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ABSTRACT

In this study, two different industrial refrigerators were designed, manufactured and tested to analyze the impact
of different types of fans (Type 1 and Type 2) used in industrial cooling systems on the performance of the
cooling system. In order to test the fan performance and airflow effects, two axial fan configurations with
different structures and different motor technology (EC and shaded-pole induction) were tested in two separate
industrial refrigerator test rooms in accordance with TS EN ISO 23953-2 standards. R290 (Propane) was used as
a refrigerant in the systems. The average temperature and relative humidity values of the environment where the
experiment was conducted were measured as 25 °C and 60 % (Class 3), respectively. During the experiments,
the total of 51.71 kWh energy was consumed in system 1, while the total of 54.22 kWh energy was consumed in
system 2 and the difference between the energy consumption of the two systems was calculated as 4.85%. The
average temperatures of the inlet and outlet of the evaporator of the system 1 and 2 were -21.57 °C, -18.97 °C
and -23.43 °C, -20.94 °C, respectively. The average refrigerant temperatures for the system 1 and 2 were
calculated as -24.65 °C, -26.44 °C, respectively. While the average coefficient of performance value of the type
1 system was 1.74, it was calculated as 1.54 for the type 2 cooling system. The average second-law efficiencies
for the two cooling systems were calculated as 30.85 % and 29.81 %, respectively. In addition, the
environmental economy analysis was carried out using the amount of CO, that was prevented from emitting and
the CO, emission price calculated accordingly.

Keywords: Refrigerator, Cooling, Axial Fan, Energy, Energy Efficiency

Endustriyel Derin Dondurucuya Uygulanan Farkli Tip Fanlarin
Sogutma Performansina Etkisinin 3E Analizi

Oz

Bu caligsmada, endiistriyel sogutma sistemlerinde kullanilan farkli tip fanlarm (Tip 1 ve Tip 2) sogutma
sisteminin performansina etkisini analiz etmek icin iki farkli endiistriyel buzdolab: tasarlanmuis, liretilmis ve test
edilmistir. Fan performansint ve hava akis etkilerini test etmek i¢in farkli yapilarda ve farklt motor
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teknolojilerine (EC ve gdlge kutuplu indiiksiyon) sahip iki adet aksiyal fan konfigiirasyonu, TS EN 1SO 23953-2
standartlarina gore iki ayr1 endiistriyel buzdolabi test odasinda test edilmistir. Sistemlerde sogutucu akigkan
olarak R290 (Propan) kullanilmistir. Deneyin yapildigi ortamin ortalama sicaklik ve bagil nem degerleri sirasiyla
25 ° C ve % 60 (Smif 3) olarak 6l¢iilmustiir. Deneyler sirasinda 1. sistemde toplam 51.71 kWh enerji tiiketilirken
2. sistemde toplam 54.22 kWh enerji tiikketilmis ve iki sistemin enerji tiikketimi arasindaki farki % 4.85 olarak
hesaplanmistir. Sistem 1 ve 2'nin buharlastiricisinin giris ve ¢ikiginin ortalama sicakliklari sirasiyla -21.57 °C, -
18.97 °C ve -23.43 °C, -20.94 °C’dir.

Sistem 1 ve 2 i¢in ortalama sogutucu akigkan sicakliklar: sirastyla -24.65 °C ve -26.44 °C olarak hesaplanmustir.
Tip 1 sistemin ortalama performans katsayisi degeri 1.74 iken, tip 2 sogutma sistemi i¢in 1.54 olarak
hesaplanmustir. ki sogutma sistemi igin ortalama ikinci kanun verimleri sirastyla % 30.85 ve % 29.81 olarak
hesaplanmistir. Ayrica emisyonu 6nlenen CO» miktari ile ¢cevre ekonomisi analizi yapilmis ve buna gore CO>
emisyon fiyati hesaplanmistir.

Anahtar Kelimeler: Buzdolab:, Sogutma, Aksiyal Fan, Enerji, Enerji Verimliligi

. INTRODUCTION

When it comes to global energy challenges, one of the essential things is to enhance energy efficiency
considering energy saving [1]. Energy efficiency program has played a key role in reducing energy
consumption in several countries. One of the most widely used households and industrial appliances in
both developed and developing countries is the refrigerator [2]. With the improvement of expectations
for everyday comforts, food quality and conservation issues have attracted increasing attention;
therefore, the requirements of the refrigerator also increase rapidly. Industrial refrigerators mainly
work cycling the cooled air within the refrigerator while the air is driven by the ventilation system.
The fan directs the air through the evaporator and cools it. At that point, the cooled air is driven into
the cooler box. Hence, the performance parameters of the system play a significant role for the cooling
speed, cooling efficiency and total energy consumption of the refrigerator. High performance and
increased efficiency can be carried out by the help of improved flow characteristics of the fans [3].

In industrial refrigerators, the air of the fresh and frozen food sections are cooled by evaporator to
approximately +5 °C and -18 °C, respectively. Due to the migration of moisture from the products, the
air in the room tends to have a high relative humidity mainly caused by door openings. Since the
relative humidity of the internal air accumulates on the cold evaporator surface (usually below -18 °C)
the evaporator absorbs the moisture over time [4]. Most refrigerators in operation include fan-fed
evaporator and condenser as heat exchangers, a capillary tube and a hermetic compressor. An internal
heat exchanger and pre-condenser can also be included as additional parts. In this application, the
evaporator usually runs at freezing temperature. Due to two simultaneous effects of the frost layer,
which causes low thermal conductivity and reduction of air flow channels, the frosting conditions will
reduce the cooling capacity which causes a longer compressor cycle requiring higher energy input [5].

In refrigerators, the evaporator and condenser fans are driven by electric motors, and only the highest
power consumption is achieved after the compressor. The most common and low-cost motor type used
for this purpose is the shaded pole induction motor. The fan structure and motor technology used in
the evaporator and condenser enable the system to cool down and significantly reduce the waste heat
generated. Reduced waste heat in the evaporator fan typically results in less operation of the
compressor, which saves more energy. As a result, the fan structure and technology used in the
evaporator and condenser are crucial, especially in terms of the energy efficiency of the cooling
system. [6]

Several studies are conducted on the literature to achieve a higher freezing efficiency and reduce the
energy consumption of the cooling system. It can be seen that only a few studies have been performed
on the impact of different fans used in the evaporator and condenser on the entire cooling system.
Similarly, it has been observed that few of these studies include experimental results, and most studies
on energy efficiency only include expectations based on the efficiency of the motors used. Pioneering
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studies on the literature are evaluated within the scope of this topic and summarized below. Dong et al.
studied an azeotropic mixture of R744/R170 (0.78/0.22, mass fraction) as a refrigerant instead of
R134a for an air source heat pump water heater (ASHPWH) system. Exergy efficiency was analyzed
for the system performance using both refrigerants based on the first and second law of
thermodynamics. It was found that coefficient of heating performance (COP) and exergy efficiency of
R744/R170 refrigerant were better than R134a and led to an incerase by 31.3 % and 30.6 %,
respectively. In addition, 34.3-49.8 °C lower discharge temperature and reduced compression ratio
(from 12.0417 to 3.2734) were obtained for R744/R170. It was also stated that R744/R170 mixture
could be a good alternative to R134a in ASHPWH systems [7].

Acharya et al. investigated the impact of the condenser fan speed on vapor compression refrigeration
system and found that as the CFM speed increases, the pressure head decreases and higher speed also
contributes to low heat loss on the system. Cooling of the space is the critical parameter that causes
higher CFM to cool at a faster rate [8]. Elsayed et al. analyzed the performance of split air conditioner
driven by an inverter to obtain the effect of compressor speed, condenser fan speed, evaporator fan
speed and electronic expansion valve. It is found that a 7 °C increase in inlet air temperature of
condenser led the power consumption of the system increased by 18% and COP decreased by 15% [9].
Yang et al. used condensate water to advance the performance of air conditioner by reducing the
airflow temperature around the condenser. Results shows that increased environment temperature led
to the decrease of the refrigerating capacity and energy efficiency ratio by increasing power
consumption [10]. Thakre et al. used R290 as a refrigerant to evaluate the energy efficiency of a
variable speed dc compressor and result shows that system consumed 162.45 W in variable speed
operation and 210.87 W in maximum speed operation while variable speed operation had lower
cooling capacity in comparison to the maximum speed operation [11]. Hermosa et al. designed a
controller to improve energy efficiency of household refrigerator driven by inverter and compared the
performance of conventional and inverter-driven technology. It was found that the proposed controller
and variable speed operation exhibited a reduction of 27 % in the power consumption [12].

Colorado and Rivera compared the performance of double stage, compression absorption single stage
and conventional vapor compression systems for refrigeration. The results indicated that 45 % lower
compression power was obtained with the cascade cycles [13]. Panigrahi and Mishra studied an
appropriate aerofoil blade profile using computational fluid dynamics (CFD) for the fan blades to
improve the efficiency of axial flow mine ventilation fans by varying angles of attack and various
aerody-namic parameters. The study revealed that an appropriate aerofoil blade profile will increase
energy efficiency of mine ventilation fans [14]. Zhao et al. investigated modification of fan geometry
with the refined numerical and experimental approaches to reduce noise of outdoor unit. CFD and
computational Aerodynamic Acoustics (CAA) was used to predict the noise behavior and it was found
that modified fan geometries are effective to reduce the noise but the flanging outer-edge blade is more
effective [15]. Dang et al. analyzed the thermal performance of a S-NDWCT equipped with an axial
fan at different fan diameters and fan power to evaluate the effect of fan. Results showed that when the
diameter of the fan exceeds 15.0 m, the air velocity in the central area of the tower increases
significantly and the temperature distribution becomes more uniform [16]. Amin and Zulkifli
compared conventional (on-off) and the variable speed drive (VSD) control of evaporator fan motor of
split AC to reduce cooling time and electricity consumption. It was conducted that VSD control could
increase the COP by 32 % compared to on-off control and reduce energy consumption up to 11% [17].
Angelini et al. presented a pitch and chord optimization study for increasing the efficiency and
decreasing the trailing edge noise of an axial flow fan for air-cooled condensers and noise reduction of
-0.5 dB achieved [18].

Effect of different type of fans on cooling performance applied to an industrial deep freezer is a rather
complex issue to obtain without experimental studies. Not only energy consumption but also
significant parameters such, inlet and outlet temperatures of the evaporator, refrigerant temperatures,
coefficient of performance, second-law efficiencies should be taken into account in terms of optimum
fan selection. This study aimed to investigate the effect of different fans on the performance of
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industrial deep freezer and to carry out the importance of proper fan selection based on conducted tests
under TS EN ISO 23953-2 standards.

If the evaporator draws heat from the air and discharges heat to the air in the condenser, the airflow
significantly affects the system performance and the thermal characterization of the cooling system in
vapor compression refrigeration systems. Besides, energy consumption of the fan used in industrial
refrigerators is also important in terms of energy efficiency. Industrial refrigerators are subjected to
energy efficiency labelling according to their energy efficiency index. The effect of fan selection on
the energy efficiency index value investigated within the scope of this study. In this study, fan
selection has been realized by calculating the pressure losses in the system and the airflow rates of the
fan were calculated considering the evaporator and condenser capacities. In this sense, this study is
focused on investigating the effect of two different fan types on the coefficients of performance, total
energy consumption and especially the effect of obtained airflow on the air temperatures in the
industrial refrigerator. Results of the study are aimed to contribute into this scientific domain by
investigating the effect of fan type and fan selection on industrial refrigerator systems. This study
presents the investigation of the effect of two different types of fans used in an industrial plug-in
vertical freezer system on the performance of the cooling system using R290 refrigerant. This study is
organized as follows: material and method are given in the second section. Results and discussion are
discussed in the third section, including those on temperatures, defrost intervals, coefficient of
performance and total energy consumption of the tested systems. Conclusions are given and discussed
in the fourth section.

. MATERIAL AND METHOD

In this study, it is aimed to compare and analyze two different fans in an industrial plug-in vertical
freezer system. L1 type vertical, open, vapor compression industrial refrigeration system operating
with R290 refrigerant is designed with reference to -25 °C evaporation and 45 °C condensation
temperatures. The P-h diagram of the cooling system is given in Fig. 1. The experiment set is
designed, manufactured and tested. Tests in the cooling system were carried out in the test room under
Class-3 at 25 °C temperature and 60 % relative humidity (% RH) conditions.

log P

Entalphy (kI/kg)

Figure 1. The path followed by the cooling system in the P-h diagram

The tests were performed equally and in accordance with the 1SO 23953-2 standard using equipments
with the same characteristics in both different fans. In this context, tests were carried out by recording
the experimental data obtained using the fans whose characteristics are given in Table 1.
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Table 1. Technical characteristics of the fans tested in the experimental setup

: Output Operatin
Fan Number and I\\l/c())rl?égil povx?er ?gsgg Air flow ten?peratu%e Di:rigter
model W) range (rpm) (m¥/h) range (mm)
| — (W) (°0)
. 3 Electronica
Axial Fan | (T 230 0-13 0-1800 200 -30/50 200
type 1
motor
Axial Fan 6
type 2 _ shad_ed pole 230 0-19 2650 160 -40/75 115
induction motor
1 | Evaporator inlet temperature value 12 | Leftside air off temperature value
2 | Evaporator output temperature value 13 | Right side air off temperature value
3 | Condenser air inlet temperature value 14 | Temperature and relative humidity sensor
4 | Condenser air outlet temperature value 15 | Fan
5 | Condenser gas inlet temperature value 16 | Defrost container
6 | Condenser liquid output temperature value 17 | Evaporator
7 | Compressor suction temperature value 18 | Condenser
8 | Compressor discharge line temperature value 19 | Capillary tube
9 | Compressor body temperature value 20 | Dryer
10 | Left side air on temperature value HP | High pressure value
11 | Right side air on temperature value LP | Low pressure value

Figure 2. Deep freeze prototype and measuring points
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The experiments were carried out in the test room with calibrated test devices within the scope of TS
EN ISO 23953-2 standard. Cooling performance of the system, energy consumption, temperature
measurements, pressure measurements and energy efficiency tests were performed. While performing
these tests, temperature measurements were taken every minute by means of thermocouples from the
certain points of cooling systems equipment (compressor, condenser and evaporator inlet-outlet
temperature values). Information on measurement equipments used in prototypes production and tests
are given in Table 2.

Table 2. Properties of measurement devices used in cooling systems and uncertainty values

Device Model Unit Measuring Accuracy  Uncertainty
Range
Thermocouple Omega, CL-23A °C -40/+150 +%0.1°C +£%0.14°C
Pressure Eliwell, HP bar 030  +0.1 £0.15
transmitter
Pressure Eliwell, LP bar 058 4001 +0.02
transmitter
Rotronic, M23W2HT- °C / %RH 0/+50/ +0.03/ +0.06 °C
Thermohygrometer 1X 0 0-100 + % 1.5 +2.25 RH
E+E Electronic, EE66-
Anemometer VA3 m/s 0-2 + 0.01 +0.05
EE660-V7
Digital scales Value, VES-100B g 0-100 + % 0.05 + % 0.065
. . -50/+150 +0.1°C +0.14 °C
Digital manifold Testo, 550 bar -1/ +60 +001bar  +0.02 bar
Current + % 0.25
. Ampere / ) +%0.2/ Current
Energy analyzer Janitza, UMG508 Volt Voltage + 0014
+%0.1 Volt
Siemens, SITRANS FC 0
Flowmeter MASS 6000 kg/h 0-1000 +%0.1 +9%0.2

[1l. THEORETICAL ANALYSIS

Evaporator capacity (Q,, kW) of the industrial cooler can be calculated by Eq. (1) [19]:

Qe =1, . (hy — hy) (1)

where m, is refrigerant mass flow rate (kg/s) and h is enthalpy (kJ/kg). The compressor power
(W, kW) that will meet the cooling load in the industrial cooler and create the desired pressure
difference in the cooling system can be determined by Eq. (2). In the design, the compressor power is
determined experimentally with the energy analyzer:

W, =m,.(hy —hy) =1.V.cosp 2
where I is phase current (A), V is the voltage (V) applied to motor terminal and cos¢ is power factor.

Cooling coefficient of the performance (COP) of the industrial refrigeration cycle is calculated by Eq.
(3) [19,20]:

_ Qe
cop = 3)

[

Reversible coefficient of performance of the industrial refrigeration cycle can be calculated Eq. (4):
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TL

COPcaT = ﬁ (4)

where Ty, and T, hot and cold sources temperatures (°C). The second law efficiency of the industrial
cooling system can be found by the ratio of the cooling performance coefficient of the system to the
Reversible performance coefficient under the same conditions. It can be defined as by following Eqg.

() [20]:

copP
M= COPear )

Fan power (Wf, kW) to circulate the cool air blown through the evaporator is defined in Eq. (6) [21]:

. ) . A
Ul

where Ap is air side pressure drop across an evaporator (Pa) and 7 is efficiency of fan (%). The
logarithmic temperature difference (AT},,) can be calculated with the Eqg. (7) [21]:

AT, — AT,

In (ﬁ_%) (7)

ATy, =

where AT, and AT,temperature differences (°C). Mass flux (I',kg/m?s) is calculated with the Eq. (8):

r—mr 8
= (8)

where A, is the area of compressor (m?). Eq. (9) used in determining the amount of heat extracted
from the air per unit time with the evaporator is given below [21]:

Qe =U.A. [ATln] (9)

Exergy destruction (E,) formulas and calculation has been added. In Eq. (10), s and O refer to the
entropy (kJ/kgK) and the dead state, respectively. Formulas defined as follows [20,21]:

Ex =m[h —hy —To(s — 5o)] (10)
Exergy destruction on compressor is calculated by Eqg. (11):

Ex,dest,comp =m [(hy — Tos1)] — [(hy — Tos)]+ Wcomp (11)
Exergy destruction on condenser is calculated by Eq. (12):

Ex,dest,con =m [(hz - TOSZ)] - [(h3 - TOS3)]'[Qcon (1 - i)] (12)

TCOTL

Exergy destruction on evaporator is given by Eqg. (13):
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Ex,dest,eva =m [(hl - T051)] - [(h4 - T054)]'[Qcon (1 - TTO )] (13)

eva

It is important to perform energy and exergy analysis in refrigerant systems. Therefore, the exergy
balance for the steady flow control volume in this study is given Eq. (14) and Eq. (15) [20]:

Ex, est,eva
Mex= et (14)
comp
m [(hy—Tp51)]=[(ha—Tp54)] - [(h1=To51)]=[(ha=Ty54)]
ex= m(hy—hy) (ha—hy) (15)

Eq. (16) used to determine the amount of carbon dioxide (kgCO./h) prevented from being produced
per hour is given below [22].

®CO, = W,. YCo, (16)

where Y CO0, is the amount of CO; released when energy is produced from coal (kgCO./kWh). Eq.
(17) used to determine the gain per CO; blocked from production per hour is given below [22].

ZCOZ = PCOZ' @COZ (17)

where Py, is the earnings per CO; production blocked (¢/kgCO2). The formulas used in fan efficiency
calculations are as follows:

Input power of the mono-phase AC fan motor P;;,,,,,¢, KW) can be calculated by Eq. (18) [23]:
Pinput = Uline * line * €OSQ (18)
Shaft power of the motor or the power required by impeller is calculated by Eq. (19) [23]:

Pshafe = Nmotor * Uline * liine " COS® (19)

where: Nmoror 1S the efficiency of the motor, U, and I, are supply voltage (V) and current (A)
and cosg is power factor.

Fan power Pfg,, can be calculated by Eq. (20) [23]:
Pfanzk'Q'P (20)

where: Q is airflow (m%/sec), P is static pressure (Pa) and k is compressibility factor approximated as
unit. Impeller efficiency n;,,, can be calculated by Eq. (21) [23]:

P,
Nimp = Pfan (21)
shaft
Overall efficiency of the fan n¢,,, can be calculated by Eq. (22) [23]:
P
Nfan = fan = Nmotor " Nimp (22)

(Uline *liine COSQ’)
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The equation developed by Kline et al. was used to define the total uncertainty (Wg) created by
measuring the equipment [24]:

1
W — (OR )2+(6R )2+(0R )2+ +<6R )2 /2
R — a—xl.Wl E.WZ E.W?) E.Wn (23)

In Eqg. (23), R is the size to measure, x4, x,, X3, ..., X, are the independent variables affecting the
measurement and w,, w,, ws, ..., w,, are the accuracies in the independent variables.

In addition to theoretical fan efficiency, fan should be operated at the point where optimum system
efficiency is obtained. A typical example is given in Fig. 3 where the maximum efficiency of red fan is
40 % and maximum efficiency of blue fan is 20 %. It will be a critical mistake to select the fan
according to it’s maximum efficiency value. When it comes to efficiency value at the given operating
point (150 Pa), it is clear that the blue fan is more efficient than the red fan. Therefore, different fan
characteristics and operating points should be taken into account for overall system efficiency. A fan
should be operated at its best efficiency point (BEP) to improve fan performance and increase intervals
between repairs. The comparison of efficiency characteristic between EC and conventional shaded-
pole induction motor is given in Fig. 3b. It is clear that EC motor has superior characteristics to
shaded-pole induction motor in terms of partial load and speed efficiencies.

7) e = 40% O T T AT Yf*

i S 50 L !‘|, .....
Ps o= . | Shaded-pole \

motor

n=15%

/ 2
150 10
\\ »

L

Vv 600 1200 1800  [rpen)

(@) (b)

Figure 3. (a) Effect of operating point on fan efficiency [25], (b) Comparison of efficiency characteristic
between EC and conventional shaded-pole induction motor [26]

V. RESULTS AND DISCUSSIONS

The experimental setup designed, produced and tested is shown in Fig. 2. Experiments were carried
out using the fans whose specifications are given in Table 2 for the designed and produced systems.
No difference was observed in the equipment and cooling power used in the systems where both fans
were tested, and the tests were conducted in the same environmental conditions. In the experimental
setups, the total energy consumed in the first and second systems was measured as 51.71 kWh, 54.22
kWh, respectively. As a result of these data, the difference between the energy consumption of the two
systems was calculated as 4.85 %. The energy-consuming device in heat pump systems are
compressors and fans. Since only the fans are different in both systems, it has been observed that the
axial fan type 1 used in the first system is more efficient.

For axial fan type 1, the evaporator inlet-outlet temperature of the air is given in Fig. 3. Considering
the inlet and outlet air temperatures, defrosting was carried out in the system every 8 hours. However,
the average temperatures of the air leaving and entering the evaporator were -21.57 °C, -18.97 °C,
respectively. In this case, the temperature difference of the system air was calculated as 2.61 °C.
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Figure 4. Evaporator inlet-outlet temperature of the air for axial fan typel

The evaporator inlet-outlet temperature of the air is given in Fig. 5 for axial fan type 2. In this
experiment, the average temperatures of the air inlet to and outlet from the system were seen as -23.43
°C, - 20.94 °C, respectively. In this case, the temperature difference of the system air was calculated as
2.49 °C. Considering the temperature difference between the first and second systems, it was seen that
the fan in the first system was more efficient in terms of heat transfer as well as consuming less

energy.

—e— Temperature of the air from the evaporator

—e— Evaporator air inlet temperature

Temperature (°C)

1 T
=] (=1 =] =] =] =] =] (=1 (=] = [ [ [ [=]
] ] ] 8 ] ] o ] 2 =] o =] =] =]
— (] (23] [Ty w [ (=] (=31 (=] — [ (23] =
. — — — — —

Time(min)

Figure 5. Evaporator inlet-outlet temperature of the air for axial fan type 2

As can be seen in Fig. 6, the time-dependent variation of refrigerant inlet temperatures in evaporators
for fan type 1 and fan type 2 is shown. As required by the standard, the test setup was operated for 12
hours with lighting and cabinet doors open for 12 hours, and for the next 12 hours with lighting and
doors closed. As can be seen in Fig. 5, the cooling system of type 2 must enter the defrost at longer
intervals, whereas the cooling system type 1 goes into defrost more frequently. This situation caused a
temperature drop on the evaporator surface as a result of the fan not operating at the proper speed;
therefore, the desired heat transfer could not be achieved, while increasing the ice formation and
defrosting the system in a shorter time. However, average refrigerant temperatures were calculated as -
24.65 °C, -26.44 °C, respectively. Despite the measured values, the temperature difference was 1.79

°C.
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Temperature (°C)

it TR o

LI TN

Figure 6. The change of refrigerant temperature over time at the inlets of the evaporator for two different fans

Fig. 7 shows the graph created by taking the refrigerant temperatures at the evaporator outlet every
minute during the 24-hour test period in both systems. It was thought that the difference between the
systems in which fan type 1 and fan type 2 were used in the first 12 hours between the two systems.
The doors of the freezer and the lighting were turned on during the first 12 hours as required by the
standard, and the cover and lighting are turned off within the next 12 hours. Here, it was observed that
the thermal loads that could occur in the system of the type 1 fan affect the air temperature, while the
type 2 fan was seen to work more stably despite the thermal loads. Calculated average refrigerant
outlet temperatures were determined as -18.97 °C, -19.75 °C respectively. In this case, the difference
between the evaporator inlet and outlet temperatures for the two systems is calculated as 6.33 °C, 6.69
°C respectively. In the systems where these two different fans were used, it was seen that the cooling
system type 2 was 5.40 % more effective in terms of the evaporator refrigerant temperature difference.

17 A~

——Type 1 —+—Type 2

-13
18 ‘.::. P

Temperature (°C)

T
=
=

.
T T T T T T T
= = = = = = =
[=] o = = (=] [=] Q
5] [=3] [+ — o~ 53] =

— — — — —

Time(min)

Figure 7. Examination of the change in refrigerant temperature over time at the evaporator outlet in two
different fans

Fig. 8 shows the average power values calculated every 2 hours. Looking at the graph, it was seen that
the power of the type 1 cooling system was lower than the type 2 cooling system. The average power
values of the two cooling systems were calculated as 1.26 kW, 1.15 kW, respectively.
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Figure 8. Comparison of average power values calculated every 2 hours

Fig. 9 shows the COP values calculated according to the determined power values. In COP values,
while the average COP value of the type 1 system was 1.74, it was calculated as 1.54 for the type 2
cooling system. If it is associated with the differences in energy consumption seen in Fig. 7 and Fig. 8
and the results change in efficiency with fans. Important parameters determining the amount of heat
absorbed from the surrounding in the evaporator are the resistance and heat transfer coefficient
formed on the evaporator surface. The fans will lower the temperature of the evaporator surface
depending on the air swept from the evaporator surface. This is desirable because it creates less ice
and resistance on the evaporator surface. If the fans carry the water molecules suspended in the air to
the evaporator surface together with the air they sweep. The point where these two situations balance
each other will determine the operating speed of the fans and it is a very sensitive point. In this system,
while the type 2 fan carries excess air, it has been observed that both consume energy and reduce the
system performance by carrying the water molecules that will turn into ice on the evaporator surface.

corp

HTypel HType 2

Figure 9. Comparision of COP values calculated every 2 hours

Exergy analysis expresses the second law of thermodynamics and makes it possible to evaluate and
compare realistically and meaningfully in cooling systems. Exergy analysis for type 1 and type 2 has
an important place in terms of determining their cooling performance. Figure 10 illustrates the average
hourly exergy efficiency of the cooling systems for type 1 and type 2. The highest exergy efficiency
was found as 34.4 % in the 5th hour in type 1 and the lowest exergy efficiency was calculated as 28.7
% in the 2th hour in type 2. The average exergy efficiency values were calculated as 30.85 % and
29.81 % for type 1 and type 2, respectively.
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Figure 10. Comparison of the second law efficiency values calculated every 2 hours

Environmental economic analysis is carried out using the amount of CO; that is prevented from
emitting and the CO, emission price calculated accordingly. Calculating the CO, emission that will
occur when it meets the energy consumed by the cooling system from coal will help it determine the
amount of CO; emission it prevents when it operates the cooling system. Sovacool et al. stated the
average intensity of CO, equivalent for coal-fired electricity generation as 960 g CO./kWh [27].
Tripathi et al. determined that considering this ratio as well as 40 % transmission and distribution
losses and 20 % losses due to inadequate electrical devices used, there would be 2.08 kg CO./kWh
[28]. Arslan et al. explained CO; as 1.45 ¢/kg CO- in their experimental study and calculated the
environmental cost numerically [29]. It can be seen how the @CO; value changes in time from Fig.11.
According to the figure the maximum, minimum and average value of the @CO; for Fan type 1 is
2.981, 1.56 and 2.401 kg COgy/h; and for Fan type 2, it is determined as 3.105, 1.797 and 2.619 kg
COg/h. Enviro economic analysis provides information about CO,, which is prevented from being
released into the atmosphere. In the experiments, the amount of CO, was prevented from emission
when comparing to fan type 2. With the use of fan type 1, 8.32 % more CO, emission was prevented.
Accordingly, it is possible to say that the use of Fan type 1 is more advantageous than Fan type 2.
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Figure 11. Change of carbon dioxide, which is prevented from production per hour, during the experiment

The enviroeconomic analysis relies on CO,emission price and determines carbon quantity.
Determining a CO, price is one of the most powerful analyses revealing the decline of
national greenhouse gas emissions. The CO; price is an approach imposing a cost on the emission of
greenhouse gases which cause global warming. CO- price released into the atmosphere is a way of
motivating people and countries to reduce carbon emissions. This situation encourages the use of
renewable energy technologies that do not emit CO- into the atmosphere [22].

The going price of CO2 (Z,,, ¢/h) prevented from emitting into the atmosphere and; the cost of CO,
per kilogram (PCO-, 1.45 ¢ / kgCO,) are equal to the product of the heat produced by the amount of
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CO; released by the coal burned in 1 kWh electricity production. The going price of the CO, amount,
which is prevented from being released into the atmosphere, is instantly shown in Fig. 12.
Accordingly, the maximum, minimum and average values of ZCO; obtained in the experiment using
fan type 1 were determined as 4.322, 2.262 and 3.482 ¢/kg, respectively. For fan type 2, these values
were obtained as 4.503, 2.605 and 3.798 ¢/kg. The use of fan type 1 seems to be 2.19 % more
profitable.

5 1 —+—Fan Type 1 —+—Fan Type 2
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Figure 12. The gain per prevention of carbon dioxide product

It is possible to say that the use of fan type 1 is more advantageous than fan type 2, since the going
price is expected to be higher in this experiment, where the amount of CO, prevented from being
released into the atmosphere is higher as a result of using fan type 1.

Average values of condenser and evaporator exergy destruction were calculated according to Eq. (12)
and (13). Accordingly, the average exergy destructions of the condenser and evaporator are 0.178 W
and 0.221 W for fan typel, and 0.198 W and 0.243 W for fan type 2. It was determined that the exergy
destruction was high in type 2.

V. CONCLUSIONS

This study is on the investigation of the effects of fans on the heat flux and energy consumption of the
cooling system in the case of using different types of fans in an industrial cooler. How the fan
performance affects the performance of the industrial cooler has been tested experimentally according
to the standards and the results have been analyzed. While the energy consumed in the systems
designed as a result of the experiments was 51.71 kWh for the first system, this value was measured as
54.22 kWh for the second system. When the two systems were evaluated in terms of performance,
COP values were calculated as 1.74 and 1.59, respectively. In the second law analysis, the second-law
efficiency of industrial deep freezers was calculated as 30.85% for the first system and 29.81 % for the
second system.

In the experiments, the results for different types of fans (Fan Typel and Fan Type 2) were examined.
According to enviro economic analysis, the amount of CO; that is prevented from being released into
the atmosphere as a result of using Fan type 1 was determined as 2.4 kg CO»/h, and for Fan type 2 this
value was determined as 2.619 kgCO-/h. As a result of using fan type 2, 8.32% less CO- is emitted to
the atmosphere compared to Fan type 1.

While the amount of CO; prevented from being released into the atmosphere was determined as 3.482
¢/kg in the experiment using the market Fan type 1, this value was obtained as 3.798 ¢/kg for Fan
Type 2. It has been determined that using Fan Type 1 is 2.19% more profitable. In addition to
evaporators and other equipment used in cooling systems, the selection of fans that provide air
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circulation in the system is of great importance. In this context, it is seen that the efficient selection of
fans in the deep freezer or cooling system designs is an issue affecting the coefficient of performance
and energy efficiency. Energy efficiency can be achieved by providing the desired heat flows at
different flow rates with precision speed-controlled fans for heat extraction and removal in the
evaporator and condenser. It has been investigated how the fan selection affects the system energy
consumption, and according to the experimental results, the energy and exergy efficiency values for
different fan types were determined according to the standard. This experimental information obtained
will shed light on the selection of fans.

The effects of the fans used on the cooling system are quite complex. Experimental studies are needed
to understand the behavior of fans on cooling systems. In this context, the expected results may not be
obtained when the selection is made only according to the fan manufacturer data (airflow, pressure,
etc.). In order to better understand the behavior and effects of different fans on the cooling system, it is
necessary to compare the manufacturer's data and the configuration used with the test results. In this
study, the relationship between different fan configurations with known technical specifications and
test results was obtained by designing and manufacturing two sample deep freezers.

Suggestions for future works are given as follows;

1- To investigate the effect of partial fan speed and partial fan load on the performance of industrial
refrigerator or deep freezer by implementing different fan diameters and blade angles.

2- To obtain mathematical models between used fan combination and cooling performance based on
various experimental tests.

3- To implement smart control techniques between the compressor cycle and fan characteristics.
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