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ABSTRACT

Conventionally, an electroplating coating factoryuld handle its
process sludge waste from discharge point sourtiehmdewatering stage only.
Huge amount of dewatered sludge cake would incgin hidden cost to the
production particularly in sludge transportatiaioyage and disposal. Therefore,
further reduction of moisture content in the sluddeer dewatering stage is
essential in order to diminish the sludge handtiagt. Nonetheless, the energy
cost for sludge drying must be justifiable and lemough to take the advantage
of it. An energy efficient sludge drying technologyindeed greatly in need.
Heat pump dryer is known to be energy efficient doiats ability of heat
recovery. Therefore, in the present study, a @tatle heat pump dryer was
developed to evaluate the potential of heat pumgerdm sludge drying.
Experiments were conducted to determine the drgivagacteristics and energy
efficiency under drying temperature of 35°C-50°d air humidity of 10%RH-
52%RH. Comparisons were made against samples fomweational hot air
drying (35°C-70°C). Results revealed that the dyytate would increase in
proportion to wet bulb depression of drying air,en the highest effective
diffusivity was recorded at 1.09765 x 4@?s in heat pump drying at 50°C.
Due to the dehumidification function of heat pumpyed, when under same
drying temperature, drying air in heat pump dryeuld possess higher wet bulb
depression as compared to hot air dryer. Theretggng rates of heat pump

dried samples were higher than hot air dried sasnple
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In term of energy performance, for hot air dryeighier drying air
temperature would consume more energy. The higlueger consumption was
recorded at 51 kWh in 35°C heat pump drying white towest power
consumption was recorded at 14 kWh 35°C hot aindrywWhile lower drying
air temperature consumed lesser energy, howevegefodrying time was
required to dry the same amount of sample. For jnaaip dryer, it was found
that improper configuration and control strategwldoresult in high power
consumption as compared to hot air dryer. Findstgsved that even though a
heat pump dryer could possess higher heating C@®&rdtically, improper
configurations of heat pump components (e.g. coseletype, compressor
capacity, bypass duct and evaporator) and coritaikgly (e.g. relative humidity
control and air flow rate control) could end up soming more energy than it
supposed to be (37 kWh more than hot air dryingstifg result shows that
using condenser to heat the air directly would givierent energy consumption
profile compare to heat the air through secondaggliom such as water. Direct
heating would consume lesser energy at the eaatyesvf drying compare to
indirect heating. However, once the heating medadrmdirect heating mode
reaching its temperature limit, the energy consumnpwill drop and eventually
having similar SMER as direct heating mode. Airwoe flow rate would play
a more significant role in heat pump drying compardot air drying. Lower
airflow in heat pump drying would increase the muais extraction rate and thus
causing lower relative humidity in the drying dilower drying air humidity
would have better drying kinetic.

In heat pump drying, some air is bypass from gaimmgugh evaporator

to reduce the sensible heat ratio so that moratldieat could be recovered.
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Finding showed that the drying kinetic would drogngficantly when there is
no bypass air. This could be due to poor dehunagtiibn of the drying air at the
evaporator of the heat pump.

Improper strategy in dehumidification control waseoof the major
issues for heat pump dryer in term of energy edficy. It was found that when
relative humidity of drying air was too low (i.ehen dew point was near to the
surface temperature of evaporator) for effectivieuteidification, kept running
the compressor would decrease energy efficienah@snput energy did not
bring any meaningful work. In addition, it was obhsl that using secondary
media (hot water) for heating would limit the terrgdare that could be achieved
by a heat pump and the thermal energy that beorgdtn the hot water tank
was not being used and wasted.

Furthermore, proper matching of heat pump size diyohg load was
playing an important role in the energy efficieméyhe heat pump dryer as well.
When the heat pump capacity was relatively tooddog the drying load, then a
huge amount of energy would be wasted due to fre#getart/stop of the
compressor and operation of auxiliary condensewever, if the heat pump size
was too small, it might not able to achieve thgeéted drying air condition.
Therefore, for efficient operation of a heat pumped, the compressor size
could not deviate too much from the drying loadess the heat pump system

had means of capacity control for instance usiugreable speed compressor.

Keyword: Sludge drying, energy efficiency, diffusyy SMER
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CHAPTER 1

INTRODUCTION

1.1 Sludge management in Malaysia

Malaysia is one of the fast-growing nations in globconomy and it ranked
at 27" in the global competitive index in 2019 edition \&World Economic
Forum’s Global Competitiveness Report (WEC, 20T8pugh the ranking has
dropped 2 places compare to previous year, Malayaraages to achieve higher
score in the index. As a result, the amount of gtdal sludge in Malaysia keeps
increasing due to its heavy industrialization dreldrchaic wastewater treatment
technology. Industrial sludge is the sludge gererfiom industrial wastewater
treatment. Its compositions vary depends on the tfpindustrial processes.
Meanwhile, sewage sludge is generally referred ltolge originated from
domestic or municipal wastewater treatment. Sevghggge contains largely
organic compositions as domestic wastewater usualy faeces, urines, food

waste, detergent, etc.

In Malaysia, the sludge management policy is céné@d and governed by
the National Water Services Commission (SPAN). fHsé& of the SPAN is to:
a. Limit the production of sludge

b. Process the sludge to safe and hygienic material



c. Recycle or reuse sludge instead of disposal

With fast development in Malaysia, the volume oidgle produced has been
increase proportionally with the increase of getsetavastewater annually.
National sewage company, Indah Water KonsortiumkK)\Was produced about
5.3 million cubic meter of sewage sludge per yemseld on the perspective
sludge production factor (SPF). While landfillingshbeen the most common
and simple way for sludge disposal, other wayslofige disposal such as
forestry, composting and agricultural applicati@vé been studied and gaining
acceptance. Table 1-1 shows the amounts of sludghiped in Malaysia per
year. The projected sludge generation for year 203%stimated at 10 million

m? per year with 2% dry solid content.

Table 1-1: Amount of sludge produced in Malaysia

Generation Centralized Non-centralised
Type of sludge rate facilities facilities

(million m°) (million m°) (million m°)
Sewage sludge 7.40 5.30 2.10
Industrial 9.90 6.40 3.50

sludge

Before disposal, sludge need to go through deweggmiocess. Usually this
is done at the in-plant facilities. Various typek roechanical dewatering
facilities are normally used for instances beltsgtdilter-press, screw-press and
centrifugal. There are also dedicated sludge treatracilities to handle sludge
from factories that without in-plant dewateringiféies. Like any other places
in the world, industries in Malaysia usually hameplant sludge treatment from

thickening process up to dewatering process. Thdgsl is first sent to a



settlement tank for thickening and then pumpedfitiea press for dewatering.
After dewatering process, the effluent is sent termtralized treatment plant for
further treatment. Then, the dewatered and preetlesludge will be sent to the
Kualiti Alam for further processing and finally giesed either in landfill or

incinerated.

In Malaysia, the basis directive for waste and dokedl waste is
governed by the Environmental Quality (Sewage amdustrial Effluents)
Regulations 2010 (Spinosa, 2011). This means treatrdquirements derived
from other directives that addressed to sludge apibly additionally to the
above directive. Therefore, the management of gludhgist also fulfil the
requirements that spelled out by specific normatneasures, such as:

a. Malaysia Sewerage Industry Guidelines (Volume §f)Sewerage Service
Department

b. Department of Environment (DOE)’s site selectiondglines for sludge
disposal

c. Interim guidelines for utilization of biosolids #stilizer for non-food crops

The direction of sludge management in Malaysiaam@ toward 3R i.e.
reduce, reuse and recycle (Indah Water Konsortidm Bhd, Effects Of The
Reuse of Sludge To Environment Health, 2015). Thaaykia government
encourages the use of sludge (after proper tredjragffertilizers, energy source
and also for resource recovery. The same effoalss encouraged in private
sector. Continuous efforts in research and devedopmm public university and

research institute will provide the support for thevernment to meet its



objective in protecting the environment while tie&ated authority will continue

monitor and assess the impact of sludge applicatidhe environment.

The growing environmental awareness has caused rsiniggent
requirements on treatment, handling and storagedoktrial sludge (Aja & Joo,
2016). Currently, the operations at most wastewateatment plants are
relatively inadequate and most of the time theglgalely on normal sewage
treatment to handle the sludge. Consequently aitge lamount of sludge, even
after thickening and dewatering processes, hastrpatendous pressure on
sludge management cost and operating cost of tteries. Hence, additional
treatment on the dewatered sludge is needed im twrderther reduce the water
content in the sludge before sending it for solaste treatment or disposal. New
technology in sludge treatment, management andation is greatly in demand.

It is estimated that approximate 6% of the totaigiigle dry solids (DS)
concentration can be obtained by thickening treatreg. gravity settlement,
gravity belt thickener, drum thickener), further982f the total possible DS
concentration can be obtained by mechanical deingtée.g. filter press, belt
press, screw press) and the remaining 62% of thegossible DS concentration
(or about 90% of DS) can be obtained by thermahdr{fFlaga, 2015). If water
content in sludge has to be reduced to minimum0& 8f DS), lower than that
iIs guaranteed by mechanical dewatering, then additi sludge drying is

necessary.

Sludge drying is a thermal treatment in which lezegrgy is delivered to

the sludge in order to evaporate water. Thermatgssing of sludge could



reduce mass and volume of the product significantiyking its storage,

transport, packaging and retail much easier. tt alsables incineration or co-
incineration of sludge at lower-cost and betteicgfhcy. Sludge drying is

necessary and it is an integral process for effecsiudge treatment. While
achieving carbon neutrality is a practical pathrwny countries to deal with
energy crises and climate change, drying is on@etypical energy-intensive
process and source of carbon emission. Hence pe&ptechnology and method
must be employed to make the sludge drying harmtabilized and possess

higher degree of electrification as well as decarzation.

Traditionally, sludge drying using thermal procese based on the
evaporation of water content under high temperafline sources of heat are
either by direct fire or electrical heaters. Théggng process setups consume a
lot of energy and thus they are expensive besidegibg the negative impacts
to the environment. In addition, scarce literataresludge drying technology
shows that it is still an uncommon practice cuidgemt the industry due to lack
of awareness and knowledge. Some factories willyse direct fire and electric
heater dryer to reduce the water content of thegelu mainly due to the
simplicity of the method and technology. Howevenaiwvaiting for them is the

expensive utility cost and high carbon footprint.

Heat pump dryers have been applied in the dryimgess of various
materials namely fruit, vegetable, grain and woalth past experience and
positive results in using heat pump dryer to dryicagfural products, drying

sludge with heat pump system might be a viablerdtere for the traditional



method of sludge drying. Table 1-2 shows the arhainenergy that is
consumed by different types of dryers to remove bikwater from the sludge.
The comparison is done among the common dryinghtdolies that available
in the industry. It can be clearly seen that eledteater has the highest energy
cost though the thermal efficiency is higher conegarthe boilers. On the other
hand, heat pump dryer is an ideal choice for slubigeg as it is highly efficient,

safe and clean.

Therefore, in order to reduce the energy usageffaent drying system
such as heat pump dryer should be used for thentieirying process. Direct
fire is not taken into consideration in the prestatly because it is an inadequate
and unsafe method. It is prone to toxic gases géinarand discharge that will

cause environmental issues as well as health prsble



Table 1-2: Energy cost for a dryer to remove bkgater

Dryer Type Electric heater Coal Boiler Diesel Boiler Gas Boiler Heat Pump
Fuel/Energy Type Electric Coal Diesel Gas (LPG) Electric
Heat Value 3600 kJ/kWh 23027 kd/kg 33494 kJ/L 49000 kJ/kg 36DRWh
Thermal Efficiency 95% 30% 85% 85% 400%
Effective Thermal Value 3420 kJ/KWh 6906 kJ/kg 28469 kJ/L 41650 kJ/kg 14KDRWh
Fuel/Energy Cost RMO0.44/kwWh RMO0.40/kg RM2.05/L RM1.90/kg RMO0.44/kWh
Fuel/Energy Consumption 1.42 kWh 0.7 kg 0.17L 0.117kg 0.337 kWh
Total Cost (RM) 0.62 0.28 0.35 0.22 0.15
Safety Unsafe Unsafe Unsafe Unsafe Safe
Direct Pollution None Very Serious Serious Serious None
Equipment Life 5 -8 years 6 -9 years 6 -9 years 6 -9 years 1Qedbs

*Source: GuangZhou Kaineng Electric Equipment Gd. L



1.2 Sludge handling at electroplating coating facty

Sludge sample used in the present study was obltdiom a coating
company located in Banting, Selangor, Malaysia. $helge is classified as
scheduled waste by the Waste Management Centreg/sial@gKualiti Alam) with
code SW204. According to the company’s normal fracthe sludge waste
would first undergone dewatering process usindter fpress. After that, the
sludge would be packed and sent to Kualiti Alam fimther treatment and

disposal.

However, there are 2 major issues with their cursdandge handling
practice. Firstly, the cost of the sludge dispasligh with a charge of RM500
per ton. With monthly disposal range in weight abund 11 ton (after
dewatering process), the cost of disposal woula@tmut RM5500 per month.
Secondly, the company is allocated with a quota(fons (waste) per month
by the Kualiti Alam. In other words, they would nge pay the fines if subjected

to penalty when exceeding their quota.

Hence, the company is looking for ways to furthestuce the weight of
the sludge. Currently, they are using direct gastb heat the sludge cake after
dewatering in order to further reduce the moistangtent. According to the data
given, 45 kg of sludge can be reduced to 35 kg aftect gas fire burning
process, which accounts about 22% in weight redaair equivalent to 2.44 ton
per month. The gas utilisation cost for the dirfe& burning is estimated at

RM2340 per month. Thus, the saving gained throlnghweight reduction is



about RM1220 per month and also avoid the overvidighs. However, they
will still have the deficit of RM1120 by using deegas fire drying method due
to the utility cost. Therefore, there is essertbaéxplore a better way of sludge

drying in order to achieve the net saving.

Figure 1-1: Sludge cake and drying with direct brening

1.3 Problem statement

Heat pump dryer is known to be energy efficient ttuis ability of heat
recovery (Chua et al, 2010). Energy that is usedi@gbumidify air can be
recovered for sensible heating, thus reducingdt@ily eliminating) the usage
of electric heaters. However, economic feasibitifyheat pump dryer is still
debatable because of its electricity consumptiggh kost of construction and
maintenance (Kivevele & Huan, 2014). Currently, onidy of studies of heat
pump drying are focus on agricultural products sagliruit, vegetable, timber

etc. Study of using heat pump technology on slutdieng is still relatively



uncommon though thermal drying of sludge has besnirgy attention due to

worldwide sludge management issue.

Heat pump dryer is relatively a complicated syst@me matching of
system components and their control would havectdtethe system efficiency
greatly. Therefore, system integration is a masué when developing any kind
of heat pump dryers (Minea, 2010). As sludge froiffieent origin posts
different characteristics, the performance and atpey requirement of heat
pump varies accordingly. Thus, some componentsgstém configurations are
required for proper operation and optimization. Tamplexity of the heat pump
system may be one of major factor that hinder dtlspéion in sludge drying
considered that sludge is relatively low value carepto agricultural product.
Therefore, there is a need to investigate how dinéiguration and integration of
heat pump dryer’'s components would affect the perémce of a heat pump

dryer in terms of drying quality and energy effiug.

1.4 Objectives

The aim of this study was to investigate the falsilof a heat pump
dryer in industrial sludge drying. Drying kinetiasd characteristics of sludge
samples were examined at various drying conditioperating parameters and
configurations of heat pump components. The majaatibes of this research
were:

I. To evaluate the drying kinetics and characterisifdtie industrial sludge

undergoing heat pump drying.
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ii. To study and evaluate the energy efficiency of at mp dryer for
sludge drying application.

iii. To investigate the impacts of the configurationbe&dt pump components
(condenser type, compressor capacity, bypass ducewaaporator) and
control strategy (e.g. relative humidity controtaair flow rate control) on
the dryer’s performance and energy consumption.

iv. To determine the quality of dried sludge sample.

v. To compare the performance of the heat pump driterashot air dryer.

1.5 Scope of study

A pilot-scale heat pump dryer was developed tostigate the drying of
sludge sample from an electroplating coating faoiath waste code of SW204.
The sludge sample principally is inorganic constitis that containing metals
and small amount of organic material. The scopeshi research are as

followings:

i. Design of pilot-scale heat pump dryer
A heat pump dryer with built in electrical heateasvdesigned and
fabricated to facilitate the study of heat pumpinlyy Major components
of the heat pump system i.e. compressor, evaporatmdenser and
circulating fan were properly studied and invediedato get proper
operation. A bypass duct was fitted to control #reflow through the

evaporator, and thus provided control over the eratmg temperature
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without affecting the condenser operation. An aaxyl evaporator was
fitted to enable the evaluation of the performaatéhe heat pump with
and without dehumidification process. This unitldomansform into a hot

air dryer by switching off the heat pump system.

Determination of drying characteristics

Sludge samples were dried under constant temperé6fC and 50°C)
using the pilot-scale heat pump dryer. Moistureteonof samples was
measured and recorded throughout drying. Dryingtigs, drying rates
and moisture diffusivities were determined fromidgycurves that were

constructed based on the moisture content prafiteFack’s second law.

Evaluation on the configuration of heat pump and cotrol strategy
Sludge samples were dried under different heat pconfigurations like
the condenser type (dehumidifying mode and heatinde), compressor
capacity (0.5 to 4 HP), bypass duct (open-, pavpah- and closed modes)
and evaporator (dehumidifying mode and non-dehuyiidj mode), as
well as various control strategies (e.g. relativenidity control and air
flow rate control). Moisture content of samples am&rgy consumption
were measured and recorded throughout drying. Cosgpawas made
based on the moisture content profile, drying eatd specific moisture
extraction rate (SMER). A 3D modelling of the heaimp dryer was
constructed and computational fluid dynamic (CFibhudations were
performed to examine the temperature profile anflaw dynamics inside

the drying chamber. The performance of the heatgpsystem under the
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effects of abovementioned configurations and constcategies were

examined and evaluated.

Determination of the quality of sludge sample aftedrying

Simulation results were studied and verified agaactual measurement.

Comparison with a conventional hot air dryer

Sludge samples were dried under constant temperé6fC, 50°C and
70°C) using the hot air dryer mode. Moisture contehsample was
measured and recorded throughout drying. Dryingtigs, drying rates
and moisture diffusivities were determined fromidgycurves that were
constructed based on the moisture content prafiteFack’s second law.
Comparison was made against heat pump drying lmasddying kinetics,
drying rates, moisture diffusivities, specific mtoi® extraction rate

(SMER) and total energy consumption.

1.6 Contribution of study

The present study had provided field measuremandseaperimental

studies of a pilot-scale heat pump dryer to giadisac reference and data for

operational optimization and technology promotibh@at pump dyer in sludge

drying. The field data had validated the basic@ples and working theories of

a heat pump dryer and fill up the research gap llogtiating the energy

efficiency, safety and reliability of the heat purdpyer in industrial sludge

drying. Findings from the present study could pdevihe industrial sludge
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producers an alternative option to handle thedgtuwaste. Instead of stopping
at the dewatering stage, now they have a possfiieroto further treat their
sludge without much additional financial burdeneTdried product that with
lower moisture content and high calorific valueldathen be reused or recycled.
In academic sector, the present study could serfatare research in advancing

the technology maturity and operational improvement
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CHAPTER 2

LITERATURE REVIEW

2.1 Type and characteristics of sludge

Property and characteristic of sludge can varytiyrelepending on the
sources. Municipal sewerage sludge tends to hage laumber of organic
matter while metallurgy industrial sludge may camtarge number of inorganic
materials. Types of sludge can be classified aaegrdio their origin and
composition. Table 2-1 below shows the categoriésslodge and their

characteristics.

Table 2-1: Category and composition of various $ypesludge

Main Sludge Origin Composition
Category
Organic- « Sewerage wastewater % Prevailing organic
Hydrophilic » Primary sludge matter:
> Biological sludge Volatile Solid/Dry
» Separate or mixed Matter: 40 to 90%

tertiary sludge
» Mixed sludge
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Main Sludge Origin Composition
Category

% Industrial wastewater + Fermentable
from agri-food organic matter
industries

% Industrial wastewater s AlorFe
from textile, organic hydroxides that
chemical, petrochemical have coagulated
industries, etc. flocculated the
» From their above products

biological polishing + Biological floc
treatment. % Phosphate Fe

Hydrophobic s Wastewater from steel <+ Oxides, ash, dense
mineral making, mining and mineral particles,
metallurgy industries Calcium sulphate
+« Drinking water (DW).
Drillings and rivers + Carbonates < 80-90%,
% Drinking water. Heavily Fe, Mn oxides
laden rivers % Silt, fine sand
+ Flue gas washing
wastewater + Dense mineral
particles: gypsum
« Sewerage % Mineral matter.
wastewater/Agri-food Mass/Volume<5%
industries
Hydrophilic « DW. Medium loading < Clay
mineral rivers, lakes, reservoirs Fe, Al: 20 to 60%

Activated carbon if
applicable
« DW. Laden rivers Organic matter: 10 to
25%
s Fe, Al:15% to 25%
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Main Sludge Origin Composition
Category
s DW. Rivers and Clay, silt, sand
drillings % Carbonates 50 to 65%
Fe, Al hydroxides
s Wastewater, Mineral « Metal hydroxides
chemical, surface
treatment industrial % Fe, Al hydroxides
* Reuse
(Sewerage/Industrial < Mineral (hydroxides) +
wastewater) organic (biological,
« Wastewater Dyeing and  grease)
tanning industries
Oily % Wastewater % Dense mineral particles
hydrophobic + Rolling mills (steel (oxides, scales) coated

mills)

in ol
+ Oil-laden hydroxides

«» Mineral oils

Oily hydrophilic

% Wastewater
+ Refineries

+ Mechanical workshop

+« Emulsified or soluble
oils/ Hydroxides after
flocculation.

+ Biological OM

(occasionally)

Fibrous

« Wastewater from,
s Papermills
+» Board mills

« Paper making pulp

++ Cellulosic fibres: 20 to
90%

% Mineral fillers (kaolin,
alum, carbonates): 10
to 80%

+ Biological sludge: 10 to
20%

Source: Suez water handboelknw.suezwaterhanbook.com
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Generally, classification of sludge is based on &om properties:
organic/mineral nature or hydrophilic/hydrophobiature. Organic sludge
usually requires organic matter stabilisation oathexidation stage while
hydrophilic sludge will make dewatering difficukebause the solids are strongly

bound to water.

Organic-hydrophilic sludge. This type of sludge contains a significant
proportion of hydrophilic colloids, thus it is diffilt to dewater. This type of
sludge is usually produced from wastewater biolalgieatment plant or facility.
Volatile matter content is usually reaching 90%tloé total dry solid (DS)

content.

Mineral-hydrophilic sludge. This type of sludge contains metal hydroxides that
are formed during physical-chemical precipitatioogesses of the metal ions in

the water.

Oily dudge. This type of sludge contains oils that are founceamilsions or

absorbed over hydrophilic or hydrophobic particles.

Mineral-hydrophobic sludge. This type of sludge contains large quantity of

particulate matter with low level of associatedevde.g. sand, silt, slag, etc).

Mineral-hydrophilic-hydrophobic sludge. This type of sludge mainly contains
hydrophobic matter that incorporates hydrophilic ttera to ensure the

predominance of the latter's effect during dewatgriHydrophilic matter is
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usually found in metal hydroxides that are causethé precipitation of mineral

coagulants (Fe and Al salt).

Fibrous dudge. This type of sludge is usually easy to dewater. e\, if the
fibres in it is being recovered, the sludge wiltbme more hydrophilic due to

the presence of hydroxides or biological sludge.

2.2 Sludge treatment

Sludge is a semi-liquid residue that is generatennf municipal
wastewater treatment or industrial wastewaterrmeat or refining processes. It
is typically a viscous mixture of liquid and sotiht is thick, soft and wet. The
solid is suspended in liquid and in between th&sthere is large quantity of
interstitial water. The sludge produced from thesteavater treatment basically
consists of primary sludge and secondary sludgewwapublishing.com,
Sludge Drying view) Figure 2-1 below shows the tgbiwastewater treatment

process.
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Primary Treatment Primary Settlement Secondary Treatment

(Biological Process)
,q
—
] :

Primary Sludge

Secondary Settlement

4

Secondary Sludge

To Sewer C—— |

Figure 2-1: Typical wastewater treatment process

Primary treatment is the treatment stage wheredsand non-polar
liquids are removed from wastewater by gravity. v@yaseparation of solids
during primary treatment is carried out in the @i sedimentation tanks.
Solids that are heavier than water will accumuédtéhe bottom of the settling
basins. The remaining liquid usually contain ldsnthalf of the initial solids
content and about two-third of the Biochemical Oxydpemand (BOD) and the
form of colloids and dissolved organic compoundsikfpédia, Wastewater

Treatment).

Secondary treatment is known as activated sludgeeps. The process
involves adding seed sludge to the wastewater lagrd pump air into aeration
tank to fuels the growth of bacteria that consumygen and also the growth of

other microorganisms consume the remaining orgamatter. This process
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produces large particles that will settle dowrhi@ huge aeration tank (Patel and

Vashi, 2015).

The sludge produced from primary and secondaryneat is required
to be further treated by removing the water contemh the sludge. Sludge
treatment is necessary due the following reasons:

a. Reduce volume (removal of water)

b. Reduce/remove odour

c. Stabilise organic material

d. Remove pathogens

e. Reclaim useful by-products (biogas, soil conditishe

f. Safe/appropriate disposal & recycling

The remaining water content in sludge can be furtb@uced in order
to minimize its volume and weight. Water removailqass of sludge

commonly consist of the followings:

Stage 1. Thickening

The sludge that generated from wastewater treattyeictlly contain about 0.5%
to 3% dry solid (DS). During sludge thickening, fhee water inside the sludge
is reduced by separation of liquid and solid ugirayitational force. The process
is usually done inside a tank, which is called gwyathickener. Gravity
thickening is one of the simplest ways to sepataesolid from the liquid and

requires only very low energy input. After thickegiprocess, the dry solid (DS)
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of the sludge can be increase to about 6% andthieutotal volume of sludge

can be reduced to about half of its original volume

Stage 2: Dewatering

Dewatering can further reduce the water contentimeréase the DS content of
the sludge up to about 40 % DS. The sludge can bkemandled like a solid
material. Usually dewatering process are done nmecaldy using a filter press,
belt press or screw press. Sludge drying bed, hewerovide the simplest
method of dewatering. Inside the sludge drying Bkdige is spread on an open
bed filled with sands. Drying of sludge is doneubb evaporation and drainage
by gravity. However, the drying capability of dngi bed is much lower than

mechanical dewatering.

Stage 3: Sludge drying

If the water content of the sludge needs to beh&urremoved, then drying
process is required. Sludge drying is basicalljearhal drying process where
the water content inside the sludge is evaporasitiguthermal energy. The
volume and the weight of sludge thus can be funteéuced by sludge drying
process and make it easier for storage, transpgmrtahd packaging. Thermal
drying is becoming more popular as a means of dsorg sludge volume by
removing the water content and achieving a DS cdnté 90%. This could

reduce the volume of sludge by approximately 4 tones and therefore make
the transportation cost lower and the storage eatiiealso reduces the
environmental impact by producing a stabilized dranular product that is

suitable for agricultural use. Sludge drying casoalihcrease sludge calorific
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value, so that it could be incinerated with ledset consumption. Figure 2-2
shows weight reduction after each treatment. Whith dlear benefit of sludge

drying, there are many researchers have conduttidibs on sludge drying.

Thickening

Dewatering
Thermal

1% ds 5% ds 40% ds 90% ds

weght kecucion. [T NEEED  IETE)

Figure 2-2 : Weight reduction of dry solid

2.3 Sludge drying

Unlike other products that are dried in the indyssludge is very
complex material and its property varies dependssaorigin. Sludge with high
content of volatile matter tends to emit biocherhgzeses during drying process.
Some of the gases would cause unpleasant oddug emt/ironment while some
might be flammable and pose the risk of explosimother phenomenon that
creates problems for some of the dryers is itkgiphase. When sludge is being
dried and change its state from liquid phase toep@msm, and about 40 — 60%
DS, the sludge will become a substance comparaldéidky rubber. Refer to

Table 2-Zor the evolution of rheological state with dryisatontent. This sticky
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phase of sludge could affect the operation of swlirdryer or event cause
damage to the equipment. The rheological changkidfe could also affect the
moisture diffusivity within the sludge and thus edffing the drying rate

adversely.

Table 2-2: Evolution of rheological state with ¢iglid content.

%DS <10 10-40 40-60 60-90 >90
Sludge Liquid Viscous Sticky Granular  Dry solid
State Liquid- phase solid

Pasty

Source from (Léonard, 2010)

As sludge from different sources vary greatlysitdifficult to design a
dryer that is suitable or optimized for all sludgezonard, 2004) had conducted
drying test on sludge from different origin and riduthat the drying flux
variation could go up to a factor of 3. The expeminwas performed using a
micro-dryer (a small size hot air dryer) specifigatlesigned to treat small

amount of sample.

Léonard (2010) found that by simply pumping thedgke will also affect
the drying behaviour of the sludge. After pumpihg tirying rate of sludge is
reduced. This is normally counteracted by addingelio the sludge. Lime can
strengthen the texture of the sludge and thusabigrtounteract the effect of
pumping. Liming at different stage will also haviéfetent outcome on the
sludge drying kinetic. Liming before the dewaterprgcess (i.e. pre-liming) has

better effect compare to liming after dewateringgess (i.e. post-liming). This
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is because the shear stress that impose to thgeshydthe dewatering machine

will reduce the texturing effect of lime.

Besides the effects of rheological changes onltrage drying kinetic,
heating itself could create another issue for gudgying. High temperature
heating could induce break down of organic mattaysing the emission of
volatile organic compounds. In this case heat pdrgpr may be used to reduce
the volatiles emission by drying sludge at lowenperature.

Zhang et al. (2016) has reported that it is batietonduct thermal drying of
sludge at a lower temperature (<30PDto reduce the release of benzene, thus
reducing the danger of carcinogenic formation. eaaonventional heat pump

system is suitable for this range of drying tempeea

2.4 Sludge drying using heat pump assisted dryers

Rao & Cao (2012) found that the performance seblar assisted heat
pump system is better than that with the proceskeaiting by oil, gas or
electricity in term of economic benefit for sludggidg. Throughout the drying

process using heat pump dryer, no peculiar smedlabaerved.

Yi et al. (2014) had conducted a wastewater treatmeject using solar
assisted heat pump dryer to dry the sludge inmtipg and dyeing industrial
park in Xintang town of Guangzhou city. In Yu cttyShandong, a solar assisted

heat pump which was similar to the one presenteslinyet al. (2008) was built.
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Figure 2-3

shows the schematic of the system. Mséem consisted of a

greenhouse, a sludge mixer, a heat pump systehe#ding the air and another

heat pump system to heat the floor of the greenhdisehumid air was used

as heat source for the air heating heat pump tbugpethe outside air that flow

into the greenhouse. The greenhouse’s floor watetiagp by the other heat

pump which using wastewater as the heat source.

Recovery heat
exchanger

Greenhouse

@ Heating floor

—W

Heat recovery

cireuit

Sludge Heat Pump

Ambient ;lirE u’mﬂu I Water leaving
: —— ¢ Z WWTP

(]

Heating air
Heat Pump

Figure 2-3 : Schematic diagram of Modelling of as@and heat pump sludge

drying system

Slim et al. (2008) had developed a slipping quasesmodel to evaluate

the performance of greenhouse assisted heat puutgesldrying system.

Various set point combinations had been tested ttalysthe optimum

configuration of the drying system. Slim et al. @8) concluded that the heat

pump performance and control strategy were strodghendant on the weather

in the region where the wastewater treatment plastlocated.

Schnotale, (2018) had reported the use of carboxide (CQ) heat

pump system to dry sludge. €@ a natural refrigerant (i.e. refrigerant thaitseéx
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naturally) in heat pump system as shown in Figude R is considered as one
of the alternatives to HFC as the latter is schaditd be phased out under Kyoto
Protocol. CQ has very low critical temperature of 31.1°C. There, the heat

rejection part of the system was working at thedreritical region. Hence, the
heat exchanger for heating was a gas cooler insteaohdenser. According to

Schnotale, (2018), the trans critical cycle resbitehigh compressor discharge
temperature. The author took the advantage of Higbharge temperature to

provide additional hygienization of the sludge.

Schnotale (2018) had also done the comparisonatiiér technologies
in sludge drying. The result showed that heat pyuopsessed the highest
efficient dryer as compared to others. The techgiekothat being compared are
gas technology (direct drying), oil technology (redt drying) steam technology
and Watromat technology. Watromat was also a heatppdryer but using
R404a as refrigerant. R404a is a HFC refrigerattt wery high global warming

potential.

ol
5 gas cophér
= | —1
)\ LS
Z2 23
c
o
= E intemal hed expansion @ fan
‘ o8 exchanger valve 1 |
=
b
‘ COMPressory*z1  za |
| ~ |

= evapohgtor ———_

Figure 2-4: Conception of the G@eat pump sludge drying system (Schnotale,

2018)
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2.5 Heat pump dryer

Basically, a heat pump dryer consists of a heatgpsystem and a drying
chamber. The heat pump system is responsible taderdeat to the drying
chamber for drying purpose, as oppose to the dyipers of dryers that using
different heat source such as electric heatersfirgasvaste heat, etc. However,
heat pump dryer has an additional function thatposisessed by other types of
dryers, i.e. dehumidifying the drying air. This ehpity of heat pump dryer
enables low temperature drying and start gainitgnabons from the drying

industries.

Heat pump, as implied by its name, pumps heat fower temperature
region to higher temperature region which agaihst matural flow of heat.
Similar to a water pump that pumps water from logrerund to higher ground.
For electrical heat pump, the heating output igdbr from the heat source
instead of the input power to the heat pump. Tla tieat being transferred can
be 3 to 4 times larger than the electrical powescmed. When compared to an
electric heater which converts input electricalrggeto heat, obviously, heat
pump is much more energy efficient as a heatingcdev

Most heat pumps are working on the principle ofotapcompression
refrigeration. There are 4 major components reduifer a complete
refrigeration cycle, i.e. compressor, condensepaggion device (throttling
device) and evaporator refer to Figure 2-5. Theianttht used to transport heat
is called refrigerant. The compressor would congreg2 refrigerant up to

21.74 bar in order to achieve 55°C condensing teatpe=. The high pressure

28



superheated refrigerant is then directed to a é&eatanger for heat exchange.
Inside the heat exchanger, the vapour refrigeraniidvbe de-superheated, then
condensed and sub-cooled to liquid refrigerargmajerature of 5C (design at
4.0°C sub-cool) at constant pressure. The expansitye would reduce liquid
refrigerant pressure to about 5.48 bar (correspagyidi evaporating temperature
of 3.0°C) in order to reduce the temperature frathC5to 3.0C. The cold
refrigerant would absorb the heat from the hotryyair, while the refrigerant
start boiling and eventually change from the ligiadn to vapour form again.
The circulation keeps continue until the procesteememperature achieved the

desired set point.

Besides the four main components, there are otfessary probing and
control instruments such as solenoid valves, filteer, temperature and pressure

sensors, and switches for safe operation of heapmystem.

High Pressure

High Pressure
Gas

Low Pressure

Gas \ Low Pressure
Suction Line Switch
Suction Line
Insulation Tube

Compressor Discharge Line

Condenser Coil

T
ettty

y

Liquid Line

=

Hand Valve
[]

Solenoid Valve

Low Pressure
Liquid

Filter Drier

Tnennstatic

Expansion Valve High Pressure
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Figure 2-5 : Basic refrigeration cycle
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There are many ways to integrate the heat pumpersyso drying
chamber. Depends on application and resourcesablaithe heat pump can be
either air source, water source or ground sourdehngxtract heat from the air,
water and ground, respectively. The heat pumpaade configured to provide
heating directly or through secondary medium. Fege6 illustrates a typical
heat pump dryer using water as secondary mediumh&at pump dryer consists
of a heat pump system, a heat storage tank, aaticu pump (or fan, or both
pump and fan) and other necessary probing and aionstruments such as
solenoid valves, three-way valves, temperaturepmagsure sensors. This heat
pump dryer can facilitate the integration of sadgstem or other hot water

sources.
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EXCHANGER
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Valve Drier
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Figure 2-6 : Heat pump dryer system with heat gi@ra

Air flow configuration plays an important role agv Drying air flow
is responsible of transporting moisture and hedtiwithe dryer. Effectiveness

of the drying air in transporting heat and moistwoeild affect the efficiency of
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the system as well. The air cycle of a HPD canitheeeopen type, semi-open
type or closed type. Type of the air cycle to bedudepends on the environment
conditions. For an example, if ambient air is ieky dry, the open type might
be more efficient to operate. If ambient air istiely humid, then closed type

is a better choice.

2.5.1 Configuration of heat pump dryer

The basic components of heat pump dryer includengpeessor, at least
2 heat exchangers and an expansion valve. Howebwere are other
consideration for the proper operation of a heatpdryer. For an example, in
a closed loop air circulation, the air flow througbndenser and evaporator
should be independently control. This can be dgnadaling a bypass passage
across the evaporator. Compressor with over bypidacing low pressure trip
while small bypass opening would reduce the dehificadion capability of the
dryer.

Improper design of a heat pump system can leadktificient operation
of the heat pump dryer. In more serious case, gthirliead to frequent break
down of the dryer, thus citing claims of high maimnce cost. Inappropriate
matching of refrigeration component could lead ¢d éreezing, compressor
overheating and etc. which will cause dryer dowetiand interrupting the

drying process.

Usage of less efficient components will make thgedito operate less

efficiently. For instance, scroll compressor haghkr capacity and co-efficient
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of performance (COP) as compared to reciprocatorgpressor (lain Grace,
2002). Thus, obviously heat pump system with saothpressor will be more
efficient than those with reciprocating compressOther more advanced
component like Electronic Expansion Valve (EXV) chave more precise
control in refrigerant flow compare to the conventl Thermostatic Expansion
Valve (TXV). EXV can enhance the efficiency of theat pump system by

accurately regulate the refrigerant flow (Moon, 2P0

After all the components are correctly selectedpad control strategy
is essential for efficient operation of the dry@he control strategy might
involve the correct operation of each componentelbas determining the right
operating set point. For example, in process ofudetification, the surface
temperature of evaporator must be sufficiently lowan the dew point
temperature of the on-coil air for effective morstextraction. If this parameter

is not controlled correctly, the dryer would noeogte efficiently.

2.5.2 Criteria and design consideration for a heat pump dryer

A heat pump dryer (HPD) basically consists of at lpeenp system and
a drying chamber. Heat pump system is responsiiol¢he heating as well as
dehumidification of drying air. It consumes largertion of the dryer’s input
power. Therefore, the performance of a HPD is ¢yeaffected by the
performance of its heat pump system. A differerfitigerant can affect the

performance of the heat pump system. Right chdicefagerant can improve
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the performance of heat pump. For an example, R184Ang lower operating

pressure can deliver a temperature that higher@2an Shen et al. (2018) had
designed an air source HPD in which refrigerant® &2d R134a were adopted
as the working medium for the high-stage and loagst respectively.

According to their study, the supplying temperatcae reach up to 70°C. On
the other hand, Lee et al. (2010) had designeadatwle HPD, where one cycle
used the refrigerant R124 to get a temperaturgagrédaan 80°C and the other

cycle used the refrigerant R134A to cover the lemperature range.

Heat pump dryer with closed-loop configuration tltamnsists of a
conventional drying chamber with air circulationstgm and the usual
components of an air-conditioning refrigerationtegs enables the dryer to
operate at a wide range of drying conditions wetnperature ranges from -20°C
to 100°C (with auxiliary heating) and relative hulity ranges from 15% to 80%
(Chou and Chua, 2007). Hence, heat pump dryereaséd to dry a wide range

of agriculture products.

Control strategy is very important in improving tperformance of a
HPD. Not only the control of heat pump system congmis but also the control
of drying air circulation. Yang et al. (2016) prgea a synchronous control
strategy to improve the control accuracy of a dee®p HPD’s superheat and
drying temperature. Ju et al. (2018) provided aalwation method for the
convection hot air-drying method to improve dryiefficiency and reduce

energy consumption by controlling relative humidifiable 2-3 lists the design
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consideration based on the past experience whestraoting and testing the

self-developed HPD.
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Table 2-3: Phenomena finding for the developed heat pump dryer.

Consequences of

Item Design phenomena Design considerations . .
improper design
Air velocity The opening size of outlet dischardieeted the > Size of drying chamber must Lower air velocity causes poor
effective air velocity suite to available space drying rate while too high air

> Check the maximum current velocity will cause sample fly
In the new dryer, the outlet discharge size is: electricity supply over inside the drying chamber
0.25m x 0.8 m which applying 1.2fa blower and > Expected drying time and and high power consumption.
resulting the air velocity = 6m/s energy consumption required

> Minimum and maximum
The blower selection is based on delivered air drying air stream
volume and static pressure in the system. Blower > Range of humidity inside the
motor will be integrated with a frequency inverter drying chamber
regulate the air velocity

Evaporator The size of an evaporator can affectath@wving Construction of evaporator Undersize evaporator will cause
capability: depend on: lesser moisture removal due to
> Moisture removal from the air stream > Row of coil icing and excessive liquid
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ltem

Design phenomena Design considerations

Consequences of
improper design

> Coll air leaving condition such as temperaturé ar Tube height
humidity > Fin per inch
> Position or placement of the evaporator is > Fin length

important since vertical position will have better> Air volume across the coill

refrigerant will flush back and
cause compressor failure.
Evaporator with small opening

will cause higher air velocity

condensation water flow down to drain pan. > Type of fluid media inside the across the coil, if > 3 m/s then

While horizontal placement cause condensate  tube
water hardly to drain due to direction against air Type of material

flow

moisture may carry over and

cause wetted drain pan.

Oversize evaporator may cause
poor moisture removal and
starvation of liquid while

having poor cooling to

compressor.
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Consequences of

Item Design phenomena Design considerations improper design
Compressor Type of compressor would affect theggner To size the compressor, it Oversize compressor will cause
consumption, for instance scroll is better than depends on: icing and liquid flush back.
reciprocating in term of COP. > Evaporating temperature Undersize will cause
Matching of compressor to condenser and > Condensing temperature compressor overheated and
evaporator is very important since it will affebet  As long as the selected point istripping due to safety cut off.
stability of the system under the compressor
performance envelope, the
compressor will be saved to be
used under the required
capacity.
Condenser Condenser or heating coil will affectaystem Depend on: Too big condenser coil will
operating pressure; smaller coil will cause high > Row of caoll cause wastage of material and

pressure and oversize require bigger space and
overloaded compressor due to higher refrigerant

charge.

> Tube height
> Fin per inch
> Fin length

higher manufacturing cost and

bigger space requirement.
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Consequences of

Item Design phenomena Design considerations . .
improper design

> Air volume across the coll Undersize condenser coil will
> Type of fluid media inside the cause system running in high

tube discharge pressure and less
> Type of material energy efficient.

> Capacity of rejected heat

Expansion valve Refrigerant control device Selected TXV / EEV must be  Oversize will cause refrigerant

Normally refer to thermal expansion valve (TXV) based on capacity required, typdlow hunting and unstable while

which will bring down the liquid refrigerant of refrigerant and superheat  undersize will cause insufficient
pressure and temperature before entering into  requirement cooling effect at the evaporator.
evaporator.

However, to gain better flexibility control, the
refrigerant control valve is upgraded to electronic
expansion valve (EEV) which will have better
control by referring to pressure and temperature at

the suction pipe. The opening mechanism of the
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ltem

Design phenomena

Consequences of

Design considerations . .
improper design

valve can be adjusted with software setting based o

required evaporating temperature, type of refrigera

and superheat required.

Control system

Design a control panel which wilhtrol the
components to work accordingly to the desired
control logic plus integration of safety device to

minimise system operation failure.

Consider the pressure control ofif system running under
the system. If R22 then high  pressure, then will cause
pressure not more than 26 bar insufficient cooling to
while low pressure not less thancompressor and cause the

2 bar. compressor overheated.

Circulation fan or pump must  If over pressure due to blockage
operate prior running of or heat rejection device failure,

compressor. then will be danger to operators.

In case of less heat demand due

to saturation condition, the over
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ltem

Design phenomena

Consequences of

Design considerations . .
improper design

pressure heat rejecter fan must
turn on to lower the operating

pressure.

Electrical safety components
such as current circuit breaker,
current overload, residual circuit
breaker must be integrated to
avoid short circuit and provide
protection to the components

such as motor and compressor

Control system

Humidity controller

To get humidigyel indication

or control of compressor status
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Consequences of

Item Design phenomena Design considerations . .
improper design

Control system Temperature controller To contreldmount of hot
water flowing into three-way
valve hence to achieve drying
air temperature.

Can be used to control the
compressor on/off status since
compressor can be turn off
whenever achieving the setting

of air stream temperature.

Auxiliary heaters  Built in heater In case to geghar air Oversize cause energy wastage
temperature which unable to  and undersize is unable to get

achieve by heat pump system higher air temperature.
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Consequences of

Item Design phenomena Design considerations improper design
System During start up, the simultaneously cooling and Evaporator should not be Lower net heating power
integration heating causing the temperature take longer time fgermanently located inside the prolong the heating period and

raise to desired temperature. The net heating powerying air stream. waste time and energy

solely depends on the compressor input power and

latent capacity of cooling coil. This has redudeel t

heating power of the whole heat pump system

during start up.
System During heat pump mode, when the compressor is Evaporator should not be Re-humidification of the drying
integration off, the drying air will pick up the condensate arat permanently located inside the air will waste the previous

on the cooling coil/evaporator. drying air stream, when energy that are used to
compressor is off, the drying air dehumidify the air and cause
stream should be diverted awayhumidity fluctuation.

from the evaporator.
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2.6 Sludge drying kinetic

Drying characteristic of a product can be elucidatgth drying curve
which is the plot of moisture content versus tieisture content of a product
can be described as wet basis or dry basis. Theaset moisture conteMy, is
defined as the mass of water in the produogdivided by the total mass of the

productm.

Wet basis moisture conted,,

my [2.1]

While the dry basis moisture contelly is defined as the mass of water
in the product divided by the total mass of thedpicimy,

Dry basis moisture conteritlq

_ Mw [2.2]

Generally, the drying curve can be divided inteeéperiods as shown
in Figure 2-7 and Figure 2-8, i.e. initial peridg&B), constant rate period (B-C)
and falling rate period (C-D-E). At the initial ped, the product surface
temperature is raised to wet bulb temperature leydtying air where the
moisture at the surface of product is vaporizetthéoair stream. At the constant
rate period, the product surface temperature isntaaed at wet bulb
temperature and the surface of the product is a&inwith the free moisture.
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The drying rate is determined by the water diffasiate through the boundary
layer at the air-solid interface. The water abdoelt from the drying air and
evaporated from the product surface. Some prodictsot show constant rate

period due to shrinkage and the product surfacemopletely wet.

At Constant period ,

surface of the
A sample surrounded

A B by water
Sample A- B = initial adjustment period
B -C = Constant period

C- D = First Falling period
D - E = Second Falling Period period

At the falling period , sample surface
was not fully covered by water film

Moisture
Content
Mc.dry basis

Sample

>

time (hr:min)

Figure 2-7: Typical drying curve. Moisture cont&stdrying time.

Drying Rate

A- B = initial adjustment period
B -C = Constant period

C- D = First Falling period

D -E = Second Falling Period period

>

Moisture Content dry basis
Figure 2-8 : Typical drying curve. Drying Rate vyidg time
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At the falling rate period, the moisture contenttfa surface start to
decrease, thus the evaporation rate starts toltadl.surface temperature begins
to move from wet bulb temperature to dry bulb terapee. At this period, the
drying rate is determined by the moisture diffusiate inside the product. The
moisture content is asymptotically approachingettpailibrium moisture content

and the temperature and humidity of the drying air.

The basic mass and energy balance for the sluggeggrocess can be

illustrated as in Figure 2-9.

System boundary

ma , Tal , Wal === 2 - - Bl ma , Ta2 , Wa2

Drying AirInlet —————— > | , ——> Drying Air Outlet

Product Outlet €«——
mp, Tp2, Wp2

| €—— Product Inlet
I
| mp, Tpl, Wp1

ma = air flow rate kg dry air/hr

mp = product flow rate kg dry solid/hr

Wa = absolute humidity kg water/kd dry air

Wp = product moisture content, dry basis , kg water/ kg dry solid

Figure 2-9 : Basic mass and energy balance fosltidge drying process

Mass Balance

ma.Wal + mp.Wpl = ma.Wa2 + [2.3]

mp . Wp2
Energy Balance
ma.Hal +mp.Hpl = ma.Ha2 + mp. [2.4]
Hp2 + Q
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where,

ma= air flow rate, kg dry air/hr

mp = product flow rate, kg dry solid /hr

Wa= absolute humidity, kg water/ kg dry air

Wp = product moisture content, dry basis (kg watedkgsolids)
Ha = Thermal energy of air KJ/kg

Ha=Cs(Ta-To) +Wa . HL

Cs = Specific heat capacity of moist air = 1.005 + 1.88W
Hp = Thermal energy for product KJ/kg dry solids

Hp = Cpp(Tp — o) + Wp . CpW(Tp — )

Cpp =specific heat of the product

Cpw =specific heat of the water

Q = Energy loss from the drying system

2.7 Moisture diffusivity

Moisture diffusivityis the rate of movement of water molecules from a
region of high vapour concentration to a regioloaf vapour concentration. The
moisture diffusivity of agricultural product such fuits are complicated. It not
only depends on the physical structure of the pcbdut also on the moisture
content and the temperature. Most of the moistiffasivity calculations are
based on Fick’s Laws of Diffusion. However, theseno standard way of

applying these laws on evaluation of moisture diffity.
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The moisture diffusion process often being desdrilsing Fick’s
second law of diffusion,

oM , [2.5]

where,
M = local moisture content (d.b.)
= time (S)

Dett = moisture diffusivity (n¥s)

For engineering analysis, one-directional diffus®good
approximation for practical application. Thus, e joresent study, the situation
is assumed as one-dimensional. If the sludge imasd to have geometry of
thin slab, the general solution for Equation [Z&h be derived using

appropriate boundary conditions (Crank, 1975),

8w 1 2D, rt [2.6]
- E - _ _1)2__Zefr”
MR = — 1(2n mEDY exp( 2n—-1) Iz >
n=

whereMR is moisture ratio ant is the thickness of the sludge. In most cases,
the effective diffusivity can be estimated by usordy the first term of the

general solution (Zogzas et al, 1996). Thus, EqudR.6] can be written as,

8
MR = —exp (—

LZ

T[ZDefft [27]
= = _

Then Equation [2.7] can also be written in logarit form as,
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T\? [2.8]
20 ¢

8
In MR = In— — Doy (
The moisture rati®/R of the sludge can be determined by the Fick’suditin
equation as following,

_ M — Meq [2.9]

Where,
M; = moisture content (dry basis) of the sludge aetim
Meq= equilibrium moisture content

Mo = initial moisture content
In this caseMegqis relatively smaller compare b andMo. Thus, the

equation can be simplified to,

M, [2.10]
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CHAPTER 3

METHODOLOGY

3.1 Sludge sample preparation

Sludge cake sample (after dewatering) was obtafrmd a coating
company located in Banting, Selangor, Malaysia ating to the standard
method of ASTM D346-90. The sludge sample was caiegd as waste coating
chemical (SW204) by the Waste Management Centrayda (Kualiti Alam).
The sludge cake sample was properly sealed inratighat container to avoid
water evaporation. The weight of the sample wasdpfsned and recorded
before the drying experiment. The initial moistaantent of the sludge cake
sample was about 71%. The major components ofltllge sample are copper
(65,530 ppm), nickel (61,144 ppm), chromium (50,%p&), iron (5551 ppm),

platinum (163 ppm), lead (135 ppm) and zinc (53 ppm

3.2 Prototype heat pump dryer

A prototype heat pump dryer was designed and fataicby Aire Master
Engineering (M) Sdn Bhd located at No.30, Jalangaudeluh 32/189, Taman

Perindustrian Bukit Naga, 40460 Shah Alam , Selgnig@laysia to facilitate
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the study of sludge drying using heat pump systemThis heat pump dryer
(HPD) was fitted with multiple heating elements dlledtible control systems to
study sludge drying under various drying modes.r&hgere with 3 heating
elements: (i) auxiliary electric heaters; (ii) diteexpansion heating coil
(condenser); and (iii) hot water coil (utilised ewmas secondary medium). When
performing conventional hot air drying, the heatypusystem would be switched
off and heating element (i) was used. On the dihad, when heat pump drying
Meanwhile, the dehumidifier of the HPD could beherit enabled or
disabled as required in the experiment settingrdento study the effects of
dehumidification in sludge drying. In addition, ttieculation fan was connected
to a variable frequency drive (VFD), so that the $épeed could be adjusted to
study the effects of air flow on the sludge dryirigigure 3-1 shows the

conceptual design configuration of the prototypathpeimp dryer.

—— — j
‘ —O—

Electric Heater

‘ [
i

]
| o

%

Water-| Pump -_-Hot Water-Coil -

EE I Drying Chamber

| Bypass Damper
: L

Figure 3-1 System configuration of the prototypathmimp dryer (closed mode)

~
LL Lo
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Besides the default closed loop (Closed Mode) gondition as shown
in Figure 3-1, the HPD can also be configured iop@n loop configuration
(Open Mode) and partially open configuration (Rdisti Open Mode) as
illustrated in Figure 3-2 and Figure 3-3, respeddtivIn the Open Mode, the
drying air was exhausted out of the system afterditying process and was not
recirculated back to the system. Then the blowarlevdraw in fresh air and the
drying air was heated up to the desired temperaWieen the hot drying air
passed through the sludge sample which locatedertbie drying chamber, it
would pick up moisture from the sample and thes thoisture laden drying air
would be exhausted to the ambient in the end.drPtrtially Open Mode, part
of the drying air was recirculated back to the eystand mixed with fresh air
before it was heated up to perform drying. The lgowould recirculate part of
the drying air inside the drying chamber. A smaticaint of air change was
required to keep the drying air humidity below dedilevel. Minimum heating

was needed to maintain the recirculating air teapee.
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b b Exhaust air

Exhaust air

L Fresh air

Figure 3-3 Schematic of partially open mode drying configuration
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Figure 3-4 shows the overall dimension and gersamlponent layout of

the pilot-scale heat pump dryer. The overall dinmm®ef the heat pump dryer

was 1941 mm (width) x 1544 mm (depth) x 2265 mmgtg.

Exhaust Damper

Over Pressure
Condensing Coil
Motor

Recovery Heat
Exchanger
Compressor

Circulation Blower !

Heater (I |

Compartment

S5 | Drying Chamber
Heat Pump Coil 5

TR,
Solar Coil S—

A
. e L -,
kil /] - |
Cooling Coil
HP Pump

Back View Side View

Hot Air Bypass

Figure 3-4: General layout and overall dimensiothefprototype heat pump dryer

Figure 3-5 shows that the front view of the heanpudryer where the

drying chamber was located at the centre and theuat was connected to the

drying chamber from the top. On the left-hand sides the heat pump system

compartment, housing of the compressor, hot watek,tpump and piping

system. The control panel and electrical switchrgjeeere at the right-hand side

of the heat pump dryer.
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Air Flow Duct

Extra Condensing Coil

Compressor .

Control Panel

Drying Chamber

Hot Water Tank

Figure 3-5: Front view of heat pump dryer

Figure 3-6 shows the layout of the control paneal atectrical switch
board. At the top section of the control panel Wesheat pump system control
section which controlling the compressor and catiah fan. A temperature
controller was used to control the operation of tbenpressor based on the
drying air temperature. Below the heat pump corgesition was the electric
heater control section. The electric heaters caswitched to operate in auto
mode or manual mode. A separate temperature clantwds fitted to control
the drying air temperature during auto mode. Betlogvheater control section
was hot water system control. A PID controller \fified to control the opening
of the 3-way valve to regulate the water flow ratehe hot water in order to
achieve the drying air temperature. At the bottointhe control panel was
humidity control section. A humidity controller waster-linked with the heat

pump controller to control the operation of the poessor. When switched to
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humidity control mode, the humidity controller wdubverride the temperature

controller to switch on the compressor for dehufiadtion process.

Heat Pump |
Control | o

Heater

Control

Water Pu
Control i

Humidi
Control

Figure 3-6: Control panel and electrical switchrdoa

|| Weighing

Solid
7 |StateRelay

Frequency
Inverter

Display of

Machine

EEV Driver

Figure 3-7 shows the internal of the drying chamibbe drying chamber

was 802 mm (width) x 802 mm (depth) x 998mm (héight the centre of the

drying chamber, a metal rack was fitted to holddhgng trays. The metal rack

was sitting on a weighting scale for real time vitigpmeasurement. Drying air

was fed into the drying chamber from the left sideéhe chamber and passed

through to the drying trays in parallel before Heged from the chamber

through the return air grill at the right side bétchamber.
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Internal View of Drying
Chamber

Air Return

Discharge Air Grill

Dried Sample

Figure 3-7: Internal view of the drying chamber

At the back of the drying chamber was the fan aratihg compartments.
Figure 3-8 shows the layout of the fan and heatmgponents. Fan or blower
was located at the top of the compartment, draveimghrough the heating
components. The drying air would pass through titesMater coil first, then the
direct expansion coil (condenser) and finally theilgary electrical heaters.
Depends on the operating mode, the drying air eamelated up by either one or

combination of the heating elements.
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> | Circulation Blower

> | Air Finned Heater

——> | Heat Pump Heating Coil

——> | Hot Water Coil

___~ | Heat Pump Evaporator

Figure 3-8: Fan and heating compartment

3.3 Control system of heat pump dryer

Control system of the prototype heat pump dryer wasigned by
considering the stability and safety of the dry@peration. Upon activation of
the heat pump system, the circulation fan woulcttesated first before other
components kick in. This was to ensure properietulation inside the dryer so
that the temperature and humidity sensors could givnore accurate reading
from the airstream before the controllers couldetaky corrective actions.
Activation of other components in the heat pumpesyswould base on the

measured process variables and set point of theotled variables.
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3.3.1 Temperature control

Each heating element corresponded to its dedicadedperature
controller. For electric heating, the temperatues wontrolled by a temperature
controller P+l control algorithm and regulated gs#istages heaters where

heating capacity for each stage was 4.5kW.

For hot water coil heating (see Figure 3-9), terapuee of drying air was
controlled by a PID controller and regulated usthg hot water in coil
(recovered heat from heat pump using the Plate HXg required heating
capacity could be adjusted by manipulating thevinatier flow rate to the coill
through a three-way valve. The moist laden dryingxéhausted from the drying
chamber was directed to an evaporator (dehumietiidy and then was cooled
below the dew point in order to condense the mmdtom the air stream. Later,
the cold air exited from the evaporator was heately a hot water heating coil.
If the measured air temperature was below set ptiiah the three-way valve
opening would be increased to allow higher flonerad the heating coil. In
contrary, if the measured air temperature was alsetgoint, the three-way
valve opening would be reduced to limit the hotevdlow into the coil and at
the same time bypass the hot water to a storagddaathermal storage. On top
of that, when dehumidification was not required levlthe water temperature in
the hot water storage tank had achieved its sat,gbe heat pump system would
be terminated. Thus, the hot water would not beegead further. During this
time, if heating was still required, then hot wdtem the hot water storage tank

would be directed to the heating coil.

58



Aux Condenser I
- — Electric Heater l I
Cond I
| == l I
“:::L Pump Hot Water Coil I I
- Fank - I
\ L
Bypass Damper
— g
t
= —
Heat Pump

Figure 3-9 Hot water coil heating system in the HPD

For direct expansion heating (see Figure 3-10)denser was used to
directly heating the drying air instead of throutje secondary medium (hot
water coil). Direct air heating can achieve highleying air temperature as
compared to hot water heating. A temperature ctetnoith P+1 algorithm was
used and the temperature could be regulated bgtawg on/off the compressor.
When the drying air temperature was below set ptetcompressor would be
switched on for heating and vice versa. However téimperature control would

not be as precise as hot water heating due toisheste on/off heating mode.

For in direct expansion heating without dehumidifgee Figure 3-11),
the drying air was only passed through condensdrdating. Liquid refrigerant
was diverted to an external evaporator and the migfication coil was not

operating and therefore the air was not undergoaadjng and dehumidification
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process. The air temperature was controlled bycewon/off the compressor.
This setup was to mimic the conventional hot ayirdy (without dehumidifier)

except that the heating source was from the haappmnd not electric heating.
Due to the limitation of the heat pump system, miyyexperiments were done

with drying temperature at or below 50°C.

Figure 3-10 Direct expansion heating system irHR®

Figure 3-11 Schematic of heat pump drying indireeating without dehumidifier
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3.3.2 Humidity control

Humidity control was only available during heat guoperation. If the
measured relative humidity in drying air was higtiem humidity set point, the
heat pump would be switched on to activate the wwdlification process.
Evaporator in the heat pump system would act a&hardidifier where moisture
in the air would be condensed out at the cold serfaf the evaporator. To
achieve this, the surface temperature of the e@aponeeded to be maintained
below the dew point of drying air. Meanwhile the@purating temperature of the
evaporator could be manipulated through adjustroératir flow and suction

superheat of the refrigeration system.

3.3.3 Air flow control

Drying trials were conducted with 3 different fapesds: 30Hz, 50Hz
and 60Hz to investigate the effect of air veloaty drying rate. Figure 3-12
shows the drying trays arrangement and dimensiotihhenheat pump dryer.
Basically, in the drying chamber, the air flow waessing through a stack of
trays parallelly. The passages between trays wppeogimately 365mm x
95mm. Air flow was measured using a hot wire awflmeter and then the air
velocity passing through the sample was calculbyedividing the air flow with

the tray passage opening area.
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Types of HPD configurations, namely the Closed Md&dgen Mode
and Partially Open Mode, were evaluated by manimgadhe bypass damper
opening, where 0% bypass for fully-closed, 100%asgdfor fully-open and
50% bypass for partially-open. Drying trails weomducted to investigate the
effects of bypass air on dehumidification and dgyiates. Both total air flow

and bypass air flow were measured using the hat avrflow meter.
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Figure 3-12 Drying trays arrangement and dimensidhe heat pump dryer

Air flow dynamics in the drying chamber were funtlesaluated by
developing a 3D modelling using Computational FIDighamics (CFD)
simulation. Figure 3-13 shows the computer-aidesigie(CAD) model and

the mesh profile that were used in the simulation.
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Figure 3-13 Heat pump dryer model and mesh profile

3.3.4 Process safety control

While the sensible and latent heats that absorpéadbevaporator could
be fully recovered at the condenser for sensibdgihg, the heating capacity was
always higher than required due to continuous imgait to the system through
compressor work. Therefore, a heat rejecter wasnéiasto reject this portion
of extra heat out of the system. Otherwise, thé bBrargy would accumulate
and build up in the system, subsequently causemsyststability. Initially, this
extra portion of heat would be stored in the hotewatorage tank. When the
storage tank limit was achieved, further heat ingit cause the discharge
pressure to increase. When the discharge pressagkeas the pre-set value, then
a heat rejecter would be turned on to reject theadxeat out of the system. In

contrary, if too much heat had been rejected from dystem, the discharge
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pressure would drop. When the discharge pressdrdroaped to a pre-set value,

then the heat rejecter would be turned off.

Besides, various safety devices were installedeahéat pump dryer unit
to ensure safe operation. Power supply to all etatt components were
connected to Miniature Circuit Breakers (MCBs). @p of that, an Earth
Leakage Circuit Breaker (ELCB) was fitted to protihe operators from current
leakage and electric shock. All induction composenich as compressor and
motor were protected by means of over current ptiotle devices. For
refrigeration system, high-low pressure switchegewttted to protect the

compressor and the system from abnormal operategspre.

In addition, a power meter had been fitted to réciwe total power

consumption of the dryer under different operatimades.

3.5 Heat pump sizing and capacity

Effects of heat pump sizing and capacity were itigated by using 2.0
HP and 0.5 HP compressors. Drying trials (HP50_B.&Rd HP50_2.0HP) were
performed at 50°C using direct air heating modey amhere the drying air
medium was not passing through the dehumidifiebl@a3-1 shows the

comparison between the 2 heat pump systems.
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Table 3-1: Basic info of the heat pump systems

HP50_0.5HP HP50_2.0HP
Compressor size 0.5 HP 2.0HP
Heating capacity 2.25 kw 6.30 kW
Cooling capacity 1.61 kW 4.34 kW
Evaporator air flow 233 m?/h 880 m3/h
Condenser air flow 800 m3/h 1900 m3/h

3.6 Drying experiments

Table 3-2 shows the overview of experiment triakst were conducted
to evaluate the performance of the pilot-scale peatp dryer and compare with

the performance of conventional hot air dryer.

In order to perform conventional hot air dryinge theat pump system
was switched off during the operation of the dryeit. Temperature of the
drying air was fully manipulated by the electricabeys. Hot air drying
experiment were conducted at temperature 35°C, B0RC70°C. Meanwhile,
effects of closed mode, open mode and partiallypopede were evaluated using
the dryer configurations as shown in Figure 3-lguFé and Figure 3-3,
respectively. During the drying process, all thiéaal parameters e.g. drying air
temperature and humidity, sample weight, electniergy consumption and

running hour were recorded for further data analysi
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Table 3-2: Overview of drying experiments

speed (Dehumidification Mode)

Item Type of Experiment Target Comparison
Water Extraction from sample
1 Hot air drying 35°C @ 50Hz spee
Energy Consumption
Hot air drying 50°C @ 50Hz Water Extraction from sample Compare energy and
2 speed - drying kinetic if change
P Energy Consumption of air temperature
Water Extraction from sample
3 Hot air drying 70°C @ 50Hz spee
Energy Consumption
Water Extraction from sample . .
4 |Hot air drying 50°C @ 30Hz spee . Differences in energy
Energy Consumption consumption and
Water Extraction from sample drying rate with
5 Hot air drying 50°C @ 60Hz spee different air speed
Energy Consumption
g Water Extraction from sample
6 Heat Pump drying 35°C @ 50Hz g
Energy Consumption Compare energy and
drying kinetic if change
Water Extraction from sample :
7 |Heat Pump drying 50°C @ 50Hz 3 of air temperature
Energy Consumption
Water Extraction from sample
8 Heat Pump drying 50°C @ 35Hz g
Energy Consumption
&y P Check effects of air
Water Extraction from sample | yelocity on drving rate
9 |Heat Pump drying 50°C @ 50Hz velocity on drying
Energy Consumption and energy
- consumption
Water Extraction from sample
10 |Heat Pump drying 50°C @ 60Hz
Energy Consumption
Heat Pump drying 50°C @ 50Hz | Water Extraction from sample
11
speed ( Air Temperature Setting) Energy Consumption Compare energy and
- 5 drying kinetic if change
Heat Pump drying 50°C @ 50Hz Water Extraction from sample of control logic
12 |speed ( Water Temperature
Setting) Energy Consumption
Heat Pump drying 50°C @ 50Hz
speed ( Humidity Setting) with | Water Extraction from sample Compare energy
different bypass air volume consumption and
13 |j 0cfm drying rate under
i 500cfm Energy consumption different air bypass
flow rate
iii. 1000 cfm
14 Heat Pump drying 50°C @ 50Hz | Water Extraction from sample Compare energy
speed (Heating Only Mode) Energy Consumption consumption and
- drying rate under
15 Heat Pump drying 50°C @ 50Hz | Water Extraction from sample different operating

Energy Consumption

mode
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3.7 Drying procedures

The sludge sample was divided into batches of 1(Ekgh batch was
dried under different drying mode and drying aindition for 7 hours (420 min).
Inside the drying chamber, the sample was equadtyilouted to 6 stainless steel
trays with each tray dimension 350mm x 350mm x 26 (width x length x
height). Sample weight was recorded every 15 minth& end of the drying
experiment, total energy consumption was recoraeldlze total water removal
was calculated. The drying efficiency was represgérty specific moisture

extraction rate (SMER) which was defined as follow,

SMER=

Amountof waterremoved kg [3.1]
Totalenergyconsumptia \ kWh

3.8 Heavy metals and total organic carbon

Sludge samples were sent to Permulab BVAQ (Bureatitas and
AsureQuality) laboratory (Selangor, Malaysia) faaqtitative analysis of heavy
metals and total organic carbon. Content of heagtals, namely copper (Cu),
nickel (Ni), chromium (Cr), iron (Fe), platinum {Ptead (Pb) and zinc (Zn),
were determined according to method USEPA 6010Bchvimainly using
inductively coupled plasma-atomic emission specéioy Meanwhile, amount

of total organic carbon was determined accordingéthod BS 1377-3:1990.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Hot air drying

Hot air drying experiments were conducted at teapee 35°C, 50°C
and 70°C for purpose of comparison with heat pumying. Effects of closed

mode, open mode and partially open mode were eealas well.

4.1.1 Drying kinetic

Figure 4-1, Figure 4-2 and Figure 4-3 show themdykinetics of sludge
samples under the 3 types of hot air drying modksed mode, partial open
mode and open mode, respectively, at differenndriemperatures (35°C, 50°C
and 70°C). However, hot air drying at temperaturéd@sC was not performed
for the open mode as the installed heater was sizéeand not able to achieve
the set temperature under the open mode conditiomas observed that all
sludge samples conformed the typical drying kirsetiwhere the higher the
drying temperature the higher drying kinetics (Ruaind Ajiwiguna, 2017),
regardless of type of drying mode. For closed madgpears that it took about

830 min to dry the sludge sample down to a moistargent of 2.00 kg/kg (dry
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basis) when drying was performed at 35°C. On therdtand, when drying were
performed at 50°C and 70°C then it took much shditee i.e., 440 min and
230 min, respectively, to achieve the same moistarg@ent. By increasing
temperature from 35°C to 50°C, the total dryinggioould be shortened by 47%.
If further increasing the temperature to 70°C tttal drying time is 72% shorter

as compared to that can be achieved at 35°C.

6.00
5.00

4.00

3.00 HA35_Close
HA50_Close
2.00 HA70_Close

Moisture Content (kg/kg dry basis)

1.00

0.00
0 500 1000 1500 2000 2500

Drying Time (min)

Figure 4-1 Drying kinetics of samples under hot air drying close mode at
various temperatures
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Moisture Content vs Drying Time
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Figure 4-2 Drying kinetics of samples under hotdaying partial open mode at
various temperatures
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Figure 4-3Drying kinetics of samples under hot air drying opeode at variou
temperatures
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However, when drying was conducted at the 35°Cferdint drying
modes did not have significant impact on the dryimgetic. Figure 4-4 shows
that at 35°C drying temperature, all 3 curves osetl, partial open and open
modes are superimposed to each other. This imjpléeghe drying rates are the

same for all the 3 drying modes at 35°C.
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Figure 4-4 Drying kinetics of samples under hot air drying 35°C at various air
ratios

However, at 50°C, the drying kinetic in closed maslslightly slower
than those in partial open and open modes. Figlrslibws that at early stage,
the moisture reduction under closed mode is slaserompared to partial open
and open modes, whilst the drying curves of padmdn and open modes are
identical. This could be due to the high relativenidity in the drying chamber

when undergoing closed mode drying, where the draim has picked up
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moisture that being released from the drying saraptekept recirculating in the
drying chamber. Due to the accumulated moisturehagll relative humidity,
the drying performance under closed mode is thdisaed. Meanwhile, in open
and partial open modes, the moisture laden dryingsabeing exhausted or
partially exhausted from the drying chamber dutimg drying. Therefore, the
drying performance is not much affected as thetiveahumidity is always

maintained at a lower level as compared to thatdsed mode.
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Figure 4-5 Drying kinetics of samples under hot air drying50°C at various air
ratios

Figure 4-6 shows the drying rate curves of thegdusamples. It can be
observed that all the samples showed 3 archetyghigeldg periods which consist
of initial transient period, constant rate period &lling rate period. Apparently,
constant rate period of hot air drying at 35°C (BAGlose, HA35 Partial and

HA35_Open) is much longer as compared to 50°C (HA30se, HA50_Partial
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and HA50 Open) and 70°C (HA70_Close and HA70_Harfldis indicates
that a longer time is needed to remove the sunfacesture when drying is
conducted at 35°C. On the other hand, it can beéulased that the drying
kinetics of drying samples at 50°C and 70°C areniyagoverned by internal
moisture migration where a distinctive single fadlirate period can be observed
at moisture content of 4.5 and 4.0 kg/kg dry basgspectively. It was
determined that the falling rate period is reldiMeng and take up about 64-

83% of the total drying time.
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Figure 4-6 Drying rate of samples under hot air drying at various tempratur
and air ratios

Generally, the drying rate is increasing with dgyimemperature.
According to thermodynamics principle, the heatsfar between the drying air

and moisture at sample’s surface is very much digrgron the exposing surface
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area as well as the dry bulb temperature and wbttbmperature of drying air
(Fudholiet al, 2011). Thus, when the air velocity and sampléaserarea are
kept to the same, then the drying rate is dirgothyportional to the drying air
wet bulb depression (Leniger et al, 2012). Whetdleywet bulb depression can
be increased by either increasing the dry bulb &ratpre or reducing the
humidity. However, in the present study, there wagurther dehumidification
stage in all 3 types of hot air drying mode as aotdryer does not have
dehumidification function, and hence the high dgyrate was solely attributed
by the high dry bulb temperature. As opposed teat pump dryer which doing

heating and dehumidification simultaneously.

4.1.2 Energy performance

Figure 4-7, Figure 4-8 and Figure 4-9 show the amdated energy
consumption that required to dry the sludge sarplarious moisture content
at temperature of 35°C, 50°C and 70°C under closede, partial open mode
and open mode, respectively. In order to dry thmepta to moisture content of
2.00 kg/kg (dry basis), HA50 Open has recorded Highest energy
consumption at 97 kWh, while HA35_Close has recorthe lowest energy
consumption at 13 kWh, which is only about 13.5%hait in HA50_Open. It
appears that in each drying mode, higher dryingosature would cause higher
energy consumption. This is because extra energyeésied to elevate the
temperature of the drying air to achieve the saptrature and to maintain the

set temperature throughout the drying process.,Alden air temperature is
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higher, more heat lost to the ambient through cotida due to higher

differential temperature.

However, it was observed that there were instantese lower drying
temperature could cause higher energy consumgdaoticularly when trying to
achieve a final moisture content that lower th&®Xg/kg (dry basis). It can be
seen from Figure 4-7 and Figure 4-9 that HA35 Clasel HA35 Open
recorded higher energy consumption as compared AY0OHClose and
HA50_Open, respectively. This could be due to thegér drying time took
during the last stage of drying period (e.g. slowegrmal conduction and

internal moisture migration) when drying at a lowamperature.
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Figure 4-7 Energy consumption during hot air dryttmse mode at various
temperatures
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Figure 4-8 Energy consumption during partial hot air drying open mode at
various temperatures
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Figure 4-9 Energy consumption during hot air drying open mode at various
temperatures
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Figure 4-10 and Figure 4-11 show the comparison eokrgy
consumption among the drying modes at 35°C and 5@%pectively. It can be
observed that open mode always consumes highegyeagicompared to partial
mode and closed mode. This is because in the opele,na large amount of
energy is used to heat up the incoming fresh aiohly a small portion of the
heat input is absorbed by the sludge sample torisgpthe moisture in it. Then
the remaining unused portion of the heat inpueisdpexhausted from the dryer
and thus causing energy wastage. In contrary,ddrgb mode and closed mode,
the unused heat input is recirculated back to thend chamber for the
continuous drying process. Thus, the heat inputrdguired for these 2 modes
is much lesser when compared to those in open mQaenparatively, closed
mode recirculates more drying air than partial mb@ece recovers more energy
than partial mode. For instance, HA35 Partial hesorded lower energy
consumption compared to its open mode becausegdim@ndrying period, there
are times where the recycled drying air is alreat35°C or slightly higher.
When this happen, additional heat input is not iregu Similar phenomenon
also can be observed in the closed mode. It isthagta little extra energy is
needed to raise the air temperature to higher teatyre, likewise for the dried
sample’s surface temperature. Similar observatasndeen reported by Hanif et
al. (2017) when drying wheat with desiccant grayed The author found that
desiccant grain dryer is more energy efficienthas leat that required to pre-

heat the wheat is very minimal.
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Figure 4-10 Energy consumption during hot air drying 35°C at various air
ratios
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Figure 4-11 Energy consumption during hot air dgya®°C at various air
ratios

Figure 4-12 shows the SMER of various hot air dgyimodes. In term of

SMER, HA35_ Close recorded the highest value at abdu kg/kWh while
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HA50_Open recorded the lowest value at about Ogddvkh. Generally, closed
mode recorded the highest SMER while open modededahe lowest SMER.
By considering the same drying mode, the SMER tseadesing with increasing
temperature. Initially, the SMER is low as enengyuit is used to raise the drying
air temperature and the drying rate is low befbeedrying air is raised to the
desired temperature. Maximum SMER is achieved whemoisture content of
sample weight was reduced to about 3.5 kg/kg dsysbafter that the SMER
started to drop as drying is more difficult whemface water has been dried up.
Lesser energy was consumed by the hot air dryenalewer temperature was
used, thus higher SMER was observed. Though lowgingl temperature
consume lesser energy, longer drying time is reguas compared to higher
drying air temperature. Yousaf et al. (2019) haskobed the similar result when
they investigated the drying efficiency of openda@mnd closed loop dryers. They
found that SMER and MER for closed loop system higker than the open
loop system due to significant amount of freshiraio the system during each

cycle.
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Figure 4-12 SMER of hot air drying at different temperatures and ais ratio

4.1.3 Effective moisture diffusivity

Figure 4-13, Figure 4-14, Figure 4-15 and Figut4dhow the effect of
drying temperature on the linear relationship betwegarithmic moisture ratio
and drying time. All the linear regression equasictorrelation coefficientsRf),
slopes magnitudes, interception values and effectivisture diffusivity Deff)
are determined and listed in Table 4-1. The dateals that the slopes of the
logarithmic moisture content graphs are similar witgying are conducted
under the same drying temperature regardless otyihe of drying modes
(Figure 4-16). For instance, at 35°C, the slopesliosed-, partial- and open-
modes hot air drying are determined as 0.0012'm#n 50°C, the slopes of the

logarithmic moisture content graphs are with samleesat around 0.0024 min
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1. While at 70°C, the slopes of the linear graphrarging around 0.0044 min
to 0.0045 mirt. Based on the calculation, effective moistureudiffities for all
sludge drying experiments are ranging from 5.060%m2/s to 1.8998 x 1®
m2/s. This result shows that increasing drying terafure would increase the
effective moisture diffusivity. Higher drying tenma¢ure has higher thermal
energy and thus increasing the water moleculewitgctiesulting in higher

moisture diffusivity (Shi et al, 2008).
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Figure 4-13 Logarithmic moisture content of samples under hot air drying close
mode
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Figure 4-14 Logarithmic moisture content of samples under hot air drying
partial mode
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Figure 4-15 Logarithmic moisture content of samples under hot air drying
open mode
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Figure 4-16:Logarithmic moisture content of samples duringdiodrying at
various air ratios

Table 4-1 Effective moisture diffusivity at variobst air drying mode

Condition Linear Formula R? Intercept  Slope Diffusivity

value (Deff) m?/s
HA35_Close y=-0.0012x +0.0259 0.9955 0.0259 -0.0012 5.06606 x 10°°
HA50_Close y=-0.0024x +0.0298 0.9992 0.0298 -0.0024 1.01321x 10
HA70_Close y=-0.0045x+0.0298 0.9992 0.0298 -0.0045 1.89977 x 108
HA35_Partial y=-0.0012x+0.0375 0.9967 0.0375 -0.0012 5.06606 x 10°°
HAS50_Partial y=-0.0024x + 0.0074 0.9996 0.0074 -0.0024 1.01321x 108
HA70_Partial y=-0.0044x-0.0277 0.9947 -0.0277 -0.0044 1.85756 x 108
HA35_Open y=-0.0012x+0.0389 0.9966 0.0389 -0.0012 5.06606 x 10°°
HA50_Open y=-0.0024x+0.0081 0.9995 0.0081 -0.0024 1.01321x 10
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Figure 4-17 : Diffusivity of hot air drying at vais air temperature and type of
opening

4.2 Heat pump drying

Followings are the experimental results from heahp drying trials.

4.2.1 Drying kinetic

Figure 4-18 shows the drying kinetics under thet lpeanp drying in
closed mode at temperature of 35°C (HP35) and F6f®50), together with
drying kinetics of sludge samples under hot airirdryin closed mode at
temperature of 35°C (HA35) and 50°C (HA50). It wabserved that

dehumidified air that produced by the heat pumpedwyould further promote
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the mass transfer efficiency. This can be verifigdomparing the drying curves
of hot air drying (HA35C and HA50C) and heat pumping (HP35C and
HP50C) at the same drying temperature. Moisturaatiah rates of heat pump
drying were always higher than the hot air dryinghee same corresponding
drying temperature. In line with findings reportey Yu et al. (2012) where at
similar drying temperature, heat pump dryer woudstehhigher drying rate as
compared to hot air dryer. This mainly becausehibat pump system could
dehumidify the circulated drying air and reduce wet bulb temperature, thus
further increase the wet bulb depression.

Figure 4-19 shows the relative humidity of the dgyiair in both heat
pump drying and hot air drying. Due to the dehufradtion capability of heat
pump dryer, the humidity of the drying air in h@aimp dryer is always lower
than the humidity of drying air in hot air dryen HP35, the relative humidity
can even go as low as what it can be achieved i8(HAherefore, at the same
drying air temperature, heat pump dryer can hangefavet bulb depression as
compared to hot air dryer. Table 4-2 shows theutaled wet bulb (WB)
depression and drying rate of the correspondinmdrgir condition. Apparently,
the results show that the drying rate increase WWMB depression and the
increment is almost proportional. Therefore, it banconcluded that the drying

rate is largely governed by WB depression instdddrmperature alone.
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Moisture Content vs Drying Time
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Figure 4-18 Drying kinetics of samples duringth@amp drying and hot air
drying
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Figure 4-19 Relative humidity of drying air dugiheat pump drying and hot air drying
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Table 4-2 Drying air properties in heat pump dryamgl hot air drying

DB Temp WB Temp  WB Depression Drying Rate

(°C) (°C) (°C) (-kg/min)
HA50 50+1.5 32.4+1.5 17.6+1.5 0.0167+0.0005
HP50 50+1.5 25.8+1.5 24.2+1.5 0.0200+0.0005
HA35 35+1.5 26.6+1.5 8.4+1.5 0.0078+0.0005
HP35 35+1.5 20.8+1.5 14.2+1.5 0.0133+0.0005

However, there will be a limitation in the heat gusystem where the
wet bulb temperature could not be further reduckedmthe dew point of drying
air approaching evaporator surface temperaturéiigipoint, relative humidity
of drying air in the heat pump system would achigsyequilibrium state where
the dehumidification rate (moisture extraction fayehe evaporator) is equal to
the humidification rate (moisture evaporation rata&lrying rate from sample).
Principally, in order to maintain the low relativeumidity and wet bulb
temperature, compressor in the heat pump systenidwom continuously.
Unlike a hot air dryer, where the infiltration imythg process would increase
the heating load but reduce the latent load, thikration in drying process of a
heat pump dryer would increase both the heatinglatedit load because the
recycled drying air contains less moisture con@mntcompared to the fresh
ambient air. Hence, when there is significant am@firmoisture vaporization
from sample and infiltration of fresh air, a heatp dryer would consume more
energy than a hot air dryer. This is because tmepcessor in the heat pump

system needs to be in operation continuously togown the relative humidity.
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4.2.2 Effective moisture diffusivity

Figure 4-20 shows the effect of drying temperataore the linear
relationship between logarithmic moisture ratio anging time of the sludge
sample in heat pump and hot air drying. The lineggression equations,
correlation coefficientR?), slopes magnitude, interception values and éffect

moisture diffusivity Deff) were determined and listed in Table 4-3.
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Figure 4-20 Logarithmic moisture content of samjphelseat pump
drying and hot air drying
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Table 4-3 Effective moisture diffusivity at heatrpp and hot air drying

Sample Linear Formula R’ Intercept  Slope Diffusivity
value (Deff) m2/s

HA35 y=-0.0012x+0.0259 0.9955 0.0259 -0.0012 5.06606 x 10

HA50 y=-0.0024x+0.0298 0.9992 0.0298 -0.0024 1.01321 x %0

HP35 y=-0.0017x-0.0039 0.9997 -0.0039 -0.0017 7.17692 x 10

HP50 y=-0.0026x-0.0024 0.9995 -0.0024 -0.0026  1.09765 x 10

4.2.3 Effect of relative humidity control on energy performance

Figure 4-21 shows the energy consumption of headppdryer and hot

air dryer. It could be observed that the curves H$#50 and HP35 were
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Figure 4-21 Energy consumption during heat pumjndrgnd hot air drying
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superimposed to each other despite the differencgrying temperature. In
addition, the gradients of the curves under heatgdrying were much higher
than the curves for hot air drying HA50 and HA3%n@paring between the hot
air drying trials HA50 and HA35, the gradient oétturve for HA50 was higher
than that for HA35. This had postulated that thet pemp dryer would consume
similar amount of energy regardless of the dryemgperature while the energy
consumption for the hot air dryer was increasinthwlrying temperature. This
occurred because the power consumption of the gheap dryer was mainly
used to run the compressor continuously in ordenaéintain the set relative
humidity, while for hot air dryer the power consurop was used to run heaters
that were switching on and off periodically to mtain the set temperature.

On top of that, higher drying temperature woulduiegg more heat input to
achieve the set temperature and thus consuming eneirgy.

Figure 4-22 shows that in order to dry the sludgmple to moisture
content of 3.0 kg/kg dry basis, HP50 had recoraentgy consumption of about
22kWh while HP35 consumed even higher energy aita@®kWh. On the other
hand, the hot air drying consumed much lesser grergbout 11 kWh and 8
kwh for HA50 and HA35, respectively. In this cake power consumption of
heat pump dryer was almost triple higher than ihdtot air drying. The high
power consumption in the heat pump dryer was pilyndue to the continuous
running compressor in order to maintain the setidityn However, due to the
limitation on the wet bulb temperature that it @bakhieve in the heat pump
system and also the moisture evaporation rateuofgsl sample, the additional

energy input did not bring much benefit to the dgyrate. Thus, when there was
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a controller regulating the relative humidity, tiesat pump dryer would consume

much more energy than the hot air dryer.
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Figure 4-22: Energy consumption vs moisture content

Figure 4-23 shows the comparison of SMER for hodayer and heat
pump dryer. The results revealed that SMER of peatp dryer was much lower
than hot air dryer. The high power consumptionedtipump dryer was due to
the continuous running compressor to perform thbudedification. The
profiles of SMER curves were different between lpgap dryer (concave) and
hot air dryer (convex). For the hot air dryer, 8/dER tended to increase at the
beginning of the drying session and then achievadimmum value when the

sample weight was about 5.5 kg. After that the SM&RId start to drop.
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SMER vs Moisture Content
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Figure 4-23: SMER during heat pump drying and hotig/ing

On the other hand, SMER for the heat pump dryerivasducing trend
from the beginning. This phenomenon could be dubdbthe heat pump dryer
was not heating the air directly but through seeoyndeat transfer medium,
which in this case the water. Therefore, at tharmgg of drying session, the
heat pump system was heating the water before #terveould heat up the
drying air effectively. At the same time, the dryiair medium that was passing
through the evaporator had been cooled by the fi@ap system. Thus, the
temperature of the drying air medium increased nalmiver than the drying air
medium in hot air dryer. The longer heating up tiewed higher power
consumption had restricted the increment of SMEKR What could be obtained

in hot air dryer.
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4.2.4 Effect of condenser type

Figure 4-24 shows the moisture content reductian drying time when
drying trials were conducted using condensers gt air heating mode (DH)
HP50_Air Temp and water heating mode (WH) HP50_ Waémp. The curve
for both heating modes were superimposed to edwdr.oThe result revealed
that both the drying kinetics were similar regasglef the condenser type. This
indicated that both condenser types were ableddyme the drying air medium
with the similar properties and drying force. Ndredess, Figure 4-25 shows that

the temperature control in WH mode was more stifiaie DH mode.
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Figure 4-24 Drying kinetics of samples duringth@amp drying under direct
heating (Air) and water heating (Water) modes
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Figure 4-25 Temperature profile of drying air under direct heating &l
water heating (Water) modes

In addition, Figure 4-26 shows that energy consionptof DH mode
and WH mode were about the same in overall, thdih mode tended to
consume slightly more electricity at the beginnifiglrying when it was heating
and storing thermal in the water tank. Once the \ater tank reached the
temperature limit, then the electricity consumptwould drop and eventually
consumed equal amount of electric energy as therdHe.

Figure 4-27 shows SMER at various moisture contgr@n undergoing
heat pump drying under DH mode and WH mode. Inexgeat with the electric
energy consumption trend, it was observed that @denpossessed much higher
SMER in the early stage of drying. Nevertheless,ERVfor both operating

modes were similar in the end of drying.
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Figure 4-26 Energy consumption heat pump dryer under direct heating (Air)
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Figure 4-27 SMER of heat pump dryer under diheetting (Air) and water
heating (Water) modes
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4.2.5 Effect of air flow

Drying trials to evaluate the effect of air flow eeconducted by varying
the fan speed using a frequency inverter. The grquwas adjusted to 30Hz,
50Hz and 60Hz to obtain different air flow settingshe drying chamber. Table

4-4 shows the corresponding air flow propertiesdoh frequency setting.

Table 4-4 Air flow rate in the drying chambewatious frequencies

Frequency Fan Speed (rpm) Total (?rilg/flsc))w, v Alr v(erlnc;gi)ty, u
30Hz 870£10 0.3320.02 1.59+0.6
50Hz 145010 0.53+0.02 2.5520.6
60Hz 1740+10 0.61+0.05 2.93t£1.5

Figure 4-28and Figure 4-29 show the simulated air flow profled
dynamics in the drying chamber. It can be seenwtiithtthe current heat pump
configuration and blower position, the air veloaigs the highest at the lower
part of the drying chamber i.e. Tray 3, 4, 5 andlgle Tray 1 and 2 would
experience the lowest air velocity (refer to Fig@r&2 for tray arrangement).
Therefore, it was expected that Tray 1 and 2 waualslsess the lowest drying
rate while Tray 3, 4, 5 and 6 would have the higlieging rate. Uneven air
distribution inside the drying chamber would reduttee overall drying
efficiency (Mishaet al, 2015), especially at the later stage of dryingrelthe
relatively dried sample kept on subjected to highflaw while the relatively
wet sample was not getting enough drying air medinipromote the moisture
removal. Hence, careful planning on the air flowwhpatrategic position of air

inlet feed point, use of honeycomb sheet, rotadiosample trays and etc. could
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help to reduce the effect of the uneven air flowl aonsequently the sporadic

drying kinetics.
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Figure 4-28 Simulation of air flow pathway inside the drying chamber (front

view)
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Figure 4-29 Simulation of air flow pathway inside the drying chamber (left-
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Moisture Content vs Drying Time
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Figure 4-30 Moisture content of sample at variarsdpeeds

Figure 4-30 shows the sample drying kinetics uraat pump drying
and hot air drying with fan speeds of 30Hz (1.58#@/s), 50Hz (2.55+0.6 m/s)
and 60Hz (2.93+1.5 m/s). Results showed that whedemuthe same drying
temperature, higher air velocity would promote leigrying kinetics. Same
phenomena were observed in both heat pump dryidgetrair drying. However,
when samples were subjected to the same dryingeietyse and air flow, then
heat pump drying would give higher drying kinetdise to the greater drying
force caused by lower relative humidity in the dgyair medium.

Figure 4-31 shows the relative humidity of the dgyair medium in heat
pump drying and hot air drying. Apparently, theatele humidity of drying air
medium in heat pump dryer was always lower thart thahot air dryer,

regardless of fan speed. On top of that, it wasmoesl in the heat pump dryer
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that lower air flow tended to further lower dowe ttelative humidity. This could
be due to the longer contact time between the easmoand drying air medium,
consequently resulted in increased moisture extracate (condensation) from
the drying air medium and thus causing lower reéaliumidity in the drying air
medium. However, when comparing the drying kineticBigure 4-30, it can be
seen that the effect of air velocity was more prent than relative humidity
where drying kinetics of HP50_60H2.93 + 1.5 m/s; 12.4% RH) was higher as
compared to HP50 30Hz (1.59 0.6 m/s; 9.4% RH) though the relative

humidity in the later was lower.
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Figure 4-31 Relative humidity of drying air mediwuaring heat pump drying
and hot air drying
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Figure 4-32 and Figure 4-33 show the logarithmidstuoe ratios of
samples at various fan speeds in heat pump drymdy leot air drying,
respectively. The slopes of the linear graphs dmal dalculated effective
moisture diffusivity are listed in Table 4-5 anldigtrated in Figure 4-34.

Generally, at fan speed of 30Hz (1.59 + 0.6 m/e)dlopes of the linear
graph were 0.0015 miand 0.0017 mif for HA50 30Hz and HP50_30Hz,
respectively. While at fan speed of 50Hz (2.55+tf), the slopes were
0.0024min'.and 0.0026min for HA50 50Hz and HP50_50Hz, respectively.
Then at fan speed of 60Hz (2.93 + 1.5 m/s), thpeslovere 0.0029mihand
0.0032min' for HA50_60Hz and HP50_60Hz, respectively. Bagethe slopes
from the linear regression, the effective moistali€fusivity values were
determined ranging from 6.33257 x1M2/s (HA50 30Hz) to 1.35095 x $0
m2/s (HP50_60Hz). In agreement with the findingdnying kinetics, the results
here show that when drying at the same temperahtigber air flow would
promote higher effective moisture diffusivity. Thi@stulated that higher air
flow would carry away the moisture from the samsgleface faster and thus
increase the moisture gradient between sludge saama drying air medium,

which subsequently enhance the effective moistififesdvity.
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In (MR) vs Drying Time
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Figure 4-32 Logarithmic moisture ratio at varioas Epeeds in heat pump
drying
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Figure 4-33 Logarithmic moisture ratio at varioas Speeds in hot air drying
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Table 4-5 Effective moisture diffusivity at vani® fan speeds in heat pump
and hot air drying

Dying . 2 Intercept Diffusivity
Trials Linear Formula R value (Deff) m?/s

HP50_30Hz y=-0.0017x-0.0062 0.9915 -0.0062 000 7.17692 x 18

Slope

HP50_50Hz y=-0.0026x - 0.0024 0.9995 -0.0024 0P 1.09765 x 18
HP50_60Hz y=-0.0032x-0.0008 0.9951 -0.0008 08D 1.35095 x 18
HA50_30Hz y=-0.0015x + 0.0175 0.9966 0.0175 -090 6.33257 x 18
HA50_50Hz y =-0.0024x + 0.0298 0.9992 0.0298 -240 1.01321 x 18

HA50_60Hz y=-0.0029x + 0.0105 0.9971 0.0105 290 1.2243 x 18

Diffusivity (Deff) m?%s

1.6E-08
1.4E-08

1.2E-08

1E-08
8E-09
6E-09
4E-09
2E-09

0

HA 50C 30Hz HP50_30Hz HA50C50Hz HP50_50Hz HA50C60Hz HP50_60Hz
Type of Condition

Diffusivity (m?/s)

Figure 4-34: Diffusivity at various fan speed fartkair and heat pump drying
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Figure 4-35 shows the total energy consumptiohe@hieat pump drying
and hot air drying at various fan speeds. AppayehtP50 60Hz recorded the
highest electricity consumption meanwhile HA50_30dbigged the lowest. In
overall, it was observed that the continuous opmrabf compressor in heat
pump dryer was the main reason for the higher gneopsumption when
compared to hot air drying. Nevertheless, in batying modes, the energy
consumption was increasing with fan speed.
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Figure 4-35 Energy consumptions of dryer duriegttpump drying and hot
air drying at various fan speeds

Figure 4-36 shows the SMER of heat pump drying lastdair drying at
various fan speeds. Generally, SMER of hot airrdyyivas higher than heat
pump drying. It could be postulated that in heampudrying, the energy
consumption was largely attributed by the compresSomehow, the fan
electricity consumption was relatively small as pamed to the compressor

electricity consumption. On top of that, it was eb®d that the SMER of
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HP50_60Hz was the highest among the heat pump dastples although it
logged the highest electricity consumption. Thailtegvealed that the electric
power input for the fan in heat pump dryer was Wwpds the higher air velocity
could help to enhance the drying kinetics and hdangarove the moisture
extraction rate. In contrary, though the dryingétia increased with the fan
speed, the SMER in hot air drying was decreasell thé electric power input
for the fan. For instance, drying kinetic for sasmplA50_60Hz was the highest
among the hot air dried samples but in term of SMERas the lowest.
Therefore, it can be proposed that high air flomas necessary when come to
hot air drying. Air velocity around 2.5 m/s would the optimum air flow rate

to achieve the optimum drying rate and energy iefficy.
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Figure 4-36 SMER of heat pump drying and hotlaying at various fan speeds
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4.2.6 Effect of bypassair ratio

Drying trials were conducted to study the effectgpass air ratio by
manipulating the bypass damper opening, e.g. fildlged (no or 0% bypass),
fully-open (maximum or 100% bypass) and partialhen (half or 50% bypass).
Table 4-6 shows the air flow rate in the dryingrobar at the different bypass

air ratio.

Table 4-6 Air flow rate in the drying chamber affelient bypass air ratio

Fully-Open Partially-Open Fully-closed

Total Bypass Total Bypass Total Bypass

Air flow rate (m¥/s)  0.53 0.25 0.52 0.20 0.51 0.00

For heat pump drying, the main purpose of havingalsg air was to
reduce dehumidification load at the evaporatortand reduce the sensible heat
ratio (SHR). It was presumed that with lower SHRyrenlatent heat capacity
could be recovered from the evaporator and subsdguenhance the
dehumidification capability (Parker et al , 199ndings showed that when the
bypass damper was partially open, the bypassaair .20 ni/s) would be just
slightly lower than that when the damper was folben (0.25 rfis). Therefore,
it was expected that there would be a very sindlging performance among
the fully open and partially open modes. Figure74shows the moisture
reduction kinetics of sludge samples under heatpodnying at 50 °C with

different bypass air ratio.
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As expected, the drying kinetics for partially opamd fully open were
almost the same where the curves were nearly supesied to each other. On
the other hand as shown in Figure 4-37, it wasobsethat when the damper
was fully closed and no bypass air (where all dyyair medium being circulated
back to drying chamber after passing through ttagerator), the drying kinetic
would drop significantly. This could be due to theor dehumidification of
drying air medium at the evaporator when there axaeswhelm of warm and
moisture laden drying air medium passing througiMibreover, the elevated
temperature at the evaporator would result in amease of sensible cooling
while experiencing decrease in latent cooling. €fae, less moisture
extraction (condensation) from the drying air medliln the worst case scenatrio,
where the evaporator surface temperature was higherthe drying air dew
point, there would be no dehumidification occur &t at the evaporator

(Ananthanarayanan, 2013).
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Figure 4-37: Moisture content for different bypagening at heat pump 50°C
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Figure 4-38 shows the relative humidity of dryaigmedium under heat
pump drying at 50 °C with different bypass air @atiWhen the damper was
fully closed, the relative humidity was recordecaiund 16% RH. Meanwhile,
the relative humidity when damper partially oped &rnlly open were logged at
13% RH and 12% RH, respectively. In agreement Wighprevious findings, it
appeared that the high relative humidity in théyfalose mode was due to the
poor dehumidification at the evaporator. It carrdmmmended that the bypass
air ratio should be adjusted and controlled basethe surface temperature of
the evaporator, where ideally it should not go kigthan the water dew point.
Nevertheless, optimum bypass air ratio would béedsht depends on the
application and heat pump configuration. Liu et @018) had reported that the
optimum SMER was obtained at 40% bypass air fordfalbying while
Soponronnarit et al. (2000) reported that the et$ing for seed drying was with

0% bypass air.
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Figure 4-38 Relative humidity in the heat pump dryer at défetr bypass air
ratios
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4.2.7 Effect of dehumidification

Effect of dehumidification was evaluated togetherthwenergy
consumption of the heat pump dryer. Figure 4-39 kigdire 4-40 show the
drying air temperature and relative humidity, redpvely when the heat pump
dryer was configured with dehumidifying mode (HPB@hum) and heating
mode (HP50_Heating).

In both modes, the temperatures increased equadty If took about 15
min to elevate from initial temperature at about@7o 50°C. However, it can
be seen that temperature profile for the HP50 _IHgatiode was more fluctuated
when compared to HP50_Dehum. Among the reasond beullue to the on-off
cycle of compressor in the heat pump system whiging to control the
temperature at the set temperature when the evapevas not used to perform
the dehumidification. On the other hand, in HP5Ghie mode the compressor
was continuously running for the dehumidificatiopecation while the
temperature was controlled by cycling the auxiliaondenser. Therefore, the
temperature fluctuation was much smaller.

As for relative humidity profile, apparently thdatve humidity of the
drying air medium in the HP50_Dehum mode coulddiypieduce to about 17%
RH in 30 min. Meanwhile, relative humidity of theyahg air medium in the
HP50 Heating mode was slightly higher which rangingm 28% RH to
minimum 20% RH, where the lowest RH could be adkieat about 150 min

after commencing the dryer unit.
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Temperature vs Drying Time
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Figure 4-39 Drying air temperature during heahpudrying with
dehumidifying mode and heating mode
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Figure 4-40 Relative humidity of drying air meatiwuring heat pump drying
with dehumidifying mode and heating mode
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Figure 4-41 and Figure 4-42 show the drying kireetand energy
consumption of heat pump drying 50°C with dehunyididj mode
(HP50_Dehum) and heating mode (HP50_Heating), otispeéy. In agreement
with the findings in previous sections, the drymnage and energy consumption
in dehumidifying mode (HP50_Dehum) were higher ttreat in heating mode.
It was found that the drying rate of samples urtderdehumidifying mode was
about 13% higher than that in heating mode. Thimalestrates that a low
relative humidity in drying air medium plays a dalcrole in enhancing the
drying kinetics particularly during initial stagd drying. However, drying
during the later stage when the moisture contesaofples getting low, then the
effect of humidity would become insignificant asmgmared to heating mode
(HP50_Heating) (Zeguang Lu et al, 2016). The eneaysumptions of both
modes were about the same at the beginning of girpat the energy
consumption of dehumidifying mode increased sigaiitly after 75 min of

drying as compared to heating mode.
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Moisture Content vs Drying Time
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Figure 4-41  Drying kinetics of samples underthpesnp drying with
dehumidifying mode and heating mode
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Figure 4-42 Energy consumption of heat pump dayeter dehumidifying
mode and heating mode
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If drying time is not of concern and only focus the energy required
corresponds to the final moisture content of sampigure 4-43 shows the
comparison of energy consumption between the dedifyimg mode and
heating mode at various moisture contents. It aj@oethat at the early stage of
the drying process, HP50 Dehum mode consumed dbeutame energy as
HP50_ Heating mode, but when the moisture conterthefsample dropped
below 4.00 kg/kg dry basis, HP50 _Dehum mode graygli@nsumed more
energy compared to HP50_Heating mode. The total rggneused in
dehumidifying mode was recorded at 29kWh which alasut 38% higher than
that in heating mode, where the energy usage v&2 jukWh. This could be
due to the continuous operation of the compresstine HP50 Dehum while

periodic operation of compressor in HP50_Heating.

Besides the compressor, the main energy consumiptidR50 Heating
was from its auxiliary condenser fan. During theinly process, when the
temperature at the heating coil (condenser) washigl, then the extra heat
would be ejected to the surrounding through theiliamx condenser, hence
triggered the operation of the auxiliary conderiaar On the other hand, as for
the HP50_Dehum mode, drying air medium that apgriogcthe heating coill
was a cold dehumidified air that exhausted from tehumidifying coil
(evaporator) where its temperature was much lowdrcauld absorb more heat
that being ejected from the heating coil, henceuced the operation of the
auxiliary condenser. Nonetheless, results showatthie energy consumption

of the auxiliary condenser fan was lower as congh&yehe compressor.
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In addition, SMER for both drying modes were cahtedl and illustrated
in Figure 4-43. It was observed that at initiagstathe SMER of dehumidifying
mode was much higher than the heating mode. Howetfter the peak value of
0.275 kg/kWh at the 5min, the SMER dropped rapidly. Meanwhile in the
heating mode, the SMER was low initially, but slpwached the peak value of
0.265kg/kWh at about the 180nin. Then the SMER slowly dropped to about
0.230 kg/kwh at the end of experiment. This sugggksiat the drying efficiency
could be higher for a heat pump dryer operatingeghumidifying mode in the
initial stage when the drying air medium was moistiaden and the
dehumidifying coils could perform effectively. Thgiu when the relative
humidity of drying air medium was reduced to a stadpere the dehumidifying
coil was no longer performing effectively, then thging efficiency would drop
and eventually lower than that could be achievdtemting mode (Minea, 2016).
Therefore, it can be proposed that dehumidifyinglenshould be used in the
beginning of the drying operation when the moisttoatent of sample is high
while it must change to heating mode when the mmastontent of sample is

lower than 4 kg/kg dry basis.
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SMER vs Moisture Content
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Figure 4-43 SMER of heat pump dryer under dehifymndy mode and
heating mode

4.2.8 Effect of heat pump compressor capacity

Drying trials were conducted at 50°C by employirepthpump dryer
coupled with compressors of 4.0 HP, 2.0 HP andHR5Results from hot air
drying 50°C were used as comparison purpose.

Figure 4-44 shows the drying kinetic under hodayting and heat pump
drying with compressors of 4.0 HP, 2.0 HP and (/5 Hwas observed that all
the drying curves were superimposed to each ofliner results showed that the
drying kinetics were mainly governed by drying eondition, regardless of

drying mode and heat pump size. As long as thendrgir temperature, air
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velocity and relative humidity are the same, tHendrying kinetics will be the
same.

Figure 4-45 shows the total energy consumptionréngired to dry the
sludge samples to various moisture contents dethperature of 50°C. In order
to dry the sample to a moisture content of 3.0&kdglry basis, HP50_4.0HP
records the highest energy consumption at 16 kWhewhe lowest energy
consumption was achieved by HP50_0.5HP at abolvB. IHP50_2.0HP and
HA50 were in the between, recorded at 13 kWh ankWh, respectively.
According to the results (for 10 kg sludge sampilehen the drying air
conditions and sample load were the same, thenpoeap dryer with a smaller
compressor would be more efficient. This had intptleat for an energy efficient
heat pump drying, the compressor capacity mustized saccording to the
sample load and desired drying rate. As demonsitiatéhe previous sections
that the most energy consumption part in the heahgp dryer was the
compressor. Therefore, oversize of compressorméat pump system for sure
would result in higher energy consumption rathemtlenjoying the benefits

from it.

115



6,00

5.00
E 400
E
3 —d— HPS0_4.0HP
v 3.00
> HF50_2.0HP
B
L D 18 3
< 200 —o— HP50_0.5HF
—— HASD
1.00
0.00
i} 50 100 150 200 250 300 350 400

Drying Time (min)

Figure 4-44 Moisture Content of samples under paatp drying with various
compressor sizes

—i— HPS0_4,0HP
HPS{_2.0HP

0
3 —a— HPS0_0.5HP

—8— HASD

Energy Consumption (kWwh)

0.00 1.00 200 3.00 4.00 5.00 6.00
Moisture Content (kg/kg dry basis)
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4.3 Quality analysis of dried sludge samples

Figure 4-46 shows the total organic carbon conidrite Figure 4-47
shows the heavy metal content in raw sample asaselamples under heat pump
drying at 50°C (HP50) and hot air drying at 50°GA\g@8®) and 70°C (HA70). It
was observed that the total organic carbon comtesamples had increased to
0.16% to 0.21% after drying. The results implieatttirying below 70°C would
not degrade much the total organic carbon but woolttentrate it instead after
the removal of moisture content. Nonetheless,dta brganic carbon in HA70
was slightly lower in the sludge composition as paned to HP50 and HA50
probably due to some thermal degradation duringditygng at slightly high
temperature.

On the other hand, it was observed that total amotimost heavy
metals was reduced after drying, except platinuonsfgnificant reduction) and
zinc (significant increment). Apparently, the corapion of the heavy metals
had changed after the drying though all the heaeyats were not heat labile
materials. Referring to , boiling points of the iganetals (327.46°C to 1907°C)
were far above from the drying temperature (50°@@6C). Therefore, the
reduction was not caused by thermal degradati@vaporation. Instead, it was
postulated that some of the heavy metal particie®lying and then trapping
inside the dryer chamber and air flow ducting amegowder precipitations
were observed on the wall surfaces. The loss ohéay metals became more
obvious when the final moisture content was low,ifistance total amount of
heavy metals in HP50 and HA70 was lower as compar¢tA50. Physically,
sludge samples with lower final moisture contentildcappear powderier and

looser. This made the heavy metals particles etsigr and carried over by the
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drying air medium. According to Table 4-7, atomiowber and standard atomic
weight of zinc and platinum were higher as compacedther heavy metals.
Hence, this had made zinc and platinum less terydenity and deposit on the
wall surface. Consecutively, amount of zinc andipiam was well preserved in
the dried samples.

Results revealed that although the drying did regrdde the heavy
metals in the sludge samples thermally, safety emscmust be given to the
flying particles particularly if the drying air meeosin would be exhausted during
the drying process. Discharge of heavy metal gagtim the drying air exhaust
would then bring safety and health problems toubers. Furthermore, deposit
of the heavy metals could bring other issues likgdifg and corrosion as well
to the components in the dryer. Therefore, progienaon must be given when
designing the drying trays, air pathway, parti¢iéstion and collection in order

to reduce the flying powder particles and discharfgearmful substances.
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Figure 4-46 Total organic carbon content in samples
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Figure 4-47 Heavy metal content in samples
Table 4-7: Properties of heavy metals
Boiling Standard
Parameter temperature atomic
(°C) Atomic number  weight Ar°(E)
Chromium 1907 24 51.996
Iron 1538 26 55.845
Nickel 1455 28 58.693
Copper 1084.6 29 63.546
Zinc 419.5 30 65.38
Platinum 3827 78 195.08
Lead 327.46 82 207.2
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CHAPTER 5

CONCLUSION & FUTURE WORKS

5.1 Conclusion

The present study represents a scarce investigatidrying of industrial
electroplating sludge by using a heat pump drydachvrarely being reported in
open literatures. Industrial electroplating sludggmples were dried under
various conditions using a pilot-scale heat pumpedr Both drying
characteristics of sample and energy efficiendyeait pump dryer were studied.
Comparisons were made against conventional hadrging. In overall, heat
pump drying with proper dryer configurations andtisgs was found to be a
good drying method for industrial sludge as it akal better drying rate and
enhanced energy efficiency as compared to othenglmyethods. Hence, this
justified the feasibility of heat pump drying ferdustrial sludge. Followings are

the significant findings from the present study.

I Drying kinetics and characteristics of the industral sludge

It was found that drying kinetics of all sludge sdes conformed to a
typical drying curve when undergoing heat pump myywhere they consisted
of constant rate period and falling rate periodriby constant rate period, the
drying rate was proportion to the wet bulb dep@ssif drying air medium when

the air flow was remained constant and the heastea surface was the same.
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Whereby the wet bulb depression could be increbgeaither increasing the dry
bulb temperature or reducing the humidity. Gengrdligher drying rate could
be obtained with higher drying temperature and tawkative humidity. Similar
trend was observed in the effective moisture difits as well (Hosairet al,
2016). Comparing to hot air dryer, heat pump dmnith dehumidification
capability could achieve higher drying rate at salmgng air temperature. This
was because heat pump dryer could generate dryingeadium with lower
humidity and hence having higher wet bulb depressis compared to a

conventional hot air dryer.

ii. Energy efficiency of a heat pump dryer for sludge dying application

In overall, heat pump dryer would be more enerdigient than hot air
dryer if proper configuration and control strateggre used. Hot air drying trials
revealed that drying temperature was the key pasnte obtain high drying
rate, where the higher the drying temperature, higher the drying rate.
However, the high drying rate did not imply higheeyy efficiency. In fact,
higher drying temperature would consume more en&vggchieve the same
moisture content of sludge sample that could baiobtl at a lower drying
temperature. Hot air drying at™@® recorded the lowest SMER as compared to
50°C and 35°C. On the other hand, results illusttdhat SMER curves were
different between heat pump dryer (concave) anaginatryer (convex). SMER
for the hot air dryer tended to increase at thenmagg of the drying session
while SMER for the heat pump dryer was in redudnegd from the beginning.
This was due to the heating mechanism of both drydren generating the

drying air medium.
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ii. Impacts of configurations of heat pump components rad control
strategies

a. Effect of relative humidity control

SMER of heat pump dryer was much lower than hotleyer when a
controller was used to maintain low relative hurtyidgin the drying air medium,
where high power consumption was required to rercttimpressor continuously
in order to perform the dehumidification and méet $et point. In addition, due
to the limitation on the wet bulb temperature tbatld be achieved in the heat
pump system and also the moisture evaporation aatgdudge sample, the
additional energy input to control the relative hdiy did not bring much

benefit to the drying rate.

b. Effect of condenser type
Drying kinetics were similar regardless of the cemger type as both
condensers were able to produce the drying air unediith the similar
properties and drying force. Nonetheless, tempezatantrol in water heating
mode (WH) was slightly more stable than directh&iating mode (DH) though
DH mode possessed much higher SMER in the earlgesta drying.
Nevertheless, SMER for both condenser types beamitar in the end of
drying when the WH mode stopped heating and stahegnal in the water tank
once it had reached its set limit.
c. Effect of air flow
Simulation of air flow profile and dynamics showétht there was

variation of air velocity in the drying chamber wléhe uneven air distribution
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could reduce the overall drying efficiency. Therefat is essential to review
and improve the air flow path to reduce the effd@cthe uneven air flow and
consequently causing the sporadic drying kinefloying trials disclosed that
the effect of air velocity was more prominent thalative humidity. In addition,
when drying at the same temperature, higher aw ficould promote higher
effective moisture diffusivity. It was observed titlae energy consumption was
increasing with fan speed. Heat pump drying witle thighest fan speed
(HP50_60Hz) had logged the highest electricity comstion but at the same
time it recorded the highest SMER among the heapdrying trials. The result
revealed that the electric power input for theifaheat pump dryer was worthy
as the higher air velocity could help to enhaneedtying rate. However, when
comparing with hot air drying, SMER of hot air drgi was higher than heat
pump drying. It could be postulated that the faeceicity consumption was
relatively small as compared to the heat pump cesgar -electricity

consumption.

d. Effect of bypassair ratio

Results showed that the drying kinetics for pdstiaben mode (50%
bypass) and open mode (100% bypass) were almosathe since their air
velocities were not far different. Meanwhile, dryirkinetic would drop
significantly in closed mode (0% bypass) due tatleéfective dehumidification
of drying air medium at the evaporator when theas werwhelm of warm and
moisture laden drying air medium passing througi®in the other hand, it is
observed that drying under open mode consumed itffeest energy while

drying under the close mode consumed the leasggnkrwas recommended
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that the bypass air ratio should be adjusted antr@ted based on the surface

temperature of the evaporator.

e. Effect of dehumidification
Results showed that the drying kinetics of sampiewier the
dehumidifying mode (HP50_Dehum) was about 13% higfen that in heating
mode (HP50_Heating). However, the dehumidifying endzecame energy
inefficient at the later stage of drying. Therefoie was proposed that
dehumidifying mode should be used in the beginmihthe drying operation
when the moisture content of sample is high whilmust change to heating

mode when the moisture content of sample was |thaer 4 kg/kg dry basis.

f. Effect of heat pump compressor capacity

Results revealed that drying kinetics were maimyeagned by drying air
condition, regardless of heat pump compressor gigdong as the drying air
temperature, air velocity and relative humidity evéihe same, then the drying
kinetics would be the same. To obtain energy effitheat pump drying, the
compressor capacity must be sized according tedneple load and desired
drying rate. Oversize compressor would result ighlr energy consumption
rather than enjoying the benefits from it. For akfOsludge sample, a 0.5 HP
compressor (HP50 0.5HP) was the most energy effiegie compared to other
bigger sizes.
V. Quality analysis of dried sludge samples

The total organic carbon did not degrade in the peap drying but was

concentrated instead. It was found that the heastals in the dried samples
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were not degraded thermally but were carried oweait flow ducting and
deposit on the wall surface. Proper design of ttyend tray, air filtration and

particles collection were needed to ensure thdysafdhe users.

5.2 Limitations and future works

There are still a lot of improvement work for thegent pilot heat pump
dryer based on the limitations that we encountel@thg the fabrication and
construction stage of the heat pump dryer. Thezeadew improvement works
are suggested to be considered on the design asttection of the heat pump
dryer to increase the drying performance. The &trohs and suggestions are

listed as follow:

i.  The current pilot heat pump dryer can only deliuprto around 50°C
drying air temperature. However, since the expanisibave concluded
that better drying kinetic can be achieved at highging temperature,
there would be an essential design consideratiolevelop a heat pump
dryer which capable to deliver higher drying airmgeerature.
Compressors operated with low or medium pressurigeeant such as
R134a shall be consider due to the capability tovelehigher drying
temperature at lower operating pressure. The maxinaying air
temperature that can be achieved by using such remsqr shall be
determined by carefully study the operating envelbihve compressor.

ii.  Currently, the heat pump dryer was fitted with igeed compressor.
Thus, whenever system reaching the desired temyperaét point, the

compressor will stop operating. Compressor willtbmed on again
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when the drying air temperature is lower than #regderature set point.
The Frequent start stop of the compressor will eallie system to
operate less efficiently and consume more energypeoe to variable
speed compressor. Variable speed compressor calategs output by
varying the rotating speed based on the heatingaddrof the system.
Adjusting the heating capacity according to thetihgaload would
prevent capacity fluctuation that cause by the stap of the fix speed
compressor. Variable speed compressor coupled wldcttronic
expansion valve would achieve 30% and 40% energypgaccording
to compressor manufacturers (Kuppusamy, Shanmudasam and
Kumar, 2019).

There are corrosion stains found inside the dryghgmber after the
drying process had been carried out for few monthsvas clearly
indicated that the sludge sample has containe@®sigg solvent such as
sulphuric acid. After drying process, the corrospagticles enter the
drying air stream and cause acidic drying air wtiohld corrode the
heat pump dryer. To overcome the problem, the drgim path and
drying chamber of the heat pump dryer can be censitito be made by
corrosion resisting material such stainless std@ Gasing while the
condenser and evaporator fin shall be coated witicarrosion coating
or constructed with corrosion resisting materigloalBesides that, the
dried sample in powder form shall be trap wittrdilion system to avoid
leaking of heavy metal to outside environment.

The current pilot heat pump dryer is designed fqgegiment purpose

which can only process around 10kg of sludge sarijpl&l 6 trays with
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Vi.

each tray size at 350mm x350mm x25mm, are insafficto dry big
quantity of sludge and thus, bigger volume of dgychamber is required
for huge quantity of sludge. The volume of dryifgamber should be
aligned with heating capacity for better of eneegfyciency. The basic
commercial size of drying chamber for sludge drysigoking at around
300kg/batch. Therefore, the next design of heatgodnyer shall start
with 300kg/batch.

The drying experiments had shown that the heat pdirygr is operate
efficiently at the constant period, but not ascadint as hot air drying at
the falling period. Therefore, continue using heamp drying during
falling period will reduce the overall efficiency the dryer. Therefore,
the next development of heat pump dryer shall po@te
programmable logic controller (PLC) to control tthe/ing stages with
different setting of drying air temperature and ity at individual
stage. The drying process can be shifted to subségying stage base
on drying period or moisture reduction weight.

The current pilot heat pump dryer with manual damgeening is
difficult to control the require airflow pass thigluthe dehumidification
evaporator. Too much airflow with high drying aemperature will
cause lesser condensation at the evaporator andfdres higher
humidity in the drying air stream. In order to havwetter control of
condensation rate at the evaporator, the bypaspetashould be fitted
with a motorized actuator with analogue signal muntThe bypass

opening will be controlled based on evaporatoraaaftemperature. If
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Vil.

viii.

evaporator temperature is higher than the set pihieh bypass opening
shall be increased and vice versa.

The air finned heaters shall be installed insidaiafiow adapter box to
reduce the air bypass ratio. If the air bypas® riathigh, the drying air
does not contact the air finned heater effectiaslg thus reduce the heat
exchange efficiency. The research study (Hall82®hs shown that the
fan energy consumption is relatively small comperecompressor.
Therefore, with the installation of the air flowagdor box, the fan energy
consumption will not significantly increase whileet effectiveness of
heat transfer from heater will increase effectively

The existing pilot heat pump dryer is assisted loy &ir system.
However, there are other hybrid heat pump dryensbeaconsidered to
achieve further energy saving. Heat pump dryeistss$iby microwave
or infra-red might have better energy saving comparhot air heater
(Hosainet al, 2016),(Zielhska et al, 2020). Further study shall be
carried out on the new combination drying systemh terefore, could
provide alternative solution to industrial owner fbeir sludge drying

application.
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APPENDIX 1

Calculation of Heat Transfer Coefficient

During the constant rate period, assuming all #eg kransfer from the air to the
sludge has vaporized the water on it, then the thaasfer from the air to the
sludge,
mA,, = hA(T, — T,,)

wherem is drying rateT, is dry bulb temperature of drying &, is the web
bulb temperature of drying air and,, is the latent heat of vaporization at
temperaturd,,. We can also express the above equation as,

mA,, = hA x wet bulb depression of drying air
Latent heat of vaporization of water at correspngdiemperature can be
calculated from the equation below,

Latent heat of vaporization (kJ/kg) = 2500.8 — 2.360.00162 — 0.00008°

whereT is water temperature in degree Celsius.
Taken the data from Tabke2, the heat transfer of sludge drying is calculated

and shown in table below,

wB . A mA
T, . Drying Rate w W
oW Depression : kJ/k kw
) e (kg/miny (kg (kW)

HA50 32.4+15 17.6x1.5 0.0167+0.0005 2424+3.4 0.67+0.002
HP50 25.8+1.5 24.2+1.5 0.0200+0.0005 2440+3.4 0.81+0.002
HA35 26.6+1.5 8.4+1.5 0.0078+0.0005 2438+3.4 0.32+0.002
HP35 20.8+1.5 14.2+1.5 0.0133+0.0005 2452+3.4 0.54+0.002
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Plotting heat transfer against wet bulb depressi@nget the chart below,

Heat Transfer Rate vs Wet Bulb Depression
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From the chart above, th&\ is approximated as 0.0359 kW/°C. Since the heat
transfer surface ared is unknown, then the heat transfer coefficient is
calculated based on tray arbgy hence

hA = hrayArray
where total tray area is 6 x 0.315m x 0.365m = @88 Therefore,

hiray = 0.0359/0.690 = 0.0520 KWHC.

Drying trials were conducted with 3 different fgseeds to investigate the effect
of air velocity on drying rate. Three frequenci8®Hz, 50Hz and 60Hz) were
selected by adjusting the frequency inverter. Bndhying chamber, air flow is

passing through a stack of trays. The passagesbettxays are approximated
as 365mm x 95mm. There are 6 passages in totdhasdhe total cross section
area of passages is,

6 x 0.095m x 0.365m = 0.208°m
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Hence, the air velocity inside the passagean be written as

u=V/0.208

Table below shows the result of measurement ariledkd data for different

air flow.

Frequency Fan Speed (rpm) V (m3/s) u (m/s)
30Hz 870 0.33 1.59
50Hz 1450 0.53 2.55
60Hz 1740 0.61 2.93

Reynold’s number of the flow is defined as,

_ puby
u

Re

wherep is air densityDn is hydraulic diameter andis the dynamic viscosity.

For rectangular passaday is defined as,

D_4A
h= p

whereA is surface area aritlis wetted perimeter. Therefore, for the passage,

_ 4(0.365 x 0095)
"™ 2(0.365 + 0.095)

= 0.151m

Viscosity of air can be calculated using the Su#metr Equation,

bT3/2
T+S

M:

whereb andSare constants whil€ is temperature in Kelvin.
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For air,b = 1.458 x 16 —& andS=109.1 K.

m-s.K1/2

For drying air at 50°C,

1.4592 x 107° x (50 + 273.15)3/? . kg
U= =1.961 x 1075 ——
(50 + 273.15) + 109.1 m-s

Density of the air can be calculated using perjast equation,

Patm

RT

wherePam is atmospheric pressuiRjs gas constarR = 0.287 kJ/keK.

At 50°C, the density of air is

_ 101.325 10925 kg
©0.287 x (50 +273.15) m3

p

Substitute the calculated values ifRe equation, the Reynold’s numbers for
30Hz, 50Hz and 60Hz air flow are as shown in theld#age 138). For flow
in rectangular passage, the flow is turbulent wRer> 1000q2009 ASHRAE
Handbook — Fundamental (Sl), 4.17). Thus, all thiaws in drying trials were
turbulent in the drying chamber.

For turbulent flow in rectangular passage, Gnidlinsorrelation is used to
calculate the heat transfer coefficient of theflaw. Gneilinski correlation is

written as

(%) (Re —1000)Pr

Nu = .[1 + & 2/3l
127 (£ (- 1) L)

whereNuis Nusselt numbeRr is Prandtl number anglis Darcy friction factor.
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Prandtl number is defines as

HGyp
Pr =
Tk

where(, is specific heat capacity akds thermal conductivity. The correlation

of thermal conductivity and temperature using Suiéimel equation is

_ 2.334x107% x T3% kW
B T + 164.54 m - K

Thus, for air at 50°C

2.334x107% x (50 + 273.15)3/2
= =2.78x1075 —
50 +273.15 + 164.54 m - K

The specific heat of air can be calculated usirgoiiadratic equation,

C, = 1.0305 — 1.9975x107*T + 3.9734x107'T*

SubstituteTl with 323.15 K,

C, =1.0074 K]
p— = kg K

Hence, the Prandtl number for air at 50°C is

p. _ 1961 X107 x 1.0074
"= 2.78 x 10-5

=0.71

With turbulent flow, the Darcy friction factor cabe calculated using
relationship developed by Churchill (1977) whiclaidable in 2013 ASHRAE

Hand book — Fundamental 3.7.
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1/12

12
r=9)(z) *aTm

1 16

(7/Re)?° + (0.275/Dh))]

A= [2.457 In (

(37530>16
Re

wheree in this case, is the roughness height of sludgiase. The roughness

height is estimated at 8.5mm, thefD,, = 0.0085/0.151 = 0.056.

Once Nusselt number is calculated using the aborrelation, then heat transfer

coefficient can be calculated as

Table below shows the result of calculation.

Fan h
Speed (KW/m?

Frequency (rpm) Re A B f Nu ‘K
30Hz 870 13322 1.188E+16 1.573E+07 0.0783 185.62034Q.
50Hz 1450 21396 1.304E+16 8.028E+03 0.0774 303.080559
60Hz 1740 24626 1.332E+16 8.467E+02 0.0772 349.990646

With the heat transfer coefficients known, dryiagercan be calculated by using
equation,

_ hA(T, — T)

w AW

.60
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wherem,, is drying rate in kg/min.

Calculated drying rate for respective flow rate aseshown in the Table below.

DB WB ] h i, i,
Frequency o, Rel-Hum oo DB-WB  wimek)  (kiikg)  (kg/min)
30Hz 50  282% 317 183 0.0342 2426  0.0107
50Hz 50  300% 324  17.6 0.0559 2424  0.0168
60Hz 50  275% 314 186 0.0645 2426  0.0205

Comparing the calculated data with the measured ¢@ehart below), the

deviation is within 5%.

Drying Rate

g Rate (kg/min)
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APPENDIX 2

Drying Formula Information

Item Formula Formula Explanation of symbols References
Name/Descriptions
1 | Coefficient of Actual Heat Ou Handbook of Industrial
Performance (COP) copo st ear Duput Drying
Power Input )
Arun S. Mujumdar
(editor)39 Edition
;Chapterd7.equa 47.1
(Mujumdar, 2007)
2 | Heat Pump efficiency Teond Handbook of Industrial
by Carnot efficiency | COPcarnot = Drying

TCondenser — T Evaporator

Arun S. Mujumdar
(editor)39 Edition
;Chapterd7.equa 47.2

(Mujumdar, 2007)
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Item Formula Formula Explanation of symbols References
Name/Descriptions
3 | COP of heat pump Qcond Qcong 1S heating output at | A review on opportunities
system COPyp = W the condenser (kW) for the development of heat
¢ o pump drying systems ip
W, is input power of :
South Africa.
compressor (kW)
Thomas Kivevelel
Zhongjie Huanl
Equa 1. (Kivevele & Huan,
2014
4 | COP of heat pump Qcona W is input power of A review on opportunities
dryer COPypp = W-+W. + W, circulation fan (kW) for the development of heat
Cc F P

W, is input power of
circulation pump (kW) if
liquid is used

v

pump drying systems i
South Africa.

Thomas Kivevelel

=)

Zhongjie Huanl
Equa 3.
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Item Formula Formula Explanation of symbols References
Name/Descriptions
5 | Specific Moisture SMER... = Mew mey IS rate of moisture A review on opportunities
Extraction Rate HE ™y, condensation at the evaporatdor the development of heat
(SMER) (kg/s) pump drying systems in
South Africa.
Thomas Kivevelel
Zhongjie Huanl
Equa 6.
6 | Drying efficiency of SMER _ Mew Handbook of Industrial
heat pump dryer HPD — W, + We + Wp Drying
Arun S. Mujumdar
(editor)39 Edition
;Chapterd7.equa 47.3
7 | Energy relationship Qcona = Qgvap + We Heat pump assisted drying

between condenser ar
evaporator

d

of agricultural
produce—an overview

Krishna Kumar Patel &
Abhijit Kar ; Equation5

(Patel and Kar, 2012)
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Item Formula Formula Explanation of symbols References
Name/Descriptions
8 | Wet basis moisture M. = my Mw is defined as the mass |0Handbook of Industrial
content Y m, water in the product | Drying
d|V|gedtby the total mass of th?ArunS.Mujumdar
product r, (editor)3°Edition
;Chapterl.equa 1.50
9 | Dry basis moisture M, = my Mg is defined as the mass of| Performance analysis and
content d my water in the product divided | modeling of a closed-loop

by the total mass of the
product m,

heat pump dryer

for bay leaves using
artificial neural network

Mustafa Aktas, a, 1, Seyfi
S, evik b, *, M. Bahadir
€0zdemir a, 2, Emrah
G€onen

Equa:4

(Aktas et al, 2015)
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Item Formula Formula Explanation of symbols References
Name/Descriptions
10 | Water activity A, Methods to Measure Water
_ Partial vapour pressure in a product Activity JOHN TROLLER
" Partial vapour presure of pure water
11 | Fick’s second law of oM DM M is local moisture Transport Properties in thg
diffusion ot eff content Drying
is the time (h) of Solids Dimitris
Deftis the moisture Mapnol_s-Kourls and Z.B.
diffusivity (m#h) aroulis
Equation 4.1
(Marinos-Kouris and
Maroulis, 2006)
12 | Thermal diffusivity _k - k is thermal conductivity | Determination of thermal
"~ pCp (W/(m-K)) diffusivity of austenitic

« pis density (kg/m3)

« Cp is specific heat
capacity (J/(kg-K))

steel using pulsed infrared
thermography

(Ferrariniet al, 2017)
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Item Formula Formula Explanation of symbols References
Name/Descriptions
k. kochanowsl , w.
oliferuks , z. ptochockix,
a. adamowicgEqua:l
13 | Pressure of air is P =101.325[ 1 — (2.25569x ¥z ]>-2°5 Pisin kPaand is in meters | From NACA # 1235
related to the altitude (1955)- Pressure of air |s
of atmosphere related to the altitude g
atmosphere
14 | Partial water vapour Pws = €1 BL1=[(G/T)+ G + Cwol | From ASHRAE

pressure

+ C1T? + Cp2T3 + Cia(InT) ]

Pwsis in Pa;T in K and
constants are:

Cs =-5.8002206 x 10
Co =+1.3914993

Ci0 = -4.8640239 x 18
Ci11= +4.1764768 x 10
Ci2=-1.4452093 x 18

Handbook- Fundamentals,
chapter 6, 1993, equation|4
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Item Formula Formula Explanation of symbols References
Name/Descriptions
Ci13 = +6.5459673
15 | Dew point temperaturety=a+ b [ In(@) ]+ c [ In(py) ]>°+d [ In(pw) ]® | pw is in kPa; 4 is in °C, and| ASHRAE Handbook-
(T>0°C) + e ()18 constants are: Fundamentals, chapter 6,
a =654 1993, equation 35
b =14.526
c =0.7389
d = 0.09486
e = 0.4569
16 | Humidity ratio W =0.62198 (p) / ( p- pv) p and R are in kPa ; W is kg ASHRAE Handbook-
moisture / kg dry air ratio. Fundamentals, chapter 6,
1993, equation 20
17 | Relative humidity © = pw/ Pws pws and v are in kPa or ASHRAE Handbook-

consistent units.

Fundamentals, chapter 6,
1993, equation 22
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Item Formula Formula Explanation of symbols References
Name/Descriptions
18 | Specific volume vV =Ral /(p — @) = 0.287055T /(p —pw) |V is in m/kg, pv and p are in ASHRAE Handbook-
kPa, TisinK Fundamentals, chapter 6,
1993, equation 25
19 | Enthalpy h=t+ W(2501 + 1.805t) h isin kd/kg, tisifC and | ASHRAE Handbook-
W is the ( kg moisture / kg | Fundamentals, chapter 6,
dry air) ratio. 1993, equation 30
20 | Wet bulb temperature [t = [ 2501W - Gd — W(2501 +1.805t)]/ tand t is in°C ; W and W | ASHRAE Handbook-
T>0C) (2.381W - Goa— 4.186W) are the ( kg moisture / kg dryFundamentals, chapter 6,
air) ratio, and gxis the specifig 1993, equation 33 a
heat of dry air (kJ/KSC).
21 | Total Cooling Capacity Tc = mAH Q = Flowrate of unit (fihr) | 2001ASHRAE Handbook
= 5 xQ%OO ( Hentering— Hieaving...KW Spv = Specific volume Chapter 6 : Equation 42

(m*kg ) with value of 0.8323
m3/kg

H = Enthalpy (kJ/kg)

U = GAT
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ltem

Formula
Name/Descriptions

Formula

Explanation of symbols

References

m

Co

= mass flowrate (fthr)

= Specific heat for air at|

300K with 1.007 kJ/kg.K

22

Sensible Heat

gs = @cpdt = 1200Q1t

qs
Q

p = air density, kg/m3 (abou

= sensible heat load, W

= air flow rate, m3/s

1.2)

cp

= specific heat of air

J/(kg-K) (about 1000)

At

between indoors and outdoors,

K

= temperature differenc

t27

2001ASHRAE Handbook
Chapter 26 :26.9 Equatic
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Item Formula Formula Explanation of symbols References
Name/Descriptions
23 | Moisture removal rate W1l-Wc mc = moisture removal rate Performance analysis and
me = (kg water/ kg dry solid) modeling of a closed-loop
(kg water / kg dry te heat q
solid) W1 = initial moisture content €2t PUMP dryer
(kg water/kg dry solid) for bay leaves using
Wc = critical moisture content‘fjlrtIfICIaI neural network
( kg water./ kg dry solid) Mustafa Aktas, a, 1, Seyfi
— 4 .S, evik b, *, M. Bahadir
Itoceri—Odt(lgr)ue for constant rat‘“€Ozdemir a 2 Emrah
G€onen
Equa:6
24 | Heat transfer (W) g=hA(Ta-Ts) g = rate of heat transfer (W)| Handbook of Industrial

h = convective heat transfer
coefficient W/rfC

A = surface area of product

Ta = heated air temperature
°C

Ts = product surface air
temperature

During constant rate of

drying, product surface

Drying

ArunS.Mujumdar
(editor)3Edition
;Chapter4 ; equa 4.5
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Item

Formula Formula Explanation of symbols References
Name/Descriptions
temperature equal to wet bulb
temperature of air stream
25 | Drying time at constant wy — W, tc = constant rate drying Chemical Engineering
I = i .
rate,tc R.A period Chapter 16 ; equation

initial moisture content w,
critical moisture content w,,
R, is the rate of drying

A is the area of exposed surface.

16.10
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ltem

Formula
Name/Descriptions

Formula

Explanation of symbols

References

26

Thermal energy
transfer

mc =

tc =

g=hA(Ta-Ts)

g=mc (HL)

__ Wi1-Wc _ hA(Ta-Ts)

tc HL
_HL(W1-Wc)
hA(Ta — Ts)

HL = latent heat of
vaporisation at wet bulb
temperature ( J/kg water)

Transport Processes
and Unit Operations

Chapter9; equation 9.3.17

(GEANKOPLIS, 2003)
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Item Formula Formula Explanation of symbols References
Name/Descriptions
27 | Drying time at Falling w-we _ 8 (- n?Dt) dc = characteristic dimension.| Transport Processes
we-we w2 4dc? Half thickness of the slab,

rate,tc

_ 4dc? 8

tf = ——In[— (-——)]

w2 “wc—-we

a

(m)

D = effective mass diffusivity
m?/s

tf =drying time, (s)

W= moisture content

we =equilibrium moisture
content

wc = critical point moisture
content between constant
and falling period

nd Unit Operations

Chapter9 ;equation 9.9.6
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