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Rezumat. Lucrarea descrie principiile metodei aportului energetic cu impact discret, aplicată pentru intensificarea 
proceselor de bioconvecţie şi biotehnologice.  
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Abstract. We describe the principles of the method of discrete-impact energy input as applied to the 
intensification of bioconvection and biotechnological processes.  
Keywords: bioconvection, mass and heat transfer, discrete-impact energy input.  

Much attention is given at present to the develop-
ment of biotechnologies. Numerous processes in the 
microbiological, food, chemical, and pharmaceutical in-
dustry occur under conditions of intense bioconvection. 

Bioconvection represents a new, thriving branch of 
science, combining the postulates of thermophysics, 
fluid mechanics, and biology [1 – 5]. 

Since a microorganism in a flowing fluid is sub-
jected to the action of a torque and its center of gravity 
does not coincide with its center of buoyancy, the 
motion of the microorganism under the influence of 
gravity deviates from a strictly vertical line [1, 2].  

Bioconvection is also attributable to the difference be-
tween the densities of microorganisms and medium (water). 
As the amount of microorganisms increases, there appear 
coherent structures with opposite direction of rotation [4]. 
This phenomenon leads to a substantial intensification of 
mixing processes and, hence, to the intensification of mass 
transfer, which determines the efficiency of homogeni-
zation of the medium and bioenergy processes. 

It is worth noting that the motion of microorganisms is 
not completely deterministic but has a random character. 
Therefore, in modeling bioconvective processes, the 
corresponding equations have to contain stochastic terms. 

The mathematical model of bioconvection includes 
the equations of motion and mass transfer for an in-
compressible fluid as well as conservation equations for 
microorganisms: 
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where: D is the diffusivity of microorganisms (we 
assume that all their random motions can be described 
by the diffusion process), са is the acceleration factor; 
Nc – the concentration of microorganisms adsorbed by 

the porous material; Ns – the concentration of moving 
microorganisms; V  – the average volume of a micro-
organism; Δρ = ρт – ρ, K – the permeability of the 
porous medium, determined by the Kozeny – Karman 

equation; s  – a unit vector in the direction of motion of 
microorganisms; Wc s  – the vector of average velocity 
of the motion of microorganisms with respect to the 
fluid (we assume that Wc is a constant quantity). 

The adsorption rate is given by 
 Ra = ka Ns – kd Nc, (2) 

where: ka is a coefficient characterizing the adsorption 
rate of microorganisms and kd is a coefficient cha-
racterizing their desorption rate. 

In these processes, the structure of the medium 
becomes unstable, and, as a result, there arises a 
convective motion of the fluid, e.g., similar to the 
Rayleigh – Benar convective instability [6]. 

The concept of instability of the system under study 
can be considered as a consequence of parametric reso-
nance [7]. As follows from here, bioconvective instability 
appears in the case where the average velocity of micro-
organisms is equal to the speed of wave propagation of 
neutral perturbations. Under such a formulation of the 
problem, a change in the flow conditions arises when 

 кх U0 = ω. (3) 
Here, кх is the turbulent kinetic energy in the 

direction of the corresponding coordinate, U0 is a 
characteristic flow velocity, and ω is the frequency. 

The condition expressed by Eq. (3) corresponds to 
the second Rayleigh theorem of the stability of flow, 
according to which the speed of wave propagation of 
neutral perturbations is lower than the maximum velo-
city of the main flow. 

For the one-dimensional case, the conditions of the 
onset of instability, presented in nondimensional form, 
were obtained in [4]: 
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where: Da is the Darcy number, 
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В – the orientation parameter [4]; N0 is the concen-
tration of microorganisms in the medium. 

Similar solutions were also obtained for the two-
dimensional case [8]. Calculations of bioconvective 
instability were carried out for both a porous and a 
nonporous (continuous) medium. In the last case, the 
Navier – Stokes equations are used. 

Enhancement of the intensity of technological pro-
cesses in heterogeneous media, including bioconvective 
processes, is possible in the case of using the concept of 
discrete-impact energy input (DIEI), which was proposed 
and developed at the Institute of Engineering Thermo-
physics (IET) of the National Academy of Sciences of 
Ukraine for the intensification of heat and mass transfer 
and hydrodynamic processes in disperse media [9, 10]. 
The idea of DIEI consists of the concentration 
(accumulation) of energy, which was preliminarily 
introduced and arbitrarily distributed in the system, at 
local and spatially disconnected (discrete) points of the 
medium and subsequent pulsed transformation of this 
energy for reaching the necessary physical effects. An 
important distinctive feature of these phenomena is 
connected with the space-time localization of energy, 
which enables one, despite a comparatively low level of 
the energy, to create directed high-effective pulses. 

The DIEI processes proceed in a wide range of time 
and linear scales, beginning from nanoscales and fini-
shing with macroscales. Hence, there exists a certain 
hierarchy of the DIEI processes. All these processes of 
different scales are connected between themselves, and 
each of them affects the character of course of the other. 
One of the important processes on the microscale level 
belongs to the phenomena of turbulent transfer and 
thermohydrodynamic instability, which have been solved 
in the main. 

The principal working element of the DIEI method 
in the processes of adiabatic boiling of liquids, as in the 
phenomena of hydrodynamic or ultrasonic cavitation is 
a vapor bubble with all manifestations of its dynamics: 
origination from a nucleus, intense radial growth, 
oscillation of its surface, and collapse, including that 
with the formation of a jet stream. Consider some 
characteristic laws of the behavior of a single vapor 
bubble, which arose in the volume of a continuous 
liquid [10]. Such a problem was first formulated and 
solved by Rayleigh for a cavitation void.  

The dynamics of a vapor bubble in the volume of its 
liquid is described by the system of equations of hydro-
dynamics and heat and mass transfer. In particular, the 
motion of a viscous incompressible liquid immediately 
on the interface (from the side of the liquid), induced by 
the compression or expansion of a spherical bubble, is 
determined by the Rayleigh – Lamb equation 
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where VR is the bubble velocity, р is the pressure, μ1 is 
the dynamic viscosity, ρ1 is the liquid density, τ is the 
time, and R is the bubble radius. 

Since the growth or compression of a bubble is 
always accompanied by such phenomena as evaporation 
and condensation, which corresponds to the physics of 
actual processes, we may conclude that the velocity of 
motion of the spherical interface dR/dτ does not coincide 
with the velocity of radial motion of the liquid VR near 
the interface and is given by 

 dR/dτ = VR + MR / ρ1, 

where MR is the surface density of interphase mass 
transfer. 

The expression for changes in the vapor temperature 
in a bubble has the form 
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where с2 is the specific heat, t2 is the temperature 
(subscript 2 means that the parameters refer to the vapor 
phase), and qR is the heat transfer density across the 
interface. 

The vapor density is given by 
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and its pressure can be calculated by Van der Waals' 
equation. 

The processes of heat and mass transfer can be 
considered within the framework of molecular-kinetic 
theory. For example, the intensity of mass transfer across 
the boundary of a bubble at phase transformations is 
determined as 

 2 2 2[ ( ) ( )]R S SM U t t= β ρ − ρ , (8) 

where β is the mass transfer coefficient. 
The parameter U2(t) is proportional to the average 

velocity of the thermal motion of gas molecules at the 
corresponding temperature: 
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where ℜ is the universal gas constant. 
The heat flux across the interface is calculated by the 

following general relation: 
 qR = ρ2U2c2(tS – t2) + MRc2tS. (10) 

Within the framework of the integral method of 
solution of nonstationary heat-conduction problems, the 
relation for the heat flux across the interface can be 
written in the form of a boundary condition 

 1 2
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where the parameter δ(τ) characterizes the thickness of 
nonstationary thermal layer in the liquid adjoining the 
bubble – liquid interface. 
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The total quantity of heat H1, obtained by the liquid 
due to its heat transfer with a bubble, is connected with 
the parameter δ(τ) by the following relation: 

 2 2
1 1 1 2( ) 4 ( ) (4 ) /12SH c t t R R⎡ ⎤τ = πρ − ⋅ δ + δ⎣ ⎦ .  (12) 

On the other hand, the heat balance equation for the 
liquid is 
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Using two last relations, we can find the thickness of 
the thermal layer δ: 

 
0,5

1
3

1 1 2

3
2 1 1

4 ( )S

H
R

R c t t

⎧ ⎫⎡ ⎤⎪ ⎪δ = + −⎨ ⎬⎢ ⎥
π ρ −⎣ ⎦⎪ ⎪⎩ ⎭

. (14) 

The liquid temperature distribution in the thermal 
layer of thickness δ can be written in the form 
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Equations (5) – (11) represent the general system of 
equations of the dynamics of a single vapor bubble. This 
system should be supplemented by initial conditions, 
relations for the thermophysical properties of the liquid 
(density, viscosity, coefficient of surface tension, specific 
heat of evaporation), and the time dependence of 
changes in the external pressure over the liquid. 

A substantial feature of the DIEI method is the high 
degree of nonstationarity of the processes, which is 
attributable to the discrete-impact character of energy 
input to the system. Among these processes, one should 
mention the phenomena of flash formation of the nuclei 
of boiling bubbles, their collapse, the effect of formation 
of jet microstreams, etc. These phenomena can be 
considered as the processes of replacement of the stable 
states of existence of the system, i.e., processes that are 
analyzed by the theory of instability. 

If the dimensionality of a dynamic system exceeds 
two, then, for such a system, one more type of insta-
bility can arise, namely, a strange attractor [11]. 

Numerous experiments show that the mass transfer 
coefficient in apparatus realizing the DIEI principle is 
15 – 20 times as great as in the existing technologies, 
which enables one to enhance maximally the output of 
components for a short time [9, 10]. 

For example, in Fig. 1 [10], we show the results of 
experiments devoted to the homogenization of substrate 
of a biogas facility by the method of mechanical mixing 
(a) and DIEI (b). To realize the DIEI principle, we 
applied a BG-1 rotor-pulse apparatus, designed at the 
IET. 

These photographs show that, in the case of 
homogenization of the substrate by the DIEI method, 
one can achieve an appreciable enhancement of the 
homogeneity of the medium. This leads to an increase in 
the efficiency of the biofermentation process. 

In addition, it should be emphasized that the time of 
mechanical mixing in the reactor of a biogas facility 
constitutes 7 – 8 h, whereas it is 20 – 30 min in the case 
of using DIEI. As a result, the energy consumption for 
the homogenization of the medium becomes several 
times less. 

 

 
 

Fig. 1. Photographs of the substance under study  
(40× magnification) with the use of the method of mechanical 

mixing (a) and DIEI (b). 
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