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ABSTRACT 

Hydrothermal liquefaction (HTL) is a thermal process that converts organics in biomass and 

waste into renewable crude-like oil. Sewage sludge is a typical waste material that can produce 

crude-like oil via HTL under subcritical conditions due to its organic-rich content. The 

composition and properties of sewage sludge significantly influence the feedstock's 

processability, the conversion of organics, and the crude-like oil yields. HTL feedstock 

properties, specifically viscosity and density, are important flow properties that affect HTL 

product formation at different reaction conditions. Knowledge of the feedstock viscosity helps 

estimate slurry transportation through pipelines, pumping power and heat transfer requirements 

for design purposes.  

To determine the flow properties before HTL for pipeline specification, the settling 

characteristics of biosolid slurry was determined using batch settling experiments. Results of 

the settling test were used to assess the stability of the slurry during transportation. The effect 

of solid concentration and particle size of biosolids on slurry stability and pumpability was 

evaluated. Stability of biosolid slurries improved with an increase in solid concentration. The 

rheological properties of sewage sludge obtained from different parts of the wastewater 

treatment plant were also estimated. Generally, sludge slurries were determined to be non-

Newtonian fluids. Rheological parameters of sludge feedstock, including yield stress, flow 

behaviour and consistency indices, were obtained from rheological models. A comparative 

study was made on the rheology and pumping power required for different sludge types to 

determine the transportability of these slurries based on a plant capacity of 1000 tonnes/year.  

To determine the flow properties of sewage sludge during HTL process, the real-time viscosity 

of sewage sludge slurries was quantified using a modified batch reactor. The torque-rotational 

speed data of the impeller was converted to shear stress-shear rate data to estimate viscosity. 

The Couette and Metzner-Otto methods were shown to be valid for real-time viscosity 
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measurement under subcritical conditions. Apparent viscosity changes of lipid, proteins and 

carbohydrate model compounds at different reaction conditions were estimated. Model 

compounds exhibited unique viscosity profiles based on the mass yields and chemical 

speciation of HTL products. Apparent viscosity changes in reacting sludge slurries were 

determined at variable solid concentration, temperature and pressure. Significant differences 

were observed between the apparent viscosity profiles of sludge slurries and the apparent 

viscosity profiles of mixtures of model compounds with similar organic compositions. The 

effects of lignin, inorganics and the dominance of specific macromolecules on the apparent 

viscosity of sludge were analysed through a comparative study with the apparent viscosity of 

microalgae and determined to have significant effects on the apparent viscosity profile of 

sludge slurries.  

The major contributions from this PhD investigation can be applied to determine the real-time 

viscosity of fluids and slurries under subcritical conditions. The study on the rheology of sludge 

is vital for pipeline specification and reactor design purposes. The changes in apparent biomass 

viscosity can be predicted for design purposes and process monitoring during reactor 

operations in an HTL plant. 
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1.1. Background 

An increase in population density and urbanisation increases the competition for limited 

resources, including water and energy, which leads to over-dependency on utilities. Expansion 

of water and energy industries will be necessary to meet the increasing demand for utilities of 

which Wastewater treatment plants (WWTPs) are no exception (Vergara-Araya et al., 2020). 

Management, treatment and disposal of wet solid residue in WWTPs are costly with high 

environmental concerns. Implementation of waste-to-energy (WTE) technologies present an 

economical solution that reduces the cost of waste management and produces useful energy 

simultaneously. WTE technologies can be the physical, chemical or thermal treatment of waste 

resources. The hydrothermal liquefaction (HTL) process is a typical example of WTE 

technology. 

HTL is a thermal degradation process that can convert organic matter in biomass and wet waste 

streams into crude-like oil, solid products, aqueous products and gas under subcritical water 

conditions. This thermal process mimics the geological formation of fossil fuels in the Earth 

but requires a shorter residence time to convert biomass organics into crude-like oil. The 

renewable crude-like oil can be upgraded into liquid transportation fuels with similar properties 

to fossil-derived fuels.  HTL involves a series of complex reactions that subjects the organic 

feedstock under subcritical water conditions at a temperature of about 350°C and pressures of 

about 200 bar (Castello et al., 2018). The water acts as a reactant (Shakya et al., 2015), solvent, 

catalyst (Toor et al., 2011) and a suitable medium for specific reactions to occur in the crude-

like oil formation process via HTL.  

Production of heavy oil from sewage sludge via thermal technologies begun in the 1970s and 

continued in the 1990s, where Itoh et al. (1994) explored alternative utilisation of sewage 

sludge to reduce solid waste by profitably producing oil. Since then, other researchers have 

investigated the thermal treatment of sludge on different scales across the world. Globally, an 
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increase in population increases sewage sludge production. Large volumes of sewage sludge 

produced due to increased population indicate the availability and abundance of this feedstock 

to produce renewable energy as a form of waste management. HTL of sewage sludge is a 

promising technology for future treatment and management of solid residues from WWTPs, 

while recovering energy simultaneously. Hence, HTL of sewage sludge is potentially viable 

for managing large volumes of solid waste and producing useful fuel.  

Municipal sewage sludge from different stages of a WWTP has been hydrothermally liquefied 

in few studies (Anthony III, 2015; Biller et al., 2017; Marrone, 2016; Nazari et al., 2017; 

Snowden-Swan et al., 2016; Vardon et al., 2011) on batch and continuous scales due to its rich 

organic matter, high carbon recovery and high calorific value. The utilisation of sludge for such 

an efficient and beneficial use is challenging due to the complex behaviour of sewage sludge 

slurries obtained from different parts of the WWTP. Rheological sludge properties, especially 

slurry viscosity, are essential for material and heat transfer processes during HTL of sludge 

under subcritical conditions. Both heat and material transfer processes are crucial in plant 

design, reactor design, pipeline and instrumentations of a plant, process control and process 

monitoring of a continuous system as well as economic analysis of a plant.  Therefore, it is 

expedient to determine the viscosity of the feedstock slurry for design purposes. 

This body of work investigates the rheological properties of sewage sludge and biosolid 

feedstock for material transportation (pumping). Secondly, this PhD investigation elucidates 

and quantifies the real-time viscosity of reacting sewage sludge slurries, individual model 

compounds and mixtures of model compounds of the macromolecules in sewage sludge (lipid, 

protein and carbohydrate) under subcritical condition of water. This information is applicable 

in HTL plant design and the design of other thermochemical processes as viscosity is useful 

for heat transfer calculations and reactor design purposes. 
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1.2. Scope and Structure of the Thesis 

Chapter 2 comprises a comprehensive literature review based on a scientific study on the HTL 

plant design. This chapter discusses the various sections of a typical HTL plant from the raw 

material source (sewage sludge) to product formation. This chapter highlights the importance 

of viscosity as a flow and heating property of biomass feedstock during material transportation 

in pipelines and pumps, and heat transfer processes applicable in a wide range of sludge 

processing industries. The review discusses relevant literature on the different types of 

viscosity measuring techniques and suggests a suitable method for real-time viscosity 

measurement during the HTL process.  

The first journal article presented in Chapter 3 is a study on the influence of feedstock 

characteristics on the processability of biosolid slurries for conversion to renewable crude-like 

oil via HTL. The stability and pumpability of biosolid slurries with different particle sizes and 

solid concentrations were determined for pipeline specification and pump design purposes. The 

pumping power requirement for biosolid slurries was determined as an important parameter 

that influences both capital and operational costs in an HTL Plant. 

The second journal article presented in Chapter 4 investigates the rheological properties of 

different types of sludge slurries obtained from different stages in a WWTP. The rheological 

properties that affect flow properties of sewage sludge slurries during HTL application were 

modelled using three viscosity models. Model validation and verification were conducted to 

determine the best model that fits the experimental data. The pumping power required for 

pumping each type of sludge slurry was estimated and compared to the others. 

The third journal paper presented in Chapter 5 is a study on the viscosity variation of model 

compounds during HTL under subcritical water conditions. This study reports the changes in 

viscosity of model compounds including lipids, proteins and carbohydrates. Viscosity variation 
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of mixtures of single model compounds and mixtures of model compounds in a batch reactor 

was estimated to predict the viscosity variation of actual biomass. 

The fourth journal paper presented in Chapter 6 focusses on the real-time viscosity variation 

of sewage sludge slurries during HTL under subcritical water condition. A batch reactor was 

calibrated to function as a rheometer for real-time viscosity measurement under subcritical 

conditions. Viscosity measurement was conducted using two equations which were verified 

and validated under subcritical water condition. Changes in the apparent viscosity of reacting 

sludge slurries were determined and compared to the apparent viscosity variations of mixtures 

of model compounds and the apparent viscosity of algae. 

Chapter 7 comprises of the conclusions of this study, including recommendations for future 

work based on the research findings. 

References for Chapters 2 and 6 are listed at the end of each chapter. References for Chapters 

3, 4 and 5 are listed in the attached journal papers. 
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2.1. Introduction  

This chapter reviews the scientific literature on the feedstock characteristics of sewage sludge 

during hydrothermal liquefaction under subcritical water conditions. This review discusses the 

properties of different types of sewage sludge, the HTL process and the various stages in a 

typical HTL plant. Additionally, this review highlights the importance of the HTL reacting 

slurry's viscosity as it is an important flow property for design purposes, process monitoring, 

operations, and estimation of heat transfer properties. The different types of viscosity 

measuring methods stating the design limitations of the existing methods are discussed, and 

the in-situ viscosity measurement methods for accurate viscosity measurement of HTL reacting 

slurries with minimal errors are proposed in this review. 

2.2. Municipal sewage sludge 

Municipal sewage sludge (MSS) refers to the solid waste produced by the municipality and 

obtained from residential, industrial, institutional wastewater and landfill leachate (Pöykiö et 

al., 2019). Sewage sludge is the semi-solid residue produced after the treatment of sewage. 

MSS contain complex organic materials, inorganic minerals, microbes (Sharma et al., 2020), 

microplastics (Rolsky et al., 2020) and other hazardous substances. The organic fraction of 

MSS comprises of lipid, carbohydrate, protein and lignin in varying percentages depending on 

the source of the waste while the inorganic component of MSS includes mineral elements and 

heavy metals. MSS is rich in nutrients such as Nitrogen and Phosphorous, which are beneficial 

for soil conditioning (Pöykiö et al., 2019). Heavy metals in sewage sludge include lead, 

cadmium, zinc, copper and nickel (Wang et al., 2005). Sewage sludge contains active 

pathogens (bacteria and viruses), dead microbes (Extracellular polymeric substances, EPS) and 

micro-pollutants. EPS are biopolymers that are mainly composed of polysaccharides and 

proteins (Redmile-Gordon et al., 2020) responsible for retaining moisture, trapping nutrients, 

thickening slurries and aggregating sludge particles. Other non-categorised hazardous 
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compounds in MSS include dioxins, propionyl-CoA carboxylase (PCCB), phenolic 

compounds, pesticides and detergents. 

2.2.1. Types of sewage sludge 

The first stage in the wastewater treatment process is screening. As shown in Figure 1, 

untreated wastewater flows into a drum screen where large objects are separated from the liquid 

waste. The screened fluid then flows through a grit chamber to remove particulates, sand and 

stones in the sewage. De-gritted wastewater is transported into a primary clarifier where 

concentrated sediments are separated from liquid sewage through gravity sedimentation 

(Ranieri et al., 2011). Concentrated sediments containing more than half of the suspended 

solids in the wastewater, contaminants, organic materials, nutrients and inorganics materials at 

this stage are known as primary sludge (National Research Council et al., 1996). Primary 

sludge is the first type of sewage sludge produced during the treatment of wastewater. 

Figure 1. Process flow diagram of a conventional wastewater treatment plant 
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The effluent from the primary clarifier is aerated in an aeration tank where bacteria consume 

the sewage sludge's organic components to activate it. A secondary clarifier separates the 

concentrated activated sludge from the secondary effluent. The concentrated activated sludge 

obtained after bacterial decomposition is also known as secondary sludge (Environmental 

Protection Agency, 1998). Secondary sludge is the second type of sewage sludge produced in 

a WWTP. 

A fraction of the activated sludge, also known as return activated sludge, is recycled into the 

aeration tank to activate the effluent from the primary clarifier. The remaining fraction of 

activated sludge flows into a thickener. Primary and secondary sludge from the primary and 

secondary clarifiers are thickened and digested in an anaerobic digester where micro-organisms 

consume organic materials in the sludge. The digested sludge is further treated by disinfection, 

dewatering and drying to reduce the moisture content and the pathogen content by 90% 

(Australian Water Association, 2012). After anaerobic digestion, treated solids which are 

nutrient-rich organic materials with reduced moisture content from 96-94% to about 30 -70% 

and reduced pathogen content to a standard and acceptable level for reuse are termed biosolids 

(Brown et al., 2017). Biosolids contain organic compounds, inorganic and trace elements, a 

minimal amount of pathogens and nutrients that can serve as an alternative for inorganic 

fertilisers and soil conditioners (Leonie & Graeme, 2009). Biosolids are the solid residues 

obtained at the end of the wastewater treatment process. 

Sludge treatment processes affect the physicochemical properties of the different types of 

sewage sludge produced in a WWTP (Water Environment Federation, 2012). As shown in 

Table 1, solid contents of primary, secondary and digested sludge are <12%. Sludge contains 

high total organic carbon (TOC) and high organic contents (> 70wt%) which can be recovered. 

The sewage sludge properties differ from one WWTP to another due to the variable sources of 
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the feedstock, different operations and wastewater treatment processes peculiar to each WWTP 

(Baudez et al., 2007).  

Table 1. Characteristics of sewage sludge produced during wastewater treatment (Metcalf & 

Eddy, 2003) 

Type of sludge Total solids, % TOCa, wt% dry Asha, wt% dry 

Primary sludge 6-12 44.6 7.5 

Secondary sludge 1.5-4 40.9 16.2 

Digested sludge 3-10  35.3 28.1 

a Marrone et al. (2018) 

Biological treatment of wastewater in WWTP produces solid waste which contains residual 

pathogens that were not destroyed during the treatment process. These by-products obtained 

after wastewater treatment, including primary sludge, secondary sludge, digested sludge and 

biosolids can be sampled at different stages of the treatment process. Due to the pathogenic 

content of these by-products, sludge and biosolids need to be further treated, managed and 

disposed of properly with less environmental impacts. 

2.2.2. MSS management and disposal 

The gradual increase in worldwide population and urbanization increases waste generation. 

Generation of an enormous amount of waste poses a global challenge with a growing demand 

for an environmentally safe and economical waste management solution. According to the 

Australian and New Zealand Biosolids Partnership (2020), Australia produced over 370,000 

tonnes of dry biosolids in 2019. The end-use of biosolids, including agriculture, land 

rehabilitation, landfill and stockpiling costs $100 million annually (Australian Water 

Association, 2012; Darvodelsky, 2011). This clearly shows that the traditional treatment and 

management of sludge and biosolid is expensive. 
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According to the waste management hierarchy, the best way to manage MSS is by reusing it 

compared to disposal (Khoshnevisan et al., 2020). Economically, energy recovery from waste 

presents reliable waste management and reduced waste disposal cost by producing useful 

energy. Production of renewable crude like-oil from sludge via hydrothermal liquefaction will 

increase sludge value (Skaggs et al., 2017). The rich organic fraction of sludge can be converted 

into a high-value product by applying technologies such as WTE technologies. WTE pathway 

is potentially sustainable and beneficial. It provides an alternative solution to waste 

management and disposal by reducing about 50% solid mass while simultaneously producing 

a novel source of fuel from an innovative process that supplements non-renewable fossil fuel. 

Hence, the application of WTE technologies can be a viable and economical solution for 

managing sludge and biosolids. 

2.2.3. Alternative use of sludge and biosolids 

Production of heavy oil from sewage sludge via WTE technologies begun in the 1970s where 

Hess and Cole (1973) proposed an alternative sludge treatment process using high-pressure 

thermal treatment. Further investigations on the conversion of sludge into oil via WTE 

technologies have progressed over the years and proven the feasibility of thermochemical 

processes (Itoh et al., 1994; Shah et al., 2020; Xu & Lancaster, 2009; Yokoyama et al., 1997).  

The conversion of both sludge and biosolids into liquid transportation fuel is a better alternative 

to traditional sludge management as it manages waste and produces renewable fuel 

simultaneously. Unlike biosolids, the conversion of organic-rich matter in fresh sludge is 

highly desirable, as the conversion of sludge will reduce the cost of treating sludge to produce 

biosolids and increase crude-like oil yields due to the high organic content in sludge. Sludge is 

a stable and homogenous feedstock with a low solid concentration that can be easily transported 

through pipelines. However, fresh sludge is dilute and requires dewatering to increase the 

throughput, crude-like oil yields and process efficiency during crude-like oil production via 
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thermal conversion processes. Contrarily, biosolid feedstocks contain lower organic 

compositions and high solid content which can be complex and difficult to process due to its 

high solid composition. Production of biosolids does not only increase sludge treatment cost, 

but it also occupies land space when stockpiled and landfilled for years. Effective sludge 

management should consist of a method to convert both freshly produced sludge and already 

existing waste (stockpiled biosolids). To harness the energy value in fresh sludge and reduce 

MSS in already existing stockpiled biosolids, it might be useful to mix both biosolids and 

sewage sludge feedstock for crude-like oil production. 

A mixture of biosolids and sludge will be beneficial as both feedstocks complement each other 

by providing enough solids for HTL by thickening sludge, reducing the operation cost required 

for dewatering, increase the organic and carbon contents and improving the nature of the 

feedstock properties for improved heat and material transfer process. Prior to mixing both 

feedstocks, it would be essential to elucidate the behaviour of the individual feedstock under 

thermochemical process conditions as an early step towards process optimisation. 

2.3. Hydrothermal Processes 

WTE technologies are potentially sustainable techniques for converting waste into energy 

through chemical processes, biochemical processes such as fermentation and thermochemical 

conversion processes which includes hydrothermal processes (HTP), pyrolysis, combustion 

and gasification (Khan & Kabi, 2020; Mukherjee et al., 2020; Nazari, 2016). HTP is 

advantageous over other thermochemical processes as it skips the energy-intensive drying 

stage. Waste materials including industrial, municipal solid and agricultural waste residues 

(Sharma et al., 2020) are nutrient-rich raw materials and fuel sources that can generate heat and 

electricity through HTP.  
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HTP which includes hydrothermal carbonisation (HTC), hydrothermal liquefaction (HTL) and 

hydrothermal gasification (HTG) are promising processes with a potential of converting a wide 

range of biomass feedstock into energy, solid, liquid and gaseous fuel (Rajasekhar Reddy & 

Vinu, 2018). HTC is targeted at producing solid fuel, also known as hydrochar at temperatures 

below 250ºC. Hydrochar has similar properties to low-rank coal. HTL occurs between 250ºC - 

370ºC and produces a desired liquid fuel. The liquid fuel can be upgraded into petroleum fuels, 

as it possesses similar properties as fossil-derived fuel. Fractional distillation of the produced 

crude-like oil produced from HTL of sewage sludge slurries has the potential to be upgraded 

and refined to meet the Fuel Quality Standards. The boiling point profile of the crude-like oil 

aligns with gasoline (13.4wt%), jet fuel (16.1wt%), light diesel (11.9wt.%), heavy diesel (17.2 

wt%) and residual fuels having a high heating value (HHV) of 32-42 MJ/kg and high carbon 

content of 80-88wt.% (Castello et al, 2019). Upgrading of these fractions could meet relevant 

fuel standards. HTG produces synthetic gas at reaction temperatures above 370ºC (Elliott et 

al., 2015). This study focuses on the production of renewable crude-like oil via HTL.  

2.3.1. Hydrothermal liquefaction 

HTL is a thermochemical depolymerisation process that converts organic-rich materials in wet 

biomass under subcritical and supercritical water conditions. It involves a series of complex 

reactions that produce crude-like oil under subcritical conditions between 250ºC to 370ºC at 

pressures between 100 -350 bar (Castello et al., 2018). Water in the feedstock acts as a medium, 

catalyst and solvent that solubilises non-polar compounds at subcritical conditions during the 

production of renewable crude-like oil. Under HTL conditions, macromolecules in the wet 

organic materials interact through hydrolysis, depolymerisation, dehydration and 

decarboxylation processes to produce crude-like oil, aqueous, solid and gas phases in the 

presence of water. HTL can be conducted as a batch process or a continuous process. 
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2.3.2. Batch and continuous HTL processes 

HTL of sewage sludge has been widely studied on both batch and continuous operations. A 

typical HTL batch process has been described by Obeid et al. (2019) where HTL is conducted 

in a batch reactor. The prepared feedstock is loaded into the reactor and pre-pressurised with a 

gas (N2). As shown in Figure 2, the loaded reactor is placed into a heated fluidised bed, and the 

reactor is heated to the operating temperature. After the desired reaction time has elapsed, the 

reactor is removed from the fluidised bed, and the products are cooled to lower temperatures. 

The produced gas is released. HTL liquid and solid products are separated and analysed (Obeid 

et al., 2019). One advantage of using a batch system is the ability to process higher solid 

concentrations. However, batch systems have a limitation of throughput as they require a 

limited amount of feedstock to be processed at any given time.  

 

Figure 2: HTL Batch reactor set-up (Obeid et al., 2019) 
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For HTL continuous processes, continuous stirred tank reactors (CSTR), tubular reactors or a 

combination of CSTR and a tubular reactor are mostly employed (Balaman, 2019; Elliott et al., 

2015; Marrone, 2016). CSTR and tubular reactors are used to process a homogeneous feed to 

maximise conversion of organics in the feedstock continuously. Even though these reactors are 

advantageous for high throughput and continuous production of crude-like oil, transportation 

issues such as settling of particles in nonhomogeneous slurry feedstock and high solid loading 

can lead to plugging of the tubes (especially in tubular reactors) and changes in the heat transfer 

properties of the fluid.  

In a typical HTL plant design using tubular reactors, as shown in Figure 3, prepared sludge 

feedstock slurry is pumped under atmospheric and high pressures in two stages. Pressurised 

slurries are transported through heat exchangers to pre-heat the reacting slurry to the desired 

temperature. The pressurised and pre-heated slurry flow through tubular reactors where the 

feed is heated to the operating temperature in an alumina-filled bed that is fluidised by 

compressed air (Jazrawi et al., 2013). In other continuous systems, the pressurised and pre-

heated fluid flows into a CSTR, which is electrically heated to the operating temperature 

(Elliott et al., 2015). One advantage of using a CTSR is that the reacting feedstock is 

continuously stirred to maintain homogeneity and constant heat transfer during the HTL 

process. The products from the reactor are cooled in a heat exchanger and separated. Solid 

products (char) are separated from the liquid products by filtration. The crude-like oil is 

upgraded and refined.  
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Figure 3: Process diagram of HTL plant designed at the University of Sydney (Jazrawi et al., 

2013) 

The bench-scale HTL plant designed by the Pacific Northwest National Laboratory (PNNL) 

where a CSTR is used in combination with a tubular reactor is shown in Figure 4. Two 

pressurised feed tanks are used for continuous delivery of the HTL feed at a constant flow rate. 

The feed is pumped through a pre-heater to heat the feed to about 130ᵒC. The pre-heated feed 

flows into a CSTR where the feed is electrically heated to the operating temperature and stirred 

using a magnetically driven impeller. The process slurry from the CSTR is transported through 

a plug flow reactor at the operating temperature. The solid inorganic products are separated 

from the product stream in a filter at the same operating temperature. The pressurised filtrate 

products are cooled in a heat exchanger below 70ᵒC. The gas is vented to depressurise the 
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system, and the crude-like oil phase is separated from the aqueous phase using a separation 

funnel. 

 

Figure 4. Process flow diagram of the PNNL bench-scale HTL plant (Marrone, 2016) 

 

A primary objective of producing renewable fuels, where renewable diesel is the main target 

is to enhance low carbon emissions with the aim of meeting the Clean Fuel Standard. 

Commercial readiness for the use of renewable diesel produced from the HTL of renewable 

sources such as sewage sludge can be measured by the availability of the feedstock and the 

global acceptance of renewable energy.  

There is an increasing interest from industry and government toward commercialisation of 

renewable energy in general, and the opportunity for renewable crude-oil provides short to 

medium term opportunities to transition to alternate heavy transportation fuels. In 2020, the 
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Australian Government announced its decision to invest $1.5 billion into six major 

manufacturing sectors with Recycling and Clean energy listed as a priority sector (Australian 

Government, 2021). This announcement in the National Manufacturing Priority Road map 

presents a great opportunity for growth in the Clean Energy sector as it encourages the 

recycling and re-use of organic waste such as sewage sludge into clean energy. Additionally, 

the provision of such funds will create a platform for emerging technologies in a bid to achieve 

a low carbon economy through the production of alternative source of renewable energy. 

Previous studies on HTL processes have analysed biomass on laboratory scales, demonstration 

and pilot plants with the aim of scaling up to meet the industrial requirement. A commercial 

plant to produce renewable crude-like via HTL of sewage sludge feedstock is currently non-

existent although there is progress in this area of research, government support and industrial 

partners' willingness to commercialise the results from research. 

The bottlenecks in scaling up HTL plants to industrial level include the inconsistent quality of 

product properties obtained from a laboratory-scale experiment (Eboibi et al., 2014), the 

progressive changes of the reactants' properties during the HTL process and the limited design 

data for scaling up. Scaling up processes requires an in-depth understanding of the basic 

principles governing material transport and heat transfer for such a process. Small-scale 

laboratory studies are necessary for estimating the feasibility and validity of studies before 

scaling up. Such studies help to solve unknown parameters, bring up challenges and optimise 

the process with minimal losses (Ebrahimi et al., 2009). The plant design of the HTL process 

will cover a wide range of studies ranging from thermodynamics, fluid transport, heat transfer 

processes and simultaneous heat and mass transfer. The characteristics of sludge feedstock 

which mainly affect slurry transport and heat transfer processes are yet to be determined for 

HTL plant design purposes. 
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2.3.3. Feedstock characteristics 

Feedstock characteristics influence the fluid flow mechanism, residence time and flow velocity 

in pipelines and tubular reactors. These characteristics include particle size, solid 

concentration, settling rate, slurry density and slurry viscosity. The feedstock properties, 

especially viscosity, affect the material transportation (pumping and fluid flow) of slurries. 

Additionally, slurry viscosity is used to estimate heat transfer properties of reacting slurries.  

The particle size distribution, density, solid concentration, rheology, pumpability, stability and 

settling ability of sludge are reported independently from several investigations (Akhtar & 

Amin, 2011; Elliott et al., 2015; Park et al., 2011; Sintamarean et al., 2017; Spellman, 1996). 

Studies on dilute sewage sludge rheology were conducted for WWTP applications. However, 

the rheological characteristics of concentrated sewage sludge (>10wt%) under elevated 

pressures for HTL applications are yet to be investigated. Rheological properties of 

concentrated and pressurised sludge slurries will be useful for specification and design of 

pipelines, pumps and HTL reactors as well as analyse the pumping energy, heating requirement 

and process monitoring during operations. 

2.4. Rheometry 

Rheometry is the measure of the flow and deformation properties of fluids. This includes the 

experimental measurement of fluid shear viscosity, an important flow property for design, 

process monitoring and process control purposes. Fluid shear viscosity includes dynamic 

viscosity and kinematic viscosity. Dynamic viscosity is the resistance of a fluid to deformation 

at a given shear rate as kinematic viscosity is the fluid’s resistance to flow under the influence 

of gravity. The known value of the dynamic fluid viscosity can be used to estimate the 

kinematic viscosity once the density of the fluid is known. 
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Generally, viscometers and rheometers are used to measure fluid dynamic viscosity. In the past, 

ex-situ viscosity measurements were used for consistency checks and quality control in 

industries. Industrial application and technological advancement have led to the need for 

measuring fluids during reactions and other processes. This has eventually led to the search for 

alternative measuring processes to predict dynamic viscosity of fluids at different process 

conditions. Development of at-line and on-line viscosity measuring techniques apply the basic 

principles of viscometer measurement to provide more accurate fluid viscosity values at 

different process conditions during a process. 

2.4.1. Ex-situ viscosity measurement 

Ex-situ viscosity measurements, also known as off-line viscosity measurement, are an indirect 

way of measuring a fluid's viscosity by sampling the fluid from a process and measuring its 

viscosity in a viscosity measuring equipment. Standard conventional rheometers are used for 

off-line viscosity measurements and for determining the rheological parameters of fluids at 

different conditions. Rheometers can be generally classified into shear rheometers and 

extensional rheometers.  

Extensional rheometers measure the deformation of materials under controlled extensional 

stress or strain by mechanically stretching the material (Collett et al., 2015). Shear rheometers 

measure the deformation of materials under controlled shear rate and shear stress. Shear 

rheometers, also known as rotational rheometers, are the most common type of rheometers 

widely used. Dynamic viscosity of fluids using rotational rheometers is estimated by measuring 

the amount of torque required to deform the fluid under a given shear rate. Rotational 

rheometers have different configurations which include the cone-plate, parallel plate and the 

couette. In the operation of most rotational rheometers, there are two members, a mobile and a 

stationary member. The mobile part is driven, and the torque on that rotating member is 
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measured to determine the shear stress. The rotational speed of the mobile member is used to 

determine the shear rate. 

According to Barnes et al. (1989), the gap between the mobile member and the rheometer 

stationary part affects the shear rate. The influence of the gap is such that for narrow gap-

cylinder configurations where the ratios of the radii of the inner cylinder and the outer cylinder 

are greater than 0.97, the angular speed of the rotational member Ω1, the radii of the inner 

cylinder Ri and the outer cylinder Ro are related to the shear rate �̇� in the given equation: 

�̇� =
𝑅𝑜𝛺1

𝑅𝑜 − 𝑅𝑖
                                                                                                                                            (1) 

The shear stress is estimated from the torque on the rotational member in equation 2: 

𝜎 =
𝑇

2𝜋𝑅𝑜
2𝐿

                                                                                                                                              (2) 

Where T is the torque on the shaft of the rotational member and L is the effective immersed 

length of the sheared liquid. From both equations, the viscosity can be calculated as: 

𝜂 =
𝑇(𝑅𝑜 − 𝑅𝑖)

2𝜋𝑅𝑜
3𝛺1𝐿

                                                                                                                                      (3) 

The narrow-gap configuration is effective for accurate viscosity derivations but also pose many 

challenges, especially when dealing with relatively large particles. Employing the use of a 

wider-gap configuration where the ratio of Ri to Ro is less than 0.97, the shear rate of the fluid 

will be given by 

�̇� =
2𝛺1

𝑛 (1 −
𝑅𝑖

𝑅𝑜

2 𝑛⁄

)

                                                                                                                              (4) 

Where n is the power-law index obtained from plotting a log-log graph of T versus Ω1and 

taking the slope of the graph as the value of n. The shear rate of the fluid using the wide-gap 
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configuration depends on the property of the fluid. Shear stress of the liquid is determined at 

the inner cylinder in the given relation:  

𝜎 =
𝑇

2𝜋𝑅𝑖
2𝐿

                                                                                                                                              (5) 

The viscosity of the sheared fluid measured with a wide-gap configuration is given by 

𝜂 =

𝑇𝑛 (1 −
𝑅𝑖

𝑅𝑜

2 𝑛⁄

)

4𝜋𝑅𝑖
3𝛺1𝐿

                                                                                                                             (6) 

The rheological characteristics of dilute sewage sludge slurries (<10 wt% dry solids) has been 

extensively studied at atmospheric pressures for WWTPs applications (Cao et al., 2016; 

Noguchi et al., 2011; Wolny et al., 2008; Zhang et al., 2017). Nonetheless, there is no 

information on the rheological behaviour of concentrated and pressurised sludge slurries for 

HTL applications. This information is essential for pipeline design and pump specification 

especially during feedstock transport from the feedstock preparation unit (feed tank) to the heat 

exchanger as shown in the upstream process in Figure 3 and Figure 4. Secondly, this 

information can be applied to other pressurised systems that require slurry transport of 

concentrated sewage sludge feedstock. An investigation on the rheology of sewage sludge 

slurries for HTL applications is yet to be conducted.  

Conventional rotational rheometers have a limitation on the operating temperatures and 

pressures. As shown in Table 2, the maximum pressure and temperature of existing rheometers 

manufactured by Anton Paar are 1000 bar and 300ºC, respectively. The listed rheometers are 

unsuitable for measuring in-process viscosities of HTL reacting slurries between 300ºC and 

350ºC. Hence, the traditional rheometers cannot accurately measure fluid viscosity during HTL 

under subcritical and supercritical water conditions due to design limitations.  
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Table 2. Conventional rotational rheometers 

Company Anton Paar Vinci 

Technologies 

Haake TA Instruments Brookfield 

Ametek 

Model of 

rheometer 

MCR Rheo-1000 High 

pres. 

D400/300 DHR-2 AR-G2 & 

AR2000ex 

PVS 

Accessory Pressure Cell - Pressure 

Cell 

Pressure cell - 

Mode of 

pressure 

input 

Self 

& gas 

Self & 

liquid 

- - Self & 

gas 

Self & gas - 

Temp, ºC -10 to 

200 

25 to 

300 

200 (max) 300 -10 to 

300 

-10 to 150 -40 to 260 

Press, bar 400 1000 1000 400 138 138 69 

 

2.4.2. In-situ viscosity measurement 

In-situ viscosity measurements, are also known as real-time viscosity measurements, are direct 

measuring techniques that measure fluid viscosity in its original state and capture the true 

viscosity value in the fluid’s current condition. Real-time viscosity measurements consist of 

at-line viscosity measurements, including magnetic resonance imaging (MRI), ultrasound 

Doppler velocimetry and attachments of traditional rheometers, for example, rotational, 

vibrational and capillary rheometers (Goloshevsky et al., 2005; Wunderlich et al., 2006). MRI 

and ultrasound Doppler velocimetry techniques are accurate viscosity measuring techniques 

yet very expensive and sophisticated. Off-line rheometers can be attached to process lines for 

in-process viscosity measurements by sampling a portion of the process fluid in a bypass and 

measuring the viscosity. However, viscosity measurement on a bypass of a process line can be 

a challenge especially for non-Newtonian fluids that have a high settling property. This 
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technique estimates a near-viscosity value that may not be equivalent to the true value as the 

reaction conditions are altered when a fraction of the process fluid is sampled for measurement 

in the attached rheometer.   

On-line or in-line viscosity measurements are examples of in-situ measurements. One typical 

on-line viscosity measuring technique is the use of heat transfer capacity. The viscosity of 

fluids greatly affects heat transfer processes; hence, the knowledge of the heat transfer capacity 

can be used to estimate the process fluid's viscosity. Wunderlich et al. (2006) investigated the 

bulk fluid viscosity in a stirred tank reactor (STR) by measuring the heat transfer capacity using 

a calibration heater. The heat transfer capacity UA was estimated as the quotient of the change 

in the calibration heat power by a change in the temperature difference between the reactor and 

the jacket when the calibration heater was turned on. The heat transfer coefficient is a function 

of heat transfer resistance of the walls of the vessel as well as the convection heat transfer 

coefficient from the reactor side and the jacket side where the convection heat transfer 

coefficients are dependent on the Nusselt number (Wunderlich et al., 2006). Nusselt number is 

a function of the Reynolds number (Re), Prandtl number (Pr) and the viscosity number. The 

dimensionless numbers, Re and Pr, are both dependent on the viscosity of the fluid. Viscosity 

measurement using calorimetry can be accurate. However, this technique only works for STRs, 

where a change in the state of the calibration heater (temperature change) occurs.  

On-line viscosity measurement can also be estimated using the power input of a stirrer in an 

agitated vessel. The measured torque (M) on the impeller shaft at a known impeller speed (N) 

can be directly related to the HTL reacting fluid’s dynamic viscosity (η) which is a ratio of the 

shear stress to shear rate (Yang, 1961) in the given relation: 

𝜂 =
𝜏

𝛾
=

𝑘𝜏𝑀

𝑘𝛾𝑁
                                                                                                                                          (7) 
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The shear stress constant (kτ) and shear rate constant (kγ) are determined from the geometric 

properties of the impeller and reactor vessel (Aït-Kadi et al., 2002). From the viscosity 

correlation, an increase in torque on the impeller shaft corresponds to an increase in fluid 

viscosity at a constant speed. Thus, an increase in the energy input during agitation (as a 

measure of torque) of the STR indicates an increase in the fluid’s viscosity at a constant speed 

(Loomis, 2014; Tan & Li, 2017). In this case, the mechanical energy input measured in terms 

of voltage can be directly related to the torque on the impeller shaft (Schelden et al., 2017).  

On-line viscosity measurement using the torque and rotational speed of an impeller is only 

valid under laminar flow conditions in STRs and mixers. Hence, this technique can be 

applicable to HTL CSTRs for on-line viscosity measurement under room conditions and 

subcritical water conditions.  

2.5. Mixer type rheometry 

A mixer-type rheometer consists of a cylindrical vessel and an impeller similar to the cup and 

bob analogy in rotational rheometers. Reactors for on-line viscosity measurements have been 

designed for high temperature-high pressure systems using coal oil slurries from reviewed 

literature. Okutani et al. (1980) proposed the first application of a high temperature-high 

pressure reactor/rheometer to determine the viscosity of coal paste by pre-pressurising with 

hydrogen at maximum operating conditions of 550ºC and 29 MPa. A few decades later, Ren et 

al. (2011) designed a similar system with modern features, including a torque sensor for 

detecting the torque on the motor for viscosities measurement of coal oil slurries pre-

pressurised with H2 at 5 MPa and heated at a rate of 5ºC/min. Viscosity measurements were 

limited to lower operating conditions, a narrow range of viscosity measurements and non-

reactive systems. There is limited scientific literature on the viscosity measurement of 

feedstock in a complex multi-component reactive system such as HTL of sewage sludge and 

biosolids. Hence, there is a need to modify an existing system for sludge feedstock viscosity 
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measurement under subcritical conditions applying a mixer-type rheometer principle. Viscosity 

measurement under subcritical condition will be useful to elucidate the sludge feedstock 

variabilities at different reaction conditions.  

Mixer type rheometry is a suitable measuring technique for determining the viscosity of 

reacting fluids during HTL. This technique can measure viscosities of settling slurries (for 

example, biosolids) where particle size of the solid component can lead to slurry instability 

during the measuring process.  Slurry instability is measured by the settling characteristics and 

non-homogeneity of the mixture. The choice of the impeller is a critical step as the impeller 

can maintain slurry stability during viscosity measurements to minimise measuring errors. 

2.5.1. Choice of impellers for mixer type rheometry 

There are different impeller configurations for mixer-type rheometers that enhance mixing and 

heat transfer in autoclaves. Sewage sludge slurries tend to remain stable with particles 

continuously suspending for a longer time. On the other hand, particles in biosolids slurries tend 

to settle. Using sewage sludge slurries and biosolids for HTL applications will require higher 

solid loadings, which have great potentials of possessing high viscosities that will be confirmed 

through offline viscosity measurements. The anchor and helical impellers are suitable for 

viscosity measurements of viscous fluids (Jo et al., 2017). Solids that originate from the inorganic 

composition of sludge and solid intermediate products produced during HTL have a great 

tendency to settle in the reactor vessel without agitation. The anchor impeller can be suitable as 

it gives a tangential flow of fluid in the vessel, thereby keeping the fluid homogeneous. Anchor 

impellers are suitable for viscosity measurement in settling slurries. This is due to the small 

clearance between the anchor impeller blades and the mixing vessel walls, which reduces the 

unyielding zone over the vessel and keeps the slurry homogeneous throughout the measuring 

process, thus reducing the settling rate of the particles.  
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The anchor impeller is a U-Shaped 2-bladed impeller. In sizing the anchor impeller, the clearance 

between the impeller and the vessel walls should be big enough to accommodate larger particles 

of the sample to reduce measuring errors and small enough to reduce the formation of dead zones 

around the walls of the vessel. The most challenging task in using such a geometric impeller is 

transforming the measured torque and shaft speed into shear stress and shear rate values. The 

fluid properties may be derived after several experiments and data analysis to determine the 

geometric and shear constants essential for viscosity estimation using various methods for 

viscosity determination. 

2.5.2. Methods of mixer-type rheometry 

Viscosity in mixer-type rheometers is estimated using a measure of torque on the impeller shaft 

at a given rotational speed. Impeller torque and speed data can be converted into fluid viscosity 

using the Couette and Metzner-Otto methods. Each method uses the impeller and cylindrical 

vessel's geometrical parameters to determine the rheological constants of shear rate and shear 

stress for viscosity estimation. 

2.5.2.1.Couette 

Couette analogy can be adopted in any reactor configuration with an impeller attachment using 

power predictions of agitated vessels containing non-Newtonian fluid and obeying the power-

law model (Choplin & Marchal, 2010). Couette analogy is applicable in both batch and 

continuous systems where the mixing device in a vessel is assumed to be a virtual cylindrical 

bob.  

The Couette analogy concept is used to interpret data obtained from the measurements on the 

anchor impeller's speed and torque following the approach of Aït-Kadi et al. (2002). Aït-Kadi 

et al. (2002) applied correlations of different geometries of mixers in an agitated vessel using 

Couette’s analogy. They determined the internal radius, Ri, of the mixing device by relating it 
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to the radius of the cylindrical vessel (Re), length of the mixing chamber (L), impeller rotational 

speed (N), torque on the impeller shaft (M), consistency index (k), gear ratio (g) and the flow 

index (n) of the power law model in the following equation: 

𝑅𝑖 =
𝑅𝑒

[1 +
4𝜋𝑁

𝑛 (2𝜋𝑘𝐿𝑅𝑒
2 1 + 𝑔𝑛+1

𝑀 )

1
𝑛

]

𝑛
2

                                                                                        (8) 

In the Couette theorem, the impeller's internal radius represents the equivalent diameter of a 

concentric cylinder as used in the cup and bob geometry of conventional rheometers (Bbosa et 

al., 2017). The shear rate/shear stress data was then determined at a given position gap. The 

radius for the optimal position (r) for a small gap where (Re-Ri)/Re <<1 was estimated by 

equation 9. 

𝑟 =
𝑅𝑖 + 𝑅𝑒

2
                                                                                                                                             (9) 

Shear rate (γ) at the optimal position can be computed as the product of the shear rate constant 

(kγ) and the impeller speed in the following relation: 

�̇�(𝑟) = 𝑘𝛾 ∙ 𝑁 =
4𝜋

𝑛

(
𝑅𝑒

𝑟 )

2
𝑛

(
𝑅𝑒

𝑅𝑖
)

2
𝑛

− 1

∙ 𝑁                                                                                                  (10) 

Shear stress was estimated as a product of the shear stress constant and the torque on the 

impeller shaft at specific impeller rotational speeds using equation 11. 

𝜏 = 𝑘𝜏 ∙ 𝑀 =
1

2𝜋𝑟2𝐿
∙ 𝑀                                                                                                                     (11) 

The fluid's viscosity is a quotient obtained from dividing the shear stress data by the 

corresponding shear rate data. 
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2.5.2.2.Metzner Otto 

Metzner and Otto proposed a concept that relates the mean shear rate to the rotational speed of 

an impeller where shear rate is directly proportional to the impeller speed and the constant of 

proportionality is the Metzner-Otto constant, ks (Jo et al., 2017; Luan et al., 2014). This 

constant depends on the shape of the impeller and the tank's geometry but independent of the 

fluid properties. The Metzner and Otto concept works for determining the apparent viscosities 

of both Newtonian and non-Newtonian fluids using the power consumption (P), and 

dimensionless numbers such as Power number (NP) and the impeller Reynolds number (Re).  

The power consumption of the anchor impeller using a Newtonian viscosity standard is 

estimated using equation 12 (Luan et al., 2014) 

𝑃 = 2𝜋𝑁𝑀                                                                                                                                            (12) 

The power number for the Newtonian fluid is inversely related to the Reynolds number under 

laminar conditions in equation 13: 

𝑘𝑃 = 𝑁𝑝𝑅𝑒                                                                                                                                            (13) 

NP and Re for a Newtonian fluid are functions of fluid density ρ, fluid viscosity η and the 

impeller diameter D as shown in equations 14 and 15. 

𝑁𝑃 =
𝑃

𝜌𝑁3𝐷5
                                                                                                                                        (14) 

𝑅𝑒 =
𝜌𝑁𝐷2

𝜂
                                                                                                                                          (15) 

The Herschel-Bulkley model can describe the rheological property of a non-Newtonian fluid 

viscosity standard:  

𝜏 = 𝜏𝑦 + 𝑘�̇�𝑛                                                                                                                                        (16) 
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Where �̇�, 𝜏, k, n and 𝜏𝑦 represents shear rate, shear stress, consistency index, flow index and 

yield stress. The Metzner and Otto constant, ks can be determined from the Reynolds number 

(ReІ) and the power constant (NP
І) of the non-Newtonian fluid in equations 17 to 20:  

𝑁𝑃
І =

𝑃

𝜌𝑁3𝐷5
                                                                                                                                     (17) 

𝑅𝑒І =
𝜌𝑁(2−𝑛)𝐷2

𝑘
                                                                                                                               (18) 

𝑘𝑝
І = 𝑁𝑃𝑅𝑒І                                                                                                                                          (19) 

𝑘𝑠 = (
𝑘𝑝𝑛

𝑘𝑝
)

1
𝑛−1

                                                                                                                                    (20) 

Alternatively, ks can be determined using the effective shear rate relation which is derived from 

the effective viscosity and effective Reynolds number using the power-law model for a non-

Newtonian fluid as shown in equations 21 to 25  (Jang et al., 2019): 

𝑅𝑒𝑒𝑓𝑓 =
𝑁𝑝

𝐾𝑝
                                                                                                                                           (21) 

𝜂𝑒𝑓𝑓 =
𝜌𝑁𝐷2

𝑅𝑒𝑒𝑓𝑓
                                                                                                                                       (22) 

𝜂𝑒𝑓𝑓 =
𝜌𝑁𝐷2

𝑅𝑒𝑒𝑓𝑓
= 𝑘𝛾𝑒𝑓𝑓

𝑛−1                                                                                                                 (23) 

𝛾𝑒𝑓𝑓 = (
𝜂𝑒𝑓𝑓

𝑘
)

1
𝑛−1⁄

                                                                                                                            (24) 

𝛾𝑒𝑓𝑓 = 𝑘𝑠𝑁                                                                                                                                            (25) 

The torque (M) on the impeller shaft is related to the equivalent diameter in equation 26 (Bbosa 

et al., 2017) 
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𝑑𝑒 = 𝐷 ∗ [1 +
2𝜔

𝑛
 (

𝜋ℎ𝐾𝐷𝑣
2

2𝑀
)

1
𝑛

]

−𝑛 2⁄

                                                                                            (26) 

Where 𝜔, h and Dv represents the rotational speed of the impeller, effective immersed length of 

impeller height and vessel diameter. The shear stress constant can be estimated using the 

properties of the Newtonian fluid and the geometry of the impeller using equation 27, which is 

similar to equation 11: 

𝑘𝜏 =
2

𝜋ℎ𝑑𝑒
2                                                                                                                                           (27) 

The viscosity of the fluid is estimated by 

𝜂 =
𝑘𝜏𝑀

𝑘𝑠𝑁
                                                                                                                                                (28) 

In-situ viscosity measurements can be conducted by converting the measured torque and 

rotational speed to shear stress and shear rate data using the Couette principle and the Metzner-

Otto analogy. However, these viscosity measuring methods have not been applied to HTL 

feedstock under subcritical water conditions. The viscosity of reacting slurries is yet to be 

investigated under subcritical water conditions during the HTL of biomass feedstock. 

2.6. Viscosity variation of feedstock during HTL  

Sewage sludge contains organic component (lipids, proteins, carbohydrates and lignin) and 

inorganics (clays and minerals) that reacts in the presence of pressurised water to produce HTL 

products at elevated temperatures. The various components of the feedstock sludge can 

contribute to the formation of specific compounds due to peculiar interactions and reactions 

that occur at a given reaction condition. The changes in the viscosity of the reacting feedstock 

under different reaction conditions are yet to be quantified. It would be interesting to 

understand how the viscosity of the HTL sludge feedstock changes with temperature and 
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pressure to produce the four fraction products (aqueous, solids, gas and crude-like oil products) 

under HTL conditions. It is important to elucidate and quantify the viscosity variations of 

reacting feedstock during HTL as viscosity is a major parameter in transport phenomena and 

heat transfer analysis, especially in the HTL reactors as shown in Figure 3. Knowledge of the 

energy required in transporting and heating the slurry is vital for design purposes as well as 

cost analysis of the HTL plant design. This information will not be limited to HTL applications, 

but it would be useful in other thermochemical systems. 

2.6.1. Selection of model compounds 

To fully elucidate the viscosity changes in sludge, it will be useful to understand the viscosity 

changes of the individual components of sludge. This information will be applicable to other 

biomass feedstock, which comprises variable compositions of lipids, protein, carbohydrates, 

and lignin to elucidate the bulk slurry changes at different reaction conditions.  

There is significant scientific research on the HTL reaction mechanism, kinetics, and the effects 

of process conditions using models of lipids, proteins, carbohydrates, and lignin in biomass. 

Sunflower oil, soy protein and granulated sugar are models for lipids, proteins and 

carbohydrates that have been extensively studied and readily available (Gollakota & Savage, 

2018; Luo et al., 2015; Obeid et al., 2019; Sheehan & Savage, 2016). Other researchers have 

also investigated on the process optimisation and reaction kinetics of mixtures of model 

compounds to mimic the actual biomass (Gollakota & Savage, 2018; Lu et al., 2018; Lu et al., 

2020; Obeid et al., 2020). However, there is no information on the thermophysical changes, 

particularly viscosity changes, of model compound feedstock slurry during HTL under 

subcritical water conditions. The viscosity variations of individual models, binary and ternary 

mixtures of model compounds under different HTL reaction temperatures and pressures are yet 

to be investigated. This information will be useful for fundamental studies. Furthermore, 
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viscosity variations of mixtures of model compounds will be essential in predicting the 

viscosity variations in actual biomass. 

2.6.2. Selection of no-lignin biomass 

The organic fraction of sewage sludge contains <30% of lignin (Goto et al., 1999; Hattori & 

Mukai, 1986; Su et al., 2015). The effects of lignin cannot be ignored in the viscosity variations 

of sludge feedstock. There is a significant number of scientific literatures on HTL of alkaline 

lignin which is a common model for lignin macromolecule (Alhassan et al., 2020; Cao et al., 

2020; Lyckeskog, 2016; Peng et al., 2019; Schuler et al., 2017). However, there is currently no 

information on the viscosity changes of reacting pure lignin feedstock during the HTL process. 

At room conditions, lignin is largely insoluble in water. When lignin model compounds are 

mixed with water, they form a sticky paste that sticks to the containing vessel walls and the 

stirrer (Schulze et al., 2019). The sticky nature of lignin makes viscosity estimation using the 

torque and rotational speed measurements of the impeller very difficult, especially at lower 

temperatures. Due to the small clearance (gap) between the bottom of the anchor impeller and 

the reactor vessel, viscosity measurements will be challenging with lignin slurry unless a 

different impeller configuration is used. Nonetheless, the effects of lignin on the viscosity 

changes in sewage sludge feedstock can be analysed by comparing the viscosity changes in a 

‘no-lignin containing’ biomass to the viscosity changes in sewage sludge and the viscosity 

variations in mixtures of model compounds that mimic the composition of each actual biomass 

(sewage sludge and no-lignin containing biomass). Microalgae is a suitable HTL feedstock due 

to its high protein and lipid composition that increases crude-like oil yields. Microalgae have 

been extensively studied in scientific literature and can be considered a no-lignin containing 

biomass (Barreiro et al., 2015; Djandja et al., 2020; Elliott et al., 2013; Gu et al., 2020; Tian et 

al., 2017). The viscosity changes in microalgae during HTL under subcritical conditions is yet 

to be investigated. 



34 
 

2.6.3. Factors affecting viscosity variation 

Viscosity of reacting fluids depends on pressure, temperature, shearing forces from the impeller 

during agitation, phase changes, and products' composition. Fluids consist of molecules held 

together by intermolecular bonds and attractive forces. When fluids are heated up, the fluid 

molecules attain energy and begin to move. These molecules' movement commences when the 

attained energy exceeds the bond energy that initially kept the molecules in their initial 

positions. When molecules move apart from each other, there is less resistance to the fluid's 

free flow, and this reduces in the internal frictional forces between these molecules. 

Consequently, viscosity, which is the measure of the resistance to flow in fluids decreases with 

an increase in temperature, and this is typical for liquids. Nonetheless, biomass viscosity under 

subcritical conditions may be challenging to predict due to the combined effect of pressure and 

temperature. 

The formation of intermediates and products during HTL can greatly affect the viscosity of the 

reacting slurry. The presence of solids, the production of crude-like oil, the appearance and 

disappearance of certain chemical compounds in the product stream can influence the viscosity 

changes in a reacting slurry as the presence solids, and high molecular weighted compounds 

increase viscosity. However, the formation of these products may behave differently at elevated 

temperatures and pressures. Thus, the viscosity of reacting sludge slurry cannot be easily 

predicted. 

HTL involves a series of multiple reactions that occur under different process conditions of 

temperature, pressure and shear influence. There is currently no scientific literature that 

explains the effect of pressure, temperature, agitation, phase change and chemical speciation 

of reacting biomass on the changes in viscosity under subcritical water conditions during HTL. 

An investigation on the effects of temperature, pressure, agitation and product formation during 

HTL of sewage sludge feedstock under subcritical water conditions is yet to be assessed.  
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2.7. Implication and significance of the current study 

HTL of sewage sludge has been widely studied on different scales (laboratory and pilot plants). 

This process is viable for simultaneous waste management and energy recovery. However, 

there is currently no industry commercialising this viable process using sewage sludge due to 

insufficient scale-up data. Scaling up such a chemical engineering plant requires vital 

information on the feedstock for the reactor and pipeline design purposes. Viscosity is an 

important feedstock property that affects the flow processes in a chemical plant. Fluid viscosity 

can also be used in estimating heat transfer properties for equipment design. Hence, knowledge 

of the process fluid's viscosity is essential for pipeline, pump and reactor design in an HTL 

Biorefinery and other similar chemical engineering plants.  

One major challenge with using sewage sludge, particularly biosolid as an HTL feedstock, is 

the feedstock's complexity. There is insufficient information in the scientific literature on the 

characteristics of concentrated sludge slurries (>10% dry solid concentration) under pressure. 

Most investigations on the rheological characterisation of sewage sludge are limited to dilute 

sludge slurries at atmospheric conditions for WWTP applications. The feedstock's rheological 

properties at room temperatures help determine the design parameters for feedstock flow in 

pipeline and pumps (before HTL). 

Knowledge of the variations in the viscosity of reacting sludge slurries during HTL under 

subcritical condition is vital for heat transfer calculations necessary for the reactor design. The 

viscosity data is also useful for process control and monitoring during plant operations. Sludge 

is a complex feedstock that comprises of different macromolecules. The macromolecules in 

sludge can be mimicked by using model compounds. Elucidating the changes in the apparent 

viscosity of slurries of model compounds and mixtures of model compounds aids in predicting 

the rheological behaviour of actual biomass under subcritical conditions. 



36 
 

Viscosity data can be fed directly into a CFD model to analyse and describe the engineering 

system's behaviour, optimise and simulate the fluid flow and heat transfer through the 

application of fundamental laws of mechanics and heat transfer to the slurry in order to scale 

up to industrial level. A CFD model, similar to the one developed by Chen et al. (2020),  will 

require detailed and relevant input variables and process operation data for HTL of sewage 

sludge and biosolids, which involve fluid flow, pumping energy, chemical reactions, kinetics, 

material and heat transfer processes.  

2.8. Objectives of the thesis 

This study aims to quantify sludge feedstock characteristics before and during HTL to 

determine the flow and heating properties for design purposes and process monitoring. This 

aim will be achieved by completing the following objectives:  

a. To characterise biosolid slurries for improved material transport and pumping of HTL 

feedstock in upstream processes of biorefineries. 

b. To determine the rheological properties of different types of sewage sludge slurries 

obtained from different parts of the WWTPs. 

c. To elucidate viscosity variations in feedstock slurries during HTL of model compounds 

under subcritical water conditions. 

d. To quantify viscosity changes in sewage sludge slurries as a function of reaction 

temperature at elevated pressures. 
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Abstract 

Hydrothermal liquefaction (HTL) of sewage sludge could be an energy efficient process to 

manage solid waste and produce useful fuel in the form of crude-like oil under subcritical 

conditions of water. In designing a continuous process for commercialisation, design 

parameters for pipelines and reactors such as viscosity and density are essential data needed to 

analyse the flow and heat transfer properties of the process. This study seeks to measure the 

real-time viscosity of sludge during HTL by converting the measured torque/impeller speed 

data from an anchor impeller in a reactor to shear stress/shear rate data using the Metzner-Otto 

methods and the Couette principle. Viscosity changes of sewage sludge during HTL were 

compared to the viscosity variations of algae and mixtures of model compounds. An increase 

in temperature and pressure decreases viscosity of reacting sludge slurries. The viscosity of 

sewage sludge can be affected by the chemical speciation of the reacting slurry. The presence 
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of lignin and metallic ions in ash could catalyse the HTL reaction, affect product yield and 

hence influence the changes in viscosity of reacting slurries. 

Keywords: Hydrothermal liquefaction, Viscosity, Subcritical condition, Rheo-reactor, Reactor 

design 

1. Introduction 

The conversion of organic rich wet biomass feedstock via hydrothermal liquefaction (HTL) to 

produce renewable crude-like oil, aqueous phase, solids and gas below critical conditions of 

water of 22.1 MPa and 374°C (Wang et al., 2018) is an upcoming process of global interest. 

Dewatered sewage sludge from Wastewater Treatment Plants (WWTPs) is a binary phase 

organic slurry which is a potential feedstock for HTL. HTL involves a series of 

depolymerisation, condensation and polymerisation reactions that change the physicochemical 

properties of the feedstock (Xue et al., 2016; Yang et al., 2019). The chemical speciation and 

flow properties of the slurry differ after each reaction process under variable reaction 

conditions. Flow properties of sewage sludge feedstock such as viscosity and density gradually 

change from a thick slurry which are mostly Non-Newtonian fluids in real biomass (Yen et al., 

2002) into a less viscous slurry. For biomass, the rheological properties of the reacting slurry 

differ with variable shear rates which consequently leads to a change in the viscosity of the 

reacting slurry at specific reaction conditions. Variations in slurry viscosity affects slurry 

motion and heating rate as temperature increases. In the scientific literature, there is no 

information on the changes in slurry viscosity during HTL under subcritical water conditions, 

which is required for design purposes. Knowledge of the changes in viscosity will be useful in 

predicting the flow properties and heating requirements of the HTL feedstock for reactor and 

piping design process.  
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Viscosity of sewage sludge can be measured ex-situ, at-line or on-line. Ex-situ viscosity 

measurement involves sampling the reacting sludge slurry at different reaction times, cooling 

down the sample to room temperature and determining the viscosity using existing rheometers. 

One demerit of ex-situ viscosity measurement is that the cooling process could affect the 

properties of the intermediate products after quenching the reaction and sampling it at a specific 

reaction condition. This may not capture the true viscosity value at the desired reaction 

conditions of temperature and pressure which can significantly affect the slurry viscosity. 

Contrary to ex-situ viscosity measurements, at-line measurement involves sampling a portion 

of the reacting slurry through a tube to measure viscosity without necessarily quenching the 

reaction. Pollak et al. (2017) designed a capillary rheometer as an example of at-line viscosity 

measurement to determine viscosity at high temperatures and high pressure. In that study, 

viscosity of Newtonian fluid was measured using the pressure drop in the tube by applying 

Hagen-Poiseuille’s equation. Due to the viscosity dependency on shear rate of Non-Newtonian 

fluids, the apparent viscosity of Non-Newtonian fluids was estimated using the Weissenberg-

Rabinowitch equation as a correction for the shear stress and using the flow rate to determine 

the shear rate in the Newton’s law of viscosity (Pollak et al., 2017). At-line viscosity 

measurement unlike ex-situ may be more precise for viscosity measurement since it avoids the 

cooling down by sampling and measuring the viscosity immediately. However, sampling the 

intermediate products during the reaction can potentially alter the reaction conditions, 

particularly pressure, and ultimately affect the accuracy of viscosity measurement. Both ex-

situ and at-line viscosity measurement gives predicted viscosity values of the reacting slurry 

which may not be the accurate value. On-line viscosity measurement, also known as the real-

time viscosity measurement, is preferred as it gives the true and accurate viscosity data under 

HTL reaction conditions. Nonetheless, real-time viscosity measurements cannot be conducted 

in conventional existing rheometers. Existing rheometers have a design limitation on 
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temperature and pressure which makes them unsuitable for viscosity measurement at 

subcritical conditions of water of about 350°C and 20 MPa. Hence, there is a need to modify a 

reactor as a real-time viscosity measuring instrument which can operate under HTL conditions.  

Technological advancement has led to real-time viscosity measurements during a process on 

both batch and continuous operations. This has led to the diverse use of mixers and reactors 

with additional functions and operations including rheometery.  Devices that can measure 

rheological changes of a fluid during a specific process are known as mixer-type rheometers or 

rheo-reactors. Accurate prediction of real-time viscosity of a slurry using a rheo-reactor 

involves using physical parameters such as impeller speed and torque to estimate the 

rheological constants for determining the viscosity of the fluid. Unlike most conventional 

rheometers, mixer-type rheometers and rheo-reactor keep settling slurries homogeneous 

throughout the mixture and reduce errors that could arise from wall effect as a result of narrow 

gaps between impellers and mixers or reactor vessels. Aït-Kadi et al. (2002) studied the 

rheological characteristics of fluids with both mixer-type and conventional rheometers. Their 

viscosity–shear rate data using a double couette system, anchor impeller, vane impeller, double 

helical ribbon and a helical ribbon were in agreement with one another. Choplin and Marchal 

(2010) conducted experiments using two different impellers on a rheo-reactors: an anchor 

impeller and a helical ribbon impeller. A comparison drawn from their rheograms obtained 

from the rheo-reactors and the conventional rheometers proved excellent agreements with 

errors <5%. All existing rheo-reactors have been limited in their application to moderate 

temperatures up to 180°C and pressures as high as 400 bar. Nonetheless, there is currently no 

existing rheometer that can accurately measure the viscosity of fluids near critical water 

conditions (up to 350°C). A rheo-reactor can be modified for real-time viscosity measurement 

under subcritical condition of water with minimal errors. 
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In constructing a rheo-reactor to operate under HTL conditions, it is important to select a 

suitable impeller geometry and measuring method with least limitations on the reaction 

conditions. Most biomass samples which are hydrothermally liquefied consist of solids 

suspended in a solvent, typically water. One advantage of using a rheo-reactor is the ability to 

measure the viscosity of a homogenous binary phase biomass slurry with reduced phase 

separation, sedimentation and errors associated with the gap depending on the choice of 

impeller and its geometry during measurement. Close clearance impellers are recommended 

for highly viscous fluids (Luan et al., 2014) with a potential of reducing phase separations 

during agitation. For mixing fluids in the laminar region, the anchor and helical impellers are 

employed with the benefit of having a narrow gap between the impeller blades and the walls 

of the mixing vessel which reduces the unyielding zone over the vessel (Jo et al., 2017). The 

geometry and dimensions of the close-clearance impellers are carefully designed to reduce 

errors that could arise due to the particle size of the suspended solids in the slurry. Research 

has shown that the vane and helical impellers have suitable geometries to reduce errors during 

viscosity measurement of viscous fluids (Bbosa et al., 2017; Castell-Perez et al., 1991). 

However, the most challenging task in using such geometric impellers is the conversion of the 

measured torque-impeller speed data into a shear stress/ shear rate data for estimating the slurry 

viscosity. To accurately predict the viscosity of slurries in a rheo-reactor, it is important to 

determine the geometric and rheological constants using properties of the measuring system 

and standard fluids using the appropriate methods. 

The Couette analogy and Metzner-Otto methods can be used to convert torque/impeller speed 

data into shear stress/shear rate data (Bbosa et al., 2017; Choplin & Marchal, 2010; Jo et al., 

2017; Luan et al., 2014). These analogies can be adopted in any reactor configuration with two 

concentric cylinders where the internal cylinder or impeller is rotating at a known speed. The 

Couette analogy uses impeller geometries whereas the Metzner-Otto constant uses 
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dimensionless numbers to estimate the geometric constants for real-time viscosity estimation. 

Both analogies can be used for power predictions and quantifying heat requirements of agitated 

vessels containing non-Newtonian fluids obeying the power law model (Choplin & Marchal, 

2010). Rheograms drawn from data obtained using both analogies were similar with minimal 

errors <5%. Derived geometric constants from these analogies have shown good agreements 

in rheological data using anchor, helical ribbon, double helical ribbons (Choplin & Marchal, 

2010). 

This study seeks to measure the viscosity of sludge before and during HTL by converting the 

measured torque/impeller speed data from an anchor impeller in a custom-built rheo-reactor to 

shear stress/shear rate data using the Metzner-Otto methods and the Couette principle. The 

variation in apparent viscosity of sludge slurries at different concentrations during HTL process 

was estimated. A comparison between the viscosity profile of sewage sludge to other types of 

real biomass as well mixtures of model compounds with similar organic constituents were 

analysed to determine the effects of inorganics and lignin to the changes in viscosity.  

2. Materials and Methods 

2.1.Reactor set up 

The rheo-reactor set up consisted of a 1L Parr batch reactor (Model 4577, Parr Instrument Co., 

Moline, IL, USA) equipped with a 4848 PID controller with speed and temperature controllers, 

a 2 Nm torque sensor with an accuracy of 0.01 Nm and an anchor impeller (Dimensions of U-

shaped Blade: 9.1 cm x 1.3 cm x 5.6 cm). The stirred tank reactor vessel has an internal 

diameter of 9.5 cm and a depth of 15.8 cm. The reactor was modified by attaching a more 

accurate torque sensing device. A data acquisition (DAQ) device was attached to the torque 

sensor to provide accurate torque reading up to 1µm. The reactor was set up as shown in Figure 

1. 
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Figure 5. Rheo-reactor type rheometer set up 

2.2.Determination of geometric constants  

2.2.1. Couette analogy  

The Couette analogy concept was used to interpret data obtained from the measurements on 

the speed and torque on the anchor impeller following the approach of Aït-Kadi et al. (2002). 

An unloaded torque on the impeller shaft in a sealed reactor vessel was measured as a function 

of the impeller speed at room temperature. The impeller torque and speed data were related 

and interpreted to obtain geometric constants after calibrating the reactor to function as a 

rheometer using a Newtonian fluid with known properties. A general-purpose silicone fluid 

viscosity standard produced by Brookfield Ametek was purchased and used as the Newtonian 

fluid standard. This Newtonian standard is referred to as a high viscosity silicon oil in this study 

(12.3 Pa.s at 25°C). The reactor vessel was loaded with the Newtonian fluid and sealed 

completely. Torque values at different rotational speeds were recorded at room temperature. 

The shear rate and shear stress constants were estimated to determine the viscosity of the fluid. 
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2.2.2. Metzner and Otto constants 

The high viscosity silicon oil which is a Newtonian fluid was again in conjunction with 2% 

carboxymethyl cellulose (CMC) solution which is a power law fluid. A Universal Stress 

Rheometer SR5 (TA Instruments) with a cone and plate configuration was used to obtain shear 

rate-shear stress data of the power law fluid. The shear rate (γ)-shear stress (𝜏) data was fitted 

into the power law model to obtain its rheological constants. The Metzner –Otto constant as 

proposed by Metzner and Otto (1957) was used to determine the viscosity of both Newtonian 

and non-Newtonian fluids. 

2.2.3. Validation and verification of viscosity measurement 

Silicon oil with variable dynamic viscosities from 1 Pa.s to 0.02 Pa.s between 20°C to 100°C 

was purchased from Anton Paar. This viscosity standard will be referred to as the low viscous 

silicon oil in this study. The high viscosity silicon oil, low viscosity silicon oil and 2w/w% 

CMC solution were used to validate the viscosity measurements obtained from the rheo-

reactor. The viscosity standards used as validation fluids were transferred into the reactor vessel 

and sealed completely. The torque values from the impeller shaft at different impeller speeds 

at constant temperatures were logged using labview software. The viscosities of the fluids were 

estimated from the torque-speed data. These values were compared to the standard values using 

the coefficient of regression. Tolerance in viscosity reading with errors <10% will be 

acceptable (Wrolstad et al., 2005). Additionally, one-way ANOVA followed by Tukey HSD 

post hoc was used to determine if the viscosity data collected were statistically different using 

the Couette analogy and Metzner-Otto method. 

2.3.Rheological characterisation 

The experiment was set-up as shown in Figure 1 without the cooling coils to reduce resistance 

from the wetted parts of the reactor. The reactor was sealed with no sample, purged three times 
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and pre-charged with 92 bar N2. The initial N2 charge is to ensure that the temperature and 

pressure of the N2 gets to the operating conditions of the HTL reactor/operating conditions like 

that of the biomass feedstock. During heating, the temperature of the reacting slurry increased 

by 9ºC/min from room temperature 300ºC and 2ºC/min from 300ºC to 350ºC. The torque of 

the N2 loaded reactor vessel at a constant impeller speed was recorded from room temperature 

to the operating conditions of 350ºC, 200 bars. At each impeller rotational speed, the measured 

torque value was measured as a function of temperature and this was used as the background 

for subsequent measurements.  

Dewatered sewage sludge obtained after aerobic and anaerobic treatment from Melbourne 

Water Western treatment Plant, Victoria, Australia was used as the main biomass in this study. 

Prepared biomass slurries with different solid concentrations were loaded into the reactor 

vessel and sealed completely. The reactor vessel was purged three times and pre-charged with 

N2. The impeller speed was set to a constant value and the torque at different temperatures were 

recorded while the reactor vessel was heated up to 350ºC. The absolute torque was subtracted 

from the background to obtain the actual data which was used to estimate the apparent viscosity 

across a temperature range from 25ºC to 350ºC.  

2.4.Feedstock characteristics of biomass 

Variations in apparent viscosity of 20%w/w dry sewage sludge slurries were compared to the 

changes in the apparent viscosity of 20%w/w Tetraselmis sp, Spirulina sp and mixtures of 

model compounds based on the organic compositions of dry samples at 124 s-1, 248 s-1 and 372 

s-1. This study was conducted to predict the effects of inorganics on the viscosity variations in 

biomass. Tetraselmis sp was cultured in salt water and used as a no-lignin/high ash feedstock. 

Spirulina sp was purchased from Bulk Nutrients, Australia and used as a no-lignin/low ash 

biomass. The composition of the feedstock used as determined by Obeid (2020) have been 
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presented as stated in Table 1s on the Supplementary Information Sheet. The viscosity profile 

for each biomass sample was determined using the measured torque at a fixed impeller speed 

over a temperature/pressure range under subcritical water conditions. 

2.5. Product analysis 

After the HTL process, the reactor was cooled to room temperature and the gas released. The 

gas phase was quantified by subtracting the mass of products in the cooled reactor from the 

mass of reactants in reactants in the reactor prior to heating. Crude-like oil product floating on 

the aqueous phase was collected into a container and dried at 40ºC to evaporate any residual 

moisture in the oil phase. The remaining aqueous and solid mixture was vacuum filtered to 

separate the solid products from the aqueous products and the solid residue was dried in a 

drying oven at 40ºC till no change in mass was observed.   

Organic yields of the crude-like oil and solid phase were determined using a Weatherford 

Instruments Source Rock Analyser (SRA) through thermal desoption to 300ºC and subsequent 

pyrolysis to 650ºC following the method described by Obeid et al. (2020). Aqueous yields were 

determined by subtraction. Gas chromatograph-mass spectroscopy (GC-MS) on the liquid 

phase products were determined using a PerkinElmer SQ8. Details of the GC-MS conditions 

and separating capillary have been stated in previous work (Obeid et al., 2020). Chemical 

compounds in the liquid phase characterizable through GC-MS were interpreted by comparison 

to the spectral database of NIST14 spectral library using PerkinElmer TurboMass 6.1 software.  

 Metallic analysis on biomass feedstock was conducted by CSIRO, Waite Campus, Urrbrae, 

South Australia using an inductively couples plasma – optical emission spectrometry (ICP-

OES). The ICP-OES was used to identify and quantify the metallic composition of the biomass 

using emission plasma. The quantified elements are listed in the Supplementary Information 

sheet. Biomass was finely ground to a particle size < 2 mm and acid digested with nitric acid. 
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A range of metallic elements in the inorganic content of the feedstock was determined by 

plasma emission in the ICP-OES and each sample was analysed in triplicates.  

3. Results 

3.1.Calibration and geometric constant determination 

Fluid properties of the silicon oil and CMC solution were used to estimate the geometric 

constants of the anchor impeller on the rheo-reactor using both the Couette analogy and the 

Metzner-Otto principle as stated in Table 1.  

Table 1: Geometric constants for anchor impeller for a rheo-reactor 

Parameters Couette Metzner-

Otto 

Ri (mm) 39 - 

r (mm) 43 46* 

Kp - 491 

Kpn - 49 

𝒌𝝉 (Pa/Nm) 1516 1462 

𝒌𝜸 (rad-1) 31 30** 

*Radius obtained from the equivalent diameter   **kγ=, ks 

The accuracy of the viscosity measurement using the Couette and Metzner-Otto principles was 

determined using Newtonian fluids and a Non-Newtonian fluid. High viscous silicon oil with 

a standard viscosity of 11.7 Pa.s at 23ºC was used to validate the accuracy of the viscosity 

measurement. The fluid viscosity using the Couette analogy was determined to deviate by 0.3% 

from the standard viscosity of the fluid while that of the Metzner-Otto deviated by 1.7% of the 

standard viscosity. Additionally, the viscosity of low viscous silicon oil, which is another 

Newtonian fluid was determined with both methods.  As shown in Figure 2, the viscosity of 
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low viscous silicon oil averagely deviates about 3.1% from the standard fluids using the 

Couette’s analogy while the deviation from the standard viscosity measurement is about 3.5% 

using the Metzner-Otto principle. This is in agreement with literature where the acceptable 

viscosity reading should have errors <10% (Wrolstad et al., 2005). The deviations of the 

determined viscosities increased when comparing the estimated viscosity of high viscous 

silicon oil and low viscous silicon irrespective of the type of method used. 

 

Figure 6. Comparison of the viscosity of low viscous silicon oil using Couette and Metzner-

Otto principles. 

One-way ANOVA was conducted to statistically analyse the difference between the viscosity 

data sets obtained from the Couette and Metzner-Otto methods. A Tukey HSD post-hoc test 

was used to predict whether the relationship between both methods was statistically significant. 

As stated in Table 2s from the Supplementary Information sheet, the one-way ANOVA test 

showed a significant difference between the viscosity values obtained from both viscosity 

methods. The null hypothesis was rejected as the P-value is < 0.05 and F > 4.1 (F (3) = 35.1, p 

= 0.00006). Table 3s in the Supplementary Information Sheet shows the results of the Tukey 

HSD test. From the conducted post hoc test, it can be inferred that there is a significant 
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difference between the independent variable (temperature) and each dependent variable 

(viscosity data obtained from different methods). However, there is no significant difference 

between the viscosity values obtained from each method and the standard viscosity value. Thus, 

implies that both the Couette and Metzner-Otto method can be used to accurately predict the 

fluid viscosity. The absolute difference in the mean of viscosity data obtained from the Metzner 

Otto method and the mean of the standard viscosity was five times lower than the absolute 

difference between the mean of viscosity data obtained from the Couette method and the mean 

of the standard viscosity. Hence, the Metzner-Otto method is statistically more accurate than 

the Couette method.   

The apparent viscosity of a Non-Newtonian fluid at a constant temperature is dependent on the 

shear rate unlike the viscosity of Newtonian fluids which is independent of shear rates at any 

given temperature. Hence the apparent viscosity of 2w/w% CMC solution was determined 

within a shear rate range from 0 to 350 s-1. The increase in shear stress with an increase in shear 

rate shown in Figure 3 depicts that CMC solution is a Non-Newtonian fluid with pseudoplastic 

behaviour. Apparent viscosities determined with both methods as shown in Figure 3 are similar.  

 

Figure 7. Flow curve 2% CMC solution using a standard rheometer, Couette and Metzner-Otto 

methods  
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A Tukey HSD test conducted on the apparent viscosity data for the two apparent viscosity 

methods using CMC solution showed that both Couette analogy and Metzner-Otto principle 

were not statistically different as the absolute difference of the mean was less than the critical 

range (0.08 << 194.8). Hence, both methods agree with each other and valid for apparent 

viscosity determination of Non-Newtonian fluids. 

3.2.Factors affecting the changes in apparent viscosity of reacting sludge during HTL 

During heating under subcritical conditions of water, many factors can influence the changes 

in the apparent viscosity of the HTL products. The apparent viscosity of reacting sludge can 

vary due to impose external conditions (shearing force, an increment in reaction temperature 

and pressure), formation of new products, phase transitions and the composition of the 

feedstock.  

3.2.1. Apparent viscosity variation due to imposed external conditions 

Apparent viscosity can be modelled as a function of temperature, pressure and solid 

concentration at different shear rate. Temperature has significant effects on the apparent 

viscosity of real biomass which includes sludge. Pressure on the other hand has negligible 

effects on the apparent viscosity of reacting slurries under subcritical conditions (Chen et al., 

2020). However, pressures above critical conditions of water have a significant but minimal 

influence on the apparent viscosity of the slurry. At near critical conditions of water, the 

properties of water which includes polarity, dielectric constant, ionic products, solvation 

ability, density and fluid viscosity (Gu et al., 2020; Masoumi et al., 2020; Suryawanshi et al., 

2020; Tian et al., 2020) change per degree rise in temperature and an increase in pressure. 

Consequently, water-based feedstock will experience significant variation in its properties at 

near critical and critical conditions of water. As anticipated, an increase in feedstock 
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concentration will increase the apparent viscosity of the slurry as increasing concentration 

increases internal resistance in the slurry. 

HTL under subcritical water conditions occurs between 280ºC and 370ºC (Tzanetis et al., 

2017). In order to attain the operating conditions of 350ºC and 200 bars, the reactor vessel was 

pre-pressurised with an initial amount of nitrogen. Figure 4 shows the apparent viscosity profile 

of sewage sludge slurries with an increase in temperature and pressure at three different shear 

rates. As shown in Figure 4, the changes in apparent viscosity of the reacting slurry at 124 s-1, 

248 s-1 and 372 s-1 was minimal during the heating up of sludge from room temperature to 

120ºC. Application of heat in the form of increase in temperature breaks down the sludge 

structure (Li et al., 2014). The breakdown of macromolecules in the sludge during the heating 

process from room temperature to 120ºC has minimal effects on changes in apparent viscosity 

of the reacting slurry at all three shear rates. On average, the apparent viscosity at 124 s-1, 248 

s-1 and 372 s-1 decreases significantly between 120ºC to 220ºC and then slightly increases when 

the temperature of the reacting slurry increases to 280°C for all shear rates used in this study. 

The apparent viscosity-temperature curve for sludge at 124 s-1, 248 s-1 and 372 s-1 then 

decreases gradually to about 320°C, peaks sharply at 335°C and finally increases as the reaction 

temperature increases from 335°C to 350°C.  
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Figure 8. Apparent viscosity profile of municipal sewage sludge during heating up period and 

HTL process at 124 s-1, 248 s-1 and 372 s-1 and a pressure-temperature curve, P = f (T).  

The temperature-pressure curve as shown in Figure 4 increases linearly to 70 bar at 265°C and 

then exponentially as it approaches subcritical pressures of 200 bar. Operating under high 

pressures below critical point keeps the fluid in the liquid phase. Pressure at near critical point 

has minimal to no effect on the yield of biocrude (Guo et al., 2015; Qian et al., 2017). The plots 

of apparent viscosity at constant shear rates versus temperature as shown in Figure 4 are almost 

parallel to each other despite the sudden exponential increase in pressure at 265°C. This is an 

indication that the effect of pressure on sludge viscosity – temperature relationship may not be 

significant. 

For all shear rates used, a gradual decrease in apparent viscosity models of HTL reacting sludge 

as shown in Figure 4 was observed. Apparent viscosity decreases with an increase in shear rate 
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at specified reaction temperatures and pressures. This clearly indicates that the sludge is non-

Newtonian and shear thinning as expected.  

3.2.2. Apparent viscosity variation due to new product formation 

During HTL, the organics in the wet feedstock are converted by a series of chemical reactions 

to yield HTL products. HTL under subcritical conditions of water produces a four-fractioned 

product which results from the changes in molecularity, chemical and physical compositions 

of the intermediates during product formation. The mass yields of each product phase in the 

phase separation diagram shown in Figure 1s in the Supplementary Information Sheet shows 

the gradual decrease in solid and crude-like oil product from 200°C to 300°C. The presence of 

solids and crude-like oil which is a more viscous fluid compared to water increases the overall 

slurry viscosity. According to Saba et al. (2018), the viscosity of crude-like oil extracted using 

acetone and cyclohexane were determined to be quasi-Newtonian with high viscosity values. 

These viscosity values can increase up to 10000 times higher than conventional crude (Kumar 

et al., 2019). The overall decrease in sludge apparent viscosity during HTL as shown in Figure 

4 is due to the gradual depletion and conversion of the organics in the solids in the feed which 

results in the formation of new compounds that may be present (gas and crude-like oil) or 

soluble in the aqueous phase.  

Compounds with high molecular weights have high apparent viscosities. Consequently, fluids 

that contain high molecular weight compounds have relatively higher apparent viscosities than 

fluids with lower molecular weight compounds. According to the GCMS analysis data 

presented in the Supplementary information sheet, compounds detected in crude-like oil 

(Figure 3s, Table 3s), particularly tetracyclic triterpanes in the light oil fraction, have higher 

molecular weights than compounds present in the aqueous products (Figure 3s, Table 4s). 

Therefore, the formation of crude-like oils increases the overall viscosity values of the reacting 
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slurry due to the presence of high molecular weight compounds in the product (Saba et al., 

2018).  

3.2.3. Apparent viscosity variation with feedstock solid concentration  

As expected, an increase in solid concentration increases the apparent viscosity of sludge at a 

constant shear rate of 372 s-1 mainly due to the increase of solids in the slurry. The presence of 

solids in a slurry increases the resistant forces in the slurry. As shown in Figure 5, viscosity of 

20wt% and 25wt% sludge slurries decreases with an increase in temperature and pressure. 

 

Figure 9. Apparent viscosity profile of sludge at different solid concentrations at a shear rate 

of 372 s-1   

During continuous HTL reaction process in tubular reactors, the flow and heat transfer 

properties can be predicted by knowing the changes in viscosity of the reacting slurry. 

However, the flow and heat transfer properties cannot be estimated without knowledge of the 

density of the reacting slurry which is yet to be determined. The feed stream at room conditions 

0

0.05

0.1

0.15

0.2

0.25

0 50 100 150 200 250 300 350 400

A
p

p
ar

en
t 

vi
sc

o
si

ty
, P

a.
s

Temperature, ºC

25wt%

20wt%



121 
 

for highly viscous feedstock such as 25wt% sludge in this study, can be pre-heated to reduce 

the viscosity of the feedstock to ease transportation. Knowledge of slurry viscosity and density 

can be used to determine dimensionless numbers such as Reynolds, Prandtl and Nusselt 

numbers. These dimensionless numbers are useful in specifying flow velocity of HTL slurries 

in pipes, estimating the heat requirements for HTL of real biomass and heat exchanger design, 

particularly with scale-up design and optimisation. High viscosity leads to low Reynold number 

and low heat transfer coefficients. It is desirable to process a low viscous fluid as it reduces 

transportation issues and enhances effective heat transfer during HTL. Heat transfer for less 

viscous fluids like water have a high heat transfer capacity which is contrary to viscous fluids 

which have low heat transfer capacities. 

3.2.4. Apparent viscosity variation with feedstock composition 

The variability in the apparent viscosity profile of sludge slurries under subcritical conditions 

of water can be influenced by the organic compositions of the feedstock. Individual 

macromolecules of biomass which includes proteins, carbohydrates, lipids and lignin will have 

different viscosity profiles under subcritical water conditions. Consequently, biomass slurries 

with variable organic components exhibit unique viscosity profiles under elevated temperatures 

and pressures (Edifor et al., 2020). Currently, there is no information on the effects of the 

inorganics in the biomass on the changes in viscosity of the reacting slurry. Metallic 

compounds in the inorganic fractions of the biomass can potentially affect the chemical 

speciation of the compounds produced and hence influence the variations in the viscosity of 

the reacting slurry. 

Sludge is a lignin-high ash biomass containing sulphur, phosphorus, iron and calcium ions 

which can potentially catalyse or inhibit HTL reactions (Obeid, 2020) . To determine the effects 

of the inorganic fraction on the apparent viscosity profile of sewage sludge, the apparent 
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viscosity profile of sludge was compared to that of mixtures of model compounds with the 

same composition (Table 1s) as that in sludge. As shown in Figure 6, the apparent viscosity 

profile of sludge biomass at temperatures below 175ºC was slightly higher than the viscosity 

of mixtures of model compounds. However, above 175ºC, the apparent viscosity of sludge 

biomass decreased while the apparent viscosity of mixtures of model compounds increased 

with temperature. The difference between the apparent viscosities of sludge biomass and 

mixtures of model compounds was about 0.1 Pa.s at 372 s-1. According to the mass yield data 

shown in Figure 4s of the Supplementary Information, sludge biomass produces solids and 

crude-like oil with mass yield of 25% higher than the mass yield of solids and crude-like oil 

produced from mixtures of model compound. The high solid yield results from the interactions 

of high amounts of carbohydrates, the presence of lignin and high ash content in the biomass 

feedstock (Smith et al., 2016)  while the crude-like oil yields results from the high lipids in the 

feedstock. Insoluble inorganic metals in the ash remains in the solid products after HTL. 

Comparing the mass yield of produced solids and crude-like oil, we expect the viscosity of 

sludge biomass to be higher than the viscosity of mixtures of model at 350ºC due to the high 

solid and crude-like oil yields. Contrarily, the apparent viscosity of sludge biomass was less 

than the apparent viscosity of mixtures of model compounds. This deviation is likely due to the 

effects of metallic compounds in the feed and the presence of lignin in the sludge biomass 

which can potentially alter the HTL pathway and mechanism to yield products that are less 

viscous. According to Durak and Genel (2020), catalysts such as iron, zinc and a combination 

of iron and zinc speeds up reaction and increase the crude-like oil yields in the order Zn < Zn 

+ Fe < Fe. The addition of iron to biomass can increase the production of heavy oils and solids 

in the product phase. Even though the iron concentration in the sludge is three times less than 

that used by Durak and Genel (2020), the presence of iron and other metallic elements can have 
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a minimal catalytic effect which can affect yield of crude-like oil and solid and consequently 

affect the apparent viscosity of the reacting slurry. 

 

Figure 10. Apparent viscosity profile of sludge biomass and mixtures of model compounds at 

372 s-1 

To further analyse the effects of inorganics in biomass, the viscosity profile of a high ash-no 

lignin algae (Tetraselmis sp) was compared to the viscosity profile of mixtures of model 

compounds shown in Figure 7. Tetraselmis sp is rich in sodium, aluminium, magnesium and 

calcium salts as it was cultured in salt water. Tetraselmis sp contains high carbohydrate and 

protein compounds hence produces more solid products with dense crude-like oils. Mass yields 

of solids and crude-like oil of Tetraselmis sp shown in Figure 4s in the Supplementary 

information is about 40% higher than that produced by model compounds. Despite the mass 

yields of algae, the overall apparent viscosity profile of Tetraselmis sp decreases from the 

apparent viscosity profile model compounds when T>50°C with an average variation of 0.05 

Pa.s. The lower viscosity of the real biomass compared to the viscosity of the mixtures of model 
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compounds at T>175°C is due to the effects of high ash content similar to that observed in the 

viscosity profile of sludge slurries. Comparing the average differences in apparent viscosity 

variations as shown in Figure 6 and Figure 7, the difference in apparent viscosity variations 

between the biomass and mixtures of model compounds is greater in sludge than in Tetraselmis 

sp. This difference may be a result of the effect of lignin on the reaction pathway of sludge 

feedstock and the effect of salts in Tetraselmis sp. According to the data shown in Table 6s in 

the Supplementary Information, the high amounts of salts which is evident by the presence of 

sodium can yield a catalytic effect during HTL of algae. High ash content in biomass can 

significantly affect the physicochemical properties of crude-like oil produced via HTL through 

the catalytic effect of these metal ions on polymerization reactions (Díaz-Vázquez et al., 2015). 

Additionally, alkali metals and alkaline earth metals promote reactions and inhibit reactions 

respectively as their catalytic effects during thermal decomposition (Jiang et al 2013). Catalytic 

and inhibitory effects increase conversion rates and may have potentially increase the mass 

yields of the HTL products which can affect the apparent viscosity of the product. The effects 

of metallic ions on yield of crude-like oil can be minimal due to the small concentrations of 

these elements which could produce significant catalytic effects. Hence the presence of metal 

ions in real biomass affects the viscosity profile of the reacting slurry under HTL conditions.  
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Figure 11. Apparent viscosity profile of Tetraselmis sp and mixtures of model compounds at 

372 s-1 

To determine the effects of low ash on the apparent viscosity profile of biomass slurries, 

Spirulina sp was used as a low-ash/no-lignin biomass. Spirulina sp contains low carbohydrates, 

no ash and no lignin, hence no solids were formed at the end of the reaction process. 

Consequently, the mass yields shown in Figure 4s for Spirulina sp were identical to the mass 

yields of each product in mixtures of model compound. Spirulina sp contains high amounts of 

proteins of which produced a thick and sticky viscous crude-like oil. A significant change in 

the apparent viscosity profile of Spirulina sp and mixtures of model compounds was shown in 

Figure 8. The viscosity of Spirulina sp within a temperature range of 100°C< T<340° was 

lower than the apparent viscosity of the model Spirulina sp. The changes in apparent viscosity 

values of the biomass from the apparent viscosity of the mixtures of model compounds in 

Spirulina sp was similar to that in Tetraselmis sp. This variation within the stated temperature 

range is again due to the catalytic and inhibitory effects of the inorganics in the biomass even 
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though Spirulina sp contained less ash but high amounts of potassium (alkali earth metals) 

which would catalyse the reaction and affect the yield of products. 

 

Figure 12. Apparent viscosity profile of Spirulina sp and mixtures of model compounds at 372 

s-1 

In addition to the effects of the various macromolecules on the apparent viscosity changed of 

biomass, the presence of certain metallic compounds in the inorganic fraction of biomass 

greatly influences the viscosity profile of biomass under HTL conditions.  

4. Conclusion 

Rheo-reactors can be used for real-time viscosity measurement of slurries under subcritical 

conditions of water using the torque-impeller speed raw data. The Metzner-Otto method and 

Couette principle were valid for determining the viscosity for both Newtonian (errors <5%) 

and non-Newtonian fluids. Statistically, the viscosity data obtained from both methods agreed 

with the viscosity values from the viscosity standard.  
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As expected, temperature and pressure are major factors that influence changes in the apparent 

viscosity of reacting slurries. Biochemical composition as well as the presence of mineral 

elements in the ash component of biomass can adversely affect the reaction mechanism of the 

feedstock biomass under HTL conditions. The dominance and mixtures of certain 

macromolecules (lipids, proteins, lipids and lignin) in biomass can predict the apparent 

viscosity profile of the reacting slurry. However, the presence of certain metallic ions can 

catalyse the reaction by promoting or inhibiting the reaction mechanism that causes variations 

in the physicochemical properties of the feedstock, particularly slurry viscosity. Elucidating 

the apparent viscosity variations in biomass is necessary for estimating flow properties and the 

heat requirements of real biomass during plant design and scale-up procedures. 
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Table 1s. Composition of sewage sludge, Tetraselmis sp and Spirulina sp 

Composition Sludge Tetraselmis sp Spirulina sp 

Organic, %    

Lipid 19.9 4.7 6.6 

Carbohydrate 21.5 22.3 16 

Protein 9.6 11.7 62 

Lignin 1.4 0 0 

Inorganic, %    

Ash 47.6 61.3 15.4 

    *Composition of Spirulina sp is given by Bulk Nutrients 

 

 

Table 2s. ANOVA data for viscosity data comparing two different methods for viscosity 

measurement 

Source of 

Variation SS df MS F P-value F crit 

Between Groups 1778806 3 592935.2 35.1 5.92E-05 4.1 

Within Groups 135016.2 8 16877.0 

   
Total 1913822 11 
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Table 3s. Tukey HSD Test for viscosity data for silicon oil 

Comparison 

Absolute 

difference  

Critical 

range Results 

Temperature-Couette 907.9 272.7 

Means significantly 

different 

Temperature-Metzner-Otto 876.6 272.7 

Means significantly 

different 

Temperature-Standard 

viscosity 881.7 272.7 

Means significantly 

different 

Couette-Metzner-Otto 31.3 272.7 Not Significantly different 

Couette-Standard viscosity 26.2 272.7 Not Significantly different 

Metzner Otto-Standard 

viscosity 5.1 272.7 Not Significantly different 
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Figure 1s. Phase separation of HTL products 

 

 

Figure 2s. Oil yields of solid and crude-like oil phase 

0

10

20

30

40

50

60

70

80

90

100

150 200 250 300 350 400

P
ro

d
u

ct
 m

as
s,

 %

Reaction temperature, ºC

Biocrude phase Aqueous phase
Solid phase Gas phase



136 
 

 

 

 

Figure 3s. Total ion chromatograms for crude-like oil phase (upper) and aqueous phase 

(lower)  
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Table 4s. GCMS data of crude-like oil product after HTL of sludge at 350ºC 

Retention 

time, min 

% by 

Response Name 

Molecular 

weight 

24.622     8.33 Cholestane                               372 

24.592 6.25 Cholest-2-ene         370 

27.143 4.34 Stigmastan-3-one 424 

24.512 3.88 Cholestene isomer                             370 

24.417 3.70 Cholestene isomer                370 

26.728 2.95 Cholestan-3-one                          386 

24.222 2.60 Cholestene isomer                370 

26.403 2.52 Cholestan-2-one                          386 

25.873 2.09 Stigmast-2-ene 398 

3.694 1.58 Ethylbenzene                             106 

23.027 1.57 Cholestene isomer                370 

25.493 1.54 Stigmasterol                             412 

25.213 1.46 Ergost-2-ene 384 

25.693 1.45 Stigmastene isomer 398 

6.09 1.44 1-hexanol, 2-ethyl-                      130 

25.788 1.42 Stigmastene isomer 398 

25.313 1.41 Ergostane 386 

24.922 1.23 Cholestdiene isomer        368 

25.903 1.12 Stigmastane 400 

28.949 1.04 Butylcholestanone isomer 432 

28.384 1.01 Propylcholestane isomer 414 
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12.372 1.01 Undecene 154 

6.88 1.00 Phenol, 3-methyl-                        108 

27.193 1.00 Propylcholestane isomer 414 

5.48 0.99 Phenol 94 

2.659 0.97 Toluene 92 

24.362 0.83 Coprostane                               372 

4.124 0.82 Styrene                                  104 

13.123 0.70 Dodecene                     168 

 

Table 5s. GCMS data of aqueous product after HTL of sludge at 350ºC 

Retention 

time, min 

% by 

Response Name 

Molecular 

weight 

6.87 6.3 2(3h)-furanone, 5-ethyldihydro-          114 

3.559 2.4 Butanoic acid, 3-methyl-                 102 

6.375 2.2 2-pyrrolidinone, 1-methyl-               99 

17.345 1.9 5,10-diethoxy-2,3,7,8-tetrahydro-1h,6h-

dipyrrolo91,2',2'-d0pyrazine 

250 

2.889 1.7 Propanediamide                           102 

3.279 1.7 Pyrazine, methyl-                        94 

2.103 1.6 Propanoic acid 74 

5.06 1.5 Pentanoic acid, 4-methyl-                116 

7.281 1.4 1-ethyl-2-pyrrolidinone                  113 

8.571 1.4 1,2 dimethylpiperidine 113 

3.674 1.3 Butanoic acid, 2-methyl-                 102 
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2.619 1.3 Propanoic acid, 2-methyl-                88 

5.465 1.2 Phenol                                   94 

16.374 1.0 Pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro-3-

(2-methylpropyl) 

210 

4.439 0.9 Pyrazine, 2,5-dimethyl-                  108 

7.1 0.8 1,5-dimethyl-2-pyrrolidinone             113 

7.055 0.8 2,5-pyrrolidinedione, 1-methyl-          113 

4.324 0.8 2-cyclopenten-1-one, 2-methyl-           96 

8.666 0.7 2,5-pyrrolidinedione, 3-ethyl-1,3-dimeth 155 

2.554 0.6 Pyridine                                 79 

9.592 0.6 N-[2-hydroxyethyl]succinimide            143 

2.374 0.6 Pyrazine 80 

8.136 0.5 3,3 dimethylpiperidine 113 

8.236 0.5 Octanoic acid                            144 

3.504 0.4 Acetamide, n-methyl-                     73 

16.149 0.4 3,6-diisopropylpiperazin-2,5-dione       198 

5.26 0.4 2-cyclopenten-1-one, 2-methyl-           96 

7.741 0.4 N-(3-methylbutyl)acetamide               129 

2.279 0.4 Dimethyl ethanethioamide 103 

7.451 0.4 1,4-dioxaspiro[2.4]heptan-5-one, 7,7-dim 142 

6.25 0.4 2-cyclopenten-1-one, 2,3-dimethyl-       110 
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Figure 4s. Product mass of real biomass and mixtures of model compounds from phase 

separation after HTL at 350ºC *no solids formed in Spiriluna sp 
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Table 6s. Elemental analysis of real biomass 

Inorganic composition, % 

Metals Sludge Tetraselmis sp Spiriluna sp 

Calcium 16.7 6.7 3.4 

Iron 22.2 <1 1.3 

Magnesium 5.4 7.9 6.9 

Phosphorus 22.9 1.3 35.4 

Potassium 1.9 1.6 45.5 

Chromium 0.05 0 6.7 

Sodium 2.2 60.8 <1 

Sulphur 15.5 3.7 <1 

Aluminium 9.7 17.6 <1 

Others <1 <1 <1 
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7. Conclusion 

This PhD investigation has provided additional knowledge to the fundamental fluid properties 

of sewage sludge during the transformation of HTL reacting slurries. It has expanded existing 

research on the hydrothermal liquefaction of sewage sludge and biosolids, specifically, the 

quantification of flow properties for design purposes. This body of work has highlighted an 

important design parameter, viscosity, which has been ignored in current scientific research. 

One major contribution of this study was to characterise biosolid slurries by assessing its 

processability in terms of stability and pumpability. Secondly, this body of work determined 

the rheological characteristic of different types of sludge obtained from different parts of a 

waste treatment plant. Another major contribution of this study was the elucidation of apparent 

viscosity profile of model compound feedstock which is useful for predicting the apparent 

viscosity profile of actual biomass slurries. The fourth major contribution quantified the 

apparent viscosity of sludge slurries, which helps in design purposes and is useful for process 

control and monitoring. This is the first study on the changes in apparent viscosity of reacting 

HTL feedstock ever conducted under subcritical water conditions. Conclusions on the 

individual studies are stated below: 

7.1. Conclusions from individual studies 

7.1.1. The influence of feedstock characteristics on the processability of biosolid slurries for 

conversion to renewable crude oil via hydrothermal liquefaction 

This study assessed the influence of biosolid feedstock characteristics for renewable crude-like 

oil production. The stability and pumpability of biosolid slurries at different solid 

concentrations and particle sizes were analysed. From this study, the following conclusions 

were made: 
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a. The effects of particle size in the hundreds of micron ranges used in the study had 

negligible effects on the slurry stability. Hence biosolid particle size can be limited to 

>750 µm for transportation purposes without a further breakdown in particle size. 

b. An increase in solid concentration of biosolid slurries improves the stability of the 

slurry. Though higher solid loading is highly desired for higher throughputs and crude-

like oil yields, high solids in HTL feedstock increase transportation cost of slurries.   

c. Solid concentrations <60%w/w dry biosolids settle quickly within a period of 30 

minutes. The settling characteristics of biosolid slurries can lead to the transportation 

issues, including blockages of pipe and clogging of pumps. 

d. Transporting concentrated biosolid slurries requires high pumping energy. 

Additionally, processing high solid concentrated biosolids require high capital and 

operational costs. 

7.1.2. Rheological studies of municipal sewage sludge slurries for hydrothermal liquefaction 

biorefinery applications 

The rheological behaviour of different types of sludge was elucidated for HTL applications.  

The rheological parameters were determined using rheological models to fully characterise the 

feedstock. The conclusions drawn from this study are as follows: 

a. Sewage sludge slurries prepared from feedstock obtained from different WWTPs vary 

per the source of the feedstock. 

b. Sewage sludge and biosolid slurries were determined to be non-Newtonian fluids 

exhibiting shear thickening behaviour. 

c. Rheological data for sludge slurries best fit into the Herschel-Bulkley viscosity model. 

The rheological parameters obtained from this model was used to estimate the design 

parameters for pipeline design purposes. 
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d. Pumping power required for pumping sewage sludge slurries at a specific solid 

concentration was higher than slurries prepared from stockpiled biosolids. 

7.1.3. Viscosity variation of model compounds during hydrothermal liquefaction under 

subcritical conditions of water 

This study focused on reacting slurries of model compounds, specifically viscosity, under 

subcritical water conditions. The real-time viscosity variations of sunflower oil, soy protein, 

granulated sucrose and mixtures of model compounds feedstock were quantified using the 

Metzner-Otto correlation for viscosity measurement in a stirred tank reactor. The following 

conclusions were made at the end of this study: 

a. HTL feedstock slurries prepared from models of lipids, proteins and carbohydrates 

exhibits unique viscosity profiles under HTL conditions. The apparent viscosity 

changes in lipids are insignificant compared to the apparent viscosity changes in other 

model compounds under subcritical water conditions. Apparent viscosity of protein 

feedstock decreases significantly from room temperature to 100ºC and changes 

insignificantly until 350ºC. The apparent viscosity of reacting slurries of carbohydrate 

feedstock changes insignificantly from room temperature to 250ºC and increases as 

solids precipitate out of solution. 

b. Factors that affected the changes in the apparent viscosity of reacting slurries of model 

compounds included temperature, pressure, chemical composition, phase change and 

the shearing forces.  

c. Apparent viscosity profile of binary and ternary mixtures of model compounds gives a 

prediction of the apparent viscosity of actual biomass with similar compositions. 
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7.1.4. Real-time viscosity variations of sewage sludge during hydrothermal liquefaction 

under subcritical water conditions 

In this study, the real-time viscosity changes of sewage sludge slurries were quantified under 

subcritical water conditions. Apparent viscosity measurement was estimated using the Couette 

and Metzner-Otto methods in a batch reactor. A comparison was made between the apparent 

viscosities of the reacting sludge slurries to reacting microalgae and mixtures of model 

compounds. The following conclusions were made from this study: 

a. Generally, the apparent viscosity of sewage sludge slurries decreases with an increase 

in temperature from room temperature to about 320ºC. 

b. Changes in apparent viscosity of sewage sludge are due to dominant macromolecules 

in sludge that react under elevated conditions.  

c. The inorganic composition of sewage sludge catalyses HTL reaction mechanism which 

causes changes in the physical and chemical composition and eventually affects the 

slurry viscosity. 

7.2. Recommendations for future work 

The results reported in this thesis have broadened our understanding of the rheological 

characteristics of biosolids and sewage sludge slurries before HTL during upstream processes 

(pipe flow and pumping) and the changes in the viscosity of reacting slurries during HTL under 

subcritical conditions. However, a few gaps were identified, and further studies may be 

required to fully elucidate the rheological characteristics of the sludge feedstock during HTL: 

a. Biomass comprises of proteins, carbohydrates, lipids and lignin. Most lignocellulosic 

biomass feedstock contains significant amounts of lignin which potentially affects the 

changes in the apparent viscosity of biomass under subcritical water conditions. Lignin is 

largely made up of insoluble solids whose presence will increase the solid product and 
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change the apparent viscosity of the reacting slurry. The nature of lignin model compounds, 

such as alkaline lignin, sticks to its containing vessel walls. Considering the sticky nature 

of lignin feedstock, the impeller configuration used was a limitation due to the small 

clearance between the impeller blades and the reactor vessel walls. An obstruction to the 

free rotation of the impeller was observed during apparent viscosity measurement. To fully 

mimic the viscosity changes in biomass, especially the lignin-containing biomass, viscosity 

changes of lignin can be determined with a different impeller configuration that will keep 

the slurry homogenous during measurement.  

b. Further experiments can be conducted to fully quantify the viscosity changes of the 

inorganic fraction of biomass using models under subcritical water conditions. 

c. Future investigations can be conducted on the effects of the catalysis of clays in sewage 

sludge on the conversion of organics and the changes in the apparent viscosity of reacting 

slurries. This should include detailed characterisation of clays in different sludge feedstock 

and assessing the effect of different types and concentration of clays to HTL product 

formation. 

d. This study quantified the apparent viscosity of model compounds at a fixed rotational speed 

(shear rate). Further experiments can be conducted at different rotational speeds to fully 

characterise the rheological behaviour of each model compound, mixtures of model 

compounds, sewage sludge slurries, and other biomass samples at specific reaction 

conditions.  

e. The data obtained after fully quantifying each feedstock's rheological properties used in 

this study can be used to model the apparent viscosity as a function of temperature, 

pressure, and composition. This will clearly explain how these factors and reaction 

conditions affect viscosity. 
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f. The data obtained from the viscosity changes of mixtures of model compounds of each 

macromolecule can be used to derive a relation as a function of the individual model 

compounds. Developing such a relation will help predict the viscosity changes of other 

biomass feedstock once the organic and inorganic components are known.  

g. Viscosity data at different reaction conditions can be used to determine dimensionless 

parameters such as Reynolds number, Nusselts number and even heat transfer parameters 

including the heat transfer coefficient. Other parameters, such as density, can also be 

determined to fully characterise the fluid's flow and heat transfer properties.  

 

 

 

 

 

 

 

 

 

 

 

 




