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 Abstract 

 Introduction. Improving the efficiency of pretreatment of 

lignocellulosic raw materials is the use of physical effects that 

occur during the movement of viscous fluid in rotary pulsation 

apparatus. The aim of the research is the degree of 

delignification of lignocellulosic raw materials and the 

theoretical substantiation of its temperature increase by 

processing in a rotor-pulsation apparatus. 

Materials and methods. The raw material for the research 

was wheat straw. The amount of lignin isolated was 

determined by the weight method. Simulation of fluid flow and 

heat transfer in the rotor-pulsation apparatus was performed by 

numerical method. 

Results and discussion. It was determined that the 

treatment of the aqueous dispersion of straw in a ratio of 1:10 

due to energy dissipation for 70 minutes leads to the release of 

42% lignin. Changing the water/solid ratio from 1:10 to 1:5 

leads to an increase in the percentage yield of lignin to 58%. 

The results of experimental and numerical studies have 

shown that when processing an aqueous dispersion of straw in 

a rotary pulsation apparatus, this raw material for a certain 

period of time is heated to a temperature at which the intensive 

release of lignin. The changes in time of the temperature of the 

aqueous dispersion of straw during its processing in the rotary 

pulsation apparatus indicate the possibility of using rotary 

pulsation apparatus for heating the raw material intended for 

hydrolysis, instead of using external energy sources. 

The results of computational studies of the dynamics of 

changes in the temperature of the aqueous dispersion of straw 

during its processing in a rotor-pulsation apparatus were 

compared with the results of experimental studies. Satisfactory 

agreement of experimental and calculated results is obtained. 

Conclusions. According to the results of numerical 

studies of hydrodynamics and heat transfer in the rotor-

pulsation apparatus, the possibility of raising the temperature 

of the raw material intended for hydrolysis to the required level 

after its processing in this apparatus has been established. It is 

determined that the change of the hydraulic module leads to an 

increase in lignin yield. 
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Introduction 

 
The production of bioethanol from lignocellulosic raw materials has both a number of 

advantages and disadvantages compared to traditional raw materials containing starch. 

Cellulosic feedstocks offer several advantages over starch- and sugar-based feedstocks. 

They are either waste products or purposefully grown energy crops harvested from marginal 

lands not suitable for other crops. Less fossil fuel energy is required to grow, collect, and 

convert them to ethanol, and they are not used for human food [1]. 

The cell wall of the plant is composed of a network of cellulose microfibrils and cross-

linking glycans embedded in a highly cross-linked matrix of pectin polysaccharides. The 

most common additional polymer in secondary walls is lignin, a complex network of phenolic 

compounds [2].  

Due to the complex structure and recalcitrant nature of lignocellulosic biomass, an 

indispensable step of its processing is pretreatment for hydrolysis [3]. 

As a result, of the pretreatment, complex lignocellulosic structures are converted to 

simple components (cellulose, hemicelluloses, and lignin) which is generally reflected by the 

removal of lignin, preservation of hemicelluloses, reduction of cellulose crystallinity and an 

increase of the material porosity [4]. The presence of lignin and hemicellulose prevents the 

access of hydrolytic enzymes to the surface of cellulose fibers in the technology of enzymatic 

hydrolysis [5]. The goal of the pretreatment process is to remove lignin and hemicellulose, 

reduce the crystallinity of cellulose, and increase the porosity of the lignocellulosic materials 

[6]. 

Among the many methods of influencing lignocellulosic raw materials during the 

preliminary preparation, several are currently commercially implemented, namely steam 

explosion, one- and two-stage treatment with dilute acids and ammonia treatment in 

combination with steam treatment [7]. The process of alkaline pre-treatment of raw materials 

in the pulp and paper industry is a classic [8]. 

The main factors that determine the effectiveness of the pre-treatment process are 

mechanical impact, temperature, pressure, hydraulic module, process duration, the 

concentration of the chemical agent. Machining increases the surface area available for 

cellulolytic enzymes. It is proved that fine grinding of raw materials allows increasing the 

yield of reducing substances during its hydrolysis [9–11]. 

Mechanical pretreatment leads to an increase in the surface available for cellulolytic 

enzymes. It is proved that the fine milling of straw allows increasing the yield of reducing 

substances in its hydrolysis [12]. 

Another factor is the temperature of the pretreatment process. Increasing the 

temperature from 120 to 270ºC led to greater solubilization of hemicellulose in the 

technology of steam explosion [13], increasing the temperature from 120 to 180 ºC led to an 

increase in glucose in the prehydrolyzate regardless of the concentration of sulfuric acid in 

preparation for hydrolysis with dilute acids [14]. A series of studies on the preliminary 

preparation of wheat straw is presented in [15]. 

It is determined that increasing the temperature of the pretreatment process with a 

solution of sulfuric acid, sodium hydroxide solution or hot water pretreatment leads to an 

increase in the degree of conversion of cellulose. The dependence of lignin yield on the 

temperature and processing time of wheat straw in an autoclave in 2.5% sodium hydroxide 

solution was studied by Asghar U, Irfan M, Iram M, et al. [16]. The results showed that the 

residence time for 90 min at 121 °C strongly affects the substrate, reaching a maximum 

cellulose content of 83%, delignification of 81%, and hemicellulose content of 10.5%. 
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All the above-mentioned methods of pretreatment of lignocellulosic raw materials 

before hydrolysis were performed with an external heat supply. 

One of the ways to increase the efficiency of pre-treatment of lignocellulosic raw 

materials is the use of thermophysical effects that occur during the movement of a viscous 

fluid in rotor-pulsation apparatus [17]. 

Studies of the effect of temperature on the viscosity of the water-grain mixture were 

studied in [18]. Thermal and hydraulic characteristics of the fluid in the rotor-pulsation 

apparatus were given in [19]. Technical water and vegetable oil were used as model media. 

Experimental studies were performed on the setup, the working body of which was a rotor-

pulsation unit, in the range of engine speed 0–4500 rpm. However, the physicochemical 

properties of the model media differed from the physicochemical properties of the aqueous 

dispersion of plant biomass. 

The aim of the study is the degree of delignification of lignocellulosic raw materials 

and the theoretical substantiation of its temperature increase by processing in a rotor-

pulsation apparatus. 

To achieve this goal, it was necessary to perform the following tasks 

− To determine the effect of the solid/water ratio of the aqueous suspension of wheat straw 

on the degree of delignification of lignocellulosic raw materials during its processing in 

the rotor-pulsation apparatus using alkali as a reagent; 

− Determine the effect of temperature of the obtained suspension and its effect on the 

degree of lignin release; 

− Theoretically substantiate the increase in temperature of the aqueous suspension of 

wheat straw during its processing in the rotor-pulsation apparatus. 

 

 

Materials and methods 
 

The raw material for the study was wheat straw with an average particle size of 100 

microns. 

Rotor-pulsation apparatus 

The study was carried out on an experimental setup, the description and principle of 

operation of which are given in [20]. 

 

Order of study 

 

A portion of straw in the amount determined by the experimental conditions was soaked 

in two liters of tap water. The remaining water was mixed with sodium hydroxide in an 

amount of 1 wt.%. The receiving solution and the rotary pulsation apparatus were filled with 

the obtained solution. The required rotor speed was set. The rest of the water was added. 

Turned on the engine. During a certain processing time, the obtained aqueous suspension of 

straw circulated in a closed circuit – receiving tank – rotor-pulsation apparatus. Samples were 

taken at regular intervals. The solids and the filtrate were separated by filtration. 

 

Determination of lignin content 

 

Sulfuric acid was added to the filtrate with stirring until a pH = 2 was reached to separate 

the lignin from the solution, after which the suspension was filtered through a pre-weighed 

paper filter. The dried filter with the remaining lignin was weighed on a scale with an 

accuracy of 0.001 g [21]. 
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Modeling methods 

 

Numerical simulation of fluid flow and heat transfer in a rotor-pulsation apparatus is 

performed according to the method described in [22, 23]. The flow of a viscous fluid and heat 

transfer in the volume of a rotor-pulsation apparatus is described by a system of Navier-Stokes 

differential equations together with the equation of energy conservation for fluid flow. The 

problem of flow and heat transfer is considered in a two-dimensional setting in a section 

perpendicular to the common axis of the rotor and stator. This system of equations, which 

describes the dynamics of fluid and energy transfer, is represented in cylindrical coordinates and 

has the form: 

– continuity equation 
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energy conservation equation for fluid flow 
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τ, с – time; r, m – radial coordinate; θ – angular coordinate; vr , m/s – radial velocity; vθ, m/s 

– tangential velocity; p, Pa– pressure; t, оС – temperature; Cl, J/(kg∙K) – heat capacity of the 

liquid; ρl, kg/m3 – density of liquid; λl, W/(m∙K) – thermal conductivity of the liquid; μl, Pa∙s 

– dynamic viscosity coefficient. 

The last term in the right part of energy equation (4) characterizes the volumetric source 

of heat release in a liquid medium due to the viscous dissipation of mechanical energy. 

The system of equations (1) – (5) is solved numerically in the calculation domain rmin≤ 

r ≤ rmax; θ0 <θ <θ0 + Δθ; rmin = rin, rot– Δr; rmax = rex, st + Δr, where rin, rot is inner radius of the 

rotor; rex,st  is outer radius of the stator; Δr – width of the additional section in front of the 

rotor and behind the stator; Δθ – geometric period of working bodies of the rotor-pulsating 

apparatus.  
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The system of equations (1) – (5) is given boundary conditions: r = rmin: t = tin; p = pin; 

0;θv

r


=


r = rmax: 0;

t

r


=


 p = pin – Δp; νθ=0. On the stator surfaces νr = 0 and νθ=0. On the 

rotor surfaces  νr = 0, 
0 ,θv

r
=  where ω0 is the angular velocity of the rotor rotation. 

Heat transfer through the working elements of the apparatus is described by the 

equations: 

– for the stator: 

1 1
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–  for the rotor:
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where Cs, J/(kg∙K) – heat capacity of the material of the working elements; ρs, kg/m3 – density 

of this material; λs, W/(m∙K) – thermal conductivity of the material. 

Boundary conditions of the fourth kind are set on the surfaces of working elements, 

which establish the equality of temperatures of the liquid and solid body, as well as the 

equality of heat flux densities transferred from the liquid to working elements. 

Modeling of fluid flow and heat transfer is performed by numerical solution of the 

system of equations (1) – (7) and analysis of the obtained results on the distribution of 

velocity, pressure, and temperature in the fluid flow processed in the rotor-pulsation 

apparatus. 

The system of equations (1) – (7) with the corresponding boundary conditions is solved 

by a numerical method. To do this, this system of equations is written in the finite-difference 

form. Thus, the system of differential equations is replaced by a system of algebraic 

equations, which is solved by known methods. In this case, the matrix run method, which is 

described in detail in [24], is used to solve the system of finite-difference equations. To 

implement this method, a computational algorithm in the DELPHI programming language 

has been developed. This algorithm allows determining the cross-sectional distributions of 

the calculated area of discrete values of fluid velocity, pressure, and temperature. It also 

provides the ability to graphically display velocity vectors and temperature isolines in the 

working area of the device. The application of the specified calculation algorithm can be 

carried out on a personal computer of medium power. 

In order for the liquid to reach a temperature sufficient to carry out the necessary 

chemical transformations, the liquid must be repeatedly processed in a rotor-pulsation 

apparatus. The liquid after processing in the device enters the receiving tank through a system 

of pipelines. In pipelines and in the receiving tank, the liquid is partially cooled due to heat 

loss from the surfaces of the equipment. Heat loss also occurs directly from the surface of the 

device. To determine the nature of the change in time of the temperature of liquids that 

continuously enters the rotor- pulsation apparatus and is removed from it, the differential 

equation of heat balance is used which is given in [23] and has the form: 

( ) ( )s s eq eq efρ αl l l

t
C V C m C m Q F t t

τ
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,                            (8) 

where Vl, is the volume of treated fluid; ms – mass of the rotor-pulsation apparatus; Ceq, meq 

– specific heat of the material of the equipment connected to the rotor-pulsation apparatus, 

and its total mass; F is the total area of the outer surface of the rotor-pulsation apparatus and 
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equipment from which heat losses to the environment occur; αef – effective heat transfer 

coefficient from the surfaces of the equipment; t ∞- outside air temperature; Q is the power 

of the heat source in the rotor-pulsation apparatus due to the dissipation of mechanical 

energy. This equation of heat balance is made under the condition that the temperature of the 

outer surfaces is insignificantly different from the temperature of the treated liquid. 

Heat transfer from the surfaces of the equipment is carried out by natural convection 

and radiation. Therefore, the effective heat transfer coefficient αef is defined as the sum of 

convection αc and radiation αr heat transfer coefficients. The coefficient for natural 

convection in turbulent flow near vertical surfaces is calculated by the formula given in [25]: 

( )
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where g, m/s2 – acceleration of gravity;  β, 1/K – temperature coefficient of air expansion; λa 

– coefficient of thermal conductivity of air; νa – kinematic coefficient of air viscosity; Pra- 

Prandtl number for air. The radiation heat transfer coefficient is determined from the 

expression 
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which follows from the law of Stefan – Boltzmann, where c0 = 5.7 W/(m2K4) – the coefficient 

of radiation of an absolutely black body; ε – the degree of blackness of radiation heat transfer 

surfaces is given. 

The power of the heat source Q in the working volume of the apparatus can be 

determined both by the results of the numerical solution of the system of equations (1) – (7) 

and by the approximate formula: 

( ) ( )
2

вн.ст зов.рот 0 зов.рот /Q r r h r   = +   ,  (11) 

where δ = rin st – r ex rot – the magnitude of the gap between the rotor and stator; h is the width 

of the working elements of the device. The approximate formula (11) is made under the 

condition that the dissipation of mechanical energy occurs only in the gap between the rotor 

and the stator. The solution of the nonlinear equation (8) is performed by the numerical 

method. 

 

 
Results and discussion 
 

Figure 1 shows the dynamics of changes in temperature of water and mixture over time 

in the setup with a speed of 47.75 rpm at different solid/water ratios. 

Under these processing conditions, samples were taken every 10 minutes Data on the 

amount of lignin extracted are given in Table 1. 

Based on the data in table 1, it can be concluded that the treatment of an aqueous 

suspension of straw in a rotary pulsation apparatus allows you to remove up to 42% of lignin 

within 70 minutes under atmospheric pressure without an external supply of thermal energy. 

Changing the solid/water ratio of the aqueous suspension of straw from 1:10 to 1: 5 

leads to an increase in the amount of lignin released, as the temperature of the mixture 

increases more intensely. 
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Figure 1. Dynamics of temperature change of aqueous suspension of straw in time at a solid / 

water ratio:  

■ – 1:10; ▲ – 1: 5; ♦ – water. 

 

 

 
Table 1 

Dependence of the amount of lignin on the duration of processing at a speed of 47.75 rpm 

 

 

 

 

A further increase in the straw content in the mixture leads to significant energy 

consumption and unstable operation for the selected design of the rotor-pulsation apparatus. 

Rotor speed ω0= 2π∙47.75 s-1. The pressure difference Δp between the inlet and outlet 

cross sections of the calculated area is 5000 Pa. The picture of fluid flow and distribution of 

excess temperature Δt = t – tin in the investigated element of the working area is shown in 

Figure 2. 

Solid/Water ratio 1:10 

Sample 1 2 3 4 5 6 7 

Processing duration, min 10 20 30 40 50 60 70 

% of the total lignin content 10 18 25 32 38 41 42 

Solid/Water ratio 1:5 

% of the total lignin content 18 29 36 45 50 55 58 
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The increase in temperature of the medium treated in the rotor-pulsation apparatus is 

due to the dissipation of mechanical energy in the working volume of the apparatus. As noted 

in [22, 23], the most intense dissipation occurs in the gap between the rotor and the stator, 

where the most significant deformation of the velocity. To find out in detail the mechanism 

of heating the aqueous suspension of straw in the rotor-pulsation apparatus, numerical 

simulation of the flow and heat transfer in this apparatus is performed. By the method of 

numerical solution of the system of equations (1) – (7) described above, calculations of 

velocity fields in temperature in the working zone of the rotor pulsation apparatus are 

performed for two values μ = 0.09 Pa·s and μ = 0.107 Pa·s, which is approximately 

correspond to the viscosity of the aqueous dispersion of straw at a solid/water ratio of 1:10 

and 1:5, respectively. 

 

 
а                                                         b 

 

Figure 2. Velocity field and distribution of excess temperature Δt in the working zone of the 

rotor-pulsating apparatus during the processing of aqueous suspension of straw:  

a – μ = 0.09 Pa· s; b – μ = 0.107 Pa·s 

 

 

As can be seen from Figure 2, the most significant overheating of the fluid occurs in the 

gap between the rotor and the stator near the inner surface of the stator, where the most 

intense heat dissipation occurs due to the dissipation of mechanical energy. From the results 

of numerical simulation, it follows that the maximum overheating of the liquid in the gap for 

one period of rotor rotation is Δtmax = 1.9 oC at μ = 0.09 Pa∙s and Δtmax = 2.2 oC at μ = 0.107 

Pa∙s. The average excess temperature of the treated liquid in the rotor-pulsation apparatus 

outlet is Δt = 0.44 oC at μ = 0.09 Pa∙s and Δt = 0.53oC at μ = 0.107 Pa∙s. 

According to the results of solving equation (8), the change in time of the temperature 

of the aqueous suspension of straw having a volume of 10 l is determined during its 

processing in the rotor-pulsation apparatus. The total heat transfer surface is F = 2.8 m2. 

Rotor-pulsation apparatus and additional equipment made of stainless steel. 

The solution of equation (8) is performed provided that the air temperature t∞ and the 

initial temperature of the liquid are equal to 20 oC. 

In fig. Figure 3 shows the dependences of the temperature of the aqueous suspension of 

straw on the processing duration obtained by solving the results of equation (8) using 

expression (11). The results were obtained for μ = 0.09 Pa·s, which corresponds to a solid / 
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water ratio of 1:10, and for μ = 0.107 Pa·s, which corresponds to a 1:5 ratio. The solid lines 

reflect the results of the numerical solution of equation (8), and the points – the results of 

experimental studies shown in Figure 2.  

The figure shows that when processed for 60 min. the aqueous suspension of straw with 

a solid / water ratio of 1:10, its temperature rises from 20 oC to 87.5 oC. If the specified ratio 

is 1:5, then during the same time the aqueous suspension is heated to 97.7 oC. This indicates 

the possibility and feasibility of using for heating raw materials intended for hydrolysis, rotor-

pulsation apparatus. 

Figure 3 also shows the comparison of the calculated results with the experimental data. 

As can be seen from the figure, the agreement between the calculated and experimental 

results is quite satisfactory. 

 

 

 
 

Figure 3. Changes in time of temperature of aqueous dispersion of straw during its processing 

in rotor-pulsation apparatus at ratios solid/water 1:10 (1) and 1:5 (2).  

Solid lines – the results of calculations; points – the results of experiments. 

 

 
 

Conclusion  
 

According to the results of computational and experimental studies, it is established that 

to heat the aqueous dispersion of straw to a temperature at which lignin is intensively 

released, it is possible to use rotary pulsation devices without external heat supply. It is 

determined that the change of the hydraulic module leads to an increase in lignin yield. 

Sh 
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