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Comparison of the Experimental Performance of Round and Flat
Tube Automobile Radiators for Various Coolants

Highlights

An experimental system for testing the performance of automobile radiators was developed.

The performances of round and flat tube radiators were evaluated for four different engine coolants.

In the tests, the air speed, air temperature at the radiator inlet and coolant flow rate were varied.

For water, the flat tube radiator dissipated on average 4.8% more heat than the round tube one.

For ethylene glycol, the flat tube radiator dissipated averagely 66.4% more heat than the round tube one.
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Graphical Abstract

In this study, the heat transfer performance of round tube and flat tube automobile radiators were
experimentally evaluated and compared for various engine coolants using the test system shown below.
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Figure. Schematic view of the test system
Aim
The aim of the study was to evaluate and compare the experimental heat transfer performances of round and flat

tube automobile radiators for various engine coolants, namely water, ethylene glycol, their 50/50 mixture and a
commercial heat transfer oil.

Design & Methodology

An experimental test system capable of using various types of radiators and coolants was developed. The
radiators were tested by changing the air speed, air temperature entering the radiator and coolant flow rate in a
broad range.

Originality

The performances of two types of automobile radiators serving the same engine were experimentally compared
for four different engine coolants.

Findings
The flat tube radiator dissipated on average 4.8% and 66.4% more heat than the round tube one when the
coolants were water and ethylene glycol, respectively.

Conclusion
The flat tube radiator rejects more heat and water is the best among the tested coolants in terms of heat transfer
performance.

Declaration of Ethical Standards
The authors of this article declare that the materials and methods used in this study do not require ethical
committee permission and/or legal-special permission.
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ABSTRACT

A radiator test system was developed to test the heat transfer performance of automobile radiators for various engine coolants. The
system was made up from a circulation pump, coolant reservoir, axial fan, electric heaters, PLC controlled drivers and instruments
for various mechanical measurements along with the tested radiators. Two different radiators, namely round and flat tube ones, and
four different engine coolants, namely water, ethylene glycol, their 50/50 mixture and a commercial heat transfer oil, were tested.
The experimental heat dissipation rates of the radiators were evaluated under a broad range of operating conditions. The air speed
was changed between 2 and 4 m s, the coolant flow rate was varied between 0.1 and 0.3 | s%, and the air temperature at the inlets
of the radiators was changed between 25 and 35 °C, while the coolant temperature was fixed at 90 °C in all tests. The flat tube
radiator dissipated on average 4.8% more heat than the circular tube one for water coolant, while it rejected on average 66.4% more
heat than the circular tube one for ethylene glycol. Furthermore, when the heat transfer oil was used as coolant, the flat tube radiator
dissipated on average 101.6% more heat than the circular tube one.

Keywords: Engine cooling, radiator, coolant, automobile, ethylene glycol.

Cesitli Sogutma Sivilari Icin Dairesel ve Diiz Tiiplii
Otomobil Radyatorlerinin Deneysel Performanslarinin
Karsilastirilmasi

oz

Bu ¢alismada, otomobil radyatorlerinin 1s1 transferi performanslarii gesitli motor sogutma sivilari igin test etmek amaciyla bir
radyatOr test sistemi gelistirilmistir. Sistem, sirkiilasyon pompasi, sogutma sivisi tanki, eksenel fan, elektrikli isiticilar, PLC
kontrollii siiriiciiler, ¢esitli mekanik 6l¢iim cihazlar ve test edilen radyatorlerden olusturulmustur. Testlerde dairesel ve diiz tiiplii
iki farkli otomobil radyatorii ile su, etilen glikol, bunlarmn 50/50 karisimui ve ticari bir 1s1 transfer yagi olmak {izere dort farkls
sogutma stvist kullanilmigtir. Radyatorlerin attig1 1silar, genis bir test kosulu araliginda deneysel olarak belirlenmistir.
Radyatorlerden gegen hava hizi 2 ve 4 m s arasinda, sogutma sivisi debisi 0.1 ve 0.3 1 s arasinda, radyatorlere giren hava akimmin
sicakligr 25 ve 35 °C araliginda degistirilmistir. Radyatorlere giren sogutma sivisi sicaklign ise tiim testler igin 90 °C'de sabit
tutulmustur. Sogutma sivist olarak su kullanildiginda, diiz tiiplii radyatoriin dairesel tiipliiye gore ortalama % 4.8 daha fazla 1s1
att1g1; etilen glikol kullanildiginda ise diiz tiiplii radyatoriin dairesel tiipliiden ortalama % 66.4 daha fazla 1s1 attig1 tespit edilmistir.
Sogutma sivisi olarak 1s1 transfer yagi kullanilmasi durumunda, diiz tiiplii radyatoriin dairesel tiiplitye kiyasla ortalama % 101.6
daha fazla 1s1 attig1 belirlenmistir.

Anahtar Kelimeler: Motor sogutma, radyator, sogutma sivisi, otomobil, etilen glikol.

distortion and fatigue cracking caused by thermal
1. INTRODUCTION stresses, the temperature to be experienced by engine
In internal combustion engines, some portion of the  components made from aluminium alloys is limited to
energy released during combustion is transferred to the 300 °C [1]. Furthermore, the maximum allowable
surroundings as heat. Although the exhaust gas expels a  ¢ylinder surface temperature is 180 °C to avoid from
ratio of this heat to the atmosphere, the engine COOIing excessive wear and engine damage caused by
system dissipates about 17-26% and 16-35% of the fuel  deterioration of the lubricating oil film due to high
heating value to the atmospheric air in spark ignition (SI)  temperatures [2]. In SI engines, overheating may also
and Diesel engines, respectively [1]. In order to prevent  cayse pre-ignition and knock. On the other hand,
insufficient engine temperatures may cause incomplete
*Sorumlu Yazar (Corresponding Author) burning of fuel, thus leading to low engine thermal
e-posta : mhosoz@kocaeli.edu.tr efficiency and deteriorated exhaust emissions.
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In liquid-cooled internal combustion engines, a coolant is
commonly circulated by a pump through the water
jackets located in the engine block to remove the heat
released by combustion so that the engine operating
temperature is maintained at desirable values. This
excess heat absorbed by the engine coolant is conveyed
from the engine block to the radiator, and dissipated into
the atmospheric air with the aid of an axial fan. When the
engine temperature is below the desired value, the
coolant is bypassed the radiator, and recirculated in the
engine block. When the coolant reaches a certain
temperature, the thermostat opens and sends the coolant
to the radiator for heat dissipation.

Nowadays, volume and weight limitations compel
automotive manufacturers to develop more efficient
radiators with higher heat rejection rates for a certain
volume allocated for the radiator. The heat transfer
performance of a specific radiator depends substantially
on the heat transfer characteristics of the coolant and
geometric characteristics of the radiator. Manufacturers
usually employ either round or flat tube radiators with
different channel and fin geometries together with water
and ethylene glycol mixture as engine coolant.

The open literature contains limited number of studies on
the performance comparison of various types of
automotive radiators and engine coolants due to the
competitive nature of the sector.

Gollin and Bjork evaluated and compared the
experimental performance of water, ethylene glycol,
propylene glycol, and their blends in automotive
radiators [3]. They determined that water yielded the best
heat transfer performance followed by 50/50 ethylene
glycol/water, 50/50 propylene glycol/water, 70/30
ethylene glycol/water, 70/30 propylene glycol/water, and
finally propylene glycol in decreasing order.

Oliet et al. developed a heat exchanger model to perform
parametric studies on automotive radiators [4]. As a
compromise between classical e-NTU method and CFD,
their model determined the heat transfer and hydraulic
performance of automobile radiators as a function of the
air and water mass flow rates, air and water inlet
temperatures, fin pitch, louver angle and coolant flow
layout. Their results showed the utility of their numerical
model as a rating and design tool for automotive
radiators.

Sany et al. evaluated experimental performance of a car
radiator under various test conditions [5]. Based on
experimental data, they developed a method to determine
the heat transfer coefficient using e-NTU method. The
practical usefulness of their calculation method is its
provision of empirical data, which can be used in the
design state.

Peyghambarzadeh et al. compared the performance of
automotive radiators using pure water, pure ethylene
glycol and their blends with different ratios [6]. They also
experimentally investigated the effect of Al203 nano
particles added to these blends on the heat convection
inside the radiator tubes. They determined that addition

of nano particles increased the Nusselt number by up to
40% inside the tubes.

Amrutkar and Patil performed a theoretical analysis of
automobile radiators using e-NTU method, and validated
their one-dimensional simulation software [7]. They
concluded that the simulated heat dissipation rate and
coolant temperature were very close to the experimental
ones.

Nieh et al. investigated the experimental performance of
some nano coolants, which were water and ethylene
glycol containing various ratios of Al203 and TiO2 nano
particles, in vehicle radiators [8]. Their test results
showed that the use of nano coolants increased the
radiator heat dissipation rate by 25.6%.

Sheikhzadeh et al. prepared a computer software for
simulating the heat transfer performance of a car radiator
with ethylene glycol containing copper nano particles at
various ratios [9]. They found that the increase in the
radiator heat dissipation rate was about 26.9% when the
volume fraction of these nano particles was increased
from 0 to 5%.

Vajjha et al. analysed the heat transfer of flat tube
automotive radiators with AI203 and CuO nano particles
in ethylene glycol and water mixture using ANSYS
software [10]. They determined that, for the same
pumping power, AlI203 and CuO nano fluids up to 3%
and 2% particle volumetric concentrations, respectively,
provided higher heat transfer coefficients than that of the
base fluid.

Ahmed et al. evaluated the experimental performance of
a car radiator using pure water and TiO2 -water nano
fluid as coolants [11]. They tested the nano fluids
containing three different ratios of TiO2, namely 0.1, 0.2
and 0.3% in volume. They found that the 0.2% TiO2-
water coolant provided up 47% higher heat transfer
coefficient compared to the pure water.

Keklik and Hosoz developed a rig to test the heat transfer
performance of automobile radiators [12]. They
evaluated the heat dissipation rates of a round tube
radiator using water, ethylene glycol, 50/50 mixture of
ethylene glycol/water and a commercial heat transfer oil
as coolants under a broad range of test conditions. They
found that the highest radiator heat dissipation rates were
obtained with water, followed by 50/50 ethylene
glycol/water mixture, ethylene glycol and heat transfer
oil, respectively. According to their results, water yielded
77-112% higher heat dissipation rates than ethylene
glycol and 234-264% higher rates than the heat transfer
oil.

In this study, the experimental heat transfer performance
of two different types of automobile radiators, namely
round and flat tube ones, were evaluated and compared
for four different engine coolants, which were water,
ethylene glycol, their 50/50 mixture and a commercial
heat transfer oil.
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2. DESCRIPTION OF THE EXPERIMENTAL
SETUP

The layout and photograph of the experimental system
used for evaluating the heat transfer performance of
automobile radiators are shown in Figures 1 and 2,
respectively. The heat dissipation rate from a specific

air steam passing over the radiator along with the flow
rate and inlet temperature of the coolant passing through
the radiator. The effects of all these variables were taken
into account in the experimental system. The system
mainly consists of coolant and air circuits, a test radiator,
electric motors, drivers, a PLC control board for the

radiator depends on the speed and inlet temperature of the ~ drivers and various instruments for mechanical
measurements.
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Figure 1. Layout of the experimental system used for testing radiators.

The components located in the air circuit are an axial fan
used for providing the air stream passing over the
radiator, an air heater resistance used for heating the air
stream to the required test temperature and a free fan-
flow straightener couple used for obtaining both a
uniform air speed and air temperature at the radiator inlet.
The axial fan has a maximum air flow rate of 2.66 m3 s?,
and it was operated by a three-phase 550 W AC motor.
The fan motor was driven via a driver connected toa PLC
so that the air speed could be adjusted to the desired value
by changing the frequency of the electric power supplied
to the motor. The operation of the air heater, which had a
maximum heating capacity of 10 kW, was also controlled
by the PLC through solid state relays so that the air
temperature at the radiator inlet could be adjusted to the
desired value.

On the other hand, the components located in the coolant
circuit are a coolant reservoir, a coolant heater resistance
placed in the reservoir, a coolant circulation pump along
with the test radiator. The coolant reservoir was made
from steel sheet, and has dimensions of 416x296x248
mm?q. The coolant resistance, which had a total heating
capacity of 15 kW, was also controlled by the PLC
through solid state relays so that the coolant temperature
entering the radiator could be kept at the desired value.
Similarly, the motor driving the circulation pump was
operated with a driver connected to the PLC to simulate
changing engine speed, thereby providing various
coolant flow rates.

In order to evaluate the heat dissipation rate of the test
radiator, various mechanical measurements were
performed. For this aim, the coolant volume flow rate
was measured by a turbine type flow meter installed
upstream of the radiator. The air speed passing over the
radiator was measured at the inlet of the radiator by an air
velocity transmitter. Moreover, the air and coolant
temperatures were measured at the inlet and outlet of the
radiator, as shown in Figure 1, by type J thermocouples
connected to the thermocouple module of the PLC.
Technical specifications of the measurement devices are
reported in Table 1.

Figure 2. Photograph of the experimental setup.
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Table 1. Technical specifications of the instruments.

Physical quantity Instrument Range Accuracy
Temperature TypeJ 0-400 °C +2.2°C
thermocouple
Air speed Air velocity 020 ms? <0.2ms?
transmitter
Coolant flowrate  Turbine meter  0—6 m3h? +1%

As mentioned above, the resistance heaters as well as the
fan and circulation pump motors were operated via the
PLC to obtain the required test conditions. The PLC also
served for acquiring the coolant flow rate, air speed and
temperature data. Before performing a test, the desired
coolant flow rate, air speed, air inlet temperature and
coolant inlet temperature were entered the PLC via a
touchpad screen, which is indicated in Figure 3. Because
the PLC was previously programmed to maintain the
required test conditions, it operated the system at these
conditions by controlling the motor and resistance
drivers. During the tests, the temperatures of the coolant
and air streams entering and leaving the radiator as well
as coolant volume flow rate and air speed were monitored
on the control screen of the PLC, as shown in Figure 3.

[ VAR@ms) |[ TTAR(C) |
[essuncic) arms J[easuancic)[ sRms )

[[0.00 [ 0.00 |[ 00 | 00 |

[ogomeal] @@
[osmsen ] 0|

testaom O
Figure 3. Touchpad control screen of the PLC.

V Liquid (Vs) |[_Ti liquid (C)
|o.oo J 000 ][ 00 | 00 |
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[ 0 | '@ @

The tested radiators were a finned round tube aluminium
radiator and a louvered-fin flat tube aluminium radiator.
Both of these radiators belonged to a light commercial
vehicle having a four-cylinder diesel engine with a stroke
volume of 1910 cm?® and a maximum power of 77 kW.
The photographs of the round tube (radiator 1) and flat
tube (radiator 2) test radiators are shown in Figures 4 and
5, respectively, while their geometric characteristics are
reported in Table 2.

Figure 4. Photographs of the round tube radiator (radiator 1)
from different perspectives.

Figure 5. Photographs of the flat tube radiator (radiator 2) from
different perspectives.

Table 2. Geometric characteristics of the round and flat tube

radiators.
Round tube Flat tube
Characteristics radiator radiator
Frontal area (m?) 0.219 0.175
Depth (mm) 34 30
Fin pitch (fpi) 1.6 2.7
Core size (mm) 700 x 312.5 x 34 770 x 293 x 30
Core volume (1) 7.44 6.77
Tube no. 32 48
Pass no. 2 2
Tube out(sr:]drs)diameter 103 2% 12
Tube hydraulic diameter 98 29
(mm)
Fin thickness (mm) 0.07 0.05
Minimum fin length 83 90

between the tubes (mm)

It is seen in Table 2 that the core volume of the flat tube
radiator is about 9.0 % lower than that of the round tube
radiator employed in the same vehicle. Since the
manufacturing processes of the flat and round tube
radiators are completely different, they have different
tube numbers as well as fin pitches and thicknesses even
though their volumes are close to each other.

The coolants used in the tests were water, ethylene glycol
(EG), their 50/50 mixture on a volume basis, and a
commercial heat transfer oil (HTO). Table 3 reports
important thermophysical properties of these coolants.

In all tests, the coolant temperature at the radiator inlet
(Tc,in) was maintained at 90 °C, while the air temperature
at the radiator inlet (Tain) was changed between 25 and
35 °C with intervals of 5 °C. On the other hand, the air
speed passing over the radiator was varied between 2 and
4 m st with intervals of 1 ms™*. Because the test radiators
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belonged to an engine with a maximum power of 77 kW,
it was assumed that the radiators dissipated about 25 kW
at this power. However, due to the technical limitations
of the laboratory where tests were performed, the
maximum heating capacity of the coolant resistance was
determined as 15 kW. Another constraint was to keep the
coolant temperature entering the radiator at 90 °C. When
the speed of the air stream passing over the radiators
exceeded 4 m s, the heating capacity of the coolant
resistance became insufficient to maintain 90 °C coolant
temperature. Therefore, the upper limit of the air speed
passing over the radiators was determined as 4 m s, On
the other hand, the lower limit of the air speed was
selected as 2 m s to simulate the operations at low
vehicle speeds, which are more critical for the radiators
due to the deteriorated heat transfer at low speeds.
Furthermore, in accordance with the studies of Patel et al.
[14] and Tasuni et al. [15], the coolant flow rate passing

through the radiator was changed between 0.1 and 0.3 |
st with intervals of 0.1 1 s%,

In the study, each radiator was tested under totally 27
different combinations of test conditions for each
coolant. Furthermore, each test was repeated five times
and the averaged steady-state data were employed for the
performance evaluation. Thus, totally 1080 test runs were
carried out for all radiators and coolants. The
experimental system reached the steady-state in
maximum 15 min after changing the test conditions. The
radiator heat dissipation rate was evaluated from

Q = Pc Vc CC(TC,in - Tc,out) (1)
where p,. is the coolant density, V. is the coolant volume
flow rate, c. is the coolant specific heat, T, is the

coolant temperature at the radiator inlet and T, ., is the
coolant temperature at the radiator outlet.

Table 3. Thermophysical properties of the coolants used in the tests at 90 °C [13].

Coolant

Dynamic Thermal
Density Specific heat viscosity conductivity
(kg m9) (kI kg'tK1) (mPas) (W mtK?)
Water 965 4.205 0.316 0.676
EG 1064 2.677 2.640 0.261
50% water + 50% EG (volume basis) 1019 3.616 0.819 0.432
HTO 860 2.150 6.70 0.13

2.1. Uncertainty Analysis

The uncertainty for the radiator heat dissipation rate was
determined using the method suggested by Moffat [16].
This method assumes that the function R is to be
calculated from a set of totally N independent variables
represented by
R =R(Xy, Xy, ..., Xy) 2)
The uncertainty of the result R can be found by
combining the uncertainties of the individual terms using
a root-sum-square method as expressed below.

271/2
aR = [s, (5ax.) | )
Using the accuracies for the measured variables reported
in Table 1 and evaluating Eq. (1) in Eq. (3), the total
uncertainty of the radiator heat dissipation rate was
estimated as 4.1%.

3. RESULTS AND DISCUSSION

The heat dissipation rates of the round and flat tube
radiators as a function of the test conditions and coolant
types were indicated in Figures 6—11.

In Figure 6, the heat dissipation rates of the radiators were
compared for two different coolant volume flow rates,
namely 0.1 and 0.3 | s, as a function of the air inlet
temperature when the air speed passing over the radiators

was maintained at 2 m s. For a specific coolant flow
rate, the heat dissipation rates decreased

for both radiators and all coolants with rising air inlet
temperature. Furthermore, water rejects the highest heat,
followed by 50/50 water/EG mixture, EG and HTO in
decreasing order for both radiators. For the round tube
radiator and a coolant flow rate of 0.1 | s, the average
heat dissipation rates for water, mixture, EG and HTO
were 8.5 kW, 6.8 kW, 4.0 kW and 3.0 kW, respectively.
When the coolant flow rate was increased to 0.3 | s in
the round tube radiator, the average heat dissipation rates
for water, mixture, EG and HTO reached to 12.1, 9.6, 5.7
and 4.2 kW, respectively. On the other hand, for the flat
tube radiator and a coolant flow rate of 0.1 | s, the
average heat dissipation rates for water, mixture, EG and
HTO were 9.4, 8.7, 7.0 and 6.2 kW, respectively. When
the coolant flow rate was increased to 0.3 I st in the flat
tube radiator, the average heat dissipation rates for water,
mixture, EG and HTO became 11.5, 10.6, 8.6 and 7.7
kW, respectively. These results reveal that the flat tube
radiator usually rejects greater heat than the round tube
radiator except the operation with water for the coolant
volume flow rate of 0.3 | s%. On the other hand, for the
air speed of 2 m s*and coolant flow rate of 0.1 | s, the
flat tube radiator rejected 41.7% more heat than the round
tube one as an average of the four coolants in the range
of test conditions. However, when the coolant flow rate
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was increased to 0.3 | s for the same air speed, the flat
tube radiator rejected on average 22.7% more heat than
the round tube one.

T T T T
—m— Radiator1, water —0O— Radiator2, water
12 4 Radiator1, EG Radiator2, EG
—&— Radiatar1, 50% Water + 50% EG —A—Radiator2, 50% Water +50% EG
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2 e
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Figure 6. The radiator heat dissipation rates for 2 m s air speed
as a function of the air inlet temperature for two
different coolant flow rates; (a) V. = 0.11s71, (b)
V.=031s1.

Because water was the coolant with the highest specific
heat and thermal conductivity, it yielded the largest
convection heat transfer inside the radiator tubes, thus
providing the highest radiator heat rejection rates. On the
other hand, the HTO resulted in the lowest heat rejection
rates since it had the lowest specific heat and thermal
conductivity. The total surface area of the liquid side of
the flat tube radiator was 0.93 m?, while that of the round
tube radiator was 0.31 m2. Although the total surface area
of the air side of the flat tube radiator was 3.85 m? while
that of the round tube radiator was 9.30 m?, the liquid side
area is more influential than the air side one. Therefore,
the flat tube radiator rejects more heat than the round tube
one.

Figure 7 indicates the heat dissipation rates of the
radiators for two different coolant volume flow rates as a
function of the air inlet temperature when the air speed

passing over the radiators was kept at 4 m s, Similar to
the previous results, water rejected the highest heat and
HTO rejected the lowest heat for both radiators. For the
round tube radiator and coolant flow rate of 0.1 | s2, the
average heat dissipation rates for water, mixture, EG and
HTO were 10.2, 8.1, 4.8 and 3.5 kW, respectively.
However, the average heat dissipation rates for water,
mixture, EG and HTO reached to 16.0, 12.8, 7.5 and 5.5
kW, respectively, when the coolant flow rate was raised
to 0.3 | s’ for the round tube radiator. On the other hand,
for the flat tube radiator and coolant flow rate of 0.1 12,
the average heat dissipation rates for water, mixture, EG
and HTO were 12.3, 11.3, 9.2 and 8.2 kW, respectively.
When the coolant flow rate was raised to 0.3 | s for the
flat tube radiator, the average heat dissipation rates for
water, mixture, EG and HTO became 16.3, 15.0, 12.2 and
10.8 kW, respectively. For the air speed of 4 m s and
coolant flow rate of 0.1 | s%, the flat tube radiator rejected
57.1% more heat than the round tube one as an average
of the four coolants in the range of test conditions. On the
other hand, when the coolant flow rate was raised to 0.3
I s for the same air speed, the flat tube radiator rejected
on average 32.4% more heat than the round tube one.
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Figure 7. The radiator heat dissipation rates for 4 m s™ air speed
as a function of the air inlet temperature for two
different coolant flow rates; (a) V, = 0.11s71, (b)
V.=031s"1
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Figure 8. The radiator heat dissipation rates for 25 °C air inlet
temperature as a function of the air speed for two
different coolant flow rates; (a) V, = 0.11s7%, (b)
V.=031s"1

Figure 8 shows the heat dissipation rates of both radiators
for two different coolant volume flow rates, namely 0.1
and 0.3 | s%, as a function of the air speed when the air
temperature entering the radiators was maintained at 25
°C. When the air speed was raised, the heat dissipation
rate increased for both radiators and all coolants. For the
round tube radiator and coolant flow rate of 0.1 | s%, the
average heat dissipation rates for water, mixture, EG and
HTO were 10.2, 8.2, 4.8 and 3.5 kW, respectively. When
the coolant flow rate was increased to 0.3 I s in the round
tube radiator, the average heat dissipation rates for water,
mixture, EG and HTO reached to 15.4, 12.3, 7.3 and 5.3
kW, respectively. On the other hand, for the flat tube
radiator and coolant flow rate of 0.1 | s%, the average heat
dissipation rates for water, mixture, EG and HTO were
11.9, 11.0, 8.9 and 7.9 kW, respectively. When the
coolant flow rate was increased to 0.3 | s in the flat tube
radiator, the average heat dissipation rates for water,
mixture, EG and HTO became 15.2, 14.1, 11.4 and 10.1
kW, respectively. For the inlet air temperature of 25 °C
and coolant flow rate of 0.1 | s, the flat tube radiator

rejected 50.9% more heat than the round tube one as an
average of the four coolants. However, when the coolant
flow rate was raised to 0.3 | s for the same air inlet
temperature, the flat tube radiator rejected on average
28.0% more heat than the round tube one.
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Figure 9. The radiator heat dissipation rates for 35 °C air inlet
temperature as a function of the air speed for two
different coolant flow rates; (a) V, = 0.11s71, (b)
V.=031s"1

Figure 9 reports the heat dissipation rates of both
radiators for two different coolant volume flow rates as a
function of the air speed when the air temperature
entering the radiators was kept at 35 °C. The heat
dissipation rate increased for both radiators and all
coolants with rising air speed. For the round tube radiator
and coolant flow rate of 0.1 | s, the average heat
dissipation rates for water, mixture, EG and HTO were
8.6, 6.9, 4.1 and 3.0 kW, respectively. However, the
average heat dissipation rates for water, mixture, EG and
HTO in the round tube radiator reached to 12.9, 10.3, 6.1
and 4.5 kW, respectively, when the coolant flow rate was
increased to 0.3 | s. On the other hand, when the flat
tube radiator was employed and coolant flow rate was
kept at 0.1 | s, the average heat dissipation rates for
water, mixture, EG and HTO were 10.0, 9.2, 7.4 and 6.6
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kW, respectively. On the other hand, the average heat
dissipation rates for water, mixture, EG and HTO in the
flat tube radiator reached to 12.8, 11.8, 9.6 and 8.5 kW,
respectively, when the coolant flow rate was raised to 0.3
I s1. For the inlet air temperature of 35 °C and coolant
flow rate of 0.1 I 5%, the flat tube radiator rejected 49.6%
more heat than the round tube one as an average of the
four coolants. However, when the coolant flow rate was
raised to 0.3 I s for the same air inlet temperature, the
flat tube radiator rejected 28.6% more heat than the round
tube one.

T 1 1
—Ml— Radiatorl, water —0O— Radiator2, water
Radiator1, EG Radiator2, EG
14 - —&— Radiztor1, 50% Water + 50% EG —A—Radiator2, 50% Water +50% EG
Radiator!, HTO Radiator2, HTO i
Ya: 2ms’
124 Tain: 25°C
Te,n: 90 °C
§ 104
=
g
g . 4
e
64
44
T T T
0.1 0.2 0.3
Ve(ls™) (a)
T Ll T
—m— Radiator1, water —0O— Radiator2, water
Radiator1, EG Radiatar2, EG
—A— Radiator1, 50% Water + 50% EG —A—Radiator2, 50% Water +50% EG
121 Radiator1, HTO Radiator2, HTO |
Va: 2ms? R
10 Tain 35°C -—--*-":ir—;—*-ﬂ
Ten: 90°C _"‘;.._5&{'—:
% 8
d /
6 =
4
T T T
0,1 0,2 03

Ve(ls™h) b)
Figure 10. The radiator heat dissipation rates for 2 m s air

speed as a function of the coolant flow rate for two different air
inlet temperatures; (a) Ty i, = 25 °C, (b) Tgin = 35°C.

Figure 10 shows the heat dissipation rates of both
radiators for two different air inlet temperatures, namely
25 and 35 °C, as a function of coolant flow rate when the
air speed was maintained at 2 m s™. When the coolant
flow rate was raised, the heat dissipation rate increased
for both radiators and all coolants. For the round tube
radiator and air inlet temperature of 25 °C, the average
heat dissipation rates for water, mixture, EG and HTO
were 11.5, 9.1, 5.4 and 4.0 kW, respectively. When the
air inlet temperature was increased to 35 °C in the round
tube radiator, the average heat dissipation rates for water,

mixture, EG and HTO dropped to 9.6, 7.6, 4.5 and 3.3
kW, respectively. On the other hand, for the flat tube
radiator and air inlet temperature of 25 °C, the average
heat dissipation rates for water, mixture, EG and HTO
were 11.5, 10.6, 8.6 and 7.6 kW, respectively. However,
the average heat dissipation rates for water, mixture, EG
and HTO reduced to 9.6, 89, 7.2 and 6.4 kW,
respectively, when the air inlet temperature was
increased to 35 °C in the flat tube radiator. For the inlet
air temperature of 25 °C and air speed of 2 m s, the flat
tube radiator rejected 27.7% more heat than the round
tube one as an average of the four coolants in the range
of test conditions. However, when the air inlet
temperature was raised to 35 °C for the same air speed,
the flat tube radiator rejected on average 28.4% more heat
than the round tube one.
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Figure 11. The radiator heat dissipation rates for 4 m s air
speed as a function of the coolant flow rate for two different air
inlet temperatures; (a) Ty in = 25 °C, (D) Ty im = 35 °C.

Figure 11 reports the heat dissipation rates of both
radiators for two different air inlet temperatures as a
function of coolant flow rate when the air speed was
maintained at 4 m s*. For the round tube radiator and air
inlet temperature of 25 °C, the average heat dissipation
rates for water, mixture, EG and HTO were 14.5, 11.5,
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6.8 and 5.0 kW, respectively. When the air inlet
temperature was raised to 35 °C in the round tube
radiator, the average heat dissipation rates for water,
mixture, EG and HTO reduced to 12.2, 9.7, 5.7 and 4.2
kW, respectively. On the other hand, for the flat tube
radiator and air inlet temperature of 25 °C, the average
heat dissipation rates for water, mixture, EG and HTO
were 15.7, 14.5, 11.8 and 10.5 kW, respectively.
However, the average heat dissipation rates for water,
mixture, EG and HTO dropped to 13.2, 12.2, 9.9 and 8.8
kW, respectively, when the air inlet temperature was
raised to 35 °C in the flat tube radiator. For the inlet air
temperature of 25 °C and air speed of 4 m s°2, the flat tube
radiator rejected 38.9% more heat than the round tube
one as an average of the four coolants in the range of test
conditions. On the other hand, when the air inlet
temperature was raised to 35 °C for the same air speed,
the flat tube radiator rejected on average 38.7% more heat
than the round tube one.

4. CONCLUSIONS

A radiator test system was developed, and the heat
transfer performance of round and flat tube automobile
radiators were experimentally evaluated for four different
engine coolants, namely water, ethylene glycol, their
50/50 mixture and a commercial heat transfer oil. In all
tests, the coolant temperature entering the radiator was
kept at 90 °C, while the air stream temperature at the
radiator inlet was changed between 25 and 35 °C with 5
°C intervals. On the other hand, the coolant flow rate was
varied between 0.1 and 0.3 | s with 0.1 | s intervals,
while the air speed was changed between 2 and 4 m s
with 1 m s intervals. Thus, the tests were performed in
a broad range of working conditions to simulate the
operation of an actual automobile radiator. After
evaluating the heat transfer performance of the radiators
based on the steady-state test data, the following
conclusions have been attained.

e Water resulted in the highest radiator heat
dissipation rates in all tests, followed by 50/50
EG/water mixture, EG and HTO, respectively.
Water yielded on average 16.0% higher radiator
heat dissipation rate than 50/50 mixture, 63.4%
higher dissipation rate than EG and 96.3%
higher dissipation rate than HTO.

e When water was employed as coolant, the flat
tube radiator rejected on average 4.8% more
heat than the circular tube one. On the other
hand, when the coolant was EG, the flat tube
radiator rejected on average 66.4% more heat
than the circular tube one. Moreover, when the
coolant was 50/50 EG/water mixture, the flat
tube radiator rejected on average 21.6% more
heat than the circular tube one. Furthermore, the
flat tube radiator rejected on average 101.6%
more heat than the circular tube one when the
coolant was HTO.

e As an average of the related tests, the flat tube
radiator rejected 16.1% less heat when the air
temperature at the radiator inlet was increased
from 25 °C to 35 °C. Furthermore, it rejected on
average 36.2% more heat when the air speed
passing over the radiator was increased from 2
to 4 m s*. Moreover, it rejected on average
28.4% more heat when the coolant flow rate was
increased from 0.1t0 0.3 | s,

e Asan average of the related tests, the round tube
radiator rejected 16.3% less heat when the air
temperature entering the radiator was raised
from 25 °C to 35 °C. Moreover, it rejected on
average 25.8% more heat when the air speed
passing over the radiator was increased from 2
to 4 ms™. Finally, it rejected on average 50.3%
more heat when the coolant flow rate was
increased from 0.1t0 0.3 I s

These findings reveal that water yields the best heat
transfer performance in expense of its corrosive nature
and high freezing point, while the flat tube radiator
rejects considerably more heat than the round tube one.
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