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When studying the construction of oil and 
gas wells, it was found that the volume of drill
ing wells with abnormally low reservoir pres
sures increases over the years. This is due to sig
nificant difficulties such as a large absorption 
of drilling mud, possible clogging of a produc
tive reservoir with drilling mud, and a failure to 
obtain the expected effect. These complications 
can be prevented by using gasliquid mixtures 
as drilling mud, which have a number of advan
tages compared to washing liquids and make it 
possible to eliminate the abovementioned nega
tive phenomena. When opening productive hori
zons at low anomaly coefficients, foams must be 
used to flush wells. It has been established that 
at present in the practice of drilling oil and gas 
wells with foam there is no equipment that makes 
it possible to form foam with certain specified 
structure and dispersion. The use of a moder
nized foam generator for the preparation of foam 
has been proposed. To study the foaming pro
cess, computer modeling was carried out, with 
the help of which the processes that take place 
during the movement of flows of liquid, gas, and 
gasliquid mixture along the foam generator were 
investigated, namely the distribution of pressure 
and speed in the longitudinal crosssection of the 
foam generator under changing boundary condi
tions, that is, at a pressure in the supply pipe of 
10 and 7.5 MPa.

Computer studies have confirmed the possi
bility of using an improved foam generator design 
to increase the efficiency of foaming. The results 
could be the basis for the development of foam 
generators and their experimental and industrial 
research and testing
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1. Introduction

Drilling oil and gas wells in porous and unstable rocks is 
associated with significant difficulties, namely:

– large absorption of drilling mud, even to catastrophic, 
and the associated significant costs for the supply of chemi-
cals, the preparation of washing liquids, the descent of inter-
mediate columns, tamponage work, etc.;

– the erosion of unstable rocks with drilling mud, which 
does not make it possible to obtain a high-quality core for 
geological research;

– occurrence in the process of drilling wells of complica-
tions associated with erosion of well walls, cavern formation, 
accumulation of sludge on the faces, grabbing and jamming  
of the drilling tool, etc.;

– when opening oil and gas horizons, it is possible to 
block the productive reservoir with drilling mud and not 
receive the expected effect.

These complications can be prevented by using gas-liquid 
mixtures as drilling mud, which have a number of advantages 
compared to washing liquids and make it possible to elimi-
nate the above-mentioned negative phenomena.

When opening productive horizons with an anomaly  
coefficient lower than 1.0, it is necessary to use aerated li quids 
with impurities of surfactants (SAS) for washing, and at low 
anomaly coefficients – foams and gaseous agents [1–3].

The most common in the oil and gas industry are aerated 
liquids and foams. When drilling by washing the face with 
foams compared to drilling fluids, the mechanical drilling rate in 
solid rocks increases (approximately by 4 times), it is possible to 
prevent absorption in porous and cracked rocks and clogging of 
permeable layers. When opening and mastering productive hori-
zons, the productivity of the well increases by 1.5–2 times with 
a simultaneous reduction in development time by 4–5 times.

The foaming process is complex since the formation of 
high-quality foam is influenced by physicochemical, physical- 
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technical, and other factors. As a rule, foam generators of 
various designs and principles of operation are used to obtain 
foam. Currently, in the practice of drilling oil and gas wells 
with foam, there is no equipment that makes it possible to 
form foam with certain specified structure and dispersion.

All this confirms the relevance of the task and the need for 
further research work aimed at increasing the efficiency of the 
foam system during the drilling process with foamy solutions.

2. Literature review and problem statement

Analyzing the results of work on the construction of oil 
and gas wells, it is clear that the volume of drilling wells 
with abnormally low reservoir pressures increases over the 
years. To study the geological structure in promising areas of  
Western Ukraine, drilling of exploration wells was carried 
out in the Kolomyia, Hutsulovskaya, Debeslavetska, and 
Starobohorodchanska areas. Analyzing the complications in 
the process of drilling wells [1], it was found that they are 
associated with unstable sediments of the unproductive (up-
per) part of the section and abnormally low reservoir pres-
sures in them, which leads to collapses of the well walls, the 
formation of cavities, water gaps, acquisitions and grabbing of 
the tool due to pressure drop. Drilling conditions indicate the 
need for their construction using a flushing fluid of reduced 
density. Such a liquid can be obtained using any aeration, 
which makes it possible to adjust the density of the washing 
fluid within wide limits and thereby reduce or increase the 
hydrostatic pressure on the face [2]. When opening produc-
tive horizons with an anomaly coefficient lower than 1.0,  
it is necessary to use aerated liquids with impurities of surfac-
tants (SAS) for washing, and at low anomaly coefficients –  
foams and gaseous agents [3]. The initial opening of the 
layers using foam as a washing agent makes it possible to get  
a minimum clogging value, and the use of foams can reduce 
the absorption of the filtrate of the washing liquid. A com-
mon foam formation technique is dispersion, which is based 
on intensive mixing of the foam-generating solution and air, 
namely the ejection of air by a jet of liquid using foam-gene-
rating ejector devices. To study the process of foaming with  
a single-nozzle ejector, a three-dimensional model of the 
device using the SolidWorks program was developed [4]. 
However, when large volumes of foam are supplied to the 
well, single-nozzle foam generators are ineffective since the 
process of mixing liquid with air will be of poor quality due 
to the production of insufficiently dispersed foam. Using 
structural analysis [5], the block diagram of a five-nozzle 
foam generator was selected and multi-nozzle foam gene-
rating devices were developed [6], devices of optimal design 
and geometric parameters, which are selected taking into 
consideration the conducted computer research [7]. The dis-
advantage of this device is that it does not provide sufficient 
efficiency of saturation of the liquid with air due to the small 
area of their contact in the ejector insert, and therefore does 
not enable proper mixing of the viscous flushing fluid with air 
during the initial process of mixing the liquid with air. The 
development of recommendations for the use of foaming sur-
factants (SAS) in the general task for layers with abnormally 
low reservoir pressures is given in [8]. However, there are 
no recommendations on the use of the proposed surfactants 
when creating a foam mixture. The improved design of the 
foam generator to increase the efficiency of foaming using  
a liquid and air mixer [9] ensures high efficiency by increas-

ing the range of properties of the foam mixture at the outlet, 
without changing the pressure and supply of liquid and air at 
the inlet to the foam generator. The design of the liquid and 
air mixer is made such that it allows the simultaneous supply 
of liquid and air to the pre-mixing chamber, where fields 
of developed turbulence are created in the mixing working 
area [10–14]. However, there are no technological solutions 
to confirm these advantages. Therefore, in our work, we set 
the task of conducting computer studies of the improved de-
sign of the foam generator [14] and comparing them with the 
analog design [7] to confirm the declared advantages, which 
will make it possible to improve the efficiency of foaming.

3. The aim and objectives of the study

The purpose of this study is to devise conceptual solutions 
for foaming technology using a foam generator for pumping and 
circulation systems of drilling rigs under conditions of abnor-
mally low reservoir pressures. This will increase the efficiency 
of such systems in the process of flushing wells with foams.

To achieve the set aim, the following tasks have been solved:
– computer studies at the pressure of the liquid at the 

inlet in the supply pipe of the foam generator of 10 MPa;
– computer studies at a fluid pressure at the inlet in the 

supply pipe of the foam generator of 7.5 MPa.

4. The study materials and methods

Analysis of existing practical solutions for the design of 
foaming devices used in the drilling and development of oil 
and gas wells makes it possible to optimize and more ratio-
nally simulate the structure of the foam generator, which in 
the future will enable maximum quality of foaming during 
drilling of wells, the depth of which reaches 5000 m.

The most rational foaming device is a multi-nozzle foam 
generating device such as PGP-100x25-5 [7].

Table	1
Technical	characteristics	of	the	foaming		

device	PGP-100x25-5

No. Indicator Value

1 Maximum working pressure, MPa 25

2 Fluid pressure at the inlet, MPa 7.5, 10, 12

3 The maximum calculated pressure at the outlet, MPa 19–20.5

4 Coefficient of ejection, from 1.08

5

Overall dimensions, mm:

– length; 400

– diameter 100

The upgraded foam generator [14] consists of a cylin-
drical housing 1, which houses a liquid and air mixer 2 with 
sealing rings 3, bushings 4 with pre-mixing chambers, an 
air supply channel 5, spacer rings 6 with individual parallel 
diffusers, clamping rings 7, a foam mixture twister 8 with 
guide blades, a common diffuser 9 with a turbulent mixing 
chamber. In the liquid and air mixer, there are vertical holes 
for supplying liquid 10 and horizontal ones 11 connected to 
vertical holes for air supply 12.
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Fig.	1.	Improved	foam	generator	PGP-100x25-5:		

1	–	housing;	2	–	liquid	and	air	mixer;	3	–	sealing	rings;		
4	–	sleeve;	5	–	channel	for	air	supply;	6	–	spacer	rings;		

7	–	clamping	rings;	8	–	twister	of	the	foam	mixture;		
9	–	common	diffuser;	10	–	vertical	holes	for	fluid	supply;		

11	–	horizontal	openings	for	air	supply;	12	–	vertical	
openings	for	air	supply

Foam generator for saturation of liquid with air with 
subsequent foaming works as follows. The liquid enters hous-

ing 1 of the device and then, through holes 10 of the liquid 
mixer and air 2, the pre-mixing chamber 4. Compressed air is 
simultaneously supplied to the mixer through channel 5 in 
housing 1 and holes 11 and 12 of the liquid and air mixer 2.

After leaving the mixer, the air also enters the pre-mixing 
chambers 4, where fields of developed turbulence are created 
in the mixing working area. In the mixing chambers of spacer 
rings 6 and clamping rings 7 there is an intensive turbuliza-
tion of jets, mixing of air with solution, and the formation 
of foam. Next, the mixture passes through the twister of 
foam mixture 8, which contributes to high-quality mixing 
and the formation of a foam mixture in the mixing chamber  
located in diffuser 9, where the liquid moves under a tur-
bulent mode and the effect of liquid saturation with air and 
foaming is fixed.

To study the foaming process, computer studies have 
been carried out, since with their use it is possible to better 
investigate the processes that take place during the move-
ment of flows of liquid, gas, and gas-liquid mixture along 
the foam generator compared to experimental studies.  
For research, the FlowSimulation software (USA) was 
applied, which is a SolidWorks application module, which 
makes it possible to change the input parameters of liquid 
and air in a wide range and provides objective information 
about the required parameter at any point of the foam 
generator. This program uses the method of finite vo-
lumes and non-stationary Navier-Stokes equations and heat 
transfer for numerical problem solving. The discretization 
of equations is carried out in a conservative form, partial 
derivatives are approximated with the second order of accu-
racy, time derivatives – according to Euler’s implicit first- 
order scheme.

Table	2
Initial	conditions

Thermodynamic parameters
Static pressure: 101325.00 Pa;
Temperature: 293.20 K

Speed parameters

Velocity vector:
– speed in the X direction: 0 m/s;
– speed in the Y direction: –9.810 m/s;
– speed in the Z direction: 0 m/s

Turbulence parameters
Intensity and scale of turbulence:
– intensity: 2.00 %;
– length: 0.001 m

Thermodynamic parameters
Full pressure 1.60e+07 Pa;
Temperature type: temperature of the original components;
Temperature: 293.20 K

Turbulence parameters
Intensity and scale of turbulence:
– intensity: 2.00 %;
– length: 0.001 m

Boundary layer parameters Type of boundary layer: turbulent

Table	3
Ambient	pressure

Type Environmental pressure

Coordinate system A coordinate system tied to a surface

Basic axis X

Thermodynamic parameters
Ambient pressure: 101325.00 Pa;
Temperature type: temperature of the original components;
Temperature: 293.20 K

Turbulence parameters
Intensity and scale of turbulence:
– intensity: 2.00 %;
– length: 0.001 m

Boundary layer parameters Type of final layer: turbulent
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5. Results of the study of foam generators to increase the 
efficiency of pumping and circulation systems of drilling 

rigs in the process of flushing wells with foams 

5. 1. Computer studies of modernized foam generators 
at a fluid pressure at the inlet in the supply pipe of 10 MPa

In the process of computer research of a modernized foam 
generator, an important factor is the achievement of the 
conditions for the formation of foam, set forth in [15]. At the 
end of the mixing chamber, a seal jump takes place, which is 
accompanied by the transformation of the airborne mixture 
into a liquid-bubble one. The compaction jump is characte-
rized by a sharp increase in pressure. In order for it to occur, 
it is necessary that the speed of the airborne flow exceeds 

the speed of sound in it. The energy of working flow for the 
formation of a frothy solution will be the greater, the smaller 
the Mach number, that is, when the flow velocity approaches 
before the compaction jumps to the speed of sound in it. The 
speed of sound is recommended to be determined using a de-
pendence plot of the speed of sound in the water-air mixture 
on the air content in it (Fig. 2) [15].

Studies of the input part of the modernized five-nozzle 
foam generator PGP-100x25-5 (Fig. 3) for comparison be-
fore and after the improvement of the mixing chamber were 
carried out under the following identical specified boundary 
conditions: fluid supply at the inlet, 0.01 m/s; liquid pressure 
at the inlet in the supply pipe, 10 MPa; pressure at the outlet 
of the device, 10 MPa.

Table	4
Min/Max	values

Indicator Minimal Maximal

Pressure [Pa] 22464.47 1.63e+07

Density (liquid medium) [kg/m3] 0.31 192.21

Speed [m/s] 0 522.189

Speed (X) [m/s] –219.739 211.135

Speed (Y) [m/s] –157.952 159.655

Speed (Z) [m/s] –522.027 130.490

Temperature [K] 154.54 318.00

Temperature (fluid medium) [K] 154.54 318.00

Vorticity [1/s] 1.23 135997.27

Speed in the rotating coordinate system [m/s] 0 522.189

Speed in the rotating coordinate system (X) [m/s] –219.739 211.135

Speed in the rotating coordinate system (Y) [m/s] –157.952 159.655

Speed in the rotating coordinate system (Z) [m/s] –522.027 130.490

Mach number [ ] 0 2.10

Relative stress [Pa] 0 18231.65

Relative pressure [Pa] –78860.53 1.62e+07

Heat flow non-collinearity indicator [ ] 1.5477947e–15 1.0000000

Thermal resistance indicator [ ] 5.1055861e–16 1.0000000

Heat transfer coefficient [W/m2/K] 0 0

Heat convective flux density in the local coordinate system [W/m2] –1.522e+08 4.903e+08

Surface heat flux density [W/m2] 0 0

Surface heat flux density (convection) [W/m2] 0 0

Particle diameter [m] 9.996e–05 1.000e–04

Mass of particles [kg] 5.226e–10 5.226e–10

Relative velocity of particles [m/s] 0.095 601.240

Particle material density [kg/m3] 998.15 999.22

Limit length of trajectories [m] 0 0.419

Limit time of trajectories [s] 0 0.023

Particle speed [m/s] 0.464 348.734

Particle velocity (X) [m/s] –6.047 54.710

Particle velocity (Y) [m/s] –105.922 25.113

Particle velocity (Z) [m/s] –348.720 339.152

Particle temperature [K] 286.76 293.20

Trajectory X [m] –0.029 0.029

Trajectory Y [m] –0.040 0.026

Trajectory Z [m] –0.176 0.228

Reynolds number for particles 51.1676728 66854.5438346

Acoustic power [W/m3] 0 1549250.198

Sound power level [dB] 0 181.90
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Fig.	2.	Speed	of	sound	in	water-air	mixture:		
І	–	calculated	values	during	the	adiabatic	process;		

ІІ	–	calculated	values	in	the	isothermal	process;		
III	–	experimental	values	on	fine	mixtures

 

 

Fig.	3.	Three-dimensional	model	of	a	five-nozzle	foam	
generator	of	optimal	design

Analysis of the graphical dependences of the distribution 
of pressure and speed in the longitudinal cross-section of the 
foam generator (Fig. 4, 5) shows that with the improvement 
of the mixing chamber, the maximum speed in the longitu-
dinal cross-section of the device has significantly decrea-
sed (from 96 m/s to 80 m/s) and decreases to the speed of 
sound in the water-air mixture, which makes it possible to 
reduce the mixing chamber (from 0.2 to 0.13 m) where the 
compaction jump occurs (Fig. 4) and foam is formed.
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Fig.	4.	Dependences	of	the	pressure	distribution		
in	the	longitudinal	cross-section	of	the	foam	generator	(air	
pressure	at	the	inlet	of	10	MPa):	a	–	prior	to	improvement;	

b	–	after	improving	the	design	of	the	foam	generator

Fig.	5.	Dependences	of	the	speed	distribution	in	the	longitudinal	cross-section	of	the	foam	generator	(when	fluid	is	supplied		
at	an	inlet	of	0.01	m/s):	a	–	prior	to	improvement;	b	–	after	improving	the	design	of	the	foam	generator
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The compaction jump occurs, as in the analog at a mix-
ture speed of 30 m/s, this speed according to Fig. 2 makes  
it possible to create foam with a volumetric gas content 
from 0.2 to 0.8.

Another significant advantage of the mo dernized foam 
generator according to the research is the possibility of 
obtaining a pressure at the outlet of 10 MPa with a sig-
nificant decrease in air pressure at the inlet (from 14 to 
12 MPa) (Fig. 4).

5. 2. Computer studies of modernized foam generators 
at a fluid pressure at the inlet in the supply pipe of 7.5 MPa

Further research of the five-nozzle foam generator was 
carried out under the following boundary conditions: liquid 
supply at the inlet, 0.02 m/s; liquid pressure at the inlet in 
the inlet nozzle, 7.5 MPa; pressure at the outlet of the de-
vice, 10 MPa (Fig. 6, 7). Fig. 7, 9 show the simulation results 
of the modernized foam generator in the Flow Simulation 
module of the SolidWorks software environment.

 
 
 

 

0.1 0 0.2 0.3 0.4 0.5 

0    0.05  0.1   0.15  0.2  0.25  0.3  0.35 

 
 
 

 

0.1 0 0.2 0.3 0.4 0.5 

0    0.05  0.1   0.15  0.2  0.25  0.3  0.35 

 
 
 

 

0.1 0 0.2 0.3 0.4 0.5 

0    0.05  0.1   0.15  0.2  0.25  0.3  0.35 

a b

Fig.	6.	Dependence	of	the	pressure	distribution	in	the	longitudinal	cross-section	of	the	foam	generator	(pressure	at	the	input	
of	the	device	is	7.5	MPa):	a	–	prior	to	improvement;	b	–	after	improving	the	design	of	the	foam	generator

 
Fig.	7.	Modeling	the	pressure	field	in	the	longitudinal	cross-section	of	the	foam	generator
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Fig.	8.	Dependence	of	the	speed	distribution	in	the	longitudinal	cross-section	of	the	foam	generator	(when	fluid	is	supplied		

at	the	inlet	of	0.02	m/s):	a	–	prior	to	improvement;	b	–	after	improving	the	design	of	the	foam	generator
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Analysis of the graphical dependences of the distribution 
of pressure and speed in the longitudinal cross-section of the 
foam generator (Fig. 6–9) shows that with the improvement 
of the mixing chamber when the boundary conditions change, 
that is, the pressure in the supply pipe decreases to 7.5 MPa, 
the pressure at the outlet of the device is 10 MPa, and with 
an increase in the fluid supply at the inlet to 0.02 m/s, the 
maximum speed in the longitudinal cross-section of the de-
vice has significantly decreased (from 177.7 m/s to 159 m/s) 
and decreases to the speed of sound in the water-air mixture, 
which makes it possible to reduce the mixing chamber (from 
0.2 to 0.15 m) where a compaction jump occurs (Fig. 6) and 
foam is formed. The compaction jump also occurs, as in the 
previous study, at a speed of 30 m/s. In this case, the air pres-
sure at the inlet (from 27 to 18 MPa) is significantly reduced, 
which causes less pressure in the supply pipe.

6. Discussion of results of studying the improved  
foam generator for drilling wells with abnormally  

low reservoir pressures

In the process of conducting computer studies of a five- 
nozzle foam generator under different modes of its operation, 
graphical dependences of the required air pressures at the en-
trance to the device were obtained depending on the projec-
ted value of the foam pressure at the outlet, as well as the set 
pressure of the liquid at the inlet. Our results are represented 
in the form of dependences of pressure distribution in the 
longitudinal cross-section of the foam generator (Fig. 4, 6) 
and dependences of the speed distribution in the longitudinal 
cross-section of the foam generator (Fig. 5, 8).

The studies were carried out using a five-nozzle foam 
generator of optimal design [10], in which the mixing cham-
ber with the conical receiving part, different lengths of the 
mixing chamber, and the length of the cylindrical part of the 
mixing chamber is 1...1.5 of its diameter. The foam generator 
has the possibility of replacing nozzles of different diameters 
within 4...8 mm, which shows high efficiency for the specified 
conditions of their use. The length of the cylindrical part of 
the nozzle was taken equal to 1...2 of its diameter.

The results confirm the advantages of the improved de-
sign of the foam generator [14] since when comparing them 
with the analog design [7], a significant decrease in air pres-
sure at the inlet was obtained (Fig. 4, a, b) and (Fig. 6, a, b), 
which will allow the use of compressors of lower pressure.  
At the same time, there is a jump in compaction, which is ac-
companied by the transformation of an airborne mixture into 
a liquid-bubble mixture (Fig. 4, b, 6, b). This is confirmed by 
the dependence of the speed distribution in the longitudinal 

cross-section of the foam generator (Fig. 5, b, 8, b) because 
the speed of the airborne flow at the point of the compaction 
jump exceeds the speed of sound in it. Turbulence occurs 
along the movement of the liquid (Fig. 7, 9), indicating the 
effectiveness of the saturation of the liquid with air.

Such advantages of the modernized foam generator [14] 
are obtained by introducing a modified ejector insert into its 
structure, which enables proper mixing of the liquid with air 
during the initial process of mixing them. A foam mixture 
twister is also installed, which contributes to high-quality 
mixing and the formation of a foam mixture in the mixing 
chamber. Thus, studies have proven the effectiveness of the 
modernized design of the foam generator.

In the process of using a modernized foam generator, 
it is important to take into consideration the real limits 
and conditions of use, namely, taking into consideration its 
technical characteristics (Table 1). The maximum working 
pressure of the foam generator is 25 MPa, and in the studies 
of the analog (Fig. 6, a) at the pressure of the liquid at the 
inlet in the supply pipe of 7.5 MPa, and the air pressure at 
the inlet is 27 MPa. This indicates the impossibility of using 
an analog under such modes. The upgraded foam generator 
is operational under such operating modes (Fig. 6, b) since 
the air pressure at the inlet is 18 MPa. In further research, 
it is important to comply with the requirement that in order 
for a compaction jump to occur, and therefore the formation 
of foam, it is necessary that the speed of the airborne flow at 
the point of the seal jump exceeds the speed of sound in it.

Further research should be directed to the creation of 
graphical dependences of the required gas pressure at the 
inlet to the foaming device on the projected value of the foam 
pressure at the outlet at different inlet and liquid pressure. 
These graphic dependences will make it possible to select the 
necessary operating modes of the pumping unit and compres-
sor to obtain foam of the specified parameters. The obtained 
results will be the basis for experimental and industrial re-
search and testing of foam generators.

7. Conclusions

1. In the process of studying the modernized design of 
the foam generator at the liquid pressure at the inlet in the 
supply pipe of 10 MPa, its advantages over the analog for 
foaming technology for pumping and circulation systems of 
drilling rigs under conditions of abnormally low reservoir 
pressures were proved. The result is explained by the struc-
tural features of the modernized foam generator, in which 
the ejector insert is changed, which enables proper mixing 
of the liquid with air at the initial process of mixing them. 

Fig.	9.	Modeling	the	velocity	field	in	the	longitudinal	cross-section	of	the	foam	generator
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A foam mixture twister is also installed, which contributes 
to high-quality mixing and the formation of a foam mix-
ture in the mixing chamber. A significant advantage of the 
modernized foam generator according to the research is the 
possibility of obtaining a pressure at the outlet of 10 MPa 
with a significant decrease in air pressure at the inlet (from 
14 to 12 MPa) at a liquid pressure in the inlet pipe of 10 MPa.

2. Further studies of the five-nozzle foam generator at 
a fluid pressure at the inlet of 7.5 MPa confirmed its advanta-
ges over the analog for foaming technology for pumping and 
circulation systems of drilling rigs under conditions of abnor-
mally low reservoir pressures. According to the studies, it is 
possible to obtain a pressure at the outlet of 10 MPa with a sig-

nificant decrease in air pressure at the inlet (from 27 to 18 MPa)  
with a liquid pressure in the inlet pipe of 7.5 MPa. Our result 
makes it possible, after additional research, to give a recom-
mendation for the development of a modernized design of the 
foam generator for its experimental and industrial testing.
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