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Обґрунтовано вибір затопленого гід-
роструменя як інструменту для фор-
мування об’ємних деталей головних 
уборів. Розроблено експериментальний 
прилад та метод для визначення дина-
мічних тисків затопленого гідростру-
меня. Досліджено вплив геометричних 
параметрів коноїдальних струменефор-
муючих насадків з круглими та еліп-
тичними вихідними отворами на вели-
чину динамічних тисків утворених ними 
затоплених гідроструменів. Проведено 
дослідження та встановлено експери-
ментальні значення динамічних тисків 
гідроструменя і середнє значення коефі-
цієнта втрат

Ключові слова: гідроструминна тех-
нологія, жіночі головні убори, дизайн- 
проектування, формування деталей го- 
ловних уборів, затоплений гідростру-
мінь

Обоснован выбор затопленной гидро-
струи как инструмента для форми-
рования объемных деталей головных 
уборов. Разработан эксперименталь-
ный прибор и метод для определения 
динамических давлений затопленной  
гидроструи. Исследовано влияние гео-
метрических параметров коноидаль-
них струеформирующих насадок с круг-
лыми и эллиптическими выходными 
отверстиями на величину динамических 
давлений образованных ими затоплен-
ных гидроструй. Проведены исследова-
ния и установлены экспериментальные 
значения динамических давлений гидро-
струи и среднее значение коэффициен-
та потерь 
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зайн-проектирование, формование де- 
талей головных уборов, затопленная 
гидроструя
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1. introduction

Headgear as an element of the women’s thematic and 
image costume can be either basic or a continuation of a par-
ticular idea or an image. Most often, the headgear is thema-

tically selected to match the costume and is frequently made 
from similar material.

Modern women’s headgear at hospitality establishments 
are characterized by a variety of shapes and materials. The 
most common are those of round and oval shape, which can 
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be explained by low complexity of manufacturing and low 
costs. However, when using different materials, difficulties 
can occur during forming, fastening and shaping.

The market of light industry goods to the full extent 
satisfies the demand of consumers for headgear made of fur, 
leather and felt, as well as headgear, sewn from fabric, which 
is shaped in a constructive way. However, multi-operation 
and energy-consuming technologies are used for manufac-
turing of the specified products. In addition, there are no 
models of shaped headgear from fabric on sale, which is often 
the cause of mismatch of headgear and the style, color, and 
texture of coats, dresses and costumes.

Development of a new technology of shaping details of 
headgear from fabric requires a unified, scientifically substan-
tiated method, which is based on a comprehensive approach 
to the systems of technological preparation of production and 
designing of high-performance equipment.

Modern fashion is characterized by a variety of headgear 
shapes. In shaping of voluminous headgear details, deforma-
tion of the flat piece of fabric and giving it a desired complex 
voluminous shape is the most difficult task. This is difficult 
to achieve by maximal use of deformation properties of  
a complex action of working medium and applied mecha-
nical loads.

The use of fluid-active working medium (FAWM) has 
been recently proposed for shaping voluminous headgear 
details. However, in the designed technologies, there is no 
local influence of the force field on certain sections of a de-
tail, which is necessary for shaping such complex and various 
voluminous shapes as headgear details.

The use of the submerged hydro-jet offers a wide range 
of opportunities for application of little-operational and 
energy-saving technologies, as well as for improvement of 
methods for shaping voluminous headgear details due to 
the influence of concentrated load on the fabric. Hydro-jet 
technologies are widely used in various industries, including 
construction, machine building, light industry, electronics, 
mining, etc.

Development of a new technology for shaping headgear 
details of a complex voluminous shape with the use of the 
concentrated influence of the controlled submerged hydro- 
jet is a relevant problem. This technology can provide 
a match of headgear item and clothing elements, used at 
hospitality establishments [1, 2]. At the same time, headgear 
design with the use of modern technologies of shaping will 
contribute to enhancing competitiveness of many related 
industries.

2. analysis of application of hydro-jet technologies  
in various industries

The use of high pressure jets as a tool has become 
common in many sectors of economy. They include food 
industry, construction, machine building, aviation and space 
technology, optics, light industry, woodworking, electronics, 
atomic power engineering, shipbuilding, and shipping, petro-
chemicals, ecology, mining, medicine, and many others. This 
is explained by the fact that hydro-jet technologies provide 
a wide range of technological operations (cutting, milling, 
washing, transportation, treatment of surfaces: cleaning and 
polishing, sharpening, and boring). Hydro-jet is known to 
be used for breaking copper ores by a high pressure jet [3], 
as well as for destruction of brittle materials by the method 

of hydro-jet treatment [4]. Optimization of parameters of 
the process of high pressure water jet [5] provides sufficient 
destruction of rocks. Conducted numerical simulation of 
turbulent cavitation water jets, released from a submerged 
nozzle [6] allows description of the process of hydro-jet de-
struction. A lot of studies characterize water jet strength [7], 
its structure and erosion characteristics [8] and describe 
cavitation processes of hydro-jet treatment of different ma-
terials [9]. However, the explored studies do not give a clear 
idea about the influence of a water jet on shaping women’s 
headgear at hospitality institutions.

Hydro-jet technologies provide treatment of both soft 
and hard materials, such as cardboard, fabric, wood, leather, 
rubber, ceramics, steel, hard alloys, and rocks [10].

According to the methods of influence on material, the 
following hydro-jet technologies are distinguished: pulsating, 
pulse, cavitation, and continuous technology.

For cutting and treatment of materials, they use hydro 
plants with capacity from 8 to 80 kW, which provide jet 
flowing pressure from 150 to 1,000 MPa and higher, which 
corresponds to jet velocity from 540 to 1,400 m/s [10].

It is known, that various processes, each of which can lead 
to destruction, are caused by the influence of ultra-jets [11]. 
The methods of obtaining ultra-jets can be different and in-
clude fluid displacement through a small opening and using 
one-dimensional and spatial wave effects.

Displacement of fluid through the opening (extrusion) is 
used in a pulse water jet cutter. A shoot occurs as a result of 
piston impact. Water, compressed by a piston, flows out of the 
nozzle at high velocity. The duration of a shoot is a few milli-
seconds. Later, there appeared the idea of electro-pulse water 
jet cutter, in which fluid flowing is caused by one-dimen-
sional wave process. In this case, a vapor-gas cavity, which 
originated as a result of electrical discharge in the water, acts 
as a piston. In this case, jet pressure is 200–1,400 MPa at 
duration of the process of a few microseconds [11].

The wave process, close to one-dimensional, was im-
plemented in a hydro-gun. A jet is formed by the inertia 
principle, which lies in re-distribution of energy in the flow 
of non-stationary moving fluid. The air was preliminarily 
pumped out of the nozzle. The water, driven by the pis-
ton, reaches the inlet of the nozzle and flows into it with 
acceleration. The duration of a shoot is less than one milli-
second [11].

Lately, detail stamping by hydro-explosion has been 
widely applied in machine building [12]. Water is used as 
working medium that transmits pressure from the charge of 
the explosive to a workpiece. It should be noted that an in-
crease in the mass of the charge of the explosive or a decrease 
in the distance from the charge to a workpiece can lead to 
rupture of the latter. In this case, the cracks that appear on 
the inner surface of a detail are of brittle destruction nature.

The use of pulse technologies is characterized by short 
duration of the process at significant pressures, which basi-
cally leads to destruction of the surface of material that is 
treated (Fig. 1).

Pulse technologies did not find further application in 
industry for the following reasons: energy of influence of 
force field, created by pulse loads, is negligible despite the 
maximum efforts, applied to implementation of this process. 
That is why pulse load is advisable to apply for destruction 
of brittle materials (glass cutting) or «non-viscous» (fabric).

Cavitation hydro-jet technologies have a destructive 
impact on the treated material [13, 14].
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Fig.	1.	Dependence	of	pressure	on	time	at	pulse	deformation	
of	aluminum	pipe:	P	–	pressure;	t	 –	time

The method of metal plates cutting by high-head fluid 
was developed [15]. Solutions of alkali salts or finely dis-
persed metal powders are added to water to form a jet from 
current conductive fluid. Then it is influenced by single-po-
lar pulses. When electric current passes through a fluid jet, 
a water-oxygen mixture in the plasma state is formed due to 
electrolysis. Dependence of velocity of liquid flowing out of 
the nozzle and the distance from it to the working table, is of 
proportional character.

The method of cutting by a high pressure jet with the use 
of cooled air [16], under the influence of which the jet freezes 
and a detail is treated in solid state, is promising. Abrasive 
grains, introduced into the jet structure, perform cutting 
when in contact with the surface of a part.

There is a known plant [17] for cutting sheet material by 
the fluid jet of not high pressure, which contains the cutting 
nozzle fitted with possibility of simultaneous movement due 
to the device of numerical program control with a jet catcher 
after cutting. It also contains a support table with a frame 
that is made in the shape of two identical units, mounted 
sequentially one after the other, each of which is designed as 
a set of elements. The specified elements are mounted with 
possibility to rotate around their axis due to supporting 
shafts, fixed sequentially with possibility of reciprocating 
movement in the longitudinal direction and kinematically 
linked together.

In a number of studies on hydro-cutting with the use of 
nozzles [18], devices for cutting with the usual water jet [19] 
and a high pressure jet [20], technological parameters of 
the process were established. The authors explored specific 
features of material cutting by a non-high pressure jet [21], 
both with the use of specialized mouthpieces for nozzles [22], 
and with the use of high-velocity fluid jet [23]. Particular 
papers describe the low pressure system of the hydro-cutting 
plant [24], as well as simulation of the process of destruc-
tion of non-metal materials [25]. In this case, due to the 
selection of rational cutting parameters [26], cutting of some 
polymeric materials is also provided [27]. There is an article 
that describes calculation of the profile of jet-forming nozzle 
channel [28] of hydro cutting plant. 

In the above papers, optimal values of technological pa-
rameters for cutting textile materials and leather, micropore 
rubber, leather vinyl and PVC film were established:

– working fluid pressure is 300–400 MPa;
– outlet diameter of the jet-forming mouthpiece (nozzle) 

is 0.1–0.15 mm; 

– distance between the cut of the jet-forming nozzle and 
the surface of material that is treated is 5–30 mm; 

– angle between the axis of the nozzle and the surface of 
material (attack angle) is 70–110°; 

– length of the jet-forming mouthpiece is 5–85 mm.
It was also determined that productivity of hydro-cutting 

largely depends on the shape of the jet-forming channel of 
the nozzle [29]. Thus, at the same values of pressure and the 
outlet diameter, a change in its shape allowed an increase in 
process productivity by 1.5 times. The best jet formation is 
provided by nozzles with the conoidal shape of the channel, 
but high microhardness of material complicates treatment of 
channels of complex shapes, and therefore, nozzles with a co-
nical-cylindrical channel are more often produced in practice.

To intensify the cutting process due to using a special 
device [30], it was proposed to add fine abrasive particles 
to working fluid [31], which made it possible to an increase 
in the intensity of hydro-abrasive cutting of sheet mate-
rials [32, 33] and destructive properties by 10–12 times, as 
well as to improve performance of the equipment [34]. The 
optimal parameters for hydro-abrasive cutting of roll and 
sheet materials for light industry were found [35]:

– pressure of working fluid is 50–200 MPa; 
– the outlet diameter of the jet-forming mouthpiece (noz-

zle) is 1.5 mm;
– the distance between the cut of the jet-forming mouth-

piece and the surface of treated material is 1–3 mm;
– the angle between the nozzle axis and the surface of 

material (attack angle) is 90°;
– the length of the jet-forming mouthpiece is 45–60 mm;
– mass consumption of abrasive material is 2.5–3 g/s.
Quartz sand was used as abrasive material.
The explored technologies make it possible to deform 

a variety of materials, applying significant loads. The men-
tioned features can be used when developing a new way of 
shaping headgear details from fabric, because in this case, 
FАWM for fabric plasticization. In addition, local pressure is 
created on the necessary shaping sections when solving the 
jet motion control problem. Analysis of existing hydro-jet 
technologies leads to research with the purpose of deve-
loping of the shaping method with re-varying load of textile 
material.

As a result of theoretical analysis, the conclusion about 
effectiveness of shaping headgear details by the hydro-jet 
was made. It was established that it is appropriate to place 
the nozzle so that the semi-axis of elliptic outlet opening δvnas 
should be in the frontal cross-section of a detail (Fig. 2).

The plant for cutting sheet material by ultrahigh pressure 
jet is close in essence [17]. The specified plant contains the 
cutting nozzle, which simultaneously moves along material, 
and the cutting table that moves across the latter. Synchro-
nous movement of the cutting nozzle and the cutting table is 
provided by operation of numerical program control device. 
The disadvantage of this method of cutting is limitation of 
motion of the working bodies along one of the coordinate axes.

Thus, important factors that provide high quality indica-
tors of hydro-jet technologies include the distance from the 
nozzle to treated material, jet pressure, which depends on 
fluid velocity. The angle between the jet’s axis and the sur-
face of material, the shape of the jet-forming nozzle, material 
supply rate relative to the hydro-jet and possibility of the 
process automation through development of the algorithm 
of the nozzle’s motion relative to the treated detail are also 
important.
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а

b

Fig.	2.	Schematic	of	effective	location	of	the	conoidal	
mouthpiece	with	elliptical	outlet	opening	relative	to	the	

surface	of	the	shaped	headgear	detail:		
a	–	general	view;	b	–	view	from	above;	1	–	detail;	2	–	outlet	

opening	of	mouthpiece

3. the aim and objectives of the study

The aim of present research is the preliminary study of pres-
sure of submerged hydro-jet as a means of expanding women’s 
headgear design opportunities at hospitality establishments.

To accomplish the aim, the following tasks were set:
– to develop an experimental device for determining dy-

namic pressures of the submerged hydro-jet; 
– to develop the method for determining dynamic pres-

sures of the submerged hydro-jet; 
– to conduct a pilot study for determining dynamic pres-

sures of the submerged hydro-jet.

4. analytical and methodological aspects of research into 
process of hydro-jet formation 

4. 1. Development of the device and method for deter-
mining dynamic pressure of the submerged hydro-jet

One of the disadvantages of using the hydro-jet in the air 
space is insufficient fabric plasticization, compared to the use 
of the submerged stream. In the latter, the fluid of the water 
layer of working media penetrates threads and fibers and plas-
ticizes fabric, preparing it for the shaping process. Therefore, 

the use of the non-submerged hydro-jet is undesirable, as it 
sometimes leads to destruction of fabric rather than shaping.

In order to conduct research, measuring equipment, 
which contains sensors and pressure indicators [36, 37], 
and manometers [38] that are used for determining of fluid 
pressure in the system, are applied in practice. However, the 
mentioned devices exclude possibility of measuring dynamic 
pressure of the submerged hydro-jet.

In order to expand functionality of measuring dynamic 
pressure of the submerged hydro-jet, we designed a device. 
The specified pressure is measured at an assigned distance 
from the end of the jet-forming nozzle to a headgear detail, 
which is formed by the hydro-jet method (Fig. 3, 4). The 
developed device contains a two-arm lever, both arms 1 and 2 
of which are tightly linked with axis 3 that is fixed in two ball 
bearings 4, located in handle 5. Arms 1 and 2 are structurally 
equal, located in one plane, perpendicular to the axis and pa-
rallel to each other. At the end of lower arm 2, a platform for 
the hydro-jet in the shape of disc S was mounted. Tie 6, con-
nected with dynamometer f was fixed at the end of the upper 
arm. Platform 7 with the angle measuring devices is placed on 
handle 5. Here is also the indicator HL with power source G 
and adjustable stop 8, which is one of the contacts of group Q.

The method for determining dynamic pressure of the sub-
merged hydro-jet is as follows. Handle 5 (Fig. 3) is mounted 
vertically using supports. Lower arm 2 of the lever is im-
mersed in the fluid so that the axis of the jet-forming nozzle 
should pass through the center of target S and should be 
perpendicular to the plane of target S. In this case, the end of 
the nozzle is placed at distance l from target S. The location, 
necessary for accurate measurement, is controlled in the ho-
rizontal plane of water level 9, which provides for accuracy  
of 15¢ of the arc, and in the vertical plane, by the angle mea-
suring indicator 10 with accuracy of 1° of arc.

а b

Fig.	3.	Image	of	the	developed	device	for	measuring	dynamic	
pressure	of	the	submerged	hydro-jet:	a –	kinematic	scheme;	
b	–	overall	view:	S	–	platform	for	action	of	the	submerged	
hydro-jet;	f	–	dynamometer;	G	–	power	source;	Q	–	group	

of	contacts;	F	–	efforts,	applied	in	reverse	direction	
of	hydro-jet	operation;	Fh	–	force	of	hydro	impact	of	

submerged	hydro-jet
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Fig.	4.	Image	of	the	upper	platform	of	the	developed		
device	for	measuring	of	dynamic	pressure	of	the	submerged	

hydro-jet:	HL	–	indicator;	1,	2	–	lever	arm;	3	–	axis;		
4	–	ball	bearings;	5	–	grip;	6	–	tie;	7	–	platform	with	angle	

measuring	devices;	8	–	adjustable	stop;	9	–	level;	10	–	angle	
measuring	indicator

Next, the pump, which feeds FAWM to the jet-forming 
mouthpiece, is turned on. As a result of the action of the  
hydro-jet, the two-arm lever turns around axis 3 in bea-
rings 4 to stop 8, which causes contact closure Q and turning 
on of the led indicator HL.

Next, through hinge tie 6, mechanical effort F is ap-
plied, which is controlled by dynamometer f, reverse to the 
vector of hydro-jet action, which is achieved by location of 
hinge tie 6 according to the indicated line on platform 7.  
Thus, the lever starts to rotate in reverse direction, which 
causes contacts closure Q and turns off the led indica-
tor HL . Stop 8 is regulated so that the moment of dis-
connection of contacts Q corresponds to the angle of the 
hydro-jet fall on target S, equal to 90°. At this point, the 
value, which corresponds to magnitude of the hydro impact 
force of the submerged hydro-jet, is recorded on the digital 
scoreboard of the dynamometer. In this case, module F 
equals to module Fh .

Next, dynamic pressure of the submerged hydro-jet is 
derived from the following formula:

P
F

Sd str
h

str

= ,  (1)

where Fh is the force of the jet’s hydro impact; Sstr is the 
cross-section area of the submerged hydro-jet at distance l 
from the end of the mouthpiece.

The developed device is capable to receive dynamic loads 
at the distance of 1–30 mm between the cut of the jet-for-
ming nozzle and the surface of treated material. Maximal 
pressure of working medium is 150 MPa.

Therefore, the set problem is solved so that measurement 
of pressure of the submerged hydro-jet should be performed 
by measuring forces of reaction, the module of which is equal 
to pressure module, as the vector is reverse. This is due to the 
transfer of action of forces from the fluid to the air medium 
with the help of the two-arm lever [39].

The use of the developed device and the method will 
make it possible to explore a change in magnitude of dynamic 
pressure of the submerged hydro-jet depending on the geo-
metrical parameters of mouthpieces.

4. 2. research methods
Specific value of the forming effort for a certain unit of 

the contact area of a detail is equal to magnitude of dynamic 
pressure of the submerged hydro-jet. 

Using the method for calculation of geometrical pa-
rameters of jet-forming mouthpieces and the submerged 
hydro-jets, formed by them [40], corresponding dimensions 
of the inlet, outlet diameters, reduced length of mouthpieces 
and contact areas of the formed hydro-jets, were determined. 
Calculations were carried out at the distance of 5, 10, 15, 20 
and 25 mm from the end to the surface of the shaped detail 
for ten conoidal mouthpieces with round or elliptical outlet 
openings.

For conducting experimental research, a series of mouth-
pieces (Table 1, 2) with geometric parameters, shown in 
Fig. 5, was fabricated.

Таble	1

Values	of	geometric	parameters	of	conoidal	mouthpieces	
with	round	outlet	openings	and	jets,	formed	by	them

No. of 
entry

L1, 
mm

L2, 
mm

Dnas, 
mm

dnas , 
mm

rnas , 
mm

ХP , 
mm

rP ,  
mm

1 1 10 10 1 0.5 4.2 0.9

2 1.5 15 10 1.5 0.75 6.3 1.3

3 2 20 10 2 1 8.4 1.8

4 2.5 25 10 2.5 1.25 10.5 2.2

5 3 30 10 3 1.5 12.6 2.6

Note: L1, L2 are the lengths of the cylindrical and conoidal parts 
of the mouthpiece, respectively, Dnas, dnas are the inlet and outlet 
diameters of the mouthpiece, respectively, rnas is the radius of the 
mouthpiece, ХP is the initial section of the submerged hydro-jet 
with round inlet openings, rP is the radius of the jet in the tran-
sition cross-section

Таble	2

Values	of	geometrical	parameters	of	conoidal	mouthpieces	
with	elliptical	outlet	openings	and	jets,	formed	by	them	

No. of 
entry

L1, 
mm

L2, 
mm

Dnas, 
mm

δа nas , 
mm

δb nas, 
mm

X¢n, 
mm

δap, 
mm

δvp, 
mm

1 1 10 10 0.2 1.3 2.1 0.7 1.7

2 1.5 15 10 0.3 1.9 3.1 1 2.6

3 2 20 10 0.4 2.5 4.1 1.4 3.5

4 2.5 25 10 0.5 3.1 5.2 1.7 4.4

5 3 30 10 0.6 3.8 6.2 2.1 5.2

Note: δа  nas , δb  nas  are  the  semi-axes  of  the  elliptical  outlet  opening 
of  the  mouthpiece,  X ¢n  is  the  initial  section  of  the  submerged  hydro-
jet  with  elliptic  outlet  openings,  δap , δvp  are  the  semi-axes  of  the 
jet  in  transition  cross-section
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Fig.	5.	Physical	appearance	of	conoidal	jet-forming	
mouthpieces	with	round	(bottom	row)	and	elliptical	(top	row)	

outlet	openings

Values of dynamic pressures of submerged hydro-jets Pd str, 
created by the given conoidal nozzles, were calculated.

5. results of the study into determining dynamic 
pressures of the submerged hydro-jet

As a result of the experimental studies, dynamic pressures 
of submerged hydro-jets, formed by five conoidal mouthpieces  
|with round outlet openings (Fig. 6) and five mouthpieces 
with elliptical outlet openings were determined (Fig. 7).

Dependences of changes in dynamic pressure of the sub-
merged hydro-jet on the distance between the mouthpiece 
and the detail are shown in Table 3.

Degree of approximation reliability R2 was established, 
and it was determined that the obtained equations with 
sufficient accuracy (5 %) reproduce actual dependence, be-
cause R2 in all cases tends to unity and is located within 
0.96–0.99.

Graphic dependences of a change in dynamic pressure of 
the submerged hydro-jet on the distance between the end of 
the conoidal mouthpiece and the surface of a detail are shown 
in Fig. 8.

As charts (Fig. 8) show, dynamic pressure of the sub-
merged hydro-jet tends to increase with decreasing of  
a distance between the end of a nozzle and the surface of  
a detail. This can be explained as follows: as the distance 
from the outlet opening increases, the hydro-jet is dif-
fused by the near-boundary layer of FAWM, which sur-
rounds it, resulting in a decrease in intensity of hydro-jet  
influence.

Comparative analysis of theoretical and experimental 
data (Table 4, 5) showed that calculation values exceed 
the experimental ones due to FAWM pressure losses, which 
occur as a result of friction on the wall of a nozzle and  
operation of research equipment.

Thus, the use of the designed device and method allowed 
studying a change in magnitude of dynamic pressure of the 
submerged hydro-jet depending on geometrical parameters 
of mouthpieces, in particular conoidal mouthpieces with 
round and elliptical outlet openings.

а

c

b

d

Fig.	6.	Structure	of	hydro-jets,	formed	by	conoidal	mouthpieces	with	elliptical	outlet	opening:		
a	–	in	air	space;	b	–	at	immersion	in	water;	c	–	of	submerged	hydro-jet	(nozzle	No.	1);		

d	–	of	submerged	hydro-jet	(nozzle	No.	5)

а

c

b

d

Fig.	7.	Structure	of	hydro-jets,	formed	by	conoidal	mouthpieces	with	round	outlet	opening:		
a	–	in	air	space;	b	–	at	immersion	in	water;	c	–	of	submerged	hydro-jet	(nozzle	No.	1);		

d	–	of	submerged	hydro-jet	(nozzle	No.	5)
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Fig.	8.	Dependence	of	change	in	dynamic	pressure	of	the	submerged	hydro-jet	on	the	distance	between	the	face		
of	a	conoidal	mouthpiece	and	the	surface	of	a	headgear	detail:		

1–5	are	nozzle	number;	a	 –	for	nozzles	with	round	outlet	openings;	b	–	for	nozzles	with	elliptical	outlet	openings;		
Pd	str	is	the	dynamic	pressure	of	the	jet;	l	 is	the	distance	from	the	end	of	the	nozzle	to	the	surface	of	a	detail

Таble	3
Dependences Pd	str	=	f (l)

Shape of the outlet opening (R – round; 
E – elliptical) and mouthpiece number

Dependences of changes in dynamic pressure of the submerged 
hydro-jet on the distance between the mouthpiece and the detail

Reliability of  
approximation R2

R1 Pd str = 0.000104l 2–0.0017l+0.0163 0.97

R2 Pd str = 0.000106l2–0.0024l+0.0265 0.98

R3 Pd str = 0.0001l 2–0.003l+0.0336 0.98

R4 Pd str = 0.0001l 2–0.0041l+0.0474 0.99

R5 Pd str = 0.0001l 2–0.0046l+0.0551 0.99

E1 Pd str = 0.00001l 2–0.0006l+0.0072 0.97

E2 Pd str = 0.0001l 2–0.0027l+0.0278 0.96

E3 Pd str = 0.00011l 2–0.0029l+0.0334 0.98

E4 Pd str = 0.0001l 2–0.0034l+0.0407 0.97

E5 Pd str = 0.0001l 2–0.0048l+0.056 0.96

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.
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Таble	4
Experimental	and	calculation	values	of	dynamic	pressures	of	submerged	hydro-jets,	formed		

by	conoidal	nozzles	with	round	outlet	opening

No. of nozzle l, mm dnas, mm Snas, mm2 Sstr , mm2 Pd str exper, МPа Pd str rozr, МPа ΔP, МPа

1

5

1 0.8

10.9 0.0096 0.0108 0.0012
10 32.6 0.0024 0.0036 0.0012
15 65.9 0.0012 0.0018 0.0006
20 110.8 0.0008 0.0011 0.0003
25 167.3 0.0005 0.0007 0.0002

2

5

1.5 1.8

14.0 0.0163 0.0189 0.0026
10 37.8 0.0070 0.0070 0.00003
15 73.3 0.0032 0.0036 0.0004
20 120.3 0.0021 0.0022 0.0001
25 179.0 0.0014 0.0015 0.00006

3

5

2 3.1

17.5 0.0217 0.0269 0.0052
10 43.5 0.0092 0.0108 0.0016
15 81.0 0.0050 0.0058 0.0008
20 130.2 0.0028 0.0036 0.0009
25 191.0 0.0019 0.0025 0.0005

4

5

2.5 4.9

21.4 0.0303 0.0344 0.0041
10 49.5 0.0142 0.0149 0.0006
15 89.2 0.0080 0.0082 0.0003
20 140.5 0.0049 0.0052 0.0003
25 203.5 0.0036 0.0036 0.00006

5

5

3 7.1

25.7 0.0356 0.0412 0.0056
10 55.9 0.0178 0.0190 0.0011
15 97.8 0.0098 0.0108 0.0010
20 151.2 0.0069 0.0070 0.0001
25 216.3 0.0049 0.0049 0.00003

Note: l is the distance from the end of the nozzle to the contact platform, Snas is the area of outlet opening of the mouthpiece, Sstr is 
the area of transition cross-section of submerged hydro-jet, Pd str exper is the experimental dynamic pressure of the submerged hydro-jet, 
Pd str rozr is the calculated dynamic pressure of the submerged hydro-jet, ΔP is the deviation between the calculated and experimental 
values of the dynamic pressure of the submerged hydro-jet

Таble	5
Experimental	and	calculation	values	of	dynamic	pressures	of	submerged	hydro-jets,	formed	by	conoidal		

mouthpieces	with	elliptical	outlet	opening

No. of nozzle l, mm δа nas, mm δb nas, mm Snas, mm2 Sstr , mm2 Pd str exper, МPа Pd str rozr, МPа ΔP, МPа

1

5

0.2 1.3 0.8

11.0 0.0047 0.0111 0.0065
10 30.2 0.0020 0.0041 0.0020
15 58.5 0.0014 0.0021 0.0007
20 95.8 0.0007 0.0013 0.0006
25 142.1 0.0004 0.0009 0.0004

2

5

0.3 1.9 1.8

14.6 0.0170 0.0184 0.0014
10 36.5 0.0056 0.0074 0.0017
15 67.4 0.0032 0.0040 0.0008
20 107.3 0.0017 0.0025 0.0008
25 156.3 0.0012 0.0017 0.0005

3

5

0.4 2.5 3.1

18.6 0.0212 0.0253 0.0041
10 43.1 0.0095 0.109 0.0014
15 76.6 0.0054 0.0061 0.0007
20 119.2 0.0035 0.0039 0.0004
25 170.8 0.0027 0.0028 0.0001

4

5

0.5 3.1 4.9

23.0 0.0269 0.0317 0.0048
10 50.1 0.0124 0.0146 0.0022
15 86.3 0.0084 0.0085 0.0001
20 131.5 0.0054 0.0055 0.0002
25 185.7 0.0037 0.0039 0.0002

5

5

0.6 3.8 7.1

28.3 0.0365 0.0374 0.0009
10 58.4 0.0146 0.0181 0.0036
15 97.6 0.0106 0.0109 0.0002
20 145.8 0.0055 0.0073 0.0018
25 293.1 0.0035 0.0036 0.0001
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6. Discussion of results regarding the use of submerged 
hydro-jet for headgear shaping 

To determine dynamic pressures of submerged hydro-jets, 
losses coefficient, which is calculated from the following for-
mula, was introduced:

K
P

Pb
d str er

d str rozr

= exp ,  (2)

where Pd str exper is the experimental value of dynamic pres-
sure of the submerged hydro-jet, МPа; Pd str rozr is the 
calculation value of dynamic pressure of the submerged 
hydro-jet, МPа.

For rational operation of the studied equipment, the fol-
lowing condition must be satisfied: 0<Kb<1.

The average value of losses coefficient for this type of 
equipment Kb is from 0.66 to 0.99 when using conoidal 
mouthpieces with circular outlet openings and Kb = 0.42–0.99  
when using conoidal mouthpieces with an elliptical outlet 
opening. 

By analyzing the obtained results, it is possible to con-
clude that the experimental values of dynamic pressures of 
the hydro-jets, formed by nozzles No. 3–5, are within the 
specific formation effort, (0.02–0.12 MPa), and losses do not 
exceed the permissible value.

The developed device provides measurement of magni-
tude of dynamic pressure of the submerged hydro-jet, which 
is used for headgear shaping. However, for higher quality 
shape stability of products, it is necessary to improve accura-
cy of measurement of hydro-jet pressure. To do this, it is re-
quired to conduct a series of additional studies and improve-
ments of the existing device that will provide improvement 
of measurement. 

The developed method makes it possible to determine  
a change in magnitude of dynamic pressure of the submerged 
hydro-jet depending on the geometrical parameters of the 
mouthpieces, used for women’s headgear shaping at hospi-
tality establishments. However, efficient use of the latter 
requires special equipment.

Modern technologies and equipment for headgear sha-
ping do not provide reliable fixation of workpieces and their 
sufficient shape stability. As a rule, usual stitching of work 
pieces or adding glue solutions are used for better shaping.  

In this case, there are no specialized shaping plants or auto-
mated equipment. That is why development of a research 
plant for high quality shaping of women’s headgear at hos-
pitality establishments with the use of the developed device 
and method is a promising task.

7. conclusions

1. An analysis of the application of hydro-jet technolo-
gies in various industries was performed, and factors that 
provide high quality indicators were established, in parti-
cular: pressure of working fluid, the outlet diameter of the 
jet-forming mouthpiece (nozzle), the distance between the 
cut of the jet-forming nozzle and the surface of the treated 
material, the angle between the axis of the nozzle and the 
surface of material (attack angle), the length of the jet-for-
ming nozzle.

2. The experimental device for determining dynamic 
pressures of the submerged hydro-jet was developed. The 
application of the device made it possible to explore the 
influence of geometric parameters of conoidal jet-forming 
mouthpieces with round and elliptical outlet openings on 
magnitude of dynamic pressures of the submerged hydro-jets, 
formed by them. The device operates at the distance of 
1–30 mm between the cut of the jet-forming mouthpiece 
and the surface of treated material at maximum pressure of 
working medium of 150 MPa.

3. The method was developed for determining dynamic 
pressures of the submerged hydro-jet depending on geo-
metrical parameters of the mouthpiece used for women’s 
headgear shaping at hospitality establishments. The method 
makes it possible to obtain the power of the jet hydro impact 
depending on the area of the cross-section of the submerged 
hydro-jet at a fixed distance from the end of the mouthpiece, 
which allows the calculation of necessary parameters of pres-
sure in the range from 0.01 to 10 MPa.

4. As a result of conducted research it was found that the 
experimental values of dynamic pressures of the hydro-jet are 
in the range of specific forming effort from 0.02 to 0.12 MPa. 
The mean value of coefficient of losses is Kb = 0.66–0.99 when 
using conoidal mouthpieces with a round outlet opening, 
and Kb = 0.42–0.99 when using conoidal mouthpieces with 
an elliptical outlet opening.
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Розглянуто задачу аналітичного 
визначення завантаженості безвер-
шинних різальних кромок торцевої 
фрези зі спірально-ступінчастим роз-
ташуванням ножів. Розроблено мате-
матичну модель визначення елементів 
зрізу в довільному положенні ножів 
фрези на дузі контакту, достовірність 
якої підтверджена імітаційним моде-
люванням. Виявлено залежності вели-
чини елементів зрізу від конструктив-
них параметрів фрези та подачі

Ключові слова: торцеве фрезеру-
вання, елементи зрізу, ступінчасті 
схеми різання 

Рассмотрена задача аналитичес-
кого определения загруженности без-
вершинных режущих кромок торце-
вой фрезы со спирально-ступенчатым 
расположением ножей. Разработана 
математическая модель определения 
элементов среза в произвольном поло-
жении ножей фрезы на дуге контакта, 
достоверность которой подтвержде-
на имитационным моделированием.  
Выявлены зависимости величины эле-
ментов среза от конструктивных па- 
раметров фрезы и подачи
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тые схемы резания
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1. introduction

Face mills are widely used both in roughing, semi-fini-
shing and finishing of flat surfaces of machine parts. Raising 
the productivity of milling such surfaces is an acute problem 
of modern machine building and can be achieved by in-
creasing feed and/or cutting rate. In turn, intensification of 
cutting rate necessitates the use of super-hard tool materials 
which dramatically increases machining costs, especially for 
multi-toothed tools. Besides, rise of cutting modes worsens 
dynamic state of the technological processing system and 
limits the possibility of improvement of machining produc-

tivity. Therefore, it is necessary to develop advanced designs 
of face mills characterized by a better dynamic stability of the 
machining process, calculated for machining conditions with 
larger feeds and providing required surface quality. These 
include mills with spiral-stepped cutting schemes having 
nose-free cutting edges and featuring different cut areas for 
different inserts.

The decision on appropriateness of using a tool of a par-
ticular design cannot be made without analysis of peculiari-
ties of its cutting edge loading. The process of face milling is 
characterized by impacts occurring at the entrance/exit of 
the insert to/from the cutting zone, variability of the chip 


