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ABSTRACT

This paper presents an investigation on the Joule
Thomson refrigerator for very low temperature using
binary mixture, i.e. propane and nitrogen as refrigerant.
Two or three stages of vapor compression refrigeration
cycle are utilized to obtain temperature below -100°C.
The present study developed a mixed gas Joule
Thomson refrigerator using single compressor with

binary mixtures, i.e., propane and nitrogen. The use of

single compressor in Joule Thomson refrigerator
reduces the cost and complexity. Also, because the Joule
Thomson operates using a compressor for refrigeration
system, as a result the working pressure of the system is
similar to the pressure of refrigeration system with
single compressor. The experiments were carried out
using binary mixtures between propane and nitrogen
with different concentration. The experimental results
showed that the lowest temperature in the refrigerator

was -80.0°C, it was attained when the binary mixtures of

95.4% and 4.6% (by mass) for propane and nitrogen,
respectively. Although nitrogen has very low normal
boiling point compared to propane, however an
increase in the nitrogen concentration above 4.6%
increases the discharge pressure and the evaporation
temperature.

Keywords: Joule Thomson, binary mixture, propane,
nitrogen.

1. INTRODUCTION

A refrigerator for very low temperature typically
operates with very low pressure on the suction and high
pressure in the discharge. It is a great challenge to
create a refrigerator for very low temperature using
single compressor with normal pressures, namely

approximately 1 to 3 bar and 15 to 20 bar for suction
and discharge pressures, respectively. For cryogenic
temperature application is widely used Linde-Hampson
cycle. This cycle is utilized to liquefy the gases using
nitrogen as working fluid. The operating of this cycle up
to 200 bar, as a result, the construction and operation is
complicated. A Joule Thomson refrigerator using mixed
refrigerant is introduced to reduce the complexity of the
Linde-Hampson cycle. Because the operating pressure
of Joule Thomson refrigerator only under 20 bar and can
use a compressor that is usually applied in the typical air
conditioner.

Polbielniak was the first person who proposed a patent
in USA in 1936 [1]. Furthermore, Kleemenko [2] was
the first person who demonstrated the liquefying of
LNG from nature gas using Joule Thomson refrigerator
with mixed refrigerant. Venkatarathnam [3], Alexeev
[4] and Lee et al. [5] continue the Kleemenko’s work.
Also, patents related to gas liquefying using Joule
Thomson refrigerator proposed by Arman [6] and
Kountz [7].

This paper develops a prototype of Joule Thomson
refrigerator using binary mixture of nitrogen and
propane as working fluid and investigates the system
performances.

2. DESCRIPTION OF THE SYSTEM

Figure 1 shows the Linde-Hampson cycle in the T-s
diagram using nitrogen as working fluid. The figure
shows that the working pressures are 1 bar and 200 bar
for the lowest and the highest pressures respectively.
Compared to the conventional refrigeration system, such
as freezers and air conditioners, this pressure is very
high, because the highest pressure of the freezers and air
conditioners only approximately 20 bar. Because the

11107



high of the working pressure of Linde-Hampson, this
cycle cannot use a compressor that is typically applied
for the freezers and air conditioners. As a result the
developing and operating of the Linde-Hampson is very
complicated. Joule Thomson refrigerator is introduced
to reduce the complications of Linde-Hampson cycle.
Because the working pressures of Joule Thomson
refrigerator are similar to the air conditioner as a result
the compressor on this refrigerator can use the
compressor applied on the air conditioners.

Figure 2 shows the Joule Thomson cycle in T-s
diagram. The figure shows that the working pressures of
this cycle 2 and 20 bar, is similar to the working
pressures of an air conditioner using vapor compression
refrigeration cycle. In the operation, the Joule Thomson
refrigerator uses mixture refrigerants as working fluid.

Typically, the air conditioners and freezers use vapor
compression refrigeration cycle (VCRC) in their
operation. The evaporation temperature of air
conditioners is approximately 5°C to 8°C, whereas the
freezer is about -20 to -40°C. To achieve the
evaporation temperature below -40°C usually utilize
cascade system using two compressors for temperature -
40°C to -60°C and three or four compressors for
temperature -60°C to -100°C. The more amounts of the
compressor, the more complex the operating and
maintenance. Because the Joule Thomson refrigerator
only uses one compressor, it will reduce the complexity
of the system. Decreasing system complexity will
reduce operational and maintenance costs. As a result,
the use of Joule Thomson refrigerator for very low
temperature application is promising for the future.

Nitrogen

200 bar

Temperatur

fluid 45

Entropy

Figure 1: Linde-Hampson cycle uses nitrogen as
working fluid

\
T(K)

400 .
Mixture

350
Ambient temperature
o ——— = —— —
250
200
150

100 Cooling temperature

entropy

Figure 2: Joule Thomson cycle uses refrigerant mixture
as working fluid

Figure 3 show the main components of the Joule
Thomson refrigerator. There are five the main
components in the Joule Thomson refrigerator, i.e.,
compressor, aftercooler, expansion device (TXV),
evaporator and heat exchanger. Meanwhile, there are
four the main components in the air conditioner, i.e.,
compressor, condenser, expansion device and
evaporator, as shown in Figure 4.

Although the working pressures of the Joule Thomson
refrigerator is similar to the air conditioner, however
their working temperatures are different, especially on
the evaporator.

. [~———" compressor
ambient temperature

6
é\/ Heat exchanger
3
cooling temperature ™@
4 5
T Evaporator
Q

Figure 3: The main components of the Joule Thomson
refrigerator

aftercooler I
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Condenser

=
;

Expansion device
Compressor

Evaporator

Figure 4: The main components of the air conditioner

3. METHODOLOGY

The Joule Thomson refrigerator was designed to achieve
cryogenic temperature, that is below -150°C. In order to
achieve the designed temperature, methane and ethane
must be used as refrigerant. Because the both
refrigerants are not used in the experiment, as a result
the designed temperature has not achieved. In the
experiment, two gases, i.e., propane and nitrogen were
applied. Figure 5 shows the schematic diagram of the
Joule Thomson refrigerator used in the experiment. The
figure shows that an oil separator is placed after to the
aftercooler. There are two outlets on the oil separator;
one sends refrigerant vapor to the heat exchanger, the
other will return oil to the compressor. In addition, the
evaporator is placed in vacuum chamber to avoid heat
transfer between the evaporator and ambient.

In order to investigate the system performances, six
thermocouples to measure the temperature and five
pressure gauges to measure the pressure were installed

in the system, as shown in Figure 5. The measured
temperatures are:
1. Suction temperature
Discharge temperature
Inlet of the heat exchanger temperature
Outlet of the heat exchanger temperature
Outlet of the expansion device temperature
Outlet of the evaporator temperature

AN e N

According to Figure 5, the outlet of the heat exchanger
temperature is same with the inlet of the expansion
device temperature. Likewise, the outlet of the
expansion device temperature is same with the inlet of
the evaporator temperature.

Furthermore, the measured pressures are:

1. Suction pressure
Discharge pressure
Inlet of the expansion device pressure
Outlet of the expansion device pressure
Outlet of the heat exchanger pressure

SNk wbd

In this experiment, there are two gases refrigerant
utilized in the Joule Thomson refrigerator with four
different compositions. Table 1 shows the composition
of mixed refrigerant used in the experiments.

Table 1: The refrigerant composition

Experiment Nitrogen Propane
(%) (%)
1 0 100
2 4.6 95.4
3 8.2 91.8
4 12 88

According to Table 1, the first experiment was carried
out on the system using 100% of propane. The
subsequent experiments were carried out by mixing
nitrogen for various compositions into the system, as
shown in Table 1.

S

Y oil separator
/" kompresor }

aftercooler

o | vacum port

>
Penukar kalor

» evaporator

Figure 5: The schematic diagram of a prototype of Joule Thomson refrigerator and measurement points
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4. RESULT AND DISCUSSION

Figure 6 illustrates the temperature profile on the
evaporator of the Joule Thomson refrigerator for 60
minutes. The figure shows the evaporator temperature
achieved -40°C at 20 minutes and also the minimum
temperature is -57.2°C. Compared to the freezer using
single compressor with propane (R290) as working
fluid, these temperatures are much lower than that of
the freezer. As a result, Joule Thomson is promising
also to be utilized as a very low temperature freezer.
The freezer using VCRC is widely used in the
refrigerator. The VCRC refrigerator usually uses two
compressors and three compressors for the evaporation
temperature of -40°C and -80°C respectively.

20\
o Time (minute)
g . '
= 20 10K L 0
1
A
[
H ——Pr 100%.
é » \\ ropane:
L ——— |
)

10

Figure 6: Evaporator temperature of the Joule
Thomson refrigerator with propane 100%

Figure 7 illustrates the temperature profile of the
evaporator of the Joule Thomson refrigerator using
binary mixture for various compositions. The figure
shows that the minimum temperature was achieved by
the refrigerant composition propane 95.4% and
nitrogen 4.6% (by mass), that is -80.0°C. When the
percentage of nitrogen increases, the minimum
temperature increases. Although the normal boiling
point (NBP) of nitrogen much lower than that of
propane, however by increasing the nitrogen above
95.4% will increase the evaporation temperature
because result in high pressure on the compressor
discharge. The more the amounts of nitrogen, the more
the increase in evaporation temperature.

0
0 Time minute)
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Figure 7: Evaporator temperature of the Joule
Thomson refrigerator for various compositions of
propane and nitrogen.

Likewise, based on the Figure 7, the cooling rate on the
evaporator of Joule Thomson refrigerator using binary
mixture (propane + nitrogen) is approximately -
15°C/minute.  As a result, this refrigerator is also
suitable for the fast cooling-down freezer.

5. CONCLUSION

A prototype of the Joule Thomson refrigerator using
binary mixture (propane + nitrogen) has been
developed. The experimental results showed that the
minimum temperature was -80.0°C when the mixture
composition was propane 95.4% and nitrogen 4.6% by
mass. Although the NBP of nitrogen is much lower
than that of propane; however the increase in the
amounts of nitrogen into the system will increase the
minimum temperature and increases the discharge
pressure.
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ABSTRACT

A research to measure the condensate volume
produced by the split unit air conditioning (AC) system
on a commercial building was done where the
measured volume was then used to determine the
capacity of the water storage tank required to fill in the
condensate. The selected building is Scholar’s Inn
UTM (SIUTM) in Johor which able to operate a
maximum of 162 units of 1 Hp and 81 units of 1.5 Hp
AC if the building is fully occupied. In this research,
by maintaining the cooling load in the conditioned
room, the condensate water produced by the split units
was collected and measured to find the average to
condensate production of the day. Based on the
practical operating hours of SIUTM, at most a 12-
hours operation per day is considered. With only
depending on the relative humidity and the temperature
of the day, the result obtained was compared to the
previous research that using psychometric analysis to
determine the condensate water produced in a hot and
humid country. The results show that the condensate
can be produced up to 4781 liter per day, 143430 liter
per month and 1721160 liter every year and the
condensate water having the value of pH at 7.17, TDS
at 1.0 mg/liter and copper (Cu) of 1.1 mg/liter, which is
acceptable values for raw water source. For drinking
purposes, treatments such as reverse o0smosis,
distillation or ion exchange can be done.

Keywords

Condensate recovery, condensate water, water source,
water quality

1. INTRODUCTION

Nowadays, air conditioning has become a necessity
especially in building ventilation. For commercial
buildings such as offices, malls and shopping centers
they usually used central system.

The study on condensate water recovery just started not
long time ago when sustainability becomes an
important practice worldwide. Boulware [1] stated that
due to quality issue, condensate water often ignored as
a source of freshwater. It just gets into people’s
attention as drinkable and non-drinkable usage to cover
the water shortage lately. In addition, the investigation

on water recovery also done in order to increase the
coefficient of performance (COP) of the air
conditioning system, as well as to increase the cost
saving on operating the system [1-2].

As for the experiment on measuring the amount or
volume of water produced from condensation from a
split-unit air conditioning system, it can be done in
many ways. Some of the ways are by collecting the
condensate experimentally or through analytical model
by taking the system cooling capacity into
consideration.

A study on condensate water as water source was also
performed by Al-Farayedhi et al. [3]. They have
comparing between analytical model and experimental
method results to investigate the condensate water as
another water source from a vapour compression air
conditioning system in hot and humid regions. Their
investigation was focusing on the relationship between
relative humidity and environment temperature with
the amount of condensate water produced.

Barreira et al. [2] have done the thermoeconomic
analysis and optimization of residential split-type using
simulation-based optimization techniques. The
research were focusing on the relationship between the
COP of the system and the percentage of cost saving.
As the COP increases, the percentage of cost saving
also increases [2]. One of the ways to improve the
COFP is by utilizing the condensate captured from an air
conditioning system, to be reuse back by the system.
Typically, the condensate water from air conditioning
units will just be drained away. Also, in a hot and
humid climate, the amount of condensate produced is
very significant and just become a waste. Therefore, it
is very important to study the potential of water and
energy sustainability by recovering the condensate
water from air conditioning system [4].

Buildings such as apartment blocks will usually used
split-unit types for individual comfort in each room.
The Scholar’s Inn of Universiti Teknologi Malaysia
(SIUTM) is an apartment type building which provides
on-campus lodging for anyone including UTM
students, staff and also outsider. The building is using
split-unit air conditioning system for space ventilation.
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Just like the other split-unit system installation, the
drainage of the condensate water will be installed too
and somehow causing another problem to human
comfort itself and also affecting the view of the
building. Most of the piping will headed to the drain
outside of the building. Improper piping installation
sometimes distracting peoples lane. Furthermore, the
water leaking from the broken pipe annoyed people
and also causing moss problem in some part of the
building. Economically, the drainage of condensate
water is also a waste. From this problem, the ideas of
designing the storage tank for the recovery of
condensate water from the split-unit air conditioning
system were carried out.

2. AIR CONDITIONING CONDENSATE
RECOVERY

The water and the heat contained in the condensate can
be used back for other purposes. This is called the
condensate recovery. Instead of sent it to sewer drain,
recovering condensate can help to significant savings
of energy, chemical treatment and make-up water [2,
5].

Alliance for Water Efficiency [5] stated that the
condensate water is essentially the same as distilled
water which is having low mineral content and Total
Dissolved Solids (TDS) level of near zero. Thus, it has
to be removed to prevent damage to other equipments.
Also, they stated that the collection of condensate from
the air conditioning system can be used for various
applications, depends on the amount produced.

The recovery of condensate water can be used as
alternate water source for application such as:

(a) The make-up water of cooling tower.

(b) For irrigation purposes.

(c) Evaporative cooler.

(d) Industrial processes such as boiler feed water
and heating system.

(e) Cleaning applications.

The calculated total volume per day of condensate
water is used to determine the capacity of the water
storage tank. The volume of condensate water
produced is defined as:

(a) Average condensate produced (Q;) in one hour
(L/hour) for one unit:

(Evolums of condansats water)

4

Q.= (D

(b) Total volume of condensate water per month
(L/month):

Volpy =@, X N x12 x 30 )

(c) Total volume of condensate water per year
(L/year):

Volpy = @y ® N 2 12 x 305 3)

where N is number of split air conditioning unit in the
building, 4 is hours of readings taken in a day, 12 is
number of operation hours per day, 30 is number of
days per month and 365 is number of days per year.

3. METHODOLOGY

The basic principle of obtaining the condensate
produced by the split-unit air conditioner is by
collecting it. The experimental work was done where
the conditioned room was set to the temperature of
23°C and the condensate produced was measured for
every 2 hours. The average production per hour is
determined, by considering the relative humidity and
outside temperature. Based on yearly occupancy rates
of the building, the maximum condensate production
was determined to be use as the water storage tank
capacity.

To select the proper design for the water storage tank
of the condensate water, several parameters need to be
considered such as tank capacity, the materials of the
water tank, position of the tank and how the piping
system will be installed to the tank.

As for the piping system, it will be installed in inclined
position so that the condensate water will flow by
gravitational force only (Figure 1). Thus, no pump is
needed to pump water down except one to be installed
together with the tank.

Wall

Inside
unit

1 Refrigerant
pipe

Outside unit

———r - —

Condensate
drain pipe

Measuring

jug
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Figure 1: Experiment set up diagram

Water quality test also done in order to determine the
possible use of the condensate such as for drinking
purposes, raw water sources or even for watering
plants. A sample of condensate collected was randomly
picked to be tested in Chemical Analysis Laboratory of
Faculty of Science in UTM. Due to some limitation,
only three parameters tested which are water pH, total
dissolved solid (TDS) and copper (Cu) content. These
three parameters are significant since the pH define the
acidity level of the condensate water, TDS reading
shows the mineral content in the water while Cu
content determine whether there are any Cu particles in
the condensate due to the contact of the water with the
cooling coil that made from copper.

4. RESULTS AND DISCUSSION

The experiment was done from 2.00 PM to 4.00 PM
and 4.00 PM to 6.00 PM where it stated the highest
temperature of the day with average high temperature
of 31°C. For actual low temperature, it is usually
happen during the night where the average low
temperature is 24°C. Noted that during day and night
the ambient temperature is different where at night, the
ambient temperature is colder and lower than during
the day thus the room temperature will also differ
during the night. The lowest relative humidity ranges
from 50% to 70% and highest which ranging from 74%
up to 94%. Both relative humidity and temperature
affect the volume of condensate water produced by the
split-unit air conditioner.

Most of the occupants of SIUTM usually stay in the
room during the night where they will operate the air
conditioning unit. The experiment on collecting the
condensate volume is however conducted during the
day due to some restriction. Thus, the value of the
results should be slightly different. The average
volume of condensate produced per hour for 1.5 HP is
2.5 L/hour whereas for 1 HP is 2.2 L/hour. These
results can be said as the minimum condensate volume
produced by the air conditioner since the condition is
high temperature and low relative humidity that slower
the condensation process outside the cooling coil.

Table 1: Condensate water predicting

AC. Day Month Year
Unit | Room L) (L) (L)
(HP)
1 81 2430 72900 | 886950
1.5 162 4276.8 128304 | 1773900
Total
condensate 6706.8 | 201204 | 2660850
water

In SIUTM, there are total of 93 rooms where 81 of
them are air—conditioned and 12 without air-

conditioner. In one room there will be three units of
air-conditioners; two of them are 1 HP and one 1.5 HP.
Thus, the total 1.5 HP air-conditioners in the building
are 81 units and the total 1 HP air-conditioners in the
building are 162 units. Equation 2 and 3 is used to
determine the monthly and yearly production rate of
the condensate water (Table 1).

The piping system will only consider on how the
condensate water will be directed to the storage tanks.
In the SIUTM building, the air-conditioner split-unit
types were installed in 243 units are located in different
levels. Also, current condensate drain pipes only let
the water flow to the drain below. To collect all these
water, the existing pipes will be connected to each
other by adding pipe junctions and collected in one
bigger pipe before entering the storage tanks.
Condensate water need to be flow smoothly through
the drain pipe to prevent it from backflow and leak
through the inside unit. Thus, the pipe will be in
inclined arrangement where only gravitational force
used to let the water flow downwards. Figure 2 shows
the piping system need to be installed and add to the
current drain pipe where it will let the condensate
water flow from all the split-unit’s compressor into one
pipe and entering the water storage tank on the ground
level. The inclination of the pipe is necessary in order
to use the gravitational force instead of pump to collect
the water.

Figure 2: Piping and storage tank

Table 2 shows the condensate water has pH value of
7.17, in between the range of recommended raw water
quality and drinking water quality standards by
Ministry of Health Malaysia. pH value determine
whether the water is acidic or alkali where in this case,
it is acceptable. TDS consist of the dissolved of
inorganic salts and small amount of organic matter in
water. From the results, TDS value is 1.0 mg/liter, far
below the drinking water standards by Ministry of
Health Malaysia which is 1000 mg/liter. This is very
low which is near zero and mineral free, thus makes it
corrosive to most metals, especially steel and iron [5].
At higher levels, unpalatability, mineral deposition,
excessive hardness and corrosion may occur. As for
Copper (Cu) content, the result obtained is 1.055
mg/liter, slightly exceeding the standard made by
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Ministry of Health Malaysia for both raw water and
drinking water types at 1.0 mg/liter. At this level, the
water will staining and has bitter taste but for health
concern, the level is 1.3 mg/liter [6]. From these
results, the condensate water can be used as raw water
source and if it were to be used for drinking purposes,
certain treatment procedure need to be done to remove
or reduce the copper content from the water. The
treatment options can be either reverse osmosis,
distillation or ion exchange. Based on previous studies,
Boulware [1] and many more found that the condensate
water in most ways is exactly like rain. Condensate
water by itself is distilled pure water, but it may require
further treatment as it might get contaminated on the
way [7]. Since the condensation process occurs outside
the cooling coil surface which is made from copper,
there might contain heavy metals from contact with the
coil and air-conditioner equipment.

Table 2: Condensate water quality

Recommended D\r}i}nltcing
5 Raw Water ater
5] Condensate Qualit Quality
g Water y Standars
3 Quality -
. Acceptable xg:;?;ﬁﬁ
value value
pH 7.17 5.5-9.0 6.5-9.0
1.0 1500 1000
DS | eflive | mgflire | mg/litre
Cu 1.1 1.0 1.0
mg/litre mg/litre mg/litre

5. CONCLUSION

Economically, the amount of condensate water
produced by SIUTM building is too much to be waste.
Based on the water quality test done, the collected
condensate water can be used for as raw water material
as well as for activities such as watering the plant,
washing the car or even cleaning the floor since the
properties is quite the same as distilled water.
However for drinking purposes, some treatments need
to be done to reduce or remove the copper
contaminants in the water. Thus, the recovery of
condensate water for SIUTM building is a good thing
to be done where the volume of condensate water
produced by the split-unit air conditioning system and
the suggestion of water storage tanks already been
made.
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ABSTRACT

Passenger’s thermal comfort in vehicle cabin is the main
priority in designing vehicle air-conditioning system.
One of the parameters is the cabin air temperature.
While other researchers are focusing on the temperature
on the upper body, this research is focused on the air
temperature for the whole body of the passengers inside
vehicle cabin. Traditionally, drivers have to manually
channel the cooled temperature according to their need.
This paper discussed about the channeling of cooled air
temperature  throughout the passengers body
automatically by controlling the gate so that temperature
distribution in the vehicle cabin is according to the
thermal comfort need by the passengers. The system is
installed inside a hatchback vehicle and data is obtain
from before and after the system installed. Results
indicate that better thermal comfort temperature can be
achieved throughout the driving.

Keywords

Thermal comfort, temperature distribution, intelligent
vehicle cabin, HVAC

1. INTRODUCTION

The main challenge in designing vehicle air
conditioning system is to develop an energy efficient
system thus reducing the precious fossil fuel used by the
vehicle. It is also helps in reducing the release of CO,
emission to the environment. Many efforts by
researchers have been made in various ways to decrease
fuel consumption by the vehicle air conditioning system
[1-6].

The temperature and thermal comfort in a vehicle cabin
could be achieved by using proper controller. Matsui et
al. [7] have made thermal analyses of a vehicle cabin by

using modern control theory and has determined the
governing equations of the models by using statistical
methods. Davis et al. [8] used fuzzy controlling system
in building thermal modeling of a vehicle cabin. Wei
and Dage [9] designed a control system for vehicle
cabin based on intelligent methods.

Acatrice et al. [10] analyze the thermal comfort of a
vehicle cabin by analyzing the dynamic mode of a
refrigeration cycle. Qi and Deng [11] applied a fuzzy
controller system for thermal comfort modeling inside
vehicle cabin where the inlet air volume rate is the only
consideration for air temperature control. Farzaneh and
Tootoonchi [12] used a fuzzy controller with
temperature feedback to monitor the thermal comfort of
passengers inside vehicle cabin.

The following are the contribution of this paper into the

subject:

1. Control the blower speed using fuzzy controller.

2. Control cooled air distribution using fuzzy
controller.

Air temperature inside a vehicle is not homogenous
[13]. The air temperature inside vehicle cabin is
expected to have higher temperature at head level
compared to ankle level. Based on ASHRAE Standard
55, the vertical air temperature difference between head
and ankle level is 3°C [14] while other study set the
limit up to 6°C. Human are more sensitive to
temperature variation than tolerable to humidity
variation [15, 16].

2. FUZZY CONTROLLER

Fuzzy controller can be model for nonlinear relation
between inputs and outputs. A controller is being
applied to adjust the gate position for channeling the
cooled air inside the vehicle cabin. Therefore, the
difference between the upper body temperature and the
lower body temperature is an input to the controller.
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Another input signal for the controller is the temperature
error between upper body and temperature setting. The
error of input temperature is defined as:

-T

error =T etting )

temperature cabin

where Ty is the temperature setting by passengers
and T, is the temperature of upper body of passenger
inside vehicle cabin which changes by the existing air
conditioning system. The error of temperature
distribution is defined as:

errordistribution = Tupper - T}ower (2)

where 7},,., the temperature of lower body of passenger
inside vehicle cabin which changes by the existing air
conditioning system. This section will discuss four
stages of fuzzy controller system.

2.1 First step: fuzzification

The first step is to determine the physical inputs and set
proper degree to inputs by membership functions. The
system has six rules which are:

(1) If the temperature error is small and temperature
distribution is low, then the gate is upper and
blower power is low.

(2) If the temperature error is medium and temperature
distribution is low, then the gate is upper and
blower power is medium.

(3) If the temperature error is large and temperature
distribution is low, then the gate is upper and
blower power is high.

(4) If the temperature error is small and temperature
distribution is medium, then the gate is half and
blower power is low.

(5) If the temperature error is medium and temperature
distribution is medium, then the gate is half and
blower power is medium.

(6) If the temperature error is large and temperature
distribution is high, then the gate upper and blower
power is high.

As illustrated in Figure 1 and 2, the range of variation in

variables can be shown as in the following number:

Figure 1: Fuzzy rule surface

Figure 2: Fuzzy rules

Range of temperature error variation: -2 to 2.
Range of temperature distribution error variation: 0 to 6.

2.2 Second step: fuzzy inference

When the inputs are fuzzificated, the degree for each
section will found according to the stated rules. Min
Max method is used for valuing the above the if-then
rules stated above.

2.3 Third step: blend and make

Each fuzzy inference is transform to a certain command.
The results of the defined rules will be implemented in
this step.

2.4 Forth step: defuzzification

The fuzzy results drawn from previous steps is going
through the defuzzification method where every rules
are put together to show each rules attributed and
blended where its membership function allocates a
weight to each output.

3. METHODOLOGY

The air distribution system for the hatchback vehicle
can be control by just rotate a lever that connected at
center air conditioning cluster, shown in Figure 3.
Therefore, a servo motor is placed and mounted so that
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the required cooled air distribution can be achieved.
This study will only consider the upper and lower body
temperature.

Figure 3: Air conditioning console

This study is done at idle speed under direct sunlight
with one passenger. The vehicle is using direct current
electric compressor replacing the original belt-driven
compressor. The direct current electric compressor is set
at 1800 rpm using on/off controller. The experiment is
done before and after the automatic cooled air
distribution system is installed. The temperature setting
is set at 23°C. The original blower speed is set at step 2.

The temperature of upper and lower body is taken by
using LM35 temperature sensor and sent to a
microcontroller and the data is saved to a connected
computer. A DC motor driver is connected to the blower
and the power supply is taken from the car battery. A
PWM signal is sent by the microcontroller to the DC
motor driver so that the blower speed can be control
according to the fuzzy logic rules. A servo motor is used
to control the lever of the gates so that the air can be
distributed to the required space.

4. RESULTS AND DISCUSSION

Results in Figure 4 showed that by applying fuzzy
controller to the cooled air distribution system, less time
is needed to cool down the vehicle cabin to the
temperature setting. This decreases the operation
duration of the compressor that will lead to lower fuel
consumption rate. The velocity of blower is also
controlled according to temperature inside vehicle
cabin, increasing thermal comfort. The temperature
distribution of cooled air is also better controlled from
head to foot according to ASHRAE recommendation. A
more uniform variation of air temperature inside vehicle
cabin could be achieved and the controller can reduce
the temperature difference between inside air
temperature and temperature setting and also upper
body and lower body air temperature by regulating the
blower power and the head foot gate in each moment.
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Figure 4: Temperature distribution against time(s)

5. CONCLUSION

Thermal comfort is the most comfort factors in a vehicle
cabin for passengers. Vehicle cabin is complex and
continuously varies after time. In this paper, the
automatic cooled air distribution for passenger vehicle
cabin help to increase the thermal comfort for
passengers by distributing cooled air to the placed
necessary either head or foot level by fuzzy controller.
Results showed that through applying a fuzzy controller,
less time was needed for the system to regulate the
temperature of the vehicle cabin to the temperature
setting. This decreases the operation time of compressor
which substantially decreases the wvehicle fuel
consumption rate.
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ABSTRACT

Malaysia, Indonesia and other South East Asia
countries are known to be the producers of natural
rubber that involves huge rubber plantation. Rubber
latex is the main product from the cultivation of rubber
plantation exists in the market for the manufacturing of
rubber products. Beside the rubber products, an
investigation was done on the seeds of the rubber trees
for the purposes of bio-lubricant. Oil from the rubber
seeds were extracted using Soxhlet extractor. The oil
extraction rate and the solid to solvent ratio for the
extraction process were obtained. The four ball
tribotester was used for the determination of lubricant
properties for the neat rubber oil. In this paper, the
tribological characteristics of the rubber seeds oil as a
neat bio-lubricant was investigated under different
normal loads, and compared with commercial lubricant
oil. All experimental works were conforming to ASTM
D4172-B. The results exhibited that the rubber seeds
oil has lower coefficient of friction under different
loads, lower wear scar diameter of ball bearings and
high value of flash temperature parameter under low
loads compared to commercial lubricant oil. As a
conclusion, the wear scar observation showed that the
rubber seeds oil was capable to reduce wear at low
loads but the wear condition become worse when the
load increased, and the rubber seeds oil has high ability
of anti-friction.

Keywords: Rubber seeds oil, Normal load, Wear scar
diameter, Coefficient of friction, Flash temperature
parameter.

1. INTRODUCTION

For many years, Malaysia is known as one of the
producers of natural rubber that involves large
cultivation of rubber plantation. Besides producing
many types of rubber products such as tyres, sandals,
gloves and others, its rubber seed oil could be used to
turn into useful products. In this study, the rubber seed
oil was investigated to study its lubricant

characteristics. Bio-lubricants, also known as bio-based
lubricants are made from a variety of edible oils such
as rapeseed, canola, sunflower, soybean, palm and
coconut oils and the non-edible oils from jatropha,
jojoba oils. The usage of bio-lubricants from non-
edible oils can overcome the problems of food verse
fuels, lubricants, environmental and economic issues
related to edible vegetable. Non-edible oils are not
suitable for human food due to the presence of some
toxic components in the oils. The selection of non-
edible oils as lubricants requires extensive
characterisation works. Moreover, non-edible seed
crops are expected to use lands that are largely
unproductive and those that are located in poverty-
stricken areas and in degraded forests. They can also be
planted at field boundaries, fallow lands, and in public
land such as along railways, roads and irrigation
canals. Special attention has been paid to protecting the
environment against pollution caused by the
petroleum-based lubricants. A survey was conducted
which found out that nearly 12 million tons of lubricant
wastes were deposited into the environment every year

[1].

As a result of increasing awareness of ecological
pollution, biodegradable oil products are becoming an
important alternative to conventional lubricants.
Animal fat and vegetable oil are considered as
substitutes for mineral-based oil as a lubricant. Found
out that vegetable oils were used in theconstruction of
monuments in ancient Egypt [2]. The advantages of
choosing vegetable oil rather than lubricants from other
sources are the fact that they are biodegradable and are
less toxic when compared to petroleum-based oil. They
are easy to produce and form a renewable source. In
addition, when investigated the tribological behaviour
of the two moving metals using biodegradable oil
compared to mineral oil, they showed that the
vegetable oils possess even a better lubricating ability
than the current mineral or synthetic oils because they
contain a large amount of unsaturated and polar ester
groups components that favourably affected the
conditions  during reciprocating  sliding  [3].
Furthermore, the long-chain fatty acids present in
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vegetable oil have better intrinsic boundary lubricant
properties.

Vegetable oils show good lubricating abilities because
they give rise to the low coefficients of friction.
However, many researchers report that even when the
coefficient of friction is low with vegetable oil as the
boundary lubricant, the wear rate is high. Work on the
investigation of the chemical attack on the surface by
the fatty acid present in the vegetable oil [4]. They
found out that the metallic soap film is rubbed away
during sliding, and producing the non-reactive
detergents increases wear.

Several researchers have tested vegetable oil for
engineering applications.Includedvegetable oil as
apotential fuel in diesel engines [5,6], studied the
potential of vegetable oil as hydraulic fluid [7,8] and
the characteristics of palm oil as a metal forming
lubricant [9, 10]. The research on vegetable oil as
lubricant can be categorized into four (4) major groups,
which (1) uses neat vegetable oil as a test lubricant
[11,12], (2) uses vegetable oil emulsion [13,14] and (3)
uses vegetable oil with additive [15,16,17] and (4) uses
vegetable oil as an additive [18]. All of them found out
that vegetable oil showed satisfactory results and has a
bright future to be used widely in engineering
applications. However, some factors such as the
oxidation of vegetable oil must be taken into
consideration. This study is to investigate the
coefficient of friction and wear performance of rubber
seeds oil with different normal loads by use a four-ball
tribotester.

2. EXPERIMENTAL METHOD

Raw rubber seeds were collected from rubber
plantation and were manually de-hulled to separate the
kernels from the shells. After cleaning the rubber seed
kernels, it was ground to smaller particles and was
placed on a tray. It was dried in the oven at 105°C for 4
hours. After the drying process, the rubber seed
particles were placed in the air tight container for
extraction process.

2.1 Oil Extraction Apparatus

The extraction of rubber seeds oil from the
rubber seed kernel particles was done using Soxhlet
extractor. An amount of rubber seed particles was
placed into the paper thimble which was placed in the
Soxhlet extractor. N-hexane as the solvent is pour into
the round bottom flask. The Soxhlet extractor was
heated to temperatures of 70°C, which is above the
boiling temperature of n-hexane. The vapours of n-
hexane evaporate from the round bottom flask and flow
into the Soxhlet chamber where it was condensed by
the cooling temperature of the condenser. The
condensed n-hexane liquid was drop into rubber seed

particles and extracts the rubber seeds oil and flow
back into round bottom flask with the rubber seeds oil.

After the extraction process of rubber seeds
oil has been done, the separation the n-hexane from the
rubber seeds oil need to be separated. Rotary
evaporator was used to separate the n-hexane from the
rubber seeds oil.

2.2 Tribotester Apparatus

A four-ball wear tester is shown in Figure 1 and the
machine having acquired the status of an established
institution in the fundamental investigation of
characteristics of the lubricants [19]. This instrument
uses four balls, three balls at the bottom and one ball
on the top. The three-bottom balls are held firmly in a
balls pot containing the lubricant being tested and
pressed against the top ball.

Figure 1: Photograph of a four-ball tribotester machine
The standard balls used in this experiment are made
from AISI E-52100 chrome alloy steel, with the
following specifications: diameter 12.7 mm; extra
polish (EP) grade 25; hardness 64—66 HRC (Rockwell
C Hardness). Four new balls were used for each test.
Each time before starting a new test, the balls were
cleaned with acetone and wiped dry using a fresh lint-
free industrial wipe.

The top ball is made to rotate at the desired speed
while the bottom three balls are pressed against it. The
important components are the oil cup assembly, collet,
and ball bearings. The surfaces of the components were
cleaned with acetone before conducting each test. In
this study, wear test was carried out at (392.4, 500,
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600, 700 and 800 N) normal load and at 1200rpm for 1
hour at lubricant temperature 75°C.

2.3 Lubricants

The lubricants used for this experiment was the rubber
seeds oil (RS100). The results obtained from
experiments using the rubber seeds oil (RS100) were
compared with the results from the experiment which
used commercial mineral oil SAE 10W-30(E100).
Each trial tested 10 ml of the lubricant.

2.4 Test procedures

To set up the steel balls, the balls pot and the steel
ballswere thoroughly cleaned using acetone and wiped
dry using afresh lint free industrial wipe. No trace of
solvent should haveremained when the lubricant was
introduced and the partswere assembled. The steel ball
bearings were placed into the balls pot assemblyand the
assembly was tightened using a torque wrench inorder
to prevent the bottom steel balls from moving
duringthe experiment. The top, spinning ball was
locked inside the collet and tightened onto the spindle,
then the test lubricantwas introduced into the balls pot
assembly. The researcher observed that the oil level
filled all the voids in the test cup assembly.

The assembled balls pot components were installed
onto the non-friction disc in the four-ball machine and
thetest load was applied slowly to avoid shock loading.
Next, the lubricant being tested was heated to 75 °C by
the tribotester’s built-in heater. When the set
temperature was reached, the researcher would start the
drive motor which had been set todrive the top ball at a
desired speed. After one hour, the heaterwasturned off
and the oil cup assembly was removed from
themachine. The test oil was drained off from the oil
cup and theball bearings were wiped using a fresh lint
free industrial wipe.

2.4.1 Wear Scar Diameter

The wear scar diameter of each of the three bottom test
balls was measured to determine the lubricity
performance of the test lubricant. The wear scar was
evaluated by a computer running optical and scanning
electronic microscope (high resolution) software and
from the captured photomicrograph. Using this
process, the wear scar diameter was determined for
each of the three fixed balls. In general, the larger wear
scar diameter, the more severe the wear.

2.4.2 Friction Torque and Coefficient of Friction

From the four-ball tribotester machine, the friction
torque was recorded using specific data acquisition
system. The friction torque for all test lubricants
increased rapidly at the beginning of the test after 5-10
min, the friction torque data became a steady-state
condition. The average of friction torque at the steady
state condition was recorded and the friction

coefficient, as calculated according to IP-239, is
expressed as follows:

T8
T Ewr

u (1)

where p is the friction coefficient, T is the frictional
torque in kg mm, W is the applied load in kg and r is
the distance from the center of the contact surface on
the lower balls to the axis of rotation, which was
determined to be 3.67 mm. The same calculation
method was used by Throp [20].

2.4.3 Flash Temperature Parameter

The flash temperature parameter (FTP) is a single
number that is used to express the critical flash
temperature at which a lubricant will fail under given
conditions. The FTP indicates less possibility of
lubricant film to breakdown [21]. High value of FTP
indicates high performance of the lubricant. The FTP
can be measured by using the Equation below:

FTP = —00 2
TIWsny )

Where W is the applied load in kg and WSD is the
wearscar diameter in mm.

3. RESULT AND DISCUSSIONS
3.1 Rubber Seeds Oil Yield

The weight of rubber seed particles and the oil
yield was recorded to obtain the oil extraction rate of
the rubber seed oil. The weight of rubber seeds
particles use for the extraction is 20g and the weight of
rubber seeds oil that was obtained from the extraction
is 10.6 gm giving the oil yield extraction rate of 53%.
The solid to solvent ratio for the extraction process is
1:7.5.

3.2 Lubrication Characteristics

The tribological characteristics of the rubber seeds oil
(RS100) under different loads were investigated and
characterized. The results provide a better
understanding of worn surfaces of ball bearings with
the rubber seeds oil using oil analysis such as WSD,
COF and FTP. These results were compared with
commercial mineral engine oil (E100).

3.2.1 Wear Scar Diameter

After the experiments, the wear scar diameter(WSD)
on the three ball-bearings, which were fitted into the oil
cup, was observed and measured using a computer
running optical and scanning electronic microscope
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(high resolution). The average value of the wear scar
diameter were taken and plotted as shown in Figure 2.

From these values it can be concluded that the wear
scar diameter of all lubricant samples increases as the
normal load increases. The rubber seeds oil(RS100)
showed a smaller value of wear scar diameter
compared with the mineral oil at a lower value of load
(484.4um at 392.4N) as compared with 546.4 pm at
392.4N for the mineral engine oil.

At higher loads, the rubber seeds oil has shown high
values of wear scar diameter (964.7 um at 800N) than
the value of 871.1 pm at 800N using mineral oil. The
behavior was due to the chemical attack on the surface
by the fatty acid from rubber seeds and the metallic
soap film was remove and scrub away during the
sliding motion under high load, leading to the
production of the non-reactive detergents that increased
the wear.
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Figure 2: Wear scar diameter of oil samples under
different loads.

3.2.2 Friction Torque
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Figure 3: Friction torque value of oil samples under
different loads.

In studying the friction performance of the rubber
seeds oil under normal load (392.4 - 800 N), all
experiments were conducted keeping the rotational
speed at 1200 rpm and the bulk oil temperature at 75
°C for one hour. The results of the friction torque test
were plotted and illustrated in Figure 3. This figure
shows a similar pattern of friction torque increment
when the normal load increases for the both oil
samples (rubber seeds oil and mineral oil).

From Figure 3 could be seen also, the rubber seeds oil
has lower values of friction torque compared with
mineral engine oil under different loads.

3.2.3 Coefficient of Friction

The coefficients of friction values for the rubber seeds
oil and mineral oil, under each experimental condition
was calculated and tabulated and the results were
analyzed from the graphs which are shown in Figure 4.
Rubber seeds oil samples give the lower value of
coefficient of friction as compared to coefficient of
friction of mineral lubricant. Results of the coefficient
of friction in the Figure 4 shows also, the increased of
load led to increase of the value of coefficient of
friction for both oil samples. Lower value for the
coefficient of friction was obtained of the rubber seeds
oil at 0.0563 under 392.4N as compared with 0.0814
under same load for the mineral engine oil.
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Figure 4: Coefficient of friction value of oil samples

under different loads.

3.2.4 Flash Temperature Parameter
Flash temperature parameter is calculated and tabulated

for rubber seeds oil and mineral oil under different
normal loads as shown in Figure 5.
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Figure 5: Flash temperature parameter value of oil
samples under different loads

For the rubber seeds oil, the highest FTP value
occurred at 392.4N was 110.2 as compared with
93.211 for the mineral engine oil under same normal
load. Figure 5 show, under low loads, the rubber seeds
oil give a higher value of the FTP and under high value
of loads, the rubber seeds oil show lower value of FTP
as compared with the FTP values of mineral engine oil.
The reason is that, under lower value of loads, the
rubber seeds oil caused reduction in the possibility for
lubricant film to breakdown and increases the lubricity
performance as compared to the mineral engine oil.
Higher value of flash temperature parameter was
obtained of the mineral oil 158.2 under 700N as
compared with 96 under the same load of the rubber
seeds oil.

4. CONCLUSIONS

The tribological behaviour characteristic of the rubber

seeds oil was evaluated using the four-ball tribotester

machine under varies normal loads. All the results
were compared mutually with mineral oil. The
evaluation results can be summarized as follows:

1. The friction coefficient obtained from the rubber
seeds oil was the lowest compared to mineral
engine oil, for both low and high normal load
conditions. The friction coefficient for both
lubricating oils increased as the applied load was
increases.

2. The wear resulted from those lubricated with
rubber seeds oil showed a better result under
lower normal load. In contrast, at the higher
normal load, the wear dominated by those
lubricated with rubber seeds oil was higher
compared to mineral engine oil.

3. Could be concluded that rubber seeds oil shows a
better anti-friction performance compared to
mineral oil in term of friction coefficient and wear
at lower load. Therefore, rubber seeds oil has
possibility to be used as lubricant of mating
components.
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ABSTRACT

Selection of a compressor for a refrigeration system is
generally done based on a peak load operating
condition. The energy consumed by the compressor can
potentially be reduced by regulating the compressor
speed using an inverter. This experimental study
investigates  energy  saving and  performance
enhancement potentials in an experimental cold-
storage system when the electric frequency supply is
reduced from 45 to 25 Hz, with a 5 Hz interval. The
system is equipped with a compressor with a power
rating of 3 HP (2.25 kW) and R22 was used as the
refrigerant. The cooling load of the system was
provided using an electric heater placed at the bottom
of the cold storage chamber. Results show that the
power input to the compressor was reduced when the
electric frequency supply was decreased. The highest
reduction in the compressor power input occurred
when the electric frequency was decreased from 45Hz
to 40Hz. The results also show that the coefficient of
performance (COP) of the cold storage system was
improved when the electric frequency supply was
decreased. The largest COP improvement occurred
when the frequency was decreased from 30 Hz to
25 Hz.

Keywords

Variable speed compressor, energy saving, inverter,
cold storage system, COP

1. INTRODUCTION

There are four basic components in a vapor-
compression  refrigeration cycle (VCRC): a
compressor, a condenser, an evaporator and an
expansion device. In a small air-conditioning system
the compressor typically consumes nearly 90% of total
energy input while in a central-type system the
compressor consumes approximately 72% of the total
energy input [1, 2]. A thermostatic expansion valve
(TXV) is traditionally used to regulate the degree of
superheating and cooling capacity of the system [3].
The device also regulates the evaporating pressure and
the refrigerant mass flow rate. The opening of the TXV
depends on the cooling load demand. However, the
degree of superheating and refrigerant mass flow rate
cannot be controlled independently.

In a refrigeration system the compressor capacity is
usually chosen to meet the peak cooling load demand,
which is a combination of internal and external cooling
load. The internal cooling load could reach the peak
value at any time, but the external cooling load very
rarely occurs because the sun position always change
with time. Hence it is desirable to have a control
strategy that can regulate the speed of the compressor
so that the system is able to respond to partial load
working conditions. Since a large portion of the energy
supply is consumed by the compressor, regulating its
speed could potentially lead to saving in energy
consumption of the refrigeration system [4, 5].
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At the peak load condition the compressor works at
the nominal frequency of the electrical power supply.
At part load conditions, the frequency of the electrical
power supply to the compressor can be reduced, which
in turn, would reduce the compressor speed. The aim
of this experimental study is to investigate the energy
saving and performance enhancement potentials of an
experimental cold-storage system by regulating the
electric frequency supply to the compressor.

2. EXPERIMENTAL APPARATUS

Figure 1 shows a schematic diagram of the
experimental cold-storage system employed in this
study. It comprises of a cooling compartment
measuring 1.5m (L) x1.5m (W)x2.2m (H). The
evaporator coil is located at the top of the cooling
compartment while an electrical heater, which is used
as a source of cooling load, is located near the bottom
of the compartment.

The vapor-compression refrigeration  system
consists of a reciprocating compressor, an air-cooled
condenser, a liquid receiver, an evaporator and a
thermal expansion valve (TXV). Refrigerant-22 was
used as the working fluid. The compressor has a
nominal capacity of 3 HP (2.25 kW). The compressor
speed was varied using a modulated source inverter by
regulating the frequency of the electrical power supply,
namely at, 25, 30, 35, 40 and 45 Hz. The three-phase
main electrical power supply (380V, 50 Hz) was
converted to DC voltage supply using an inverter. A
schematic diagram of the inverter and the compressor
is shown in Figure 2.

i
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Liquid
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Cold Storage

Figure 1: Schematic diagram of an experimental cold
storage system.
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Figure 2: Schematic diagram of an experimental cold
storage system.
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To evaluate the performance of the cold storage
system, four parameters were measured namely
temperature (7), pressure (P), voltage (V) and electric
current (/). The voltage and electric current were used
to determine the power input of the compressor. The
cooling load was provided by the electric heater with
power rating of 1.5 kW. During the experiments the air
temperature inside the cooling compartment was
maintained at -5°C. The performance of the cold-
storage system is expressed in terms of the coefficient
of performance (COP), defined as,

COP = Cooling capacity

(1

Compressor power input

The cooling capacity of the system was determined
based on the enthalpy values at the inlet and outlet of
the evaporator, which are obtained from the pressure-
enthalpy (p-h) chart for R22 refrigerant. The input
power reduction and COP improvement due to the
variation in the electric frequency are determined using
Eq. (2) and Eq. (3), respectively while the compression
ratio (CR) is defined by Eq. (4), as follows:

P-P
Preduction= "P = (2)
COP,, — COP,
COPimproved = CIO—P (3)
n-1
P,
CR — discharge 4
Y “4)

suction

where P, is the compressor input power at a given
electric frequency supply and P,_; is the input power at
the reduced frequency. Similarly, COP, is the
coefficient of performance of the experimental cold-
storage system at a given electric frequency and COP,.
1 is the corresponding value at the reduced frequency.
Also, Plischarge 18 the discharge pressure while Pgycion 1S
the suction pressure of the compressor.

3. RESULTS AND DISCUSSION

Figure 3 shows the variation of compressor suction
pressure, discharge pressure and compression ratio of
the cold storage system with the electric frequency
supply. It is seen that the compressor discharge
pressure continuously increases when the electric
frequency was decreased from 45 Hz to 25 Hz.
However, the magnitudes of the pressure increment can
be considered small. Since temperature and pressure
are dependent properties of the refrigerant, the increase
in the compressor discharge pressure also causes the
refrigerant temperature at the compressor exit to
increase. The figure also shows that the suction
pressure of the compressor continuously increases
when the electric frequency supply was regulated from
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45 Hz to 25 Hz. This leads to the superheating of the
refrigerant at the evaporator outlet. To maintain the
cooling load at a constant value, the mass flow rate of
the refrigerant will have to be decreased. This can only
be attained by reducing the compressor speed. Figure 3
also shows that, the compression ratio of the
compressor also decreases when the electric frequency
supply is reduced.

Figure 4 shows the variation of compressor power
input and coefficient of performance (COP) of the
cold-storage system with electric frequency supply. It
can be observe that, the compressor input power
decreases from 1.37 kW to 1.13 kW as the electric
frequency supply was reduced from 45 Hz to 30 Hz.
There are no changes in the compressor input power
when the frequency supply was decreased from 30 Hz
to 25 Hz. The highest reduction in the compressor
power input, i.e. from 1.37 kW to 1.2 kW (about
12.4%) occurs when the electric frequency was
reduced from 45 Hz to 40 Hz. The total reduction in
the compressor input power is about 18%. The COP of
the system is inversely proportional to the compressor
power input. As the power input decreases as a result
of reduction in electric frequency supply, the COP of
the system increases. This finding agrees well with the
results of a similar study reported by Aprea et al. [6].
The highest COP improvement occurs when the
electric frequency supply was reduced from 30 Hz to
25 Hz.

20 20
18 —&— Discharge —®— Suction —#— Compression Ratio [ 18
16 r 16
T 1 —, [ 14
2 12 1
E [557] :
S 8.97 9.31 L
2 8 [s.97] 10
& 6 5.78 r8
4 -6
2 - ° — o Foa
0 2
20 25 30 35 40 45 50

Frequency (Hz)

igure 3: Variation of compressor suction pressure,
discharge pressure and pressure ratio with electric

frequency supply.
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Figure 4: Variation of compressor power input and COP

of the system with electric frequency supply.
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Figure 5 shows the variation of percent reduction in the
compressor power input and system COP with electric
frequency supply. It can be observed that the COP of the
system can potentially be improved by about 5.6% if the
electric frequency supply was reduced from 45 to 40 Hz and
by about 8.8% when the frequency supply was further
reduced to 30 Hz. The highest COP improvement of 16% can
be achieved when the frequency supply was reduced from 45
Hz to 25 Hz. It can also be observed that the largest reduction
in compressor power input of about 12.4% can be achieved
when the electric frequency supply was reduced from 45 Hz
to 40 Hz.

18 —&— COPimp —8— Pimp
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E. 14 1241
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o 1o
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a 4
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Frequency (Hz)
Figure 5: Variation of percentage reduction in
compressor input power and system COP with electric
frequency supply.

The percent power input reduction is only about 3.42
% when the electric frequency supply was reduced
from 35 Hz to 30 Hz. The results also show that there
is no further reduction on in the compressor power
input when the frequency supply was further reduced
to 25 Hz.

4. CONCLUSION

An experimental study on the effects of reducing
electric frequency supply on the compressor power
input and COP of a lab-scale cold storage system was
presented. Results show that the compressor input
power can be reduced by about 12% when the electric
frequency was regulated from 45 Hz to 40 Hz. In
addition, the COP of the system can potentially be
increased by about 16% when the electric frequency
was reduced to 25 Hz.
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ABSTRACT

The recent global energy crisis has attracted interest in
producing an alternative sustainable fuel from clean,
renewable, abundant and yet untapped resource via
biological processes. Oil palm frond (OPF) has the
potential for Biobutanol production. In this study,

batch fermentation tests were carried out in terms of

metabolite, cell production and sugar conversion for
the production of biobutanol wusing clostridium
acetobutylicum (ATCC4259) with and without organic
nitrogen supplement. The kinetic cell growth, solvent
and acids production at PH 6.0 were examined. In
general, clostridium  acetobutylicum (ATCC4259)
strain was capable of converting sugar in OPF extract
to solvent and acids. The result showed the maximum
acetone, butanol and ethanol concentration of 1.94,
0.015 and 7.09 g/L respectively at an initial glucose
concentration of 50g/L. Furthermore, sugar utilization
and growth were the controlling factor for
solventgenesis as observed by the dominant production
of acid as compared to solvent. These results indicate
the OPF extract has potential for biobutanol
production.

Keywords: Alternative fuel, Bio-butanol production,
Clostridium acetobutylicum, Mix acid fermentation,
Oil Palm Frond.

1. INTRODUCTION

Biobutanol production by fermentation has drawn
increasing attention worldwide for two reasons; energy
security implying the production from renewable
agricultural waste at cost-effective price and climate

change [1, 2]. Therefore, the economics of biobutanol
fermentation are greatly influenced by the raw
materials where oil palm plantation waste could be a
good option for reducing cost [3]. Although, oil palm
trees have a life span of 30 years they have only 10-25
years of economic  fruit  production  [3].
Currently,Malaysia is the world’s second largest palm
oil producer generating approximately 80 million
tonnes of dry solid biomass from the oil palm industry,
with a figure likely to reach 10 million tonnes by the
year 2020 [4]. The oil palm fronds are collected during
pruning and replanting activities with an average
generation rate of 9.8 t-dry/ha-plantation/year and 14.9
t-dry/ha-replantation/year, respectively as shown in
Table 1. Thus, oil palm frond utilization as fermentable
sugar for biobutanol production is highly beneficial
due to its renewability, low cost and availability in
Malaysia [5, 6]. Oil Palm Frond can be squeezed to
obtain liquid extract that contain readily fermentable
sugars (Table 2), and rich in nitrogen, minerals and
vitamins A.

The growth and metabolism of Clostridium
acetobutylicum (ATCC4259) depends on the medium
composition and the culture age [8]. Clostridium
acetobutylicum (ATCC4259) is among the solvent
genic clostridia that produce two major types of
products, solvent (acetone, butanol, and ethanol, ABE)
and gases (carbon dioxide and hydrogen) with the
intermediate fermentation products being organic acids
(acetic acid and butyric acid). The metabolism reaction
of the fermentation is as represented in Equation 1.
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Butanol production process in ABE fermentation can
therefore be divided into acid production phase
(acidogenesis) and the solvent production phase
(solvent genesis) [10]. In the acid production phase, the
growth is accompanied by the production of organic
acids (acetate, butyrate) and hydrogen. In the solvent
phase, the organic acids generated in the earlier phase
are converted to produce acetone, ethanol and butanol.
It is noteworthy, that the formation of butyric acid
during the acidogenic phase is important for
maintenance of the redox equilibrium, although the
glucose obtained from OPF is used at substrate for the
production of bioethanol [11]. However, fermentation
of OPF extract to produce biobutanol has not fully
been explored.

Tablel: Oil palm biomass generation rate from
plantation site [9].

Site Residue Unit rate Representative
type generation rate
Planta- | Oil palm t-dry/ha 62.8
tion Trunk replanta-
generated tion/year
at
replanting.
Fronds - 14.9
generated
at
replanting
Frond t-dry/ 9.8
(pruned) plantation
/year

Hence, the batch fermentation analysis were carried out
in terms of metabolite, cell production and sugar
conversion for the production of biobutanol using
Clostridium acetobutylicum (ATCC4259) with and
without organic nitrogen supplement .

Table 2: Sugar content in OPF extract

Type of Sugar Concentration
(g/L)
Glucose 49.50
Fructose 3.96
Xylose 16.84

2. MATERIALS AND METHOD

2.1 Raw Materials
Oil palm frond petiole was obtained from several local
palm plantations in Johor Bahru, Malaysia. The OPF

extract was obtained by pressing the petiole using a
conventional press machine. The glucose content in
OPF extract used in this study is 50g/L.

2.2 Microorganism.

In this study, Clostriium acetobutylicum ATCC4259
(purchased from American Tissue Collection Centre,
USA) was used for butanol fermentation. In order to
germinate the spores of C. acetobutylicum, spore
culture was heat shocked for 90 seconds at 90°C and
transferred under anaerobic condition to fresh pre-
culture medium, RCM2107 (Reinforced Clostridium
Medium, Oxoid) at 37°C for 24 hours.

2.3 Medium

The medium used to grow Clostridium acetobutylicum
ATCC4259 consisted of (g/L) : yeast extract (1);
KH,PO, (0.5); K,HPO, (0.5); Ammonium acetate
(2.2); NaCl (0.5); MgS0,4.7H,0O (0.2); MnSO,.7H,0
(0.01); A 4.0 mL/L vitamin solution consisting of 1.0
mg/L P-amino benzoic acid; 0.01lmg/L biotin and 1.0
mg/L Thiamin were also added into the medium.

2.4 Fermentation

Batch fermentation was carried out using 130mL
serum bottles. Two types of media M1(OPF juice) and
M2 (OPF juice + yeast extract ) were prepared under
strictly anaerobic condition according to the Hungate
Technique [12] by sparging the medium with oxygen-
free N,. Vitamin and mineral solutions which were also
prepared and filter sterilized prior to add into the two
media. The experiment was carried out to investigate
growth and solvent production by C. acetobulyticum
ATCC4259 in two types of media, with initial glucose
concentration ranging from 45-50 g/L. In all
experiments, the pH of the media was adjusted to pH 6
using 3M NaOH. Batch culture was initiated by
inoculating 10 mL (10%vol/vol) of vegetative cell that
was previously grown in RCM2107 medium. The
cultures were incubated at 37 C for up to 3 days

2.5 Analytical Procedure

Samples (1.5 mL) were withdrawn at 4 hour intervals.
Cell concentration was estimated by optical density
measurement at 600 nm using a T60 Visible
spectrophotometer while the pH was measured using a
pH meter (Model Agilent Technologies). Other
analysis were carried out using cell-free supernatants
obtained by centrifugation at 10,000 rpm for 10
minutes. Concentration of the solvents ethanol (E),
acetone (A), butanol (B) and acids (acetic and butyric)
were analyzed using a gas chromatography (Model
6890N, Agilent Technologies, USA) equipped with a
flame ionization detector (FID). The separation of ABE
and organic acids was achieved by using a capillary
polyethylene glycol (PEG) column (HP-INNO wax,
Agilent Technologies) and helium as a carrier gas. The
column temperature was initially held at 35°C,
programmed with the following increments; 10°C/min
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to 11°C, 20°C /min to 155°C, 40°C/min to 200°C held
for minute, and the final temperature of 250°C was
held for 2 minutes. The temperature of the detector and
injector were maintained at 300°C and 250°C
respectively. The peak area of the respective
compounds was quantified based on 1% standard
prepared. The gas chromatogram is as indicated in
Fig.1.

3. RESULTS AND DISCUSSION

The ability of Clostridium acetobutylicum to use oil
palm frond fiber for solvent fermentation has been
reported [11]. Batch fermentation of solvent (acetone-
butanol-ethanol) by clostridium using glucose as
carbon source can be divided into two phases,
acedogenic and solventogenic phase [13]. During
acedogenic phase, hydrogen, carbon dioxide, acetic
acid and butyric acid was produced and cause
reduction of pH. Solvent was produced from the
conversion of acid during solventogenic phase. Similar
process was however, observed in batch fermentation
of oil palm frond extract to solvent as indicated in
equationl. The pH of both media M1 and M2
decreased from initial value of 6.0 to 4.9 .The shift
from acid to solvent formation required low pH when
grown on glucose as carbon source as previously
reported [14, 15].
Findings from this study indicated that pH range from
4.9 to 6 during acetogenic phase, resulted in dominant
acid production as compared to solvent (Fig. 2 and 3).
This result is in agreement with direct fermentation of
gelatilized sago starch to acetone-butanol-ethanol by
Clostridium acetobutylicum [14] and a study on
utilization of Jerusalem artichoke to solvent[16]. They
both suggested that fermentation controlled at low pH
during acedogenic phase favoured solvent production,
while acid accumulation was enhanced at high pH.
Furthermore, sugar utilization and growth rate were the
controlling factor for solventogenesis. Hence pH
condition seemed appropriate to limit acid
accumulation and enhanced solvent production. The
maximum cell density obtained in batch fermentation
using medium (M1) and (M2) were 0.987 and 0.887
respectively, measured at 600nm.

The relationship between cell growth and glucose
consumption for medium M1 and M2 were shown in
Fig. 4 and Fig. 5, indicate that rapid growth of C.
acetobutylicum ATCC4259 was directly associated
with glucose consumption. Active fermentation of
glucose has resulted to the significant decrease of pH
from 6.0 to 4.9 due to the accumulation of mixed acids
(acetic acid and butyric acid), produced during the
active growth phase of the bacteria.

At the end of fermentation process, C. acetobutylicum
ATCC4259 produced 0.015g/L and 0.013g/L of
butanol using medium M1 and M2 respectively. In
general, medium M1 produced higher butanol and
acetone than M2 after the third day of fermentation
(Fig. 6). After 48 hours of fermentation, the

concentration of ethanol was still higher than acetone
and butanol and this did not follow the usual ratio ABE
i.e. 3:6:1. (Fig. 3 and 4). Optimization of important
factors affecting the fermentation will significantly
increase butanol production. Studies of butanol
production in a bioreactor will ease the controlling of
important functional units during fermentation for
butanol production.

Table3: Composition of micro elements in OPF liquid

Extract.
Micro Symbols Composition in
elements (mg/L)
Nitrogen N 1077
Phosphorus P 89.5
Potassium K 2459
Iron Fe 6.0
Calcium Ca 529
Magnesium Mg 1590
Zinc Zn 2.7
Copper Cu 0.3
Sodium Na 1440
Sulphate SO, 9480
8
Ethanol
Acetone 1 Butanol Aceticacid | Butyric acid
|
Rl im o e 25

H # 2 P 17 1 mig

Figure 1. Gas chromatogram indicatingsolvents and
acids
in OPF liquid extract medium.
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Figure 2. Solvent fermentation by C. acetobutylicum
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ATCC4259 in M1 medium.
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Figure 3. Solvent fermentation by C. acetobutylicum
ATCC4259 using OPF extract as carbon source
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Figure 6. Butanol production profile by C.
acetobutylicum ATCC4259 in medium 1 (M1) and
medium 2 (M2).

4. CONCLUSION

From this study, it was found that C. acetobutylicum
ATCC4259 was able to utilize the oil palm frond
extract as the sole source of carbon and energy for
growth and solvent production. The maximum total
solvent concentration of 9.05g/L obtained in this study
demonstrated that oil palm frond extract can be used as
an inexpensive raw materials for ABE production. The
OPF extract that is rich in minerals, carbon and
nitrogen able to support microbial metabolism for
solvent production with minimal amendments, thus
potentially contributes to sustainable production of
ligno-biomass solvent in the chain of bio-refinery
processes.
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ABSTRACT

The unique non-wetting property of superhydrophobic
surfaces poses a broad range of potential applications
(e.g. self-cleaning, anti-icing, fluid control, etc.), but its
prime benefit is notably attributed to the reduction in
the flow frictional resistance. Inspired by the unique
water-repellent surface properties of the lotus leaf, the
hydrophobicity of such surfaces can be mimicked on
artificial textured surfaces which contain protruding
structures at the micron-/submicron-scale. While the
use of such surfaces could substantially increase the
mass flow rate through narrow channels/tubes, these
surfaces could provide enhanced liquid circulations in
microfluidic ~ systems  for thermal management
applications. Our recent work focuses on the
manipulation of geometric parameters in enhancing the
thermal-hydraulic performance in devices containing
microchannels patterned with textured
superhydrophobic  surfaces. Investigations on
hydrodynamic and thermal transport properties over
such surfaces reveal a substantial dependence on
factors including the shear-free fraction, pattern width
to channel height ratio, liquid-gas interface curvature,
etc. By employing such surfaces, the presence of slip
and the concomitant decrease in the flow resistance
offer a great potential in overcoming the pumping
power limitation and also enhancing the thermal-
hydraulic ~ performance in  thermal  transport
applications.

Keywords
Laminar heat transfer, Superhydrophobic, Longitudinal
grooves, Microchannels

1. INTRODUCTION

The rapid growth in the microelectronics technology
towards faster processing speeds has presented a great
challenge in thermal management, especially when
dealing with high heat flux removal. As the multi-chip
modules are integrated with smaller and closely
mounted electronic chips, this gives rise to a higher heat
flux density on the chip and module levels. With the
rising heat flux demands, forced convection liquid

cooling has become a promising avenue for the thermal
management of such systems. For the same thermal
load, the superior thermal properties (e.g., high specific
heat, density and thermal conductivity) of liquids
relative to air allow a lower mass flow rate to be
employed in cooling systems. Air can be replaced by a
dielectric liquid for direct immersion cooling such that
direct contact of the liquid with the back of the chip is
permitted. For an indirect liquid cooling system where a
physical wall is placed between the liquid and the chip,
water (a non-dielectric) can be used as the liquid
coolant. As downsizing leads to a higher surface-to-
volume ratio, such narrow channels and tubes are ideal
choices in handling high heat flux dissipation. The
potential of such heat exchangers has been explored
analytically, experimentally and numerically by
numerous researchers over the years [1, 2] for assessing
the heat removal capability within these devices.
However, the heat transfer enhancement under pressure-
driven flows is typically achieved at the expense of a
pressure drop penalty which can be substantially large
for flow in microscale devices, thereby limiting the heat
transfer enhancement for a given pumping power. This
has thus become a huge bottleneck in the practical
implementation of microfluidic cooling systems.

To address this problem, one promising technology
which has attracted considerable interests in recent years
involves the flow through microchannels patterned with
superhydrophobic ~ surfaces. Such surfaces are
potentially capable of reducing the flow resistance, or
equivalently, the mass flow rate can be increased for a
given pressure gradient. Maintaining a dewetted (Cassie
state) condition as illustrated in Figure 1, the wetting of
the groove is averted, leaving air pockets filling up the
gap beneath the liquid interface. In between these small-
sized structures, an approximately shear-free liquid-gas
interface can be supported which allows liquid to slip
over it. As a result, a reduction in viscous skin friction
drag experience by the liquid flow can be potentially
achieved as the direct contact and shearing effects
between the solid surface and the flowing liquid are
reduced.

The effects of the surface wettability on heat transfer
performance in  microchannels have received

29107



considerable attention. Experimental investigations
reveal that there exists a drop in heat transfer
performance when hydrophobic features are employed,
with reductions of up to 8% for the heat transfer
coefficient [3] and 18% for the heat transfer rate [4], as
compared to a plain microchannel. Apart from
experimental works, numerical investigations were
explored by Maynes and co-workers for axially constant
temperature [S] and constant heat flux [6] conditions.
Focusing on the transverse grooves, the thermal
transport over a periodic array of alternating ribs and
grooves shows that the rib and cavity averaged Nusselt
number declines with respect to relative cavity length.
However, the overall thermal-hydraulic performance
could be enhanced, owing to a greater benefit from the
reduced hydraulic resistance.

The present study mainly focuses on two aspects: First,
the thermal conduction resistance of  the
superhydrophobic surfaces, owing to the two distinctly
different values of thermal conductivity for gas and
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liquid; and second, the trade-off between heat transfer
and pumping power. In the following sections, the
numerical formulations are presented along with the
appropriate boundary conditions. Under uniform
peripheral wall temperature and uniform axial heat flux
conditions (H1 boundary condition), the hydrodynamic
and thermal characteristics are evaluated in the
following dimensionless forms: friction factor-Reynolds
number product (fRe] and Nusselt number (Nu), as
defined in the next section. The trade-off between heat
transfer and pumping power is evaluated in terms of the
area goodness factor, defined as the ratio of the Colburn
j factor (i1 and the friction factor {f}. Based on the
standard  definition of area goodness factor
{(j/f) = NuPr~*?/fRe, the enhancement ratio is
quantified by
GryGife = (Nu ffRe)/(Nuy /fRep), with Nug

and fRe, corresponding to baseline values.
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Figure 1: Schematic illustration of flow geometry for a single groove-rib unit patterned with
longitudinal gas-filled groove on a) one wall (i.e., lower wall); b) both walls, under uniform peripheral
wall temperature and uniform axial heat flux conditions

2. NUMERICAL FORMULATION

The flow configuration and the coordinate system for
one repeating groove-rib unit with longitudinal
superhydrophobic grooves patterned along the lower
wall and both the upper and lower walls in a straight
channel are illustrated in Figure la and Figure 1b,
respectively. The groove-rib unit is characterized by
the size of groove & and rib {E — e}, with channel
height denoted by H. Based on these definitions,
geometric parameters are designated as the shear-free
fraction & = &/E and the ratio of groove-rib spacing to
channel height I = E/H, as employed throughout this
study. Under a continuous unidirectional laminar flow
condition, the liquid is assumed to maintain a non-
wetting (hydrophobic) condition with the liquid and

gas phases separated by a liquid-gas interface. A
dewetted Cassie state is assumed and the contact line is
assumed to be pinned at the sharp corners of the ribs.
The Capillary number is assumed to be sufficiently
small and thus, the interface is assumed to have a
constant curvature. The angle &, known as the interface
protrusion angle, is employed to represent the
geometrical shape of the curvature, as illustrated in
Figure 2.
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Figure 2: Liquid-gas interface in the form of: a) convex
curvature; b) concave curvature

2.1 Governing equations

For a pressure-driven Poiseuille flow under both
hydrodynamically and thermally fully-developed
conditions, the Partial Differential Equations which
govern the normalized streamwise velocity W and
normalized temperature T" are expressed as

’w 8w

T T m e — _1.- 1
oz ¥ gy )
I o
ax Tagr = ™

where the normalized spatial coordinates with respect
to channel height, x /H and y /K are labeled £ and ¥.
Deduced from the differential equations, the pertinent
non-dimensional variables (W and T) are given by

W = wu/[H (~dp/dz)], €))
ro ku(T, —T)
T rap\ 8T’ 4)
pegH* (EE) Bz

where |dp/dz| is the magnitude of the externally
applied streamwise pressure gradient and Ty, denotes
the wall temperature. The thermophysical and transport
properties, i.e. density g, dynamic viscosity u, thermal
conductivity k and specific heat ¢, are all assumed to
remain constant.

The following boundary conditions are imposed as
follows:
i) No slip along the solid surfaces: w = (.
ii) Shear-free along the liquid-gas interface:
A.ViF = 0.
iii) Uniform wall temperature along solid
surfaces: T, = constant.
iv) Adiabatic condition along the liquid-gas
interface: #. VT = 0.
v) Periodicity condition along the x-direction for
normalized  velocity and  normalized
=10 and j—i =0

" ture:
emperature: —
Under the aforementioned conditions, results
describing  the  hydrodynamic  and  thermal
characteristics are evaluated in terms of the friction

factor-Reynolds number product and the Nusselt
number, given as follows:

el 2 (3] st} s

2 {1 3T
vz (5 5e) ©

where @ /87 and the 8T/@4# are, respectively, the
local normalized velocity and the normalized
temperature gradients normal to the solid surface %,,.
The normalized unit vector normal to the solid surfaces
is denoted by +# —w=n/H. The normalized bulk
temperature difference is defined as

T = _I;- wldd/ _IFA»_ Wwdi  averaged over the
normalized flow cross-sectional area 4.

3. RESULTS AND DISCUSSION

The normalized governing equations along with the
imposed boundary conditions are solved using a finite-
element based Poisson equation solver which employs
unstructured 2D triangular elements. A sufficiently
large number of elements (approximately 500,000) is
used to ascertain the accuracy of the obtained
streamwise flow and thermal fields.

3.1 Normalized thermal slip length for small values
of L

The effective hydrodynamic and thermal slip lengths
are computed to describe the macroscopic (effective)
slip velocity #W.s and temperature jump T.- along
superhydrophobic surfaces, given by

A =W (dWz/d ), @)
1. =T/ (dls/di). ®)

where (= i/H) and 1,(= A./H) represent the
normalized effective hydrodynamic and thermal slip
lengths, respectively. In Figure 3, the numerical results
for small values of L are plotted together with the
analytical solution, given by [7]

%=%lﬂ(sec(¢;]). )

There is excellent agreement between the numerical
and analytical solutions, thus alluding to the accuracy
of the numerical simulations. For a fixed normalized
groove-rib periodic spacing £, an increase in the value
of & gives rise to a corresponding increase in 1, By
maintaining a fixed value of g", this implies that the
value of IT,, — Tugl tends to rise when the relative
groove spacing increases.
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Analytical solution (Veziroglu & Chandra)

©  Numerical solution

-0.2 & = L
0 0.2 0.4 0.6 0.8 1
)
Figure 3: The normalized effective thermal slip length
per normalized groove-rib spacing i./E as a function

of shear-free fraction &.
3.2 Effects of shear-free fraction

For flow through a microchannel patterned with
longitudinal superhydrophobic grooves on both walls,
the local Nusselt number distributions along the lower
wall are plotted for different values of shear-free
fraction in Figure 4 for L = 0.02. As can be deduced
from Figure 4, Nuy is approximately equal to or
greater than the baseline value of Ny, (= 8.233] along
the solid surface (8L /2 = & = L /2). This suggests that
there exists a local enhancement along the rib surface
as compared to the classical no-slip scenario. For a
given shear-free fraction &, the local enhancement is
spatially dependent. For all values of & investigated,
there exists a peak at the edge of the rib, where the
local velocity gradient is maximum.
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Figure 4: Distribution of Nu; as a function of % at the
lower wall for L = 0.02.

The results for the mean Nusselt number Nu plotted
against the shear-free fraction & for different values for
L are shown in Figure 5. As can be observed in this
figure, the Nusselt number decreases monotonically
from the upper limit of Nu = 8.235 atd — 0 as &
increases for all values of L investigated. Based on the
definition for the Nusselt number, a decline in Nu can

be regarded as a reduction in the overall heat transfer
performance. Maintaining a fixed value of L, this
reduction is influenced by the size of the shear-free
interface which is directly associated with the loss in
the heating surface area. Likewise, the numerically
obtained friction factor-Reynolds number product
exhibits the same pattern as demonstrated in Figure 6,
with fRe = 24 corresponding to the upper limit.

8.4

L =0.02

= L=01 |

6.6
0 0.2 0.4 0.6 0.8 1

)
Figure 5: The averaged Nusselt number as a function
of & at different values of L. Flow over
superhydrophobic longitudinal grooves patterned on
both walls is considered

25

24

0.2 0.4 0.6 0.8 1
)
Figure 6: The averaged friction factor-Reynolds number
product at different values of L

Quantified in terms of the overall performance, the
enhancement ratio presented in Figure 7 shows
favorable results within the range of & wvalues
examined. Corresponding to the no-slip and constant
axial heat flux conditions, the values for fRey and Nuiy
are 24 and 8.235, respectively. The effect of shear-free
fraction on the enhancement ratio is examined for
small values of L. As can be deduced from Figure 7,
the computed enhancement in terms of the relative area
goodness factor for Poiseuille flow in microchannels
patterned with superhydrophobic longitudinal grooves
is found to be equal or above unity with an increasing
trend as & increases. As can be seen, configurations
with larger L yield a greater enhancement ratio as
compared to smaller values of L. For the same values
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of L and &, the numerically predicted (i /f}/(i/f)y
ratio yields greater enhancements for flow
configurations ~ with  superhydrophobic  surfaces
patterned on both walls than on a single wall, as
demonstrated in Figure 7. Numerical simulations
predict that the enhancement ratio could reach as high
as 1.13 and 1.2155 at L =0.1 for flow scenarios
involving longitudinal superhydrophobic grooves
patterned on single wall and both walls, respectively.
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Figure 7: Variation of (j /f}/(j/f), as a function of &
for small L (L = 0.02 and 0.1)

3.3 Effects of meniscus curvature

Figure 8 shows the results corresponding to the
G /F) G/ F)y ratio for different interface protrusion
angles with shear-free fractions & ranging between 0.1
and 0.9. For small values of L, the j /f1/(/f); ratio
increases monotonically as the liquid-gas interface
protrudes towards the liquid phase, corresponding to
positive values of #. However, when the interface
bows away from the liquid phase, the (i /f)/(i/F),
ratio falls as compared to the result produced by the
flat interface. For all values of & investigated, the
enhancement ratios consistently stay above unity.
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Figure 8: Variation of (j /f}/(j/fl; as a function of
interface protrusion angle & for various shear-free
fractions &. Flow over longitudinal grooves patterned
on both walls with I = 0.02 is considered.

4. CONCLUSION

By employing superhydrophobic longitudinal grooves,
the presence of heat conduction resistance along the
wall and the reduction in thermal transport
performance have been demonstrated. However, the
degraded heat transfer performance can be offset by a
greater benefit arising from the reduced hydraulic
resistance to yield a positive overall thermal-hydraulic
performance. As demonstrated, the results presented in
this paper lead to the suggestion that longitudinal
superhydrophobic grooves can be used advantageously
for heat transfer applications.
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ABSTRACT

Physical characteristics of empty fruit bunch (EFB)
briquettes produced under various heating temperatures
were investigated experimentally. Empty fruit bunch
(EFB) fibers were firstly grinded and sieved into
pulverized form with the particle size of <300 gm . It

was then compressed at the pressure of 7 MPa and
under heating temperatures of 150-210 °C. The density
of the briquettes was determined by using stereometric
method while the compressive strength was determined
by using machine Instron 600dx. It was found that
density of briquettes produced is not really affected by
the heating temperature. However, the compressive
strength is improved when the heating temperature is
increased. Overall, it can be said that the values of
strength of all briquettes are sufficient to resist
mechanical disintegration.

Keywords

Example:
EFB briquettes, continuous heating, pulverized EFB

1. INTRODUCTION

Nowadays, the climate change has driven towards the
utilization of renewable energy sources such as solar,
wind, hydro and biomass, without sole dependence on
fossil fuel [1]. In Malaysia, biomass is one of the most
important renewable energy, and it can be obtained
mainly from palm oil plantation. During the extraction
of palm oil from fresh fruit bunches, several types of
biomass simultaneously produced such as shell,
mesocarp fibre and empty fruit bunch (EFB). Among
them, the production rate of EFB is the highest (~18

million tonnes/year), followed by fibre (~9 million
tonnes/year) and shell (~4 million tonnes/year) [2].

Therefore, in this study, the use of EFB is emphasized
for making solid fuel through briquetting process.
Briquetting is known as a compaction of biomass
residues into a small log with a diameter between
30mm and 100mm, and with any length [3]. The
advantage of briquetting is it can improve the storage,
thus the cost for transportation can be reduced.
Briquettes are usually used for both domestic and
industrial section including fireplaces, stoves and boiler
for steam and hot water generation.

The effectiveness of briquetting process can be
determined through the testing of strength and
durability for the briquettes produced [4]. Examples of
important parameter that show the strength of certain
briquette are compressive strength, impact resistance,
and shear strength. Meanwhile, the durability of the
briquette depends on abrasion resistance and water
resistance.

The palm biomass briquette has been introduced by
Husain et al. (2002) [5]. The briquette contained
mesocarp fibre and shell (weight ratio 60:40) and the
binder used was starch. They found that the
compressive strength of the briquettes produced was
around 2.56 MPa, and is considered sufficient to resist
mechanical disintegration. In the other study done by
Nasrin et al. (2008), briquettes that contained
pulverized empty fruit bunch (EFB) have been
introduced [6]. In this case, they found that the addition
of sawdust could improve the compressive strength of
the briquettes, that was around 7.9 MPa.
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In 2010, Faizal et al have introduced briquettes that
contain EFB fibre and mesocarp fibre (weight ratio
60:40) [7]. It was found that the physical characteristics
of the briquettes produced were competitive with
characteristics of the local practiced briquettes that
contain mesocarp fibre and shell (weight ratio 60:40).
They have concluded that compressive strength of the
introduced briquettes increases with an increase in
compaction pressure during briquetting. Meanwhile, in
2013, Chin and Shiraz have conducted the test of
impact resistance and they found that the addition of
paper to briquettes that contain palm kernel shell and
palm fibre (weight ratio 60:40) could improve the
strength of the briquettes [8].

In 2014, Arzola et al. have demonstrated that a reliable
strength of pellet with a mixture of palm kernel shell
and mesocarp fibre (weight ratio 40:60) can be
obtained when the moisture content is 10% and binder
content is 4% [9]. Based on the researches as
mentioned previously, it can be concluded that the
physical characteristics of palm biomass briquettes
strongly influenced by type of binder, briquetting
pressure and moisture content.

In the present study, physical characteristics of
briquettes that contain 100% pulverized EFB was
investigated fundamentally in terms of relaxed density
and compressive strength. The effect of temperature on
the physical characteristics will be discussed in this
paper since such subject is still less explored for palm
biomass briquettes.

2. METHODOLOGY
2.5 Preparation of Raw Materials

The raw material (empty fruit bunch (EFB) fibres) was
collected from Kilang Sawit Felda Lok Heng, Johor.
Then, the fibres were grinded into powder form and
was sieved to particle size of <300 wm. Before

briquetting, there are common procedures to perform
proximate analysis and to determine calorific value in
prior to briquette production. The proximate analysis
was performed for the EFB powder based on standards
as shown by table 1 below. Meanwhile, gross calorific
value was determined by using bomb calorimeter
model LECO AC350 located at Plant and Automotive
Laboratory, Faculty of Mechanical and Manufacturing
Process, Universiti Tun Hussien Onn Malaysia
(UTHM).

Table 1: Standard used for Proximate Analysis

It was found that the gross calorific value of raw
material is about 16100 kJ/kg. Meanwhile, the results
of proximate analysis are shown in table 2 below.

Table 2: Results of Proximate Analysis

Properties Percentage [%]
Moisture Content ~7
Volatile Matter ~75.5
Ash Content ~3.5
Fixed Carbon ~14

Properties Standard Used
Moisture Content ASTM D3173
Volatile Matter ASTM D3175
Ash Content ASTM D3174

In the present study, the combustion properties are not
yet discussed. The emphasis is given more on the basic
physical characteristics of the briquettes to know the
potential of pulverized EFB to be developed as
binderless briquette without any synthetic binder.

2.6 Briquetting Process

For briquetting process, a die set made of stainless steel
as shown by figure 1 below was used. It consists of
plunger, die wall and base. For heating purpose, the die
wall was covered with steel coil heater and was
insulated during briquetting. Meanwhile, to control the
heating temperature, a thermocouple and the steel coil
heater were connected to a temperature controller. The
horizontal distance between the thermocouple sensor
and the inner wall of the die part was set about 3 mm.
To apply load during briquetting process, die set that
was placed at machine Instron 600dx.

145

Thermocouple
Sensor

—
—>
80

. . Frant view .
Figure 1: Die set for briquetting

The briquetting process was performed at constant
pressure of 7 MPa, under various heating temperatures
of 150°C to 210°C. Firstly, the pulverized EFB was
filled in the die and was compressed without heating
for 30 minutes. After that, the die set filled with EFB
was heated simultaneously with desired temperature
for 30 minutes. After the heating process was
complete, it was left at room temperature for cooling
process. The amount of pulverized EFB (powder form)
that was used to make each briquette was set around
45g.

The briquettes produced were then left under ambient
condition for around 1 week to obtain stability and
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rigidity, before determination of relaxed density and
being tested for compressive strength.

2.7 Determination of Relaxed Density

After the briquettes produced were dried under ambient
condition for one week, the density of the briquette was
measured using a stereometric method as used by
Rabier et al. (2006) [10]. The volume of the briquette
was measured using calipers and then the briquette was
weighted. The density can be obtained by dividing the
mass with volume of the measured briquette.

2.8 Test of Compressive Strength

The test of compressive strength was performed by
using Instron 600dx machine, as shown by figure 2
below. The Instron machine is located at Strength
Laboratory, Faculty of Mechanical Engineering, UTM
Skudai.

Firstly, the briquette was placed on the metal plate of
the machine. Then the distance between upper and
lower plate of the machine was reduced with a speed of
1.3 mm/min. The compression process continuously
occurs until a crack could be observed on the briquette
surface.

Figure 2: Test of compressive strength using Instron
machine

3. RESULTS AND DISCUSSION

Figure 3 below shows the image of a 100% pulverized
EFB briquette produced under temperature of 210°C. It
can be observed that the surface of the briquette was
very smooth. Therefore, it can be said that the
binderless briquette without any synthetic binder was
successfully produced in the present study. Here, the
presence of natural lignin during the heating process
really plays a significant role in the formation of the
briquette.

Figure 3: Image of briquette produced

Figure 4 below shows the result of relaxed density of
the briquettes produced. The figure elucidates that the
relaxed density of the briquette is not really affected by
the heating temperature as the density remains almost
the same for various heating temperatures. The values
of density are within the range of 1200 to 1250kg/m”,
thus could reduce the transportation and handling cost
due to the increase in energy density.
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Figure 4: Relaxed density for various heating
temperatures

1
fod
a
p
m
€21

0 B

150 170 190 210

Temperature [°C]

Figure 5: Compressive strength of briquettes produced
under various heating temperatures

Figure 5 shows the result of compressive strength of
the briquettes produced. The figure shows that the
compressive strength increases with an increase in
heating temperature. Therefore, it can be said that more
lignin is produced when the temperature is increased,
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thus could improve the compressive strength of the
briquettes. Overall, it can be said that all values of
compressive strength are competitive with the
commercial briquette [6] and sufficient to resist against
mechanical disintegration.

Based on figure 5 and 6, it can be said that the presence
of lignin plays a significant role to improve the
compressive strength of the briquettes produced, but
does not really influence the value of relaxed density
within the temperature range of the present study.

4. CONCLUSIONS

In the present study, the briquettes that contained 100%
pulverized empty fruit bunch (EFB) have been
successfully produced without any synthetic binder.
Then, the physical characteristics of pulverized empty
fruit bunch (EFB) briquettes have been investigated
experimentally in terms of relaxed density and
compressive strength.

Within the temperature range of the present study, it
can be said that heating temperature does not really
affect the relaxed density of briquettes. However, the
heating temperature plays a significant role in
improving the compressive strength of the briquettes
produced.

Based on the results of physical characteristics in the
present study, it can be said that the 100% pulverized
EFB briquette is competitive with the commercial
standard and local practiced briquette that contains
mesocarp fibre and shell.
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ABSTRACT

Friction factor is one of the major parameters that
affect the frictional pressure drop in a mini channel of
a compact heat exchanger. There have been many
studies on the correlations for the friction factor, both
in implicit and explicit forms. Differences between the
predicted and experimental pressure drop have been
reported and these could possibly be due to the
different correlations used.This paper reports the
effects of wusing five different friction factor
correlations, both in implicit and explicit forms,on the
frictional pressure drop of an ammonia-cooled
minichannel under optimized conditions. For turbulent
flow in a smooth channel, optimization is completed for
0.9-mm and 3-mm channels with genetic algorithm.
Results show that different friction factor correlations
produced different values of the frictional pressure
drop even under optimized conditions.All five
correlations produced evenly distributed optimal
solutions for the simultaneous optimization of the
frictional pressure drop and heat transfer coefficients.
Comparison of R22 and ammonia refrigerants showed
that the latter produced a higher heat transfer
coefficient at the cost of a higher frictional pressure
drop under optimized conditions.

Keywords: friction factor, correlations, ammonia-
cooled minichannel, optimization

1. INTRODUCTION

The thermal performance or efficiency of transferring
heat in a heat exchanger basically depends on the type
of refrigerant used. Lately, the demand for compact
heat exchangers that addresses the concerns for more
environmentally friendly refrigerants as well, have
attracted research into the behaviour of natural
refrigerants in small channels. As an alternative
refrigerant, ammonia (NH;) with its zero global
warming effect and low ozone depleting potential [1]
has been identified to replace R22, the current
refrigerant identified as hazardous [2]. Since two-
phase flow has a higher heat transfer capacity
compared to the single-phase flow due to the latent
heat content, for very high heat transfer requirement,
like the compact heat exchanger, two-phase flow is the
expected phase of the primary refrigerant.
Unfortunately, the refrigerant that exists in a small
channel has a higher possibility for a higher pressure
drop to occur along its operating length. Since two
phase flow has a higher heat transfer capacity, and the

frictional pressure drop contributes significantly to the
total pressure drop, much research on the two-phase
frictional pressure drop has been completed in recent
years to look at the effects of the frictional pressure
drop on the hydrodynamic performance of the
refrigerant in a heat exchanger tube [3].

Two phase frictional pressure drop analysis can be
modelled according to two approaches; the
homogeneous and separated model. The homogenous
model as stated in Xuet al. [4] considered the two
phase flow like a single phase in which the velocities
are the same for both phases. Meanwhile, in the
separated model, both phases have different velocities
with their specific friction factor for every phase. In the
frictional pressure drop analysis that have been done by
past researchers, many parameters are involved that
may affect the hydrodynamic performance of the
refrigerant. Friction factor is one of parameters that
influenced the frictional pressure drop. The earliest
friction factor proposed is in an implicit form by
Nikuradse [5] which covers smooth pipes followed by
Colebrook [6] which considered the effect of
roughness. These equations require an iterative
numerical procedure and thus necessitate later
researchers to come up with explicit versions, among
which are those by Barr [7], Haaland[8], and Fang et
al.[9], to name a few. To date, disagreements between
the predicted frictional pressure drop developed from
past experimental data and later experimental data
vary. Differences in the refrigerants utilized,
experimental conditions, flow regimes, and the
correlations used probably contribute to the
discrepancies. Thus, the effects of these five different
friction factors are studied here under the minimized
frictional pressure drop as the objective function. In
addition, due to the desired high heat transfer
coefficient which may be adversely affected by the
minimization of the pressure drop, the simultaneous
achievement of both the minimization of the frictional
pressure drop and maximization of the heat transfer
coefficient is attempted. The process is completed with
genetic algorithm (GA), a stochastic approach that has
recently become popular in the design optimization of
process, components, and systems [10]. This type of
study using GA on two-phase flow has not been
reported before.

2. THEORY
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The frictional pressure drop defined in the
homogeneous model is [4]:

22) -
ALlty  2Dpy, Fo

where G, D, p, and f are mass flux, channel diameter,
fluid density, and the two-phase friction factor,

respectively. The subscript #p denotes two-phase. The
friction factor is determined from,

1
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The term Re is the Reynolds number and ¢ is the
roughness of the inner surface of the channel.
Equations (2) and (3) are in implicit forms introduced
by Nikuradse [5] and Colebrook [6], respectively. The
correlations of equations (4) through (6) are in explicit
forms developed by Barr [7], Haaland [8] and Fang et
al. [9], respectively. In the present study, the implicit
friction factor is solved using the Newton-Raphson
method with the two-phase viscosity, ,, in the
Reynolds number calculated using the McAdam et al.

[11] correlation,
1 r 1-—=x

+
Hmp  Fg e 7

x being the vapour quality and the two-phase density,
Py 1s commonly calculated with,
1 x 1-—=x

=—+
Py Py P ®)

In the single-objective optimization, equation (1) is
minimized within a given range of parameters. In the
double-objective  optimization, minimization of
equation (1) and maximization of a correlation for the
heat transfer coefficient given by Kandlikar [12],

Rep = MAX { ey ygps Rep cap

are used as the objective functions, where,

The term Co, Bo, h, and h;, are the convective
number, boiling number, and the Dittus-Boelter
correlation given by,

Co = (pg/pr) (1 - xyx)" (11)
Bo = q:"lrLthg} (12)
@ (13)

K
hy =0 I]ZERQID'BPTE"‘EL

(3)ReL is liquid Reynolds number while Pr; is Prandtl
number,

[1-=x)GD (14)
Re; = —————
()L i
o BCp (15)
L KL
Q)

The values of the parameters used and the properties of

refrigerants investigated are listed in Table 1 and Table

2. The study was done for a 0.9 mm and a 3-mm
(6)channel.

Table 1: Parameters used in the optimization

Parameter Operating range
G (kg/m’s) 100-600
D (mm) 0.9-3
Quality 0.38-1
Tt (F) 10
£ 0 (smooth)
q (kW/m?) 60

Table 2: List of Ammonia and R22 Properties at saturation
temperature 10°L [13].

Refrigerant Ammonia R22
1 (kgm™) 624.6 1246.7
2 (kgm™) 4.8679 28.82
1(Pa.s) 0.00015 0.00019
14, (Pa.s) 9.36x10° 1.18x10°
K (Wm'K™") 0.52912 0.090247
Iy, 1228 196.4
Cy 4675 1199

3. RESULTS AND DISCUSSION

Figure 1 shows the comparison of the single-objective
optimization with GA. There are differences between
correlations under optimized conditions.

hrp ygp = 0.6683Co~ " (1 — x)"®hy, +1058.080"7 (1 — x)"¥F;hy,  (9)

hrpcpp = 1.1360C0 " (1 — x)"Fhy, + 667.2B0" (1 — x)"8Fphy,

(10)
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Figure 1: Fictional pressure drop with different friction
factor correlations for (a) 0.9 mm inner diameter (b)
3.0 mm inner diameter

As generally expected, the frictional pressure drop for
the smaller diameter channel is much higher than that
in the larger diameter channel, more than four times
higher. The Haaland [8] friction factor shows a higher
value of frictional pressure drop among the correlations
investigated. Although, the Colebrook, Barr, and
Haaland correlations consider the channel surface
roughness, for the case of a smooth channel when the
corresponding term is dropped, the Haaland correlation
gives a significant difference among all the correlations
investigated. It is believed that the contribution from
the flow condition, Reynolds number, plays a role in
this effect. Fang et al. [9] correlation is among the
latest friction factor proposed and it is claimed as the
most accurate explicit single phase friction factor
equation for turbulent flow in smooth pipes [4]. All
correlations have been compared with Fang er al. [9]
friction factor in terms of the percentage difference as
shown in Figure 2. Interestingly, the implicit
correlations show the smallest difference with about
the same percentage difference for the small and large

diameter channels. The Nikuradse [5] correlation
seems to agree well with the correlation given by Fang
et al. [9]. This trend is also reported by Xu et al.[4]
with a 0.02% mean absolute relative deviation of Fang
et al. [9] compared with the Nikuradse [5] equation.

14

Percentage difference (%)

Fangetal. Barr Haaland Nikuradse Colebrook

Figure 2: Percentage difference of friction factor
correlations compared to Fang ez al. (2011)

For both channel diameters, all correlations show a
percentage difference of under 0.4% except for the
Haaland [8] friction factor where it is shown above
1.2% for the smaller channel.

Figure 3 shows the outcome of the
simultaneous optimization of the frictional pressure
drop and heat transfer coefficient using the five
correlations stated earlier. All correlations exhibit a fair
distribution of optimal solutions.

Fangetal.

Nicuradse

heattransfer coefficient,h (W/m)

O -
e
™3, -
27000 e e
AR,

30000
-33000
0 50000 100000 150000 200000 250000
Frictional pressure drop, AP/AL (Pa/m)

Figure 3: Result for frictional pressure drop and heat
transfer coefficient of ammonia under same
optimization using different friction factor correlations

Figure 4 shows the optimal solutions for R22
in comparison to ammonia using only the Fang et al
correlation [9]. The effects of mass flux on the
frictional pressure drop and heat transfer coefficient are
shown in Figure 5. GA optimization has shown that
ammonia have a scattered solution for a given range of
mass flux which is 300 until 600 kg/m’s while for R22
refrigerant, most solutions are located in the range
mass flux of 300 to 400 kg/m’s. As expected, frictional
pressure drop increases with mass flux and it has also
been observed by Maqgbool [14]. For R22, most of the
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mass flux is pointed at mass flux between 300 and 400
kg/m’s while most solution mass flux of ammonia is
pointed at range 500 to 600 kg/m’s. The trend is the
same for both refrigerants where a higher mass
produces a higher heat transfer coefficient. Pamitran et
al. [15] stated that this is due to the increasing of
convective boiling heat transfer contribution. These
graphs also show at the same mass flux, it will have
different magnitude of the frictional pressure drop and
heat transfer coefficient.

0

-3000

-L00o
5000 .
12000 =0
-15000

= Amnmonia
-12000

-21000 .\,'
-24000 3
27000 = ——
30000 =

heat transfer coefficient, h (W/m)
¢

33000

Tt e

36000

o L0000 100000 150000 200000 25,0000
Frictional pressure drop, AP/AL (Pa/m}

Figure 4: Comparison of ammonia and R22 under
optimized conditions.
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Figure 5: Solution and the effect of mass flux on
frictional pressure drop and heat transfer coefficient

4. CONCLUSION

The effects of different friction factor on the optimized
frictional pressure drop and heat transfer coefficient
have been studied using 5 different friction factor
correlations, both in implicit and explicit form. From

the investigations of the R22 and ammonia refrigerants
in the 0.9-mm and 3-mm channels, the following
conclusion can be seen:

1. For a smooth channel, Haaland [8] correlation
is significantly different from the other
correlations investigated.

2. For a smooth channel, the explicit Fang et al.
[9] correlation is found to be closest to the
earliest implicit Nikuradse [5] correlation as
reported in a review by Xu et al. [4].

3. For consideration of surface roughness in the
channel, the Barr [7] and Haaland [8§]
correlations are found to be closest to the
implicit Colebrook [6] correlation.

4. Effect of heat transfer coefficient is always
proportional to frictional pressure drop under
the same optimized conditions.

5. R22 is a better refrigerant in the form of
minimizing the frictional pressure drop.
However, ammonia is a better refrigerant in
the highest heat transfer coefficient.
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ABSTRACT

A simple thermal resistance network model is developed to
optimize the overall thermal performance of a single layer
rectangular water-cooled micro-channel heat sink made
from silicon which has a very high thermal conductivity.
The object of this optimization is the minimization of the
overall thermal resistance, firstly in series and secondly in
series and parallel. The thermal resistance consists of the
conduction resistance, convection resistance and bulk
resistance due to the bulk temperature rise of the coolant.
The conduction resistance is normally a small part of the
overall resistance. The heat sink under consideration has a
width and length of W x L =Icm*Icm. The thickness of
the base of the micro-channel is Hgzyy =100[pm],and the
depth of the micro channel H,=365[um] ,In the current
study, minimization of the overall thermal resistance of a
micro-channel heat sink is carried out using genetic
algorithm,(GA). The fin thickness w, and the channel
width w,. are the optimized variables under a fixed coolant
volume flow rate. Results obtained agreed well with
previous experimental studies.

Keywords

Micro-channel heat sink, optimization, thermal resistance,
genetic algorithm

1. INTRODUCTION

The design optimization technique for the micro-channel
heat sink (MCHS) has been rapidly developing in the last
decade. The most important developments were guided by
micro electromechanical systems (MEMS), very large-
scale integration (VLSI) technologies, and devices
associated ~ with  micron  miniaturization.  These
developments have resulted in a growing demand for
higher dissipation of heat flux from electronic devices. The
problem is started with the temperature rise caused by the
electronic devices which strongly influences the
performance of these devices. Researchers have
developed the MCHS as a potential solution to this
problem. Research in this field was aimed at fabrication of
an economically competitive system of micro channels
having a high surface area to volume ratio for better

capabilities compared to the conventional cooling
techniques to meet these requirements. The developments
in this field started back in 1981 with Tuckerman and

Pease [1] who worked experimentally on a single layer
MCHS by mounting the single layer onto the back of a
silicon wafer. They fabricated the MCHS with a 50 [um]
width and a 300[pum] height. Their discovered that the heat
flux removable was at 790 [W/cm?] and the maximum
temperature difference between the substrate and inlet
water at less than 71 [K] with the pressure drop at 31 [Pa],
across the micro channels. In 1984, a second wave of a
series of research groups had worked on modifying the
introductory work of [1]. Goldberg [2] constructed and
tested three air cooled MCHS with different fin thickness.
The ratio,W sz, /W5, is normalized to unity and the air
flow is restricted to laminar at 30[L/min]. The findings
have shown that the design with the largest pressure drop
and smallest channel width yields the smallest thermal
resistance.  Along with Goldberg, Mahalingam [3],
constructed a MCHS using water and by attaching the
channels to a square silicon substrate of 5 cm on the side.
With a flux of 1100 [W], the thermal resistance yield of
0.03 [*C/W] and 0.020["C/W] were studied for flow rates
of 12 [em?/s] and 63 [cm’/s], respectively. The series of
experimental work in 1981-1986 was followed by the first
attempt of optimization conducted by Sasaki and
Kishimoto [4] who optimized the channel dimensions of a
finned heat sink constructed on a silicon chip for a given
pressure drop. The developments were continued to
include analytical and modelling approach. Samalam [5],
established a quasi-two-dimensional differential equation
to model the performance of a water—cooled silicon MCHS
based on the assumption of a laminar flow. In 1990,
Phillips [6] designed a system using water with both
laminar and turbulent flow regimes at which fully
developed scheme was achieved. In 1991, the first trial of
computational techniques was carried out by Landram [7],
who identified optimal configurations of heat sinks by
using a computational scheme and thus the temperature
profiles for the cooling fluid and the conductive heat sink
were simultaneously determined. Knight e al. [8] later
reported that at the optimal configuration, the thermal
resistance for the Tuckerman and Pease device [1] could
be reduced by 35% if turbulent flow is allowed. However,
the required pumping power is almost five times
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higher.The analytical work have led to very promising
results regarding the heat flux, the pressure drop, and the
temperature difference, and was compared to the work by

[1, 2].An advance step was carried out by Knight et al.
[9].by extending their previous comparative study to

include more studies to the work done by [1,2] and [6],
introducing a non-dimensional thermal resistance model to
determine the optimum design parameters for heat sinks.
Another comparison was performed by Weisberg et al.

[10], they analyzed the heat exchangers by solving
numerically a conjugate heat transfer problem consisting
of the simultaneous determination of the temperature fields
in both the solid substrate and the fluid. A more advanced

approach was done by Kim and Kim [11] who introduced
a new MCHS by working on a porous medium model in
which the pores could be considered as natural
microchannel with a cylindrical shape departing from the

conventional geometrical shapes [11]. The analytical
solutions were obtained based on the modified Darcy
model for fluid flow and the two equation model for heat
transfer,their results of the thermal resistance compared

with previouse studies of [1] and [2].

More advanced studies with optimization by Shao et al.

[12, 13] have shown that the heat flux of chip was found
to be 278 [W/ecm®] while the highest temperature in the
chip could be kept below 42[°C]. More recent optimization

studies have started in 2012 by Adham et al [14] where
potential improvement in the overall performance of a
rectangular MCHS showed can be achieved with ammonia
gas, the first time in this field. Using a multi-objective
general optimization scheme with the thermal resistance
model as an analysis method in combination with a
nondominated sorting genetic algorithm (NSGA), it was
found that a significant reduction in the total thermal
resistance up to 34 % is attainable for an ammonia-cooled
MCHS compared to an air-cooled MCHS under the same
operating conditions. A very recent study by Adham et al

[15] utilized actual experimental data to look at the
thermo hydrodynamic performance of liquid ammonia.
The results show the potential of the powerful and possibly
necessary combination of experimental data and analytical
optimization scheme such as MOGA (multi objective
genetic algorithm ) to identify optimized parameters when
there are conflicting multiobjectives such as the thermal
resistance and pumping power .

Most previous work discussed which involved the thermal
resistance model excluded the resistance due to the
microchannel wall conduction and convection, assuming
that with thin walls these resistances are negligibel. In the
current study, the thermal resistance network model is
used to compare the outcomes when the wall resistance is
included or neglected. With a constant heat flux, thermal
resistance of a single layer MCHS is modelled; the
resistances are in series for the analysis without the wall
resistance and in series as well as in parallel to include the
contribution of the wall resistance.

2. THERMAL RESISTANCE MODEL

A schematic of the single layer rectangular MCHS in the
current study is shown in figure 1.

| (4 L

R

W
L+Hsub

LTI TTAT L

Figure 1: Schematic of a single layer rectangular MCHS.

charinel

A typical microchannel heat sinks consist of a substrate
made from a material with a high level of thermal
conductivity with several microchannels attached to each
other on top of the substrate, here assumed to be silicon.
To reserve the coolant flow, an adiabatic plate covers the
top of the heat sinks. In this study, the heat flux generated
by the electronic device was assumed uniformly applied on
the heat sink bottom of the substrate and the coolant was
assumed to enter the microchannel and flows parallel to
the x-axis, parallel to the length of the micro channel (L);
coolant passes through the micro channel and takes the
heat away. The top surface (y = H) is insulated and
adiabatic,

The dimensions of the heat sink under consideration are
W x L = IcmxIcm. The thickness of the base of the
micro-channel heat sink is H.yus, and the depth of the
micro channel, H, are kept constant. The channel width is
w, and separated by the wall width, w,, from the
neighbouring channels; these parameters are the geometric
parameters that influence the performance of a MCHS,
selected to be optimized. The flow is assumed to be
laminar and fully developed and is maintained by a fixed
flow rate. Since the focus of the study is to optimize the
micro channel geometry using genetic algorithm (GA), the
results were compared against the experimental results of
Tuckerman and Pease [1], which used water as the
working fluid. The thermophysical properties of the
working fluid are assumed to be constant at the reference
temperature of 27°C .The computational zone which
represents a half channel and half wall is shown in figure
2.
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Figure 2: Schematic of computational cross-section

In the thermal resistance model where the channel walls
are treated as fins, the heat transferred from the chip to the
coolant refers to the three components, the conductive,
convective and caloric fluid resistances heat transfer. The
conductive thermal resistance, R,mgq. is due to conduction
through the substrate between the chip surface and micro
channel base plane, defined as:

L (1)

HoAne
Where ¢ =H_,, thickness of substrate, and A, is the area
of the base of the heat sink. Upon simplification gives:

er:d.:

4

Reond. = 17
5

2

Since the thickness of the substrate is fixed, Rypng. is a
constant. The convective thermal resistance, Ry , is due
to convection from the heat sink to the coolant, defined as:

1
Repme, = hdorr 3)

where A, is the total effective area for the fin and kg, is
the avrage convective heat transfer coeficient:

Agsg=nL (wet2nH,) 4)
and
Nu Kf
,I'I!Eu' :ﬂ_h (5)
The term 7 is the number of channels, n = L, and
W+ W,

# is the efficiency of the fin, Ll the hydraulic
diameter, K ¥ the fluid thermal conductivity , and Nu the
Nusselt number. Nu can be expressed with [11]:

N, =2.253 + 8.164(—)'%,

with

a="p=W,/W, ©)

C

Simplifying equation (3) gives:

1

R,-——
CORT:  hgpnl (we+InH,) (7)

The caloric (capacitive) thermal resistance or fluid
resistance is the resistance between the entrance and the
exit of the MCHS, expressed as:

L
Pyt

®)

Ripig =

where py is the density of the fluid, (, the specific heat
and G is the volume flow rate. For laminar flow, the

o

Reynolds nuber, Re= < 2300. Two cases are

I
investigated in this study. The first ignored the therrmal
resistance due to the presence of the thin walls of the
micro channels (Model 1), whilst the second takes the
wall resistance into consideration (Model 2).

Model 1:

For model 1, the schematic thermal resistance is shown in
figure 3 where the resistances are in series.

Tf
Rfluid

Rconv

Rcond
Ts

Figure 3: schematic thermal resistance in series

The thermal resistance due to the base is not included
because it is the same for both models and the purpose of
the present analysis is to look at the contribution of the
resistance with and without the wall thermal resistance.
The total thermal resistance for the serial model is:

Riot = Regna. +Rrﬁmv.+Rﬂufd ©)

Since Rgq 1S a constant, the total thermal resistance of
the single layer MCHS shown in figure 1 can be expressed
by:

Rtoterﬂ'an.+RfEufd (10)

1 1
R L overtnBn) | 76 (b

Model 2:
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The thermal resistance of the single layer is modelled as
shown in figure 4. The modelling is described by a
network of thermal resistances connected in series,
parallel, and combination.

He

Hsub

q 19 [ q
o v

Figure 4: Series and parallel resistance network

Thus, the total thermal resistance of a half microchannel
and wall “Rigeqr” is solved below using a combination of
series and parallel resistances:

R Raaset (4, T, S e o Rraa (12
The thermophysical properties in the optimization process
are listed in Table 1. Table 2 lists the dimensions used in
this study and those from [1] and [8]. GA is then utilized
to optimize the total thermal resistance for both models
investigated.

Table 1: dimensions and thermophysical properties heatsink and
coolant

Dimensions and properties Values
Heat sink length ,L (m) 1x107
Heat sink width ,W (m) 1x107
Microchannel height, H, (m) 5x10™
Material thermal conductivity (Si), k,;(W/m™C) 148
Coolant thermal conductivity (water), k., (W/m=C) 0.613
Density of the coolant , g (kg/m*) 997
Dynamic viscosity of the coolant , g { keg/m 5] 8.55x10™
Flow rate, G (m’/s) 11
Specific heat of the coolant, £, [J/Kg=C) 4179
Prandt] number, dimensionless, P = p e, k., 5.83
Thickness of the substrate, H,z, (m) 1x10*
physical and engineering parameters for water , {*{) 27

The thickness of the MCHS base, H, s = 100 [gem] and
the depth of the microchannel, H,=365[pm], are kept

constant during optimization. The channel width and wall
are the design variables expressed as x;, x; respectively.

Table 2. Dimensions in the present study, [1,] and [8]

Dimensionles 1
groups uckerman | night resent
& Pease 1991
tudy
Heat sink length,
L(cm) ame ame
Heat sink
width,W(cm) ame ame
pressure  drop, ]
A [kPa] 06.8 ame ame
Coolant
ater ame ame
Fin efficiency, 1
.76 ame ame
Fin Material
ilicon ame ame
Fin to channel
thickness ratio, & nrestrted | ame
Nusselt Number
nrestricte | nrestricte
d d
Type of flow 1
aminar ame ame

3. GENETIC ALGORITHM (GA)

The main objective of this study is the minimization of the
overall thermal resistance, f;(x), carried out using GA as an
optimization tool. The upper and lower limits of the design
variables are:

Find X

min F(x) = min f1(x)
5.7%10° =x;, =10 %107
5.7%10° = x, 10 ®102

The design space is given in Table 3, the total thermal
resistance, R, is optimized to find the associated design
variables using GA of MATLAB R2013a, as a single
objective, f(x).

Table 3: design variables limits

Design variable Lower[m] Upper[m]
We 5.7%10° 10 %102
Wi 5.7x10° 10 %107
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The main data structures in the GA Toolbox are
chromosomes, objective function values and fitness values.
GA uses three main types of rules at each step to create the
next generation from the current population. Selection
rules select the individuals called parents that contribute to
the population at the next generation, Crossover rules
combine two parents to form children for the next
generation and mutation rules apply random changes to
individual parents to form children. The flow chart of the
Genetic Algorithms shown in figure 5.

I Evaluation of initial Population l
1

F

[ Sclection |

[ Crossover ncw _Population ]

| Mutation new Population ]

[ Evaluation of the new Population |

NO

Find solution

YES

Figure 5: Flow chart Genetic Algorithms

4. RESULTS AND DISCUSSION

Comparison of the solutions obtained for Model 1 and
Model 2 in the present study in the MCHS investigated
against that of previous work is shown in Table 4. In
previous studies of [1] and [8], the pressure drop across the
inlet and exit of the micro channel is fixed at 206.8 [kPa],
(B =wy/w, =1), and (@ =H./w~= 6.4) for a fully
developed flow with a fixed Nusselt number (N, =6). The
optimization here has managed a reduction in thermal
resistance of 64% of that of [1] for Model 1 and 34%
reduction for Model 2 with an almost equivalent pumping
power requirement, this for the same flow rate. Inclusion
of the resistances due to the walls raised the total
resistance by 1.5 times compared to that without. This is
quite significant if many MCHS units are combined for
applications in VLSI systems.

Table 4: Comparision of present results and [1] and [8]

CALCULATED | Tuckerman | Knight Present Study

RESULTS and 1991[8] Model 1 | Model 2
Pease[1]

n, of channels 88 83 88 88

Depth, He,[ ppm] | 365 357 365 365

W, , [gm] 57 60 57 57

W, . [ am] 57 61 57 57

Reynolds 730 834 693 693

Number

Flow Rate 11 124 11 11

[em®/s]

Aspect Ratio, @ | 6.4 5.8 6.4 6.4

Nusselt Number | 6 5.9 8 8

Pressure drop, 206.8 same 209 209

Aplkpa]

Pumping power 2.27 2.5 2.3032 2.30

W]

Capacity 0.022 0.019 0.0109 0.010

Thermal Res,

[Fuw]

Convective 0.064 0.058 0.0264 0.053

Thermal

Res[*E/W]

Total Thermal 0.086 0.077 0.0306 0.057

Resistance,

[*C/W]

Reduction in 10.5% 64.41% 33.72%

Thermal

Resistance, &R

These optimized outcomes indicate the ceiling for the
possible highest level performance achievable if
manufacturing technology can handle the fabrication
specifically. And other losses are overcome.

Figure 6 and Figure 7, show that the thermal resistance for
both models reaches a minimum after a small number of
generation despite the change in the test, the behaviour
confirmed that the optimization performer reach its
optimum value in a short time. The GA parameters used to
attain the presented outcomes are given in Table 5.

Best: 0.0305733 Mean: 0.0305733

e Bestfitness
e Mean fitness

0.0306 -

0.0306 -

0.0306 o

Fitness value
.

.
0.03061" o
.
.
Vo
AS
.,
0.03061 %%,
e
0.0306 , , . . . , , , . )
0 10 20 30 40 5 60 70 8 9 100

Generation

Figure 6. Best and mean values of the fitness function for
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Model 1
Best: 0.0574305 Mean: 0.0574305

*  Bestfitness
®  Meanfitness

25

Fitness value

» ¥ ¥ d ¥ I . I I ]
0 10 20 30 40 50 60 70 80 90 100
Generation

Figure 7. Best and mean values of the fitness function

Table 5.Genetic Algorithm Parameter

Parameters Values
Fitness function (@single layer
Number of variables 2
Population type Double vector
Population size 100
Creation function uniform
Fitness function Rank
Selection function Roulette
Crossover function 0.7

Mutation function Constraint dependent

Crossover fraction Heuristic

5. CONCLUSION

The one-dimensional thermal resistance model for a
MCHS has been aligned with the results from previous
studies. The results are in agreement with the landmark
experimental studies of Tuckerman and Pease [1] and that
of Knight [8]. A significant reduction of the thermal
resistance can be obtained under optimized conditions. The
optimized thermal resistance obtained in this study is
reduced by 35% from that of [1].
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ABSTRACT

The decreasing in sizes of heat exchanging devices is
challenging the study of the performance of these
refrigerants due to their differential behavior in small
channels. This paper reports the study into the
minimization of the two-phase pressure drop in the
laminar-laminar region of a 1.5 mm minichannel. Four
refrigerants were investigated at the saturation
temperature of 10°C; R22, R134a, CO,, and R290, the
latter two are natural refrigerants being considered as
potentials to replacing R22 and RI134a. Genetic
algorithm (GA), a fast random search tool, is utilized
to simultaneously minimize the frictional pressure drop
and the Lockhart-Martinelli parameter, with the
Chisolm constant, under optimized mass flux and vapor
quality conditions. The optimization outcomes showed
that CO, has the lowest frictional pressure drop in the
low mass flux and quality region compared to R22 and
R134a. Meanwhile, the optimized frictional pressure
drop at the mass flux of 50 kg/m’s for R290 is 23%
higher than that of R22 and 15% higher than that of
R134a. The predicted minimized frictional pressure
drop with GA shows promise in assisting researchers
in the exploration of new refrigerants and their
capabilities.

Keywords:

Natural refrigerants, two phase, frictional pressure
drop, optimization.

1. INTRODUCTION

Since the Montreal Protocol [1], researchers have
continuously looked for alternative refrigerants with a
performance  compatible ~ with  the  current
environmentally hazardous coolants generally in use in
the air-conditioning and refrigeration industry.Global
concerns over our environment together with the
advancement of miniaturized heat exchangers have
focused researchers’ attention towards two-phase
behavior of natural refrigerant applications in small
channels. The advantages of large surface to volume
ratio for higher heat removal, lower refrigerant charge,
and higher heat transfer coefficients have made the
mini/micro-channels desirable. However, experimental
studies completed on correlations to predict the flow
pattern that have been developed based on previous

experiments have shown a high degree of
disagreements [2,3]. This is probably due to the
different conditions of the parameters and various flow
regimes applied to numerous newly developed
refrigerants. This paper compares the results of the
frictional pressure drop values of four refrigerants such
as R-22, R134A, Propane (C;Hg), and Carbon Dioxide
(CO,). Latest investigations show that natural
refrigerants C3Hg and CO,are now being considered as
an ultimate replacement to the hazardous R22 and
R134A [4-6].

Genetic algorithm (GA) has proven to be a
successful optimization method in dealing with
different scopes of fields such as transportation, design
and medicine [7]. The last couple of years have shown
that GA has accomplished the optimization of
conflicting objectives for single phase flows in micro-
channels [8-11]. This study is part of a research project
investigating the applicability of GA in minimizing the
frictional pressure drop of two-phase flow in small
channels. This paper reports the part of the
optimization study completed assuming the separated
flow model, that each of the liquid and vapor phase has
its own velocity. A similar optimization work has been
reported with the simpler homogeneous model using
R290 [12] and results have been promising, showing
the patterns as observed experimentally. It is hoped that
the outcomes of the project can assist the refrigeration
and the air-conditioning research community in
identifying among potential coolants to replace the
current R22 and R134A.

2. THEORY

The gravitational, acceleration, and frictional pressure
drop contribute towards the total pressure drop. The
frictional pressure drop in small mini-channels
iconsiderably higher than that in the macrochannels. It
is generally determined by using either one of the
models; the homogeneous model or the separated
model. In the homogeneous model, the two phases of
liquid and vapour are assumed to move with the same
velocity and act as a single phase considering the
properties such as the density, viscosity and others. The
separated flow model assumes that each phase behave
as a seprate entity, moving at different velocities.This
model is further sub-divided into two categories based
on the two-phase friction multiplier, ¢. In this study the
frictional pressure drop of the separated model
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proposed by Lockhart and Martinelli and modified by
Chisolm is used,

4By, €, 1. (2fpefl1-x)%)
E)e = (14 5+ 5 G

whereG, p, D, and x are the mass flux, density, channel
diameter, and vapor quality respectively. The subscript
f'stands for the liquid phase. The value of C is 5 for a
condition of laminar-laminar flow as proposed by
Chisolm [13] and the friction factor, f; is based on the
Darcy’s equation [14], given by,

_ I 16 /Re, Re = 2300 @)
f= 0.079Re~"*%, Re = 3000
For the Reynolds number, Re, less than 2300, the flow
is considered laminar while Re> 3000 is for turbulent
condition. The Reynolds number for the liquid and
vapor phase is determined differently,

Rey = (50 3)

forthe vapor phase and

Re; ={

E':l—x:'D)
L

[

“4)

for the liquid phase. The term X appearing in equation
(1) is the Lockhart-Martinelli parameter given by,

- =)

The physical properties for each refrigerant
are taken from NIST [15] at the saturation
temperature of 10 °C. This is shown in Table
1.

(AR

Table 1:Physical properties of R-22, C;Hg, R-134a and CO,

at Ty, 0f 10 °C
Refrigerants P, 25 Do s 1,
MPa | kg/m’ | kg/m’ 10°Pa-s | 10°Pas
R22 0.68 | 1247 28.82 195.7 11.96
C;Hg 0.64 | 514.7 13.78 113.35 7.75
R134A 0.42 1261 20.23 234.87 11.09
CO, 4.50 | 8e6l.1 135.2 82.56 16.06

Initial study of equations (1) and (5) indicates
that each increases and  decreases,
respectively, as the vapour quality increases.
As the two-phase flow develops with more
liquid evaporating, higher heat transfer is
expected due to the latent heat but at the
expense of a higher frictional pressure drop.
However, a total dry-out is undesirable. This
is where the present research comes in,
looking at parameters that could be controlled

to attain high vapour quality at low frictional
pressure drop. Due to the opposite effects that
equations (1) and (5) have on the vapour
quality, they are suitable to be optimized with
genetic algorithm (GA). The two equations
are selected as the objective functions to be
simultaneously minimized; the frictional
pressure drop and the Lockhart-Martinelli
parameter.

3. METHODOLOGY

A Genetic Algorithm (GA) double optimization
approach using MATLAB toolbox [16] is utilized for
the optimization of parameters to get the optimized
pressure drop values for different refrigerants. The
parameters and equations are typed as a code in
MATLAB and executed in the MATLAB software.
Two objectives are used in GA for the optimization.
The first objective is the frictional pressure drop of
equation (1) and the second objective is the Lockhart-
Martinelli parameter, X of equation (5). The condition
for laminar-laminar flow is used for the inputs at
thesaturation temperature of 10 °C for all refrigerants.
The inner diameter of the smooth mini-channel is fixed
at 1.5 mm while the mass flux, G, and vapor quality, x,
is varied. The input conditions are shown in Table 2.
Note that different range for the vapor quality had to be
set so that the flow remains in the laminar-laminar
region for this separated model, slightly more complex
than the homogenous approach. Other than that,
conditions for all refrigerants are the same for
comparison purposes.

Table 2: Input parameters of the optimization

Laminar-laminar flow (Chisolm, C=5)
Range R22 C;Hs CO, RI134A
G(kg/m-s) | 50-150 50 -150 50-130 50-150
Quality 0.01-— 0.005 — 0.0005 — 0.005 —
0. 0.3 0.00 0.3
3 17

4. RESULTS AND DISCUSSION

The Pareto front of the comparison between all
refrigerants investigated is shown in Fig 1. The graph
shows sets of solutions for both the optimized
Lockhart-Martinelli parameter and the frictional
pressure drop. Except for CO,, the other refrigerants
seem to have similar number of solutions under
optimized conditions.The lowest frictional pressure
drop is obtained for CO,, followed by R-22, R-134A,
C3H;. The optimized condition for CO, is at the lower
end of the frictional pressure drop while the rest
operates at 200 Pa/m and above. The Lockhart-
Martinelli parameter is related to the vapor quality; it is
zero at saturated vapor and largest at saturated liquid.
The ratio of the vapor to liquid density for R22, R134A
and C;Hg is of the same order of magnitude whilst that
of CO,; is 10% higher than that of R22. This is probably
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the reason that the behavior of CO, observed here is
different at any X.

The graphs of frictional pressure drop versus
mass flux and quality are presented in Fig 2 and Fig 3.
Most of the optimized mass flux is at 50 kg/m’s with
CO, having the lowest pressure drop at this mass flux.
The preset range for the vapor quality for CO, is much
lower than the other refrigerants to have it operates
under the laminar-laminar condition, its optimized
condition is at the lower range. At higher vapor
quality,C;Hg has a wide range of optimized mass flux
operations but at the expense of increasing frictional
pressure drop. This means that for C;Hg, optimized
operations at higher mass flux is possible if one is not
concerned about the pumping power requirements to
handle the higher pressure drop. Fig 3 shows the
expected trend of increasing frictional pressure drop
with increasing vapor quality. At any instant of a

w2 KR O [ A

@b

particular quality, the frictional pressure drop is highest
for propane and lowest for R22. As more vapors
areformed, propane shows a larger drop in pressure.
From these figures, it is not surprising that R134A is
currently the short-term solution to R22 since its
characteristic seems to be similar to R22.

Fig 4 shows a clearer relationship between the
frictional pressure drop, quality, and mass flux for the
particular refrigerant, CO,. Note that the outcomes do
not consider the system requirements with different
refrigerants used. The study only examines their
hydrodynamic behavior through comparisons of
frictional losses during two-phase development under
laminar-laminar conditions. This is important when
new refrigerants are being explored and initial
investigations into their performance, hydrodynamic or
thermal, must be done prior to system requirement
analysis.

Figure 1: Pareto front of the double objective optimization
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Figure 2: Frictional pressure drop versus mass flux
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Figure 4: Mass flux and quality versus frictional pressure drop for CO,.

5. CONCLUSION

Simultaneous optimization of the Lockhart-Martinelli
parameter and frictional pressure drop has been completed
on refrigerants R22 and R134A with their potential
replacements, natural refrigerants C;Hg and CO,. The
outcomes showed the expected trend, that the frictional
pressure drop increases with increasing mass flux and
quality. The separated model under laminar-laminar
conditions showed that CO, has the lowest frictional
pressure drop under optimized conditions of mass flux and
vapor quality. C3Hg may also be considered looking at its
behavior here in comparison with R134A.
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ABSTRACT

Fuel additives are additives that are added to fuel in
small quantities to give improvement in terms of engine
performance and emissions. Aftermarket fuel additives
can be divided into two, chemical-based and bio-
based. In this project, the effect of bio-based fuel
additives on engine performance and exhaust
emissions of a petrol and diesel engine is studied. The
blending ratio is developed based on the instruction
given on the bottle of the additives. The ratio of the fuel
additives used for Vivo Racing (VR) is between 0.21%
and 0.25%, Vivo Flawless (VF) is between 0.10% and
0.14% and Diesel Energy is between 0.14% and
0.18%. Constant throttle test had been done on both
petrol and diesel engine. The results show that the fuel
additives reduce brake power and brake specific fuel
consumption while increasing brake thermal efficiency
and reducing exhaust emissions. For brake power,
VR0.24 is the best. For brake specific fuel
consumption, the best are VR0.23 and VFO0.11 for
petrol and diesel engine respectively. For brake
thermal efficiency, the best are VR0.24 and DEO.17.
For HC composition, the lowest are VR0.25 and
DEQ.17. For CO composition, VR0.22 and DE(.14 are
the lowest. As for NO,, the lowest are VR0.25 and
DEO0.17.

Keywords
Fuel additives, engine performance, exhaust emissions
1. INTRODUCTION

Engine performance is one of the factors that
differentiate engine capabilities from one to another.
These capabilities are torque, power and fuel
consumption. Nowadays, fuel consumption had been a
major aspect in designing an engine because the earth’s
fuel supply is currently limited and decreasing day by
day. In order to improve that area of engine
performance, two methods can be done which are by
mechanical or chemical means.

The method by mechanical is to improve the engine
mechanically. For example, modifying the bore and

stroke an engine or add an aftermarket device to the
engine like turbocharger and supercharger. This
method can provide a huge amount of power and
torque, but the cost is too expensive [1]. Meanwhile, by
chemical means is to improve chemically like changing
to high quality of lubricants or use aftermarket fuel
additives. Fuel additives can be bought a lower price
and be use instantly. But the problem is does the
amount of fuel additives added into the fuel tank suites
the amount of fuel that is already in the tank.

Therefore, in this study, aftermarket fuel additives have
been tested on petrol and diesel engine in order to
examine the effect of the additives on engine
performance and exhaust emissions.

2. AFTERMARKET FUEL ADDITIVES

Aftermarket fuel additives are substances that were
added to fuel in small quantities into the fuel tank. It is
added to provide an improved performance in terms of
power and fuel consumption. It is also reduce exhaust
emissions from engines. Generally, aftermarket fuel
additives can be divided into two groups which are
chemical-based and bio-based.

2.1 Chemical and Bio-Based Fuel Additives

Chemical-based fuel additives are additives that are
made of chemicals and minerals. The drawback of
using chemical-based products is that they main
contain harmful chemicals that could affect human’s
health.. Furthermore, the source of the chemical might
be limited since it depends on the non-renewable
resources.

Bio-based fuel additives are additives that are made of
biomass such as plants or trees. Basically, bio-based
products are advantageous in relation to depletion of
resources. Bio-based could provide additional product
functionalities, less resource intensive production and
efficient use of all natural resources.

Vsafe’s products are an example of bio-based fuel
additives. This is due to the products made of plant that
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is palm oil. Through the use of a new revolutionary
method in refining and extracting palm oil, the
company able to extract the special ingredients that
create an extraordinary chemical effect when combined
with any fuel.

3. EXPERIMENTAL SETUPS AND
PROCEDURES

Experimental study is done on the fuel additives in
terms of fuel properties, also effect on engine
performance and exhaust emissions. The blending ratio
between fuel additives and base fuel is developed
based on the standard formula given on the products.
As the fuel is blend, the properties might change and
need to be analyzed. Fuels properties that are been
focus are density and calorific value. This is because
these two properties are crucial elements that affect the
engine performance [2]. For engine performance, the
effect on brake power, brake specific fuel consumption
and brake thermal efficiency is considered. As for
emissions, the study focuses on hydrocarbon (HC),
carbon monoxide (CO) and nitrogen oxide (NOy)
composition.

Density test is done by measuring the weight of fuel in
a piknometer. The weight is measured by using an
electronic weighing machine. The volume of
piknometer is constant which is 10.336 cm®. Calorific
value is determined by igniting fuel samples in a bomb
calorimeter. Bomb calorimeter is used to find the
amount of heat energy produced by fuel during
combustion. The unit for calorific value is kJ/kg.

Engine performance test is conducted on petrol and
diesel engine. The test conducted is a constant throttle
test where the engine speed is let constant at a high
engine speed, then the speed is reduce by applying
load [3,4]. The speed is reduced to the desired speed.

4. RESULTS AND DISCUSSIONS
4.1 Petrol Fuel Samples

Figure 1 shows the brake power against engine speed
for Vivo Racing (VR) samples. Brake power decreases
as the engine speed increases. Fuel sample with the
highest brake power is VR0.24 with a maximum
increase of 12.00% from base petrol. The lowest is
VRO0.23 with maximum decrease of 98.91%. Brake
power is the net power produced by an engine. Higher
brake power shows that the engine has a more power
compared the lower ones.
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Figure 1: Brake power against engine speed (petrol)

Figure 2 shows the graph of brake specific fuel
consumption (bsfc) against engine speed. Bsfc
increases as engine speed increases. Fuel sample with
the highest bsfc is VR0.21 with a maximum increase of
20.35% based on base petrol bsfc. The lowest is
VRO0.23 with a maximum decrease of 38.59%. Lower
bsfc means that engine is running with same power but
less fuel is consumed. Thus, lower bsfc leads to more
fuel saved compared to a higher bsfc.

12 Brake Specific Fuel Consumption (bsfc) against Engine Speed
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Figure 2: Brake specific fuel consumption against
engine speed (petrol)

Figure 3 shows the brake thermal efficiency of each
fuel samples against engine speed. As the engine speed
increases, the brake thermal efficiency decreases. The
results obtain show minor difference between all of the
fuel samples. VRO0.24 has the highest thermal
efficiency with maximum increase of 12.34%.
Meanwhile, the fuel sample with the lowest thermal
efficiency is VR0.23 with a maximum decrease of
0.99%. Brake thermal efficiency indicates how much
of heat energy converted to work. Generally, high
brake thermal efficiency is beneficial since more heat
energy is converted into work.

There are several reasons which affect the results. One
of the reasons is calorific value. From previous study,
it concluded that high calorific value gives high engine
performance. This relates to the power produced by
engine result from combustion of fuel. Based on the
calorific value test results, the calorific value for
VRO0.24 and VRO0.23 are 42693 J/g and 42238 J/g
respectively. Hence, high calorific value results in high
thermal efficiency.
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Brake Thermal Efficiency against Engine Speed
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Figure 3: Brake thermal efficiency against engine
speed (petrol)

Figure 4 shows the HC composition against engine
speed where HC composition decrease as the engine
speed increase. The composition is recorded in the unit
of parts per million (ppm). All five samples that is
added with fuel additives have minor difference
between one to another but a major difference is visible
between the samples and base petrol. The highest HC
composition is from pure petrol while the lowest is
V0.25 where it decreases maximum by 37.50% from
base petrol.

HC composition indicates the amount of unburned
hydrocarbon present in the exhaust system. These
hydrocarbon produced because there is not enough of
air to combust the fuel completely which leads to the
formation of unburned hydrocarbon as product of the
combustion. Less HC composition is better since it
reduces power loss.

HC Composition against Engine Speed
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Figure 4: HC composition against engine speed (petrol)

Figure 5 shows the CO composition against engine
speed. The trend of the graph shows that the lines
fluctuate within the range of engine speed. Overall, all
five samples added with Vivo Racing fuel additives
have lower CO composition compared to base petrol.
The lowest composition is from VR0.22 with
maximum decrease of 24.20% from pure petrol. The
least composition difference from pure petrol is
VRO0.24 where the minimum difference is 2.76%.

CO is produced due to the insufficient of air for carbon
to react with. It usually occurs when the engine is
operated with a fuel-rich air-fuel ratio. As fuel is burn,
the elements of a fuel which is hydrogen (H) and

carbon (C) will react with to form products of
combustion. But, when air is not enough, the fuel
cannot have a complete combustion. Hence, CO is
produced.

CO Composition against Engine Speed
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Figure 5: CO composition against engine speed (petrol)
As illustrated in Figure 6, NO, composition decreases
as the engine speed increases. The difference between
base petrol and other fuel samples can be seen at lower
engine speed, but at higher engine speed, the
composition is almost the same. Base petrol has the
highest NO, composition compared to the other fuels.
The difference is 12.41% from the lowest point at 1500
rpm which is from VR0.23. The fuel sample with the
lowest NO, composition is VR0.25 which has a
maximum decrease of 13.99% from base petrol.

NO, produced as a result of combustion. For
combustion to occur, a mixture of air and fuel is
needed before a spark ignited the mixture. Basically,
air that enters the combustion chamber consists of 80%
nitrogen (N,). Atmospheric nitrogen exists as a stable
molecule at low temperature. However, at very high
temperature inside the combustion chamber, the
nitrogen become unstable and react with oxygen which
produce nitrogen oxide (NO,,.

NOx Composition against Engine Speed
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Figure 6: NO, composition against engine speed
(petrol)

4.2 Diesel Fuel Samples
Figure 7 shows brake power against engine speed for
Vivo Flawless (VF) product. The lines show that brake

power increases as engine speed increase. Base diesel
has the highest brake power compared to other fuel
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samples. The lowest brake power is from VFO0.14 with
a maximum decrease of 6.65%.

Brake Power against Engine Speed
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Figure 7: Brake power against engine speed (Vivo
Flawless)

In Figure 8, brake power against engine speed for
Diesel Energy (DE) product is shown. The pattern of
the line is similar like in Figure 7. The highest brake
power owns by base diesel. While the lowest brake
power is VF0.18 with a maximum decrease of 53.33%.

Brake Power against Engine Speed
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Figure 8: Brake power against engine speed (Diesel
Energy)

Figure 9 and 10 show brake specific fuel consumption
for VF and DE product. The line of the graph is a
quadratic line where bsfc decrease to a minimum point
and increase afterwards. For VF product, the highest
bsfc owns by base diesel while the lowest bsfc owns by
VFO0.11. Bsfc of VF0.11 decreases 12.12%. As for DE
product, DEO0.18 has the highest bsfc with maximum
increase of 4.40% from base diesel. While the lowest
bsfc owns by DEO0.17 with maximum decrease of
9.47%.
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Figure 9: Brake specific fuel consumption against
engine speed (Vivo Flawless)
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Figure 10: Brake specific fuel consumption against
engine speed (Diesel Energy)

Figure 11 shows brake thermal efficiency against
engine speed for Vivo Flawless product. . The line of
graphs is a quadratic like where the efficiency increase
and decrease as the engine speed increase. The brake
thermal efficiency of all samples has minor difference
between one to another where the values are close to
each other. The fuel sample with the highest brake
thermal efficiency is VF0.10 with a maximum increase
of 5.60% from base diesel. While the lowest brake
thermal efficiency is from VFO0.11 with a maximum
decrease of 7.33%.
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Figure 11: Brake thermal efficiency against engine
speed (Vivo Flawless)
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In Figure 12, the brake thermal efficiency against
engine speed for Diesel Energy product is shown. The
pattern of the graph is a quadratic line across the
engine speed. Major difference is seen between
DEO0.17 and DEO0.18 from other samples at engine
speed of 2000 rpm. DEOQ.17 has the highest brake
thermal efficiency among all samples. It increases
8.16% from base diesel. Meanwhile, DE0.18 has the
lowest brake thermal efficiency which decrease 6.20%
from base diesel.

Basically, the brake thermal efficiency of a diesel
engine is higher compared to a petrol engine. This is
due to the high compression ratio of a diesel engine.
When comparing the thermal efficiency between diesel
fuels, the most common factor is the calorific value of
the fuel. Higher calorific value would give higher
brake thermal efficiency under same condition of
engine.
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Figure 12: Brake thermal efficiency against engine
speed (Diesel Energy)

Figure 13 shows the HC composition against engine
speed where the graph is a quadratic line. Huge
difference can be seen between all the samples where
there are three samples that are far apart from the base
diesel line. VF0.14 has the highest HC composition
with an increase of 102.27%. Whereas, the lowest HC
composition is VF0.13 which decreases 40.68% from
base diesel.
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Figure 13: HC composition against engine speed (Vivo
Flawless)

As illustrated in Figure 14, the graph is quite similar as
in Figure 13 in terms of their pattern. The lines
increase at lower engine speed and decrease at higher
engine speed. DEQ.14 has the highest HC composition

which is 102.27% from base diesel. While the fuel
sample with the lowest HC composition is DE0.17
with a decrease of 57.89%.

HC composition is one of the undesired parameter in
the exhaust gases. This is because it indicates the
amount of the power loss by the engine since it is
unburned fuel. Unburned fuel is produced due to the
insufficient of air for the fuel to combust completely.
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Figure 14: HC composition against engine speed
(Diesel Energy)

In Figure 15, it shows the graph of CO composition
against engine speed. The line of the graph is quadratic
where the values of HC composition increase at lower
engine speed till the middle and decrease afterwards.
There are two samples that have higher CO
composition compared to other samples which base
diesel and VF0.13. VF0.13 has an increase of 8.07%
from base diesel. While the fuel sample with the lowest
CO composition is VF0.14 with a maximum decrease
of 33.33%.

Meanwhile, Figure 16, shows the CO composition for
Diesel Energy product. It has a similar pattern like in
Figure 15. The highest CO composition recorded is
from DEO0.16 with a maximum increase of 21.74%.
While the lowest CO composition is from DE0.14 with
a maximum decrease of 33.33%.

Lower CO composition is better because it reduces the
amount of poisonous carbon monoxide gases release
from exhaust system of an engine. It also means that
chemical energy can be minimize and fully utilize in
the engine.

CO Composition against Engine Speed
3000

£ 2500 + _
o —— Base Diesel
c 2000 -
=l T —0.10%
T 1500 — -
2 */ v 0.11%
g 1000
] —0.12%
2 soo 0.14%
] —0.13%

0 T T T

1000 1500 2000 2500 3000 0.14%

Engine Speed (rpm)

Page 58107



Figure 15: CO composition against engine speed (Vivo
Flawless)
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Figure 16: CO composition against engine speed
(Diesel Energy)

Figure 17 shows the NO, composition against engine
speed of Vivo flawless product. The graph has
quadratic lines where NO, composition increase and
decrease. Base diesel has the highest NO, composition
with an increase of 28.47% from VF0.12 which is
situated in the middle between all the lines. While,
VF0.14 has the lowest NO, composition with a
maximum decrease of 30.77% from base diesel.
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Figure 17: NO, composition against engine speed
(Vivo Flawless)

In Figure 18 the NO, composition for Diesel Energy
product is shown. The pattern of the graph is the same
as in Figure 17 where the lines are quadratic lines.
From the graph, base diesel has the highest NOy
composition with a difference of 45.32% based on
DEO0.17. As for the lowest NO, composition, there are
two samples with the lowest value which are at lower
engine speed and higher engine speed. At lower engine
speed, DEO.15 has the lowest NO, composition with a
maximum decrease of 61.89% from base diesel.
Meanwhile, at higher engine speed, DE0.17 has the
lowest NO, composition with a maximum decrease of
45.32%.

NO, composition for five samples that were added with
fuel additives have decrease significantly from base
diesel. NO, are formed when the temperature inside the
combustion chamber is high which means that the base
diesel fuel has a high temperature during combustion
compared to the other samples.
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Figure 18: NO, composition against engine speed
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5. CONCLUSION

Based on the experimental results for petrol and diesel
engine, the effect of base fuel and blended fuel samples
can be investigated in terms of engine performance and
exhaust emissions. Generally, the blended fuel does not
improve the brake power of the engines, however, it
does reduce the brake specific fuel consumption and
increase brake thermal efficiency. Furthermore,
exhaust emissions such as HC, CO and NO, are
reduced. Details on which blending ratios give the best
effect on engine performance and emissions are shown
as follows:

1. For engine performance, fuel sample that
gives the best result on brake power for petrol
is VR0.24.

2. As for brake specific fuel consumption, the
best are VR0.23 and VF0.11 for petrol and
diesel engine respectively.

3. For brake thermal efficiency, the best fuel
samples are VR0.24 and DEO0.17.

4. For exhaust emission, HC composition for
both engines, the lowest is VR0.25 for petrol
fuel samples. As for diesel fuel samples, the
lowest is DEO0.17.

5. For CO composition, the lowest are VR0.22
and DEO.14.

6. Lastly, for NO, composition, the lowest are
VRO0.25 for petrol, DEO.15 and DEO.17 for
diesel.
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ABSTRACT

This study analyzed the performance of the water pump
and radiator under process of as-it-is condition,
contamination, and decontamination among three
types of radiator, namely used, new, and new coated
radiators. Contamination process is completed by
spraying the mixture of fine clay and water onto the
radiator’s surface for 30 layers Decontamination
process is done by Airestec Sdn Bhd, a local company.
Internal analysis covers replacing the cooling fluid
with used radiator water, tap water and tap water with
additive to run experiments. As result, water pump
displays similar trends for each set of experiment and
air flow velocity, and its highest efficiency is 8.20 %.
For external treatment, the effectiveness after
decontamination process for new coated radiator, new
radiator and used radiator are 43.60%, 31.42% and
30.16% respectively. While for internal treatment, tap
water with additive, tap water and used radiator water
exhibits 31.79%, 31.42% and 28.98% of effectiveness.
As a conclusion, decontaminants towards radiator are
effective to increase the performance of the radiator,
but no impact on the efficiency of the water pump. For
internal treatment, cooling fluid with additive help
enhance the radiator performance in cooling system.

Keywords

Vehicle cooling system,radiator, effectiveness,
contamination, decontaminiation

1. INTRODUCTION

Judgment on the level of performance or capability of a
vehicle cooling system was not entirely rely on the
label of brands and tags of price, but it’s ability to
effectively remove the unwanted heat which probably
leaded to damage of mechanical components [1].
Particularly for most of the tropical countries which
surrounding temperature is relatively high, the vehicle
cooling system carries important responsibility to work
on heat transfer via radiator of an engine in order to
make sure that engine could operate under optimal
temperature [2].

As refer to the sales of new vehicle in 2014, the
number of new vehicles purchasing was increasing
throughout the year. Since every single vehicle needed
to rely on the cooling system to eliminate the excess
heat from the engine, the demands for better reliability
and longer life of engine cooling system definitely
increased too. Related to the research, the study of the
characteristic of components of engine cooling system
undeniably became significant measure for future
improvement.

From previous research study, the characteristics of
main components in engine cooling system such as
water pump and radiator were analyzed under real
engine operating situation. For both research, water
was selected as the cooling fluid to circulate the
system, the temperature of the coolant, the speed of the
vehicle operating, and the air velocity flowing in the
radiator were taken into consideration. The efficiency
of water pump and effectiveness of radiator were
studied.

Accumulation of dirt, dust, and other contaminants in
cooling system might result in insufficient cooling
effect, and even catastrophic overheating [3].
Prolonged damage over the time leaded to engine
core’s severe damage as it is hard to observe when
liquid cooling system goes wrong [3]. Thus, treatment
used such as coating method of radiator could be a
measure to minimize the problems of contamination.

In this project, the experiment will be conducted to
observe the efficiency of pump and effectiveness of
radiator using different radiators at varying vehicle
travelling velocity under different radiator’s conditions
namely original condition, contaminated condition and
decontaminated condition. Besides, the study will
involve different types of cooling fluid for instance
used radiator water, tap water and tap water with
additive to identify whether there is a difference in
performance of cooling effect.

2.0 EXERIMENTAL RIG AND
PROCEDURES

2.1 Experimental Test Rig
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The simulator test rig used in the experiment work is
displayed in Fig. 1. The simulator test rig consists of an
electrical motor pump to circulate the water through
the thermal storage, and direct the cooling fluid to
reach flow meter. Cooling fluids flows through the
radiator and back to the water pump. The water flow
rate is controlled via controlling the valve. Bypass
valve is installed for a more accurate flow control.
Blower placed in front of the air box of the radiator and
cooling fan mounted on the radiator are used to
simulate the real air flow situation to allow heat
transfer via medium of air.

> >
Bypass valve
Radiator

=)

Figure 1: Schematic diagram of simulator test rig
2.2 Experimental Procedure

The experiment is mainly divided into two parts,
external analysis which covers experimental works of
investigating performance of water pump and different
types of radiators at varying vehicle travelling velocity
under different radiator’s conditions, and internal
analysis which includes experiments related to
performance of radiators using different types of
cooling fluid at varying vehicle travelling velocity. For
external analysis, tap water is used as the cooling fluid
to run all of the experiments, and three types of
radiators involved are used radiator, new radiator and
new coated radiator. During as-it-is condition, the
simulator test rig is flushed and filled with tap water to
ensure that pipes are full with tap water. The electrical
motor pump is started and the heater is switched on.
The temperature of tap water entering and leaving the
radiator, and the temperature of air entering and
leaving the fin of the radiator are recorded after the
system reaches steady state.

The three radiators in as-it-is condition are then
contaminated by using method of spraying the solution
which is the mixture of water and clay onto the surface
of the radiators. Decontamination process after
completing the experiments of contaminated radiators
involves releasing of multi-enzyme treatment cleaning
for all three radiators and protective layer dip coating
for used and new radiators. Experiments of
contaminated radiators and decontaminated radiators
are exactly the same with the procedure of experiments
in as-it-is radiator condition.

The efficiency of the water pump can be calculated
through the equation as shown in Equation 1:

_ Output power <100
Input power

(M

where output power is referred to the power of the
water pump [4]. The output power of the water pump
can be obtained via the equation shown in Equation. 2:

Power = [(Pgauge at delivery + Patm ) - (P vacuumat suction T P atm )J

x Flowrate

The effectiveness of the radiator which displayed in
Equation 3 can be defined as the ratio of the rate of
actual amount of heat transfer to the rate maximum
possible heat transfer in a radiator [5]. The actual rate
of heat transfer in a radiator is equal to the rate of heat
transfer of coolant is shown in Equation 4 while the
rate of maximum possible heat transfer is equal to the
rate of heat transfer of air is shown in Equation 5. The
reason is due to the specific heat capacity of coolant is
higher than the specific heat capacity of air.

€= _Q 3)
Qmax

Q = Mcoolant (hcoolant,in - hcoolant,out ) (4)

Qpnax = Mair (hair,out - hair,in) )

where i oq1ant 1S the mass flow rate of coolant, #ig;, is
the mass flow rate of air, hyggant in refers to enthalpy
of coolant entering the radiator, hepnjant ot €quals to
enthalpy of coolant leaving the radiator, hgjpip is the
enthalpy of air entering the radiator and hgjp gy
represents the enthalpy of air leaving the radiator.

All experiments and temperatures are carried out under
similar environmental condition. It may be noted here
that all the data required includes temperatures of
coolant entering and leaving the radiators are recorded
at steady state condition.

3. RESULTS AND DISCUSSIONS
3.1 Efficiency of Water Pump

Figure 2 displays the efficiency of the water pump
against flow rate. The efficiency of the water pump
follows the same trend for each type of the radiator
namely used radiator, new radiator, and new coated
radiator under each condition as as-it-is situation,
contamination, and decontamination at each air flow
velocity which are 40 km/h, 50 km/h, 60 km/h and
70 km/h. As observed from Figure 2, the efficiency of
the pump increases as the water flow rate increases
until it reaches maximum performance level, which is
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8.20% at 13 Ipm. The efficiency of the pump decreases
with increasing water flow rate after the peak of the
efficiency. In other words, the contaminants on the
surface of the radiators and the decontamination
treatment applied do not affect the performance of the
water pump for each of the experiment.

3.2 Effectiveness of Radiator

The effectiveness of the used radiator shows the
highest performance level at air flow velocity 40 km/h
in condition of decontamination state. As compared,
after the wused radiator is decontaminated, the
effectiveness of used radiator is higher than the
performance of used radiator during as-it-is condition.
The used radiator in contaminated condition shows the
lowest percentage of radiator effectiveness. The
performance of the used radiator at air flow velocity of
50 km/h, 60 km/h and 70 km/h are lower in sequence
of decontaminated condition, as-it-is condition and
contaminated condition compared to air flow velocity
of 40 km/h.

As observed from Figure 3, the effectiveness of used
radiator in decontaminated condition displays 30.16%
at 40 km/h and water flow rate of 22 [pm. The value is
higher than the effectiveness of used radiator at 22 lpm
in as-it-is condition, 24.91% and at 22/pm in
contaminated condition, 21.74%.

Efficiency of Water Pump
9.0 T T T T T T

85|
sof ® "

75

g\
n
T

1

‘Water pump efficiency (%)
=) =
(=} [=}
T T

5.0 [ T N E S S
10 12 14 16 18 20 22

‘Water flow rate (lpm)
Figure 2: Water pump efficiency against water flow
rate

Effectiveness of Used Radiator at 40 km/h
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Radiator effectiveness (%)

Water flow rate (lpm)
®  As-it-is ® Contaminated A Decontaminated

Figure 3: Effectiveness of used radiator at 40 km/h

The effectiveness of new radiator shows the highest
performance level at air flow velocity 40 km/h in
condition of decontamination state. As compared, after
the new radiator is decontaminated, the effectiveness of
new radiator is higher than the performance of new
radiator during as-it-is condition. The new radiator in
contaminated condition shows the lowest percentage of
radiator effectiveness. The performance of the new
radiator at air flow velocity of 50 km/h, 60 km/h and
70 km/h are lower in sequence of decontaminated
condition, as-it-is condition and contaminated
condition compared to air flow velocity of 40 km/h.

As observed from Figure 4, the effectiveness of new
radiator in decontaminated condition displays 31.42%
at 40 km/h and water flow rate of 22 /pm. The value is
higher than the effectiveness of new radiator at 22 /pm
in as-it-is condition, 29.79% and at 22/pm in
contaminated condition, 28.77%.

Effectiveness of New Radiator at 40 km/h
35 T T T T T T T

25

20

Radiator effectiveness (%)

Water flow rate (lpm)
®m  As-it-is ® Contaminated A Decontaminated

Figure 4: Effectiveness of new radiator at 40 km/h

The effectiveness of new coated radiator shows the
highest performance level at air flow velocity 40 km/h
in condition of decontamination state. As compared,
after the new coated radiator is decontaminated, the
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effectiveness of new coated radiator is higher than the
performance of new coated radiator during as-it-is
condition. The new coated radiator in contaminated
condition shows the lowest percentage of radiator
effectiveness. The performance of the new coated
radiator at air flow velocity of 50 km/h, 60 km/h and
70 km/h are lower in sequence of decontaminated
condition, as-it-is condition and contaminated
condition compared to air flow velocity of 40 km/h.

As observed from Figure 5, the effectiveness of new
coated radiator in decontaminated condition displays
40.48 % at 40 km/h and water flow rate of 22 /pm. The
value is higher than the effectiveness of new coated
radiator at 22 /[pm in as-it-is condition, 28.55 % and at
22 [pm in contaminated condition, 24.40 %.

Overall, it indicates that the treatment of applying
multi-enzyme to decontaminate the three radiator and
dip-coating layer applied for used radiator and new
radiator is effective and practicable in raising the
performance of the radiator to better the circulating of
cooling system.

3.3 Effectiveness of Radiator Using Different
Cooling Fluids

The comparisons between the effectiveness of new
decontaminated radiator using different cooling fluids
namely used radiator water, tap water and tap water
with additive at each air flow velocity are analyzed.
The effectiveness of new decontaminated radiator
using different cooling fluids at air flow velocity of
40 km/h, 50 km/h, 60 km/h and 70 km/h are displayed
in Figure 6, Figure 7, Figure 8 and Figure 9.

Effectiveness of New Coated Radiator at 40 km/h
50 T T T T T T T

Radiator effectiveness (%)

Water flow rate (lpm)
B As-it-is ® Contaminated A Decontaminated
Figure 5: Effectiveness of new coated radiator at 40
km/h

As observed, the effectiveness of the radiator increases
with increasing of the water flow rate, but decreases as

the air flow velocity is getting faster. The new
decontaminated radiator performs the best at air flow
velocity of 40 km/h. Refer to Figure 6, the experiment
of new decontaminated radiator with using tap water
with additive shows better performance compared to
the experiment using cooling fluid of tap water and
followed by used radiator water. Selecting tap water
with additive as cooling fluid of vehicle cooling system
does slightly improve the radiator effectiveness
compared to normal cooling fluid which is tap water
only.

Effectiveness of New Decontaminated Radiator at 40 km/h
35 T T T T T T

30 F

Radiator effectiveness (%)

20 1 1 1 1 1 1 1
10 12 14 16 18 20 22

Water flow rate (Ipm)
B Used radiator water ® Tap water 4 Tap water with additive

Figure 6: Effectiveness of new decontaminated radiator
at 40 km/h

Effectiveness of New Decontaminated Radiator at 50 km/h
35 T T T T T T
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Radiator effectiveness (%)

Water flow rate (Ipm)
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Figure 7: Effectiveness of new decontaminated radiator
at 50 km/h
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Effectiveness of New Decontaminated Radiator at 60 km/h
30 T T T T T T
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Figure 8: Effectiveness of new decontaminated radiator
at 60 km/h

Effectiveness of New Decontaminated Radiator at 70 km/h
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Water flow rate (lpm)
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Figure 9: Effectiveness of new decontaminated radiator
at 70 km/h

4. CONCLUSION

From the aspect of performance of water pump
efficiency, the efficiency of water pump increases with
increasing water flow rate until it reaches maximum
efficiency which is 8.20%, and then decreases when
the water flow rate is increased. The performance of
the water pump is following the same trend as for
different types of radiators at air flow velocity of
40 km/h, 50 km/h, 60 km/h and 70 km/h. The process
of contamination and decontamination on radiator does
not give any impact on the efficiency of the pump, in
other words the behavior of the water pump remains
the same as in as-it-is condition.

For the performance of the radiator in external
analysis, the effectiveness of the radiator is better after
decontamination treatment than contamination and
follow by as-it-is condition. The new coated radiator
shows the highest performance, which is 43.60% in
decontaminated condition, followed by 28.55% in as-
it-is condition, and 24.40% in contaminated condition.

It means that the decontaminants applied on the
radiators are effective to increase the performance of
the radiator in order to better the vehicle cooling
system efficiency.

Overall, the effectiveness of new coated radiator is
higher than effectiveness of new radiator and lastly
effectiveness of used radiator. In decontaminated
condition, the performance of new coated radiator
which is 43.60% is higher compared to the
performances of new radiator and used radiator which
are 31.42% and 30.16%. Each type of the radiator in
either condition performs the best at air flow velocity
of 40 km/h, and its performance decreases from
50 km/h, 60 km/h and 70 km/h.

For the case of the internal analysis, the effectiveness
of new decontaminated radiator using tap water with
additive is 31.79%, which is the highest compared to
the performances of radiator using tap water and used
radiator water which are 31.42% and 28.98%.The
effectiveness of the radiator is proved to be higher
when the cooling fluid chosen is tap water with
additive. The performance of the radiator is lower
when tap water is used to be the cooling fluid, and the
lowest for used radiator water as coolant. Similarly, the
radiator works more effective at air flow velocity of
40 km/h, and its effectiveness drops from 50 km/h,
60 km/h and 70 km/h. In short, the internal treatment
additive added into the cooling fluid does increase the
performance of the radiator in cooling system.
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ABSTRACT

The development of research equipment for the
application of experimental equipment very growing
up lately for organic rankine cycle (ORC) moreover
from various countries have developed rapidly in the
research field of ORC. And need to know that the
application of the experimental apparatus of ORC of
many kinds of utilization is as experimental ORC in the
field of geothermal, ORC field of desalination, ORC
field of ocean thermal energy conversion (OTEC),
ORC field of refrigeration systems and more
application experimental of ORC. This paper will
focused on research using experimental equipment
ORC as test rig is on the development of the field of
refrigeration as power generation and its supporting
equipment using its main components include hermetic
compressor with using this type of scroll expander,
condenser, evaporator and pumps. The working fluid to
be used on various types of environmentally friendly
such as R134A and pentane. Expected from the
development of this experimental device can be used as
power plants for remote areas in Indonesia that is not
got electricity as a renewable energy that does not use
fossil fuels.

Keywords :
Organic rankine cycle, refrigerant, expander, condenser
and evaporator.
L. INTRODUCTION

In the days to come the development of the power
plant has been developing with naturally follows the
desperate need for human life. Because on the other
hand the content of oil as fuel for electricity feed will
be reduced, would likely be exhausted with unbridled

consumption. Thefore scientist’s renewable energy
vying finding energy alternatives to replace the fossil
energy. On several alternative energy is developed to
meet the needs of the adequacy of electricity include
nuclear energy, geothermal energy, biomass energy,
ocean energy, solar radiation energy, wind energy and
other energies. From the author of several alternative
energy will focus on alternative energy is energy based
on Organic Rankine Cycle scroll compressor as an
expander to produce electricity that is designed
produce 1-15 kilowatts.

Water Heater

Figure 1. Diagram ORC

For to know’s the organic system rankine cycle
or ORC need to learn the basic theories that support it,
such as the science of heat transfer and
thermodynamics. Such knowledge is essential when
will the planned system of heat exchanger equipment
to be made in a draft. Science of heat transfer include
heat transfer by convection, and radiation conductance.
Some ways of heat transfer is greatly affect the smooth

67107



working fluid. In addition the system design will be
planned will also need to master the basic theory of the
cycle rankine as shown in Figure 1 below.
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Water enters to the pump 1 as the liquid
saturated condition (saturated liquid) and
compressed to the operating pressure
evaporator. Water temperature will rise during
compression isentropic because of decreasing
the specific volume of water. Than water
enters to the evaporator as a compressed fluid
(compressed liquid) on the conditions 2 and
will be superheated steam at 3. Where the
conditions given by the evaporator to heat
water at a fixed pressure. Evaporator and all
the parts that produce a refrigerant in a
refrigerant called a generator. Superheated
steam on 3 conditions, then will enter the
expander for isentropic expansion will
generate employment and fatherly rotating
shaft connected to an electric generator that
can produce electricity. Pressure and
temperature of the refrigerant will drop during
this process towards a situation where the
refrigerant will enter the 4 condenser and is
usually in the form of saturated steam. This
refrigerant will be liquefied at a constant
pressure in the condenser and will leave the
condenser as saturated liquid that will go to
the pump that will complete this cycle. In the
ORC system in operation required various
types of refrigerant which supports and

various types of major components used
include evaporators, condensers, pumps and
expander. Expander here serves as a means of
turning the generator to produce electricity.
Expander is derived from the modification of
scroll compressors for air-conditioning
cooling machine which has various types that
exist in the community, as shown in Figure 2.

Figure 3. Kompresor scroll

Spesification of Scroll Compressor

Parameter Data
Tipe ZR22K3-PFJ
(Copeland-Emerson)

Capacity 18200 BTU/hr
Power 1730 watt
EER 10.5 BTU/w.hr
Mass flow 267 Lbs/hr
Electric Rating 220-240 V
Weight 259 kg
Height 382.8 mm
Refrigeration Capacity 5330 watt

“® @

=
e w®

Figure 4. Heat exchanger

Spesification of Evaporator and Kondensor

Parameter Data

Type K070 (Kaori)
Capacity Range 17.58 kW
Max. working temperature 200 °C

Max. working pressure 30 bar
Min. test pressure 43 bar
Max. flow rate (LPM) 240

Max. number of plates (N) 120

Plate Heat Transfer Area (M2) 0.03 m"2
Thickness (mm) — H 10.0+2.38*N
Weight (kg) 1.38+0.134*N
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Figure 5. Refrigerant pump

Spesification of Refrigerant Pump

Parameter Data
Type M 1503-W5 (Sanwa Pump)
Bore 15 mm (suction) x 15 mm (Discharge)

Motor 0.37 kW

Head 10 (12) m

Capacity 24 (6) m

Temp. 100 °C (max) ~-20 °C (min)
Voltage  200/220 V (3 Phase)
Pressure 0.4 MPa

Refrigeran property by Coolpack software
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Figure 6. Graph of R-134a by software

Property of R-134a

Parameter Data
Evaporator inlet temp. 5°C
Condenser outlet temp. 45°C
Evaporator pressure 3.48 bar
Condenser prssure 13.221 bar
Mass flow rate 146 kg/hr
Volumetric flow rate 9.11 m*/hr
Volumetric capacity 2372 kJ/m’
Spesific pressure drop 578 kPa/m
Pressure ratio 3.79

COP 3.36

COP relative 100 %
Pressure drop relative 100 %
Capacity relative 100 %
Volumetric efficiency 90.2 %

II. BASIC TEORY FOR ORC

Heat transfer can not be avoided between the
generation and the surrounding components are ignored
to facilitate analysis. Change’s of kinetic and potential
energy are also ignored. Each component is considered

to be operating at steady state conditions. By using the
principle of conservation of mass and energy
conservation together with the idealization of it will be
developed the equation for energy transfer in each
component.

1. Pump

Liquid condensate leaving the condenser at
condition 1 is pumped from the condenser into the
evaporator so that the pressure rises. By using a control
volume around the pump and assuming no heat transfer
around, the equilibrium rate of mass and energy is,

g—w=h—-h+Vi-V2 +g(z,—z,) (1)
2
or

q—wp =hy—h; 2)

Where wy, is the incoming power per unit mass through
the pump.

2. Evaporator

The working fluid leaves the pump on condition 2
called water filling, heated to saturate and evaporated in
the evaporator. By wusing the control volume
surrounding the tube evaporator and drum drain the
water-filling and the condition 2 to condition 3, the
equilibrium rate of mass and energy produce,

Gin=hs—h; 3)

Where ¢jn is the rate of heat transfer from the

energy source to the working fluid per unit mass
through the evaporator.

3. Expander

Steam from the evaporator at condition 3, which
is at a temperature and pressure that have been raised,
expanded through the expander to produce work and
then discharged to the condenser on the condition 4
with a relatively low pressure. By ignoring the heat
transfer with the surroundings, the rate of energy and
mass balance for control volumes around expander
under mild conditions into,

We = h3- hy )

where m is declared mass flow rate of the working
fluid, and w is the rate of work produced per unit mass
of vapor through the expander.

4. Condenser

In the case of heat transfer from the condenser to
the steam cooling water flowing in separate streams.
Condensed steam and cooling water temperature
increases. At steady state, the rate of mass and energy
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balance for the volume set that covers parts of
condensation and heat exchanger is

Gout = h4 - h] 5)

where goyt is the rate of energy transfer from the
working fluid to the cooling water per unit mass of the
working fluid through the condenser. Thermal
efficiency measures how much energy into working
fluid into the evaporator were converted to net work
output.

W, =W, _ (hy—hy)—(hy—h) (6
9 (hy—h,)

Ny =

II1. SIMULATION OF CALCULATION

After the specification of the main components
selected and the data collected then simulation
calculations with parameters include temperature,
expander power and thermal efficiency as given in the
graphic below.

Temperature - Power Expander

Power {kW)
=

IV. CONCLUSION

On the results is that the simulation of calculation
for the two parameters at the power expander and
thermal efficiency with temperature refrigerant of
liquid conditions in the condenser shows graphical
trends occur fairly significant increase.
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ABSTRACT

Constructors of gasoline engines are faced with
higher and higher requirements as regards to
ecological issues and an increase in engine
efficiency at a simultaneous decrease in fuel
consumption. Satisfaction of these requirements is
possible by the recognition of the phenomena
occurring inside the engine cylinder, the choice of
suitable optimal parameters of the fuel injection
process, and the determination of the geometrical
shapes of the combustion chamber and the piston
head. The aim of the study was to simulate flow in
Direct-Injection  Fuel engine with different
geometrical shapes of piston head. The method of
design piston head shapes was referring to existing
motorcycle Demak single cylinder 200cc piston size
using Solidwork and ANSYS softwarse. The
parameter was shallow and deep bowl design on
piston head. In term of fuel distribution throughout
the combustion chamber, second model that having
deeper bowl shows a better fuel distribution than
first model as it manages to direct flow the fuel
injected towards the location of spark plug.
Therefore, second model is chosen as the best
model among the two models as it can create a
richer mixture around the spark plug.

Keywords:

Direct-Injection, CFD simulation, Piston Head
Geometry, Stratification =~ Combustion,  Spark-
Ignition.

1. INTRODUCTION

The GDI engines are proven to be more
advantageous as compared to any other
conventional SI engines. The two combustion
modes that are homogeneous combustion mode and
stratified combustion mode introduced in the GDI
engines help to improve the accuracy of Air-Fuel,
AF ratio during dynamics and decrease the fuel
consumption and CO, emission [1-3]. With the

injector installed inside the combustion chamber
and its non-throttle operation the engine can
achieved higher power output.

Aside from the in-cylinder direct injection, GDI
engine has another special feature that is the unique
piston top surface shape of the GDI engine. The
piston top surface shape plays an important role of
determining the behavior of the air-fuel mixture
inside the combustion chamber. Commonly, the
piston surface of GDI engine is equipped with a
piston bowl and the bowl design is mostly
determined by its bowl radius, bowl depth, bowl
width, bowl location relative to the spark plug [4-
5].

The piston top surface is designed in such way
that it will be compatible for both homogeneous
combustion mode and also the stratified
combustion mode. For the homogeneous
combustion mode, the piston top surface plays the
role to create a homogeneous mixture of the fuel
and air before the combustion. Whereas, for
stratification combustion mode, the piston top
surface has the responsibility to form a stratified-
charge rich fuel cloud around the spark plug [6-7].

2. METHODOLOGY
2.1 Building Models

For this study, a total of two models were built with
each of the models is having different types of
parameters. The parameters to be varied in this
project are mainly focused on the bowl’s radius and
the bowl’s position on the piston top (Table 1). The
models were built based on common GDI engine’s
piston design by using Solidworks software. In
term of the piston design measurement, it is
adjusted so that the piston will be compatible with
the Demak engine with respect of the piston’s bore
and stroke.
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Table 1: Piston design model

Model Model 1 Model 2

SV

Design =

Measurement

2.2 Creating flow volume

After combining the piston with the cylinder head,
a cavity exist inside the combustion chamber. For
the simulation purpose, the cavity inside the
combustion chamber has to be replaced with a flow
volume first (Figure 1). The flow volume serves as
the flow path of the mixture inside the combustion
chamber. The flow volume can be created by using
the Combine feature in Solidworks software.

Exhant part { Intakp wahwe

=

Pisten's top surfece

Figure 1: Flow volume and the required parts for
the flow volume

2.3 Setting up IC Engine Properties

The engine properties are defined in the ICE
properties after IC engine analysis has been
selected from the analysis systems toolbox. In the
ICE properties, input data such as the simulation
type should be included. There are three types of
simulation provided for the ICE engine simulation
which are cold flow simulation, port flow
simulation and combustion simulation. Out of the
three simulation types, the combustion simulation
is chosen for the simulation type of this project
since spray injection has to be included in the
study. Basic engine properties such as the engine’s

connecting rod length, crank radius, engine speed,
minimum valves lift and the valves lift profile
should also be defined (Table 2).

Table 2: Basic engine properties

No. | Property Value
1. Simulation type Combustion
simulation

2. Combustion simulation | Full cycle
type engine

3. Connecting rod length | 90 mm

4. Crank radius 30 mm

5. Engine speed 2000 RPM

6. Minimum valves lift 0.2 mm

2.4 Decomposing geometry

The flow volume generated is imported to the
Ansys Fluent software. The first step before the
simulation process is carried out is to decompose
the model geometry. When a model is decomposed,
the model imported will be divided into smaller
volumes where these volumes are compulsory as
the mesh requirement in the meshing process. For
that, the geometry of the model has to be designed
in such way that each small volume can be
generated during the geometry decomposition.

Before decomposing the model, some parts of
the model need to be defined first such as the inlet,
outlet, intake valve, exhaust valve, intake seat and
exhaust seat. Since the scope of the study is
focused on the fuel injection during the
compression stroke, the model is decomposed at
644° CA just before the fuel is injected in the
combustion chamber during the compression
stroke.

2.5 Meshing

Once the model has been decomposed, meshing
process is done. Mesh will be generated
individually based on the small volumes of the
model geometry created when the model is
decomposed. For the analysis, dynamic mesh is
conducted.

2.6 ICE Solver setting

ICE solver setting is divided into several parts
where in each part, some settings are required for
the model. Basically, the ICE solver setting is
configured to set the relevant input data required
for the simulation. Some example of the input data
(Figure 2) are the engine type, fuel type, fuel
injection, boundary conditions of the analysis and
the type of result required at the end of the
simulation (Table 3 & 4).
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([ iection Properties R L ]
Name Injection-0
Diameter Distribution [uifom ]
X-Position(m) o
¥-Position(m) 0013495636484 [
Z-Position{m) -0.025662 I
X-Axis 0
| Y-Axis -0.023
| 0.004
Diameter (m) 0.000302
Evaporating Species |m
Temperature(® w7
Start CAldeg) 545
End CA{deg) 665
Velocity Magnitude(n/s) 100 [constant =]
Cone Angle(deg) a Constant =
Cone Radius(m}) 0.0001507558
Total Flow Rate(ka/s) 1.3333e-05 Constant h A
|
H
| |
!

) I;igure 2: Data input for injection setting [8]

Table 3: Temperature of the combustion chamber wall

[8]

Part Zone Boundary
condition
Head cyl-head, invalvel—ch, 485 K
and exvalvel—ch

Piston piston 485 K
Liner cyl-tri 500 K
Exhaust exvalvel—ib, exvalvel— 777 K
valve ob, and exvalvel—-stem
Exhaust exvalvel—port and 485K
port exvalvel—-seat
Intake invalvel—-ib, invalvel— 400 K
valve ob, and invalvel—-stem
Intake invalvel—port and 313K
port invalvel-seat,

Table 4: Temperature and pressure of the mixture inside
combustion chamber [8]

Part Zone Pressu | Tempera
re ture

Exha | fluid-exvalve-1-port, 0.5 1070 K
ust fluid-exvalve-1— MPa
port vlayer, fluid-exvalve-

1-ib
Inlet fluid-invalve-1-port, 0 Pa 313K
port fluid-invalve-1—vlayer,

fluid-invalve-1-ib
Cha fluid-ch 1 MPa 1070 K
mber

2.7 Running the simulation

Ansys Fluent will set the relevant number of time-
steps and iterations to be calculated for the
simulation process to complete. For every one
iteration, 30 time-steps are calculated. As an
optional choice, to decrease the amount of time
consumed in the simulation, the continuity of the
calculation is increased to 0.1 and the number of
time-step is increased to 1. The total iteration
required for the simulation to complete is 3280

iterations where each of the iteration takes a
maximum of 50 time-steps. Once every setting is
done, the last step is to calculate the simulation.
The simulation process can take days to complete
depends on the number of iterations provided.

3.0 RESULT AND DISCUSSION

3.1 Swirl ratio

As depicted in Figure 3, Model 1 shows the highest
swirl intensity compare to Model 2. This is because
Model 2 has higher surface area compare to Model
1 due to its larger piston bowl radius and also the
depth of the piston bowl which is deeper than
Model 2. This high surface area is creating a high
friction to the mixture flow when it comes in
contact with the cylinder wall especially at the
piston bowl region which in turn resisting the swirl
motion inside the combustion chamber of Model 2.

Swirl ratio vs CA

Swirl ratio

640 650 660 670 680 690 700 710 720 730
CA
@ Model 1 @ Model 2

Figure 3: Swirl ratio generated in the combustion
chamber of model 1 and model 2

3.2 Tumble ratio

The tumble ratio generated in combustion chamber
of all the models tested starts with a negative value
and continuously decreasing. However, the
negative value does not indicate that the tumble
intensity is decreasing but it indicates the direction
of the tumble motion of the mixture which is being
directed to the exhaust side of the combustion
chamber. The figure shows that the intensity of the
tumble motion is increasing in a certain direction
along the increasing of CA.

The tumble intensity of Model 1 is higher than
Model 2 (Figure 4). The major factor that
contributes to the turbulent intensity is the piston
bowl design where with the right design the piston
bowl can help to promote the tumble motion. The
right piston bowl design also can help to determine
the direction of the mixture throughout the
combustion chamber.
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Tumble ratio vs CA

640 650 660 670 680 690 700 710 720 730

-0.04
-0.06

-0.08

Tumble ratio

-0.1
-0.12

-0.14
CA

® Model 1 @ Model 2

Figure 4: Tumble ratio generated inside the combustion
chamber of the Model 1 and Model 2

3.3 Total Kinetic Energy (TKE)

The TKE of Model 2 is the highest among the two
models (Figure 5). Due to deeper bowl depth and
curvier piston bowl, the piston bowl of Model 2
tends to create vortices with much higher speed
than speed of vortices created by piston bowl of
Model 1 during the compression stroke. These high
speed vortices, in time are colliding against each
other to create high turbulent intensity inside the
combustion chamber.
TKE vs CA

TKE
Ok N WA U e N

640 650 660 670 680 690 700 710 720 730
CA

®Model 2 ®Model 3
Figure 5: Graph of mass-average of turbulent kinetic energy
(TKE) of the two models vs the crank angle

3.4 Pressure

The pressure generated inside the combustion
chamber of Model 1 is slightly higher than the
pressure in Model 2 (Figure 6). This slight
difference is mainly due to the different of
compression ratio for both model which is caused
by different parameters of the piston models that
have different bowl radius and bowl position.
Model 1 has a compression ratio of 9 whereby the
compression ratio for model 2 is 8.5. The bowl
radius is affecting the clearance volume, ¥ of both
models and thus the compression ratio.

Pressure vs CA

4000000
3500000
3000000
2500000
2000000
1500000
1000000
500000

0

640 650 660 670 680 690 700 710 720 730
CA

Pressure (Pa)

@ Model 1 @ Model 2

Figure 6: Generated pressure in combustion chamber of
Model 1 and Model 2

35 Fuel particle traces

Model 1 fails to create rich mixture around the
spark plug which is the most important requirement
for stratified combustion (Figure 7). Furthermore,
this piston design will end up to increase the fuel
consumption and produces much lower power
output due to unevenly fuel distribution.

For Model 2, when fuel is injected, it travels
along the curve part of the piston bowl and in the
end it is directed to the center of the combustion
chamber where the spark plug is located (Figure 8).
This behavior is preferable for stratified
combustion since the fuel injected will form a rich
mixture around the spark plug. However, there is
also a portion of the fuel is being directed back to
the intake side. Because of this, the consumption of
fuel during combustion cannot be optimized.

oy T o rosR s el A anivars
| Sk b L 50 e s e

Figure 7: Fuel particle traces of Model 1
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Figure 8: Fuel particle traces of Model 2

4. CONCLUSION

Based on the results obtained from the simulation,
both models have their own advantages and
disadvantages. For Model 1, the result indicates
that it has higher swirl and tumble intensity
compare to Model 2 whereas Model 2 has higher
TKE value than Model 1. However, the result of
swirl ratio, tumble ratio and TKE does not really
show a significant difference between the two
models. For the fuel distribution throughout the
combustion chamber, Model 2 is better than Model
1 since the piston bowl of Model 2 directs the fuel
axially towards the center of the combustion
chamber where the spark plug is located. This
behavior of model 2 design that have deeper bowl
is much preferable for stratified combustion mode.
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ABSTRACT
In order to meet consumer and legislation
requirements, big investments on key technology

strategies have been made to ensure fuel consumption
is reduced. Recent technologies for gasoline engines
are lean combustion technologies (including direct
injection and homogenous charged compression
ignition), optimizing intake and exhaust valve timing
with valve lift and also cylinder deactivation system
(CDA) have been practised to improve the engine
efficiency. In this study, the purpose is to investigate
the engine behaviour when running at different
cylinder  deactivation (CDA)  strategies. — One-
dimensional engine model software called GT-Power is
used to predict the engine performances. There are
total of five strategies that have been studied which
include normal mode, spark plug off mode, cylinder
deactivation mode, intake normal with exhaust off
mode, and intake off with exhaust normal mode.
Engine performance outputs of each strategy are
predicted and compared at BMEP of 3 bars with
engine speed of 2500 rpm. Also, the effect of CDA
strategies on in-cylinder pressure and pumping loss
are performed. The study shows that all of these
cylinder deactivation strategies are significantly
reduce the pumping loss (PMEP) and fuel
consumption, furthermore increasing the thermal
efficiency of the engine. The results suggest that the
most beneficial strategy for activating CDA is for the
case whereby both the intake and exhaust valves are
kept closed. This strategy successfully reduced the
BSFC. It found that most of these cylinder deactivation
strategies improve the engine performance during part
load engine condition.

Keywords:
Cylinder Deactivation, GT-Power,
Consumption, Pumping Loss

Intake, Fuel

1. INTRODUCTION

Deactivating cylinders is one of the proven method to
reduce fuel consumption in a multi cylinder engine.
The fuel improvement that benefit from deactivating

cylinders ranging from 10% to 20% depending on the
technological approaches [1-3].

Deactivation means that the cylinder is not
producing combustion. There are several ways to
deactivate the cylinder. The simplest method is just
switching off the ignition. Since the fuel consumption
is the main concern, the fuel injector must also be shut
off. Other method includes shutting down the intake
and exhaust valve from operating. In 1882, Mitsubishi
Company tried several techniques of cylinder
deactivation on its 1.4L, 4 cylinders Orion MD engine.
The techniques are deactivate both intake and exhaust
valves, or shut off the fuel supply while supplying
fresh air without throttling, or shut off the fuel supply
while re-circulating the exhaust gas, or just simply shut
off the fuel supply. By doing so, it manage to reduce
the fuel consumption up to 42% at certain engine
condition [4].

This paper will look into several options of
deactivating the cylinders. The methods of deactivating
the cylinders will be implemented in a simulation
engine model by using GT Power software. Different
options of cylinder deactivation should affect the
engine performance in different ways. Cylinder
deactivation mainly focuses on reducing the pumping
loss. Pumping loss is high at part load engine operation
due to partially opened throttle valve [5]. This create
negative pressure inside the intake manifold. The
pumping loss should also be reduced by increasing the
intake manifold pressure or by un-throttled operation

[6].

Shutting down some cylinders operation will let the
working cylinders to do extra work as to produce the
same amount of work as if all the cylinders are
running. In order to produce more work, the working
cylinders need more air. The throttle opening should be
opened wider to allow air access to the cylinders.
When the throttle opening is open wider, it will
increase the pressure in the intake manifold. This will
reduce the pumping loss by the engine as the pressure
is pushed into the active combustion chambers [7]

If the intake and the exhaust valves are kept shut,
there should be air trapped inside the cylinder. The
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enclosed air works like a pneumatic spring which is
periodically compressed and decompressed without
overall pumping work. Therefore, the parasitic losses
of the dragged cylinders are reduced [8].

2. METHODOLOGY
2.1 Model Validation

In this study, the strategies to deactivate the cylinders
are investigated using 1-D simulation approach. A
simulation engine model has been built based on 1.6L
Spark Ignition Campro engine. The simulation model
is based on one dimensional analysis by using GT
Power software. The engine model has been
constructed based on actual design, dimensions and
parameters. This model has been validated with
experimental data as shown in figure 1 [9]. The errors
between this simulation model and the actual engine
testing are less than 5% which is acceptable to be used
as a correlated model. This simulation engine model
will be used to run the engine at several different
modes.

12 Volumetric Efficiency
'§' 1.1
B 1.0 i
= 0.9 S Q
Q g P X
é 08
w 07
3 = Measured
> 06 == E*" "= Simulated
0.
%0020003000400050006000 7000
Engine Speed [RPM]
150 Brake Torque
-ﬁ
E 140 PN
Z. - »
2 130
= 120
2
5 110 —— Measured
= = @ = Simuylated

10(400020003000400050006000?000
Engine Speed [RPM]

Figure 1: Comparison between Simulated and
Measured data [9].
2.2 Parametric Study

For this simulation study, there will be four conditions
of cylinder deactivation system to be analyzed. The
conditions are based on the active and inactive of these
four components which are the intake valve, exhaust

valve, spark plug and fuel injector. The simulation will
be run in several modes which are in Normal mode and
deactivated cylinders modes. There are four conditions
of deactivating the cylinders:

a) Spark plug off

b) Cylinder deactivation mode (CDA Mode);
c) Intake valves close; exhaust valves normal;
d) Intake valves normal; exhaust valves close;

Normal mode refers to the normal operating
conditions without any modifications to the original 4-
cylinder engine model. "Spark plug off" condition is
when only the spark plugs from the deactivated
cylinders are switched off as the engine valves are
operating in normal condition. "Cylinder deactivation”
(CDA) mode is when both intake and exhaust valves
are switched off. As for the intake valves close;
exhaust valves normal, the intake valves are switched
off by setting the lift arrays to zero while the exhaust
valves runs normally and vice versa. Table 1
summarizes the engine operating modes to be
simulated. Note that all of these modes only affects
cylinder 2 and 3. Cylinder 1 and 4 are allowed to
operate normally without any modification. The
performance output of the engine in normal and CDA
mode are evaluated based on engine speed range
between 1000 to 4000 rpm and at specific engine load
which is 3 bar BMEP. This operating conditions are
selected based on the common driving conditions in
Malaysia [10,11].

Table 1: Summary of engine modes to be simulated.

Modes | BMEP | Intake | Exhaust | Spark Fuel
(bar) Valve Valve Plug | Injection

Normal 3 On On On On
mode

Spark 3 On On Off Off

plug
off

CDA 3 Off Off Off Off
Mode

Intake
valves
close; 3 Off On Off Off
exhaust
valves
normal

Intake
valves
normal; 3 On Off Off Off
exhaust
valves
close

3. RESULT AND DISCUSSION
3.1 At Full Load Condition

Comparison of engine brake power for each mode at
full load condition is depicted in Figure 2. It shows that
by deactivating two cylinders, the power significantly
drops to half compared to the power that the normal
mode can achieve. The best power curve among the
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deactivated modes comes from CDA mode where it
produces a slightly higher power compared to other
deactivated modes. The highest brake power CDA
mode can produce is 32.3kW running at 6500rpm. The
least production of power is when intake normal;
exhaust off mode. This mode provides a steady curve
between 4kW to 20kW of power between 1000rpm to
4000rpm.
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Figure 2: Brake Power versus Engine Speed for all engine
modes at full load condition.
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Figure 3: Brake Torque versus Engine Speed for all engine
modes at full load condition.

Figure 3 shows the brake torque produced at
different engine speeds for all engine modes. Based on
the graph, it is obvious that normal mode produced the
highest torque among all the modes. The maximum
torque generated by normal mode in this simulation is
145.8Nm at 4500rpm. The deactivated mode that
produces the highest torque is CDA mode. CDA mode
manages to produce a 67.3kW of torque running at
3000rpm. The deactivated modes produce almost half
amount of torque of the normal mode. However, these
modes are usable and recommended when low torque
driving conditions are necessary. Such conditions are
during highway cruising just to maintain vehicle speed
whereby hard acceleration is not needed.

3.2 At Part Load Condition

This study is to investigate the strategy of deactivating
the cylinder especially at part load condition. Thus,

engine simulation model is applied to predict the

engine performance at several fixed variables. Such

variables are:

a) The target engine BMEP for each mode is 3 bar at
every engine speed (part load condition).

b) The deactivated parameters include the spark
ignition, fuel injectors, and intake and exhaust
valves.

IMEP cyl 1
12 ¥, Engine Speed fend of cycle), Part Cylinder-07

a2 e = Normal mode
2 - S —Spark Plug Off mode
s 7 CDA mode

B Inake Normal; Exhaust
o

Intake Off; Exhaust
HNormal

3
1000 1500 2000 2500 3000 2500 4000
Engine Speed [RPM]

Figure 4: Comparison of Net IMEP per active cylinder
versus Engine Speed for different deactivation strategy.

Figure 4 shows the Net IMEP at cylinder #1 for
different deactivation mode. The best engine condition
to produce high IMEP is when intake normal; exhaust
off mode is initiated. At 2500rpm, intake normal;
exhaust off mode manages to produce an IMEP value
of 10bar which is 150% increase compared to normal
mode that only produced 4 bar per active cylinder.
Intake off; exhaust normal mode manages to produce
8.7 bar IMEP followed by spark plug off mode and
CDA mode with 8.5bar and 8.1 bar IMEP respectively
at 2500 rpm. Each mode contributes more than 100%
increase in IMEP when two cylinders are deactivated.

Increase in net IMEP can be related to the reduction
in PMEP. The following formula shows the
relationship between PMEP and IMEP:

Net IMEP = gross IMEP — PMEP

By applying cylinder deactivation modes, the
amount of PMEP is highly reduced since the intake
pressure is increased (Figure 5). Therefore, this
produces more positive work to the engine with low
pumping work.
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Figure 5: PMEP versus Engine Speed

The main purpose of cylinder deactivation is to
reduce pumping work in the engine. Therefore, it is
important to evaluate the PMEP of the engine to
determine its efficiency in producing positive work.

The engine model that produces the lowest
pumping loss is the CDA mode where the intake and
exhaust valves are both closed (Figure 5). By closing
the intake and exhaust valves, the trapped air act like
pneumatic spring as the piston move up to compressed
it. This will reduce the pumping work done by the
engine.

However, the intake normal; exhaust off mode
shows higher pressure value of PMEP. This indicates
that this mode has high pumping loss. It happens due to
the working intake valves in this mode while the
exhaust valve is closed. Air is sucked into the cylinder
during intake stroke, adding fresh air to the existing
trapped air inside the cylinder that could not escape
due to closed exhaust valve. This caused the pressure
in the cylinder to build up and need extra work to
compress the air.

LogP-LogW Diagram {2500rmm)
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Figure 6: LogP-LogV diagram of all the engine modes
(2500rpm; BMEP: 3 bar)

LogP-LogV diagram is plotted for different modes
of engine and it is shown in Figure 6. It is clear that all
deactivated modes reduce the pumping loss by
increasing the pressure in the active cylinders. All the

deactivated modes show significant increase in
pressure during compression and power stroke. In
terms of positive work, the spark plug off mode
produced a larger surface area in the graph during
compression and power stroke. Therefore, it produced
more work compared to the other engine modes.
Overall, most of the deactivated modes shows
significant reduction of pumping loss and increase of
cylinder pressure for combustion.
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Figure 7: BSFC versus Engine Speed

BFSC is an important parameter in order to identify
the fuel efficiency and fuel consumption of the engine.
Based on the graph shown in Figure 7, the lowest
BSFC recorded is 365 g/kW-h at engine speed of 1500
rpm. This happen when the engine operates with only
the spark plug at cylinder #2 and #3 are switched off.
However, the BSFC increased when higher engine
speed are applied.

23 Brake Efficisncy

2| R S =
2

0

Efficiency [%]
@ o

7 |- Normal ade

Spark Plug OFf

48 | CDA Mode

— Intake Normal; Exhaust

off
15 | Intake Off, Exhaust
Mormal

14
1000 1500 2000 2500 3000 3500 4000
Engine Spead [RPM]

Figure 8: Comparison of engine’s brake efficiency for every
engine modes

The CDA Mode shows a small fluctuating value of
BFSC between 371g/kW-h and 384g/kW-h. The worst
performance in BSFC is when the spark plug, fuel
injection, and exhaust valves of cylinder #2 and #3 are
switched off while the intake valves operates in normal
condition which produced 558 g/kW-h at 3500rpm.
This can be related with the very high pumping
pressure in the cylinder due to the opening of the intake
valve which leads to very high fuel consumption to
power the engine.
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The graph in Figure 8, above shows the brake
efficiency of the engine in different engine modes.
Normal mode starts to increase in brake efficiency
from 17% to 21.3% between 1000rpm and 1500rpm.
CDA Mode produces steady brake efficiency between
1000rpm to 4000rpm with an average value of 21.8%.
CDA mode is clearly the best in brake efficiency
among all the modes.

3.3 Summary of the Results

Table 2 shows the results summary between normal
mode and the cylinder deactivation modes. These
results are based on part load condition when the
engine operates at 2500rpm, BMEP of 3 bar, and AFR
of 13.8.

Table 2: Comparison between normal mode and the other cylinder deactivated modes.

Modes
Normal Mode Spark Plug Off CDA Mode Intake Normal; Intake Off; Exhaust
Exhaust Off Normal
Parameter
Net IMEP @ cyl 1 4.0 85 8.1 10.0 8.7
Net PMEP @ engine -0.6 bar -0.3 bar -0.2 bar -1.2 bar -0.5 bar
BSFC @ engine 393 g/kW-h 384 g/kW-h 373 g/kW-h 474 g/kW-h 394 g/kW-h
Brake Efficiency @ engine 21% 21.4% 22.1% 17.4% 21%
Volumetric efficiency @ cyl 1 035 0.67 0.65 0.78 0.69
Maximum ccyyl"lpre““'e @ 25.4 bar 59.5 bar 30 bar 38.7 bar 33 bar
Total Fuel Consumption per
active cyl @ cyl. 1 13.1mg/cycle 25.5 mg/cycle 24.7 mg/cycle 29.6 mg/cycle 26.1 mg/cycle

Table 3: Percentage differences between normal mode and the cylinder deactivation modes

Spar Intake Intake
Modes " CDA Normal Off;
Normal H Exhaus
Plug Mod
Mode Exhaus t

Off( (%)

Parameter %) t Normal
° Off(%) | (%)
Net IMEP @ | 4o3bar | 1114 | 1015 | 1488 | 1164
cyl. 1
Net PMEP @ | 6par | 500 | -667 | 1000 | -167
engine
BSFC @ engi 393 23 | 1| 206 03
(@ engine gkW-h -2. - K

Brake
Efficiency @ 21% 1.9 52 -17.1 0.0
engine
Volumetric
efficiency @ cyl. 0.35 91.4 85.7 122.9 97.1
1
Maximum Cyl
Pressure @ cyl. | 25.4 bar 1343 18.1 524 299
1
Total Fuel
Consumption 13dme/ |97 | 885 | 1260 992
per active cyl @ cycle
cyl. 1
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4. CONCLUSION

Computer simulation techniques are applied to
obtain better understanding in term of cylinder
deactivation technology on engine performance.
The engine model has successfully predicted
engine performance for various of deactivation
strategy (mode). The simulation study shows that
cylinder deactivation system in various modes
does improves the engine in terms of efficiency
and fuel consumption. As for reducing pumping
loss or PMEP, the mode that is most effective and
suitable is CDA mode where both the intake and
exhaust valves are closed. CDA mode also has the
lowest BSFC and overall fuel consumption
amongst the other engine modes.
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ABSTRACT

Typically, a cascade vapor compression refrigeration
cycle is applied for low freezer temperature, because
single compressor is not effective for this purpose due to
low performance and overheating on the compressor. A
prototype of freezer using cascade method with R22 for
the high pressure stage and R404A for the low pressure
state as working fluids has been designed and
constructed. The prototype uses two compressor,
namely 0.3 HP (225.0 W) and 0.25 HP (187.5 W) for
the high and low stages respectively. The evaporator
made from copper tube of 3/8 inch (9.5 mm). Designed
temperatures of the condenser, intercooler and
evaporator are 40°C, -8°C and -62°C respectively. In
order to obtain the predesigned temperature, the
appropriate length of evaporator and intercooler were
determined based on the heat transfer analysis. The
results from this analysis, the length of evaporator was
16.201 m. The experimental results showed that the
evaporating temperature was higher than that of
theoretical model, which is -59.0°C. The coefficient of
performance (COP) of a cascade prototype was 1.67.
This COP is higher compared with COPs of single
stage, namely 1.25 and 0.87 for the same operating
conditions, i.e. 40°C and -62°C for the condensing and
evaporating temperatures, respectively.

Keywords: Cascade, low temperature, intercooler,
evaporator.

1. INTRODUCTION

Compared with other refrigeration systems, vapor
compression refrigeration cycle (VCRC) has the highest

coefficient of performance (COP). However, at very
low temperature, below -40°C, the COP of VCRC drop
significantly. The drawback of the single stage VCRC at
very low temperature applications decreases the COP
and increases compressor discharge temperature. The
increase in compressor discharge temperature increases
the compression ratio of the compressor. For instance,
the discharge temperature of single compressor system
using R22 as working fluid at evaporating and
condensing temperature of -50°C and 40°C respectively
is approximately 100°C. High discharge temperature
tends to increase the rate of lubricating oil breakdown
and material fatigue of the compressor.

The compression ratio is ratio between discharge and
suction pressures. Due to safety reason, the compression
ratio of reciprocating compressors are designed to
operate not exceed 12. When a freezer using R22 as
working fluid operates at condensing temperature of
40°C, this temperature corresponds to a saturation
pressure of 1534 kPa. If the evaporating temperature of
-20°C and -40°C, the evaporating pressures correspond
to saturation pressures of 245 kPa and 105 kPa,
respectively. Furthermore, the compression ratios at the
evaporating temperature of -20°C and -40°C are 6.3 and
14.6, respectively [1]. It means that the freezers that
operate at -20°C is still safe using single stage
compressor, while it do not recommended using single
compressor when the evaporating temperature below -
40°C, because the compression ratio above 12.

Overheating on the compressor discharge and the high
compression ratio result in the evaporating temperature
of single stage of VCRC limited, i.e. must be above -
40°C. To overcome these limitations, a cascade method



can be applied. In a cascade method, two compressors
are utilized and a intercooler applied as a heat
exchanger between the condenser of low stage and
evaporator of high stage. Besides reducing the
overheating and the high compression ratio, the cascade
method also increases the COP if compared with single
stage which has the same condensing and evaporating
temperatures [1-5]. Threlkeld [1] reported that the
cascade method increased the COP up to 22% than that
of single stage using ammonia as working fluid. Also,
numerical simulation carried out by Kim et al. [5-7]
reported that the cascade method reduced the input
power of the compressor compared to single stage for
the same the condensing and evaporating temperatures.

The main scope of this study is to design, construct and
investigate experimentally a cascade refrigeration
system using two  reciprocating  compressors.
Refrigerant R22 and R404A are used as working fluid
in high and low stages respectively. The prototype uses
two compressors with capacity 0.3 HP (225.0 W) and
0.25 HP (187.5 W) for the high and low stages
respectively.

2. SYSTEM CONFIGURATION

A cascade refrigeration system consists of two
compressor, two evaporator, two condensers and two
expansion devices, as shown in Figure 1. The figure
shows that the high stage of the cascade method uses
R22 as working fluid, whereas the low stage uses
R404A as refrigerant.

The condenser of the low stage and the evaporator of
the high stage are put inside the intercooler. As a result,
the released heat from the condenser will be absorbed
by the evaporator. In this investigation, the length of the
evaporator of the low stage will be calculated.

The cascade cycle in P-h (pressure vs. enthalpy)
diagram is shown in Figure 2. According to Figure 2,
the COP of the cascade system is,

COP = ml(hl_h4)
“ " in,(hy —hy) + 1ty (hg — hy)

(M

The cascade COP as shown in Eq. (1) is higher than that
of single stage COP for the same the condensing and
evaporating temperatures. The single stage COP is
determined with Eq. (2).
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Figure 1: Schematic diagram of a cascade refrigeration
system
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Figure 2: P-h diagram of a cascade refrigeration system
3. EVAPORATOR DESIGN

To achieve desired temperature in the low stage
evaporator, the length of the evaporator must be
designed accurately. Before designing the length of the
evaporator, the design conditions must be determined.
Table 1 shows the design condition.

Table 1: Design conditions.

No Parameter (°C)
1. | Evaporating temperature -62
2. | Condensing temp. of high stage 40
3. | Condensing temp. of low stage -8
4. | Evaporator temp. Different (ETD) 3
5. | Cabin temperature -57
6. | Ambient temperature 30
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There are two ways heat transfer occurs on the
evaporator, namely free and forced convections. Free
convection occurs between the air in the cabin with the
tube surface of the evaporator, whereas the forced
convection occurs inside the evaporator tube.

The evaporator is made from copper tube with inner and
outer diameters of 0.00870 m and 0.009535 m
respectively. The equation to determine the length of the
evaporator is,

[ AT(27) )
L 1 In(r/r) 1
+ +
hara k hbrl

Due to free convection heat transfer, the convection heat
transfer coefficient for “4,” is calculated using Eq. (4).

h“k' d, =C(GrPr)" 4)

s

Nu =

where, Gr = Grashof number and Pr = Prandtl number.

gBT,~T,)d,’ Pr

5
2 (%)

Gr.Pr=

The air properties are evaluated at film temperature (7)),
where T;= (T,,+T,)/2 and T,, = T, + ETD. As a result, Ty
= ((-62+3)+30)/2 = 14.5°C = 258.5 K, and g = 1/T;
hence f = 1/258.5 = 0.00386/K. The air properties at
film temperature of 258.5 K are:

p = 1373 kg/m3

¢, = 1.0054 kl/kg

Pr = 0.719

k, = 0.02294 W/m.K

n = 1.64x10°kg/m.s

v = 12.05x10°m%s
Hence,

Gr.Pr =14406.323

Based on the table [5], for Gr.Pr = 14406.323, the
values of m and C are 0.25 and 0.480 respectively. As a
result, Eq. (4) becomes

Nu = h,-d, =5.26
k

Then,

_ Nuk  (5.26).(0.002294)
<4 (0.009525)

o

h

h, =12.67W /m* K

Furthermore, the value of “A,” is evaluated using Eq.
(6), due to boiling heat transfer inside the evaporator
tube.

o (0 —p)eh. +04cpAT) ]
hb=0.6{ PP =P8y, PAL) (6)

d; AT,

The R404A properties at film temperature (for this case
the film temperature is 60.5°C) are:

k, = 8.05x10° WmK
o 2.29 kg/m’

p; = 1359.4 kg/m’

h, = 212.10 ki/kg

cp, = 0.573 kl/kg.K

L, = 8.47x 10°kI/m.s
d; = 0.0087 m

Hence, the heat transfer coefficient of %, is
h, =3878 W/m* .K

When “h,” and “h,” insert to Eq. (3), the result is
% =34720 W /m

By assuming that the COP of low stage is 3, as a result,
the cooling capacity of the evaporator is 3x187.5 =
562.5 W. Hence, the length of the evaporator tube is

562.5

= =16.201m
34.720

Based on the numerical results above, the evaporator for
low stage is installed in the cascade system.

4. RESULT AND DISCUSSION

The experiment on the cascade system was carried out
to validate the numerical results. There two parameters
were measured on the system, namely temperature and
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pressure. The accuracies of temperature and pressure are
shown in Table 2.

Table 2: The accuracies of measuring instrument.

Instruments Measure- Accuracy
ment
T-type thermocouple | Temperature +0.1°C
Pressure gauge Low pressure +0.1 bar
Pressure gauge High pressure | 0.5 bar

Based on obtained temperatures and pressures
measuring, the results are plotted in P-h diagram as
shown in Figure 2, and the results are:

h, = 198.1 kl/kg

h, = 4282 kJ/ke
h; = 356.3 kl/kg
h, =181.6kJ/ke
hs = 406.2 kl/kg

hs = 445.0kJ/kg

Hence the refrigerant mass flow rate in the low stage is

0.1875
L = —0.00416kg/
Mrioid = 4282~ 383.1) &rs

L 0205
£ (445.0 - 406.2)

= 0.00580kg /s

Furthermore, the COP of cascade system is determined
using Eq. (1),

cor, =1.87

This COP of cascade system is higher compared to the
single stage using R22 or R404A. The COPs for ideal
single stage using R22 and R404A with condensing and
evaporating temperature of 40°C and -62°C, respectively
are 1.25 and 0.87, respectively.

The experimental results showed that the COP of
designed cascade system was higher than that of single
stage at very low temperature. Besides the COP, the
evaporator temperature also indicates the performance
of the designed system. Figure 3 shows the evaporator
temperature during the experiment.

30

<

20

10
Time (minute)

2100|110 20 30 40 50 60 70 80 90 100 110 120 1
220
230
40 A
50 -
-60
-70

o

Temperature (°C)

Fig
ure 3: Evaporator temperature of the cascade system

Figure 3 shows that the minimum temperature occurs at
30 minute, that is -56.1°C. Furthermore, the steady state
condition occurs after 40 minute with temperature of -
53.2°C. Compared to the designed evaporating
temperature, i.e., -62°C, the experimental results of the
evaporating temperature at the steady state condition is
8.8°C hotter than that of designed temperature. The
difference between designed and experiment might be
because the designed evaporator is longer than the its
ideal length, as a result, causes too high superheating on
the suction. This condition increases the evaporator
temperature in the cabin. Ideal superheating for low
temperature is approximately 2-5°C.

To investigate the superheating, in this experiment, the
measuring was also conducted on the inlet and outlet of
the evaporator. The inlet and outlet of the evaporator is
located at outside of the cabin. The temperatures of inlet
and outlet of the evaporator are shown in Figure 4.
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Figure 4: Temperature at inlet and outlet of the
evaporator

Figure 4 shows that the minimum temperatures of inlet
and outlet are -50.0 and -31.4°C respectively.
Meanwhile, the temperature at the steady state
conditions for inlet and outlet are -48.2 and 28.1°C
respectively. It can be seen that there is a difference of
approximately 20°C  between inlet and outlet
temperatures. If the outlet temperature is compared to
the evaporator temperature at the steady state, as shown
in Figure 3, the difference is 25.1°C. This difference is
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too high, if this is assumed as superheating. This
phenomenon might cause the evaporator temperature
based on the numerical is hotter than the designed
temperature. In other words, the length of the evaporator
is longer that the ideal length.

5. CONCLUSION

The experimental results showed that the methods and
the equations used for designing the system were
relatively accurate. Inaccurate calculation in the design
of the length of the evaporator causes high superheating
on the evaporator. Based on the numerical approach,
using copper tube with diameter of 3/8 inch (9.5 mm),
the length of evaporator tube was 16.201 m. The
evaporating temperature based on the experimental was
-53.2°C, 8.8°C higher than that of the designed
temperature. Also, the cascade freezer prototype had the
COP higher than that of single stage freezer at the same
working temperatures.
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ABSTRACT

The propagation and burning rates of methane-air
mixtures were investigated at initial atmospheric
pressure with temperature range of 298-302K and
equivalence ratio range of 0.8 to 1.3. Experiments were
performed in a cylindrical constant volume combustion
chamber where the mixture is ignited by centrally
located electrodes. The images of spherically
expanding flame were observed and recorded using
schlieren photography technique with high speed
camera system. Analysis of the flame area yield flame
radii and further burning rates in term of outwardly
flame speed propagation can be calculated. Results
shows that smooth spherical flames were observed
throughout the flame propagation for all equivalence
ratios. The fastest flame propagation was recorded at
equivalence ratio 1.0 and 1.2. In addition, flame speed
of each equivalence ratio exhibits small fluctuation
probably arising from acoustic disturbance. This
disturbance becomes more apparent at higher
equivalence ratio.

Keywords:
Methane-air, flame speed, schlieren, constant volume

1. INTRODUCTION

The determination of combustion characteristics such
as laminar burning velocity is of primary importance as
it relevance to both laminar and turbulent premixed
combustion. Detailed knowledge from accurate
measurement of laminar premixed flames will provide
valuable insight on propagation rates, heat release,
flammability ~ limits, quenching and emission
characteristics. Another useful insight from laminar
premixed flame is that it could serve as a preliminary
data in understanding a much more complex
combustion such as turbulent non-premixed
combustion and also combustion process in practical
combustor such as internal combustion engine where
the initial stage of combustion involves laminar
premixed combustion.

Several methods have been used to determine this
parameter such as flat flame [1,2], counterflow flame

[3,4] and spherically expanding flame[5-8]. These
experiments also enable the study of another parameter
which is the stretch that acts on the flame front. This
parameter is a combination of curvature and strain rate
and is described by Markstein length [9]. For
spherically expanding flame, the stretch can be
obtained analytically from flame speed and radius. The
unstretched flame speed on the other hand could be
obtained from linear extrapolation of the flame speed
and stretch curve [10]. However it is sensitive to the
data obtained from experiment. Earlier work by Taylor
[5] involved the differentiation of the spherically
expanding flame radius to obtain flame speed, stretch,
Markstein length and burning rate. Tahtouh et al [9]
compared three different analysis methods namely the
polynomial fitting, raw radius differentiation and a new
method that involves resolution of Clavin’s equation to
determine the aforesaid parameters. They reported that
each method yield different results.

The objective of this study is to determine the burning
rates of methane-air mixture in term of flame speed
propagation using images from schlieren photography.
Methane is one of the abundant gaseous fuels in nature
that also exist in nature as the flammable part of biogas
[11]. Schlieren photography is a photography
technique that makes use of the density gradient in the
vicinity of the object of interest. This is particularly
useful in combustion as it generates a region with
defined density gradient arising from heat generated.
Though the method is not novel, obtaining improved
images could improve results from literature. Schlieren
photography also permits the exclusion of experiments
that produce cellular flame for the purpose of
determining flame speed, Markstein length and burning
rates [11].This exclusion is important as the occurrence
of cellularity will render the smooth flame front
assumption. Comparison with data from literature may
also serve as a calibration to the rig setup used in this
study.

2. EXPERIMENTAL SETUP
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Figure 1. Experimental setup

Figure 1 shows a schematic of experimental setup
consisting of a cylindrical constant volume combustion
chamber with a volume of 29.3 litre and two 190mm
quartz windows, ignition system, Phantom 7.1 high
speed camera, collimating and decollimating lens and
an LED light source. Ignition was initiated and
controlled with Labview 7.1 software that also serves
as a data logger recording pressure rise during
combustion.

The cylindrical combustor used in his study is
equipped a pair of opposing spark electrodes to provide
ignition at the center of the combustor. After a vacuum
was created in the combustion chamber by a vacuum
pump, the chamber was filled with methane and dry air
using partial pressure technique which correspond to
the desired equivalence ratio. The initial pressure for
each experiment was set at atmospheric pressure, while
the initial temperature was in the range of 298 to 302K.
Ignition was controlled using a desktop computer with
LabView 7.1 software connected to the ignition box
after the capacitor was charged. The 190 mm windows
provide wide optical access and currently limited by
the lens used. A pair of collimating and decollimating
lens with 150 mm diameter was used. Both lenses have
a focal length of 700 mm. The developing flame videos
were recorded at 2000 frames per second. A 1.5W
LED lamp was used as a light source to illuminate the
combustor internal section.

A phantom high speed camera was used to capture the
spherically expanding flame at a speed of 2000 frame
per second. The recorded cine videos were then
converted to image files for further analysis using
image processing software. Adobe Photoshop image
editing software was used to convert to the images of
the spherical flames to binary images. These binary
images were then analyzed using a Matlab script file to
obtain flame area and later the radius. The obtained
flame radii were then tabulated in a spreadsheet file
and the flame speed was calculated by differentiating
the flame radius with time in a first order fit of five
points.

3. RESULTS AND DISCUSSION

Time  #=0.8 #=1.0 #=1.3

Sms

10ms

15ms

20ms

25ms

Figure 2. Development of spherical flame propagation
of methane-air with central ignition.

Figure 2 shows development of methane-air spherical
flame at different equivalence ratio of 0.8, 1.0 and 1.3.
The circular boundary represents the size of the optical
access windows and the black line crossing in each
images is a pair of steel spark electrodes connected to
the ignition system to initiate spark from central
region. In general, throughout the propagation, all
flames developed in a smooth spherical flame. The
flame of stoichiometric equivalence ratio developed at
a much faster rate compared to the flame at the
equivalence ratio of 0.8 and 1.3. This corresponds to
the characteristics of combustion where the flame
speed tend to be higher at equivalence ratio slightly
than stoichiometric and lower in the rich or lean
side[12].
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Figure 3. Variation of flame speed of methane-air
mixture with time at equivalence ratio of 0.8

Figure 3 shows the variation of flame speed as a
function of time at equivalence ratio of 0.8 from two
identical experiments. The plot depicts a typical flame
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speed progress over time with a sharp decrease from
the point of ignition to a certain time where it reaches a
minimum pivotal point. This could be attributed to the
radicals from the spark that rapidly dissipates until it
reaches the minimum point [6]. The spark also creates
shockwave that propagates outward, followed by a
slower thermal wave. The thermal wave front usually
has high initial speed that rapidly decreases over a
short period of time [13]. From the minimum point,
flame speed start to increase again until it stabilizes
with time as the combustion progresses. Within this
region normal chemistry predominate combustion as
the radicals from the spark diminishes. Flame
establishment can be estimated by the linear relation of
flame speed against stretch rate which will be
discussed later.

Both experiment shows similar trend with a slight
variation suggesting good data reproducibility. The
percentage of flame speed fluctuation after 15 ms
onwards is around 6.3% which is considerably low.
The noticeable fluctuation at 19 ms onwards could be
linked to acoustic disturbances as observed by
Gillespie et al [10].The flame-acoustic disturbances is
caused by an interaction between heat release and
acoustic waves [14]. Curved flames (including
spherical flame) are more susceptible to acoustic
disturbances, where the propagating flame front is
stretched and curved by acoustic waves [15]. This
disturbance could also be influenced by combustor
geometry [16].

Figure 4 shows the comparison of flame speed
obtained from different equivalence ratio with respect
to time. The trend of the flame speed development
displays similar trend with a sudden decrease to a
minimum point before it increase again to reach an
approximately stable speed with noticeable fluctuation.
It is interesting to note that, fluctuation commenced
after around 15 ms for each experiment. The
percentages of fluctuation are about 12%, 18% and 19
% for stoichiometric, 1.2 and 1.3 experiments,
respectively.  Apparently, fluctuation is more
pronounced at higher equivalence ratio. This might
suggest acoustic disturbance, as discussed earlier, is
more prevalent at richer side.
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Figure 4. Variation of flame speed of methane-air
mixture with time at equivalence ratio of 0.8, 1.0, 1.2
and 1.3.

In terms of trend, the initial flame speed and the point
at which the minimum flame speed occurs is different
from each condition. This point is highest for flame
under stoichiometric condition followed by the flame
of 1.2, 0.8 and 1.3. In the early stage of flame
propagation, the flame is overcoming the quenching
tendency due to high stretch rate arising from curvature
effect[17]. Also, the flame speed of 0.8 progressed
slower compared other experiments. This is followed
by 1.3, 1.2 and lastly 1.0. This indicates the relative
speed of the flame under different equivalence ratio.
Flames that are either on the leaner or the richer side
usually propagates slower than flame under
stoichiometric condition. This is due to the disparity in
thermal and mass diffusivity magnitude that would
affect mass and heat transfer hence the flame
propagation; whereas under stoichiometric condition,
the magnitude of both thermal and mass diffusivity are
equal[18]. The graph also reveals the time at which the
flame stabilizes after ignition. The flames of each run
took approximately 10 ms to reach an approximately
stable flame propagation.
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Figure 5.Variation of flame speed of methane-air
mixture with radius at equivalence ratio of 0.8, 1.0, 1.2
and 1.3.

Figure 5 shows the plot of flame speed versus radius of
methane-air mixture for experiments of 0.8, 1.2 and 1.3
equivalence ratios. The plot shows a periodically
scattered data with a trend similar to flame speed
variation with time. Fluctuation however is less
pronounced in each experiment. At approximately 2
mm radius, the flame reaches its minimum value after
ignition. The radius is about 1 mm larger for
stoichiometric experiment. From this minimum point
onwards, the flame development is due to normal
chemistry. Data with radii less than 10mm should be
discarded for burning rate calculation, as within this
range the flame is significantly influenced by the
radicals and shockwave from the spark [17].
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Figure 6 shows the variation of methane-air mixture
flame speed with stretch. The flame stretch here is
defined as the time derivative of the spherical flame
areca of an infinitesimal element divided by the
spherical flame area [10]. With the exception of
stoichiometric experiment, the variation of flame speed
for three other experiments i.e. for equivalence ratio of
0.8, 1.2 and 1.3 shares some similarities especially the
characteristics twist during the early stage of flame
propagation. This could be attributed to the effect of
ignition energy and also to different stretch rate at the
early stage of combustion at earlier stage of flame
development [17]. Apparently stretch rate becomes
more apparent under lean and rich region.
Extrapolating flame speed to a point of zero stretch rate
in Figure 6 yields unstretched flame speed, S, while the
slope gives the Markstein length Ly,. However, prior to
extrapolation, some data especially those represent the
early stage of combustion should be excluded as these
data are generally affected by ignition spark and could
lead to over or underestimation of unstretched flame
speed.
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Figure 6. Variation of flame speed of methane-air
mixture with stretch rate at equivalence ratio of 0.8,
1.0, 1.2 and 1.3.

The magnitude and signs of Markstein length indicates
the effect of stretch on flame propagation. Positive
Markstein length indicates that stretched flame speed
decreases as stretch rate increases and the flame tend to
restrain any disturbance at the flame front leading to
flame stability [17]. In this case, the surface convex to
the unburned area will be stretched in the opposite
direction, and this will suppress flame speed, and the
flame stabilizes. On the contrary, negative Markstein
length indicates that flame speed increases
proportionally with stretch rate, and flame surface will
stretch in the same direction, inducing flame front
instability in the process. Obviously from Figure 6,
Markstein length for each equivalence ratio is positive
with different magnitude as indicated by their relative
slope. This value is consistent with the smooth flame
observation as shown in Fig. 2 for all equivalence
ratios.

Figure 7 shows comparison of laminar burning rates of
methane-air mixture at different equivalence ratio
between previous studies and current study. The
laminar burning rates is calculated by multiplying the
unstretched flame speed obtained from Fig. 6 with the
density ratio of burned and unburned gas which
computed under the assumption of adiabatic constant
pressure combustion [6]. All plots were obtained by
drawing a best fit curve through the data points. The
burning rate variation with equivalence ratio shows a
quadratic trend with a characteristics peak at
equivalence ratio of 1.1. The maximum of burning
rates at slightly rich equivalence ratio was probably
due to the combined effect of the adiabatic flame
temperature and dissociation of combustion products.

0,40
= 0,35 _E
E 0,301
20,25 4
o ] Taylor
0 0,20 4
o 3 = . = Elgolfopoulus et al.
c 1
c 0.15 ] [1989)
2 0,10 4 — — = Rozenchan et al.
EI (2002)
0,05 ] Curmrent Study
0,00 3 T T T T T T T T
05 06 07 08 02 10 1,1 1,2 1,3 1,4

Equivalence ratio, ©
Figure 7. Comparison of methane-air mixture burning
rate between present and previous works at
equivalence ratio from 0.7 to 1.3.

It is shown that at equivalence ratio of 1.3, the burning
rate is higher in this study at 0.31 m/s compared to
observations by Rozenchan et al [7] and Elgolfopoulus
et al [20] at 0.28 m/s, while Taylor [5] recorded the
slowest burning rate at 0.21 m/s. This could be linked
to the slightly higher initial temperature for this
experiment at 302K. Marginal increase in unburned gas
temperature may consequently increase the burning
velocity [21]. Different methodology and the quality of
data obtained from each study could also lead to
different results [9]. This could be observed by results
from [21]who used the counterflow methodology to
determine the burning rate of methane-air mixture
while both [5,7] used recorded schlieren images of
spherically expanding flame.

4. CONCLUSION

In the present work, the combustion of methane has
been studied by analyzing the spherical propagation
flame of methane-air mixture in term of flame
development, flame speed and the burning rates.
Smooth and stable spherical flames were observed
throughout flame development for all equivalence
ratio. However, a small fluctuation of the flame speed
after the spark influence region suggesting the presence
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of acoustic disturbance in the later stage of flame
propagation. This fluctuation varies from 7% and up to
19% as equivalence ratio was increased from 0.7 to
1.3, suggesting the influence of equivalence ratio on
acoustic disturbance.

The burning rates of methane-air in this study shows a
good agreement in comparison with the previous
works. Apart from the experimental methodology, the
quality of images obtained, image processing and the
methods of data analysis could be considered as the
source of uncertainties. The largest variation in terms
of burning rate could be observed in the case of
experiment with equivalence ratio of 1.3. This could be
explained by the difference in initial temperature of
this particular experiment which is slightly higher at
302K.
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Abstract

Achieving considerable improvement in the ignition
performance via flameless combustion is a big
challenge. Obtaining uniform thermal field inside the
combustor with ultra-low NO, and CO emission as well
as enhanced combustion stability remain challenging.
In the present work, a flameless combustion technique is
applied with , the operation and emission of a
laboratory scale furnace under the swirling flameless
combustion, (SFC) using natural gas. Gaseous fuel is
injected in the direction of the combustor axis and air is
allowed to enter along the tangential and axial direction
of the combustor to create swirling flow with
recirculation as well as enhanced mixing of the hot gas
near the fuel nozzle. The experimental results of
temperature and emission of combustion process are
presented. Three cases for SFC are considered which
specified the location of entering axial air inside the
combustor. The position of the six ports axial air in case
1 and 2 is arranged symmetrically around center with
distance  half  diameter  combustor and quarter
respectively, while Case 3 use all ports in Case 1 and
2.Case 1 shows the lowest temperature followed by
Case 2 and 3. The amount of NO, and CO emission
measured at the outlet is observed to be lowest for Case
3 as a result of the high recirculation effect compared
with Case 1.

1.Introduction

In the past, several combustion techniques are
developed to reducing the pollutant gases emissions.
One of them performed combustion with oxygen
concentration below atmospheric levels so that the
ignition process is characterized by slower chemical
reaction rates, uniform temperature distribution, wider
reaction zones and invisible flame [1]. Flameless
combustion (FC) possesses invisible flame signatures
and considered as flameless (colorless) compared to
their conventional counterparts [2, 3].

Flameless combustion in gas turbine combustors are
well known for the significant performance
improvements in terms of uniform thermal field in the
entire combustion chamber (improved pattern factor),
ultra-low emission of NO, and CO, low noise, enhanced
stability and higher efficiency [4, 5]. In FC, dilution of
oxygen plays a very important role. An oxygen
concentration of ~5% in molar fraction is mandatory to
prevent flame formation[6], which is considered to be
much lower than conventional combustion (~21%). The
appropriate oxygen concentration is

achieved using internal recirculation, where air and fuel
jets in a confined space entrain combustion products
from surroundings. This recirculation can be quantified
using a parameter called recirculation factor (K,) [7]. It
is defined as the ratio of the gas mass flow entrained by
all jets (m;) to the the sum of air (m,) and fuel mass
flows (mj) in the discharge:
Ty

T mpem, 1

Figure 1 shows the occurrence of different combustion
regimes depending on kyvalues and furnace
temperature. A recirculation factor higher than 3 and the
furnace wall temperature over the auto ignition
temperature are prerequisite to obtain the FC regime [8].
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—
= Unstable =

o ————— .

Flameless oxidation

No reaction
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-
(-]

0 2 a
K,
Fig. 1 Furnace temperature and recirculation factor
dependent combustion regime [7, 8].
Swirl or vortex flames are not widely explored in a
flameless combustion to initiate recirculation and
improve the combustion stability. However, swirls are
extensively applied, where the flow not only constituted
on axial component of velocity but together with
tangential and radical velocity. Actually, swirl plays an
important role in providing a hot gas recirculation zone
for mixing of reactant in a good way. It provides the
high resistance of reactant in the toroidal recirculation
zone following the compact flame generation that
increases the flame stability in various operational
conditions [9]. Despite this, the recirculation zone is
often formed towards the swirl end. Thus, a reverse flow
and the mixing of hot product gases with the incoming
stream are observed. The hot mixture supplies the
combustion energy towards the fuel its ignition and
stabilization.
The significance of recirculation zone generation and
the air fuel mixture preparation for ignition cannot be
overstated. In this regard, common procedure utilized
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for the creation of recirculation and stabilized
combustion is the usage of swirl flow. It remarkably
affects the recirculation of the hot combustion product
that returns towards flame origin. Uniqueness of swirl is
crucial for mixing and combustion of these combustor
[9, 10].The recirculation quantity is restricted by raising
the mixture temperature, which is composed of air, fuel,
and product gases operated at higher auto-ignition
temperature. In non-premixed condition, the fuel is
inserted at a downward distance to achieve desirable
mixing time lower than ignition delay time. The
homogeneously mixed fuel/air/product gas suddenly
ignited and created a disseminated reaction regime
despite thin intense front reaction flame. Thus, the
achieved FC is indeed distinct from the conventional
flames because it did not require reversal flow or lower
velocity stabilization of fuel. The mixing of product
gases with the new mixture is performed to enhance the
temperature to generate sudden ignition in the whole
region than minute regions combustion in conventional
flames.

Swirl flows being prospective for efficient combustion
are widely used in all types of practical combustion
system including gas turbine. Swirl flow experiments
are performed ranging from basic isothermal flows to
reacting one, which is formed in very complicated swirl
combustor geometries [9]. It is established that the
uniqueness of swirl flow significantly impacts the flame
stability, enhances the combustion effectiveness, and
minimize the pollutants emission from the combustion
process.

Swirl combustors with peripheral air entry have
demonstrated higher swirl intensity. This resulted a
reduced emission of NO, and enhanced the flame
stability[ 11].

In the present work a new configuration of combustor
design in term of fuel and air inlet into high momentum
injection of the separated fuel and air flows entrain the
flue gas through internal recirculation. This further
diluting the oxygen concentration in the combustion
zone and leads to a more distributed heat release rate of
the chemical energy, avoiding high peak temperatures
and reducing the thermal formation of NOx.

2.Geometry and Configurations

The aerodynamics of swirl flames is expanded to create
a strapping swirling field for enhanced flame stability
using tangential and axial inlet air as illustrated in Fig.
2. The combustor is run on natural gas, where multiple
inlets are used for air and fuel. The test rig is made up of
a horizontal combustion chamber formed by a two half
steel cylinder with offset displacement (a). Each half of
the cylinder contains two inlets for tangential air flow
and numerous inlets for axial air as well as for fuel flow.
The position of air and fuel inlets is selectively
configured to allow the proper mixing of fuel and air
within the strong field of forced vortices. Such swirling
vortex is created by introducing the air with a full
tangential velocity component axial to the combustor.
Table 1 summarizes the three cases depending on
location of axial air. The combustion chamber of

volume 0.03 m® is made of mild steel that is insulated
from the inside with a 40 mm thick refractory material
layer to reduce heat losses. The dimensions of the
indigenously built experimental asymmetric vortex
combustor are: a = 65 mm, b= 10 mm, R = 185 mm and
L = 300 mm. The fuel and air inlet nozzles diameters
are 2 mm and 5 mm, respectively. The combustion
chamber is outfitted with circular quartz window on the
rear side to perform flame imaging. Air is injected both
tangential and axial direction to combustor while the
fuel is injected only axially. The gases are extracted at
the other end of the combustion chamber through
circular hole. Test rig are prepared with several
instrumentation systems to record the variables as
displayed in Fig. 3.The equivalence ratio is controlled
by the mass flow rate of air and fuel at the inlet. The
inlet flow rates are measured using flow meters and the
temperature along the central line of the combustion
chamber is recorded via K-type thermo-couple (TC) at
six ports. The first port is placed at 30 mm from the inlet
while the other five ports are located at 60, 90, 120, 170,
and 220 mm from the burner. The TCs are connected to
a data acquisition system through Picolog TC-08, which
is equipped with data monitoring software. The NO, and
CO emission is measured inside the exhaust hole with
KM9106 Quintox gas analyzer. The accuracy of present
gas analyzer is ~5% for the amount of emission more
than 100 ppm
Table 1. Location of axial air for the three cases.

Location of Number of ports
Case Axial Air of Axial Air
1 R/2 from center 6
2 R/4 from center 6
3 R/2,R/4 from 12
center

Tangential Air

.......

=1

Tangential Air

o Inlet Axial Air
* Inlet Fuel
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Exhaust

Tangential Air

; Tangential Air

¢+ Inlet Axial Air
* Inlet Fuel

Fig. 2. Schematic diagram of the swirling flameless
combustor (a) front view and (b) isometric view.
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Lnmny
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Fig 3. Experimental set up for swirling Flameless
combustor.

3.Results and Discussion

The combustor operated for 30 minutes after the warm
up and reached a temperature above the auto ignition
(flameless mode). Figure 4 to 6 illustrates the
temperature distribution along the center burner's length
for three Cases. The temperature appeared stable and
uniform in each thermo-couple . In all cases the
maximum temperature is recorded in thermo-couple
three (TC3) at stoichiometric condition, because of the
high recirculation in this position. The occurrence of
highest temperature for Case 3 than other two cases is
attributed to the good mixing and high recirculation for
Case 1 and 2.

The NOx and CO emission levels are measured in every
5 minutes interval. Figure 7 and 8 show the effect of the
equivalence ratio on NOx emissions and oxygen
concentration for three cases respectively . The NOx
emission levels in all cases are less than 10 ppm and the
oxygen concentration is approximately 3%. NOx
emission being dependent on temperature, oxygen
concentration, and recirculation is reduced when the
flame temperature is dropped. The low oxygen
concentration and high recirculation at lower
temperature reduced the NOx formation. It is clear that
the level of NOx emission for Case 3 is lower than that
of Case 2 and 1.Furthermore, the percentages of the
oxygen concentration for Case 3 are observed to be
lower than that of Case 1 and 2. This caused lower NOx
emission for Case 3 at different equivalence ratio.

Figure 9 shows CO emission with equivalence ratio for
three cases. The average CO emission is demonstrated
to be lower than 50 ppm in rich and 20 ppm in lean for
all cases during FC. The appearance of reduced CO
emissions is majorly due to the decreased oxygen
concentration within the chamber, which is the
characteristic of FC. Generally, CO oxidation is a slow
process and hence the residence time has significant
effect on its emission. Higher residence time causes
more duration for conversion from CO to CO, and
produce low CO emissions. Thus, the CO emission for
Case 3 is observed to be lowest.
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g. 4. Temperature distribution along the central axis in
case 1.
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4.Conclusions
A new combustor configuration is designed to achieve a
Flameless combustion without add dilution factor of N2,
CO2 etc. Experimental is performed to examine the
influence of entered air swirling Flameless combustion
on diminished NOx emission. Uniform thermal field in
the combustion chamber and ultra-low emission of NOx
is achieved. The air entry along tangential as well as
axial direction of the combustor. Significantly higher
recirculation of hot gases as well as superior mixing of
fuel and air is demonstrated to affect the temperature

distribution and combustion emissions. The pollutants
emission in three cases displayed the remarkable role of
swirl flow in reducing emissions. A reduction in NOx
emission as much as 50% and CO emission lowering of
25% is achieved for case 3 compared with case 1 at lean
condition. The geometry of combustion, air, and fuel
entry played a considerable role on the reduction of
NOx and CO emission. Our systematic experimental
may constitute a basis for lowering the NOx emission
during combustion and therefore mitigate the global
warming.
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Abstract

A developed design and test of lab-scale flameless combustion system called self-preheated flameless combustion
(SPFC) is presented in this paper. In SPFC system, the flameless chamber is employed as a heater to preheat oxidizer
over the auto-ignition temperature of propane (C;Hg). A helical stainless steel pipe (called self-preheating pipe) is
installed inside the chamber to conduct oxidizer from exhaust zone to the burner zone and preheat oxidizer. In the
flameless mode, the diluted oxidizer is injected to the self-preheating pipe from the exhaust zone and the preheated
oxidizer at the burner zone is conducted to the flameless furnace through a distributor. The most important
characteristic of this new flameless combustion design is its simplicity. The very high cost honeycomb-type regenerator
as well as quarts balls, which are the most popular heat exchangers, are not employed in SPFC system. Indeed, external
heater for preheating oxidizer and external exhaust gas recirculation, which are common methods in flameless
achievement, are not utilized. Hence, requirement to the accurate control system and response-switching valve to
control the periodical fluctuations of temperature and pressure inside the chamber are eliminated. Heat exchanging
between invisible flame and counter-flow oxidizer abates the mean temperature of the furnace in SPFC especially at the
end section of the chamber. However, since external heater is eliminated in SPFC design, the thermal efficiency
increases.

Keywords: Self-preheat, Flameless combustion, Propane, Burner

Nomenclature:

¢: Turbulent eddy diffusivity

6: Thickness of a premixed flame

v: Kinematic viscosity

Ah: Excess enthalpy

D,: Damkohler number

Sp: Laminar flame speed

T.s: Reactants adiabatic temperature
T,: Inlet temperature of reactants
T..;: Reference temperature

T,: Temperature uniformity inside the chamber

T;: The measured temperature at the various locations (7)

T': The average of all measured temperatures
tm: Mixing time

t.: Reaction time
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1.Introduction

In order to overcome the conflict of interest between fuel consumption and pollutant formation in the combustion
systems, some various methods such as high momentum injection of staging air, application of lean premixed
combustion, oxygen enriched combustion, flame cooling with exhaust gas recirculation (EGR) (mixing method) as well
as utilization of cooling rods (direct cooling through radiation and convection) in the conventional combustion systems
were proposed. During last decade, flameless combustion was developed as a promising combustion technology to
protect fossil fuel resources and conserve the environment. Pollutant reduction, energy saving and downsizing the
combustion equipment are the main aims of most activities in the flameless combustion field [1]. Based on the
temperature of combustion air, Katsuki et al. [2] categorized combustion systems to preheated air combustion (PAC)
and highly-preheated air combustion (HPAC). Flameless combustion mode is observed in HPAC where the temperature
of oxidizer is higher than self-ignition temperature of the fuel. During the past few years, several experimental and
numerical investigations carried out to find various nuance of the flameless combustion technique. Following some
advantages of flameless combustion mentioned by various researchers are summarized [3—6].

e  Uniform temperature distribution inside the chamber

e Hot spots elimination and low NO, emission

e Low pollutant formation
Higher refractory lining lifetime
Enhancement of burner life time due to lower temperature in burner zone because of combustion propagation
Flat heat flux distribution
Fuel consumption reduction
Low noise combustion
Possibility of burning low calorific value (LCV) fuel
Enhancement of exergy efficiency

Heating rate in a chamber is a function of flame shape, flame temperature and its emissivity, wall temperature and
emissivity as well as firing rate. It is known that changes of oxygen concentration in the oxidizer impact on the flame
emissivity and heat transfer. Moreover, the emissivity of gas components varies with temperature and wavelength. In
the combustion phenomenon, reactants and products molecules such as H,O, CO,, CO are important to determine gas
emissivity. Indeed, in high temperatures, the effects of dissociation and some radicals such as O, H and OH should be
considered. Hence, emission and absorption of burned gases occurs in the specific ranges of the spectrum. Enhancement
of temperature inside the furnace causes increase of radiation heat transfer by short wavelength. Therefore, O, H and
OH radicals are responsible for short wavelength radiation [7]. The mechanism of heat transfer in the flameless
combustion with large un-luminous flame volume and low flame temperature is different from traditional combustion.
Rafidi et al. [8] investigated the effects of the HITAC characteristics on the heat transfer intensity and uniformity inside
a chamber using different industrial regenerative burners and various flame configurations. They concluded that
compared to the traditional combustion, HITAC flame has a larger reaction zone and more thermal radiation.

2.Heat Recovery in Flameless Mode

Auto-ignition temperature of gaseous fuel varies in different kinds of fuel and various oxygen concentration of diluted
air. Due to the development of flameless HPAC, staged fuel supply industrial burners (or high temperature burners
(HTB)) operated with highly preheated air, high momentum air injection and advanced low-NOy technology progressed
[9]. In the traditional high temperature air combustion (HiTAC) systems, combustion of high temperature oxidizer and
fuel takes place inside the chamber. Recuperative or regenerative heat exchangers are installed outside the chamber to
allow the hot exhaust gases transfer part of their enthalpy to the fresh oxidizer, which is called the secondary air.
Streams of the exhaust gases and the secondary air alternatively pass through the regenerators with a high frequency
[10]. Heat recirculation from exhaust gases to combustible mixture (or so-called heat-recirculating combustion) is
considered as an effective method in which reactants are heated prior to the flame zone by heat transfer from exhaust
gases without mixing two streams. Theoretically, excess heat of exhaust gases can be transferred to the incoming
combustion air using a heat exchanger; however, the practical heat transfer rate is limited by the geometry of heat
exchangers and the tolerance of the employed materials. Hence, the maximum achievable temperature of combustion
oxidizer depends on the heat-resistance alloys and refractories and the amount of heat losses of the system [2,11]. In
order to maximize the enthalpy transmission from flue gases to the combustible oxidizer, recuperative and regenerative
heat exchangers were developed. Honeycomb-type regenerators as the most popular heat exchangers were employed in
HiTAC system due to their compaction and low thermal inertia [12]. The honeycomb regenerators operate at a very
small temperature difference between the exhaust flue gases temperature at the chamber exit and the combustion air
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temperature. Hence, further improvement of combustion efficiency as well as fuel consumption minimization are
obtainable. Nevertheless, frequently alteration of heat storage and release causes intensive thermal stress, which
damages the regenerators and reduces combustion performance. Indeed, an accurate control system and response-
switching valve should be employed to control the periodical fluctuations of temperature and pressure inside the
chamber, which constrains an extra cost beside expensive ceramic honeycombs [13]. Rottier et al. [14] applied an
electrical heater to preheat combustion air over the auto-ignition temperature of the fuel. Cavigiolo et al. [15] used
quartz cylinder as a flameless combustor and quarts pellet in the entrance of the oxidizer to maintain the temperature
inside the chamber. A self-regenerative burner was employed by Colorado et al. [16] to experiment natural gas and
biogas flameless combustion mode.

The experimental results C3Hg flameless combustion are presented in this paper, using the flameless chamber as a heater
to preheat oxidizer over the self -ignition temperature of C;Hg. This new design of flameless combustion furnace has
been named self-preheated flameless combustion (SPFC) by the authors. Performance evaluation of C;Hg flameless
combustion in the new design and compare the results of SPFC by usual flameless combustion (using auxiliary heater
for preheating oxidizer) are the most important objectives of this investigation. Flameless stability, the mechanism of
burned gas recirculation inside the flameless chamber, temperature distribution inside the furnace and thermal
efficiency of the combustion system are parameters that are evaluated in this paper. Various steps of usual flameless
combustion were presented by the authors in ref [17].

3.Experimental Setup

A combustion chamber made by carbon steel and equipped with refractory was designed and built in high speed flow
rate laboratory (Hiref) in Universiti Taknologi Malaysia (UTM). The length and outlet diameter of the circular
flameless furnace are 600mm and 264mm respectively. A high-qualified refractory installed inside the furnace to
maintain inside temperature and a helical stainless steel pipe is applied to preheat the fresh oxidizer. To prevent
temperature drop in the flameless mode, an insulation wool is applied. K-type thermocouple is employed to measure the
temperature of different locations of the furnace and exhaust gases. The Smm fuel nozzle is at the centre of the burner
surrounded by four Smm nozzles for combustion oxidizer inlet. The distance between fuel/oxidizer inlet jets is 52.5mm.
Indeed, the flow rates of fuel/oxidizer are controlled by manual controlled flow meters. Fig2 depicts the configuration
of the chamber.

Self-preheating (Stainless steel pipe)

Exhaust

Oxidizer inlet

Fresh air inlet

Fuel inlet High-qualified refractory

Furnace Body (Carbon steel pipe)

Fig.1. Schematic of the self-preheated flameless furnace

Combustion is started in the conventional flame (heat up step). The present burner is employed in both traditional
combustion and flameless mode. In the heat up step, pure Cs;Hg and air are mixed before injection to the burner and the
mixture is injected through the fuel nozzle. An electric spark igniter is used in the heat up step to ignite the reactants. In
the stoichiometric premixed conventional combustion, air and C;Hg flow rates are set 0.002402 kg/m3 and 0.00154
kg/m® respectively. When the mean temperature of the furnace sufficiently increases (around 1200K), combustion
system is switched from propane traditional mode to the non-premixed flameless combustion. In the flameless regime,
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oxidizer is diluted by nitrogen (7%0,+ 93%N,). The diluted oxidizer is injected to the self-preheating pipe from the
exhaust zone. The preheated oxidizer at the outlet of this self-preheated pipe (in the burner zone) is conducted to the
flameless furnace through a distributor. Propane is injected through the central nozzle of the burner. Exhaust gases are
leaded to the heat exchanger to recover the energy of hot flue gases and preheat the oxidizer. Fig2 and Fig3 illustrate the
schematic of the burner and experimental setup respectively.

Preheated oxidizer Preheated oxidizer
(Outlet from furnace) (inlet to the furnace)

Inlet of fresh
oxidizer

Distributer

Fuel inlet

Fig.2. Schematic of the furnace and burner

Due to extremely high temperature inside the chamber (even higher than the self-ignition temperature of the fuel),
igniter is not necessary in the flameless combustion and C;Hg is burnt spontaneously. A summary of settings in the
flameless mode is presented in Tablel.

4.Results and Discussion

4.1 Distribution of Temperature inside the Chamber

C;Hg is employed in premixed combustion to heat up the chamber and the temperature inside the furnace raises
conventionally. When the mean temperature of the furnace increases over auto-ignition of C;Hg, transition from
traditional mode to the flameless combustion is started. Hence, the operation of the burner changes from conventional
flame to the flameless combustion which is associated with decrease in temperature of the furnace. Fig4 displays the
variation of temperature inside the chamber from conventional combustion to flameless mode.

Page 100|107



MR ? o B

10.

11.
12.
13.
14.

15.
16.
17.
18.
19.

Fig.3. Schematic of experimental setup

Tablel. Experimental settings in the flameless mode

Ajir compressor
Air control valve
Ajir flow meter
Propane capsule
Fuel control valve
Fuel flow meter
Distributor
Preheated oxidizer
inlet

Fuel inlet
Preheated oxidizer
outlet
Self-preheating pipe
Refractory
Thermocouple
Entrance of
Oxidizer

Exhaust

Heat exchanger
Camera

Gas analyzer

Computer

Oxidi Temperature uniform,
zer inlet 480K
Gauge 0
Pressure
Hydraulic Smm
diameter
Velocity 85 m/s
Type of Nitrogen
diluent
Oxygen 7%
concentration
Density 0.383 g/
Mass flow rate 0.002402
kg/m’
Fuel Temperature uniform,
inlet 300K
Gauge 0
Pressure
Hydraulic Smm
diameter
Velocity 26 m/s
Fuel C3Hg
ingredient
Density 1.882 g/l
Mass flow rate 0.00154
kg/m’
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Fig.4. The variation of temperature within the furnace from traditional combustion to flameless

This temperature uniformity (TU) inside the chamber is calculated based on the normalized root mean square value
computed from all measured temperatures at different locations [18].

1oy Ti-T.o
T,=1- [zZLC5) M)
where 7, is temperature uniformity in the furnace, 7 is the temperature of various locations (i) and T is the average of
all temperatures in the different locations in the chamber. In a flameless system, the value of temperature uniformity
tends to one, where a complete uniform temperature is found in the chamber. TU were obtained based on the
temperature measurements at 15 various locations in the chamber. The values of TU was computed 0.93 in the C3Hg
flameless combustion mode. Compared to the usual flameless combustion, where auxiliary heater is employed to
preheat the oxidizer, it is found that TU in SPFC is lower than usual flameless combustion with 0.97 TU. This
discrepancy could be attributed to the constitution of some hot spots in the self-preheating pipe (stainless steel pipe
inside the chamber) especially in the burner zone. Indeed, heat exchanging between incoming fresh air (at the exhaust
zone) and un-luminous flame especially at the end of combustor, where the temperature variation is high is effective for
TU mitigation. Fig5 depicts various regimes of combustion during the experiment.

Fig.5. Photos from experiment of SPFC (A) Conventional flame (B) Flameless mode

The temperature of fresh oxidizer is 300K, which is increased to 480K in the heat exchanger (the inlet temperature of
oxidizer at point 14 in Fig3). Heat exchanging between un-luminous flame and counter-flow oxidizer (inside the
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stainless still pipe) abates the mean temperature of the chamber in SPFC. Fig6 demonstrates the distribution of axial
temperature along the flameless furnace.

1160
[
B etz
(«(«(«««««««(&««l‘ Q «"“(f«.
1150 ~ @
<
~ 1140 A
E
<
E“
5 1130 A
=
1120 1
—&— SPFC
-0+ Usual flameless combustion
1110 T T T T T T T

0 100 200 300 400 500 600 700

Distance from burner (mm)
Fig.6. The axial temperature distribution along the chamber

The experiment was implemented for various blends of oxidizer (different combination of N, and O, in the oxidizer).
When oxygen concentration in the oxidizer increases to 10%, the mean temperature of the chamber augmented
drastically. However, TU in the combustion chamber in 10% oxygen concentration decreases compared to the 7%
oxygen concentration. Fig7 and Fig8 depict the variation of temperature along the furnace and TU inside the chamber
with respect to various oxygen concentrations in the oxidizer.

1350

1300 4 M

1250 A
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I
é‘ 1150 -
ﬁ “

1100 -

1050 R
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0 100 200 300 400 500 600 700

Distance from burner (mm)

Fig7. The effects of oxygen concentration of oxidizer on the temperature distribution along the
chamber
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Fig8. Temperature uniformity inside SPFC furnace in various blends of oxidizer

4.2 Burned Gas Recirculation inside the chamber

Combustion phenomenon has been classified to quasi-isothermal combustion and non-isothermal combustion. The
maximum available excess enthalpy of the quasi-isothermal combustion which is calculated by Eq (2) is determined by
the physical properties of fuel and oxidizer and by the combustion process operating parameters [19].
AR — 2dTin ©))

Tin—Tr =f
Where T,, is reactants adiabatic temperature, T}, is inlet temperature of reactants and 7, is reference temperature. It has
been stipulated that the higher excess enthalpy during the combustion process could be obtained at a lower reactant
temperature for combustion over all the oxygen concentration range [ 19]. As a quantitative parameter, fuel auto-ignition
temperature should be taken into consideration for flameless combustion stability. It means, in the flameless combustion
mode, stable combustion is achieved when temperature of reactants is maintained over auto-ignition temperature of the
fuel. Therefore, in the flameless combustion regime, the maximum excess enthalpy is obtainable by preheating
unburned mixture, oxygen concentration reduction in the unburned mixture, enhancement of the heat loss from the
flame or flame cooling. In conventional combustion, the flame is onset at the inlet of the chamber (burner zoon) and
flue gases are extracted at the other end. However, in non-premixed flameless combustion mode, burnt gases flow back
to the entrance of the chamber. The distance between fuel inlet jet and preheated oxidizer injection into the furnace
results in the fact that the combustion reactants (fuel and preheated diluted air) are mixed with combustion products
(burnt gases) before the combustion process occurs. Consequently, a pre-combustion takes place due to the present of
low amounts of oxygen in the burnt gases. Indeed, the low level of oxygen concentration in the oxidizer alleviates the
maximum temperature of the combustion system. The internal burnt gas recirculation effect could be controlled by the
velocity of the fuel/preheated oxidizer and design factors such as the location of nozzles. Higher distance between fuel
and oxidizer jets as well as higher injection velocities conduct the combustion system to faster internal flue gas
recirculation. As a result, uniform temperature distribution inside the chamber and homogeneous heat flux are achieved
[20]. In this experiment, the distance of fuel inlet and preheated oxidizer inlet is 52.5mm and the velocity of the inlet
oxidizer is 85m/s, which made excellent circumstance for burnt gas recirculation. Fig9 shows the path line of the
particles inside the chamber in flameless combustion regime.
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Burned gas recirculation

Well-stirred reaction zone

Fig.9. Path line of the particles inside the chamber in flameless mode
Fig9 has been obtained from CFD simulation of propane flameless combustion by ANSYS 14. The simulation settings
of biogas flameless mode were presented by the authors in ref [21].
In the flameless combustion mode, invisible flame is expanded in a large volume makes the combustion furnace more
like a well-stirred reactor referred to volumetric combustion, causes homogenous and lower temperature of such flame
[22,23]. High velocities of oxidizer conduct a majority part of flue gases to the combustion zone. Thus, the
concentration of O, in the combustion oxidizer rapidly mitigates, which increases reaction time, so that becomes
comparable with the mixing time characteristic. In these circumstances, combustion zone is extended over the whole
furnace and volumetric combustion appears. Theoretically, when Klimov-William criterion is satisfied, the combustion
reaction zone is distributed throughout the chamber. Hence, in one hand the ratio of the root-mean-square velocity
fluctuations to the laminar flame speed should be larger than one (U/S;, > 1) and in the other hand, Damkohler number
(D,) (the ratio of mixing time scale (t,,) to the chemical time scale (t.)) should be low enough (D, = t,/t. < 1) [24].
D, = ty/t. 3)
The combustion mixing time is related to the jet length (L) and the turbulent eddy diffusivity (¢) while combustion
reaction time is related to the thickness of a premixed flame (8) and the laminar flame speed.
to~ L/e 4)
te~ &/S %)
The eddy diffusivity in an inlet jet is related to the axial velocity and the length of jet (e~ VL), and the thickness of a
premixed flame is proportional to the kinematic viscosity (v) and laminar flame speed (6~ v/Sy). Therefore, for an inlet
jet with specific kinematic viscosity and length, D, number is changed by the square of laminar flame speed directly and
the axial velocity inversely.
D,~S{/V (6)
It implies that by laminar flame speed mitigation and jet velocity augmentation, D, reduces. Burned gas recirculation in
to the entrance of the chamber, which leads to low oxygen concentration in the combustion oxidizer, is crucial for the
laminar flame speed reduction. In the flameless combustion regime, the very high-velocity of reactants is large enough
in comparison with the laminar speed of the fuel. Furthermore, burned gas recirculation inside the chamber increases
reaction time compared to the reactant mixing time. Therefore, high exhaust gases entrainment as well as high
turbulence intensity could be fulfilled in high-velocity incoming jets.

4.3 Thermal Efficiency

To calculate efficiency of SPFC, energy balance is considered for the combustion system. To quantify all energy states
through the combustion system, the specifications of all bulks entering (such as fuel/oxidizer flow-rates and
temperatures) and leaving the boundary were measured. The equation of energy balance for the chamber is expressed as
Eq (7) [25].
. . u’ 3 dEg, . u’ .
Quys + T (i + 24 g2, ) =222 + T, (B, + 2+ g2, ) +b,, (1)
To solve the energy equation for the SPFC chamber, some assumptions are considered: (i) potential and kinetic energies
. .. . . .- . dE,
are not taken into account; (ii) due to long time running of chamber it is considered that —d? =0; (iii) the reference

temperature for moisture free fuel and oxidizer is TR=300K; (iv) the latent heat loss of vapor from exhaust is not
considered, (V) Qsys=-Qgur.
Due to these assumptions, the energy equation changes to the Eq (8).

Z mihi = Z moho + Q.sur (8)

Chemical and physical enthalpy of the fuel and sensible heat in the combustion oxidizer are energy inputs and the
sensible heat losses in the flue gases is the system output calculated based on Eq (9).
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Based on Eq (10) the efficiency of propane SPFC is calculated 64% in this experiment.

J— QE'I+QS
=|1—=====|%x100 10
K ( Qf‘*@A) (10)

Compared to conventional flameless combustion, the efficiency of SPFC is around 8% higher which could be attributed
to the elimination of external heat exchanger and using self-preheated pipe. Low concentration of propane in the
exhaust of the furnace corroborates that flameless combustion of propane is more complete in this new design.

4. Conclusion

New design of flameless combustion system called self-preheated flameless combustion was experimented. Flameless
stability, the mechanism of burned gas recirculation inside the flameless chamber, temperature distribution as well as
temperature uniformity inside the furnace and thermal efficiency of the combustion system were assessed. Although,
the mean temperature inside the flameless chamber decreases in this new design (around 20K), the combustion
efficiency of SPFC system is higher than the previous design due to elimination of external heater. Enhancement of the
distance between fuel injection jet and oxidizer inlet as well as augmentation of oxidizer velocity, increase internal
burned gas recirculation. Consequently, a well-stirred circumstance is achieved inside the furnace, which increase the
stability of flameless combustion.
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