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» SCientiﬁc ASSOCiation Of Energy The secretary of the Energy Association and

the editor in chief of the publication

Scientific Association of Energy

The student scientific Association is a dynamic representation of students.The student scientific Association is a place for voluntary
participation in scientific activities in the form of group work. Students with scientific and specialized goals come together and by
participating in scientific societies, they not only promote and deepen the scientific atmosphere in universities, but also create
opportunities for their own growth.

Energy Scientific Association of Tabriz University started its activities to fill a noticeable gap by establishing an interdisciplinary
society in the most important field of engineering, which is energy. In a short period of time since its inception, the association has
achieved many accomplishments and has fulfilled its role as a bridge between disciplines related to energy. The central council of this
association, in the academic year 2024-2023, is composed of students from disciplines such as mechanics, electrical engineering,
industrial engineering, and Mapping engineering, including students from doctoral, mastens, and bachelons levels. The activities of
this association are carried out through a combination of various fields. The association focuses its activities more on renewable
energies, energy optimization for industrial units on both large and small scales, sustainable energy, energy stability, and areas such
as publishing journal magazine, audio magazine, authoring and translating books, and entrepreneurship.

An academic Association in the field of energy has various activities such as research, innovation, exchange of knowledge, and scientific
collaboration. Members of this society, who have expertise in various fields such as engineering, basic sciences, and management,
seem to have diverse capabilities. With the potential of its members in writing, researching, translating, managing, and presenting
content, there are many opportunities for the development and advancement of the societys activities. It is hoped that this society can
achieve its goals and objectives in the field of energy development and make significant progress through the utilization of its members
capabilities.

Achievements of the Energy Scientific Student Association in 2023:

* Selected as the outstanding association in entrepreneurship at the 16th Harekat Festival of Tabriz University

» Selected as the outstanding association in invention at the 16th Harekat Festival of Tabriz University

* Commended in the technical and engineering group publication category at the 16th International Harekat Festival of the Ministry
of Science.

* Commended in the dynamic association category at the 16th International Harekat Festival of the Ministry of Science

For collaboration, feedback, and suggestions on all matters related to the association, you can contact the association via email. It
is hoped that with the cooperation and support of everyone, the achievements of the Energy Scientific Student Association at Tabriz
University will continue to shine.

Arash NourbakhshSadabad
The secretary of the Energy Association and the editor-in-chief of the publication
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Exprimental and numerical investigation of finding optimized blade exit angle for increasing centrifugal pump efficiency
Arash Nourbakhsh1, siamak seyfi2,Mir Boyouk Ehgaghil*
1- Department of Mechanical Engineering, University of Tabriz, Tabriz, Iran
2- Department of Civil Engineering,York University, Canada
Abstract
Nowadays centrifugal pumps have an important role in industry and agriculture. So increasing their efficiency has always been in
researchers interest. In the following paper our purpose was to study an example of centrifugal pumps and improving ibs efficiency.
For the experimental study, EN 125_65 pump has been tested experimentally and then the pump has been designed using lobanov
design method. Then the effect of beta2 (impeller exit angle) on the hydraulic efficiency by consuming constant outside diameter, D2,
has been studied and by calculating slip factor as a function of beta2, pumpss hydraulic efficiency has been modeled as a function off
beta2. For high accuracy in calculations, losses has also been included. Then optimized beta2 has been detected by using the best
working point that achieved using a matlab code. Dimensions of presented model has been listed in a table and has been compared
with an existing on sale model. Also presented model has been designed in CFTURBO and construction model has been driven using
CATIA. Presented pump has been simulated numerically using workbench Ansys/ Turbomachinary Fluid Flow. Finite volume method
in combination with k_omega sst turbulence model has been used for numerical study. Experimental and numerical studies are in an
acceptable agreement with eachother and the results show that pumps overall efficiency has been increased %7.07.
Keywords
Centrifugal pumps, impeller exit angle, overall efficiency, slip factor, hydraulic efficienc
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Rotation Speed

303.6870 | [radian s~-1]

Reference Diameter 0.1377 | [m]

Volume Flow Rate

0.0291 |[m~3s7-1]

Head (LETE) 21,2521 | [m]
Head (IN-OUT) 20,3005 | [m]
Flow Coeffident 0.0367
Head Coefficent (IN-QUT) 0.1138

Shaft Power

§433.8700 | W]

Power Coeffident

0.0046

Total Effidency (IN-OUT) % 89.7351

Yo

Static Effidency (IN-OUT) 76.8800
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Building General data on the buildings Data on the facade
No.of  No.of flats  Total usable  Orientation Facade
floors per floor area (m?) area (m?)

A 11 4 4950 32° SW 663.4

B 14 2 3080 32° SW 8274

58° SE 413.7
C 10 4 4500 58° SE 609
D 10 4 4500 58° SE 609

LoyS g DHW g1 bngslasi b omuubs 515 diVlw Bpaa - ¥ Jouz

Corw (M°N gas) Chear (M°N gas)
A B C D A B C D

January 850 541 773 773 42420 51560 3702.1 3846.1
February 830 528 755 755 40140 48788 3503.1 36394

March 780 496 709 709 2929.0 3560.1 25562 26556
April 750 477 682 682 2591.0 31492 22612 23492
May 740 471 673 673 8340 10137 727.8 756.2
June 736 468 669 669 0 0 0 0
July 631 402 574 574 0 0 0 0
August 607 386 552 552 0 0 0 0
September 616 392 560 560 0 0 0 0
October 734 467 667 667 0 0 0 0

November 830 528 755 755 4055.0 49287 35389 3676.6
December 810 515 736 736 36250 4406.0 31636 3286.7

Annual 30,795 89045.2
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Q4i = CinyLHVp, where i = DHW  heat (1)
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Lpm  Tambm  Twm  lon (KWh/m?)
kWh/m?) () (°0)
A B C D

a5l5 January 45.64 89 6 61.94 45.64 51.27 5835
&9 February 59.89 96 7 74.56 59.89 61.71 7024
ol March 91.28 10.7 9 101.67 91.28 84.16 95.78
Jusl April 101.67 118 11 99.92 10167 82.71 9413
4 May 129.17 143 12 114.86 129.17 95.07 108.20
95 June 126.67 169 13 107.89 126.67 89.31 10164
ass July 14467 19.2 14 128.64 14467 10648 121.19
ol August 12744 19.7 13 126.45 12744 10467 11912
el September 103.33 179 12 119.94 10333 9928 11299
=51 October 8439 15 11 114.54 8439 9481 10790
ely November 49.17 116 9 73.17 4917 60.57 68.93
ol December 3961 99 6 58.21 3961 48.18 54.84
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Microturbine type uT1 uT2 uT3 uT4
Wesar (W)l Bys 52055 30 65 100 200

Qi (W) o5 9layS Gyl e 66 120 155 275
FIWPCD edgu Byae ylise 115 224 333 583

e (%) oS0yl g aalyls 26 29 30 34

1 (%) gal gaahls 83 82 76 81
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Building grouping t(h) Qm (kW) Nyr NurQur (kW)

uT1 uT2 uT3 uT4 uT1 uT2 uT3 uT4
A 8 1809 3 2 2 1 198 240 310 275
B 219.8 4 2 2 1 264 240 310 275
C 157.8 3 2 1 1 198 240 155 275
D 164.0 3 2 2 1 198 240 310 275
A+B 400.7 6 4 3 2 396 480 465 550
Cc+D 3218 5 3 3 3 330 360 465 825
A+B+C 558.5 9 5 4 2 594 600 620 550
B+C+D 541.6 9 5 4 2 594 600 620 550
A+B+C+D 7225 11 6 5 3 726 720 775 825
A 10 1447 3 2 1 1 198 240 155 275
B 1759 3 2 2 1 198 240 310 275
C 1263 2 2 1 1 132 240 155 275
D 131.2 2 2 1 1 132 240 155 275
A+B 3205 5 3 3 2 330 360 465 550
Cc+D 2575 4 3 2 1 264 360 310 275
A+B+C 446.8 7 4 3 2 462 480 465 550
B+C+D 4333 7 4 3 2 462 480 465 550
A+B+C+D 578.0 9 5 4 3 594 600 620 825
A 12 120.6 2 1 1 1 132 120 155 275
B 146.5 3 2 1 1 198 240 155 275
C 105.2 2 1 1 1 132 120 155 275
D 109.3 2 1 1 1 132 120 155 275
A+B 267.1 4 3 2 1 264 360 310 275
C+D 2145 4 2 2 1 264 240 310 275
A+B+C 3723 6 3 3 2 396 360 465 550
B+C+D 361.1 6 3 3 2 396 360 465 550
A+B+C+D 481.7 8 4 4 2 528 480 620 550
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Type of microturbine EEE (%) PES (%)
uT1 72.0 20.8
uT2 71.6 225
utT3 62.2 19.2
uT4 72.1 25.7
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Produce HydrogenFuel

ostract =
L

This article summarizes an introduction to hydrogen energy and its
production. Hydrogen production has different methods, which are
currently used in many ways that are harmful to the environment (such
as the use of fossil fuels). In the current research, we have investigated
the cleanest method of hydrogen fuel production. Also, during the
investigation, the research and industrial activities of other researchers,
companies, their decisions, and works regarding the production of
hydrogen by solar energy were introduced and discussed. Then the
physics, principles, materials, and systems of hydrogen production were
discussed. It was paid as fuel. In the meantime, some points related
to the economic efficiency and cost of various hydrogen production
methods were mentioned and compared. In the end, a general and
partial summary of this fuel)s present and future and its production
method was made in terms of engineering and politics.

Keywords: Hydrogen energy, Green energy, Solar energy, Hydrogen
production, Solar cells
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An experimental study on the influence of the fluid viscosity on
the dynamic behavior of vortices
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2- Phd student of Mechanical Engineering, University of Tabriz, Iran

Abstract

Fluid viscosity has significant influence on initiating and strengthening of
vortices. The aim of this research is to clarify the influence of the fluid viscosity
on the dynamic behavior of the vortices which initiate and get strength in the
environment or in the fluid machineries and devices. For this purpose, an
experimental apparatus has been designed and constructed for rotating of
liquid filled tankin a circular path with different radiuses and different angular
velocity. Pure water and pure paraffin and different mixtures of paraffin and
water with different percentages of them have been used for investigating the
influence of the fluid viscosity on the dynamic behavior of vortices. Colored fine
grains are used for visualization of the liquid flow stream lines inside the tank
and a high-speed video camera has been employed for capturing experimental
videos and shots fromiinitiation and development of the vortices. Experimental
results show that decreasing the fluid viscosity results in increasing of
strength of vortices. Experimental results also show that the fluid viscosity
has significant effect on the initiation and dynamic behavior of the vortices
generated inside the liquid filled tank during its uniform, accelerated and
decelerated rotation along a circular path.

Keywords: Dynamics of vortices, Fluidviscosity, Environment, Fluid Machineries
anddevices, Experimental apparatus.

Introduction

Dynamic behavior of the rotational fluid flows and vortices are of great
importance due to their significant effects in rural and urban environmental
issues and due to their significant importance in the performance of fluid
machineries and devices. Viscosity of the fluid flows is one of the great
important physical parameters of fluid which affects the dynamic behavior
of fluid vortices. Viscosity of fluid flows decays the vortex strength due to the
friction of shear forces and may elongate vortices and transfer a circular vortex
to an elliptic one.

0. Agullo and A. Verga [1] have obtained an exact solution for the two-
dimensional Navier-Stokes equations for the flow generated by two point
vortices. They have introduced viscosity as a Brownian motion in the
Hamiltonian dynamics of point vortices. The source vortices execute a
stochastic motion whose probability density can be computed from a Fokker-
Plank equation, equivalent to the original Navier-Stokes equation. They have
thoroughly investigated the viscosity effects by an asymptotic analysis of the
solution. Results of their exact solution show that when the viscous effects
are dominant, the vortices (in the sense of the averaged vorticity given by
the probability distribution) remain relatively localized around two peaks,
which directly collide to form a unique structure. T. Colonius et al. [2] have
investigated the effects of compressibility on free (unsteady) viscous heat-
conducting vortices analytically. Their analysis shows that the spreading of
the vortex causes a radial flow. They have shown that this radial flow is given by
the solution of an ordinary differential equation (valid for any Mach number),
which gives the dependence of the radial velocity on the tangential velocity,
density and temperature profiles of the vortex. R. R. Long [3] has studied
three-dimensional vortex in a viscous fluid theoretically. He has outlined a
theory that leads to the reduction of the steady-state Navier-Stokes equations
of an incompressible fluid to three ordinary, nonlinear, differential equations.
He concludes that the vertical velocity is of the same order of magnitude as
the horizontal velocity. J. Nordstrom and B. Lonn [4] have investigated the
energy decay of vortices in viscous fluids by using the compressible Navier-
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Stokes equations. They show that the main reason for slow decay is that
zero eigenvalues exist in the matrix related to the dissipative terms. They
have checked the validity of the theoretical result in practice, by numerical
computation of the Navier-Stokes equations by using a stable high order
finite difference. Henrik Tryggeson [5] has investigated the vortex structure by
treating mainly the analytical vortex solution to the Navier-Stokes equations.
He has considered a conical vortex phenomenon because of its significant
importance to building engineers. Conical vortex phenomenon is responsible
forverylow pressures on buildings with flat roofs. He has shown that analysis of
the-2D and-3D Navier-Stokes equations leads to the opportunity to construct
linear solutions. S. L. Dizes and A. Verga [ 6] have investigated viscous evolution
of two co-rotating vortices using direct two-dimensional numerical solutions of
the Navier-Stokes equations. They have focused on vortex interaction regimes
before merging. They have identified two distinct relaxation processes. The
first one is non-viscous and corresponds to rapid adaptation of each vortex to
the extemal (strain) field generated by the other vortex. The second relaxation
process is a slow diffusion phenomenon. P. J. Folz and K. K. Nomura [7]
have investigated the interactions of two equal co-rotating vortices under
the influence of both viscosity and uniform background shear by using two
dimensional numerical simulations. They show that the primary effect of
viscosity is to increase the core size in time while the primary effect of shear
is to vary the separation distance in time. Their simulations show that for a
viscous

symmetric vortex pair, there are two distinct flow regimes, merger and
separation, with the boundaries separating these regimes well-predicted
by the point vortex model and largely independent of circulation Reynolds
number over the range tested (5000-1000). C. Barbier and G. Chahine [8]
have investigated the effects of viscosity and viscoelasticity on a line vortex
cavitation experimentally. Their measurements and observations show that
cavitation inception at the vortex center was delayed when polymer and com
syrup solutions are used as compared to the experiments in water. Their
experimental results also show that, contrary to the reported observations with
tip vortices, here the large-scale vortex is found to rotate faster in the polymer
and comsyrup solutions. S. Topayev et al. [9] have studied the Taylor-vortexflow
in shear-thinning fluids. In this study they have focused on the first principals
understanding the influence of viscosity stratification and the nonlinear
variation of the effective viscosity with the shear rate on the flow structure
in the Taylor-vortex flow regime. Their results indicate that the flow field
undergoes a significant change as shear-thinning effects increase. C. Wang
et al. [10] have studied effects of temperature-dependent viscosity on fluid
flow and heat transfer in a helical rectangular duct with a finite pitch. In this
investigation they have considered both cases of one wall heated and fourwalls
heated. The aspect ratio of the rectangular ductis 0.5 and Reynolds numberis
varied in the range of 400-100. Their results show that the secondary flow with
temperature-dependent viscosity is enhanced markedly as compared to the
constant viscosity. Their results also show that an additional pair of vortices is
obtained nearthe center of the outerwall at Re=400 for the model of fourwalls
heated with temperature-dependent viscosity, while for constant viscosity, the
appearance of two additional vortices near the outer wall cannot be found. A.
Soroureddin et al. [11] have investigated the effect of viscosity on the dynamic
behavior of a vapor bubble in a narrow channel. They have used a boundary
integral equation method and the procedure of viscous correction of viscous
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potential flow for obtaining the vapor bubble profiles during its pulsations
inside the narrow channel filled with a viscous liquid. Their numerical results
show that, by increasing the viscosity of the liquid around the vapor bubble,
the bubble lifetime increases. Their numerical results also indicate that for
Reynolds numbers with the order of 0(103), the viscosity effects are extremely
reduced.

Problem Explanation, Innovations & Aims of Paper

In this research an experimental investigation has been caried out for
investigating the effects of fluid viscosity on the inception and strengthening of
vorticesinside a liquid filled tank during its uniform and accelerated rotational
movements on a circular path. An experimental apparatus together with a
high-speed camera have been employed for taking experimental videos and
shots from the inception and strengthening of vortices inside the liquid filled
tank. Experimental results show that the liquid viscosity has significant effect
on the inception and strengthening of vortices inside the liquid filled tank and
also has significant effect on the movement pattems of these vortices.

Research Method and Assumptions

Experimental setup

The experimental apparatus in this experiment designs of different parts with
the ability of rotate at circular paths in the clockwise and counter clockwise
directions to create a vortex. The one horsepower DC motor is responsible for
providing the necessary force for this type of movement. This apparatus uses
a spiral gearbox to transmit the output power of DC motor. Also the metal
structure includes rods and movable rails with the ability to change height is
installed on the solid surface. As shown infigure 1, there is aliquid tank on one
side of the rods and on the other side there are weights to establish the static
balance in the system. This apparatus has a suitable place on top of the liquid
tank to place the camera for capture the behavior of created vortex inside the
liquid tank. The rotational velocity of this apparatus varies from 10 to 70 rpm
with the control box. The control box with different components inside it, can
create uniform and acceleration movement at the different situations. Finally,
this experimental apparatus that shown in figure 1, can produce vortices in the
liquid tank and photograph them.

ion of the

Figure 1: ic rep!

Experimental methods

In this experimental study to investigate the effect of the fluid viscosity on
the strength of the created vortices, paraffin and water are used in pure
and different mass ratios mixtures in the liquid tank. This experimental
investigation is performed in the rotational radius of 50 cm and rotational
velocity of 50 rpm. In order to flow visualization, fine colored grains are poured
into the liquid tank. This experimental investigation is performed in seven
different stages, as follows:

Case 1; one kilogram of pure water,

Case 2; mixture of 600 grwater and 400 gr paraffin,

Case 3; mixture of 500 grwater and 500 gr paraffin,

Case 4; mixture of 400 grwater and 600 gr paraffin,

Case 5; mixture of 250 grwater and 750 gr paraffin,

Case 6; mixture of 150 grwater and 850 gr paraffin, and

Case 7; one kilogram of pure paraffin, in the liquid tank. The output of this
experimental investigation is seven videos of the vortex behavior in the fluids
with different viscosities. It should be noted that, the mixtures of paraffin
and water are mixed with a high speed mixer in a closed container to prevent
settling and then, they are used in the liquid tank with the fine color grains.

Vortex strength calculation

In this experimental study, to calculate the strength of vortices in the liquid
tank, equivalent circle of the created vortices are identified. The equivalent
circles are determined for each sequential processed frame. The equivalent
circleisacirclewiththe largestradius thatincludes all the rotatingvisualization
grains around an axis. The sequential processed images are obtained from the
high-speed camera videos by using image processing technics. Based on the
vortices quasi-linear velocity distribution, the rotational displacement of the
visualization grains in the middle radius of the equivalent circle are calculated
tofind the average linear velocity. The average linear velocity is calculated with
dividing the rotational displacement of the grains by the time interval of the
sequential frames (that is 30/ 1 sec). According to the non-rotating behavior
of free vortex, equation 1and 2 are obtained as below:

- _I_ (rvg+vgdr)dd _ vo %
@ Ta rdrd6 i + dr (1)
CONs.
vy =2 @
Inequation1, s vorticity vector and the constant value in equation 2 is the

vortex strength, which is also defined as below:

P=V.r **h (3)

In equation 3, P is the vortex strength m2/sec, V is the average linear velocity
of vortex flow m/sec and h is unit depth of vortex flow. As a result, the vortex
strength is obtained from equation 3.

Results and Discussion

In the following, first the results obtained from the effects of viscosity changes
on the vortex parameters in uniform movement at constant rotational velocity
and then in acceleration movement are presented.

Uniform movement

The purpose of this section s to investigate the vortex behaviorin the fluids with
different viscos 3s. This experimental study is performed at the rotational
radius and rotational velocity of 50 cm, 50 rpm. For this study, pure water
and paraffin and mixtures of them with different mass ratios, is performed.
Figures 7,6 ,5,4,3,2 and 8 show the processed images of the liquid tank
uniform movement to calculate the created vortex parameters. Figures 8 -2,
represent the created vortex in one kilogram of pure water, a mixture of 600
grwater and 400 gr paraffin, a mixture of 500 gr water and 500 g paraffin, a
mixture of 400 grwater and 600 gr paraffin, a mixture of 250 grwater and 750
gr paraffin, a mixture of 150 gr water and 850 gr paraffin and one kilogram of
pure paraffin in the liquid tank, respectively. Tables 7-1, show the calculations
obtained from figures 8-2, respectively. According to tables 7- 1, itis concluded
that, the average linear velocity of the vortex flow, decreases with increasing
the fluid viscosity from the pure water to a different mass ratios of mixtures
and finally in pure paraffin. The vortex strength is reduced by reducing the
vortex average linear velocity, because the viscosity losses are very high in the
viscous fluid. As a result, the vortex is not clearly formed in pure paraffin fluid,
even for the rotational velocity of 60 rpm. According to animportant principle
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about fluids, in the viscous fluid more energy is needed to deform and move
the fluid elements, because in the viscous fluid there are strong shear stresses
between fluid elements compared to low viscosity fluid, which make them
more resistant to deformation and movement. The viscous friction force is in
the opposite direction of the Coriolis force. Thus, it prevents the formation of
the strong vortices in the liquid tank.

Video images show that, the vortex development velocity decreases with
increasing the paraffin mass ratios of mixtures in the liquid tank, so that, the
vortex development velocity in a mixture of 850 gr of paraffin and 150 gr of
water and pure paraffin is close to zero.

The video images reveal that, the created vortex is focused on the outermost
part of the liquid tank. According to the uneven distribution of mass in the core
and around of the vortex, the mass accumulates in the vortex core. As a result,
the vortex is concentrated on the outermost part of the liquid tank due to the
high centrifugal force. Eventually, the created vortex destroyed by colliding
with the liquid tank wall.

Tables 7-1 show that, the linear velocity of displacement of the vortex core
decreaseswithincreasing the mass ratios of paraffin in the liquid mixtures due
todecreasing of the vortex strength. So that, in pure paraffin, the linearvelocity
of vortex core displacement is negligible.

Frame 4

Frame 3

Figure 2: Cut processed images from created vortex in pure water with a
time interval of 30/ 1 sec between the sequential frames.

Vortex Rotational “I"im"""ger Vortex
radius displacement - stl'zength
(mm) (rad) ("me'/":e'g (" /sec)
F'a"2'es L | 225 0.6280 0.2119 | 4.7688x10°
F'a"4'es 3 18 0.8722 0.2355 | 4.2390x10°
Average vortex ( m? /sec) m
strength 4.5039x10° 11/,
Linear velocity of vortex core V,=65.62
displacement from frame 1 to V,=-71.87
mm
frame 4 ("% 5ec) |V, oc|=07-32 Y, .
at at=3x 1 /5 (sec)

Table 1: Calculation results of vortex parameter in pure water.
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Frame 3

Frame 4

Figure 3: Cut processed images from created vortex in the mixture of 600
gr water and 400 gr paraffin with a time interval of 30/1 sec between the
sequential frames.

Average

Vortex Rotational limear Vortex
radius displacement - b
(mm) (rad) ('m“,"sec") (™ /sec)
Fra 2 1, 19 0.6977 0.1988 3.7784%x103
Fra a 3, 20 0.6803 0.2041 4.0820%103
m? / 2
Average vortex (""" /co) 3.9320%x103 M /sec
Linear velocity of vortex core V,=44.44
displacement from frame 1 to V=77.77
frame 4 (MM ;) | Vo |=89.57 T/ 0
at at=3x 1 /5, (sec)

Table 2: Calculation results of vortex parameter in the mixture of 600 gr water and 400 gr paraffin.
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Figure 4: Cut processed images from created vortex in the mixture of 500
grwater and 500 gr paraffin with a time interval of 30/ 1 sec between the
sequential frames.




Vortex Rotational Al"im""’gre Vortex
radius displacement Jocit sh-zengln
(mm) (rad) (M goc) M/ cec)
F'“";s 1 26 0.3314 0.1293 3.3603x10°
F'a"fs 3, 26 0.2791 0.1088 2.8301x10°
Average vortex (" /ge) 3.0952x10s M*/
strength ) sec
Linear velocity of vortex core V.=-66.66
dispiacement from frame 1 to V,=-33.33
frame 4 (Mg, ) [Vyoe |=74.53 UL/,
at At=3x 1/; (sec)

Figure 6: Cut processed images from created vortex in the mixture of 250
gr water and 750 gr paraffin with a time interval of 30/1 sec between the
sequential frames.

Table 3: Calculation results of vortex parameter in the mixture of 500 gr
water and 500 gr paraffin.
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Figure 5: Cut processed images from created vortex in the mixture of 400
gr water and 600 gr paraffin with a time interval of 30/1 sec between the

sequential frames.

Average

Vortex Rotational linear Vortex
radius displacement _ Stl'zel’lg‘ﬂ
(mm) (rad) ("m"/":e'g (™ /sec)
Fra 2 L 25 0.2267 0.0850 2.1260x103
Fra a 3 21 0.2616 0.0824 1.7309%103
Average vortex (mz/ sec) m? /
1.9284x103
strengtn sec
Linear velocity of vortex core V=11.11
displacement from frame 1 to V,=44.44
frame 4 (M1, ) |Vypoe | =458 01/,
at At=3x 1/, (sec)

Table 5: Calculation results of vortex parameter in the mixture of 250 gr
water and 750 gr paraffin.

LW 4

FRE

Frame 2

Frame2

Vortex Rotational Al'im"'ager Vortex

radius displacement locit b

(mm) (rad) (M goc) " /Sec)
Fra 2 1 22 0.3314 0.1093 2.4062x10%
Fra a 3 22 0.3663 0.1208 2.6595x103

Averagevortex(mz/sec) 2.5328 sz/
X
strengtn sec
Linear velocity of vortex core V,=44.44
displacement from frame 1 to Vi=44.44
1 frame 4 (MY ¢, 0) [V,er|=62.85 M/
at At=3x 1/, (sec)

Table 4: Calculation results of vortex parameter in the mixture of 400 gr
water and 600 gr paraffin.
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Frame 4
Figure 7: Cut processed images from created vortex in the mixture of 150 gr water and 850 gr
paraffin with a time interval of 30/1 sec between the sequential frames.

Vortex Rotational ‘“I"ie'r Vortex
radius displacement vel - strength
(mm) (rad) o M
(m/S ec) sec
F"’““;" 1, 16 0.2442 0.0586 | 0.9378x10%
F"’“TS 3 18 0.2616 00706 | 1.2717x10°%
Average vortex (msz sec) m?
stre 1.1047x105 M /¢,
Linear velocity of vortex core V=11.11
displacement from frame 1 to Vy=11.11
frame 4 (M1 /gq ) |V, ol =15.72 MM/
at At=3x /5 (sec)

Table 6: Calculation results of vortex parameter in the mixture of 150 gr
water and 850 gr paraffin.
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Figure 8: Cut pr d images from ted vortex in pure paraffin with a time interval of
30/1 sec between the sequential frames.
Vortex Rotational “I"ie'r Vortex
radius displacement - strength
(mm) (rad) e Y
(™/sec) sec)
F"‘“‘;s L 225 0.6280 0.2119 | 4.7688x103
F"“'f‘ 3 18 0.8722 0.2355 | 4.2390x103
F
Ave vortex (M z
i ("/sec) 4.5039x105 ™M /g0
Linear velocity of vortex core V0
displacement from frame 1 to V0
frame 4 ("M /0 ) [Viee| ~0 M/ g
at At=3x /5, (sec)

Table 7: Calculation results of vortex parameter in pure paraffin.

Acceleration movement

In this section, the rotational velocity of liquid filled tank increased in
the time intervals of 8 sec from 0 to 50 rpm at R=50 cm. Figures ,10 ,9
11 and 12 show the processed images of the liquid tank acceleration
movement to calculate the created vortex parameters. Figures 12-9,
represent the created vortex in one kilogram of pure water, a mixture of
600 gr water and 400 gr paraffin, a mixture of 500 gr water and 500 gr
paraffin and a mixture of 250 gr water and 750 gr paraffin, respectively.
The experimental results of the vortex parameters based on figures ,16
20,18 and 22 are shown in tables 11-8, respectively.

The experimental results show that, the strength of the created
vortex inside the liquid filled tank is increased with reduction of fluid
viscosity. The vortex strength in acceleration movement is greater
than the uniform movement due to the increasing of magnitude of the
total fluid acceleration. The acceleration movement created by the
velocity changes, is in the same direction of the Coriolis acceleration.
Consequently, the total acceleration of the liquid filled tank increases
with increasing the created acceleration by the velocity changes, and the
vortex strength increases compared to the uniform movement.

The results also show that, the linear velocity of vortex core displacement
decreases with increasing the mass ratios of paraffin in the mixtures due
to decreasing the vortex strength. The magnitude of vortex core linear
velocity in acceleration movement is higher than uniform movement,
because the vortex strength in acceleration movement is greater than
uniform movement.
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Frame 4
Figure 9: Cut pr d images from vortex in pure water in acceleration movement with
a time interval of 30/1 sec between the sequential frames.

Vortex Rotational Al'in_ r" Vortex
radius displacement vel - p st':ngtln
(mm) (rad) (m/sec) (m /sgc)

F'a'“;" 1 22 0.6450 0.2360 5.2066x103

F"‘“;e‘s 3, 23 0.6450 0.2472 5.6867x10%

2
A rtex (M 2
erage (" /sec) 5.4466x103 7" /g0
Linear velocily of vortex core _
displacement from frame 1 to \11—100
frame 4 (mm/SBC) _3{,;111.]5%"1
M=3X 1/30 (sec) Ivnetl_lq's-qs /sec

Table 8: Calculation results of vortex parameter in the pure water in acceleration

movement.
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Figure 10: Cut processed images from created vortex in the mixture of 600 gr water and 400 gr paraffin
in acceleration movement with a time interval of 30/ 1 sec between the sequential frames.




Vortex Rotational AI"'ie' ager Vortex
radius displacement vel"e""_ slr;ngﬂl
(mm) (rad) sor) | (™ /sed

F'a"z'e" 1 20 0.6977 0.2325 4.6518%103

Fram 4"*‘ 3 20 0.6977 0.2325 3.6518x103

2
A rtex (7 2
verage vo (™ /sec) 4.6518x103™M" /(.

Linear velocily of vortex core _

displacement from frame 1 to ;‘_gggg
mm =t .

frame 4 (MM /50 V.. |=94.93 mm
at At=3x 1/ (sec) net sec

Table 9: Calculation results of vortex parameter in the mixture of 600 gr water and
400 gr paraffin in acceleration movement.
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Figure 11: Cut processed images from created vortex in the mixture of 500 gr water and 500 gr paraffin
in acceleration movement with a time interval of 30/ 1 sec between the sequential frames.

Average

Vortex Rotational linear Vortex
radius displacement N strength
(mm) (rad) ety | m?
(™/sec) sec)
F'“"Z'es 1 27 0.3314 0.1491 4.0270%103
F'a";es 3, 28 0.2965 0.1384 | 2.8750x109
2
Average vortex ("™ /gec) m2
strongth 3.9509%105 M/,
Linear velocity of vortex core _
displacement from frame 1 to ;:_;';;'g'
frame 4 (MM =99.
eall) /e Vet =56.65 ™1 /s 0
at At=3x /3 g (sec)

Table 10: Calculation results of vortex parameter in the mixture of 500 gr water and
500 gr paraffin in acceleration movement.

Figure 12: Cut processed images from created vortex in the mixture of 250 gr water and 750 gr paraffin
in acceleration movement with a time interval of 30/ 1 sec between the sequential frames.

Vortex Rotational Al"in_ re Vortex
radius displacement vel - 'I 9‘“’?“8“'
mm e
(mm) (rad) (M/sec) M/ cec)
F"'"";‘ L 24 0.2267 0.0907 | 2.1770x10%
F""'T’ 3 23 0.2616 01002 | 2.3064x10%
2
Average vortex (M°/ 2
s strengﬂ(l sec) 2.2417x10° ™ /sec
Linear velocity of vortex core _
displacement from frame 1 to V";U;i"'
mm =,
frame 8, /sec V.ol =18.04 MM/
at At=3x 1/ 3 (se€)

Table 11: Calculation results of vortex parameter in the mixture of 250 gr water and
750 gr paraffin in acceleration movement.

Concluding Remar

This study is performed to investigate the effect of the fluid viscosity on the vortex
behavior with a laboratory apparatus. According to the above purposes, the
following results are obtained:

* The vortices created in the liquid tank will disappear after a while, so the
vortices are caused by the Coriolis Effect and are free vortex type.

 The fluid viscosity increases with increasing the paraffin mass ratio in the
mixture.

* The strength of the created vortexin the liquid tank, decreases with increasing
the fluid viscosity.

« In pure paraffin and at the experiment velocity, a strong visible vortex is not
formed.

« Inall parts of study, the linearvelocity of the vortex core displacement increases
with increasing the vortex strength due to decreasing paraffin ratio in the liquid
tank or decreasing the viscosity.

* In acceleration movement, the created vortex strength inside the liquid tank
decreases with increasing the mass ratios of paraffin in mixtures.

¢ In acceleration movement, the vortex strength is greater than constant
rotational velocity movement due to Coriolis effect.

* In acceleration movement, the linear velocity of vortex core displacement is
greater than constant rotational velocity movement and the vortices develop
faster.

The central point of the vortex core deviates downward and to the right-hand side
during sequential frames and form a counter clockwise movement in the liquid
tank.
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Groove design on the NACA 4415 airfoil to
reduce drag

Seyed Mostafa Mirtabaei , Mohammad Amin Rahimi Jafari

Drag reduction in airfoils and aircraft is very important for various
reasons such as reducing fuel consumption and increasing
maneuverability and agility. Various methods have been proposed
to reduce the drag force in airfoils during the past decades. In the
current research, a NACA 4415 airfoil has been investigated at
angles of attack between 0 and 16 degrees. In order to reduce the
drag created on the airfoil, grooves on the end part of the airfoil were
used for this purpose. The cross-section of grooves is circular and
three variables of groove depth, number of grooves, and angle of
attack have been studied in order to investigate their effect on the
drag force. Finally, it was found that the created grooves were able
to reduce the drag force on the airfoil to a reasonable extent, but this
reduction was mostly at attack angles above 8 degrees.

l. Introduction

Airfoil drag reduction refers to the use of various techniques to
reduce the amount of drag experienced by an airfoil. Drag reduction
techniques can be applied to airfoils of different shapes and
sizes, and can be used to improve the aerodynamic performance
of aircraft. One approach to drag reduction is to locally reduce
friction on the airfoil surface. This can be achieved through the use
of control mechanisms that modify the shock wave and improve
the aerodynamic efficiency of the airfoil [1]. Another method for
reducing drag at low speeds is through the use of truncated airfoils.
Studies have shown that using truncated airfoils can result in a
significant reduction in drag [2].

Adaptive airfoil concepts have been explored for drag reduction
at transonic speeds. Aerodynamic optimization algorithms are
used to assess and optimize the shape of the airfoil for improved
performance [3]. Flow control techniques can be applied to airfoils
to reduce turbulent skin-friction drag. These techniques aim to
manipulate the flow around the airfoil to minimize drag and improve
aerodynamic performance [4]. Research has shown that using wavy
geometries on the trailing edge of an airfoil can reduce drag by
reducing shear stress over parts of the airfoil surface. This can lead
to improved aerodynamic performance and drag reduction [5].
There are several methods to reduce drag on an airfoil, including
flow control, suction and blowing, and the use of novel devices.
Flow control for turbulent skin-friction drag reduction is applied
to a transonic airfoil to improve its aerodynamic performance
[6]. Dielectric Barrier Discharge based turbulent drag reduction
methods are used to reduce the total drag on a NACA 0012 airfoil at
low angles of attack [7]. A hybrid flow control method using suction
and loaded leading edge is used to overcome the huge drag on an
airfoil in transonic flow [8]. There are several reviews of wave drag
reduction techniques by use of active, passive, and hybrid flow
control [9], chemicals that reduce drag are known as drag-reducing
agents [10] and suction and blowing flow control on airfoil for drag
reduction in subsonic flow [11].

Srinivasarao et al. has observed an experimental study on drag
reduction over an airfoil [12]. Miura et al. and Eto et al. observed
drag reduction effect by uniform blowing on the pressure surface of
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an airfoil is investigated through wind-tunnel experiments [14],[13].
Suzuki et al. has done research about laminar airfoil modification
attaining optimum drag reduction [15]. Actively Reduced Airfoil Drag
by Transversal Surface Waves has done by Albers et al [16]. Zhang et
al. has done some researches on the experimental Investigation of
Lift Enhancement and Drag Reduction of Discrete Co-Flow Jet Rotor
Airfoil [17].

Based on the search results, it can be concluded that there are
several methods to reduce drag on an airfoil, including flow control,
suction and blowing, and the use of novel devices. These methods
can be applied to different types of airfoils and at different angles of
attack. Researchers have used numerical simulations, wind tunnel
experiments, and other techniques to study the effectiveness of
these methods. The results show that these methods can significantly
reduce drag and improve the aerodynamic performance of airfoils.
To minimize the total drag on a NACA 0012 airfoil at low angles of
attack, turbulent drag reduction techniques based on Dielectric
Barrier Discharge (DBD) are employed. Drag reduction studies were
carried out based on SU et al.»s investigation of the interaction of
DBD with turbulent boundary layer. The findings indicate that while
steady impinging discharge is unable to complete the task (i.e.,
drag increase), unidirectional steady discharge is more effective
than oscillating discharge in terms of drag reduction. In the ideal
situation, a drag reduction of %13.7 remains at a freestream
velocity of 20 m/s, while a maximum relative drag reduction of %64
is reached at a velocity of 5 m/s. The two main factors influencing
the efficacy of unidirectional discharge are the dimensionless
actuator spacing and the jet velocity ratio. The dimensionless
actuator spacing has a threshold value of 540, or roughly five times
the low-speed streak spacing, above which the drag increases. The
size of the drag reduction changes inversely with the dimensionless
spacing. Marginal drag fluctuation is seen when the jet velocity
ratio is less than 0.05. On the other hand, depending on the value of
dimensionless actuator spacing, the experimental data bifurcates
when the jet velocity ratio is greater than 0.05, one into the drag
increase zone and the other into the drag reduction zone. The
jet velocity ratio causes an increase in the magnitude of the drag
variation in both zones. The decrease in turbulent friction drag and
pressure drag as well as the rise in friction drag caused by transition
promotion make up the total drag reduction. A significant portion of
the overall drag reduction is attributed to the decrease in turbulent
friction drag [7].

Elsayed et al. examined how multi-suction jets affected the
aerodynamic properties of the NACA 0012 airfoil at a Reynolds
number of 105 x 0.54. To this end, numerical simulations and
experiments are conducted. Because the airfoibs surface has
several suction slots, the aerodynamic forces are monitored. To
depict the flow structures on the modified and unmodified airfoils,
numerical simulations are used. Their investigation looks at the
effects of suction pressure values, the number of suction slots,
and the placement of the airfoil surface suction jets on the lift
coefficient, drag coefficient, stall angle, and flow separation. The
study also looks into flow reattachments in an effort to determine
the best control case. The findings showed that the optimum lift
coefficient increment performance is achieved by the numerous
suction jets located around the upper surface of the airfoil blade.
Specifically, utilizing numerical simulation with the suction slot, the




results demonstrated that maximal improvements in lift coefficient,
CL, are obtained as %480 at a stall angle of attack (AOA) equal
to °22 and flow speed of 8 m/s. The experimental findings
demonstrated that suction holes at a stall AOA of °16 and a flow rate
of 8 m/s may increase the lift coefficient by %55.7. Furthermore, the
placement of the suction jet and the simultaneous use of the multi-
suction technique have a significant impact on the CL, CD, CL/CD,
and separation flow [18].

Another approachto increase airfoil performance is to investigate
the characteristics of the laminar separation bubble formed over the
airfoil geometry [19]. Significant variation in drag characteristics
and lift-curve linearity was reported due to changes in transitional
flow features across the airfoil surface. When laminar boundary-
layer separation was seen without reattachment, lift-curve linearity
decreased the most and drag increased. However, a laminar
separation bubble that developed at the airfoil leading edge quickly
returned to lift linearity and parabolic drag behaviors.
Anothermethodisto design and simulate airfoilswithinclined trailing
edges, which can improve the lift/drag ratio and lift coefficient [20].
All of the designed airfoils with inclined trailing edges showed higher
lift coefficients compared to the baseline airfoil, according to the
study on the impact of changed trailing edges on the aerodynamic
performance of wind turbine airfoils. The maximum lift coefficient
improvement for the inclined airfoil was %74. The lift coefficient
increased with the angle of the inclined trailing edge. Nevertheless,
because of an increase in drag, any additional inclination angle rise
led to a fall in the lift-drag ratio. Additionally, the usage of a correct
winglet can enhance wing performance, as shown in the case of
the spiroid winglet for the NACA 4412 airfoil [21]. According to
the study, the spiroid winglet had the highest lift-to-drag ratio at a
°10 angle of attack, improving performance by %5.53, but it lacked
stability. For the airfoil NACA 4412, the spiroid winglet was found to
be the most effective winglet, resulting in a %2 increase in average

Drag force

performance to %3.92.

The influence of camber on airfoil aerodynamic performance has
also been studied, with results showing that increasing the airfoil
bending degree can increase the lift coefficient and lift-drag ratio
[22]. Furthermore, modifying the airfoil with a sinusoidal leading
edge and an outward dimpled upper surface has been found to
improve performance, particularly with an increase in turbulence
[23]. In coclusion, the modified airfoil model performed better with
increased turbulence; however, the overall aerodynamic efficiency
for a lower angle of attack was impacted more by the increase in lift
coefficient than by the significant decrease in drag coefficient with
an increase in Reynolds number.

Kim et al. presented the design of wind turbines in the 10 kW
class. The turbines have three blades, a 6.4 m rotor diameter, a
200 r/min rated rotation speed, and a 10 m/s rated wind speed.
Since trailing edge noise from the outer %25 of a wind turbine
blade is its primary source, the optimum airfoil is designed for
the %75 spanwise location. Incompressible flow, Mach number
at 0.145, Reynolds numbers at 106x1.02, and lift performance
that is immune to turbulence intensity and surface contamination
are all calculated numerically. The goal of the design procedure
is to maintain high aerodynamic efficiency while minimizing noise
emissions. Semi-empirical models based on the work of Lowson
and Brooks et al. predict dominant broadband noise sources under
typical wind turbine operating circumstances. In order to minimize
wind turbine power loss, the aerodynamic performance of the airfoil
is examined during the redesign process. Using a commercial 10 kW
class wind turbine blade airfoil as a foundation, the design method:s
results demonstrate that it can create airfoils with lower noise.
Consequently, improved aerodynamic performance and 2.9 dB
reductions in the total sound pressure level (SPL) are demonstrated
by the newly optimized airfoil [24].

=81.58-49.56 xA—2.55xB—-2.07xC+2.31xAB+2.59x AC—2.35 % BC

—10xA%2—-1.47 x B2 —0.0261 x (2

Where the variables A, B and C are defined as follows:

A: angle of attack (degrees)

B: number of grooves

C: depth of grooves

Inthe following, the details of the ANOVA table have been mentioned.

Source SumofSquares df MeanSquare Fvalue pvalue
Model 45226.98 9 502522 752.42 <0.0001 significant
A-angle of attack 442085.16 1 44208.16 6619.24 < 0.0001
B-number of slot 117.47 1 117.47 17.59 0.0006
C-slot depth 77.32 1 7732 11.58 0.0034
AB 63.79 1 63.79 9.55 0.0066
AC 80.39 1 80.39 12.04 0.0029
BC 66.31 1 6631 9.93 0.0058
A2 600.53 1 600.53 89.92 < 0.0001
B2 13.00 1 13.00 1.95 0.1809
c2 0.0041 1 0.0041 0.0006 0.9806
Residual 113.54 17 6.68

Cor Total 45340.52 26
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The statistical variable F-value with the value of 752.42 indicates the
appropriateness of the quadratic mathematical model for the purpose of
interpolation. There is only a %0.01 chance that this high F-value is due
to statistical noise.

The statistical variable P-value is less than 0.05, which is another proof
of the acceptability of the selected mathematical model. In the current
model, sentences with coefficients A, B, AB, AC, BC, and A2 have the
greatest effects on drag force changes. The two expressions of the
square of the number of grooves and the square of the groove depth are
less important.

The graph below shows the normal distribution of the data. According
to the diagram, the data extracted from the simulation (square points)
have a good match with the normal line (solid line). This indicates the
correctness of data collection in simulations.

Mormal Plot of Residuals
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Figure 1 Normal distribution of data extracted from simulation

The following diagram also shows the agreement of the test data (square
points) with the selected mathematical model (solid line). The way of
distribution and deviation of the simulation data and the results obtained
from the selected mathematical model have an acceptable agreement
with each other.

Predicted vs. Actual

0.06

005 |

0.04

0.03_|

Predicted

0.02 |

0.01 _|

o 0.01 0.02 0.03 0.04 0.05 0.06

Actual
Figure 2 The diagram of matching the test data with the results of the selected mathematical model
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In order to check the drag force on the airfoil by changing different
variables, the extracted mathematical model can be used, but for a
more detailed check, first, the results of the simulation and the three-
dimensional contour levels of the extracted model are observed and
checked.

The limits of the selection interval for the variable number of grooves were
considered equal to 0 and 6 numbers. Assuming the absence of grooves
(zero number of grooves) on the airfoil, the relationship between the
angle of attack, groove depth, and drag force was obtained in the form
of the following diagram.

Drag force (N)

04
C: groove depth (mm)

00

Figure 3 Drag force values in terms of AOA and gi

depth (g ber =0)

By applying 6 grooves on the airfoil, the above image is transformed into
the following.

Drag force (N)

C: groove depth (mm) A: angle of attack (degree)

0o
Figure 4 Drag force values in terms of AOA and grooves depth (grooves number = 6)

Itshould be noted that considering the number of grooves to be zero, the depth of the
grooves is automatically considered to be zero, so the model was chosen in such a
way that the two mentioned variables have the same answer at zero values.

The process of changes in drag force according to the number of grooves and the
angle of attackislargelythe same as above, because the twovariables, the number of
grooves and the depth of the groove, act somewhat similarto each otherinthe areas
close tothe limits and in the limit state. The following graphs show the relationship of
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dragforce according to the number of grooves and the angle of attackin airfoils with
groove depths of 0 and 1 mm.

Drag force (N)

Drag force (N)

B: number of grooves

A: angle of attack (degree)

00
Figure 6 Drag force values in terms of AOA and grooves number (groove depth = 1 mm)

By keeping the angle of attack constant and then checking the drag force
diagram in terms of the two variables of depth and number of grooves, the
process of changing the diagrams is slightly different. The upper and lower limits
for the angle of attack variable were equal to 16 and 0 degrees respectively, so
the graphs below show the spatial function of the relationship between the other
two variables at the angles of attack 8,0, and 16 degrees, respectively.

Drag foree (N)

C: groove depth (mm) B number of grooves

oo
Figure 7 Drag force values in terms of grooves number and depth (AOA = 0 deg)

Drag force (M)

C: groove depth (mm)

Drag force (M)

0.4

C: groove depth (mm) B: number of grooves

00
Figure 9 Drag force values in terms of grooves number and depth (AOA = 16+ deg)

According to the graphs, with the increase of the angle of attack, the
changes of the drag force in different values of the variables of depth
and number of grooves have significant changes, which indicates
the fact that with the increase of the angle of attack, the importance
of the number and depth of the grooves becomes much greater.

After determining the previous steps and choosing the appropriate
interpolator function, it is possible to optimize the values of the
variables. The purpose of this section is to propose values of the two
variables of groove number and groove depth, which minimize the
amount of drag force on the airfoil at different angles of attack. It
should be noted that the variable number of grooves is only able to
receive discrete and correct values, therefore, among the selected
optimization results, cases where the number of grooves is an
integer number were selected.
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Table 2 Table of recommended optimal values of variables at each angle of attack

A“f",:;: :g;“"‘ "g::;’;f Depth of grooves "‘:.Zﬂ“u'n"]" Desirability
0 0 o 0.008 100%
1 0 o 0.008 99%
2 0 o 0.008 07%
3 0 o 0.009 94%
a 1 0.12 0.009 91%
5 2 011 0.010 28%
6 2 01 0.010 85%
g 2 01 0.011 82%
g 2 01 0.012 78%
9 2 01 0.012 7%
10 2 01 0.014 76%
11 5 01 0.016 7%
12 2 0.4 0.018 73%
13 2 1 0.021 80%
14 3 03 0.024 70%
15 2 08 0.032 69%
16 3 0.5 0.04 60%

By plotting the values of the drag forces in the above table according to
the angle of attack, the following diagram is obtained. In this diagram,
the dashed line curve is the force diagram in terms of the angle of attack
of the airfoil at angles between 0 and 16 degrees, which was extracted in
the case of airfoil without grooves. The solid curve is the drag force value
in terms of the angle of attack for the airfoil optimized with the groove.

—e— Optimized drag forces — -o~ Raw drag forces

0.06

Drag force (newton)

o 5 10 15 20
Angle of attack (degree)
Figure 10 Raw and optimized (grooved) airfoils drag force vs AOA

According to the above diagram, it can be concluded that grooves can be
very effective for attack angles higher than 8 degrees, but no significant
change in drag forces was observed at attack angles between 0 and 8
degrees.

Since there is no significant difference in the difference of drag forces in
two types of airfoils at angles of attack less than 8 degrees, therefore, a
more detailed investigation of the percentage of drag force reduction in
airfoils at angles of attack of 8 to 16 degrees has been done.

E==—— Drag decrease percentage —e— Optimized forces — o Raw forces
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Figure 11 Drag reduction percentage on the optimized airfoil compared to the raw one
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According to the figure 11, the maximum amount of drag reduction
occurs at the angle of attack of 14 degrees and is equal to %44.2. On the
other hand, the lowest amount of drag reduction is equal to %11.8 and
occurs at an angle of attack of 9 degrees.

IV. Conclusions

In this research some grooves created on NACA 4415 airfoil to reduce
drag force exerted on it. Three parameters of grooves depth, number of
grooves and angle of attack where used to analyse their effects on drag
force. Brief conclusions conclude in the paper mentioned as below:

* Grooves could reduce drag applied on the airfoil successfully.

* There isn’t much difference in drag force between a grooved airfoil and
a simple one below 8 degrees angle of attack.

¢ Maximum drag reduction force was acquired on a -14degree angle of
attack and is equal to %44.2.

¢ Minimum drag reduction force was acquired on a -14degree angle of
attack and is equal to %11.8.

« The analytical relation extracted from the analysis can estimate the
drag force applied on the NACA 4415 airfoil accurately.
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Abstract

With the growth of cities, roads and buildings have gradually
replaced the vegetation of the region, which has caused a
significant increase in air temperature of urban areas
compared to rural regions. This phenomenon affected the
thermal comfort of the indoor and outdoor environment, final
energy consumption and the health of society. Considering that
the roofs of buildings consist a large part of urban surfaces, it
is evident that using suitable roof techniques can improve both
the environmental conditions of cities and building's thermal
performance. In this article, the impact of cool and green roofs
on the thermal comfort, energy saving and carbon emission is
investigated for a dry desert climate. For this purpose, the
thermal performance of a common residential building with
two types of insulated and non-insulated designs was
simulated in EnergyPlus. Three types of cool roofs with albedos
of 0.5, 0.7 and 0.9 and two types of green roofs, one naturally
exposed to atmospheric precipitation and the other always
kept moist, were considered. The results indicated that roof
coating can reduce the average and maximum operative
temperature on the hottest day of the year by 14.2 and 12.9%,
respectively. It was shown that while wet green roof provides
savings in energy consumption and environmental emission,
dry green roof has not a positive environmental impact under
the dry desert climate. Overall, the optimal roof techniques
reduced the annual thermal loads and carbon emissions by
19.6-34.5% and 45.3-56.5%, respectively.

Keywords: Building energy simulation, EnergyPlus, Passive
techniques, Cool roof, Green roof

Introduction

Cool roofs are known for their general characteristics of high
solar reflectance and thermal emittance. The high solar
reflection coefficient of these roofs causes the most of the
solar radiation entering the roof be reflected to the sky during
the day and therefore the roof is kept cool. Moreover, their
high thermal emissivity causes the heat absorbed in the roof
be radiated to the sky during night.

The simplified roof energy balance for a roof is given in the
following equation:

Q;=Q+Q.+Q;*Q, (1)

where Qg is the net radiant flux entering the roof, Q is the rate
of energy stored in the roof, while Q., Q; and Qg are the
conduction, sensible and latent heat flux leaving the roof.
According to this equation, in cool roofs, the reduction of the
net radiation entering the roof, due to the increase of solar
reflection and thermal emission, results in the reduction of the
net energy stored in the roof, which consequently reduces the
cooling loads of building.

The green roof is a multi-layered system consisting of
vegetation and soil, plant growth environment, on a
waterproof membrane. Vegetation layer reduces the cooling
loads of the building as the plant absorbs part of the heat of
solar radiation and the surrounding ambient air in order to
continue life by activities such as photosynthesis and evapo-

transpiration. Therefore, in these roofs, in addition to reducing
the absorption of solar radiation by the building materials of
the roof, the latent heat flux has also increases, and in
Equation (1), the two terms of solar radiation and latent heat
lead to a further reduction in the energy stored in the roof. In
addition, in this type of roof, the soil acts as an additional
thermal insulation layer and its high humidity also helps to
increase the thermal resistance of the roof due to the high
heat capacity of water. These characteristics have made green
roofs as an ideal passive roof technique to improve the
building's thermal efficiency under different climates. In
Figure 1, the main components of the green roof are shown
along with other materials used in this research for the roof.

Literature Review

Extensive research have been conducted in the last few years
to investigate the thermal performance of buildings with cool
and green roofs. Zingre et al. [1] modeled heat transfer in cool
roof for a tropical climate. They reported that cool coating with
solar reflectance of 0.74 reduces the
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Figure 1. The main components of green roof along with
other roof materials

peak roof temperature, indoor air temperature and daily heat
gain by up to 14.1 °C, 2.4 °C and 0.66 kWh/m2, respectively.
Baneshi & Maruyama [2] investigated the effect of two types of
cool roof coating with solar reflection coefficients of 0.66 and
0.54 on the thermal performance of a residential building in six
cities of Iran. The results of this research showed that
according to the coating reflectance and the climate of the
region, the cool roof decreases the cooling load between 4-
36%, while it increases the heating load increases 1.7-15%,
compared to the conventional asphalt roof.

Ebadati & Ehyae [3] investigated the effect of using a green
roof with continuous irrigation of vegetation instead of an
asphalt roof in a two-story residential building for three
different climates of Iran. The results of this research showed
that the reduction of annual electricity consumption for space
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cooling and heating for the three cities of Bandar Abbas,
Tehran and Tabriz is 23.0, 16.3 and 12.5%, respectively.
Arghavani et al. [4] analyzed the effect of constructing green
surfaces on summer urban heat island and thermal comfort for
different urban morphologies in a megacity. They observed
daytime cooling (up to —0.83 °C) and nighttime warming (up to
+0.63 °C) in all selected metropolitan areas; however, their
findings indicated that overall averaged impact of urban
greenery on thermal comfort level is positive.

There are some studies that compare thermal performance
of buildings with cool roofs and green roofs to choose the best
roofing solution for different regions. Yang et al. [5] carried out
a comparative analysis between these two roof techniques for
a summer design day using EnergyPlus. The results showed
that green roofs are less efficient than cool roofs in reducing
sensible heat flux through roof during peak hours. In another
study, Zinzi and Angoli [6] investigated annual heating and
cooling loads of residential buildings with cool and green roofs
for different Mediterranean regions. They confirmed that green
roofs can reduce heating energy demand compared with
conventional roofs as well, and also they reported that total
energy demand in air-conditioned buildings with green roofs
could be less or more than cool roofs depending on the climatic
conditions, however, when green roof is kept wet, it always has
lower total energy demand compared to cool roof in all
climates of research.

Aim and Contribution

According to the fact that few studies conducted on the
investigation and comparison of the effect of cool and green
roofs in improving the thermal comfort, energy performance
and carbon impact of buildings in dry and desert climates, the
purpose of this research is to investigate the thermal
performance of a standard one-story residential building, using
cool and green roofs with two types of design, namely insulated
and uninsulated, in Kerman, Iran.

Material and Methods

In order to perform thermal calculations, a common one-story
residential building in Kerman city is modeled in the EnergyPlus
with two types of non-insulated and insulated designs. The east
and west facades of the building were considered adiabatic (in
contact with the adjacent building, while the north and south fronts
were in contact with the outside environment.

Three different cool coatings with the reflectance of 0.55, 0.7
and 0.85 and two types of green roof, namely dry and wet green
roof were modeled. The wet green roof is regularly irrigated and
vegetation is kept at maximum humidity state.

Architectural specifications of the building is specified in Table
1. Also, Table 2 provides thermal properties of material types used
in the building. It is worth to mention that the infiltration rate of
non-insulated and insulated buildings were considered as 1.82 and
0.61 ACH, respectively.

Table 1. Architectural specifications of the reference building

Type Unit Value
Roof area m?2 139
Floor area m2 127
Conditioned floor area m2 116
Area of north/south walls m? 39
Area of east/west walls m2 32
Window-to-wall ratio, north % 12
Window-to-wall ratio, south % 15.8
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Table 2. Thermal properties for different part of the building

Thermal resistance Thermal
Type - Uninsulated resistance -
yp building Insulated building
(m2k/W) (m2k/W)
External 0.67 1.72
wall
Internal 0.46 0.46
wall
Roof 0.83 1.75
Floor 1.79 1.79
Window 0.17 0.37

As mentioned before, EnergyPlus software was used for the
energy simulation of the building. Because this software has been
previously evaluated and good matching between empirical and
numerical data has been obtained, it can be concluded that the
numerical results of this study are dependent on the modeling
assumptions outlined as follows [2, 7]:

— The number of people in the building was taken four with the
minimum fresh air of 8 I/s for each person.

— Maximum heat gain form lighting and other electricity
equipment was assumed to be 4.2 W/m?, which changes with
occupancy schedule.

— The comfort temperature was set to be 21 °C during heating
period and 26 °C during cooling period.

To focus on the roof thermal behavior, energy efficiency of
different roofing techniques were compared based on the annual
thermal loads of the building. However, for environmental impact
assessment of different roof coverings, a typical HVAC system was
modeled to obtain the actual air-conditioning energy consumption
of the building. In this regard, a natural gas heating system with
efficiency of 85%, and an electric cooling equipment with COP of 3
were considered for air-conditioning, in order to compute building
energy consumption from thermal loads. The average emission
factor was assumed to be 187.6 g/kWh and 638.555 g/kWh, for
natural gas and electricity, respectively [8].

Results and Discussion
Thermal performance, energy savings and carbon impact of cool
and green roofs are compared in the following sections.

It is worth mentioning that, in order to find a correct
understanding of the annual thermal loads of the building due to
the effects created by the cool and green roofs, the total energy,
which is the sum of the cooling and heating loads without taking
into account the efficiency of the air conditioning systems, is
chosen as a criterion for finding the optimal roof solution.

Thermal Comfort

Evaluation of thermal comfort in buildings without air-conditioning
systems, such as some warehouses and workshops as well as
residential buildings which are uninhabited most of the year, is of
paramount importance.

Figure 2 shows the operative temperature, as a measure of
indoor comfort conditions, for different roofing techniques under
the hottest day of the year for two types of non-insulated and
insulated buildings. As shown, it is clear that in addition to reducing
the maximum temperature, the thermal insulation of the building
has also moderated the indoor temperature fluctuations. For the
non-insulated building design, the maximum operative
temperature is between 29.6-35.4 °C, while for the insulated
building, this value is between 28.7-33.8 °C according to the type
of roof coating. Also, the difference between the maximum and
minimum operative temperature for two types of non-insulated and
insulated buildings is between 2.6-3.3 and 1.5-1.6 ° C, respectively,
depending on the type of roof technique used. In the following, the




potentlal of different roof coverings In reducing the average and
maximum operative temperature Is reported.

The wet green roof has the best thermal performance on the
hottest day of the year for both types of non-Insulated and Insulated
bullding deslgns by reduclng the Indoor operative temperature as
4.7 °C (14.2%) and 4.2 °C (13.1%) on average basls and 5.1 °C
(14.6%) and 4.2 °C (12.9%) on maximum basls, respectively.
Meanwhlle, the dry green roof caused an Increase of nearly 0.8 °C
(2%) for both types of bulldings. It Is known that In a dry green roof,
the effect of Increasing solar absorption by the vegetation for
blologlcal actlivitles causes a signiflcant Increase In [Its
temperature compared to a conventlonal roof, however, for a wet
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green roof, the effect of Increasing the senslble and latent heat
losses as a result of watering the vegetatlon Is more dominant
respect to solar absorption.

For cool roofs with an Increase In the solar reflection
coefflclent, the mean and maximum operative temperature
reduces between 1.1-3.5 °C (3.4-10.6%) and 1.2-39 °C (3.5-
11.4%) for non-Iinsulated bullding and between 1.0-3.2 °C (3.1-
10.0%) and 1.0-3.3°C (3.1-10.0%) for the Insulated bullding,
respectively, compared to the conventlonal roof.
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Figure 2. Variations in operative temperatures of the (a) uninsulated and (b) insulated buildings for the hottest day in Kerman

Energy Savings

The results of thermal dynamic simulation related to the heating
load, cooling load and the total alr-conditloning energy
requirement of the bullding for the studled roofs, related to two are
deplcted In Figure 3.

Due to high reflectance, cool roofs return a major part of the
solar radlation Incldent on the roof which Increases space heating
energy between 11-52% according to the solar reflectlon and the
type of bullding deslgn. Meanwhlle, In the summer, the high solar
reflection coefficlent of these coatings has a posltive Impact by
reduclng the cooling energy demand by 22-65. Overall, for non-
Insulated bulldings, cool roofs with albedos of 0.5 and 0.7 have the
same thermal performance as conventlonal roofs In terms of the
total annual energy requirement, whlle the cool roof with
reflectance of 0.9 Increases the total energy requirement by 4.5%
for the case study. However, applying the Insulated cool roof
reduces the total annual energy requirement between 3-5%
depending on the solar reflectlon coefficlent of the coating.

The wet green roof has the best thermal performance for both
types of non-Insulated and Insulated bulldings with 19.6 and 34.5%
of total annual energy reductlon, respectively. For these types of
roofs, the heating load Is almost the same as the conventlonal roof,
but thelr coollng effect In summer has reduced the coollng load by
about 75% for both types of bullding deslgns. The dry green roof Is
the only roof technlques that saves energy In the winter due to the
enhanced Insulatlon effect of the dry soll layer. However, due to the
low water content of vegetatlon In the summer In this climate and
also the Increased absorptlon of solar radlatlon, this roof has
Increased the demand for cooling energy between 18-23%
according to the type of bullding design.

Environmental Impact

The alm of this sectlon Is the environmental Impact assessment of
applying the different roof solutlons for the case study. For thls
purpose, the annual CO2 production per conditloned floor area
assoclated with both coollng (electriclty) and heatlng (natural gas)

energy consumptions as well as watering green determined and
compared with conventlonal roof. Figure 4(a) shows the possible
reduction In CO2 emisslons to atmosphere from a resldential
bullding located In Kerman by retrofitting roof technique based on
this study. These results are also provided In percentage devlation
In Figure 4(b). As can be seen, roof technlques In uninsulated
bullding result In higher reduction In CO: releases than Insulated
bullding, however the latter one has higher percentage reduction
potentlal due to lower reference alr-conditioning energy
consumptlon (carbon emisslon). The wet green roof Is the most
environmental frlendly roof technlque, as It can decrease the
operational CO2 emisslons by up to 56.5%. Also, cool roofs can save
11.3-36.6% carbon release In bullding. However, dry green roof has
negative environmental Impact due to higher coollng energy
requirements than conventlonal roof for the case study.

Concluslons

This paper evaluates the thermal comfort, energy savings and
carbon emisslons of cool and green roofs In a dry and desert area
of Iran. The maln results obtalned from this research are as follows:
- The use of sultable roof technlque can reduce the average
and maximum operative temperatures on the hottest day of the
year by 3.1-14.2% and 3.1-12.9%, respectively, according to the
type of roof solution and bullding deslgn.

- For the case study, cool roofs reduce the coollng load by
22-63%, whlle they Increase heating load by 11-52% compared to
the conventlonal roof. Consldering this conflicting effect and the
predominance of heating loads In Kerman, the use of cool roofs for
non-lnsulated bulldings does not have a signiflcant effect on the
total annual energy savings (less than 1%).

- From the energy and environmental perspectives, the wet
green roof Is the optimal roof technilque for the case study. It
reduces the total annual thermal loads by 19.6 and 34.5%, and
carbon emilsslons by 45.3 and 56.5%, for uninsulated and Insulated
bulldings, respectively.
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Insulation of all types of buildings for optimal use of energy in Iran

By Dr.Amin Hadidi
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- Continental Mediterranean climate

Fig. 1: Climate map and three representative cities used in this study

Table 1: Geographical and location data (design temperature based on %99.6)

i City
No. Climate conditions
Ahvaz Tehran Tabriz
. . Hot desert Semi-arid Continental

1 Climate condition climate cold climate Mediterranean climate
2 Latitude (%) 31.33 35.68 38.08
3 Longitude () 48.67 51.32 46.28
4 Elevation above sea level (m) 21.94 1191 1361
5 WMO1 station identifier 408110 407540 407060
6 ASHRAE climate type 1B 3B 4B
T Maximum DBT2 (°C) 47.8 38.7 35.7
] Coincident WBT= (°C) 28.2 22.2 18.4
9 Minimum DET (°C) 4.8 3.4 A1

1
2
3

Dry Bulb Temperature
Wet Bulb Temperature

World Meteorological Organization
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Fig. 2: Building’s architectural plan

Zone Occupied Occupied Fresh Air Occupancy External walls
floor area Volume (m3) Ventilation Density Area (m2)
(m?2) (1/s) (people/m?)
Building 89.1 250 7.5 0.02 106.82
Table $2-: Basic characteristics of the zone
Construction  \er(averiis  Thickness  TOnEEL Specificheat  Density
outside) (m) (W/(mk)) Capacity(J/kgk) (kg/ms3)
1) Humidi
( .} . ity 0.01 0.23 1000 1100
insulation
(2) Mortal 0.02 1.8 840 2100
Roof (3) Piece brick 0.05 0.04 1400 15
(4) MW stone wool 0.15 0.46 840 1300
(5) Ferro Concrete 0.02 11 1000 1600
Table 3: Physical properties of roof materials
Glazing type U (W/m2 K) SHGC
Double, 8 mm 13 mm are clear
' (UPVC frame) 2.51 0.704
Table 4: Physical properties of the window
= Thermal cnnductivity Thermal conductivity i =
Type Wall Layer Thickness  p;vided by manufacturer measured EIFEELTE I Densrt; i3
(1) Facade Brick 0.03 0.74 - 840 1850
(2) Mortal 0.02 18 - 840 2100
A (3) Extruded Polystyrene 0.05 0.04 0.039 1400 8.3 1.65
(4) Brick Block 0.15 0.46 - 840 1300
(5) Clay Plaster 0.02 11 - 1000 1600
(1) Facade Brick 0.03 0.74 - 840 1850
(2) Mortal 0.02 18 - 840 2100
(3) Brick Block 0.1 0.46 - 840 1300 110
B (4) Extruded Polystyrene 0.03 0.04 0.039 1400 8.3 "
(5) Block Brick 0.07 0.46 - 840 1300
(6) Clay Plaster 0.02 11 - 1000 1600
(1) Facade Brick 0.03 0.74 - 840 1850
c (2) Mortal 0.02 18 - 840 2100 05
(3) Brick Block 0.2 0.46 - 840 1300 -
(4) Clay Plaster 0.02 11 - 1000 1600
(1) Facade Brick 0.03 0.74 - 840 1850
b (2) Mortal 0.02 18 - 840 2100 045
(3) Ferro Concrete 0.2 25 - 1000 2400 :
(4) Clay Plaster 0.02 11 - 1000 1600
(1) Facade Brick 0.03 0.74 - 840 1850
(2) Mortal 0.02 18 - 840 2100
E (3) LECA Block 0.2 0.23 0.21 1000 200 0-94
(4) Clay Plaster 0.02 11 - 1000 1600
(1) Facade Brick 0.03 0.74 - 840 1850
(2) Mortal 0.02 18 - 840 2100
F (3) AAC Block 0.2 0.47 0.119 840 515 125
(4) Clay Plaster 0.02 11 - 1000 1600

Table 5: Physical properties of wall materials
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Fig. 3: Ahvaz, Tehran, and Tabriz meteorological information: a) hottest days; b) coldest days

Fig. 4: Materials used in the building simulation
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5 Study of Error
Type This study Heydarietal [41] % m Source” Cost Per KWh Energy
Cooling Load 201 4217 49 (s
(b yeor)/m? - j ]
eyt 1682 17637 468 Heating Load (Natural Gas) 0.011
Total Load
(KWh/year)/m? 2083 ases «wm Cooling Load (Electricity) 0.018

Table 6: Validation of the simulation using Design-Builder for the city of Tabriz

* In Iran, the most common type of consumable fuel in cooling systems is electricity and natural gas in heating systems.

Table 7: Cost of energy in Iran

Thickness
Wall Type Construction (m) Cost ($/m2) Cost of the external walls (S)
Extruded Polystyrene 0.05
A . 6.8 T726.37
Brick Block 0.15
Brick Block 0.1
B Extruded Polystyrene 0.03 7.5 801
Brick Block 0.07
C Brick Block 0.2 5.8 620
D Ferro Concrete 0.2 43.6 4657.35
E LECA Block 0.2 10.6 1132.3
F AAC Block 0.2 84 897.3
Table 8: The cost of the proposed insulations
Total
- Wall ine load Heating Heating Cooling load Cooling Cooling saving External
imate Type 5 ) Ioad load cost ) Imd load energy  walls cost b‘Bﬂ! )
O saving % s) (kWh/y saving%  cost (S) cost (]
($/vear)
A 3004.8 10 33 11417 223 205.5 628 726 1.7
B 30494 8.7 335 12146.3 174 2186 49.3 801 3.7
Hot desert H 3340.7 - 36.74 14699.6 - 264.6 - 620
climate (Ahvaz) D* 3839.7 % 422 199709 k& 3595 - 4657 -
E 3126.1 6.4 34.4 126989 13.6 2286 38.3 1132 133
F 3061 84 336 120123 18.3 216.2 515 897 54
A 72339 212 79.6 6652.4 19 119.7 49.7 726 21
Cold s arid B 7613.8 17 83.75 70124 14.7 126.2 39 801 4.6
d:w"'“ C 9179.8 - 101 8220.6 R 148 . 620
(Tehran) D* 11967.8 &k 1316 10672.6 k& 1921 - 4657 -
E 7987.6 13 879 7269.4 116 130.8 30.3 1132 17
F 7570.9 17.5 83.3 69415 1556 125 40.7 897 6.8
A 13634.1 23 150 2844.3 12.8 B12 523 726 2
Medi B 144709 18.3 159.2 2943.5 9.8 B3 41.3 801 4.4
- nu"’_’"“"“?" c 177115 i 1948 32635 58.7 ; 620
di (Tabriz) D* 236204 *% 260 3948.6 *% 71 - 4657 -
E 15233 14 167.5 3003.5 8 b4 32 1132 16
F 14350.8 19 157.8 29214 105 b26 43.1 897 6.4

Table 9: Annual savings on heating and cooling loads due to the use of various walls

* Because wall type D has large energy losses and much greater installation costs than other walls, its payback period is unreasonable. It results in drastically different

energy losses than other types of walls.
** Higher energy consumption than wall type C
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Wankel Engine Modeling and Comparison with a Conventlonal Internal
Combustion Engine

Arash NourbakhshSadabad3,

Mahdi Nami Khalilehdeh %, Seyyed Faramarz Ranjbart
1. Department of Mechanical Englneering, Faculty of Mechanical Engineering, Unlversity of Tabrlz, Tabrlz, Iran

Abstract

Conventional internal combustion engines are a major cause of pollution and major source of emission of gases such as NOx, CO and other
major greenhouse gases such as CO2 and NO-. In order to reduce the emission of pollutant gases, innovative ways are utilized like; injecting
water or steam in the combustion chamber in order to reduce the temperature of the combustion and reduce the production rate of gases like
NO and CO, which their production rate highly depends on temperature. In the current study a Wankel engine is modeled and compared to a
conventional internal combustion engine. In Wankel motor the time that gasses spend in the combustion chamber is reduced so the time for
formation of pollutants are limited. Thus, emission is controlled. Wankel engines have less combustion temperature and pressure ratio
comparing to 4 stroke reciprocating internal combustion engines.

Keywords: Wankel Engine, Internal Combustion Engine, four stroke engines, combustion temperature.
1. INTRODUCTION

Wankel engine is a rotary internal combustion engine. Most common emission of these internal combustion engines are NOx,
CO, volatile organic compounds (VOC), and unburned hydrocarbons (UHC). The amount of NOx emission is highly dependent on
the temperature of combustion chamber. Higher temperature causes more production rate of the pollutants. But care shall be
taken regarding the excessive decrease of the combustion chamber temperature, because too much decrease of temperature
causes incomplete combustion, Knocking and Coke formation.

Nitrogen oxides are formed within two basic reactions known as Zeldovich reaction. Most of the nitrogen oxide formed
within the combustion chamber is a resultant of these reactions. Also, some NO is formed at the primary stages of combustion
due to bonding of oxygen and nitrogen molecules, but the amount produced is negligible.

So based on the explanation provided, it seems there can be three ways of controlling the pollution. First is controlling
the temperature, second is controlling the pressure and third is controlling the reaction time which combustion gases spend in
the combustion chamber.

2. PRINCIPALS OF COMBUSTION

In order to model a combustion chamber thermodynamic principals such as first and second law of thermodynamic,
Conservation of atomic species and combustion kinetic is used.[1, 2]
- Conservation of atomic species

n

Z v{ M, = i v, M, 1)

In eq.1, M; represents the it» chemical component, v; , is the stochiometric index of the ith chemical component and i is
the number of chemical component present in the reaction.

- First law of thermodynamic
The first law of thermodynamic states that in a steady-state, steady-flow system, the amount of enthalpy balance at inlet and

outlet shall be equal.
Z mn; E:’ = Z n; ﬁ:» (2)

inlat mutlat

In eq.2, ni represents the mole of chemical components of each species and hi represent the enthalpy of the respective
species.

-second law of thermodynamic
Using second law of thermodynamic and assuming the reaction to be equilibrium, the reaction constants can be calculated.

—AG®
;7 = — 3
InkK, e 3)
n (4)
46° =) ("= v )T
=1
pEv- (5)
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In eq.3 to eq.5, AG° is the Gibbs free energy, gf is Gibbs function. X; represents the mole fraction of each chemical
component of reaction and P is the pressure.

3. REACTION MECHANISMS

Different reaction mechanisms have been proposed for methane oxidization with air, but the most commonly know mechanism
is GRI-Mech 3.0 which was developed at Berkley university. This mechanism includes 53 chemical component and 325
equilibrium reactions (650 reaction in total). Other mechanisms such as Konnov, C2-NOx, C1-C3 and zeldovich can be utilized to
predict the amount of NOx production and the rate at which it is produced.[3]

3. ZELDOVICH MECHANISM

this mechanism is one of the simplified mechanisms in order to predict the amount of NOx emission and includes three
equilibrium reaction which are shown in figure 1.

O+N, ®NO+N
N+0, ©NO+0,

N+OH < NO+H.

Figure 1. equilibrium reactions of zeldovich mechanism
4. MODELLING

In order to model the Wankel engine, first complete combustion is modeled. then assuming the reaction in equilibrium state,
the combustion is modeled for instantaneous combustion. Also using the results of equilibrium code, the NOx emission is
predicted using zeldovich mechanism. In order to study the effect of residue time of the combustion gases in combustion
chamber on the NOx formation, the combustion chamber is considered as a Perfectly stirred chemical reactor and continuity,
energy and momentum equations are applied to the reactor. In order to model the combustion in equilibrium state a 10-
reaction mechanism is utilized which is provided in figure 2.[4-6]

N, 2N

0,20

H, ©2H
0,+H,«<20H
0,+2C0+2CO0,
0,+2H,0-40H

Figure 2. equilibrium reactions mechanism
5. LITERATURE REVIEW

Many CFD simulations have been conducted on Wankel engines. Studying these simulations gives a good understanding of
what to expect and how the out come of the modelling using the fundamentals mentioned in sections 2 to 4 should be. The
likelihood of NOx formation and the region of NOx formation whereabout will be clearly visible in CFD studies.

Figure 3. equilibrium reactions mechanism[7]

implementation loss [SESEE———_
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Figure 4. CFD Simulation of a Wankel Engine[4]

As Can be Seen in figure 4, pollutants at the end region of the engine is way up higher than the other regions of the
engine. It is due to the prolonged interaction of gases being in reaction with each other more than they should be which gives
them enough time to react and form pollutant gases.

6. INPUT DATA
Input data in order to model the Wankel engine is provided in table 1.

Table 1- input data for modeling Wankel engine

Input data amount
Combustion chamber working pressure 3.9 (bar)
Mass flow rate of fuel (100% Methane) 0.0712 (kg/s)
Flame region temperature 1800 (K)
Reactor cross sectional Area * Length 0.0471 (m"2) * 120 (mm)

7. RESULTS
The amount of NOx estimated to be produced based on Zeldovich Reaction is specified in table 2. Also based on calculations
done for PSR, the amount of NOx during the length of the PSR is shown in figure 5.

Table 2- NOx Emission estimation based on Zeldovich mechanism

NOx Emission estimation (Zeldovich [NOx Emission estimation (GRI Mech

Mechanism) 3.0) Error

NOxpeg, (PPM) 29.25 29.20 0.17 %

2.920%x10°
2.915x10°

2.910x10°

Mole fraction of NO

PPN NS AP B |

2.905x10° sl
*1%0.00 0,02 0.04 0.06 0.08 0.10 0.12

Distance of PFR1 (m)

Figure 5. NOx Formation vs. the length of the PSR
8. parametric Studies
As shown in section 7, results indicated that the temperature of the combustion chamber can play a vital role in reducing the
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emission of pollutant gases resulting from combustion. In order to find the optimized temperature of the combustion chamber
a parametric study is conducted in order to find the optimum temperature. It is evidently clear that the combustion chamber
temperature can be controlled by the amount of excess air entered in the combustion chamber. So, the parametric study is
based on the air mass flow rate.

=

1150
1145
1140 |
1135
1130

1125

1 el | -
090 095 1.00 1.05 1.10
Air Mass Flow Rate to Core (kg/sec)

Exit Temperature of Combustion Chamber (K)

Figure 6. Combustion chamber exit temperature vs. inlet air mass flow rate

As was predicted, the amount of inlet air mass flow rate has invers effect on the combustion chamber outlet temperature
which is a measure of the combustion temperature.

45x10°
4.0x10°
35x10°
3.0x10°
25x10°

20x10° & o 1 Lyvuud
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Figure 7. NO mole fraction vs. inlet air mass flow rate
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Figure 8. CO mole fraction vs. inlet air mass flow rate
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Figure 8. Unburned hydrocarbons mole fraction vs. inlet air mass flow rate

As can be seen in figure 7, with increasing the inlet air mass flow rate the zeldovich reaction behaved proliferatively and NO
emission actually increased. So, this method could not be feasible. Another way of controlling the combustion temperature is
to insert air in the after-flame region and cool the gases resulting from combustion. The results are provided as follow:
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Combustion Chamber Exit Temperature (K)

Figure 7. NO mole fraction vs. inlet air mass flow rate
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Figure 8. CO mole fraction vs. Inlet air mass flow rate

1.0x10°
9.5x10°

9.0x10°

BAARERERARERRE AN

Mole fraction of CO

8.5x10° I L J
1.8 1.9 2.0 21 22
Air Mass Flow Rate to Post flame zone (kg/sec)

Figure 8. Unburned hydrocarbons mole fraction vs. inlet air mass flow rate

0.0016
0.0014

0.0012

L M| L | |
8 1.9 20 21 2.2
Air Mass Flow Rate to Post flame zone (kg/sec)

-

0.00101

Unburned hydrocarbons (ppm)

Figure 8. Unburned hydrocarbons mole fraction vs. inlet air mass flow rate

As was shown, this method is more productive in controlling NO emission but UHC emission is now an issue. So based on
Emission regulation of each region each of the design can be utilized.

9. CONCLUSIONS

In this article a internal combustion Wankel engine has been modeled, using thermodynamic and combustion fundamentals.
To achieve this, first and second law of thermodynamic, conservation of atomic species, chemical equilibrium and chemical
reactor have been utilized. The aim was to estimate the emission of pollutant gases such as NO, CO and UHC. It was concluded
that due to lower pressure ratio of the Wankel engines and reaction gases having less time to react together comparing to
conventional internal combustion engines, the amount of emission in Wankel engines are lower. But according to the
parametric studies performed on temperature of combustion, it is evidently clear that, it is a double-sided deal regarding the
temperature of the combustion chamber. The lower the temperature of combustion the lower the emission of NO and CO but
the stability of combustion is lower thus the UHC emission will be higher. In order to lower the UHC at the outlet the
combustion temperature shall be increased which will increase the production rate of pollutant such as NO and CO. so
according to the parametric study conducted in this article an optimization between these parameters shall be done.
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The development of new energy sources is necessary to sustain our current lifestyle. This occurs due to the fact that fossil fuels have a limited life
span. Hence, the use of renewable energies, the use of which is unlimited, will be of utter importance. Moreover, in 2009 the European Union (EU)
has established that %20 of final energy consumption should come from renewable sources in 2020.

In relation to renewable energies, the future will be directed toward its use in the marine environment. In this sense, offshore wind will make a
substantial contribution to meeting the EUs energy policy requirements through a sharp increase - in the order of 40-30 times by 2020 and 100
times by 2030 - in installed capacity compared to present day. Otherwise, the distance to the shore and the depth are the main constraints in this
technology. Thus, thet next step is to develop floating structures, which can operate in deep waters. In this context, two different floating platforms
prototypes have already been installed: spar substructure called Hywind in Norway and the WindFloat semisubmersible platform in Portugal.
However, one of the most important difficulties in the development of a new technology is the absence of procedures which allow us to evaluate
the costs of the floating structures. In this sense, there is an approximation to the cost of a spar system which describes the general costs, but
which has not taken into account the relationships between variables . Furthermore, other studies are focused on technical or theoretical aspects.
Considering that the availability of knowledge in relation to floating wind farms is scarce, cost experiences of fixed offshore wind energy or onshore
wind energy can be used as a starting point, being useful to determine tariffs in the future

Therefore, the main objective of this article is to hbecome aware of what the main costs are involved in a floating offshore wind farm and which are the
fundamental variables involved in each phase of their life cycle. In addition, three different floating platforms will be considered: semisubmersible,
Tensioned Leg Platform (TLP) and spar. Results allow us to be conscious of what the most important costs are and minimize them in the future
improving the competitiveness of floating wind farms.

Methodology

The study of the life-cycle can be considered in several ways: the economic, the environmental, among others. Nevertheless, the methodology used
for the present analysis is based on the Cost Breakdown Structure (CBS), which is part of the life-cycle cost system of the floating offshore wind farm
.CBS defines the main costs and sub-costs taking into account the disaggregation of the process.

Firstly, the main phases in the process of the floating offshore wind farm are defined.

Definition phase

The definition phase is composed by all the preliminary studies needed to carry out the floating offshore wind farm as, for instance, the economic
viability of the project, the environmental and wind resource studies which indicate the best exploitation area, etc. In this sense, the definition cost)
will be composed of three main sub-costs: market study cost, legislative factors cost and farm design cost. In this sense, the legislative factors.

Several types of results will be analysed according to each type of floating platform considered: the percentage of the costs, the value of the cost of
each phase of the life-cycle and the value of the total cost in each point of the coast.

Firstly, the percentage of the cost of each life-cycle phase will be useful to determine in the future the main stages to consider when a floating
offshore wind farm is to be developed. It has been calculated as equation indicates and where Ci is the...

Conclusions

The present study has formulated the costs involved in a floating offshore wind farm taking into account the six phases of its life-cycle: definition,
design, manufacturing, installation, exploitation and dismantling. Furthermore, their main dependences, whose influences will be developed in
future studies, have been defined: wave height, speed of the current, wave period, scale parameter, shape parameter, depth, distance to shore,
distance from farm to shipyard, distance from farm to port.
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Interview with Dr.Ranjbar, Professor of Faculty of Mechanical Engineering

Arash Nourbakhsh:
Mr. Dr. Ranjbar, thank you very much for taking the time to meet with me. Please introduce yourself briefly.

Dr. Ranjbar:

Hello and respect to you, dear friend and esteemed host. | have thirty-five years of experience in the field of mechanical engineering. | have carried
out various executive works in different parts of Azerbaijan, especially in the areas of rural water supply, street paving, and road construction. Due
to my interest in the university, | came here.

for the past 20 years, | have designed and built mechanical laboratories for various universities.

Arash Nourbakhsh:
Thank you very much. Dr. can you explain an experimental experience for me?

Dr. Ranjbar:

It is a vast and diverse experience, but in terms of interdisciplinary fields and activities, | have been involved in measuring pressure, flow rate,
temperature, etc., using new and electronic methods. We have equipped all of these with electronic gauges and used three software interfaces -
LabTech, LabView, and AdamView - for measuring and transferring data that can be visualized and observed on a computer.

Arash Nourbakhsh:

In your opinion, Dr., what positive features do these software have, and based on your experience, what additional features did these software
provide for you, and how could their performance be improved?

Dr. Ranjbar:

Well, you know, the field of mechanics is very diverse. In fact, it can be said that the computer program was very compact and simple. Ib>s not about
me coming up with fancy graphics or 3D images from calculations. What | want to say is that all the equipment that | have worked with in the field of
engine testing, including diesel and marine engines, is actually uploaded with these three software or computer programs and then connected to
measurement gauges and sensors for temperature, flow rate, etc.They are simple. Very easy, there is no need to study heavy software as | mentioned
before. They all come on paper and in articles. What we need to do is to have a simple operator bring very suitable and more accurate results quickly
and be able to examine different modes of results.

Arash Nourbakhsh:
Thank you, Dr.
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Interview with laboratory expert at the University of Tabriz
By Yalda Karimi, Student of Tabriz University

Yalda: Well, Mr. Engineer Abbasi, please introduce yourself. Tell us about your academic background and what you are currently working on.

Abbasi: | am Mohammadreza Abbasi. | have a Bachelors degree in Manufacturing Engineering and a Mastens degree in Mechanical Engineering
with a focus on energy conversion. For many years, | have been involved in research and production work with my Bachelons degree in manufacturing.
After joining the university as the head of the Fluid Mechanics laboratory, | pursued my Mastenrs degree in the field of Fluid Mechanics, Two-Phase
Heat Transfer, and so on.

Yalda: Could you share a few examples of your experimental work and experiences in this field?

Abbasi: Since 2000, | have been a laboratory research and educational heat and fluid mechanics specialist. During my more than twenty years here,
we have conducted various research projects and purely research-based projects. Our work areas have been very diverse; we even measured the
vibration of the pen lathe here using specialized tools that our colleagues had. We conducted experiments related to two-phase flows, such as liquid
flows and gas bubbles, liquid flows and gas flows, liquid flows and solid particles, both in the fields of heat transfer and hydrodynamics in terms of
pressure drop in bends over length, and so on. We tested electrochemical pumps here. By testing, | mean that we both modeled them, collected data,
tested them, and optimized them. We had numerous projects, and one of the other works we did here was related to rotary machines. We worked on all
the pump turbines currently used in the industry, almost as a research project here, alongside completing postgraduate and doctoral supplementary
education projects. We worked on axial pumps and centrifugal pumps.

Yalda: Could you tell us about a project that you were fully involved in?

Abbasi: Here our main focus is on fluid hydrodynamics and heat transfer. Because one of the current topics in the industries worldwide and even one
of the common problems in industrial sectors is the discussion of heat transfer in all equipment, whether they are small and intricate or large. If the
heat from these equipment is not dissipated, they will not function at their full capacity. Due to this issue, we conducted a large number of specialized
experiments to dissipate heat from all the tools we had here. One of the most important tasks we performed here was spring cooling. It is crucial
because when the flow becomes two-phase, especially at very high temperatures, the heat transfer behavior changes and becomes unpredictable.
Furthermore, simulating this task with software is quite challenging. When we experimentally perform this task, it becomes extremely difficult, and
the difficulty arises from the fact that we need specialized tools for measurement, measurement instruments, and even specialized tools for observing
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the phenomenon. All of these factors are interrelated, making the execution of such projects really challenging.
Yalda: Could you tell us about the tools you used here for this work?

Abbasi: When we started the spring cooling, we didn't have many tools available, so in the first step, we began spring cooling without boiling. This
means that the temperature on our surface did not rise high enough for the fluid to start boiling. The maximum temperature of our surface was
only ninety degrees Celsius, which, of course, can be a common issue in many industries in Iran and even outside of Iran today. In the next step,
we performed the same spring cooling with boiling. This means that the surface temperature increased to one hundred and fifty, two hundred, two
hundred and fifty, three hundred and fifty degrees, as far as the measurement instruments allowed. When boiling occurs, the whole situation changes
significantly. All your tools must be suitable for this situation, meaning they should be able to withstand high temperatures without getting damaged.
While enduring this high temperature, they should also be able to perform the necessary measurements accurately. This was one of our challenges.
Acquiring such a data logger was expensive, so we decided to build it ourselves. We thought, lebs make it ourselves and reduce the cost because
we had the specialized knowledge, and we only needed to buy the equipment. We built the necessary data logger. Alongside this, we use high-speed
cameras to observe the phenomena that occur at high temperatures. One common issue in industries is the Leidenfrost point. When, for example, we
are working with water for cooling, when the surface temperature rises above one hundred and fifty degrees Celsius, the water that comes into contact
suddenly starts to evaporate and jump up on the surface, and this is called the Leidenfrost point, which is a significant problem. For observation, we
use these high-speed cameras to capture a thousand frames per second, and by processing the images with Matlab, we analyzed this issue. Through
this image processing and photography, we can measure the speed of particles or spray droplets.

Yalda: What was the result of the work? What happened as a result?
Abbasi: The result was a couple of articles and a doctoral thesis.

Yalda: What did the practical work lead to? What was your output?

Abbasi: We achieved very good results that could help us identify the mechanisms to solve the existing problems. This could potentially address one of
the common issues in industries.

Yalda: What software did you use? What were the features of the software?

Abbasi: We utilized Ansys for fluid flow and heat transfer analysis. We worked with Fluent and Workbench. Additionally, we used SolidWorks and CFX.
These two software have great capabilities for two-phase flow and heat transfer. For single-phase flow without heat transfer, we used Star-CCM+. We
also used a hit of Comsol in the early stages.

Yalda: How did you validate your work?

Abbasi: The work we did, especially with boiling, had no external samples in that temperature range. We collected the best articles that were close
to our work, whether experimental or numerical. We derived a unified output from these results and compared them with our work, noticing that our
results were very close to theirs, with minimal differences. We used this for the validation of our work.

Yalda: Can you tell us about some of the challenges you faced in the experimental work? What did you personally encounter?

Abbasi: The term «experimental work challenges» is a small phrase to describe the difficulties in experimental work. It is a path full of ups and downs,
but you must enter it with passion, have a lot of patience, and acquire a significant amount of knowledge.

Yalda: You mentioned using multiple different software, couldn:t all the analyses be done in one software?

Abbasi: | mentioned that the work we were doing was not being done by anyone we had access to, no one was doing two-phase flow at that temperature
and everyone we asked didn:t have precise information. That»s why we took the initiative with trial and error, meaning | started with Fluent, then moved
on to CFX, Comsol, and so on until | found that CFX had the best performance.

Yalda: What features convinced you to use CFX?

Abbasi: The userinterface of CFX was much easier for me. Additionally, its set of equations was much more comprehensive. Moreover, the heat transfer
discussion in CFX was much easier to handle and provided me with more accurate results even compared to Fluent. However, for example, Comsol
does not provide much response in terms of heat transfer.

Yalda: Is there anyone you recommend we interview to discuss these experimental works?

Abbasi: One of these respected professors is Dr. Jafari, who is truly excellent and experienced in experimental work and student projects.
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