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Abstract: In this study, convective heat transfer by multiple impinging jet arrays in different arrangements is
numerically investigated using Computational Fluid Dynamics (CFD). Computational domain consists of multiple jet
array either in inline or staggered alignment and a target plate to be cooled by impinging jets. Distance between the
jet array and the target plate is kept constant at H=28 mm. Diameter of circular jet nozzles is fixed at D=5 mm for all
configurations. Effects of jet Reynolds number (Re;), spacing between circular jets and the alignment of the jet
nozzles on aerothermal performance are parametrically investigated in the scope of this study. For staggered and
inline alignments of the jet nozzles, Re; ranges from 5000 to 20000 and the ratio of the spacing to the jet diameter
(s/D) changes between 2 and 6. CFD calculations are performed using finite volume based ANSYS-Fluent flow
solver. Simulations are conducted for incompressible, steady and turbulent flow using k-o SST turbulence model
with ideal gas assumption for density and Sutherland law for viscosity. After intensive mesh convergence and
validation tests, appropriate mesh resolution is determined and parametric investigations are performed. The study
reveals that most dominant parameter for plate cooling is Re; followed by spacing between jets and finally jet
alignment. For all Rej, inline jet nozzle alignment provides 15% higher average heat transfer rate than staggered
alignment when s/D is close to the lower limit. However, it is shown that jet alignment does not affect thermal
performance when s/D is higher.

Keywords: Computational Fluid Dynamics (CFD), Multiple impinging jets, Heat transfer enhancement.

FARKLI DiZILIMLERDE COKLU CARPAN JETLER iLE PLAKA SOGUTMASININ
SAYISAL OLARAK INCELEMESI

Ozet: Bu calismada, iki farkli dizilim ile konumlandirilmis coklu carpan jetler ile gergeklestirilen tasinimla 1s1
transferi Hesaplamali Akiskanlar Dinamigi (HAD) yontemleri ile sayisal olarak incelenmistir. C6ziim hacmi, hizali
veya sasirtmali olarak dizilmis jetler, jet plakasi, sogutulmasi hedeflenen plaka ve arada bulunan akig hacmini
kapsamaktadir. Jet dizisi ile hedef plakasi arasindaki mesafe H=28 mm olup, sabittir. Tiim dizilimlerde dairesel jet
orifislerinin ¢ap1 sabit olup, D=5 mm'dir. Caligma kapsaminda jet Reynolds sayisinin (Re;), ardisik jetler arasindaki
mesafenin ve jet orifisleri dizilim tipinin aerotermal performans iizerindeki etkileri parametrik olarak incelenmistir.
Jet orifislerinin sasirtmali ve hizali dizildigi durumlar igin, Rej’nin 5000 ila 20000 arasinda degistigi ve ardigik
orifisler arasindaki mesafenin orifis ¢apina oraninin (s/D) 2 ila 6 arasinda oldugu durumlar incelenmistir. HAD
hesaplamalari sonlu hacim yontemi temelli ANSYS-Fluent akis ¢6ziiciisii kullanilarak yapilmustir. Simiilasyonlar
sirasinda, hal denklemleri igin ideal gaz varsayimi ve viskozitenin sicaklikla degisimini ifade etmek i¢in Sutherland
yasast kullanilmistir. HAD analizleri k-o SST tiirbiilans modeli kullanilarak sikigtirilamaz, daimi ve tiirbiilansh
akislar icin yapilmistir. Coziim agindan bagimsizlik ve dogrulama analizlerinin ardindan uygun ¢6ziim agi
belirlenmis ve parametrik calismalar gercgeklestirilmistir. Calisma, hedef plakanin sogutulmasinda en baskin
parametrenin Rej oldugunu, ardindan jetler arasindaki mesafe ve son olarak jet dizilimi oldugunu ortaya koymaktadir.
Jetlerin birbirine yakin oldugu durumlarda hizali dizilimin, sasirtmali dizilime gore %15 civarinda daha yiiksek 1s1
transferi sagladig1 gorillmiistiir. Buna kargilik ardigik jetlerin birbirinden uzak oldugu durumlarda hizalama tipinin 1s1l
performansina etkisinin goriilmedigi HAD analizleri ile ortaya konmustur.

Anahtar Kelimler: Hesaplamali Akigkanlar Dinamigi (HAD), Coklu ¢arpan jet, Is1 transferi iyilestirmesi.
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NOMENCLATURE

D Nozzle diameter [m]

E Total energy [m?/s?]

HTU Heat Transfer Uniformity [=q"ave/( " max- 0"min)]
k Turbulence kinetic energy [m?/s?]

ket  Effective thermal conductivity [W/mK]
Nu Nusselt number [=hD/Kes]

PP Pumping Power [W]

p Pressure [Pa]

Rej  Jet Reynolds number [=pDVie/pt]

T Temperature [K]

u Velocity [m/s]

Greek symbols

n Performance evaluation indicator
[=NuHTU/PP?]

P Density [kg/m?]

® Turbulence specific dissipation rate [1/s]

u Dynamic viscosity [kg/ms]
INTRODUCTION

In most industrial applications cooling by forced
convection with the consideration of cost-effective
designs has become an urgent need over the last 30
years. In such applications, cooling by air is preferred
since air can be widely found and cooling by air doesn't
require precooling and exhaust air can be sent back to
the atmosphere after filtering. Based on these
advantages, air induced impinging jet cooling systems
have become popular in many industrial applications
and drawn the attention of researchers. Examples of
cooling by multiple impinging jets in various industrial
areas include blades' cooling in turbomachinery,
electronics' cooling, quenching processes in glass and
steel industries and air floatation dryers.

Chougule et al. (2011), investigated the effects of jet
Reynolds number and distance between jets and plate
on average Nusselt number in cooling by multiple
impinging jets. They used a multiple impinging jet
system consisting of nine jets in an inline arrangement
and found that the k- ® -SST turbulence model
predicted flow field and heat transfer rates more
accurately than the other turbulence models. They
revealed that the average Nusselt number increased with
decreasing distance between jets and plate and
increasing Rej. Wu et al. (2019), have investigated
immersed impinging jet cooling system design for high-
power electronics. For different air flow rates and
temperatures, they conducted experiments to thermally
characterize the cooling system in terms of Nusselt
number. Additionally, they have conducted simulations
and found compatible findings with their experimental
results. Chen et al. (2020), have studied impinging jet
cooling system in staggered configuration of jet
nozzles. Roughness effects of the target plate were
simulated with micro pin fins in the study. In addition
to experiments, numerical simulations have been carried

out. For different crossflow schemes, ribs were found to
be effective on average Nusselt number while they were
not effective as much on pressure losses. Finally, they
found that the inline arrangement of jet nozzles results
in higher thermal performance compared to the
staggered alignment. Tepe (2021), has numerically
investigated the effects of plate to target distance,
nozzle spacing and Reynolds number on heat transfer
performance of an impinging jet cooling system on a
concave surface. After comprehensive verification
studies, the k- @ SST turbulence model was chosen to
be used for further simulations. Tepe (2021) found that
with increasing plate to target distance and spacings, the
average Nusselt number tends to decrease. In addition,
spacing between sequential jets plays an important role
in heat transfer uniformity. Zuckerman and Lior (2005)
compared the performances of various turbulence
models in the numerical modelling of multiple
impinging jet flows. They compared the computational
costs, and accuracies in heat transfer calculation and
observed secondary Nusselt peaks in detail. In this
study, the deviations of the turbulence models such as
k-g, k-o, RSM (Reynolds Stress Model) and ASM
(Algebraic Stress Model) from the experimental data
are shown and the superiority of v2-f and k-o SST
turbulence models in predicting the flow field with high
accuracy close to experiments have been highlighted.
Obot and Trabold (1987) compared the effects of
dominant parameters of the multiple impinging jet
cooling system. They experimentally investigated the
effects of three various jet to plate spacing ratios, Rej
varying between 1000 and 21000, three crossflow
schemes and jet to plate spacing ratios of 2 to 16. Based
on the evaluation of measurements, low crossflow
velocities and low jet to plate spacing ratios achieved
enhanced heat transfer rates. Wen et al. (2018)
investigated the effects of jet nozzle arrangement on
heat transfer uniformity. In their study, they concluded
that increasing the number of jets provided a uniform
heat transfer distribution on the impinging plate and
showed that varying the jet diameter in radial position
increased the overall heat transfer. Chang and Shen
(2019) investigated the effects of grooves on the
impinging plate using two different web patterns along
with the jet Reynolds, jet to plate distance and the jet
diameter. They showed that heat transfer could be
enhanced by using grooves and satisfying the
conditions such as lower jet to plate distance than the jet
diameter and moderate Rej ranging from 5000 to 20000.
Vinze et al. (2019) experimentally investigated the
effects of dimples on impinging plate on heat transfer in
a multiple impinging jet cooling system at various jet
Reynolds numbers, jet to plate distances, jet to jet
spacing, dimple depths and eccentricities of dimples.
They found that heat transfer enhancement could be
achieved if the spacing between the jets was four times
higher than the jet’s diameter and dimples were used on
the impinging plate. Xing and Weigand (2013)
investigated the effect of the distance between the
impinging plate and the jet array on heat transfer
experimentally. At different impingement system



configurations, they examined an array consisting of 81
jets. They obtained Nu distribution on the surface by
using the Thermochromic Liquid Cristal measurement
techniqgue and also solved one-dimensional time
dependent heat transfer equation. In their study, they
showed that for all impingement system configurations,
higher thermal performance was achieved when the
distance between the jet and the impinging plate was
three times higher than the jet diameter. The thermal
performance improvement provided by impinging jet
systems has led researchers to utilize impinging jets for
different perspectives in various application areas. Fu
et. al (2021), investigated a novel application of
impinging jet cooling for batteries of hybrid cars. They
measured heat and momentum transfer of impinging jet
cooling under cross-flow conditions created in a wind
tunnel. They conducted CFD simulations based on k-m
SST turbulence model, compared numerical results with
experiments and concluded that the vortex generation
due to crossflow improves heat transfer. In their study,
it was mentioned that the inlet jet pressure and jet height
are also important parameters. Bijarchi et. al (2019),
examined Swinging Sloth Impinging Jet (SSIJ)
numerically. Parametric investigations were carried out
with a 2D laminar model involving jet to plate distance,
jet Reynolds number and the swinging frequency. The
results showed that oscillation frequencies up to 10 Hz
increase heat transfer by preventing boundary layer
development. They also showed that, dimensionless jet
to plate distances of 0.35 to 0.5 resulted in higher local
Nusselt numbers. Sabato et. al (2019), numerically
investigated the effect of different nozzle diameters and
nozzle orientations on power electronic cooling
utilizing impinging jet systems. Parametric simulations
revealed that smaller nozzle diameters and inline
arrangement showed better thermal performance. It has
also been mentioned that required pumping power for
impinging jet system is lower than for conventional
power electronic cooling systems. Chauhan and Tankur
(2014), developed a mathematical model for impinging
jet solar air heaters and investigated the effects of
Reynolds number, spanwise and streamwise distance
between sequential jets and the diameter of jets on
thermal efficiency. They concluded that, under certain
operating conditions involving Reynolds number,
impinging jet solar air heater shows higher thermal
efficiency than the conventional design. The main
challenge of industrial cooling applications is to
maintain uniform and performant cooling with
acceptable power requirements. Thus, the problem
becomes a multi-objective industrial design problem.
Consequently, the definition of those related parameters
and a global performance evaluation become important
to compare different configurations. In the current
study, the cooling effect of multiple jets on an
impinging plate with higher constant surface
temperature is investigated numerically. To do this, the
effects of the physical parameters such as jet Reynolds
number and design parameters such as the spacing
between the jets and jet's alignments on the heat transfer
performance are examined. On a simplified cooling

system, numerical simulations carried out with ANSY'S
Fluent provided a deep insight into the performance of
various configurations based on heat transfer
capabilities, heat transfer uniformity and finally energy
consumption. As recent studies in the literature have
shown, researchers have found different results from
their studies due to the lack of overall evaluation
parameters that include the necessary objective
functions to indicate aero-thermal performance. The
originality of the current study is based on the
opportunity to select the appropriate design that meets
the specific demands of industrial application. For this
need, a performance evaluation indicator involving
average Nu, heat transfer uniformity (HTU) and
pumping power (PP) is defined which enables overall
performance comparison between various designs.

METHODOLOGY

In this section, the problem of interest is introduced
together with its computational domain and boundary
conditions. The CFD approach and necessary mesh
convergence tests and validation by experiments are
explained in detail.
Computational Domain,
Conditions

Mesh and Boundary

Figures 1a and 1b show the computational domains for
inline and staggered alignments, respectively. The
model consists of a confinement wall with jet nozzles
and a target plate placed opposite to it. The jet diameter,
spacing between jet nozzles and the constant jet to plate
distance are denoted by D, s and H, respectively.
Several grid configurations consisting of tetrahedral and
hexahedral elements are generated by ANSYS-Meshing
and converted to polyhedral meshes in ANSYS-Fluent.

b)

Figure 1. Computational Domains of: a) inline, b) staggered
alignments.



The implemented boundary conditions are as follows:
the plates are walls with no-slip boundary condition, the
jet nozzles are prescribed with velocity inlet according
to the jet Reynolds number and all lateral surfaces have
pressure outlet. Thermal boundary conditions are as
follows: constant temperature of 300.15 K is applied to
each jet and the confinement wall, and the target plate is
subjected to a constant temperature of 330.15 K. It
should be pointed out that the geometric specifications
of the impinging jet configurations such as the jet
nozzle diameter D=5mm, jet to plate distance H=28mm,
spacing ratios to the jet diameter 2 <s/D< 6 and the
boundary conditions including the jet Reynolds number
5000<Re;j<20000 are consistent with other studies.

Numerical Approach and Governing Equations

The CFD calculations have been carried out by finite-
volume based flow solver ANSYS-Fluent. The
continuity equation in Eq.(1), RANS equations in
Eq.(2) and the energy equation in Eq.(3) together with
transport equations for the k-o SST turbulence model in
Eq.(4) and Eq.(5) are solved numerically until their
convergence criteria have been achieved. Readers may
refer to (Menter, 1994) for details of the k-o SST
turbulence model. The Reynolds-averaged Navier-
Stokes (RANS) equations in Eq.(1) and Eq.(2) show the
same form as the instantaneous Navier-Stokes
equations, but all the variables are ensemble-averaged,
thus additional terms will appear that represent the
effect of turbulence. These additional terms are the so-
called Reynolds-stresses or turbulent-stresses associated
with  momentum fluctuations. In Eq.(2) they are

represented by (—pui'uj' ) and they have to be modeled

in order to close Eq.(2). In the modeled energy equation
in Eq.(3), E represents the total energy, kes is the

effective thermal conductivity and (rij)ﬁ is the
e

deviatoric stress tensor. The SIMPLE algorithm was
used with upwind schemes for all variables. The
residuals to satisfy numerical convergence for
continuity, momentum, turbulence and energy equations
are determined as 107, 10, 10 and 1075, respectively.
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Air flow is assumed to be steady and incompressible
with ideal gas and Sutherland law approaches in order
to consider the changes of density and viscosity with
respect to temperature for realistic predictions. Jet
Reynolds number, local Nusselt number and area
weighted average Nusselt number are given in
Equations (6), (7) and (8), respectively.

PV D
Re; = Jet 6)
7

Nu(x, y) = o _ 9" )b (7

Keff Kt (rplate _Tjet)

1
Nu JNu(x, y)dAtarget, plate ®)

Atarget, plate

Thermal conductivity of air is taken as 0.02749 W/mK
for Nusselt calculations which is in accordance with the
temperature ranges of the case.

Turbulence Model

Different turbulence models that resolve wall vicinity
have been compared in order to determine the
appropriate turbulence model. Wall y* constraints have
been considered to compare each turbulence model with
proper mesh. Comparison of the numerical and
experimental results is presented in Figure 2.
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Figure 2. Turbulence model verification.

As can be seen from Figure 2, in accordance with other
studies, the k- SST turbulence model was found to be
in better agreement with the experimental data in the
literature. Thus, the following studies were conducted
with the k-0 SST turbulence model.

Mesh Convergence Tests and Validation Results

Before starting a  comprehensive  parametric
investigation of the impinging jet configurations,
intensive mesh convergence tests have been carried out
to determine the adequate number of elements. The
calculations were conducted according to the before-
mentioned numerical approach and procedure with the
same boundary conditions. Figure 3a indicates the local
Nusselt number variation on the target plate for
different number of elements and the comparison of the
numerical results with the experimental data available in
literature (Xing Y. and Weigand B., 2013). This
validation study reveals that a mesh consisting of 4.6
million elements is found to be sufficient for further
calculations. The deviations in the peaks of the Nu
distribution along the plate are associated with the
complexity of the impinging jet flow such as wash-up
vortices and wall jet collision-separation that can be
captured more accurately by numerical simulations
rather than measurements. However, the average Nu
does not change considerably in the mesh tests. Figure
3b supports this finding by showing that relative error
in the average Nu converges as the number of elements
increases.

Experimental Measurements
1.1M Elements
1.7M Elements
3.3M Elements

——— 4.6M Elements
5.2M Elements

Nusselt Number

307I\I|\I\|\ I I N N WA W . |
0025 005 0075 01 0125 0.15 075 02 0225
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o
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>
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Figure 3. Results of mesh convergence tests a) Nu variation

validated by experiments (Xing Y. and Weigand B., 2013) b)

Mesh convergence summary

RESULTS

In this study, average Nu is considered as the objective
function to examine the overall thermal performance of
the impingement designs. Fig.4 shows the average Nu
maps as a function of jet Reynolds number Re;j and s/D
for inline and staggered alignments where there are 160
investigated cases in total.

In Figures 4a and 4b, it is obvious that Rej is more
dominant than the spacing between jets in enhancing
forced convection. Increasing the Reynolds number
affects both momentum and energy transfer positively
which causes controversial results like increased
demand for pumping power versus enhanced heat
transfer. In the inline alignment, increasing s/D from 2
to 6 causes a relative 68% enhancement at all Re; in
cooling performance i.e. in average Nu. Distributing the
jets to an extent up to six times of the jet diameter
shows a %90 increase in average Nu values for
staggered alignment. The effect of s/D can be associated
with the peaks in the local Nu distribution as



demonstrated in Fig.3a, since uniformly distributed jets
produce more cooling effect than jets close together.
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Figure 4. Average Nusselt maps for a) inline and b) staggered
alignments, colours denote average Nu.

For inline and staggered alignments, increasing Re;
from 5000 to 20000 results in a relative 170%
enhancement in cooling performance at all s/D ratios.
When the performance of inline alignment is compared
with the staggered one, overall averaged Nu values
increased by 15% at s/D=2 for all Rej. However, at
higher s/D ratios, both configurations showed a 3%
difference in overall averaged Nu for all Rej. The
influence of both alignments on the cooling
performance is found to be remarkable at low s/D ratios
rather than higher s/D ratios. Nevertheless, the
alignment is always less significant than other
parameters in terms of cooling performance. In
accordance with the literature and Figure 4, it can be
concluded that, jet Re as the flow attribute and s/D ratio
as the main geometric design parameter affect overall
Nu values on the target plate; indicating that, these two
parameters have to be taken into consideration for
forced convection applications utilizing impinging jets.
Non-uniform cooling of materials causes large
temperature gradients and thermal stresses which
reduces the lifetime. Thus, cooling a material subjected
to high temperatures uniformly is a major demand in
most industrial applications involving thermal
processes. In the current study, heat transfer uniformity
has been taken into account and investigated as a target
function depending on the parameters governing the
cooling process. Heat transfer uniformity (HTU) is
defined as the ratio of the average heat transfer rate to
the difference between the maximum and minimum heat
transfer rates as given in Eq.(9).
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Figure 5. Surface Nusselt contours on target plate for three
cases: a) Case A, b) Case B, c) Case C.
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Figure 5 demonstrates three representative individual
cases selected from the design space for inline
alignment. They are denoted by Case A, B and C and
their local Nu contours on the target plate are shown in
Fig. 5a, 5b and 5c, respectively. The corresponding
cases have the specifications (Rej;s/D)=(5000;2),
(12000;4) and (20000;6), respectively. As it can be seen
obviously, Case C has the highest Nusselt values at
stagnation points and the lowest HTU value, in other
words, the most uniformly distributed heat transfer is
obtained in Case C among selected designs. Case A and
Case B display that with decreasing Rej and s/D,
Nusselt peaks at stagnation points decrease as well as
the average Nu and as a result, higher HTU values are
observed which represents non-uniform cooling.
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Figure 6. Heat transfer uniformity maps for a) inline and b)
staggered alignments, colors denote HTU.

Figures 6a and 6b show heat transfer uniformity (HTU)
maps on the design space for inline and staggered
configurations, respectively. If HTU is investigated in
order to evaluate uniform cooling, it should be pointed
out that the alignment is a crucial factor acting on the
capability of the impingement configuration. As it is
shown in Figure 6, cooling the target plate is more
uniformly achieved by inline alignment of the jet
nozzles than by the staggered alignment. For the s/D
value of two, inline alignment provides 30% to 40%
higher HTU values. As s/D increases, the effect of
alignment on heat transfer uniformity vanishes. For
constant spacing, the effect of alignment on heat

transfer uniformity is more dominant at lower Re
values. In this respect, the s/D ratio maintains HTU
more radically than the jet Reynolds number for the two
alignments. In summary, increasing s/D to its upper
limit supports uniform cooling performance at a lower
HTU for both alignments. The power required to deliver
jets to the impinging plate is calculated and plotted on
the design space as shown in Fig.7. Eq.(10) shows the
calculation of pumping power as the multiplication of
pressure difference by the total volumetric flow rate of
the jets Q. Pinier and Pouter denote the total pressures at
the jet nozzle and pressure outlet, respectively.

PP = (Pinlet ~ Poutlet )Q (10)
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Figure 7. Pumping power results for a) inline and b)
staggered alignments, colors denote pumping power

Since the power necessary for delivering air flow is
directly related to the jet velocity, the pumping power
strictly depends on the jet Reynolds number, hence it
almost does not change with s/D. For two jet
alignments, increasing Re; from 5000 to 20000
considerably increases the pumping power which is
necessary for corresponding cooling. As indicated in
Fig.7, it was found out that the pumping power benefits
from Re; more than the average Nu in both
configurations.
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Figure 8. Performance evaluation indicator (n) maps for four
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To evaluate the effects of each parameter for an overall
comparison, performance evaluation indicator 1 in
Eq.(11) was defined which depends on Nu, HTU and
the pumping power. Suggested performance evaluation
indicator reduces the multi objective decision making
process consisting of three criteria into a single scalar
by using weighted product method approach
(Triantaphyllou, 2000). Performance evaluation
indicator consist of constant a, b and ¢ exponents for

Nu, HTU and pumping power, respectively. Values of
three exponents can be set in accordance with the
importance of Nu, HTU and the pumping power for
different applications. On the other hand, weighting of
those constants has to be conducted by respecting the
rule of the weighted product scalarization method where
the condition (a+b-c=1) has to be satisfied. It should be
pointed out that in Fig. 8 the graphics for n were
obtained for four different configurations of arbitrary
a,b and ¢ exponents. Figures 8a and 8b show that the
highest n values are obtained for the designs consisting
of the highest s/D and lowest Re; when overall heat
transfer and energy consumption are prioritized as much
as HTU. On the other hand, Figure 8c shows designs
consisting of the highest s/D values become more
preferable regardless of Re; when HTU is more
favourable than overall heat transfer and energy
consumption. In Figure 8d, it can be seen that, designs
with highest s/D together with highest Re; become
preferable when energy consumption is not regarded.

Nu  xHTU a
n=———t—
pp©
CONCLUSION

In this study, forced convective heat transfer by
impinging jets is investigated numerically for two
different arrangements which are widely used in
literature. The CFD calculations have been carried out
by the flow solver ANSYS-Fluent with k- SST
turbulence model for steady, incompressible air flow
with ideal gas assumption and Sutherland law. In the
current study, the problem has been investigated on the
basis of the individual effects of the parameters on the
objective functions rather than optimized solution and
the results are evaluated for the whole design space.
The CFD results reveal that jet Reynolds number is the
most significant parameter in enhancing average Nu on
the target plate followed by the spacing ratio to the jet
diameter and finally alignment of the jet nozzles. The
alignment of the jets nozzles is found to be insignificant
in enhancing the cooling performance but can affect the
uniformity of heat transfer. It is also shown that the
pumping power remains almost the same for two
alignments at all jet Reynolds numbers. In order to
observe overall performance of different designs with a
single indicator, overall heat transfer rate, required
pumping power and heat transfer uniformity are
combined into a single performance evaluation indicator
by using weighted product method. It is shown that the
suggested performance evaluation indicator provides a
robust approach to determine optimum designs. By
using suggested m indicators, one can suggest useful
design points by selecting the a, b and ¢ exponents
based on the demands for different particular
applications. In such applications, multi-objective
optimizations should be integrated into the solution



procedure so that a balance is established for the aero-
thermal demands.
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Abstract: In this study, the heat transfer from two different model surfaces (roof and crown) and flow structure in the
channels with the cross flow-impinging jet flow were numerically analyzed by using water, 0.02% GO (Graphene
Oxide)-Water and 2% Diamond-Water nanofluids. The numerical study was carried out steady and three dimensional
using the Ansys-Fluent program with k-¢ turbulence model. A fin with 90° angle was added on the upper channel
surface from the impinging jet inlet at distinct distances. A constant heat flux of 1000 W/m? was applied to the model
surfaces. The channel heights are fixed and the Re range of the fluids is 5000-15000. The numerical results obtained
from the study were compared with the results of the experimental studies in the literature and it was seen that the
results were compatible and acceptable. The results of the study were comparatively examined for water and
nanofluids as the mean Nu and surface temperature variations for each model in the channels without fins and at
different fin distances. Also, velocity and temperature contour distributions of the combined jet Diamond-Water
nanofluid flow were visualized. However, performance coefficient (C) and mean Nu (Num) and, surface temperature
values (Tm) were evaluated for all three patterned surfaces in the channels. Num increases for GO-Water nanofluid at
Re=15000 and fin distance of 2D are 47.53% and 57.42% compared to the case of using finless and water fluid for the
roof and crown model surfaces, respectively.

Keywords: Cross flow-impinging jet flow, Carbon-based nanofluid, Fin, Heat transfer.

KANATCIKLI CAPRAZ-AKIS-CARPAN JET AKISLI KANALLARDA
GRAFEN OKSIT-SU VE ELMAS-SU NANOAKISKANLARININ ISI TRANSFERI
IYILESTIRMELERININ ARASTIRILMASI

Ozet: Bu calismada, capraz akis-carpan jet akish kanallarda iki farkli model yiizeyinden (gat1 ve tag) olan 1s1 transferi
ve akis yapist su, %0,02 GO (Grafen Oksit)-Su ve %2 Elmas-Su nanoakigkanlar1 kullanilarak sayisal olarak analiz
edilmigtir. Sayisal ¢aligma, K-¢ tiirbiilans modelli Ansys-Fluent programu kullanilarak siirekli ve ii¢ boyutlu olarak
gerceklestirilmistir. Kanal {ist yiizeyine carpan jet girisinden itibaren farkli mesafelerde 90° agili bir kanatgik
eklenmistir. Model yiizeylerine 1000 W/m?* lik bir sabit 1s1 akis1 uygulanmstir. Kanal yiikseklikleri sabittir ve
akigkanlarin Re sayist araligi 5000-15000° dir. Calismadan elde edilen sayisal sonuglar, literatiirdeki caligmanin
deneysel sonuglariyla karsilastirilmis ve sonuglarin makul ve kabul edilebilir oldugu goriilmiigtiir. Sonuglar,
kanatgiksiz ve farkli kanatcik uzakliklarinda kanallardaki her bir model igin ortalama Nu sayist ve yiizey sicaklik
degisimleri seklsnde su ve nanoakigkanlar icin karsilastirmali olarak incelenmistir. Ayrica, birlesik jet Elmas-Su
nanoakigkani akisiin hiz ve sicaklik konturu dagilimlar1 goérsellestirilmistir. Bununla birlikte, performans katsayisi
(C) ve ortalama Nu (Num) ve yiizey sicaklik degerleri (Tm) kanallarda bulunan her ii¢ desenli yiizey igin
degerlendirilmistir. Re=15000 ve 2D kanatcik uzakliginda GO-Su nanoakigkant i¢in Num artiglari, kanatgiksiz ve su
akiskani kullanilan durumla kiyaslandiginda cat1 ve tag model yiizeyleri igin sirasiyla %47,53 ve %57,42” dir.
Anahtar Kelimeler: Capraz akig-carpan jet akisi, Karbon tabanli nanoakiskan, Kanatgik, Is1 transferi.

NOMENCLATURE w Width of the channel [mm]
H Height of the channel [mm]
Ac Cross-sectional area of the channel [m?] m One side length of the model [mm]
C Performance Coefficient [=Nu/AP] Pc Wet area of the channel [m?]
D Jet inlet diameter [mm] 0 Fin angle [°]
L Length of the channel [mm] f Friction factor [=2APD/pLV?]



h Heat convection coefficient [W/m?K]

ks Thermal conductivity of the fluid [W/mK]

\% The velocity of the fluid at the inlet of the
channel [m/s]

Cp Specific heat of the fluid [J/kgK]

p Pressure [Pa]

q" Heat flux on model surfaces [W/m?]

N Distance of fin from jet inlet [mm]

T Temperature [K]

Ui Velocity components in x, y and z coordinates
[m/s]

Re  Reynolds number [=pVD/pu]

Nu  Nusselt number [=hL/K]

n Dynamic viscosity [kg/sm]

Wt Turbulent viscosity [kg/sm]

v Kinematic viscosity [m?/s]

p Density of the fluid [kg/m?®]

k Kinetic energy of turbulent flow [m?/s?]

€ Turbulent dissipation rate [m?/s®]

Subscripts

atm  Atmosphere

bf Base fluid (Water)

c Channel

f Fluid

h Hydraulic

j Jet

m Mean

nf Nanofluid

0 Outlet

p Nanoparticle

S Surface

INTRODUCTION

Conservation of energy and the development of
alternative energy sources are the biggest problems
nowadays. Although traditional energy resources are
expected to be exhausted in the next twenty to thirty
years, energy wars are also on the agenda of the world's
countries.  Therefore, energy should be used
economically and efficiently in all areas.

With traditional and inefficient heat transfer methods,
more energy is consumed and sufficient and desired heat
transfer performance cannot be achieved (Naga Ramesh
et al., 2021). The cross-flow cooling method, which is
used to increase heat transfer from electronic elements,
is one of the most widely used methods. This method is
based on the principle of sending the cold fluid over all
the components with a fan, thereby cooling the entire
electronic components. However, since this method is
based on cooling all circuit elements, it may fail to
transfer heat from components at very high
temperatures. Another method of heat transfer is
impinging jet cooling. In this method, cold fluid is
locally sprayed onto an element with a high temperature
by a nozzle. While a high-temperature circuit
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component can be cooled with the impinging jet, it may
be insufficient in cooling the entire circuit. However,
there are multiple elements in an electronic circuit
whose temperatures are quite different from each other.
For this reason, it is difficult to reach the conditions that
can keep the whole circuit safely with a single type of
cooling method. Implementing the impinging jet and
cross-flow cooling method together and applying it as a
combined jet flow (cross flow and impinging jet) can
create a beneficial situation with high cooling capacity.
While the circuit elements as a whole can be cooled to a
certain temperature level with cross-flow, only the very
high-temperature elements in the circuit can be cooled
pointwise by the impinging jet flow (Kilg, 2018;
Teamah et al., 2015).

In the literature, there are many studies evaluating only
cross flow or only jet flow. Since the model examined in
this study is more like jet flow, the literature review
focused more on jet flow. However, many numerical and
experimental studies on impinging jets exist in the
literature. In these studies, the effects of variables such
as the type of fluid used for the impinging jets, the
geometry of the flow area, the turbulence model, the Re
value, the jet distance and the heat flux on the heat
transfer from the circuit components were investigated.
In addition, studies on cooling methods in which cross
flow and impinging jet flow are used together are
limited, regarding the directing of the fluid to the heated
surfaces in the channel, as researched in this study, a
study in which detailed channel and heated surface
designs are used and carbon-based GO-Water and
Diamond-Water nanofluids, the importance and use of
which have been increasing in recent years, have not
been found in the literature.

The flow and heat transfer properties of an impinging
circular jet flow on a concave surface with constant heat
flux were investigated numerically and experimentally
by Hadipour and Zargarabadi (2018) at different jet-to-
plate ratios. The effects of different H/D (channel
height/jet inlet diameter) ratios, Re values and jet
diameter values were investigated and it was seen that
the heat transfer increased with the increase in jet
diameter at a constant Re. Karabulut and Alnak (2021)
numerically investigated the cooling of copper plate
surfaces in rectangular ducts with two different patterns
in the form of roof and trapezoidal with a single air jet
flow at different jet inlet widths. While the jet inlet
widths were 0.5 Dy and Dy, the distances between the jet
and the plate (H/Dn) were 3 and 6. As a result, they
determined that at 0.5 Dy jet width, H/Dn=6, and
Re=5000, the mean Nu value was 25.92% higher on the
roof patterned surface than on the trapezoidal surface. In
another study carried out by Karabulut and Alnak
(2020), heat transfer from copper plate surfaces with
different patterns as rampart and rectangular was
investigated using a single air jet stream in rectangular
cross-section channels whose three sides are closed and
one side is open, the distance between the jet and the



plate (H/Dp) is between 4-10. As a result of their
research, they found a 31.45% higher mean Nu value on
rectangular patterned surfaces compared to rampart
patterned surfaces for the value where the Re is 4000
and the distance between the jet and the plate is 4.
Nagesha et al. (2020) carried out experimental research
on heat transfer from a single circular jet impinging on a
flat plate with a protrusion of depths 1, 2 and 3 mm.
Besides, they performed numerical simulations using
ANSYS Fluent program to compare the results with
those from experiments. Their results showed that the
increase of jet Re and relative depth of protrusion
enhances the heat transfer on the impinging surfaces up
to 16.69% compared to a flat surface. In another work,
round jet impingement on a heated flat plate at constant
heat flux was analyzed experimentally and numerically
by Issac et al. (2020). Experiments were done at various
Re values (Req=10000 to 25000) and at four different
nozzles to plate spacing (h/d=4, 6, 8 and, 10). However,
k- SST, Realizable k-, RNG k-¢ and v*f turbulence
models were used to validate the numerical results with
experimental results. They observed that the inlet
turbulent intensity and eddy viscosity ratio are
significant for the accurate prediction of realistic results.
Huang et al. (2021) experimentally and numerically
examined the heat transfer coefficients of a synthetic jet
flow impingement onto the tip region of a longitudinal
fin used in an electronics cooling system. The effects of
different parameters, such as amplitude and frequency of
diaphragm movement and jet-to-cooled-surface spacing
were taken into consideration. Heat transfer coefficient
values as high as 650 W/m?K were obtained with high-
frequency diaphragm movement. Rathore and Verma
(2022) performed numerical work about the effects of
variation in Re and offset ratio (OR) on turbulent flow
and thermal characteristics of oblique offset jet. Re and
OR were considered in the range of Re=10000-25000
and OR=3-11. The obliquity angle of the offset jet range
was taken as 90°-45° at an interval of 15°. They obtained
that process of heat transfer from heated impingement
wall to fluid is more intense for a higher value of jet
obliquity angle and Re. Zou et al. (2022) used high-
speed compressed air impinging to research the
interfacial heat transfer and gas flow in the process of
air-cooling in their experiment and numerical
simulation. The effect of sample diameter and jet
distance (distance from jet to cooling surface) on the
flow pattern and temperature fields was studied. The
results showed that smaller jet distances had a bigger
interfacial heat transfer coefficient. Demircan (2019)
numerically investigated the heat transfer from the
electronic circuit element by cross-flow-impinging jet.
Investigations were made at different values of Re and
jet-channel velocity ratios. It was concluded that the
heat transfer increased significantly —with the
improvement of Re and velocity ratios. Mergen (2014)
investigated heat transfer by impinging jet-cross flow
from an electronic element with a constant heat flux of
3500 W/m2, As a result, it was determined that the heat
transfer decreased with the decrease of the jet

13

Re/channel Re (Rej/Re;) ratio. Heat transfer with
impinging air jet-cross flow coexistence on a constant
heat flux element was investigated numerically by
Oztirk and Demircan (2022). In their study, the
researchers investigated the heat transfer from a single
element in the channel for different jet inlet
velocity/channel inlet velocity ratios (0, 1, 2, and 3) and
for different angles of the fins (0°, 22.5°, 45°, 67.5° and
90°) placed in the duct, While the ratio of channel
height to jet diameter was taken as constant and 3, the
air was used as a fluid in the channel. It was determined
that the highest heat transfer from the element was
reached when the ratio of the inlet velocity to the
channel inlet velocity was 3 and the fin angle was 90°.
Maghrabie et al. (2017) numerically evaluated the heat
transfer with the impinging jet-cross flow combination
of a system consisting of seven circuit elements along
the channel and determined the effect of the jet position
change on the heat transfer.

When the jet impingement studies using nanofluids are
examined, Chang and Yang (2014) studied the heat
transfer performance of jet impingement flow boiling
using AlOs-Water nanofluid. The heat transfer
performance of the jet impingement flow of the Al,Os-
water nanofluid was found to be worse than the water
used as the working fluid. It was determined that the
decrease in heat transfer performance was due to the
formation of a nano-absorption layer on the heated
surface, which resulted in an increase in thermal
resistance. However, while the formation of the nano-
absorption layer is prevented by applying acoustic
vibration to the heated surface, the heat transfer
performance obtained using Al,Os-Water nanofluid is
better than that obtained using water. Datta et al. (2018)
carried out a numerical simulation to investigate the heat
transfer performance using Al.Os-Water nanofluid in a
confined slot jet impinging on a convex surface. In order
to investigate the flow behaviour and convective heat
transfer performance of the system, different parameters
such as various Re values, and the distance between the
jet and the plate were considered. They determined that
the mean Nu and heat transfer coefficient increased
significantly with the increase in the jet inlet Re. Kumar
et al. (2021) used a heat sink combined with airfoil
columns in the jet impingement condition to increase the
heat transfer rate. While doing this, they used water and
CuO-Water nanofluid with 1% concentration in their
research. In their results, they found a 10% reduction in
heat sink temperature when they used water fluid as a jet
fluid, while the temperature drop was 14% when they
used nanofluid. The flow of 0-6% Al,Os-Water
nanofluid in a microchannel with a serrated injection jet
on the upper wall of the microchannel and using a
magnetic field of 0-40 Hartman intensity was
investigated by Jalali et al. (2022). The lower
microchannel wall with the jet impingement chamber
had a constant temperature, while the upper
microchannel wall was insulated between the impinging
jets. In order to increase heat transfer, the recessed mode



was applied for impinging jets. The results showed that
when the notch height was high, the heat transfer was
higher. Selimefendigil and Chamka (2020) aimed to
numerically analyze the convection heat transfer
properties in cooling an isothermal surface with a
cavity-like part using a CuO-Water nano jet. They
carried out their work by changing the volumetric
concentration (0-4%) of the nanoparticle at different
values of Re (100-400), different cavity lengths (5w-
40w) and heights (w-5w). They found that when the
cavity length is low, the contribution of the curved wall
of the cavity to the mean Nu is significant and the mean
heat transfer increases by 35-46% when nanofluid is
used instead of water at the highest volumetric
concentration. Abdullah et al. (2019) investigated the
effect of TiO, nanofluid concentration on the heat
transfer of double jet impinging on an aluminium plate
surface by experimental analysis. Apart from this, the
nozzle distance of the double jet and the nozzle-plate
distance were considered as variables. Based on these
data, they found that the flow structure of the double jet
is an important condition affecting the heat transfer
increase. In addition, they determined that the distances
and nanoparticle concentration, which affect the flow
structure, also affect the Nu together with the Re. Shi et
al. (2021) experimentally investigated the effects of
nano-aluminium additives on the instability of round
water jets. Flow visualization in and near the exit of two
transparent nozzles was obtained by high-speed shadow
imaging technique and it was determined that the effects
of nanoparticle additives on jet instability were mainly
caused by viscosity increase and cavitation promotion.

As can be seen from the literature investigations, there
are many studies with impinging jets. Although the
number of combined jet flow studies in which the
impinging jet and cross-flow are applied together using
nanofluids is quite low, the study using GO-Water and
Diamond-Water nanofluids, which exhibit high heat
transfer performance at low concentrations, has not been
found in the literature. In this study, heat transfer from
two different model surfaces of roof and crown and flow
structure in combined jet flow channels with H=3D
height were numerically analyzed using water, 0.02%
GO-Water and 2% Diamond-Water nanofluids without
fin and with a fin at 90° angle at N=1.5D and 2D fin
distances from the impinging jet inlet. The reason why
the elements in the channel were chosen as different
model surfaces is to increase the contact of the
combined jet flow on the patterned surfaces to be cooled
and it is to increase the heat transfer effect by ensuring
that the jet flow is directed towards the other pattern in
the channel after hitting a patterned surface. Considering
the study conducted by Oztiirk and Demircan (2022) in
literature; the fin was positioned in such a way that it
does not hinder the flow so that the cross-flow coming
from the channel can be better directed on the models in
the first row and the velocity of the fluid in the space
between the models can be increased. Numerical
research was carried out by solving steady and three-
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dimensional energy and Navier-Stokes equations using
the Ansys-Fluent program with the k-g¢ turbulence
model. While the lower and upper surfaces of the fin
and channel are adiabatic, the model surfaces have a
constant heat flux of 1000 W/m?, which is also applied
in the literature (Shi et al., 2021; Kilic et al., 2017;
Karabulut, 2019; Alnak et al., 2021). As it is known,
overheating occurs under the intense working load of
electronic elements. With this heat load, the
temperatures of the elements can reach temperatures
ranging from 308 to 353 K. In this study, the range of
surface temperatures obtained for the roof and crown
models is 303.4-307.2 K and 303.2-306.6 K,
respectively. Therefore, it is seen that the constant heat
flux approach of 1000 W/m? applied to the surfaces is
correct. The Re range studied for fluids is 5000-15000.
These selected Re values have been chosen based on the
studies in the literature and represent both the jet Re
(Rej) and the channel Re (Rec). Accordingly, in the
study H=3D channel height, for GO-Water nanofluid
flow in the jet and channel, the flow rates are V;=0.355
m/s and V=0.103 m/s at values where the Re is 5000,
respectively. For Re=15000, these values are V;=1.064
m/s and V.=0.310 m/s, respectively. Therefore,
considering the studies reached in the literature, the Re
range (Re=5000-15000) studied for both jet and channel
flow is accepted as turbulent. The thermal conductivity,
density and viscosity of the 0.02% volumetric
concentration GO-Water nanofluid used in the study
were obtained experimentally and only the specific heat
was found with the help of the analytical model in the
literature proposed by Pak and Cho (1998) by using the
mixture rule of the base fluid and nanoparticle.
However, the thermophysical properties of Diamond-
Water nanofluid with 2% volumetric concentration were
found with the help of the equations found in the
literature. In addition to this, analyzes were carried out
with the assumption that the nanofluid is a single-phase
fluid. The results of the study were compared with the
results of the equation obtained as a result of the
experimental study in the literature and they were found
to be compatible. The results were analyzed as the mean
Nu and surface temperature variations for each roof and
crown model surface in the channels. However, velocity
and temperature contour distributions of the Diamond-
Water nanofluid in finless and differentially spaced (N)
finned channels for combined jet flow were presented
for Re=11000. The mean Nu (Num) and mean surface
temperature (Tm) values were evaluated for all models
found in the channels with Re=5000 and 15000 values
in the finless and differentially spaced (N=1.5D and 2D)
finned cases. In addition, the pressure drops of the fins
and nanofluids compared to the Nu value increase in the
combined jet flow channels according to the finless and
water use cases were interpreted by considering the
performance coefficient (C).



Preparation of GO-Water Nanofluid

The Graphene Oxide (GO) nanoparticle used in this
study was synthesized from graphite. While synthesizing
the GO nanoparticle, graphite was treated with various
chemicals such as nitric and sulfuric acid as well as
sodium nitrate, hydrogen peroxide and potassium
permanganate.  After these processes, graphite was
passed through distilled water to separate it from acids
and chemicals, and then oven-dried to obtain GO
nanoparticles (Hajjar et al., 2014; Hummers and
Offeman, 1958). GO-Water nanofluid was obtained with
a two-stage nanofluid preparation method using the
synthesized GO nanoparticle. The two-step procedure
consists of mixing water with nanoparticles directly and
passing it through an ultrasonicator device that generates
ultrasonic sound waves to prevent the aggregation of
nanoparticles in the resulting nanofluid. In addition,
ultrasonic sound waves were used to mix the
nanoparticles with the base fluid. GO nanoparticles were
prepared by measuring with a precision balance with a
precision of 0.1 mg, depending on the desired
volumetric concentration. To obtain GO-Water
nanofluid with 0.02% volumetric concentration, 0.8 g of
GO nanoparticles were used. The obtained nanofluid
was exposed to sound waves with an ultrasonicator
device with a 50 Hz frequency and 230 W maximum
power for 5 hours to ensure its stability. It was seen that
the prepared nanofluid could preserve its stability
without sedimentation for two months after being used
in the experiments. Besides, it was decided that the
stability of nanofluid was enabled in the result of the
observation and Zeta potential measurements. While
suspensions with high Zeta potential are in balance as
electrical, suspensions with low Zeta potential tend to
coagulate or aggregate. It is known that nanofluids with
a Zeta potential between 40-60 mV have perfect
stability. The Zeta potential value of the GO nanofluid
used in the experiments is in the range of 45-65 mV,
which is fairly higher than 25 mV which is the stability
criteria value.  In addition, an scanning electron
microscope (SEM) image was exhibited to present the
morphology of the experimentally obtained GO
nanoparticle used in this study in Fig. 1 (Eravcu, 2016).

The volumetric nanoparticle concentration in the
nanofluid is calculated by Eq. (1) (Karabulut et al.,
2020).

P p _ — mppbf (1)

MoPye + My P,

In Equation (1), m, and my show the masses of
nanoparticles and water, respectively, and ps and ps

show the densities of water
respectively.

and nanoparticles,
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Figure 1. Image of GO obtained from the SEM (Eravcu, 2016)
Thermophysical Properties of GO-Water Nanofluid

While the viscosity value of the prepared nanofluid was
measured with the Malvern Kinexsus Pro cone and plate
tension-controlled rheometer, the measurement of the
thermal conductivity coefficient was carried out using
the hot wire method, which is widely used in the
literature, using the KD2 Pro thermal conductivity
meter. Density measurements of the nanofluid were
made experimentally with the Anton-Paar DMA 4200
Density Meter. Before the experimental thermophysical
measurements of the GO-Water nanofluid used in the
devices were carried out, measurements were made with
water and the devices were calibrated. Then, the
measurement values of the thermophysical properties of
the nanofluid were taken after making more than one
measurement and convincing the accuracy of it
However, the specific heat value of the nanofluid was
obtained as a result of the analytical model proposed by
Pak and Cho (1998) in Eq. (2).

Cpnf = (1_ (\D)Cpbf + (PCpp (2)

In Equation (2), p, nf and bf denote particle, nanofluid
and water fluid, respectively. In addition, due to the low
concentration (0.02%), the specific heat value obtained
as a result of the calculation of the nanofluid was taken
as equal to water, since it is close to water.

Apart from the specific heat of GO-Water nanofluid and
water, other thermophysical properties were obtained
experimentally and are shown in Tab. 1 (Karabulut et
al., 2020).

Uncertainty analyses of the measured values were
obtained using Taylor (1997)'s uncertainty analysis
method and were given in Tab. 2. The values shown are
the maximum values for the given parameters, taking
into account all experimental situations.



Table 1. Thermophysical properties of GO-Water and Water
at 303 K

Fluid . K P Co n

(WImK)  (kg/m®  (J/kgK) (Ns/m?)
Water 06172 9958 41784 803.4x10°
GO- 1678 9961 41784 1060x10°
Water

Table 2. Results of uncertainty analysis for experimental
values

Variable Absolute uncertainty Unit
range

k +0.006 W/mK

P 9.9 kg/m?

n +£1.2x10°® Ns/m?

Cp +41.78 J/kgK
Thermophysical Properties of Diamond-Water
Nanofluid

Thermophysical properties of Diamond-Water nanofluid
with 2% volumetric concentration, which is one of the
working fluids used in this study, were obtained with the
help of equations (Maxwell, 1873) found in the
literature and widely used and shown in Tab. 3. In
addition, the thermophysical properties of the solid
diamond nanoparticle are also taken from the relevant
study in the literature (Mohammed et al., 2011). The
specific heat of the Diamond-Water nanofluid was
calculated by Eq. (2).

The Egs. (3, 4 and, 5) indicating density (p), thermal
conductivity (k) and viscosity («) of the Diamond-Water
Nanofluid are as follows (Maxwell, 1873; Mohammed
etal., 2011).

The density of Diamond-Water Nanofluid

o = (L= 0)py + 9P, ®)
Thermal Conductivity of Diamond-Water Nanofluid
k, +2k, +2(k, —Kk; )o
" k:+2k:: —2(k:—k:)(pkbf @
The viscosity of Diamond-Water Nanofluid
Mo =My (14 2.50) ©)
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Table 3. Thermophysical properties of Water, Diamond-
Water and, Diamond at 303 K

Diamond-
Properties Water Water Diamond
Nanofluid
k (W/mK) 0.6172 0.6685 1000
p (kg/m®) 995.8 1046.08 3510
Cp (J/kgK) 4178.4 4104.77 497.26
u (Ns/m?)  803.4x10-6  843.57x10-6 -

NUMERICAL METHOD

The Ansys-Fluent program was used to solve the forced
convection heat transfer of the combined jet flow on the
model surfaces.

Accurate modelling of turbulence is essential in heat
transfer  processes. However, direct numerical
simulations of turbulent fluids are very difficult and also
a time-consuming process. Although there are various
turbulence models (Geng et al., 2009; Geng, 2010; Geng
et al., 2011) used in numerical modelling, among these
models in terms of being economical and yielding
results with acceptable accuracy in many flow events;
the k-g¢ turbulence model, which is a semi-empirical
model, is widely used (Wang and Mujumdar, 2005). In
one of the studies on impinging jets, Wang and
Mujumdar (2005) tested several k-¢ turbulence models
with low Re values for turbulent jets. They found that
the models were able to determine the general shape of
the Nu distribution and that the models were better
applied at the stagnation point for large jet-plate
distances. In their study, they determined that the k-¢
turbulence model performs well in determining the heat
transfer properties of impinging jets when compared to
the standard high Re models. In addition, they saw that
the Kk-¢ turbulence model is suitable as it approaches
reducing the kinetic energy production and the result
that should be in the stagnation region compared to
other turbulence models in the study. Accordingly,
considering the results obtained from the studies in the
literature, the standard k-g turbulence model was used
for the channels in numerical calculations in this study.

Flow and heat transfer were done by solutions of
differential equations derived from the equations of
conservation of mass (continuity) (Egq. 6), momentum
(Eq. 7) and energy (Eqg. 8) for continuous, in which there
is no body force, as follows (Wang and Mujumdar,
2005; Karabulut, 2019; Alnak et al., 2021).

Continuity equation

ol _
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Momentum equation

i(UU )—£+i a_u+a_u uu (7)
P W)= 5 T | Mok, T, )Y

Energy equation

0 (UT‘) (8)

Ppa

Equations of turbulence kinetic energy and turbulence
kinetic energy disappearance of turbulent flow due to
combined jet flow in the channel are given in Egs. 9 and
10, respectively.

Turbulence kinetic energy equation

9 ok )+ 2 (pk) = 2| g B O
OX; oy X, o, OX; %)
G, —pse
Turbulence Kinetic energy disappearance equation
0 0 0 oe
o Pot) 5 (pe)= 2 H*‘*?]ﬂ*
i & i (10)
2
€ €
Cla EGk _CZcp?

In these equations, p is the density of the fluid, k is the
kinetic energy of the turbulent flow, u; is the velocity
components in the x, y and z directions, u is the
viscosity of the fluid, ok (ok=1) is the turbulent Kinetic
energy Pr. The equations showing turbulence kinetic
energy production (Gi) and turbulent viscosity (u) are as
follows (Alnak et al., 2021; Geng et al., 2009).

G, =—pulu’ (11)

"ax

k2

The turbulence disappearance Pr is denoted by o., while
Ci:=1.44, Cx=192, C,=0.09, and o,=1.3 are
coefficients in the equations (Saleha et al., 2015).

Heat transfer coefficient h and Nu are calculated with
Egs. 13 and 14, respectively (Incropera et al., 2007).

(13)
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Nu value

h(3m)
k

oT
K =h(T,-T,) and Nu = 14
(anjs (T ) o e o

a

In these equations, T. and Ts are the mean surface
temperatures of the fluid and the model (K),
respectively, ks is the thermal conductivity of the fluid
(W/m.K), 3m is the total surface length of the model
with which the fluid is in contact (m), and h and hy, are
the point and mean convective heat transfer coefficient
(W/m2.K) along the model surface, respectively, where
n is the direction perpendicular to the surface. The
model surface mean heat transfer coefficient and Nu
value (Nup) are found in Egs. 15 and 16 as given below,
respectively.

Model surface mean heat transfer coefficient

1 3m
=—| hdx 15
3m! (15)
Model surface mean Nu value
Num = m (16)
kf

Eqg. 17 showing the hydraulic diameter of the channel is
as follows.

_AA
P

c

4(HW)
T 2(H +W)

(A7)

ch =

In this equation, Ac and P, represent the cross-sectional
area and perimeter of the channel, respectively, while
the height and width of the channel are represented by H
and W. Jet inlet diameter D is equal to circular inlet jet
hydraulic diameter Dehet.

The Re values of the channel and the jet are determined
using Egs. (18) and (19).

pV Dch (18)

_ pV;D,;

(19)

In these equations, the channel and jet flow velocities of
the fluid are denoted by Vc and Vj (m/s), respectively.

The pressure drop (AP) is calculated by the following
Eq. (20)

prV2

AP = i
2D,,

(20)



In this equation, AP represents the pressure drop (Pa)
between the inlets and outlets of finless and finned
ducts, f represents the friction factor, and L represents
the length of the duct (m).

The coefficient of performance (C) is found in the
following Eq. (21) (Alnak, 2020).

(Num— finned / Num— finless)
(AP /APfinIess)

finned

(21)

MODEL GEOMETRIES

While the dimensions of the impinging jet-cross flow
combined jet flow finned channels and the models with
roof and crown surfaces and fin geometry in the
channels are given in Figs. 2 (a), (b), and (c), the
dimensions of the channels are given in Tab. 4 (Oztiirk
and Demircan, 2022). During all tests, there are three
models in each channel. The “Without fin” case refers to
channels with models but no fin. The fin with 90° angle
was placed in the channel as one at N=1.5D and N=2D
distances from the impinging jet inlet towards the cross-
flow channel entrance. In addition, the regular
tetrahedral mesh structure used in the numerical

Model 1

Model 2
Model 3

calculations of the combined jet flow channels is shown
in Fig. 3.

In addition, the assumptions and boundary conditions
made in this study are as follows. (a) Steady, three-
dimensional and turbulent flow volumes were used, (b)
Water, 0.02% GO-Water and 2% Diamond-Water
nanofluids used as incompressible fluids were both jet
and cross-flow fluids, (c) The thermal properties of the
fluids are constant and independent of temperature, (d)
The surfaces of the channel and the fin are adiabatic, (e)
There is no heat source on water, nanofluid and
patterned surfaces, (f) The outlet pressure of the duct
was taken as equal to the atmospheric pressure
(Po=Pam), () It was determined as OT/0x=0 assuming
that the temperature difference at the exit of the channel
was negligible, (h) It is assumed that there is a non-slip
boundary condition on the channel, fin and pattern
surfaces, and therefore, all velocity component values
on the mentioned surfaces are zero.

(©

Figure 2. Views of channels with (a) Roof (b) Crown model surfaces (c) fin geometry
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Table 4. Dimensions of the channels

Variable Measurement

15 mm
66D
4D
3D

20 mm
90°

15D, 2D

5 mm

5 mm

2.5 mm

0.1 mm

~ooco ZoZ IS0

Figure 3. Representation of the regular tetrahedral mesh
structure used in the channel

110

FINDINGS AND DISCUSSION

In the study, shown in Fig. 4, the results obtained by
examining different Re values in the case of only jet

flow and by using the equation ( Nu =1.29Re®® Pr®*)
as a result of the experimental investigations of Ma and
Bergles (1983) were compared among themselves, and
it was determined that the experimental results of Ma
and Bergles (1983) and the numerical results of the
presented study were compatible and consistent.

In addition, the numerical results of this study were
compared with the experimental study of the turbulent
flow around a cube exposed to cross flow and impinging
jet combined flow by Masip et al. (2012) and it was
pointed out in Fig. 5. Masip et al. (2012) placed a cube-
shaped model in a 2000x300x30mm channel in their
study. Assuming that all surfaces of the channel were
taken adiabatically, by taking the ratio of the jet Re (Re;)
to the channel Re (Re;) equal (Rej/Rec=1), the flow
structures around the electronic model were investigated
at different positions (x/h). As can be seen in Fig. 5, it
was determined that the velocity profiles obtained as a
result of the experimental study conducted by Masip et
al. (2012) were quite compatible with each other.

105

e )\[3 and Bergles (1983)
| #=s+ Presented Study

5
3000 4000

5000 6000 7000 8000 9000

Re

Figure 4. Comparison of the presented study and the results of Ma and Bergles (1983)
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Figure 5. Comparison of the presented study and the results of Masip et al. (2012)

Provided that the variation of Nu depending on the mesh the finless combined jet flow channel was presented in
number was determined; by determining the most Tab. 5 at different Re values. Accordingly, it was found
suitable number of mesh elements in the channel, the that 2022840 mesh elements will give reliable and
effect of mesh number on the mean Nu value (Nup) in accurate results for the finless channel.

Table 5. Variation of Num with Re depending on the number of mesh elements

Mesh Re=5000 Re=7000 Re=9000
number Num Num Num
1758412 86.48 108.84 127.40
2022840 86.52 108.88 127.43
2245786 86.52 108.87 127.42
The mean Nu value variations of roof and crown model Diamond-Water nanofluid is used, the Nu values

surfaces according to model rows in channels having depending on Re are higher in finned channels
combined jet flow without fin and with 90° angled fin at compared to roof patterned surfaces for the crown
1.5D and 2D distance (N) by using Water, 0.02% GO- patterned surfaces. In addition, Nu values are higher for
Water and, 2% Diamond-Water nanofluids are shown in all pattern rows, water and for both nanofluids as a
Figs. 6 and 7, respectively. As the nanofluids in the result of better mobility for the roof model surfaces in
combined jet flow channels contain GO and Diamond the case of the finless channels compared to the crown
nanoparticles with a higher thermal conductivity model surfaces. While the mean Nu value for the Model
coefficient in nano size (10° m) for both patterned 1 surface with roof at Re=11000 is 10.24% higher for
model surfaces, the Nu value is higher than the channels the GO-Water nanofluid in the case with N=2D fin
in which only water is used, which means an increase in distance than N=1.5D, this increment value is 26.82%
heat transfer from the surfaces to the nanofluid. While for the crown model surface. As can be seen, when the

the Nu values are higher in the channel in which GO- fin is moved away from the jet inlet, the cooling of the
Water nanofluid is used for both roof and crown model surfaces improves as the cross flow is better directed on
surfaces and fin distances (N=1.5D and 2D) in the first the surfaces and contributes additionally to the
row (Model 1), compared to the channels in which impinging jet flow. When the Model 2 surfaces, which

are in the second row in the channels, are examined, it is
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seen that the highest Nu values are reached in the
channels with N=2D fin distance in both models for this
model row, which is under the influence of the directly
impinging jet. In addition, Nu values in this model row,
where the combined jet effect is the most intense, are
higher than both Model 1 and Model 3. In the case
where the Re is 15000 for the N=2D fin position in the
channels in which the Diamond-Water nanofluid is used,
the value of mean Nu of the second-row surface with the
crown model (Model 2) is 17.9% higher than the surface
with the roof model in the same row. Model 3, located at
the end of the channel, has the least combined jet effect
for both model surfaces. Therefore, Nu values show a
decrease for this model row (Model 3) especially
compared to Model 2. When GO-Water nanofluid is
used in channels with N=1.5D fin distance at Re=7000,
compared to channels without fins and water fluid is
used, the mean Nu increase values in Model 3 compared
to Model 2 on crown and roof model surfaces are found
to be 53.76% and 36.34% less, respectively.

According to the placement rows of the roof and crown
model surfaces in the channel without a fin and, with
N=1.5D and N=2D fin distance by using Water, 0.02%
GO-Water and 2% Diamond-Water nanofluids, the
mean temperature variations on the model surfaces are
given depending on the Re in Figs. 8 and 9, respectively.
With the increase of Re in all model rows for both
model surfaces, the heat transfer from the surfaces
increases with the mobility of the fluid in the combined
jet flow channels. Accordingly, the temperature of the
model surfaces decreases. However, when the fin is
added to the channel and especially in the N=2D fin
distance with GO-Water nanofluid, while the cooling of
the surfaces is at the best level compared to the finless
condition for all model rows and both model shapes;
lower surface temperature values can be obtained on the
crown model surfaces than that of the roof model. Since
Model 2 is under the direct impact of the impinging jet,
the combined jet effect increases on the model surface,
and the surface temperature values decrease on both
model-shaped surfaces compared to Model 1. Besides,
while the cooling effect is better in finned channels, for
the N=2D distance where nanofluids are used, more
reduction in surface temperatures is provided due to the
increase in heat transfer on both model surfaces. When
Model 3, which is in the third row in the channels, is
examined, the decrease in the combined jet flow
intensity in the models in this row for both model
surfaces causes the surface temperatures to increase
compared to Model 2 and depending on the model
shape. Better orientation of the combined jet flow
towards Model 3 after hitting Model 2 ensures that the
surface temperature is lower for the crown model
surface than that of the roof model.

C (Performance Coefficient) in the combined jet flow
channels using Water, 0.02% GO-Water and, 2%
Diamond-Water nanofluids belonging to the roof and
crown model surfaces are shown according to different
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fin placement distances (N=1.5 D and 2D) in Figs. 10
and 11, respectively. For both model surfaces, higher C
coefficient values are obtained in channels with N=1.5D
fin distance and Diamond-Water nanofluid than in
channels with N=2D fin distance using GO-Water
nanofluid and Water. This situation is caused by the less
pressure drop of the Diamond-Water nanofluid
compared to the GO-Water nanofluid, while the fact that
the fin makes difficult of the flow passage in the N=2D
position is another factor that increases the pressure
drop compared to the N=1.5D position. Therefore,
although the Nu values are higher for the 2D distance,
the C values obtained for the 1.5D fin distance are
higher than the 2D distance due to the low-pressure
losses. For N=1.5D at Re=11000, the C value obtained
for the Diamond-Water nanofluid on the crown model
surface is 6.05% higher than the roof model surface.
However, as the pressure drop increases with the
increase in the Re, the C values also decrease. Besides,
the fact that the C is more than 1 indicates that the use of
a fin has an increasing effect on heat transfer despite the
pressure drop.

Mean Nu (Num) and surface temperature (Trm) values for
all three roof and crown model surfaces in the combined
jet flow channels at Re values of 5000 and 15000 are
given in Tab. 6 for without fin and with fin and, N=1.5D
and N=2D fin distance, respectively. In the case of using
fins in both model surface channels, Num values increase
while T values decrease. However, when nanofluid is
used, higher Num values are obtained due to the increase
in heat transfer from the model surfaces compared to the
water fluid, while the mean surface temperature values
(Tm) decrease with the cooling effect. In addition, the
highest Num values are reached on the crown patterned
surfaces with fins at N=2D distance and using GO-
Water nanofluid compared to the N=1.5D fin distance
and the use of Diamond-Water nanofluid. Num increases
for GO-Water nanofluid at Re=15000 and N=2D fin
distance according to N=1.5D are 7.24% and 16.38%
compared to the case of using finless and water fluid for
roof and crown models, respectively. Accordingly,
lower T values are obtained in the channels with crown
model surfaces compared to channels with roof surfaces.
Besides, Num increases for GO-Water and Diamond-
Water nanofluids at Re=15000 and N=2D are 47.53%-
46.21% and 57.42%-56.18% compared to the case of
using finless and water fluid for roof and crown models,
respectively.
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In Fig. 12 A-Roof Model and B-Crown Model, (a)
velocity and (b) temperature contour distributions are
presented in the combined jet flow channels without fin
and, with 90° angled fin having N=1.5D and 2D distance
by using Diamond-Water nanofluid at Re=11000,
respectively. As can be seen from the velocity contour
distributions, the velocity values on Model 1 are lower
since Model 1 is mostly under the influence of the cross-
flow coming from the channel inlet in the finless
condition in both model-surfaced channels. Although
there is an impinging jet flow on Model 2, the cross-
flow drags this flow towards Model 3, increasing the
combined jet flow velocity on this model without fin.
For this reason, although Model 3 is at the end of the
channel, the cooling performance is close to Model 2
under the impact of the impinging jet, as can be seen
from the temperature distributions for both model
shapes, in the finless condition. This is also contributed
by the recirculation zones on the upper right side of the
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impinging jet flows in the channels to direct the
combined jet flow towards Model 3. When fins are
added to the channels (6=90°), since the cross-flow from
the channel can be directed on the model surfaces, the
contact of the fluid with the surface increases, at the
same time, a jet flow effect occurs on the surfaces due to
the decrease in the flow passage cross-sectional area.
When the fin is placed at a distance of N=1.5D from the
channel, the combined jet flow effect of the fluid shows
itself with velocity increases on all models and for both
model shapes; in N=2D fin position, the velocity of the
fluid on Model 3 decreases as the fluid hits the upper
part of Model 2 and is directed to the upper part of the
channel for Model 3 with the crown pattern. Besides,
with the use of fins, the heat transfer from the model
surfaces is increased by providing the movement of the
fluid located between the models and circulating in
itself, which contributes negatively to the cooling of the
models.



Table 6. Analysis results of Num and Tr, values for all three roof and crown model surfaces in cross-
flow-impinging jet channels with Water, GO-Water and, Diamond-Water nanofluid

Re=5000 Re=15000
Roof Model Crown Model Roof Model Crown Model
Without fin ~ Water Num 84.891 86.197 164.991 174.560
Without fin  GO-Water Num 95.098 96.865 179.896 190.352
Without fin  Diamond-Water ~ Nup, 94.042 95.74 177.944 188.281
N=1.5D Water Num 122.028 127.987 215.094 229.679
N=2D Water Num 131.943 150.110 226.793 258.162
N=1.5D GO-Water Num 135.338 141.486 231.474 246.209
N=2D GO-Water Num 145,735 164.749 243.420 274.793
N=1.5D Diamond-Water ~ Nup 134.024 144.407 229.090 249.710
N=2D Diamond-Water ~ Nup 144.409 162.347 241.246 272.638
Without fin ~ Water Tm (K) 306.652 306.297 304.208 304.062
Without fin  GO-Water Tm (K) 305.900 305.606 303.943 303.827
Without fin  Diamond-Water — Tn (K) 306.061 305.755 304.003 303.880
N=1.5D Water Tm (K) 305.067 304.998 303.695 303.624
N=2D Water Tm (K) 304.857 304.523 303.618 303.487
N=1.5D GO-Water Tm (K) 304.627 304.570 303.541 303.485
N=2D GO-Water Tm (K) 304.460 304.192 303.481 303.378
N=1.5D Diamond-Water  Tn (K) 304.719 304.516 303.576 303.483
N=2D Diamond-Water  Tn (K) 304.542 304.250 303.512 303.395
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Figure 12. (a) Velocity (b) Temperature contour distributions in cross flow-impinging jet flow channels with A-Roof

B-Crown model for Diamond-Water nanofluid

CONCLUSIONS

In this study, the heat transfer and flow structure from
the roof and crown model surfaces in the combined jet
flow channels with H=3D height by using cross flow-
impinging jet flow were numerically analyzed without
fin and with fin angle of 90° and, fin arranged from the
impinging jet inlet as N=1.5D and N=2D distances.
While a constant heat flux of 1000 W/m? was applied to
the model surfaces, Water, GO-Water and Diamond-
Water nanofluids with a volumetric concentration of
0.02% and 2%, respectively, were used as fluids in the
channels. As a result of this numerical study, in which a
detailed examination of the cross-flow-impinging jet
flow using different nanofluids was made, the following
results can be reached.

- Nu values are higher for all pattern rows, water and for
both nanofluids for the roof model surfaces in the case
of the finless channels compared to the crown model
surfaces.

- While the Nu values are higher in the channel in which
GO-Water nanofluid is used for the roof and crown
model surfaces and fin distances (N=1.5D and 2D) in
the first row (Model 1), compared to the channels in

which Diamond-Water nanofluid is used, the Nu values
depending on Re are higher in finned channels
compared to roof model surfaces for the crown model.

- While the mean Nu value for the Model 1 surface with
roof at Re=11000 is 10.24% higher for the GO-Water
nanofluid in the case with N=2D fin distance than
N=1.5D, this increment value is 26.82% for the crown
model surface.

- At Re=15000 for the N=2D fin position in the channels
in which the Diamond-Water nanofluid is used, the
mean Nu value of the crown model (Model 2) is 17.9%
higher than the surface with the roof Model 2.

- When the GO-Water nanofluid is used in channels with
N=1.5D fin distance at Re=7000, compared to channels
without fins and water fluid is used, the mean Nu
increase values in Model 3 compared to Model 2 on
crown and roof model surfaces are found to be 53.76%
and 36.34% less, respectively.

- The highest Nun values are reached on the crown
patterned surfaces with a fin at N=2D distance and using



GO-Water nanofluid compared to the N=1.5D fin
distance and the use of Diamond-Water nanofluid.

- Num increases for GO-Water nanofluid at Re=15000
and N=2D fin distance according to N=1.5D are 7.24%
and 16.38% compared to the case of using finless and
water fluid for roof and crown models, respectively.
Accordingly, lower T, values are obtained in the
channels with crown model surfaces compared to
channels with roof surfaces.

- Although the Nu values are higher for the 2D distance,
the C values obtained for the 1.5D fin distance are
higher than the 2D distance due to low-pressure losses.

- For N=1.5D at Re=11000, the C value obtained for the
Diamond-Water nanofluid on the crown model surface
is 6.05% higher than the roof model surface. However,
as the pressure drop increases with the increase in the
Re, the C values also decrease.

As a result, increasing the heat transfer from the model
surfaces in the combined jet flow channels is of great
importance in terms of the operation of the circuit within
safe temperature limits. In this case, apart from the
model shape of the surfaces, the fin setup and fin
placement used to direct the fluid in the channel to the
model surfaces, the channel and jet Re values and the
thermophysical properties of the fluid are the main
factors.
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Abstract: The brake system is the most significant active safety system that converts the vehicle's mechanical energy
into heat energy based on the braking pair’s friction. The transfer of heat in the brake pair during braking occurs by
conduction, convection, and radiation. In disc brakes, which are widely used today, the effect of the heat transfer
coefficient, which continually changes with the disc's angular velocity on the cooling of the braking pairs is important.
The change in heat convection coefficient can be calculated with a numerical approach. In this study, on disc
temperature effect of heat convection coefficient and angular velocity has been examined with the finite element method
using the experimental data in the SAE J2522 Comprehensive Brake Efficiency Test Standard, fading test procedure.
Disc brake design has been designed in the SOLIDWORKS program, and analysis has been carried out using ANSY'S
2020 R2 in steady-state thermal analysis. It has been determined that the cooling amounts at the initial of braking are
higher than the cooling amounts at the end of braking, and the effect of cooling by convection in the reduction of the
temperature difference at the end of braking compared to the initial state is between 91.22% and 91.74%.

Keywords: Disc brake, heat transfer, convection, fading

TASIT FRENLEMESI ESNASINDA OLUSAN ISI TASINIMININ INCELENMESI

Ozet: Fren sistemi, frenleme giftleri arasindaki siirtinme esasina gore tasitin mekanik enerjisini 1s1 enerjisine
doniistiiren, en 6nemli aktif emniyet sistemidir. Frenleme esnasmnda fren ¢iftindeki 1smin transfer edilmesi iletim,
taginim ve 1sinimm yoluyla gerceklesmektedir. Gliniimiizde yaygin olarak kullanilan disk frenlerde, diskin agisal hizinin
etkisiyle siirekli olarak degisen 1s1 taginim katsayisinin frenleme ¢iftlerindeki sogutma iizerine etkisi 6nemlidir. Is1
tasinim katsayisindaki degisim ise sayisal yaklasimla hesaplanabilmektedir. Bu ¢alismada SAE J2522 Kapsamli Fren
Etkinlik Test Standardi sicaklikla fren zayiflamasi test prosediiriindeki deneysel veriler kullanilarak, agisal hiz ile 1s1
tasinim katsayisinin disk sicakliklari iizerine etkisi, sonlu elemanlar metoduyla incelenmistir. Disk fren tasarimi
SOLIDWORKS programinda, analiz ise ANSYS 2020 R2’de kararli durum termik analizde gerceklestirilmistir.
Frenleme baslangicindaki sogutma miktarlarinin frenleme sonundaki sogutma miktarlarindan daha yiiksek oldugu ve
frenleme sonundaki sicaklik farkinin ilk duruma goére azalmasinda tagmim ile sogutma etkisinin %91,22 ile %91,74
arasinda oldugu tespit edilmistir.

Anahtar kelimeler: Disk fren, 1s1 transferi, taginim, sicaklikla fren zayiflamasi

NOMENCLATURE n : Dynamic viscosity (kg/ms)
Tri : Initial temperature of disc
D : Characteristic length (mm) Trf : Final temperature of disc
do : Disc's outer diameter (mm)
h : Heat transfer coefficient (Wm?/K) INTRODUCTION
Ka : Thermal conductivity (W/mK)
Re : Reynolds number In the disc-pad couple of a vehicle, most of the kinetic
R : Tire diameter (mm) energy is converted into thermal energy due to the
T : Temperature (K) friction effect, and generated heat is dissipated in the
t : Time (s) surrounding environment. Therefore, one of the
w : Angular velocity rad/s fundamental problems of a braking system is how to
handle the thermal energy generated throughout its
Greek symbols movement. A large of the produced heat flows out to the

p : Density of the air (kg/m®) air, even if the heat dissipation mechanisms are different
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(conduction, convection, and radiation). As a result, heat
is dissipated by convection (Saiz et al, 2015).

A large amount of heat produced in the disc-pad couple
contact area during braking creates unequal temperature
distributions on the disc, and the disc-pad pair
temperature rises as a result of the heating of the brake
pair during mutual slip. (Belhocine and Bouchetara,
2012). A vehicle's braking performance is importantly
influenced by the temperature increase in the disc-pad
couple. Increased temperatures during braking may
reason brake fade, premature wear, brake fluid
vaporization, bearing failure, thermal cracks, and
thermally-excited vibration. That is why it is significant
to predict a given brake system's temperature rise and
assess its thermal performance in the early design stage
(Lee, 1999).

Belhocine and Bouchetara (2012) have stated that the
study aims to analyze the thermal behaviour of full and
ventilated brake discs by utilizing parameters such as
brake type, disc geometric design, and disc material.
They have noticed for a ventilated disc out of cast iron
FG15, the temperature rises to 345.44 °C in 1.85 s,
behind it drops quickly. They have found out that the
variation in temperature between a full and ventilated
disc having the same material is about 60 °C at the
moment t =1.8839 s. They have concluded that the disc's
geometric design is an essential factor in the
improvement of the cooling process of the discs. Kishore
and Vineesh (2021) have used the axle-mounted disc
brake system used in the coaches of Indian railways for
braking of the ftrain in their study. In their work,
temperature evolution during the braking process has
been analyzed with the finite element method. The
maximum peak temperature increase of 215 °C is
observed on the disc at 290 mm in the radial direction at
about 60% of braking time while stop braking from 160
kmph. They indicated that peak temperature at different
stop braking speeds states to be linearly rises with stop
braking speeds. Abhishek et al (2020) carried out the
static structural and thermal analysis with various disc
materials (Gray Cast Iron, Titanium Ti-6Al-4V and
Chromium-Vanadium Steel) using ANSYS. They
indicated that the newly designed ventilated brake disc
shows a more appropriate temperature gradient than the
drilled contour disc regardless of the three metals utilized
in this analysis. Chromium-Vanadium steel of these three
materials has established a smaller maximum
temperature in the ventilated disc, about 216.22 °C. The
drilled contour disc with gray cast iron has showed the
best temperature gradient, producing a maximum
temperature of 320.01 °C compared to the others.

Jihan et al (2020) have embedded heat pipes on the
surfaces of the ventilated brake disc. The brake bench test
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and numerical simulation analysis of heat pipe ventilated
brake disc and general ventilated brake disc under the
condition of repeated fifteen braking and continuous
downhill braking have carried out, respectively. They
indicated that the highest temperature has decreased by 7
°C during continuous downhill braking, and better heat
transfer effects have achieved through inserting heat
pipes on the surfaces of ventilated brake disc under the
two braking conditions.

In the literature, the heat transfer coefficient value has
been taken constant in most of the thermal studies for the
brake disc (Mugilan, 2022; Dubale, 2021; Dhir, 2018;
Nathi, 2012). In the thermal analysis carried out in this
study, the temperature and total heat flux values have
been examined, taking into account the variable heat
transfer coefficient depending on the angular velocity
values obtained from the tests performed according to the
SAE J2522 brake standard (Demir, 2009). The disc
design has been designed in SOLIDWORKS, and the
steady-state thermal analysis has been carried out in
ANSYS 2020 R2.

MATERIAL AND METHOD
Analyzed brake disc-pad pair

There are many different types of friction materials in use
today. Whatever kind of friction material is chosen, the
functional requirements of friction material for road
vehicles include properties such as providing a consistent
and reliable friction force, being resistant to wear, being
robust against mechanically and thermally applied loads
during use (Day, 2014). In this study, gray cast iron disc
is chosen that meets the friction material properties.

In this study, the front brake disc parameters of a
automobile are used, and the design of the disc is made
in the SOLIDWORKS program (see Fig. 1). Geometric
dimensions and material properties of the disc-pad
couple are given in Table 1 (Demir, 2009).

Table 1. Geometric dimensions and material properties

Properties Value
Disc’s weight (kg) 5
Disc thickness (mm) 22.05
Pad thickness (mm) 12
Disc diameter (mm) 255
Wheel diameter (mm) 298
Disc’s density (kg/m®) 7228
Specific heat of the disc (J/kg.K) 419
Conduction coefficient (W/m.K) 48
Pad surface area (mm?) 4213




Figure 1. Geometric dimensions of the disc
Braking procedure

SAE Recommended Practice describes an inertia-
dynamometer test procedure to evaluate the behavior of
friction material related to temperature, pressure, and
speed for wvehicles appointed with hydraulic brake
system. SAE J2522 is a universal effectiveness test handy
only when target friction levels for specific sections or a
baseline material are available for comparison. Engineers
use the SAE J2522 that contains green effectiveness,
burnish ~ (or  bedding), characteristic  check,
speed/pressure sensitivity, cold braking check, motorway
braking check, fade, recovery, pressure sensitivity,
increasing temperature sensitivity, and pressure
sensitivity primarily for passenger cars, SUV’s, light and
medium duty trucks evaluation (Carlos and Ferro, 2005).
In this study, the fading procedure of the SAE J2522
brake test standard has been selected for the passenger
car front brake disc analysis. The initial condition values
received from the experiment made according to the SAE
J2522 brake standard are given in Table 2.

Table 2. Braking conditions

Conditions Value
Braking velocity (km/h) 100
Release velocity (km/h) 5
Friction coefficient 0.412
Brake application control 0.4g
Initial brake temperature (°C) 100-550
Braking time (s) 7.439
Number of decelerations 15

Finite Element Method

The heat transfer radiation is neglected and material
properties are assumed to be isotropic and independent of
temperature while performing thermal analysis with
FEM.
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In this article, it requires understanding the equations
utilized inside the ANSYS where steady-state thermal
analysis is done for the braking. The differential equation
in a cylindrical coordinate system (r, z) for steady state is
(Lewis et al, 2004);

0%T kraT_I_k 62T+G—0 L
"orz ' r or < %0z2 - @
The boundary conditions are;
T=Ts on Ty
oT oT
kral + kz£n+h(T -T)+gq=0 on T, (2)
The temperature distribution is described as follows:
1 1
T = ﬂ(ai + b;r + ¢;2)T; + ﬂ(af + bjr + cjz)Y}-
1
+ ﬂ (ak + ka + CkZ)Tk (3)
Matrix form of heat transfer problem for steady state;
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Thermal stiffness matrix is;
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To see the temperature values of brake disc has made
steady-state thermal analysis utilizing the finite element
method. Here, the temperature and convection surfaces
are chosen as in Fig. 2. The disc-pad couple is meshed
consisting of 27704 nodes and 13952 elements. In the
model, skewness is 0.46371, and orthogonal quality is
0.53403. These values approve the high mesh quality in
this study (ANSY'S, 2015).

‘\Z
Fig. 2 Boundary conditions of steady-state thermal analysis

Heat transfer coefficient

All properties of air such as temperature, density,
viscosity, and thermal conductivity play a significant role
in calculating the heat transfer coefficient. Considering
that all these properties of air can be determined, it can
be thought that the heat transfer coefficient for the brake
disc will take a fixed value. However, due to the rotation
of the disc around its axis at different speeds during
braking, the ambient air and the angular velocity value of
the brake disc affect each other. This situation makes it
possible to determine the heat transfer coefficient values
in return to varying angular velocity values during
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braking. First of all, the values corresponding to the
temperature of air (295.15 K) in the ambient condition
should be determined by the interpolation method
(Cengel and Ghajar, 2015). With the values (pair= 1.2002
kg/m®, pair= 1.82.10° kg/m.s) obtained for 295.15 K, the
disc's outer diameter (d, = 0.256 m) and the tire diameter
(R =0.596 m) is positioned in the formula, and the Re
number depending on the angular velocity is obtained as
10061.63*w by using Equation (10).

_ WRp.d,

= 10061.63 * w (10)

Ha

The heat transfer coefficient formula changing as
dependent on airflow characteristic has been given in
Equation (11) (Limpert, 2001). (Laminar flow if Re <
2.4*10%, turbulent flow if Re > 2.4*10°)

k
0.7 (F“) - Re®55,

k
0.4 (E“) - Re®8,

Re < 2.4.10°
h= (11)

Re > 2.4.10°

The Re number (10061.63*w), the thermal conductivity
(Kair =0.02585 W/m.K), and the disc's outer diameter (D
=0.256 m) is written in Equation (11). Equation (12) has
been obtained by leaving the angular velocity alone in the
section on the right side of the equation. If the value of
angular velocity is less than or equal to 23.85, the upper
part of Equation (12) is used; if it is large, the lower part
is used. In this way, different heat transfer coefficient
values are obtained different time of the braking
procedure alternating angular velocities.

w < 23.85

11.24 - w55
= { : 12
w > 23.85 12)

6.43 - wo8,
Braking Analysis

One of the most important parameters affecting the rising
temperatures during braking is the convection in the
regions where the disc comes into contact with air.
Because very high temperatures are undesirable for the
disc and pad couple, the transfer of heat to air via
convection, in other words, the cooling of the disc, is an
issue that needs to be examined. In this study, while the
heat convection coefficient values were defined in the
ANSYS program, a function was created with the angular
velocity values obtained from the tests performed
according to the SAE J2522 standard. In this function,
heat convection coefficient data was obtained for each
angular velocity value, and 1000 data sets were created
by defining the steps in the program. Graphs consisting
of 1000 data of temperature and heat transfer coefficient
for braking in the temperature ranges of 284-417 °C, 397-
507 °C, 421-526 °C, and 496-584 °C are shown in Fig. 3,
respectively.
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Figure 3. Change of temperature and heat transfer coeficient, 284-417 °C (a), 397-507 °C (b), 421-526 °C (c), and 496-584 °C (d)

During the braking analysis, while the temperature
increased over time, the heat transfer coefficient values
decreased due to the decrease in the angular velocity of
the disc. There was a sudden decrease in the heat transfer
coefficient when the angular velocity was 23.85 rad/s for
braking in different temperature ranges. The breakage
seen in Fig. 3 shows the transition of the flow from
turbulent to laminar, after a particular value of the change
in Re number (Laminar flow if Re < 2.4 10, turbulent
flow if Re > 2.4 10°) with together decrease in the flow
velocity. This study, it has been aimed to see the effect of
heat transfer coefficient on temperatures depending on
the angular velocity with the data used during thermal
analysis.

RESULTS AND DISCUSSIONS
Experimental analysis of repeated braking

The graph of the initial and final temperatures of the disc
measured as a result of repeated braking in the
experimental study made according to the SAE J2522
brake standard is presented in Fig. 4. The test is done at
Link Engineering Company. The temperature
measurements are carried out with a thermocouple. In
the experimental study, the results of repetitive braking
have revealed that the temperatures increased at the finish
of each braking repetition and 15 braking repetitions.
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Figure 4. Disc’s initial and final temperatures in repeated
braking

Table 3 has showed that the temperature obtained at the
end of a cycle decreased until the next cycle, that is,
cooling occurred. However, the cooling that occurs
between cycles is insufficient for the disc brake to reach
its initial temperature. In the next cycle, the disc has
started to heat up again before it can reach the initial
temperature. This situation increased the energy
accumulated on the disc, and the temperatures increased
with the increase in the number

of repetitive braking.



Table 3. Initial and final temperature values in repeated braking

Stop Number | T+ (°C) | Tr (°C)
1 100 212
2 198 316
3 284 417
4 329 452
5 367 478
6 397 507
7 421 526
8 444 548
9 465 562
10 482 574
11 496 584
12 511 595
13 525 604
14 537 612
15 549 622
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Steady State Thermal Analysis

Steady-state thermal analysis was carried out for the
temperature ranges of 284-417 °C, 397-507 °C, 421-526
°C, and 496-584 °C. Close to each other visual results
were obtained for these temperature ranges. It is given
Table 4 the maximum and minimum temperature values
obtained from thermal analysis for temperature ranges of
284-417 °C, 397-507 °C, 421-526 °C, and 496-584 °C.
In the thermal analysis carried out in the temperature
range of 284-417 °C, the temperature visuals at 0.008,
5.406, and 7.515™ seconds, and the total heat flow visual
at 7.515" second were shown in Fig. 5. Throughout
braking analysis, the difference between the maximum
and minimum temperature values were 56.46 °C at initial
of braking, 33.18 °C in the middle, and 8.86 °C at end.
When temperature drops were observed in cold region of
the disc where the convection is more effective than in
the outer radius of the disc, the maximum temperature
value was obtained because friction occurs in the outer
radius of the disc. The total heat flux was determined to
be a minimum of 8.6727e-16 W/mm?and a maximum of
0.017641 W/mm?.

41433 3
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Figure 5. Temperature and total heat flux in thermal analysis in the temperature range of 284-417 °C
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Table 4. The maximum and minimum temperature values

Initial of braking 5.406"™ second of braking End of braking
Temperature range (°C) | Tmax(°C) Tmin (°C) Tmax (°C) Tmin (°C) Timax (°C) Tmin (°C)
284-417 284.02 227.56 414.33 381.15 410.02 401.16
397-507 397.84 316.83 500.74 460.09 500.19 489.44
421-526 421.46 335.47 522.39 479.12 520.08 509.39
496-584 496.35 394.25 581.84 533.24 581.98 569.56

When the total heat flux visual was examined, the heat
flux values were higher at the centre of the disc, while the
minimum values were obtained in the outer radius of the
disc. This situation demonstrated that the heat generated
during braking moved away faster than the centre of the
disc than the outer radius of the disc.

Experimental data and analysis data

Brake disc cooling is a complex phenomenon governed
by conduction, convection, and radiation. Convection,
one of these modes, is the most important mechanism of
spreading heat from the brake disc while the vehicle is in
motion. When the disc temperature rises above air
temperature, energy (heat) transfer occurs towards air
due to the temperature difference. For the temperature
ranges on the brake discs during this process, the number
of Prandtl varies very little. Therefore, it can be said that
although convection is caused by the temperature
difference between the brake disc and air in contact with
it, it also depends on the dynamic of the flow near the
disc surface. In the dynamic of flow, high velocity flows
create large temperature gradients. That is, an upwards
amount of heat is transported for high-speed streams than
for low-velocity streams. The speed of the flow around
the disc is affected by the angular velocity of the disc.
This situation is reflected in the heat convection
coefficient and affects the cooling amounts in the disc.
When the vehicle starts braking from a certain speed, the
decrease in angular velocity decreases the heat transfer
coefficient. Low heat transfer coefficient values
correspond to a lower level of energy transferred,
especially for a disc. All of these have reflected in the
temperature data obtained as a result of the analysis.

Experimental data and analysis data in the study
conducted for the disc-pad pair are given in Fig. 6,
temperature ranges of 284-417 °C, 397-507 °C, 421-526
°C, and 496-584 °C. It is determined that the amount of
temperature drop at the beginning of braking is higher
than the amount of temperature drop at the end of
braking. This is explained by the fact that the heat transfer
coefficient values are a function of the angular velocity.
Because the heat convection coefficient value decreases
as the angular velocity value decreases, compared to the
beginning of braking decreases at the end of braking, the
effect of convection on cooling.

When the experimental data and analysis data were
compared for the temperature range of 284-417 °C, it was
found that there was a difference of 3.25 °C at the initial
of braking and 0.5 °C at the end of braking. Table 5
presents all of the differences between experimental and
analysis data at the initial and the end of braking for the
four temperature ranges.

At end of braking, it has been determined that in the
decrease in temperature difference compared to the initial
state, the convective effect is decreased at the rate of
91.22%. At the 5.406™ second of braking, in the decrease
in temperature difference compared to the initial state,
the convection effect is decreased at the rate of 65.67%.
At the 5.406™ second of the braking, in the decrease in
temperature difference compared to end of braking, the
convection effect is decreased at the rate of 74.43%.
Convective effect decrease rates in temperature
difference drop are given in Table 6, comparatively for
all temperature ranges.

Table 5. Difference between experimental and analysis temperatures

Temperature range (°C) Initial of braking (°C) End of braking (°C)
284-417 3.25 0.5
397-507 4.66 0.614
421-526 4,96 0.61
496-584 5.88 0.70

Table 6. Convective effect decrease rates in temperature difference drop

Temperature According to the According to the According to
range (°C) initial of braking at initial of braking at 5.406™ | the 5.406" second of braking
the end of braking (%) second of braking (%) at the end of braking (%)
284-417 91.22 65.67 74.43
397-507 91.34 64.72 74.46
421-526 91.74 64.75 76.57
496-584 91.46 64.61 75.88

37



—— Experimental —— Analysis

4
t(s)

—— Experimental —— Analysis

T (°C)

410

4
t(s)

8
(@)

8
(©

—— Experimental —— Analysis
530

500

470
< 440
|_

410

380

o

4
t(s)

—— Experimental —— Analysis

8
(b)

4 8
t(s) (d)

Figure 6. Experimental data and analysis data, 284-417 °C (a), 397-507 °C (b), 421-526 °C (c), and 496-584 °C (d)

CONCLUSION

In the heat convection coefficient-angular velocity
graphs, the break that occurred at a value of 23.85 rad/s
showed that the flow passed from turbulent to laminar
after a certain value of the Re number with the decrease
in the velocity of the flow.

Since cold region of the disc is not exposed to friction,
minimum temperature values have been observed. In the
outer radius of the disc where friction occurred, the
temperature has reached the maximum value.

In summary, it has been concluded that the impact of
cooling by convection in the decline of the temperature
difference at the end of braking compared to the initial
state is between 91.22% and 91.74%.

It has been deduced that the cooling amounts at the initial
of braking are higher than the cooling amounts at end of
braking. This situation is explained by the fact that the
heat transfer coefficient values are a function of the
angular velocity.

While the total heat flux values reached their maximum
in cold region of the disc, minimum values were obtained
in the outer radius of the disc.

It has determined that the disc temperature increased as
the number of repetitions increased because the disc's
temperature could not return to its initial state with the
cooling occurring between cycles in repeated braking.
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Ozet: Difiizyon Absorpsiyonlu Sogutma (DAR) sisteminde performans artirmanin etkin yollarindan biriside nano
partikiil kullanimidir. Bu ¢alismada, ¢alisma akigkani olarak amonyak-su-helyum kullanan bir DAR sistemine agirlik¢a
% 0,68 eklenen CuO ve TiO; nano partikiiliiniin sistemin her bir ekipmaninda meydana gelen enerji kayb1 ve ekserji
yikimina, enerji ve ekserji performanslarina etkisi deneysel olarak arastirilmistir. TiO2 nano partikiiliiniin sistemin
calisma basincini disiirdiigii, CuO nano partikiiliiniin sistem c¢alisma basincinda herhangi bir etki yaratmadig
g6zlemlenmigtir. TiO2 ve CuO nano partikiilleri sogutma kapasitesini artirmustir. TiO2 ve CuO nano partikiilii enerji
performansini sirastyla % 66,75 ve % 13,32 artirirken ekserji performansini sirasiyla %17,53 ve %3,42 azaltmustir.
Anahtar Kelimeler: Difiizyon Absorpsiyonlu Sogutma, CuO, TiO2, performans, enerji, ekserji

THE EFFECT OF CuO AND TiO2 NANO PARTICLES ON ENERGY AND EXERGY PERFORMANCE IN
DIFFUSION ABSORPTION REFRIGERATION SYSTEM

Abstract: One of the effective ways to increase performance in Diffusion Absorption Refrigeration (DAR) system is
the use of nanoparticles. In this study, the effect of CuO and TiO- nanoparticles added 0.68 wt% to a DAR system using
ammonia-water-helium as the working fluid on the energy loss and exergy destruction occurring in each equipment of
the system, energy and exergy efficiencies was experimentally investigated. It has been observed that the TiO»
nanoparticle reduces the operating pressure of the system, while the CuO nanoparticle does not have any effect on the
system operating pressure. TiO, and CuO nanoparticles increased the cooling capacity. While TiO, and CuO
nanoparticles increased the energy performance by 66.75% and 13.32%, respectively, they decreased the exergy
performance by 17.53% and 3.42%, respectively.

Keywords: Diffusion Absorption Refrigeration, CuO, TiO», performance, energy, exergy

SEMBOLLER

COP enerji performans katsayisi 0 1s1 transfer hizi [W]
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GiRisS

Difiizyon Absorpsiyonlu Sogutma (DAR) sisteminin
kullanilmasi ¢ok eski yillara uzanmaktadir. Elektrigin
nadir kullanildig1 zamanlarda buzdolaplarinda sogutma
sistemi olarak 1sil giic ile ¢alisan bu sistemler
kullanilmustir. Sonraki donemlerde elektrik enerjisinin
daha sik kullanilmasi ile birlikte bu sistem yerini
kompresorlii sogutma sistemine birakmustir.
Absorpsiyonlu sogutma sistemlerinde en sik kullanilan
calisma akigkani LiBr-H,O ve NH3z-H>O ¢ozeltisidir.
DAR sistemlerinde kullanilan akigkanlarin ¢evreye
herhangi bir zarar vermemesi, sistemde elektrik,
yenilenebilir enerji, LPG ve dogalgaz gibi farkli enerji
kaynaklarinin kullanilmast bu sistemin
yayginlasmasinda onemli bir rol oynamistir. Ayrica
sessiz calisma ortam saglamasi ve pargalarin hareketli
olmamasi: bakim maliyeti ve siirecini olumlu yo6nde
etkilemis dolayisiyla bu sogutma sisteminin Onemini
arttirmustir (Sunal, 2019).

Literatiirde, DAR sistemlerinin enerji analizi tizerine
birgok c¢alisma mevcuttur. Arslan ve Egrican (2004)
caligma akiskami olarak amonyak-su-helyum kullanan
DAR sisteminin farkli 1s1 girdileri i¢in (60 W, 70 W ve
80 W) enerji analizini yapmustir. Sistem performansini
60 W, 70 W ve 80 W icin sirastyla 0,2338, 0,2364 ve
0,2254 olarak hesaplamislardir. Ozbas (2009) ¢alisma
akiskan1 olarak amonyak-su-helyum kullanan DAR
sistemini deneysel ve teorik olarak incelemistir. Sistem
performansint arttirmak amaciyla iki farkli tasarim
gelistirmigtir. On sogutmali sistemde yapisal degisiklik
yaparak 6n sogutmasiz sistem (DAR2) ve 6n sogutmali
sistemin absorber girigine yerlestirilen bir ejektdriin
kullanildigr ~ sistemlerin  (DAR3) tasarimlarini  ve
imalatlarim1  yapmugtir. Elektrik enerjisi ile yapilan
deneylerde i¢ ortam sicakligi olarak 3°C ile en iyi sonuca
DAR3 sisteminde ulasilirken, dolagim oranimin yiiksek
olmasindan dolay1 en iyi COP degeri DAR2 sisteminde
% 27 olarak elde edilmistir. Ayrica ejektor kullanimi ile
o6n sogutmali sistemin performansinin % 26 arttig
gozlemlenmistir. Chen vd. (1996) 1s1 degistiricili yeni bir
jeneratore sahip DAR sistemi tasarlamig ve tiretmistir. Bu
sistemin test sonuglarini orijinal jenerator tasarimina
sahip DAR sistemi ile kargilagtirmistir. Yeni tasarimin,
COP degerini % 50 arttirdigi sonucuna ulagmistir.
Srikhirin ve Aphornratana (2002) kabarcik pompasi
performansi i¢in hava ve su kullanan basit bir deneyden
elde sonuglar1 matematiksel modelden elde edilen
sonuglarla karsilagtirmiglardir. Sistem performansinin
kabarcik pompasi 6zelliklerine ve evaporatdr ve absorber
kiitle transfer performansina giiglii bir sekilde bagh
oldugunu ortaya koymuslardir. Koyfman vd. (2003)

caligma  akigkam1  olarak  organik  ¢Oziici  ve
hidroklorofloro karbon sogutucu akiskan c¢dozeltisi
kullanan DAR sistemindeki kabarcik pompasinin

performansin1 deneysel olarak arastirmistir. Kabarcik
pompasinin performansinin 1s1 girisine bagli olarak
degistigini gozlemlemistir. Zohar vd. (2005) Electrolux
Sweden tarafindan iiretilen yardimci gaz olarak hidrojen

ve helyum kullanan amonyak-su ¢alisma akigkanli DAR
sistemi i¢in termodinamik bir model gelistirmisler ve
sistemin performansin1 bilgisayar simiilasyonu ile
parametrik olarak incelemislerdir. Sistemin her bir
ekipmam igin kiitle ve enerji korunum denklemleri
olusturarak sayisal olarak ¢ozmiislerdir. Modeli, DAR
sistemleri i¢in daha Once yayimnlanan deneysel verilerle
karsilagtirilarak dogrulamislardir. Farkli kosullar altinda
en iyi performansi, zengin ¢ozelti i¢in 0,2-0,3 ve zayif
¢ozelti i¢in 0,1 amonyak kiitle derisiminde elde
etmiglerdir. Yardimc1 gaz olarak helyum kullanan DAR
sisteminin performans katsayisinin hidrojen Kkullanan
sistemden yaklasik % 40 daha fazla oldugunu ortaya
koymuslardir. Zohar vd. (2007) yardimeci gaz olarak
hidrojen kullanan amonyak-su c¢aligma akiskanli DAR
sistemi i¢in termodinamik bir modele dayanarak,
buharlastiric1 girisinden 6nce yogusma alt sogutmasi
olan ve olmayan, iki DAR sisteminin performansini

karsilagtirmiglardir.  1ki  ¢evrimin  performansini
bilgisayar simiilasyonlar1 ile parametrik olarak
aragtirmiglardir.  Yogusma alt sogutmasiz DAR

sisteminin COP degerinin yogusma alt sogutmali sisteme
gore % 14-20 daha yiiksek oldugunu bulmuslardir. Zohar
vd. (2008) birinci tasarimda; zayif ¢ozeltiye 1s1 aktarimi
olmadan zengin ¢Ozeltiye 1s1 girisi, ikinci tasarimda;
halka seklindeki zayif ¢ozeltiye 1s1 transferi ile zengin
¢ozeltiye 1s1 girisi ve liglincii tasarimda ticari sistemlerde
kullanilan bir konfigiirasyon olan zayif ¢ozelti yoluyla
zengin ¢ozeltiye 1s1 girisi olan jeneratdr ve kabarcik
pompast tasarimlarinda farklilik gosteren ¢ DAR
sisteminin performansini sayisal olarak incelemislerdir.
Ayni 181 girisi i¢in, ikinci tasarimin en yiiksek seviyede
ve birinci tasarimin en diisiik seviyede sogutucu akigkani
ayrigtirdigini tespit etmislerdir. Ugiincii tasarimin, COP
acisindan  ikinci tasarima nazaran daha disik
performansa sahip oldugunu ortaya koymuslardir.
Birinci tasarmmmn, 1simin dogrudan zengin c¢ozeltiye
verilmesine ragmen en digik performansa sahip
oldugunu ifade etmislerdir. Jakob vd. (2008) enerji
kaynagi olarak giines enerjisi kullanan amonyak-su
galisma akiskanli DAR sisteminin deneysel ve
simiilasyon sonuglarint kargilagtirmistir.  Maksimum
COP degerini 0,38 olarak bulmuslar ve simiilasyon
sonuglariin deney sonuglari ile uyumlu oldugunu ortaya
koymuslardir. Zohar vd. (2009) bes farkli sogutucu
akigkan (R22, R32, R124, R125 ve R134a) ve organik
soguruculu (DMAC - dimetilasetamid) sistemin enerji
performansini, yardimc1 gaz olarak helyum kullanan
amonyak-su ¢alisma akiskanli DAR  sisteminin
performansi ile sayisal olarak karsilagtirmislardir. En
yiksek performansi 0,298 olarak amonyak-su ¢alisma
akigkanli sistemde elde ederken en diigiik performansi
0,136 olarak R32 caligma akigkanli sistemde
hesaplamiglardir. Wang vd. (2011) ikili sogutucu R23-
R134a, sogurucu olarak N,N-dimethylformamide (DMF)
ve yardimct gaz olarak helyum ile ¢alisan bir DAR
sisteminin COP degerini teorik olarak arastirmiglardir.
Teorik analizde, 1sitic1 giicli, kaynak sicakligi, cevre
sicakligi, sistem basinci, zengin ¢ozelti derisim orani,
saflagtiricinin saflastirma etkinligi ve sogutucuya katilan
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helyum oraninin performansa etkini incelemiglerdir.
So6zen vd. (2012) DAR performans iyilestirmesi iizerine
deneysel bir ¢aligma yapmugslardir. Deneylerde,
endiistride en yaygin kullanilan model olan 6n sogutmali
sistem (DAR-1), 6n sogutmasiz sistem (DAR-2) ve
DAR-1'den farkli olarak, DAR-1'in sogurucu girisine bir
ejektoriin yerlestirildigi sistem (DAR-1WE) olmak {izere
iic DAR ¢evrimini incelemislerdir. DAR-1WE
¢evriminin en yiiksek performansa sahip oldugunu ve
sogutma ortam sicakligmi 3,2 °C'ye disirdiigiini
belirlemislerdir. Bagka bir deyisle, DAR-1WE sisteminin
onceden belirlenmis sogutma ortam sicakligina en az
stirede ulagtigini ortaya koymuslardir. Starace ve Pascalis
(2012) DAR performansi i¢in saflastirici ¢ikiginda saf
amonyak kabuliiniin yapilmadigi yeni termodinamik
modelin sonuglarini Zohar vd. (2009) teorik sonuglari ile
karsilastirmislardir. Tki modelin tahminleri arasindaki
farkin % 2 ile % 8,5 arasinda degistigini ve bu farkin
amonyak icerigine iliskin varsayimdaki ana farktan
kaynaklandigi belirtmislerdir. Starace ve Pascalis (2013)
sogutma sistemleri tasarimi i¢in yeni bir analitik model
iyilestirmesi yapmistir. % 70,1 H>O, % 27,9 NH3 ve %
2.0 Na2CrOs karigimu ile doldurulmus ve 11,5 bar helyum
ile basinglandirmig sisteminin analitik modelini, farkli
ws1tict giigleri igin deneylerle karsilastirmistir. Olgiim ve
modelden hesaplanan kiitlesel debileri karsilastirmig ve
zay1f karisim kiitlesel debisi ve COP acisindan hatalari
tahmin etmistir. Zayif karisim sicakliginda 1 K, zayif
karisim kiitlesel debisinde % 2,32 ve COP degerinde
maksimum %5 mutlak hata bulmus ve modelin
dogrulugunu ortaya koymustur. Mazouz vd. (2014) ticari
bir DAR sisteminin sogutma kapasitesini degerlendirmek
igin kararli hal ve dinamik olmak iizere iki alternatif
deney yontemini deneysel olarak kargilagtirmistir. 42 W
sitict glicti ve 185 °C jenerator sicakligi i¢in COP
degerini 0,12 olarak hesaplamistir. Ersoéz (2015)
jeneratore saglanan ti¢ farkli 1s1 girisinin (62, 80 ve 115
W) DAR sisteminin enerji performansina etkisini
deneysel olarak arastirmigtir. Saflastirici, kondenser,
absorber, ¢ozelti 1s1 degistiricisi ve borulardan gevreye
olan enerji kayiplarini, evaporatdrde kazanilan enerji
kazancini ve enerji performansini irdelemistir. En yiiksek
COP degerini 0,36 olarak 62 W 1s1 giriginde elde ederken
en dusiik COP degerini 0,30 olarak 115 W 1s1 girisinde
elde etmigtir. Wang vd. (2017) disiik jenerator
sicakliginda diisiik sogutma sicakligi elde etmek igin
R23-R134a ve R23-R32-R134a gibi iki grup floriir
sogutucu c¢alisma akigskani kullanan bir DAR sistemi
iretmigtir. Sogurucu ve yardimci gaz olarak DMF ve
helyum kullanmustir. R23-R134a ¢alisma akiskanli DAR
sisteminde sogutma sicakligi, R23 derigiminden veya
helyum miktarlarindan etkilenmezken R23-R32-R134a
caligma akigkanli DAR sisteminde optimum bir R32
derisimi ve optimum bir basing degeri olusmustur. Diigiik
sicaklikli sogutma uygulamalarinda ve diisiik dereceli 151l
enerjinin verimli kullaniminda karisik florlir sogutucu
akiskanlarla ¢alisan DAR sisteminin umut verici bir
potansiyele sahip oldugunu ortaya koymuslardir. Soli vd.
(2017) g¢alisma akigkam olarak propilen/heksan,
propilen/heptan, propilen/oktan ve propilen/nonan olmak

tizere dort farkli hidrokarbon kullanan DAR sisteminin
teorik termodinamik fizibilite ¢aligmasim yapmuiglardir.
150 °C'den diisiik (fosil ve gilines enerjisi gibi) jenerator
sicakliklarinda ¢alisan diisiik giiglii (300 W) bir sistemi
modellemiglerdir.  Hesaplamalarda, kondenser ve
absorber sicakliklarini 42 °C ve sistem toplam basincini
17,5 bar olarak kabul etmiglerdir. Modelin dogrulugunu
literatiirden elde edilen sonuglarla karsilagtirarak
optimum ¢alisma kosullarimi belirlemislerdir. Adjidabe
vd. (2017) elektrik ve igten yanmali motorun egzoz
gazindan elde edilen 1s1 olmak {izere iki enerji kaynagi
icin ¢aligma akigkami olarak H.O-NHs-Hy kullanan bir
DAR sistemini dinamik yontem kullanarak deneysel
olarak analiz etmistir. Her iki enerji kaynagi igin,
buharlasma sicakliginin 3°C ve amonyagi kaynatmak
i¢in gerekli minimum sicakligin 140°C civarinda olmasi
gerektigini belirtmislerdir. Adjibade vd. (2017) bir DAR
sisteminin performansim1 MATLAB ve EES yazilimi
kullanilarak bilgisayar simiilasyonu ile dinamik model
gelistirerek sayisal ve deneysel olarak analiz etmislerdir.
Zamana bagli sayisal sonuglar, NH3-H>O-H; c¢aligma
akiskanli 0.04 m? ticari bir DAR sisteminden elde edilen
deneysel verilerle dogrulanmigtir. Model ve deney
sonuglar1 arasindaki kismi hata her bir bilegenin tiim
sicakliklart i¢in % 15'i gegmemistir ve uyumlu ¢ikmistir.
Sonu¢ olarak, buharlagma sicakligimin diigmeye
baslamasi i¢in minimum baslangi¢ sicakliginin 152 © C
ve gerekli elektrik giicliniin 63,8 W oldugunu ortaya
koymuslardir. Jemaa vd. (2017) ticari bir DAR
sisteminin  deneysel sonuglarma bagl analizini
yapmusglardir. Sistemin her bir ekipmaninin giris ve ¢ikis,
kabin ve ortam sicakliklarini siirekli olarak Slgmiisler ve
farkli elektrik girdileri igin test etmislerdir. Kabinin
toplam 1s1 transfer katsayisini hem teorik hem de
deneysel yontemden 0,2 W/°C olarak bulmuglardir.
Buharlastirici toplam 1s1 transfer katsayisini, dinamik ve
kararli durum yontemlerini kullanarak 0,3 W/°C olarak
hesaplamiglardir. Son olarak, {initenin sogutma
kapasitesi ve COP degerini degerlendirmislerdir. Bu
sistemin istenen durumu saglamak i¢in gerekli 1sitma
giiclinlin 35 W- 45 W araliginda olmasi gerektigini ortaya
koymuslardir. Mansouri vd. (2018) kararli kosullar
altinda ¢alisan diisiik kapasiteli ticari DAR sisteminin
deney sonuglarini Aspen-Plus yazilimiyla gelistirilen
modelin simiilasyon sonuglari ile karsilastirmustir. Farkli
181 giris test kosullar1 (46 W, 56 W ve 67 W) i¢in DAR
sisteminin optimum degerini, 0,159 COP degerine
karsilik gelen 167 °C jenerator sicakliginda 46 W 1sitic
giiciinde elde etmistir. Model tahminleri ile sogutma
kapasitesi ve COP bakimindan deneysel olgiimler
arasindaki sapmalarm % 1'den az oldugunu ifade
etmiglerdir. Chaves vd. (2019) goévde boru buhar
jeneratorii ile donatilmig ve amonyak- su-hidrojen
caligma akigkani kullanan DAR sisteminin matematiksel
modelini yapmuglardir. 80 W elektrik giiciine sahip ticari
buzdolab1 i¢in model sonuglarini deney sonuglar ile
karsilagtirilarak dogrulamiglardir.

DAR sisteminin ekserji analizi {lizerine literatiirde ¢ok
sayida calisma bulunmamaktadir. S6zen ve Ozalp (2003)
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amonyak-su ile c¢alisan DAR sisteminde, ejektoriin

genellikle  kondenser girisinde bulundugunu, bu
calismada, ejektoriin  sogurucu (absorber) girisine
yerlestirilmesi ~ durumunda  enerji  ve  ekserji

performansina etkisini arastirmigtir. Bu yeni durumda,
enerji ve ekserji performansinin sirastyla % 49 ve % 56
oraninda arttigin1 ve daha diisiik jenerator sicakliklarinda
calistigindan dolayr dolasim oraninin % 57 azaldigin
ortaya koymuslardir. Diisiik dolasim orani nedeniyle,
sistem boyutlarinin azaltilabilecegini ve sonug olarak
toplam maliyetin azalacagini ifade etmislerdir. Isitic1 ve
sogutma sicakliklar sirastyla 5-15 “C ve 1-3 °C arasinda
azalmistir. Enjektorlii DAR sisteminin ekserji kaybinin
diger bilesenlerden daha yiiksek bir ekserji kaybina sahip
oldugunu ve bu nedenle enjektorlii DAR sogurucusunun
ekserji kaybini azaltmak icin ¢ok bolmeli bir absorber
tasarlanabilecegini 6nermiglerdir. Ziapour ve Tavakoli
(2011) amonyak-su-helyum caligma akigkanli difiizyon
absorpsiyon sogutma 1s1 borusu (DARHP) ¢evriminin
termodinamik analizi i¢in EES yazilimin kullanarak bir
bilgisayar kodu gelistirmislerdir. DARHP sisteminin her
bir ekipmant igin kiitle ve enerji korunum denklemlerini
ifade etmisler ve ekserji performansim bilgisayar
simiilasyonu ile parametrik olarak incelemislerdir.
Modeli, DARHP sistemi igin Onceden yayinlanmisg
deneysel wverilerle karsilastirilarak  dogrulamiglardir.
Farkli kosullar altinda en iyi performansi, zengin ¢ozelti
bakimindan 0,35 amonyak kiitle derisimi ve zayif ¢ozelti
bakimindan 0,1 derisimde elde etmislerdir. Ayrica,
maksimum ekserji kaybinin termosifonda meydana
geldigini, evaporatdr, kondenser ve sogurucudaki ekserji
kayiplarinin ~ kismen daha az oldugunu ortaya
koymuslardir. Ekserji performansinin, artan evaporator
sicaklig ile arttigini ve artan termosifon sicakligi ile
azaldigini ortaya koymuslardir. Yildiz ve Ersoz (2013a)
amonyak-su-helyum ¢alisma akigkanli DAR sisteminin
enerji ve ekserji analizlerini yapmslardir. DAR
sisteminin her bir ekipmam i¢in kiitle, enerji ve ekserji
dengesi iceren termodinamik model olusturmus ve bu
modeli deney sonuglart ile karsilastirmiglardir.
Termodinamik analizlerde her bir ekipmanda meydana
gelen enerji ve ekserji kayiplarii hesaplamislar ve en
yiiksek enerji ve ekserji kaybinin 1s1 degistiricisinde
meydana geldigini ortaya koymuslardir. Model ve
deneysel calismalardan COP degerini 0,1858 olarak
hesaplarken model ve deneysel ekserji performanslarin
sirastyla 0,0260 ve 0,0356 olarak hesaplamislardir.
Yildiz vd. (2014) DAR sistemlerinde yalitimin enerji ve
ekserji performanslar1 {izerindeki etkilerini deneysel
olarak aragtirmislardir. DAR sistemindeki ¢o6zelti 1s1
degistirici ve saflastiricinin bir kisminin yalitilmasi
durumunda enerji performansiin % 38 ve ekserji
performansinin % 57 arttigin1 ortaya koymuslardir.
Yildiz (2016) elektrik ve LPG ile galisgan amonyak-su-
helyum c¢aligma akigkanli DAR sistemlerinin deneysel
olarak enerji, ekserji ve termoekonomik analizlerini
yapmustir. Elektrikle calisan DAR sisteminin enerji ve
ekserji performanslarini sirasiyla 0,393 ve 0,1008, LPG
ile ¢alisgan DAR sistemlerinin enerji ve ekserji
performans degerlerini sirastyla 0,432 ve 0,1067 olarak

hesaplamistir. LPG ve elektrik DAR sistemlerinin
ekserjetik maliyetlerini sirasiyla 2,111 $/h ve 1,284 $/h
olarak belirlemistir. LPG ile ¢alisgan DAR sisteminin
termoekonomik ekserji maliyetinin, elektrikle calisan
DAR sisteminden % 64 daha yiiksek oldugunu ortaya
koymustur. Taieb vd. (2016) calisma akigkani olarak
amonyak-su-hidrojen kullanan, giines enerjisi ile 1sitilan
200 °C sicakliktaki su ile ¢alistirilan ve ortam havasi ile
sogutulan DAR sistemi i¢in gelistirilmis bir simiilasyon
model olusturmus ve farkli ¢aligma kosullar1 altinda
davramgini incelemistir. {1k olarak, DAR sistemini 26 °C
ortam hava sicakligi, 47 W kabarcik pompasi 1s1 girisi ve
5 °C sogutulan ortam sicakligi sabit kosullart igin
modellemistir. Bu kosullarda, sogutma kapasitesini 22,3
W ve COP degerini 0,126 olarak hesaplamustir. Daha
sonra, 15 °C ve 40 °C ortam hava sicaklig1 icin model
olusturmus ve COP degerlerini sirasiyla 0,138 ve 0,103
olarak belirlemistir. En yiiksek ekserji yitkiminin hava
sogutmali saflastiricida meydana geldigini ve COP
degerinin ortam hava sicakligina ve sogurucu
verimliligine onemli derecede bagli oldugunu ortaya
koymustur.

Literatiirde, DAR sistemlerinde nanopartikiil kullanimi
lizerine ¢ok az sayida g¢alisma oldugu goriilmiistiir.
Sozen vd. (2014) DAR sisteminde amonyak-su g¢iftine
Al,O3 nano partikiil ilavesinin sistem performansina
etkisini deneysel olarak incelenmistir. Nano partikiil
nedeniyle yiizey alani ve akigkanin 1s1 kapasitesinin
arttigin1 ve dolayisiyla 1s1 transferinde onemli bir
iyilesme, jeneratorden daha iyi 1s1 sogurma Ve
sogutucunun sogutma/sogurma sivisindan daha hizli
buharlagsmasint sagladigini ortaya koymustur. Ayrica,
daha kisa 1s1 transfer siireleri nedeniyle sistemin ¢aligma
stiresinin azaldigini ve istenen sicakligin daha hizli elde
edildigini gbzlemlemistir. Sonug olarak, nano akiskansiz
sistemin COP degerinin 0,213-0,280 arasinda degisirken
nano akigkanli sistemin COP degerinin 0,225-0,295
arasinda degistigini ve nano partikiilin  sistem
performansii artirdigin1 ortaya koymustur. Lee vd.
(2014) amonyak-su ¢ozeltisine nano boyutlu yag
damlaciklarmin (N-decane) ve kararl dagilim i¢in yiizey
aktif madde olarak C1:E4 (Polyoxyethylene lauryl ether)
ve TWEEN20 (Polyoxyethylen sorbitan monolaurate,
CsgH114026) ilavesinin DAR sistemi performansi tizerine
etkisini aragtirmiglardir. Nano akiskan ilavesinin COP
degerini % 15 artirdigini ortaya koymuslardir. Jiang vd.
(2019) amonyak-su calisma akiskanli DAR sistemine
agirlikca % 0,1, % 0,3 ve % 0,5 TiO, derisimli ve
agirlikca % 0,5 TiO- ve agirlik¢a % 0,02 sodyum dodesil
benzen ilavesi sonucu elde edilen dort farkli nano
akigkanin sistem performansina etkisini deneysel olarak
aragtirmiglardir. TiO; nano pargaciklarinin  sistem
iizerinde bilyiik etkilerinin oldugunu ve COP degerini %
27 artirdigimi ortaya koymuslardir. Agirlik¢a % 0,5 TiO;
ve % 0,02 sodyum dodesil benzen ilaveli sistemin en iyi
COP degerine sahip oldugunu belirlemislerdir. Sonug
olarak, COP degerinin sadece eklenen nano partikiillere
bagl degil ayn1 zamanda temel akigkan i¢inde kararli bir
sekilde dagilmig nano partikiillerin sayisina giiglii bir
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sekilde bagli oldugunu ortaya koymuslardir. Giirbiiz vd.
(2020) temel bir amonyak-su caligma akiskanli DAR
sistemine agirlikga %1 ve %2 ZnOAIl,O3 ve TiO. nano
parcacik ilavesinin DAR sisteminin enerji performansina
etkisini deneysel ve sayisal olarak arastirmiglardir. DAR
sisteminde ¢alisma sivist  olarak nanoakigkanin
kullanilmasinin  daha hizli buharlasmaya yardime1
oldugunu, bunun da ¢aligma siiresini azalttigini ve
jeneratordeki  1s1  transferini  artirdigimi  ortaya
koymuslardir. Agirlikga %2 ZnOAIl,Os nano pargacik
ilavesi DAR sisteminin performansini %57 arttirmustir.
Sozen vd. (2021)  geleneksel su-amonyak-helyum
calisma akigkant kullanan bir sogurmali sogutma
sisteminde agirlikca %1 ve %2 derisiminde MgOAl,O3
nano partikiil ilavesinin enerji ve ekserji performansina
etkisini deneysel olarak arastirmistir. %2 derisimli
sistemin, geleneksel ve %1 derisimli ¢aligma akigskanli
sistemden sirasiyla % 37,4 % 24,5 daha iyi performans
gosterdigini ve %2 derisimli nano partikiil ilavesinin
ekserji performansimi % 44,2 artirdigimi  ortaya
koymustur. Ozbas (2021) baz ¢alisma akiskani olarak
amonyak-su  kullanan DAR sisteminde ¢alisma
akigkanina agirlikca % 1 ve % 2 derisiminde FeOTiO;
nano partikiil ilavesinin sistem performansina etkisini
deneysel olarak arastirmigtir. Agirlikga % 1 nanopartikiil
ilaveli sisteminin % 2 nano partikiil ilaveli sistemden
daha iyi performans gosterdigini ve agirlikga % 1 nano
partikiil ilavesinin baz amonyak-su ¢alisma akigkanli
sistemin COP, sirkiilasyon orani ve i¢ sicaklik degerini
sirastyla % 17, % 57 ve % 20 artirdigimi ortaya
koymustur. Ayrica, ekserji analizi sonucunda, baz
calisma akigkanina agirlik¢a % 1 nano partikiil ilavesinin
toplam ekserji kaybin1 % 4,5 azalttigim ifade etmistir.

DAR sistemlerinin enerji analizi {izerine yogun bir
sekilde caligilirken, ekserji analizi {izerine ¢ok fazla
calisma  bulunmamaktadir. Son  yillarda DAR
sistemlerinin performansini arttirmaya yonelik nano
partikiil kullanimu ile ilgili ¢alismalar devam etmektedir
ve literatiirde ¢ok az c¢aligmaya rastlanmistir. Bu
calismada, amonyak-Su-helyum c¢aligma akiskanli bir
DAR sistemine agirlikca % 0,68 eklenen CuO ve TiO;
nano partikiil ilavesinin enerji ve ekserji performansina
etkisi deneysel olarak arastirilmistir.

DENEYSEL CALISMA

Bu c¢alismada, Sekil 1’de verilen DAR sistemi
tasarlanmig ve imal edilmistir. Sisteme % 32 amonyak
derisiminde 110 ml hacminde amonyak su ¢ozeltisi ve
yardimer gaz olarak 11 bar basingta helyum gazi sarj
edilmistir.

Sekil 1. Difiizyon Absorpsiyon Sogutma Sistemi

Sekil 2°de sematik olarak gosterildigi gibi DAR sistemi
jenerator-kabarcik pompasi, saflastirici, yogusturucu,
buharlastirici, sogurucu, 1s1 degistirici ekipmanlarindan
olugmaktadir.

Sekil 2. DAR sisteminin sematik goriniimii (Yildiz ve Ersoz,
2013)

Sekil 2°de goriildiigii gibi, DAR sisteminde amonyak
buhart elektrikli 1sitic1 vasitasiyla saglanan 1s1 girisi ile
kaynaticidaki (1a) zengin ¢6zeltiden ayrilir. Bu amonyak
buhart ve amonyak bakimindan derisimi azalan ¢ézelti
(fakir ¢ozelti) kabarcik pompast icinde yiikselir.
Amonyak buhari saflagtiriciya dogru ilerler (3 noktasi) ve
fakir ¢ozelti ise 2a noktasina geri donerek 1s1
degistiriciden gegip sogurucuya gelir. Sistemde fakir
¢ozeltinin 151 degistiricisinden gegirilmesinin amaci
kaynaticida aldigi 1smin bir miktarini ¢éziinme islemi
icin  sogurucudan  kaynatictya gelen  amonyak
bakimindan derisimi yiiksek ¢ozeltiye (zengin ¢ozelti)
vermesidir. Saflastiriciya gelindiginde ise amonyak
buhari iginde barindirdigi bir miktar su buharindan
¢Oziiniir. Burada gerceklesen bu ¢6ziinme, saflagtiricidan
cevreye olan 1s1 gegisi nedeniyle sicakligi diiserek su
buharinin yogusmasi seklinde gergeklesir. Yogusan su 2d
noktasina geri donerek kabarcik pompasi ¢ikigindaki
fakir cozelti ile birlesir. Amonyak buhar1 ise saflik
derecesine yaklagarak yogusturucuya gelir.
Yogusturucuya saflik derecesine yakin bir sekilde giren
amonyak buhart 4 noktasinda yogusarak sivi faza gecis
yapar. Sivi faza gegemeyen bir miktar amonyak buhari
¢ozelti deposuna (5a noktasi) ve sivi fazdaki amonyak (5
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noktast) ise buharlastirictya gelir. Buharlagtiricida sivi
amonyak, yardimc1 gaz olan helyum gaziyla karsilasir.
Bu karsilagsmada kismi basinc1 diigen amonyak, helyum
gaz1 i¢inde yayilarak buharlagmaya baslar. Helyum gazi
kargilagmanin oldugu sicaklik degeri icin belirli bir
miktar amonyak buharini biinyesine tagir. Buharlastirict
icinde amonyak ilerlerken kismi basinci artar ve
buharlastirici ¢ikisinda tamamen buhar fazina geger.
Amonyak buhart ve helyum karisimi sogurucuya gelir.
Sogurucuda, amonyak ve helyum gazi karigimini,
kaynaticidan gelen ve 1s1 degistiriciden gegen fakir
¢ozelti ile birlesir. Bu bdlgede amonyak buhari helyum
gazindan ayrilir ve fakir ¢ozelti tarafindan sogurulur.
Sogurucu ¢ikisinda helyum gazi saf halde, fakir ¢ozelti
ise amonyak bakimindan zenginleserek zengin ¢ozelti
olarak ¢ikar. Zengin cozelti, ¢ozelti deposuna girer ve
oradan 1s1 degistiricide 6n 1sitmadan gecerek kaynaticiya
gelir. Boylece sistem ¢evrimi tamamlanmis olur. Sistem
icinde her bir akigkan i¢in {i¢ ayr1 cevrim meydana gelir.
Bu c¢evrimler; sogurucu akigkan yani amonyak
bakimindan fakir olan su g¢evrimi, sogutucu akiskan
(amonyak) ¢evrimi ve basing dengeleyici olan yardimei
gaz (helyum gazi) ¢evrimi olarak agiklanabilir. Sogurucu
akigkan g¢evrimi; kaynatici, 1s1 degistirici ve sogurucu
arasinda meydana gelir. Sogutucu akiskan c¢evrimi;
kaynatici, saflastirici, yogusturucu, buharlastirici,
sogurucu, 1s1 degistirici ve tekrar kaynatici arasinda
meydana gelir. Basing dengeleyici yardimer gaz ¢evrimi
ise buharlastirici ile sogurucu arasinda gergeklesir
(Yildiz ve Ersoz, 2013b)

Nano partikiiller, DAR sisteminde kaynaticidaki
amonyak-su karigimindan buhar fazindaki amonyagin
daha hizli ayrilmasini saglamak amaciyla is akigkani
igerisine eklenmektedir (S6zen vd., 2015). Bu ¢aligmada,
DAR sistemlerinde yaygin olarak kullanilan NHs-H,O-
He ¢alisma akigkanina 1s1l performansi artirmak amaciyla
Tablo 1’de teknik ve termofiziksel 6zellikleri verilen
CuO ve TiO2 nano partikiilleri ilave edilmistir.

Tablo 1. CuO ve TiO2 nano partikiillerinin teknik ve
termofiziksel o6zellikleri (https://nanografi.com, Dagdevir ve
Ozceyhan, 2016, Khanafer ve Vafai , 2011)

w Nano partikiil
Ozellikler Cuo Tio,
Saflik % % 99,5 | % 99,55
Renk Siyah Beyaz
Ortalama partikiil boyutu (nm) 77 13
Ozgiil yiizey alan1 (m?g?) 20 60
Kiitle Yogunlugu (gcm2) 0,8 0,19

p (kgm™®) 6500 4100
k (WmK1) 18 10,2
Cp (JkglK1) 540 690

Bu calismada, baz calisma akigkani olarak NH3-H»O-He
¢ozeltisi, yardimc1 gaz olarak 11 bar basinglandirilan
helyum gaz1 ve enerji kaynagi olarak elektrik kullanan bir
DAR sistemi tasarlanmustir. Sisteme % 32 amonyak
derisimi olan 110 ml amonyak-su ¢6zeltisi konulmustur.
Cevreye olan 1s1 kayiplarinin ihmal edilebilmesi igin
jenerator-kabarcik pompasi ve 1s1 esanjorii yalitilmustir.
Birinci asamada, nano partikiil ilavesi olmayan baz NHzs-
H>O-He ¢aligma akigkanli sistemin deneyleri yapilmustir.
Ikinci ve iiciincii asamada sirasiyla 110 ml amonyak su
¢ozeltisine sirasiyla agirlik¢a % 0,68 CuO nano partikiilii
ve agirlikca % 0,68 TiO2 nano partikiilii eklenmistir.
DAR sisteminin ¢alismasi sirasinda, ¢alisma akiskani
igerisine katilan nano partikiiller, amonyak-su ¢6zeltisi
ile birlikte sistemin tiim boliimlerinde dolasmaktadir.
Nanoakigkan soliisyonunun kararliliginin arttirilmasi i¢in
literatiirde  farkli  yOntemler Onerilmektedir. Bu
yontemlerden biri yiizey aktif madde eklenmesi metodu
ile baz caligma akigkant ile nano partikiillerin arasindaki
bagin artirilmast ve dolayisiyla kararliligin arttirilmasi
saglanirken diger yoOntem ise ¢aligma akigkaninin
hazirlanmasi asamasinda ultrasonik dalgalar araciligiyla
ultrasonik banyo iglemi yapilmasidir. Bu ¢aligmada, CuO
ve TiO; nano partikiil ilaveli amonyak-su ¢ozeltisine %
0,1 oraninda AOT (Sodium bis-(2-ethylehexyl)
sulfosuccinate) ylizey aktif maddesi eklenmistir ve 24
saat boyunca ultrasonik ¢alkalama ile karisimi
saglanmistir (Sekil 3) ve deneyleri gergeklestirilmistir.
Hazirlanan NHs-H20O-He+CuO karisimi ve NHs-H0-
He+TiO; sisteme sarj edilmis ve yardimei gaz olarak 11
bar ile siirlandirtlmis helyum gazi kullanilmstir.

Tiim deneylerde sistem kontrol hacimlerinin (jenerator-
kabarcik  pompasi, saflastirici, yogusturucu ve
buharlastiric1) girig-¢ikis, sogutma odasi ve ortam
sicakliklari, sistemin ¢aligma basinci ve enerji tiiketimleri
ve sicaklik dlgtimleri 5 dakika ara ile kaydedilmistir, her
bir deney yaklagik 4 saat siirmiigtir ve 10’ar defa
tekrarlanmustir.
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(a) CuO nano akigkani

b) TiO2 nano akiskam

(c) Sisteme sarj1

Sekil 3. Nano akigkan karigimin yapilmas: ve sisteme sarj e edilmesi

TERMODINAMIK ANALIZ

Termodinamik analizlerde kabuller

yapilmigtir.

asagidaki

e Boru hattindaki basing diisiisleri ve hidrostatik
basinglar ihmal edilmistir,

o Sivi ¢ozelti (2¢) ve buhar kabarciklar1 (3) kilcal
borudan ¢ikmakta ve jeneratdrii ayni sicaklikta terk
etmektedir (T2=T3),

e Jeneratorden ¢evreye olan 1s1 kayiplarinin ihmal
edilebilmesi icin jeneratdr yalitilmustir,

e Buharlastiric1 girisindeki amonyak su ¢ozeltisi ve
helyum adyabatik kabul edilmistir,

e S5a noktasinda hicbir akisin olmadigi kabul
edilmistir,
e Olgiilen ortam sicakligi 6lii hal sicakligi olarak
kabul edilmistir.
Enerji Analizi

Enerji analizinde, DAR sisteminin her bir ekipmani i¢in
kontrol hacimleri belirlenmis ve 1s1 kayiplari, kazanglar
ve kapasitelerini igeren kiitle ve enerji denge denklemleri
elde edilmistir. Her bir ekipman i¢in yapilan analiz
asagida verilmistir.

Jenerator - kabarcik pompasi

Jenerator-kabarcik pompasina giren zengin ¢ozeltiden
(rhy,), sogutkani buharlagtirarak ayirmak igin elektrik
direnci ile 1s1 girisi (Q,gy01,) Yapilmustir. Amonyak buhari
(rhz) kabarcik pompasindan yiikselerek saflastiriciya
gelmektedir. Kabarcik pompasmin ¢ikisindaki zayif
cozelti ise (m,.) 1s1 degistiricisine geri donmektedir.
Analizlerde, sivi ¢ozeltinin (2¢) ve buhar kabarciklarinin
(3) jeneratorii aynmi sicaklikta (T2=T3) terk ettigi ve
jeneratorden ¢evreye olan 1s1 kayiplarinin ihmal edildigi

kabul edilmistir. Jenerator-kabarcik pompasi i¢in kiitle
ve enerji dengeleri asagida verilmistir:

My, = My + My, (1)
Mo Xiq = M3X3 + My X5e 2
Myhiq + Quitice = M3hs + Mychye (3)

burada, m ¢alisma akiskaninin kiitlesel debisi (kgs™?), h
ozgiil entalpi (kJ kg, Q,snuc: jeneratore verilen elektrik

giici (W), X amonyak su karigiminin kiitle oranidir
(Jakob vd, 2008).

Saflastirici

Kaynaticidan ¢ikan buhar ¢ok az miktarda sogurucu
igerir ve dolayisiyla saf sogutucu degildir. Bu nedenle
saflagtiricida kismi yogusmayla saflastirilir ve bu islem
ile neredeyse saf amonyak buhari elde edilir. Saf buharin
kiitlesel debisi Es. (4) ile saflagtiricidan gevreye atilan 1s1

miktari (Qsaf) Es. (6) ile hesaplanir;

mz = 1y + Myy (4)
M3X3 = myXy +MyeXpq ®)
mzh; = myh,+myahg + Qe (6)

Is1 degistirici

Ist degistiricide, jeneratérden cikan fakir ¢ozelti (4),
sogurucudan gelen diisiik sicakliktaki zengin ¢ozeltiye
enerjisini aktarir. Ist degistirici i¢in kiitle ve enerji
dengeleri;

My = My, = My (7)
My, =My, = Ihps (8)
My, = My, + My 9)
My, Xy = MyXpe +1M5X50 (10)
Myphyp = Mychye + Moahsg ' (11)
my,hyp + Myohyg = Mgy + Myghig + Qe (12)

Yogusturucu

Amonyak buhar sistem basinci ile ayni yiiksek basing
degerinde yogusturucuya girer ve siviya doniisiir.
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Yogusturucu igin kiitle ve enerji dengeleri asagida
verilmistir.

m4 = ms (13)
ri’14h4 = rhShS + Qyog (14)
Buharlastirica

Sistem basincinda yogusturucuyu terk eden sivi

amonyak, buharlastirict girisine ulasir ve burada 1si1
degistirici boyunca sogurucudan gelen helyum gaz ile
karisir. Sonug olarak s1ivi amonyagin kismi basinct diiser
ve diisiik sicaklikta buharlasmaya baslar. Buharlastirici
icin kiitle ve enerji dengesi asagidaki gibi ifade edilir;

Mg, + Ihig = My, ) (15)
ri’16ahBa + rhighig + Qbuh = rh7bh7b (16)

Sogurucu

Sogutucu buhar burada jeneratdrden donen zayif ¢ozelti
tarafindan emilir ve zengin ¢dzelti, ¢dzelti tankina akar.
Helyum ve amonyak artiklari ise buharlastiriciya dogru
akar. Sogurucu i¢in kiitle ve enerji dengeleri sirasiyla Es.
(17) ve (18) ile verilmistir. Sogurucudan ¢evreye atilan
181 transfer hizi (Qsog) Es. (19) ile hesaplanabilir;

Mg + My = My, + Mgy, (17)
Mghg + Mg Mg + Qups = Myphyp + Mgy hg, (18)
Qsog = M7ph7, + Mgyhg, — Mohg — My hyy (19)
Enerji performansi katsayis1 (COP)

Enerji Performansi Katsayist (COP), buharlastirici

tarafindan gekilen 1smin, sisteme verilen isitict giicii
orani olarak tanimlanir.

Cop = Jun (20)
Qisitici

Ekserji Analizi

Ekserji kavrami termodinamigin birinci ve ikinci

yasasina dayanmaktadir. Ekserji analizi, bir proseste
bozulan enerji bolgelerini  gostermektedir. Ekserji
analizinin temel amaci, anlamli verimleri (ekserji) ve
ekserji kayiplarinin nedenlerini ve gercek biiyiikliiklerini
belirlemektir. Bu ¢aligmada, 6lgiilen ortam sicakligi, olii
durum sicakligt (To) olarak degerlendirilmistir. Genel
ekserji dengesi;

E_xheat - Exwork + Exmass,in - Exmass,out =

Exdest (21)
To \ » . . .
X ( - T_)Qk —W+EZm,¥in — EMowePour =
. k
Exdest (22)

Es. (22)’de, Qy, k noktasinda T, sicakhigindaki sinirt
gecen 1s1 transfer huzi, W is ve W 6zgiil akis enerjisidir.
Akan akigkan igin 6zgiil ekserji ve ekserji denklemleri
sirasiyla Es. (23) ve (24)’de verilmistir.
'{U = (h—ho) — To(s — o)

Ex =m(h — ho) — To(s — o)

(23)
(24)

Es. (23) ve (24)’de s entropi (kJkg'K™?) ve alt indis 0 Py
ve Ty olil hal durumundaki 6zellikleri gostermektedir.

Sisteme olan 1s1 transferi pozitif alindiginda sistem igin
entropi iiretimi Es. (25) ile ifade edilebilir.

Sgen. = Z Moyt Sour — L Mip Sin — Zg_: (25)

Ekserji yikimi igin, ilk olarak entropi iiretimi Sgen
hesaplanir ve Es. (26) ile bulunabilir.
I = Exgess = TOSgen. (26)

Jenerator - kabarcik pompasi

Jenerator-kabarcik pompast icin ekserji yikimi Es.
(27)’de verilmistir.

_ QlSlflCl

[LSLtLCL = TO (m353 + My Sy — MyaS1a (27)

TLS itict

Saflastirici

Saflastirici igin ekserji yikimi Es. (28) ile hesaplanabilir.

; : . Q .

Lsqr = To (MySy + MyaSyq + %Z; — M3S3) (28)
Is1 degistirici

Is1 degistirici igin ekserji yikimi agagida verilmistir.

My = My = My (29)
myp = My; = My (30)
. . . Q .

Lisa = To (M1gS1q + My151; + % — MyS10 —
7.h1b51b ) . G
Ligq = TO [mrs(sla - 510) + mps(sll - Slb) +

leld

=== 32
Tisid ( )
Yogusturucu

Yogusturucu icin ekserji yikimi asagidaki denklemden
hesaplanir;
; Qyog

Lo = To( Tsss + Tyor TM4Sy) (33)

Buharlastirici

Buharlastirici igin ekserji yikimi asagida verilmistir;

; R . . Q

Lyun = To(M7pS7p — MeaSeqa — MigSig — Tbuh) (34)
buh

Sogurucu

Sogurucu i¢in ekserji yikimi asagidaki denklemden
hesaplanir;

Lso5 = To(MoSe + MygSiy + Toos MypS7p — Mgy (35)
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Diger bilesenler

Diger bilesenler i¢in boru hatlari ve ¢6zelti deposu olarak
ekserji yikimi Es. (36) ile hesaplanir;

_ To

idiger = Qdiger( 1-

(36)

Taiger
Ekserji performans katsayis1 (ExCOP)

DAR sisteminin ekserji performansit (EXCOP), Es. (37)
ile belirlenir.
ExCOP = 1 — —xtkm

EXgiren

(37)

Nanoakiskanin Termodinamik Ozellikleri

Bu ¢alismada, baz ¢alisma akigkani olarak amonyak-su
kullanan bir DAR sisteminde, amonyak-su sogutucuna
agirlikca %0,68 CuO ve TiO; nano partikiilleri ilave
edilmistir. Daha sonra, nano partikiillerin arasindaki
bagin ve kararliligin arttirtlmast i¢in % 0,1 oraninda AOT
yiizey aktif maddesi ilavesi ile 24 saat boyunca ultrasonik
calkalama ile karisimi saglanan NH3-H>O-He+CuO ve
NH3-H20-He+TiO; nano akiskani elde edilmistir.

Nano akigkanlarin yogunlugu (pnf), 6zgiil 1s1 kapasitesi
(cpynf), vizkozitesi (W,s) ve 1s1 iletkenligi sirastyla Es.
(38), Es. (39), Es. (40) ve Es. (41) ile hesaplanir
(Khanafer ve Vafai, 2011):

Png = (1 - an)pbf + gnppnp (38)

Cpns = (1= Bnp)p s + BrpCpnp (39)

Pnp 1

Wbf (1_ﬂnp)2'5 (40)
Fnp_

kstatic =14 3(kbf 1)¢np (41)

kp knp knp
d (m“)‘(m‘i)%

Es. (38), (39) ve (40)’da, ¢pp = Vop/(Vop + Vir) Nano
partikiiliin hacimsel derisimidir.

Nano akiskan ¢aligsma akigkani kullanan DAR sisteminin
her bir ekipmani i¢in entalpi farki, Es. (42)’nin
genisletilmesiyle Es. (43)’den hesaplanabilir;

1
& = (5,

(42)
Ah = oy = hip = [ C,dT (43)
BULGULAR
Literatirde =DAR  sistemlerinin  deneysel enerji

performansi tizerine bir¢ok ¢aligma mevcut iken ekserji
analizi {izerine fazla calisma bulunmamaktadir. Son
yillarda DAR sistemlerinin performansini arttirmaya
yonelik nano partikiil kullanim1 yayginlasmasina ragmen
calisma sayisi fazla degildir. Bu ¢aligmada, baz ¢aligsma
akiskan1 olarak NHs3-H,O-He kullanan sistem ile bu
sisteme ilave edilen CuO nano partikiilii ilave edilerek
olusturulan NH3-H;O-He+CuO nano akiskan1 ve TiO;
nano partikiilii ilave edilerek olusturulan NH3-H>O-
He+TiO, nano c¢alisma akigkani kullanan DAR
sistemlerinin enerji ve ekserji analizleri yapilmustir.
Analizlerde, sistemin tiim bilesenleri i¢in enerji kayip-
kazang, ekserji kayiplari, enerji ve ekserji performanslari
hesaplanmis ve karsilastirilmistir.

DAR sistemlerinin karakteristiklerini belirlemenin en
o6nemli yolu sicaklik ve basing dl¢timiidiir. NHs-H,O-
He, NH3-H,O-He+CuO ve NHs-H,O-He+TiO; ¢alisma
akigkanli sistemler i¢in deneyler yapilmistir. Deneylerde,
jenerator-kabarcik pompasi, saflastirici, yogusturucu,
buharlastirici, sogurucu ve 1s1 degistirici giris ve ¢ikis
sicakliklar1, 6li hal sicakligi olarak da degerlendirilen
gevre ortam sicakligr (To), ortalama kaynatici sicaklig
(T1a), sogutulan ortam sicakhii ve sistem basinci
dl¢iilmiistiir. Olgiilen veriler 4 saatlik siire boyunca 5’er
dakika ara ile kaydedilmistir.

NHs-H20-He, NH3-H;O-He+CuO ve  NH3-H.O-

He+TiO; c¢alisma akigskanli sistemler igin Olglim
sonuglari sirasiyla Sekil 4, 5 ve 6’da verilmistir.
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Sekil 5. NH3-H20-He+CuO deney olgiim sonuglar
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Sekil 6. NH3-H20-He+TiO2 deney 6l¢iim sonuglar

Sekil 4-6’da goriildiigii gibi, deneyler benzer g¢evre
sicakliginda (To) yapilmustir ve hesaplamalarda ortalama
21 °C olarak alinmistir. En yiiksek kaynatici giris
sicakligi (T1a) ve fakir ¢ozelti 1s1 degistirici giris sicakligi
(Tw) NHsz-H,O-HetCuO ¢alisma akigkani kullanan
sistemde elde edilirken en diisiik ortalama kaynatici giris
sicakligi NHz-H>O-He kullanan sistemde elde edilmistir.
Kaynatict  ortalama  sicakliklarmin ~ tam  olarak
Olciilememesi sebebiyle elde edilen yaklasik veriler
kullanilmustir. Kaynatict ¢ikis sicakligi (Ts), ortalama
kaynatict sicakligindan bir miktar diisiis gostermistir ve
saflastirict giris sicakliginin kaynatici ¢ikig sicakligina
esit oldugu kabul edilmistir. Kaynaticida elde edilen
sicakliklarin yarisindan fazlasi saflastiricidan atilmustir.
Saflagtirict  ¢ikis  sicakligmmimn  yogusturucu  giris
sicakligina esit oldugu (T4) kabul edilmistir. Saflik
derecesine ulagan amonyak yogusturucuya girmekte (Ts)
ve burada yogusarak sivi faza gecis yapmaktadir ve
yogusma sirasinda c¢evre ortama 1s1 atilmaktadir.
Yogusma, NHs-H,O-He+CuO karnisgiminda en diisiik
sicaklikta gerceklesirken NH3-H20-He+TiO,
karisiminda en yiiksek sicaklikta gergeklesmektedir.
Buharlastiricinin girisinde (6b noktasi), sivi amonyak
helyumla karsilasarak buharlasmaya baglar. Deneylerde
soguma baslangici ve kararli hale gegis siiresi NHz-H20-
He kanigiminda en diisiik iken, NHs-H,O-He+TiO;
karigiminda en yiiksek degere sahiptir. Soguma baglama
siiresi, NHs-H,0-He, NHs3-H,0-He+CuO, NH3-H,0O-

He+TiO; ¢alisma akigkanli sistemde sirasiyla 54., 45. ve
41. dakikada baslarken kararli hale gegis siireleri sirasiyla
119., 215. ve 143. dakika sonunda meydana gelmistir.
Buharlastiric1 ¢ikisinda (7 noktasi) yardimcr gaz olan
helyumla birlikte sogurucuya ulasir. Buharlastirict ¢ikis
sicakligt (T7), NHs-H,0-He ¢aligma akigkanl sistemde
en disiik iken, NHs-H.O-He+TiO; ¢alisma akiskanli
sistemde en yiiksek degere sahiptir. Sogurucu giris
sicaklign  (Ts) diistikge suyun amonyagi emme
kabiliyetinin arttig1 bilinmektedir ve dolayisiyla en
yiiksek sogurucu giris sicakligin NHs-H»O-He+TiO;
calisma akigkanli sistemde elde edilmistir. Sogurucu
cikis sicakligi (Tg) en yiiksek NHs-H20-He+TiO;
calisma akigskanl sistemde elde edilirken en diisiik NH3-
H,0-He+CuO ¢alisma akigkanli sistemde elde edilmistir.
Is1 degistiricisi zengin ¢ozelti girig sicakligt (T1o) ve 1s1
degistirici ¢ikig fakir ¢ozelti sicakligi en yiiksek NHs-
H,O-He+TiO, c¢alisgma akigkanli sistemde meydana
gelirken en diisiik NH3-H>O-He+CuO akigkanli sistemde
meydana gelmistir.

NH3z-H>O-He, NH3-H,O-He+CuO ve  NHs-H.O-
He+TiO; akigkan ¢iftlerinde kullanilan ortalama elektrik
tiketimi 63 W olarak Olgiilmiistiir. Termodinamik
analizlerde, enerji ve ekserji hesaplamalarinda sistemin
kararli hale gectikten sonra Tablo 2’de verilen ortalama
sicaklik degerleri kullanilmistir.
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Tablo 2. Termodinamik analizlerde kullanilan ortalama degerler

Olgiim noktalar NHs-H,0-He | NH3-H,O-He+CuO | NH3-H,O-He+TiO;
Cevre ortam sicakligi, To (°C) 21 21 21
Kaynatic1 giris sicakligi, T1a (°C) 98,24 100,56 100,37
Is1 Degistirici fakir ¢ozelti giris sicakligi, T1p (°C) 93,24 95,56 95,37
Ortalama kaynatici sicakligi, T» (°C) 161,49 156,75 143,23
Kaynatici ¢ikig-saflastirict giris sicaklhigi, T3 (°C) 155,79 151,05 137,53
Saflastirici ¢ikis-yogusturucu giris sicakligi, T4 (°C) 76 70,32 78,04
Yogusturucu ¢ikis- sicakligi, Ts(°C) 29,58 24,57 31,41
Bubharlastirict giris sicakligi, Tey (°C) -4,39 -5,02 5,76
Bubharlastirici ¢ikis sicakligi, T7 (°C) 28,82 23,95 29,57
Sogurucu giris sicakligi, Tg (°C) 25,02 20,01 33,06
Sogurucu ¢ikis sicakligi, Tg (°C) 29,02 28,1 41,17
Is1 Degistirici zengin ¢ozelti giris sicakligi, T1o (°C) 30,59 28,45 39,74
Is1 Degistirici fakir ¢ozelti ¢ikig sicakligi, T11 (°C) 30,83 28,75 41,15
Sistem basinci, P (bar) 13,00 13,00 12,02
Isitict giicil, Q,q0e (W) 63 63 63

Calisma akigkanlarinin  DAR  ¢evrimin her bir
noktasindaki termodinamik 6zellikleri, sicaklik ve
basincin fonksiyonu olarak REFPROP 9.0 yazilimindan
elde edilmistir. Kiitle, enerji ve eckserji dengeleri ve
termodinamik 6zellik denklemleri es zamanli olarak
¢Oziilmiigtiir. Tablo 2’de verilen ortalama sicaklik ve

sistem basinci degerlerine bagli olarak her bir nokta i¢in
hesaplanan kiitlesel debi ve amonyak kiitle derisim orani
degerleri Tablo 3'de ve her bir ekipman i¢in enerji analiz
esitliklerinden bulunan 1s1 transfer hizi (Q) sonuglart
Sekil 7°de verilmistir.

Tablo 3. Deneysel olarak hesaplanan kiitlesel debi ve amonyak kiitle derisim oran

Noktalar NHs-H,O-He NH;-H,O-He+CuO NH3-H,O-He+TiO,
X m(kgs™) X m (kg s™) X m (kgs™1)

1. 0,32 5,36942E-05 0,32 6,28820E-05 0,32 9,97040E-05

1y 0,175 4,29559E-05 0,175 5,06597E-05 | 0,187 8,18209E-05

2c 0,102 2,62169E-05 0,118 3,52686E-05 0,17 7,29018E-05

24 0,29 1,67390E-05 0,308 1,53911E-05 | 0,331 8,91903E-06

3 0,528 2,74773E-05 0,578 2,76134E05 0,728 2,68021E-05

4 0,899 1,07383E-05 0,918 1,22223E-05 | 0,926 1,78831E-05

5 0,899 1,07383E-05 0,918 1,22223E-05 | 0,926 1,78831E-05

6a 0,899 1,07383E-05 0,918 1,22223E-05 | 0,926 1,78831E-05

Ta 0,899 1,20641E-06 0,918 1,09175E-06 | 0,926 1,4291E-06

8a 0,899 1,20641E-06 0,918 1,09175E-06 | 0,926 1,42910E-06

8p 0,175 4,29559E-05 0,175 5,06597E-05 | 0,187 8,18209E-05

9 0,32 5,36942E-05 0,32 6,28820E-05 0,32 9,97040E-05

10 0,32 5,36942E-05 0,32 6,28820E-05 0,32 9,97040E-05
11 0,175 4,29559E-05 0,175 5,06597E-05 | 0,187 8,18209E-05
[g=Mg=M7, --- 1,20641E-06 --- 1,09175E-06 --- 1,4291E-06
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Sekil 7. DAR sisteminin her bir ekipmant i¢in 1s1 transfer hiz1 sonuglari

Sekil 7°de goriildigii gibi aym 1sitic1 giici (63W) ve
benzer gevre sicakliginda, en yiiksek enerji kayb1 NHs-
H.O-He ve NH3-H:0-He+CuO kullanan sistemde
saflastiricida  meydana gelirken, NHs-H20-He+TiO;
calisma akigkanli sistemde yogusturucuda meydana
gelmistir. En diisiik enerji kaybi ise ii¢ sistemde de 1s1
degistiricide meydana gelmistir. En yiiksek sogutma
yikii NHs-H20-He+TiO, calisma akigkamt kullanan
sistemde 23,708 W olarak elde edilirken en diisiik
sogutma yiikii NHs-H>O-He calisma akiskanli sistemde
14,23 W olarak elde edilmistir. Saflagtiricida en yiiksek
enerji kayb1 36,049 W olarak NHs-H,O-He kullanan
sistemde olusurken, en diisiik enerji kayb1 19,682 W
olarak NH3;-H,0-He+TiO; ¢alisma akiskanli sistemde
meydana gelmistir. Is1 degistiricide en yiiksek enerji
kayb1 NH3-H,O-He+TiO; kullanan sistemde 8,689 W
olarak hesaplanirken en diigiik enerji kaybi1 5,326 W
olarak ~ NHz-H,O-He+CuO kullanan  sistemde

04

BNH3-H20
= NH3-H20+Cu0
03 1 wNH3-H20+TiO2

0,25 -

0,35 -

COP

0,15 -

0,05 -

Akiskan Cifti

Sekil 8. Akiskan ¢iftlerin sogutma performans katsayisi

hesaplanmistir. Yogusturucudan ¢evreye atillan en
yiksek 1s1 atimi NH3-H»O-He+TiO; kullanan sistemde
21,334 W olarak gerceklesirken en diisiik 1s1 atim1 12,175
W olarak NHs3-H;O-He c¢alisma akiskanli sistemde
gerceklesmistir. Sogurucuda meydana gelen en yiiksek
enerji kayb1 20,7 W olarak NH3-H,O-He+TiO; ¢alisma
akigkanli sistemde olusurken en diisiik enerji kaybi
12,597 W olarak NHs-HO-He kullanan sistemde
olusmustur. Borularda meydana gelen en yiiksek enerji
kayb1 NH3-H,O-He+TiO; calisma akigkanli sistemde
16,303 W olarak hesaplanirken en diisiik enerji kaybi
10,969 W olarak NH3-H;O0-He kullanan sistemde
hesaplanmistir.

Sekil 8’de, NH3-H,0O-He, NH3-H,O-He+CuO ve NHas-
H,0O-He+TiO, calisma akigkanli sistem i¢in ortalama
sogutma performans katsayisi (COP)  degerleri
verilmigtir.

Sekil 8’den goriildiigi gibi, NH3z-H>O-He, NH3-H,O-
He+CuO ve NHs3-H;O-He+TiO, c¢alisma akiskanli
sistemlerin COP degeri sirasiyla 0,226, 0,256 ve 0,377
olarak  hesaplanmigtir.  Dolayisiyla, CuO  nano
partikiiliiniin enerji performans katsayisimt % 13,32 ve
TiO2 nano partikiiliniin enerji performans katsayisini
% 66,75 arttirdig1 gézlemlenmistir.

Elde edilen enerji analizi, enerji kullanim siire¢lerinin
tim yonlerinin anlagilmasi agisindan tam olarak tek
basina yeterli degildir. Bu yiizden DAR sisteminde enerji
verimliligini daha iyi anlayabilmek i¢in termodinamigin
birinci ve ikinci yasalarina dayanan enerji ve ekserji
analizlerinin yapilmasi gerekmektedir.

Sekil 9’da her bir ekipmanda meydana gelen ekserji
yikim degerleri karsilagtirilmistir.
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Sekil 9. Sistem ekipmanlarinda olusan ekserji yikim degerleri

Sekil 9’da gorildiglii gibi ayni 1sitict giicii ve gevre
sicakliginda, ii¢ sistem i¢in de en yiiksek ekserji yikimi
1s1 degistiricisinde meydana gelirken en diigiik ekserji
yikimi ise i¢in boru hattinda meydana gelmektedir.
Saflastiricidda en biiyiik ekserji yikimi NHs-H>O-He

calisgma  akigkanli sistemde 1,787 W  olarak
hesaplanirken, en diisiik ekserji yikimi NH3z-H,O-
He+TiO, kullanan sistemde 0,743 W olarak

hesaplanmigtir. Is1 degistiricisinde en yiiksek ekser;ji
yikimi 14,448 W olarak NH3-H,O-He+TiO; kullanan
sistemde hesaplanirken, en diisiik ekserji yikimi 8,896 W
olarak NH3-H,O-He ¢alisma akigkanlhi sistemde
olusmustur. Yogusturucuda en biiyiik ekserji yikimi
NH3-H20-He+TiO2 kullanan sistemde 1,526 W olarak

0,72
®NH3-H20

BNH3-H20+CuO
NH3-H20+Ti02
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Sekil 10. Akigkan ciftlerinin ekserji performans degerleri

bulunurken, en diisiik ekserji yikimi 0,259 W olarak
NH3-H20-He calisma akigkanli sistemde hesaplanmustir.
Buharlastiricida en yiiksek ekserji yikimi NH3-H,O-He
calisma akigkanli sistemde 1,328 W olarak bulunurken,
en disik ekserji yikimi NHj3-H,O-He+TiO; c¢alisma
akigkanli sistemde 0,669 W olarak hesaplanmistir.
Sogurucuda en yiiksek ekserji yikimi NH3-H,O-He+TiO;
calisma akigskanli sistemde 4,215 W bulunurken, en
disiik ekserji yikimi 3,809 W olarak NH3-H,O-He
calisma akigkanli sistemde bulunmustur.

Sekil 10°da NH3-H,0-He, NH3-H,O-He+CuO ve NHs-
H,0-He+TiO; calisma akiskanli sistem i¢in bulunan
ekserji performanst (ExCOP) degerleri verilmistir

Sekil 10°da gorildigi gibi, NHs-H>0-He, NH3-H,O-
He+CuO ve NHs3-H;O-He+TiO; ¢alisma akiskanli
sistemlerde sirasiyla ExCOP degeri 0,701, 0,678 ve
0,597 olarak hesaplanmistir. Nano partikiil ilavesi sistem
ekipmanlarinda daha yiiksek ekserji yikimima sebep
oldugundan dolay1 sogutma performans katsayisinin
(COP) aksine ekserji performansini diigiirmiistiir. CuO ve
TiO2 nano partikiilii sistemin ekserji performansini
strastyla % 3,42 ve % 17,53 azaltmistir.

TARTISMA VE ONERILER

Bu galismada, NH3-H>O-He calisma akiskani kullanan
DAR sisteminin performansi, benzer 1sitici glicii ve ¢cevre
sicakliginda CuO ve TiO nano partikiilleri ilave edilen
sistemlerin  performanslar1 ile deneysel olarak
karsilastirilmistir.

Calismadan elde edilen sonuglar asagida siralanmugtir.
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(1) NHs-H20-He, NH;-H>0-He+CuO, NH3-H.0-
He+TiO, akigkan kullanan sistemler sogutmaya
gectikten sonra kararli hale sirasiyla 119. dakika, 215.
dakika ve 143. dakikadan itibaren ge¢mistir.

(2) NHs3-HO-He, NHs-H;O-He+CuO ve NHs;-H,0-
He+TiO; kullanan sistemlerde ortalama elektrik tiiketimi
63 W olarak ol¢lilmiistiir.

(3) TiO2 nano partikiiliiniin sistemin ¢aligma basincini
distirdiigii, CuO nano partikiiliiniin sistem c¢alisma
basincinda herhangi bir etki yaratmadig1
gozlemlenmistir.

(4) En yiiksek enerji kaybt NH3z-H,O-He ve NH3-H,0-
He+CuO c¢aligma akigkanli sistemde saflagtiricida
meydana gelirken, NH3-H,O-He+TiO; ¢alisma akigkanl
sistemde yogusturucuda meydana gelmistir.

(5) En yiiksek sogutma kapasitesi NH3;-H,O-He+TiO,
akigkanli sistemde elde edilirken, en diisiikk sogutma
kapasitesi NHs-H,O-He ¢alisma akiskanli sistemde elde
edilmigtir.

(6) En yiiksek enerji performanst NHs-H;O-He+TiO;
kullanilan sistemde elde edilirken, en diisiik enerji
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Abstract: The non-uniform flow distribution at the inlet severely affects the thermal cycling loading of the water-
charged air-cooled (WCAC) systems resulting in crack formation after periods and hence leakage in the internal
coolant. These cracks are serious since having crucial effects on performance and durability. This work developed a
custom thermal fatigue test rig and methodology to precisely determine the crack formation's location and cycle time
in WCACs. The test rig was designed to reflect the vehicle's situation by simultaneously controlling the air and
waterside of the WCAC continuously. The crack formation occurred by performing tests with different critical cycles
on the test rig because a specific cycle was observed, and a thermal cycle profile was created. It was seen that the
crack formation in the WCAC can be predicted at the same cycle time and exact location with this test rig compared
to the vehicle tests. Moreover, the total cost, time, and man-hours per test decreased by 80 %,75 %, and 60, %
respectively, compared to traditional vehicle tests. Subsequently, the modified WCAC design was proposed to
prevent non-uniform flow distribution at the inlet of the WCAC. The thermal fatigue tests of the modified WCAC
design were tested in a developed test rig for stressful operating conditions. The results showed that the modified
WCAC design is more robust than the old design. There was no crack formation in the modified WCAC design
under various stressful operating conditions.

Keywords: WCAC, Heat-exchanger, Thermal Fatigue, Thermal Cracking, Automotive Applications

AGIR HIZMET ARACLARI ICiN SU SARJLI HAVA SOGUTMALI ISl
DEGISTIRICILERINDE ISIL CATLAK OLUSUMUNUN ANALIZi

Ozet: Giristeki muntazam olmayan akis dagilimi, su sarjli hava sogutmali (WCAC) sistemlerin termal dongii
yiiklemesini ciddi sekilde etkiler, bu da belirli gevrimlerden sonra ¢atlak olusumuna ve dolayisiyla dahili sogutucuda
sizintiya neden olur. Bu catlaklar, performans ve dayaniklilik tizerinde 6nemli etkilere sahip oldugundan ciddidir.
Bu calismayla, WCAC'lerde ¢atlak olusumunun yerini ve dongii siiresini kesin olarak belirlemek i¢in 6zel bir termal
yorulma test donanimi ve metodolojisi gelistirildi. Test techizati, WCAC'm hava ve su tarafini1 ayni anda siirekli
olarak kontrol ederek aracin durumunu yansitacak sekilde tasarlanmistir. Test techizati iizerinde farkli kritik
cevrimlerle testler yapilarak belirli ¢evrim sonucunda olusam ¢atlak gozlemlenmis ve termal c¢evrim profili
olusturulmustur. Bu test diizenegi ile WCAC igerisindeki c¢atlak olusumunun ara¢ testlerine gore ayni gevrim
stiresinde ve tam lokasyonda tahmin edilebildigi goriilmiistiir. Ayrica, geleneksel arag testlerine kiyasla test bagina
toplam maliyet, zaman ve adam-saat sirasiyla %80, %75 ve %60 azaldi. Daha sonra, WCAC giriginde tiniform
olmayan akig dagiliminini 6nleyen icin degistirilmis WCAC tasarimi gelistirildi. Modifiye edilmis WCAC
tasariminin termal yorulma testleri, zorlu ¢alisma kosullari igin gelistirilmis bir test profili ile test riginde test
edilmistir. Sonugclar, degistirilmis WCAC tasariminin eski tasarima gore daha saglam oldugunu gostermistir. Cesitli
zorlu ¢alisma kosullar1 altinda degistirilmis WCAC tasariminda herhangi bir ¢atlak olusumu olmamustir.

Anahtar Kelimler: WCAC, Esanjor, Termal Yorulma, Termal Catlama, Otomotiv Uygulamalari

NOMENCLATURE MAE Mean Absolute Error
Subscripts

Abbreviations u Velocity Related Value

EGR Engine Gas Recirculation T Temperature

ACAC Air Charged Air Cooler BC Boundary Condition

WCAC Water Charged Air Cooler Symbols



P Pressure

€ Average Strain Magnitude
M Mass Flow Meter

t Non-dimensional Time
INTRODUCTION

Although electric vehicles have emerged in daily life,
motor vehicles are still the primary form of
transportation in the world ( Panchal et al., 2018).
However, the environmental and social damages of
exhaust emissions have reached critical degrees,
resulting in stringent regulations by policymakers.
Consequently, motor vehicle manufacturers have
researched alternative solutions to release exhaust
emission levels. Subasi et al. (2017) reported that the
transportation sector, including rail, aviation, shipping,
and road transportation is responsible for 30 % of
global carbon dioxide emissions. One way to reduce
exhaust emissions is by improving the efficiency of the
engine cooling system. The efficient cooling produces
lower smoke (particulate) emissions due to higher
density and the air-fuel ratio (Edara et al., 2019). The
purpose of the engine cooling system is to prevent the
vehicle engine from overheating by keeping the engine
at optimum operating temperature. Various novel
architectures of cooling systems have been developed to
improve the cooling system’s efficiency and meet new
emission regulations. The Water Charged Air Cooler
(WCAC) and the Air Charged Air Cooler (ACAC)
systems can be mentioned. These systems regulate the
pressure and distribution of the exhaust gas at the inlet
of the cooling loop. In ACAC systems, the primary and
secondary fluids are air, whereas the primary fluid is
air, and the secondary fluid is water in WCAC systems.
WCACs are heat exchangers facilitating heat transfer
between two fluids at different temperatures. WCACs
use lower charge air temperatures than ACACSs, which
leads to lower temperatures for combustion gases and,
therefore, produces lower NOx emissions (Lujan et al.,
2016).

Furthermore, the WCAC improves the engine response
in transient conditions by reducing the charge air
volume between the compressor and the engine.
Besides, the WCAC increases the engine's durability by
reducing the temperature in the cylinders and the
exhaust system (Broatch et al., 2008). The WCAC is
located between the turbocharger and the engine air
inlet manifold in heavy-duty engines. The WCAC and
turbocharger are part of a high-tech induction system
that increases engine combustion efficiency. The
ambient air is compressed and heated in the
turbocharger before it enters the WCAC. The
compressed and warm air directs to the WCAC and is
cooled by the cold ambient air flowing across the cooler
fins. Since the cold air is denser than the warm air, the
volumetric air rate entering the engine increases.
Therefore, the power and engine efficiency
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improvements and fuel consumption and exhaust
emissions decrease (Burgold et al.., 2012); (Arikan et
al., 2008); ( Savci et al., 2022). WCACSs are operated in
highly stressful environments, and consequently, the
parts of the WCAC must be resistant to thermal load
and vibration. Otherwise, system components may be
damaged over time due to thermal fatigue (Torregrosa
et al., 2008). The damage in the system reduces the
boost pressure and increases the intake manifold
temperature. Hence, the engine provides lower power
and higher emission levels than the design values
(Joshi et al., 2009); (Wang et al., 2011).

In the literature, many studies reported that the non-
uniform flow distribution at the inlet of heat
exchangers might escalate wall heat conduction
longitudinally. Therefore, the non-uniform flow
distribution at the inlet of heat exchangers may be one
of the responsible mechanisms of thermal fatigue
cracks in the device (Yaici et al.., 2014); (Demirkesen
et al., 2020); (Holland et al., 2015); (Salmon et al.,
2017); (Vashahi et al., 2014); (lwahori et al., 2013).
There are several methods to determine the location of
the thermal cracks in engine cooling systems. These
models can be summarised in three chapters. First, one
is to monitor sensor data, fuse data from the sensors,
and predict cracks; the second is to develop a test rig
and repeat the cracks into experimental studies. The
third one is to create finite element methods. Joshi et
al. (2009) developed a model to diagnose a fault in the
intercooler of different engines. The authors monitored
the status of the WCAC intercooler by analyzing the
intake manifold temperature signal. They blocked the
air flowing over the intercooler by varying degrees for
different engine temperatures, pressure, and torque
conditions. It was found that the model successfully
predicted the failure of the intercooler. Haider et al.
(2015) designed a test rig to investigate thermal stress
in aluminum-brazed plate-fin heat exchangers due to
the transient temperature profiles. The researchers
designed a test rig to reflect extreme operating
conditions calculated by developing a finite element
method-based model. The results showed that the
location of maximum stress in the finite element
method model matched the cracks observed in the heat
exchanger. In another study, Iwahori et al. (2013)
developed a finite element model of a WCAC
intercooler using the homogenization method.

Usman and Khan (2008) investigated the failure
reasons of heat exchanger tubes experimentally using a
tube material ASTM A213 grade T11. They found that
the cracks across the tube axis are caused by thermal
fatigue due to temperature variations causing stresses in
the tube wall. They reported that the cyclic heating and
cooling caused thermal fatigue, which resulted in
circumferential cracks. They also said that longitudinal
cracks occurred due to exposure to higher-than-
permissible temperatures. In a recent study, Ali et al.



(2020) reviewed the common failures in heat
exchangers due to elevated temperature values. They
concluded that thermal fatigues are one of the leading
causes of failures in heat exchangers. They stated that
thermal fatigue could be attributed to the oscillation in
temperature because of poor water circulation. Also,
they reported that thermal fatigue due to a rise in
temperature or localized overheating caused transverse
cracking in serpentines. They concluded that design
modifications are needed to prevent cracks due to
thermal fatigue. Since WCACs are heat exchangers, the
design of the WCAC is essential since it is exposed to
high thermal stress rates and therefore has a high
possibility of crack formation (Ali et al., 2020).

Consequently, several researchers attempted to modify
the design of the intercoolers to prevent the thermal
crack formation and increase the intercooler’s lifetime.
In a study by O'Connor and Trauger (1990), the effect
of turbocharger outlet temperature on the durability of
the charge air cooler was examined experimentally.
They found that the elevated turbocharger outlet
temperature resulted in higher strain magnitude and
strain cycling of the charge air cooler. The design
modifications in charge air coolers can help reduce the
strain magnitudes. In another study, Kolb et al. (1998)
proposed using a resilient tube to header joints and
grommeted seals between the tubes and headers in a
charger air cooler to eliminate the high stresses in the
device and consequently provide longer equipment life.
They reported that the new charge air cooler design
with the mentioned modifications did not show any
leakage on the surface of the charge air cooler during
vehicle tests. Mezher et al. (2013) analyzed the four-
cylinder diesel engine to present the reflection
characteristics of the intake of the WCAC intercooler.
The results showed that the pipeline length between the
intake manifold and intercooler has an essential effect
on the system’s thermal efficiency.

The above brief literature review indicates some studies
to analyze crack formation due to thermal stress in heat
exchangers. Furthermore, the literature review reveals
that the non-uniform flow distribution at the inlet of
heat exchangers is the dominant parameter of crack
formation (Canyurt et al., 2022). However, there are
limited studies to analyze crack formation due to
thermal fatigue in WCAC intercoolers. The current
study aims to design and validate an experimental setup
to determine the crack formation's location and cycle
time in WCAC intercoolers. Accordingly, the pre-
existing WCAC intercooler design was modified to
prevent crack formation due to thermal fatigue. The
custom experimental setup was validated with vehicle
test data. The proposed experimental setup can be an
alternative to expensive and time-consuming traditional
vehicle tests.

MATERIALS AND METHODS
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Water-charged air-cooled (WCAC) are specific heat
exchangers used in particularly stressful conditions,
such as internal combustion engines  with
turbochargers. When the turbocharger compresses the
air, it is heated simultaneously, causing its density to
decrease by cooling the combustion air with a charge
air cooler before it is sent to the engine, the density of
the air increases, allowing more air to enter the engine,
increasing engine power and efficiency. The cooler in
the engine is located between the turbocharger and the
engine air intake manifold.

The cooler and turbocharger are part of a high-tech
induction system that improves combustion efficiency.
The turbocharger uses ambient air to compress it before
entering the cooler. The ambient air flowing through
the cooling fins cools the compressed air passing
through the cooler. Cooled air is denser than warm air.
Thus, when flowing to the intake side of the engine, the
increased density increases horsepower, saves fuel, and
reduces emissions. Figure 1 shows the WCAC cooling
and air circuits schematically.
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Figure 1. WCAC cooling circuit, (a) coolant circuit, (b) air
circuit.

Integrating WCAC into the intake manifold is an ideal
design solution that offers the best engine performance.
The detailed schematic of the cooling part of the
WCAC system can be shown in Figure 2. The main
components of the cooling part are the fin, header,
sidebar, and parting sheets. These components form a
compact plate heat exchanger.
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Figure 2. WCAC Cooling Part

Figure 3 shows the sensor instrumentation on the
WCAC. The strain gauge is instrumented right side of
the WCAC where the cracks occur.

T_W1_coolant_inlet

P_W1_coolant_ inlet

T_W1_inlet P_W1_ outlet
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Figure 3. Sensor Instrumentations

Figure 4 shows the temperature and pressure
instrumentations on WCAC. The DSpace microautobox
is used to control valves and the burner system. Due to
the high temperature of the valve, the valve should be a
cooling system, so the EGR valve is selected for this
test bench. Sensor measurement is done by national
instrument measurement cards.
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Figure 4. Control Schematic of the WCAC Test Bench

During the vehicle tests on the heavy-duty truck engine,
it was observed that the WCAC cooling part cracked
due to thermal gradients in specific cycles under
continuous thermal load. These cracks caused leaks in
the intercooler. Figure 5 presents the average strain
magnitude (g) of the vehicle's durability test for four
cycles of stressful and average conditions. It was
observed that the crack formation started in the WCAC
cooling part for the stressful operating condition. In
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contrast, there was no evidence of a crack for the
average operating condition for four cycles. The strain
data in Figure 5 was used to construct the custom test
rig to observe whether the test rig can simulate vehicle
tests accurately. Cycle 1, cycle 2, cycle 3, and cycle 4
represent the tests applied to temperature profiles
specified in Figure 6. The strain values are varied at 12
percent according to the average values.

o Stressful Condition

= Average Condition

500 -
400 -
300 -
200 -
100
0 4

Cycle 4

Cycle1 Cycle 2 Cycle 3

Figure 5. Average strain magnitude measurements for two
different conditions from the vehicle test data

Furthermore, the temperature profiles of air and coolant
sides were obtained for the stressful condition vehicle
tests to reveal the maximum and minimum
temperatures, in other words, boundary conditions of
vehicle tests under variable thermal load to verify the
custom test rig; please see Figures 6(a)-(b).
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Figure 6. Temperature profile, (a) Airside, (b) Coolant side.
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The boundary conditions of the test profile can be found
in table 1. Figure 6a. red line represent BC1, green line
represents BC2. Figure 6b red line represents BC3, and
the green line represents BCA4.



Table 1. Test parameters

T Unit | M Unit
Hot Air BC1 | 230 |° 1000 kg/h
Cold Air BC2 |50 °C 500 kg/h
Hot Water BC3 | 40 °C 1000 I/h
Cold Water BC4 |30 °C 900 I/h

As mentioned above, the most effective way to find the
main reasons for WCAC cracks is by performing
vehicle tests. The vehicle test includes thermal fatigue
tests with air and coolant flow cycles. However, the
vehicle test could be more cost-effective due to many
tests and parts requirements and maintenance of test
types of equipment. Therefore, a custom test rig is
designed to simulate the cooling mechanism of the
engine completely. Figures 7(a)-(b) demonstrate the test
rig's schematic drawing and photograph, respectively.

(b)
Figure 7. The WCAC test rig, (a) Schematic Drawing, (b)
Photograph.

The test rig consists blower system for cold air supply,
an AC motor with an inverter speed controller of 22
kW, a burner system with 400 kW which works with
natural gas, the mass flowmeter (40-1500kg/h), a data
acquisition system ( national instruments ) for
measurement and data recording, solenoid valves to
control coolant flow, EGR valves to control airflow and
a three-way valve with a proportional controller to
control the temperature of the coolant. As a result, two
identical WCAC coolers can be tested simultaneously
in the test rig, as shown in Figure 7 (a).

The test rig has two synchronic cycles: air and coolant
cycles. These two loops are driven by four different
EGR valves controlled by the data acquisition system.
As can be seen from Figures. 8(a-b), WCAC-1 and
WCAC-2 return the coolant with two different WCAC
pumps. The positions of the valves are switched to
direct the flow to the system at the desired condition.
The flow enters the test bench from two entrances, as
seen in Figures 8(a)-(b) below, and reaches the EGRs.
After that, the flow goes to WCAC-1 or WCAC-2
according to the path assigned. The positions of EGRS
are controlled for the cold airpath and hot air path in
different ways. The cold air source is a blower, whereas
the burner supplies the hot air to the test chamber.

Cold air

Hot Air Supply
230°C, 1000 kg/h

Cold Air Supply
50 °C, 500 kg/h

i

.

off

WCAC Il

L
(b)

Figure 8. The cycle diagram of the test rig, (a) air, (b)
coolant.

Coolant

The tests were conducted three times for two identical
WCAC:s in cold flow and hot flow conditions separately
to ensure the repeatability of tests. Therefore,
experimental tests are always subject to some
uncertainty. The uncertainty values for the measured
parameters are obtained from sensor data sheets and are
given in Table 2.

Table 2. Uncertainty values for the measured parameters

Measured parameter | The instrument | Uncertainty

Airflow rate Mass +0.00001kg/s
flowmeter

Coolant flow rate Mass +0.00001kg/s
flowmeter

The temperature of | K +0.24 K

the air Thermocouple
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The temperature of | K +0.24 K
the coolant Thermocouple

Pressure Gauge Pressure | +0.01 kPa
Strain Strain gauge +1 %
RESULTS AND DISCUSSION

Figure 9 (@) and (b) demonstrate the strain
measurements on the WCAC cooling part with vehicle
tests and develop a custom test rig for stressful and
average conditions. After the development of the test
rig, the tests were conductedevelopfy the measurement
of the rig compared to vehicle tests. It can be seen that
the strain measurements taken from the test rig are
highly correlated with vehicle tests for four different
cycles and two different conditions. For example, the
Mean Absolute Error (MAE) of the two measurements
at the stressful condition tests is in the range of 3.39 -
6.03 %, whereas it is 0.2 — 0.5 % at the average
condition tests.
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Figure 9. Verification of the test rig with vehicle tests for
four different cycles, (a) Stressful Condition, (b) Average
Condition

Subsequently, four critical cycles were determined and
organized by engine heating-cooling data to
characterize the same engine working conditions. At
the end of each cycle, the WCACs were inspected
periodically to detect crack formation using an
endoscopic camera. According to the vehicle tests, the
WCAC control cycle plan was defined with the four
critical cycles. These are the 120th cycle, 240th cycle,
550th cycle, and 3200th cycle. The first inspection of
the WCACs was conducted at the end of the 120th
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cycle. It was seen that the corroded regions that have a
crack formation possibility could be detected even at
the lowest cycle. When the WCACs were inspected at
the second cycle (240th cycle), it was observed that the
corroded regions enlarged, and the leakage from the
intercooler started. The WCACs damage was detected
in the 240th cycle compared to the 120th cycle from the
erosion point of view. The third inspection was
performed at the end of the 550th cycle, and there was
still no crack, but the corroded regions became quite
large. Therefore, the test was continued to the end of
the 3200th cycle. The visualization study showed deep
crack regions, and the heavy coolant leakage on the
metal existed at the end of the 3200th cycle. On the
blades, there were cavitated regions, and the trails were
widening. The leak’s location was detected at the last
stacked plate in the series of connection plates. The
crack and leak detection images at the end of the
3200th cycle control are presented in Figures 10 (a)-(b).

After3200 Cycles

(b)
Figure 10. The crack and leak detection images at the end of
the 3200th cycle control, (a) left side of WCAC heat
exchanger, (b) front right side of WCAC heat exchanger

At the end of the tests, the first crack formation was
seen when the tests reached the 3200th cycle; in this
cycle, the cracks were very sharp and deep such as 8
mm in length with 3 mm width and 5 mm depth.
Cracks were observed in Figure 11 by using SEM
(scanning electron microscope). The amount of leakage
was high such as %5 percent, so WCAC became
unusable. According to the test rig results, the cycle



time, strain magnitudes, and crack location are
identical in the vehicle tests and the test equipment.

Figure 11. Cracks at the connection of the coolant and air
(5mm depth, 10 mm length with 3 mm width)

Although vehicle tests are the most reliable method to
detect WCAC cracks, the inconvenience, and high cost
led us to investigate other techniques, as mentioned
before ( Moreira et al., 2019). Table 2 presents an
infrastructure, operation, and engineering costs
comparison between the two methods. In Table 2, the
infrastructure cost has been taken from the refs. (Ahlin
et al., 2004); (National2021); (Hertz2021) the
engineering cost values have been obtained from the
ref. (glassdoor2021). Moreover, the operational cost
(electricity) has been taken from the Invest2021. On the
other hand, the test duration comparison of the two
methods is presented in Table 3. As can be observed
from Tables 2 and 3, the test rig is a more cost-effective
method compared to vehicle tests.

Table 3. Cost comparison of two methods

Cost Unit Vehicle Tests | Test rig
Infrastructure ($) 60000 10000
(VehicleRent-TestRigCost)
EngineeringCost($/month) | 7500 1000
OperationalCost ($/month) | 10000 2000
Total ($+$/month) 100000 16000

Table 4. Test duration comparison of two methods

Item Vehicle Tests | Test rig
Time (days) 60 15
Man Hours (hour/test) | 4 1.5

Consequently, the design of the WCAC part was
modified by extending the length of the inlet tubes
seven times the length of the diameter of the pipes to
prevent non-uniform flow distribution at the inlet of the
WCAC. This modification was chosen according to the
literature survey presented in the introduction. The tests
of the modified WCACs were conducted using the
developed test rig for various stressful conditions. As a
result, the modified WCAC part was found to be more
robust than the old design, and there was no evidence
of crack formation.

CONCLUSIONS
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This study developed a specialized thermal fatigue
testing rig to determine crack formation's location and
cycle time in WCAC parts as an alternative to vehicle
testing. Test rig data were validated with differences of
up to 5 percent compared to strain measurement,
position, and thermal stress data from vehicle tests.
Also, crack formation in WCACs was examined
periodically with an endoscopic camera after each test
for different critical cycles in the test setup. It has been
observed that crack formation in WCACs differs by no
more than 10 percent from the cycle time in the test
rigs and the vehicle's cycle time. The location of the
refraction obtained from the special test equipment
developed is only 1 cm different from that obtained
from the vehicle tests. In addition, the cost and test
time between the two methods were compared, and it
was seen that the test equipment method was 80% cost-
effective compared to vehicle tests.

The literature survey conducted in this study revealed
that the non-uniform flow distribution at the inlet of
heat exchangers is the dominant parameter of crack
formation.  Therefore, the WCAC system was re-
designed by increasing the length of the inlet tubes
seven times the diameter of the pipes to prevent non-
uniform flow distribution at the inlet. Finally, the
modified WCAC system was tested under stressful
operating conditions through the developed custom test
rig. The results showed that the WCAC is more robust
than the old design, and there was no evidence of crack
formation until the 10000 cycles, even under stressful
operating conditions.

ACKNOWLEDGMENT

The author would like to thank Aydin Ayyildiz and
Hakan Gokoglu for the technical support of this
research.

REFERENCES

Ahlin, K., Granlund, J., and Lindstrom, F., 2004,
Comparing road profiles with vehicle perceived
roughness, International Journal of Vehicle Design,
36(2), 270-286.

Ali, M., Ul-Hamid, A., Alhems, L. M., and Saeed, A.,
2020, Review of common failures in heat exchangers—
Part I: Mechanical and elevated temperature failures,
Engineering Failure Analysis, 109, 104396.

Arikan, K. B., 2008, Identification of handling models
for road vehicles, Ph.D. Thesis, Middle East Technical
University, Ankara, Turkey.

Broatch, A., Lujan, J. M., Serrano, J. R., and Pla, B.,
2008, A procedure to reduce pollutant gases from
Diesel combustion during the European MVEG-A cycle



by using electrical intake air heaters. Fuel, 87(12),
2760-2778.

Burgold, S., Galland, J. P., Ferlay, B., and Odillard, L.,
2012, Modular Water Charge Air Cooling for
Combustion Engines. MTZ worldwide, 73(11), 26-31.
doi: https://doi.org/10.1007/s38313-012-0237-z.

Canyurt, T. G., Ergin, S., Zeren, H. B., Savec1 I. H.,
2022, Experimental and numerical investigation on the
urea-deposit formation at different severities in
selective catalytic reduction systems, Applied Thermal
Engineering, 214, 118884 .
doi:https://doi.org/10.1016/j.applthermaleng.2022.1188
84.

Demirkesen, C., Colak, U., Savci, I. H., and Zeren, H.
B., 2020, Experimental and Numerical Investigation of
Air Flow Motion in Cylinder of Heavy Duty Diesel
Engines', Journal of Applied Fluid Mechanics, 13(2),
537-547. doi: 10.29252/jafm.13.02.30369

Edara, G., Murthy, Y. S., Nayar, J., Ramesh, M., and
Srinivas, P., 2019, Combustion analysis of modified
light-duty diesel engine under high-pressure split
injections with cooled EGR. Engineering Science and
Technology, an International Journal, 22(3), 966-978.
doi: https://doi.org/10.1016/j.jestch.2019.01.013
Internet, 2021, Hertz car, car rental cost table,
https://www.hertz.com/p/car-rental.

Holland, B., McKinley, T., and Storkman, B., 2015,
Modeling Approach to Estimate EGR Cooler Thermal
Fatigue Life, SAE International Journal of Engines,
8(4), 1724-1732.

doi: https://doi.org/10.4271/2015-01-1654.

Hoseinzadeh, S., and Heyns, P. S., 2020, Thermo-
structural fatigue and lifetime analysis of a power
plant's heat exchanger as a feedwater heater,
Engineering Failure Analysis, 113, 104548. doi:
https://doi.org/10.1016/j.engfailanal.2020.104548.

Internet, 2022, Investment support and promotion
agency of the Republic of Turkey, Electricity Cost,
http://www.invest.gov.tr.

Iwahori, K., Ohno, N., Okumura, D., and Muraki, T.,
2013, The Large Scale Finite Element Analysis of a
Charge Air Cooler Using a Homogenization Method.
SAE Technical Paper, 01-1212.

Joshi, A. A., James, S., Meckl, P., King, G., and
Jennings, K., 2009, Assessment of charge-air cooler
health in diesel engines using nonlinear time series
analysis of intake manifold temperature. Journal of
dynamic systems, measurement and control, 131(4),
041009-041020.

66

doi: https://doi.org/10.1115/1.3023142.

Kolb, J., Zhao, M., Lambert, M., and JuGer, J., 1998,
Long Life, Heavy Duty, Air-to-Air Charge Air Cooler.
SAE transactions, 107(2), 182-214.

Kuehnel, W., Weise, S., Krueger, U., and Sekler, H.,
2005, The Validation Process- One Key Element of
Reliability Management. SAE Technical Paper,
https://doi.org/10.4271/2005-01-1778.

Laurent, M., Estevez, R., Fabrégue, D., and Ayax, E.,
2016, Thermomechanical fatigue life prediction of
316L compact heat exchanger. Engineering Failure
Analysis, 68, 138-149.

doi: https://doi.org/10.1016/j.engfailanal.2016.06.003.

Lujan, J. M., Climent, H., Dolz, V., Moratal, A,
Borges-Alejo, J., and Soukeur, Z., 2016, The potential
of exhaust heat recovery for intake charge heating in a
diesel engine transient operation at cold conditions.
Applied Thermal Engineering, 105, 501-508.
doi:https://doi.org/10.1016/j.applthermaleng.2016.03.0
28.

Mezher, H., Migaud, J., and Raimbault, V., 2013,
Optimized Air Intake for a Turbocharged Engine
Taking into Account Water-Cooled Charge Air Cooler
Reflective Properties for Acoustic Tuning. SAE
Technical Paper, 1, 0575-0587.

doi: https://doi.org/10.4271/2013-01-0575.

Moreira, T.A., Colmanetti, A.R.A., and Tibiri¢a, C.B.,
2019, Heat transfer coefficient: a review of
measurement techniques. Journal of the Brazilian
Society of Mechanical Sciences and Engineering,
41, 264.

doi: https://doi.org/10.1007/s40430-019-1763-2.
Internet, 2022, National Instruments, Technical
Specifications, https://mwww.ni.com.

O'Connor, T. W., and Trauger, P. E., 1990, The Impact
of Elevated Turbocharger Outlet Conditions on Charge
Air Cooler Durability. SAE Technical Paper, Truck and
Bus Meeting, and Exposition, Detroit, Michigan, USA.

Internet, 2021, Glass Door ,  Salaries,
https://www.glassdoor.com/Salary/Ford-Motor-
Company-Cost-Engineer-Salaries-
E263_D_KO019,32.htm .

Panchal, C., Stegen, S., and Lu, J., 2018, Review of the
static and dynamic wireless electric vehicle charging
system. Engineering Science and Technology, an
International Journal, 21(5), 922-937.

doi: https://doi.org/10.1016/j.jestch.2018.06.015.


https://doi.org/10.1115/1.3023142
https://doi.org/10.4271/2013-01-0575

Ren, P., Li, Z, Wu, J., Guo, Y., and Li, W., 2017,
Failure analysis of blots for diesel engine intercooler. In
Journal of Physics: Conference Series, 842 (1),
012063-012071.

doi: https://doi.org/10.1088/1742-6596/842/1/012063.

Salmon, P., Kénozsy, L., Temple, C., and Grove, S.,
2017, Numerical investigation on various heat
exchanger performances to determine an optimum
configuration for charge air cooler, oil, and water
radiators in F1 sidepods. Applied Thermal Engineering,
117,235-244.
doi:https://doi.org/10.1016/j.applthermaleng.2017.02.0
26.

Savci, I. H., Gul, M. Z., 2022, A methodology to assess
mixer performance for selective catalyst reduction
application in hot air gas burner. Alexandria
Engineering Journal, 61(9), 6621-6633.

doi: https://doi.org/10.1016/j.aej.2021.12.011

Subasi, A., 2017, Numerical and experimental
investigation of boundary layer transition with active
and passive flow control methods. Ph.D. Thesis.
Istanbul Technical University, Istanbul, Turkey.

Torregrosa, A.J., Broatch, A., Olmeda, P. and Romero,
C. 2008, Assessment of the influence of different
cooling system configurations on engine warm-up,
emissions, and fuel consumption. International Journal
of Automotive Technology, 9(4), 447-458.

doi: https://doi.org/10.1007/s12239—008—-0054—1.

Usman, A., and Khan, A. N. 2008, Failure analysis of
heat exchanger tubes. Engineering Failure Analysis,
15(1-2), 118-128.

doi: https://doi.org/10.1016/j.engfailanal.2006.11.051.

Vashahi, F., Lee, M., Kim, J., Kim, D., and Baek, B. J.,
2014, A numerical study on the thermal and strain
characteristics of EGR cooler. International Journal of
Control and Automation, 7(7), 241-252.

doi: https://doi.org/10.14257/ijca.2014.7.7.20.

Wang, C. C., Yang, K. S., Tsai, J. S., and Chen, Y.,
2011, Characteristics of flow distribution in compact
parallel-flow heat exchangers, part I: typical inlet
header. Applied Thermal Engineering, 31(16), 3226-
3234.
doi:https://doi.org/10.1016/j.applthermaleng.2011.06.0
04.

Yaici, W., Ghorab, M., and Entchev, E., 2014, 3D CFD
analysis of the effect of inlet air flow maldistribution on
the fluid flow and heat transfer performances of plate-
fin-and-tube laminar heat exchangers. International
Journal of Heat and Mass Transfer, 74, 490-500.
doi:https://doi.org/10.1016/j.ijheatmasstransfer.2014.03
.03.

67

Yu, C,, Qin, S., Chai, B., Huang, S., and Liu, Y., 2019,
The Effect of Compressible Flow on Heat Transfer
Performance of Heat Exchanger by Computational
Fluid Dynamics (CFD) Simulation. Entropy, 21(9),
829.

doi: https://doi.org/10.3390/21090829.



Is1 Bilimi ve Teknigi Dergisi, 43, 1, 69-80, 2023
J. of Thermal Science and Technology

©2023 TIBTD Printed in Turkey

ISSN 1300-3615
https://doi.org/10.47480/isibted.1290887

DAMLACIK SAYISI VE DAMLACIKLAR ARASI YATAY MESAFENIN MAKSIiMUM
YAYILMA ALANI VE ISI TRANSFERI PERFORMANSI UZERINE ETKILERINIiN
SAYISAL INCELENMESI

Ahmet GULTEKIN*, Nejdet ERKAN**, Uner COLAK*** ve Shunichi SUZUKI****
*{stanbul Saglik ve Teknoloji Universitesi - Makine Miihendisligi Boliimii, Istanbul/Tiirkiye
ahmet.gultekin@istun.edu.tr, ORCID: 0000-0002-1307-9016
**United Kingdom Atomic Energy Authority, Rotherham/UK
nejdet.erkan@ukaea.uk, ORCID: 0000-0001-9868-4305
*#*[stanbul Teknik Universitesi - Enerji Enstitiisii, [stanbul/Tiirkiye
unercolak@itu.edu.tr, ORCID: 0000-0001-9293-6065
****The University of Tokyo - Department of Nuclear Engineering and Management, Tokyo/Japan
s_suzuki@n.t.u-tokyo.ac.jp, ORCID: 0000-0001-8441-5999

(Gelis Tarihi: 23.06.2022, Kabul Tarihi: 28.03.2023)

Ozet: Damlaciklarin kat1 bir yiizeye etki etmesi fenomeni ¢ok sayida endiistriyel uygulamalarda goriilebilir.
Damlaciklarin sicak bir yiizeyle ve/veya diger damlaciklarla etkilesimleri durumunda bu fenomen daha karmasik hale
gelmektedir. Kat1 bir ylizeye ¢ok sayida damlacik carptiginda, damlaciklarin carpma kosullar1 ve aralarindaki mesafeye
bagli olarak bir etkilesim meydana gelir. Bu etkilesim nedeniyle bir katman yiikselmesi olusur ve yiizeyde damlacik
basina daha az yayilma gergeklesir. Dolayisiyla, ortaya ¢ikan hidrodinamik ve 1s1 transferi degisimleri tek damlacik
etkilesimlerinden oldukga farklidir. Sprey sogutma olgusunda meydana gelen fiziksel mekanizmalar1 anlama ve
modelleme ile ilgili zorluklar, damlaciklarin rastlantisalligindan ve izlenemez davraniglarindan kaynaklanmaktadir. Bu
nedenle, karmasik yapi basitlestirilerek ¢oklu damlaciklarin etkilesimleri sivilarin hacmi (VOF) metodu kullanilarak
sayisal olarak incelenmistir. Bu ¢alismanin amaci, damlacik sayisinin ve damlacik ¢arpma kosullarinin yilizeyden
gergeklesen 1s1 transferi performansina etkisini incelemektir.

Anahtar Kelimeler: Coklu damlacik etkilesimleri, 1s1 transfer performansi, sprey sogutma, VOF metodu.

NUMERICAL INVESTIGATION OF THE EFFECTS OF DROPLET NUMBER AND
HORIZONTAL DISTANCE ON MAXIMUM SPREADING AREA AND HEAT
TRANSFER PERFORMANCE

Abstract: The phenomenon of droplets impact on a solid surface can be seen in many industrial applications. This
phenomenon becomes more complex when droplets interact with a hot surface and/or other droplets. After multiple
droplet impingement on a solid surface, an interaction occurs depending on the impact conditions of the droplets and
the distance between them. This interaction leads to an uprising layer which causes lesser spreading area per droplet on
solid surface. The hydrodynamic outputs and heat transfer activities of the droplets are very distinct from single droplet
cases due to this interaction. Difficulties in understanding and modeling the physical mechanisms that take place in the
spray cooling phenomenon arise from the randomness and untraceable behavior of the droplets. Therefore, the complex
structure has been simplified and the interactions of multiple droplets have been numerically investigated using the
volume of fluid (VOF) method. The aim of this study is to examine the effect of droplet number and droplet impact
conditions on the heat transfer performance from the surface.

Keywords: Multiple droplet interactions, heat transfer performance, spray cooling, VOF method.

SEMBOLLER Ds Yayilma ¢ap1 [mm]
Hs Katman yiiksekligi [mm]

A Yayilma alani [m?] Hy Boyutsuz katman yiiksekligi [=Hs / Do]
A Boyutsuz yayilma alani [= #] N Damlacik say1st

. 0 " Is1 akis1 [W/m
Do Ik damlacik ¢ap1 [mm] .?_ Srcaklik [[OC] ]
d_h Damlaciklar arasi yatay mesafe [mm] t zaman [s]
dp Boyutsuz yatay mes,afe [=dn/ Do] Uo Damlacik baglangi¢ hizi [m/s]
d_v Damlaciklar arast dikey mesafe [mm] We Weber sayisi [= pu2Dy /o]

d, Boyutsuz dikey mesafe [=d/ Do]



o VOF hacim orant

B Boyutsuz yayilma ¢ap1 [=Ds / Dq]
u Dinamik viskozite [Ns/m?]

p yogunluk [kg/m?]

c Yiizey gerilimi [N/m]

T Boyutsuz zaman [= tuy/D,]
GiRisS

Kat1 bir ylizeye damlacik carpmast olgusu, miirekkep
puiskiirtmeli yazic1 (Castrejon-Pita vd., 2008; de Gans
vd., 2004), icten yanmali motorlarda yakit enjeksiyon
islemi (Pando ve Moreira, 2005), sprey kaplama
(Pasandideh-Fard vd., 2002; Soltani-Kordshuli ve
Eslamian, 2017) ve sprey sogutma sistemleri (Bostanci
vd., 2012; Cheng vd., 2015; Mehdizadeh ve Chandra,
2006; Shahmohammadi vd., 2018; Silk vd., 2006) gibi
cesitli endiistriyel uygulamalarda goriilebilir.
Literatiirde, tek damlacik ile 1sitilmig kati yiizey
etkilesimleri hakkinda ¢ok sayida deneysel (Akao vd.,
1980; Breitenbach vd., 2017; Hatakenaka vd., 2019; Jung
vd., 2016; Lee vd., 2020; Pasandideh-Fard vd., 2001,
Tran vd., 2012; Tran vd., 2013) ve sayisal ¢alismalar
(Malgarinos vd., 2014; Nikolopoulos vd., 2007;
Pournaderi ve Pishevar, 2012; Reyhanian vd., 2017;
Taghilou ve Hassan, 2014; Villegas vd., 2016; Z. Wang
vd., 2016; Xiong ve Cheng, 2018) bulunmaktadir.
Damlaciklarin sicak yilizeylere ¢arpmasiyla ilgili giincel
calismalar hakkinda ayrintilt bilgiler Liang ve Mudawar
(2017) tarafindan yapilan kapsamli derleme makalesinde
bulunmaktadir.

Yiizey sicakligi, hem damlacik dinamiklerini hem de 1s1
transfer performansimi etkilemekte hayati bir rol
oynamaktadir. Ayrica, yayilma alan1 miktart sivi lamel
ile ylizey arasindaki temas alaninmi belirler, bu yilizden
sprey sogutma sirasinda 1s1 transferini etkileyen diger
onemli bir parametredir. Yayilma alani, damlacik
carpmasinin baslangi¢ kinetik enerjisi ve viskoz
yayilimdan kaynaklanan enerji kayiplart ile yiiksek
oranda iligkilidir. Damlacik ¢arpmasinin kinetik enerjisi,
yiizeyle temasmn ilk asamalarinda sivinin radyal
hareketine doniistiiriilir. Damlacik yiizey boyunca
genislediginde, damlacigin kinetik enerjisi viskoz
kuvvetler tarafindan kismen dagilir. Sonunda, damlacik
maksimum yayilma alanina ulastiginda, yiizey gerilimi
deformasyonun neden oldugu arayiiz enerjisinde sivinin
kalan kinetik enerjisini  biriktirerek  geniglemeyi
yavaglatir. Bu noktada, damlacik dairesel bir lamel
seklini alarak maksimum yayilma alanina ulasir. Birgok
arastirmaci, damlacigin maksimum yayilma c¢apini
sayisal yontemler veya enerji dengesini kullanarak
tahmin etmeye ¢alismistir (Clanet vd., 2004; Huang ve
Chen, 2018; Ukiwe ve Kwok, 2005).

Diger damlaciklarla etkilesim varsa bu durum daha
karmagik hale gelir. Ancak, literatiirde ¢oklu damlacik
etkilesimleri ile ilgili smirli  sayida  calisma
bulunmaktadir. Cossali vd. (2003), sicak yiizey tizerinde
eszamanl {i¢lii damlacik carpmasindan sonraki damlacik
etkilesimlerini incelemek i¢in deneyler yapmistir. Buhar
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kabarciklarinin  biiylimesinin ve ayrilmasinin, gegis
kaynama rejiminde ¢ok sayida kiigiik ikincil
damlaciklara neden oldugunu belirtmislerdir. Baska bir
caligmada, Cossali vd. (2005), sicak yiizeylere c¢oklu
damlacik carpmasi icin ylizey malzemesinin ikincil
damlacik atomizasyonu iizerindeki etkilerini arastirdi.
Ikincil damlacik morfolojisinin yiizey malzemesinden
giiclii bir sekilde etkilendigine dikkat ¢ektiler. Ersoy ve
Eslamian (2020), farkli renklerde sivilar kullanarak kuru
ve 1slak ylizeylere yiiksek Weber sayisina sahip damlacik
ciftleri uygulayarak damlaciklar arasi olusan etkilesim
nedeniyle olusan katman yiiksekliginin zamanla
degisimini deneysel olarak incelediler. Kat1 yiizeye
damlacik ¢ifti etkisi uygulandiginda ii¢ farkli tip katman
yiikselmesi formu gozlemlediler. Liang vd. (2019) ortam
sicakliginda eszamanli olmayan ve eszamanli durumlar
icin damlacik ¢iftini deneysel olarak arastirdilar.
Eszamanli olmayan durumlarn etkilesim tiiriine gore ii¢
ana alt duruma ayirdilar. Giiltekin vd. (2021) ayni1 anda
birden fazla damlacik elde etmek igin bir damlacik iiretim
ve kontrol sistemi gelistirmiglerdir. Gelistirdikleri bu
deney diizenegi ile Shadowgraph yontemini kullanarak
farkli ¢garpma kosullarina ve konfigiirasyonlara sahip tek
ve c¢oklu  damlaciklarin  1sitilmis  yiizeylerle
etkilesimlerini incelemislerdir. Katman yiiksekliginin,
damlaciklar aras1 mesafe azaldik¢a ve damlacik Weber
sayis1 artttkca  arttifini  belirtmislerdir.  Ayrica,
damlaciklar arasi yatay mesafenin artmasiyla, yayilan
stvi lameller viskoz kuvvetlere karsi daha fazla enerji
kaybettiginden dolay1 zayif bir katman yiikselmesinin
olugsmasina neden oldugunu vurgulamislardir. Baska bir
caligmada, Giiltekin vd. (2020) pargacik goriinti hiz
Ol¢imii  (PIV) ve go6lge grafigi (Shadowgraph)
yontemlerini es zamanli olarak kullanmistir. PIV
yontemi ile farkli sicakliklarda safir cam fiizerinde
damlaciklarin i¢indeki radyal hiz degisimi incelenmistir.
Radyal hiz degisiminin, nispeten genis bir yayilma
yarigapt aralifinda dogrusal oldugu gozlemlenmistir.
Ancak zamanla kilcal ve viskoz kuvvetlerin etkisiyle,
radyal hiz profilinin dig bolgelerinde nonliner sekil aldig:
gozlemlenmistir. Ek olarak damlacik ¢ifti igindeki
yayllma hizlari, PIV yontemi kullanilarak ortam
sicakliginda incelenmistir. Etkilesim bolgesinde yukari
dogru bir akis nedeniyle olusan katman yilikselmesinin
ekstra bir durgunluk noktasina neden oldugu
gozlenmistir.

Niimerik olarak yapilan ¢oklu damlacik arastirmalarinin
¢ogunda, Lattice Boltzmann, Level Set ve Volume of
Fluid (VOF) gibi ¢esitli yontemler kullanilmigtir. Li vd.
(2016) bir Lattice Boltzmann modeli kullanarak siv1 film
iizerindeki yatay ve dikey mesafelere sahip damlacik ¢ifti
etkisini inceledi. Eszamanli olmayan damlacik ¢iftlerinin
etkilesimi nedeniye olusan katman yiiksekligini ve
yonunii  degistirerek  asimetriye neden olacagini
belirtmiglerdir. Wang vd. (2018) akan bir sivi film
iizerine eszamanli bir damlacik ¢ifti ¢arpmasiyla 1s1
transfer davranigini sayisal olarak arastirdi. Asimetrinin
daha onemli hale geldigini ve damlaciklar arasindaki
mesafe  kisaldikca  carpma  alanindaki  1smin
uzaklastirilmasinin daha belirgin oldugunu gosterdiler.



Liang vd. (2018) 1s1 transferi siirecini dikkate almadan
stvi film {izerine eszamanli ¢oklu damlacik ¢arpmasini
sayisal olarak inceledi. Ayrica, bir s1v1 film tizerine ¢coklu
damlacik ¢arpmast igin tek fazli (Liang vd., 2019a) ve iki
fazli (Liang vd., 2019b) 1s1 transfer davramsimi g6z
oniinde bulundurarak incelemiglerdir. Bir sivi film
iizerine ¢oklu damlacik ¢carpmasi ile carpma bdlgesindeki
1s1 transfer katsayisinin, filmin etkilenmeyen bolgesinden
¢ok daha biiyiik oldugunu belirtmislerdir.

Literatiirde bulunan c¢alismalarin ¢ogu tek damlacik
etkilesimlerine odaklanirken, birden ¢ok damlacigin
etkilesimiyle ilgili olduk¢a sinirh sayida calisma
bulunmaktadir. Kat1 yilizeye tek bir damlacik carptiktan
sonra damlacik yayilmaya baslar ve dairesel yapida ince
bir sivt film olugur. Bununla birlikte, kat1 bir yiizeye
birden ¢ok sayida damlacik carpmasi sonucu, ¢arpma
kosullar1 ve damlaciklarin arasindaki mesafeye bagl
olarak bir etkilesim meydana gelmektedir. Bu etkilesim
nedeniyle damlacik bagina daha az yayilma gergeklesir.
Dolayisiyla ortaya ¢ikan hidrodinamik ve 1s1 transferi
degisimleri tek damlacik etkilesimlerinden oldukga
farklidir. Sprey sogutma olgusunda gergeklesen fiziksel

mekanizmalar ve modelleme ile ilgili zorluklar,
damlaciklarin  rastlantisalligindan ~ ve  izlenemez
davraniglarindan  kaynaklanmaktadir. Bu  sebeple,

karmasik yapi1 basitlestirilerek az ve bilinen sayida
damlaciklarin etkilesimlerinin incelenmesi gereklidir. Bu
makalenin amaci, damlacik ¢arpma kosullarinin yani sira
coklu damlaciklar icin damlacik sayisi ve damlaciklar
aras1 yatay mesafenin 1s1 transferi davranisi iizerindeki
etkilerini aragtirmaktir. Bu nedenle VOF metodu
kullanilarak 3 boyutlu sayisal bir model gelistirilmis ve
deneysel sonuglarla dogrulanmistir. Dogrulanmis sayisal
modelle farkli konfigilirasyonlara sahip ¢oklu damlacik
etkilesimleri parametrik olarak incelenmistir. Tek
damlacik ¢arpmasi referans alinarak g¢oklu damlacik
etkilesimlerinde sogutma verimlili§i ve ylizeyden
gerceklesen 1s1 transferi performans kaybinin degisimi
damlacik sayisi ve aralarindaki yatay mesafe icgin
belirlenerek literature katki saglanmustir.

SAYISAL MODEL

Kati bir ylizey iizerine ¢oklu damlacik carpmalar
durumunda, damlaciklar arasi etkilesim olgusu, damlacik
carpma kosullarina bagl olarak meydana gelir. Bu
etkilesim nedeniyle, damlacik hidrodinamigi ve 1s1
transferi davraniglari, tek damlacik ¢arpmasindan
oldukga farklidir. Bu nedenle, bu problemi dogas1 geregi
2 boyutlu sayisal modeller ile incelemek yeterli degildir.
Kat1 yiizey Tzerine diisen ¢oklu damlaciklar, bir
hesaplamal1 akiskanlar dinamigi (CFD) programi olan
Star-CCM + programi kullanilarak modellenmistir. Bu
yazilimi kullanarak c¢ok fazli akiglar1 da igeren cesitli
mithendislik problemleri modellenebilir ve simiile
edilebilir.

Ag yapisi analizi igin farkli ag durumuyla 16 mm x 16
mm x 5 mm'lik hesaplama alan1 kullanilmistir. Farkl
sayida (1,875 x 108, 7,5 x 10° ve 10 x 10°) ag sayilarina
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sahip modeller sonuglarin agdan bagimsiz oldugundan
emin olmak i¢in incelenmistir (Gultekin, 2021). Yiizey
smirma  yakin bolgelerde ag yapisi daha yogun
uygulanirken, yiizeyden uzaklastik¢a daha seyrek bir ag
yapist kullanilmistir. Baska bir deyisle, yiizeyden
uzaklastikca modelin arayliz yakalamada hata miktar
artmaktadir. Damlaciklarin yilizeyde kapladigi alan ve
damlacik etkilesimi sirasinda olusan arayiizii yakalamak
i¢in yeterli ag ¢oziiniirliigiine sahip (7,5 x 108 ) grid
secilmistir. Kullanilan modelde boyutu 20 um ile 40 um
arasinda degisen dortgen hiicre ag yapisi kullanilmigtir.
Hesaplama alaninin genel bir sematik gosterimi Sekil
1'de verilmistir.

' Ildamlnclk

Safir Cam

Sekil 1. Hesaplama alan1 genel bir sematik gosterimi.

Damlaciklarin ve havanin bulundugu arastirma alaninda

VOF methodu kullanilarak arayiiz takibi
gerceklestirilmistir.  Akigkanlar arasinda keskin bir
arayliz saglamak amaciyla “Yiksek Coziintrlikli

Arayliz Yakalama (HRIC)” segenegini aktif hale
getirmek icin VOF metodunda konveksiyon 2. dereceye
ayarlanmistir. Tiim damlaciklarin baglangicta kiiresel
oldugu ve safir yiizeyin {izerine yerlestirildigi
varsayilmistir, burada damlaciklarin bulundugu hacim
stvi olarak belirtilmistir ve g¢arpma hizi baglangi¢ hizi
verilerek simiilasyonlar baslatilmigtir. Safir kati yiizey
kaymaz duvar kosulu olarak modellenmistir. Modellerde
kullanilan alanlarin fiziksel Ozellikleri Tablo 1'de
verilmistir.

Tablo 1. Sayisal g¢aligmada kullanilan alanlarin fiziksel
ozellikleri.

Ozellikler Birim Deger
Yogunluk [kg/m3] 998
Dinamik 2
- viskozite [Ns/m] 0,001
@ | Yiizey gerilimi [N/m] 0,072
Ozgiil 1s1
kapasitesi, [ki/(kg K)] 4,18
e Yogunluk [kg/m?] 3980
& Ozgiil 1s1
; kapasitesi [ki/(kg K)] 1134
& | Termal iletkenlik | [W/(m K)] 32,5
Termal yayilim [m?s] 2,79x10°

STAR-CCM+'da arayiiz takibi i¢in Hirt ve Nichols
(1981) tarafindan onerilen damlacik-yiizey etkilesiminin
simiilasyonu i¢in uygun olan VOF yaklagim
kullanilmigtir. VOF yontemi, havacilik, otomotiv ve
denizcilik sektorlerinde bulunan karmasik geometriler ve
hareketli arayiiz sinirlari igeren problemleri simiile etmek
i¢in oldukga etkili bir yontemdir. Ayrica, kaynama veya
yogusma gibi faz degisikligi igeren akiglari simiile etmek
i¢in yaygin olarak kullanilir. VOF yonteminde, akis alan



hiicrelere boliiniir ve her hiicrenin igindeki sivi iki veya
daha fazla fazdan olusan bir karigim olarak ele alinir. Her
zaman adiminda, her hiicredeki her fazin hacim oram
hesaplanir. Hacim orani a, VOF yonteminde Es. (1)
seklinde tanimlanir:

Swt fazin hacmi

o))

a =
Kontrol hacminin toplam hacmi

burada a sivi fazda 1, gaz fazinda 0 ve arayiizde O ile 1
arasinda degerlerdir. VOF yonteminin diger sayisal
yontemlerden farki, sivi Ozelliklerinin hiicrenin
degerine gore giincellendigi iki faz (gaz-s1v1) i¢in sadece
bir momentum denkleminin ¢oziilmesidir. Gaz-siv1 i¢in
stireklilik ve momentum denklemleri Es.(2) ve Es. (3) ile
verilmigtir.

V-u=0 2

3)

dpu

5t +V-(puu) = -Vp+V-u(Wu) +f,

+rg

burada f,ve g, siirekli yiizey kuvveti modeli (Brackbill
vd., 1992) tarafindan hesaplanan arayiizde siviya etki
eden yiizey gerilimi ve yercekimi kuvvetleri i¢cindir. Bu
modelde sivi ve gazlarin tamamen karigmadigi
varsayllmaktadir. Araylizde siviya etki eden ylizey
gerilimi Es. (4) ile verilmistir.

Va

f, = okn, k=-V:-[—], n=Va
|Va|

(4)

burada ., arayiiziin ortalama egriligidir ve n, arayiize
normal ve sividan gaza yonlendirilmis birim vektordiir.
Es. (3)'de, bulunan sivi yogunlugu p ve viskozite u Es.
(5) ve Es. (6) ile tanimlanir:

(®)
(6)

p=apgy, + (11— a)pgaz
U= apgy + (1 — a):ugaz

Safir yiizey i¢indeki enerji korunumu denklemi Es. (7) ile
ifade edilir:

aT
PsCs ot = V. (ksVT) )

burada p, , cs Ve k; sirasiyla safir yiizeyin yogunlugunu,
1s1 kapasitesini ve termal iletkenligini gosterir. Sayisal
calismalarda adaptif zaman adimi kullanilmistir. Adaptif
zaman adimi Courant — Friedrichs — Lewy (CFL)
kriterlerine gore belirlendi. Bu kriterde Courant say1si Es.
(8) ile tanimlanur:

C t =U at
ourant sayist = Ax

®)

burada U hizin biiylikligii, At zaman aralif1 ve Ax ag
elemanlar1 arasindaki mesafedir. Courant sayist 1'den
kiigiik veya 1'e esit olmalidir, aksi takdirde sonuglar
yakinsamayacagindan problem dogru bir sekilde
¢oziilmeyecektir. Sonuglarin yakinsamasi i¢in zaman

72

araligi azaltilabilir veya daha koti bir ag yapisi
secilebilir. Sayisal ¢alismalarimizda Courant sayist 0,5
almarak adaptif zaman adimi uygulandi. Ayrica,
gevseme faktorii 0,9 ve maksimum ig iterasyonu 5 olarak
uygulandi.

Sayisal Modelin Dogrulanmasi

Coklu damlacik etkilesimleri i¢in 3 boyutlu sayisal
modeller gelistirilip deneysel verilerle (Gultekin, 2021)
dogrulanmustir. Sekil 2’de, ortam sicakliginda kati bir
yiizey ile damlacik ¢iftinin etkilesiminin deneysel ve
sayisal sonuglarini gorsel olarak karsilagtirmaktadir.
Sekillerden goriilebilecegi gibi, farkli boyutsuz zaman
araliklar1 i¢in Ongoriilen damlacik ¢ifti gorselleri ile
shadowgraph goriintiileri arasinda biiyiik bir uyum
olmasina ragmen, tam olarak ortiisme gerceklesmemistir.
Sayisal model tahmini hesaplamasinda bazi sinirlamalar
vardir: Bir modelin karmasikligina bakilmaksizin bazi
basitlestirmeler kaginilmazdir; miikemmel bir model elde
edilemez. Olusturdugumuz modelde damlaciklarin
yiizeye ¢arpmadan dnceki durumu tam kiire olarak kabul
edilmistir. Ancak, goriintiilerde elde edilen damlaciklarin
dairesellik orani 0,90 civarindadir. Spesifik bir problem
i¢cin mitkemmel bir model kabul edilebilse bile, baslangi¢
ve siir kosullar1 ve model parametreleri sonsuz
hassasiyetle bilinmedikge, tahmin sonuclar1 yine de
hatalar igerir.
Sayisal Sonuglar

Deneysel Sonuclar
laa - -
e}
- m— P

Sekil 2. Ortam sicakliginda kati bir yiizey ile damlacik ¢iftinin
sekilsel degisiminin deneysel ve sayisal olarak karsilagtirilmasi.
(Gultekin, 2021).

0.50

1.00
1.50

2.00

Modellemede kullanilan verilerin dogrulugu, goriintii
analizi yontemlerindeki hatalar, gOriinti
¢ozlnirligiindeki belirsizlikler ve damlaciklarin yiizeye
carpmadan Onceki dairesellik oranindaki degisim gibi
faktorlerden kaynaklanabilir. Ozellikle, damlaciklarin
caplari, hizlar1 ve aralarindaki mesafeler gibi verilerin
dogrulugu, deneylerde elde edilen goriintiilerden goriintii
analizi yontemleri kullanilarak elde edilmis olmasina
ragmen, goriintli ¢o6ziinlirligiindeki belirsizlikler ve
rastgelelik gibi faktorler nedeniyle bazi sapmalar
olusabilir. Bu faktorlerin ve bilesik etkilerinin tam
ortigme olmamasinin muhtemel nedenleri oldugu
degerlendirilebilir. Damlacik ¢iftinin dinamik g¢arpma
kosullar1 Tablo 2'de verilmistir. Image] programi
(Schneider vd., 2012) kullanilarak deneysel sonuglardan
damlacik c¢aplari, carpma hizlari, dikey ve yatay
mesafeler elde edilmistir. Elde edilen bu degerler sayisal



modele uygulanmigtir. Bu parametreler, baslangigtaki
o
Do
boyutsuzlandirilmistir. Boyutsuz zaman t (t = tuy/Dy)
olarak tanimlanmistir. Ayrica, boyutsuz Weber sayisi,
damlacik kinetik enerjisinin ylizey gerilimine oranin

temsil eder ve We = pu3D,/o seklinde tanimlanir.

ortalama damlacik ¢ap1 kullanilarak d,, = Z—h ,d, =

Tablo 2. Ortam sicakliginda damlacik ¢iftinin ¢arpma kogullari.

Parametreler Damlacik cifti
Damlacik ¢aplart [mm] 2,23 2,25
Damlacik hizlari [m/s] 1,13 1,13

We 40 40
dn 1,80
dv 0,02

Modelimizi nicel verilerle dogrulamak i¢in, ilk olarak,
Sekil 3 (a)’da gosterildigi gibi, damlacik ¢ifti icin
yayllma alaninin  boyutsuz = zamanla  degisimi
karsilagtirilarak olduke¢a iyi bir uyum oldugu goriildi.
Daha sonra Sekil 3 (b)’de gosterildigi gibi katman
yiiksekliginin ~ boyutsuz ~ zamanla degisimi de
kargilagtirtlmistir. Sayisal olarak tahmin edilen katman
yiiksekliginin degisimi ile deneysel sonuglar arasinda
biiyilkk benzerlikler olmasina ragmen, sayisal model
katman yiiksekligini biraz fazla tahmin etmektedir.
Sekillerden de goriildiigii gibi sayisal veriler ile deneysel
veriler arasinda oldukga iyi bir uyum bulunmaktadir.

— Ssayisal Model
Deney Sonuglari v

@

—— sayisal Model
¥ Deney Sonuglar

(b)

Sekil 3. (a) Yayilma alaninin boyutsuz zamanla degisimi ve (b)
katman yiiksekliginin boyutsuz zamanla degisiminin deneysel
ve sayisal karsilastirilmasi. (Isaretler deneysel sonuglari temsil
ederken diiz ¢izgiler sayisal sonuglari temsil etmektedir.).
(Gultekin, 2021).

SONUCLAR VE TARTISMA

Sicak yiizeyden gergeklesecek olan 1s1  transferi
damlaciklarin  yiizeyde yayimas: ile dogrudan
baglantilidir. Damlaciklarin yiizeyde yayilmasi ise

damlacik c¢api, damlacik hizi, damlaciklar arast mesafe
ve sivinin fiziksel Ozellikleri gibi faktorlere baglidir.
Weber sayisi arttikga damlaciklarin yilizeyde yayilma
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alan1 artmaktadir. Bu yiizden, sadece damlacik ¢aplarinin
etkisini gormek i¢in ayn1t Weber sayisinda farkli
damlacik ¢aplart i¢in (Gultekin, 2021) numarali
caligmamizda karsilastirildi. Weber sayisini ayni tutmak
icin damlaciklarin baglangic hizlar1 farkli alindi. Yayilma
faktoriinlin baslangicta tiim durumlar i¢in hemen hemen
ayni davranisi gosterdigi gozlemlendi. Belli bir noktadan
sonra daha kiiciik damlacik c¢aplari icin yayilma
faktoriiniin daha yiiksek oldugu gozlendi. Baska bir
deyisle, daha yiiksek ¢carpma hizina sahip damlaciklarin,
ayn1 Weber sayilar i¢in daha genis yayilma alanina
neden oldugu goriildii. Bu makale kapsaminda damlacik
caplari ile ilgili bir ¢alisma yapilmamigtir. Eszamanl
¢oklu damlaciklarda ¢arpma hizi, damlaciklar arasi yatay
mesafe ve damlacik sayis1 incelenmistir.

Eszamanh Damlacik Cifti icin Carpma Hizinin Etkisi

Kati yiizeye eszamanli damlacik cifti ¢arpmalarinda
damlacik ¢arpma hizinin etkisini gérmek icin, farkli ilk
carpma hizlar1 karsilastirildi. Parametrik incelemeler igin
damlacik ¢ifti carpma kosullar1 Tablo 3'te verilmistir.

Tablo 3. Eszamanli damlacik giftlerinde ¢arpma hizinin etkisini
arastirmak icin kullanilan damlacik parametreleri.

Parametreler Deger
Damlacik ¢ap1 [mm] 2,30
Damlacik hizi [m/s] 1,0-1,3-1,6-1,9

Weber sayisi 32-115

Yiizey sicakligi 130
di 16

Farkli ¢arpma hizlart i¢in kati yiizeye damlacik cifti
etkilesimleri =1 zamaninda Sekil 4'te verilmistir. En
diisiik carpma hizi durumunda, orta bolgedeki etkilesim,
damlaciklarin baslangigta sahip oldugu diisiik kinetik
enerjisi yliziinden minimum katmanyiiksekligine yol
acar. Weber sayisi arttikga, damlacigin hidrodinamik
davranisit da benzer bir davranig gosterir, ancak daha
biiyiik  baglangic  kinetik  enerjisi  nedeniyle
katmanyiiksekliginin siddeti artar. Bir noktadan sonra,
Weber sayist arttikga katman yiiksekligi kararliligim
kaybeder ve ayrilmalar gerceklesir.

Ue=1,0 (m/s) Ue=1,3 (m/s) Ue=1,6 (m/s) Ue=1,9 (m/s)

A 1 i i

T L L
Sree

Sekil 4. Farkli ¢arpma hizlari i¢in 17=1 aninda eszamanl
damlacik cifti etkilesimleri.

Yan
goriiniis

Ust
goriiniis

{zometrik
goriinis

Sekil 5 (a) ve (b), farkli carpma hizlarina sahip damlacik
ciftleri i¢in toplam yayilma alani ve boyutsuz katman
yliksekligininzamanla degisimini gostermektedir. Efektif
toplam yayilma alani1 degerleri, tiim durumlar i¢in bilyiik
Olciide t=1'e kadar benzerdir. Bu degerlerde olan
benzerlik, =2 aninda Ug=1,6 (m/s) ve Uo=1,9 (m/s)



devam ederken, diisik ¢arpma hizlarina sahip
durumlarda yayilma siireci bittigi ve gerileme siireci
basladig1 i¢in farkli bir egilim gostermektedir. Sekil 5 (b),
boyutsuz  katman yiiksekliginin zamanla degisimini
gostermektedir. Sekilden goriilebilecegi gibi, diisiik
carpma hizi durumlarinda, boyutsuz yiikselen levha,
yercekimi etkisi nedeniyle maksimum yiikseklige

40 — Uy=1.9 (s)
— Uy=16 (m/s)

— Up=1.3 (m/s)
Up=1 (m/s)

(@)

ulastiktan sonra tekrardan diismeye baglar. Yiiksek
carpma hizi durumlarinda, bir noktada olusan yiikselti
kararliligim1 kaybederek pargalanmaya baslar. Katman
yiikselmesinde parcalanma gerceklestikten sonra kopan
pargalarin yilikselmesi dikkate alinmamustir. Biitiinliigi
saglayan kisimdaki yiikseklik dikkate alinmistir.

125
o-Up=10 (M/3)
= Up=1.3 (mis)
)
)

1 ‘M,w,ooog\ Up=16 (/s
>
Up=1.9 (m/s

0 1 2 3 4

(b)

Sekil 5. (a) Toplam yayilma alan1 ve (b) boyutsuz katman yiiksekliginin boyutsuz zaman ile degisimi.

Damlacik ¢arpma hizinin etkisini daha iyi gérmek igin,
sicaklik dagilimlart ve 1s1 akis1 degisimleri Sekil 6'da
gosterilmistir. Etkilesimin ilk asamasinda etki alan1 ¢ok
kiiciik olmasina ragmen, 1sitilan yiizey ile damlaciklar
arasindaki biylik sicaklik farklart nedeniyle yiizey
sicakligi hizla distiigii ve birim alan basina olusan 1st
transferinin daha yiiksek oldugu goriilmiistiir. En diisik

T é_) 130+
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ST -6-5-4-3-2-10 1 2 3 45 6 7 8
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140, |
1354 — Up=1.0 (mis)
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g 1250
~_~
=
N’

L ] T T S S S S T T S S T
8-T-6-5-4-3-2-10 1 2 3 45 6 7 8
r (mm)

carpma hizi durumunda yiizey sicakliginda daha belirgin
bir diisiis gdzlemlenmistir. Bunun nedeni, ¢arpma hizi
azaldik¢a boyutsuz zamanin ayni degere ulagsmasinin
daha fazla zaman almasidir. Yiiksek ¢arpma hizindaki
damlacik giftlerin yiizey tizerindeki termal etkileri biiyiik
Ol¢ilide benzerdir.
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100F
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Sekil 6. Farkli carpma hizlari i¢in damlacik ¢iftleri igin yiizey sicaklik dagilimlart ve 1s1 akisi degisimleri (a) 1=1 ve (b) 1=2.

Sekil 7, farkli carpma hizlarina sahip eszamanli damlacik
ciftlerinin ylizeyde yayilmasiyla gerceklesen 1s1
transferinin boyutsuz zamanla degisimini
gostermektedir. Is1 transferinin boyutsuz zamanla
degisimi, yayilma alaninin zamanla degisimi ile benzer
davranislar gostermistir. Beklendigi gibi ¢arpma hizi
arttikga ylizeydeki yayilma alani arttig1 i¢in ylizeyden
oOlusan 1s1 transferi de artmaktadir.
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Sekil 7. Farkli ¢arpma hizlarina sahip damlacik ¢iftlerinin
yiizeyde yayilmasiyla gerceklesen 1si transferinin boyutsuz
zamanla degigimi.

Eszamanh Damlacik Cifti icin Damlaciklar Arasi
Yatay Mesafenin Etkisi

Damlaciklar arasi yatay mesafe, damlaciklar arasi olugan
etkilesimin siddetini etkileyen en 6nemli faktorlerden
biridir. Damlacik ¢ifti etkilesimlerinde damlaciklar arasi
yatay mesafenin etkisini gormek icin farkli yatay
mesafeler karsilagtirilmigtir. Parametrik incelemeler i¢in
damlacik ¢ifti carpma kosullar1 Tablo 4'te verilmistir.

Tablo 4. Eszamanli damlacik ¢iftlerinde damlaciklar arasi
yatay mesafenin etkisini arastirmak i¢in kullanilan damlacik
parametreleri.

Parametreler Degerler
Damlacik ¢ap1 [mm] 2,30
Damlacik hizi [m/s] 1,9

Weber sayisi 115

Yiizey sicaklig 130
di=1 1,3-16-19-272

Farkli yatay mesafeler i¢in 1=1 aninda damlacik gifti
etkilesimleri Sekil 8'de verilmistir. Beklendigi gibi,
aralarindaki yatay mesafe ne kadar kiiciik olursa,
damlaciklar yiizeydeki yayilma siirecinde birbirleriyle o
kadar hizli etkilesime girdigi goriilmiistiir. Daha biiyiik
yatay mesafeler i¢in, lameller viskoz yayilim nedeniyle

160
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80

—Tp=eo
—gh=22
—d,=19
p=1.6
,," =t
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60
40
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daha fazla enerji kaybederek daha zayif katman
yiiksekligine neden olmustur.
dy =13 dy =16 dy,=19 dy=2,2
i ;: P, S J !
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Sekil 8. Damlaciklar arasi farkli yatay mesafeler igin =1
aninda eszamanli damlacik ¢ifti etkilesimleri.

" "
- -~

izometrik
goriiniiy

Sekil 9, farkli yatay mesafelere sahip damlacik ¢iftleri
icin yiizeyde gerceklesen toplam yayilma alani ve
yiizeyden gerceklesen 1s1 transferinn boyutsuz zamanla
degisimini gostermektedir. Damlaciklar arasindaki yatay
mesafe azaldik¢a etkilesimin biiyiikligii artmakta ve
ylizeyde kaplanan yayilma alant ve 1s1 transferi
azalmaktadir. Efektif toplam yayilma alanlari, t=2'de
d;=2.2 ve d,=1 konfigiirasyonlar1 i¢in sirasiyla tek
damlacik konfigiirasyonundan %14,5 ve %32 daha azdur.
Bu degerler 1=3'te sirasiyla %22 ve %34'tiir. Is1
transferinin degisimi igin benzer davranislar gozlenir ve
performans kaybi degerleri hemen hemen aymidir. Bu
nedenle damlaciklar arasi etkilesim olgusunun 6zellikle
damlacik ¢arpmasindan sonraki ilk agamalarda sogutma
verimini giiglii bir sekilde etkiledigi sdylenebilir.

280

= 180

20

ok
80 —d=22
60 —T=19
s T=16
2]/ &=10

1 2 3 4

T

(b)

Sekil 9. Farkli yatay mesafelere sahip damlacik ¢iftleri i¢in ylizeyde gergeklesen (a) toplam yayilma alani ve (b) 1s1 transferinin

boyutsuz zamanla degisimi.

Eszamanli damlacik ¢iftleri i¢in yatay mesafenin sicaklik
dagilimlar1 ve 1s1 akis1 davranigi tizerindeki etkisi Sekil
10'da gosterilmektedir. Damlaciklar arasindaki yatay
mesafe arttik¢a etkilesim daha fazla geciktiginden dolay1
damlaciklar kat1 yiizey lizerinde daha fazla yayilmistir ve
isitilan - ylizeyden daha fazla 1s1 akist  olustugu
gorilmiistiir.

Incelenen kosullarda safir camdan gerceklesen 1s1 akisi
250 W/cm? mertebelerinde oldugu goriilmiistiir. Bunun
yaninda, elektronik cihazlardaki sprey sogutma
uygulamalarindaki  1s1  akisi, uygulamanin  &zel
kosullarina bagli olarak biiyiikk dl¢iide degisebilir. Bu
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kosullar elektronik cihazin boyutu ve tipi, sogutucu
spreyin oOzellikleri ve spreyin akis hizi ve basinci gibi
faktorlere bagli olarak énemli 6lgiide degisebilir. Bunun
yaninda 1s1 akisi, yiizeyin sicaklig1 ve sogutucu akigkanin
sicaklik farkina ve yiizeyde kullanilan malzemenin 1s1l
iletkenligine bagli oldugundan uygulama sirasinda biiyiik
Olclide degisebilir. Daha yiiksek sicakliga ve 1sil
iletkenlige sahip metal ylizeylerden ¢ok daha fazla
oranda 1s1 akisi gerceklesecektir. Ayrica, farkl ylizey
morfolojileri kullanilarak sprey sogutma
uygulamalarindaki gerceklesen 1s1 akislari, 1000 W/cm?
mertebelerine ulagabilmektedir.
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Sekil 10. Farkli yatay mesafelere sahip damlacik ¢iftleri igin yiizey sicaklik dagilimlari ve 1s1 akis1 degisimleri (a) t=1 ve (b) 1=2.

Eszamanh Coklu Damlacik Etkilesimleri
Damlacik Sayisimin Etkisi

icin

Sprey sogutma i¢in damlaciklar arasi higbir etkilegimin
olmadigi en optimum durumu varsaydigimizda, her bir
damlacik tek bir damlacik gibi yayilir, o zaman toplam
yayilma alani, tek bir damlacik i¢in olusan yayilma
alaninin damlacik sayisiyla (N) ¢arpimiyla elde edilir.
Ancak, ¢oklu damlaciklar kati bir yilizeye carptiginda,
damlacik parametrelerine (damlacik hizi, damlaciklar
arast mesafe, damlacik sayis1 vb.) bagli olarak
damlaciklar birbirine yeterince yakinsa damlaciklar
arasinda bir etkilesim gergeklesir. Damlaciklarin
hidrodinamik ve 1s1 transferi davraniglari, bu etkilesim
nedeniyle tek damlacik durumlarindan oldukga farklidir.
Bu etkilesim, kat1 yiizey lizerinde damlacik bagina daha
kiiciik yayilma alanina neden olur. Bu nedenle, kati
ylizeye ayni anda ¢arpan ¢oklu damlaciklar i¢in yayilma
alanin1 tahmin etmek i¢in Gultekin (2021) doktora
tezinde Es. (9) ve Es. (10) ifadelerini 6nermistir.
Anp = NAgp — (N — 1)4; 9)
burada N damlacik sayisidir, Asp tek damlacik igin
yayllma alanidir ve A; etkilesim nedeniyle olusan alan
kaybidir. Bu denklemi boyutsuz hale getirerek ve
diizenleyerek asagidaki sekilde tekrar yazabiliriz.

Atoplam(T) _ BZ (T)

A =— =111
0
2% (N—1) L dn
N (cos <m> (10)

() -

B(r) B(t)

Denklemden goriilebilecegi gibi, etkin yayilma alani,
damlacik carpma kosullarina ve damlacik sayisina ve
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damlaciklar arasindaki yatay mesafeye baglidir. Bu
nedenle, eszamanli lglii damlacik durumlar igin farkli
yatay mesafeler incelenmistir. Parametrik incelemeler
icin ti¢lii damlacik konfiglirasyonlar1 ¢arpma kosullar
Tablo 5°de verilmistir.

Tablo 5. Eszamanh igli damlacik konfigiirasyonlarinda
damlaciklar aras1 yatay mesafenin etkisini aragtirmak igin
kullanilan damlacik parametreleri.

Parametreler Degerler
Damlacik ¢apt [mm] 2,30
Damlacik hizi [m/s] 1,9

Weber sayist 115

Yiizey sicaklig 130
di 1-13-16

Farkli yatay mesafeler i¢in kati yiizeye ti¢cli damlacik
carpmasi Sekil 11'de verilmistir. Genel olarak damlacik
cifti ile benzer hidrodinamik davraniglar gézlenmistir.

dy=1 d,=13

L [
. eee

d,=1,6

Yan
gbriinily

'l

Ust goriiniis

izometrik
goriinils

-

Sekil 11. Damlaciklar aras1 farkli yatay mesafeler i¢in 1=1
aninda eszamanli {iglii damlacik konfigilirasyonu etkilesimleri.

Sekil 12, farkli sayida damlacik konfigiirasyonlar: icin
boyutsuz yayilma alaninin boyutsuz zamanla degisimi

igin  sayisal sonuglarin  ve Onerilen ifadenin
karsilastirmasim gostermektedir. Onerilen analitik model
genellikle 1=2,5’¢ kadar hesaplama sonuglariyla



uyumludur. Ayrica, farkli sayida damlacik ¢arpmasi igin

damlacik basma yiizeyden olusan 1s1 transferinin
degisimi Sekil 13'te verilmistir.
16
14
12
10
I< 8
6 o
4 o
2 M
0 1 2 3 4
T
(a) di=1
16
14
12
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6
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0 1 2 3 4
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Sekil 12. Farkli damlacik sayilari i¢in boyutsuz yayilma
alanmin boyutsuz zamanla degisimi. Diiz ¢izgiler hesaplama
sonuglarini temsil ederken semboller denklem (10)’u temsil
etmektedir. (a) dx=1 (b) d»=1,6.
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Sekil 13. Farkli sayida damlacik ¢arpmasi i¢in damlacik bagina
yiizeyden gerceklesen 1s1 transferinin zamanla degisimi (@)
dn=1 (b) dr=1,6.

Tek damlacik etkisini referans alarak c¢oklu damlacik

sayisinin -~ sogutma  verimliligi tizerindeki etkisini
incelemek istersek. Coklu damlaciklar i¢in sogutma
verimi  performansini, N  tane  damlaciklarin

carpigsmasindan kaynaklanan toplam 1s1 transferinin, N
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sayida tek bir damlacigin carpmasindan olusan toplam 1s1
transferine oranlayarak Es.(11) ifadesiyle tanimlanabilir.

QND

€E = — 11

N * Qsp )
Etkilesimin olmadig1 sprey sogutma i¢in en uygun kosul
varsayildiginda, her bir damlacik tek bir damlacik gibi
yayilir ve € bire gider. Etkilesimlerin tamamen baskin
hale geldigi tersi durumda ise 1/N'ye yakinsar. Sekil 14

(a) ve (b), farklh damlacik sayisina sahip
konfigiirasyonlar igin sirastyla d, =1 ve dy, =1,6
durumlarinda  sogutma verimliligi  performansinin

boyutsuz zamanla degisimini gostermektedir. Onceki
boliimlerde de bahsedildigi gibi, damlaciklar arasindaki
yatay mesafe ne kadar kisaysa, etkilesim daha erken
gerceklesir. Sogutma verimliligi performans: biiyiik
6l¢iide damlacik sayisina ve ¢goklu damlaciklar arasindaki
yatay mesafeye baglidir. Damlacik ¢ifti ve {iglii damlacik
konfigiirasyonlarmin d, = 1 ve t=1 durumunda sogutma
verimlilikleri sirasiyla 0,76 ve 0,67'dir. Bu degerler 1=3
aninda sirastyla 0,66 ve 0,54 degerleridir. Boyutsuz yatay
mesafe 1,6 oldugunda, =1 i¢in damlacik ¢ifti ve lglii
damlacik  konfigiirasyonlar1  durumunda  sogutma
verimleri sirastyla 0,87 ve 0,82'dir. Bu degerler 1=3
aninda sirastyla 0,67 ve 0,56 degerleridir. Bu nedenle,
ozellikle damlacik ¢arpismasindan  sonraki ilk
asamalarda, etkilesim olgusunun sogutma verimini giiclii
bir sekilde etkiledigi sdylenebilir.

1

08
0.6
w
0.4
=N=1
0.2 —N=2
—N=3
0 1 2 3 4
T
(@) di=1
1.
0.8
0.6
w
0.4
=N=1
0.2 =N=2
=N=3
0 1 2 3 4
T
(b) =16

Sekil 14. Farkli damlacik sayisina sahip konfigiirasyonlar i¢in
sirastyla (@) dw=1 ve (b) di=1,6 durumlarinda sogutma
verimliligi performansinin boyutsuz zamanla degisimi.

Aymni sekilde performans kaybi (%) Es. (12) ifadesiyle
tanimlanabilir.



Performans Kaybt (%)
(1 _ Qwo >* 100
N * Qsp

Sekil 15, farkli sayida damlacik ve yatay mesafeler i¢in
performans  kaybmin  degisimini  gostermektedir.
Sekilden goriilebilecegi gibi, ¢oklu damlacik etkilesimi
olgusu, oOzellikle damlacik c¢arpmasindan sonraki ilk
agamalarda sogutma performansini giiclii bir sekilde
etkiler.  Damlacik  ¢ifti ve  iicli  damlacik
konfigiirasyonlarinda d;=1 ve 1=1 aninda performans
kayiplar1 sirasiyla %24 ve %33'tiir. Bu degerler t=3'te
sirastyla %34 ve %46'dir. Boyutsuz yatay mesafe 1,6
oldugunda, =1 icin damlacik ¢ifti ve U¢lii damlacik
konfigilirasyon durumunda performans kayiplari sirasiyla

%13 ve %18'dir. Bu degerler 1=3'te sirasiyla %33 ve
%44'tir.

(12)

Performans Kayha (%)
I Cad .
2 8 &

L=
¥

Sekil 15. Farkli sayida damlacik ve yatay mesafeler icin
performans kaybinin zamanla degisimi. Diiz cizgiler d;=1.6
i¢in hesaplama sonuclarii temsil ederken, noktalar d;=1 icin
hesaplama sonuglarini temsil etmektedir.

SONUCLAR

Sprey sogutma sirasinda sicak bir yiizeye etkiyen ¢oklu
damlaciklarin birbirleri ile etkilesimlerinin yiizeyden
olan 1s1 transferi performansina etkisi sayisal yontemlerle
incelenmistir. Sayisal incelemelerde Star CCM+ yazilimi
kullanilmig olup ara yiiz takibi i¢in VOF yontemi
kullanilmustir. Bu ¢alisma kapsaminda, damlacik ¢arpma
hizi, damlaciklar arasindaki yatay mesafe ve damlacik
sayist gibi parametreler incelenmistir. Damlaciklar
arasindaki yatay mesafe kisaldika etkilesimin
biiyiikliigii artar ve ylizeyde kaplanan yayilma alani ve 1s1
transferi azalir. Efektif yayilma alanlari, 7=2'de sirasiyla
dy =2,2 ve d,;=1 konfigiirasyonlar1 igin tek damlacik
konfigiirasyonundan % 14,5 ve % 32 daha azdir. Bu
degerler t=3'te sirasiyla % 22 ve % 34'tiir.

Tek bir damlacik igin yayilma faktoriiniin degisimini
hesaba katarak kat1 yilizey lizerinde es zamanli etki eden
birden ¢ok damlacik i¢in damlacik bagina yayilma alanin
tahmin etmek i¢in matematiksel bir ifade Onerilmistir.
Damlacik sayisinin sogutma performansina etkisini
gormek icin, tek bir damlacik i¢in sogutma
performansinin degisimi referans alnarak bir ifade
tanimlandi.  Etkilesimin o6zellikle c¢oklu damlacik
etkilesiminden sonraki ilk asamalarda sogutma
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performansint giiclii bir sekilde etkiledigi bulunmustur.
Damlacik ¢ifti ve iiclii damlacik konfigiirasyonlar1 (dh =
1 ve =3 durumunda) performans kayiplari sirasiyla %34
ve %46'ya varmaktadir. Boyutsuz yatay mesafe 1,6
oldugunda, sogutma performanslari sirasiyla ¢ift
damlacik ¢ifti ve i¢lii konfiglirasyonlarda %33 ve
%44'tiir.
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Abstract: Solar air heaters (SAHSs) generally have low thermal efficiency, hence numerous research has been done to
enhance their performance and to widen their applications. Although there has been extensive research on them, adding
roughness elements on the corrugations of V-corrugated absorber plate SAHs to enhance their performance have not
been investigated. Hence this work is an effort to address this gap by performing a numerical study to investigate the
thermal performance enhancement caused by attaching transverse and longitudinal fins on 60° V-corrugated absorber
plate SAH. It is also aimed to investigate the effect of same roughness elements on simple flat plate SAH. ANSYS
Fluent program was utilized to simulate and analyze the three-dimensional airflow through the SAHs. The simulations
were performed for three different Reynolds numbers; 4000, 8000 and 12000. The effects of adding fins on the outlet
air temperature, Nusselt number and friction factor were analyzed and discussed. The results indicated that addition of
roughness in the form of transverse and longitudinal fins offered enhancement in the thermal performance, leading the
corrugated plate-longitudinal fins SAH to achieve the maximum outlet air temperature (315.3 K) and the flat plate-
transverse fins SAH to attain the highest Nusselt number (58.4). For the V-corrugated SAH, transverse fins enhanced
the Nusselt number by 17% compared to the smooth case, while the longitudinal fins offered 4 degrees increase in the
outlet temperature. For the flat SAH on the other hand, transverse fins enhanced the Nusselt number by 26% as
compared to the smooth case, while the longitudinal fins resulted in 2 degrees increase in the outlet temperature.
Keywords: solar air heater, thermal performance, numerical investigation

PURUZLULUK ELEMANLARININ V-KAT LEVHALI GUNES HAVA ISITICILARINA
ETKILERi

Ozet: Giines enerjili hava 1siticilari, genellikle diisiik 1s11 verimlilige sahiptir. Dolayisiyla bu cihazlarin performansini
artirmak ve uygulamalarmi g¢ogaltmak igin birgok arastirma yapilmistir. Yapilan kapsamli caligmalara ragmen,
piiriizliilik elemanlarinin V-kat levhali giines hava 1siticilarinin sogurucusuna eklenmesinin performans iizerine etkisi
incelenmemistir. Dolayistyla bu ¢alisma, 60° V-kat levhali giines enerjili hava 1siticisinin sogurucusuna piiriizliiliik
elemanlariin (enine ve boyuna uzanan kanatgiklar) eklenmesinin saglamis oldugu 1sil performans artigini sayisal
yaklagim kullanarak incelemeyi hedeflemektedir. Ayni piirtizlillik elemanlarinin diiz levhali giines hava isiticisina
eklenmesi halinde olusacak etkiyi arastirmak ayrica amaglanmistir. Calismada cihazlardan gecen hava akiginin {i¢
boyutlu simiilasyonunu ve analizini ger¢eklestirmek icin ANSYS Fluent yazilimi kullanilmistir. Simiilasyonlar ti¢ farkli
Reynolds sayist i¢in yapilmistir (4000, 8000 ve 12000). Kanatgiklarin ¢gikis hava sicakligi, Nusselt sayisi ve siirtiinme
katsayisi iizerindeki etkileri analiz edilmis ve tartistlmistir. Enine ve boyuna kanatgik bicimindeki piriizlilik
elemanlarinin eklenmesinin, 1s1l performans artis1 sagladigi ve V-kat levhali boyuna kanatgikli cihazin en yiiksek ¢ikis
havasi sicakligina (315.3 K), bunun yaninda diiz levhali enine kanatgikli cihazin en yiiksek Nusselt sayisina (58.4)
ulastig1 belirlenmistir. V-Kat levhali cihaz i¢in, enine kanatgiklar Nusselt sayisin1 %17 artirirken, boyuna kanatgiklar
cikis sicakliginda 4 derecelik artis saglamistir. Diiz levhali cihaz igin ise enine kanatgiklar Nusselt sayisim %26
artirirken, boyuna kanatgiklar ¢ikis sicakliginda 2 derecelik artisa neden olmustur.

Anahtar Kelimeler: giines enerjili hava 1siticilari, 1s1l performans, sayisal inceleme

NOMENCLATURE e/D Relative Roughness Height
Ox Gravitational Acceleration

As Surface Area of the Absorber [m?] Component in the X Direction [m/s?]
Cp Specific Heat [J/kg.K] Oy Gravitational Acceleration

Dn Hydraulic Diameter [m] Component in the Y Direction [m/s?]
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Gravitational Acceleration
Component in the Z Direction [m/s?]
Coefficient of Heat Transfer
[W/m?.K]

Thermal Conductivity [W/m.K]
SAH Length [m]

Air Mass Flow Rate [Kg/s]
Nusselt Number [=hL/k]
Pressure [Pa]

Relative Roughness Pitch
Prandtl Number

q Heat Flux [W/m?]

=

T O . x
I°Zs

Re Reynolds Number [=vpD/u]

T Air Temperature Far From Absorber
Plate [K]

Ti Inlet Air Temperature [K]

To Outlet Air Temperature [K]

T, Non-dimensional Temperature [K]

Tp Average Absorber Plate Temperature
[K]

Tw Wall Temperature of the Absorber
Plate [K]

u Velocity in the X Direction [m/s]

% Velocity in the Y Direction [m/s]

v Mean Velocity of Air [m/s]

w SAH Width [m]

w Velocity in the Z Direction [m/s]

f Friction Factor [=APDy/0.5LpVv?]

U Viscosity of Air [N.s/m?]

p Density [kg/m?]

RNG Re-Normalization Group

SAH Solar Air Heater

SIMPLE  Semi-Implicit Method for Pressure

Linked Equations
INTRODUCTION

One of the simplest methods to exploit solar energy is via
solar air heaters (SAHs) (Parsa et al., 2021). SAHs are
low-cost, eco-friendly solar thermal systems that convert
incident solar energy into useful thermal energy (Amit
Kumar & Layek, 2021; Parsa et al., 2021). They are
predominantly used for space heating and drying
applications (Sureandhar et al., 2021). The conventional
SAH is composed of an absorbing plate made normally
from a metallic material that absorbs the incident
radiation, a channel or duct attached to the absorber
through which air passes, glazing cover to decrease loss
of heat from the absorber while allowing solar radiation
to pass, thermal insulation at sides and back of the
collector to reduce the thermal losses and a fan to provide
means of airflow inside the duct (Saxena et al., 2015).
Figure 1 provides an illustrative diagram of a
conventional SAH (Tyagi et al., 2012). The incident
radiation is absorbed by the absorber and this causes an
increase in the absorber’s temperature. When air flows
over the plate, forced convection is generated and the
flowing air starts to absorb heat from the plate which
causes its temperature to rise, then this hot air is conveyed
by a duct to provide heating for the desired purpose
(Singh Bisht et al., 2018).
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Figure 1. Longitudinal section of a conventional SAH (Tyagi
etal., 2012).

Since the working fluid in these systems is air, freezing
and boiling does not occur. However, the thermal
efficiency of such systems is generally low because of the
low heat transfer coefficient values encountered and the
poor thermal capacity of air (Ghritlahre et al., 2019). The
low heat transfer coefficient is a result of the formation
of a laminar viscous layer on the absorber plate causing
thermal resistance to heat transfer. Thus the addition of
artificial roughness to the absorber plate to break up this
layer and generate turbulent flow is a common way to
enhance heat transfer coefficient hence the efficiency
(Arunkumar et al., 2020). On the other hand, the addition
of roughness increases the frictional losses resulting in a
higher power requirement for moving the air (Arunkumar
et al., 2020).

The thermal and friction characteristics of a shot blasted
V-corrugated absorber SAH were studied experimentally
by Poongavanam et al. (2018). In their experiments, the
authors investigated varying flow rates. The results
showed an increase in the mean efficiency as air flow rate
increases and the efficiency value in the proposed SAH
were higher compared to a smooth flat absorber SAH. In
addition, a decrease in friction factor was observed with
the increase of mass flow rate. Handoyo et al. (2016)
numerically investigated the performance of a V-
corrugated absorber SAH with delta-shaped obstacles
attached to its backplate. The authors studied the effect
of varying obstacles spacing ratio and they achieved
optimal Nusselt number and friction factor values at
spacing ratio of 1. Analysis on a V-corrugated SAH with
twisted tape inserts suspended in the air channel between
the absorber and backplate was performed by Farhan et
al. (2021). The authors reported a considerable increase
in the efficiency as compared to the conventional V-
corrugated SAH. Prasad and Saini (1988) studied
experimentally the performance in a flat plate SAH with
a transverse wire roughness element. The authors
investigated the impact of varying relative roughness
height on coefficient of heat transfer and friction factor.
The results showed that as the relative roughness height
increases, the average Nusselt number and friction factor
also increase. Performance of a flat plate SAH with
transverse wedge-shaped rib roughness geometry was



studied experimentally by Bhagoria et al. (2002). They
found an increase in Nusselt number and friction factor
with increased relative roughness height. Saini and Saini
(1997) tested a flat absorber SAH with expanded metal
mesh. They investigated the effect of varying flow rate.
The authors found an increase in Nusselt number with
rising flow rates, but on the other hand the friction factor
decreases. Momin et al. (2002) studied experimentally
the performance of a flat absorber SAH with V-shaped
roughness geometry. They also found an increase in the
performance with increasing relative roughness height
for this fin geometry. The effects of different relative
roughness height and flow rates on the thermal and
friction characteristics of a SAH with dimple-shape
roughness were investigated experimentally by Saini and
Verma (2008). The results showed good agreement with
other studies in the literature. Performance of a SAH with
square-sectioned transverse ribs as roughness was
studied numerically by Yadav and Bhagoria (2014). They
investigated the effects of relative roughness pitch and
relative roughness height. A flat plate having discrete
multi-V-rib  with  staggered rib roughness was
investigated numerically by Kumar and Kim (2015). The
authors studied the effects on performance associated
with different relative width ratios for varying Reynolds
numbers. The results showed that with an increase in
relative width ratios the thermal performance also
increased up to an optimum value. Performance of flat
plate SAH with inclined circular ribs as the roughness
element was studied by Kumar and Varun (2014). The
authors investigated the effect of inclination angle and
roughness height for different Reynolds numbers. Jin et
al (2015) numerically studied a flat absorber SAH with
multi V-shaped ribs as roughness. The computations
were performed for different roughness parameters to
study their effect on Nusselt number and friction factor.
Yadav et al. (2014) analyzed numerically the thermal and
friction characteristics of a flat absorber SAH with
equilateral triangular sectioned rib roughness. The
parameters discussed in their study were relative
roughness height and relative roughness pitch. A
numerical and experimental investigation was performed
by Gawanda et al. (2016) to study the performance of a
flat absorber SAH having chamfered square ribs attached
to the absorber. The authors found an increase in Nusselt
number and friction factor with increasing chamfer angle.

Ample of studies have been reported in the literature on
the effect of adding different types of fins and roughness
geometries to flat absorber plates, however studies
investigating the effect of combining artificial roughness
elements with the corrugated absorber plates are very
few. Handoyo et al. (2016) and Farhan et al. (2021)
studied the effects of adding obstacles to the V-
corrugated SAHs, however in their studies the obstacles
were not attached to the corrugations, rather they were
either inserted in the channel between the corrugations
and back plate or attached to the back plate.
Poongavanam et al. (2018) on the other hand used shot-
blasting to create roughness on the corrugations of the V-
corrugated SAH. However, the roughness they created
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are at micron scale. To the best knowledge of the authors,
studies investigating thermal and friction characteristics
of V-corrugated absorber plate SAH with fins attached
directly to the absorber plate do not exist. Therefore, this
work strives to numerically investigate and compare the
effect of different roughness geometries and airflow rates
on the thermal performance of V-corrugated absorber
plate SAH with groove angle of 60°. A further purpose of
this work is to employ the same roughness geometries
and airflow rates in ordinary flat absorber plate SAH and
compare the results.

METHODOLOGY

In the current study a numerical analysis is conducted to
investigate the thermohydraulic performance of different
types of solar air heaters. ANSYS Fluent CFD code is
used to simulate the three-dimensional fluid flow and
heat transfer characteristics of the SAHs. This section
describes the particulars of the computational domain,
grid generation, governing equations, boundary
conditions and turbulence model selection.

Computational Domain

In the present study, 6 different SAHs were modeled and
simulated. The six SAHs considered in the simulations
were for two different types of SAHSs; 60° V-corrugated
absorber and flat absorber SAHs. For each type, 3
different designs; smooth plate, plate with transverse fins
and plate with longitudinal fins were considered. For
each SAH, the computational domain corresponds to the
3D geometry generated by SolidWorks software which is
then exported to ANSYS. The length of the considered
SAHs is divided into entrance, test and exit sections as
proposed in ASHRAE standard 93-2003 (ASHRAE
Standard, 2003). A summary of the general geometrical
parameters used in the construction of the SAHSs is
presented in Table 1.

Table 1. General geometric parameters considered for the
SAHS.

Entrance section 250 mm
Test Section 300 mm
Exit Section 150 mm
Width (W) 100 mm
Hydraulic Diameter (Dn) | 33.33 mm

Two roughness elements i.e. transverse and longitudinal
fins were selected since they correspond to different heat
transfer enhancement aspects. The transverse fins
generate more turbulence in the flow and eliminate the
viscous sub-layer, which results in higher heat transfer
coefficients. On the other hand, the longitudinal fins
mainly offer more surface area, so more air is in contact
with the heated surface. The cross-section of both fins is
a rectangle having 1mm thickness and 2mm height.
Furthermore, all the SAHs are modeled as a single flow
duct with its top wall representing the absorber plate of
the SAH and the roughness is attached to the bottom side
of this absorber plate in the case of roughened SAHs.



The generated 3D models are illustrated in Figures 2A-F.
To reduce the computational time, only half of each SAH
was considered in the simulations since all SAHs have a
symmetry plan at x=W/2. This significantly reduces the
number of elements in the mesh and the time required of
each simulation while getting the same result as the full
SAH case. The working fluid through the whole analysis
is air, and the flow is assumed to be 3 dimensional, steady
and incompressible. The walls of the SAHs’ duct and the
absorber plate are assumed to be made of aluminum.
Table 2 lists the properties of the materials used in the

150 mm

~

300 mm ) / 60°
A 607

-~ __j 20mm |
\

c. Corrugated plate-longitudinal fins SAH

Figure 2. Generated three-dimensional models
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Table 2. Properties of materials used in the simulations

. Thermal . S Prandtl
Material g(el;rs]:%’ P Conductivity k (SJp/ekC'flf) Heat cp ?ﬁssc;:;lzt)y ® | Number
g (W/m.K) g- ' Pr
Air 1.117 0.0262 1007 1.857e-5 0.71
Aluminum 2719 202.4 871 - -

Grid Generation

In this study, a non-uniform mesh with prism layers was
created for the flow domain of all SAHs using ANSY'S
meshing. A Mesh independence check was conducted to
examine the independency of the generated results from
the mesh. Taking the corrugated plate-transverse fins
SAH as an example, four meshes with an increasing
number of elements from 1457397 to 2503811
corresponding to a decrease in the element size were
tested. It was found that a mesh with 1863402 number of
elements offered the optimum computational time with
less than 1% variation in the results from the mesh with
2503811 elements. Figure 3 shows the generated mesh
for the corrugated plat-transverse fins SAH.

Figure 3. Non-uniform mesh generated for corrugated plate-
transverse fins SAH.

Governing Equations

In this work, the aim is to investigate the effect of adding
roughness on various parameters such as outlet air
temperature, Nusselt number and friction factor that
represent the performance of the SAHs. The governing
equations of fluid flow are continuity, momentum and
energy equations, which can be written as follows (Jiji,
2009):

Continuity equation:

dap dp ap 6p

FT PR T .
+ [ +av+aw =0 @
Plox Tay T oz
Momentum equations:
Du c')p_l_ 0 [ (Zau Zv 17)] @
Poe =PI o Toax M\ "ax T3
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dy dy Ox 9z dx 0z
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Energy equation:
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These equations are solved numerically using ANSYS
Fluent software. The SIMPLE algorithm was used to
handle the coupling in the pressure and velocity fields
and the RNG k-g& model was selected as the turbulence
model for the simulations. The residuals in the solution
of 103 in momentum and continuity equation and 10 for
energy equation were selected as the convergence
criterion. These models were selected based on the
validation and application done in previous studies
(Gawande et al., 2016; Jin et al., 2015; Anil Kumar &
Kim, 2015; Yadav & Bhagoria, 2014). The obtained
results from the simulations for the heat transfer
coefficient, temperature distribution and pressure are
employed to find the aforementioned performance
parameters using the following expressions:

The average Nusselt number is defined as

h Dy,

Nu =
Y=

(6)

Where h is the average coefficient of heat transfer
between the absorber plate and air, D;, is the hydraulic



diameter of the SAH and k is the thermal conductivity of
air.

The average coefficient of heat transfer h is obtained by
surface integrals at the absorber plate and it is defined as

_ q
h_Tw_Too (7)

Where q is the wall heat flux, T,, is the wall temperature
and T, is the air temperature far away from the wall.

The average friction factor is defined as

Ap/L)D
- _@p/0D,

1, ®
2P

Where Ap is the pressure difference between the inlet and
outlet of the SAH, L is the length of the SAH, p is the
density of air and ¥ is the mean air velocity.

Figure 4 presents a flow chart of the methodology that
has been followed to generate the results using ANSYS
Fluent software.

Boundary Conditions

In the present simulations, the walls in the computational
domain were assigned to no-slip condition. At the inlet, a
uniform velocity corresponding different Reynolds
numbers was applied normal to the boundary with 300 K
as the inlet temperature of the air. Three different
Reynolds numbers; 4000, 8000 and 12000 were
considered. For the outlet, a pressure-outlet condition
was assigned where the pressure is equal to the
atmospheric pressure. The surface of the absorber plate
was assigned with constant heat flux while all other
surfaces are assumed to be adiabatic. Moreover, a
symmetry boundary condition was applied to the
symmetry plane at x=W/2. Table 3 presents a summary
of the boundary conditions used.

Table 3. Boundary conditions used in the computational
domain.

Surface Assigned boundary
condition

inlet Velocity-inlet

outlet Pressure-outlet

Absorber Plate Heat flux

Side and bottom walls of | Adiabatic

the test section

Walls of entry and exit | Adiabatic

sections

Symmetry  plane  at | Symmetry

x=W/2
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Transport Equations for Renormalization-Group
(RNG) k-¢ Turbulence Model

The RNG k-¢ model was derived using a statistical
technique called renormalization group theory. It is
similar in form to the standard k-¢ model but includes
some refinements. The RNG model has an additional
term in its € equation that improves the accuracy for
rapidly strained flows. Also, the RNG model includes the

[Create three-dimensional flow domain]

Generate mesh

[Specify the turbulence model]

!

[Set properties of the materials]

!

[Deﬁne boundary conditions]

!

[Select computation algorith m]

!

{Set convergence criteria]

Run the simulation

[ Initial guess for pressure field p*

!

[ Solve the discretized momentum ]

)

equations to obtain u®, v* and w*

!

{ Solve pressure correction equation to obtain p' ]

!

[Caltulate the corrected pressure field p]

|

[ Calculate u, vand w ]

|

[Solve other discretized transport equations]

Convergance

Yes

!

[Use simulation results to calculate To, Nu and f]

Figure 4. Flow chart of the followed methodology



effect of swirl on turbulence, thus improving the
accuracy for swirling flows (ANSYS FLUENT 15, 2013;
Yakhot & Smith, 1992). The modeled turbulent kinetic
energy, k, and its rate of dissipation ¢, are obtained from
the following transport equations for the RNG k-¢
turbulence model (ANSYS FLUENT 15, 2013; Yadav &
Bhagoria, 2014)

6(k+6(k
3¢ Pl axipui)

a ok 9
(k3 £
+Gb_p€_YM +Sk
0 (pe) + - (
ot Pe) T gy, (peud)
d de £
= a Aelless % + (¢ E(Gk + C3.Gp) (10)

&
_C2£pF_R£+S£

In these equations, G, represents the generation of
turbulence kinetic energy due to the mean velocity
gradients and is evaluated by

au]'
axi

— Tyl
Gy = —puw

1D

G, is the generation of turbulence Kinetic energy due to
buoyancy and is expressed as

pe 0T

G = Bg L ——
b 'B‘glPrtaxi

(12)

Yy represents the contribution of the fluctuating
dilatation in compressible turbulence to the overall
dissipation rate and is defined as

Yy = 2peM}? (13)
The quantities «;, and «, are the inverse effective Prandtl
numbers for k and & respectively. S, and S, are user-
defined source terms.

Uege represents the effective turbulent viscosity and is
given by

Hetr = U+ [t
where (14)
2
ue = pC, &
The default wvalues of the model constants

Cie) Coe, g, @ and C, are equal to 1.42, 1.68, 1.39, 1.39
and 0.0845 respectively.
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Validation of the CFD Model

The selected turbulence model is validated by comparing
the average Nusselt number values predicted by the CFD
model to the values obtained using Dittus-Boelter
equation (see Eqg. 15) (Incropera & DeWitt, 2007) for
smooth SAHSs as presented in Figure 5. This is analogous
to the validation method used in literature (Yadav &
Bhagoria, 2014; Anil Kumar & Kim, 2015). It is clear in
the figure that predicted results for corrugated plate are
closely agreeing with the results of Dittus-Boelter
equation, while the results for the flat plate are
overpredicted to a certain extend. The average error in
Nusselt number values for corrugated plate smooth and
flat plate smooth SAHSs from the Dittus-Boelter equation
was 9.52% and 32.7% respectively while the average
absolute difference was +2.38 and +8.45 respectively.

Nug = 0.0243Rel8Pro4 (15)
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Figure 5. Comparison between the predicted Nusselt number
with Dittus-Boelter Equation at different Reynolds numbers

RESULTS AND DISCUSSIONS

Thermohydraulic performance of considered SAH
designsi.e., 60° V-corrugated and flat absorber plate with
different  roughness elements are investigated
numerically to reveal the effect of roughness elements on
the performance. Outlet air temperature, Nusselt number
and friction factor are three principal parameters that are
examined and discussed. The results are presented for
varying Reynolds numbers. In addition to the results
obtained in this study, the available experimental results
for Nusselt number and friction factor existing in the
literature are also presented as an attempt to further
validate the current study. Due to the difficulty of finding
studies employing the identical geometric and operating
conditions as used in this study, the authors considered
available data from research works on flat plate SAHs
employing same general aim and range of Reynolds
number for the comparisons. Bhagoria et al.(Bhagoria et
al., 2002) and Momin et al.(Momin et al., 2002) used the
concept of adding roughness to enhance the performance
of SAHs which is analogous to the aim of the current
study. Bhagoria et al. used wedge shaped, whereas
Momin et al. employed V-shaped roughness elements



that are transversely attached to the absorber plate. The
range of the Reynolds number considered in their work
(2500 to 18000) is similar to the range employed in the
present study (4000 to 12000).

Outlet air Temperature

The average outlet air temperature at different Reynolds
numbers is presented in Figure 6 for different SAHs
considered in this study. For all SAHSs, the graph shows
a decrease in the outlet temperature of air with increasing
Reynolds numbers.
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For V-corrugated SAHs, a maximum outlet temperature
of 315.32 K was obtained in longitudinal fins case at
Re=4000, while the minimum was 303.7 K in the smooth
case corresponding to Re=12000. In addition, it can be
seen from the graph that corrugated plate SAHs achieved
higher outlet temperatures than flat plate SAHs for the
considered Reynolds numbers. This is mainly because
the corrugated absorber plate offers considerably more
heat transfer surface area than the flat absorber plate,
leading more air to be in direct contact with the absorber
which results in higher outlet temperatures. Further
investigation of the plot shows that at Re=12000, the
corrugated plate-transverse fins SAH achieved higher
outlet temperature than the corrugated plate-longitudinal
fins. This observation raises the idea that at higher
Reynolds numbers the effect of increasing the coefficient
of heat transfer by transverse fins to achieve higher outlet
temperatures surpasses the effect of higher surface area
offered by the longitudinal fins.

For flat absorber plate SAHs, the maximum outlet
temperature was obtained in the longitudinal fins case
which corresponds to 308.7 K at Re=4000, while the
minimum value of outlet temperature was 302.3 K in the
smooth case for Re=12000. This result is akin to the case
of VV-corrugated plate. Moreover, it is noted that for all
Reynolds numbers considered the SAH with longitudinal
fins maintained the highest outlet temperatures among
other flat plate SAHSs.
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To be able to draw general conclusions regarding
considered SAHs’ effect on the outlet air temperature it
is useful to nondimensionalize the air temperature. In this
study non-dimensional temperature is defined as the ratio
of the actual temperature rise from inlet to outlet to the
maximum possible temperature rise (which is the plate
temperature minus inlet temperature) as given in
equation 16. Hence greater non-dimensional temperature
indicates that the outlet air temperature is closer to its
maximum possible value which is the plate temperature.
Figure 7 displays the relation between the non-
dimensional temperature (T,) and Reynolds number for
various SAH configurations. SAHs with transverse fins
achieved better non-dimensional temperature compared
to other configurations. For the first data point
(Re=4000), flat plate-transverse fins achieved higher
value of non-dimensional temperature compared to
corrugated plate-transverse fins case. The non-
dimensional temperature can be thought as a
performance metrics indicating how effective a certain
SAH is achieving the potential maximum temperature
increase across the SAH. Hence, higher value of non-
dimensional temperature for flat plate-transverse fins
compared to corrugated plate-transverse fins for the first
data point (Re=4000) means that at this Reynolds number
flat plate-transverse fins better utilized the available
potential. However, it must be said that the difference is
0.009 which is inconsequential. Since the corrugated
plate-transverse fins SAH results in higher outlet
temperature, the only reason for having higher
dimensionless temperature at Re= 4000 in flat plate-
transverse fins case is due to its much lower plate
temperature  (meaning its  potential maximum
temperature rise is low) than its counterpart, i.e.
corrugated plate-transverse fins case. The variations in
T, values among the other SAHs (corrugated plate
smooth, corrugated longitudinal fins, flat plate smooth
and flat plate longitudinal fins) are minimal, making it
difficult to draw a conclusive remarks regarding which is
better. However, it can be said that corrugated plate
smooth and corrugated longitudinal fins performed
slightly better than their flat plate counterparts.
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Figure 7. Non-dimensional outlet air temperature against
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Nusselt Number

The average Nusselt number at different Reynolds
numbers is presented in Figure 8 for different SAHSs. It
also presents Nusselt number results from the selected
experimental studies for comparison. It is seen that the
trends of Nusselt number obtained in the current
numerical study is in good agreement with the
experimental data. It should be noted that the
experimental data are not meant for one to one
comparison with the data obtained from the present study
since the configuration used in the experimental studies
are not identical to the configurations used in the current
study. The graph shows that for all SAHs considered,
increasing Reynolds number causes increase in Nusselt
number due to the accompanied decrease in the thickness
of the laminar sub-layer. For V-corrugated SAHSs, the
highest value of Nusselt number was obtained in
transverse fins case which correspond to 45.8 at
Re=12000. The transverse fins act as turbulators, they
break the laminar sub-layer and generate secondary flow
and reattachment region after the fin resulting in higher
Nusselt numbers. In addition, the vortex flow generated
by the fin contribute to the enhancement of local heat
transfer by mixing and transporting the low temperature
fluid in mid-duct to be in contact with the heated absorber
plate. Figure 9 presents the velocity contour and
reattachment region generated in the corrugated plate-
transverse fins SAH. The lowest Nusselt number with
value of 15.7 occurred in the longitudinal fins case at
Re=4000.

It is important to note that the increase in Nusselt number
alone is not the only factor to consider when evaluating
the performance of a SAH. The overall thermal
performance of the system, as well as the associated
increase in friction factor, should also be taken into
account. The results of this study suggest that the SAH
with longitudinal fins was able to achieve a higher outlet
temperature despite having lower Nusselt number values
compared to the transverse fins SAH. This highlights the
need for a balance between heat transfer enhancement
and pressure drop in the design of SAHSs. The next section
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of the paper provides further discussion on the friction
factor.

For flat absorber SAHSs, the highest Nusselt number was
achieved in transverse fins case at Re=12000 with a value
of 58.4. On the other hand, a Nusselt number of 19
corresponding to the minimum value was obtained in
longitudinal fins case at Re=4000.

It is noted that for all Reynolds numbers considered the
transverse fins case maintained the highest Nusselt
numbers, while the longitudinal fins case produced the
lowest values of Nusselt number. Therefore, it is apparent
that the addition of roughness largely had the same effect
on Nusselt number for both the flat and corrugated
absorbers. Further investigation of the results suggests
that the increase in Nusselt number that the transverse
fins achieve over the smooth absorber SAH is higher in
the case of flat absorber SAH than in the case of
corrugated absorber SAH. This means that the difference
in Nusselt number between the plate with transverse fins
and smooth plate is considerably higher in the flat
absorber plate SAH. Moreover, the decreases in average
Nusselt number encountered by the addition of
longitudinal fins was higher in the flat plate.
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Friction Characteristics

The average friction factor at different Reynolds humbers
is plotted in Figure 10 for different SAHSs. It can be
observed that average friction factors are decreasing with
increasing Reynolds number. It is thought that the



decrease in the friction factor is due to the termination of
the laminar sub-layer encountered at rising Reynolds
number.

For V-corrugated SAHSs, the highest friction factor with
value of 0.028 was achieved in transverse fins case as
expected since the transverse fins have high flow
resistance causing the pressure drop to increase. The
smooth and longitudinal fins cases had close results for
the average friction factor as seen in the graph. The
minimum average friction factor occurred in the smooth
case at Re=12000.

The friction factor represents a good reflection of the
pumping power requirements of the SAHSs since they
share the same geometric characteristics; hydraulic
diameter, length, etc. Generally, the addition of fins
causes higher pressure-drop and hence higher pumping
power. Therefore, the goal in SAH systems is to increase
the outlet air temperature while keeping the pressure drop
as low as possible. The addition of transverse fins on the
corrugated plate resulted in an average friction factor of
0.0245 which is almost 2 folds that of the smooth case,
while offering 1 degree increase in the outlet temperature
compared to the smooth plate. On the other hand, the
longitudinal fins generated an average friction factor of
0.0123 which is slightly higher than the that of the
smooth case while offering up to 4 degrees increase in
the outlet temperature as compared to the smooth plate.
Therefore, the longitudinal fins represent a better
alternative, since it resulted in higher outlet temperature
with half of the pumping power requirement for the
transverse fins.

For flat absorber SAHs, the maximum friction factor
value occurred in transverse fins case at Re=4000, while
the lowest value of the average friction factor occurred in
the longitudinal fins case at Re=12000. The findings
showed that for the average friction factor, the addition
of fins had a similar effect in both flat absorber plate and
corrugated absorber plate. Furthermore, a thorough
investigation of the results suggests that the increase in
the average friction factor caused by attaching transverse
fins to a corrugated absorber is higher than the flat
absorber case.

Figure 10 also presents the results of the friction factor
from selected experimental studies for comparison. It can
be observed that the trends of the friction factor obtained
in the current numerical study match well with the
experimental data.

In addition, Figure 10 shows a decrease in the friction
factor by addition of longitudinal fins for the flat plate
SAH, also the corrugated plate-smooth and corrugated
plate-longitudinal fins achieved lower friction factor
values than their flat plate counterparts. Although all
SAHs were assigned with same uniform air velocity
(hence the same Reynolds number) at the inlet section,
the test sections’ velocity distribution are different for
different SAHs due to their geometrical differences

(smooth, transverse fins, longitudinal fins) in the air
channel. As illustrated in Figure 10, the friction factor is
function of Reynolds number which is dependent on the
velocity and higher Reynolds number (higher velocity)
means lower friction factor. Addition of longitudinal fins
to the flat plate SAH resulted higher velocities in the test
section compared with the smooth one which is the
reason for lower friction factor. This phenomenon can be
observed in Figure 11. Similarly, corrugated plate
smooth SAH experienced higher velocities than flat plate
smooth SAH as shown in Figure 12 causing lower
friction factor in corrugated plate smooth SAH. On the
other hand, corrugated plate-longitudinal fins, and flat
plate-longitudinal fins SAHs had similar velocity
distribution in the test section as shown in Figure 13,
which led to close friction factor values.
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Figure 10. Friction factor against Reynolds number for
different SAHs

e
Velocity [ms?-1]
g
oW 53 (01 480 0 \2 61 420 413 (0T 48D 43D 81 (A0 (9D AT OO
i Air Flow
il
(a) -
ANSYS
201583
Velocity [ms-1]
000 953107 160 213 267 320 1713 2427 580 533 587 (A0 (93 74T g 00
Air Flow
v—
i

o oot
— —

(b)
Figure 11. Velocity contour in the test section of (a) Flat plate-
smooth (b) Flat plate-longitudinal fins SAHs



Air Flow
m—

oo 0100 (m)
— 1
oors

(b)
Figure 12. Velocity contour in the test section of (a)
Corrugated plate-smooth (b) Flat plate-smooth SAHs

=

oot o100 tm)
—
615

N0
Figure 13. Velocity contour in the test section of (a)
Corrugated plate-longitudinal fins (b) Flat plate-longitudinal
fins SAHs

o
—
o0

Figure 14 shows the pressure drop at different Reynolds
numbers for the considered SAHSs. It is seen from the
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figure that the pressure drop increases as Reynolds
number increases. For different types of SAHs the
pressure drop results follow similar fashion as the friction
factor results, e.g. the maximum pressure drop and
friction factor occurred in corrugated plate-transverse
fins case, whereas minimum pressure drop and friction
factor occurred in corrugated plate-smooth case. Simply
it can be said that configuration with higher friction factor
resulted in higher pressure drop.
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CONCLUSION

The objective of this work is to numerically investigate
the thermohydraulic performance of six SAHs;
corrugated plate-smooth, corrugated plate-transverse
fins, corrugated plate-longitudinal fins, flat plate-smooth,
flat plate-transverse fins and flat plate-longitudinal fins,
at different Reynolds numbers. Simplified three-
dimensional model of each SAH was constructed by
SolidWorks software, then the model was exported to
ANSYSS Fluent software to simulate and analyze the fluid
flow inside the SAHs. The required setting and methods
for solving the governing equations and to model
turbulence were set. An appropriate mesh was generated
for each SAH and required boundary conditions were
assigned to the different surfaces in the computational
domain.

The results showed that the maximum outlet air
temperature was 315.32 K in the corrugated plate-
longitudinal fins SAH at Re=4000, while the minimum
outlet air temperature was 302.27 K in the flat plate-
smooth SAH at Re=12000. In addition, the findings
showed a considerable improvement in the average
Nusselt number by attaching transverse fins to the
absorber plate. The highest obtained average Nusselt
number was 58.37 in the flat plate-transverse fins SAH at
Re=12000, while the minimum average Nusselt number
occurred in the corrugated plate-longitudinal fins SAH
with a value of 15.67 at Re=4000. Similarly, a noticeable
friction factor increase was found in SAHs with
transverse fins. The maximum average friction factor was
0.0277 in the corrugated plate-transverse fins SAH at
Re=4000. On the other hand, the minimum average



friction factor was obtained in the smooth corrugated
plate SAH at Re=12000 and with a value of 0.0097.

The corrugated plate-longitudinal fins SAH was found to
be the most effective configuration. It was able to achieve
the highest outlet temperature with lower friction factor
values. Moreover, the addition of each roughness
elements; transverse fins and longitudinal fins is
observed to have generally a similar effect on the
thermohydraulic performance of the two SAHs types
considered. The results show that the enhancement in
Nusselt number that the transverse fins provide compared
to the smooth absorber SAH is greater in the case of the
flat absorber SAH than in the case of the corrugated
absorber SAH. In addition, the results suggest that the
average friction factor is increased more by attaching
transverse fins to a corrugated absorber than to a flat
absorber.

The manufacturing aspect of the proposed SAHs with
roughness elements is important to consider as it could
result in added cost which may not be justified by the
improvement in performance. Therefore, further
investigation is needed to fully understand the feasibility
of implementing the proposed SAH configurations in
practical systems, which is out of the scope of the current
study. However, the authors suggest the use of thermally
conductive adhesives as a potential practical solution for
attaching roughness elements to a corrugated absorber.
This could be investigated in future work.
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Abstract: Metal-Insulator-Metal (MIM) nanostructures provide tunable multiple absorption/emission peaks desirable
for spectroscopy, light sensing and thermophotovoltaic (TPV) applications. The efficiency of TPV systems can be
improved by employing MIM emitters with resonators that allow high emission above PV cell bandgap and low
emission elsewhere. Although there have been attempts to design MIM emitters for TPV systems, a comprehensive
study that investigates and optimizes different resonator shapes is lacking. In this study, broadband TPV emitters with
W-SiO2-W nanostructures are optimized for pairing with GaSb PV cells. A numerical approach is followed utilizing
finite-difference time-domain method and particle swarm optimization scheme, MIM emitters with four resonator
shapes: disk, square, pyramid, and cone are dimensionally optimized to attain an emissivity spectrum that overlaps with
high quantum efficiency region of the GaSb cell. The optimized emitters are compared for efficiency, power output,
material consumption, as well as their optical response to temperature and angular effects. At an emitter temperature of
1600 K, electrical power outputs of 2.335-2.418 W-cm2 and spectral efficiencies of 56.2-57.6% are obtained. It is found
that flat resonators tend to achieve similar performance to that of pointy resonators with shorter heights. Among the
considered shapes, disk emitter demonstrates the highest efficiency with minimum material consumption. Compared to
a plain W emitter at the same temperature, the disk MIM emitter exhibits significantly higher spectral efficiency and
electrical power output (34% and 215% respectively). The results demonstrate the successful use of nano-elements in
TPV systems, and the potential for fabricating and realizing such structures.

Keywords: Metal-insulator-metal, selective emitter, surface plasmon polariton, magnetic polariton, nanostructure,
thermal radiation harvesting, particle swarm optimization.

SICAKLIGA BAGLI YAYINIM GOSTEREN NANOYAPILI W-SiO,-W SECIiCi
YAYICININ TERMOFOTOVOLTAIK UYGULAMALAR iCiIN GEOMETRIK
OPTIMIZASYONU

Ozet: Metal-yalitkan-metal (MIM) nanoyapilar, 1sik algilama, spektroskopi ve termofotovoltaik (TPV) uygulamalar
icin arzu edilen, ayarlanabilir sogurma/yayma spektrumu olusturur. TPV sistemlerin verimliligi, PV hiicrenin bant
aralig1 enerjisi lizerinde yiiksek, altinda diisiik yayma saglayan rezonatorlerin yayicida kullanimiyla iyilestirilebilir.
Daha 6nce MIM yapilarin TPV yayict olarak tasarlanma girisimleri olmasina ragmen, farkli rezonatdr sekillerinin
optimizasyon ve kapsamli incelenmesi eksiktir. Bu ¢alismada, GaSb PV hiicre ile eslestirilmek tizere, W-SiO2-W
nanoyapili genis bant TPV yayicilar optimize edilmistir. Zamanda sonlu farklar ydntemi ve pargacik siirii
optimizasyonu kullanilarak, disk, kare, piramit ve koni olmak tizere dort rezonatoér seklinin boyutlari, emisivitelerinin
GaSb hiicrenin kuantum verimliligiyle spektral olarak eslesmesi igin nlimerik olarak optimize edilmistir. Optimize
edilen yayicilar; verim, gii¢ ¢iktisi, harcanan malzeme miktari, yayma agist ve sicaklik degisimine karst optik
davranislar1 bakimmdan kargilastirilmistir. 1600 K yayict sicakliginda, 2.335-2.418 W-cm™ araliginda elektriksel giig
¢iktist ve %56.2-57.6 araliginda spektral verim elde edilmistir. Diiz yapili rezonatdrlerin, sivri yapili rezonatorlerle
benzer performanslara, daha algak boyutta nanoyapilarla ulastigi gozlenmistir. Incelenen sekiller arasinda, disk
rezonatdr kullanan yayicilarin en yiiksek verime en az malzeme kullanimi ile eristigi gézlenmistir. Disk rezonatorlii
yayicinin, ayni sicaklikta diiz W yayiciya gore, oldukea yiliksek spektral verim ve elektriksel gii¢ ¢iktis1 saglayacagi



gosterilmistir (sirasiyla, %34 ve %215). Calismanin sonuglari, nano elamanlarin TPV sistemlerde basarili kullanim ve

iiretim potansiyelini gostermektedir.

Anahtar Kelimeler: Metal-yalitkan-metal, segici yayici, yiizey plazmon polariton, manyetik polariton, nanoyapi, 1sil

radyasyon harmanlamasi, pargacik siirii optimizasyonu.

NOMENCLATURE

E Electric field intensity [V m™]

Eq Bandgap energy [eV]

E,»  Spectral blackbody radiation [W m2 um™]
Ein In-band radiation [W m?]

Eww  Total emissive power [W m?]

EQE External quantum efficiency

F Objective function

FF Fill factor

J Current density [A m?]

Jo Reverse saturation current density [A cm]
Jsc Short circuit current density [A cm?]

Pel Electrical power output [W cm]

Te Emitter temperature [K]

Tc TPV cell temperature [K]

Voc  Open circuit voltage

c Speed of light in vacuum [2.998x108 m s]
d Diameter or base width of the resonator [nm]
h Height of the resonator [nm], Planck’s

constant [6.626x103 m? kg s]

k Wave vector [m™]

Kp Boltzmann constant [8.617x107° eV K]
n Ideality factor

t Thickness of the dielectric layer [nm]

q Charge of an electron [1.602x102° C]

X Position of the particle

v Velocity of the particle

A Period of the nanostructure [pum]

oy, Spectral absorptivity

B Amendment factor

&1 Spectral emissivity

e Emitter (spectral) efficiency

nev Thermophotovoltaic system efficiency
Ag Wavelength of radiation corresponding to the

bandgap energy of the cell [um]
v Normalized open circuit voltage
P Spectral reflectivity

INTRODUCTION

The ever-growing need for energy in the world directs
researchers to look for alternative ways to convert
energy. Thermophotovoltaic (TPV) conversion is among
the promising candidates. A TPV system converts
infrared radiation emitted by a thermal source (emitter)
directly into electrical power by means of a photovoltaic
(PV) cell (receiver). Silicon (Si) and Gallium antimonide
(GasSh) are among the two most popular PV cells used in
TPV prototypes (Ferrari, et al., 2014), while the low
bandgap of GaSb (Ey = 0.72 eV) (Adachi, 2013) makes it
more suitable compared to Si (Eq = 1.12 eV) for TPV
systems with currently attainable emitter temperatures.

The biggest obstacle in development of efficient TPV
systems is the spectral mismatch between the thermal
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emission of the emitter and the PV cell bandgap. An ideal
emitter should mainly emit photons with energies higher
than or equal to the bandgap of the cell, i.e., in-band
photons. TPV system prototypes with GaSb cells usually
employ silicon carbide (SiC) or tungsten (W) based
emitters (Ferrari, et al., 2014). SiC emitters, although
generating a certain amount of power, have very low
efficiency due to their high infrared emissivity. W is a
suitable selective emitter for GaSb cells since it has high
emissivity in the in-band region of the cell. Spectral
selectivity can also be achieved by imprinting
nanostructures on materials surface. Nanopatterning is
usually applied to reduce reflectivity and increase the
absorptivity/emissivity of materials (Atak, et al., 2022;
Bandiera, et al., 2008; Deinega, et al., 2011; Yiiksel, et
al., 2015; Sai & Yugami, 2004). Among nanostructured
materials, metal-insulator-metal (MIM) configurations
were shown to further create multiple plasmonic
resonances that allows tunable absorption/emission
peaks (Aydin, et al., 2011; Yokoyama, et al., 2016; Lee,
et al., 2008; Sakurai, et al., 2015) which exhibits high
utility for TPV emitters. A MIM nanostructure is a tri-
layer metamaterial consisting of metallic base layer
(reflector), a dielectric spacer, and periodically placed
metallic patches (resonators) on top. Several researchers
employed MIM structures to design selective TPV
emitters (Wang & Zhang, 2012; Woolf, et al., 2014;
Song, et al., 2016), solar absorbers (Han, et al., 2016;
Han, et al., 2017), and TPV cells (Isobe & Hanamura,
2019). MIMs consisting of W and SiO, were shown to
produce broadband and high emissivity/absorptivity in
the available region of GaSb related cells. For example,
Wang and Zhang (Wang & Zhang, 2012) designed a TPV
emitter with W base, SiO, spacer, and W strips (W-SiO.-
W) which showed near unity absorption in the range
0.73-1.83 um. Zhang, et al. (2021) designed a W-SiO--
W absorber with W strips with trapezoidal profile that
showed high absorption between 0.55-1.9 um. However,
the one-dimensional grating structure causes polarization
dependence of the emissivity, and resonators as tall as
2300 nm are used. Zhao, et al. (2013) reported a similar
emitter design with square resonators, showing
polarization independent and high emissivity between
0.7-1.8 um. Han, et al. (2017) fabricated W-SiO,-W
based solar absorber with disk resonators that showed an
absorptivity over 90% between 0.5-1.75 pm, which
remained unchanged for incidence angles up to 40°. Zhao
and Fu (2016), numerically investigated a multilayer
periodic SiO,-W-SiO,-W grating and achieved high
emissivity suitable for InGaSb cells. The performance of
their design is similar to that of MIMs; however, its
structure is challenging in terms of fabrication.

Recent W based emitter designs encountered in the
literature have room for improvement. A major issue is
that the optical properties of W are mostly evaluated at



room temperature and considered in the same way to
design selective emitters (Yiiksel, et al., 2015; Wang &
Zhang, 2012; Song, et al., 2016; Zhao, et al., 2013;
Sakurai & Matsuno, 2019; Celanovic, et al., 2008;
Blandre, et al., 2019), although the spectral emissivity of
W varies greatly with temperature (Touloukian &
DeWitt, 1970; Roberts, 1959). Feasible TPV systems
should be operated at high temperatures (>1000 K) to
generate enough power for use. Temperature dependence
of spectral emissivity of W has considerable effect on the
efficiency estimation of TPV systems (Atak, 2021). As
an exception, the emitter design of Silva-Oelker et al.
(2018) does take high temperature optical properties of
W into account in their design. However, the one-
dimensional periodic structure of the emitter makes the
emissivity polarization-dependent and uses W resonators
as tall as 1 pm to reduce this dependency. This presents
a fabrication challenge, similar to that of Zhang, et al.
(2021). The most important issue is that the majority of
MIM studies focus on one resonator type, which are
usually disks or square patches. There is limited number
of MIM studies with pointy resonators such as trapezoids
(Zhang, et al., 2021), pyramids (Zheng, et al., 2019) and
truncated pyramids (Dang, 2020), but they are not
explored and optimized for TPV applications, and their
performance is not compared to MIMs with other
resonator shapes. In addition to the optical and thermal
performance, the amount of material consumption is also
affected by the shape of the resonators, which is
important for large scale fabrication. Thus, a
comprehensive study on the effect of shape on the
performance of TPV emitters should be performed.

Considering aforementioned gaps in the literature, the
objective of the present study is to optimize W and SiO;
based MIM emitters with differently shaped resonators,
to be paired with GaSb cells, and systematically
investigate the effect of resonator shape on the emitter
performance. The parameter optimized in this work is the
shape of the nano-elements, and the evaluation includes
the following four homeomorphic resonator shapes:
squares, disks, pyramids, and cones. The optimizations
are performed to achieve high efficiency and power
output at elevated temperatures. The optimized structures
are compared in terms of spectral efficiency, power
output, TPV system efficiency, material consumption, as
well as optical response to the changes in the emission
temperature and angles.

MATERIAL AND METHOD
Material

In this study, GaShb is selected as the TPV cell material,
due to its low bandgap and maturity of systems with
GaSbh cells. GaSb has a direct bandgap of 0.72 eV
(Adachi, 2013) , which corresponds to the energy of a
photon at a wavelength of 1.72 um. According to Wien’s
Displacement Law, in order to have thermal radiation
peak at this wavelength, a blackbody should be heated up
to 1680 K. In this work, W is selected as the metal base,
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due to its high melting temperature (3695 K) and low
evaporation rate in vacuum at temperatures up to 2000 K
(Gombert, 2003), exhibiting high temperature stability.

In MIM designs, weakly absorbing dielectric oxides are
usually used as the dielectric layer. SiO; is chosen as the
dielectric spacer in this work due to its high
transmissivity of the light in the visible and near infrared
range and high melting temperature (1983 K). MIMs
composed of W and SiO, have bheen successfully
fabricated as TPV emitters (Sakurai & Matsuno, 2019),
and solar absorbers (Han, et al., 2017). Kim et al. (2017)
has shown that a TPV emitter composed of multiple W
and SiO; thin layers were stable at 1300 K although they
displayed delamination spots at 1400 K. Compared to the
design of Kim et al. (2017), the MIM structure
considered in this work has fewer layers, hence it is
expected to be more resistant to delamination at higher
working temperatures. In this study, the MIM designs to
be optimized are composed of a W substrate, SiO;
dielectric layer, and periodically spaced W resonators on
top.

Method

An ideal broadband TPV emitter has an emissivity of 1
above the bandgap and 0 below the bandgap as given in
Eq (1). However, obtaining an emissivity spectrum with
a sharp cut-off is challenging, if not impossible. In order
to maximize in-band radiation with high utility,
researchers usually try to obtain a peak emissivity at
around the bandgap.

8(7\)={1’ 0<A<A,um )

0, ?\>Ag um

Having a peak emissivity at g results in considerable
emission for A > 4, which in turn decreases the overall
efficiency. Other than the bandgap, one alternate
parameter for TPV emitter design is the external quantum
efficiency (EQE) of the cell. EQE is defined as the
number of electron-hole pairs created per incident
photon. In PV cell applications, EQE peak does not
always overlap with the bandgap. For example, GaSb has
a bandgap of 1.72 pm, but GaSb cell produced by JX
Crystals (JXC) has its peak EQE (which is around 80%)
centered at A= 1.5 um and has nonzero values up to 1.80
um (Fraas, et al., 2002). A selective emitter matching the
high EQE region would have less out-of-band radiation
while maximizing the electrical power output. For
wavelengths below 0.6 pm, the EQE of GaSh is low and
the amount of radiation emitted by TPV emitters at
attainable temperatures (1000-2000 K) is negligible.
Therefore, the high emissivity region is set as 0.6-1.8 pm.
The emissivity for wavelengths longer than 1.8 um
should be suppressed to keep the out-of-band radiation
low. With these considerations, an objective function was
developed to maximize the emissivity of the emitter
within the high external quantum efficiency region of the



GaSb cell while suppressing the out-of-band radiation.
The objective function (F) is defined in Eq. (2).

1.8 5
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In order to prevent additional emissivity peaks, the long
wavelength limit of the low emissivity region is taken as
5 um. In this context, F is a measure of the selectivity of
the emitter, where high in-band emissivity and low out-
of-band emissivity maximizes its value. For an ideal
emitter, F should be unity. A similar optimization method
is previously used in the optimization of MIM emitters
for the GaSb cell where the designed emitter showed both
higher emitter efficiency and higher in-band radiation
than frequently used emitters such as silicon carbide
(SiC) and W (Atak, et al., 2021).

In the current design of W-SiO,-W emitter, the bottom W
layer is assumed to optically thick, i.e., the transmission
through it is assumed zero. By Kirchhoff’s law, for a
body at equilibrium, the emissivity and the absorptivity
should be equal at all wavelengths. Therefore, the
spectral emissivity can be calculated using Eq. (3):
g =0 =1-p, 3
The calculation of reflectivity from nanostructured
surfaces requires Maxwell’s equations to be solved. For
this purpose, a numerical algorithm, the Finite-
Difference Time-Domain (FDTD) method is employed.
Originally developed by Yee (1996), FDTD aims to solve
for the interaction of electromagnetic radiation with
arbitrarily complex geometries, by discretizing the
Maxwell’s curl equations. FDTD method is widely
employed in nano-photonics research.

In Figure 1, the four MIM designs and the computational
domain of a disk MIM structure are given. A plane light
source is incident normal to the x-y plane. The x and y
boundary conditions are periodic, since the nanostructure
design repeats in both directions. The z boundary
conditions are set as stretched coordinate perfectly
matched layer (PML) in order to prevent reflections from
the boundaries. This set of boundary conditions is
frequently employed in the simulation of periodic
nanostructures (Yiiksel, et al., 2015; Sakurai, et al., 2014)
and shown to be consistent with experiments (Matsuno
& Sakurai, 2017).

In the simulations, optical properties SiO, are taken from
Palik’s Handbook (Palik, 1998) since the emissivity of
SiO, is low and shows negligible temperature
dependence (Rozenbaum, et al., 1999). The temperature
of W is taken to be 1600 K since it was previously shown
that W-based TPV emitters can be operated around
similar temperatures (Fraas, et al., 2000). In order to
account for the change in the emissivity with
temperature, the Drude model by Roberts (1959) is used.
In order to validate the method, Silva-Oelker et al.’s
(2018), W-HfO,-W design with rectangular W strips is
studied using FDTD, and the results are compared with
those of Silva-Oelker et al. acquired by rigorous coupled-
wave analysis (RCWA) method. Silva-Oelker et al.’s
(2018) study is chosen for validation since the
temperature of W in their design (1680 K) is similar to
that of the present study. For accurate results, the mesh
step should be at least ten times smaller than the smallest
wavelength being simulated (Deinega, et al., 2011).
Since wavelengths shorter than 500 nm are not in the
scope of this work, the mesh step should be smaller than
50 nm. It is seen that the results converge to a constant
value at 5 nm mesh size and decreasing the mesh size
further did not improve the results, hence it is used for
the rest of the simulations. The result of the present
FDTD simulation is compared to the RCWA results of
Silva-Oelker et al. (2018). in Figure 2.

Periodic Periodic

Figure 1. The MIM designs and the computational domain of a disk MIM structure.
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Figure 2. Emissivity of W-HfO2-W emitter with rectangular
W strips of Silva-Oelker et al. (2018) obtained by RCWA and
the present FDTD Simulation

The emissivity spectrum for TM polarized light predicted
by FDTD (in the present work) is in good agreement with
RCWA results of Silva-Oelker et al. (2018) with a
maximum deviation of 9.1%, hence the model is
validated.

In another study of W based MIM emitters (Silva-Oelker,
etal., 2019), the polarization averaged spectral emissivity
is found to be a good approximation of the hemispherical
emissivity. Hence, in this study, majority of the FDTD
simulations are performed considering normal
emissivity.

Optimization

The objective function, F defined earlier by Eq. (2) is
formed to maximize emitter emissivity within the high
external quantum efficiency region of the GaSb cell and
suppress the out-of-band radiation. In order to find the
nanostructure parameters yielding the highest F given by
Eqg. (2), Particle Swarm Optimization (PSO) is employed.
PSO is a stochastic optimization algorithm designed by
Kennedy and Eberhart (1995). In PSO, firstly, possible
solutions called “particles” are generated, then these
particles are moved in the solution space until maximum
number of generations or a given convergence criterion
is achieved. The movements of particles are affected both
by their personal best positions and the best positions
attained by the other particles. A mathematical
description of the velocity (v) and the position (x) of each
particle at each iteration are given in Egs. (5a, 5b) (Shi &
Eberhart, 1998). With this iterative process, eventually,
all particles are expected to gather around the global best
position, similar to bees swarming around the region with
highest flower density.

v=w-v+ ;7 (Dpest — X)

+ 275 (Gpest — X) (5a)

(Sb)

xX=x+v
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In Egs. (5a) and (5b) w is the inertia factor, c; and c; are
weights, r1 and r, are random coefficients, ppest iS the
personal best position a particle has encountered, and gpest
is the global best position encountered by all particles. In
this work, w = 0.729 and c1 = ¢ = 1.494 are used as
recommended by Robinson and Rahmat-Samii (2004)
for electromagnetics.

In this optimization scheme, the position (x) vector is
multidimensional with each dimension representing an
optimization parameter. Since each additional parameter
increases the computational time exponentially, it is
important to assess the impact of each parameter and
optimize those with higher impact. The main physical
mechanism behind achieving broadband high emissivity
with MIM structures is exciting surface plasmon
polariton (SPP) and magnetic polariton (MP) resonances
close to each other on the spectrum. In Wang and Wang
(2013), it was shown that SPP resonance depends on the
period, while MP resonance depends on the resonator
width. In fact, the cut-off wavelength around 1.8 pm
remained unchanged between periods of 0.5-0.8 um. In
other studies, cut-off wavelengths between 1.57-1.83 um
were achieved for periods of 0.5-0.6 um (Han, et al.,
2017; Zhao, et al., 2013; Sakurai & Matsuno, 2019;
Khorrami & Fathi, 2019). In a previous study on
optimization of W-SiO,-W emitters with periods of 0.4-
0.8 pm, it was shown that using 0.4 pm period creates a
dip in the emissivity spectra due to the two main
resonances being too far apart on the spectrum (Atak,
2021). In the same study, it was also seen that minimum
resonator height is obtained at 0.6 um period. Therefore,
in the present work, a period of 0.6 pm is used. Since MP
resonance, which determines the cut-off wavelength
depends on the resonator width, it is varied between zero
and the period for the optimizations performed in this
study. The width is equated to base length for square
bases and diameter for circular bases. In Wang and Wang
(2013), it was observed that the absorptivity in general
increases with the resonator height, however, the peak at
the MP resonance begins to decrease after 150 nm. In the
same study, the thickness of the spacer layer is varied
between 30-150 nm. It was seen that the peak
absorptivity increased with SiO; thickness up to 80 nm,
beyond which it decreased. In Khorrami and Fathi (2019)
it was shown that the emissivity was enhanced gradually
by increasing the thickness of the SiO, layer from 30 nm
to 110 nm. Considering these findings, the range of
resonator height and SiO; layer thickness are set to 0-200
nm for the optimization.

In summary, in order to obtain the emissivity profile
giving maximum F, there are three parameters to be
optimized: resonator width (d), resonator height (h), and
the thickness of the dielectric layer (t). Within the scope
of this study, PSO procedures are followed separately for
each shape. The solution space is three dimensional with
parameters t, d, and h. For each optimization, 10 random
particles are generated initially. These particles are
moved through the solution space for 10 generations, and
evaluated according to F given in Eq (2).



Performance Evaluations

For this study, three metrics are considered to evaluate
the performance of TPV systems: the emitter efficiency,
the TPV system efficiency (radiation-to-electricity
efficiency), and the electrical power output. For the scope
of this study, the view factor losses are ignored since
emitter and cell are very close and parallel to each other.
The performance evaluations are based on the normal
emissivity since the emitter and cell usually directly face
each other in TPV systems and the selectivity of W-SiO,-
W structures is largely independent of angles (Han, et al.,
2017). The in-band radiation is defined as the emissive
power of the emitter within the wavelength range 0-A4, as
in Eq. (6).

A
E, = f e (DEy (4, T, )dA ©)
0

The total emissive power radiated from an emitter is
defined as in Eq. (7):

B = | 6B T @)
0

The spectral emissive power of a blackbody (E, ) is
given by Planck’s law (Incropera, et al., 2011) as in Eq.
(8):

C
Epp(L,Tg) = .

2°[exp(C,/ATg) — 1]

(®)

where C; = 3.742 x 108 W pum*m2 and C, =1.439 x 10*
W pum K.

The emitter efficiency (ye), also called the spectral
efficiency (Fraas, et al., 2003) is defined as the ratio of
in-band radiation to the total emissive power of the
emitter at a given temperature (Chubb, 2007), and shown
in Eq. (9).

)

2
Ny = Em fo Y e (DEyp (A, Tp)dA
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The overall efficiency of the TPV system depends both
the emitter and the TPV cell. The TPV system efficiency
(ntev), as in Eq. (10), can be calculated by dividing the
electrical power output to the radiative power of the
emitter. It should be noted that this efficiency assumes a
view factor of unity.

Pel

Etotal

(10)

Nrpy =

The electrical power output (P,;) from a TPV cell is a
certain fraction (the fill factor, FF) of the product of open
circuit voltage (Voc) and the short circuit current (Js)
(Chubb, 2007) as in Eq. (11):

) Py =FF Jo 'V _(11)
The maximum current occurs when the TPV cell is short
circuited. This is called the short circuit current density,
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Jsc (@lso known as the photocurrent density) and is
calculated using Eq. (12) (Cai, et al., 2020).

q (%
Jse =3 f &) -EQE(A) - Ey, (4, T)Adr  (12)
¢Jo

In Egs. (6), (9) and (12), Aq of GaSb cell is taken to be
1.80 pum, since JXC standard GaSb cells show nonzero
EQE up to this value, meaning that current is generated
even after the known bandgap of GaSh. When there is no
current present, maximum possible voltage is achieved.
This is called the open circuit voltage (Voc) defined in Eq.
(13) (lles, et al., 1996):

ksl Jse

q Jo (13)

oc =

In Eq. (13), nis the ideality factor that is assumed to be
1. The reverse saturation current density (Jo), also known
as the dark current, is the current flowing when there is
no light present. Jo depends on the material as well as the
temperature of the cell. In the case of GaSb cell, an
expression for Jo in units A/cm? is derived by Fraas et al.
(1991) asin Eq. (14):

s

kB Tc

Jo = 1.84-1073T3 exp< (14)

Then, the fill factor (Eq. (15)) is calculated by (Qiu, et
al., 2006):

v —In(v+ 0.72)

v+1 (15)

FF =8

where v is the normalized open circuit voltage given as
in Eq. (16) (lles, et al., 1996):

Voc

v nkBTc/q (16)
In Eq. (15), B is the amendment factor which accounts for
cell parasitic losses. In the present work, £ =0.96 is used
as recommended by Qiu et al. (2006). In Egs. (13), (14)
and (16), the cell temperature (T¢) is assumed to be 300
K. In Egs. (6), (9) and (12), considering the JXC standard
GasSb cells, Aq is taken as 1.8 um in order to accurately
calculate the power.

RESULTS AND DISCUSSION

The optimum parameters found by PSO, the volumes of
the resonators and the corresponding F values are
presented in Table 1. All of the emitters converged to
similar values of F, with almost identical SiO»
thicknesses. However, the volume of the resonator varied
from shape to shape. Cone and pyramid resonators tend
to have smaller widths while having greater heights
compared to disk and square ones.



Table 1. The optimized nanostructure parameters and corresponding values of objective function, F

Resonator SiO; Resonator Resonator Resonator =
Shape Thickness (hm) Height (hm)  Width (hm)  Volume (nm?®)
Disk 112 28 322 2.28x10° 0.714
Square 113 36 276 2.74x10° 0.715
Cone 113 93 344 2.88x10° 0.710
Pyramid 113 105 285 2.84x10° 0.711

The smallest resonator height and volume are obtained
with the disk resonator. The height of the disk resonator
is 28 nm which is smaller than the resonators of similar
W based MIM emitters/absorbers (Wang & Zhang, 2012;
Song, et al., 2016; Han, et al., 2016; Han, et al., 2017;
Zhao, et al., 2013; Sakurai & Matsuno, 2019; Silva-
Oelker, et al., 2018; Wang & Wang, 2013; Khorrami &
Fathi, 2019). It is seen that cone and pyramid structures
tend to become taller compared to disk and square, in
order to achieve similar F. Among the four shapes,
pyramid is the tallest with 105 nm height. which is still
much smaller compared to a similar W-SiO,-W design
with trapezoidal resonators (Zhang, et al., 2021).

In Figure 3, spectral emissivity of optimized MIM
emitters with the four resonator shapes are shown in
addition to the spectral emissivity of plane W at 1600 K
and EQE of GaSbh (Fraas, et al., 2002) . It is seen that
MIM emitters regardless of the resonator shape can be
optimized to demonstrate high spectral selectivity.
Compared to plain W emitter, W-SiO,-W configurations
have substantially higher emissivity in the in-band
region, whereas emissivity becomes almost identical to
that of plain W around 5 pm. All four emitters showed
emissivity peaks at similar wavelengths, two peaks at
0.64 um, 0.78 um and a third peak between 1.22-1.28
pm.

Although the emitters are optimized to be used at 1600
K, it is useful to see how their selectivity is affected by
temperature. In Figure 4, the emissivity spectra of W-

SiO,-W emitters at temperatures of 300 K, 1100 K, and
1600 K are shown. The optical properties of W at room
temperature were taken from Palik’s Handbook (Palik,
1998) while Drude model of Roberts (1959) is used for
higher temperature considerations. It is seen that the
locations of emissivity two leftmost peaks around are the
same at all temperatures, however the rightmost peak
shifts towards lower wavelengths with increasing
temperature. The shift of the third peak between 300 K
and 1600 K temperatures is about 440-460 nm for disk,
square and cone resonators, and 360 nm for the pyramid.
It can be said that the selectivity of pyramid resonators is
less prone to changes in the temperature compared to
other shapes.

Next, the change in the emissivity spectra with the angle
of emission (the angle between emission and the surface
normal) is investigated. In Figure 5, the emissivity
spectra of the selective emitter at different angles are
shown. The angular emissivity values are calculated by
averaging TM and TE polarizations. It can be seen that
all emitters preserve high selectivity at the angle of
emission 30°. Although the emissivity at the leftmost two
peaks decreases with the increasing angle, the third peak
remains relatively unchanged. This can be explained by
the excitation of MP around this wavelength. It should
be noted that the rightmost peak of the cone emitter
undergoes a slight shift towards higher wavelengths at
30°, dissimilar to the others.

1,0 90%
0,9 1 80%
0.8 - - - - Square
' Pyramid 1 70%
. 0,7 ---- Conke 1 60%
=2 06 Dis
5 05 Plain W 1 50% &
2 . + GaShEQE 4 40% W
“ o3 1 30%
0,2 1 20%
0,1 1 10%
O’O 1 1 1 1 1 1 1 1 | O%
0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0 4,5 50
Wavelength (um)

Figure 3. Comparison of the emissivity spectra of MIM emitters with different shapes, and plain W at 1600 K
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Figure 4. The emissivity spectra of optimized W-SiO2-W
emitters with disk (a), square (b), cone (c), and pyramid (d)

resonators at different temperatures
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Figure 5. Spectral emissivity of the MIM emitter at
different emission angles, for disk (a), square (b), cone (c),
and pyramid (d) resonators

102



Table 2. The spectral efficiency, TPV efficiency and power
output for the investigated emitters at 1600 K paired with
GaSb cells. The top four rows list the optimized emitters of
the present study.

Emitter e (Wierlnz) nTPV
Disk MIM 57.62% 2.335 16.53%
Square MIM 56.31% 2.418 16.18%
Cone MIM 56.63% 2.381 16.26%
Pyramid MIM  56.23% 2.392 16.14%
Plain W 42.93% 0.741 11.20%
Blackbody 24.58% 2.605 7.01%
Ideal Emitter ~ 100.00% 2.605 28.53%

Considering normal emissivity spectra, the emitter
efficiency, TPV efficiency and power output are
presented in Table 2 for optimized MIM and other
emitters at 1600 K paired with GaSh cells. The
emissivity spectrum of the ideal emitter is given by Eq.
(1) with g taken as 1.8 pm to cover all the wavelengths
with nonzero quantum efficiency. It is observed that on
average, npv is less than 30% of #e, which means that
most of the in-band radiation does not contribute to the
electrical power. This loss can be attributed to
thermalization, surface recombination, and other
intrinsic cell losses. The highest TPV efficiency is
obtained with the disk resonator, while the highest
power output is obtained from square resonator. The
difference in efficiency and power output results can be
explained by the difference in emissivity after the third
peak towards the out of band region as observed from
Figure 3. Compared to the planar W emitter at the same
temperature, the MIM emitter with disk resonator
demonstrates 215.1% higher power and 34.2% higher
spectral efficiency.

Although the efficiency and power outputs are similar,
the disk resonator can be argued to be the most
advantageous in terms of fabrication. Since it has the
shortest height among others, its top-down fabrication
requires less material and has shorter sputtering time.
The volume of the disk is 17% smaller compared to the
square resonator which is closest to disks resonator in
terms of volume. That means it is also advantageous in
terms of bottom-up fabrication. Therefore, we consider
the configuration with the disk resonator for further
investigations.

In Figure 6, considering temperature dependent
emissivity, the efficiency of the TPV system with GaSh
cell and optimized disk emitter is presented compared
to the ideal and the blackbody emitters in the
temperature range 1000 - 1800 K. For validation, the
efficiency of a TPV system with blackbody emitter and
JXC GaSb cell calculated by Sakurai and Matsuno
(2019) is presented as well. It is seen that the efficiency
of the optimized emitter is 2-6 times of that of the

103

blackbody emitter and within 24-65% of the ideal
emitter.
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Figure 6. TPV system efficiencies for the MIM emitter, the
ideal emitter, and the blackbody emitter in the range 1000 -
1800 K.

The efficiency values obtained by ideal, selective, and
blackbody emitters tend to get closer as the temperature
increases. This can be explained by the shifting of the
peak emissive power towards lower wavelengths
according to Wien’s Displacement Law. With
increased temperature, the ratio of in-band radiation to
the total emissive power increases for all emitters
considered. It should be noted that the ideal emitter in
this context does not represent the ultimate attainable
efficiency with a predetermined cell, rather, it
represents maximum attainable efficiency while
keeping the power output at maximum. In Figure 7, the
power outputs at different emitter temperatures are
presented for the selective emitter and blackbody
emitter. Between emitter temperatures of 1000-1800 K,
the emitter optimized in this study has a power output
of 0.043-5.261 W cm2 that is about 87-90% of that of
a blackbody.



—Blackbody Emitter

——Disk MIM Emitter

Power (W cm-2)

O 1 1 1
1000 1200 1400 1600
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1800

Figure 7. Electrical power outputs from TPV systems with
the selective emitter and blackbody at different temperatures

CONCLUSIONS

In this study, an improved selective emitter design is
proposed in order to work optimally with a standard
GaSb TPV cell. MIM emitters based on W-SiO,-W
structure with different resonator shapes are optimized
and their performances are compared. The
nanostructures considered in this work are disks,
squares, cones, and pyramids. During the design of the
MIM selective emitter, first, an objective function was
developed to maximize the emissivity of emitter within
the high external quantum efficiency region of the
GasSb cell while suppressing out-of-band radiation. By
using this objective function with the FDTD method
and PSO algorithm, the resonator width, height and the
thickness of the SiO; layer of the W-SiO,-W emitters
with four different resonator shapes are optimized. The
performance of each emitter is compared by their
spectral efficiency, TPV system efficiency, power
output, material consumption, as well as the optical
response to changes in temperature and emission angle.
As a result of the optimization, the SiO, thicknesses
converged to almost the same value for all emitters,
however the dimensions of W resonators varied
depending on the shape. Increasing the temperature is
shown to cause the shifting of the cut-off wavelength
towards lower wavelengths, with the selectivity of
pyramid being affected the least. Increasing the angle
of emission is shown to decrease the emissivity at short
wavelengths but it does not change the emissivity peak
near the cut-off wavelength, with the exception of cone
resonators. However, the differences in the response of
resonators to the angle and temperature effects are not
significant enough to reach robust conclusions. At 1600
K, with normal emissivity, spectral efficiencies
between 56.23-57.62% and electrical power outputs of
2.335-2.418 W cm are obtained. Since the emissivity
of MIM structures are minimally affected by the
emission angles, hemispherical emissivity is expected
to be similar to that of normal emissivity. Although the
performances are similar, it was found that the flat type
of resonators have smaller heights and volumes
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compared to pointy resonators, making them preferable
for fabrication. Among all designed emitters, the disk
emitter is found to be the most efficient while having
the smallest volume, hence material consumption. At
1600 K, the MIM emitter with disk resonators
demonstrated 57.62% spectral efficiency and 2.335 W
cm? power output, that is 34% more efficient and
produces 215% more electrical power compared to
plain W emitter at the same temperature. The findings
of this work may provide insights on the development
and fabrication of efficient selective TPV emitters and
solar absorbers which are expected to operate at high
temperatures.
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Oz: Sanayilesme, tasit sayis1 ve popiilasyonda olan artisla beraber, artan fosil yakit kullanimi enerji gereksinimi ve
emisyon gibi sorunlara sebep olmaktadir. Bu ¢alismada i¢ten yanmali motorlarda kullanilabilecek biyoyakit iiretimi,
mikroalg yagi, sodyum metilat katalizorii esliginde metanol ile transesterifikasyon yapilarak gerceklestirilmistir.
Giiniimiiz trend ¢aligmalarinda yer alan mikroalgler ekilebilir tarim alanlarinin kullanilmasina gerek duymayan biiyiime
ortami ve iyi hammadde/yag doniisiim oranindan dolayr tercih edilmistir. Ayrica elde edilen biyoyakitin, farkli
oranlarda etanol ile karigim elde edilerek yakitlarin motor performansi ve emisyonlar iizerine olan etkisi incelenmistir.
Deneyler tam yiikte 1000-3000 d/dk motor devir arah@inda gergeklestirilmistir. Motordaki maksimum tork 1800 d/dk
elde edilirken en yiiksek gii¢ ise 2600 d/dk’da elde edilmistir. %15 oraninda etanol ile karistirilmis biyodizel i¢in dizele
gore 1800 d/dk’da torkta %0.86 artis elde edilirken, 2600 d/dk’da giigte %0.42 azalma olmustur. Mikroalg biyoyakiti
ve etanol karigimli yakitlarin yanmasi sonucu ortaya ¢ikan emisyon degerleri dizel yakit kullanimina gore oldukga
diismiistiir. Bu baglamda insana ve ¢evreye zararli emisyonlar, 6zellikle kiiresel 1sinmaya sebep olan karbondioksit
emisyonu dnemli dl¢iide azalmistir.

Anahtar Kelimeler: etanol, mikroalg, biyodizel, chlorella protothecoides, metil ester.

AN INVESTIGATION ON ENGINE PERFORMANCE AND EMISSIONS OF USING
MICROALGAE AND MICROALGAE-ETHANOL BLENDS

Abstract: Increasing use of fossil fuels with the increase in industrialization, number of vehicles and population causes
problems such as energy requirement and emissions. In this study, biodiesel production was carried out by
transesterification using microalgae oil, methanol, and sodium methylate as catalyst which can be used in internal
combustion engines. In today's trend studies of Microalgae has been preferred because of its growth environment that
does not require the use of arable land and its good raw material/oil conversion ratio. In addition, the effect of fuels on
engine performance and emissions was investigated by obtaining a mixture of obtained biodiesel and ethanol at different
rates. Experiments were carried out at full load in the engine speed range of 1000-3000 rpm. The maximum engine
torque is obtained at 1800 rpm, while the maximum power is obtained at 2600 rpm. For biodiesel mixed with 15%
ethanol, there was a 0.86% increase in torque at 1800 rpm compared to diesel, and a decrease of 0.42% in power at
2600 rpm. The emission values resulting from the combustion of biodiesel and ethanol blended fuels have decreased
considerably compared to the use of diesel fuel. Thus, emissions harmful to humans and the environment, especially
carbon dioxide emissions that cause global warming, have decreased significantly.

Keywords: ethanol, microalgae, biodiesel, chlorella protothecoides, methyl ester.

SEMBOLLER C2HsOH . Etanol
TSE : Tiirk Standartlar1 Enstitiisii EGS . Egzoz Gazi Sicaklig
EN : Avrupa Birligi Standartlar: OYT : Ozgiil Yakit Tiiketimi
ISO . Uluslararasi Standart Organizasyonu HC . Hidrokarbon
BG : Beygir gii¢ CoO . Karbonmonoksit
NaOH : Sodyum Hidroksit CO, . Karbondioksit
KOH : Potasyum Hidroksit 0, . Oksijen

NaOCHjs . Sodyum Metilat IAK . Isik Absorban Katsayisi
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GIRiS

Diinya genelinde fosil yakitlarmin ciddi miktardaki
azalisiyla beraber ani ve olagan fiyat degisimleri yeni ve
yenilenebilir  enerji  kaynak arayis c¢alismalarina
yonlendirmektedir.  Genellikle tagima araglarinda
kullanilan enerjilerin giinden giine azalmasina karsilik
alternatif ¢oziimler gerekmektedir. Hibrit ve elektrikli

araglarmm  verimli  kullanimini  yayginlastirma ve
gelistirme ¢aligmalariyla  birlikte, petrol kullanan
araglarda  kompleks  degisikliklere  gidilmeden

kullanilabilir uygulamalar bulunmaktadir. En yaygin
uygulama olan biyodizel yakiti; yaglardan elde
edilmektedir. Bu baglamda, yakin geg¢misin yag kesfi
olan mikroalglerden elde edilen ve temel gida olarak
kullanilmayan bu yag ile ilgili ¢calismalar biiyiik 6nem arz
etmektedir (Cakmak ve Ozcan, 2021; Yesilyurt vd,
2018). Mikroalglerin yiiksek oranda yag igeriginden
dolay1 verimli biyoyakit iiretimleri saglanabilmektedir.
Ekonomik ve yenilenebilir olusundan dolay1 enerji
kaynagi olarak kullanilabilmesi i¢in pek ¢ok caligmalar
yapilmaktadir (Pandey vd, 2014; Chisti, 2007).

Birgok bitki tiirlerinden farkli olarak mikroalgler dogal
kosullarda suda ve karada yasayabilirler. Kolay, hizl
ireyebilen ve fotosentez yapan pek ok cesitli tiirleri
bulunmaktadir. Mikroalgleri iretmek i¢in ekin topraklari
ve tath sular gibi 6zel ortamlar gerekmemektedir (Harun
vd, 2011; Nagarajan vd, 2017). Ortalama hasat miktari
yiiksek verimli olup kiigiik 6l¢ekli optimum alanlarda
biiyiilk hacimde yetistirilmektedir (Mota vd, 2022; Oni
vd, 2022).

Mikroalglerin en cazip olan 6zelliklerinden biri ise yag
olarak depo edebilen, sentez sonucu olusan {iriinleridir
(landa vd, 2022; Rajak vd, 2022). Mikroalgler dizel
motorlarda organik nitelik tasiyan ve cevreye duyarli
biyoyakit olarak kullanilabilmektedir (Chhandama vd,
2021; Oni vd, 2021). %90°dan fazla yag elde edilebilen
mikroalgler, fotobiyoreaktor veya kiiclik arazilerde
iiretilebilmesi  O6nemli bir hammadde potansiyeli
olusturmaktadir. Bu baglamda ¢ogu bitkiden daha
verimli biyoyakit {iretilme yetenegine sahiptir (Rajak vd,
2022; Ge vd, 2022; Li vd, 2022). Mikroalg kullanimi
posa artig1 olusturmamaktadir.

Gida, ek takviye iiriin, giibreleme ve kozmetik gibi
endiistrilerde de kullanilmaktadir (Ganesan vd, 2022).
Ayrica klorofil tasiyan mikroalgler, fotosentez ile yiiksek
oranda CO; kullanarak kiiresel 1sinmay1 ve karbon ayak
izi atiklarin1 6nlemede biiyiik dlgekte destek olmaktadir
(Jakob vd, 2022; Viguera vd, 2016; Farooq vd, 2022).

Biyoyakitlar, hammadde olarak pek ¢ok dogal yaglarin
transesterifikasyon ile reaksiyonu sonucunda iiretilen,
yenilenebilir bir yakit ¢esididir (Rasim vd, 2015; ilkilig
vd, 2011; Wong vd, 2022). Ev tipi ve endiistriyel atik
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yaglarin geri doniisimiinden de biyik dlgekte
tretilmektedir (Kass vd, 2022; Karthikeyan ve Prathima,
2016). Onemli bir degisiklige gidilmeden direkt olarak
biyodizel ya da  dizel-biyodizel = karigimlart
kullanilmaktadir (Wu vd, 2019; Kontses vd, 2019;
Lebedevas vd, 2021; Ushakov ve Lefebvre, 2019).

Etanol, bitkilerden elde edilen alkol ¢esidi olup kimyasal
formiili C;HsOH’tir (Ladanai ve Vinterback, 2009;
Yilmaz ve Sanchez, 2012). Ulastirma endiistrisinde de
kullanilan etanoliin, yakit karigimlarina eklenebilmesi
icin en az %99.5 saflikta, sudan uzaklastirilmis olarak
kullanilmasi gerekmektedir (Kwanchareon vd, 2007; Lui
vd, 2016).

Biyoyakitlar giliniimiiz ve yakin gelecek icin biiylik
avantaj saglamaktadir (Hussan vd, 2013; Jafari vd, 2021).
Biyodizel c¢alismalarinda termik verimliligin yiiksek
olmasi da 6nem arz etmektedir (Celik vd, 2016; Sahin ve
Durgun, 2016). Biyoyakitlarin sorunsuz bir sekilde
verimli ¢aligmasi igin yanma parametreleri {izerine pek
¢ok caligma yapilmaktadir (Gongora vd, 2022; Yesilyurt
vd, 2020, Jacob vd, 2007, Alkidas, 2007).

Biyoyakit kullanim oraninin artirilmasi, petrol tiiketimi
ve cevre kirletici gazlar1 azaltict etkisiyle hibrit motor
gecis siireci planlamasinda biiyiik dnem arz etmektedir.

Bu caligma ile iilkemizin petrol kullanim ihtiyacini ve
disa bagimliligr azaltacak cevre dostu yerli {retimi
desteklemek hedeflenmistir. Mevcut dizel motorlarinda
tasarimsal bir degisiklik yapilmadan mikroalglerin yakit
olarak kullanilmasi ve TS EN 14214 standardinda
biyoyakit tretilip ve belirli oranlarda etanol ile
karigimlarinin -~ bir dizel motorda kullanilabilirligi
arastirilmigtir.

MATERYAL VE METOD

Bu boliimde mikroalglerden yiiksek verimli biyoyakiti
gelistirmek i¢in  kullanilan  {iretim yontemi ve
prosesinden bahsedilmistir. Ayrica mikroalg
biyoyakitinin uygunlugu ve degerlerinin tespiti igin
yapilan akredite analiz deney sonuglar1 yer almaktadir.
Son {iriin olan biyoyakit ile (ve) biyoetanol karigim
yakitlarinin, egzoz emisyon deneyleri ve motor
performans Olglimlerinde kullanilan test diizenegi yer
almaktadir. Bu caligmada mikroalg tiirii olan Chlorella
protothecoides’lerden (Heterotrofik) elde edilen yagdan
transesterifikasyon yontemi kullanilarak biyoyakit
iiretilmistir. Mikroalg yaginin yag asidi profili Tablo 1°de
verilmistir. Palmitik yag asidi oranin yiiksek olusu metil
ester {iretiminin kapasitif verimliligine isaret etmistir. Su
barindirmayan alkali katalizér ve metanol kullanilarak
transesterifikasyon reaksiyonu Sekil 1°de gosterilen
diizenek ile gerceklestirilmistir. Mikroalg yagindan elde
edilen biyoyakit eldesi ester oranini arttirmak amactyla



cesitli varyasyon numuneleri analiz edilmistir. Yiiksek
verimli transesterifikasyon recetesi ar-ge
laboratuvarlarinda gelistirilerek son iiriin biyoyakit
iiretimi gergeklestirilmistir.

Tablo 1. Mikrolag yag asit profili

Yag Asidi Profili (%)

Yag C Kimyasal Yiizdesel
Asidi Bilesimi | Formiilii Orani (%)
Stearik C 18:0 C1gH360- 2
Palmitik | C 16:0 Ci16H3202 51

Diger - - 1

Oleik c18:1 Ci1sH3402 39
Linoleik | C 18:2 CisH3202 7

Sekil 1. Transesterifikasyon diizenegi

Bu c¢alismada kullanilan mikroalg yaginin 6zellikleri
Tablo 2’de gosterilmistir.

Tablo 2. Mikroalg yag ozellikleri

Organik Kaynak:
Chlorella protothecoides / Heterotrofik Mikroalgler
Yetistirme Yontemi:
Yiiksek Teknoloji Piramid Fotobiyoreaktorii
Ozellikler Yag Degerleri Birimi
Viskozite 3,6 mm2/s
Isil Deger 45.8 MJ/kg
Su 140 mg/kg
fyot 67 mg.
iyot/100g

Karbon 0,1 %(m/m)
Kalintisi
Fosfor 0,0008 %(mg/kg)
Asit Sayis1 0,2 mg KOH/g
Siilfiir 2 mg/kg
Renk Yesilimtirak / Agik | -

Sar1
Goriiniis Berrak -
Yogunluk 912 kg/m?
Ozgﬁl agirlik 0,91-0,92 -
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Toplam 2 mg/kg
Kirlilik

Peroksit 0,5 -
Degeri

Parlama 220 °C
Noktasi

Endiistriyel ve de geleneksel katalizorlerden olan, zor
¢oziilen sodyum hidroksit (NaOH) ve diger taraftan daha
fazla oranda potasyum hidroksit (KOH) kullanim gesitli
maliyetler ve sorunlar icermektedir. Gaz kromatografisi
analizlerinde ester sayist sonuglarinin yiiksek ¢ikmasi
farkli bir katalizor olan sodyum metilati (NaOCH3) cazip
hale getirmistir. NaOCH3 kullanilmasiyla faz ayrilma
stiresi yaklagik olarak %80 oraninda azalmistir. Yapilan
o6n deneylerde en uygun yag/alkol orani, reaksiyon
sicakligi, siiresi ve katalizor orani tespiti ile son {iriin
biyoyakit iiretimi gerceklestirilmistir. Mikroalglerden

biyodizel firetimi Sekil 2’deki asamalara gore
yapilmistir.
Su  Yanict Sivi
Ismml T ]
Mikroalg o
Pl . Suyun Optimizasyon
i ¢ — - X
= Filfelefie Uzaklastirmast Deneyleri
Su , Alkol
i
Distilasyon |, | Ester Yikama Faz ‘ Reaksiyon
Tslemi Islemleri 7| Ayristirma | Islemi
TISltma Isafsu i lGliseml T I
Yikama suyu Istma | Kanstrma
Toprak katarak F Mikroalg Sodyum Metilat — Metanol
Filtreleme Islemif ] Flreleme Biyodizel Cozelisi
T lTOITlth
Isitma .
Sentetik Toprak

Sekil 2. Biyodizel iiretim akis semasi

Filtrasyon igleminde kullanilan kil toprak adimi, g¢esitli
safsizliklar1 (biiyiik hiicreli yag asitleri, aromatik
bilesikleri vb.) gozeneklerinde absorban edebilme
yetenegi sayesinde geleneksel biyodizel iiretim akisina
dahil edilmistir. Transesterifikasyon isleminin uygulama
literatiiriine ve endiistriye, verimli biyodizel eldesi igin
katki saglayacak bu adim Sekil 3’te gosterilen distilasyon
isleminden hemen sonra %0.3 oranda katilmistir. Bu
adimla yakit berraklagmis olup metil ester oram
iyilestirilmis ve temiz yakitin saflig1 artirilmistir.

TSE standart deney metotlarina gore; ester igerigi, iyot
ve asit sayisi tayini, sabun ve su tayini, yogunluk ve
viskozite tayini, setan sayisi, kirlilik ve parlama noktasi
tayinleri, soguk filtre tikanma noktasinin tayini (SFTN),
akma-bulutlanma noktasi tayini, 1s1l deger ve bakir serit
korozyon standart deney metotlar1 uygulanmis ve
akredite sonuglar elde edilmistir.



(@ ‘ (b)

Sekil 3. (a) Kil toprak eklenmesi, (b) Aktif metil esterlesme

Motor performans ve emisyon testleri TS1231 ve TS ISO

3930 standartlar1 igerigine gore deney diizenegi
kurulmustur.  Elektrikli  dinamometre  kullanilarak
bilgisayar kontrolliinde motor testleri

gerceklestirilmistir. Tek silindirli dizel motorun stabil
calisma sicaklik araligina ulagsmasi igin dizel yakiti
kullanilmistir. Deney yakitlarinin tam yiikte 400 devir
artirilarak 1000-3000 d/dk’da emisyon ve performans
etkileri incelenmistir.

Motor testlerinde, torku 83 Nm, maksimum giicii 26 kW
ve maksimum devri 5000 d/dk olan T-T Elektric marka
dinamometre kullanilmistir. Motor testleri standart
kapsaminda  tolerans  belirsizlikleri araliginda
gerceklesmistir. Hata payina gore ¢oklu tekrarlanmistir.
Bu kapsamda, tekrarli testler sonuglarmin aritmetik
ortalamalar1 alinmigtir. M100 yakiti, mikroalg yagindan
elde edilen saf biyoyakiti temsil etmektedir. %99.8
saflikta, hacimsel olarak %5, %10 ve %15 oranlarinda
etanol ile karistirilmigtir. Deneyde kullanilan yakitlar
Tablo 3’te gosterilmistir.

Tablo 3. Mikroalg biyoyakiti1 ve karigim yiizdeleri

Deney yakitlarinin = dzellikleri TSE EN 14214
standartlarina uygun araliklarda olup mikroalg biyoyakiti
ve mikroalg-etanol karisimiyla elde edilen yakitlarin
termo-fiziksel 6zellikleri Tablo 4’te sunulmustur.

4’te

Test diizeneginin  Sekil sematik  gOriintimii

verilmistir.

4

Sekil 4. Deney diizenegi sematik goriiniim

Sekil 4’teki sematik goriiniimde sirasiyla;
Dinamometre,

EGS olger

Dizel motor

Emisyon 6l¢iim problar

Rezistans

Yakit haznesi

Gi¢ tinitesi,

Test ve 6l¢lim kontrol iinitesi,

Emisyon test cihazi yer almaktadir.

Yapilan motor performans testlerinde gii¢ ve tork, ayrica
Ozgiil yakit tiiketimi, EGS (egzoz gazi sicakligr) kontrol
panelinde anlik olarak hesaplanmistir. Emisyonlari
testlerinde HC, CO, CO,, TAK (1s1k absorban katsayist)

ve is yogunlugu 6l¢tilmiistiir.

Yakitlar | Mikroalg Etanol Dizel
Biyodizel Orani Yakit o o
Orani Oran Tek silindirli dizel motoru olan Antor Lomba.rdml 41D
M100 %100 - - 640 deney motomn@a testler yap11m1§t1r’ '(In‘Fer.net. 1,
2022). Test diizeneginde kullanilan tek silindirli dizel
ME15 %85 %15 B motorun  teknik  spesifikasyonlart  Tablo  5°te
ME10 %90 %10 - listelenmistir.
MES5 %95 %5 -
Dizel - - %100
Tablo 4. Yakitlarin termo-fiziksel dzellikleri
Ozellikler Dizel Etanol M100 ME5 ME10 ME15
Saflik (%, v/v) - >909,8 98,9 98,94 99 99,05
Setan Sayisi min 51 13 57,3 56,1 55,8 54,7
Isil Deger (MJ/kg) 42,7 29,7 40,9 40,7 40,5 40,2
Yogunluk 820-845 789 880 877,1 874,2 871,4
15°C’de (kg/m3)
Viskozite 2-4,5 1,13 4,35 4,024 3,698 3,378
40 °C’de (mm?/s)
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Tablo 5. Motorun teknik 6zellikleri

Ozellik Deger
Sikistirma orant 17:1
Maksimum gii¢ 13 BG
Sogutma sistemi Hava Sogutmali
Silindir hacmi 638 cm?®
Maksimum motor devri 3000 d/dk
Piiskiirtme sistemi Direkt

Cap x Strok 95 x 90 mm
Silindir say1s1 1

Maksimum tork (1800 d/dk) 3,5 Kg.m

Egzoz gazlari emisyonlari i¢in TS ISO 3930 standardina
gore kalibreli Mobydic 5000 cihazi kullanilmigtir
(Internet 2, 2022). Bu cihazin teknik 6zellikleri Tablo
6’da sunulmustur. Egzoz gazi sicaklik degisimlerini
belirlemek amaciyla motorun egzoz ¢ikisi ile egzoz
tahliye baglanti arasina bir 1s1l ¢ift baglanmustir.

Tablo 6. Egzoz gazi emisyon test cihazi teknik 6zellikleri

Olgiim | Birim | Olgiim Hassasiyet
Degerleri

HC ppm | 0-20000 1

CoO % Vol | 0-10 0.02

CO; % Vol | 0-20 0.02

Partikiil | mg/m® | 0-1000 0.01

IAK 1/m 0-20 0.01

Deneylerde net kalibrasyon, ¢evre sartlari, gozlem, veri
isleme ve ¢oklu test cihazlarindan dolay: ¢esitli hatalar ve
genel bariz belirsizlikler olmaktadir. Bu nedenle, bu
¢alismada Holman (2012) tarafindan 6nerilen belirsizlik
analizi kullanilmigtir. Tablo 7°de belirsizlik analizi
sonuglari goriilmektedir.

Tablo 7. Hesaplanan sonuglarin belirsizlikleri

Hesaplanan degerler Birim Belirsizlik
(%)

Motor Torku Nm +1.64

Motor Giicii kw +1.8

Yakiat Tiiketimi als +1.6

Ozgiil Yakit Tiiketimi g/kwWh +2

Dinanometre - Yiik g +1.15

Siire S +0.5

Devir Gostergesi rpm +5

Egzoz gazi sicaklig °C +2

Is koyulugu 1/m £0.1

CoO ppm +2

CO2 % +4

HC ppm +2
Bu tablodaki belirtilen sonuglara goére, deney
diizeneginin genel belirsizligi +%2.1-2.6 kayiplar

araliginda hesaplanmistir. Test belirsizligi igin kabul
edilebilir olup, sistemin genel belirsizligi de kabul
edilebilir sinir igerisindedir.
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BULGULAR VE TARTISMA

Elde edilen biyoyakitin, gercek anlamda verimli bir
biyodizel olusunun tespiti igin metil ester tayini
yapilmaktadir. Bu baglamda mikroalg biyoyakiti Petrol
Analiz Laboratuvarinda TSE EN 14214 standardina
akredite uygunlugu onaylanmistir.

Mikroalg biyoyakitinin sonu¢ raporu Tablo 8’de
verilmistir. Bu c¢aligmada gelistirilen recetenin,
biyoyakitin %98.9 gibi yiiksek verimli ester igerigine
sahip olusu yeni yapilacak ve gelistirilecek benzer
calismalar adina literatiire dnemli bir katki saglamustir.

Ayrica deney yakitlarinin yanmasi sonucu ortaya ¢ikan
emisyonlar ve egzoz gazi sicakliklari Ol¢iilmiistiir. Test
sonuglart ¢oklu yapilan testlerin aritmetik ortalamasi
aliarak elde edilmistir.

Biitiin deney yakitlart kullaniminda 1800 d/dk’da
maksimum tork noktasina varilmistir. Tam yiikte farkl
devirlerde motor torku Sekil 5’te verilmistir. Bu devirde
maksimum tork %85 mikroalg biyodizel + %15 etil alkol
olan ME15 yakitinda 33.8 Nm olgiiliirken dizel yakit i¢in
motor torku 34.2 Nm 6lgiilmiistiir.

Motor devirlerinde elde edilen motor torku degerlerinin
ortalamasi alindiginda dizele gére M100 kullaniminda
%4.6, MES yakitinda %3.7 ve ME15 kullaniminda %0.8,
ME15’de %0.86 azalis dl¢lilmiistiir.

Motor devrinin 2600 d/dk’dan 3000 d/dk’ya ¢ikmasiyla
mekanik  verim degisimi meydana gelmektedir.
Stirtinme kayiplarinin artmasi ve voliimetrik verimin
azalmasi ile torkta diisiis olmaktadir. Bu diisiis dizele
gore daha yiiksek viskoziteye sahip olan mikroalg
biyodizeli i¢in daha fazla olmustur. Mikroalg
biyoyakitina  etanol ilave edilmesiyle yakitin
viskozitesinin azalmaktadir. Dolayisiyla motor devri
2600 d/dk’dan 3000 d/dk’ya ¢iktiginda motor torkundaki
diisiis azalmaktadir.

“0 [ Dizel [

M100 [ | MES ME10[|MEI1S

T

1400

T T
1800 2200

Motor Devri (d/dk)
Sekil 5. Tam yiikte motor torku degisimleri

T T
1000 2600 3000



Tablo 8. Mikroalg biyodizeli TS EN 14214 analiz sonuglart

Smir Degerleri
Ozellik Kullanilan Deney Yoéntemi TS EN 14214 Olgiim Degeri Birim
Enaz | En¢ok
Ester icerigi TSEN 14103 96.5 - 98.9 % (m/m)
Viskozite (40°C) TS 1451 EN I1SO 3104 35 5 4.35 mm2/s
'Y ogunluk (15°C) TSEN1S0 12185 860 900 880 kg/m3
'Akma Noktast TS 1233150 3016 - - -18 °C
I[s1l Deger TS 1740 35 - 40.9 MJ/kg
Toplam Kirlilik TS EN 12662 - 24 4.2 mg/kg
Parlama noktasi TS EN ISO 3679 101 - 182 °C
Su icerigi TS 6147 EN ISO 12937 - 500 182.76 mg/kg
Setan Sayist TS EN 15195 51 - 57.2 -
Asit sayisi TS EN 14104 - 0.5 0.21 mg KOH/g
Iyot sayisi TSEN 14111 - 120 103 g. iyot/100 g
Sabun Tayini TS 5038 - - 0 ~ % (m/m)
Bulutlanma Noktas1 TS 2834 EN 23015 - - -11 °C
SFTN TSEN 116 - :55\122 16 °C
Bakir serit korozyonu TS 2741 EN IS0 2160 Sinif 1 1A Derece

Motor giicli Sekil 6’da gosterilen motor torku, dizel
yakitina kiyasla mikroalg biyoyakiti, MES5 ve ME10
yakitlar1 icin azalirken, ME15 yakit kullaniminda ise
yakin sonuglar gézlemlenmistir.

14 [ |Dizel [ M100[ JMES ME10[|ME1S
124 —

10 =8 s

|

T T T
1000 1400 1800 2200 2600 3000
Motor Devri (d/dk)
Sekil 6. Tam yiikte motor giicli degisimleri

Gii¢ (Hp)

Etanol orani biyoyakit karigimlarinda arttikga giig
degerleri artmistir. Deney yakitlari igin en yiiksek motor
giicleri 2600 d/dk’da elde edilmistir. Bu devirde deney
yakaitlari igin elde edilen gii¢ degerleri ME15°’te 11.9 BG
ortalamasinda iken; ME10 yakit karisimi kullaniminda
11.87 BG olgiilmiistiir. Yakit MES yakiti kullaniminda
11.7 BG ve M100 deney yakitinda ise 11.6 BG’dir. Dizel
kullaniminda bu durum 11.95 BG’dir.

Dizele gore M100 biyoyakitinin diisiik 1s1l degeri ve
yiiksek viskozitesinden dolayr yanma koétiilestirmistir.
Yiiksek safliga sahip etanol katilmasi karisimlarin
parlama noktasini ve 1s1l degerini azaltmigtir. Bu duruma
karsilik, yakit karigimlarinda etanol miktar1 artikga
yogunluk ve viskozite azaldigindan iyi bir atomizasyon
elde edilmekte olup ve buna bagl olarak enjektdrden
daha verimli piiskiirtme saglanabilmektedir (Zaharin vd,
2017; Gongora vd, 2022).
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Yiiksek setan sayisina sahip biyoyakita etanol ilave
edilerek setan sayist azalmig ve tutusma gecikme siiresi
ise artmistir. Bu ilaveyle viskozite azaltilarak
atomizasyonda iyilesme ve elde edilen homojenize
karigim saglanmuistir.

Karigimdaki oksijen zenginligi ile tutusma gecikmesi
kisalmistir. Ayrica bu sayede yanma verimi arttirilmis ve
gii¢ artig1 saglanmigtir.

Motor giicii, karisiminin oranlarina bagli olarak etanol
ilavesiyle dizel kullanimdaki efektif giice yakinlagmistir
(Jafari vd, 2021; Zafarin vd, 2017; Wong vd, 2022).
Motorun tam yiikte ve 1000-3000 d/dk’da o6zgiil yakit
tilketimleri Sekil 7’de goriilmektedir. Deney devir
araliginda M100 yakitinin 1000 d/dk’da o6zgiil yakat
tikketimi (OYT) 314 g/BG.h olmustur. 2600 d/dk’da tiim
yakitlar icin OYT en az seviyelere ulasmistir.

Motor deney devirlerinde elde edilen 06zgiil yakit
tilketimleri dizele gére M100’de %5.6, MES yakitinda
%2.46, Yakit ME10’da %3.1 ve ME15 kullaniminda ise
%3.7 fazladir. Mikroalg biyodizeline etanol ilavesi ile 1s1]
degerine  karsilik  yakitin  viskozitesi  iyilesmistir
(Noorollahi vd, 2018; Neel vd, 2008). Ozgiil yakit
tilketimi motorun devrine ve etanol oranina bagli olarak
degismektedir.

350 [ Ipizel [ M100[_|MES[___|MEI0[__|MEI5

]

1800 2200 2600 3000
Motor Devri (d/dk)
Sekil 7. Ozgiil yakat tiiketimi

n ~n w
o o o
o o o

Ozgiil Yakit Tiiketimi (g/Bg.sa)
o
o

-
o
o

T T
1000 1400

Artan motor devrine bagli olarak egzoz gazi sicakliginda
artis olmakta ve 2200 d/dk’dan sonra da sicaklik
diismektedir. Maksimum egzoz gazi sicaklii dizel
kullaniminda 558 °C, en diisiik sicaklik ise M100 i¢in 426
°C 3000 d/dk’da olgiilmistiir.

Saf mikroalg biyodizeline etanol eklenerek elde edilen
yakit karisimlarinin  oksijen yogunlugunun zengin
olmasindan dolay1 tutugsma gecikmesi siiresi kisalirken,
termal verimi artmustir (Al-lwayzy ve Yusaf, 2017). Sekil
8’de egzoz gaz1 sicaklik degisimleri verilmistir.
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[ IDizel [ ]M100[T]MES[  JME10[[|MEIS

1l

1000 1400

T T T T
1800 2200 2600 3000
Motor Devri (d/dk)

Sekil 8. Egzoz gazi sicaklik degisimleri

Kismi yanma sonucu olusan, canliya ve gevreye zararli
olan karbonmonoksit (CO) emisyonlarinin degisimleri
Sekil 9°da verilmistir.

Hidrokarbonlarin (HC) oksijenle (O2) oksidasyonu
yeterli seviyede olmayinca tam yanma olmamakta ve CO
emisyonu olusmaktadir (Zui vd, 2011; Ushakov ve
Lefebvre, 2017). CO olusumunun en onemli nedeni
hava-yakit karistminin ~ yeteri  diizeyde homojen
olmamasi veya bolgesel farkliliklarin kismi yanmaya
sebep olmasindan dolayr oldugu bilinmektedir. Fakir
karisimlt yanmalarda ise CO miktar1 az olmaktadir
(Rajak vd, 2022; Subbaiah vd, 2010).

Maksimum torkun elde edildigi devirde dizele gére CO
emisyonlarinda M100 igin %30 Yakit MES’te %32.5,
MEI10’te %42 ve MEI1S5 yakitinda %52 oranlarinda
azalma meydana gelmistir.

Mikroalg biyodizelin molekiiler yapisinda oksijen
bulunmasi ve setan sayist verimli bir yanmaya isaret
etmis, dizel yakitina gére CO emisyonlarinda diisiise
neden olmustur. Etanol biinyesinde daha fazla oksijen
icermesi ve daha az karbon bulunmasindan dolayi,
karisimda etanol orani artikga CO emisyonlarinda azalma
olmustur.

4 -

[ |Dizel[_JM100[_JMES[ _|MELO[__|MEILS

Wmm%m%

1000 1400 1800 2200 2600 3000

Motor Devri (d/dk)
Sekil 9. CO emisyon degisimleri

N w
L L

Karbonmonoksit (%)

—_
1

Hidrokarbonlarin tam yanmasiyla birlikte karbondioksit
(CO2) gaz1  olugmaktadir. Karbondioksit gazinin
atmosferde belli bir seviyeden fazla olmasi sera etkisi
gosterdiginden kiiresel 1sinmaya sebep olarak iklim



degisimi tizerinde biiyiik bir etkiye sebep olmaktadir
(Oni vd, 2021; Viguera vd, 2016).

Motor testlerinde kullanilan deney yakitlarinin CO;
emisyon degisimleri Sekil 10°daki grafikte gosterilmistir.
Her test devrinde M100 ve etanol katkili karigimlar igin
karbondioksit emisyonlar1 dizel yakita kiyasla diisiik
cikmistir. Mikroalg biyodizeli kullaniminda CO;
emisyonlar1 6nemli derecede diisiis olsa da etanol ilavesi
ile CO; emisyonlari artmistir (Farooq vd, 2022). Ancak
bu artisa ragmen etanol karigimli  biyodizelin
karbondioksit emisyonlart dizel yakitin emisyon
degerlerinden kiyasla daha diisiik sonuglar vermistir.

Mikroalg biyodizeli %98.9 metil esterinde yaklasik
agirlikca %71 karbon, %12 hidrojen ve %17 oksijen
bulunmaktadir. Dizel ise yaklasik %85 ve {issii karbon
icerigine sahiptir. Deney yakitlarin kullanilmasiyla dizel
yakita kiyasla mikroalg biyodizelinde daha az CO ve CO;
emisyonlar1 olusmustur.
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Silindirde hava-yakit oraninin bolgesel olarak yer yer
fakir ve zengin olmasindan dolay1 oksidasyon reaksiyonu
yavaslamakta dolayisiyla yanma tamamlanmamaktadir
(Jacob vd, 2022; Ge vd, 2022). Silindir ve piston arasinda
olusan alevin aniden sénmesi ve 1s1l kayiplar hidrokarbon
emisyonlarinin olugsmasina sebep olmaktadir
(Makareviciene vd, 2014; Wahlen vd, 2013).
Hidrokarbonlarin egzoz gazi emisyon oranlarinin grafigi
Sekil 11°de gosterilmistir.
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Daha diisiik motor devirlerinde HC emisyonlar fazla
iken, artan motor devriyle beraber bu emisyonlar da
azalmaktadir. HC emisyonlarimin mikroalg ve mikroalg-
etanol karigimlarinda Onemli  derecede azaldig
goriilmektedir (Jacob vd, 2022; Ge vd, 2022).

Is emisyonlari; partikiiller, yakit karbon artiklari, siilfiir,
aromatik bilesikler ve hidrokarbonlardan olusmaktadir
(Satputaley vd, 2017). Sekil 12°de is degerleri
goriilmektedir. Mikroalg biyoyakiti ve etanol yakit
karigimlarinda O miktarinin artmasindan dolay1 is
olusumu biiyiik 6lciide azalmistir. Is emisyonlar1 motor
devrinin artmasiyla azalmistir.
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Sekil 12. Is emisyonu

Is emisyonlar1, maksimum torkun elde edildigi devirde
M100 igin %23.6, Yakit MES’te %28.3, MEIO0
karisiminda %34.6 ve ME15 yakitinda %37.5 oraninda
dizele gore azalmistir. 2600 d/dk ise bu azalma M100,
MES, ME10 ve ME15 igin sirastyla %20.5, %26, %36.5
ve %44.2 olmustur.

IAK (Isik absorpsiyon Kkatsayisi) ise emisyonlarin
aydinlatma siddetini azaltan bir katsayidir. Emisyonlarin
mikroalg biyodizel yakitlarda Onemli derecede
diismesinden dolay: dizel yakita kiyasla diistiktiir (Zhu
vd, 2010; Wong vd, 2022). Devire bagli 151k absorpsiyon
katsayis1 Sekil 13°te verilmistir.
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Sekil 13. Isik absorpsiyon katsayis1 degerleri




SONUCLAR

Mikroalgler, ekim yapilan verimli tarim alanlarin iggal
etmemesi, biliyiime hizi ve hammaddeden yag elde
oraninin ¢ok yiiksek olmasindan dolay1 biyodizel olarak
kullanimina en uygun iiriin olarak nitelendirilmektedir.
Bu caligmada tam yiikte farkli motor devirlerinde
mikroalg, mikroalg-etanol biyoyakit kullanimi ile motor
torku, giicii ve emisyon degerleri Olglilmiistiir. Bu
baglamda 6nemli sonuglar asagida verilmistir.

Transesterifikasyon isleminde yiiksek verimli bir
esterlesme sonucunda sodyum metilatin kullanilmasiyla
faz ayrilma siiresi yaklagik %80 oraninda azaltilmistir.

Geleneksel katalizor kullanimi yerine sodyum metilat
kullanilmas1 ve gozenekli kil toprak ilavesi ile filtre
islemi, bu ¢aligmada 6nemli dlgiide enerji sarfiyati ve
proses siiresini azaltmasiyla endiistriye dnemli bir ¢éziim
sunmaktadir.

Chlorella protothecoides mikroalg yagindan
iyilestirilmis  ve  gelistirilmis  transesterifikasyon
sonucunda yagin %99’dan fazla biyodizel elde edilmistir.
“0 Atik” driin olan mikroalg posast da kozmetik,
temizlik, gida, tarim toprak besini, ek gida takviyesi
sektoriinde de kullanilmaktadir.

TSE Petrol Analiz Laboratuvarinda EN 14214
standardina akredite uygunlugu onaylanmistir. Yapilan
benzer calismalara kiyasla, bu calismada gelistirilen
recetenin, biyoyakitin %98.9 gibi yiiksek verimli ester
icerigine sahip olusu literatiire ©onemli bir katki
saglamistir. Mikroalg biyodizelinin dizel yakita gore
setan sayist ve yogunlugu artarken, 1sil deger ve
viskozitesi diismiistiir. Mikroalg biyodizelinde yogunluk
ve viskozitenin artmasiyla piiskiirtme kayiplari
artmaktadir.

Mikroalg biyoyakitina etanol katilmasiyla yakitin oksijen
igerigi artarken setan sayisi, yogunlugu, 1sil degeri ve
viskozitesi diigmiistiir; fakat viskozite diistisii ile yakitin
atomizasyonu saglamis olup, piiskiirtme penetrasyonu ve
dispersiyonu iyilesmistir. Dizele kiyasla mikroalg
biyoyakit1 ile CO, CO; ve HC emisyonlarinda azalig
olmaktadir. Mikroalg biyodizeline etanol ilavesi bu
emisyonlarin azalmasinda olumlu katki saglamistir.

Mikroalg biyodizelinin yanmasi sonucu ortaya ¢ikan is
emisyonu dolayisiyla IAK degeri dizele gore azalmistir.
Bu azalis oran1t M100’e etanol ilavesiyle artmaktadir.

Motor testlerinde en yiiksek giic; dizel ve MEILS
yakitinda olurken, M100 kullaniminda dizele gore %2,81
daha diisiik gii¢ elde edilmistir. Bu duruma ragmen fosil
yakita Onemli bir alternatif olmustur. ME15
kullanimida maksimum motor giiciiniin elde edildigi
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devirde dizel yakit kullanimina gére motor giicii %0,67
daha diisiik ¢ikarken, ME15 igin elde edilen maksimum
tork dizele gore ¢cok benzerdir.

Mikroalg biyoyakitina, etanol ilavesi ile motor giicii ve
torkunda artis olmustur. Bu durum ayni zamanda atik
yaglardan elde edilen biyodizellere ek; mikroalg
biyodizelini, biyoetanol ve dizel yakit karigimlar ile de
kullanilmasina tegvik etmistir.

Mikroalg biyoyakiti ve farkli oranlarda etanol
karigimiyla elde edilen yakitlarin farkli devirlerde
yanmas1 sonucu ortaya ¢ikan emisyon degerleri dizel
yakita gore dnemli oranda azalmistir. Kiiresel 1sinmaya
sebep olan CO; emisyonlarinda, maksimum motor torku
ve giiciin elde edildigi devirlerde M100 yakitinin dizel
yakita gore sirasiyla %6 ve %15,5 oraninda diismiistiir.
Bu diisiis ME15 i¢in %0,8 ve %2,7 olmustur.

Sonu¢ olarak dizel yakita kiyasla MEILS5 yakiti
kullaniminda ortalama tork degerleri benzer ve motor
giiclinde minimal kayiplar meydana gelmesine ragmen
egzoz emisyon gazlari ciddi oranlarda azalmustir.
Mikroalg biyoyakiti ve biyoetanol karigimi kullaniminin
uygunlugu bu ¢aligsma ile iilkemiz i¢in 6nerilmistir.
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Abstract: This present work is focused firstly on an experimental investigation for the optimum design of water jet
pumps to be used in the hydrotransport of solid particles through pipeline systems. Experiments were conducted in a
closed test loop using five types of jet pumps with various dimensions of the driving nozzle, suction nozzle, mixing
chamber, and diffuser employing water as driving and suction fluid. The efficiency of each water jet pump element was
analyzed and interpretations of results related to each water jet pump were made about the parts to be considered in the
optimum design of a water jet pump. From the experimental results, the water jet pump having the optimum mixing
chamber, suction nozzle, driving nozzle location, and cross-sectional dimensions produced a maximum efficiency of
about 33%. In the second part of the study, the solid particle carrying capacity of water jet pumps in a pipeline system
was studied under saltation, moving bed, and heterogeneous flow regimes by introducing seven different types of solid
particles having various concentrations into the closed test loop. The effect of jet pumps on separating solid particles
from flow in a region was investigated. A curved form of a by-pass system called the ‘flow division unit” was added to
the main pipeline system and through the flow division unit, then most of the solid particles in the flow were forced to
flow towards the suction pipe of the jet pump. As a result of this, only water with very small particle concentrations
passed through the centrifugal pumps, and in this way, the wear risk of the centrifugal pump was reduced considerably.
Keywords: water jet pump, pipeline system, slurry transportation, centrifugal pump wear.

SU JET POMPALARININ PERFORMANSI VE KATI-SIVI KARISIM
TASIMACILIGINDA UYGULANMASI

Ozet: Bu calisma 6ncelikle, kat1 pargaciklarm boru hatt1 sistemleri araciligiyla suyla tasmiminda kullanilacak su jeti
pompalarinin optimum tasarimi i¢in deneysel bir arastirmaya odaklanmistir. Deneyler, hem tahrik hem de emme sivisi
olarak su kullanan tahrik nozulu, emme nozulu, karistirma haznesi ve diflizériin ¢esitli boyutlarina sahip bes tip jet
pompasi kullanilarak kapali bir test dongiisiinde gergeklestirildi. Her bir su jeti pompasi elemaninin verimliligi analiz
edilmis ve her bir su jeti pompasina iliskin sonuglarin, bir su jeti pompasmin optimum tasariminda dikkate alinmasi
gereken pargalar hakkinda yorumlari yapilmistir. Deneysel sonuglardan, optimum karistirma haznesi, emme nozulu,
tahrik nozulu konumu ve kesit boyutlarma sahip su jet pompasi, yaklagik %33'liik maksimum verimle tiretilmigtir.
Calismanin ikinci boliimiinde, bir boru hatt1 sistemindeki su jeti pompalarinin kati madde tasima kapasitesi, ¢esitli
konsantrasyonlara sahip yedi farkli kati maddenin kapali test dongiisiine sokularak sicramali, hareketli yatak ve
heterojen akis rejimleri altinda incelenmistir. Jet pompasinin bir bolgedeki kat1 partikiilleri akistan ayirmadaki etkisi
arastirildi. Ana boru hatt1 sistemine 'akis bolme tinitesi' ad1 verilen kavisli bir by-pass sistemi eklendi ve akis bolme
iinitesi araciligiyla, akistaki kat1 parcaciklarin ¢gogu jet pompasinin emme borusuna dogru akmaya zorlandi. Boylece
santriflij pompalardan sadece ¢ok kiigiik partikiil konsantrasyonlarina sahip su gegmis ve bu sekilde santrifiij pompanin
asinma riski 6nemli dl¢lide azaltilmistir.

Anahtar Kelimler: su jeti pompasi, boru hatti sistemi, bulamag nakliyesi, santrifiij pompa aginmasi.

NOMENCLATURE L Length
M Non-dimensional flow ratio
Abbreviations m Mass flux
A Area N Non-dimensional head ratio
C Concentration Q Discharge
D Diameter (or size) \Y Velocity
E Total head t Time
g Gravitational constant X Distance



Efficiency

n

2] Angle

P Density of the fluid

y Specific weight of the fluid
Subscripts

d driving line

ds diffuser

in into the system

mix mixture

mc mixing chamber

n nozzle, nominal diameter
o,out out from the system

p pump

S suction line

sn suction nozzle

sp solid particle

w water, weight

INTRODUCTION

The flow of slurries in pipes takes place in a variety of
industrial applications due to its economic importance.
Mixtures of liquids, mainly water and solids such as sand,
gravel, clay, coal, various ores, plastics, etc., are
transported over short and long distances. While
transporting solid-liquid mixtures, a number of flow
regimes can be encountered as the flow velocity
increases. Detailed information on those of the flow
regimes of solid-liquid mixtures in closed-conduits was
extensively given by Graf (1971) and ASCE (1975). The
transport of relatively coarse particles has been limited to
short distances because of high necessary operating
velocities resulting in extensive wear in the pipeline
system and excess energy consumption. When designing
a solid-transporting pipeline system using centrifugal
pumps, it is necessary to know the effect of solids on the
performance of the pumps. For example, even a small
deviation in pump speed from a predetermined mean
value over a long period of time can be very expensive
due to increased wear in the system. Frequent pump
disassembly and installation not only consumes much
time, but the frequent replacement of the flow passage
components is very expensive also (Peng et al. 2020). In
addition, the flow of solids through the pump causes
additional hydraulic losses due to the relative movement
of coarse particles or the viscous effects of high
concentration of solid particles due to the different
densities of solids and liquids. As the concentration of
solid particle increases, the damage because of abrasion
becomes more serious. In order to avoid these problems,
somehow the amount of solid particles which will pass
directly through pumps should be reduced. This situation
can be achieved if the combination of a centrifugal pump
and a jet pump is used in the system as shown in Figure
1.
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Water jet pump

Centrifugal

Flow division

/

Solid-liquid
mixture

pump

Centrifugal ~ Water jet

pump

Soli; particle supply line

Water supply line

Figure 1. A general layout of a solid-liquid carrying pipeline
system with the combination of bypass and water jet pump

The jet pump operates without moving parts and consists
of four main elements; i.e. driving nozzle, suction nozzle,
mixing chamber, and diffuser. Because the jet pumps do
not contain any moving parts, they are less affected by
the abrasion. Beside this obvious advantage, its simple
design, easy maintenance, simple operation, and
applicability to high-density fluids are some of the other
significant benefits of jet pumps. Jet pumps can be made
of great variety of materials and they can be used in
various fields like fluid jet mixers, jet heaters, or steam
jet compressor depending on the flow mediums used. If
the driving and suction fluids are water, the jet pump is
named as “water jet pump (WJP)” which is the main
concern of this paper. Water jet pumps are used in many
civil engineering practices like deep-well pumping and
dredging.

Water jet pump was first used by Thomson after the
development of the two streams mixing theory by
Rankine (Reddy and Kar, 1968). In the later works, the
researchers tried to obtain the geometry of a water jet
pump for which the maximum performance would be
achieved. The past research showed that the efficiencies
of jet pumps tested were varied in the range of 20.8-42 %
at flow ratios M, which is the ratio of suction flowrate to



driving flowrate, of 0.2-1.2 (e.g. Muller (1964), Reddy
and Kar (1968), Cairns and Na (1969), Cunningham
(1995), Wang and Wypych (1995), El-Sawaf (1999),
Winoto et al. (2000), Neto (2011), Xiao and Long (2015),
Yapict and Aldas (2013), Sheha et al. (2018), Zhao and
Sakuragi (2018)).

In a water jet pump, the pumping action is performed by
the transfer of energy from a high velocity jet to one of
low velocity suction fluid. In case of solid-liquid flow in
a pipeline, a typical jet pump as shown in Fig. 2 is
operated by a pump producing a driving jet of clean
liquid through a nozzle which will entrain to the solid-
liquid mixture. The momentum exchange between the
driving jet and entrained mixture occurs within a mixing
chamber and the high kinetic energy is then converted
into pressure energy through a diffuser.

The main contribution of this study in slurry transporting
systems is to reduce the ratio of solid particles passing
through the centrifugal pump by using water jet pumps
with a flow separation unit and to prevent the centrifugal
pump wear problem. To the knowledge of the authors,
there is no study using these two elements (water jet
pump and flow separation unit) together. In the present
experimental work, a water jet pump and a flow division
unit have been used in conjunction with a centrifugal
pump in order to avoid solid particles passing through the
centrifugal pump in a pipeline system transporting solid-
liquid mixture. The efficiencies of the water jet pumps
tested were determined and the amounts of solid particles
passing through the centrifugal pump were measured for
different solid particles having various concentrations
and for different flow regimes; namely in saltation,
moving bed, and heterogeneous regimes. Seven different
types of solid particles, five types of suction nozzles,
driving nozzles, and mixing chambers were examined in
the course of this study.

THEORETICAL BACKGROUND

Water Jet Pump

The performance of a water jet pump is commonly
expressed in terms of its efficiency 1, which is simply
defined as the ratio of power output to power input of the
system (Fig. 2),

_ (Power) gyt _ Qs(Eq—Es) _
(Power)in  Qp(Ep—Eq)

MN

1)

in which, (Power)in=#Qp(Ep-Ed), (Power)ou=Qs(Ed-
Es), u is the specific weight of water, Qs is the suction
fluid flow rate; Qy is the driving fluid flow rate; Eq is the
total head at the exit of the diffuser (Section (d)-(d)); Es
is the total head of the suction liquid (Section (s-S)); Ep is
the total head of driving liquid (Section (p-p)); and the
non-dimensional volume flow rate, and the non-
dimensional head ratio, are defined as M = Q,/Q,,
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andN = (E; — E)/(E, — E4), respectively. It should
be noted that (1) is non-dimensional and includes the
overall losses encountered in the water jet pump.

In the experimental analysis of a water jet pump, in order
to obtain the highest possible efficiency one should
consider geometrical parameters of each element of the
jet pump, that is, different values for lengths, diameters
and angles made with respect to each other have to be
investigated. It is obvious that making all these changes
and tests will be time consuming and also very costly.
The experiments were conducted with varying
dimensions of driving nozzle, mixing chamber, suction
nozzle, and diffuser. The minimum energy just before the
jet pump prevails at Section (s)-(s). The maximum total
head to which the suction fluid will be raised, which can
also be named as the pump lifting height, is equal to (Eqg-
Es). The power output from the pump is determined by
#Qs(Ed-Es) whose division by %Qp(Ep-Ed) produces the
pump efficiency given in (1).

Slurry Flow with Water Jet Pumps

Solid-liquid mixtures having high solid concentrations
have strong influences on pump head, efficiency, and
pump power consumption. These influences vary with
material types and different particle sizes. Ni et al. (1999)
reported that when volumetric concentration C, was
equal to 42%, the centrifugal pump efficiency could drop
almost 60% in the coarse sand slurry as compared to the
efficiency that of only water. They also pointed out that
power requirement increases with relative density of the
slurry.

The function of a water jet pump in the solid transporting
pipeline system is mainly to avoid the particles from
passing through the centrifugal pump. As it has been
stated before, the abrasive action of the solid particles
gives damages to rotating parts of the centrifugal pumps
as well as to pipes. Since centrifugal pumps are the most
important elements of a solid transporting pipeline
system, a special attention should be given and ways of
preventing them from wear should be searched. Noon
and Kim (2016) numerically investigated erosion
prevention caused by the lime slurry and its effects on
head and efficiency losses in centrifugal pumps. They
found that erosion loss increased with impact velocity,
concentration by weight, and diameter of solid particles.
Tarodiya and Gandhi (2019) focused on investigating the
relationship between the abrasive wear profile of the
pump body and the simulated flow field experimentally
and numerically to determine the influence of the
dominant factors affecting the wear of the pump bodies
under different operating conditions. Li et al. (2020)
numerically simulated solid-liquid flow in a centrifugal
pump using CFD-discrete element method coupling.
They stated that with the increase in the particle
concentration, the head and efficiency of the centrifugal



pump dropped significantly, and the wear rate of the
centrifugal pump wall was closely related to the particle
concentration.
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Figure 2. A typical water jet pump with its elements

In this study, a jet pump, a centrifugal pump, and a flow
division unit were used in a laboratory closed test loop to
minimize the amount of solids, which could pass through
the centrifugal pump as seen in Figs. 3 and 4. The
pipeline system at the by-pass was divided into two
branches (named as “Flow Division Unit” ) before the
centrifugal pump. While one of the branches (outer) was
directly connected to the centrifugal pump, the second
one (inner) was making a curvature and forming a by-
pass. It is known that when a solid-liquid mixture flow
approaches a bend of either a pipe or an open channel,
the fluid particles and solid particles at the bottom levels
of the flow have a tendency to move towards the inner
side of the bend due to the effect of centrifugal forces that
cause secondary currents at the cross section (Graf, 1971;
ASCE, 1975, Julien, 2002). Referring to this principle it
was shown that more solid particle discharge of the
system was passing through the inner branch and then
combining with the rest of the solid particle discharge
after the jet pump unit.

In addition to the emphasized advantage of the by-pass
system, there is another important point that should not
be forgotten is the additional energy losses. When a
pipeline system with by-passes and jet pumps (as seen
Fig. 1) are to be preferred to the one which is free of by-
passes and having only centrifugal pumps at certain
locations, some additional energy losses occur in the
whole system due to the by-passes and jet pumps. These
undesired losses can be minimized by using optimum
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design criteria to be obtained from theoretical and
experimental studies for by-passes and jet pumps.

The theoretical work to be done here is valid for the
control volume applied to the system where all
experiments were performed. The equations used in the
determination of solid particle concentrations passing
though the suction line and pump were derived from the
basic law of conservation of mass applied to the pipeline
system shown in Fig. 3. In the case of having water as the
fluid being transported, the mass flux entering the system
through the driving line m,, is equal to the mass flux
leaving the system m,, because the rate of change of mass
of water inside the system is zero. The mass flux in the
discharge line, md, is equal to the summation of the mass
fluxes in the suction line ms, and that leaving the system
m,, Or entering the system m,.

Introducing solid particles of known weight into the
system changes the calculation procedure to a degree.
Since the driving fluid in this study is always water, then
the mass fluxes of the fluid entering and leaving the
system are not same. Some fraction of the solid particles
introduced escaped out as a function of time; therefore,
the rate of change of mass of solid-water mixture inside
the system is not zero.

Applying the law of conservation of mass for the pipeline
system, one can write,



Amd

e +my, — m, = 0 (2)
where % is the rate of change of mass of solid-water

mixture inside the control volume, mo is the mass flux
flowing out of control volume and m, is the mass flux
flowing inside the control volume. From experiments
conducted, values of m, and m, were determined and by
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means of (2) the magnitude of % was calculated.

However, it was seen that this amount was negligible
compared to other terms. Then (2) takes the form of,
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Figure 3. Experimental set-up used in the study

Mo = My 3
Expressing m, and m, as,

Mo = (OmixQmix)o 4
and,

mMp = (ouQup ®)

where p is the density, Q is the discharge and the
subscripts  “mix” and “w” refer to mixture and

water, respectively. Substituting (4) and (5) into (3),

(pmimeix)oz(pWQw)p (6)

The results of experiments carried out with different solid

particles revealed that (omix)o = (ow)p from which the
following relation can be written,

(Qmix)o = (Qulp )

The total dry weight of the solid-water mixture Wmix
escaped out from the system during the time period of At
can be determined as,

(Wmix)o=(7mimeixAt)= }'(NQpAt (8)
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where y is the unit weight. The weight concentration of
the solid particles, C, flowing out of system, which is
actually the concentration of the solid particle which will
pass through the centrifugal pump, is computed from the
equation below,

_ W),  (Wsp),
Wmix)o YwQpAt

C,=C, 9)
where (Wsp)s is the total weight of the solid particle flows

out of the system during the time period of At and
subscript “sp” refers to solid particle dry weight.

In a similar way, the concentration of the solid particles
passing through the suction line can be determined as

_ VspQs
CS B YmixWmix)s (10)
EXPERIMENTAL ARRANGEMENT AND

PROCEDURE

Test facility used in this study was designed and
assembled at the Hydraulics Laboratory of Middle East
Technical University. Following the construction of the
test set-up, several research activities were conducted on
hydraulic transport of solids in pipes (i.e. Inci (1987),
Kokpmnar (1990), and Kokpmar and Gogiis (2001)).



Figure 3 shows the general layout and dimensions of
experiment set-up. The whole system horizontally
mounted on steel supports of height 0.60 m above the
laboratory bottom level can be analyzed into three parts;
pipeline unit, flow division unit, and water jet pump unit.
The pipeline unit consisted of a steel pipe 0.15 m in
diameter and 26 m long.

As it is seen in Fig. 3, the pipeline unit started following
the water jet pump unit and continued up to the
transparent transition pipe of square cross-section, with
dimensions of 0.15 cm x 0.15 cm. The transparent pipe
which was 1.0 m long and 0.15 m in diameter located
close to the downstream end of the pipeline unit was used
as an observation pipe during the experiments. Solid
particles were introduced into the system by means of a
funnel. The total flow discharge passing through the
pipeline unit was measured by a venturimeter of 0.1 min
throat diameter. The bottom outlet valve was used to
unload the system after finishing each experiment.

The sketch showing geometrical details of flow division
unit and its photographs before and after installation are
seen in Fig. 4. This unit, which was at the downstream of
the transparent transition pipe of square cross-section
with dimensions of 0.15x0.15 m, was divided into two
branches. The first branch (outer branch), which works
as outlet conduit, has a rectangular cross-section of width
and height 0.10 mand 0.1125 m, respectively. At the end
of this pipe, a valve was located for the adjustment of the
flowrate leaving the system. The second branch (inner
branch) of the flow division unit with a different radius
of curvature than the first one but has a rectangular cross-
section with the same dimensions of the first branch
works as a suction conduit for the jet pump unit. Just at
the downstream of the pipe, a sliding gate was
constructed to divert the flow when cleaning up the
system from settled solid particles. A 90°-bend of
constant cross-section area connects the suction pipe to
the water jet pump. In all experiments the dimensions of
the elements forming the flow division unit were kept
constant.

The water jet pump unit was composed of a suction
nozzle, a mixing chamber, a diffuser, and a driving line
with a driving nozzle. The length and diameter of the
driving line and the suction line, which connected the
suction chamber to the flow division unit, were kept
constant in all experiments. The flow rate of the driving
fluid was measured by a venturimeter of throat diameter
0.028m. Five types of jet pumps with different
dimensions were manufactured and tested with varying
driving nozzle diameters as seen from Table 1.

Seven types of solid particles of different properties (fine
and coarse tuffs, blue and black granular plastics, coal,
fine sand, and coarse aggregate) were used in the solid-
liquid transportation experiments. Table 2 shows the
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characteristics of solid particles used in the experiments.
The specific gravities of the solid particles were varying
in the range of 1.05-2.60. The granular plastic particles
had uniform dimensions with 1.5x2.0x2.0 mm. Particle
size distribution of the non-uniform particles are given in
Fig. 5.

For several values of driving line water discharge Qp,
starting from the minimum up to the maximum
obtainable ones, the experiments were carried out and
static pressure head in the piezometer tubes on
manometers were recorded. The presence of turbulence
caused fluctuations in water levels of piezometer tubes
and required special attention to obtain the water levels
in each piezometer tube under the same hydraulic
condition. The maximum height of the variation observed
in the measurements of water levels in piezometer tubes
was about 0.015 m causing + 3% error in the measured
pressure head. In addition, the measurement of the
mixture discharge involved using a Venturi meter
positioned in the pipeline unit. However, it was found
that during high flow rates, variations in the water
manometers linked to the Venturi meter could lead to a
potential 2% discrepancy in the discharge measurement,
thereby generating an equivalent mistake in the flow
velocity. In order to achieve accurate experimental values
for each parameter (such as pressure, discharge, solid
weight, etc.), the tests were conducted multiple times
using the same amount of particles, with a minimum of
two or three repetitions.



©

Figure 4. Flow Division Unit a) geometrical details, b) photo
before installation (view from inner branch), and c) after
installation (view from outer branch)

After completing the experiments on water jet pumps to
obtain  highest efficiency geometry, following
experiments were conducted to investigate the effect of a
jet pump on solid particle transport capacity of the system
and to observe the performance of the flow division unit
on the separation of solid particles. Seven different types
of solid particles with various specific gravity values
were used as test materials. For the jet pump and driving
nozzle, a flowrate was set in the system by adjusting
valves on driving line and outlet valve. Then, the
experiments for a given type and weight of the solid
particle was carried out by slowly introducing the solid
particles through the loading funnel. The solid particles
were carried away through the pipe under the influence
of flow in the pipe. The movement of the solid particles
was observed through the transparent pipes on the system
to define the regime of solid transport. Since the
discharge of the driving line was kept initially at a low
value most of the time solid particles settled in the pipe
forming discrete steps in rectangular shape with a gentle
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upstream but steep downstream slopes. Only the grains
on the top of these steps moved along the flow direction
and settled in front of the downstream slopes, after
travelling relatively short distances. Accumulations of
the solid particles especially along the inner branch of the
flow division unit and at the suction line were always
observed. While the flow occurring in the system, a small
fraction of the solid particles was withdrawn through the
flow outlet pipe, but collected in a collection tank. After
the solid particles were observed at almost any section of
the whole system, not necessarily in moving form, the
solid particles collected in the collection tank were added
to the flow of the system. Then, for a period of about 3
minutes, the flow of solid-water mixture was observed
and the particles flowing out of the system were
collected. When the period was completed, the solid
particles collected in the collection tank were weighed
and recorded. This measurement procedure was repeated
for the other system discharges obtained from increasing
driving line discharge Q, and necessary observations and
data were recorded or collected accordingly. Figure 6
presents the process chart of the experimental program.
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Figure 5. Grain size distribution of non-uniform solid materials
used in the experiments

INTERPRETATION OF RESULTS

Water Jet Pump Efficiency

Effect of driving nozzle diameter

Figures 7a-7c have been created to compare and analyze
the performance of each type of water jet pump (WJP)
used in the experiments. The comparison is based on the
relationship between the input power (Power)i, and the
output power (Power)osr, with the driving nozzle
diameter, Dy, used as a parameter for a given mixing
chamber dimension. The first three WJPs (WJP-1 to
WJP-3), which have different mixing chamber and
suction nozzle geometries as outlined in Table 1, were
tested to determine the effect of the driving nozzle
diameter D, on the overall efficiency of the WJPs. It is
worth noting that in all three WJP tests, as shown in
Figure 2, the driving nozzle was located at the entrance
section of the suction nozzle, with a value of x = Lg.



Table 1. Geometric characteristics of water jet pump elements used in the experiments (lengths in cm and angles in

degree)
Doving ine Dnving nozzle | Suction line Suction nozzle Mixing chamber Diffuser Discharge Tine
‘Water Jet Pump

D, L D, L, A, B L X Amc L Bas Las Dy
WIP 1.1 20 23
WIP12 5 50 30 25 10x1125 712 20 5x5 33 595 48 15
WIP 13 440 20
WIP 2.1 20 25
WIP 22 340 25
WIE 23 3 30 440 240 10x1125 429 20 20 =7 33 475 48 15
WIP 24 43 20
WIP 25 50 20
WIP 3.1 30 25
:ﬁ zj 5 50 ::: 2:2 10x1125 114 25 23 ox0 26 343 50 15
WIE 34 50 20
WIP 4.1 25
WIE 42 5 50 45 20 10x1125 114 25 45 ox9 655 343 50 15
WIP 43 13
WIP 5.1 55
WIP 52 5 50 45 20 10x1125 228 125 6.1 9x9 78 343 50 15
WIP 53 105

Table 2. Characteristics of solid particles used in the
experiments

Specific weight ~ Median diameter ~Nominal diameter
Solid Particle
7 (gr/em®) ds0 (mm) dn (mm)
Coarse tuff 1.05 3.89
Blue plastics 1.20 225
Fine Tuff 131 1.65
Black plastics 1.35 225
Coal 1.74 3.70
Coarse gravel 2.55 534
Fine sand 2.60 1.09

During the experiments on WJP-1, which had a mixing
chamber diameter of 5 cm, three different driving nozzle
diameters were tested: D, =2 cm, D, =3 cm, and D, =4.5
cm, labeled as WJP 1.1, WJP 1.2, and WJP 1.3,
respectively. However, despite the input power (Power)in
ranging up to 1400 watts, the maximum (Power)ou
achieved was only about 15.6 watts. This resulted in a
low efficiency for the jet pump, determined by dividing
(Power)out by (Power)i,. Out of the driving nozzle
diameters tested, D, =4.5 cm was the worst performer in
terms of system efficiency. For a given (Power)i, value,
the other driving nozzle diameters yielded nearly the
same amount of power.

In the WJP-2 experiments with a mixing chamber
diameter of 7 cm, the slopes of the lines connecting the
same series of data points were found to be steeper than
those in Figure 7a. Within the range of experiments
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conducted, D, =4.5 cm (WJP 2.4), followed by D, =3.0
cm (WJP 2.2) and D, =4.0 cm (WJP 2.3), produced the
maximum (Power)oy: for a given (Power)in.

In the WJP-3 experiments with a mixing chamber
diameter of 9 cm, the data points for D, =4.0 cm (WJP
3.2) and D, =4.5 cm (WJP 3.3) were almost coinciding
and produced the highest values of (Power),: for the
given (Power)i, values. Comparing Figures 7a, 7b, and
7c¢, it can be concluded that WJP-3 with a driving nozzle
diameter of D, =4.0 cm or 4.5 cm yielded the maximum
pump efficiency of about #=0.27.

For the next two water jet pumps, i.e. WJP-4 and WJP-5,
the driving nozzle diameter and mixing chamber cross-
section dimensions were fixed at D, =4.5 cm and Dm¢=9
cm, respectively, in order to analyze the effects of driving
nozzle location, suction nozzle length, and mixing
chamber length on the overall water jet pump efficiency.
The corresponding driving nozzle to mixing chamber
cross-section area ratio was An/Amc=0.198 for the case of
Dn=4.5 cm and Dmn¢=9 cm.
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Figure 6. Process chart of the experimental program

Effect of driving nozzle location

In Figure 2, the distance between the entrance of the
mixing chamber and the tip of the driving nozzle location
(referred to as "'x"") was varied along the suction nozzle to
test its effect on the water jet pump's efficiency for each
pump in the series of WJP-4 and WJP-5. The efficiency
of each case of "x" was calculated and normalized with
suction nozzle length Lsn, i.e., x/Lsi. Figure 8 shows
(Power)out versus (Power)i, to compare the performance
or efficiency of each water jet pump as a function of the
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driving nozzle location. WJP 4.1 has the highest pump
efficiency for a given (Power);, with driving nozzle
location at x=25 cm (X/Ls» =1.0). However, the
efficiencies of WJP 4.2 and WJP 4.3 are not significantly
different from that of WJP 4.1. Similarly, WJP 5.3 at
x=10.5 cm (x/Ls» =0.84) gives the highest (Power)ou
values for high values of (Power)in, which corresponds to
an efficiency of 7=0.329.
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Figure 7. Variation of (Power)in versus (Power)out for various
water jet pumps tested as a function of mixing chamber and
driving nozzles dimensions for all series of; a) Dmc=5 cm for
WJP-1, b) Dmc=7 cm for WJP-2, ¢) Dmc=9 cm for WJIP-3

Relationship between flow ratio (M) and water jet
pump efficiency ()

To investigate the impact of suction nozzle length,
mixing chamber length, and diffuser angle on the
efficiency of water jet pump, Equation (1) was used to
calculate the efficiency of each water jet pump. Figure 9
presents the relationship between the flow ratio



(M=Qs/Qy) and efficiency (7) of all the water jet pumps
tested in the study, along with the geometrical details of
each pump provided in Table 1. The M versus 7 data for
all the tested WJPs are shown under the envelope curve
in the figure. It can be observed that WJP 5.3 consistently
exhibited higher 7 values than the other tested WJPs.
Based on the experimental data presented in Figure 9, the
maximum WJP efficiency value of 7=0.329 was
achieved at a flow ratio of M=1.62. Based on the general
trend observed in all experimental data, it can be inferred
that the efficiency of the pump first increases and then
decreases as M increases, with a maximum value in
between. This trend is consistent with previous studies,
such as Helios and Asvapoositkul (2021), who achieved
a maximum WJP efficiency of r=0.233 at M=0.87, and
Schulz and Fasol (Yapici and Aldas, 2013), who obtained
the maximum jet pump efficiency value of 7=0.36 at
M=1.4. Yapici and Aldas (2013) attributed this trend to
the internal structure of flow through the driving and
suction lines, which plays a crucial role in the initial
increase and subsequent decrease in efficiency with
increasing M. The findings of the current study suggest
that using a 90° suction line connection to the suction
nozzle leads to higher energy losses in the system,
ultimately causing a decrease in efficiency. This trend
persists even at relatively high efficiency levels, as
evidenced by the recorded efficiency of 7=0.329 at
M=1.62.
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Figure 8. Variation of (Power)in versus (Power)ou for various
water jet pumps tested as a function of driving nozzle location

Effect of Flow Division Unit on Separation of Solid
Particles

The studies conducted in this section are based on the
analogy of free-surface flows in curved channels.
Predicting momentum and sediment transport in curved
channels is crucial in river engineering practice. In bends,
pressure gradients and centrifugal forces combine to
create transverse circulations, also known as secondary
flows, spiral flows, or helical flows. These three-
dimensional helical flow patterns significantly impact
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flow behavior and sediment transport in curved channels
(Khosronejad et al., 2007), as observed in the scour
mechanism in natural curved channels.

In a curved channel, scouring occurs along the outer bank
while accumulation takes place along the inner bank due
to secondary flows. Secondary flows are closed-circuit
flows in a plane perpendicular to the main flow direction.
They occur because a fluid element in meandering flow
is influenced by two lateral forces. The first one is the
pressure gradient in the lateral direction, which has the
same value at every point on a vertical section since the
pressure distribution is hydrostatic. The second force is
the centrifugal force, which decreases as it approaches
the bottom because flow velocity is high near the surface
and low near the base. Therefore, a fluid element near the
surface tends to move to the outside of the curvature,
while an element near the bottom moves to the inside.
The combination of the secondary flow with the main
flow results in a helical flow at the bend. As a result, the
secondary flow directed from the outer bank at the base
to the inside carries material from the outer bank to the
inner bank.
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Figure 9. Variation of water jet pump efficiency 7 with flow
ratio M for all water jet pumps tested

Based on the theoretical explanations given above, the
experiments conducted in the previous section identified
the most efficient type of water jet pump, which was then
used to convey seven different types of solid materials
through a pipeline system. The aim of this series of
experiments was to investigate how the performance of
the flow division unit is affected by the particle size and
density of the solid materials, as well as the slurry flow
regime.



Using the equations developed in the Slurry flow with
water jet pumps section, the weight concentrations of the
solid particles passing through the centrifugal pump (Cu)p
and suction line (Cy)s were calculated and compared to
the concentration of solid material introduced into the
system by weight in the discharge line (Cw)s. These
concentrations were then plotted and presented in Figures
10a-u. Upon analyzing these figures, it was observed that
the concentrations of solid materials passing through the
suction line varied between 3.45% and 20.82% for (Cw)q
values ranging from 1.83% to 12.62%, while those
passing through the centrifugal pump varied between 0%
and 1.49%.

The efficient operation of a flow division unit is greatly
influenced by the size of solid particles. For example,
when coarse aggregates (Figures 10j,k,1) and fine sand
(Figures 10p,q,r) were used in the experiments, the
measured concentrations of solids passing through the
centrifugal pump, (Cw)p, were found to be in the range of
0.038% - 1.49% and 0% - 0.185%, respectively, when the
concentrations of solids in the discharge line, (Cw)q, Were
between 1.83% - 9.00% for both solid materials. These
results indicate that the concentration of coarse particles
passing through the centrifugal pump is always higher
than that of fine particles, when the solid concentrations
in the main pipeline system are the same for the two types
of solids with similar densities.

In addition, experiments showed that fine particles tend
to move close to each other, especially in the flow
division unit, where they follow a path towards the inner
branch of the unit, resulting in most of the solid particles
returning to the main system, while a small amount goes
into the outer branch. The photograph of the movement
of fine sand materials along the inner branch in the flow
separation unit is shown in Figure 11. These
experimental findings are consistent with previous
predictions on river bends, such as Allen (1970), Parker
and Andrews (1985), lkeda et al. (1987), Bridge (1976,
1992), and Sun et al. (2001), where coarser grains feel a
larger ratio of transverse gravitational force to fluid force
than finer grains, leading to lateral sediment size sorting.
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In their laboratory tests, Ikeda et al. (1987) concluded that
coarser bed materials experience a greater ratio of
transverse gravitational force to fluid force than finer
grains, making it the primary mechanism for dynamic
sorting. They also found that sediment size tends to
increase towards the outer bank, resulting in a reduction
in lateral bed slope in the outer area of bends.
Accordingly, similar to the present study, some of the
coarse particles move directly towards the outer branch
connected to the centrifugal pump at the beginning of the
flow division unit.

Furthermore, the effectiveness of the flow division unit
was investigated under different flow regimes of solid-
liquid mixtures, which can be classified into four flow
regimes (Abulnaga, 2002): a) stationary bed, b) saltation
and moving bed, c) heterogeneous mixture with all solids
in suspension, and d) homogeneous mixtures with all
solids in suspension. In this experimental study, all tests
were conducted under the flow regimes of b) and c).
While a linear relationship was observed in the moving
bed flow regime, the most data scattering was seen in
both saltation and heterogeneous flow regimes.
Regardless of the material used, data scattering is
particularly noticeable at low (Cy)q values. Thus, it can
be concluded that the most stable flow regime is the
moving bed flow regime, which is near the critical flow
regime.

Figure 11. Accumulation of fine sand particles along inner
bend of the flow division unit
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CONCLUSIONS

Apart from hydraulic conditions causing high friction
losses in pipeline systems, the conveyance of solid
particles through pipelines can also result in the
undesirable abrasive action on pipes and the moving parts
of centrifugal pumps. To mitigate this wear effect, one
alternative solution is to use a water jet pump alongside
a centrifugal pump in the pipeline system. The
experimental study led to the following conclusions:

(1) Of all the water jet pumps tested and listed in Table
1, WJP 5.3 demonstrated the highest efficiency of
1n=0.329. This was achieved through an area ratio of
driving nozzle to mixing chamber of A./An:=0.198, a
non-dimensional driving nozzle location ratio of
X/Ls,=0.84, a mixing chamber length to mixing chamber
cross-section dimension of Ln/Dmc=8.66, and a diffuser
angle of G4s=3.53°.

(2) From the plot of pump efficiency 7 versus flow ratio
M (Figure 9), it was concluded that for the water jet pump
of WJP 5.3, the highest efficiency of 7=0.329 was
obtained at M=1.62.

(3) A Flow Division Unit was added to the test setup in
order to reduce the number of solid particles passing
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Fotograflar, siyah/beyaz ve 8 cm (bir siitun) veya 16 cm
(iki stitun) genisliginde olmalidir. Fotograflar digitize
edilerek, makale i¢inde bulunmalar1 gereken yerlere
bilgisayar ortaminda sutunu (veya bitin sayfa
genisligini) ortalayacak sekilde yerlestirilmelidir ve sekil
gibi numaralandirilmali ve adlandirilmalidir.

Yazar(lar)mn Fotograf ve Kisa Ozgecmisleri

Yazarlarin fotograflar1 digitize edilerek, makalenin en
sonuna Ozgecmisleri ile birlikte uygun bir sekilde
yerlestirilmelidir.

SEMBOLLER

Makale iginde kullanilan biitin semboller alfabetik
sirada Ozetten sonra liste halinde tek siitun diizeninde
yazilmalidir. Boyutlu biyuklikler birimleri ile birlikte
ve boyutsuz sayilar (Re, Nu, vb.) tanimlar1 ile birlikte
verilmelidir.

KAYNAKLAR
Kaynaklar metin sonunda, ilk yazarin soyadina gore

alfabetik sirada listelenmelidir. Kaynaklara, yazi iginde,
yazar(lar)in soyad(lar)1 ve yayin yili belirtilerek atifta

bulunulmalidir. Bir ve iki yazarli kaynaklara, her iki
yazarin soyadlar1 ve yayin yili belirtilerek (Bejan, 1988;
Tiirkoglu ve Farouk, 1993), ikiden ¢ok yazarh
kaynaklara ise birinci yazarin soyadi ve "vd." eki ve
yaym yili ile atifta bulunulmahdir (Ataer vd, 1995).
Asagida makale, kitap ve bildirilerin kaynaklar listesine
yazim formati i¢in drnekler verilmistir.
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Hakem degerlendirmesinden sonra kabul edilen
makaleler, yukarida agiklandigi sekilde dizilerek basima
hazirlandiktan sonra, bir elektronik kopyasi editore
gonderilmelidir. Makalenin basima hazir kopyasi ile
birlikte, "Telif Hakki Devri Formu" da doldurularak
gdderilmelidir. Telif Hakki Devir Formu’na ve bu yazim
klavuzuna www.tibtd.org.tr adresinden ulasilabilir.
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