Limitations of the Taylor fit were seen at high rotary speeds and high 

incline. The Sullivan model was found to be more accurate at high feed and low incline angles. 

Future work must be done to improve the accuracy of the model to better account for the effects 

of feed rate and geometry. The effect of heating and calcination on particle flow should also be 

studied.  
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Appendix A 

Standard Operating Procedure for Calciner Tracer Study 
 

Preparation  

 

1. Prior to the start of the experiment, record the time, temperature and humidity data available 

for the location.  

2. Set the calciner incline, rotary speed and feed rate to desired levels.  

3. Load the feeder with powder.  

4. Allow the calciner to run until the outlet feed rate is constant. This typically takes 1 – 1.5 

times the mean residence time of the particles. Sullivan’s model can be used to get a 

somewhat accurate prediction.  

a. Measure the feed rate every five minutes by collecting and weighing mass samples 

until they are constant.  

b. Check where the feeder drops off the material. If it is not directly at the start of the 

calciner tube, measure the distance between the inlet face and the drop off point. 

Calculate the holdup of this region to determine if it is significant enough to effect 

results.  

5. Once the flow is steady, take a 1-minute video from the calciner outlet to get a view of 

particle behavior at that operating condition.  

 

Tracer Study  

 

1. Mass and collect the desired amount of tracer required for the study.  

2. Shut off the calciner completely, so that is no longer receiving material from the inlet or 

rotating.  

3. Introduce the tracer at a distance 45’’ from the calciner outlet using a spoon.  

4. Turn the calciner back on, allowing tracer to mix and flow with the particle bed.  

5. Collect samples every 5 minutes for 30 seconds at a time from the time the calciner is turned 

back on.  

6. When tracer is visible in the sampling cup, continuously collect samples for 30 seconds at a 

time until tracer is no longer visible.  

7. Following the tracer study, empty the calciner and mass the holdup.  

 

* For 2 and 4, it may be helpful to have someone else shut down and turn on the calciner to 

reduce the amount of lag time 
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