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ABSTRACT

The convective drying of spherical biosolids particles from two wastewater treatment plants
(Type 1: anaerobic/anoxic treatment with belt filter press dewatering; Type 2: aerobic/anoxic
treatment with centrifuge dewatering) was studied under 10 conditions across 44 trials. A
wide spectrum of conditions including three drying temperatures (88, 109, and 138°C), two
gas velocities (1.6 and 2 m s7'), and particle sizes of 2cm and 4cm were investigated.
Measured variables included particle mass, center/internal temperature, surface temperature,
shrinkage, and qualitative observations of morphological changes. Most samples showed
two drying periods, a constant rate period followed by a falling rate period. Additionally, it
was found that drying rates and morphological changes depended significantly on particle
size and drying intensity (i.e., drying gas temperature and gas velocity) with higher inten-
sities resulting in larger, more porous particles. Internal temperature profiles displayed a
consistent pattern, an initial heating phase where internal temperatures quickly rose to
approximately the wet bulb temperature of the drying gas, a quasi-constant temperature
phase at that temperature, and a final sharp increase/spike to reach equilibrium with the
drying gas temperature. Moreover, IR images showed that sub-surface temperatures
(between the core and surface) were significantly lower than surface temperatures. Surface
temperatures showed a more linear increase throughout drying until equilibrium with the
drying gas temperature. The consistent temperature difference between the center and sur-
face, as well as the internal temperature profile, suggests the existence of a drying front,
moving radially inward as the particle dries. This research contributes to a better under-
standing of biosolids drying dynamics, offering insights to improve thermal treatment strat-
egies thereby contributing to the broader field of waste management.
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1. Introduction

Biosolids are a complex heterogeneous mixture of
organic matter (50%-70% of dry mass), nutrients, and
water (typically 80% on a wet basis) and are generated
as a by-product of wastewater treatment plant
(WWTP) processes.!"! Historically considered a waste,
advancements in wastewater treatment technologies
coupled with an emphasis on environmental sustain-
ability and an adoption of circular economy princi-
ples, have repositioned biosolids as a valuable
resource. Rich in organic matter and nutrients, such
as nitrogen and phosphorus, which are critical for soil
health and plant growth, biosolids have gained signifi-
cant attention for their role in sustainable land appli-
cation practices, such as agriculture, forestry, and land
reclamation.”>*! This use captures biosolids fertilizing
and soil amendment properties, providing an environ-
mentally friendly and economically viable alternative
to traditional disposal methods, such as carbon emis-
sion-intensive incineration and costly landfilling."!

Despite their benefits, the application of biosolids is
not without its challenges. The production of biosolids
in Australia was approximately 380,000 tons of dry
solids in 2021, illustrating the scale of biosolids gener-
ated annually.[4] Furthermore, as production is inher-
ently linked to population growth, this volume is
expected to increase as populations continue to rise. A
significant concern in the management of biosolids is
the presence of contaminants of emerging concern
(CECs). These compounds, which are a range of pol-
lutants, include both newly identified and existing
chemicals which have adverse environmental and
health impacts, have raised questions regarding the
safety and sustainability of biosolids application.!*~”!
Traditional WWTPs often fail to effectively mitigate
these contaminants,’® leaving them in the final bio-
solids and leading to their potential bioaccumula-
tion.[>*>19715] This issue is further compounded by
tightening regulatory requirements concerning CEC
concentrations in biosolids and soils, which poses a
significant hurdle to their beneficial reuse.'®’

In response to the challenges posed by CECs ther-
mal treatment methods, such as pyrolysis and gasifica-
tion, have been identified as promising approaches for
biosolids management. These technologies not only
promise to destroy/remove CECs through thermolysis,
but also convert biosolids into biochar, a carbon-rich
material that retains many of the beneficial properties
of biosolids while offering the additional environmen-
tal benefit of carbon sequestration.[l’m However, the
feasibility of these thermal treatment processes is crit-
ically dependent on the substantial reduction of
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moisture content in biosolids, with economic viability
requiring a moisture content below 15%.!"%! Given
that tertiary sludge has a moisture content of 97-
99%,!"") this is a challenging task. Many WWTPs
employ mechanical dewatering, which can achieve
moisture contents of 80% by removing ‘free water’,
however this is far from the required 15%. The
remaining ‘bound’ water requires thermal drying
which requires substantial energy. For example, drying
biosolids from a 90% to a 10% moisture content
requires approximately 2.5-3 x 10° kJ/(ton of bio-
solids) of energy.!*”! This highlights the importance of
optimizing drying processes to avoid the thermal
treatment of biosolids from becoming uneconomical
and a financial burden for WWTP owners.

CECs destruction/mineralization hinges off the
ability of the system to maintain the contaminants at
thermolysis temperatures within the reactor before
they volatize and exit.”!! Fundamentally, these sys-
tems are primarily designed for effective heat transfer.
Particles can be classified as isothermal (lumped) or
non-isothermal during thermal treatments (i.e.,
whether the particles temperature is constant through-
out or if there is a temperature gradient). Two major
factors that determine this behavior are particle size
and moisture content. Larger particles are more likely
to experience temperature gradients, while moisture
within the particle can act as a heat sink.1*?) However,
small amounts of moisture within the particle may be
beneficial as moisture may also help expedite the
thermolysis of some CECs.!** Hence, it is essential to
understand the intricate dynamics of biosolids drying
and the role of biosolids properties, such as moisture
content and particle size, and what impact these may
have on thermal treatment processes.

While many studies have researched biosolids dry-
ing, few studies have investigated the internal condi-
tions during the drying process, such as temperature
and moisture distributions. Additionally, most
research has focused on flat biosolid layers*2* with
few studies investigating the drying behavior of indi-
vidual biosolid particles. One of the few papers that
investigated internal temperature distribution during
drying was by Font et al,’*” which used biosolids
spheres and cylinders (2.5-3cm) from two different
WWTPs. Internal temperature measurements were
made by inserting a thin thermocouple into the
spheres. Samples were convectively dried at low tem-
peratures between 32°C and 64°C with varying gas
velocities between 2.4 and 5.5 m/s. Their results
revealed that central temperature measurements
exhibited a phase of quasi-constant temperature
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before undergoing a rapid spike. Furthermore, when a
particle was split partway through drying, it revealed
three distinct layers: a wet inner core, an intermediate
section, and a dry external crust/skin. Both samples
exhibited complex morphological changes, such as,
shrinkage, skin layer formation, and cracking.
Interestingly one sample formed a much more pro-
nounced skin layer than the other, indicating that
depending on biosolids composition, drying behavior
may differ.?*!

Varying behavior has also been observed by
Leonard et al.,”*! who convectively dried two different
biosolids, one which had a nutrient removal stage,
whilst the other was left untreated. Temperatures
ranged from 120°C to 140°C, with gas velocities
between 1.58 and 1.82 m/s. External mass transfer
appeared to be the rate limiting process of the high
nutrient biosolids, as indicated by the long constant
drying period. Contrastingly, the low nutrient bio-
solids, which always dried slower, exhibited a long
decreasing (falling) drying rate from the onset of dry-
ing, indicating diffusion limitations.

Fraikin et al.*®! performed convective drying of
cylindrical biosolids samples, measuring 15mm X
I5mm and weighing approximately 3.5g, sourced
from three different WWTPs.*) The drying condi-
tions used were: drying gas temperatures of 80°C,
90°C, 140°C, and 200 °C; air velocities between 1 and
3 m/s; and varying absolute humidities of 0.005, 0.084,
0.05, and 0.2 Ifg; Key parameters measured included
the mass, surface temperature (monitored via a pyr-
ometer), and visual observations. Analysis of the mass
versus time data revealed an initial adjustment phase
with minimal mass loss, which then transitioned into
a prolonged falling rate phase. Surface temperatures
exhibited a consistent trend: an initial rapid rise, fol-
lowed by a period of relative stability, and a final
rapid spike in temperature until equilibrium with the
drying gas. Results showed that maximum flux was
achieved with increased velocity and temperature of
the drying gas, coupled with decreased drying gas
humidity. Additionally, complex rheological behavior,
such as the formation of a hard crust/skin layer, was
observed to reduce the drying flux.

The objective of this research is to improve our
understanding of the convective drying of biosolids,
by experimentally measuring both internal and surface
temperatures simultaneously during drying. To the
authors’ best knowledge, simultaneous internal and
surface temperature measurements have not been pre-
viously performed for the convective drying of
biosolids.

2. Methodology
2.1. Materials

Biosolids were sourced locally from two WWTPs in
Townsville, QLD, Australia: the Mt St John (MS])
plant and the Cleveland Bay (CB) plant. The treat-
ment process at the MSJ plant includes various anoxic
and aerobic stages, finishing with an aerobic digester
and dewatering via belt filter presses. Conversely, the
CB plant wuses an anaerobic/anoxic treatment
approach, with dewatering achieved via centrifuge.
Approximately 5kg of biosolids were collected from
each plant, vacuum-sealed, and refrigerated at 4°C.
From these bulk samples, three sets of 100g were
used for proximate and ultimate analyses, the results
of which are shown in Table 1. The remaining bulk
samples were used for the drying experiments.
Samples were shaped into 2cm and 4cm diameter
spheres using 3D printed molds (Figure Al, see
Supplementary appendix), consisting of two hemispheres.
To closely match the consistency and density of the ori-
ginal sample, only mild compression was used during the
shaping process. The 2cm and 4cm samples weighed
approximately 4.2 g and 34.5g, respectively.

2.2. Dryer apparatus

A convective drying apparatus (Figure 1(A)) capable
of in-situ mass measurements and controlled gas con-
ditions was used to characterize biosolids drying. This
apparatus has been successfully used to characterize
sugarcane bagasse®"! and algae drying.**) By adjust-
ing the settings on the four heat guns, the drying gas
temperature and gas velocity were controlled. A K-
type thermocouple was used to determine the drying
gas temperature, while a pitot tube and manometer
were used to determine gas velocity. Experiments
were conducted in a large air-conditioned room with
constant environmental conditions of 23°C and rela-
tive humidity of 50%.

In-situ mass was measured using an OMEGA
LCAE-1kg load cell (OMEGA Engineering, CT, USA)
in conjunction with a data logger. The logger recorded
data at 5-s intervals. To mitigate the impact of gas
drag on the accuracy of the mass measurements, a gas
bypass was engaged every 3min for 15s, and mass
data were averaged over this sampling period.
Internal/center temperature measurements were col-
lected by inserting a small k-type thermocouple into
the biosolids particle, with temperatures being
recorded at 1-min intervals. A depth probe was used
to help accurately place the thermocouple.
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Table 1. Ultimate and proximate analysis of MSJ and CB biosolids samples.

Ms)J CB

Sludge treatment Aerobic/Anoxic finalizing with aerobic digester Anaerobic/Anoxic
Dewatering method Belt filter press Centrifuge
Proximate analysis

Moisture Content 87.0 83.1

Ash 28.5 264

Volatile Matter 51.3 54.2

Fixed Carbon 104 20.7
Ultimate analysis

Carbon 31.0 383

Total Hydrogen 5.4 5.7

Nitrogen 53 6.8

. F:Sample

E: Instrumentation port . container and
(A) load cell

D: Gas bypass
C: Instrumentation ports

B: Mixing Chamber

A: heat gun input ports

Figure 1. (A) Convective drying apparatus;2”?!

The drying chamber was made from acrylic (Figure
1(B)) to allow for in-situ visual image collection via a
GoPro Hero 5 Black camera, with images captured every
minute. Image] was used for image processing to deter-
mine particle size and shrinkage. For IR images to be
captured unobstructed, a sliding window was built into
the chamber and only opened briefly for IR image cap-
ture using a TESTO 885. IR images were captured
approximately every 2-3min and processed using
‘IRSoft’.

2.3. Experimental design

Temperatures investigated were 88°C, 109°C, and
138°C representing values below, approximately at, and
above water’s boiling point, respectively. Moreover, as the
energy requirements for drying biosolids is substantial,
secondary heat sources should be used to increase energy
efficiency, with secondary heat sources generally having
relatively low temperatures.*>* The chosen particle
sizes reflected the range observed at the Logan City
Council pilot scale gasification plant,®® with an emphasis

(B) Rendering of Acrylic drying chamber with biosolids particle.

placed on larger particles due to their extended drying
time and likely variations in internal temperature and
moisture distributions. Gas velocities of 2.4 and 1.6m/s
were investigated, which fall within the range used in
other studies,”*****”] and are typical for industrial con-
vective drying equipment. Table 2 shows the experimental
designs, conditions, and the number of trials/repeats for
each run/condition. It should be noted that the mass and
internal temperature measurements were taken during
separate experiments, as the thermocouple influenced the
mass measurement of the particle by supporting material,
particularly as it shrunk and deformed. Standard devia-
tions for both temperature and MR measurements were
calculated using Excel's STDEV.P function, applied to the
respective trials for each data point.

3. Results and discussion

Table 1 presents the ultimate and proximate analysis of
the MSJ and CB samples. The proximate analysis showed
that MSJ, which is dewatered using belt filter presses, had
a slightly higher moisture content than the centrifuged
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Table 2. Experimental conditions and repetitions for drying experiments.

Internal Surface Mass Sample Diameter Gas Velocity

Run Temperature Trials Temperature Trials Trials Origin (cm) Drying Gas Temperature (°C) (m s

3 2 3 Ms)J 2 138 24
2 3 2 3 MSJ 2 109 24
3 2 2 2 MSJ 2 88 24
4 1 1 2 MSJ 2 138 1.6
5 1 1 1 MSJ 4 138 1.6
6 2 2 2 MSJ 4 138 24
7 3 2 3 B 2 138 24
8 3 2 3 CB 2 109 24
9 2 2 2 B 2 88 24
10 2 2 1 CB 4 138 24
MSJ: Mount St John (predominantly aerobic process); CB: Cleveland Bay (predominately anaerobic process).

I o MAb Al ibati e W WAl s
(8) | |

| 138°C-4cm

T RO

Figure 2. (A) Bisected biosolids particle midway through drying showing a clear distinction between wet core and dry outer crust;

(B) Particles pre and post drying, showcasing shrinkage. All particles are from MSJ and had a drying gas velocity of 24 m s~'.

1

Titles above particles indicate drying gas temperature and initial particle diameter.

Cleveland Bay samples. Additionally, the ash content of
the MSJ samples is slightly higher, while the fixed carbon
of MS]J is significantly lower. The ultimate analysis
showed that CB samples contain higher levels of carbon
and nitrogen than MS], indicating potential differences in
composition and energy content of the biosolids.

3.1. Morphological changes for various drying
intensities

Throughout all runs it was observed that both MS] and
CB particles developed a brittle, dark-colored, porous dry
crust. Figure 2(A) shows a 4 cm biosolids particle bisected
midway through drying, revealing a distinct moist core
and a dry porous outer layer. While direct porosity meas-
urements were not conducted, estimates were made by
comparing the material's real density (determined via
Archimedes’ principle/volume displacement) to its bulk
density. Qualitative observations also suggested that lower
drying intensities (i.e., reduced temperature and/or gas
velocity) resulted in denser, less porous particles. Figure
2(B) illustrates the significant shrinkage that was observed
throughout all trials, with the smallest particle size result-
ing from the mildest drying intensity of 88 °C.

From Table 3, rapid/intensive heating resulted in
reduced shrinkage. Additional qualitative assessment also
found the particles to be more porous. An increase in

particle size appeared to correlate with a reduction in
relative shrinkage, although this may be attributed to
larger particles experiencing less intensive heating than
smaller ones under the same set of conditions. Fraikin
et al.”® observed a similar phenomenon, where intensive
drying processes (high gas velocity and high temperature)
produced particles with larger volume and higher poros-
ity compared to milder conditions. Intensive drying/rapid
evaporation does not allow the biosolids sufficient time to
readjust their structure before the crust ‘sets’. Conversely,
slow drying flux enables the sludge structure to adjust,
resulting in smaller and more compact particles.

By controlling drying conditions, biosolids producers
can fine tune their product to suit specific applications.
For example, applications like landscaping or agriculture
might favor a denser product, that concentrates minerals,
whereas biosolids for more novel applications, such as an
ad/absorbents, may benefit from the larger surface area
offered by porous particles.

3.2. Analysis of temperature and moisture profiles
during convective drying

Figure 3 shows typical MR and center temperature
(Teentre) profiles that were consistent across all trials.
The MR curves exhibit a nearly negative exponential
shape, characteristic of a decreasing drying rate, also
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Table 3. Particle diameter shrinkage: pre and post drying measurements with average shrinkage percentage (e.g., MSJ-138-2 cm-
2.4 refers to biosolids from Mount St John, drying gas temperature of 138°C, 2cm initial diameter, and drying gas velocity of

24 m s,

Run Initial diameter [cm]

Final Diameter [cm]

Average Shrinkage [%] Standard Deviation [+ c¢m]

MSJ-138-2cm-2.4 2 1.42
MSJ-109-2cm-2.4 2 1.36
MSJ-88-2cm-2.4 2 1.34
MSJ-138-2cm-1.6 2 1.36
MSJ-138-4cm-1.6 4 2.85
MSJ-138-4cm-2.4 4 3.31
(CB-138-2cm-2.4 2 1.64
CB-109-2cm-2.4 2 1.49
(CB-88-2cm-2.4 2 1.44
(CB-138-4cm-2.4 4 3.62

29.2 0.045
321 0.010
33.2 0.024
31.8 0.035
28.8 0.062
17.4 0.010
18.0 0.012
254 0.023
28.0 0.035
17.8 0.027

- 140

- 120

C)

- 100 0~
- 80

- 60

Temperature

L 40

- 20

Time (Min)

Figure 3. Impact of drying gas temperature on internal temperature and MR profiles. Legend indicates drying gas temperature.

Particle size was 2cm and gas velocity was 2.4 ms™

known as a falling rate period. The T,y profiles dem-
onstrate an initial rapid rise to the drying gas wet-bulb
temperature, followed by a quasi-constant phase of
gradual temperature increase, and then a sharp rise to
reach thermal equilibrium with the drying gas tempera-
ture. The final rise is presumed to correspond to rapid
heating after all moisture had evaporated. In contrast,
the surface temperature measurements (Figure 4) were
significantly higher, showing a more linear rise to Tgq.
These measurements coupled with the center tempera-
ture measurements, indicate a notable temperature gra-
dient throughout the particle. Additionally, IR images
revealed subsurface temperatures were notably lower
than surface temperatures, as highlighted in Figure 5.
These subsurface temperatures represent the intermedi-
ate area between the core and surface, rather than the
core itself. Significant temperature differences between
surface and subsurface areas have also been observed
by Novak et al.?*! and Lipolt et al.**! Novak et al.

expanded on the work of Lipolt et al. by convectively
drying 4-6kg of biosolids in layers of 0.5m X 0.5m X
40mm (WxD x H) on a grate, using relatively low
temperatures and air velocities ranging from 65°C to
80°C and 0.44 to 0.78m/s. Their infrared images
clearly showed a large temperature variation between
the surface and subsurface regions of the biosolids.

Changes in gas velocity, gas temperature, and par-
ticle size did not affect these overarching trends, but
did influence the total duration of drying processes.
Both mass/MR curves and temperature profiles found
in this study are similar to what other researchers
haVe found.[24’25)27,30’38]

The rate of temperature during the quasi-con-
stant temperature increase appeared dependent on
the drying gas temperature, with hotter drying gas
temperatures producing a more pronounced rise in
temperature away from the wet bulb temperature.
Additionally, hotter drying gas temperatures
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Figure 4. Comparison of internal and surface temperatures for various conditions. All graphs have a drying gas velocity of 2.4 m/s.
(A-C) are 2cm particles with drying gas temperatures of 138°C, 109°C, and 88 °C, respectively. (D) is a 4cm particle with a drying

gas temperature of 138°C.

resulted in a faster/higher ‘spike’ rate during the
final period of drying. This behavior has been
observed in other studies, such as Font et al.!*”]
However, Font et al. attributed this phenomenon to
moisture evaporation occurring at the thermocouple
rather than significant internal temperature gra-
dients. The higher surface temperature and the core
temperature being near the wet bulb strongly sug-
gest the presence of a drying front. The cooler
internal temperature was likely maintained due to
evaporative cooling at the drying front location,
where the evaporation of moisture absorbs heat,
keeping the core temperature lower. Furthermore,
visible images of an incompletely dried particle
clearly delineated a homogeneous wet core and a
porous skin/crust layer, further implying the exist-
ence of a drying front which moves radially inwards
as the particle heats and dries.

3.3. Influence of patrticle size and drying gas
temperature on drying rate profiles

. . . d
Figure 6(A) illustrates the drying rate trends (%R

observed in the majority of the trials. The drying rates
initially exhibit a phase of nearly constant drying rate
until approximately 0.5-0.4 MR, where they then transi-
tion to a falling rate period. In contrast, Figure 6(B)
shows an exception to this trend, represented by the 2 cm
CB samples, which only displayed a falling rate period.
All other samples showed both a constant rate followed
by a falling rate period. Both figures clearly indicate that
increased drying gas temperature results in higher drying
rates. However, when particle size was increased to 4 cm
(Figure 7), both MSJ and CB samples exhibited the same
behavior of a constant rate period followed by a falling
rate period. The presence of a constant rate drying period
typically indicates that drying is controlled by external
factors, such as convective heat and mass transfer at the



material’s surface, signifying sufficient moisture levels to
maintain surface saturation. Conversely, the falling rate
period suggests that internal factors such as diffusion
(where moisture must permeate through the particle) or
the development of a shrinking core (where reduced sur-
face area, increased resistance to mass transfer due to
crust formation, and increased diffusion pathways), begin
to limit the rate of moisture removal.

Comparison of results to literature is difficult due
to different biosolids potentially showing different
drying behavior depending on their origin, as
observed in this study. For example, Tao and Leel*”
and Font et al.*”} found biosolids to only display a
falling rate with an absence of a constant rate when
drying in a convective system.?”**! Conversely,
Leonard et al®®! found differing behavior between
their two sludge samples, with one sample displaying
a constant drying rate period mainly controlled by
external/convective limitations, whereas the other
showed no constant drying period and was character-
ized by internal diffusion limitations. Similarly,
Bennamoun®®!  noted significant differences when
drying a single particle (2.5g, 15mm cylinder) com-
pared to a bed of particles (250g, 10mm diameter
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Figure 5. IR image of biosolids particle showing significantly
cooler sub-surface temperatures.
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extrudates). The single particle exhibited only a falling
rate, while the particle bed experienced both a con-
stant and falling rate period.

Figure 8 illustrates the effect of particle size on the
MR and internal temperature profiles for both MS]
and CB samples, comparing 2cm and 4cm particles.
Figure 7 demonstrates the impact of particle size on
the drying rate for these same particles.

Based on Figures 7 and 8, it is evident that particle
size significantly influences both the drying rate and dry-
ing time. An increase in particle size diameter by a factor
of 2 (resulting in an 8-fold increase in particle volume)
led to an order of magnitude reduction in drying rate,
and hence an increased drying time. This substantial
decrease in drying rate can be attributed to several fac-
tors: (1) Reduced surface area to volume ratio. Larger
particles have a smaller surface area relative to their vol-
ume, resulting in a reduced contact area available for
moisture transfer with the surrounding medium. Hence,
there is a reduction in heat and mass transfer. (2) Particle
mass: Larger particles have more mass, requiring more
heat to raise the temperature and initiate the drying pro-
cess. (3) Diffusion Path length: The distance moisture
travels, whether it is liquid moisture diffusion or vapor
escaping from the pores inside the particle, is increased
in larger particles. Additionally, the pore structure of large
particles may be less well-connected or have narrower
channels, increasing the difficulty for moisture to escape.

Temperature profiles for the 4 cm particles are con-
sistent with the 2cm ones, however the core/internal
temperatures of the large particles are more stable
(i.e., the internal temperatures of the 2cm particles
experience a more pronounced upwards drift).

Statistical analysis was performed to evaluate the impact
of biosolids origin on total drying times. ANOVA tests
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Figure 6. Representative drying rate curves. Both (A) and (B) have a drying gas velocity of 2.4 ms™' and particle diameters of
2.cm. (A) MSJ samples showing two drying periods. (B) CB samples showing only a falling rate period.
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conducted at a 0.05 significance level showed that there
was no statistically significant difference between the differ-
ent types of biosolids for the 2 cm particles. However, when
particle size was increased to 4 cm the difference in drying
time was found to be statistically significant. In the smaller
particles, the ratio of the surface area to volume is higher,
allowing for more efficient heat and mass transfer. This
increased drying efficiency masks the underlying differen-
ces in material properties, such as thermal conductivity,
diffusivity, and porosity. However, when particle size is
increased to 4 cm, this efficiency decreases, and intrinsic
material properties play a more significant role.

3.4. Influence of gas temperature and velocity on
biosolids drying

From all measured parameters (MR vs time, central
temperature vs time, drying rate vs time) it is evident
that increased drying gas temperature decreased total
drying time and increased the drying rate. To deter-
mine the shape of this correlation, the completed dry-
ing time was plotted against gas temperature, as
shown in Supplementary Figure S2.

ANOVA testing (significance level 0.05) showed that
drying gas temperature had a statistically significant
impact on drying time. However, increasing temperature
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Figure 9. Impact of gas velocity on internal temperature, MR profiles, and drying rates for MSJ biosolids. Temperature for all
graphs was 138°C. (A) 2 cm particles; (B) 4 cm particles; (C) Drying rates for 2 cm particles; (D) Drying rates for 4 cm particles.

did not result in a directly proportional decrease in dry-
ing time, with a potential plateau effect beyond 109 °C, as
shown in Supplementary Figure S2. This finding partially
agrees with the study by Zhao et al,"*”! which focused on
radiative drying rather than convective, and found no sig-
nificant gains in drying rate above 120°C. This potential
plateau indicates that at higher drying temperatures, dif-
fusion limitations may be rate-limiting, whereas at lower
drying gas temperatures, heat transfer may be the rate
limiting step.

Figure 9 highlights the impact of gas velocity on MR
and internal temperature profiles, and drying rates,
respectively. Experiments were performed at a tempera-
ture of 138°C, with gas velocities of 2.4 m/s and 1.6 m/s,
respectively. The drying rates shown in Figure 9(C,D)
were found to be a function of gas velocity, with the
impact being more pronounced as particle size
increased. This is consistent with the assumption that
the drying rate is initially heat transfer limited rather
than the system being diffusion limited. In heat

transfer limited systems, the surrounding air’s capacity
to absorb moisture serves as the limiting factor, result-
ing in an inability to maintain a low humidity level
necessary for a high rate of evaporation. This finding
contrasts Bellur et al,*!! which found that in a fluid-
ized bed dryer, the drying of biosolids was independ-
ent of gas velocity and was solely a function of
temperature, indicating primarily diffusion limited dry-
ing. Therefore, the limiting factors may be specific to
the biosolids being dried, emphasizing the importance
of tailoring drying systems and conditions to the spe-
cific characteristics/properties of the biosolids being
dried.

4, Conclusion

Internal temperature measurements, regardless of bio-
solids origin, gas temperatures, or particle diameters,
showed a consistent pattern: an initial heating period,
a prolonged quasi-constant temperature roughly at the
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drying gas’s wet bulb temperature, followed by a sharp
increase to Ty, in the final moments of drying. In
contrast, the surface temperature measurements were
significantly higher, indicating a notable temperature
gradient throughout the particle. These temperature
profiles support the involvement of multiple drying
mechanisms.

The linearity of the surface temperature suggests
that the primary mechanism is external heat transfer
from the surrounding environment. The extended
period of quasi-constant central temperature suggests
that moisture removal is balanced with the rate of
heat transfer from the surface, characteristic of con-
stant rate drying. Furthermore, the quasi-constant
core temperature during the falling rate phase implies
a balance between heat transfer to the core and the
evaporative cooling effect from moisture removal.

This testing also highlights the importance of man-
aging particles size in thermal processing, emphasizing
the use of the smallest feasible biosolids particle size to
reduce drying times and enhance drying efficiency.
Additionally, the tests have demonstrated that the cen-
tral temperature remains near the wet bulb tempera-
ture across most of the drying process, which could
significantly impact the system’s ability to remove or
destroy contaminants.
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