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Abstract

Today, the production of electricity from renewable energy sources is a priority for all
countries. Specifically, there is extensive scientific research being conducted on the effective
use of small and low-pressure water sources for electricity generation. This research focuses
on the creation and improvement of hydropower devices in numerous leading scientific and
higher educational institutions worldwide. This article investigates a jet turbine based on a
Segner wheel operating in low-pressure water sources.The study examines how the geometric
shape and the number of nozzles of a hydraulic turbine affect the speed and pressure changes
of a moving water flow at various points. This analysis is performed through mathematical
modeling using COMSOL Multiphysics version 6.1 (Build: 282), which employs a standard
RANS method for nozzles of five different geometric shapes in the CFD module, specifically
in the Turbulent Flow, k- model.To determine the optimal geometric shape of the nozzle, the
study divided the water at the nozzle inlet into water bundles. Triangles were formed based on
the impact direction of each water clot on the nozzle's inner walls, directed toward the center
of the outlet. These were determined by the horizontal coordinates of the impact points of each
water clot on the nozzle. Modeling was conducted in both two- and three-dimensional spaces,
utilizing the k-& model in an automated system specifically designed for plane shear layers and
turbulent flows. This model includes the smallest set of equations to minimize unknown
quantities in processes involving all natural heat and liquid flows.The study achieved favorable
results when calculating shear stresses and Reynolds tensors for a medium with a small
pressure gradient. The initial kinematic and dynamic parameters used in the model were
determined based on formulas discussed in the previous chapter.

Keywords: Micro hydroelectric power plant, jet turbine, nozzle, guide device, turbine impeller,
groundwater level, water density, water column, viscosity, cavitation.

Introduction

To date, the global demand for electricity is growing every day, resulting in the extensive
burning of hydrocarbon fuels for electricity production. A similar situation is occurring in the
energy sector of our republic. The shift to producing energy from renewable sources to preserve
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Qo the environment and reduce reliance on hydrocarbon fuels, along with the development of this
industry, has become a global priority.
% Hydropower is a type of renewable energy source that is the most widely used in the world. It
— has several advantages, including minimal impact on climate change and being the most
8 economically viable energy source[1-5]. According to the 2022 report by the International
$ Hydropower Association on the state of hydropower in the world, an average of 26 GW of
oC electricity has been added annually over the past 20 years through the commissioning of
> hydroelectric power plants. This exceeds the 22 GW projected for 2026, bringing the installed
E global capacity of hydropower to 1,360 GW [2-10]. This figure is more than twice the amount
- of electricity generated from other types of renewable energy sources.
6’_ However, it is also important to note the role of solar energy in the global energy landscape.
O Solar power is another rapidly growing renewable energy source. Advances in photovoltaic
N technology and decreasing costs have made solar energy increasingly viable. According to the
O International Energy Agency (IEA), solar power capacity is expected to continue expanding
= significantly, contributing to the diversification of energy sources and enhancing energy
§ security [10-18].
y The increase in population and, accordingly, production capacity, accompanied by a rise in
O hydropower capacity, suggests that in the future, hydropower alone will not be enough to fully
= cover the power consumed. Therefore, it is predicted on a global scale that by 2030, the total
E capacity of hydropower facilities will reach 1,555 GW, an increase of 17%. Growth is expected
- to be observed mainly in China, India, Turkey, and Ethiopia[3].
2 Under the influence of climate change in 2021, electricity production based on hydroelectric
power plants in Uzbekistan decreased by 23% compared to last year due to water shortages,
d which was observed not only in Uzbekistan but also in Central Asian countries [4].
< Nevertheless, over the past two years, Uzbekistan has resumed importing electricity from
_8 neighboring Central Asian countries to meet the needs of the population and industry,
@) especially in winter, when the load reaches a peak [5].
n According to the Ministry of Energy, the concept of the Republic of Uzbekistan projects that
_8 by 2030, electricity consumption in Uzbekistan will reach 110 billion kwh. The concept also
S aims to increase the share of renewable energy sources (RES) in the country's electricity
_8 generation to 11% by 2030. Of this, 5% will come from solar, 3% from wind, and 3.8% from
n hydropower [6]. Since the slopes in the primary water sources worldwide, such as rivers,
"E streams, canals, and irrigation systems, are generally gentle, constructing small hydroelectric
Q power plants poses risks to extensive arable lands and the environment. However, many areas
O exist where water pressure can be generated within the low range of 1.5-5 meters. This
q‘g facilitates the construction and utilization of numerous micro-hydroelectric power plants in
@) such locations. [18].
O It is known that the majority of the existing rivers, channels, and hydro sources in our region
@ have low pressure. Today, harnessing this hydropower potential for electricity generation is of
; particular interest worldwide, and it is concurrently regarded as an urgent task for the
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hydropower sector. Efficient utilization of environmentally friendly sources of hydropower is
also a priority in the country's economic development [19-20].

The bulk of micro-hydroelectric power plants using low-pressure turbines in their work
consists of bucket, propeller, propeller sections, the improvement of which is aimed at
changing the angle of water impact on the blades and changing the curvature of the surface or
geometric shapes of the blades, as well as determining the optimal values of their sizes [21-
22].

i

EXPERIMENTAL METHODOLOGY

During modeling, the Comsol Multiphysics 6.1 platform utilized a stationary block of the
Navier-Stokes equation via non-local averaged connections. Simultaneously, the values of the
variables Sel, Se2, oe, ow, and ok were attained by iteratively replicating the corresponding
data across a broad spectrum of turbulent flows [22-33].

The water velocity at the nozzle inlet was regarded as the linear velocity of the impeller along
the circumference and the vector sum of the water flow velocities at the outlet of the guide
device. To ensure that the incoming water flows into the shovels in the normal direction, the
following initial conditions were obtained:

The water velocity at the nozzle inlet was considered as the linear velocity of the impeller along
the circumference and the vector sum of the water flow velocities at the outlet of the guide
device. For the incoming water to flow into the shovels in the normal direction , the following
initial conditions were obtained:

u=-U,n
Uref = _UO n;
3
3 3 92
Kza(uref IT)Z’ £=C, L_T
Type Il boundary conditions related to the boundary layers were established on the walls of
the nozzle:
un=0;
u
Kn = _pu%utang !
c x°
Vxkn=0, E=p H
Kv5+W,u

For the velocity and pressure of the water at the outlet of the nozzle , the following equation is

obtained:
[-PI+Kph=-Pn;
Py< P, Ut=0;
Vikn =0, Ven =0, VGn=0.

Web of Scientists and Scholars: Journal of Multidisciplinary Research

K is the turbulent kinetic energy; e is the velocity of turbulent propagation; p is the viscosity;
M is the turbulent viscosity.
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To save computing time and computer memory, a horizontal plane was drawn dividing the
nozzle height into two symmetrically equal ones. In this case , the model automatically accepts

i
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% the following symmetry equations:

— u-n=0;

2 K, - (K, mn=0;

(0p] K, =Kn;

& Vk-n=0,Ve-n=0.

e The measurement of such quantities as density, viscosity of water in the parameters of the

E mathematical model as a function of temperature was perceived as invariant due to the fact that

< it was too small. Based on formulas (1)-(2), the parameters presented in Table 1 below are

el developed.

O

w Table 1 Parameters included in the simulation

O Name Expression Value Description

= dens 1000[kg/m"3] 1000 kg/m3 | density of water

) visc 8.9e-4[Pa*s] 8.9E—4 Pa-s | viscosity

2 Vs 6[m/s] 6 m/s water inlet velocity to the hydro turbine

Y— Re 2*R0O*vs*dens/visc Reynolds number

O Q 0.2[m"3/s] 0.2 m3/s Water consumption

= H 2[m] 2m Water pressure

- omega_z | 6.6[rad/s] 7.6 rad/s reactive impeller cyclic frequency

5 bm 0.004[m] 0.004 m wall thickness

@) alfal 15[deg] 0.2618 rad the angle of entry of the water flow into the

= diverter

n alfa2 20[deq] 0.34907 rad | the angle of exit of the water flow from the

— diverter

E betta 15[deq] 0.2618 rad the angle of installation of the guide shovel

O relative to the radial direction

6 lamb 0.05 0.05 Darcy coefficient

wn g 9.81[m/s"2] 9.81 m/s? free fall acceleration

o n 8 8 amount of steering gear shovels

C fi0 0.95 0.95 coefficient of water input to the hydro turbine

(© hi 15[deq] 0.2618 rad confusing angle

_8 R1 (Q/(3.14*fi0*(2*g*H)"0.5))"0.5 | 0.10346 m supply cylinder radius

7)) R2 0.98*R1 0.10139 m the radius of the cylinder of the guide device

- myu 3 3 the ratio of the length of the guide shovel to the

- radius of the guide device

9 delta 0.02[m] 0.02 m the distance between the guide shovel and the

8 working cylinder

U Hk 0.036[m] 0.036 m the radial height of the guide vane

@) m 4 4 nozzle quantity

0O Rs Hk + delta + bm + R2 0.15139 m impeller cylinder radius

(€)] p 10 10 the percentage of nozzle solidification area, %

; alfa 2*pi/m*n[deg] 0.21932 rad | the central angle between the spades
17|Page
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oF
le-_" Name Expression Value Description
v2 (fio/R2/2)*(2*g*H*(R1™M - | 6.0774 m/s | water flow velocity at the inlet to the guide
R1M2*R2/2 + R274))N0.5 vanes
Lk R2/myu 0.033796 m | guide spade length
v3 (Lk*m*v2*sin(alfal)*cos(alfa2 | 7.0989 m/s | the speed of the water flow at the entrance to the
- betta))/(2*R2) + v2*cos(alfa2 - nozzle
alfal)
L Q/((1 -1 0.13171m guide shovel height
p/100)*Rs*v3*2*3.14/m)
S3 2*3.14*Rs*(1 - p/100)*L/m 0.028173 m? | water inlet surface of the nozzle
S4 S3/2.5 0.011269 m? | outlet surface of the nozzle
eps_k | 0.125*lamb*(1 - (S4/S3)"2) 0.00525 coefficient of energy loss in the nozzle
sig (d*d - 1) + 1 - (eps_k + | 2.0304
1.25)/2)0.5
v4 v3*sig 14.413 m/s | the speed of water flow from the nozzle
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The geometric dimensions of the water flow and pressure turbine require separate calculations
for each flow and water pressure, respectively. Otherwise, the efficiency of the hydro turbine
will be small [26]. Therefore, it becomes necessary to determine the radius of the water supply
channel of the hydro turbine, taking into account the water flow.

1)

eE=

T |7

)

I'=—rdov,sine,
where d; is the diameter of the supply pipe; Fs is the face of the smallest cross-section of the
downpipe; F is the surface of the inner cross-section of the downpipe; Q is the water flow.
Based on formula 1, a graph of the dependence of the radius of the supply pipeline on the flow
rate and water pressure is constructed. The corresponding change in the radius of the supply
pipeline when the water pressure changes at Q = 0.2 m®s, considering the water flow
unchanged, as shown in Fig.1.
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The graph shows that as the water pressure increases, the dimensions of the water turbine

decrease to match the water inlet pipe. The diameter of the impeller is also reduced in
accordance with R1. It will also be necessary to change the number of injectors that will be
installed in it. According to the number, the geometric shape changes.

If we pay attention to the change in the radius of the supply pipeline in accordance with the
water flow, then even in this case, the value of R1 should have its values in accordance with
the increase in the water flow value (Fig.2).
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Figure.2. Dependence of the radius of the supply pipe on the water flow.
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The value of the nozzle at the water outlet determines the efficiency of the hydraulic turbine.
However, the output velocity of the water flow in the turbine determines V4. However, this
speed will depend on the water velocity at the inlet to the nozzle V3. In turn, the velocity value
V3 is tied to the angle of installation of the guide shovel relative to the radial direction
according to the formula (2). Below is a graph representing the dependence of the water flow
velocity at the outlet of the nozzle depending on the angle of installation of the guide shovel
relative to the radial direction.
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Fig.3. Dependence of the water flow velocity at the outlet of the nozzle on the angle of
installation of the guide shovel relative to the radial direction.
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At the value of the B-angle 0-0.6 radians, the velocity of the water coming out of the nozzle
reached its maximum velocity value of 13.35 m/s. At the same time, the dependence between
velocity and angle was calculated based on the above-mentioned parameters.

It is known that with the immutability of the acting force, the change in the force arm is
inversely proportional to the speed of rotation of the impeller. Reducing the power arm
increases the speed of rotation of the impeller. But on the other hand, the moment of inertia
decreases. This leads to a decrease in the kinetic energy of the rotational movement of the
impeller. On the other hand, an increase in the force arm leads to a sharp nonlinear decrease in
angular velocity. From the above considerations, it follows that the choice of the optimal value
of the shoulder force is determined by the sum of the radius of the impeller and the height of
the nozzle in the radial direction. Regardless of this, the diameter of the impeller is sharply tied
to the diameter of the water inlet pipe. For example, for a water consumption of 200 liters with
a water pressure of 2 meters, the impeller has a diameter of 35 cm. For the force shoulder to be
small, the height of the nozzle in the radial direction should be the smallest of its optimal values.
The relationship between the cyclic rotation frequency of the hydraulic turbine and the force
arm is described below. The following formula was used.

omega_z(Rsh) (rad/s)
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Figure.4. The relationship between the cyclic frequency of the impeller and the power arm.

It can be seen from Fig.4 that in order for the impeller to melt to the highest value of the rotation
speed, we will need to reduce the power arm by developing an optimal working design of the
nozzle with the lowest value of its height in the radial direction. To increase the moment of
inertia, the vertical height of the nozzle increases.

From what has been said, it is known that a change in the vertical height of the nozzle leads to
a proportional increase in water consumption. Changing the height and width of the drainage
leads to an increase in water consumption. Also proportionally leads to an increase in the
moment of inertia. Below are graphs of the dependence of the width and vertical height of the
water outlet in the nozzle on the water pressure at a constant water flow rate (Fig. 5, 6).
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The diameter of the impeller of a hydraulic turbine operating in places with low water
consumption varies greatly depending on the water pressure. With increasing water pressure,
the circumference of the impeller decreases. At the same time, it is effective to use an impeller
with 4 nozzles. Fig.7 below shows the result of mathematical modeling of the impeller with 4
nozzles.
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Figure.7. Graph of speed and pressure on the impeller stud with 4 nozzles.

In jet turbines with nozzles, which naturally have low water flow at low pressures, the number
of nozzles varies according to the pressure. When the radius of the impeller of a hydraulic
turbine with 4 nozzles is 3 meters at a water pressure of 0.25 m, the water flow rate at the
nozzle inlet is 7.15 m/s when lowering on the ground and due to hydraulic resistance [27]. At
this water pressure, changes in the velocity of water in the nozzle and its pressure inside the
nozzle are shown, when the width of the inlet and outlet of water from the nozzle differs by 3.5
times (Fig.7). It can be seen from Figure 7 that vortex movements are formed in the nozzle in
a very small amount in front of the guide shovel. At all points of the nozzle, the pressure and
21|Page
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velocity gradient changes smoothly. The average pressure in the nozzle wall was 240,000 Pa.
At the same time, the water outlet velocity from the nozzle is 22.7 m /s, which is almost the
same in the width of the nozzle. There was no shortage of mass in the nozzle due to the vortex
motion. If the shape of the nozzle changes under these conditions, large clots will be observed
behind the guide blades, which will lead to cavitation in these zones in exchange for a lack of
mass.

Fig.8 shows the change in pressure generated at points in the vertical plane in the radial
direction passing through the inner walls of the nozzle. In this case, the calculation began from
the starting point of the nozzle wall. In it, we see a smooth change in pressure on the nozzle
walls in the range of 195-205 kPa. It was at points on this plane that the water flow velocity
was 3.5-11 mf/s.

i
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o ®
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0.2 03 04
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Figure.8. Change in the created pressure and velocity of water at points in the vertical plane

in the radial direction passing through the inner walls of the nozzle.
It is required to increase the number of nozzles in accordance with the water flow, while the
geometric shape of the nozzle also changes in accordance with the number of nozzles (Fig.9).
If 8 nozzles of the same shape as above are put on the impeller, irregular villi will appear as a
result of the water handle returning to the center of the impeller again. As a result, since the
difference in the pulses of the incoming and outgoing water flow into the nozzle is small, the
efficiency of the device is also small. In addition, the water coming out of the nozzle came out
in splashes. The average value of the water outlet velocity from the nozzle in this case was 10.6
m/s.
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Figure.9. Irregular villi formed in the nozzle when the water handle returns to the center of
the impeller.
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Figure.10. Changing the pressure and flow rate of water in a rectangular nozzle.

In the nozzle of the tuyere shown in Figure 10, the absolute velocity of the inlet water was
given, corresponding to the water pressure by 3 meters. At the same time, the ratio of the water
inlet and outlet surfaces is 1.5. As can be seen from the figure, a strong reverse current occurred
inside the nozzle due to an irregular change in the pressure field and velocity between the inner
walls of the nozzle. At the same time, the average water flow rate at the outlet of the nozzle
was a small value of 4.3 m /s. The mass deficit was caused by a negative pressure of-67963 Pa.

RESULTS AND DISCUSSION

The dimensions of turbines designed to operate on large volumes of water sources decrease
relative to the dimensions with increasing water pressure, and their rotational frequencies
increase. At the same time, by selecting the frequency corresponding to the operating frequency
of the electric generator, the moment of force of the impeller and the distance to which water
exits the nozzle through it, that is, the force shoulder, are determined. In the figure below,
according to the results of the theoretical calculation, the height of the guide blades of the
impeller with a diameter of 0.5 m in the radial direction will be about 6 cm. And the height of
the nozzle in the radial direction is 23 cm (Fig.11).

Journal of Multidisciplinary Research

Pa
A 6.65x10°
x10°

Figure.11. Impeller nozzle designed for operation at high water consumption: a) at a water
pressure of 30 m; b) at a water pressure of 2.5 m.
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In Fig.11-a) as a result of mathematical modeling of the nozzle of a hydraulic turbine operating
under pressure H = 30 meters, the pressure force acting in the direction of rotation of the nozzle
made in such a category will be significantly greater than in the opposite direction. At the same
time, there was no negative pressure and eddy currents inside the nozzle. A similar flow
characteristic determined by the nozzle at low pressure H = 2.5 meters is shown in Fig.11-b).
Even at low pressure, the result was uniform. Such nozzles can be used in any pressurized
water sources with high water flow rates.

i
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A28 A 166

m
vo0.111 2

x
vyt
¥ 00707

Figure.12. Impeller nozzle designed to operate at low pressure and high water flow.

Figure 12 shows the velocity field of the water flow flowing under a pressure of 2.5 meters of
water inside the impeller nozzle with eight nozzles. When analyzed by the colors shown
through the isoplane on the left, the velocity at all points in the range from 3.5 m/s to the nozzle
rotation increased uniformly from 3.5 m/s to 5-5. 5 m/s. From the beginning of the rotation, the
velocity increased in the center of the nozzle, reaching an average velocity of 12.5 m/s at the
nozzle outlet. The figure on the right shows the velocity field, according to which the maximum
velocity at the nozzle outlet was 16.5 m/s. At the same time, the water velocity at the nozzle
inlet after the loss of 6.5% of energy due to local and hydraulic resistances was 6.74 m/s.
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Figure.13. Kinetic energy dissipation and water pressure change inside the nozzle.
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The rate of kinetic energy dissipation was about 10-12 at the inlet and outlet of the guide blade
and decreased 100 times inside the nozzle from the nozzle to the outlet, sharply increasing as
a result of a sharp change in pressure at the outlet of the nozzle.

The torque on the impeller is created mainly by the pressure Py in the direction perpendicular
to the radial direction. It can be seen from the figure that this static pressure in the nozzle
decreases to 10240 Pa and becomes the pressure of the full water velocity after the nozzle is
completely rotated.

At high water pressure, the size of the impeller decreases, and in this case, the speed of the
water coming out of the nozzle becomes too large. The size of the impeller increases if the
water flow is also large. In this case, the degree of compression is determined by the angle of
confusion, so that changes in the velocity and pressure of water in the center of the nozzle occur
uniformly. By increasing the number of nozzles, the amount of water is used more efficiently.
An increase in the number of nozzles leads to a decrease in the arc length that they occupy on
the impeller. As a result, the shape of the nozzle changes to the geometric shape shown in
Figure 14. At high pressures, when the ratio of the water surface entering and exiting the nozzle
IS S4/S3 >1/1.43, the efficiency of the nozzle is known [34]. The nozzle shown in Figure 14
shows the pressure fields created inside the nozzle, which were given a water pressure of 2.5
and 3.5 meters. The figure shows that the pressure distribution in them is the same. The lowest
static pressure corresponds to the outlet of the nozzle. At these points, the water velocity
reaches its maximum speed.

i

0.05

12 v

1
¥ 1.16x10% ¥ 9.91x10°

Fig.14. Change of water pressure in the nozzle at a water pressure of 2.5 and 3.5 meters.

CONCLUSION

Based on the results obtained above , the following conclusions can be drawn:

1. When the angle of installation of the guide vanes of the hydraulic turbine guide device
changes relative to the radial direction to < 0.7 radians, the velocity exiting the nozzles reaches
its maximum speed.As a result, the efficiency of the hydro turbine reaches its highest value. In
this case, the geometric shape of the nozzle should be formed by points obtained using special
calculations.
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2. Since the efficiency of the nozzle jet turbine is determined by the difference in the pulses of
the water flow entering and exiting the nozzle, it is necessary to choose the right number and
geometric shape of the nozzles in accordance with the pressure and flow rate of water. At the
same time, the use of the “shell” shape on the impeller, consisting of 4 nozzles, at high water
pressure and low water consumption ensures high efficiency.
3. With increasing water flow, the shape of the nozzle changes from a “shell” shape to a
“rectangular-curved” shape in accordance with the change in the size of the impeller. At
medium pressures, the lowest energy losses are observed when using a nozzle that has a
“trapezoidal” shape from above, and when the water flow rate changes, a vortex flow does not
occur. In this case, the kinetic energy dissipation will be on the order of 1012 m?/S2,
4. With a large head and flow rate of water, it is advisable to use a nozzle of a “rectangular
curved” shape. At the same time, increasing the number of nozzles reduces the amount of
useless waste water. That is, the water flowing through the center of the nozzle will be close to
the walls of the nozzle, which will lead to an increase in the reactive force of impact with the
inner walls of the nozzle. In this case, the kinetic energy dissipation will be on the order of 10
> m?/S2,
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