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ABSTRACT 

In this work, a new design of internal channels for a pneumatic 
mechanical device was proposed to reduce the muscle tone of 
the hands. The new design uses a two-phase gas-liquid system 
as a working medium. Numerical modeling was performed, 
according to the results of which a cumulative distribution of 
the average diameter of gas bubbles was obtained at different 
pressure values in the channels. We used the Euler-Euler 
approach to simulate a two-phase system, the Reynolds Stress 
turbulence model and the Population Balance model, which is 
a set of partial differential integral differential equations that 
allow performing an average behavior analysis for a set of 
particles based on an analysis of the behavior of a single particle 
in local conditions. Simulations have been carried out for 
different bubble breakup and coalescence models. Graphs of the 
Sauter bubble diameter has been obtained. The results are to be 
validated with experimental data in the near future. 

Keywords: Actuator, manipulator, CFD, two-phase gas-
liquid flow, bubble flow.  

NOMENCLATURE 

Greek Symbols 
ρ  Mass density, [kg/m3]. 

Latin Symbols 
p  Pressure, [Pa]. 
u Velocity, [m/s].

Sub/superscripts 
i  Index i. 

INTRODUCTION 

Damage to the vessels of the brain leads to the 
development of a disease called a stroke or cerebral 
infarction. Most often, an acute violation of cerebral 
circulation can be of the ischemic type, when there is a 
sharp spasm of cerebral vessels with blood clots, leading 
to the death of brain cells. If a vessel ruptures, then a 
hemorrhagic stroke develops, accompanied by the 
formation of a hemorrhage.   
Depending on the location of the stroke, the 
corresponding clinical signs develop. When the motor 
cortex is damaged, paresis (paralysis) of the upper or  

lower extremities develop. Most often, unilateral damage 
occurs: left-sided damage with damage to the right half 
of the brain, right-sided with damage to the vessels of the 
left half of the brain [1].  
When examining such a patient, there is a restriction or 
absence of movement in the arm or leg. The appearance 
of a pronounced muscle spasm, leading to the 
development of joint contractures, is noted, as well as a 
loss of sensitivity of certain areas of the skin [2].  
The treatment of the stroke itself takes place in a hospital 
setting. Active vascular and metabolic therapy is 
performed and takes several weeks, but the restoration of 
lost functions can take months or years.  
The main rehabilitation methods for treating paresis and 
paralysis are methods of physical education, massage, 
physiotherapy [3]. The patient himself can engage in 
physiotherapy exercises, but most often the presence of 
pronounced contractures and weakness interfere with 
full-fledged exercises.  
A breakthrough in the treatment of such patients was the 
invention of special electrically driven simulators, which 
make it possible to perform the necessary movements in 
a given amplitude and intensity.  
We considered the advantages and disadvantages in more 
detail in our previous work [4]. This work is a 
continuation of the previous one, where, on the basis of 
the experiments carried out, a solution was chosen – to 
create a new structure and use a two-phase gas-liquid 
system as a working fluid. The main advantage of using 
such a system is to add additional rigidity to the structure, 
since the pneumatic manipulator in the previous work [4] 
did not fully fulfill its functions. 

MATHEMATICAL MODEL 

Having reviewed the existing equipment, having 
considered all the advantages and disadvantages of the 
designs of elastomeric manipulators, a diagram of a 
device with branching internal channels is proposed on 
Figure 1, in which a two-phase medium is used as a 
working medium: gas-liquid.   
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Figure 1: Elastomer manipulator internal channels design. 

When the pressure inside the channels changes, the 
volume of gas bubbles changes, which can cause 
deformation of the wall material and set the structure in 
motion. In order to prevent the internal channels from 
"collapsing", they are completely filled with liquid. Due 
to the branched channels and changes in the volume of 
gas bubbles in them, an axisymmetric deformation of the 
elastomeric manipulator actuator occurs. In order to 
proceed to modeling the deformation and calculating the 
force created by the actuator, it is necessary to develop 
an integrated computational pneumo-hydrodynamic 
model for horizontal two-phase flows in channels. 
Modeling a two-phase system is not a trivial task. There 
are various studies concerning the local distribution of 
the gas volume fraction and the fluid velocity field in 
horizontal two-phase flows in channels.  
The most interesting are dispersed bubbly flow and 
buoyant bubbly flow since they are able to provide large 
interfacial regions for heat and mass transfer in general. 
In fact, there is a big difference between scattered and 
buoyant bubble flows. It consists in characterizing the 
role of buoyancy. In a dispersed bubble flow, buoyancy 
can be neglected in comparison with the effect of the 
liquid on the gas phase. In a scattered flow, bubbles 
move in horizontal tubes with some symmetry about the 
channel axis. However, in the buoyant bubble mode, 
buoyancy plays an important role, and the bubble 
concentration in this mode is asymmetric with respect to 
the channel axis. Due to the buoyancy effect, bubbles 
move from the bottom to the top of the channel. Similar 
studies have already been carried out in many works [5-
7], experiments were carried out, and models were 
described, but for each specific case. It is this mode that 
is subject to mathematical modeling in this work. The 
goal of this work is to carry out a numerical simulation 
of a two-phase gas-liquid system inside three-
dimensional channels and obtain complete information 
about three-dimensional fields in terms of the volume 
average velocities and volume fraction of the dispersed 
phase.  
The volume-averaged velocity fields are significantly 
influenced by turbulence, and therefore, it is equally 
important to know the spatial distribution of turbulent 
kinetic energy and energy dissipation rates, although 
they are more difficult to measure experimentally, 
especially in multiphase flow situations.   
The numerical calculations obtained in this work are 
based on the Euler-Euler two-phase model. This model 
is based on the combined averaged mass and momentum 
transfer equations for each phase.  
The volume fraction of phase i is calculated from the 
continuity equation [8]:  

𝜕𝜕
𝜕𝜕𝜕𝜕

(𝛼𝛼𝑖𝑖𝜌𝜌𝑖𝑖) + ∇ ∙ (𝛼𝛼𝑖𝑖𝜌𝜌𝑖𝑖𝑢𝑢�⃗ 𝑙𝑙) =  0 
(1) 

where 𝛼𝛼 is the void fraction, 𝑢𝑢 is the superficial 
velocity. 
The momentum balance for phase i [8]: 

𝜕𝜕
𝜕𝜕𝜕𝜕

(𝛼𝛼𝑖𝑖𝜌𝜌𝑖𝑖𝑢𝑢�⃗ 𝑙𝑙) + ∇ ∙ (𝛼𝛼𝑖𝑖𝜌𝜌𝑖𝑖𝑢𝑢�⃗ 𝑙𝑙𝑢𝑢�⃗ 𝑙𝑙) = 
= −𝛼𝛼𝑖𝑖∇𝑝𝑝 + ∇ ∙ [𝛼𝛼𝑖𝑖(𝜏𝜏𝑖𝑖 + 𝜏𝜏𝑖𝑖𝑡𝑡)] + 
+𝛼𝛼𝑖𝑖𝜌𝜌𝑖𝑖�⃗�𝑔 + 𝑀𝑀𝑖𝑖  

(2) 

�𝑀𝑀𝑖𝑖 = 0 (3) 

where τ is the molecular stress, τt is the turbulent stress, 
𝑀𝑀𝑖𝑖 is the momentum transfer in the interface, �⃗�𝑔 is the 
acceleration due to gravity. 
Figure 2 shows a diagram of the forces acting on the 
bubble.   

Figure 2: Diagram of the forces acting on the bubble. 

The total interfacial force acting between the two phases 
can result from several independent physical effects:  

�⃗�𝐹 = �⃗�𝐹𝑑𝑑 + �⃗�𝐹𝐿𝐿 + �⃗�𝐹𝑉𝑉𝑉𝑉 + �⃗�𝐹𝑏𝑏 + �⃗�𝐹𝑇𝑇𝑇𝑇 + 𝑚𝑚�⃗�𝑔   (4) 

The forces indicated above are: the drag force 𝐹𝐹𝑑𝑑, 𝐹𝐹𝑏𝑏 is 
the buoyant force, the lift force 𝐹𝐹𝐿𝐿, the virtual mass force 
𝐹𝐹𝑉𝑉𝑉𝑉, the wall lubrication force 𝐹𝐹𝑊𝑊𝐿𝐿 and the turbulent 
dispersion force 𝐹𝐹𝑇𝑇𝑇𝑇. To simplify our model and 
calculation, we will not take into account the virtual mass 
force for now.  

MODEL DESCRIPTION 

The breakup of bubbles in turbulent dispersion flows, the 
Luo and Svendsen model [9] and Lehr model [10] 
developed by the respective authors, is used. Different 
models were taken in order to determine how different 
the results would be and which model to use in 
subsequent simulations after validation with 
experiments.   
The coalescence model used for modeling, Prince and 
Blanch [11], was inserted into the software ANSYS 
Fluent using a user-defined function (UDF) [12].  
The Ishii-Zuber drag model was used as a drag force 
model [13]. The turbulent dispersion force was obtained 
using the Lopez de Bertodano model [14]. The Antal et 
al. [15] model was used as a wall lubrication model.  
In this work, we used the Reynolds Stress turbulence 
model (RSM). Population Balance model has been used 
[16]. This model makes it possible to obtain the 
distribution of the dispersed phase over the average 
diameters, which is obtained in the case of formation, 
coalescence, destruction and disappearance of the 
gaseous phase.  
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Numerical modeling was carried out in three-
dimensional horizontal channels with diameters 𝐷𝐷1 = 
5 mm and 𝐷𝐷2 = 1 mm, channel length 𝐿𝐿 = 100 mm (Figure 
1). The calculations were carried out using ANSYS 
Fluent software. The flow of glycerine was considered as 
the continuous liquid phase, while the air was taken as 
the dispersed gas phase. The interfacial tension was 
assumed to be 𝛾𝛾 = 0.07 𝑁𝑁/𝑚𝑚. The sizes of gas bubbles 
were set in the range from 0.1 mm to 0.9 mm. This range 
has been subdivided into ten discrete bubble sizes.  
The structured mesh in each block is generated using 
commonly curved coordinates to accurately represent 
flow boundaries. To select a mesh size, the effect of 
changing its shape and size was investigated. Several 
simulations were carried out using a different number of 
a grid: 112843, 879324, 1299505. The grid with the 
largest number of cells showed the best convergence. As 
a result, a grid with the number of cells 1299505 was 
chosen (Figure 3). The calculations were carried out at 
the university workstation.  

Figure 3: Hexahedral structured mesh selected for the 
calculation number of cells 1299505. 

For calculations, time step 0.01 s was used. The Phase 
Coupled SIMPLE scheme was used. Under-relaxation 
factors were used.  At the pipe inlet, uniform gas and 
liquid velocities and volume fractions have been 
specified. At the channel outlet, a relative average static 
pressure of zero was specified.  

RESULTS 

Simulations were carried out under fully developed 
bubble flow conditions for the air-glycerine system. The 
velocity of liquid (𝑣𝑣𝑔𝑔) and gas (𝑣𝑣𝑙𝑙) is equal to 𝑈𝑈𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒 = 
0.5 m/s, and the average volumetric gas fraction 𝜑𝜑 = 30%. 
The simulation results are the cumulative distribution at 
the outlet of the channels 𝐷𝐷1 = 5 mm, 𝐷𝐷2 = 1 mm, 
respectively (Figure 4). The graph shows that there is a 
high probability of the presence of air bubbles with a size 
of ≈ 0.7 mm, and it is ≈ 80%.   

Figure 4: Cumulative Bubble distribution function. 

Figures 5-6 show the distributions of bubble 
concentration along the diameter for different tube 
diameters for 𝐷𝐷1 = 5 mm, and 𝐷𝐷2 = 1 mm.  
It should be noted that both models give approximately 
the same result and do not differ much from each other. 
It should be concluded that further modeling can use one 
of these models. When using the Luo and Svendsen [9] 
breakup model, the convergence of the calculation was 
carried out faster.  

Figure 5: Bubble Volume Concentration Distribution across 
Pipe Diameter.  

Figure 6: Bubble Volume Concentration Distribution across 
Pipe Diameter.  
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Analyzing the graphs, it can be seen that bubbles of large 
diameters accumulate mainly in the channel with a 
diameter 𝐷𝐷1 = 5 mm. 
At the inlet to thin channels with a diameter of 𝐷𝐷2 = 
1 mm, bubbles are evenly distributed. The main 
concentration of the gas phase is located in the upper part 
of the channels, which is explained by the action of the 
gravitational component. Figure 7 shows the results of 
the bubble diameter distribution. The scale shows data 
on bubble diameters 𝑑𝑑𝑏𝑏, m.  

Figure 7: Dispersed phase distribution within the channel, 
the scale shows the values of the bubble diameters 𝑑𝑑𝑏𝑏 ,𝑚𝑚.  

Thus, we have obtained data in what places of the channel 
and what sizes of bubbles can be obtained with a given 
geometry of the channels. The accuracy of the calculated 
data will be evaluated by experiments in future work. 

CONCLUSION 

A comprehensive computational pneumo-
hydrodynamic model for horizontal two-phase flows in 
channels has been developed. From the calculated data, 
a distribution of the dispersed gas phase inside the 
channel, and cumulative distribution over the diameters 
of air bubbles, were obtained. Thus, using the developed 
pneumo-hydrodynamic model, we can predict where in 
the channel and what size bubbles are formed in the gas-
liquid system. This enables the modeling of the 
deformation and calculation of the forces created by the 
actuator of the elastomeric manipulator. Calculations 
were carried out for two different breakup models Luo 
and Svendsen [9] and Lehr model [10], using a user-
defined function in ANSYS Fluent (2019). And a 
coalescence model was introduced. Data were obtained 
on the distribution of the Sauter bubble diameter over 
the entire tubing system and the distribution of the 
volume concentration of bubbles for different diameters. 
In the future, it is planned to conduct an experiment and 
compare the simulated data with the experimental ones. 
Based on the validation, future decisions creating a hand 
rehabilitation device.  
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