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Purpose. Establishing the dependencies of rational parameters of turbocompressor contact air coolers on the operating mode
and initial conditions.

Methodology. The methods of analytical research, mathematical modeling, physical modeling, and mathematical statistics
were used in the study.

Findings. As a result of the research, an optimization mathematical model of the mine turbocompressor air cooler was devel-
oped, which allows establishing its rational parameters depending on the initial conditions and operating modes of the turbocom-
pressor. The adequacy of the theoretical studies was proved on a specially designed experimental setup. The obtained dependenc-
es make it possible to minimize the theoretical flow rate at the inlet to the uncooled section of the turbocompressor, which re-
duces the specific energy consumption for the compressed air production.

Originality. For the the first time, a method has been developed for determining the rational parameters of contact air coolers
when the initial temperature of water, air, and air pressure changes, which allows developing a methodology for the constructive
calculation of the contact cooling system of mine turbocompressors.

Practical value. Compressed air is widely used in all industries. It is one of the most common energy carriers in industrial en-
terprises, and the devices associated with its distribution and processing are an energy-intensive complex industrial energy system;
the level of its perfection depends on the performance of technological processes that use compressed air. Compressed air is
widely used in the mining industry (ore mining and fuel production). Compressed air is produced by turbocompressors. To in-
crease the efficiency of the compressor, compressed air coolers are used. A significant weakness of the standard compressor cooling
system is the rapid contamination of the heat exchange surfaces of air coolers with scale layers, which leads to a decrease in their
efficiency and an increase in the specific energy consumption for compressed air production. This disadvantage is not found in the
Venturi tube — centered droplet separator contact air coolers. As a result of the study, the dependencies were obtained and used to

develop a methodology for the constructive calculation of contact air coolers for a mine turbocompressor.
Keywords: mathematical model, Venturi tube, contact air cooler, cooling, compressed air, turbocompressor

Introduction. Compressed air is one of the most common
energy sources in industrial enterprises, and the devices asso-
ciated with its distribution and processing are an energy-inten-
sive complex industrial energy system; the level of its perfec-
tion depends on the parameters of technological processes in
which compressed air is used [1].

No industry can do without the use of compressed air,
which is an affordable source of both raw materials and energy.
As the consumption of compressed air has increased in recent
years, centrifugal compressors or turbo compressors have be-
come widely used, as they have a higher capacity than volu-
metric machines. Turbo compressors are the most powerful
turbo machines. These machines are designed to increase air
pressure and transport it through pipelines [2].

Today, most of the compressor systems used in Ukraine
are technically outdated, as they were manufactured in the 70s
and 80s of the twentieth century. Their energy efficiency is very
low, which increases the cost of energy transported by these
systems or increases the price of products manufactured with
their help. The operating efficiency of turbochargers depends
on a number of external and internal factors: environmental
temperature, pressure and temperature of the suction air, air
temperature after cooling in intermediate air coolers and pres-
sure loss in them, as well as leakage in the flow path, etc. The
turbocharger’s performance is most affected by an increase in
temperature between stages. An air compressor increases the
pressure of the incoming air by reducing its volume. The ex-
haust air from the compressor is heated [3].

A requirement for the normal operation of turbochargers is
the cooling of compressed air, which significantly reduces the
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required power. Air cooling (intermediate and final cooling in
compressor units) is mainly carried out by shell-and-tube de-
vices. Such devices have a number of significant disadvantag-
es, the most important of which are: insufficient cooling of
compressed air, formation of deposits on the working surfaces
of the devices and increased content of compressed air vapor
and oil. These shortcomings have a negative impact on the
quality of compressed air and increase the danger of using
pneumatic energy (the possibility of hydraulic shocks, explo-
sions and fires, and internal ice formation in pneumatic lines).

Literature review. Gas coolers are usually installed after
each stage to bring the compression process closer to isother-
mal. Gas coolers are divided into built-in and remote ones by
location. Integrated gas coolers are located inside the com-
pressor casing next to the stages. External gas coolers are in-
stalled in their own housings outside the compressor casing as
close to it as possible. The disadvantages of compressor units
with integrated coolers due to the need to form a sufficient
cooling surface are the increased axial size of the machine, es-
pecially the radial size.

Increasing the gas path reduces aerodynamic efficiency.
One of the major obstacles to the use of water jacket cooling is
the difficulty of dismantling the water jacket and descaling the
water channels. This type of internally cooled turbocompres-
sor is characterised by an increase in size, due to the desire to
improve air cooling by increasing the size of the guide vanes,
and the design of the turbocompressor is also becoming more
complex.

Most turbocompressor manufacturers use external gas
coolers with rolled copper tubes. The advantages of such gas
coolers are a high degree of uniformity and easy access for in-
spection and cleaning. The most commonly used heat ex-
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change surfaces are tubular, plate and finned heat exchangers.
Gas coolers are structurally divided into: shell-and-tube, U-
shaped, elemental, coil, tube-in-tube, radiator and sectional.
Coil and U-shaped heat exchangers have smooth tubes, while
others can be finned and smooth-tube ones.

The most commonly used coolers are plate-and-fin cool-
ers consisting of unified elements (sections). The design of tur-
bocompressor gas coolers depends on the operating conditions
and gas pressure. At low pressures (up to 3.5 MPa), shell-and-
tube, plate-and-fin, and elemental coolers are mostly used,
while for higher pressures, shell-and-tube, tube-and-pipe,
and U-shaped coolers are used. Coil heat exchangers are used
at different pressures, but in low-capacity compressors [4].

The advantages of “pipe-in-pipe” coolers are high heat
transfer coefficient, the ability to install additional sections if
necessary, and an increased heat transfer surface. The disad-
vantages of this type of heat exchanger are its large volume,
low heat output, high specific metal capacity (the highest of all
types of equipment), and the difficulty of removing solid salt
deposits from the intertube spaces.

A coil heat exchanger is a cylindrical single-row or multi-
row coil immersed in a vessel filled with a working fluid. In
most cases, steam or hot water is supplied through the coil to
heat the working medium and cold water is supplied to cool it.
By heating or cooling the working medium with the help of
coils, the temperature of the working medium can be increased
(decreased) by 30—50 °C. The main disadvantages of this type
of heat exchanger are the low heat transfer coefficient of the
outer surface of the coil at low medium velocity and the diffi-
culty of cleaning the heat transfer surface.

The coil heat exchanger is quite simple to manufacture,
low in cost, easy to install inside the equipment, easy to inspect
and repair, compact, but the heat transfer surface is small, and
it can be under a small thermal load. To reduce the hydraulic
resistance when the medium moves inside the heat exchanger,
the coil is shortened and connected to a common manifold at
the inlet of the coolant to the coil and at the outlet. The radia-
tor-type gas cooler, which is widely used for air-cooled com-
pressors, is a bundle of several rows of pipes with continuous
fins. The bundle is transversely washed by the air flow from the
fan at a speed of 7—10 m/s. Compared to shell-and-tube and
plate heat exchangers, they are more compact and use less
metal per unit heat transfer surface area, and the stacked heat
exchangers are easy to clean from deposits on both sides of the
heat transfer plates.

Fundamental research was carried out to create calcula-
tions and design methods for heat exchangers [5]. It was found
that the highest heat transfer coefficients are those of plate-
and-fin heat exchangers. The studies showed that 20X13 steel
can be used to produce durable and corrosion-resistant heat
exchangers by heat treatment of brazed heat exchangers.
A methodology for the calculation and design of a heat ex-
changer device for a mine compressor unit has been developed.

Methods for increasing the durability and reliability of
heat exchangers have been developed. Tests have shown that
the developed heat exchanger has high wear resistance in envi-
ronments with abrasive particles, in neutral (water, air, steam,
nitrogen, oil products, gaseous hydrocarbons) and alkaline
environments, as well as in solutions of some organic acids
(oxalic, acetic), and in other liquid and gaseous environments.
The disadvantages of this heat exchanger are the inability to
operate at high pressures and reduced efficiency due to con-
tamination.

Paper [6] examined combined cooling (evaporative cool-
ing to saturation in compression sections and remote cooling
in one to three refrigerators) and compared it to other types of
cooling. The analysis shows that combined cooling has advan-
tages over both remote and evaporative cooling. This is due to
the fact that the air temperature at the discharge of the com-
pression section is much lower with combined cooling than
with remote cooling. In addition, the resistance of remote re-

frigerators is simultaneously reduced by reducing the specific
volume of compressed air as the temperatures decrease.

There was also an increase in the pressure head of the sec-
tions and the entire compressor due to a decrease in the rela-
tive air velocity at the outlet of the impeller and a correspond-
ing increase in the circumferential component of the absolute
velocity. The use of combined cooling in a centrifugal air com-
pressor can increase its performance by 5—15 % compared to a
machine with a remote refrigerator, depending on the tem-
perature and humidity of the suction air. At the same time,
energy consumption for air compression is reduced by 8—10 %.
An inspection of the evaporative-cooled compressors revealed
that there were no signs of erosion or corrosion on the moving
and fixed elements of the flow part.

However, during the operation of some compressors with
periodic or prolonged condensate supply to the flow part, corro-
sion of the pivot pins of the guide blade and the bearings of the
flap axis of the check valve installed on the compressor discharge
was observed. In addition, corrosion of the casing connector was
detected during the opening of one of the compressors.

Paper [7] considered the use of water injection at the com-
pressor inlet to cool air using an air thermopressor. The opera-
tion of an air heat press is based on the process of thermo-gas-
dynamic compression (thermopressure). This process is char-
acterised by an increase in pressure due to the instantaneous
evaporation of the liquid introduced into the gas stream, which
is accelerated to a speed close to the speed of sound. At the
same time, heat from the gas is transferred to the evaporation of
water, resulting in a decrease in its temperature. The disadvan-
tages of this cooling method are the increased moisture content
of the air leaving the compressor, and this water condenses in
the pipeline, increasing its corrosion. Thorough pre-treatment
of the injected water is required to eliminate the possibility of
scale formation in the turbocompressor working spaces.

Article [8] discusses the improvement of the efficiency of
the cooling system of compression units by intensifying the
process of heat exchange between the cooled (compressed air)
and the coolant (water). This is primarily realized by prevent-
ing scale and sludge deposits in the coolers. Today, water hard-
ness mitigation is achieved by chemical means. The chemical
method for preventing scale formation is effective, but it re-
quires constant costs, is highly polluting and harmful to the
health of the service personnel. The formation of scale can be
prevented by electromagnetic treatment of the circulating
cooling water. Technical solutions have also been proposed
that involve the following changes in the existing cooling sys-
tem of compressor units:

- an air cooling chamber in the form of a heat exchanger
will be installed between the filter and the first stage of the
compressor, the coolant will be the cooled water from the
cooling tower;

- the cooling tower spray nozzles will be replaced with a
new design of ejection spray nozzle;

- an electromagnetic water treatment device will be in-
stalled on the cooled water pipeline leaving the cooling tower.

Analytical studies showed that the implementation of the
proposed technical solutions at the compressor units of mining
enterprises will reduce the energy consumption of the air com-
pression process in the cylinder by an average of 4—5 %, which
will increase the compressor’s productivity by up to 8 %, de-
pending on the operating conditions. It will also help to elimi-
nate emergencies and increase the productivity of compressor
units, which will reduce the cost of compressed air production.

Paper [9] substantiates the fact that the use of contact air
coolers with compressed air cooling and dehumidification is
more efficient. This method combines the advantages of internal
and external evaporative methods, but does not have their disad-
vantages. Water in the amount of 1.6 kg per 1 kg of air is injected
into the compressor air duct after each compression section and
cools the air to a temperature of 135 to 35 °C. This ensures evap-
oration-free operation of the cooler with compressed air drying.

86 ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2023, N° 5



The water is separated in special drip traps that are installed in
front of the next section. With this type of cooling, water can
only be heated to the wet bulb temperature under the given con-
ditions (air pressure, temperature and humidity). The main ad-
vantage of this method is the high intensity of heat transfer, as
there are no separating surfaces that are prone to scale contami-
nation. The disadvantage is a somewhat more complicated water
supply scheme compared to the traditional one.

The contact air cooler comprises a mixing device in the
form of a venturi tube, a drip water separator and a float level
control. The cold water is fed into the mixing device, where it is
sprayed by a stream of heated air and mixed with it. The result-
ing air-water mixture undergoes intensive heat and mass trans-
fer. In the separator, the dripping water is thrown to the periph-
ery by centrifugal force and, with some air, enters the free space
through a pocket. There, the air velocity decreases to below the
droplet velocity, and then it merges with the main stream of dry
cooled air. The water separated in the separator flows by gravity
to the level regulator, which ensures that it is discharged to the
cooling tower for cooling with the support of a hydraulic gate.

Paper [10] established the rational parameters of a contact
air cooler for the nominal operating mode under normal initial
conditions.

Problem aspects to be solved. As a result of the analytical
studies, it was found that the rational parameters of turbocharg-
er contact coolers are justified for the nominal mode under nor-
mal initial conditions, so additional research is needed to deter-
mine the parameters depending on the operating mode and
initial conditions other than normal. Such parameters include
the cross-section of the Venturi tube neck, which determines the
velocity of the medium in the neck and the size of the water
grinding and, accordingly, the degree of compressed air cooling.

Purpose. The work is aimed at establishing the dependen-
cies of rational parameters of turbocharger contact coolers on
the operating mode and initial conditions.

Methods. The methods used in the study were analytical
research, mathematical modelling, physical modelling and
mathematical statistics.

Problem statement. Cooling of the turbocompressor is
the main condition for its normal operation. In addition, by
cooling the compressed air before the uncooled section of
the turbocompressor, the theoretical flow rate of the section
is reduced, which results in a reduction in specific energy
consumption. Fig. 1 shows a diagram of a turbocompressor
with 6 compression stages and intermediate air cooling after
each section. Cooling is provided by a contact cooler Ven-
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Fig. 1. Diagram of compressed air cooling between the compres-
sor turbocompressor stages by a contact air cooler of the
Venturi tube-centrifugal separator-drip trap type:

1—6 — turbocompressor stage; 7 — turbocompressor section; 8§ —
Venturi tube; 9 — centrifugal separator-drip trap; 10 — control cone

turi pipe — centrifugal separator-drip trap. Since the cross-
section of the Venturi tube neck has the greatest impact on
the efficiency of the contact cooling system [9], it is advisable
to use a venturi tube with a regulating neck using a special
cone to minimise specific energy consumption (Fig. 2). The
cross-section of the air cooler mixer determines the temper-
ature and pressure of the air at the outlet of the apparatus.

To determine the rational cross-section of the Venturi tube
neck, we first investigate the objective function

V= Lot Lo, M
al pzm
where 7 is the number of the stage (n = 3, for IAC-1, n =5, for
IAC-2); T,, — air temperature at the inlet to the n stage, K;
Pan — air pressure at the inlet to n stages, Pa; P,; — initial air
pressure at the inlet to the turbocompressor, Pa; 7,; — initial
air temperature at the inlet to the turbocompressor, K; V,; —
compressor supply, m?/s.

Consider the effect of the air velocity in the Venturi tube
neck v, on the compressor supply after the air cooler.

P —
T

al
= const, so V,, will depend on T}, and p,,. Obviously, the theo-
retical compressor flow rate will be determined by the nature
of the change in 7,, and p,,. Thus, when T,,, decreases or p;,
increases the theoretical flow rate decreases.

Let us analyse how 7, and i,,, depend on the neck cross
section.

Take into account the fact that the air pressure at the inlet
of the n stage (at the outlet of the air cooler) is described by the
following dependence

Analysing dependence (1), we can conclude that V-

Pan :pﬂn— 1~ Apﬁ’ (2)

where pg, _ ) is the air pressure at the outlet of the previous
stage, Pa; i — the number of the air cooler (/= 1, for intermedi-
ate air cooler IAC-1, i = 2, for IAC-2); Ap; — hydraulic resis-
tance of the air cooler, Pa.

The hydraulic resistance of the apparatus to air is

Aps = 0.5(g,V (P +0.63p,,m>7) + ‘Sgpdin;‘)’ (3)

where (,, is hydraulic resistance coefficient of a “dry” Venturi
pipe; v;; — gas velocity in the mixer head, m/s; p,,; — air den-
sity at the outlet of the mixer, kg/m?; p,,; — density of the lig-
uid, kg/m?; m; — specific irrigation, m’/m?.

Air velocity in the centrifugal space of the separator is

Air

Fig. 2. Venturi tube design with adjustable neck cross-section:

1— nozzle; 2 — regulating cone; 3 — venturi pipe body; 4 — electric
motor; 5 — linear drive
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Fig. 3. Dependence of V,,, T,, and p,, on v;

where D,; is the diameter of the centrifugal space of the separa-
tor, m; V;; — volume flow rate of air at the inlet to the air cool-

er, m%/s.
Air temperature at the inlet to the stage is
T i =120+ 273. 4)
Gas temperature at the outlet of the cooler is
= Lumnidy 5
ali >
cph + csti

where r, is latent heat of vapour formation corresponding to

the enthalpy reference point, J/kg; ¢, — average specific heat of

steam, J/(kg - K); ¢,,; — specific heat capacity of air, J/(kg - K).
The enthalpy of the air at the outlet of the apparatus is

b = Cppitai + (Fo + Colya) e (6)

The final air temperature (at the outlet of the heat ex-
changer) according to the wetted thermometer (at the bound-

ary of two layers of saturated and unsaturated gas) is
tui = bty + (Bt = By1i) - K, (7)

where 1,,; is the initial temperature of the cooling water; ,,;, —
the initial temperature of the air according to the wet ther-
mometer (at the boundary of two boundary layers of saturated
and unsaturated gas).

The enthalpy of the air is

L= aty + (ro + ¢y =
=10052,,;; + (2500 - 103 + 18841, ),1;-
Absolute moisture content is
_0.622p,,;
- Pari = Pmii .

The partial pressure of steam corresponding to the satura-
tion temperature t,,; is determined by the formula

mli tm“ + 236 ;
Pmii =133.32-10'¢2m:,

Heat and mass transfer intensity ratio is

mli

lgp

Km, =3.9Re;%! Bm;*4S[ D70, ®)

where LD; is the parametric similarity number.
The combined Reynolds-Froude number taking into ac-
count the acceleration in the field of centrifugal forces is

3
D
— Viilsi (9)

Re . =
ci P s
2U5vy;

kinematic viscosity of air at temperatures from —20 to +140 °C
vy =(0.101z,,,+13.7) 2. 106;
pali
Po=0.98 - 10°.
And from 140 to 400 °C

vy =(0.14551,,, +6.7) Lo 10

@;

Similarity number (criterion) of thermal equivalents is

Bm;=Bm;+ 1.
The ratio of heat equivalents is given
Bm. = %
"1+ Ke,
Irrigation ratio is
G,
Bni = i’
G

ai
where G, is mass flow rate of water, kg/s; G,; — mass flow rate

of air, kg/s.
The ratio of heat equivalents is

G .c .
_ T wipwi
Bwi=G o
ai pai
Evaporation ratio is
_"0\%mR1i — “mli
Ke r,(d d )
= milmlic
4

pai
Calculated absolute moisture content makes
0.622p, r1i
iy ="
Pati = P
Calculated partial pressure is

lep 812t 4, +156
MR 236

Durri =133.32 -10'€ P,
Calculated temperature is

byg1i = i + 1.

Absolute moisture content of the air at the final gas tem-
perature according to the wetted thermometer #,,, is

_0.622p,,;

d b
pa,, _pmi

m2i

(10)

ifAr<0.5
The partial pressure of steam at 7, is

ep = 8.12¢,,; +156;
1,0 +236

Py =133.32-10"P, (11

Absolute moisture content at the outlet of the machine is
do; =y — Adpi(24,— 1). (12)
The highest possible concentration pressure is
Ady=d,,;—d;

Absolute moisture content of the air is

paiali

et
1=

r0+cstali
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where t,; is air temperature according to a dry thermometer at
the input to the apparatus, °C.
Heat transfer intensity ratio is

At .
A, =—mi (13)
AtmOi

The highest possible temperature head is

Al‘m(]i = btmli — twlj'

Arithmetic mean temperature head is

to—t o byt
At.:"’“ m2i _ _wlJ WJ. 14
tmi 2 2 ( )
Final water temperature makes
0.
tw2[ twlt x ’ (15)
C[IWIGWI

where c,,; is specific isobaric heat capacity of a liquid,

J/(kg - K).
Heat flow from one medium to another is

0,= G (L — I). (16)

Mass air flow rate is

V pal
ai = R t

where R is gas constant of dry air, J/(kg - K).

Having analysed formulas (1—16), taking into account the
fact that the neck cross-section uniquely determines the air
velocity in the neck, we can conclude that with an increase in
the head velocity, T,, will decrease, and 1/p,,, will increase.
The variation of V,,, T, and p,, from v,; is shown in Fig. 3.

Thus, at a certain Value of vhi the objective function (1) has
a minimum.

To find out how V,, will change when v,;, we study V,,, as a
fuction v, To do this, we first express V,, as a fuction of v,
using formulas (1—16). We get the following expression

]

V. =

n

i W[y +e, W]-B-r,-Z
Cosi € Z
Dan—0.5(v}-J+N)

where W =t,,,+H - V;,.O‘3;

tm1i+H'v;i0'3_tw1i +
At
Gy Cpu W +(ry+5-W)- B 1]
c -G

" pai wi _ 1’

AtmOl

Z =B-Ad,-

8.12-W+156
0.622-133.32.10 W+236

8.12W +156 °
Doy —133.32:10° w236

B=

-0.1
R
25: Bm“045 LD —0.01 ;
Vi

H = (tmll wlt)' 39(

J=Ch Pazi+ Gui s Mi* Puis
N= CJSI pa2 U2

To find the minimum of the objective function, we take the
derivative of V,, with respect to v,, and set it to zero.

i —C D= D?
m__ ai — s pai — ©s
dv, T, (p,—0.5N-0.5-J-v%)

SV Vo Pa L+273
R Cpui =D o
T,-(0.5-N = p,, +05-7 v

nM+E c¢-M-P
al " Pal’ +
dv,

(18)

where

Adoi[GGfu_cE‘ - 0'31.3H]

M= wi  pwi hi
At

, 11,055.57- 10?7 . C 82.93-10" .C

(pan —133.32- IOY)2 Doy —133.32- 107 :

812H

+

8.12-1,,+ +156

82.93-10Y-c-[rOJrcs.[,w”JrIZISH
Vi

Pan—133.32:107
24.88-10" -H-c,
v (P —133.32:107)

C=Inlo. 244-H 3

v, »[twli + % + 236]
hi

8.12- H+156J

Vhl

2
v ‘[tw,,. + % + 236)
hi

O.S-H-[S.IZ-IW“

82.93010Y'{r0+cs-[t

-1+
: Py —133.32-10"

+7
Vhl
ai G»'C

" wi " pwi “1l=

Atm()l
. 82.93-10"
P, +133.32-107°

H
P:cpai~[twli+WJ+r0~D+

hi
H
e

Let us find the root of equation (18) using numerical
methods with the root function in Mathcad. The value corre-
sponds to the extreme point of the curve V,, =f(v;). The study
shows that there is a minimum at the extreme point. Thus, at
the obtained speed value, the theoretical flow rate of the non-

82.93-10Y -|:Ib +e, (l
+

Doy —133.32:107
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cooling section of the turbocompressor will be minimal, so we
can say that this speed value will be rational, since at the mini-
mum air flow rate, minimal energy consumption will be ob-
served at the outlet of the air cooler.

Then the rational value of the cross-section of the Venturi
pipe can be found using the dependence

v,
S =1
=y 19)

Results. To verify the adequacy of the model, experiments
were carried out on a specially designed laboratory setup (Fig. 4).

The adequacy of the mathematical model was checked us-
ing Mathcad software for each series of experimental studies.

Laboratory tests of the contact cooler are carried out on a
special test facility (Fig. 4). After the compressor, the com-
pressed air enters the air heater /, where it is heated to the re-
quired temperature. After that, it is mixed with cold water sup-
plied from the tank /7 in the mixing device, which includes a
venturi pipe 2 and distance pipes 3, and is shot, and then the
mixture of water and air enters the elbow separator-droplet col-
lector 4. Venturi pipe 2 is made in the form of a textolite insert.
All other elements of the separator and mixing device are made
of high-pressure polyethylene. This design allows for high-pre-
cision experiments, as it makes it possible to place thermocou-
ples in the media streams immediately after separation. The
use of non-metallic materials also reduces heat loss to the envi-
ronment and the thermal inertia of the unit. The water and air
streams are finally separated in the moisture separator 5. The
heated water flows to the collection tank /6, while the cooled
air flows to the measuring manifold 7 and then to the atmo-
sphere. The air temperature is controlled by changing the volt-
age across the air heater using a laboratory autotransformer.
Valve 6 maintains the required operating air pressure. Valve 15
controls the air flow rate. The air flow rate is determined by
means of a measuring manifold 7with a venturi flow device and
a differential liquid manometer 9. The flow rate of water sup-
plied from the tank /1 is regulated by the needle valve 12.

The parameters to be recorded in the studies included: the
pressure drop across the flow measuring device 4, pressure p,
and initial (after the air heater) air temperature 7,,, initial wet-
thermometer air temperature 77, initial water temperature 7,,;,
final air temperature 7, final wet-thermometer air tempera-
ture 75, and final water temperature 7,,,, the volume of water
that passed through the installation during the experiment V'
and the duration of the experiment t.

To verify the adequacy of the mathematical model, the ex-
periments were conducted in 3 stages. In each stage, a series of
experiments were conducted in which one of the following pa-
rameters was changed: initial air temperature #,, (from 105 to

rom the compressor

: ¢ 7 e AA BB
1 v o 1

Fig. 4. Diagram of a laboratory contact air cooler:
1 — air heater; 2 — mixer — Venturi pipe; 3 — distance pipes; 4 —
droplet separator; 5 — moisture separator; 6,13,15 — valve; 7 —
measuring manifold; 8 — flow meter — Venturi pipe; 9 — differential
pressure gauge; 10 — liquid pressure gauge; 11,16 — tank; 12 —
needle valve; 14 — spring pressure gauge; 17—20 — thermocouples

165 °C), inlet air pressure p,; (from 0.2 to 0.4 MPa), water
temperature 7,,; (from 10 to 30 °C). All other parameters were
taken for the nominal operation of the turbocompressor. For
each of the parameters, the diameter of the venturi pipe head
d,, was varied from 0.013 to 0.02 m in increments of 0.001 m.

All the experiments involved the following operations. The
compressor was switched on. The air flow and pressure were set
using valves 15 and 6, respectively. The initial air temperature was
regulated by a laboratory autotransformer. The water flow rate was
set with the needle valve 12. The water supply tap /3 was opened
and the stopwatch was switched on at the same time. The readings
of the differential manometer and potentiometers were recorded
after temperature stabilisation was achieved in each mode, which
was determined by the unchanged readings of the potentiometers
for 30 s. Then the water supply tap /3 was turned off and the stop-
watch was switched off. Water was drained from tanks 77 and 16
and its volume was determined using a measuring cylinder.

The dependences of the volumetric air flow rate at the out-
let of the air cooler on the cross-section of the Venturi tube
head (Figs. 5—7) were plotted when the initial temperature of
water, air, and air pressure at the inlet to the air cooler changed.

Conclusions. The most efficient air cooler for a mine tur-
bocompressor is a contact device Venturi tube — centrifugal
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Fig. 5. Dependence of the air volume flow rate at the outlet of
the air cooler on the cross-section of the Venturi tube head
at a change in water temperature (p,, = 0.2 MPa; G, =
0.05 kg/s; G,=0.0188 kg/s; t,, = 135 °C; t, = 37.5 °C)
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Fig. 6. Dependence of the air volume flow rate at the outlet of
the air cooler on the cross-section of the Venturi tube neck
at a change in the initial air temperature (p,; = 0.2 MPa;
t,1 =2 °C; G,=0.05 kg/s; G,=0.0188 kg/s; t, = 3.5 °C)
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Fig. 7. Dependence of the air volume flow rate at the outlet of
the air cooler on the air velocity in the neck of the Venturi
pipe at a change in the initial air pressure (t,, =20 °C; G,,=
=0.05 kg/s; G,=0.0188 kg/s; t,, =135 °C; t,=37.5 °C)

separator operating in the compressed air drying mode. So far,
rational parametric design of such devices has been substanti-
ated only for normal initial conditions and the nominal mode
of the turbocompressor. To maintain the efficient operation of
the turbocompressor in the entire range of initial conditions
and modes, it is necessary to use a venturi tube with an adjust-
able neck cross-section as a mixer.

As a result of the research, an optimisation mathematical
model of the mine tourbocompressor air cooler was developed,
which allows one to establish its rational parameters depending
on the initial conditions and operating modes of the turbocom-
pressor. The adequacy of the mathematical model has been
proved by laboratory studies on a specially designed experimental
setup. The discrepancy between the calculated and experimental
data does not exceed 12 %. The dependences of the neck cross-
section of the air cooler Venturi tube on the initial conditions and
the turbocompressor operating mode were determined.
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Onrumizanjiina MaTeMaTHYHA MOJEJIb
KOHTAKTHOTO MOBITPOOX0JIOKYBAYa IMAXTHOTO
TypOOKOMIIpecopa
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Meta. BcraHoBJIeHHST 3a7eXKHOCTEI pallioHaJIbHUX TMa-
paMeTpiB KOHTAKTHUX MOBITPOOXOJIOMXKYBAUYiB TypOOKOMII-
pecopiB Bill pexXxuMy poOOTH i1 TOYATKOBUX YMOB.

Meroauka. Y poOOTi Oy BUKOPUCTAHI METOAM aHaJIi-
TUYHUX JOCTiIKEHb, MATEMAaTUIHOTO MOJCTIOBAaHHS, (Di3yy-
HOTO MOJIEJIIOBaHHS i MaTeMaTUYHOI CTATUCTUKM.

PesynbTaTi. Y pe3ynapTati mpoBeAEHUX TOCIIIKEHb PO3PO-
OJieHa onTMMi3alliiilHa MaTeMaTUYHa MOJEJb MOBITPOOXOJIO-
JKyBaua IIaXTHOTO TypOOKOMITpecopa, 110 J03BOJISIE BCTAHO-
BUTU MOT0 pallioHaIbHI TapaMeTpy B 3aJIE3KHOCTI BiJl TOYaTKO-
BUX YMOB i pexuMiB poOoTu Typookommpecopy. Ha crierianb-
HO pO3p0o0JIeHiii JOCIIIHIN YCTaHOBLI JOBeIeHA aJcKBAaTHICTh
TEOPETUYHUX AOCHiIKEeHb. OTpUMaHi 3aJIeXKHOCTI JO3BOJISIIOTH
MiHiMi3yBaTl TEOPETUYHY MOAa4Yy Ha BXOMi 10 HEOXOJOMXKY-
BaJIbHOI CeKllii TypOOKOMIIpecopa, 1110 A03BOJISIE 3MEHILUTH
IMUTOMi eHepro3arpaTi Ha BAPOOHULITBO CTUCHYTOTO ITOBITPSI.

HaykoBa HoBHM3HA. YTmiepiiie po3poGJIeHO MeTOn BU3HA-
YEHHs pallioHaJbHUX MapaMeTpiB KOHTAKTHUX MOBITPOOXO-
JIOJIKYBauiB MPU 3MiHi MOYaTKOBOI TeMIIepaTypu BOJIH, MOBi-
TpsA 1 TUCKY TOBITpPS, IO TO3BOJSIE PO3POOUTH METOIUKY
KOHCTPYKTMBHOTO PO3pPaxyHKY aIrapariB KOHTaKTHOI CUCTE-
MU OXOJIOMXKEHHSI IIAXTHUX TYPOOKOMITPECOPIB.

IIpakTyna 3HayumicTh. CTHCHEHE MOBITPS LIUPOKO 3a-
CTOCOBYETHCS Y BCIiX rayy3sx MpoOMUCIOBOCTi. BoHO € ogHUM
i3 HAMOLIUPEHILIUX €eHEPTOHOCIIB HA MPOMUCIOBUX MiATPU-
€MCTBAX, a MPUCTPOI, 10 MOB>sI3aHi 3 Oro PoO3MoIiJIoM i 00-
POOKOIO, € EHEPrOEMHOIO CKJIATHOIO IMPOMHUCIIOBOIO €HEpTe-
TUYHOIO CUCTEMOIO, Bill piBHS ii JOCKOHAIOCTI 3ajIeXaTh I0-
Ka3HUKU TEXHOJIOTIYHUX MPOIIECIB, Y IKUX BUKOPUCTOBYETh-
cs ctucHeHe ToBiTps. LLnpoke 3acTocyBaHHSI CTUCHEHE IO~
BiTpsl Ma€ B ripHUYOPYIHII TPOMUCIOBOCTI (pPyAOBUIOOYBHii
Ta MaJuBOAOOYBHii1). /7151 OTpMaHHSI CTUCHEHOTO TOBITPS
BUKOPVCTOBYIOTh TypOokommpecopu. Ui TinBUIIEHHS
eeKTUBHOCTI TypOOKOMIIpecopa BUKOPUCTOBYIOTH OXOJIO-
JKyBadi CTUCHEHOTO MOBiTpsl. CyTTEBUM HEOJIiKOM LIAXTHOT
CUCTEMHU OXOJIOIKEHHSI TYpOOKOMIIPECOpIiB € IIBUAKE 3a-
OpyIHEHHSI TeIJIOOOMIHHUX TMOBEPXOHb MOBITPOOXOJOIXKY-
BayiB HAKUIMTHUMM BiIKJIaIEHHSIMU, 110 TPU3BOAUTH 10 3HU-
JKEHHS 1X e(EeKTUBHOCTI 3a 3pOCTAHHSI MMUTOMUX CHEPros3a-
TpaT Ha BUPOOHULITBO CTUCHYTOTO MOBITps1. LIboro Hemotiky
HeMa€e B KOHTAKTHHUX ITOBITPOOXOJIOMKYBayax Tpyoa BeHTy-
pi — BiILIEGHTPOBUIA cemapaTop-KparieyJoBiioBay. ¥ pe3yib-
TaTi IOCIIKEHb OTPUMAaHI 3aJIEXHOCTI, 1110 BAKOPUCTaHI IPU
PpO3p0o0IIi METOAMKU KOHCTPYKTUBHOTO PO3PaxyHKy KOHTaK-
THUX ITOBITPOOXOJIOMKYBAYiB IIIAXTHOTO TYpOOKOMITpECOpa.

KunrouoBi cioBa: mamemamuuna mooens, mpyoa Benmypi,
KOHMAKMHULL NOBIMPOOX0A00XCYBAH, 0X0A00XUCEHHS, CIMUCHEHE
nosimps, mypbokomnpecop
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