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The effect of aeration on the pile matrix temperature was investigated using thermocouples and Infrared
Thermal Imager (IRI) for temperature sensing, and Computational Fluid Dynamics (CFD) for modelling of
temperature variation during aeration in a full-scale sludge biodrying plant. With aeration saving of 20%,
the improved strategy speeded up biodrying from 21 days to 14 days, while achieving similar drying
effect. A persistent thermocouple recorded the one-dimensional (1D) total temperature variation of all
aeration strategies. The IRI captured the rapid two-dimensional (2D) pile temperature dropped from
72.5 °C to 30.3 °C during 6 min of aeration, which mechanism suggested as the latent heat of moisture
evaporation and sensible heat of air exchange. The CFD three-dimensional (3D) CFD results highlight the
importance of latent heat rather than sensible heat. Therefore, the pile temperature drop inferred is
AT = 5.38 °C theoretically and AT = 5.17 + 4.56 °C practically, per unit of MC removed. These findings also
emphasize the possibility of a pile temperature valley, due to excessive aeration under unsaturated
vapour conditions. Surface temperature monitored by IRI coupled with 3D temperature simulated by CFD
rapidly gives a clear matrix temperature evolution, empowering biodrying by more accurate temperature

and aeration.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Due to its reduction of high moisture content (MC) using bio-
generated internal heat instead of external heat, bio-drying is
regarded as a green biofuel pathway from biomass, for example, in
the drying of sewage sludge (Cai et al., 2016). A capacity goal of
increasing the treatment rate of sewage sludge from 20% to 90% was
set by the Action Plan for Water Pollution Prevention and Control of
China (State Council of China, 2015). Therefore, sludge bio-drying
plants are rapidly being built in China.

Derived from composting, the aim of bio-drying is to quickly
remove MC removal and it shares a similar thermodynamic pro-
cess. According to the bio-generated heat, composting can be
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divided into two distinct thermodynamic regions as follows: one in
which the energy supply is sufficient for both biodegradation and
drying, and another in which energy is sufficient for biodegradation
with only limited drying (Haug, 1993). Aeration is a key parameter
for manipulating the thermodynamic regions (Cai et al., 2013). By
sustaining the first thermodynamic region with proper aeration,
bio-drying can keep a higher temperature and better reduce MC,
thereby making it more efficient. Much research has therefore been
done related to aeration. The results showed that the bio-generated
heat and pile temperature during sludge bio-drying were affected
by aeration, factors of which include forced air volume, aeration
strategy and air flow rate (Cai et al., 2013; Villegas and Huilinir,
2014; Zhao et al., 2010). Several researchers supposed that the
outlet air temperature is equal to that of the matrix temperature
(He et al., 2013; Yang et al., 2014), but it is not necessarily equal due
to non-equilibrium conditions, for example, high air flow rate
(AFR)(Huilinir and Villegas, 2015) or low pile height (Tom et al.,
2016). The spatial matrix temperatures are not necessarily the
same due to the different heat transfer rates of substrates (Zhao
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et al, 2011) and to the heat insulation of free air space (FAS)(Cai
et al, 2013). To date, only a few researchers have presented
values of outlet air temperatures while working with these values
using AFR (Frei et al., 2004; He et al., 2013; Huilinir and Villegas,
2015). Therefore, establishing the effect of aeration on matrix
temperature was one of the goals of this work.

The temperature monitor is a major parameter of aeration
control systems for biodrying and composting. It is well known that
the pile temperature usually goes through four typical stages: the
pile temperature increasing stage, thermophilic stage, the second
temperature increasing stage and cooling stage (Cai et al., 2013;
Zhao et al.,, 2011). Pile temperature is mostly determined using a
thermometer with a thermocouple, which is accurate but time-
consuming because measurement is limited by the heat conduc-
tion speed of the probe (Ramirez et al., 2012). The pile temperature
changes are rapid during aeration aimed at MC removal, because
this involves rapid phase transformation in which latent heat ac-
counts for 70%—80% of total energy output (Haug, 1993). The matrix
temperature of the pile will vary spatio-temporally, especially
during aeration. However, the thermocouple can be only installed
on the wall rather than inserted into the pile due to the agitator in a
horizontal agitated solid bed (HASB) (Fig. A.1), failed to represent
the spatial variation of pile temperature. Due to these shortcomings
of the thermocouples used in monitoring the spatio-temporal pile
temperature, excess aeration is inescapable due to the rapid
changes in pile temperature during bio-drying, thus causes more
energy consumption and low efficiency of bio-drying. Excess
aeration leads to rapid dropping of the pile temperature, overly cool
thermodynamic condition and early termination of the first three
stages (Shen et al., 2011). Typically, aeration energy consumption
varies from 26.9 kWh t~! to 53.6 kWh t~! for sludge bio-drying
(Wei et al.,, 2001), which could be further decreased by opti-
mizing the aeration strategy. These results in inefficient MC
removal for sludge bio-drying; therefore, highly responsive moni-
toring of the matrix temperature is badly needed for pile temper-
ature investigation in sludge bio-drying.

Along with a bio-generated heat source like that of composting,
bio-drying also shares moisture removal by mechanical aeration
drying, as used for bulk grain and industrial granules. Computa-
tional fluid dynamics (CFD) is a well-established tool that has
proven its effectiveness in the design of many drying reactors used
in thermodynamic and hydrodynamic industries (Norton et al.,
2007). Modern CFD codes and rapidly expanding computing ca-
pabilities make it feasible to do flow modelling of full-scale facilities
(Bendjebbas et al., 2016). The CFD simulation could speed up
optimization of full scale biodrying, whereas equivalent experi-
ments would cost lots of money and time. Modern CFD codes for
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simulating air flow in porous media have a broad range of appli-
cations, from corn seed drying to crop production systems (Norton
et al., 2007). These CFD applications share flow characteristics
similar to those of sludge composting, according to previous in-
vestigations in aeration pressure (Guardo et al., 2004; Yan et al.,
2008). The bio-generated heat source and its self-heating impacts
on pile temperature has been modelled with an original finite-
volume computer code, written in Fortran (Zambra and Moraga,
2013; Zambra et al., 2011). With equilibrium assumption (Zambra
et al., 2011), the pile temperature variation during aeration re-
mains ambiguous which is essential in full scale plants. The tur-
bulence model applied in this work was the k-¢ turbulence model.
Convection, conduction and radiation heat transfer among the
porous media were conjugated with air flow. The simulation results
of pile matrix temperature were verified and showed greater
linkage with velocity fields than with mixing parameters (Guardo
et al.,, 2004). For the mass-transfer as MC lost during drying,
several approaches have been proposed for porous materials which
could be used for heterogeneous and hygroscopic materials (He
et al., 2013; Huilinir and Villegas, 2015; Villegas and Huilinir,
2014). However, it remains a great challenge for building a uni-
versal model of MC removal rates because of the multitude of
variations in internal and external conditions that occur during the
bio-drying process (Zhao et al., 2010).

Therefore, this work focus on the effect of aeration on matrix
temperature of biodrying pile, where matrix temperature spatio-
temporal variated was investigated using a novel Infrared Ther-
mal Imager (IRI) and Computational Fluid Dynamics (CFD). Mean-
while, the thermodynamic mechanism of the pile temperature
valley between the thermophilic stage and second temperature
increasing stage was discussed, and the temperature change per
unit of MC removal inferred.

2. Material and methods
2.1. Plant configurations and aeration strategies

The full-scale sludge bio-drying plant in this study has the
designed capacity for treating 1000 t d~! of excess sludge to reduce
MC from 80% to 40%. It is the largest sludge bio-drying plant in
China, and is located in Shenyang (Liaoning Province, China). The
plant has 96 parallel tunnels in total, and the size of each tunnel is
96 m x 3 m x 2.5 m (Length x Width x Height), including a premix
area with the length of 6 m as shown in Fig. 1. The tunnel is a
horizontal agitated solid bed (HASB, Fig. A.1c) reactor with forced
aeration, mechanical turning and in-situ temperature sensing
(Fig. A.1). The forced aeration was divided into six different sections
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Fig. 1. Schemes of the sludge bio-drying plant (units: mm).
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(A, B, C, D, E, F) as shown in Fig. 1. The turning equipment (IPS,
Siemens AG, Fig. A.1b) was capable of moving forward 4 m along
the tunnel with each turn. The environmental temperature of the
piles was stabilized by adjusting the exchange of fresh (outside) air,
because all the piles were covered to collect the outlet air. All the
outlet air was treated by bio-filtration for odour control.

Three aeration strategies (Table 1) were applied for three par-
allel tunnels to investigate effects of aeration on the evolution of
the spatio-temporal pile temperature during sludge bio-drying. The
Pile 0 was used as the control, in which the aeration strategy was
the same as that current used in operating the Shenyang Zhenxing
Sludge Bio-drying Plant with a bio-drying period of 21 days. The
Pile 1 and Pile 2 were designed as experiments, in which different
aeration strategies, including aeration time and turning frequency,
were applied according to the functions of oxygen demand, pile
temperature maintenance and moisture evaporation for speeding
MC removal during four different periods (Table 1). In Section A, B
and C of Pile 1, aeration was used to prolong the thermophilic stage
by setting the initial pile temperature at less than 40 °C, because
lower pile temperature limits the biodegrading of substrates. In
Section D, E and F of Pile 1, aeration time was decreased to slow
down the decrease of pile temperature, which reduce the thermal
energy taken away with the air. In section A of Pile 2, air was
supplied to prolong the initial thermophilic stage. Then, aeration
time was slightly decreased to maintain a more stable pile tem-
perature in Section B, C, D and E. In section F of Pile 2, air was
supplied to further decrease moisture by enhancing evaporation.
The turning difference between Pile 1 and Pile 2 was the me-
chanical turning frequency because the periods of Pile I and Pile II
were set at 21 days and 14 days, respectively.

2.2. Sludge characteristics

The raw dewatered sludge was mostly from municipal waste-
water treatment plants, which sludge contained approximately 80%
MG, and a small amount of the sludge was from industrial waste-
water treatment plants. Before the bio-drying process, the dewa-
tered sludge was mixed with rice hull and returned sludge bio-
drying product in the premix area of each tunnel, to adjust the
MC to ~60% and increase porosity (Table 1).

The thermal and dynamic characteristics of the sewage sludge
were changing along with the bio-drying process and operating
conditions, so these characteristics were formula calculated based
on field test results. The calculated results were also checked

against a report published in China, because Chinese sludge con-
tains less organic matter and caloricity than those of Europe and
America due to different urban wastewater collection systems and
life styles (General Office of the State Council, 2012).

The sludge density was calculated as the moisture weighted
average of dry sludge (2600 kg m~3) and water (1000 kg m~3) by
Eq. (1), where 0 is the MC (%) of sludge, calculated as fraction. All the
parameters were listed as Table A.1.

ps = 2600(1 — ) + 10000 (1)

The specific heat capacity was calculated as the moisture
weighted average of dry sludge (1300 j kg~! K~!) and water
(4187 j kg~ ' K1) by Eq. (2).

cp = 1300(1 — ) + 41870 2)

The thermal conductivity of the sludge was calculated using Eq.
(3) according to the MC of the sludge. Because the pile temperature
ranged widely during aeration of sludge bio-drying, the thermal
conductivity was also determined using a piecewise-line function
of pile temperature (Wang et al., 2015).

kn = 0.0703¢20238x0 3)

The pile porosity is determined as free air space (FAS) of the pile,
which is calculated according to the method proposed by United
States Composting Council (US Composting Council, 2002). The
parameter ys was defined as the bulk density of sludge (Villegas
and Huilinir, 2014).

o Ysx(1-0) ysx6
FAS =1 ’s 1600 (4)

The heat transfer coefficient for the interface of air and piles was
220 W m~2 K, and the interfacial area density Ag was determined
by the specific surface area and bulk density ys (Huang, 2015).

2.3. Pile temperature at different depths measured by thermocouple

One-dimensional (1D) temperature was recorded with ther-
mocouple at all sample points. To obtain a representative pile
temperature distribution and solid sample, the horizontal area of
each section was diagonally divided into four parts, and five sam-
pling points were chosen on the diagonals. Surface and interior pile
temperatures of center sample point were monitored using

Table 1
Operation conditions for the sludge bio-drying plant.
Operation Conditions Pile 0 (Control) Pile 1 Pile 2
Turning Frequency (times/day) 1 1 2 in 1st week, 1in 2nd week
Total Solid Retention Time (days) 22 22 14
Feed Quantification Shovel Loader
Mixing BACKHUS Lane Turner,
BACKHUS Gmbh, German
Mixing ratio® 1:0.62:0.28 1:0.62:0.28 1:0.62:0.28
Weight (for each pile) ~24.6t
Pile Size L x B x H(m) 4x3x2
Aeration Strategy Section A (SRT/days) TC, C: 4, T: 45 (2.50) TC, C: 10, T: 40 (2.50) TC, C: 6, T: 45 (1.125)
C": (min-h™1) Section B (SRT/days) TC, C: 8, T: 55 (2.50) TC, C: 15, T: 40 (2.50) TC, C: 6, T: 55 (1.125)
T (°C) Section C (SRT/days) C: 15 (3.50) TC, C: 10, T: 40 (3.50) C:12(1.68)
Section D (SRT/days) C: 17 (4.00) TC, C: 10, T: 35 (4.00) C: 14 (2.00)
Section E (SRT/days) C: 20 (4.00) TC, C: 5, T: 35 (4.00) C: 14 (2.37)
Section F (SRT/days) C: 30 (5.00) TC, C: 5, T: 35 (5.00) C: 30 (5.00)

2 The ratio is weight ratio of raw sludge: back-mixed sludge: husk, respectively.

b The C mode refers to that aerators of the section were periodically started for C minute per hour.
¢ The T mode refers to that aerators were automatically started when monitor temperature over T °C, where the aeration sustained time was given in the brackets. Sensor

was install on the tunnel, monitoring the pile surface temperature.
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thermocouples (KT B-8A, Kaitai Inc., China) during each point solids
sampling, equipped with Pt100 electrodes (Huilinir and Villegas,
2014). To compare surface and interior pile temperature, two
different depths of the pile were measured at 0.5 m and 1.5 m,
respectively. The depth of 0.5 m selected depended on the heat
balance needs of the thermocouple, as a representation of the
surface temperature. The depth of 1.5 m is at the mid-depth of the
pile. The pile temperature was recorded when the thermometer
reading was stable for 60 s, after the thermocouples were inserted
to the sampling points. Then the surface and interior pile temper-
ature were recorded in each section.

2.4. Pile temperature on surface measured by Infrared Thermal
Imager (ITI)

The infrared thermal imager is based on infrared radiation en-
ergy of the detected objects surface to determine their tempera-
ture, which is captured as two-dimensional (2D) temperature by
the infrared camera as thermograms in IS2 format (Zhan et al,,
2012). Pile temperature measurements of the pile surfaces were
carried out using an infrared thermal imager (ITI) (Fluke Ti 110 Hz
Thermal Imager, Fluke Corporation, USA) equipped with a 2-
megapixel industrial-grade infrared camera. The spectral band,
refresh rate and temperature measurement range of the infrared
camera were 7.5—14 um, 9 Hz and —20 °C—250 °C + 2%, respec-
tively. Prior to IRI capture, the infrared camera was calibrated for
the pile temperature test. Thermograms of each section were sys-
tematically captured at a distance of 1.2 m over the sample region of
the piles with incidence of 90. The thermograms were captured
before sample collection at the same places. All the temperature
records were obtained from the same location and time as corre-
sponding samples. For each measurement, thermograms were
recorded, downloaded, and visualized with SmartView V2.1 (Fluke
Thermography, Fluke Corporation, USA) (Marins et al., 2014).

The thermograms in each pile were taken in parallel performed
before each pile was turned on Day 1, 2, 3,4, 5, 7,9, 11,14, 16,19 and
21. Because each was turned every day, the piles were considered to
have been homogeneous. To obtain a representative spatial tem-
perature distribution, the horizontal central surface of each section
(Fig. A.2) was captured using the thermal imager. Prior to the
capture of the pile temperature, the surface sludge (40—50 cm) was
scraped away to obtain a surface temperature thermogram not
influenced by the ambient temperature. The captured IRI thermo-
grams were also applied for validation of CFD simulation results,
which difference was compared by average temperature in nine
regions.

2.5. Analysis

After the pile temperature was measured, the surface and
interior solids samples (100—200 g each) were collected at a pile
depth of 45—55 cm and 1450—1550 cm (Fig. A.2), respectively. Each
type of samples was mixed together to acquire a representative
sample (100 g) using the quartering method. Each solids sample
was divided into two parts, one part sample was used for analysis of
physical and chemical parameters, and the other part sample was
stored at —20 °C for further analysis.

The MC (%) was measured by drying the solid sample in an oven
at 105 °C until a constant weight was achieved; the remaining
weight fraction (1-MC) was regarded as total solids (TS, %). The
volatile solids (VS, %) content was analysed by heating the dried
sample at 600 °C for 6 h in an electrical muffle furnace. All tests
were conducted in duplicate.

2.6. CFD thermal model

The pile was discretized with an unstructured finite volumes
mesh. The hexahedral grids with a total number of 5,290,000 and
4,360,000 and 3,270,000 computational nodes were used. The air
flow and heat exchanging is physically modelled by the conservation
of mass, momentum and energy. The porous media model and k-
model was respectively applied for modelling of resistance and
turbulence, when air flow through the pile. Meanwhile, the non-
Equilibrium Thermal Model was also applied for modelling of heat
exchanges between air and pile. These models joint as an equation
set, was discretized and solved numerically using the finite volume
method in a CFD software. The applied CFD software is Academic
Research ANSYS-Fluent code (V15.0, ANSYS Inc., USA), which has
been widely used in the simulation of similar systems, for example
aeration system of agriculture industry (Norton et al., 2007).

In this work, the porous media model was employed to inves-
tigate the three-dimensional (3D) thermal transfer of gas-solid
phase in the sludge bio-drying plant because of the obvious
computational advantages of this model at the two-phase thermal
transfer of porous media. In this model, gas was considered a
continuous fluid cell, and sludge was considered a porous media
solid cell. Gas and solid cells were both treated as interpenetrating
and interacting with each other everywhere in the computational
domain. Air was considered incompressible. The governing equa-
tions of mass, momentum and energy balance were solved for air
and can be written as follows.

2.6.1. Continuity equations

K]

where p, t and 7 are the density, time and velocity vector of
incompressible air, respectively. The mass source term S;; on the
right side of Eq. (5) is zero because the interphase mass transfer is

not taken into consideration in this model.

2.6.2. Momentum equations

o, ——\ — —T —— -

&(pv)—kv (pvv)=-V-p+V (;L(Vv +Vv >)+(pg v)+ F
(6)

where p, u and g are the static pressure, the viscosity and the

gravitational acceleration vector, respectively. The F on the right
side of Eq. (6) is the external body force dependent on porous
media model which is defined by section 2.3.5 Non-Equilibrium
Thermal Model.

2.6.3. Energy equations

SlPE1+ V- (T (E+p) = V- [k VT =T + (g 7) | +5»

+hasAas(Ts — Ta) (7)
In Eq. (7),
T UZ
E— / GdT +5 (8)
Tref

where T is temperature (t + 273.15 K) and Tyris 298.15 K, which is



D. Yu et al. / Water Research 122 (2017) 317—328 321

defined in the Fluent pressure-based solver. The c¢p, ke and T are
specific heat capacity, thermal conductivity and diffusion flux,
respectively. The first three terms on the right-hand side of Eq. (7)
represent energy transfer due to conduction, species diffusion, and
viscous dissipation, respectively. The subscript a and s represent the
air and sludge. The Sy, is the air enthalpy source term. The hgs is the
heat transfer coefficient for the air-sludge interface, 220 Wm 2 K.
The Ags is the interfacial area density which is the ratio of the area of
the air/sludge interface and the volume of the porous zone, con-
verted from the specific surface area.

The three conservation equations were jointly solved with the
standard k-¢ turbulence model as closure law. According to our
previous work, a standard wall function was applied as a macro
fluid field of an industrial system (Yu et al., 2014).

2.6.4. The porous media model

In the CFD simulation, piles of sludge bio-drying were simulated
as porous media, which were modelled by the addition of a mo-
mentum source term to the standard fluid flow equations of air
(Yan et al., 2008). This momentum sink contributes to the pressure
gradient in the porous cell, creating a pressure drop that is pro-
portional to the fluid velocity in the cell. The resistance of the
porous zone was calculated by a relative velocity resistance
formulation (Eq. (2)). The resistance is composed of two parts: a
viscous loss term (Darcy, the first term on the right side of Eq. (9))
and an inertial loss term (the second term on the right side of

Eq. (9)).

3 3

— 1

F = —( E Dj},le + E Cji p|VVj> 9)
= =

The parameters F is the source term for the momentum equa-
tion. The parameters Dj and Cj are the viscous resistance coefficients
and the inertial resistance coefficients, respectively. Both are
equally defined in the j direction vectors because sludge is isotropic.
The parameters v and |v| are velocity and magnitude of the velocity,
respectively. The parameter j refers to direction vectors for the local
characters defined for porous media.

This momentum sink contributes to the pressure gradient in the
porous cell, creating a pressure drop that is proportional to the fluid
velocity in the cell. With mechanical turning, the pile was assumed
homogeneous and isotropic. The viscous loss term was calculated
as the homogeneous porous media. The pressure drop is typically
proportional to air velocity under the circumstance. Ignoring
convective acceleration and diffusion, the viscous loss term in the
porous media model then reduces to Darcy's Law (Eq. (10)).

3
Ap; = > DjpevjAn; (10)
j=1

The inertial loss term in the porous media model was calculated
as Eq. (11).

3

1

Ap; = > GANp.v;Iv] (11)
Jj=1

where the pressure drop p in each of three (X, y, z) coordinate di-
rection i within the porous region is calculated in the porous cell.
The  parameter e is amended air viscosity (W,
1.7894 x 1079 kg m~' s ). The amend formula is the Einstein
Formula pe=(1 + 2.5FAS) y, where FAS is defined in Eq. (4). The
speed v is superficial velocity porous formulation as the Fluent
default. The parameter n; is the thickness of the medium (An;)

which is the actual thickness of the pile in different sections, ac-
cording to the geometrical model. The parameter ps depends on the
moisture contents (Eq. (1)).

2.6.5. Non-equilibrium thermal model

There are two major kinds of thermal drying models for solids.
The first is thermal sludge drying between 300 °C and 500 °C with
experimental models. The other one is the aeration for corn barn
drying between 10 °C and 28 °C. The bio-drying differ from these
models in three ways: i) Bio-generated heat source, which is rapidly
changing and depends on bacteria at four different stages; ii)
Multiple heat losses, which heat exchange includes sensible heat
exchange (aeration) and latent heat exchange (evaporation) in
sync; iii) Complex temperature variation, which is gently rising and
sharp drops caused by its specific heat source and loss pathway.
Therefore, a non-equilibrium thermal model based on the funda-
mental heat exchange dynamics was applied.

%[’ypE] +V-(V(pE+p)) = V- {ykeffw (th) + (?eﬁ-v)]

+Sp+ hasAas(Ts — Ta)
(12)

The non-equilibrium thermal model equation (Eq. (12)) was
used to simulate the thermal exchange between air and sludge
because no equilibrium thermal exchange status was achieved
during aeration in the bio-drying. In such a model, a solid sludge
zone that is spatially coincident with the porous fluid zone is
defined, and this solid zone interacts with the air by adding a source
term in the energy equation (Eq. (8)) with regard to heat transfer.
The conservation equations for energy are solved separately for the
air (Eq. (12)) and solid (Eq. (13)) zones, respectively.

St [ = 7)psE] = V-[(1 = Y)KVT] 45 + hoshas(Ta —T5) - (13)

where subscript a and s represent the air and sludge, respectively.
The total solid medium energy of sludge E; is calculated by Eq. (8).
The sludge porosity v is the same as the FAS in the Eq. (4). The term
S, is the sludge enthalpy source term (Table A.1). The bio-generated
heat source terms were 3.2 w m>, 0.2 wm?, 2.1 wm?, and 0.1 w m®
for four different stages (Zambra et al., 2011), respectively. The
heating results were modelled as initial pile temperature (T) in S
for six different sections of each pile. The sludge density ps and
thermal conductivity ks are calculated with Eqgs. (1) and (3),
respectively.

2.6.6. Boundary conditions

The boundary conditions were a no-slip condition for gas phase
on piles walls. The standard wall function was used to model a
velocity profile in the vicinity region of the wall. The temperature
thermal conditions of 308.15 K were used for piles walls. The ve-
locity inlet boundary condition was used for modelling the gas inlet
from the aerator. The non-uniform gas velocity was specified in
accordance with the operational conditions. The pressure outlet
boundary condition was applied to the outlet of the reactor (Zhang
etal,, 2012). The standard initialization was performed to accelerate
convergence, initial sections temperatures (T for Ss in Table A.1)
were patched as inner temperatures measured with thermocouple
(0 min in Fig. 4).

2.6.7. Mathematical solutions

The partial differential equations above were solved numerically
using the commercial CFD software package Fluent 15.0 (ANSYS
Inc., USA). Pile 0, 1 and 2 were respectively modelled in three
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corresponding cases of Fluent. The fluent computational domain
was the pre-mixed sludge in Section A to F of each pile. The
computational domain was discretized with the unstructured
hexahedral grid. The Grid interval size (0.5, 2, 5, 8 and 20 mm) was
implemented in the computational domain. The computational
results for different mesh resolutions were examined, and an
optimal grid resolution was established on the condition that the
finer mesh did not influence the final results by more than 2%
(Zhang et al., 2012). The optimal 2 mm mesh was thus used in
further simulations in this study. Prior to the macroscopic pile
temperature simulation, the microscopic simulation of Section B in
Pile 0, was verified with thermograms of the same pile to verify the
CFD simulation method and to reveal the mechanism of micro-
scopic temperature evolution. If the CFD simulation method was
verified within at the microscopic level, then it could be scaled up
to macroscopic level to compare with or verify the probe method,
and to reveal further mechanisms of macroscopic temperature
evolution.

For all the simulations, the pressure-based solver was used to
solve the model equations, and the SIMPLE (Semi-Implicit Method
for Pressure Linked Equation) algorithm was used as a pressur-
e—velocity coupling algorithm. The data structure of momentum,
energy and pressure were a second order upwind scheme, second
order upwind scheme and second order scheme, respectively. The
data structure of the turbulence kinetic energy and dissipation rate
equations was the first order upwind, in both cases. The gradient
scheme of these data was Least Square Cell Based scheme. The
time-dependent unsteady calculation was carried out to investigate
the temporal variation, and the time discretization was imple-
mented with the first order implicit scheme. Default values of the
under-relax factors for all the above mentioned variables were used
in the time step iteration process. Fifty internal iterations were
carried out to ensure an adequate convergence degree for all the
model equations at each time step iteration. If initial convergence
difficulties were encountered for a specific time step, the default
values were all decreased by 10% for each attempt until conver-
gence was achieved.

To save computing time, the following time-stepping strategy
was compared: 200 steps at 0.005 s, 400 steps at 0.01 s, 350 steps at
0.02 s, 200 steps at 0.05 s, 200 steps at 0.1 s, 400 steps at 0.2 s, and
2540 steps at 0.3 s. The time step was finally optimized as 0.3 s. A
typical aeration calculation time was over 900 s. The first 120 s was
to ensure that the flow reached a steady or pseudo-steady state,
and the time averaged values of flow variables for another 60 s
were taken for evaluation. After the flow was evaluated as stabi-
lized, temperature evolutions were investigated in the next 720 s.
The calculation was run on a Lenovo workstation (D20, 2 x Intel
Xeon E5630, 32 GB RAM). Typical physical computing time was
approximately 60 h. Residual convergence criteria for all variables
were set as 1 x 1074,

3. Results

3.1. Pile temperature at different depths measured by the
thermocouple

Fig. 2 shows spatio-temporal pile temperature variation at pile
depth of 0.5 m and 1.5 m, and bio-drying performance of three piles
with three aeration strategies. The pile temperature variations
went through four different stages including temperature
increasing stage, thermophilic stage, the second temperature
increasing stage, and cooling stage. For both depths, the Pile 0, 1
and 2 reached the highest pile temperature in 2 days, 1 day and 1
day of temperature increasing stage, respectively. And then the Pile
0,1 and 2 maintained over 50 °C for 12 days, 8 days and 4 days in

the thermophilic stage and the second temperature increasing
stage, respectively. During the rise and fall of pile temperature at
the surface and interior, the Pile 0,1 and 2 achieved the highest rate
of +53 °Cd! and 27 c°Cd’l, 429 ~°cd’!
and —18°C-d~!, +18°C-d~' and —18 °C-d~!, respectively. The time
interval over which Pile 1 achieved the highest pile temperature
and maintained it at >50 °C was 1 day and 8 days, respectively, and
the corresponding pile temperature rise and fall rates were
29°C-d~! and —18 °C-d~". These results showed that the aeration
strategy for Pile 1 provided a sufficient oxygen to speed up the
temperature rise in the pile. Meanwhile, the aeration strategy also
slowed down the temperature decrease as expected to 9 °C-d~!
(Ramirez et al., 2012). The time interval over which Pile 2 achieved
the highest pile temperature and maintained >50 °C was 1 day and
4 days, respectively. The corresponding temperature rise and fall
rates were 18 °C-d~! and —18 °C-d~}, respectively. These results
showed that the initial thermophilic stage of Pile 2 was successfully
prolonged with improved aeration and turning strategy.

To further discuss the effects of aeration on temperature varia-
tion, Pile 1 and Pile 2 were compared with Pile 0 (control group).
The aeration strategy of Pile 2 was efficient in mass reduction
(Fig. A.3), considering that SRT decreased from 21 days (Pile 0, 1) to
14 days (Pile 2), and aeration decreased 20% (Table 1) compare with
Pile 0. Compared with the control group, Pile 1 had more initial
aeration, followed by decreasing aeration. The optimized strategy
led to lower initial temperature, but followed with a warmer and
longer second thermophilic stage. The highest interior temperature
(75 °C) was achieved in the second temperature-increasing stage of
Pile 1, with less aeration in its Section C. Significantly more MC was
also removed (6.5%) at the same time. Pile 2 operation was designed
with slightly decreased middle stage aeration and doubled turning
frequency. The peak temperature was lower in Pile 2, and decreased
more rapidly than in the control group Pile 0. More temperature
comparisons between them and their effects on MC removal are
discussed further in the Supplementary information (Fig. A.3). In all
three aerations strategies, the difference between the surface
(0.5 m) and interior (1.5 m) temperatures was more significant in
the second temperature-increasing stage, for which further inves-
tigation of the mechanism is needed.

3.2. Pile temperature on surface measured by the Infrared Thermal
Imager (ITI)

Pile temperature used to be determined by a thermometer with
a temperature probe. These methods were accurate but time-
consuming because limited by the heat conduction speed of the
probe (Ramirez et al., 2012). For example, it is scarcely possible to
determine the pile temperature spatial variation within a 4 min
aeration in Section A of Pile 0, as the temperature balance between
temperature probe and piles may require 1—3 min or more
(Rainisalo et al., 2011). The heat conduction speed also limits the
temperature probe as a spatio-temporal averaging method.
Infrared thermometry provides a speedy method within several
seconds, to learn the spatial temperature distribution of objects
surface (Marins et al., 2014). The infrared thermal imager is an
integration of the matrix of an infrared sensor, which allows speedy
determination of regional temperature at the pile surface. There-
fore, thermograms snapshot provides an accurate way to determine
the temporal temperature changes within the imager lens
coverage, during aeration for sludge bio-drying.

The first row of Fig. 3 is thermogram snapshots in the marked
surface region of Section B, Pile 1 (Fig. A.2). The thermograms were
captured every 2.0 min during the 6 min’ aeration; so the series of
thermograms represented the temporal temperature variation at
the pile surface during the given aeration strategy. Before aeration
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Fig. 2. Spatial temperature and moisture removal variation under different aeration strategies.

began, there were many hotspots (69.8—72.5 °C) spread all over the
region, as well as spots with lower pile temperature in a few gaps
between sludge bulk. After aeration started, the surface pile tem-
perature rapidly increased to 70.6 °C in most of the region. The
temperature increase to 62.9 °C was delayed in the right bottom
corner. Meanwhile the surface pile temperature was decreased in
the initially increased region. With continued aeration, the surface
pile temperature was further decreased to 39.0—45.6 °C in the

region. Results showed that the surface pile temperatures were
non-uniform, and changed rapidly during aeration. Because the pile
temperature is essential to bio-drying, these non-uniform evolu-
tions of pile temperature would lead to heterogeneous bio-drying
products (Rainisalo et al., 2011).

With thermocouple (Fig. 2) and IRI results (Fig. 3 Row 1),
another important spatial temperature variation was revealed,
which is related to the heat and moisture exchange between
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Fig. 3. Temporal temperature evolution of microscope pile surfaces by Infra Thermograms and Computational Fluid Dynamics simulation at aeration time of 0, 2, 4, and 6 min.

interior and surface of the pile when the MC of the pile moved
from the interior to the surface. Generally, the surface pile tem-
perature was lower than the interior due to heat loss. However,
the surface pile temperature was higher than the interior in the
first two sections of Pile O due to condensation in the surface,
leading to surface MC increased by 0.9% and 2.1%, respectively
(Fig. 2). Therefore, the surface MC of the pile gradually accumu-
lated to become higher than that in the interior of Section B and C,
until the second temperature increasing stage. The surface pile
temperature rapidly increased in the second temperature-
increasing stage (Fig. 3 Row 1), which led to an immediate
decrease of surface MC between days 5—8 in Pile 0 (Fig. 2).
Another interesting water exchange occurred between the inte-
rior and surface in Section A, B and C of Pile 1 (Days 0-8, Fig. 2),
where interior and surface MC declined alternately. However, the
interior pile temperatures were slightly higher than the surface
pile temperature (Fig. 2), which indicated that a delicate balance
was maintained between evaporation and condensation by aera-
tion. The MC difference between the surface and interior pile was
obvious in Section F of Pile 2 (Fig. 2) despite enhanced aeration
(Table 1). This difference was probably caused by the higher
interior pile temperature 56 °C in the second temperature
increasing stage (Fig. 2). Because the surface temperature was
similar to the interior temperature at last 3 days in Section F of Pile
2, the surface and interior MCs were decreased an additional 4% by

excess aeration (Fig. 2). The results showed that excess aeration
failed to narrow the MC difference without temperature differ-
ence, due to lack of synchronization in the heat and MC exchange.
Although surface and interior MC difference are essential for ho-
mogeneous bio-drying processes and products, it remains a great
challenge to monitor the pile temperature matrix due to probe
installation difficulties within the huge pile and to issues related
to mechanical agitation.

3.3. Pile temperature by Computational Fluid Dynamics (CFD)

The CFD results of pile temperature evolution during aeration
could provide a full 3-d temperature distribution of where aeration
affects temperature evolution more significantly. The second row of
Fig. 3 shows the CFD simulation results in the same position and
moment as on the first row of Fig. 3. These CFD simulation results
clearly show that the hotspot of pile temperature migrates from
lower left to upper right, similar to the thermodynamic pattern in
the thermograms, regarding hotspot migration. The peak pile
temperature reached 70.6—72.5 °C in the major parts of the region,
especially the lower left corner in the CFD simulation, which was
validated with the IRI results (Zambra and Moraga, 2013). The
difference between CFD simulation and IRI thermogram were
summarized in a quantitative way as Table 2. These results showed
that CFD could simulate the evolution of the pile temperatures

Table 2
Difference between CFD simulation and IRI thermogram.
Location 0 min 2 min 4 min 6 min
left Center right left Center right left Center right left Center right
Top 1.4% 4.6% 9.4% 6.0% 1.4% 1.4% 78.6% 13.8% 11.9% —2.4% —8.7% —6.7%
Middle 2.8% —1.4% —1.5% —1.4% —4.2% —1.4% —2.9% 4.4% 2.9% 0.3% -7.1% —6.5%
low 0.7% —1.4% 4.3% 1.4% —4.2% —2.9% 7.4% 1.4% 2.9% 5.4% —2.5% —0.5%
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during aeration.

As an accurate simulation method, CFD helps provide funda-
mental understanding of the mechanism by which aeration affects
bio-drying. The management of heat and MC removal remains a
great challenge for optimizing aeration strategy in the bio-drying
process. This is because there is conflicting evidence for the supe-
riority of low or high aeration rates. For example, it is reported that
bio-drying could benefit from a lower aeration rate by maintaining
higher pile temperature (Huilinir and Villegas, 2015). However,
benefits for bio-drying from a higher aeration rate were also re-
ported in the form of quick MC removal. The total bio-drying period
was able to be decreased from 21 days to 14 days with a higher
aeration rate in the last cooling stage of Pile 2. CFD simulation
showed that the mechanism of non-uniform surface pile temper-
ature evolution was mainly affected by heat and MC trans-
formation, which mainly occurred in free air spaces (FAS) coupled
with air exchanges during aeration. The surface pile temperature
was initially increased due to enhanced convection of heat by the
forced air. Prior to aeration, there were many small hotspots in the
first thermogram as the bio-generated heat accumulated in the
interior of the sludge granules and piles (Fig. 3). This interior
accumulated heat was convection rather than by conduction to the
surface of granules and piles by air. For this reason, the heat con-
vection was greatly affected by the FAS of the granules and piles.
These FAS differences lead to the lag in the pile temperature in-
crease in the lower right corner of the third thermogram (Fig. 3).

These microscopic mechanisms of that how FAS affects aeration
had also been revealed by CFD previously. An area of the pile with
lower FAS, has a higher temperature due to the accumulation of

bio-generated heat. High-temperature parts of the pile also have
higher local pressure, therefore less aeration. In contrast, areas with
higher FAS have lower temperature due to less accumulation of bio-
generated heat. The low-temperature parts of the pile also have
lower local pressure, therefore more aeration. These convection
characteristics enhanced the microscopic non-uniformity.

3.4. Spatio-temporal evolution of pile temperature during aeration
by CFD simulation

Pile thermal processes on the surface during aeration were
preciously captured with thermograms, and vividly depicted with
CFD simulation, in the full-scale bio-drying plant. The spatial pile
temperature evolution, and surface pile temperature spatio-
temporal evolution have already been described above. Therefore,
macroscopic interior temperature spatio-temporal evolution will
be discussed in this section. For six different sections of the
investigated tunnel, the pile temperature evolution during forced
aeration is shown in Fig. 4 by verified CFD simulation. The forced
aeration and turning procedure were carried out according to
Table 1, and turning was done prior to the aeration for each sec-
tion's homogeneous.

CFD results reveal patterns similar to those from the three
aeration strategies for MC and heat migration from one section to
another. With the shortest aeration of 4 min in Section A (Table 1),
Pile O rapidly achieved the peak interior temperature in the ther-
mophilic stage (Fig. A.3b). The pile temperature drop was fading
gradually in this stage, slower than that in Section B especially in
the last period. Section C also experienced rapid heat lost, as well as

Aeration Pile temperature at different depth in all sections during aeration L d
tlmeI Section A | SectionB  ~ Section C Section D Section E Section F . egen
0 min I [Temperature
64.75 I
2 min I |
=)
24 min I | 56.06
6 min [ |
a.38 0
B I —_—
0 min [T — I 3869
2 min [T — | I
30.00
= c
@4 min [ e— e Y
-
A —
£
6 min [N S— I =
=
B ———— — -
2
0 min | | | &
2 min I s S
O
[\
24 min | T
- -
8
~
6 min| ] —
8 min | — L IBS

Fig. 4. Spatio-temporal temperature evolution of macroscopic pile interior by Computational Fluid Dynamics simulation for Pile 0, 1 and 2.
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prolonged aeration time. These led to a lag in the second pile
temperature increasing stage, which appeared in Section D of Pile 0.
These delays also promoted the interior pile temperature of Section
E as well as Section F, which remained >35 °C. Different from Pile 0,
the Pile 1 went through a pile temperature increasing stage in
Section A, where the pile temperature drop was more gradual and
slightly more rapid than for the control Pile 0. The pile temperature
drop in Section B of Pile 1 was the section with the most rapid drop,
which was in accordance with the pile temperature valley in Fig. 2.
Then the pile temperature drop during aeration was much slower
in Section C, leading to the pile temperature peak in Pile 1 in Sec-
tion C. The last three sections of Pile 1 exhibited a similar drop in
pile temperature as in Section C, which resulted in a little higher
MC in the bio-drying products. Pile 2 maintained similar pile
temperature drop in all sections, which may have been caused by
the doubled turning frequency. The enhanced mixing made the pile
more uniform. These similar trends between MC removal and pile
temperature drop indicated the synchronous migration of MC and
heat in these piles.

3.5. Mechanism of the pile temperature valley

Aeration in bio-drying assumes three major roles: supplying
oxygen, transporting heat and removing MC. The five pile sections
need different aeration roles as they undergo four major stages
(Zhao et al., 2010). However, these three roles of aeration cannot be
isolated by section needs, so the pile temperature will drop sharply
if air demand for MC removal is far more than taking out heat. Such
phenomena more likely happen between the thermophilic stage
and the second temperature rising stage, when the biogenerated
heat is insufficient in the period during which the microbial com-
munity structure is shifting (Zhang et al., 2015). The combined ef-
fects of thermodynamics and microbial community structure lead
to a high probability of pile temperature drop, which looks like a
temperature valley. The pile temperature valley, associated with
more thermal lost and less MC removal was generally observed
between two thermophilic stages, i.e. Pile L.

Water vapour or air moisture is determined by the relative
humidity which is mainly affected by air temperature. If the
relative humidity of the air is >100%, the water vapour will be
supersaturated. This would condense and prevent evaporation of
moisture from the pile. With the same relative humidity, higher
air temperature liberates much more moisture which enhances
pile moisture evaporation (Cai et al., 2012). Therefore, similar pile
could lose different moisture due to different pile temperatures.
Furthermore, decreased temperature from the interior to the
surface of the pile will lead to supersaturation of the air. The
decreased temperature cools the supersaturated air, which makes
moisture migrate from pile interior to the surface, as happened in
Pile 2.

The relative humidity that determines the moisture transport
could be calculated using the Wexler formula, Goff-Gratch formula
and other experience models, i.e. Magnus formula. The Wexler
formula is shown as Eq. (14) (ASTM, 2015).

3
InE =" GT™! + CylnT (14)
i=0

where, constants Co = —6.0436117 x 103, C; = 1.89318833 x 10!,
G, = -2.8238594 x 1072, (3 = 17241129 x 10>, and
C4 = 2.858487; T is the air temperature, K; and E is the saturated
vapour pressure (Pa) of the wet hot air. Considering the MC range
(40%—60%) of the sludge bio-drying, the evaporation and conden-
sation recycling happening between the surface and interior of the

pile can be represented as the psychometric chart (ASTM, 2012). As
the surface pile temperature was lower than the interior, the air
from the interior of piles can be supersaturated when it reaches the
pile surface. When the surface pile temperature decreased to below
the dew-point temperature, the supersaturated vapour could
condense on the pile surface (ASTM, 2012). The dew-point tem-
perature can be determined by the evaporation and condensation
recycling, as we all known in the psychometric chart (ASTM, 2012).
These supersaturated vapors from the interior were condensed
when they were released from the pile, leading to interior pile
moisture transported to the pile surface, along with condensation
heat, leading to a surface temperature higher than the interior
temperature, for example, as in the second temperature increasing
stage of Pile 0.

4. Discussion

The merit of effluent saturates vapour is that most of the bio-
generated heat is used for evaporation, rather than heat exhaus-
ted on heating air. Therefore, the saturated vapour brought less
heat while removing a similar amount of moisture from the piles
(Haug, 1993). For example, Pile 0 and Pile 2, which had higher
thermal stage temperatures, were more efficient in removal of MC
than was Pile 1. Because excessive aeration meant that the air was
no longer saturated in the thermodynamic region of Pile 1, less
moisture and more heat was released from the pile, which led to a
significant valley in the pile temperature before the second tem-
perature increase stage. The evaporation latent heat (2258 k] kg™,
100 °C, 0.1 mPa) of water is much more significantly than specific
heat (42 K] kg~'-°C~!, 0—100 °C, 0.1 mPa), which means that
AT = 5.38 °C is needed for per MC removal. The inferred AT value
was a theoretical calculation of the latent heat of 1% moisture
removed for 99% of pile substrate with similar specific heat, despite
40—80% MC. The tested ratio AT per MC removal in the three piles
reported, was calculated as the average specific ratio of the pile
temperature drop per MC removal in all samples (Eq. (15)), where
the tested r=5.17 + 4.56 °C meets the theoretically inferred AT
well.

I = AT _ |Ti+1 - Tl| (15)
AMC MG, — MG|

The difference between the test r, and theoretical
re=5.38 °C MC~, and can be used to evaluate the efficiency of the
aeration flow rate. Higher outlet air temperature brings more
sensible heat, due to bring more MC. Therefore, the AT will be
higher in the thermophilic stage. However, the test r is higher also
due to heat transfer caused by excess aeration (Fig. 5b). The prac-
tical value over the theoretical value represents excess air over the
amount of MC to be removed. The latent heat of the gas to liquid
phase transformation also dominated the moisture and heat ex-
change among the interior, surface and atmosphere. The quick loss
of latent heat strengthens heat exchange, coupled with the shift in
thermophilic bacteria, both increase the probability of a tempera-
ture valley between the thermophilic stage and second tempera-
ture increasing stage. Prolonged aeration enhanced MC removal
more in the cooling stage than in the other two stages. In the
cooling stage, as pile temperature decreased, excessive air must
also have been exhausted to remove MC because the temperature
limited the absolute humidity. And the MC removal under different
aeration strategies depends on the relative humidity of the outlet
air in the thermodynamic region. Because the air non-saturated
with water vapour takes away more heat than MC in the two
stages, the pile temperature was lower and thus the MC removal
was less efficient. Therefore, the saturate outlet air was advised as




D. Yu et al. / Water Research 122 (2017) 317—328 327

16

-1

T —=— Piles 0
—=— Piles 1
—=— Piles 2

] AL \'lﬁcorctilal value

4 1

Temp. variation per moisture / °C-(1% MC)
i

Time / day

Fig. 5. Average temperature drop per 1% moisture removed.

the optimizing aeration strategy for bio-drying, especially in the
first thermodynamic region.

The total energy output involves three parts that include tem-
perature variation of the pile and air, and latent heat of MC removal
during the aeration. The total energy output can be calculated using
the sensible and latent heat transport path shown in Eq. (16).

Tout Tout
Ep — / CopsvsdT + / ¢ip;vidT + r(MCiy — MCour) (16)
Tin Tin

where subscript s and j refers to pile and air, ¢;, is the specific heat
capacity of the pile, and r is the latent heat of MC. The typical value
of cp, ¢jand ris 2.8 kJ kg™' K1, 1.1 k] kg~ K~ and 2258 k] kg™,
respectively, for Pile 0 in the thermophilic stage (ASTM, 2015; Haug,
1993). The latent heat is much higher than the specific heat ca-
pacity, which accounts for 73—85% of total heat output various from
pile temperature. Therefore, the spatio-temporal evolution of the
interior temperature can be manipulated through moisture man-
agement due to its massive latent heat, especially if the outlet air
temperature reaches supersaturated or dew-point temperature. For
example, heat loss was more rapid in Pile 1 than in Pile 0, but
moisture removal was similar. Previous research showed that heat
production was insensitive to air-flow except at the lowest air-flow
rate (Zhao et al., 2011). Therefore, the pile temperature evolution
was more sensitive to heat loss during aeration which involved
sensitive heat air exchange and the latent heat in evaporating
moisture. For reference, evaporation of water resulted in loss of 52%
and 42% of bio-generated energy as 520 MJ and 421 M], respec-
tively, for air-flow rates of 0.0042—0.012 m> h™! kg~' VS and
0.0234—0.0312 m> h™! kg~! VS in a 30 days' manure composting
(Ahn et al.,, 2007). The heat loss caused by water evaporation
accounted for a large proportion of the energy use in bio-drying,
which is dedicated to water evaporation. This mechanism also ex-
plains why double aeration achieved similar MC removal. Pile 1 and
Pile 0 achieved similar MC reduction of 54.0% and 54.1% after the
thermophilic stage, despite that the aeration time of Pile 1 was
double that of Pile 0 in Section A and B. Therefore, evaporation of
moisture is insensitive to excess aeration in the thermophilic stage.

In a word, heat loss is more sensitive to moisture evaporation
than to excess aeration in the thermophilic stage. This makes

relative humidity a more sensitive controlled variable than is
thermocouple temperature. Many control strategies were available
to regulate air supply to the process. These range from simple
manual control systems to more sophisticated feedback control
loops using temperature, oxygen or carbon dioxide as the
controlled variables and air supply as the manipulated variable
(Winkler et al,, 2013; Zhang et al., 2008). Therefore, thermody-
namic automation strategies should be controlled by maintaining
the outlet air in water saturate condition, and should operate over
the full range from minimum to peak air flow conditions. Equipped
with this novel aeration automation strategy, the pile temperature
valley will be efficiently narrow, enhancing moisture removal, and
with the lowest temperature drop.

5. Conclusions

The effects of aeration on the pile matrix temperature were
measured by infra thermogram image and modelled using CFD in
this study. Conclusions are as follows:

1. Aeration impacts the pile matrix temperature primarily by
exchanging MC and latent heat simultaneously between the
interior and surface of the pile. CFD results revealed that the
non-uniform evolution of microscopic temperature was pri-
marily affected by the FAS.

2. The exchange rate for the pile matrix temperatures was
AT = 5.38 °C per unit of MC removed for both evaporation
removal and condensation acquisition during aeration theoret-
ically. Practically, the AT = 5.17 + 4.56 °C was because that high
temperature air has high MC holding capacity and accepts more
sensible heat.

3. The improved aeration strategy based on IRI and CFD allows for
a sludge bio-drying operation with both shorter period from 21
days to 14 days and similar 40% MC in the bio-drying product.
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