Shock Detection and Design
Enhancement for Pneumatic Control Valve

The existence of shockwaves in pneumatic valves can greatly affect their
efficiency and cause damage to important parts. This study focuses on the
examination of a cost-effective pneumatic directional control valve with the aim
of augmenting its output mass flow rate. Emphasis is placed on scrutinizing and
modifying the critical flow area to facilitate increased flow rates under specific
upstream pressures while eliminating the formation of shockwaves.
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Egypt conditions, allowing optimizing valve’s capacity without introducing the risk of
shockwave occurrence.
The modified valve design demonstrated the capability to eliminate shockwave
formation within the valve while concurrently increasing the mass flow rate by
up to 70% within the same range of inlet pressures. This novel approach holds
substantial promise for enhancing system response and represents a significant
contribution to the field of pneumatic control valve design.
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1. INTRODUCTION

Digital position control circuits utilizing servo-
pneumatic valves are commonly employed in various
fields such as robotics, the automotive industry, and
industrial automated productions, making them one of
the most extensively utilized solutions. The key merits
of servo-pneumatic systems lie in their cost effect-
iveness, precision, and performance, which contribute to
their widespread application. in order to reduce the
overall cost of a servo-pneumatic system without comp—
romising control accuracy, the integration of low-cost
on-off pneumatic control valves with digital control
circuits has been widely adopted for this purpose [1, 2,
3]. Nevertheless, these cost-effective valves are cons—
trained by their limited flow capacity. It is imperative to
gain a comprehensive understanding of the internal air—
flow behavior in order to optimize the valve charac—
teristics, thereby enabling the system to achieve higher
control accuracy. An increase in the output mass flow
rate of a pneumatic valve at a constant inlet pressure has
the potential to expedite the actuator and system res—
ponse, thus enhancing overall performance.

In the process of examining valve design for an
enhancement that takes into account the increase in
valve capacity or the range of pressure, engineers may
encounter challenges related to materials or flow. One
of the difficulties related to flow in the design of valves
is the avoidance of shock waves, which can have a
detrimental effect on the valve components due to the
presence of high turbulent flow. Computational fluid
dynamics (CFD) is used to simulate internal compre—
ssible and incompressible flow [4] and analyze shock
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waves and compressible flow in various scenarios [5].
Rossano and De Stefano simulate the early stages of
aero-breakup of a water column due to a shock wave
impact [6]. Khan et al. investigate the flow inside a
supersonic nozzle and the formation of shock patterns
using CFD techniques [7]. Mukhambetiyar et al. study
unsteady compressible flow in micro shock tubes using
CFD calculations [8]. Using numerical investigation and
CFD, Bagheri et al. evaluate the effects of adding flow
momentum on controlling oblique shock waves in a
three-dimensional duct [9].

The formation of shockwaves within pneumatic
valves can be analyzed through the use of computational
fluid dynamics (CFD) [10]. CFD models that are based
on the Reynolds Averaged Navier Stocks (RANS)
equations and utilize the k-¢ turbulence model have been
employed to replicate the internal gas flow in safety
relief valves [11]. These models have the capability to
forecast the incidence and magnitude of shockwaves, in
addition to other characteristics such as pressure peak
and Mach number drop [12]. The design of control
valves must take into consideration the geometrical and
flow parameters that have an impact on the occurrence
and intensity of shockwaves [13]. The consideration of
these parameters is vital for ensuring the optimal
performance and reliability of control valves in various
industrial applications. The accurate prediction and
mitigation of shockwave formations in valves are
essential for preventing potential damage and ensuring
the safe and efficient operation of the overall system.
Therefore, a comprehensive understanding of the factors
influencing shockwave occurrence and intensity is
crucial for successfully designing and implementing
effective control valves. The utilization of advanced
computational tools and simulation techniques can
greatly facilitate the analysis and optimization of valve
designs with regard to shockwave prevention and ma—
nagement, thereby contributing to the enhanced perfor—
mance and reliability of valve systems in diverse en—
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gineering applications. In addition, computational fluid
dynamics (CFD) has been employed to enhance valve
functionality through the alteration of the internal flow
pathway, leading to a higher mass flow rate, as
indicated by Chun et al. [14]. Furthermore, empirical
investigations have been carried out to examine the
impact of the duration of valve opening on the
formation of shockwaves. By simulating the fluid
behavior and analyzing the valve's performance, the
critical air mass flow rate of a control valve can be
determined with great precision [15-19]. Computational
Fluid Dynamics (CFD) models have the capability to
accurately predict the pressure drop, flow force, and
mass flow rate at various valve positions, thereby
providing valuable insights into the behavior of the
valve. Moreover, these models offer the opportunity to
optimize the performance of the valve by imple—
menting design modifications that enhance its flow
characteristics. For instance, adjustments such as roun—
ding sharp edges, eliminating dead spaces, and mini—
mizing abrupt changes in direction can be made to
improve the overall efficiency of the valve. It is im—
portant to note that experimental tests are frequently
employed to validate the findings derived from CFD si—
mulations, thus ensuring the dependability and accuracy
of the predictions. This multi-faceted approach combi—
nes simulation and experimental validation and is esse—
ntial for advancing the understanding and performance
optimization of control valves in practical applications.
On the whole, CFD serves as a valuable instrument for
comprehending and enhancing the performance of
pneumatic valves in the presence of shockwaves, thus
contributing to the advancement of the field. Conse—
quently, CFD is a crucial tool in the analysis and opti—
mization of pneumatic valve behavior, particularly in
the context of shockwave interactions, and its signi—
ficance cannot be overstated in the realm of engi—
neering.

For sonic and supersonic internal flow, the mass
flow rate is determined by the critical area where the
flow is chocked, i.e., the Mach number equals one [20].
Once the flow is choked, the mass flow rate is de—
pendent on upstream pressure and the critical flow area
regardless of the downstream flow conditions. For a
typical spool-type pneumatic directional control value,
the critical area is the narrowest area between the spool
and the valve's land. The impact of rounding the sharp
bed corner on the output mass flow rate has been
investigated by [21] and Whitehead et al. [13]. They
concluded that rounding the sharp edges of the valve's
internal geometry leads to a mass flow increase.
However, by investigating the internal airflow through
the valve [22, 23], the risk of the formation of a
shockwave appeared at the rounded corner

Computational Fluid Dynamics (CFD) can offer a
visual and quantitative assessment of internal flow in—
side pneumatic values by modeling the internal gas
flow. This assessment can be used to identify and eli—
minate shock waves [24, 25]. Reynolds Averaged Na—
vier Stocks (RANS) equations along with the k-@ tur—
bulence model were used for these purposes in [7, 23,
26-28]. Moreover, the works of Whitehead et al. [13]
and Naveen et al. [29] are good examples of optimizing
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the geometrical design of servo-valves for better
performance using CFD. However, the scope of these
studies was constrained to enhancing the valve's perfor—
mance without incorporating a novel design that could
enhance the response of the valve while also consi—
dering the possibility of mitigating shock wave effects.
The main aim of the current investigation is to enhance
the flow rate of output in a pneumatic control valve wit—
hout causing internal shock waves. This particular ob—
jective is pursued through the strategy of dividing the
area of the single annular outlet port into smaller aper—
tures. To accomplish this, a commercial computational
fluid dynamics (CFD) tool is utilized to visualize the in—
ternal flow characteristics, capture the shock waves that
may form, and evaluate the effectiveness of the design
alterations. The remaining sections of this manuscript
are structured in the following manner. Firstly, the pne—
umatic valve under investigation in the case study is
introduced, followed by a comprehensive discussion of
the research methodology employed. Subsequently, the
findings of the investigation are detailed and analyzed.
Finally, the paper concludes with the presentation of the
primary conclusions drawn from the study and the
corresponding recommendations for future research and
practical applications.

2. CASE STUDY VALVE AND METHODOLOGY

The valve under investigation is a low-cost, on-off
pneumatic directional control valve. It is a 3/2 solenoid
operated with an internal pneumatic pilot with spring
return. In a study conducted by Youssry et al. [30], a pair
of these valves were utilized to control a double-acting
pneumatic cylinder in order to enhance the accuracy of
position control. In order to accurately predict the mass
flow rate of the valve's outlet mass flow rate, the
researchers employed an experimental setup, as depicted
in Figure 1, in conjunction with a validated dynamic
mathematical model of the system [31] that was solved
using Simulink R2019b in MAT-LAB R2019b. Figure 1
shows the controlled double-acting cylinder (1), which is
fitted with an LVDT (Linear Variable Differential
Transformer) that has a nominal displacement of 100
mm, 4.8 KHz operating frequency, nominal output
voltage span (0.5:10) Volt, and operated by 15:30 dc volt;
two-directional control valves (2) to control the extension
and retraction of the cylinder, the working pressure range
of the valve is from 0.7 bar minimum to 10 bar maximum
pressure, this valve is the one under study; three pressure
transducer (3) to measure the air pressure at the
pressurized air source (s) and the cylinders' ports. The
first two pressure transducers are identical program—
mable Parker transducers analog/digital output, with the
ability to adjust the output voltage to an adjusted pre—
ssure range, i.e., a pressure range can be selected to be
from 0 to 10 bar with output from 0 to 5 Volt, with res—
ponse time < 2.5ms. The third pressure transducer, PES-
110, only has an analog output and operating pressure of
0 to 10 bar. The feedback signals of the three pressure
transducers and the cylinder's LVDT are connected to a
commercial open-source microcontroller, ATmega-328,
on Arduino Uno (4), which manages the control signals
to the valve's solenoids according to the control algo—
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rithm. In addition, the feedback data from the three
pressure transducers and the LVDT are connected to a
data acquisition card (DAQ) (5); the DAQ has 64 analog
inputs at up to 100 KS/s, 16-bit resolution with input
range from £0.1 to =10 Volt, and absolute accuracy 2.119
mV for voltage range from 0 to 5 Volt, and 8 digital I/O
lines (TTL/CMOS); two 24-bit counter/timers. That is
connected to a PC (6) to store the data to be used with the
Simulink model. The Figure shows the valve's ISO
symbol, while Figure 2 (a) provides a diagrammatic
representation of the internal flow area of the valve. As
the valve has three ports and two positions, the flow
through the valve has only two directions: Pressurised air
flows either from the pressurized air source port (P) to the
actuator port (A) or from the actuator port (A) to exhaust
port (T). To direct the air from P to A, a pilot air signal
pushes the valve spool up against the spring. This pilot
signal is allowed only if the on-off solenoid is activated.
Therefore, when the solenoid is deactivated, the pilot
signal flow is cut off, and the spring returns the spool to
the normal position to allow the airflow from the actuator
port (A) to the exhaust port (T). In both cases, the airflow
goes through an expansion process, i.e., from high
pressure that approaches the inlet pressure value to low
pressure that approaches atmospheric pressure. These
flow conditions may lead to the formation of shock
waves. Youssry et al. [30, 32] have previously presented
a comprehensive analysis of the valve's construction and
test rig details, offering detailed insights into its design
and functionality.

The critical area of the valve inner passage is 5.93¢-
06 m2. As stated earlier, the objective of the present
study is to increase the outlet mass flow rate at a given
inlet pressure while eliminating the formation of shock
waves. Therefore, four designs, along with the original
design, have been investigated. In each case, the impact
of changing the critical flow area's location and size has
been examined. Case 01 is modified from the original
design by rounding (radius = 0.5 mm) the sharp edges
of the spool land at Area 1 and Area 2, as shown in
Figure 2(b). Figure 3 shows the mesh of the 3D half
model of the different studied Cases. Case 01 outlet port
shown in Figure 3 is a single large outlet area. In Cases
02 to 04, the single outlet port of Case 01 has been

modified to a set of eight smaller ports (holes) of dif—
ferent diameters, as shown in Figure 3. For all cases, the
range of inlet flow pressure investigated is 2 to 10 bar.
The critical case takes place during the two
operating positions, either from the high-pressure air
source to a low-pressure actuator's chamber or from a
pressurized actuator to the atmosphere. Due to the
symmetry of the valve under study, the geometry and
the flow area are the same in both cases. Therefore, the
inlet and outlet ports of the valve around the spool are
modeled. As the valve has a symmetric design, only half
the 3D model of the valve is considered. Four different
computational domains are built, one for each design.
The computational domains are discretized into over
260K tetrahedral cells with higher density in flow areas
of interest identified as areal (exit-wise), area2 (inlet-
wise), and Area3, Figure 2(b). The insensitivity of
simulation results to spatial resolution is confirmed via a
grid sensitivity check. A more dense mesh of 354781
tetrahedral cells has been used to examine the grid
independence, with no significant improvement for the
solution. The difference in air mass flow rate between
the inlet and outlet was 0.000001 kg/s, so the cell
number was kept at about 260K in all cases. Boundary
conditions were applied at the inlet, outlet, and walls of
the valve, with the walls being defined as stationary. At
the inlet, the stagnation pressure, static pressure, and
stagnation temperature were applied, along with initial
values for turbulence intensity and hydraulic diameter.
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Figure 3. Computational mesh of the studied cases

This allowed an initial mass flow rate to be
estimated at the inlet, which was then recalculated based
on downstream conditions at the choking plane. At the
outlet, the static pressure and stagnation temperature
were applied as boundary conditions. However, the flow
calculation was independent of the outlet boundary
condition because the flow was choked for all test
pressures in the study. A discretization scheme with
second-order upwind convection terms and second-
order central difference diffusion terms for the
continuity, momentum, energy, turbulent kinetic energy,
and turbulent dissipation energy equations has been
used. The convergence criterion was based on the
residual values of the calculated wvariables, with
threshold values of 1e-3, except for the energy equation,
which had a threshold of 1e-6.

0.012

0.01 + Experimental
--CFD
0.008

0.006

0.004

Mass flow rate [kg/s]

0.002

0 2 4 6 8 10 12 14
Inlet Pressure [bar]

Figure 4. Comparison of the experimental results and the
CFD predicted values

The pressure range studied was from 2 to 10 barg.
Overall, a total of 20 simulation experiments are
planned. In all simulations, air, the working fluid, is
treated as a compressible ideal gas.

A commercial CFD simulation tool, ANSYS 19.2,
Fluent 19.2, is utilized [33, 34]. To validate simulation
results, experimental tests are conducted on the original
valve. These tests were reported in [35, 30], finding good
agreement for mass flow rate at different pressure ranges.
Figure 4 shows the comparison between the experimental
and the computational model predicted values of mass
flow rate at different inlet pressure values. It can be
noticed from Figure 4 that the predicted results are within
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15% of the experimental results as they fall within the
15% error bars. The maximum difference value ranges
from 0.75 kg/s at an inlet pressure of 12 bar and 16.6 kg/s
at an inlet pressure of 2 bar; this ratio to the experimental
results makes an error percent of 2% to 15%, which
shows a prediction accuracy of the computational model
ranges from 85% to 98%.

A linear regression for the experimental and compu—
tational results have been carried out. Equ (1a) and equ
(1b) represent the linear equation that represent the
experimental results and the computational results with
the associated The coefficient of determination (R2.)

i =0.0008P —0.0001 R> =0.9934 (1a)
i =0.0008P —0.00001 R> =0.9941 (1b)

where m is the air mass flow rate (kg/s) and P is valve
the inlet pressure (bar). The difference between the two
lines is a fixed value of 1.5e-4 which could represent an
error of 2% which indicates accuracy of 98%.

3. RESULTS AND DISCUSSION

3.1 Shockwave Analysis of Case 01

The distribution of flow pressure and Mach number
through a pneumatic valve can be used to predict the
critical flow area that controls the mass flow rate and to
detect the presence and location of shock waves, as well
as their intensity. As a sample, the Case 01 design ope—
rating at 10 bar inlet pressure is examined. Figures S5a
and 5b illustrate the Mach contours at areas 1 and 2,
respectively, in design Case 01 at a valve inlet pressure
of 10 bar. The corresponding static pressure contours on
the valve side at area 1 and area 2 are illustrated in
Figures 6a and 6b, respectively.

By closely examining the two figures, it can be
shown that the flow is choked at plane C, denoted by the
solid line C-C where M=1. In area 1, Figure 5a, the
Mach number increases from zero to reach the value of
3.22 then suddenly drops with a large decreasing gra—
dient to 0.6, which indicates the occurrence of a local
normal shockwave at the location of the dashed line B-
B. In area 2, Figure 5b, the Mach number increases from
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zero to reach the value of 2.15, then suddenly drops with
a large decreasing gradient to 0.8, which indicates the
occurrence of a shockwave at the location of the dashed
line A-A. Along the valve side, the pressure value is
reduced from 10 to 0.2 bar. After the dashed line loca—
tion, a positive gradient is noticed going from 0.1 to 6.0
bar, indicating a shock wave's occurrence. It can be con—
cluded that there are two critical locations in the airflow
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Figure 5. Mach number distribution at 10 bar, Case 01
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Figure 6. Static pressure distribution at 10 bar, Case 01
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path; the first one is where the flow is choked, which is
crucial for controlling the mass flow rate; the other
location is where the shockwave takes place, which in—
volves a high risk of flow disturbance and valve da—
mage. This can be better illustrated by tracking the static
pressure and Mach number values downstream along the
valve spool's surface at the Shockwave location at Area
1, shown in Figure 7.
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One important remark can be addressed by exami—
ning the Mach number and static pressure distribution in
Areas 1 and 2 in Figures 5 and 6 and comparing the
locations of the chocked area and the shockwave loca—
tion. The choking and shock wave areas are not 2D plan
areas; rather, they are 3D annulus asymmetric areas
around the spool.

Figure 8 illustrates the impact of inlet pressure on
pressure and Mach number upstream-to-downstream
ratios and their gradients along the spool; the latter
indicates the severity of the shockwave. By comparing
values, it is confirmed that the formation of Shockwaves
with higher intensity occurs at higher inlet pressures.

Nonetheless, due to increasing inlet pressure, the
undesirable formation of shockwave is associated by the
desirable increase in mass flow rate. For instance, by
increasing inlet pressure from 4 bar to 6 bar, a shock
wave pressure gradient is increased by 66% whereas the
mass flow rate is increased by 50%.

3.2 Impact of Valve Geometry Modifications

As concluded above, increasing the mass flow rate (via
increasing inlet pressure) in Case 01 is associated with
the formation of shockwaves. It is desired that the mass
flow rate be increased while eliminating the shock wave
formation. Therefore, three modifications to the valve
outlet areca are carried out. The modifications are to
divide the outlet port area into eight smaller holes while
reducing the outlet area, as stated in Table 1. The outlet
area size of Case 02 has been designed to be close to the
value of the critical Area of Case 01, while the outlet
areas in the other cases have been designed to be larger
(case 01) and smaller (case 04) than the critical Area of
Case 01. Pressure distribution, Mach number, and mass
flow rate were investigated in the three cases from 02 to
04, with inlet pressure ranges from 2 to 10 bar. By
doing this modification, the critical flow area has been
moved from the plane C-C (Figures 5a and 5b) to the
new smallest area, i.e., the outlet area; Figure 9 shows
the mass flow rate at different valve inlet pressure for
the four modified cases along with the original design.
Case 04 was ignored in the further investigation as it led
to a dramatic decrease in mass flow rate. It could be
noticed that the slope of each case is directly propor—
tional to the critical flow area size. The highest slope is
Case 03, which has the largest flow critical area, while
Case 04 has the lowest area and, hence, the lowest
slope. This confirms that at a given inlet pressure, the
mass flow rate depends on the inlet pressure value and
the critical flow area. The slope values of Case 01 and
Case 02 are close to each other as the critical flow area
difference between them is very small; however, they
are different in shape and location. Figure 9 shows that.

Case 03 has the largest flow rate; It ranges from 0.01
to 0.03 kg/s, which is an increase of 0.007 to 0.015 kg at
the same pressure as the original design Case 01. This
increase percent is ranging from 98.2 to 235.2 % if it is
compared to the original design Case 01 flow rate at the
same inlet pressure and it ranges from 49.5 to 70 % if it
is compared to Case 03 flow rate.

By moving the critical area to the exit rather than the
spool land, flow chocking no longer takes place at the
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spool land. Rather, flow chokes at exit holes. This is
evident by examining the Mach contours and the static
pressure distribution along the symmetry plane and the
Mach contours at the valve outlet ports.

Figures 10 and 11 show the Mach number distri—
bution along the symmetry plane of Case 02 and Case
03, respectively. It could be noticed that there is no sign
of the choking plan or the shockwave. More impor—
tantly, airflow is maintained subsonically all through the
valve, and internal shocks have been totally eliminated.
However, because of the larger outlet flow area at Case
03, the Mach number value approaches one at flow Area
1, shown in Figure 11(b), which indicates that the flow
chocking could take place at this location if a larger
outlet area is allowed.

Table 1. Investigated Geometrical Cases

Case | Hole Diameter Outlet Area Critical area
(mm) (m*) (m*)
01 Annulus Area 1.62832E-5 5.9286E-06
02 1 6.28571E-06 6.28571E-06
03 1.5 1.41429E-05 1.41429E-05
04 0.5 1.57143E-06 1.57143E-06
14
12 ——Static Pressure
«—Mach number
— 10
t 8
L
"‘3 6
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0 7

0 2 4 6 8 10 12
Inlet Pressure (bar)

Figure 8. Mach number and static pressure gradient at the
Shockwave location (Case 01 at 10 bar).
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Figure 9. Air mass flowrate at different inlet pressure

For further investigations to confirm the elimination
of the shockwave, the static pressure distribution along
the symmetry plane of Case 02 and Case 03 are shown
in Figures 12 and 13, respectively. For Case 02, Figure
12 shows nearly a single static pressure value, whereas
for the larger outlet area in Case 03, Figure 13 shows a
smooth pressure drop along the symmetry plane. The
Mach number distribution of the outlet ports in Case 02
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and Case 03, shown in Figure 14, indicates the for—
mation of the chocking area at the outlet ports at the
Mach number value of 1.

Figures 15 and 16 show the Mach number values
and the static pressure downstream along the surface of
the valve spool land at the same location of the shock—
wave occurred at Case 01 for inlet pressure of 10 bar. It
is clear that for Case 02 and Case 03 at the maximum
inlet pressure, no sudden increase in the pressure nor
sudden drop in Mach number took place.
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Figure 10. Mach number distribution at 10 bar, Case 02
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Figure 11. Mach number distribution at 10 bar, Case 03
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Figure 12. Static Pressure distribution at 10 bar, Case 02
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All of these results confirm the migration of choc—
king area to outlet holes and the disappearance of the
shockwave inside the valve. This is also associated with
the advantage of mass flow rate increase for the same
inlet pressure. In Case 03, the flow rate has been inc—
reased with no formation of shockwaves. Therefore, the
flow can be increased and optimized for the same inlet
pressure by optimizing the flow geometry and adjusting
the critical flow area.
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Figure 13. Static Pressure distribution at 10 bar, Case 03
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Figure 14. Mach number distribution at 10 bar at the flow outlet
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Figure 15. Mach number at the location of the shockwave (10 bar).
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Figure 16. Static pressure at the location of the shockwave (10 bar).

4. CONCLUSIONS

A low-cost pneumatic directional control valve has been
investigated to improve its performance by increasing
the output air mass flow rate at the same inlet pressure.
A modified design for the valve has been proposed and
investigated using CFD. The computational model has
been validated by comparing its predicted results with
experimental results. Three different cases of the modi—
fied design, in addition to the original design, have been
investigated. In the modified design, the outlet port area
has been modified from a fully open area to eight
smaller holes. Each case has a different hole diameter
and, hence, a different outlet flow area. All cases have
been investigated for the range of inlet pressure from 2
to 10 barg. The critical flow areas have been identified:
the chocked area where the Mach number equals one
and the location of a local shock wave. It has been
shown that modifying the outlet area could control the
mass flow rate and prevent the formation of shock—
waves. With this modification, the chocking area has
been relocated to the modified valve outlet holes, and
there is no shockwave formation inside the valve. Also,
the modified valve design increases the mass flow rate
by up to 70% at the same inlet pressure range, which
could enhance the system response. Investigating the
internal flow can detect the location and intensity of
shockwaves and identify the critical flow area. By
relocating the choked area in sonic and supersonic flow,
the formation of shockwaves could be eliminated while
increasing the mass flow rate.
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NOMENCLATURE
M Mach Number (-)
i Air Mass flow rate (kg/s)

Mach number ratio upstream to down-

stream the shockwave (-)

P Pressure (pa)

PI/P2 Pressure ratio upstream to downstream the
shockwave (-)

R’ The coefficient of determination (-)

MI/M2

JETEKIINJA YJIAPA U IOBOJbITAIBE
JU3AJHA 3A THEYMATCKHN KOHTPOJIHA
BEHTHJI

B. Eamajax

[Nocrojame ynapHux Tajaca y IIHEyMaTCKUM BEHTHINMA
MOXKE Y BEJIMKOj MEPU YTHLATH Ha BbUXOBY €(DHKaCHOCT
u m3a3BaTu omrehema BakHUX jAenoBa. OBa cTynuja ce
(doKkycupa Ha HMCHHTHBAKE HCIUIATUBOT ITHEYMAaTCKOT
YCMEPEHOI BEHTWIA ca Iu/beM IoBehamba HEeroBor
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W3JIa3HOT MaceHor nportoka. Harmacak je craBjbeH Ha
UCIIUTUBAKE M MOOU(HUKOBAKE KPUTUYHOT MOAPYyYja
NpoTOKa Kako Ou ce osakmane nosehaHe Op3uHe
NpOTOKa MOJ ClelU(UYHUM Y3BOAHUM IPHTHUCLIUMA
JIOK ce eMMUHUIIE GOopMHUpabe yIapHHX Tanaca.

Hda Ou ce MOCTHITIM OBH LWJBEBH, HYMEPHYKE CHMY—
Janyje cy YOperHyre Kako OM ce TayHO YXBAaTHO
noveTak (GopMmHpama yAapHOT Tajlaca U pa3jaCHUIIH
MmoBe3aHW ycioBH, oMoryhaBajyhm onrumusanmjy
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KarnanuTera BeHTWIa 0Oe3 yBoljerma pu3MKa O] HojaBe
yIapHOT Tajaca.

MopaudukoBaHu 1U3ajH BEHTWIA [0Ka3ao je Croco0—
HOCT eJMMHHHCama QopMHpaba yAapHHX Tajaca yHy—
Tap BEHTHJIA JIOK MCTOBpeMeHO noBehaBa MaceHW Ipo—
ToK 70 70% y OKBUpPY HUCTOT OIcera yja3HHX MPUTH—
caka. OBaj HOBM npucTyn obehaBa 3HauajHO 1MOOOIBIIA—
€ OJ3MBA CHCTEMa M MPEJCTaBJba 3HauajaH IONPHUHOC
o0JlacTH [U3ajHa TTHEYMATCKUX KOHTPOJHHX BEHTHUIIA.
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