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An experimental study on the
dynamic behavior of vortices
generated inacircular path

Thermodynamic Analysis
ofa Power Generation
System Utilizing

Energy, exergy and economic
analysis of a hydrogen
liquefaction process

Fuel Mixing enhancement of
Transverse Coaxial Airand .
Fuel Jet by Upstream Shock...
Usage of computational
method for hemodynamic
analysis of Intracranial...

Interview with Dr.Hadidi .

Anintroduction to

perovskite solar cells

Interview with a Postdoc
.student, Dr. Sharifi
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Investigation of Effects of Trend and Complexity of Hydroclimate and Vegetation Cover
Variables on Groundwater Table Using Wavelet-Entropy and Mann Kendall

Water resources Sustainable planning and management requires a detailed study of factors affecting its behavior, including climate and human
change factors. The present study aims to investigate the trend and energy complexity of hydro-climatic parameters including discharge,
precipitation and temperature and vegetation cover (VC) in Zilbierchay catchment, East Azerbaijan, where groundwater table has experienced a
sharp drop in recent years. To this end, the groundwater table (over 18 years interval), discharge, precipitation, temperature and VC (over 30 years
interval) were examined using Mann-Kendall trend test for monitoring the variations at significance levels of 95% and 99% in monthly and yearly
scales. The parameters in three 10-year intervals (groundwater in two intervals) were decomposed using Daubechies mother wavelet (db2) analysis
at 5 time levels, afterward, entropy of the details and approximate coefficients were calculated. The results indicated that the reduction of
groundwater table and discharge at the level of 95% and 99% were significant. On the other hand, no significant trend was detected in precipitation
and VC, while for temperature, significant increasing trends were observed in most of the months. Changes in the complexity of hydrometric
processes can be due to the changes in climatic or anthropogenic parameters. The result of the complexity analysis revealed that the changes in the
complexity of temperature (about 2% increase) were not significant, while the fluctuations reduction was found in precipitation (about 20%), in
addition the pattern of fluctuations has changed which affected the complexity reduction of discharge (17%) and groundwater table (13%).
Furthermore, increasing vegetation cover area and temperature through raising evapotranspiration as well as reducing discharge and precipitation
intheregion have increased the drasticuse of groundwater. Due to the increasing impact of increasing the vegetation cover of the region onreducing
the water table since 1385, this issue requires operational measures of regional water managers.

Keywords: Water table, Hydrological process, Wavelet-Entropy, NDVI, Zilbierchay basin-East Azerbaijan.
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Annual trend of water level of peziometric wells
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Fig3.Trend in groundwater table atannually scale.
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Table1- Energy of Groundwater level subsets and wavelet entropy
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Period T2 T3

E1 0.049 0.016

E2 0.086 0.130

E3 0.134 0.329

E4 0.107 0.101

Es 0.036 0.133

ZE 0.405 0.709

WE 1.524 1.345
Variations (%) -13.2

*T2=1375-1383, T3=1384-1

393

3ot OWYR-WAY) Jlw A b s ol ban dilnlo iloj Gyms ¥ JSib golanl 32 iilisd st ol edbian yaitia gy S290 il ouima gl V Jouzr
05 53L0j 090 4S Cuwl diiild dogi B LielS ju5 Slilwg Gljae cawl ddelcmwddy | Jouo 4o dS 29y 1-S2 50 jl ool b ppaiceads ol diisls yiaalS yie W
8l i b g Pl glacudled ol ) bl ousuy So 5 Olilwgs LialS .cuwl dibls (ials (\WYR-IFAY) 090 8)90 dy Cous woyd W dgus (IWAY-1AF)
g5 aaldl Glaglwgs b aaldl i pgpho bl diihiio 0 95290 Slrol yidu s S &l iyl )0 uSlgT0 dS 510 s (s jlaw 3| plits § Wbl
o 1 2y chlis ilej 5oy 10 wilglizs § wiS e s ly eSilue 1 Lod § curphy iyl padis Bl gloadlhe Blyoxil g sl 10393 auldl lagsluvgs 1o usbus]
RIS (il 69y 32 RS Likibay crigzad § el gy il ) idins )0 @l (Nourani et al, 2014) cauwl dlibia el Glomgul 10 0355 5 IS g yaaldl s
sl 0 00,975 S g F Y gl 1908 a5 5 s iy etz ol s s BLivgs

Table 2- Energy of temperature subsets and wavelet entropy

9 S250 g Lod Gl Gywyj il ¥ Jguz

Period T1 T2 T3

E1 0.089 0.066 0.058

E2 0.403 0.474 0.501

B3 1.412 1372 1.234

E4 0.429 0.445 0.452

Es 0.320 0.356 0.342

ZE 2.654 2.715 2.589

WE 1.285 1.303 1.328
Variations (%) 1.38 1.88

*T1=1364-1373, T2 = 1374-1384, T3 =1384-1393
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Table 3- Energy of precipitation subsets and wavelet entropy
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Period T1 T2 T3

E1 0.187 0.324 0.169

E2 0.392 0.556 0.317

E3 0.165 0.297 0.054

E4 0.063 0.033 0.018

ES 0.143 0.081 0.039

YE 0.952 1.293 0.599

WE 1.455 1316 1.198
Variations (%) -10.5 -9.9

*T1=1364-1373, T2 =1374-1384, T3 =1384-1393
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Table 4- Energy of discharge subsets and wavelet entropy
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Period T1 T2 T3
E1 0.185 0.263 0.115
E2 0.397 0.354 0.241
E3 0.154 0.148 0.078
E4 0.053 0.075 0.020
ES o012 0.106 0.018
YE 0.902 0.948 0.472
WE 1.415 1.461 1.244
Variations (%) 3.14 -17.36

*T1=1364-1373, T2 =1374-1384, T3 =1384-1393

&l il jo LumSapia o/ BF g o/ DA N/ YA LSy ds dmd duw (355 Lee 4 w0 aUTpabie alSiuul ;o dilmle 3o Glnyusiie gly sdidiwlns u._:g).'hT—IS.'r}d ¥ Jgus
b olyam &5 Cuwl 035 S |y 082958 LIS poaw A3 50 g Sawl 03)5 4y ly 352 LAwlHE] @90 AR 3O 93 Juie 3O Sty Eawwl DU obTyakia oLyl
2 0ME 52 cald SLd Gyaozej Gl dnanlons iy S Oyl 31 )80 S aawl 039 550 TS sy ol prbiww SiLusgs RIS (659552 9 Sawl Lityb Sliluwgs Yiuals
Lad o ziusiyy 1 Gl yusitia (gl AS (Nourani etal., 2014) Cawl 53 diantly (T & by Cosntl 55 350 juitia Slypanitd sy Gl wlia iloj 8,99 8L .us.l.‘% dawlza

waidolo ) gyl ppupidics dinla F g F oA A cudyd do 90 g iyl

b 50 090 A3 3 bl i lS 45 S8)S Az (lgTipe B JSub Bab 0 (sl a2 jUS 53 |) ileilne 0599 duw 53 dulbdunslons oS datra Sl Hludo B S
Sz ABLS 3l )0 599 5 iyl 3o 90 0 guw A 53 Lol .uuwl 035 dusyaxi ) i yEalidl 20 SliLurgs 135 0993 iyl yaie 8 SSuazn LBIS | Sl riym T
Sl by aw 913 wuw) Gl ypzam Lol (530 yaitia 8y g Caansild dlibiio ;3 oual i @alBl 5t 5| oilgSip0 ) ity )0 Sblwgs b LiBIS .Wlodss yi5e

Wavelet-Entropy

Caaiild Suanaz inl8l g )0 Gyl wlio Linlil g cudsS 598l yaudi (5ol BV guae

1.5

0 ‘—l—- Temperature —®— Precipitation —*— Discharge

I I
1374-1383 1384-1393

Period

I
1364-1373

Fig 5- Wavelet-entropy calculated for hydrocimatological variables
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1- Mann-Kendall

2-Entropy

3- Wavelet-Entropy

4- Approximate

5-Sen's slop

6- Multi-Scale Entropy

7-lag

8- Normalized Difference Vegetation Index
9- Daubechies

10- Discrete Wavelet Transform
11- Dyadic

12- Approximation

13- Detailed
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! Loss of power supply probability (LPSP)
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! Dispatch strategy
2 Load following
3 Cycle charging
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An experimental study on the dynamic behavior of vortices
generated in a circular path
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Abstract

The aim of this study is the identification of parameters of initiating,
strengthening or weakening of vortices in fluid flows. In this paper,
initiation of vortices and their dynamic behavior in a liquid filled tank
moving on a circular path have been investigated. An experimental
apparatus has been designed and constructed for investigating the
effects of the radius of the circular path and the angular velocity of
the tank on initiation and dynamic behavior of vortices. Colored fine
grains are used for visualization of the liquid flow inside the tank and a
high-speed video camera has been employed for taking experimental
videos and shots. Effects of acceleration and deceleration of the tank
on its circular path on initiation and dynamic behavior of vortices
have also been considered and taken into account. It is found that
increasing the radius of the circular path of the tank results in
increasing of strength of the liquid vortices generated inside the tank.
Itis also found that the liquid vortices are initiated and strengthened
when the tank is accelerated on its circular path. While deceleration
of the tank on its circular path results in weakening of the vortices
inside the tank.

Keywords: Circular path, Vortices, Acceleration, Deceleration,
Experimental apparatus.

The vortex is a special state of fluid motion in which fluid elements
rotate. The factors that cause vortex flow are: temperature gradient,
viscosity, surface roughness and asymmetry of walls. The main
property of the vortex is that, the tangential velocity in the central
core of vortex is the highest value where the pressure in central core
is the least [1]. The vortex phenomenon is even more important in
meteorology and oceanography.

During the few last decades, numerous experimental and numerical
studies have been conducted on the vortex phenomenon for
understanding its generation and development in fluid flows.
Numerical studies employ discretization techniques for solving the
governing equations of viscous fluid flows for computational simulation
and visualization vortices within fluid flows and investigating their
dynamic behavior.

Ping tan et al. [2] performed an experimental study on the vortex pump
and determined velocity field by P.LV. technique and concluded that
the critical net positive suction head decreases with increasing the
pump discharge rate. They also concluded that the risk of clogging in
this pump is low due to the vortices, and this pump has little efficiency.
Gerlach et al. [3] designed an experimental test to find the clogging
behavior of vortex pump. In the first stage they pumped the certain
flow rate of water with the certain variable number of clogging
textiles from the first tank to the second tank. In the second stage
they pumped the textiles and the water fluid from first tank to itself
for an hour. They concluded from the first stage of tests that in the 4
curved blades impeller the number of remaining textiles in the pump
is more than the 8 straight blades impeller pump. They concluded
from the second stage of test that the oscillations of 8 straight
blades pump are greater than 4 curved blades pump and 8 straight

blade pumps is not suitable for long-term operation. Unal and Atlar
[4] concluded by imaging the behavior of the flow around a cylinder
with presence of a vortex generator and without it, that the vortices
move near the stagnation point behind the cylinder in the presence
of vortex generators. Peng et al. [5] stated that the performance of
the separators depends on the vortex end phenomenon. The results
obtained from the stroboscope method revealed that the vortex end
phenomenon is due to rotation of the vortex core towards the outer wall
and the vortex disappears there. Mir sajedi et al. [6] concluded that
when the internal cylinder rotates, flow condenses near out cylinder
wall and the pressure increases. Changes in pressure and velocity
of the boundary layer cause an imbalance between compression and
centrifugal forces and Taylor vortices are formed. The vortex gripper
is a device that uses rotating air flow to generate the suction force
without direct contact with the body [7]. Wang et al. [ 7] examined the
effect of chamber diameter of the vortex gripper on maximum suction
force. They concluded that, the suction force increases to a certain
extend with increasing of the chamber diameter. This increase of the
suction force is due to an increase of the vortex strength proportional
with chamber diameter. Lim et al. [8] performed an experimental study
to find the circulation of the vortex ring by P.1.V. method and compared
the results with the Pullin and Maxworthy doppler-laser methods. The
results of the circulation calculations showed that, there is a perfect
match between the three methods. They also conducted that P.1.V.
method is faster than the other two methods due to independence
on point calculations. Echavez and Mccann [9] conducted that the
rapid development of the color column following the flow separation
indicates the maximum axial velocity at the vortex core. Paireau et
al. [10] designed an experimental study to investigate the effect of
shear flow on the vortex strength. They used an electromagnetic
field and two submerged disks to generate the vortex and shear flow.
Their experimental flow visualization revealed that by increasing the
strength of the shear flow, destruction of the vortices occurs faster.
Tahershamsi et al. [11] concluded that by defining a non-dimensional
intake number as a function of the Froude number, circulation and
the geometrical parameters, circulation, strength and stability of
the vortex increases by increasing the intake number. Mohammadi et
al. [12] used thymol-blue method and flow visualization to calculate
the velocity. Based on the results obtained for the circulation, they
concluded that, the absolute circulation value in the flow direction
decreases from the high radius to the low radius. Mehdi et al. [13]
concluded that, in the forced vortex the depth of the vortex increases
with increasing the rotational velocity. Also in the free vortex,
they concluded that, the vortex becomes wider and stronger with
increasing the diameter of the hole in the bottom of the tank. M. T.
Shervani-Tabar and N. Shervani-Tabar [14] investigated movement of
location of the tip vortex cavitation along the blade edge in an axial
pump experimentally. They showed that the tip vortex cavitation moves
along the blade edge towards the blade tip and away from the blade
trail due to reduction of the pump»s flow rate. N. Shervani-Tabar et al.
[15] conducted experimental and computational investigations on
the generation and development of the cavitation phenomenon in a
centrifugal pump. They showed that the cavitation phenomenon may
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occur either in the suction side or in the pressure side of the blades of
the centrifugal pump due to its flow rate and also due to its input and
output pressures.

Problem Explanation, Innovations & Aims of Paper
In this research an experimental study has been carried out for
investigating generation of vortices in a liquid filled tank when it
moves along a circular path. For this purpose, an experimental
apparatus has been designed and constructed in the laboratory of
Applied Hydraulics and Pneumatics in the Department of Mechanical
Engineering, University of Tabriz, Iran.

Research Method and Assumptions

Experimental setup

According to figure 1, the experimental testing apparatus consists of
a one horsepower DC motor with the ability of rotate in both clockwise
and counter clockwise directions. A spiral gearbox is installed to
transfer the power of DC motor. Metal structure are installed from
two rods and movable rails with the ability to change height and their
positions. Also at the top of the liquid tank is a place to install a high
speed video camera. The rotational velocity of this apparatus varies
from 10 to 70 rpm with a control box. Due to the different parts of this
apparatus, it finally allows us to produce vortices in the liquid tank and
photograph them.

Figure 1: Schematic representation of the experimental apparatus.

Experimental methods

In this section of the experimental study, to investigate the effect
of the constant rotational velocity (uniform movement) of the liquid
tank on the Strength of the created vortex, the same previous steps
are performed at three rotational speeds of 40 ,30 and 50 rpm in
the constant rotational radius of 50 cm. The output of this part of
experiment is three videos of the effect of constant rotational velocity
on vortex behavior. In the other part of this section, to investigate
the effect of acceleration and deceleration movement on the vortex
strength, water and colored grains are poured into the tank similar to
the previous sections but, the rotational velocity of the liquid tank is
changed by the control box from 30 rpm to 45 rpm for acceleration
movement and vice versa for deceleration movement in the three-
time intervals of 10 ,5 and 12 seconds. The output of this part of the
experiment is six videos of the effect of acceleration and deceleration
movement of the liquid tank on the vortex strength.

Vortex strength calculation

To calculate the vortex strength, the videos obtained from the previous
section are converted to the sequential frames with a time interval of
30/1 sec by a software. Then, the experimental images processed by
using image processing techniques to increase the images resolution
and for precise calculation of experimental results. After this steps,
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vortex equivalent circle (a circle with the largest radius that includes
all the fine colored grains with the movement of the concentric circle
around an axis) is determined. The rotational displacement of the
grains in the middle radius of equivalent circle are calculated to find
the average linear velocity, because the vortices have a quasi-linear
velocity distribution. The average linear velocity is calculated from
previous statements by determining the rotational displacement of
the grains and time interval of the sequential frames. The continuity
equation for steady, incompressible and two-dimensional flow is:

a a
L5 )+ 2o (vg) = 0 1)
According to the circular concentric movement of the fluid elements in
the vortex flow, equation 2 is obtained as below:

v =0 @)
Equation 3 is obtained by substituting equation 2 in 1 as below:

19
—5,(vg) =0 ©)]
As a result from equation 3, the tangential velocity component
becomes a function of the radius. According to the vortex vector
equation and the rotational behavior of free vortex, equation 4 and 5
are obtained as below:

dv
=L _MYerredtjov 28, £¥e
A rdrdé T dr

4

)

The constant value in equation 5 is the vortex strength, which is also
defined as below:

P=Vr'h (6)

In equation 6, 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 6.

Results and Discussion

In this section, the results obtained from the effects of the liquid tank
movement type are presented as a uniform constant rotational velocity
and accelerated motion, as follows:

Uniform movement (constant rotational velocity)
This part of the experiment is performed at the three constant
rotational speeds of 40 ,30 and 50 rpm, at R=50 cm. The cut
processed frames for the constant rotational velocity of 40 ,30 and
50 rpm are shown in figures 3 ,2 and 4, respectively. These cut images
have been used to calculate the vortex parameters and strength. The
calculations performed on these figures are shown in tables 2 ,1 and
3, respectively. According to the tables 2 ,1 and 3, the strength of
the created vortex increases with increasing the constant rotational
velocity so that the strongest vortex is created at Q=50 rpm. The
reason for the strengthening of the vortex, especially at the velocity of
50 rpm, is the increase of the Coriolis force due to the increase of the
relative velocity of the liquid tank.

The video image obtained from the constant rotational velocity of 30
RPM shows that the vortex development process is very slow due to low
effect of the Coriolis force.

The linear velocity of the vortex core displacement increases with




increasing the vortex strength due to increasing the constant
rotational velocity.

Frame 4

——

Figure 3: Cut processed images from vortex equivalent circle forming at constant
rotational velocity of 40 rpm with a time interval of 30/1 sec between the sequential

Frame 6

Figure 2: Cut processed images from vortex equivalent circle forming at constant frames.
rotational velocity of 30 rpm with a time interval of 30/1 sec between the sequential
frames. N
Vortex | Rotational A]}Erage Vortex
Vorte Rotational Averag Vortex radius | displacement | ° ; Eﬂ_;“v strength
X displacemen | elinear | g yopaty — (rad) ';; ;‘m \ {mz /oo
radius t velocity e )/ " /sec)
m " /sec) -
. (mm; (rad) MY eor) Frlan;es 1 0.3438 0.1470 4.1163[Jx10
rame 3.3912x10 L
18 0.6977 0.1884 .
:L 2 ? F";'ﬁ“s 30 0.2965 0.1330 | +0000x10
rame 3.9773x10 2
20 0.6628 0.1988 -
53,4 ? Frames | 3 0.3140 01410 | #2000<10
Frame | 06803 | 0.1836 | 5308410 erage "/
556 Average M/ o) m2
_ rtex strength 41053x10° M7/, .
Average (""" ] vortex stren
ge (" /seo 3.5583x10° " /¢,
vortex strength . .
Linear velocity of
Linear velocity of vortex _ vortex core Vi=43.75
core displacement from Vi=37.50 displacement from V,=18.75
frame 1 to frame 6 K’-:'m'ﬁm fram:l!nln frame 6 |V, |=47.60 T/ L
(™™ sec) |Vre [=421.92 /sec (" sec)
at At=5x 1/ (sec) at ft=5% 1/ (sec)
Table 1: Calculation results of vortex parameters at constant rotational velocity of Table 2: Calculation results of vortex parameters at constant rotational velocity of

30 rpm. 40 rpm.
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Frame 3

Frame 6

Frame 5

Figure 4: Cut processed images from vortex equivalent circle forming at constant
rotational velocity of 50 rpm with a time interval of 30/1 sec between the sequential

frames.
Vortex | Rotational Al‘i;‘:“ge Vortex
radius | displacement v el:;:ai:y strength
y 2
(zremt) (rad) MY oo M /oo
F’:I;‘“ 2 0.6280 02072 | 4599210
F’;‘:’“ 25 0.6280 02119 | #7688X10
F"S‘“:"s 18 0.8722 02355 | 239010
. mz
Average ("™/sec) 4.5223%10° M*/
vortex strength sec
Linear velocity of
vortex core V,=65.62
displacement from V,=71.87
frame 1 to frame 6 V.. |=97.32Mm,
(MY sec) T
Table 3: Calculation results of vortex parameters at constant rotational velocity of

50 rpm.
Acceleration movement
Positive acceleration
In this part of the experiment, the liquid tank rotational velocity
increased in the three-time intervals of 10 ,5 and 12 sec from 30 rpm
to 45 rpm at R=50 cm. The cut processed frames for intervals of ,5
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10 and 12 sec are shown in figures 6 ,5 and 7, respectively. Also, the
calculations are shown in tables 5 ,4 and 6.

According to the tables 6-4, the strength of the created vortex is
reduced with increasing the time interval due to the reduction of
magnitude of the total fluid acceleration and vice versa, because
in this section, the acceleration movement created by the velocity
changes, is in the same direction of the Coriolis acceleration. Now, the
total acceleration applied to the liquid tank increases with increasing
the created acceleration by the velocity changes. As a result, the vortex
strength in the time interval of 5 sec is greater than 10 and 12 sec.

The video images show that, the created vortex is concentrated on the
outermost part of the liquid tank by increasing the acceleration and
strengthening the vortex.

According to the results, the linear velocity of the vortex core
displacement increases with increasing the vortex strength. As a
result, the linear velocity of vortex core displacement in the time
interval of 5 sec is greater than 10 and 12 sec and develop faster.
Results of this part of study show that, the central point of vortex
core deviates downward and to the right-hand side during sequential
frames and the displacement of vortex core increase with increasing
the vortex strength.

Frame 6

Frame 5

Figure 5: Cut processed images from vortex equivalent circle forming in the positive
acceleration motion at At=5 sec with a time interval of 30/1 sec between the
sequential frames.




Vortex | Rotational Allf:'“ge Vortex Vortex | Rotational Al’lf:“g“’ Vortex
radius | displacement \ 211:;:3? strength radius | displacement . el:;:ai:y strength
! m? ! m?
(mrH) (rad) Moo { /'sec) (peam) (rad) Moo { fse.«;)
F’:I;"s 32 0.3140 01507 | +8230x10 F":I;“ 24 0.5407 0.1947 | H6723x10
F':I:"s 34 0.3140 01601 | SHHTO F?I:“ 28 0.4361 01831 | >1286x10
F"Sa”;“ 30 0.3663 0.1648 4'94535" 1 F"s‘“:es 29 0.3837 01660 | HBITIXIO
m? me
Average " /o0 5 0710107 mzfsec Average "™ /go0) 4.8003x10° mzfsec
vortex strength vortex strength
Linear velocity of Linear velocity of
vortex core V,=62.50 vortex core V.=8125
displacement from V,=106.25 displacement from V,=43.75
fram(jen !rri? fra::ne 6 V.. |=123.27 mmy__ frﬂm(";lm:: fra::ne 6 |V,,oe|=02.28 ML/
sec sec
Table 4: Calculation results of vortex parameters in the positive acceleration motion Table 5: Calculation results of vortex parameters in the positive acceleration motion

at At=5 sec. at At=10 sec.

Figure 6: Cut processed images from vortex equivalent circle forming in the positive
acceleration motion at At=10 sec with a time interval of 30/1 sec between the

Frame 5

Frame 6

sequential frames.

Figure 7: Cut processed images from vortex equivalent circle forming in the positive

Frame 5

Frame 6

acceleration motion at At=12 sec with a time interval of 30/1 sec between the
sequential frames.
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Vortex | Rotational A]‘]:';rage Vortex
radius | displacement 1 ea.:" strength
velocity 2
(prem) (rad) Mooy m jsecj
Frlan;es 2 0.6377 02198 4.61538! 10-
F";'{:“’ 24 0.4884 01685 | +2128x10
Fr;nl:jles 25 0.5223 0.1962 4.9[}632x 10
2
. m
Average ( /sec 45782x10° M/
vortex strength
Linear velocity of
vortex core V=0
displacement from V,=83.30
frame 1 to frame o V. _.|=83.30 Mm,
mm net - senrn
(" sec)
at A=S5x 1/'% (sec)
Table 6: Calculation results of vortex parameters in the positive acceleration motion

at At=12 sec.

Negative acceleration

In this part of the experiment, the liquid tank rotational velocity
decreased in the three time intervals of 10 ,5 and 12 sec from 45 rpm
to 30 rpm at R=50 cm. The cut processed frames and the calculations
based on these frames for intervals of 10,5 and 12 sec are shown in
figures 9 ,8 and 10, and tables 8,7 and 9, respectively. According to
the tables 9-7, the strength of the created vortexis reduced by reducing
the time interval due to the reduction of magnitude of the total fluid
acceleration and vice versa, because in this section, the deceleration
movement created by the velocity changes, is in the opposite direction
ofthe Coriolis acceleration. Now, the vortex strengthin the time interval
of 12 sec is greater than 10 and 5 sec, because the total acceleration
of the liquid tank increases with reducing the created acceleration by
the velocity changes. The deceleration movement reduces the vortex
strength, but the vortices created in this part, especially the vortex
created in the time interval of 12 sec, have approximately the same
strength as the vortices created with constant rotational velocity of 40
rpm and 50 rpm.

The video images show that, the created vortex is concentrated on the
middle part of the liquid tank by weakening the vortex.

According to these images, the linear velocity of vortex core
displacement decreases with decreasing the vortex strength that
showed in tables 9-7. As a result, the linear velocity of vortex core
displacement in the time interval of 10 sec is greater than 5 sec
and the linear velocity of vortex core displacement decrease with
decreasing the time interval of velocity changes.

N | T NES
-.‘;. . =\

Frame 2
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Frame 6

Frame 5

Figure 8: Cut processed images from vortex equivalent circle forming in the negative
acceleration motion at At=5 sec with a time interval of 30/1 sec between the
sequential frames.

Vortex Rotational A]}Erage Vortex
radius | displacement ear strength
() (rad) velocity n? /
MY o) " /sec)
F’l"“zms 18 0.8547 0.2307 4'15432“ 1o
F’;‘:"s 16 0.8896 02135 | >4163¥10
Frsan;es 15 1.099 0.2472 3.?09311: 10
2
: m
Av erage { }fsec) 3.?598*10’3 niz;/sec
vortex strength
Linear velocity of
vortex core V=45
displacement from V=19
frame 1 to frame 6 IV,..|=48.84 ML/ __
(mm /sec)
at_AESx 1/;,_-] (sec)

Table 7: Calculation results of vortex parameters in the negative acceleration motion

at At=5 sec.
K.

G

Frame 1 Frame 2




Frame 5

Frame 6

Figure 9: Cut processed images from vortex equivalent circle forming in the negative
acceleration motion at At=10 sec with a time interval of 30/1 sec between the
sequential frames.

Frame 5 Frame 6

Figure 10: Cut processed images from vortex equivalent circle forming in the
negative acceleration motion at At=12 sec with a time interval of 30/1 sec between
the sequential frames.

Vortex | Rotational A]}'jrage Vortex Vortex | Rotational A];:'Iirage Vortex
radius | displacement ear strength radius | displacement ear strength
(mm) (rad) ol (mm) (rad) o | nt
(mfsec) { sec) (mfsgc) { se CJ
F"l"“zms 20 0.6978 02003 | +1866x10 Frl*'"zms 22 0.5931 0.1057 | #3059x10
F";fes 2 05931 01957 | +3060x10 F‘:’fj“* 23 05756 0.1986 4'56?39"10'
F’;"g‘“ 22 0.6105 02015 | H4326x10 F';'“;ES 23 0.5756 0.1085 | +°679¥10
2 El
; n . m?
-"!“‘ erage ( /.S‘E(.') 4.2717%10° nl.zfsec Average ( /SEL‘:' 4.4805x10° H‘l.zf
vortex strength vortex strength sec
Linear velocity of Linear velocity of
. vortex core [=53.03 vortex core r=75
displacement from 1,=60.60 displacement from ,=-18.75
fram:lmu frame 6 =80.53 MMy __ |y | frame 1 to frame 6 V,..|=77.30 MM, __
{ e;sec] (mamy sec) o
at A5 /4 (sec) at At=5x 1120 (sec)
Table 7: Calculation results of vortex parameters in the negative acceleration motion  Table 9: Calculation results of vortex parameters in the negative acceleration motion

at At=5 sec.

Frame 4

Frame 3

at At=12 sec.

Concluding Remarks

This study is performed to investigate the factors affecting on the
vortex behavior, including the liquid tank motion type (constant
rotational velocity, acceleration and deceleration movement) by
employing a laboratory apparatus. According to the mentioned
goals, the following results are obtained:

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

* In the constant rotational velocity movement, the vortex
strength increases with increasing the rotational velocity.
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* In the positive acceleration mode, the vortex strength
increases with increasing acceleration due to velocity change
(reduction of time interval).

* In the negative acceleration mode, the vortex strength
decreases with increasing acceleration due to velocity change
(reduction of time interval).

¢ In the all parts of experiment (rotational radius changes-
uniform movement and acceleration movement), the linear
velocity of vortex core displacement increases with increasing
the vortex strength due to the Coriolis effect or the magnitude of
the net positive and negative acceleration applied to the tank.
* The central point of vortex core deviates downward and to the
right-hand side during sequential frames and form a counter
clockwise movement in the liquid tank.

In the all-video images, the vortices are created in the largest
radius of the liquid tank and are eventually destroyed by colliding
with the liquid tank wall.
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Thermodynamic Analysis of a Power Generation System Utilizing
Ammonia-Water and Recompression Supercritical CO2 Cycles

S. Hamed F. Alavil, Amirreza Javaherian1*, Hamidreza Toloueinasab1, Mortaza Yari1*
1. Department of Mechanical Engineering, Faculty of Mechanical Engineering, University of Tabriz, Tabriz, Iran

Abstract

Combining cycles in power generation systems is crucial for maximizing energy efficiency and minimizing waste heat. This approach
permits the recovery of thermal energy, resulting in increased electric power production. By harnessing the waste energy, thermal systems
contribute to sustainable and cost-effective power generation. In the present study, a novel integration of recompression supercritical
C02 cycle and ammonia-water cycle is proposed and comprehensively investigated from energy and exergy viewpoints. According to the
case study results, under the basic operating conditions of the proposed system, the energy efficiency of the entire plant is calculated
as %42.14, which is %5.85 higher than the recompression supercritical C02 cycle. The results of the parametric study reveal that by
increasing the supercritical C02 compression ratio, the energy and exergy efficiencies and the net generated electric power increase
and then decrease. Moreover, the total exergy destruction rate of the entire plant increases by increasing the main compressor inlet
temperature. Furthermore, the efficiencies of the power generation system increase by increasing the supercritical C02 cycle’s turbine

inlet temperature.

Keywords: Recompression supercritical CO2 cycle; Ammonia-water cycle; Power generation system; Thermodynamic analysis

1. Introduction

The analysis and optimization of energy-converting systems,
particularly from the perspectives of exergy and exergo-
economics, have received a lot of attention in the last decades.
The supercritical C02 cycle appears to be a promising method of
energy conversion for future nuclear power plants when taking
into account simplicity, compactness, reliability, and economic
factors. Reduced compression work, along with higher efficiency
for the SCO2 cycle, is the result of abrupt changes in the
thermophysical properties of C02 at its critical point. Prior to the
compression process, it is necessary to cool the working fluid to a
specific temperature. In the Supercritical Recompression Brayton
Cycle (SCRBC), carbon dioxide is typically cooled to approximately
°32C, close to its critical temperature of °31.1C. This cooling
process results in release of significant amount of low-grade
thermal energy, approximately %50 of the input energy, which is
then transferred to the pre-cooler [1,2]. Hence, the efficiency of
the SCRBC can be enhanced by utilizing the low-quality thermal
energy in the pre-cooler via diverse waste heat recovery systems.
The exceptional thermal efficiency, compact dimensions, and
minor SCO2 emissions render the supercritical carbon dioxide
power generation cycle immensely enticing. Due to its high density
near the critical point, SCO2 requires significantly less energy in
the SCRBC for compression compared to other conventional power
cycles. This characteristic significantly enhances the thermal
efficiency, even when employing turbines with a quite moderate
inlet temperature. SCO2 is highly acclaimed for its low emissions,
as well as its high-power density and non-toxic composition [3].
In addition, this power cycle can be integrated with several
alternative energy sources, including nuclear reactors [4], fuel
cell systems [5], geothermal energy [6], and concentrated solar
power [7]. Nevertheless, by cooling carbon dioxide to 32°C, close
to its critical temperature, prior to the compression stage of a
supercritical carbon dioxide cycle, a highly efficient conversion
can be achieved. This results in around %50 of the input energy

being released as low-grade thermal energy into the environment.
This suggests that there is a lack of effectiveness in utilizing the
energy from the outlet of the SCO2 turbine in the conventional
SCO02 cycles. Therefore, it is necessary to use an efficient thermal
system as a bottoming cycle in order to improve the total energy
conversion efficiency [8]. Sulzer developed the original SC02
cycle concept in 9] 1948]. A few years later, Feher offered more
information about the SC02 cycle and its implementation in
power generation systems in 10] 1968]. Parametric studies on
the impact of components pressure drops on the cycle efficiency
have been done in conjunction with the application of the SC02
cycle to nuclear power plants [11]. Recompression C02 cycles are
the most effective among the various configurations, according to
Angelino [12]. Dostal [13] looked into how single- and two-stage
reheating processes affect cycle efficiency and recommended
using just one-stage reheating in the SC02 cycle. In a subsequent
study, Dostal et al. [14] confirmed that reheating is economically
undesirable for the indirect cycle of helium to SC02 due to
efficiency loss caused by pressure losses in the reheaters. When
the SC02 system is employed as a substitute for an equivalent
helium system, the authors claimed that costs are reduced by
about %15. The SC02 cycle has some benefits, as demonstrated
by Ishiyama et al. [15] and Hejzlar et al. [16], who compared
the performance of their proposed system to that of other power
generation plants, including the steam cycle and helium cycle.
In this context, it was established that switching from the steam
indirect cycle to the SC02 cycle results in %30 cost reduction. As
a Rankine cycle substitute for sodium-cooled fast reactors (SFRs),
the SCO2 cycle has also garnered much attention [17,18]. Sarkar
[1] conducted an exergy analysis and optimization of the SC02
recompression Brayton cycle. The findings indicated that the
heat exchangers in the cycle hold greater significance in terms of
irreversibilitycompared to the turbomachines utilized in the system.
Furthermore, the impact of operating parameters on irreversibility
was more pronounced for the recuperators in comparison to
the turbomachines. In their study, Sarkar and Bhattacharyya
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[2] conducted optimization of the compressor pressure ratio
and intermediate pressure between the high-pressure and low-
pressure turbines of a SCRBC with reheating, aiming to achieve the
highest possible efficiency. An increase of %3.5 in efficiency was
also observed when reheating was employed. Wang et al. [19] used
a genetic algorithm to improve the thermodynamic parameters of
the SC02 cycle in order to achieve the highest possible exergy
efficiency. Yari and Sirousazar [20] introduced a hybrid system
that integrates a trans-critical C02 cycle with a recompression
SCO02 Brayton cycle. The purpose of this system was to effectively
utilize waste heat by employing trans-critical CO2 cycle in the pre-
cooling part of the recompression SC02 Brayton cycle. The authors
documented a significant improvement in its effectiveness. Kim et
al. [21] introduced a trans-critical C02 cycle that utilizes both low-
temperature and high-temperature heat sources. They conducted
a comparison between their proposed cycle and the basic trans-
critical C02 Rankine and Brayton cycles, as well as the partial
condensation trans-critical C02 cycle. Moullec [22] examined the
feasibility of a coal-fired power plant that utilizes a supercritical
C02 Brayton cycle and a post-combustion amine-based C02
capture method. Singh et al. [23] proposed a closed supercritical
C02 Brayton cycle within a solar thermal power plant and analyzed
its dynamic performance. The researchers determined that the
mass flow of CO2 should be regulated throughout the summer
season. In a separate study, Singh et al. [24] examined the
impact of varying hot-to-cold side volume ratios on the dynamic
behavior of a closed Brayton cycle using supercritical carbon
dioxide as the working fluid. They demonstrated that increasing
the hot-to-cold side volume ratio leads to slower and more subtle
dynamic response. In a study conducted by Iverson et al. [25], the
performance of a supercritical recompression Brayton cycle was
evaluated in the presence of fluctuating thermal energy input. The
researchers concluded that regardless of these fluctuations, the
thermal mass in the system facilitates the Brayton cycle to operate
for brief durations until the thermal input can be restored. In their
study, Serrano et al. [26] introduced a novel configuration for
the conventional recompression supercritical C02 Brayton cycle.
This configuration involves replacing one of the recuperators
with another one that bypasses the low-temperature blanket
source. According to their research, the configuration enabled the
attainment of increased turbine inlet temperatures at moderate
pressures, resulting in high efficiency. The previous background
mostly focuses on the thermodynamic perspective, and as far as
we know, there has not been a comprehensive thermo-economic
study conducted on the recompression SCO02 Brayton cycle.
Furthermore, as previously stated, several research studies have
been documented in the literature exploring the integration of
SCRBC with a bottoming cycle from a thermodynamic perspective
[20].

Cycles utilizing a binary ammonia/water mixture as working
fluid possess intriguing attributes and substantial capacity for
producing energy from low-temperature heat sources. The initial
power cycle utilizing such a combination was suggested by Maloney
and Robertson [27]. Nevertheless, research on this topic was
discontinued for almost 25 years due to the subpar performance
outcomes. Currently, the Kalina cycle has demonstrated favorable
performance outcomes in various applications, including the
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earliest geothermal facility constructed in Husavik, Iceland [28].
The Kalina cycle is presently garnering significant anticipation in
numerous programs [29]. The Kalina cycle has gained a favorable
interest due to its capacity to convert low-quality heat into
electricity [30]. In a study conducted by Ju et al. [31], the use of
the Kalina cycle for hydrogen production with a solar field of PTC
was investigated. It was found that the addition of %5 volume
fraction of Cu0 nanoparticle-based nanofluid led to a substantial
improvement in hydrogen production and increased the exergetic
efficiency of the solar field to approximately %9.19. Kojur et al.
[32] undertook the optimization of a solar Kalina cycle by utilizing
Therminol VP1 as the heat transfer oil in the PTC system. Through
the utilization of numerical modeling, machine learning, and PSO
optimization techniques, they were able to obtain an impressive
%19.5 gain in exergy and a notable %12.95 reduction in costs
compared to the base case.

In the present study, a power generation plant including a
recompression supercritical C02 Brayton cycle and ammonia-
water cycle is proposed and comprehensively analyzed from
thermodynamic viewpoint. In the proposed system, the pre-cooler
of the SCO2 cycle is replaced with the evaporator of the ammonia-
water cycle in order to recover the waste energy of the SC02 sub-
system and generate more electric power. A case study and a
parametric study are done on the proposed system to evaluate the
operation of the entire plant and analyze the system characteristics
in various operational conditions.

2. System description and thermodynamic modeling
2.1. System description

Figure 1 depicts the proposed system comprising a supercritical
carbon dioxide recompression as the main cycle along with an
ammonia-water bottoming cycle [33]. The systems energy is
provided by the reactor of the SC02 sub-system. Subsequent to
the energy reception, the working fluid flows into the main turbine,
producing power, accompanied by a temperature reduction.
Afterwards, the working fluid enters HTR and LTR to decrease
the inlet temperature of the reactor. The waste heat from the
evaporator is used as the heat source for the bottoming cycle.
The working fluid in the bottoming cycle is ammonia-water. After
receiving energy from reactor, the working fluid expands through
the turbine and flows into the HEX, transferring the heat to enter
the condenser in order to prevent the exergy destruction. The water
fed into the condenser comes from a lake or a river. Next, the
working fluid is compressed within the pump and preheated prior
to flowing into the evaporator.

The following assumptions are taken into account in the current
study:

* The system components operate at steady state condition.

¢ Isentropic efficiencies for the first and second turbines,
compressors, and the pump are considered as %85 ,%80 ,%90,
and %80, respectively.

 Pressure drops due to the frictional forces are negligible.

¢ Kinetic and potential energies in all of the components are
negligible.

o Saturated liquid state is considered for the ammonia-water
mixture at the condenser outlet.




5

1
]
1
i
— . i Q
Zurhine . E £
P £
X i 9
I _5’ [‘ _3’ 14bl } k
" 4 s K
e 000 g TTTTmmTmmmmmosgTTTs &

= Condenser

l Qb

3 Reactur
LTR 05' 9

= :m
13 ° J
Figure 1: System Configuration

i —

14 =

2.2. Thermodynamic modeling

The combined cycles are investigated based on the conservation
of mass and energy along with the exergy balance utilizing the
EES software. The equations of mass, energy, and exergy balance,
accompanied by the relations of thermodynamic properties, are
simultaneously solved. The system’s performance is evaluated as
well. Furthermore, special attention has been paid to the second
law of thermodynamics and exergy destruction for the components
of the system individually.

In the absence of electrical, magnetic, nuclear, and surface
tension effects with negligible changes in kinetic and potential
exergies, the total exergy of a stream is the sum of its physical and
chemical exergies:

In equation 1, Eth is the thermodynamic flow exergy of the working
fluid determined using the following equation:

where m;, h;, and s; denote the mass flow rate, specific enthalpy,
and specific entropy of the working fluid at state i, and s, and h,
are the specific entropy and specific enthalpy of the working
fluid in the dead state, respectively. In equation 1, Ech is the
chemical flow exergy for a mixture of ideal gases expressed as
follows:

Ech = 0y & RTy Zy; In(yy)) (3)

In which, y; defines species i molar fraction for the mixture, and
Ch 0 is the standard chemical exergy of ideal gas.

High-temperature and low-temperature recuperators’
effectiveness can be described as follows [34,35]:

T12 - T13
€HTR = To—T. @)
12 9
Ti3 — Ty
2 5
ELTR T — T, (5

The first and second laws of thermodynamics for the
combined system are defined in equations 6 and 7, respectively.

V‘vnet,SCOZ - V.Vnet,AW (6)

Nt = :
Qreactor

Wnet,SCOZ - Wnet,AW

Nex =

Ereactor

()

In equation 7, E,.,..., is the exergy supplied to the reactor which

is evaluated as follows:

. . T,
Ereactor = Qreactor x({1-

reactor

) (8)

The input data for the combined cycle are shown in Table 1.

Table 1: Input data
Po=1
° X1=0.97 | T11=550C | nmc, rc=0.85
bar
T0=25 C T4=15 C nturb1=0-9 8reg=o-5
P1=20 P=74 _ _
bar bar Nturb2=0.8 €HTR, LTR=0.86
T1=95C | T7=50C | Npump=0.8 | O;erceo;=600000

In the present work the energy and exergy balance for each
component are given in Tables 2 and 3, respectively.

Supercritical carbon dioxide recompression
Brayton cycle

Component

Energy rate balance

Main compressor

H‘?+ wmc= HQ

Sl EERTRR
Turbine 1 Hy, = Hys + Wrgp
LTR Hg + Hys = Hga + Hyg
HTR He + Hy; = Hys + Hyg
Reactor Hyo + Qreactor = Hiy

Ammonia-water power generation cycle

Component Energy rate balance
Evaporator Hys,+ He= Hy+ Hy
Turbine 2 Hy= Ho+ Wrypo
HEX H, + Hs = H, + H,
Condenser Ha=H3+Qp4enser
Pump H, + Wpump H;

Table 2: Energy rate balance for component of power generation system
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Supercritical carbon dioxide working fluid

Component Exergy rate balance
Main compressor E; + Wine = Eg + I
Recompression compressor Ejgy + Wee = Eg + e
Turbine 1 E;n = Epz + Wra + Irwrbs
LTR Eg + E;3 = Eg + Epa + Iimr
HTR Eg + E;z = Egz + Eyo + lum
Reactor E1o + Ereactor = E11 + lreactor

Ammonia water working fluid

Component Exergy rate balance
Evaporator Ey, + Es = E; + E; + levaporator
Turbine 2 E;1 = Epz + Wras + Trarb:
HEX E; + Es = Eg + E3 + luex
Condenser Ez = E4 + Econdenser + lcondenser
Pump Es + Woump = Es + Ipump

Table 3: Exergy rate balance for component of power generation system

3. Results and discussion

3.1.Validation

In order to validate the modeling procedure of the proposed power generation system, the obtained results of the SC02 cycle’s simulation
are compared with the results of reference [34] in Table 4. The comparison of the obtained results shows good agreement with the results
reported in reference [34].

Present Present Present
work Ref. [34] work Ref.[34]  Present  pef (34] mass work oxe. Ref. [34]
State  tomperatur  temperature pressure  Workmass flow rate ey exergy tate
No. o o pressure " flow rate rate
el [°Cl [kPa] [kPa] [kg/s] [kg/s] (MW] [Mw]
550 550 207.2 207.2 2939 2938.18 1557 1556.5
428 428.01 74 74 2939 2938.18 1145 11445
257.6 257.48 74 74 2939 2938.18 851.83 8561.29
14 119.5 119.36 74 74 2939 2938.18 690.45 690.05
7 32 32 74 74 2098 2096.18 453.08 45268
8 97.03 96.88 207.2 207.2 2098 2096.18 520.13 519.55
9 2299 229.72 207.2 207.2 2939 2938.18 924.24 923.60
10 384.4 384.36 207.2 207.2 2939 2938.18 1200 1199.13

Table 4. Validation results obtained in the present work and reference [34]
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3.2. Power generation system case study

The results of the system case study are given in Table 5. The first
and second law efficiencies are presented in Table 6. The effect of
compressor pressure ratio on the thermodynamic performance of
the combined cycle is discussed. In this study, the temperature of
the pinch point in the evaporator has been investigated, and the
temperature difference (ATpinch) between hot and cold terminals
has been obtained, as shown in figure 2.
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Figure 2: Temperature variation of working fluid in evaporator
State | Temperature | Pressure | Molarenthalpy | Molarentropy | mMass flow Exergy rate
No. ] [kPa] [kl/kmol] [ki/kmokk] | rate [ke/s] [kw]
1 368.2 20 1445 4513 292.9 5.792E+06
2 322.7 7111 1323 4.608 2929 5.748E+06
3 305.6 7111 1237 4336 2929 5.747E+06
4 288.2 7111 51.79 0.2676 2929 5.755E+06
5 288.6 20 54.35 0.2693 2929 5.755E+06
6 306.5 20 140 0.5571 292.9 5.755E+06
7 3232 74 59.4 0.9326 2515 550547
8 4133 207.2 -3.593 0.9122 2515 675593
9 553.7 207.2 194.9 -0.4956 3197 1.096E+06
10 671 207.2 3401 0.2575 3197 1.334E+06
11 823.2 207.2 527.8 0.00547 3197 1.694E+06
12 7012 74 394 0.01593 3197 1.245E+06
13 574.4 74 248.7 02125 3197 998574
14 435.7 74 92.61 0.5237 3197 796109
Table 5: Thermodynamic properties of power generation system
Subsystem Energy efficiency Exergy efficiency
(%) (%)
SCO02 cycle 36.29 56.91
Ammonia water cycle 9.168 48.22
Entire plant 4214 66.06

Table 6: Thermodynamic performance in terms of efficiencies

In this section, the effects of key decision variables on the system
indicators, including net output power, first and second law
efficiencies, and total exergy destruction rate are investigated. The
decision variables considered for the analysis are SC02 compression
ratio, MC inlet temperature, SCO2 turbine inlet temperature, and
SCO02 turbine isentropic efficiency.
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Figure 3.a illustrates the impact of the SC02 compression ratio on
the energy and exergy efficiencies and the net output power. As it
is shown, by increasing compression ratio of the SC02 cycle, both
energy and exergy efficiencies are decreasing. Due to the increase in
the SCO2 cycle pressure, the power output of the turbine increases.
However, as the pressure ratio increases, the power input required
for compressors also increases. As the compression ratio increases,
the extra power generated in the turbine cannot fully compensate for
the extra power required for the compressors. For this reason, the
energy and exergy efficiency as well as the net output power start
to decline.
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Figure 3.b illustrates the impact of the SCO02 compression ratio on
the total exergy destruction rate. As the compressons input power
increases, the exergy destruction of the components increases as
well. The optimum compression ratio is about 2.8, around which the
exergy destruction rate is the lowest.
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Figure 3.b: The effect of the compression ratio on the total exergy destruction rate

Figure 4.a illustrates the effect of the main compressor’s inlet
temperature on the thermodynamic performance. As shown in
the previous section, with an increase in the temperature of the
compressor, the consumed power of this component increases,
which proves that both energy and exergy efficiencies exhibit a
decreasing trend similar to the net output power.
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Figure 4.b demonstrates the effect of main compressor inlet
temperature on exergy destruction rate. The total exergy destruction
rate exhibits an increasing trend with the inlet temperature.
Figure 5.a illustrates the effect of different SCO2 turbine inlet
temperatures (TIT) on the thermodynamic performance. As the TIT
increases, the specific work also has an upward trend. This shows
that with an increase in the outlet temperature, the enthalpy of the
working fluid at the turbine inlet also increases, and as a result, an
enhanced output power is observed.
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Figure 5.a: The effect of SCO2 TIT on the thermodynamic performance of the
proposed system

Figure 5.billustrates the effect of the SCO2 turbine inlet temperature
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on the total exergy destruction rate. As it can be seen in the figure,
the total exergy destruction rate of the system first decreases and
then increases by increasing the TIT.
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Figure 6.a illustrates the effect of the SCO2 turbine’s isentropic
efficiency on the energy and exergy efficiencies and the net output
power. In this regard, the overall thermodynamic performance
enhancement is observed as a consequent result of the turbine’s
approach to the isentropic operating condition.
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Figure 6.b illustrates the effect of the SCO2 turbine’s isentropic
efficiency on the total exergy destruction rate. As described a priori,
the system approaches to the ideal state proving that the exergy

destruction is decreased.
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4. Conclusions

In the present study, a power generation system including the
recompression SC02 cycle and the ammonia-water cycle was
proposed and analyzed from energy and exergy perspectives. The
waste heat of the SC02 cycle was utilized to evaporate the working
fluid of the ammonia-water cycle in order to generate more electric
power and increase the overall system’s efficiencies. Case and
parametric studies were conducted to comprehensively investigate
the system. The important results of the study are as follows:

- According to the case study, the energy and exergy efficiencies
of the proposed integrated system were calculated as %42.14 and
%66.06, which are %5.85 and %9.15 higher than the supercritical
C02 cycle, respectively.

- Based on the parametric analysis, by increasing the SC02
compression ratio, the entire plant’s efficiencies and the net
generated electric power increase and then decrease.

- The total exergy destruction rate decreases and then increases by
increasing the SC02 sub-system’s compression ratio.

- The main compressor’s inlet temperature increase leads to a
decrease in energy and exergy efficiencies and net output power.
Also, the total exergy destruction rate increases by increasing the
MC inlet temperature.

- The energy and exergy efficiencies of the plant have direct relations
with SC02 turbine inlet temperature. Furthermore, the net electric
power of the power generation system increases by increasing the
turbine inlet temperature.
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Energy, exergy and economic analysis of a hydrogen liquefaction process integrated
with a PRICO cycle
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Abstract: Given the importance of using hydrogen fuel as one of the best sustainable energy sources, different
hydrogen liquefaction technologies are developed to store and transport it over long distances. Process
integration with other cycles and new high-efficiency liquefaction cycles can make hydrogen fuel more
economically viable, especially for liquid hydrogen exporter countries like Iran. In this study, a hydrogen
liquefaction cycle with a capacity of 1.5 tons per day is integrated with a liquefied natural gas (LNG)
production process. Energy, exergy, and economic analyses are implemented to examine the proposed cycle. The
novelty of this paper is based on two points: first, simultaneous production of liquefied hydrogen (LH2) and
LNG in one process with an innovative configuration that leads to better performance compared to that of
similar cycles, and second, simultaneous use of two-equation of states (EQS) for pure hydrogen and mixed
refrigerant streams. Process integration of the LNG system with the hydrogen liquefaction unit reduces the
capital expenditures (CAPEX) and operating expenses (OPEX) for both systems. Components with the greatest
exergy destruction are identified. The coefficient of performance (COP) and the figure of merit (FOM) are 0.89
and 0.72, respectively. Specific energy consumption (SEC) of the proposed cycle is

5.31 kWh kg"(-1), +25 % more efficient than the similar hydrogen liquefaction cyele in the

literature. The annual total cost for the proposed cycle is $35.6 million, including CAPEX, OPEX, and
operation and maintenance expenditures (0&M).

keywords: Energy Analysis, Economic Analysis, Process integration, Efficiency, Exergy Analysis, Hydrogen.

Highlights when it reacts with oxygen, and its product is
« Energy, exergy, and economic analysis are water. As the most abundant component on
performed. the planet, hydrogen has always been one of
« The simultaneous hydrogen and natural the leading cholces to provide clean and
gas liquefaction process is proposed and sustainable energy (Faramarzi et al. (2021b),
developed. (2021a); Faramarzi et al. (2021)). Hydrogen
reactors are located after heat exchangers. such as zero-emissions vehicles, metal coating,
« The specific energy consumption of the flat glass production, and electrical
proposed cycle is 5.31 kWh kg-1. industries(Ghorbani, Ebrahimi, Rooholamini,
et al. 2020; Yin and Ju 2020b). Transportation
1 Introduction of LH2 is safer and more cost-effective than
Energy demand has grown significantly in compressed-hydrogen gas; therefore, the
recent years, and the trend is estimated to liquefaction method is utilized to store and
increase in the following years. Hydrogen has transport  hydrogen.  Although  hydrogen
zero pollution in the final stage of liquefaction methods have many
consumption advantages,
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hydrogen liquefaction cycles consume a high rate
of power, causing the price of LH2 to increase.
Process integration, new design, and optimization
are used to decrease the rate of energy
consumption for one kilogram of LH2 (Yilmaz
and Kaska 2018). Among all fuels, the highest
energy value is assigned +to hydrogen,
appraximately 140 kJ kg2 (Hosseini and Butler
2020). Power plants use natural gas to produce
power, and natural gas is utilized to heat
buildings, which is also utilized in chemical and
refining processes. Liquefaction is an appropriate
method to transport natural gas because of the
low ratio of energy value to weight at ambient
pressure and temperature. The most common
and economical method is to reduce the natural
gas temperature until it liquefies (approximately
-161°C). Having liquefied, it occupies a
much

smaller volume (about one to six hundred)
((Zhang et al. 2020)).

Power consumption in the compression part of
an LNG production cycle or a hydrogen
liquefaction process has a close relationship
with the price of the product, which is LNG or
LH2. Consequently, it is imperative to design
hydrogen and natural gas ligquefaction cycles
with the minimum required power. Process
integration may be a solution to decrease the
specific energy consumption (SEC) of natural
gas and hydrogen liquefaction processes. Many
countries such as Russia, Iran, Qatar, the
United States, Saudi Arabia, and UAE have
sizeable natural gas proven reserves and also
have the potential to use hydrogen in their
industries or export it; therefore, using natural
gas industrial experiences in hydrogen
liquefaction cycles is appropriate in an
economical point of view (Sabbagh, Fanaei, and
Arjomand 2020).

LNG production methods are based on three
types: mixed refrigeration (MR), cascade, and
expander (EXP) (Ghorbani, Zendehboudi, and
Moradi 2021; Mokhatab et al. 2013). In the
1950s, Black & Veatch Company proposed
the PRICO process as a simple process with
low CAPEX expenditures compared to other MR
LNG plants. In the PRICO process, the mixed
refrigerant contains hydrocarbons and nitrogen,
in turn, resulting in a better match in cold and
hot composite curves in heat exchangers and
also a smaller minimum temperature
approach compared to pure nitrogen
refrigeration cycles (Mokarizadeh Haghighi
Shirazi and Mowla 2010). Linde Company
proposed LIMUM1 and LIMUMS3 cycles to
liquefy natural gas. The LIMUM3 process
includes four stages of cooling, and it is more
complicated than LIMUMA1. The mixed
refrigerant method is used in both cycles.
LIMUML is used in low-capacity LNG production
plants, below 1600 tons per day (TPD), while
LIMUMS3 is appropriate for large-scale cycles
(Mazyan et al. 2016). Many researchers
optimized LNG production plants with mixed
refrigeration systems(Faramarzi et al. 2021; Wu
and Ju 2020). Morosuk et al. and Gorbani et
al.
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(Ghorbani, Javadi, et al. 2020; Morosuk et al.
2015) investigated a PRICO process by energy,
exergy, and exergoeconomic analyses. They
improved the PRICO process, and they
optimized the exergy-based methods. COP and
energy consumptions were 0.44 and 1824 kJ
kgwne 1, respectively. They concluded that the
design of the heat exchanger was the most
effective part of LNG plants. Ahhough the
investment cost of the LNG plant increased by
larger heat transfer surface in heat exchangers,
minimizing exergy destruction led to a
significant decrease in the total cost of the
process. Aslambakhsh et al. (Aslambakhsh et
al. 2018) simulated and analyzed a small-scale
natural gas liquefaction unit with a capacity of
50 TPD, and they minimized the power
consumption by a genetic algorithm. Lin et al.
(Lin, Xiong, and Gu 2018) investigated a new
high-pressure natural gas cascade cycle
integrated with a new carbon dioxide cryogenic
separation unit. Instead of using the
conventional three-tier system, a two-
cascading system was used in the new cycle.
They also wused three new refrigerant
combinations to reduce specific energy
consumption, and finally, energy analysis and
thermodynamic optimization were performed on
the proposed cycle. Mehrpooya et al. (Mehrpooya,
Kalhorzadeh, and Chahartaghi 2016) developed
an air separation unit and a natural gas liquid
recovery cycle assisted by a nitrogen removal
unit. They studied the proposed cycle by
advanced exergy and exergoeconomic
analyses. The irreversibility and the cost of the
inefficiencies for the cycle were examined.

The first successful effort of hydrogen
liquefaction was carried out by James Dewar in
1898 (Dewar 1898). Hydrogen liquefaction
cycles are classified into two types, Claude and
Brayton. In a Claude cycle, the expansion valve
is used to reduce the temperature of hydrogen
in the final stage of ligquefaction, and it also
adjusts the pressure of LH2, but in the reverse
Brayton systems, the expansion turbine is used
instead of the expansion valve. The helium
Brayton cycle is suitably used to liquefy
hydrogen gas in low capacity cycles below 3
TPD (Utlu and Karabuga 2021). The Claude
cycle has more CAPEX and less OPEX
expenditure in comparison to the Brayton cycle.
Therefore, in a large capacity, the Claude
method is used. Hampson-Linde, Kapitza, and
mixed refrigerant cycles are used to liquefy
hydrogen. Hydrogen liquefaction cycles have
two main parts: pre-cooling and cooling. Mixed
refrigerant or nitrogen pre-cools the hydrogen
gas in the first part of the hydrogen liquefaction
cycle named the pre-cooling part. In the next
stage, named the cooling part, light gases like
helium, hydrogen, neon, or a mixture of them
are used to liguefy hydrogen (Ghorbani,
Ebrahimi, Rooholamini, et al. 2020).

Growing attention to hydrogen has led many
researchers to investigate various hydrogen
liquefaction methods. A hydrogen liquefaction
cycle was experimentally investigated by
Krasae
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et al. (Krasae-In et al. 2011). The pre-cooling part
was performed by a mixed refrigerant consisting
of several hydrocarbons, nitrogen, neon, and
hydrogen, and hellum gas was used as the
refrigerant In the final coollng part. The
components of the mixed refrigerant and the
composltion were guessed using temperature-
pressure dlagrams for different Using a mixture
which was contalning only hydrocarbons was also
Investigated. It was suggested to use niltrogen
and methane In the mixed refrigerant,
especlally In executlve projects, to Increase the
cooling capaclty. They Increased the efflclency
of the cycle. Thelr proposed pre-coollng cycle
cooled down hydrogen gas to -198 *° C.
Ansarinasab et al. (Ansarlnasab, Mehrpooya, and
Sadeghzadeh 2019) Investigated a modlfled
hydrogen llquefactlon cycle In which hydrogen
gas was cooled to -195°C In the pre-coollng part.
Optimlzation of key varlables, Including pressure
ratlo In compression unit, Inlet pressure to the
compressors, and minimum temperature
approach In heat exchangers, was performed.
Exergy, economy, and environmental analyses
were utllized for the cycle. The Influence of using
turboexpanders and turbocompressors was
studled to achleve the best performance for the
proposed cycle. Wilhelmsen et al. (Berstad,
Skaugen, and Wilhelmsen 2021) mathematically
slmulated a heat exchanger with boundary
condltlons that were sultable for a hydrogen
lilquefactlon cycle. Neon gas was used to reduce
the temperature difference In heat exchangers.
Thils study Indicated that the exergy destruction
was caused by pressure drop, hot and cold
temperature difference, and ortho-para hydrogen
conversloen phenomenon In hydrogen liquefactlon
cycles. Exergy destructlon due to the pressure
drop In the heat exchangers was less critlcal than
that In other cases. At temperatures below -
233°C, using a comblination of neon and hellum
reduced the exergy destruction In heat
exchangers by 43 %, but at higher temperatures,
using neon or hellum had llttle effect. Hammad
and Dincer (Hammad and Dincer 2018)
performed an exergy analysls for
hydrogen

llquefactlon cycles equlpped with nltrogen pre-
coollng systems. The flnal temperature was -
193°C In the pre-coollng unlt. They optimized
the flow rate of the nitrogen refrigerant stream.
Chang et al. (Chang, Ryu, and Balk 2018)
examined low-capaclty hydrogen llquefaction
cycles, They used neon gas In the flnal cooling
part of the hydrogen llquefactlon cycle. Yang et
al. (Yang et al. 2019) used wasted cold energy
of an LNG recovery system In an LH2 production
cycle. Cold energy of the LNG regaslification
unit was used In the pre-coollng part of a
hydrogen llquefaction cycle. The capaclity of the
LH2 production cycle was 300 TPD. Nitrogen
and mixed refrlgerant gases were used In the
pre- coollng and the cooling parts, respectively.
The alm was to reduce the mass flow rate
of the
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nitrogen gas stream and minimize the power
consumptlion In the pre-cooling part. Finally, the
SEC decreased from 13.58 KkWh kg 1to 11.05
KWh kg1, The cost of the product (LH2) was
reduced from $5.13 to $2.53 per kllogram. YIn
and Ju (YIin and Ju 2020a) proposed a hydrogen
liquefactlon cycle with a capacity of 63 kg/h.
SEC, FOM, and COP were reported 7.13 KWh
kg1, 0.17, and 0.49, respectively. The Hellum
refrigeratlon cycle was used In the coollng part
of the hydrogen Ililquefactlon cycle, whlle
nitrogen was utllized In the pre-coollng part as
the refrigerant. LH2 was llquefled at -252°C and
300 kPa. Berstad et al. (Berstad, Stang, and
Neksa 2010) performed an exergy analysls for a
developed hydrogen llquefactlon cycle. Claud
cycle In the coollng part had 90 % of the total
Irreversibllitlies, while the mixed refrigerant pre-
coollng part was responslble for 10 % of the
total Irreversibliitles. The pre-coollng
temperature was

-159 °C and hydrogen was liquefled at -251 °C and
184 KkPa. SEC was 6.57 KWh kg-1. In recent years,
many researchers have examined the
possibllity of using renewable resources In
hydrogen Iliquefactlon cycles(Rezael et al.
2019). Aasadnla et al. (Aasadnla, Mehrpooya, and
Ansarinasab 2019) Investigated a cycle In which
a solar energy system Integrated with an
absorptlon refrigeration cycle to pre-cool
hydrogen gas. The proposed cycle wilth the
capaclty of 260 TPD had SEC and exergy
efflclency values of 12.7 kWh kg1 and 31.6%,
respectively. The highest amount of exergy
destiructlon went to the heat exchangers located
In the precoollng part of the hydrogen
liquefactlon cycle. Kaska et al. (Kaska et al.
2018) utllized geothermal energy In an Organlc
Rankine power cycle to pre-cool the hydrogen gas
to -30 °C, In a Claude hydrogen liquefaction cycle.
They did a thermodynamlc analysls to examline
the proposed cycle. Mehrpooya et al.
(Mehrpooya, Sadaghlanl, and Hedayat 2020)
developed a hydrogen llquefactlon cycle
Integrated wIlth a natural gas Illguefaction
process. The capacity of LH2 and LNG production
was 290 TPD and 296 TPD, respectively. In the
proposed cycle, power consumption was 4.165
kWh kg-1. COP and overall exergy efflclency of
the proposed cycle were 24 % and 62.54%,
respectively. Two ortho-para converslon reactors
were Implemented In the hydrogen liquefaction
cycle, but temperature Increase was not
consldered In the ortho- para converslon
reactlons. PR-E0OS was used In thelr study. The
temperature Increases In the ortho-para
converslon reactlons, In turn, causing the exergy
destructlon to Increase and the efflclency of the
hydrogen llquefaction cycle decreases (Zhuzhgov
et al. 2018). Consequently, the work of
Mehrpooya et al. (Mehrpooya et al. 2020)
mentloned above can be Improved by using a
more accurate equation of state In order to
achleve close agreement with experimental
results, especlally for ortho-para
converslon
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reactions. Different hydrogen liquefaction cycles
were Investigated in the literature, but a few
studies were done on low-capacity hydrogen
liquefaction processes. Additionally, it has also
been proven that the process of integrating can
reduce the overall power consumption of the
cycle, which is a point that can be further
explored in the present study.

The novelty of this paper is based on the
production of LNG and LH2 simultaneously, in
which a new configuration for the hydrogen
liguefaction cycle is proposed to achieve low
operation and investment costs, resulting in
low LH2 price. Three ortho-para conversion
reactors are used. MBWR and PR EOSs are
used to calculate thermodynamic properties.
MBWR is suitable for hydrogen gas, especially
in cryogenic temperatures, but the PR method
is used to simulate the properties of natural gas
and mixed refrigerants. Simultaneous use of
two EOSs results in closer agreement with the
experimental results, which Is used in this
study.

Steam methane reforming

Hyd ti
(Hydrogen separation process) H2 gas

(20 °C)

27304 k\r&

Simultaneous
Hydrogen
Pre-cooling and

The efficiency of the proposed cycle is compared
to other research Moreover, by using economic
analysis, CAPEX, OPEX, and O&M expenditures
are calculated for the proposed cycle.

2 System description

Shown in Fig. 1 is the block flow diagram of the
simultaneous LH2 and LNG production process,
which is proposed in this study. Natural gas and
hydrogen enter the PRICO cycle; this part not
only does liquefy the natural gas but also pre-
cools the hydrogen gas. LNG is the product of
the PRICO cycle in which hydrogen pre-cools.
LH2 is the product of the cooling part. Steam
methane reforming (SMR) is used to separate
hydrogen gas from natural gas. The main focus
of this study is the hydrogen liquefaction cycle,
and the SMR process is not within the scope of
the present paper; more information about the
SMR process is available in the work of
Andrews (Andrews 2020).

LH2

63 kg/h

Hydrogen
-251 °C

Cooling

LNG production

Natural gas (20 °C)

LNG

101100 kg/h

-166 °C

(LH2)

\1-+-——-—~—--l

FIg. 1. Block flow dlagram of the simultaneous LH2 and LNG production cycle

The natural gas liquefaction part named
PRICO cycle is green in Fig. 2; it pre-cools
hydrogen gas to -159.4 °C. In the final part of
hydrogen liquefaction named the cooling part, a
combination of hydrogen, neon, and helium is
used to reduce power consumption in
compressors. The cooling part is shown in Fig.
2 at the top, in blue. The heat exchanger (HexM1)
liquefies the incoming natural gas and pre-cools
the hydrogen gas in the first stage, shown in
green and orange in Fig. 2. In the cooling
part, blue in Fig. 2, four heat exchangers cool
down the pre-cooled hydrogen gas to -251°C. In
the natural gas liquefaction section, green in Fig.
2, the cold flow stream enters the HexM1 to
absorb the heat of hot streams, and it turns
into gas. The pressure of this flow stream
increases in the first compressor to a pressure of
1092 kPa. The increase of pressure in the
compressor leads to a temperature rise.
Therefore, coolers are used to cool the flow
stream to 20 °C, and it is converted into two

phases liquid and gas. Passing SepM1, it
separates into a liquid stream and a gas
stream.

A pump and a compressor increase the
pressure of the separated streams to 3900 kPa.
The two flow streams mix, then they cool down
to 20 ° C. With M2 passing through the VM1
expansion valve, the temperature decreases to -
164.3 ° C and then enters the heat exchanger
(HexM1). Natural gas enters the heat
exchanger (HexiVi1l) at ambient temperature,
but its pressure is 5500 kPa, and it cools down
to -159 ° C. After passing the VM2 expansion
valve, it reaches atmospheric pressure and then
enters the separator. This process is known as
the PRICO cycle (Marmolejo- Correa and
Gundersen 2012). Turning to the detail of the
hydrogen liquefaction process, the hydrogen
gas enters the heat exchanger (HexM1) at an
ambient temperature and pressure of 2400 kPa
and it cools down to -159.4 ° C. Pre-cooled
hydrogen gas enters the cooling part of the
hydrogen liquefaction cycle in which the mixed
refrigerant, including helium, neon, and
hydrogen gases, is used to liquefy the hydrogen

s.
In this study, three reactors are utilized to
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convert ortho-hydrogen to para-hydrogen. In the at a pressure of 1100 kPa. After coollng the
flrst ortho-para conversion reactor, the hydrogen gas, four mixed refrigerant streams
percentage of para-hydrogen Increases from 25% enter the compression part to be compressed
to 49%. It rises In the second one, reaching 77%, agaln. Shown In Table 1 are the propertles of the
and contlnues wilth a rise, peaking at 99%. stream In the proposed cycle. In this study, some
Turblne expanders are used Instead of expanslion assumptlons are consldered as follows:
valves to Increase the cycle effilclency. The » Steady-state and steady flow conditlons are
proposed cycle Is based on the modlficatlon of the consldered for the proposed process
model of Mehrpooya et al. (Mehrpooya et al. (Faramarz Ranjbar, Arash Nourbakhsh
2020). The pre-cooled hydrogen gas Is cooled to Saadabad, Mahdl Naml Khallledeh, Saman
- Faramarzl 2022; YIn and Ju 2020a).
212 °C In the heat exchanger (HexC1.0). e The pressure drop through the coolers and
In HexC2.0, hydrogen Is cooled to -227 °C. heat exchangers Is Ighored (Saman Faramarazl,
After passing HexC3.0 and HexC4.0, the Seyed Mojtaba Mousavl Nalnlyan, Mostafa Mafl
hydrogen gas Is cooled to -253 °C and then 2021; YIn and Ju 2020a).
passes through the Va.LH2 expanslon e The adlabatlc efficlency of expanders and
valve to experlence a pumps are 85% and 80%, respectively (YIn and
slgnliflcant pressure drop, nose-dlving to 300 Ju 2020a).
kPa. « The adlabatic efflclency of compressors Is 85
Liquld hydrogen Is separated In Sep.LH2 %, as recommended by Berstad et al. (Berstad
and stored In cryogenic tanks. In the Brayton et al. 2021).

mixed refrigerant unlt, four mixed refrigerant
streams are responslble for the hydrogen
liquefaction. According to Flg. 1, the MR11
stream Is divided Into four streams by a

splitter
MR.5.0 com3 (:-.-.-.JI 3 |._w.|\.? CIT(:! 2 [:(.'III: cooll -
= gy —— (. = ] NN o > MR11
L—MRE.0 MR7.0 L— MRB8.0 MR9.0 L— MR10
MR1.0
Mixer | MR2.0 /
- MR4.4 | -
*\IR3.4" | : : . \ MR3.0 Tee
“4MR2.4 Hex.c3.2 Hex.c4.1 MR4.0
<« Hexclly |Hex.c21 w ke b :
MR1.4 2 = = = = = 2 =
LH2 cooling i f f
MR2.3%
MR1.1 MR2.1 H9
MR1.3 h 4 LK >

\ Exp-p4
s ™ T vRL2 o MR2.2 ngb- Sep.LH2
- ]y, R R L’ﬂ‘hbo__p_ : LH2

Hex.c1l.0 can1 Hex.c2.0

W

_. : ( 'I Con3

M1 M P,
= MBE
HexM1 MA  MS. o 3 LH2 tank
M11 ComM?2
"l G SepM1 ) —» i {“'J
ComM1 coolM1 ==
" Mo+ M9 e W Mixer Expansion valve Flow Expander
LNG production & \ IM7 L @
H2 pre-cooling part PuM3 32-6 et [ B = h
{ Ll'fl']”\'u M10 A exchangeCompressor FEME Sapeintor cronze:)t‘::

Flg. 2. Process of the proposed cycle (deviation from reference (Faramarzl, Nalnlyan, et al. 2021a)).

Mixed refrigerant consumption compared to the nitrogen
The PRICO cycle Is one of the simplest types of refrigeratlon cycle. On the other hand, the mlixed
mixed refrlgerant processes (Marmolejo-Correa refrigerant method Increases the complexity of the
and Gundersen 2012). Nitrogen and low bolling process and equipment(Zhao et al. 2020); Therefore, It

point hydrocarbons are used In the mixed Is necessary to choose the optimum conflguration and
refrigerant composltion. The high rate of heat the mixed refrigerant composlition. Table 1 shows the
transfer coefficlent for the mixed refrigerant Informatlon of maln streams and the percentage of

reduces the refrigerant mass flow rate and power thelr components.
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Table 1. Stream Information of the proposed process.

GH2 Feed LH2 LNG NG1 M3 MR5.0
Vapor fractlon 1 o o 1 1 i
Temperature/°C 20 -251 -165.7 20 10.79 23.44
Pressure/KPa 2400 300 101 5500 330 120
Mass flow,/ kg h2 63 63 101100 110000 450000 1085

Percentage of the component mole fractlon (%)

Hydrogen 1.0 1.0 0 0 0 25
NHrogen o 0 1.5 4 13.2 L]
Methane ] 0 89.3 87.5 211 1]
Neon ] 0 0 0 ] 33.7
Propane 0 0 22 21 16.9 0
I-Butane 0 0 0.3 0.3 ] 0
n-Butane 1] L] 0.8 0.8 0 0
I-Pentane 1] L] 0.1 0.1 14.3 0
Ethylene 0 0 5.9 5.4 34.5 o
Hellum 1] a (1] 1] a 63.8

In the pre-cooling part, the pressure ratio is
3.3 in the first compressor, and 3.5 in the second
stage, while in the final cooling section, three
compression stages are performed with ratios of
2.3, 2.7, and 3.1. Heat flow, minimum
temperature difference, and LMTD for heat
exchangers are shown in Table 2.

Table 2. Specifications of heat exchangers.

not converted to para-hydrogen in the
liquefaction process (Ram B. Gupta, Basile, and
Veziroglu 2013). In this research, three ortho-
para conversion reactors are used. The
percentage of para-hydrogen reaches 25% in the
first stage, 77% in the second stage, and 99% in
the final stage. The conversion reaction rate (riz)
is related to the catalyst reaction rate (K) and
concentration of the feed hydrogen gas (Cyz2), the

Heat LMTD Heat flow tMiﬂimltlm equation is given as follows{Ghorbani et al.
. o emperature 2021):
exchanger (°C) (kw) difference (°C) i =)k % Com "
HexM1 17.3 73118 1
HexC1.0 5.3 2651 22
HoxC11 14 71609 11 Where the unit of ry2 Is kmol. (1. s™1), and the
HexC2.0 &.2 1302 3.0 unit of & and Cyz are s-1 and Kkmol,
HexC21 13 19588 1 respectively. Based on the work of (Yin and Ju
HexC3.0 5.9 1687 2.4 2020a), k Iis considered 1.2 s-land the
HexC31 1.5 14301 1.2 selected catalyst is Fe{OH)s.
HexC4.0 6.5 367 33
HexC4.1 5.6 10157 3.2 3 Modeling and simulation

Ortho-para converslon reaction

Hydrogen contains 25% para-hydrogen and 75%
ortho-hydrogen at amblient temperature. As
the temperature decreases, the percentage of
para- hydrogen increases. 99% para-hydrogen
will be present in the hydrogen composition
at the liquefaction temperature, but this
reaction is exothermic, and it lasts a few
days; therefore, it is an obstacle in hydrogen
liquefaction cycles. Various catalysts are used
to increase the rate of ortho-para conversion
reaction (Yin and Ju 2020a). The released
heat from the ortho-para conversion reaction
is 527 kJ kg 1, while the heat of evaporation of
LH2 is 446 kJ/Kkg. Consequently, the liquid
hydrogen will start to evaporate if it is

In this study, a commercial software named
ASPEN HYSYS 11 is used to simulate the cycle.
The proper EOS should be chosen by
considering the temperature and pressure
ranges of gases. Using suitable EOS is crucial
to achieving close agreement with
experimental results. Stream properties are
given in Table 3. In this work, Modifled Benedict-
Webb-Rubin (VIBWR) method, as recommended
by (Valenti, MacChi, and Brioschi 2012) is used
for pure hydrogen streams because this method
has a better agreement with the experimental
results of the work of (Jacob W. Leachman et al.
2017), especially in cryogenic temperatures.
Added to this, The PR method is utilized to
simulate other streams Including mixed
refrigerant and mnatural gas streams. The PR
equation is derived from the Van Der Waals
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relation and is a quasi-experimental state

equation. The following equation shows the

Peng- Robinson equation(Valenti et al. 2012):
RT ad

More detailed information about “a” and” b”
and the method of calculation of properties for
gas mixtures are given in references (Ahmed

v—b v +b)+bw—b (2) 2016; M. Mafi 2015).
8 =[1+m( -T2
m = 0.3796 + 1.5422w — 0.2699w?
Table 3. Stream propertles of the p d cycle
Mass Mass Mass Strea P Mass Mass Mass
Stream mneC) P /kPa flow/ enthalpy entropy/ m m°cy /kPa flow,/ enthalpy/ entropy/
/kght /Kl kgt k) kg-1°C1 kg h k) kg kJ kg1 °C-1

H3 -159.40 2400 63 1699 45 MR10 144.36 1100 1085 480 15

H4 -212.04 2400 63 1061 37 MR11 25.00 1100 1085 L] 14

H5 -227.28 2400 63 664 32 H8 -250.98 300 63 -225 9

HE6 -245.01 2400 63 203 20 LH2 -250.98 300 63 -225 9

H7 -248.00 2400 63 -23 i5 H4a 198.59 2400 63 1061 39
MR1.0 25.00 1100 175 o 14 H4c 198.59 | 2400 63 1061 39
MR1.1 -158.00 1100 175 -737 10 H6a -236.29 | 2400 63 203 22
MR1.2 -218.17 120 175 -976 10 Hé6c -236.29 | 2400 63 203 22
MR1.3 -161.00 120 175 -747 13 H7a -238.62 | 2400 63 -23 15
MR1.4 22.46 120 175 -10 a7 H7c -238.62 2400 63 -23 15
MR2.0 25.00 1100 170 o 14 H7d -253.02 2400 63 -225 8
MR2.1 -198.00 1100 170 -899 8 LNG -166 101 101100 -4629 4
MR2.2 -237.39 120 170 -1054 9 NG3 -159 5500 110000 -4469 4
MR2.3 -200.79 120 170 -907 11 NG4 -166 101 110000 -4469 4
MR2.4 23.01 120 170 -8 17 NG1 20 5500 | 110000 -3711 8
MR3.0 25.00 1100 320 0 14 NG2 -166 101 8900 -2654 7
MR3.1 -225.00 1100 320 -1010 6 M1 -160 3900 | 450000 -1776 1
MR3.2 -250.44 120 320 -1107 7 M2 -164 330 450000 -1776 1
MR3.3 -228.00 120 320 -1016 10 M3 11 330 450000 -1111 5
MR3.4 23.33 120 320 -7 17 M4 80 1092 | 450000 -1001 5
MR4.0 25.00 1100 420 (1] 14 M5 20 1042 | 450000 -1177 4
MR4.1 -240.60 1100 420 -1075 5 M6 20 1042 | 354819 -856 5
MR4.2 -253.93 120 420 -1143 5 M7 111 3900 354819 -720 5
MR4.3 -243.50 120 420 -1079 8 ms 20 1042 95181 -2377 i
MR4.4 24.11 120 420 -4 a7 M9 22 3900 95181 -2371 1
MRS5.0 23.44 120 1085 -6 a7 M10 74 3900 450000 -1069 4
MR6.0 118.68 230 1085 376 a7 mMi1i 20 3900 450000 -1291 4
MR7.0 25.00 230 1085 o 16 H1i 20 2400 63 4134 57
MRS8.0 142.25 500 1085 471 16 NG2b i7 101 8900 -2365 9
MR9.0 25.00 500 1085 o 15

A comparison between the conversion
enthalpy obtained from the MBWR and
experimental results (Jacob W. Leachman et al.
2017) is shown in Fig. 3. Shown in Fig. 3 is the
accuracy of conversion enthalpy calculation
which is at least less than 1.5 % for the
MBWR

method. Shown in Fig. 4 is the validation of the
MBWR method for the heat capacity of
hydrogen in different temperatures. Results
from Fig. 3 and Fig. 4 indicate that among PR,
PRSV, and MBWR EOSs, MBWR is found to be
the most accurate EOS for pure hydrogen
streams.

700
‘3 ~@-Experimentla results [36]
=2 600
o —+—MBWR (present study)
S 500
2
S 400
t
@ 300
5
3 200
2 100
=
5]
e 0

350 300 250 200 150 100 50 0
Temperature/K

Flg. 3. Valldation of MBWR EOS for the converslion enthalpy In different temperatures.

2y oLl (sl (sl wa crg2xinil> —ole ool anlimls




RS - Bttt

e g o et [V

18

16
— @
i -
:Iﬁ 14 il P 2= B = O 5 P
= =
& 12 o
=~ 10 %’9 —®- Experimental result [36]
o @ PR

8 MBWR (present study)

PRSV
6
0 50 100 150 200 250 300
Temperature/K

FIg. 4. Heat capacity of hydrogen (C;) calculated by different EOSs.

able 3 shows the validation of the method
used in this paper and the results of the work of
(Xu et al. 2013) in which a PRICO cycle was
investigated.

Table 4. Valldation of PRICO cycle with work of (Xu

et al. 201.3).
(Xu et al.
Varlables This paper 2013)
Minimum temperature 3 3
difference (°C)
Specilfic energy
consumptlon (SEC) 0-280 0.281

Thermodynamic analysis

According to the first law of thermodynamics,
considering steady-state conditions and the
absence of kinetic and potential energy
changes, the two equations of energy and mass
balance used in this research are given as
follows (Aasadnia, Mehrpooya, and Ghorbani
2021):

me E.?ﬁom

ch + 2 mi in hbt = z m out hour + Wc-z:

(3)

Some performance parameters, such as
SEC, COP, FOM, and exergy efficiency, are
calculated to evaluate the system. FOM is
calculated according to Equation 3 (Babu
2019). SEC evaluates the amount of electricity
consumption for one kilogram of LH2 or LNG. By
using Equation 4, SEC is calculated (Cardella,

Decker, Sundberg, et al. 2017; M Mafi,
Amidpour, and Naeynian 2009):
Wrer {(fu— ho) — oS5 — So) @)
FOM = = 4
Wﬂ'r_’ PHEI‘ .
Frer
SEC = (5)
my

Where Wi,.. is reversible work, W. is real

work, ho is the entropy at ambient
temperature,
So is enthalpy at ambient temperature, and 5;
and h; are specific entropy and enthalpy of
liquid gas, respectively. COP is the ratio of
the heat

which is taken from the cold streams in heat
exchangers per the total power consumption in
the cycle (Tan et al. 2018):

Q{‘

COP =
P'hef

(6)
where Q¢ is the heat taken from the cold
streams in heat exchangers. Exergy analysis is
performed for the proposed cycle, and the
exergy of streams is considered as follows,
excluding the changes of kinetic and potential
exergy (Fratzscher 1997; M. Mafi, Naeynian,
and Amidpour 2009):
e = eph + ech
erh = h = ho = T(S — So)

)

Where ho and So represent the enthalpy and
entropy of a stream at ambient temperature
and pressure, respectively.

Chemical exergy could not be neglected in
the study because there Is a chemical reaction
in ortho-to-para reactors. Standard exergy
values presented in (Kotas 1985), by using
standard values for pure materials, chemical
exergy of different mixtures can be calculated
as follows (Kotas 1985):

emh =32 x_;e;f" + RTo > xlnxy 8
i i
Exergy destruction is calculated using the
exergy balance equation in equipment according
to the following equation (Fratzscher 1997):
Exi+ Exor = Exo + Exgo + Wsn + [ (9
Irreversibility or exergy destruction is
calculated by Equation 9 in which Ex, and Ex:
are the exergy of the output and input streams,
Exgi
and Exg, are the exergy of the input and the

output heat flows, W.x Iis the power
consumption in the process, and [ is the
irreversibility. The equations of exergy
efficiency and exergy destruction for all

equipment are given in Table 5.
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Table 5. The equations of exergy efflclency
and exergy destruction for equipment.

Ci . .
un;]géme Exergy efficiency | Exergy destruction
Compres Cin
. Cour Moy = I =ei—e,+Wem
s0r —out M
N S Ae)
107 de)
Heat =1—{ w(rmt AR)
m
exchange Z1 hot I'=3%(emn — eonm)
r z’ﬂmﬂ{')
Flsngn an)
1 cold
.
Throttle TS" st
. T=Ts l=epm—e
valve |es” = (f " dh T
T
= AT 4 plw
Eout
Reactor Mex =, I =em—eout
i
) W,
Turbine - ——r
and Nex e —e I = ey — eaqur + Wi
Exl]dﬂ{ er m our
Flash _ e
drum Fex e, oo ot
e, t
Reactor Nex = I =éem—eoun
én
. &
Mixer o — o | —e—e
and Tee Lo = e, o

The total exergy destruction and the overall
exergy efficiency are calculated by Equations
14 and 15, respectively(Ghorbani, Ebrahimi,
Skandarzadeh, et al. 2020; Ghorbani et al.
2021):

Ltotal

Neycle = 1- (14)
net

Lotar =2 1; (15)

3

Economy analysls Including CAPEX, OPEX,
and O&M expenditures
Devices, electricity, and feed gas expenditures
are the main parts of the CAPEX and OPEX.
For a better comparison, these costs are
calculated annually to compare with other
expenditures. Equation 16 shows CAPEX
expenditure of liquefaction unit, which is based
on cost factors as recommended by Couper et
al. (Faramarzi, Nainiyvan, et al. 2021b):
Coapex: = Cogll + Cipp o+ + Oy + Oy (16)
+ C.s if + CiS'ld + Cs’n‘q + C:"nr
+ CC (7] + CWT‘C}
Ceq = (1 + ct."t'f"‘:h'er + C['u'r + Ccum +Cu£h) 17)

cael (cost of delivery), Cpex (cost of heat
exchangers), C.om (cost of compressors), Cur (cost

of turbines), C.: (cost of other devices excluding
heat exchangers, and compressors), Cns (cost
of installation), Cpip (cost of piping), Cuis (cost of
building), Cq. (cost of control systems), Csif
(cost of safety system), Cisu (cost of pipelines
and cold box insulation), Ceng {cost of
design and

supervision), Co: (cost of contracting), Cogl
unforeseen costs), C.u»- (cost of system testing).

Cost factors are given in Table 6 , and the
purchase cost of equipment is shown in Table 7.

Table 6. Cost factors of capltal expenditures (Faramarzl, Nalnlyan, et al. 2021b).

Cost factor Name Value Cost factor Name Value
Cins Installation 0.10 Cren Insulation 0.120
Cop Piping 0.15 Ceng Engineering supervision 0.03
Chid Building construction 0.10 [o Contracting fee 015
Caic Electric systems 0.07 Crig Unforeseen expenses 0.10
Cstr Safety systems 0.03

Table 7. Cost of different equilpment (Donaubauer et al. 2019; Faramarzl, Nalnlyan, et al. 2021b; Nourl, Mlansarl,

and Ghorbanl 2020).

Components

Cost equation

Heat exchanger

Cher = [ phex- (8500 + 409 (Ajior

0383
—_—) )
.‘fr_y

FeordT <128 K)= 0.1 kW m2
Ferp(293 K > T > 128 K) = 0.2 KW m2

Compressor

Ceom = TH00(W o )nﬁz

turbine expander

Crup = 3TB(W, "r}u.a:.

Ortho-para conversion reactor

Ceon = 2B60B%2 + 280401
car con

Other components

Coth = 0.AB(Chrey + Crop + Criy + Cro + Cot)
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The amount of production of LNG or LH2 per
year is calculated as follows (Serio et al. 2015):
i, a=Ya 17280000. 1r7i 1ve (18)

Where 1ni . Is the mass flow of LNG or LH2
per one second. Y, is the annual rate of cycle
activity, including 8322 working hours per year
(Serio et al. 2015). Annual CAPEX is given as
follows (Cardella, Decker, and Klein 2017;
Faramarzi et al. 2021): .
Ta. (1 + 1a)

ot =Ccarex.t- @+iy-1

(19)
CAPEX,a

Where t is the payment period in terms of the
year, [, is the annual interest rate and Ccapex:
represents the total initial cost. Copext includes
the cost of electricity (Cei,), feed gas (Creed, a), and
refrigerants charge (Creear.a) as defined
below(Akrami et al. 2018; Ghorbani et al. 2019):
Corexa=Cela* Cfeel:l,a + Cfeedf,a (20)

The cost of maintenance, compressor seals,
and personnel and operation supervision are
considered as Coam,. (Cardella, Decker, and
Klein 2017). The cost of annual electricity is
calculated as follows (Ghorbani et al. 2012):
Cel = Cel- M La. SEC (21)

Where c.i is the cost of electricity in kWh, and
1mi 1o is the amount of LNG or LH2 production in

40

one year.

4 Results and discusslion

Three cases are investigated in this study. A
comparison of three cases is done in this study.
Results show that Case 3 performs better than
the other cases. The information, which is given
in Tables 1 and Table 2, in the previous
sections, is related to Case 3 (final case),
because Case 3 has better performance than
that the other two cases. Results show that the
total power consumption for Case 3 is 27,639
KW consisting of 366 KW in cooling and 27304
kW in the pre- cooling part, and SEC for the
hydrogen liquefaction cycle of Case 3 is 5.31
kWh/kg. Case 1 as the base case compares to
Case 3 as the final case Iin Fig. 5 and Fig. 6 in
terms of exergy analysis. Shown in Fig. 5 and
Fig. 6 are the exergy destruction and exergy
efficiency of different equipment, respectively.
Results in Fig. 5 show that heat exchangers in
Case 1 have a significant role in total exergy
destruction. Minimum and maximum pressure
in the mixed refrigerant cycle, the mass flow
rate of the mixed refrigerant stream, and mixed
refrigerant composition are considered key
parameters to minimize the total exergy
destruction, especially in heat exchangers. As
shown in Fig. 5 and Fig. 6, it is crystal clear that
Case 3 (final case) had a better performance
than Case 1(base case).
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35
30
25
20
15
10

5

0

Exergy destruction/kW

(base case)

COOI']. o T 0 O R

cool-3 [
cool-2 [ —
C0m3 D
com2 e
com]
Exp‘l USRS
exp_z T TR
Exp-3 [

E)(p-4 e
HEK.CQ]_ i

Tee |

CON 1 T I I
CON3 I T I

CON2 T 0 TN

Hex.2.0 [=%
Hex.C1.1 |
Mixer [

HexC2.1 |
Hex C4.( [mmmmmmsmmmsm——m

Hex.C3.0 ===

Hex.C3.1 [©=
Hex.C1.0 %

Equipment

Flg. 5.1. LH2 cooling cycle
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Flg. 5. Exergy destruction In 2.1.: LH2 Cooling part. 2.2: LNG or LH2 pre-cooling part.
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FIg. 7. Exergy block flow dlagram for hydrogen liquefaction cycle.
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Flg. 8. Block flow dlagram related to overal economlic analysis.
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FIg. 9.1. HexM1 heat exchanger In the pre-cooling part.
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FIg. 9. Comparison between hot and cold composite curves for two heat exchangers (Flg. 9.1. HexM41, Fig.
9.2. Hexc4.0).
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Sensltivity analysis

FiIg. 9 shows the composlite curves In two heat
exchangers that Impact the total exergy
destructlon signliflcantly. The comparison of
case 1 and case 3 are shown In Flg. 9.

As shown In Flg. 6 for the natural gas
liquefaction cycle or hydrogen pre-coollng part,
the HexM1 has the greatest exergy destruction;
this device Is optimlized In Case 3 (flnal case) by
adjusting the minlmum temperature approach.
The power of compressors In thils sectlon for
Case 3 (flnal case) decreases compared to Case
1 (base case), which In turn, results In total
power consumption decreasing. Fig. 5.1 shows
that the greatest exergy destruction In the
coollng part of Case 1 goes to the Hex.c4.0,
which has three streams, Including one hot and
two cold streams. The exergy destruction of this
device Is reduced In Case 3 In comparison to
Case 1. Exergy destructlon Increased In Case 3
for ortho-para converslon reactors due to Inlet
temperature changes, but total exergy
destructlon In Case 3 (flnal case) Is less than
that for Case 1(base case). The difference In
exergy destruction between Case 3 and Case 1
Is 8718 KW. Flg. 6 shows that mixers, pumps,
and separators have the slightest exergy
destructlon compared to other devices. The
exergy efflclency of alr coolers has the lowest
value In the pre-cooling and coollng parts,
respectively. The block flow dlagram of the Inlet
and outlet exergy for the hydrogen liquefaction
cycle Is shown In Flg. 7, addltionally, the
economic block flow dlagram for the overall
cycle Is shown In Fig. 8.

The low value of the minlmum temperature

approach In the heat exchangers causes

less

0.95

exergy destruction, but It needs blg heat
exchangers and much more CAPEX
expenditures. In Case 1, the minimum
temperature approach range Is assumed
between 1°C to 8 °C. By readjusting the
minimum temperature approach In Case 3, It
changes to the range of 1°C to 2 °C. Of the
three cases, Case 3 performs the best In terms
of the energy and exergy aspects. In Hexc4.0,
the minilmum temperature approach Is 4°C and
1 °C for Case 1 and Case 3, respectively. In
HexM1, the minlmum temperature approach Is
3°C as recommended by (Aslambakhsh et al.
2018) In both cases (Case 1 and Case 3), but
the two hot and cold composite curves are
closer to each other. As shown In Flg. 9, HexM1
with two cold and three hot streams
significantly Influences the cycle exergy
efficlency for the pre- coollng part and the
whole cycle.

Sensltivity analysls examines the effect of key
varlables on the performance of the proposed
cycle. In Flg. 10 and Flg. 11, the Influence of the
maximum pressure of mixed refrigerants on the
efflclency of the proposed cycle Is Investigated for
the PRICO cycle and the coollng part of the
hydrogen llquefaction cycle.

AccordIng to Flg. 10, It Is clear that with the
maximum pressure In the range of 3300 kPa to
3900 kPa Increasing, the SEC reduces, and the
COP Increases. A pressure of 3900 kPa Is the
optimal value. Flg. 11 Indlcates that Increasing
the maximum pressure of the mixed refrigerant
In the coollng part of the hydrogen llquefaction
cycle leads to the performance Improvement of
the hydrogen liquefaction cycle; therefore, the
proposed cycle has the best performance at
1100 kPa.

0.85

cop

0.75

=COP

Optimal pressure in PRICO cycle = 3900 kPa i

0.65 .
3200 3700

o B N W b U O d
SEC/kWh kg-1

4200

High pressure/kPa
Flg. 10. High working pressure In the PRICO cycle.
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FIg. 11. comparison of different high working pressures In the cooling part of the hydrogen liquefaction cycle.

In Figs. 12 and 13, the effect of the mass
flow rate of the mixed refrigerant in the PRICO
and cooling part of the hydrogen liquefaction
cycle is investigated. As shown in Fig. 12, with
the mass flow rate of the mixed refrigerant in
the PRICO cycle increasing, SEC decreases
significantly, and COP decreases slightly. The
same trend is shown in Fig. 13 for the mass
flow rate of the mixed

refrigerant in the cooling part of the hydrogen
liquefaction cycle. A mass flow rate of 354819
kg h-1 for the mixed refrigerant of the PRICO
cycle results in the best performance of the whole
cycle, with the lowest possible flow rate of the
mixed refrigerant Iin the cooling part of the
hydrogen liquefaction cycle being 1085 kg h~1,

1 8
09  / R 17
| s - » a 16
0.8 4 5 -
o 2
8 0.7 4 c
=
- 3 v
0.6 G o
0.5 Optimal mass flow rate 12 &
! 354819 kg h-1 = COP 4. 9
0‘4 1 I 1 1 o
350000 360000 370000 380000 390000 400000

Mass flow rate/kg h-1
Flg. 12. Comparison of different mass flow rates of the mixed refrigerant In the PRICO cycle.

1 8
0.9 -‘.'\ A
{ i R 7
I 3 - - e -
0‘8 :l' | ’_,—" - - QIO
) P ol =
O 0.7 '=. 6 <
! S—
0.6 y 2
’ - Optimal mass flow rate 59
0.5 -
1085 kg h-1 = COP
0.4 L L L 1 i 4
1050 1100 1150 1200 1250 1300 1350

Flg. 13. Comparison of different mass flow rates of the mixed refrigerant In the cooling part of the hydrogen

Mass flow rate/kg h-1

liquefaction cycle.
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Shown In Figs. 14 and 15 are the Influence
of the adlabatlc efflclency of compressors and
expanders on cycle efflclency. As shown In Flgs.
15 and 16, the higher the efflclency, the better
the cycle effilclency, but the maximum
efflclency for expanders and compressors Is 85
% In this study as recommended by Berstad et
al. (Berstad et al. 2010) and YIn et al. (YIn and

temperatures.
Economlic analysls

In the followlng sectlons, the results of the
economlc analysls of the proposed cycle are
Investigated. In the proposed cycle, the annual
Interest and the payment perlod are 0.07 and 20
years old, respectively. Flg. 16 shows the
different annual expendltures for the proposed

Ju 2020a) for mixed refrigerant streams cycle (Case 3) and the base case (Case 1).
at cryogenlc
1 8
o = |
L. - =
0.8 L7 e
A o
o B e i~
3 0.6 ‘“‘Hx‘_\_ s
& ) \ 4 6 3
0.4 - “‘“'mx =
S @)
— N 5 L
0.2 | T i
#COP -«SEC
0 ' ' 4
65 75 85 a5

Adiabatic efficiency of compressors (%)
Flg. 14. Varlation of SEC and COP agalnst the adlabatic effilclency of compressors.
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Adiabatic efficiency of expanders (%)
Flg. 15. Varlation of SEC and COP agalnst the adlabatic efficlency of turbine expanders
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Flg. 16. CAPEX, OPEX, and O&M expendlitures for Case 1 (base case) and Case 3 (final case).
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It can be seen from Fig. 14 that the annual
total cost of Case 3 decreases compared to that
of Case 1. The main reason for the cost
reduction is based on less SEC or power
consumption for case 3, in turn, causes the
OPEX cost to decrease in comparison to Case 1
significantly. Annual power consumption
decreases in Case 3 because the exergy
destruction in heat exchangers reduces. In
Case 3, the highest rate of expenditure goes to
OPEX, consisting of $21.6 million, followed by
CAPEX at $10.8 million, and the third rank is

allocated to O&M. In Case 1, CAPEX
expenditure is $28.3 million, which has a
decline in by $6.7 million in case 3. Fig. 17

shows the proportion of the three costs of the
proposed cycle. As shown in Fig. 17, the highest
cost Is assigned to OPEX, making up 61%,
which is twice as much as that of CAPEX. Stood
at the second rank is CAPEX, consisting of 30%,
followed by O&M at 9 % .

0&M
9%
| CAPEX

61%

Flg. 17. The proportion of CAPEX, OPEX, and
08&:M expendltures for the proposed cycle.

The performance comparison of the
proposed cycle (Case 3 in the present study)
and other hydrogen liquefaction cycles is shown
in Table 4. SEC of the proposed cycle is 5.31,
which has a +25 % improvement compared to
the work of (Yin and Ju 2020a). This
improvement is based on two main reasons:
first, using a suitable mixed refrigerant
composition in the hydrogen liquefaction cycle
and also utilizing a PRICO cycle in the pre-
cooling part of the Iliquefaction, while the
nitrogen refrigeration cycle is used in the pre-
cooling part of the model of Yin and Ju's
research(Yin and Ju 2020a), and second reason
based on that the process integration of the
hydrogen liquefaction cycle with an LNG
production cycle leads SEC to decrease. In this
study, COP and FOM are 0.89 and 0.72,
respectively. Table 8 indicates that the
proposed cycle has a lower SEC value than that
of other cycles mentioned in Table 8. In the
work of Mehrpooya et al. (Mehrpooya et al.
2020) a hydrogen liquefaction cycle with an
SEC value of
4.16 kwh kg1 was developed, which has a better
performance compared to the proposed model
in this study. However, they did not consider
temperature increase in the ortho-para
conversion reactions, which Is a major gap,
causing a significant difference with
experimental results. Consequently, the gap is
fixed in this study to achieve close agreement
with experimental results.

Table 8. Performance comparison of the proposed hydrogen liquefaction cycle with the works of Yin and Ju(YIin

and Ju 2020a), Yang et al. (Yang et al. 2019), and Berstad et al. (Berstad et al. 2021).
(Berstad et al. (Yang et al. (YIn and 3::: Proposed
Parameters 2010) 2019) Ju (Case 1 cycle (Case 3
(Scaled-up) (Scaled-up) 2020a) In in the
the present present study)
study)
SEC/KkWh kg! 6.57 11.05 7.13 6.13 5.31
COP Not mentloned Not mentloned 0.17 0.81 0.89
FOoOM Not mentloned Not mentloned 0.49 0.67 0.72
Net power/kKW 413 696 449 385 335
LH2 capaclty/kg h— 63 63 63 63 63
Concentration of
para hydrogen In 99 29 99 29 99
LH2 (%)
LH2 Pressure/kPa 184 300 300 300
LH2 temperature/°C 251 251 -252 251 -251
5 Conclusion increase. In this research, a novel hydrogen
High energy consumption in hydrogen and liquefaction cycle integrated with an LNG

natural gas liquefaction cycles is a crucial
problem, which causes high production costs.
Using a new design for the hydrogen liquefaction
cycle by mixed refrigerant method or integration
of the LH2 production cycle with other processes

production cycle is proposed. The LH2 production
capacity is 1.5 TPD (63 kg h-1) TPD. The LNG
production cycle is a PRICO cycle with a
capacity of 101100 kg h-1. Three different
mixed refrigerant compositions, including
can reduce exergy destruction in equipment; in Casel, Case 2, and Case 3, are studied to find
turn, causing the liquefaction cycle efficiency the best performance. Case 3 has the best
to efficiency,
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which is proposed as the final model. Three
ortho-para conversion reactors are used in this
research. SEC is 5.11 for the proposed hydrogen
liquefaction cycle, which is +25 % better in
terms of SEC than that for a similar cycle
mentioned in the literature. COP and FOM of the
proposed cycle are 0.89 and 0.72, respectively.
Results indicate that the proposed cycle has
better performance in comparison to other
cycles mentioned In the literature. BYy
performing economic analysis, CAPEX, OPEX,
and 0&M expenditures are examined for the
proposed cycle. Using simultaneous production
of LNG and LH2 leads to significant cost
reduction in OPEX. In the proposed cycle, the
payment period and annual interest are
considered 20 years old and 0.07, respectively.
The highest cost is assigned to OPEX, making
up 61%, which is twice as much as that of
CAPEX. The third rank of the total expense is
0&M, consisting of 9% of the total annual cost.
MBWR and PR EOSs are used to simulate pure
hydrogen and mixed refrigerant stream,
respectively. Simultaneous using two proper
EOSs for the proposed model causes good
agreement with experimental results, especially
for ortho-para conversion reactions. By using
liquid hydrogen as an energy storage method,
there is no need to use alternatives with
environmental problems, leading to cleaner
energy production and sustainable energy.
Consumption of hydrogen and natural gas is
increasing. By process integration of LNG and
LH2 production cycles, the cost of using those
fuels can be decreased, which is done in this
study. The problem of the high Investment cost
of hydrogen storage could be solved by
considering simultaneous production of LNG

and LH2, making it economically viable.
The modified configuration of using two

liguefaction cycles in this study is very inspiring
and can be used in other liquefaction processes.
Furthermore, it is suggested for future works
investigate the possibility of adding a renewable
power plant to the proposed model to provide
renewable power for the compression section of
the liquefaction cycle, additionally, by using solar
energy and water electrolyzes, LH2 can be
produced with zero carbon emission.

Nomenclature
Symbols
da Pressure cost factor 1
g Pressure cost factor 2
Aprirx Heat transfer area In heat exchangers(m?)
Cearrx  Cost factor
Copgx Cost of operatlon($)

erh Physlcal exergy(kW)
Fopex The pressure cost factor In heat
exchangers
h Specific enthalpy (k) kg1)
HP Work of compressor or turbine{kW)
iy Mass flow rate (Kg h™3)
Pigr Total power consumption In a cycle( kW)
Qo Heat transfer (KW)
I Exergy destruction(kW)
Ia Annual Interest rate
ky Speclific entropy (KJ kg 1°C™2)
t Payment perlod(year)
w Work(kW)
Abbreviations
CAPEX CAPEX
COoP COP
EOS EOS
FOM FOM
LH2 LH2
LNG Liquld natural gas

MBWR  Modifled Benedict-Webb-Rublin

OPEX Operation expenses

O&M Operating and malntenance expendlture
SEC Specific energy consumption (KWh kg-1)

Greek letter
n Exergy efficlency
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An introduction to perovskite solar cells
By Hooman Esmaeilzadeh, Amirhossein Hamrang, Students at University of Tabriz

First of all, as we all want to know, what are Perovskite Solar Cells?

you might have heard about the solar panels and their function, but the word “Perovskite” may sound new to you.so first of all we need
an explanation on what is this material?

Halide perovskites are a family of materials that have shown potential for high performance and low production costs in solar cells. The
name “perovskite” comes from the nickname for their crystal structure, although other types of non-halide perovskites (such as oxides
and nitrides) are utilized in other energy technologies, such as fuel cells and catalysts.

now, with that information in hand, are these Perovskite any better those other recent technologies in solar panels? Well data says
so. Perovskite solar cells have shown remarkable progress in recent years with rapid increases in efficiency, from reports of about %3
in 2009 to over %25 today. That is statically a high number to achieve. But as all of the developing and new technology, it has a few
challenges before becoming a majority in aspect of worldwide use.

STABILITY AND DURABILITY

as the first and most important factor we might study the stability of the material,

Perovskite solar cells have demonstrated competitive power conversion efficiencies (PCE) with potential for higher performance, but their
stability is limited compared to leading photovoltaic (PV) technologies. Perovskites can decompose when they react with moisture and oxygen
or when they spend extended time exposed to light, heat, or applied voltage. To increase stability, researchers are studying degradation in both
the perovskite material itself and the surrounding device layers. Improved cell durability is critical for the development of commercial perovskite
solar products.

Despite significant progress in understanding the stability and degradation of perovskite solar cells, they are not currently commercially viable
because of their limited operational lifetimes. Commercial applications outside the power sector may tolerate a shorter operational life, but
even these would require improvements in factors such as device stability during storage. For mainstream solar power generation, technologies
that cannot operate for more than two decades are unlikely to succeed, regardless of other benefits.

Early perovskite devices degraded rapidly, becoming non-functional within minutes or hours. Now, multiple research groups have demonstrated
lifetimes of several months of operation. For commercial, grid-level electricity production, some of the lead laboratory and teams are targeting
an operational lifetime of at least 20 years, and preferably more than 30 years.

The perovskite PV research and development (R&D) community is heavily focused on operational lifetime and is considering multiple approaches
to understand and improve stability and degradation. Efforts include improved treatments to decrease the reactivity of the perovskite surface,
alternative materials and formulations for perovskite materials, alternative surrounding device layers and electrical contacts, advanced
encapsulation materials, and approaches that mitigate degradation sources during fabrication and operation.

Oneissuewith assessing degradationin perovskites is developing consistent testing and validation methods. Research groupsreport performance
results based on highly varied test conditions, including different encapsulation approaches, atmospheric compositions, illumination, electrical
bias, and other parameters. While such varied test conditions can provide insights and valuable data, the lack of standardization makes it
challenging to directly compare results and difficult to predict field performance from test results.
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POWER CONVERSION EFFICIENCY AT SCALE

In small-area lab devices, perovskite PV cells have exceeded almost
all thin-film technologies in power conversion efficiency, showing
rapid improvements over the past five years. However, high-efficiency
devices have not necessarily been stable or possible to fabricate at
large scale. For widespread deployment of perovskites, maintaining
these high efficiencies while achieving stability in large-area modules
will be necessary. Continued improvement in efficiency in medium-area
modules could be valuable for mobile, disaster response, or operational
energy markets where lightweight, high-power devices are critical.
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Perovskites can be tuned to respond to different colors in the solar
spectrum by changing the material composition, and a variety of
formulations have demonstrated high performance. This flexibility allows
perovskites to be combined with another, differently tuned absorber
material to deliver more power from the same device. This is known as a
tandem device architecture. Using multiple PV materials enables tandem
devices to have potential power conversion efficiencies over %33, the
theoretical limit of a single junction PV cell. Perovskite materials can be
tuned to take advantage of the parts of the solar spectrum that silicon PV
materials can’t use very efficiently, meaning they make excellent hybrid-
tandem partners. It is also possible to combine two perovskite solar cells
of different composition to produce a perovskite-perovskite tandem.
Perovskite-perovskite tandems could be particularly competitive in the
mobile, disaster response, and defense operations sectors, as they can be
made into flexible, lightweight devices with high power-to-weight ratios.

THIN FILM
PEROVSKITE SOLAR CELL

PEROVSKITE ON SILICON
TANDEM SOLAR CELL

MANUFACTURABILITY
Scaling up perovskite manufacturing is required to enable commercial
production of perovskite solar cells. Making the processes scalable and
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reproducible could increase manufacturing and allow perovskite PV
modules to meet or exceed standard levelized cost of electricity goals for
PV.

Perovskite solar cells are thin-film devices built with layers of materials,
either printed or coated from liquid inks or vacuum-deposited.
Producing uniform, high-performance perovskite material in a large-
scale manufacturing environment is difficult, and there is a substantial
difference in small-area cell efficiency and large-area module efficiency.
The future of perovskite manufacturing will depend on solving this
challenge, which remains an active area of work within the PV research
community.

Many of these methods used to produce lab-scale perovskite devices are
not easy to scale up, but there are significant efforts to apply scalable
approaches to perovskite fabrication. For thin-film technologies, these
can be split into two major production types:

Sheet-to-Sheet: Device layers are deposited on a rigid base, which
typically acts as the front surface of the completed solar module. This
approach is commonly used in the cadmium telluride (CdTe) thin-film
industry.

Roll-to-Roll: Device layers are deposited on a flexible base, which can
then be used as either an interior or exterior portion of the completed
module. Researchers have tried this approach for other PV technologies,
but roll-to-roll processing did not gain commercial traction because of
the performance limitations of these technologies. However, it is widely
used to produce photographic and chemical film and paper products
such as newspapers.

If perovskites can be made reliably using these scalable fabrication
approaches, they have the potential for faster capacity expansion
than silicon PV. Both of these processes are well established in other
industries, so existing knowledge and supply chains can be leveraged to
further reduce scaling costs and risk.

Additional barriers to commercialization are the potential environmental
impacts of perovskite materials, which are primarily lead-based. As such,
alternative materials are being studied to evaluate, reduce, mitigate, and
potentially eliminate toxicity and environmental concemns.

TECHNOLOGY VALIDATION AND BANKABILITY

Validation, performance verification, and bankability—ensuring the
willingness of financial institutions to finance a project or proposal
at reasonable interest rates—are essential to the commercialization
of perovskite technologies. Variability in testing protocols and lack of
sufficient field data have limited the ability to compare performance
across perovskite devices and to develop confidence in long-term
operational behavior.

Current testing protocols for solar PV devices were developed for the
existing mainstream PV technologies. These involve indoor testing using
protocols that could also accurately predict outdoor performance in
silicon and CdTe solar cells, which degrade very differently than perovskite
technologies. Objective, trusted validation using test protocols that
can adequately screen for real-world failure modes is critical to boost
confidence in perovskite technologies, which is necessary to enable
investment in production scale-up and deployment. The rapidly changing
material and device compositions of perovskite solar cells make this
standardized validation particularly challenging and important.

so, speaking of facts, in modern day of solar panel technologies, the
Perovskite is a controversial field of study, but the results and potentials
which the material is showing, surely the use of these solar cells will
increase in the industrial level specially after researching and developing
this new technology more.
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Fuel Mixing enhancement of Transverse Coaxial Air and Fuel Jet by Upstream Shock Wave in
Scramjet Engines: Numerical study
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Faculty of Mechanical Engineering, University of Tabriz, Tabriz, Iran
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Abstract

In this study, computational fluid dynamics (CFD) is used to disclose the impacts of upstream shock waves on fuel mixing of cross coaxial
air and fuel jet at a scramjet engine. This study has tried to investigate the impact of three different lobe injectors (-2lobe, -3lobe, and
-4lobe nozzle) on the fuel penetrations along the scramjet combustor. The supersonic air stream is M=4 while cross hydrogen and air jet are
released in sonic velocity. This study uses CFD simulations to analyze the effects of upstream shock waves on fuel mixing in the transverse
coaxial jet and assess their potential for improving combustion efficiency. The results demonstrate that the usage of upstream shock waves
significantly increases shock interactions and augments the vortex region downstream of the jet. Our results show that the impacts of shock
waves on the penetration of fuel jet released from the coaxial lobe nozzle are substantial.

Keywords: Compressible flow: Numerical simulations; Fuel injection: combustor: fuel jet

1. Introduction

A shock generator is a device that is used to enhance the mixing of
a transverse jet in a supersonic or hypersonic flow. It is typically a
wedge-shaped or ramp-shaped device that is placed in the flow
upstream of the transverse jet [3,2,1, and 4]. When the supersonic
or hypersonic airflow passes over the shock generator, it creates a
series of oblique shock waves [6 ,5]. These shock waves compress
and heat the flow, increasing the density and temperature of the flow
[8,7].The compression and heating of the flow cause the mixing rate
between the fuel and air in the mixing layer to increase [9 ,7, and
10]. The shock generator can also create a recirculation zone behind
it, which can further enhance mixing by promoting the interaction
between the fuel and air. The recirculation zone creates a region of
low velocity behind the shock generator, which allows the fuel more
time to mix with the air before it is burned [ 12 ,11].

The effectiveness of a shock generator depends on several factors,
including the geometry of the device, its placement in the flow,
the flow conditions, and the material properties of the device
[14 ,13, and 15]. The shock generator must be carefully designed
and optimized to ensure that it enhances mixing without causing
unwanted flow disturbances or pressure losses [17 ,16].

While a shock generator can be an effective tool for enhancing
mixing in a transverse jet, there are potential drawbacks that should
be considered [19 ,18]. The presence of a shock generator in the
flow can increase the overall drag of the system, which can reduce
the efficiency of the engine [21 ,20]. This is particularly true if the
shock generator is not optimized for minimum drag. The compression
and heating of the flow by the shock generator can lead to increased
heat transfer to the surface of the vehicle or engine [23 ,22]. This
can cause thermal stresses and can reduce the lifespan of the
components. The presence of a shock generator can lead to pressure
losses in the flow, which can reduce the overall performance of
the engine [25 ,24]. The design and implementation of a shock
generator can be complex and require significant engineering effort
[27 ,26]. This can increase the cost and development time of the
engine system. The effectiveness of a shock generator can be limited
if the flow conditions are not well-matched to the design of the
shock generator. In some cases, the use of a shock generator may

not provide significant benefits over simpler mixing enhancement
techniques [29 ,28]. Overall, the use of a shock generator can be
an effective tool for enhancing mixing in a transverse jet, but it is
important to carefully consider the potential drawbacks and trade-
offs in the design and implementation of the system [31 ,30].

A shock generator is a device used to enhance the mixing of a
transverse jet in a supersonic or hypersonic flow [33 ,32]. In a
transverse jet, a stream of fuel is injected perpendicular to the main
flow stream, which creates a turbulent mixing layer that enhances
the mixing of the fuel with the air [35 ,34]. However, in high-speed
flows, the mixing process can be incomplete due to the limited time
available for mixing before the fuel is burned. This is where a shock
generator can help. A shock generator is typically a wedge-shaped
or ramp-shaped device that is placed in the flow upstream of the
transverse jet. As the supersonic or hypersonic airflow passes over
the shock generator, it creates a series of oblique shock waves,
which compress and heat the flow [37 ,36]. The compression and
heating of the flow cause the density and temperature of the flow to
increase, which in turn increases the mixing rate between the fuel
and air in the mixing layer. The shock generator can also create a
recirculation zone behind it, which can further enhance mixing by
promoting the interaction between the fuel and air. The recirculation
zone creates a region of low velocity behind the shock generator,
which allows the fuel more time to mix with the air before it is burned
[39 ,38, and 40].

Overall, the use of a shock generator can significantly enhance the
mixing of a transverse jet in a high-speed flow, leading to improved
combustion efficiency and engine performance. However, the design
of the shock generator is critical, and it must be carefully optimized
to ensure that it enhances mixing without causing unwanted flow
disturbances or pressure losses [42 ,41].

Although numerous investigations have been done for the
improvement of the fuel mixing in the combustion chamber, the
role of the shock generator in the mixing of the coaxial lobe injector
has not been analyzed in a supersonic combustion chamber. In this
study, the usage of the coaxial single jet under the impacts of the
shock generator is investigated. Three types of lobe injectors are
chosen to determine the impacts of nozzle types on the performance
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of the air and fuel jets within the combustion chamber. Different
aspects of the flow are analyzed to attain the main advantages of
this injection system inside the combustor.

2. Governing equations and simulation methodology

The main governing equations for the modeling of high-speed flow
with transverse fuel jets are RANS equations [45 ,44 ,43, and
46]. The energy equation is also coupled to the RANS equations
since several shock waves are produced inside the combustion
chamber. Besides, the ideal gas assumption of the estimation of the
compressible flow is still a reasonable choice. The species transport
equation is also solved because of the secondary gas of hydrogen
as fuel. The turbulence characteristics of the flow are modeled by
the SST turbulence model. Meanwhile, the density-based algorithm
is chosen because of the high-pressure gradient in our model [,47
49 ,48, and 50]. More facts regarding the governing equations have
been presented in fuel details in published articles [53 ,52 ,51].
Theoretical methods have extensively used for optimization and
improvement of the mechanical systems [56 ,55 ,54, and 57].

Shock generator]|

Annular lobe nozzle with shock generator|
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------
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2-locbe nozzle

ik 3-lobe nozzle

Fig. 1 proposed injection system

As demonstrated in Fig. 1, three-lobe injectors are investigated
in the present study and the surface areas of these models are
constant to ensure the mass flow rate of these models is the same.
Besides, the air jet injected from the inner nozzle to improves the
fuel mixing in the combustor. The shock generator is positioned
at the top of the injector and the angle of the wedge for the shock
generation is 30 deg. To reduce the computation of the domain, half
of the model is chosen for the simulation and the symmetry boundary
is applied on the mid-plane as illustrated in Fig. 1. Air stream with
Mach=4, Tinf=1000 K, and P= 1 atm is entered from the inlet and the
hydrogen gas is released with Mach=1 and total pressure of fuel jet
is %10 of the total pressure of incoming airflow. The air jet is applied
with the same condition as the fuel jet from the inner nozzle.

Annular lobe nozzle with shock generator|
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in the present study and the surface areas of these models are
constant to ensure the mass flow rate of these models is the same.
Besides, the air jet injected from the inner nozzle to improves the
fuel mixing in the combustor. The shock generator is positioned
at the top of the injector and the angle of the wedge for the shock
generation is 30 deg. To reduce the computation of the domain, half
of the model is chosen for the simulation and the symmetry boundary
is applied on the mid-plane as illustrated in Fig. 1. Air stream with
Mach=4, Tinf=1000 K, and P= 1 atm is entered from the inlet and the
hydrogen gas is released with Mach=1 and total pressure of fuel jet
is %10 of the total pressure of incoming airflow. The air jet is applied
with the same condition as the fuel jet from the inner nozzle.

Annular lobe nozzle with shock generator|

[shock generator] L ‘

3-lobe nozzle]
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The grid is requitédfévitisshninh tirhbertir frondii¥he finite volume
approach. As depicted in Fig. 2, the applied grid is hexagonal and
structured. The homogeny grid is applied in our domain while its
concentrations vary based on the importance of the region in which
grid resolution near the injector and the wedge shock generator
is higher because of contacts of jet flow with cross air flow. Grid
analysis is done to obtain a minimum grid number for the reduction
of the computational time in the simulations. In Table 1, the fuel
concentrations on the plane for four grids are compared.

cells Grid cells. along X, Y | Hydrogen fraction at 35
and Z direction mm downstream
Coarse | 943100 176x110x50 0.262
medium | 1610100 196x140x60 0.281
fine 2223100 218x170x70 0.287
Very fine | 3800100 242x200x80 0.288

Table 1. Grid study

3. Results and discussion

The validation is also done in this study by comparing the fuel
mixing height on the symmetry plane behind the injector. Table 2
the variation of the penetration height behind the circular nozzle
with diameter of 2 mm at supersonic free stream (M=4). The results
confirm the precision of the applied method for the simulation of the
selected problem.

Distance from Our data Numerical data of Errors (%)
injector (mm) Pudsey [43]
5 5.7 6 5%
10 7.05 71 1%
20 8 7.8 25%
30 8.4 8.2 25%

Table 2 Validation of penetration height (mm)




The influence of the shock waves produced by the wedge upstream
of the injector on the mixing zone and shock interactions is
demonstrated in Fig. 3. The injection of the inner air jet on the fuel
mixing and deflection of the fuel jetis also observed in this figure. Bow
shock and separation shock is the key element of this configuration.
The barrel shock near the nozzle is also deflected by the application
of the shock generator. As the -2lobe nozzle is replaced by the -4lobe
nozzle, the inner air jet area in the mid-section is expanded and the
angle of the bow shock is also increased. The formation of separation
shock for the -3lobe injector is the main distinctive feature related
to this nozzle type. In the following section, the source of this unique
structure will be explained.

ey

incident
shock wave™

Fig. -3 4D structure of annular injector system under impact of shock generator

The deflection of the air stream and formation of a vortex nearby the
injector for the analysis of the fuel penetrations inside the domain
is also done in this research. Figure 5 illustrates the stream of
incoming supersonic flow faced with coaxial air and fuel jet. The
upstream circulation is noticed upstream of coaxial fuel and air
nozzle which is the first effect of the jet interactions. The largest
upstream circulation is noticed in the -3lobe nozzle. Since trails of
the horseshoe vortex originally start from this vortex, the expansion
of this region is effective in the mixing and distribution of the fuel.
The usage of the shock generator along the inner air jet reduces the
supersonic air velocity behind the fuel jet and this increases the fuel
diffusion in the combustion chamber. Besides, the fuel jet layer is
deformed under the impacts of the horseshoe vortex.

[2-Lobe injector|

Fig. 3 The Mach feature and Mixing zone on the symmetry plane

Figure 4 demonstrates the -3D flow feature related to the proposed
configurations under the influence of the shock wave produced by
the wedge upstream. Flow analysis and mass concentration layer
indicate that the injection of the air from the inner nozzle improves
the normal penetration of the fuel since the jet layer is distributed in
aring shape. As the number of the lobe in the injector has increased,
the distribution of the fuel jet is done in the wider area and the
curvature feature of the nozzle helps the formation of the vortex
inside the domain.

|_ 2-lcbe injector h2
0.95
0.85
| 0.75
0.65
0.55

_3-lobe injector

Fig. 5 vortex structure and shock interaction of proposed configurations

Figure 6 compares the mixing zone and vortex downstream of the
nozzle jet for the investigated nozzle types when an upstream shock
generator is applied. The main circulation is produced by the rotating
vortex induced by the fuel jet and it is dominant by the reason of the
interaction of the fuel jet boundary with the supersonic free stream.
The secondary vortex is generated by the upstream circulation. The
strength of the secondary vortex links with the power of this circulation
and the archived results indicates that the power of this vortex has
a significant influence on the expansion of the mixing zone. In the
case of the -3lobe nozzle, the secondary vortex may split into several
vortices far downstream (x/D=10) of the injector.
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Fig. 6 Comparison of fuel mixing zone downstream of the jets

Figure 7 shows the changes in the circulation strength behind the coaxial
fuel and air jet for introduced lobe-type nozzles when a shock generator
is applied. The strength of circulation for the selected injectors indicates
that the strength of the -3lobe injector is about two times of other
models. In Figure 8, the influence of the upstream shock wave produced
by the shock generator on the power of the circulation is demonstrated.
The results show that the shock generator declines the strength of the
circulation and the maximum effect is observed in the -3lobe injector.
The main reason for this reduction is associated with the reduction of the
strength of the supersonic air stream with the fuel jet.

Single coaxial air and fuel jet with shock generator (Angle=30")
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Fig. 7 Comparison of circulation strength behind the injectors
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Fig. 8 Comparison of circulation strength changes behind the injectors

In Fig. 9, the mixing efficiency of the fuel jet which is released via
an annular injector with an inner air jet from different lobe injectors
is plotted. The mixing performance of these nozzle configurations
is almost identical far downstream since the usage of the shock
generator decreases the effects of nozzle types. The main difference
between these injectors is noticed close to the injector. As shown in
the figure, the mixing performance of -4lobe and -3lobe injectors is
higher than the -2lobe one. Figure 10 disclosed the impacts of the
shock generator on the variation of the fuel mixture for the introduced
lobe nozzles. The changes in mixings efficiency show that the usage
of the shock generator improves the fuel mixing near the nozzle while
it has negative impacts far downstream. Since the vortex structure
is extended by reducing the velocity of the supersonic airflow, fuel
mixing and diffusion enhances in the vicinity of the injector. However,
this impacts declines due to the reduction of the shock impacts
downstream.

Single coaxial jet with shock generator (Angle=30°)

035 ——{J}— 2-Lobe Nozzle
——%— 3-Lobe Nozzle
:_O_ 4-Lobe Nozzle|
03
o |
=
X I
g 025
— B
02p
[ L] —
0.15 10 20 30 40

Downstream distance from first fuel jet (mm)

Fig. 9 Comparison of fuel mixing performance behind the injectors
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Fig. 10 Comparison of fuel mixing performance changes behind the injectors

4. Conclusion

The present investigation has tried to demonstrate the effects of the
shock generator on the fuel mixing of the single annular jet with the
inner air jet at the combustion chamber of the scramjet engine. The
computational technique of CFD is applied for the analysis of the
flow and jet interaction with air flow to find the mechanism of the fuel
mixing inside the combustion chamber. The -3D feature of the jet fuel
is investigated to reveal the formation of different vortices behind the
lobe-type injectors. In addition, the power of the circulation behind the
injectors has been analyzed and itis perceived that the existence of the
upstream shock generator decreases the strength of the circulation
nearby the fuel jet nozzle. The comparison of the fuel mixing with/
without the shock generator visibly shows that the presence of the
shock generator has increased the fuel mixing near the fuel injector
while the fuel mixing decreases in the far downstream. The analysis of
the flow illustrates that the shock waves allow the secondary vortex to
expand and consequently, the diffusion of the fuel into the main stream
is increased. In afar downstream, the strength of the secondary vortex
is weakening and the fuel mixing for this reason is limited.
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Abstract

The importance of the parent vessel geometrical feature on the risk of cerebral aneurysm rupture is unavoidable. This study presents inclusive
details on the hemodynamics of Internal carotid artery (ICA) aneurysms with different parent vessel mean diameters. Different aspects of
blood hemodynamics are compared to find a reasonable connection between parent vessel mean diameter and significant hemodynamic
factors of wall shear stress (WSS), oscillatory shearindex (0SlI), and pressure distribution. To access hemodynamic data, computational fluid
dynamics is used to model the blood stream inside the cerebral aneurysms. A hemodynamic comparison of the selected cerebral aneurysm
shows that the minimum WSS is reduced by about %71 as the parent vessel>s mean diameter is increased from 3.18 mm to 4.48 mm.

Keywords: ICA, cerebral aneurysm, CFD, blood stream; parent vessel diameter

1. Introduction

Endovascular coiling is a minimally invasive technique used to
treat intracranial aneurysms and reduce the risk of rupture.
It involves inserting small metal coils into the aneurysm sac,
promoting thrombosis (blood clotting) and reducing blood flow
into the aneurysm. The coiling procedure has several effects on
the hemodynamics of the aneurysm, contributing to the reduction
in rupture risk. Here are some ways in which endovascular coiling
influences hemodynamics and reduces aneurysm rupture risk [2 ,1,
and 3]:

Coiling disrupts the normal blood flow patterns within the aneurysm
by filling the sac with coils. This promotes flow diversion away from
the aneurysm, reducing the impact of high-velocity jets and flow
impingement on the vulnerable aneurysm wall. By redirecting blood
flow, coiling helps alleviate the hemodynamic stress that can lead to
aneurysm rupture [5 ,4, and 6].

The coils placed within the aneurysm initiate thrombosis, leading to
the formation of a blood clot. As the clot matures and organizes, it
further reduces blood flow into the aneurysm, effectively occluding
the sac. The presence of the clot and subsequent endothelialization
(formation of a new endothelial layer) over the coils promotes
stabilization of the aneurysm, reducing the risk of rupture [9 ,8,7].
Coiling alters the flow dynamics within the aneurysm, resulting in a
reduction in wall shear stress (WSS). High WSS has been associated
with aneurysm growth and rupture. By disrupting the flow patterns
and reducing the forces acting on the aneurysm wall, coiling helps
decrease the WSS, which can contribute to the long-term stability of
the aneurysm [12 ,11,10, and 13].

The presence of coils within the aneurysm initiates a healing
response in the vessel wall. Over time, this can lead to positive
remodeling, where the vessel wall thickens and strengthens around
the coils. Positive remodeling reinforces the weakened aneurysm
wall, enhancing its resistance to rupture. The presence of coils
within the aneurysm provides a physical barrier that prevents the
circulation of emboli (blood clots) from entering the cerebral
circulation. This reduces the risk of thromboembolic events, which
can further contribute to aneurysm rupture. Endovascular coiling,

by altering the hemodynamics of the aneurysm, promotes flow
diversion, aneurysm occlusion, and positive vessel remodeling [,14
15, and 16]. These changes collectively contribute to the reduction
in aneurysm rupture risk. However, it's important to note that the
effectiveness of coiling can vary depending on factors such as
aneurysm size, shape, and location. Patient-specific evaluation and
careful consideration of the hemodynamic impact are crucial for
successful treatment outcomes [19 ,18 ,17, and 20].
Endovascular coiling is a widely used treatment technique for
intracranial aneurysms [22 ,21]. While it can be effective for many
aneurysms, the suitability of coiling as a treatment option depends
on several factors, including the size and shape of the aneurysm.
Endovascular coiling is commonly used for small to medium-sized
aneurysms. Small aneurysms, typically defined as those with a
maximum diameter less than 5 mm, are often ideal candidates for
coiling due to their favorable outcomes and lower risk of rupture.
Medium-sized aneurysms (15-5 mm) can also be treated with
coiling, although the decision may depend on other factors such
as the location and morphology of the aneurysm. Aneurysms come
in various shapes, including saccular, fusiform, and irregular [,23
25,24, and 26]. Saccular aneurysms with a well-defined neck and
dome are generally more amenable to coiling. The presence of a
narrow neck allows for better coil placement and stability within
the aneurysm. Fusiform and irregular-shaped aneurysms, on the
other hand, may present challenges for coiling due to their complex
geometry and involvement of elongated segments. In such cases,
alternative treatment options, such as flow diverters or surgical
clipping, may be considered. The location of the aneurysm can also
influence the feasibility of coiling. Aneurysms located in the anterior
circulation, such as the anterior communicating artery or middle
cerebral artery, are more commonly treated with coiling due to
better accessibility and favorable outcomes. However, aneurysms in
challenging locations, such as the posterior circulation or complex
bifurcations, may pose technical difficulties for coiling [28 ,27, and
29].

Ibs important to note that the decision regarding the most
appropriate treatment approach for an aneurysm is made on an
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individual basis, considering multiple factors such as aneurysm
size, shape, location, patient's overall health, and the expertise
of the treating physician [32 ,31 ,30 and 33]. In some cases, a
combination of treatment techniques may be employed, such as
using a flow diverter in conjunction with coiling or opting for surgical
clipping for complex aneurysms. A multidisciplinary team, including
neurosurgeons, interventional neuroradiologists, and neurologists,
collaboratively assess each case to determine the most suitable
treatment strategy for the patient's specific circumstances [,35 ,34
36, and 37].

There are several scientific articles that present the hemodynamic
analysis of the cerebral analysisviaacomputational approach. Unlike
previous papers [40 ,39 ,38, and 41], in this paper, comprehensive
investigations on the hemodynamics of the ICA aneurysm have been
performed to disclose the effects of parent vessel mean diameter
on the risk of aneurysm bleeding. The hemodynamic factors i.e.
wall shear stress (WSS), oscillatory shear index (0SI), and pressure
distribution on three different ICA cases have been developed and
analyzed by computational fluid dynamic method. In addition, the
influence of the endovascular coiling of the aneurysm on the blood
flow characteristic is also revealed in the selected aneurysm.

2. Aneurysm selection and computational technique

For the selection of the aneurysm geometry, several rupture/un-
rupture cerebral aneurysms have been obtained from the Aneurisk
website [42] which contains geometrical features of the different
patients from Emory University. It is confirming that all methods were
carried out in accordance with relevant guidelines and regulations.
Besides, all experimental protocols were approved by of the Ca»
Granda Niguarda Hospital and it is confirmed that informed consent
was obtained from all subjects and/or their legal guardian(s).

The three selected ICA aneurysms have different parent vessel
mean diameters as presented in Table 1. As offered in Table 1, the
size of the Parent vessel mean Diameter of the chosen cases is
varied between 3.18 mm and 4.48 mm, and all cases are related
to female patients. Table 1 also presents the HCT of the selected
female patient and the sac section area. The size of the latterisin a
limited range of (54-47 mm2). Figure 1 displays the chosen saccular
aneurysm with geometrical details.

Parent vessle mean | Sac section area
Case ID Sex
Diameter (mm) (mm?2)
16 3.18 47 Female (HCT=0.40)
34 3.65 54 Female (HCT=0.40)
38 4.48 50 Female (HCT=0.40)

The simulation of the blood flow is done via solving transient
Navier-stocks equations while it is assumed that the blood flow
is not Newtonian and the one-way FSI model is considered for the
interactions of the vessel with the incoming blood stream [37].
Casson model is applied for the estimation of blood viscosity in
our study [39 ,38] and blood flow is considered laminar [40]. The
applied boundary condition at the outlet and inlet is also displayed
in Fig. 2. Two significant stages of peak systolic and early diastolic
are also displayed in Fig. 2. The results of 0SI are calculated.at the
end of 3rd cardiac cycle of early diastolic as demonstrated in Fig.
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Fig. 10 Comparison of fuel mixing performance changes behind the injectors

2. The influence of the coiling is investigated by applying a porous
domain in the sac section area with a porosity value of 0.844 as
presented in Table 2.
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Viscous
HCT Porosity Resistance

(m2/1)
0.4 0.844 16958264.02

Table 2 Porosity of coiled aneurysms

The generated grid for the simulation of the blood flow on the
selected cerebral aneurysm is displayed in Fig. 3. Efficient grid for
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numerical study is essential step [46 ,45 ,44 ,43 and 47]. The size
of the grid on the vessel is almost uniform and the resolution of the
produced grid on the cross-section of the parent vessel is higher
in the vicinity of the aneurysm and vessel wall. As demonstrated in
Fig. 3, the sac section region is split for applying the coiling porosity
which is explained before. A close-up view is presented for the sac
section area in the presented figure. To ensure the grid resolution,
more than five grid sizes are produced and the average WSS on the
sac section area is calculated. Finally, the range of grid cells for
the selected cases is within 1.1 million cells and 1.6 million cells.
The using computational methodology for resolving real scientific
problem is efficient and time consuming [49 ,48, and 50].

Caze 34

____________

Fig. 3 Grid generation for 3 different ICA cases

3. Results and conclusion

The details of hemodynamic factors related to the simulation of
the aneurysms are presented in Table 3. In this table, the values of
mean WSS, minimum WSS, 0SI, wall pressure, and average velocity
of the blood flow are reported. Except for 0SI, all other factors are
calculated for the peak systolic stage. In the following, the physical
aspects of these achieved data are fully explained with a graphical
contour.

Parent Sac
wall Aneurysm
vesselmean | Section | WSS_me
0SI_mean | pressure_mea | Velocily mea
Diameter Area an (Pa)
n (Pa) n (m/s)
(mm) (mm2)
Case 16 3.18 a7 LTEAMY | e TITEVRY LRSI EATVEAY
Case 34 3.65 54 AAFFFEL [ ¥ FaTYAY VOO wFaTEATY
Case 38 4.48 50 YAVANVPY L VEETVYY YAYAVTA AR AR ETN

Table 3 results of hemodynamic factors

The effects of the parent vessel>s mean diameter on the mean WSS
are demonstrated in Fig. 4. As plotted in fig. 4, increasing parent

vessel mean diameter considerably decreases the minimum WSS
on sac surface. %80 reduction in mean WSS is attained at peak
systolic when parent vessel mean diameter is increased about %40.
To recognize the effects of parent vessel mean diameter, Figure 5
displays the WSS contour on sac area at peak systolic. Evaluation
of WSS distribution indicates that the most critical area on the sac
surface is neck section. In fact, in the neck section, the blood flow
enters the sac and exit from sac with limited cross section area. The
close-up view presents more details about the critical section in the
neck section.
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Fig. 4 Mean wall shear stress vs parent vessel mean diameter at peak systolic

The variation of the mean sac wall pressure under impacts of
different parent mean vessel are exhibited in Fig. 5. The figure shows
that there is not a meaningful connection between the mean sac wall
pressure and parent vessel mean diameter at peak systolic stage.
Although, the change of parent vessel mean diameter in the chosen
patients are high, the mean sac wall pressures varies restrictively.
Figure 6 displays the changes of pressure contour on the sac surface
in chosen models. In case 16, the maximum pressure is noticed in
dome section while critical high pressure region happens near neck
region in case 34. In case 38, neck region is critical from pressure
aspects.
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Fig. 6 Wall pressure contours (Peak systolic) in different cases

The changes of mean 0SI for different parent vessel mean diameters
are displayed in fig. 7. The results show that increasing parent
vessel mean diameter about %40 would decrease the mean 0SI on
the sac area about 43 % at early diastolic. As demonstrated in Fig.
8, the most critical region for the rupture from 0SI aspects is dome
region where has higher 0Sl value. It is also found that the maximum
0SI value on the dome area is also reduced from 0.35 to 0.15 by
increasing the diameter of the parent vessel.
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Fig. 8 0SI contours (Early diastolic) in different cases

is compared for the selected patients by demonstrating
the iso-velocity contour in Fig. 10. The structure of the
iso-velocity indicates that the velocity in center of the
aneurysm is less than other region and the shape of
aneurysm is very important on the feature of blood flow.
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Fig. 7 Mean 0Sl vs Parent vessel mean diameter at early diastolic
Figure 9 illustrates the impacts of parent vessel mean
diameter on the mean velocity inside the sac region.
As demonstrated in Figure %44 ,10 reduction in mean
velocity of the blood velocity is noticed as %41 increase
in parent vessel mean diameter is observed. The
structure of the blood flow inside the cerebral aneurysm
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Fig. 9 Mean sac velocity vs Parent vessel mean diameter at peak systolic

Velocity: 0.6 m/sec
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Fig. 10 Iso-Surface (velocity at peak systolic) in different cases

4. Conclusion

The present study has focused on the impacts of the parent vessel
mean diameter on the hemodynamic aspects of the cerebral
aneurysm with endovascular coiling. Computational approach
is used to model the transient blood flow inside the parent vessel
and sac area while it is presumed that the blood is not Newtonian
fluid. The contours of pressure, WSS and 0SI of three nominated ICA
aneurysms are compared to disclose the importance of the parent
vessel mean diameter on the probability of aneurysm bleeding.
Based on the 0SI results at early diastolic, increasing parent vessel
mean diameter about %40 would decrease the mean 0SI on the sac
area about 43 %.
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Interview with Dr.Hadidi - Assistant Professor at the
University of Tabriz

By Arash NourbakhshSadabad, PHD candidate at
University of Tabriz

Arash: Dr. Hadidi, Please introduce yourself and tell us what expertise you
have in the field of mechanics.

Dr. Haddidi: 1 am Amin Hadidi. | am a member of the Mechanics group,
specializingin energy conversion. Mymain areas of work are primarilyin two-
phase flows and two-phase magnetohydrodynamics, where | conduct both
numerical and experimental work. Projects related to power plants, Stiring
engines, and others are among the cases where, in addition to numerical
work, we also conduct experimental work. We perform simulation and
numerical work on energy storage systems, various models, but we have not
yet entered the construction and related research work on them. However,
as | mentioned, in areas like two-phase flows, in addition to numerical
work, we also conduct experimental work. In the field of two-phase flows,
which is more related to the discussion of magnetohydrodynamics, we
study the effects of various magnetic fields on boiling, bubble dynamics,
their interactions, and various connections and interactions to see how
magnetic fields affect them in different conditions, as well as their heat
transfer aspects, which can increase or decrease the heat transfer rate of
the flow, or vice versa, we work on controlling them.

Arash: Thank you very much, Dr. If possible, could you tell me about one of
the practical and experimental works in these areas, along with the tools
you used? What were the results?

Dr. Haddidi: One project that we are currently working on at the Faculty of
Mechanical Engineering at Tabriz University is the design and construction
of Stirling engines. Stirling engines were first introduced about seventy
to eighty years ago, but they did not find a specific application. In recent
decades, their applications have been increasing day by day. For example,
Stirling engines are used in nuclear-powered submarines. In modem and
innovative solar dishes that have been introduced in the past one or two
years, these engines are used. There is also a technology called Kilopower,
designed and built by NASA, which couples with nuclear fission reactors
and is very important. That is, generating electricity from nuclear fission
reactors and of course nuclearfission have beenintroduced about tenyears
ago. In all of these applications that | mentioned, the Stiding engine is the
propulsion and power generation part of the systems. Stiring engines have
three main branches, Alpha, Beta, and Gamma. The Gamma type, in terms
of power generation, power density, and energy conversion efficiency, has
superiority over the other three types, which is why we focus on Gamma type
Stirlingengines. Onmydesk, there are partsrelated to these Gamma Stirling
engines, and we are working on making some changes to the regenerators
of these cylinder-piston power units to increase their efficiency so that they
can be used in industrial applications in our country. Because the engines
that are manufactured in the country have educational aspects and very
low efficiency. They are not usable in industrial applications. Whereas the
engines we are making have a twelve percent efficiency, which no group in
the country manufactures.

Arash: How is the validation of your cards?

Dr. Haddidi: To do this, first we simulate in similar conditions, secondly
we compare the capabilities with similar engines that we already have
and are external and have good quality, for the same inputs. For example,
with electric heaters, we can provide power to each pair of them, naturally
the one that has more mechanical output power shows that its efficiency
is higher. In addition, | mentioned that we compare the results of our own
engine simulation with experimental and numerical results, which we use
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for verification and validation.

Arash: What software do you use for numerical analysis?

Dr. Haddidi: Currently, avery good software in the field of energy conversion
is a comprehensive software. For example, we have a dedicated software
for internal combustion engines. For turbochargers, we have dedicated
software, but generally the software that is recommended now is the
COMSOL software, which in my opinion has more advantages compared to
Fluent. I have been presenting this COMSOL software in various universities
where | taught computer simulation courses since it was introduced in the
early years.

Arash: What are its advantages, Doctor?

Dr. Haddidi: For example, one of the great advantages that COMSOL has
in the field of multiphase flow is that for investigating the interfaces of
multiphase flows, we use various numerical methods. For example, there
is the VOF method, the SPH spectral method, the level set method, or
combined methods like CLSVOF, Lattice Boltzmann, etc. COMSOL is one
step ahead of Fluent in terms of updating and developing, for example, the
level set method itself existed in COMSOL, which was one of the powerful
methods for numerical study of interfaces, while Fluent has recently added
this option. In these areas, COMSOL has superiority over Fluent, and a very
important and interesting point about COMSOL is that it is multiphysics,
meaning we can easily couple different physics such as magnetism and
mechanics, vibrations and fluids, or different aspects of various physics
together, while Fluent does not have this capability.

Arash: Doctor, if you were to develop another software in the field of fluid
dynamics, what features would you pay attention to?

Dr. Haddidi: Naturally, the first priority would be that it is user-friendly,
especially since students use it. Some software, like Fluent itself, may not
be too difficult to work with, but it can be challenging for our students.
This means that until they leam how to use it, because they draw the
geometry in another software or mesh it and then bring it back to Fluent
for analysis, this process becomes difficult. So the first priority is that
working with it and leaming it should be very simple, which COMSOL has
this advantage. Furthermore, another important point is that it should have
high computational power and not give unnecessary errors, not that we say
itis unrealistic, but for example, working with Fluent in complex geometries
is a bit harder, the meshing power in COMSOL, for example, is high, or lebs
notsay COMSOL at all, one of the advantages that is important for us is that
meshing, geometry drawing, and overall working with it should be easier for
us, and also importing geometries, being able to fully work with 3D scans
for complex tasks. They do not draw the input geometry in real and practical
problems and bring it in with a scan, now we make some modifications in
the geometry. So another important factor in choosing software is that it
can easily match and couple with these tools.

Arash: Thank you very much, Doctor, and is there anyone you can introduce
me to and have an interview with them?

Dr. Haddidi: With Mr. Ranjbar, our professor, who is the best in my opinion
and naturally the best heat transfer professors in the country.

Arash: Thank you for your kindness.

Dr. Haddidi: Good luck and be successful.




Interview with a Postdoc student, Dr. Sharifi.
By Yalda Karimi, Student az University of Tabriz

Yalda:

Dr. Sharifi, could you please introduce yourself?

Dr. Sharifi:

I am Ali Sharifi, a post-doctoral researcher in mechanical engineering.
Yalda:

Could you briefly mention your research and your resume?

Dr. Sharifi:

I have collaborated with the Engineering Society Organization, focusing on the design, supervision, implementation, and inspection
of household gas and industrial facilities.

Yalda:

Do you have any experience in experimental and academic projects or external projects?

Dr. Sharifi:

My mastens thesis was about simulating and optimizing gas transmission lines along with energy transmission between Iran and
Armenia. The pressure was 1050 at the compressor stations, and we reduced it to 250 by installing turbines for electricity generation.
| utilized HYSYS software for this project. This work was carried out by the gas company in the 1970s, and the transmission lines
were established in Iran during that period.

Yalda:

What hardware or software did you use for this project?

Dr. Sharifi:

| used HYSYS, which is the best simulation and optimization software for this type of work.

Yalda:

In your opinion, what were the advantages and features of this software compared to others you have used?

Dr. Sharifi:

HYSYS is mainly used for chemical processes and is applicable for simulating and optimizing transmission lines due to its
thermodynamic properties and comprehensive characteristics.

Yalda:

Which features, if available in this software, would have been more helpful to you, or would have extended its application?

Dr. Sharifi:

It would have been more beneficial if the software could provide more comprehensive results and not just parameters and specific
points.

Yalda:

What were the limitations you faced in terms of experimentation during this project?

Dr. Sharifi:

Due to strategic issues in Iran, we did not have sufficient data and information about the amount of gas we supply to Armenia and
the amount of electricity we receive. In the end, we had to proceed with an approximation.

Yalda:

Is there someone we can speak to regarding this project?
Dr. Sharifi:

Engineer Sadegh Mamarzi is experienced in this field.
Thank you.
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