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The article presents the research results related to the influence of turbulence on
the efficiency of the combustion chamber of gas turbine. An artificial increase in
the intensity of turbulence is considered as a way to improve the formation of a fu-
el-air mixture. Turbulent flow is formed due to the installation of guide swirlers at
the entrance to the device for creating a fuel-air mixture — a micro module. The an-
gle of rotation of the swirler blades is selected. Theoretical research, mathematical
software modelling, as well as an aerodynamic experiment have been carried out.
As a result, design solutions are provided that significantly increase the efficiency
and reliability of the gas turbine combustion chamber. In the course of the study,
guide vanes were selected, and their design was established. The recommended
swing angle of the swirler guide vanes is 40°. The recommended depth of the fuel
injector inside the chamber is 1.0 gauge.
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Introduction
Objective

Due to the intense population growth, the demand for electricity has led to a new wave
of research in the energy sector. To generate and transport energy, a large amount of fuel must
be burned [1]. Gas turbines are one of the most advanced heat engines today. The combustion
chamber is the heart of a gas turbine engine, therefore, its design is critical for the stability of
the engine as a whole under various loads. As efficiency and emission standards become more
stringent, gas turbine manufacturers are looking to improve efficiency and reduce emissions us-
ing a variety of methods. For example, combustion of a lean air-fuel mixture is one of the latest
concepts [2-8]. In the mid 1970's, General Electric began developing the Dry low NO, concept
and introduced it into its combustion chamber design [9, 10]. These combustion chambers were
aimed at reducing the flame temperature by burning fuel in the poorest depleted conditions in
the main zone, which leads to a decrease in thermal NO, emissions.

This method of organizing the combustion process in the combustion chambers simul-
taneously provides a high completeness of fuel combustion, but at the same time greatly reduc-
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es its reliability and the range of loads of stable operation [11-13]. A decrease in the reliability
and stability of the combustion chamber is associated with the following:
— flame breakthrough, due to which thermal destruction and burnout of the fuel of combustion
devices occurs,
— poor flame-out, which causes pressure pulsations and mechanical stress on the parts of the
combustion chamber and turbine,
— the formation of a fuel-rich hearth in the flame, which is the main reason for the existence
of local hot zones,
— in traditional burners, due to the uneven temperature field, the guide vanes of the first stage
of the gas turbine fail, and
— when the load is reduced, there is a danger of flame breakdown and flame breakthrough.
To eliminate these disadvantages, the authors propose multi-nozzle combustion tech-
nology [14] as the first provision, which will provide high efficiency, environmental friendli-
ness and operational reliability. The technology consists in dividing the entire lean mixture flow
and feeding it through a series of micromodular channels instead of one large inlet pipe. The
total cross-sectional area of all micromodules is selected equal to the cross-sectional area of
the former monochannel, which allows maintaining the same flow rate. The technology makes
it possible to evenly distribute fuel throughout the entire combustion volume and to better
mix fuel and combustion air. In a traditional directional injection chamber, fuel is delivered in
one stream. A high concentration of fuel is created in local areas. As a consequence, it takes
longer to mix with the air, resulting in higher emission levels. Thus, the division and injection
of the fuel volume into several smaller micromodules instead of one large one will provide
the required flow rate, but with a better distribution in the space of the combustion chamber.
In support of this, a number of studies [15-21] describe the positive impact of multi-injection
technology on performance using diesel engines as an example.

Subject of research

The second and main point of the current research is the improvement of mixing
in each separately taken micromodule. The obvious solution is a swirling stream. Swirling
flame is the main type used in gas turbine engines. It provides a compact heat release, stabili-
zation and ignition in a wide range of the initial mixture [22, 23]. The vortex flame provides a
high level of turbulence that promotes good mixing, allowing the use of smaller combustion
chambers. Thus, the efficiency of mixing and fuel-air mixture formation is a function of the
turbulence of the flow. The authors of this work set themselves the task of increasing turbu-
lence while maintaining the stability of the combustion chamber. For this purpose, the design

Swirler 150 Swirler _ of a micromodular airstream nozzle (MMAN)
ar AN/ \/ | '|a  [24] is proposed, fig. 1. It contains a cylindri-
i cal body with an inner diameter D = 46 mm
and a length of 150 mm, in which a swirler
(register) with eight blades with equal angles

VN
Fuel srf

Air—

 Fue nozzle 2o -8 of rotation of the blades £, and a fuel supply
B\gé; 74 - \ pipe alpng the horizoqtal axis are ins.talled. At
Y 4, the exit from the cylinder, two registers are

sequentially installed with f =30° and 20° an-
gle, respectively.

The special design of the burner operates as follows. Part of the air enters the micro-
chamber in a swirling flow through the inlet swirler. The amount of air is selected less than

Figure 1. The MMAN
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that required for ignition. Fuel is supplied through an axial channel buried in the micromodule
(fuel nozzle). The intracylindrical space forms a zone for preliminary preparation of the poor
fuel — air mixture with excess fuel. The main combustion zone is localized at the exit from the
MMAN. The first one downstream of the outlet swirlers ensures the homogenization of the
mixture and the intensification of mass transfer, and also, together with the second register,
prevents the propagation of the flame inside the microchamber. At the exit from the MMAN,
the homogeneous mixture enters the combustion chamber, where it intensively mixes with the
main air-flow and begins to burn. As a result of re-circulation of gaseous streams, turbulence
and significant shear between re-circulation zones, mixing is improved and premixed states
are quickly achieved. If the fuel nozzle is mounted with a projection relative to the chamber
surface, this distance helps to achieve a mixed state before the reactants are transferred to the
base of the flame [25].

As a result, the purpose of this study is to optimize the design of a micromodular
nozzle with an increase in turbulence and the intensity of the formation of a fuel-air mixture.
For this, the following problems were solved by mathematical modelling and cold experiment:
— Defining the effective angle of rotation of the inlet swirler blades /.

— Determination of the degree of penetration of the fuel supply nozzle into the micromodule.

Further, a mathematical model and experimental studies of the intensity of turbulence
of the isothermal flow inside the micromodule at different angles of the blades are carried out.

Numerical and experimental methodology
The concept of turbulence

We should remind that turbulence is characterized by a chaotic random motion of gas
particles, as well as a high level of vortex oscillations and dissipation of its kinetic energy. This
property does not apply to the fluid itself, but to its flow. The main characteristics of turbulence
are independent of the molecular properties of the liquid. Turbulence is a continuous phenom-
enon described by the equations of fluid dynamics, the Navier-Stokes equation, which can
be dimensionless, leaving the Reynolds number as the only independent parameter [26]. The
equation has no general solution, and therefore, experimental or numerical research methods
are used in engineering practice [27].

Governing equations

The main formulas are in the complete equations of conservation of mass, momentum
and energy in Cartesian co-ordinates:
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where p [kgm™] is the density, u [ms™'] — the velocity, ¢ [s] — the time, x [m] — the spatial co-or-
dinate, p [Pa] — the pressure, 7; [kgms?)] — the viscous stress tensor, and E — the specific total

energy is defined:
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where e [Jkg'] is the specific internal energy, /4 [Jkg '] — the enthalpy, 4. [Jkg '] — the reference
enthalpy, C, [Jkg"'K™'] — the isobaric heat capacity, T'[K] — the temperature, and T, [K] — the
reference temperature.
We apply the equation of state for an ideal gas:
_ R pT

m

(7)

where universal gas constant is R, = 8314.36 J/(kmol'K) and m is the molar mass. The Newto-
nian fluid and Stokes assumptions are implemented for the viscous stress tensor, 7;:

T3 T oy, ®)
where u [kgm'c!] is the viscosity, £ — the Kolmogorov scale, and o — the Kronecker delta
function.

Choosing a turbulence model

The ANSYS FLUENT provides a wide range of built-in models for specific classes of
problems. The choice of a turbulence model depends on the required level of accuracy, avail-
able computing resources and the required processing time. The most suitable turbulence model
for the study under consideration is the shear-stress transport (SST) k-w-model.

The k- model with SST was developed by Menter [28]. It is so named because the
definition of turbulent viscosity has been transformed to take into account the transfer of the
main shear of turbulent stress. The shift has a feature that gives the SST k- -model a perfor-
mance advantage over both the standard k- model and the standard £-¢ model. Other options
include adding a cross-diffusion variable to the equation @ and a mixing function confirm the
similarity of the behavior of the model equations in both the near-wall and other zones [29].

The SST k-w has a shape similar to the standard k-w. The kinetic energy of turbulence
k and the specific dissipation rate @ are obtained from the transport equations:

ok, opku; _ 0 (rkaa—k}ék—yk £S5, )
Xj

o oy, o,

o o ox | “ox

opw N opau; 0 {Fa) ow
J

—]+Gw—Yw+Dw+Sm (10)

The calculations of all the listed variables are fully described in [29].

The basic equations are solved numerically using the finite volume method. This meth-
od allows arbitrary geometry to be handled and avoids the metric issues commonly associated
with finite difference methods. To initiate the finite volume method, we first integrate the conser-



Sadykova, S. B., et al.: Influence of Turbulence on the Efficiency and Reliability ...
THERMAL SCIENCE: Year 2021, Vol. 25, No. 6A, pp. 4321-4332 4325

vation equations over a small control volume, ¥, bounded by surface, S. Then the volume integral
for the flux vector is transformed into a surface integral using the Gaussian divergence theorem.

Computer modelling approach

During the simulation, the following parameters were selected for the main analysis:
flow velocity, u, and turbulence intensity, .

In the course of the simulation, the angle of rotation of the blades £, of the air swirler
at the inlet changed in accordance with the values of 20°, 30°, 40°, and 60°.

Experimental approach

Thermal anemometry was chosen as a method for measuring the intensity of turbu-
lence. A constant temperature anemometry system is used to study the characteristics of the
cold flow leaving the burner. The thermo anemometer measures the velocity of the flow field
by detecting changes in heat transfer from the sensor to the ambient air, which is limited. An
electrically heated wire with a diameter of four to six microns is exposed to an air channel in the
burner. The decrease in sensor temperature due to air-flow is balanced by a current to maintain
a constant temperature, and this current is calibrated to measure the flow rate.

Similarly with the mathematical model, two indicators were studied in the experiment:
the intensity of turbulence and the velocity characteristic of the air-flow inside the MMAN at
different angles of installation of the blades of the inlet swirler .

The experiment was carried out on a

. S . Thermal t
stand, the diagram of which is shown in fig. 2. S

@—‘ — Co-ordinate ruler

The stand consists of a fan for air supply, a wind i o

N K . icromodule under investigation
tunnel, at the outlet of which an MMAN with H
a calibration tube (Witoszinski nozzle) and a ~ Witoszynski nozzle Fan
constant temperature thermal anemometer are '/~ Wind tunnel
installed. The sensing element of the thermal 7 0
anemometer is a tungsten filament sensor. L

The first stage of the experiment is the
calibration of the thermal anemometer at differ-
ent flow rates at the outlet from the Witoszynski nozzle in front of the MMAN. For this, a Pitot
tube was installed in the center of the nozzle, according to the value of which the dependence
on the speed £ = f{u) was determined at different fan performance.

Then, using a thermal anemometer, the readings of the MMAN were measured at
various points and the turbulence intensity was calculated using the eq. (11). Calibers 0, 0.5, 1,
and 1.5 were chosen as the measurement points with a step of 5 mm along the cross-section of
the MMAN. The inner diameter of the micromodule is taken as one gauge, and the steps moved
horizontally relative to the longitudinal axis of the micromodule.

According to the readings of the thermal anemometer at the points under study, the
turbulence intensity was calculated [27]:

&= Afggef_ego) x100% (11)

The average flow rate i of the selected points inside the micromodule was determined

on the basis of the dependence E = f{u):

Boa)
o(254) -

Figure 2. Experimental set-up
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where A4, B are the coefficients of the calibration dependence, which are determined from the
graph E = f{u) [27].

Results

Modelling results

Figure 3 shows the distribution of the flow rate of the gas-air mixture through the
proposed micromodule.
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Figure 3. Velocity distribution in the micromodule; (a) f = 20°, (b) = 40°, (¢) = 30°, and (d) = 60°

Let us consider the general trends and features of each individual case.

The minimum speed is observed in the axial zone. In some areas, the value approaches
zero. This is easily explained by the fact that the main air mass, in addition the vortex motion,
also has a centrifugal one. The deceleration of the flow on the axis at the entrance is the result
of a physical obstacle in the form of a fuel nozzle. At small angles f, (20-30°), the main flow of
inlet air is sharply redirected to the walls of the micromodule, pressing against them, and then
moves in the near-wall region, braking against the passive central flow. The maximum value
of the velocities is distributed along the periphery of the open section. The thickness of the
near-wall high speed zone increases with an increase in the angle 5, against the background of
a reduction in the axial space of low speed. The peak velocity of 20-50 m/s takes place directly
near the swirler (confuser effect). The main conclusion based on fig. 3: the larger the angle £,
the more completely the chamber is filled with a high velocity flow. The most preferable option
is B = 40°, since this case demonstrates the most uniform distribution of the speed over the
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chamber at a level of 1.6 m/s, in contrast to the variant with ;= 60°, where peaks and uneven-
ness of speeds can lead to instability of the micromodule operation in the whole.
Turbulence parameters are shown in fig. 4.
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Figure 4. Turbulence intensity; (a) f = 20°, (b) f=40°, (¢) #=30°, and (d) f = 60°

As expected, turbulence is distributed over the micromodule similarly to the velocity
distribution, since it is a derivative of it. In the axial zone, the values tend to 1, which indicates
low turbulence or none at all. Closer to the walls, the intensity increases. The thin bound-
ary-layer near the walls also has a low intensity as a result of the natural deceleration of the
flow against the wall. The input register forms a zone of maximum intensity after itself. With
an increase in the angle S, the zone of intense turbulence stretches into the depth of the cham-
ber. In the case with an angle ;= 60°, the main flow rupture with the formation of two centers
of turbulence, the values of which do not exceed the average intensity level for the case with
pi=40°.

Recall that the authors of the article seek to achieve a high intensity of turbulence,
distributed as much as possible over the entire volume of the chamber. Based on this problem,
S1=40° is considered the optimal angle. This angle of rotation of the inlet swirler blades pro-
vides the most uniform field of turbulence intensity and flow velocity over the chamber volume.
An additional factor in favor of choosing the angle ;= 40° is a smooth increase in turbulence
towards the outlet section, which will have a positive effect on the combustion conditions when
the lean mixture leaves the micromodule.
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Figure 3(b) shows that the edge of the transition of peak values to uniform velocities
falls on the cross-section of one caliber deep into the chamber (50 mm from the edge of the
micromodule). Figure 4(b) also confirms this. As a result, the authors of the article recommend
to mount a fuel nozzle with a projection of 1.0 caliber inward relative to the front surface of the
chamber. The fuel supply is recommended not axially, but radial for better capture of fuel by air
masses. Such a device will contribute to improved formation of a fuel-air mixture.

For more accurate and scientifically substantiated conclusions, in confirmation or de-
nial of the obtained results, a cold experiment was carried out at the extreme stage of the study.

Experimental results

The results of measurements of the average flow rate and turbulence intensity at se-
lected points using eqs. (11) and (12) are shown in figs. 5 and 6.

14 18
- . ~ e 7\
£ N 14
B} 1 - g -
2 e £ 12
2 8 . / S
3 2 10
v . g 8 = Caliber
; 5 — Galibero 3 \ s E::iEng.s
3 4 -:_- E:::z::?s ¢ \ 6 ; == Caliber 1
= N\ —ciets § N\ [/ Lo
/ T Gibezs y = Gaiber25
0 g —— Caliber 282 - = Caliber 2.82
-25 -2 -15 -1 -05 0 0.5 1 15 2 25-25 -2 -15 -1 05 O 0.5 1 1.5 2 25
(a) Distance from the center [cm] (b) Distance from the center [cm]
16
— — 35 Caliber 0
2 \ - — on = Ciiberos
£ 12 " /\ SU —a— Caliber 1
E] IS - FN =+ Caliber15
= 10 = 25 == Ea:iter;s
= aliber 2.
3 4\\ 8 = Caliber 2.82
v ——Calibero &
; . 6 = Giiberos %
3 . —— Caliber 1 ;
= &4 " == Caliber 1. N
= \&\ ./ L zoshurady o \
—o— Caliber25 Y- S
—— Caliber 282 NS
-25 -2 -15 -1 05 0 0.5 1 1.5 2 25-25 -2 -15 -1 -05 0 05 1 1.5 2 25
() Distance from the center [cm] (d) Distance from the center [cm]

Figure 5. Flow rate inside the micromodule

The tendencies in the distribution of velocities over the cross-section of the micro-
module with a sufficient degree of reliability repeat the data obtained during the simulation.
On the axis in most calibers, the flow tends to slow down. The speed increases towards the
periphery. Natural deceleration of the flow occurs in the boundary-layer near the wall. With an
increase in angle £, on the axes of micromodules, the zone with a low flow rate decreases and
the thickness of the layer with a high one increases.

As the processing of experimental data shows, the minimum value of the turbulence
intensity, ¢, falls on the axis. The maximum values are noted at a distance of 0.5 cm from the
center in all angles of the swirlers. On the cross-section of the micromodule, the main intensity
zone is concentrated on the outer layers (0.5-2.5 cm from the center). This is due to the fact
that with a swirling flow, due to centrifugal forces, the flow is concentrated at the periphery and
a zone with a low average velocity appears in the center of the micromodule, and, therefore,
turbulent pulsations in this zone are reduced. According to eq. (3), the intensity is formed by
pulsations of the average velocity, and therefore, the incoming flows from the center to the wall
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Figure 6. Intensity of turbulence inside the micromodule

create high pulsations. The outermost layer near the walls shows a decrease in intensity, which
is a consequence of the deceleration of the flow in the near-wall region.

The average ¢ along the longitudinal section increases towards the output of the mi-
cromodule, which is demonstrated by the measurement points for different calibers. Intensity
equalization in the axial zone starts at 1.0 gauge. As aforementioned, the fuel supply is supposed
to be carried out into this section at a distance of approximately one caliber (46-50 mm). There-
fore, turbulence in this zone will play a decisive role in the formation of the fuel-air mixture.

Let us analyze the influence of the swirler blades setting angle on the turbulence inten-
sity. As can be seen from the graph, at 5, =20° ¢ in the center of the micromodule at calibers 0.5,
1 is 25-28% and decreases towards the micromodular wall to 5%. The maximum flow velocity
is observed at the periphery and decreases towards the center of the micromodule to 0.2-0.4
m/s, which means that the air-flow is concentrated at the periphery.

At 8, =30°, the turbulence intensity range at the same points is 30-32%. At the periph-
ery in the range from 4.79-10%. Here, at = 30°, the flow rate is also concentrated on the inner
periphery of the micromodule, but the layer thickness increases at a high rate.

With an increase in the blade angle 8 in the central part of the micromodule, ¢ increas-
es; at 5= 40° and S, = 60 °, the average ¢ at the maximum is 34% and 37%, respectively. The
flow rate curves show that with an increase in the angle on the axes of the micromodules, the
zone with a low flow rate decreases and the layer thickness increases at a high rate. Also, at
1 >40°, relatively uniform volumetric turbulence is observed than at £, <40°. This is due to the
fact that at low angles of installation of the swirlers there is a strong radial swirl of the flow and
a decrease in the axial component of the flow velocity.

Discussion

The obtained results of mathematical modelling and cold experiment obviously confirm
each other. There is a single tendency for the variable to change depending on the co-ordinate.
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Checking the mathematical model for reliability by conducting an experiment on the entire data
set is very cumbersome and it is not possible to be fully present in the article. Obviously, the
cross-section of a micromodule with a caliber of 1.0 at a swirler blade rotation angle £, of 40° is
of the greatest interest for research. This section is most favorable for fuel supply. Therefore, we
will consider the issues of convergence of the study using the example of this section, fig. 7.
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Figure 7. Section of a micromodule with a caliber of 1.0 at §, = 40°

The relative measurement error is based on comparing the data of computer modelling
and experiment. The relative measurement error ¢ [%] was determined as:

5= 100% = “m " ew 1000, (13)
Uexp Uexp
where g [ms™] is the velosyty from the computer modelling data and u., [ms™] — the velo-
syty from the experiment.

The velocity graph shows that the discrepancy in values increases closer to the periph-
ery and reaches a maximum value of 22% at around 1.5 cm from the center. The average error
over the entire section is 12.4%. The experimental data are almost uniformly underestimated
over the entire area relative to the curve of the mathematical model. A similar effect occurs
in measurements when there is a systematic error. If we correct for systematic error, then the
maximum relative error decreases to 14.5% with its average value of 6.9%. Figure 8 shows the
relative error before fig. 8(a) and after fig. 8(b) the correction. The absolute error of the speed on
the micromodule axis (mark 0) is taken as the correction value and is 1.32 m/s. In other words,
the experimental curve in fig. 7 will rise 1.32 points higher.
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Figure 8. Relative measurement error for a section of a micromodule with a caliber of 1.0 at #, = 40°;
(a) before the introduction of the correction and (b) after adjustment
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Conclusion

In accordance with the data presented, in order to achieve a high turbulence intensity,
distributed as much as possible over the entire chamber volume, the optimal angle S, = 40° is
recommended. This angle of rotation of the inlet swirler blades provides the most uniform field
of turbulence intensity and flow velocity over the chamber volume. An additional factor in fa-
vor of choosing the angle ;= 40° is a smooth increase in turbulence towards the outlet section,
which will have a positive effect on the combustion conditions when the lean mixture leaves
the micromodule.

The edge of the transition of peak values to uniform velocities falls on the cross-sec-
tion of the caliber 1.0 deep into the chamber (46-50 mm from the edge of the micromodule).
The authors of the article recommend mounting a fuel injector with a 1.0 caliber protrusion
inward relative to the front surface of the chamber. The fuel supply is recommended not axially,
but radial for better capture of fuel by air masses. Such a device will contribute to improved
formation of a fuel-air mixture.

This is a qualitative assessment of the proposed device. In order to quantify the work
of the micromodule, it is necessary to simulate and conduct a hot experiment with mandatory
measurement of NO, emissions. Reducing the level of harmful emissions is the main indicator
of the quantitative assessment of the operation of the device. This study is planned for the next
stage.

Nomenclature

A, B — coefficients of the calibration, model
constants, [—]

C,  —isobaric heat capacity, [Jkg 'K']

D, - an indicator of interdiffusion, [m?s™]

E — specific total energy, [Jkg™']

E,  —bridge stress with no flow in the pipe, [B]

E — constant component of bridge stress with
flow in a pipe, [B]

e — specific internal energy, [Jkg™']

€ — system error, [B]

3 — variable (ripple) component of the bridge
stress at flow in the pipe, [B]

G, — generation o, [-]

G, — generation of kinetic energy of turbulence
due to average velocity gradients, [—]

h — enthalpy, [Jkg™]

her —reference enthalpy, [Jkg']

k — kinetic energy of turbulence [J]
p — pressure, [Pa]
R,  —universal gas constant [Jkmol'K']
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S, S, — user-defined source variables, [—]

T — temperature, [K]

T.r —reference temperature, [K]
t — time, [c]

u — velocity, [ms™]

X — spatial co-ordinate, [m]

Y, Y, — dispersion of k and ® due to turbulence, [-]

Greek symbols

I, I, — effective diffusion coefficient £ and w,
respectively, [m?s™]

u — viscosity, [kgm's™']

p — density, [kgm™]

o — Kronecker delta function

T — viscous stress tensor, [kgm's?]
1) — specific dissipation rate, [¢]
Subscript

k — Kolmogorov scale
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