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Featured Application: Particle degradation of biomass materials can be a severe issue in trans-
portation and material handling because of dust generated. Especially for pneumatic conveying
systems, assessment of material degradation in such a large process can be challenging.

Abstract: In this study, the degradation of wood pellets and dry roasted coffee beans in a pneumatic
conveyor was evaluated for high-speed impacts. The change in particle size and generation of fine
particles were used as an indicating parameter for the degradation. A four-bends industrial scale
conveying system was used for the degradation study in lean phase pneumatic conveying. The effects
of operating parameters on the degradation were investigated, including the conveying velocity of
particles and particle concentration. The experimental results showed that the degradation and the
fines generation increased with an increase in particle velocity. An opposite trend was observed
with an increased solid concentration in the pipeline. It was found that the two types of wood
pellets traveled at different particle velocities with the same operating conditions, which resulted in
significant differences in the degradation. Compared to the wood pellets, roasted coffee beans were
found to travel at air velocity. In conclusion, the degradation in a pneumatic conveying system is
complex and challenging to evaluate because there are many influential factors, such as the type of
materials, equipment, and operation conditions. Early assessments in a laboratory will be beneficial
to evaluate the degradation at all controlled operative conditions.

Keywords: degradation assessments; fines contents; pneumatic conveying; particle impact velocity;
wood pellets; roasted coffee beans

1. Introduction

Wood pellets are solid biofuels made up of compacted waste wood or virgin wood and
are an alternative fuel to fossil fuels for heat and power generation. The densified wood
pellets often degrade during various handling processes in industrial practice along the
whole supply chain of the pellet fuel from manufacturers to end users. Pellet degradation
is a function of impact force due to drop height, the elasticity of the impact surface, and the
number of impacts during different handling processes [1,2]. More handling steps results
in more unwanted fines and dusts that can affect operations and cause health issues [3].
Frequent exposure to pellet dust emissions due to incomplete combustion when burning
fines can cause severe lung infections and cardiovascular disease [4].

Pneumatic conveying is a method for transporting bulk materials through an enclosed
pipeline in the processing industry by using air as the transport medium. Pneumatic
conveying is popular because of its attractive benefits. The main advantage is material
protection from environmental effects because of an enclosed pipeline, such as keeping
product hygienic and moisture-free, avoiding dust emissions, dust cleaning, and dust
explosions, and flexibility in routing the pipeline along walls in horizontal and vertical
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directions by introducing bends. The main disadvantages of this method are particle
degradation, high power consumption, and possibly erosive wear of the bends [5,6].

Most product deterioration that occurs during pneumatic conveying is undesired.
Hence precautions must be taken to minimize particle degradation. The dust generation
and degradation depend on material properties, and to avoid industrial explosions, many
materials are listed in the dangerous list regulated by the health and safety executive UK
under DSEAR (Dangerous substances and explosive atmospheres regulations) [7–10], and
care should be taken while handling such materials. The degradation of particles due to
high-speed impacts in pipe bends changes the particle size distribution of the material,
which alters the material flow behavior. In addition to the degradation due to impact on
the bending surface, the particles also degrade due to abrasion as a result of particle-wall
or particle-particle interactions during conveying, feeding mechanisms, and high-speed
impact during the transfer of material from the pipeline to the receiving hopper.

The impact velocity, impact angle, solids concentration, and material properties of
particles, such as hardness, roughness, moisture contents, and impact surface materials, are
the main factors affecting the degradation [11]. Previously published research indicated
that product degradation or attrition increases with an increase in impact velocity, impact
angle, and surface roughness of the material, whereas it decreases with increased solids
loading ratio (ratio of solids mass flow rate to air mass flow rate) and hardness of the
material [12,13]. The increased solid loading ratio provides particle shielding, which
reduces the impact possibility when particles move in a bed [14–17]. No researcher has
directly measured the particle velocity of bulk pellets before impacts in pipeline bends,
although some researchers have measured the particle velocity of an individual or few
particles with high-speed cameras [14,15,18–22], and those who have tested pellets used
only a small section of straight pipe where full acceleration was not achieved. It shows at
least 8 m pipe length is required for full particle acceleration [23,24].

Some researchers studied the strength of individual wood pellets and found that dif-
ferent types of pellets revealed varying strengths and that the pellets from the same type or
source also revealed different outcomes [25–27]. Some researchers studied the degradation
of pellets during storage under different environmental conditions and found that pellet
surface and structure were damaged during storage by picking up moisture [25,28,29]. It
can be anticipated that the self-degradation of pellets happens because of environmental
factors during pellet storage across different time periods and exposure to the relative
humidity level. It has been observed that no assessment has been performed for the
degradation of stored pellets and fresh pellets during pneumatic conveying.

An assessment of biomass material” degradation in pneumatic conveying systems
is necessary for dust control and system design. However, degradation in a pneumatic
conveying system is complex and challenging to evaluate because of factors such as the
type of biomass materials, equipment design, and operation conditions. This study demon-
strates the complexity of the degradation of biomass materials in pneumatic conveyors by
conducting a study of the degradation behavior of wood pellets and roasted coffee beans
against impacts in pipeline bends at the same operating conditions in a designed pneumatic
conveyor. The finding of this study shows that particle velocity during impact at bends is
the most influential factor in the degradation during pneumatic conveying, and it depends
on various factors, i.e., air velocity, bulk and suspension density of solids, the shape of the
materials, etc. Early degradation assessments in a laboratory will benefit from simulating
all different impact conditions and evaluating the degradation under controlled conditions.

2. Materials and Methods
2.1. Test Materials

Two types of biomass materials were used for the evaluation study of degradation:
wood pellets and coffee beans (see Figure 1). The wood pellets were virgin pine wood
pellets (aged and fresh wood pellets). The aged wood pellets were received in a woven
polypropylene bulk bag and stored inside for five years at room condition before tests.
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The fresh wood pellets were packed in bags (received in 15 kg plastic sealed bags from
European Pellet Council (EPC) certified pellet supplier in the UK). The wood pellets were
cylindrical in shape with a diameter of 6 mm and a length between 3.15–40 mm. Both
pellets were ENPlus A1 grade [21]. Dry roasted coffee beans from Caffe Roma, which have
an elliptical shape and about 12 × 8 × 5 mm3. The moisture contents of the wood pellets
and the dry roasted coffee beans were measured using an Ohaus moisture analyzer MB120
on a wet base. The bulk density was measured using a standard 5-liter measuring container.
The mechanical durability was measured using ISO standard tumbling box tester. The
properties of the wood pellets and the coffee beans can be found in Table 1.
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Figure 1. (a) Fresh wood pellets, (b) Aged wood pellets, (c) Degraded aged wood pellets, (d) Roasted
coffee beans, and (e) Degraded coffee beans.

Table 1. Physical properties of wood pellets and dry roasted coffee beans tested in this study.

Biomass Material Moisture
Content, %-w

Settled Bulk
Density, kg/m3

No. of Particles
to Weight Ratio

Mechanical
Durability, %

Aged wood pellets 9.8 ± 0.2 650 ± 10 3.4 98.2
Fresh wood pellets 5.6 ± 0.2 650 ± 10 2.6 98.9

Coffee beans 1.5 ± 0.1 330 ± 10 7.8 99.9

2.2. Methods
2.2.1. Pneumatic Conveying System

An industrial-scale pneumatic conveying test rig has been used for the experimental
study, as shown in Figure 2. A pipeline route for conveying material has been designed
as per the EPC guidelines [22]. The pipe route was designed with four short radius bends
(R/D = 3), and the maximum length of the pipeline was kept under 30 m for simulating the
pellet transfer mechanism for domestic applications where pellet transfer takes place from
pressurized delivery vehicles to household pellet stores. The first bend was introduced at
22 m from the feeding section. The second and third bends were used to connect only a
small straight pipe section of one meter with the embedded electrostatic sensing unit. The
fourth bend was installed at a two-meter vertical distance after the 3rd bend.

The first two bends connected horizontal to horizontal pipe sections, the third bend
joined horizontally to vertical pipe sections, whereas the fourth bend was used to connect
the vertical section to a little horizontal section at the end of the pipeline. The pipeline route
is illustrated in Figure 2.

The bends were installed at the end of the pipeline in proximity to simulate the
domestic pellet delivery system. The pellet receiver was designed as per EPC storage
guidelines [30], and the impact mat was installed inside it to cushion the impact of pellets
at the end transfer point.

2.2.2. Particle Velocity Measurement

The particle velocity was measured using arc-shaped electrostatic sensors developed
at the Wolfson Centre [31]. The sensors work on the principle of detecting electrostatic
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charge signals from the charged moving particles passing through two sensors with a
fixed distance (125 mm) and then calculate the particle velocity by the time delay using
cross-correlation of the signals. The particle velocity of the bulk material was detected
by taking 1000 times to cross-correlations in one second at a sample rate of 10,000/s. The
average particle velocity was measured every second at the entrance of each bend.
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2.2.3. Air Pressure Sensors and Load Cells

The localized air velocity at the sensing points, which helps to monitor the difference
between air velocity and particle velocity (slip velocity). Druck differential pressure sensors
‘UNIK 5000’ (Leicester, UK) with a maximum reading capacity of 5 bar were used for the
pressure measurements. The load sensors were calibrated by interfacing sensors with the
National Instruments DAQ system. The load was added to the loading bar and on the side
supports of the hopper carrying stand. The S-type Tension/compression load cells with the
following specifications shown in Table 2 were procured for the purposes of weighing the
receiving hopper.

Table 2. Specifications of load sensors.

Type of Load Cell S-Type Tension/Compression

Rated load 1500 kg
Output 2 mV/V at rated load ±0.1%

Combined error <±0.017% of rated load
Output resistance 350 Ω ± 3 Ω

Resolution 0.1 kg

2.3. Sample Preparation and Operating Conditions

Samples were prepared with Rotex industrial screener having 4.75 mm and 3.15 mm
square hole sieves. Prepared and cleaned pellets retained by a 4.75 mm sieve of approxi-
mately 40 kg of sample size were poured directly into the feeding hopper. The pellets were
then fed through the rotary valve to the pipeline and delivered to the receiving hopper by
positive pressure lean phase pneumatic conveying method. The solid feed rate was altered
with rotary valve speed, and the air mass flow rate was altered with the combinations of
nozzles interfacing compressor for the supply of prime motive air. Three solid flow rates
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of approximately 0.2, 0.4, and 0.8 kg/s were tested under the effect of three air mass flow
rates of 0.24, 0.27, and 0.3 kg/s, respectively. Two experiments were conducted for both
pellets at each operating condition.

The pellets were collected after experiments from the receiving hopper, and the entire
batch was analyzed using the Rotex screener. The pellets retained by the 4.75 mm were
considered clean pellets and sent back to the feeding hopper for a second consecutive run
prior to the pellets being disposed of. The fines that passed through the 3.15 mm round
hole sieve and the average particle size distribution after two consecutive runs were noted.

Degradation of wood pellets is generally measured as Mechanical durability (DU) as
per ISO 17831-1 at bench scale [32,33]. It is the percentage weight of the pre-sieved pellet
that survived or was retained by a 3.15 mm round hole after impact testing in a durability
tester. Durability can be found by the equation given below:

DU =
M
Mo

× 100(%), (1)

where DU is durability, M is the mass of pellets retained by the 3.15 mm round hole sieve
after impact, and Mo is the mass of pre-sieved clean pellets before testing.

Mechanical durability depends upon various mechanical, physical, and chemical
properties of pellets, such as surface cracks, moisture content, pellet length, raw material
properties, pipeline features, particle velocity, impact load, and receiver type. There are
two durability testers recognized by European Pellet Council as:

• ISO standard Tumbling box durability tester
• Ligno durability Tester

The durability of the pellets and the coffee beans in this study was tested by the ISO
standard tumbling box tester, as shown in Table 1. In the test, 500 g of clean, prepared
sample was tumbled for 10 min at a constant speed of 50 rpm. The retained mass above
3.15 mm was measured, and the durability was calculated as per Equation (1).

3. Results
3.1. Measurements of Particle Velocity, Feed Rate, and Air Velocity

The measurements of particle velocity and solid feed rate are shown in Figure 3, and
the air pressure and the air velocity are shown in Figure 4 for fresh wood pellets at the
operating condition of air mass flow rate of 0.24 kg/s and solid flow rate of 0.20 kg/s.
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and feeder speed of 5 RPM during conveying with bends in proximity; (a) Particle velocity at each
bend, solid feed rate, (b) standard deviation in particle velocity measurement each second.
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Figure 4. Measurement of localized pressure and air velocity with 0.2 kg/s air flow rate and feeder
speed of 5 RPM during conveying with bends in proximity, (a) Pressure measurement at each bend
(Bend 1–4) and inlet of pipe, (b) Air velocity measurement at each bend (Bend 1–4).

The averaged air velocity, particle velocity, and corresponding slip velocity (difference
between particle velocity and air velocity at sensing locations) are shown in Figure 5 as
an example for one test condition. The velocity at the ‘zero’ on the x-axis indicates the air
velocity at the inlet of the pipeline. The air and the particle velocities are the velocities
before each bend.
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3.2. Degradation of Fresh Bagged Wood Pellets

For the fresh wood pellets, the particle velocities just before each bend for three air
flow rates and solid flow rates are presented in Table 3. These velocities are the impact
velocity of the particles.
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Table 3. Particle velocity measurements for fresh pellets.

Air mass Flow
Rate, kg/s

Solid Feed Rate
kg/s

Average Air
Velocity @ Inlet of

Pipe, m/s

Average Particle Velocity (m/s)

Bend 1
22 m from
the Inlet

Bend 2
0.5 m from

Bend 1

Bend 3
0.5 m from

Bend 2

Bend 4
2 m from
Bend 3

0.24 0.2 22.3 16.0 10.5 9.0 9.5
0.24 0.4 22.1 15.7 9.9 7.9 9.6
0.24 0.8 21.8 14.0 8.9 6.6 9.7

0.27 0.2 24.8 20.6 13.0 10.9 11.6
0.27 0.4 24.6 19.4 12.1 10.0 11.7
0.27 0.8 24.2 17.7 11.1 8.5 11.8

0.30 0.2 27.3 23.8 15.3 13.3 14.6
0.30 0.4 26.9 23.0 14.2 12.0 14.1
0.30 0.8 26.4 21.6 13.3 10.8 13.6

For the fresh wood pellets, change in particle size distribution and generation of
fines by the impact were studied for the conditions as shown in Table 3. In this study, a
continuous change in particle size distribution and fines generation (<3.15 mm) at the end
of conveying was observed, and the results are shown in Tables 4–6.

Table 4. Degradation of fresh pellets at 0.24 kg/s air flow rate with bends in proximity.

Particle Size (mm) Input PSD
(%-w Retained)

Output PSDs (%-w Retained)

Solid Mass Flow Rate
@ 0.2 kg/s

Solid Mass Flow Rate
@ 0.4 kg/s

Solid Mass Flow Rate
@ 0.8 kg/s

Fines < 3.15 0 0.53 0.47 0.38

3.15~4.75 0 0.83 0.65 0.50

>4.75 100 98.64 98.88 99.12

Table 5. Degradation of fresh pellets at an air flow rate of 0.27 kg/s with bends in proximity.

Particle Size (mm) Input PSD
%-w Retained

Output PSDs (%-w Retained)

Solid Mass Flow Rate
@ 0.2 kg/s

Solid Mass Flow Rate
@ 0.4 kg/s

Solid Mass Flow Rate
@ 0.8 kg/s

Fines < 3.15 0 0.74 0.63 0.52

3.15~4.75 0 0.98 0.83 0.66

>4.75 100 98.28 98.54 98.82

Table 6. Degradation of fresh pellets at an air flow rate of 0.30 kg/s with bends in proximity.

Particle Size (mm) Input PSD
%-w Retained

Output PSDs (%-w Retained)

Solid Mass Flow Rate
@ 0.2 kg/s

Solid Mass Flow Rate
@ 0.4 kg/s

Solid Mass Flow Rate
@ 0.8 kg/s

Fines < 3.15 0 0.53 0.47 0.38

3.15~4.75 0 0.83 0.65 0.50

>4.75 100 98.64 98.88 99.12

The results show that the degradation decreases with an increase in solid feed rate or
particle concentration in the pipe. About 10–15% of fines were reduced by increasing the
solid flow rate from 0.2 to 0.4 kg/s for all air flow rates, whereas the fines level lowered by
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30% when the solid flow rate increased from 0.2 to 0.8 kg/s for an air flow rate of 0.24 and
0.27 kg/s as shown in Tables 4 and 5. The fines content was reduced by 22% (Table 6) with
a 0.3 kg/s air flow rate.

3.3. Degradation of Aged Bulk Bag Wood Pellets

The particle velocities at each bend for aged wood pellets were measured and are
shown in Table 7. It is observed that the aged pellets were found to travel at a slightly
lower velocity (around 10%) as compared to the fresh bagged pellets for the same operating
conditions. The acceleration length during the layout of the current study is 22 m which
means both types of pellets should have the same particle velocity at low solids feeding
rate. However, the velocity profiles for aged pellets in Table 7 show that there is a decrease
in pellet velocity even at a low feed rate compared to fresh pellets shown in Table 3.

Table 7. Particle velocity measurements for aged pellets with bends in proximity.

Air Mass Flow
Rate, kg/s

Solid Feed Rate
kg/s

Average Air
Velocity @ Inlet of

Pipe, m/s

Average Particle Velocity (m/s)

Bend 1
22 m from
the Inlet

Bend 2
0.5 m from

Bend 1

Bend 3
0.5 m from

Bend 2

Bend 4
2 m from
Bend 3

0.24 0.2 22.3 15.3 9.5 8.7 10.7
0.24 0.4 22.1 14.7 8.3 7.1 9.0
0.24 0.8 21.8 12.7 8.1 5.6 8.0

0.27 0.2 24.8 19.0 10.9 9.6 11.0
0.27 0.4 24.6 17.7 10.1 8.8 10.5
0.27 0.8 24.2 15.8 9.4 7.3 10.8

0.30 0.2 27.3 21.0 13.0 11.2 13.4
0.30 0.4 26.9 20.4 11.3 10.7 14.2
0.30 0.8 26.4 18.8 11.4 9.4 11.4

These results illustrate that the resistance offered by pellet-wall interaction at the
bottom section due to higher frictional forces in aged pellets as compared to fresh pellets
because most of the pellets travel at the bottom section of the pipe, which was observed
visually through a transparent section of pipe in the pipeline. So, wood pellets or any
other high-density particulate material, when it travels in a lean phase along the bottom of
the pipe section, will experience this resistance based on surface properties. The effect of
frictional forces was not studied in this project.

For the aged wood pellets, the degradation results are shown in Tables 8–10. The
results show that the fines generation is approximately 3.5 times higher than the fresh
pellets when compared to the results at 0.8 kg/s solid flow rate for all air flow rates
and 3.8 times higher at the other two mass flow rates during all operating set operating
conditions. The degradation was the highest among the low feed rate and high air flow
combinations and was found to be lowest for the high solid feed rate and low air mass
flow rate.

Table 8. Degradation of aged pellets at an air flow rate of 0.24 kg/s with bends in proximity.

Particle Size (mm) Input PSD
(%-w Retained)

Output PSDs (%-w Retained)

Solid Mass Flow Rate
@ 0.2 kg/s

Solid Mass Flow Rate
@ 0.4 kg/s

Solid Mass Flow Rate
@ 0.8 kg/s

Fines < 3.15 0 1.98 1.76 1.32

3.15~4.75 0 2.19 1.95 1.45

>4.75 100 95.83 96.29 97.23
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Table 9. Degradation of aged pellets at an air flow rate of 0.27 kg/s with bends in proximity.

Particle Size (mm) Input PSD
%-w Retained

Output PSDs (%-w Retained)

Solid Mass Flow Rate
@ 0.2 kg/s

Solid Mass Flow Rate
@ 0.4 kg/s

Solid Mass Flow Rate
@ 0.8 kg/s

Fines < 3.15 0 2.73 2.39 1.86

3.15~4.75 0 3.20 2.73 2.08

>4.75 100 94.07 94.88 96.06

Table 10. Degradation of aged pellets at an air flow rate of 0.30 kg/s with bends in proximity.

Particle Size (mm) Input PSD
%-w Retained

Output PSDs (%-w Retained)

Solid Mass Flow Rate
@ 0.2 kg/s

Solid Mass Flow Rate
@ 0.4 kg/s

Solid Mass Flow Rate
@ 0.8 kg/s

Fines < 3.15 0 3.74 3.40 2.70

3.15~4.75 0 4.12 3.90 2.96

>4.75 100 92.14 92.70 94.34

It was observed that the highest fines generation was 3.74% by weight for aged pellets
and 0.96% by weight for fresh pellets, whereas the lowest fines were observed as 1.32%-w
and 0.38%-w for the aged and fresh pellets, respectively, among all feed rates and flow
rates tested.

The aged pellets were found to travel at a slightly lower velocity (around 10%) when
compared to the fresh pellets, whereas degradation of the aged pellets was noticed higher,
and it gets reduced in a similar manner, 10–12% during changing feed rate from 0.2–0.4 kg/s
and approximately 30% during a change from 0.2 to 0.8 kg/s at all operating conditions.

3.4. Degradation of Roasted Coffee Beans

The roasted coffee beans have a low bulk density and are found to travel approximately
at air velocity (see Figure 6). The experiment was conducted at 0.27 kg/s air mass flow rate
and 0.2 kg/s solid flow rate only. The coffee beans approach the air velocity just before the
first bend, which shows that there is a substantial difference in flow behavior. It can be
anticipated that the drag force on light weighted coffee beans is lower than on wood pellets,
and coffee beans can be easily suspended or could be fully suspended in the pipeline rather
than traveling at the bottom of the pipe. The degradation of the coffee bean was measured
and shown in Table 11. The particle size distribution after the impact of coffee beans shows
a severe breakage of particles in the top two sizes as compared to wood pellets at the same
operating condition. The fines generation (<3.15 mm) was considered very high for coffee
beans as compared to the fresh and the aged pellets; 11.64% of the total weight degraded
for coffee beans as compared to 0.74%-w and 2.73%-w for the fresh and the aged pellets,
respectively.

Table 11. Degradation of coffee beans with an air flow rate of 0.27 kg/s and feeder speed of 10 RPM
while conveying through a pipeline having bends in proximity.

Particle Size (mm) Input PSD
%-w Retained

Output PSDs (%-w)

Solid Mass Flow Rate @ 0.2 kg/s

Fines < 3.15 0 11.64

3.15~4.75 0 42.52

>4.75 100 45.84
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4. Discussion
4.1. Particle Velocity and Impact Degradation

It has been recognized that particle impact velocity, impact angle, and particle con-
centrations are key factors in particle impact degradation [10]. Particle impact velocities
at the conveying bends in a pneumatic conveyor can be significantly different in terms of
the type of materials conveyed and the operating conditions used. In this study, two case
studies show that the same materials (wood pellets) can have different degradation at the
same operation conditions because of different moisture contents and surface properties.
For different materials (wood pellets and coffee beans), the same operating conditions give
a significantly different particle acceleration in the pipeline and, alternatively, different
particle impact velocities.

Previously in most cases, air velocities at the bends were used for the estimated impact
velocity of the particles. This study shows that a slip velocity (difference between the
particle velocity and the air velocity) can be as big as the particle velocity if the bends are
not evenly distributed or if the particles are not allowed to fully accelerate (wood pellets).
Even for a lighter material (coffee beans), the slip velocity was found to be significant in
such pipe settings, whereas coffee beans traveled at air velocity when fully accelerated.
Using the air velocities (either measured or calculated) for evaluation of the degradation
results in a significant overestimate of impact velocity. It reveals that measurements of
particle velocities in pneumatic conveyors can be important if it is feasible, and we can
predict how it changes with changing solid flow rate and pipe layout.

In pneumatic conveying, particle concentration has little effect on the degradation of
the solid particles. The study shows that a higher concentration of solids expects a lower
level of degradation. The trend in wood pellets degradation was clear. However, compared
to particle impact velocity, the effect of particle concentration is not significant.

4.2. Challenges in Assessing the Degradation

The main challenge in assessing particle degradation for pneumatic conveyors is the
measurement of particle velocity of the bulk material in transit, such as inside of the bends,
and the effects of changing operative parameters on the particle velocity, which is the
main influential factor on material degradation due to high-speed impacts. This study has
identified the assessment technique to measure the particle velocities and the degradation
by altering operating conditions and pipeline features, which simulate the pellet delivery
mechanisms adopted in industrial practice. It has been observed that there are discrepancies
in the same two types of biomass materials (wood pellets) used for sustainable energy
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generation and therefore handling characteristics of such biomass materials in the same
pneumatic conveying system. The difference in the handling characteristics results in
a different level of particle degradation. The same challenge is coming to the types of
biomass materials. Under the same operation, the degradation levels of the materials are
not comparable. For such a large process, degradation of the material is not easily evaluated
unless there is a fast approach to measuring the degradation at a controlled concentration
for all scenarios. Furthermore, degradation assessment for a pneumatic conveying system
must be modeled in a way that integrates the factorial tests for individual test conditions
into a prediction for the system, as multiple bends are involved in the system.

Therefore, assessment of biomass materials degradation in pneumatic conveying
systems is only feasible in conducting a series of advanced assessments at a laboratory
scale with a small number of test samples for all operative conditions. The test conditions
must be representable to the impact conditions in the pneumatic conveying system at every
single bend for the proposed or existing pneumatic conveying system. The laboratory
assessment can become a dedicated tool and be used for industrial applications. Taking the
challenges of the degradation assessment for a pneumatic conveyor, an accurate evaluation
using a laboratory measurement will be subject to accurate impact conditions in the process,
which need to be measured in advance.

5. Conclusions

For the study, some conclusions have been summarized as follows:

• Assessing the degradation of bulk biomass materials in pneumatic conveyors can be
challenging because the particle velocity in pipe bends can be significantly different,
subject to the type of the materials.

• The degradation level of solid particles increases with an increased particle velocity in
pneumatic conveyors because of an increased air mass flow rate. Degradation of the
materials can decrease with an increased solid feed rate or particle concentration in
the pipeline.

• Degradation of wood pellets shows that the degradation can be different at the same
operation conditions because different moisture contents and surface properties of the
material lead to different particle accelerations. The degradation in a pneumatic con-
veying pipeline is sensitive to particle impact velocity, although particle concentration
has little influence.

• Degradation of dry roasted coffee beans shows a significantly different level at an
identical operation condition. It is believed that the conveying characteristics of coffee
beans must be different from the wood pellets, which may be due to a low bulk density.

• The study shows the degradation of biomass materials in a pneumatic conveyor
strongly depends upon the particle velocities, which can be subject to the conveying
characteristics of the material.

• If an assessment is required to evaluate the degradation in pneumatic conveyors, it
is hard to take the assessment on an industrial scale equipment. A laboratory scale
test can be a solution for advanced degradation assessments in pneumatic conveying
systems. However, impact conditions such as particle velocities can be critical for an
accurate evaluation, which needs to be determined in advance.
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