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ABSTRACT

This research aims to study the performance of flat-plate solar collector
without phase change material (PCM) and with RT42 PCM type with a melting point at
38-40 °C filled in the riser tube with a diameter of 10 mm and 16 mm that inserted
into the absorber tube of 28 mm outside diameter. The experiment flat-plate solar
collector has 220 mm of width, 1,000 mm of length, and 100 mm of height facing to
the south at 18° of tilt angle at School of Renewable Energy, Maejo University, Chiang
Mai, Thailand. The electrical pump is used to circulate water through the collector and
measured the mass flow rate by flow rate meter. In the hot water storage tank the
electric heater is installed the water temperature regulation. The test method is carried
out following the ASHRAE standard 93-2003 in a condition of the solar radiation is
equal or more than 790 W/m?, the wind speed is between 2.2-4.5 m/s, the ambient
temperature is not more than 30 °C, the inlet water temperature of solar collector is
varied from 35°C - 65 °C and has adjusted increment of 5 °C. The three conditions of
mass flow rate 0.01 0.02 and 0.03 kg/sem? are adjusted. The obtained data would be

analyzed the heat transfer and thermal performance of solar collector, respectively.

From the experiment showed that the inlet water temperature and mass
flow rate effected on the thermal performance of solar collector. When the inlet water
temperature increased, the heat gain from solar collector and the thermal
performance would be decreased because of the heat gain loss to the surrounding as

same as in the case study of mass flow rate increasing. The thermal performance of



solar collector integrated with PCM riser of 16 mm diameter at the mass flow rate of
0.03 kg/s-m? was given the highest thermal performance presented of the and were
0.835 and 9.68 W/m?K. The next was the solar collector integrated with PCM riser of

10 mm diameter and the last was the conventional solar collector at the mass flow
rate of 0.02 kg/sm? which showed the are 0.828, 0.713 and were 11.304 W/m?*K,

10.642 W/m?*K, respectively.

For the heat transfer characteristic of solar collector discussion. It was found
that the observation of water mass flow rate was a laminar flow. When the mass flow
rate and the riser tube increased, the convection heat transfer coefficient would be
increased as same as the Prandtl Number. From the study could obtain the relation
of Nusselt number (Nu) that relates to the Reynold number (Re) and Prandtl number

(Pr) as following equation

Nu = 0.143 Re %% pr 182! \which 2 < Pr < 5.

Keywords :  Performance, Solar collector, Heat transfer characteristic, Phase Change

material
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Chapter 1

Introduction

This chapter offers a general global issue relate to energy production by fossil
fuel source and the factor impacts to environment. The global energy demand has
been increasing slightly and will be double by 2050, for security of energy around glob,
IEA has been proposing the renewable energy. In ASEAN region, the committee of each
partners make own plan for future energy security around region by giving existence
on renewable energy for the target reduce fossil fuel demand. Thailand government
has own goal to achieve 30% of energy from renewable energy by 2030 within wind
power generator, biomass and solar photovoltage are the first production and solar
thermal energy presents low-temperature for heater or pre-heat system. In Literature

review is offered to the new technologies have been using and present themes.
1.1.  Statement of purpose

Every year, the world population has been increasing continuously the United
Nation reports that population of 7.6 billion in 2017 is expected to reach 8.6 billion,
9.8 billion in 2050 and 11.2 billion in 2100 (UN, 16 Oct 2018). The modern industrial
revolution is a period of unprecedented economic and social development changes
energy is a fundamental input to economic activity. The global energy consumption
grows significantly to driving habitants and industrials demand that is forced to expand
the amount energy resource as fossil fuel. However, the energy products from fossil
fuel also have important impacts which releases carbon dioxide (CO2) and other
greenhouse gases the fundamental driver of global climate change and environment
pollution. The International Energy Agency (IEA) is guided by four main areas of focus:
Energy security, Economic development, Environmental awareness and engagement
worldwide has been wily proposing the renewable energy technologies (IEA, 2019). In
the ten countries of the Association of Southeast Asia Nations (ASEAN), the total
population is nearly 640 million and the number is signal for higher energy
consumption around the region and an estimate of at least $2.7 trillion of energy

investment is needed by 2040 to achieve ASEAN energy targets alone. With greater



energy demand, it is inevitable that rising consumption of all fuel will be witnessed in

the near future.
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Figure 1 Primary energy demand in Southeast Asia (EnergyOutlook2017, 16 Oct
2018).

Coal alone accounts for almost 40% of the growth, and overtakes gas in the
coal fire to generate electricity mix. The demand of crude oil expands from 4.7 million
barrels per day (mb/d) to around 6.6 mb/d in 2040. This is due to the expansion in
transportation vehicles increase by two-thirds to around 62 million. The demand for
natural gas also grows strongly, around 60% by 2040, due to higher consumption in
power generation and industrial section (EnergyOutlook2017, 16 Oct 2018). At the same
time, energy-related air pollution issue, both indoor and outdoor, also presents a major
risk to public health. Rising CO, emission is contrary to the objectives of the Paris
Climate Change Agreement. It’s a challenging for the ASEAN nation committee achieves
the target of reducing the fossil fuel energy by ordering around the region to use the
new source of energy which is clean and is abundant on the earth. Alternative energy
consists of the energy from hydro, geothermal, wind, solar, biomass and wave energies
as the solution to the existing energy problem. In Thailand, the government has set a
new renewable energy target of 30% of final energy consumption by 2036 in its
Alternative Energy Development Plan (AEDP) 2015. there is a large amount of
hydropower generating capacity, including 1,000 MW of pumped storage, in all

scenarios. This can be used as regulating power when needed, especially in the



scenario that the share of variable energy sources, such as solar photovoltaic (PV) and
onshore wind power, in the power system increase substantially. the industrial facilities
that can potentially use biomass for process heat are large-scale, centralized plants
operating at economies of scale, which would require large energy flows to be brought
from within and across national borders. Renewable thermal energy utilization
accounts for nearly two-thirds of the total increment of renewables in final energy in
the same year 2036, if the AEDP 2015 target is met as projected in the plan. The
majority of this is expected to come from biomass according to the plan. Solar thermal
represents “low-hanging fruit” in the end-use sectors, and can be scaled up
significantly in buildings for water heating and in industry for low-temperature heating
and pre-heating (Ministry of Energy, 2019).

Solar energy is one energy that provide light and radiation heat to every living
things on earth, also one of the most promising energy resources that has been using
every day and one of other alternatives energy has been wily using for product both
heat and electric in the same time. Solar cells rely on the interaction between light
that hits the electron hole-pair on the semi-conductor and making potential difference
in circuit then it took electron cross circuit which generating electricity while the solar
collectors use to attach to the radiation directly absorb heat to produce thermal
energy. Both systems have been under development with techniques while the solar
hot water system has been attracted by scientist to search the way to improve abilities
collect, store thermal energy and its performance. Solar flat plate collector is not yet
quire development by many researchers. The recent techniques were published as
such as Nano fluid which increase heat absorption capacity from the collector plate
surface (Syam Sundar et al.,, 2018) (Sarawut and Kiatsiriroat, 2014) (Liu et al.,, 2013).
Otherwise, the solar hot water system with Nano-fluid offers high thermal efficiency
but it gives disadvantages during and offer operation. Other scientists have studied
about thermosiphon solar collector by using twisted tapes inside and have found that
the system gives sloop flow and high heat transfer (Jaisankar et al., 2009) (Wongcharee
and Eiamsa-ard, 2011) (Murugan et al,, 2019). This technique is increased face side
affected and turbulent flow inside the absorber tube plate where working fluid was

collected thermal energy during operate than simple solar collector. Furthermore, the



conventional solar collector system operates upon various solar radiation intensity and
suffers from the sporadic nature solar energy across a given time interval in daylight.
Adding thermal energy storage device into solar hot water system is an alternative to
solve the issue (Cabeza et al., 2011; Gond et al., 2012; Khalifa et al., 2013; Naghavi et
al.,, 2015; Reddy, 2007; Wu et al,, 2018). The phase change material (PCM) which its
chemical composites that are systematized according to the energy procedure store:
sensible heat, latent heat and chemical reaction (heat fusion) of thermal energy
storage. Latent heat of PCM can store a large amount of heat fusion when it's melting.
The energy store of PCM is changed by the chemical components that are given the
different form of the melting process such as isothermal and non-isothermal process.
Solar collector integrated with the latent heat of PCM to store the thermal energy
when collecting heat from high radiation solar intensity and is released to the working
fluid, its thermal store can keep exit water temperature stability than a conventional

collector solar water heat collector.
1.2. Literature review

A traditional solar water heating system consists of collectors and a storage
tank which is working fluid circulated by electric pump or gravity flow through. the
solar hot water system converts solar energy into thermal energy than it transfers
energy to working fluid from low to high temperature. water is stored in a well-
insulated tank. it still gives interested by many researchers where were published relate
to investigated the performance of system. Improving tech can continuously produce
or keep hot working fluid when absent incident solar radiation by using the heat
thermal energy storage device. This paper will present the solar collector which solar
collected integrated with PCM inside collector which were improving the thermal
performance enhance from collected surface to the working fluid and discharge heat
from the phase change material (PCM) which is latent heat energy storage can store a

large amount of heat to working fluid when solar radiation intensity drops.



1.2.1. Phase change materials (PCM)
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Figure 2 Energy storage of Phase Change Material (ICNQT, 2018).

It is deal because the latent heat associated with melting and freezing is
capable of storing much more heat than sensible thermal storage alone. Once the
heat generating component is shut-off the PCM will begin to solidify by releasing the
stored energy. The most common applications that benefit from PCM include those
with known duty cycles. It has a high heat of fusion per unit weight and volume, have
a relatively high thermal conductivity for non-metals, and show small volume changes
between solid and liquid phases. These are not commonly used for electronics heat
sinks, since they are corrosive and long-term reliability (thousands of cycles) is
uncertain. The most common application is for very large thermal storage applications.
where much lower cost is very attractive. The phase change material is stored thermal
energy when the period of solar radiation and release heat to the water when the
temperature of water low then temperature of PCM. Paraffin PCM’s also have a low
thermal conductivity, so designing sufficient conduction paths is another key design

consideration. Solar collector integrated with paraffin wax PCM which is melting point

between 38 “C to 42 °C showed Table 1.



Table 1 Properties of the PCM (Bellan et al., 2015; Loem et al; RUBITHERM, 2018).

Properties Value
Melting temperature 38-43 °C
Specific heat in liquid state 2 (KJ/kg"K)
Specific heat in solid state 2 (kJ/kg*K)
Thermal conductivity in liquid state 0.2 (W/m*K)
Thermal conductivity in solid state 0.2 (W/m*K)
Density in liquid state 0.76 (kg/V)
Density in solid state 0.88 (kg/V)
Volume expansion 12.5 (%)
Latent heat of fusion 170 (kJ/ke)
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Figure 3 The partial enthalpy distribution of PCM RT42 (RUBITHERM, 2018).
Papadimitratos et al (Papadimitratos et al., 2016) studied the performance of a
solar water heater with evacuated tubes integrated with phase change materials. The
results show that phase change material integrated inside the inner tubes of evacuated
tube solar collectors can effectively store energy (form of latent heat) next to the heat
pipes and enable a delayed cooling after sunset or late evening. The proposed solar
collector utilizes two distinct phase change material (dual-PCM), Tritriacontane and

Erythritol with melting temperature 72°C and 118°C. The operation of solar water
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heater with the proposed solar collector is investigated during both normal and on
demand operation. The feasibility of this technology is tested via large scale
commercial solar water heaters. This study shows a significant efficiency improvement
of 26% for the normal operation and 66% for the stagnation mode of dual-PCM solar
water heaters for both normal and stagnation operation, compared with standard solar

water heaters that lack PCM.
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Figure 4 Schematic of evacuated solar collector filled with PCM and experimental
apparatus (Papadimitratos et al., 2016).

Koca, Ahmet et al (Koca et al., 2008) studied the energy and exergy analysis of
a latent heat storage of PCM into solar collector which copper pipe was used as heat
exchanger with 10 mm outer diameter and 1 mm thickness into the tank PCM. The
heat transfer fluid as allowed to flow inside the serpentine pipe to discharge the heat
by the phase change materials. The variations of radiation become almost constant
during morning and it increases until noon. The bell-shaped variations were obtained
for stored energy during all day. It was observed that the net energy efficiency 45%
but the area of collector surface is smaller than that of PCM surface area. As result of
this, low outlet temperature was obtained but it increased the cost of the latent heat

storage system.
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Figure 5 Variations of storage heat with radiation (Koca et al., 2008).

Taheri et al (Taheri et al., 2013) studied the water heater potential to enhance
heat transfer by dining the black colored sands immersed into the water storage tank
established the main portion of the collector absorber section. Water storage tank was
construction from galvanized sheet of 0.0015m in thickness and the volume of 1.45 x

0.56 x 0.17 m?> with the collected surface absorb 0.67 m?.
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Figure 6 The curves of hourly solar radiation, thermocouple temperatures in natural

convection and force convection and collector efficiency (Taheri et al., 2013).
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According to figure below, the both hourly Nusselt number and hourly heat
transfer coefficient grew continuously, which is forced convection condition showed
that the daily average efficiency was obtained about 82.88%, mass flow rate was 4.32
gm/s. it is seen that efficiency of the CSWH system has been increased due to the
forced flow operation of the CSWH system. Hussain (Al-Madani, 2006) constructed a
cylindrical solar water heater consists of a cylindrical tube glass having a length of 0.8
m and 0.14 m outer diameter with thickness of 6 mm. The copper coil tube in shape
of spiral rings within 2 mm and 3.175 mm inner and outer diameter tube and painted
black were installed inside glass. The result is showed that the maximum temperature
difference of 27.8 °C between inlet and outlet of the mass flow rate 9 kg/h. During the
experiemntal perioud was found the maximum efficiency of cylindrical water heater

41.8%.

Heated water Auiat e
outlet temperature ﬁlﬂnpﬂﬂme

\%Qnemomcter

Pyranometer

B85-80
]

Collector array

Cold water >~ ' v -

Water flow Absorber surface

let
temperature -

i

Cold water inlet
temperature Tos Te

measurement

—— Coner Cmane § > S - e — — p— o -
== -
- City water = . g " T
S fgave _ e . @ O @ © @O
80 - == Tfb("C) —p Tt (*C)[ 1000
70 e TH,0(°C) — - AT (*C) - 900 =
*—T5(°C) eeeeTa(C) 800 ;
60 =
p IR(W/m2) 700 ©
@ S0 600 =
5 =
s a0 500 @
% 30 400 _;
= 20 300 &=
- 200 8
10 / 100 £
0 o
SR E SIS SIIESEI SIS ER
O O O e e - e - NN ™ oo o
Time (h)

Figure 7 Domestic chromium solar collector with PCM and data experiment stored
inside (Koyuncu and Lule, 2015).
Koyuncu and Lule (Koyuncu and Lule, 2015) studied Thermal performance of

a domestic chromium solar water collector with phase change material. It constructed
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and tested for the thermal efficiency according to EN (European Union Norms) 12975-
2. Thermal energy was stored for short term period (from day to night) using paraffin
(melting temperature point: 55 °C, melting latent heat: 50 kcal/kg and density: 900
kg/m3) as a phase change material (PCM). Each test was replicated two times. As a
result, the thermal efficiency of the collector was obtained as 65% and 59% for first
and second test period respectively, while fluid flows as 0.02 kg/s*m?.

Abdul Jabbar et al (Khalifa et al., 2013) integrated a storage solar collector
water heater by using paraffin wax (PCM) as back layer, test and conducted during clear
and semi-cloudy in January, February and March the intensity solar radiation 6.22, 6.39
and 6.23 W/m?, the plate temperature is found to increase up to a distant of 2.5m
form water inlet. At hour 14:00 pm, the steady temperature was 50 °C in January, 60
°C in February and 46 °C in March. The efficiency useful energy gains of the system
divided by the total solar radiation incident on collector plane, which range 45% -
54%. Consequently, the water continues to receive heat after sunset as the PCM acts
as a heat source, the wax PCM temperature was found to greater than the absorber

temperature signifying the storage capacity of the PCM.
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The PCM melts and the heat is stored in the melted PCM as a sensible heat.
During low and off-sunshine hours, the system cools down and the liquid PCM transfers
heat to the circulating water as a useful heat until the PCM solidifies. Consequently,
the water continues to get heated after sunset as the PCM acts as heat source. Malvi
and Gupta et al (Gupta et al,, 2017) experimental investigated of heat removal factor
and report the performance of solar collector for various flow configurations and
compare evaluation. A sheet and tube type collector where the tube is bonded to the
absorber plate by a suitable adhesive, as the result indicated that when the mass flow
rate of water is 1, the parallel wall to wall flow is 0.88, respectively. It was also
observed that for the case of PCM, Fris a quantity and its value ranges flow and is
proportional to the melting temperature of PCM, but it was observed that in a
conventional water heater with parallel wall to wall flow the factor does not increase

significantly beyond a mass flow rate of 4 kg/h.
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Figure 9 Water flow parallel Channels-schematic plan view, Heat removal factor and
temperature profile of water (Gupta et al., 2017).

The heat removal factor Fg function to PCM melting phases rather than mass
flow rate. The factor decreases during phase change because in the charging stage the
PCM itself absorbs heat. The factor increases during the sensible heat stage of the PCM.
Variable values of Fz from 0 to 0.28 are obtained. The effect of the PCM’s heat of
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fusion is observed in the first hours of charging, which is encircled. Lin, Saw Chun et all
(Lin et al., 2012) studied the flat-plate solar collector integrated with phase change
materials below the absorber plate as thermal energy storage. The absorber plat was
modified by installing extended surfaces into the PCM reservoir to increase the heat
transfer area. Their showed that the comparison of flat plate solar collector in different
inclination angles 10 to 20° with and without phase change materials can provide

promising 38 °C hot water temperature for day time demand with 52 % efficiency.

Water
outlet

Data
logger

uonaxuuod ﬂuum

o| 10
- [ ]
0.9 9 o @ W/O PCM 10 degree ".‘T’fl'
05 5] B W/O PCM 20 degree L
- 9 ' COTCC 9 =
< v=6894x+0819  * W/OPCM30 degree 0.2 @ With PCM 10 degree
_ 0.7 ." 0.8 - ® With PCM 20 degree
2 = 4 With PCM 30 degree
2 0.6 ° \. £ 074
2 =
2 05 & ~ 2 0.6
g 03 N R ~ P 2 y =-4.342x+0.711
© N 2005
£ 04 . ) ~ z 0
2 oa A N . % 044
] > -1 s X+
3 N N Y=-6.466x+0.798 £ 03 4684x+0.710
S s \ A4 g
2 h Q Z o2
§ 3 0.2
0.1 S ¢ N 0.1 y = -5 885x+0.689
y = -8.229%+0.625 "
0.0 T T T T T 1 0.0 T T T T T T 1
0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0 0.02 0.04 0.06 0.08 0.10 0.12 0.14
I-T/G,A (m’ °C W™) T-T,G,A (m* °C W™

Figure 10 Flat-plate solar collector integrated with PCM and the collection efficient

different degree with and without PCM (Lin et al., 2012).

1.2.2. Performance enhancement flat plate solar collector

Generally, the flat-plate solar collector has collected efficiency approximately
40 to 70% while the standard of water mass flow rate is around 1,200 cm?/mZmin
(Bhowmik and Amin, 2017; Duffie and Beckman, 2013; Gary, 2006; Hollands, 1965;
Jafarkazemi and Ahmadifard, 2013; Struckmann, 2008; Zambolin and Del Col, 2010).
Many flat-plate typically of solar collector is used in the temperature range not over

60 “C since high temperature will be given high heat loss during operating. Jafarkazemi



16

et al (Jafarkazemi and Ahmadifard, 2013) studied energetic and energetic evacuation
of flat-plate solar collectors. The verification and confirmation of the model based on
the experimental data, effect of parameters such as fluid flow rate and temperature,
type of working fluid and thickness of the back insulation on the energy and exergy
efficiency of the collector has been examined and based on the analysis and
comparison. The results showed that energy and exergy efficiencies have conflicting
behaviors in many cases. While an increase in fluid inlet temperature leads to a
decrease in energy efficiency of collector, it leads to an overall increase in exergy
efficiency even to its maximum. While an increase in mass flow rate 0.03, 0.04 and 0.05
ke/s leads to an increase in energy efficiency of the collector. Increasing inlet water
temperature and decreasing water mass flow rate can be effective on decreasing these
destructions. designing the system with inlet water temperature approximately 40°
more than the ambient temperature as well as a lower flow rate may enhance the

overall performance.
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Figure 11 The comparison between the energy and exergy efficiencies of flat plate
collector in terms of (T;-T, )/I+ (Jafarkazemi and Ahmadifard, 2013).

The flow rate for three different working fluids including water, ethylene glycol,
and a mixture of water and propylene glycol with the concentration of 15.6%. As it
can be seen, water is the best working fluid. Bhowmik et al (Bhowmik and Amin, 2017)
studied the solar reflector used here with the solar collector to increase the reflectivity
of the collector. The radiation emitted by the absorber plate of the collector cannot
escape through the glass, and the reflector on the other hand used to concentrate the

solar heat on the collector surface, thus maximize the collector efficiency. The
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collector efficiency is obtained here, without reflector as 51%, and with reflector as
61%. Thus, the overall efficiency of the flat plate solar collector is increased

approximately 10% by using the reflector with the collector.
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Figure 12 Prototype reflective solar collector, and thermal efficiency with time
(Bhowmik and Amin, 2017).
Balaji et al (Balaji et al., 2017) studied the convective heat transfer by reducing the
cross sectional area between the absorbing fluid and inner wall of the tube. The heat
transfer enhancers are frictionally engaged with the inner side of the tube wall, and it
is kept in the axial flow direction of the fluid flow path. Designing of Eight heat transfer
enhancers were arranged parallel to the fluid flow at an angle of 45° to each other

from the center of the tube.
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The effect of reduced temperature on the collector instantaneous efficiency
for various mass flow rates eat loss from the collector is high when the slope of the
efficiency curve is high, and it reduces the convective heat transfer. The higher heat
transfer coefficient due to increase in Reynolds number overshadows the efficiency
enhancement due to heat transfer enhancer. The rod heat transfer enhancer increases
the efficiency by 14% at 0.0125 reduced temperature compared with a plain tube. At
the same time, tube heat transfer enhancer achieves about 11%.

From the literature reviews, the conventional solar flat-plate collector was
given the average thermal efficiency up to 70% with wildly research such techniques
twist-plate and wire-coil with difference ratios inserted into absorber plate of collector,
while the phase change material can be stored the thermal energy during its phase
change. Using the energy stores of PCM filled in the riser which welded with baffle
plate inserted into absorber plate of Flat-Plate solar collector could be effected on
thermal performance and convective heat transfer of the novel flat-plate solar
collector integrated, providing the suitable outlet temperature and its integrated with
phase change material (PCM) inside riser tube to improve thermal performance of the
solar collector. The system will be tested in a real environment with various flow rates
and following to the ASHRAE Standard, the thermal performance of the novel solar
collector compares to the normal collector. the temperature of riser tube, plate

surface and others parameters are collected and carried out.
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Objective

To study the phenomena of different riser tube Phase Change Material inserts
novel solar water heater collector integrated.

To study the performance of the solar collector system for the whole year.

Benefits

. Phase change material stores large amount of its latent heat when changing

phase from solid to liquid or liquid to solid.

. Suitable mass flow rate gives high performance of novel solar hot water system.

Predict the thermal performance of the solar hot water collector with PCM.

Scopes

The absorber plate copper tube of the novel solar hot water is about 28 mm
for outside diameter and the thickness of 1.25 mm.

The Phase Change Material has a melting point between 38 “C to 43 °C and is
inserted into the absorber tube plate of the solar hot water collector.
Comparison experiments of the conventional solar collector and the one
integrated with phase change material.

The flow rate is varied between 0.01 kg/s*m?, 0.02 kg/s*m? and 0.03 kg/s*m? to
obtain the optimal performance of the solar water heating system as following
as ASHRAE Standard Test.

The tilt angle of the novel solar water heater is the latitude of Chaing Mai

province (18°) and the collector is faced to the south.



20

Chapter 2

Theories

2.1.  Solar collector analysis

The thermal analysis of the solar collecting system is very complicated,;
therefore, some assumptions need to be made in order to simplify the analysis. The
theory of first law thermodynamics, law of conservation of energy principle, states that
the net change (increase or decrease) in the total energy of the system during a process
is equal to the difference between the total energy entering and leaving the system
during that process for an open system of control volume is used to predict the

thermal performance of a solar collector.

th | llect Ea. 1
R Out Accumleted .

Energy balance at R
v ( ate of energy) 4 (Rate of energy)
rate energy in

converted to heat energy which results in higher temperature of a working fluid and

attributes to heat loss at the back of the collector.

\\\

Solar Radiation

\\
\\
Q 27

T‘ Qloss

in
Figure 14 Energy balance of solar in storage.

2.1.1. The overall heat loss coefficient of solar water heater

The overall loss coefficient of the solar collector in the mathematic analysis
was considered the thermal network for a single glass cover of the system in Figure
15. At some typical location on the absorber plate. The absorbed energy is distributed

to thermal losses through the top, the bottom and the useful energy gain.
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Solar Radiation

It

PCM

R, . o T

(a) (b)

Figure 15 (a) Thermal network of solar storage collector, (b). Equivalent network.

The thermal energy loss through the top is the result of convention and
radiation between plates. In the steady-state energy transfer between the plate and
the cover glazed equal to the energy lost the surrounding from the top cover. The
loss through the top per unite area in then equal to the heat transfer from the absorber
plate to the glass cover is given as (Duffie and Beckman, 2013). The design or modelling
purposes these energy exchanges are usually described in terms of a top surface heat
loss coefficient U, which combines both the radiative and convective heat transfer
processes. A more empirically based technique to estimate U; was first proposed by
Hottel and Woertz (1942) (Duffie and Beckman, 2013), who produced a semi-empirical

equation for U;. The top lost cam be calculated by:

-1

O (Tom + T ) (T + T
| | T e B2
c [(Tw-T)] M L ¥ i
Tpm (n+ f) ‘9p +0.00591n hw 89
Where
f =(1+0.089h, —0.1166h,=, )(1+0.07866n) Eqg. 3

Factor in Eg. 2.
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C =520(1-0.0000515° ) Eq. 4
The emissive power, base of natural logarithm
e= 0.430[1—100j Eqg. 5
Tom
The efficiency collecting factor (F’) of the solar collector can be given as:
Fro u’
1 11 Eq. 6
W — -+
U (D+w,F) C, zDh

The efficiency collecting factor to the standard fin efficiency was calculated as:
Tanh -D)/2
__Tam[ m(w-D)/2]

Eqg. 7

m(w—-D)/2 9
Mo U, Eq. 8

ok
The heat removal factor of the solar collector could be calculated as:
e AU F’

Fo=—"|1-exp| —— :

; AUL{ Xp( e, H -

2.1.2. Solar collector analysis of the thermal performance

The solar water heater collector without phase change material will be given

the characteristics of the collector.

Figure 16 Solar collector generated thermal energy from solar radiation.
The thermal efficient of collector is (Bliss, 1959; Duffie and Beckman, 2013; Polvongsri,
2013). The general of the energy collected by solar collector relates to the mass flow
rate m through to the collector, the water temperature different between inlet and

outlet (T,-Tj) and the specific heat of water C, was given as Eq. 13:
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Q=mc, (T, -T) £ 10
The thermal efficiency of solar collector is defined as the ratio between the heat gain
from working fluid and the total incident solar radiation on the absorber plate area of

solar collector were given as Eq. 11 and Eq. 12

e, (T,-T)
n _—|TAc Eqg. 11

T -T
n=F (ra)e—FRUL—( 1)

a

Eq. 12

!

The thermal efficiency test is presented at near normal incidence conditions
therefore, that Fg is constant of maximum efficient, Fg and U, are constant within the
range of temperature. The linear will result when the efficiency is obtained from
averaged data plated against (T,-T)/l; according to Eqg. 12. The intersection of the
vertical line of efficiency axis is equal to Fg(ta). at this axis the temperature of working
fluid that entered the collector near ambient temperature means that the collector
efficient is nearly maximum. So, the slope of the linear line is equal to FrRU, shows that
the way energy has lost from the solar collector. At the intersection of the line with
the horizontal axis collector efficiency is zero and this point normally calls the

stagnation, usually occurs when no fluid flows in the collector.

A

F: (ra)

e

_FRUL

neff

v

5

Figure 17 The thermal efficiency curve.
The temperature of PCM varied to the phase change by the relation of enthalpy as
shown in of the enthalpy method change with temperature, which have three states
can be calculated enthalpy as following (Khalifa and Abdul Jabbar, 2010; Khalifa et al,,
2013; Koyuncu and Lule, 2015; Taheri et al., 2013):
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Figure 18 Isothermal and non-isothermal of phase change material.
State 1 as: In the solid phase of PCM which enthalpy varies temperature between T
and T,
State 2 as: In melting period of PCM which enthalpy varies temperature between T, |
and T,

Stage 3 as: In liquid phase of PCM which enthalpy varies temperature between T, and

Tm,l
h=c (T-T,
- ) T<T,
TR
h=Cp (Tom =Tt )+ﬁx f where,|T,, <T<T,, Eq. 13
ml~ 'sm T >-|—m

h=c, (Tsym = )+ fec, (T-T,,)
The heat transfer coefficient of fluid to the surface outside the cylindrical capsule was
evaluated from the following empirical correlation. The correlation was developed for
forced convection of fluid flowing across bundles of tubes:
Nu = 0.8Re®* Pro® Eq. 14

The Reynolds number, Re for the water was based on the capsule diameter.

From Eg. 1, Eqg. 10, Eq. 11, Eq. 12 and Eq. 13 the thermal efficiency of the novel solar
collector with the thermal energy stores of the phase change material could be

calculated as:
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. dT
mCP,water (To _Ti ) +M PCM Cp,PCM ( j

. ~ dt Eq. 15
coll+PCM
I A

2.1.3. Heat transfer analysis of the solar collector

The solar collector was collected and absorbed the solar radiation intensity of
the sun which its converts into thermal energy, while the flowing fluid inside the
system was collected those heat during operation. The energy collected (Q.o) of the
circulating fluid inner the absorber tube from the inner surface of absorber plate (A)

which gave the actual heat flux (q"), its was given as :

Qe
A

Where the collected energy was calculated following to the Eqg. 10, the mean

q"= Fq. 16

temperature of the flowing fluid (T,,) and the absorber temperature (Ty) which gave

the convection heat transfer coefficient of the solar collector calculated as:

I TT _Tw

The convection heat transfer coefficient of water flowing in the solar water heater

14

Eq. 17

collector tube (h) will be calculated by:
N,k

h =—*

L
Where the k is thermal conductivity of the copper tube, L is the thickness of the copper

Eqg. 18

tube.
The Reynolds number is dimensionless quantity of the flow regime depends mainly
on the ratio of inertial forces to viscous forces in the fluid. It is expressed for internal

flow of circular pipe as:
4m
Re=—— Eq. 19
urD
The Prandtl number is dimensionless quality
Cou
k
It turns out that the transition from laminar to turbulent flow also depends on the

Pr = Eq 20

degree of disturbance of the flow. Under most practical conditions, the flow in a

circular pipe is laminar and transitional.
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Table 2 Practical conditions of the Reynold number (Cengel and Cimbala, 2013).

Re <2300 Laminar flow

Re >2300 Turbulent flow

The novel solar collector integrated with phase change material was studied
and found the thermal collected of the convective heat transfer coefficient which
could give the correlation of convective heat transfer as the Nusselt Number form as

following Eq. 21:

Nu=aRe"Pr° Eq. 21
q,

PLLE bbbl
q

Figure 19 The heat generates from outside to inside with constant heat flux.

2.1.4. The prediction of the solar radiation intensity

The solar energy is an abundant and a reliable renewable resource that is
sustainable and can be used for centuries to heat water and continues to be an option
for heating and producing electric today. Almost all of the Earth’s energy input comes
from the sun which is generally considered to produce a constant amount of power
with a surface intensity of 6.33x10" W/m?. Not all of the solar energy that reaches the
Earth’s atmosphere by Earth which is due to the Earth’s energy budset. This budget
accounts for the fact some of the energy incident on the outer atmosphere of the
planet is immediately reflected back inti space. The reflection by the atmosphere,
clouds, and Earth’s surface. In Thailand, the maximum solar radiation level during April-

May of which the value is in a range of 20-24 MJ/m?. The maximum radiation in the
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northern region and some part in the central zone about 19-20 MJ/m? with the average
daily radiation is around 18.2 MJ/m? (Ministry of Energy, 2019). The solar radiation is
depending declination angle between the sun ansgular position with respect to the

equator plane could be given as (Duffie and Beckman, 2013):

S = 23.45sin 360(284”]) Eq. 22
365
The total daily solar radiation
cos(¢)cos(&)sin(a,)

Eq. 23

H, =242 11 0,033c0s[ 220 -
365 :

2 s .
T ~ sin(¢)sin(5)

For Thailand, daily diffuse radiation (Hy) could estimate from the global solar radiation

(H) as:

2 3 4
Ha _ 464084265405 |~ 28.3420) T | —a1.a5a6) 1 | +a6.4401] H Fq. 24
H H H H H

o] o] 0o (o]

Where the H is daily global solar radiation on horizontal plane is given in Table 3:

The hourly diffuse radiation (ld) could be calculated from:

cos(w)—cos(a, )

T
' sin( o, )—(zmosjcos(a) ) -
S 360 .
The solar radiation on the horizontal plane, (l,)
| 7z cos(w)—cos(w, )
o = g (@+beos(e)) Eq. 26

. 27w,
sm(a)s)—( < Jcos(ws)
Where aj,a;,b; and b, are constants are given for Chaing Mai province, Thailand: 0.514,

0.228, 0.512 and 0.514:

a=a, +a,sin(w, —60)

b=b, +b, sin (e, —60) Fq. 27
The total solar radiation on the tilt surface can be calculated as:
1+cos(B) 1-cos(p)
I, =1,.R, +1, 5 +1.p, > Eqg. 28

Table 3 Average of the month and daily solar radiation (Weather, 2019).

Average day of the month
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Month Date Date of the year | Daily solar radiation,
H (MJ/m? day)
January 17 17 17.25
February 16 a7 19.28
March 16 75 21.04
April 15 105 20.62
May 15 135 19.08
June 11 162 16.35
July 17 198 15.79
Ausgust 16 228 17.73
September 15 256 17.78
October 15 288 16.14
November 14 318 15.71
December 10 344 18.02

The daily efficiency of Active solar water heater which system had pump to

drive water through the collector, in the collector was converted solar energy into

thermal exchange to working fluid inside then go to the storage tank while the daily

efficient of the system could be calculated as:

ndaily = Z

Qs

I AAt

Eg. 29
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Chapter 3

Experiment set-up

The novel solar collector is built in a single copper tube as absorber plate tube
28.7 mm, 1 mm thickness and 1,000 mm long inserted with riser copper. On the copper
tube is welded with copper plate for increasing aperture surface absorber of collector
with Ordinary black colored was painted to absorb maximum heat from solar radiation
while its working. In the riser tube was filled with RT42 Phase Change Material (PCM)
by its melting is contented of latent heat energy stores and semi-circle of copper to
increase the heat transfer of working fluid and PCM in daytime operation as showed in

Figure 20.

4;.

Figure 20 The novel and conventional solar collector (PCM1,PCM2 and without PCM)
installed.

The length of PCM riser is equal to the absorber copper tube which is different
riser PCM diameter of the novel solar collector is tested in the same condition to find
out the thermal performance of each systems. The properties of PCM were showed in
Table 1 with the volume expansion 12.5% which was filled in the riser tube in each

side of diameters. The specific of riser PCM is showed in Figure 21.
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Absorber plate

PCM riser

Figure 21 The novel solar collector frame, copper plate and riser PCM.

Table 4 The characteristic of solar collector integrated with PCM 1, PCM 2 and

without PCM.
Category Diameter Unit Inside
PCM 1 @ 16 mm RT 42
PCM 2 ® 10 mm RT 42

Without PCM - - -

On the back and side of the solar collector were used aroflex foam rubber
insulation thickness 25 mm to maximize heat retention. On top of the solar collector

is a single glazed has 3 mm thickness and frame of the collector is made of aluminum.
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Figure 22 The experimental set-up of the novel solar water heater system.

On the cover glass was put a pyranometer is radiometer used to measure the
global total solar radiation incident upon a surface per unite time per unite area which
is pyranometer type apogee to record the beam radiation from the sun. The electric
pumping is driving force the water flow inside the system while mass flow rate crosses
in the system is regulated by the gauge valve and reading by flow meter and Bypass
system was also installed to protect the pump from overload by over pressure. The
complete se-up can be demonstrated in Figure 22.

Table 5 Equipment with its specification for installing and testing.

N° Equipment Photos Specifications

.
1 Glazed cover //// / Thickness 3 mm Glass Emittance

\ The copper plate to extend aperture

Copper plate and area. The copper tube 28 mm and
tube Riser PCM 16 and 10 mm k=thermal

conductivity 385 W/m*°C
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N° Equipment Photos Specifications
3 Aluminum frame -
Aroflex insulation density 40 t0 70
ke/m? installed in edge and back of
al Insulation aroflex collector. Thickness 25 mm to
minimize  heat  loss  thermal
conductivity
| Glove valve used to regulate flow
Flow control valve | circulated in the system and bypass
5 when it’s over pressure. The
Green pipe PPR . ,
diameter 20 mm of green pipe
connected in system.
T The flow meter measures flow rate
6 Water flow meter : from 4.5 to 15 L/h with accuracy +2
%.
Used to driving fluid circulated in
Driving water ¥
7 ?; the solar collector system with
pump A
maximum flow rate 800 L/h.
Thermocouple
) Measuring range from -200 ‘Cto
8 wire
1350 “C with accuracy +0.5 °C.
type K
Data logger 4 ‘/‘m ""ﬁ\\f\‘ ‘ Used to record data experiment
9 | channels TM- Q! “ with accuracy +0.4 %. + 1 "C with
At =

19475D

thermocouple type K
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N° Equipment Photos Specifications
\ Measures global horizontal or plan
Pyranometer
10 of array irradiation range 0-350 mV.
Apogee (USA)
Accuracy +5 %.
Data logger Adam The data logger Adam has accuracy
11 | >000TCP +5 9% and operating temperature 10
-70°C.

_Thermocouple 3

| U

Absorber Plate Collector

. N hermocouple 1 l
v

" JThermocouple 2 o e
V

Insulation 25 mm thickness
v Clear glazed cover 3 mm

| 1090 mm |

1000 mm

Diameter tube 28 mm

Absorber Plate collector |

Diameter 16 & 10 mm

PCM Riser Phase Change Material Riser tube

Figure 23 The dimension of the novel solar collector.

In piping system has control temperature of the inlet water temperature and

outlet water temperature of the system and then all data was recorded in the same

time. Water temperature in the system is measured by thermocouples type K record

temperature data logger TM-1947SD and Ex 9018. The storage tank obtains the water

for circulating in the system test. It is constructed as a metal material and cover by the

insulation. The insulation was installed to minimize the heat loss as convective and

conductive heat to the environment. The electric heater was used to regulate the

water for experimental testing and the water temperature in the tank, there are three

points of measuring in the tank. top, middle, and bottom by the thermocouple type

K are installed to measure for analyzing the performance. The temperature data of the

tank is given the amount of hot water will provide to the stationary.
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Glazed cover

PCM riser
L — Absorber tube — L
g yan\ Absorber plate PN é
3 U Insulation U g
i . 2 Frame box 2 _
[
220 mm 220 mm

Figure 24 Section view of the novel solar hot water system.
3.1. Experiment procedure

The solar collector system is constructed to do the experimental test which
conducting with a single tube to find out the primary parameter to analytical with the
mathematic for the big system that distributes and follows to the ASHRAE standard
test (Polvongsri, 2013). Many standard tests were used to predict and analysis on the
solar water heating collector performance as like as ASHRAE Standard, European. Even
though, those standards are similarities ways, giving the specifics condition for testing
as such as wind velocity, solar radiation intensity, mass flow rate, accuracy of
equipment, ambient temperature, inlet and outlet temperature. The different between
those standard are the mathematical analysis on the solar collector test with graphic
cure. Moreover, the standard tests are giving the efficiencies of each test were
collected the temperature, flow rate test, radiation.

In this novel solar water heating collector is following to the ASHRAE Standard
test that is provides as followed below:

+ The Ashrae standard was given the average flow rate 0.02 kg/s*m? that given
the maximum heat collected form the radiation of the daytime,

* The experiment condition test when the clear sky following to the ambient
collected data test.

+ In this standard test is given the maintain steady-state or quasi-steady-state
conditions with an incident solar flux of greater than 790 W/m? while the solar

collector tile angle is faced to the south in 18° latitude of Chaing Mai, Thailand.
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The collector is used pump to driving force the water inside system flowing
with measuring the water temperature inlet and outlet. In this study is going to test in
different water temperatures started from lowest in 35 “C to 65 °C the highest and
detail in Table 6 and Table 7.

Table 6 The novel collector tests temperature radiation (Polvongsri, 2013).

Temperature Test | 35 40 a5 50 55 60 65
Time The data collected in each interval time in 5 minutes
Radiation Started when radiation higher than 790 W/m?

Table 7 Steady condition of the ASHRAE 93-2003 outdoor test (Polvongsri, 2013).

Maximum variation
Lower | Upper

Variable In between Within data B -
limit limit
data periods periods
+32 W/m?
Total irradiation normal 790
- £ 10 i -
to sun (+ W/m?
Btu/ft>.h)
Fraction of diffuse
- - - 20% -
radiation
Incident angle modifier = +2% - - -
Ambient Temperature Range < 30 °C +15°C - - -
Wind - - 22m/s | 45 m/s | -
+ 0.005
Flow rate 0.02 kg/s.m? - - -
gpm
+ Max of

Inlet Temperature - . - . -
(0.1 C 2%)

Incident angle - +25° . . _

Symmetry to solar noon - - - - i
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The steady state conditions of the ASHRAE Standard 93-2003 describes test
methods for steady-state or quasi-steady-state thermal performance with time
response and angular tests. The purpose of performing the tests under steady state
conditions is to avoid transient influences during the test that could inflate the
“measured” performance of a collector. Several of the variable have extremely tight
tolerances on variability. It makes the test in both difficult and time consuming.

The test period is defined as the time over which steady state condition are
maintained for a single measured efficiency point. The test period as defined in the
standard consists of the pre-data period and the data period defined as below Figure

25:

Test period
In general: |

Pre-data period Pre-data period

Outdoor test: | 15 min | Max (5 min, 1)

Figure 25 Test and pre-data periods for thermal efficiency of solar collector
(T =constant time) (Polvongsri, 2013).
The novel and conventional solar collector were tested as following to the ASHRAE

standard 93-2003 was showed the process below Figure 26 of the solar collected

Start
{ Input: m /‘

parameter data related:

Ashrae Standard
ITs Ta’ Vair

¥y
Measurement
Point

Record data point:
T07 Tia Tp

End

Figure 26 The solar collector tests process.
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Start
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Input:
m,Cp, Tp, Tiy Ta, Ac, It

4

Ti—Ta
Calculate : Qcolb ncolb (To - Ti)’ (I—T)

J.

Following Equation:

Qeotrpem = MCy(Ty — T)) + (M CP)PCM (%)

Qcoti+pcy = Ac[Fr(1a) It — FRUL(T; — To)]

Mooy = Qeott+pcm
coll ITAC

Ti = Ta
Neon = Fr(ta)e — FRU, Iy

Plot :
Qcoll with Ti
(T, — T;) with T;
Linear regression :
(Ti Y Ta)
It

ncoll with

y

Output:
Fp(za)., FrU,

J

End

Figure 27 The analysis process of the solar collector.
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Input:
m,Cp, To, Ti T, Ac, I, Ty

A 4

Calculate : Uy, F', Fg

v

Following Equation:
U, =U+U,+U,

Pi= U _
1 1 1
w—mo>s — —+— ¢+
{Ui (D + wdF) C, #nDh, |
e AUF")]
F, = 2 11— exp| =
AU, mc
¢ P
Output:
Value of Uy, Fy
End

Figure 28 The calculation process of overall heat loss (U)),

collected efficiency of fin (F’) and heat removal factor (Fp).

38
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Start

y

Input:
m! Cp! To: Ti: TarACr AinJ ITF TW! Tav

Calculate : Qcon1,9", hi

v

Following Equation:

Qcott = me(To 7 Ti)
- Qcoll
Ain

~ull B
(Tw - Tav)

hi=

Output:
Value of

Qcolb q..‘ hi

End

Figure 29 The calculated process of convective heat transfer coefficient (hi).
The heat removal factor was calculated following to the Figure 28 and the
heat transfer coefficient of each solar collector was calculated following to the Figure

29.
3.1.1. The various diameters of riser tube Phase Change Material inserts in collector

with thermocouple points and predicted over the year

The experimental test in different diameter of riser the copper tube inserts in

copper absorber tube of the solar water heater collector for experimental test. The
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riser PCM is picked in three points to measure the temperature which is to study about
the phenomena of the PCM when collector operating. The various diameters are d;

and d, with 9 and 16 mm and thickness 1 mm.

Thermocouple 1 o1

V

THERMOMETER

| [ F T
;
!

3. e
(4
¥ P—

50 card data recorder

v

Thermocouple 2 of

V

[ G |
1nm TM-1947S

Thermocouple 3 o

V

v

Absorber Plate Collector Riser Tube PCM

Figure 30 The riser tube phase change material ith thermocouple.
The novel solar collectors were predicted the energy storage (Q,) and daily
efficiency (Is) in a whole year which using the predicted equation of solar intensity
and ambient temperature of Chiang Mai, Thailand and following to processing

calculation showed in Figure 31.
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Start

Input:
m,Cp, To, T, Ta, Ac, I7

A

Calculate : Qcons Nsystem

Following Equation:
Q = Ac[Fr(ta)elr — FRUL(T; — Tq)]

T t+At AcAt

=M,C, {{FrGGa) Iy — FRU(T.F - T,) ]} + T.*

Mprw(Tst-’-At 7 Tst)
QstoredH = At

_ Qs
nsystem er;l ITACAt

\ 4

Output: 1], Q,

l

End

Figure 31 The prediction of energy stores in water tank (Q,) and daily efficiency (n,).
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Chapter 4

Result and discussion

The novel solar collector integrated with phase change material riser was
tested to determine the thermal performance following to ASHRAE STANDARD 93-
2003. According to the test condition as ruling when testing, the novel solar collector
was divided into two collectors which inserted different phase change materials riser
diameter as 10 mm and 16 mm filled with RT42 PCM (a melting point 38-42 “C). Even
though, the ASHRAE Standard mass flow rate 0.02 kg/s*m? was used on experiment of
thermal efficiency and full day experiment was tested to qualify the thermal efficiency,
while, the various mass flow rate 0.01, 0.02 and 0.03 I<g/s'm2 were tested as following
the similar condition test which were showed the performance of different mass flow
rate, indeed, was found the best water flow rate with daily experiment also tested.
The convection heat transfers coefficient (hi) of the novel solar collector integrated

was calculated as following to the Nusselt number correlation (Nu).

4.1. The thermal performance of novel solar water heater integrated using

ASHRAE standard 93-2003 condition and mass flow rate 0.02 kg/s*m?

The experiment was conducted in outdoor experiment following ASHRAE
standard 93-2003 where the water mass flow rate each collector is equal to 0.02
kg/s-m? and the inlet water temperature is controlled by the electric heater at 35 °C,
40 °C, 45 °C, 50 'C, 55 °C, 60 ‘C, and 65 ‘C, respectively. The solar radiation, ambient
temperature, inlet water temperature, outlet water temperature, and hot water
temperature in a storage tank were collected during the day at School of Renewable
Energy, Chiangmai, Thailand. From the experiment, it was showed that the inlet water
temperature increases, with the increasing of heat loss from the collector. The thermal
performance of the novel solar collector with PCM riser provided higher values than
the conventional flat plate solar collector. The novel solar collector with PCM in 10
mm diameter riser (PCM2) gave the highest Fy(Ta). and FRU, of 0.828 and 11.30 W/m?*K
following by 16 mm diameter riser (PCM1), the Fg(td). and FrU, of 0.808 and 10.93



43

W/m?K and the conventional solar collector gave the Fy(ta). and FgU, of 0.713 and
10.642 W/m?K.

For solar collector performance analysis of the presenting the useful heat gains
due to the inlet water temperature variation. Both of heat gains from the novel solar
collectors integrated with PCM (PCM 1and PCM 2) showed that were higher than the
collector without PCM at the mass flow rate of 0.02 kg/s-m?. The PCM 2 with riser of
10 mm diameter was given higher heat gain than the PCM 1 with riser of 16 mm
diameters which effecting on the energy stored in the phase change material that filled
in the riser. Due to the useful heat gains of collector was influence with the
temperature, therefore, the heat gains at the low inlet water temperature had less
overall heat loss into environment while the high inlet temperature would give a
slightly increase amount losing thermal energy. In the Figure 33 shows the thermal
efficiency of the novel and conventional solar collectors were analyzed following the
ASHRAE standard 93-2003. The linear equations of both collectors PCM2 and PCM1
could identify of the better system performance than the conventional solar collector
without PCM. The range of inlet temperature, ambient temperature and solar radiation
were given the relation of (T;-T,)/ly at X-axis, its value changed cause of the variation
of inlet temperature during testing with steady state condition while the intersection
on Y-axis presented the thermal efficiency Fx(ta)., According to Eq. 12, if the relation
(T-T)/l+ was slightly different, the collected thermal energy was closely to the
maximum energy input as solar radiation. On the opposite, when the relation of (T;-
T,)/I+ had grown up, the energy loss would increase cause of the ambient temperature
variation that showed as the slope of the linear equation or FRU,. The results showed
that (T-T.)/l; was varied from 0.01-0.05 °C:-m?*W. Both the novel solar collectors
integrated with PCM were performed that PCM 1 and PCM 2 provided the Fg(ta). of
0.808, 0.828 and FgU, was 10.93, 11.34 W/m?2°C, respectively while the solar collector
without PCM got 0.713, and 10.64 W/m?.°C as shown as in Table 8 with all case studies

had the correlation on coefficient over than 0.98.
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Figure 32 The heat gains of novel and conventional solar collector.
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Figure 33 The thermal efficiency of novel and conventional solar collector with

Ashrae standard 93-2003 mass flow rate 0.02 kg/s*m? with term of PCM energy store.

Table 8 The values of Fg(ta). and FgU, for the novel solar collectors (PCM1 and

PCM2) comparing to the conventional solar collector (Without PCM).

The standard test mass flow rate 0.02 kg/s.m?

Category Fr(ta). FrUL R
PCM 1 0.808 10.932 0.982
PCM 2 0.828 11.304 0.984

Without PCM 0.713 10.642 0.981
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In the Figure 34 was showed the heat removal factor of the novel and
conventional solar collector (Fg). The changing of the inlet temperature was effected
to the collected energy could presents as removal factor characteristic while the inlet
temperature from 35 to the 65 °C were tested on novel collector (PCM1, PCM2) and
conventional. Using the data thermal analysis of the thermal performance in Table 8,
its each factors were showed that the novel solar collector PCM1 was given high value
which is 0.86 to 0.78 following to the set inlet temperature, the novel collector PCM

is 0.83 to 0.67 while the conventional solar collector was given 0.82 to 0.58.
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Figure 34 The heat removal factor of the novel and conventional solar collector.

4.2. The effect of mass flow rate to the thermal efficiency of the novel solar

collector integrated with phase change material and conventional

The solar energy is clean, environmentally renewable energy and can be used
in both electricity and heat functional. In part of heat production, commonly used a
solar collector that can integrate with many techniques are offered the highest thermal
performance which one method is to use the phase change material (PCM). The goal
of this research is to study the thermal performance of solar collector with and without
phase change material (PCM) riser. The various water mass flow rates per collector area
were observed at 0.01, 0.02 and 0.03 kg/s'mz, respectively. The novel solar collectors
were installed for thermal performance testing following ASHRAE standard 93-2003

comparing with the solar collector without PCM riser. The experiment results show
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that both of the novel solar collectors were given the thermal performance greater
than the solar collector without PCM riser. The novel solar collector that integrates
with phase change material riser of 16 mm diameter (PCM1) at 0.03 kg/s'm?
demonstrated the best of Fy(ta). and FRU, of 0.835 and 9.681 (W/m?*K) following by
the mass flow rate of 0.02 kg/s*m? and 0.01 kg/s*m?, respectively. For the novel solar
collector integrated with phase change materials riser of 10 mm diameter (PCM2) gave
the Fr(Ta). and FrU, of 0.828 and 11.304 (W/m?*K) at 0.02 kg/s*m? following by the

results of mass flow rate 0.03 kg/s*m? and 0.01 kg/s*m?, respectively.

4.2.1. Thermal performance of novel solar collector integrated with phase change

material riser 16 mm outside diameter (PCM1)

The novel solar collector integrated with RT42 (melting point 38 to 43 “C) phase
change material riser 16 mm outside diameter (PCM1) was studied effected mass flow
rate from 0.01 to 0.03 kg/s*m? on thermal performance. The experimental tested
following to Ashrae standard 93-2003 (Polvongsri, 2013) and inlet temperature various
from 35, 40, 45, 50, 55, 60, 65 oC, respectively. In the Figure 35, Figure 36 and Figure
37 was showed the temperature different (T,-T) was changed to the mass flow rate,
while the low mass flow rate was given the low (T,-T) and energy gains Qcgiipcm
opposite to high mass flow rate. However, the inlet temperature is also effected to
the temperature different and thermal energy gains while operating, when testing with
low inlet temperature (T)), the solar collector was collected a lot more of heat gains
Qcotlzprcm @nd high temperature different (T,-T), neither, the high inlet temperature (T)
was collected low heat gains Qoupcm and low temperature different (T,-T)). The flow
rate 0.03 kg/s*m? was showed the temperature different (T,-T;) from 4.9 to 2.6 °C while
the heat gains from solar radiation Qgipcm Was 78.9 to 44.84 W, the flow rate 0.02
kg/s*m? gives heat gains Q.o Was 67.60 to 29.5 W and (T,-T) was 6.1 to 2.4 “C while
the flow rate 0.01 kg/s*m? gives heat gains Qouspcw Was 71.8 to 31.23 W and (T,-T) was

10.1t0 4.2 °C, respectively.
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Figure 35 Temperature difference (T,-T)) and heat gains (Qospcw) Of PCM1 integrated

solar collector with mass flow rate 0.03 kg/s*m?
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Figure 36 Temperature difference (T,-T)) and heat gains (Q.ospcw) Of PCM1 integrated

solar collector with mass flow rate 0.02 kg/s*m?.

The effected various mass flow rates on thermal efficiency on novel solar

collector integrated with phase change material (PCM1) The results represented by the

linear regression function between (T-T,)/lr and thermal efficiency (). The Fy(ta). in

each case mass flow rate were performed on the intersection of Y-axis represented

the maximum efficiency and the slope of the equation as the heat loss to environment

by following the Eq. 11 and Eqg. 12. The novel solar collector integrated with PCM of
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riser tube 16 mm outside diameter was given the value Fg(ta). of 0.766, 0.808 and
0.835 and heat loss FgU, of 10.506, 10.932 and 9.68 W/m?**K by testing various flow
rates was showed in Table 9 and Figure 38 of (PCM1). The novel collector PCM1
tested with mass flow rate at 0.03 kg/s*m? is given a highest thermal performance with
Fi(ta). of 0.835 and FrU, of 9.68 W/m? K with term of the phase change material

energy stores.
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Figure 37 Temperature difference (T,-T) and heat gains (Qouspcw) Of PCM1 integrated
solar collector with mass flow rate 0.01 kg/s*m?

Table 9 The thermal efficiency analysis data.

PCM 1 ( The novel solar collector integrated with riser PCM 16 mm of diameter)

Flow rate (kg/s*m?) Fr(TaL), FrUL R?
0.01 0.766 10.506 0.98
0.02 0.808 10.932 0.98
0.03 0.835 9.680 0.98
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Figure 38 Thermal efficiency of novel solar collector integrated with PCM1 tested

with various mass flow rate from 0.01 to 0.03 kg/s*m?

4.2.2. Thermal performance of novel solar collector integrated with Phase change

material riser 10 mm outside diameter (PCM2)
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Figure 39 Temperature difference (T,-T;) and heat gains (Qcospcn) of PCM2 integrated

solar collector with mass flow rate from 0.03 kg/s*m?

The novel solar collector integrated with RT42 (melting point 38 to 43 °C) phase

change material riser 10 mm outside diameter (PCM2) was studied of thermal

performance effect by mass flow rate from 0.01 to 0.03 kg/s*m?.
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Figure 40 Temperature difference (T,-T)) and heat gains (Qo:pcm) Of PCM2 integrated

solar collector with mass flow rate from 0.02 kg/s*m?.
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Figure 41 Temperature difference (T,-T)) and heat gains (Qo.pcm) Of PCM2 integrated
solar collector with mass flow rate from 0.01 kg/s*m?.

The experimental tested following to Ashrae standard 93-2003 (Polvongsri,

2013) such specific condition as: the solar radiation intensity higher than 970 W/m?, air

velocity from 2.2 to 4.4 m/s and inlet temperature various from 35, 40, 45, 50, 55, 60,

65 °C, respectively. In the Figure 39, Figure 40 and Figure 41 was showed the

temperature different (T,-T;) was changed to the mass flow rate, while the low mass
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flow rate was given the low (T,-T) and heat gains Q.u,pcm OppPOsite to high mass flow
rate.

However, the inlet temperature is also effected to the temperature different
and energy gains while operating, when testing with low inlet temperature (T), the
solar collector was collected a lot more of heat gains (Q.u.pcw) @and high temperature
different (T,-T)), neither, the high inlet temperature (T;) was collected low heat gains
(Qeotsecw) and low temperature different (T,-T). The flow rate 0.03 kg/s*m? was showed
the temperature different (T,-T;) from 4.1 to 2.0 °C while the collected thermal energy
from solar radiation which heat gains were (Q.g.pcw) Was 66.7 to 32.1 W, the flow rate
0.02 kg/s*m? gives heat gains Qcouipcn Was 68.3 to 32.9 W and (T,-T) was 6.2 to 2.9 “C
while the flow rate 0.01 kg/s*m? gives energy gains Qousecy Was 64.5 to 29.0 W and
(To-T) was 9.2 to 4.1 °C following to inlet temperature (T), respectively.

In the Table 10 and Figure 42 were represented the effected various mass
flow rates on thermal efficiency on novel solar collector integrated with phase change
material (PCM1) The results represented by the linear regression function between (T:-
T.)/l; and thermal efficiency (). The Fi(ta). in each case mass flow rate were
performed on the intersection of Y-axis represented the maximum efficiency and the
slope of the equation as the heat loss to environment by following the Eqg. 11 and Eq.
12. The novel solar collector integrated with PCM of riser tube 16 mm outside diameter
was given the value Fg(ta). of 0.711, 0.828 and 0.743 and heat loss FRU, of 11.304 ,
8.764 and 9.625 W/m?*K by testing various flow rates was showed in Table 10 and
Figure 42 of (PCM2). The novel collector PCM1 tested with mass flow rate at 0.02
kg/s*m?is given a highest thermal performance with Fy(tal), of 0.828 and FrU, of 11.304

W/m?*K with term of Phase Change Material energy stores.
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Table 10 The thermal efficiency analysis data from tested of PCM energy stores.

PCM 2 ( The novel solar collector integrated with riser PCM 10 mm of diameter)
Flow rate (kg/s+m?) Fr(Ta)e FrUL R?
0.01 0.711 9.625 0.95
0.02 0.828 11.304 0.98
0.03 0.743 8.764 0.97
0.8 y =-11.304x + 0.828

(%)
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Figure 42 Thermal efficiency of novel solar collector integrated with PCM2 tested

with mass flow rate 0.01 to 0.03 kg/s*m?.

4.2.3. Thermal efficiency of conventional solar collector

The conventional solar collector (without PCM) was studied of thermal
performance effect by mass flow rate from 0.01 to 0.003 kg/s*m?. The experimental
tested following to Ashrae standard 93-2003 (Polvongsri, 2013) such specific condition
as: the solar radiation intensity higher than 970 W/m?, air velocity from 2.2 to 4.4 m/s
and inlet temperature various from 35, 40, 45, 50, 55, 60, 65 OC, respectively. In the
Figure 43, Figure 44 and Figure 45 was showed the temperature different (T,-T) was
changed to the mass flow rate, while the low mass flow rate was given the low (T,-T)

and energy gains Q. opposite to high mass flow rate. However, the inlet temperature



53

is also effected to the temperature different and collected energy while operating,
when testing with low inlet temperature (T;), the solar collector was collected a lot
more of heat gains (Q.y) and high temperature different (T,-T)), neither, the high inlet
temperature (T;) was collected low thermal energy (Q.) and low temperature

different (T,-T,).
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Figure 43 Temperature difference (T,-T)) and heat gains (Q.) of conventional solar

collector with mass flow rate 0.03 kg/s*m?.
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Figure 44 Temperature difference (T,-T)) and heat gains (Q.,) of conventional solar

collector with mass flow rate 0.02 kg/s*m?.
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In the Figure 45 with flow rate 0.03 kg/s*m? was showed the temperature
different (T,-T) from 4.1 to 2.4 ‘C while the collected thermal energy from solar
radiation of heat gains (Q.y) was 67.3 to 39.3 W, the flow rate 0.02 kg/s*m? gives heat
gains Qqy Was 59.8 to 24.2 W and (T,-T) was 5.5 to 2.2 °C while the flow rate 0.01
kg/s*m? gives heat gains Q. Was 58.7 to 28.6 W and (T,-T;) was 8.4 to 4.1 °C following

to inlet temperature (T)), respectively.
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Figure 45 Temperature difference (T,-T)) and heat gains (Q.) of conventional solar
collector with mass flow rate 0.01 kg/s*m?.

In the Figure 46 was represented the effected various mass flow rates on
thermal efficiency on conventional solar collector (without PCM) The results
represented by the linear regression function between (T-T,)/Ir and thermal efficiency
(n). The Fgl(ta). in each case mass flow rate were performed on the intersection of Y-
axis represented the maximum efficiency and the slope of the equation as the heat
loss to environment by following the Eq. 11 and Eqg. 12. The conventional solar

collector was given the value Fg(ta). of 0.637, 0.714 and 0.702 and heat loss FgU, of
8.77, 10.64 and 8.69 W/m?*K by testing various flow rates was showed in Table 11
(without PCM). The novel collector PCM1 tested with mass flow rate at 0.02 kg/s*m? is

given a highest thermal performance with Fy(ta), of 0.714 and FRU, of 10.642 W/m?*K.
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Table 11 The thermal efficiency analysis data from tested.

PCM 1 ( The novel solar collector integrated with riser PCM 16 mm of diameter)
Flow rate (kg/s*m?) Fr(Te FaUL R?
0.01 0.637 8.774 0.971
0.02 0.714 10.642 0.981
0.03 0.702 8.695 0.975
07 - y = -10.642x + 0.7138

Rz = 0.9807

<
o
!

y =-8.6955x + 0.7024
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o o
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Figure 46 Thermal efficiency of conventional solar collector.

4.2.4. Thermal efficiency of the novel and conventional solar collector

The novel solar collector integrated with phase change material (RT42 melting
point 38-43 °C) with difference riser diameters as 16 and 10 mm of outside diameter
and convention were experimented following to the ASHRAE Standard 93-2003
condition such as Ambient temperature (T;), Air velocity (V,;), Solar radiation intensity
(I), various flow rates 0.01 to 0.03 kg/s*m?, Inlet temperature 35, 40, 45, 50, 55, 60 and

65 “C of each solar collector.
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Figure 47 The thermal efficiency of solar collector with mass flow rate 0.01 kg/s*m?.
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Figure 48 The thermal efficiency of solar collector with mass flow rate 0.02 kg/s*m?.

The various mass flow rates were tested in each novel solar collector and

conventional collector as seen in Figure 47, Figure 48 and Figure 49. In the thermal

solar collector performance tested with mass flow rate 0.01 kg/s*m? seen that the

novel solar collector integrated with phase change material riser 16 mm outside

diameter (PCM1) was gave highest thermal performance than others collector seen as

in the Table 12 which represented of the thermal performance data Fg(ta). and FRU,

were 0.766 and 10.506 W/m? K. The thermal efficiency of solar collector tested with
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mass flow rate 0.02 kg/s*m? was found that the efficiency of novel solar collector
integrated with phase change material riser 10 mm outside diameter (PCM2) is a highest
thermal efficiency as seen in the Table 12 which Fy(ta). and FgU, were 0.828 and
11.304 W/m?*K, while the tested with mass flow rate 0.03 kg/s*m? the novel collector
PCM1 also showed in the Table 12, the highest efficiency with Fg(ta). and FRU, were
0.835 and 9.680 W/m?*K, respectively.
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Figure 49 The thermal efficiency of solar collector with mass flow rate 0.03 kg/s*m?.

The both novel solar collector and conventional collector had experimented
following to the ASHRAE Standard test condition, in the same time, each solar collector
also loss the thermal energy to the environmental round the collector which
represented the heal loss (U)) (Eq. 2) and the parameter (Fg) could showed the ability
of solar collector call heat removal factor (Fg) (Eg. 9) where found out with various
flow rate 0.01, 0.02 and 0.03 kg/s*m?. The energy loss following to the temperature
on the plate absorber and temperature inlet, while operating with low inlet
temperature both heat loss and heat removal factor were given low heat loss and high
energy collected, neither, increasing inlet temperature of the solar collector system
made the collector loss maximum energy to the environment and small energy

collector or small value of the heat removal factor.



Table 12 Thermal efficiency of the novel and conventional solar collector.
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Thermal efficiency of solar collector with mass flow rate 0.01 kg/s*m?

Category Fr(TOe FrUL R?
PCM1 0.766 10.506 0.98
PCM2 0.710 9.625 0.97

Without PCM 0.637 8.774 0.971

Thermal efficiency of solar collector

with mass flow rate 0.02 kg/s*m?

Category FR(TO, FRU, R?
PCM1 0.808 10.932 0.98
PCM2 0.828 11.304 0.98

Without PCM 0.714 10.64 0.97

Thermal efficiency of solar collector

with mass flow rate 0.03 kg/s-m?

Category Fr(TOe FrUL R?
PCM1 0.835 9.680 0.98
PCM2 0.742 8.764 0.95

Without PCM 0.702 8.695 0.97
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14 B
E114 £ (o) 8
= : B8
=112 = &
8 - @ 0.03 kg/s'm’
® 11 T (@)
e r B 0] 0.02 kg/s*m”
108 £ 8 O 0.01 kg/s'm?
3 - Q
- a
10.6 L1 | R - L R R R |
30 35 40 45 50 55 60 65 70

Inlet temperature T, ("C)

Figure 50 The overall heat loss (U;) of PCM1 integrated solar collector.
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In the Figure 50, Figure 51 Figure 52, Figure 53, Figure 54 and Figure 55, the
novel solar collector PCM1, PCM2 and conventional collector without PCM was seen
that the heat loss various from 13.01 to 15.78 W/m?*K, 12.1 to 15.68 W/m?*K and 11.15
to 15.02 W/m?*K of mass flow rate 0.01 kg/s*m? and the heat removal factor (Fg) was

0.78 to 0.65, 0.78 to 0.6 and 0.79 to 0.58, respectively.
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Figure 51 The heat removal factor (Fg) of with PCM1 integrated solar collector.

116
> C O
114 L 5 O
“\ | -
= " m|
S112 £ 8
g - o @ A 0.03 kg/s*m’
— 11 4+
_E:ﬁ B B ] 0.02 kg/s*m?
T108 [ 8 O 0.01 kg/s*m?
[ L
> L
-
106 1 | 1 1 I | | 1 1 I | | | 1 } 1 | 1 1 I | | 1 1 I | | | 1 I 1 | | 1 I 1 | 1 | I

W
o

35 40 45 50 55 60 65 70
Inlet temperature T,, ("C)

Figure 52 The overall heat loss (U;) of PCM2 integrated solar collector.
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Moreover, the solar collector tested with the mass flow rate 0.02 kg/s*m? was
found that the heat loss (U,) between 13.03 to 14.31 W/m?*K, 13.64 to 16.5 W/m?*K
and 13.13 to 18.32 W/m?*K and the heat removal factor (Fr) was 0.84 to 0.77, 081 to
0.67 and 0.81 to 0.58, respectively. The test with mass flow rate 0.03 W/s*m?, the heat
loss was 11.5 to 13.16 W/m?*K, 10.3 to 11.9 W/m**K and 10.45 to 13.04 W/m**K, while

the heat removal factor was 0.84 to 0.74, 0.83 to 0.71 and 0.83 to 0.67.
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Figure 53 The heat removal factor (Fg) of with PCM2 integrated solar collector.
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Figure 55 The heat removal factor (Fg) of without PCM conventional solar collector.

The novel solar collectors were given the high thermal performance which
mean the value of other factors were also represented as the heat loss (U;) and heat
removal factor (Fg). experimental of the solar collector tested with the various inlet
temperature also effected to these parameters as seen above which low heat loss and
high heat removal factor at the small temperature inlet temperature, either than, high
inlet temperature was found that high heat loss and low heat removal factor.
Moreover, another factor could be effected to these parameters was the mass flow
rate which the experimental tested with novel and conventional solar collector with
0.01, 0.02 and 0.03 kg/s*m? showed that the high thermal efficiency of mass flow rate
was given high heat loss to environmental cause of the FrU_ which represented the

maximum heat loss of the solar collector performance.
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4.3. The heat transfer enhancement of novel solar collector integrated with

phase change material

The experimental of the novel and normal solar collector integrated with
phase change material riser in difference of diameter and without integrated were

tested following to the Ashrae standard 93-2003 various mass flow rates 0.01, 0.02 and

0.03 kg/s*m?.
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Figure 56 The heat gains of novel solar PCM1of riser 16 mm with various mass flow
rates 0.01, 0.02 and 0.03 kg/s*m?

The heat gains (Q.ouspcw) Of the novel solar collector PCM1 and PCM2 were
showed in the Figure 56, Figure 57 and. Figure 58 Both collectors were absorbed peak
amount thermal energy when circulating water at low intel temperature, either, when
water circulating in the system at high inlet temperature the novel collectors were
collected the small amount of thermal energy during testing. Moreover, the mass flow
rate was a factor effected to the heat gains (Qcoipcw) Of solar collector, while the
operating the big mass flow through to the collector which water could absorbed high
thermal energy than low mass flow rate as seen the novel collector PCM1 of mass
flow rate 0.03 kg/s*m? was 79.0 to 44.8 W following the inlet temperature 35 to 65 °C,
respectively. Other, the novel solar collector PCM2 and conventional solar collector

are collected maximum energy while experimental tested with Ashrae standard mass
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flow rate 0.02 kg/s*m? was 68.2 to 32.92 W following to inlet temperature 35 to 65 °C,

respectively.
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Figure 57 The heat gains of novel solar PCM2 riser 10 mm with various mass flow

rates 0.01, 0.02 and 0.03 kg/s*m?
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Figure 58 The heat gains of novel solar without PCM with various mass flow rates
0.01, 0.02 and 0.03 kg/s*m?.
The conventional solar collector was seen that the thermal energy collected
66.5 to 39.3 W at mass flow rate 0.03 kg/s*m? 59.8 to 24.2 W at mass flow rate 0.02
kg/s*m? and at mass flow rate 0.01 kg/s*m? was 58.7 to 28.6 W.



64

12 -
10 £ m m 35
- 40

g £ T N
- : AT A 45
: Koo e >0
i : R~ 55

- - N be v S X
a 4 i, T o TTTIIEIEES X 60
"""--:-'::I::.%.'.‘.:_:.:_:_:.:.:.:.:E_:_:.:.:.:.::‘::::% + 65

2 -

O B 1 1 1 1 I 1 1 1 1 i 1 1 1 1 i 1 1 1 1 I 1 1 1 1 i 1 1 1 1 i

0.005 0.01 0.015 0.02 0.025 0.03 0.035

Mass flow rate, M (kg/s*m?)
Figure 59 The temperature difference (T,-T;) of novel solar PCM1 with various mass

flow rates 0.01, 0.02 and 0.03 kg/s*m?.
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Figure 60 The temperature difference (T,-T;) of novel solar PCM2 with
various mass flow rates 0.01, 0.02 and 0.03 kg/s*m?

In the Figure 59, Figure 60 and Figure 61 were showed that the different
temperature (T,-T)) of novel solar collector PCM1 and PCM2 by various mass flow rates.
The temperature difference (T,-T;) was various follow to the inlet temperature and
various mass flow rates which the low mass flow rate was absorbed and transfer heat
into circulating water with the small velocity flow rate, its made the water at high

temperature, while high mass flow rate was absorbed and heat transfer of the collector
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to the circulating water with high velocity flow rate on the inner tube which could
made the inlet and outlet temperature going to smaller. The experimental tested with
various inlet temperature also effected to the temperature (T,-T) at low inlet
temperature was high value than the high inlet temperature. The novel solar collector
PCM1 and PCM2 were 10.1 to 4.22 “C and 9.22 to 4.1 °C at mass flow rate 0.01 kg/s*m?,
6.1 t0 2.9 °C and 5.5 to 2.22 “C at mass flow rate 0.02 kg/s*m? and at the mass flow
rate 0.03 kg/s*m? the temperature (T,-T;) were 4.92 to 2.4 °Cand 4.1 to 2.0 °C, while
without PCM was 8.4 to 4.1°C, 5.5 to 2.2 °C and 4.1 to 2.4 °C as following to the various

inlet temperature, respectively.
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Figure 61 The temperature difference (T,-T;) of novel solar PCM1 with various mass
flow rates 0.01, 0.02 and 0.03 kg/s*m?
In the Figure 62 was showed the change of Prandtl number (Pr) following to
the inlet temperature (T), the solar collector were tested with range of inlet
temperature of the water which temperature was effected to the Prandtl number

factor as changing from 4.51 to 2.7 following to temperature tests, respectively.
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Figure 62 The Prandtl number (Pr) various with intel temperature (T).
1000 T
i m 35
]
& 800 o 40
. C
2 C a5
% 600 —+ A
= C 50
= C
© 400 L X 55
- L
oq? . ¥ 60
200 + 65
0 N 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i
0.005 0.01 0.015 0.02 0.025 0.03 0.035

Mass flow rate, M (kg/s*m?)
Figure 63 The Reynold Number (R.) of novel solar collector (PCM1) of riser
16 mm with various mass flow rates 0.01, 0.02 and 0.03 kg/s*m?.

In the Figure 63, Figure 64 and Figure 65 were showed the Reynold number
of the novel solar collector PCM1 and PCM2 which its changed to the mass flow rate
and temperature of the working fluid (water). The Reynold number could have
indicated the resume of the flow rate inside the solar collector which the temperature
of the water effected on its factor as the kinematic viscosity and density of the fluid.
Moreover, the mass flow rate also one of main factor effected to the factor with

diameter of the tube and velocity flow rate.
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Figure 64 The Reynold number (R.) of novel solar collector (PCM2) of riser 10

mm with various mass flow rates 0.01, 0.02 and 0.03 kg/s'mz.
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Figure 65 The Reynold number (R.) of conventional solar collector with

various mass flow rates 0.01, 0.02 and 0.03 kg/s*m?.

The different riser s PCM risers were effected to factors which carried out the
different of Reynold number of PCM1 and PCM2 as seen as the Reynold number 253.63
to 389.9 and 169.6 to 261.5 at mass flow rate 0.01 kg/s*m?, 389.9 to 614.8 and 260.5
to 405.1 at mass flow rate 0.02 kg/s*m? while at mass flow rate 0.03 kg/s'm? the
Reynold number was 568.3 to 878.2 and 381.0 to 587.9, while the collector without
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PCM was 113.6 to 171.6, 174.04 to 268.7 and 251.6 to 382.7 following to the inlet
temperature, respectively.

The solar collector was designed with the greenhouse effect which has black
colored absorber plate converts radiation into thermal energy then the circulating fluid
exchange heat inner absorber tube through to the storage tank. The critical integrated
of novel solar collector with the riser phase change material inserted into the absorber
tube was increasing the velocity flow rate inner of absorber plate which increased the
thermal energy transfer into working fluid (water) by presenting the convective heat
transfer coefficient (h;). In the Figure 66, Figure 67and Figure 68 were presented about
the heat transfer (h;) with various mass flow rate and inlet temperature of the novel
solar collector PCM1 and PCM2. Both collectors were seen that the convective heat
transfer coefficient (h) are increased by flow rate and decreased by high inlet
temperature which were 132.2 to 49.34 W/m?*K and 127.24 to 36.48 W/m?*K within
mass flow rate 0.01 kg/s*m?, 142.72 to 67.86 W/m?*K and 136.27 to 49.1 W/m?**K of
mass flow rate 0.02 kg/s*m? and at mass flow rate 0.03 kg/s*m? were 157.73 to 72.36
W/m?*K and 139.76 to 56.1 W/m?*K, while the collector without PCM was 119.6 to
32.06, 133.9 to 32.8 and 134.7 to 35.2 following inlet temperature, respectively.
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Figure 66 The convective heat transfer coefficient (h;) of novel solar PCM1 of riser 16

mm with various mass flow rates 0.01, 0.02 and 0.03 kg/s*m?
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Figure 67 The convective heat transfer coefficient (h;) of novel solar PCM2 of riser 10

mm with various mass flow rates 0.01, 0.02 and 0.03 kg/s'mz.
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Figure 68 The convective heat transfer coefficient (h;) of conventional solar collector
with various mass flow rates 0.01, 0.02 and 0.03 kg/s*m?.

In the Figure 69 Figure 70, and Figure 71 showed about the Nusselt Number

(Nu) of novel solar collector with various mass flow rates and inlet temperature. The

heat transfer inner of the absorber plate to working fluid (water) was presented as the

factor of Nusselt Number (Nu) factor of the PCM1 and PCM2 were 5.98 to 2.11 and

5.76 to 1.55 at mass flow rate 0.01 kg/s'mz, 6.5 10 2.9 and 6.2 to 2.1 at mass flow rate

0.02 kg/s*m? while at mass flow rate 0.03 kg/s*m? the Nusselt number was 7.16 to 3.1
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and 6.34 to 2.4, while the conational was 5.4 to 1.37, 6.1 to 1.41 and 6.13 to 1.5,

following to the inlet temperature and Reynold Number, respectively.
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Figure 69 The Nusselt number (N,) of novel solar collector (PCM1) of riser 16 mm.
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Figure 70 The Nusselt number (N,) of novel solar collector (PCM2) of riser 10 mm.

From the experimental tested novel solar collector PCM1 and PCM2 were

derived the correlation of the Nusselt number (Nu) relates to the Reynold number (Re)

and Prandtl number (Pr) as: Correlation: Nu =0.143Re*'* Prt®*

Which is 2 < Pr < 5, was showed the relationship of Nusselt number (Nu) between

equation and experiment in Figure 72.
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Figure 71 The Nusselt number (Nu) of conventional collector (without PCM).
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Figure 72 The relationship of Nusselt number (Nu) between equation and

experiment.
4.4. The daily tested and the thermal energy predicted in a whole year.

In order to analyze the system analysis, the novel solar collectors and
conventional collector were tested in daytime since 8:40 AM to 15:55 PM. The
experimental results presented that described the collector performance and showed
the several of inlet temperature, outlet temperature and the storage tank temperature.

In the Figure 73 shows the changing of the solar radiation intensity and ambient
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temperature during daytime. The maximum solar radiation was around 800 W/m? and

the ambient temperature was about 31 °C.
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Figure 73 The daily experimental tested, Solar radiation and ambient temperature.
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Figure 74 The novel solar collector (PCM1) of riser 16 mm teste.

The experiment was investigated at the initial temperature in 10-liter storage
tank of 25 °C and set the water mass flow rate of 0.02 kg/s-m? In the Figure 74 and
Figure 75 were presented the variation of temperature change of the novel solar
collector (PCM 1 and PCM 2). The maximum temperature different between inlet and
outlet temperature was around 5.1 and 5. 5 “C, respectively during peak solar radiation

and the ambient temperature average of 27.2 “C. For the maximum temperature of
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both water storage tanks were 50.2 and 51.5 °C, respectively while the conventional
solar collector in Figure 76 shows the temperature different was around 4.8 “C and

temperature close to the 50 °C.
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Figure 75 The novel solar collector (PCM2) of riser 10 mm tested.
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Figure 76 The conventional solar collector (Without PCM) tested.

In Figure 77 shows the heat gain in the storage tank of each case studies. The
heat gain (Q,) would be varied by the solar radiation variation. At the solar radiation
lower than 600 W/m?, the heat gains both the novel collectors (PCM 1 and PCM 2) and
conventional collector (without PCM) were similar. When the solar radiation more than

600 W/m?, the heat gain of both novel collectors were higher than the conventional
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solar collector. The calculated heat gains of using PCM 1, PCM 2 and without PCM

were 1,126.3, 1,219.7 and 1,059.01 kJ, respectively. When considered in the term of

thermal efficiency, both PCM collectors given the greater thermal efficiency about 8-

10%. The novel solar collectors and the conventional collector were experimented

for analysis system operation since 8:30 a.m. to 03:00 p.m. under clear sky day

condition. The system was operated at the best mass flow rate of 0.03 kg/s*m? and

circulated the water from the 10-liters storage tank to the collector.
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Figure 77 The energy stores of water tank of novel and conventional solar collector
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Figure 79 The result of daily system operation of novel solar collectors (PCM 1)

tested with mass flow rate of 0.03 kg/s*m?.
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Figure 80 The result of daily system operation of novel solar collectors (PCM 2)
tested with mass flow rate of 0.03 kg/s*m?.

The results in Figure 78, Figure 79, Figure 80 and Figure 81 showed that the
storage tank with initial temperature (T,) was about 25 °C and when the solar radiation
(I1) increased, the storage tank temperature was raised continuously following the
variation of solar radiation. The maximum solar radiation was around 830 W/m? at
12:30 PM, the temperature T, of storage tank were increased to 45, 46, and 44 °C,

respectively. The PCM 1 was collected more thermal energy than other collectors until
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the end operating at 3:00 p.m. which the storage tank temperature was 55 "C while

PCM 2 and without PCM was 53 °C and 51°C, respectively.
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Figure 81 The result of daily system operation of conventional solar collectors

(without PCM) tested with mass flow rate of 0.03 kg/s*m?

4.4.1. The thermal energy predicted in a whole year.

The amount of solar energy incident on earth each could be equivalent to 1.9

x 10'* tCOE while the globe consumes annual amount of energy at 9 x 10° which is

0.005 % of solar energy incidence cause of wind, rainfall, wave, biomass and so forth.

In Thailand, the solar radiation map was developed by department of energy indicates

that the maximum solar radiation level during April — May of the value is in a range of

20 - 24 MJ/m?d. the area that has highest solar radiation level in the northeastern

part which is around 19-20 MJ/m?d.
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Figure 82 Prediction daily average solar radiation of monthly in Chiangmai, Thailand.
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83 Prediction monthly ambient temperature of the year in Chiangmai,

Thailand.

The average value for the whole country is 18.2 MJ/m?d. The developed of

mathematic modeling of the solar radiation incidences on this area in the theory of

the novel solar collector performance in the whole year was calculated to perceive

the performance over the year as seen in the Figure 82 of the solar radiation and

Figure 83 of the ambient temperature. The solar radiation and ambient temperature

in the Chiangmai province, Thailand could be estimated using the equation and

latitude of

the location which could the data predicted to find out the thermal

performance in the whole year of each solar collectors were installed with the storage
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tank 11 kg of water. In the Figure 82, prediction daily average solar radian in average
of the month. The data predicted from 8:00 to 16:00 each month while the solar
radiation of the January radiation value was 357.3 to 1036.9 W/m? in average, February
was 457.3 to 1350.2 W/m?, March was 486.9 to 1401.1 W/m?, April was 451.5 to 1274.2
W/m?, on May was 400.3 to 1107.1 W/m?, June was 324.06 to 892.17 W/m?, August
was 356.36 to 1007.58 W/m?, September was 372.08 to 1085.31 W/m?, October was
337.08 to 1031.31 W/m?, November was 350.51 to 1084.64 W/m? and December was
429.8 to 1317.5 W/m? in average. The data predicted of ambient temperature in the
Figure 83 was 20.4 to 29.8 "C in January, 22.3 to 32.7 “C in February, 25.3 to 35.2 'C in
March, 27.9 to 36.5 “C in April, 27.6 to 34.2 °C in May, 27.2 to 32.7 °C in June, 26.8 to
31.8 “Cin July, 26.5 to 31.5 "C in August, 26.3 to 31.7 "C in September, 23.6 to 31.4 'C
in October and 23.3 to 30.1 C in December. Solar collector was simulated using the
prediction equation of the solar radiation and ambient temperature where located in
Chiang Mai province, Thailand. While, thermal efficiency of solar collector has been
using into the whole year prediction of the thermal energy storage of each solar
collector. In this, the storage tank was 21 kg and final predicted of tank temperature
was 50 “C of water was predicted in average of solar radiation and ambient temperature
of each month of the year.

In the Figure 84, Figure 85 and Figure 86, The novel solar collector integrated
with phase change material riser 16 mm outside diameter (PCM1) was estimated with
the mass flow rate 0.03 kg/s*m? which the storage tank temperature (T,) were 25 °C,
15 °C, 10 °C, 15 °C, 20 °C, 20 °C, 30 °C, 30 °C, 25 °C, 25 °C, 25 °C, 25 “C, while the
thermal storage of the system was 1992.55 kW, 2964.19 kW, 3317.65 kW, 2985.66 kW,
2468.42 kW, 1760.07 kW, 1685.62 kW, 2041.45 kW, 2174.82 kW, 2041.09 kW and 2615.2
kW in average following the daily efficiency and monthly, while the initial temperature

was change following to the month predicted, respectively.
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Figure 84 The prediction of water tank temperature of the novel solar collector

integrated with PCM riser 16 mm (PCM1).
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Figure 85 The daily efficiency of the novel solar collector (PCM1).
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Figure 86 The energy storage of water tank by the novel solar collector (PCM1).

In the Figure 87, Figure 88 and Figure 89, The novel solar collector integrated

with phase change material riser 10 mm diameter (PCM2) which the storage tank

temperature (T,) was 30 'C, 20°C, 15 °C, 20 °C, 25 °C, 30 °C, 35 'C, 30 'C, 25 C, 30 °C,

30 °C, 20 °C, while the thermal energy of the system was 1709.05 kW, 2603.49 kW,
2926.06 kW, 2619.81 kW, 2144.09 kW, 1638.37 kW, 1425.55 kW,1752.86 kW,1793.06 kW,

2430.38 kW in average following to the daily efficiency and monthly, while the initial

temperature was change following to the month predicted, respectively.
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Figure 87 The tank temperature of the novel solar collector (PCM2).
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Figure 88 The daily efficiency of the novel solar collector (PCM2).
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Figure 89 The energy stores of water tank by the novel solar collector (PCM2).
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Figure 90 The temperature of water tank by the conventional solar collector
(without PCM).

In the Figure 90, Figure 91 and Figure 92, The conventional solar collector
without phase change material integrated was estimated the storage tank temperature
(T.) was 30 ‘C, 25 “C, 15 °C, 20 °C, 25 °C, 35 °C, 35 'C, 30 "C, 30 "C, 30 °C, 25 ‘C while
the thermal energy of the system was 1620.3 kW, 2345.81 kW, 2810.55 kW, 2513.92
kW, 2050.54 kW, 1414.11 kW, 1347.36 kW, 1666.71 kW, 1784.89 kW,1666.03 kW and
2175.58 kW, in average following to the daily efficiency and monthly while the initial

temperature was change following to the month predicted, respectively.
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Figure 91 The daily efficiency of the conventional solar collector (without PCM).
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Figure 92 The energy stores of water tank by the conventional solar collector
(without PCM).
The novel solar and conventional solar predicted in average value of monthly
were showed in the Figure 93, the thermal energy of each solar collector was using
the average data in a day and the day of the month which found the average of the

monthly energy produced over a year.
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Figure 93 The energy consumption of the novel and conventional solar collector in
the whole year.

Both the solar collector’s thermal energy produced of PCM1, PCM2 and

without PCM were 61.8 MW, 53.MW and 50.2 MW in January, 83.0 MW, 72.9 MW and

in February, 102.8 MW, 87.8 MW and 84.8 MW in March, 89.6 MW, 81.2 MW and 77.9
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MW in April, 76.5 MW, 64.3 MW and 61.5 MW in May, 52.8 MW,50.8 MW and 43.8 MW
in June,52.3 MW, 44.2 MW and 41.8 MW in July, 63.3 MW, 52.6 MW and 50 MW in
August, 65.2 MW, 62.7 MW and 55.3 MW in September, 63.3 MW, 52.6 MW and in
October, 62.5kM, 55.6 MW and 52.7 MW in November and in December were 81.1 MW,
75.3 MW and 67.4 MW, respectively.

4.5. The phase change material in the riser tube

The novel solar collector integrated with phase change material (RT42) riser
absorbed thermal energy during melting or freezing (a melting point is 38 to 43 °C)
which could be stored a lot of amount of energy. The PCM riser 10 and 16 mm outside
diameter inserted into the absorber plate and storage the energy during experimental
which the pneumonia of the phase change material could be effected during the daily
experimental in period of phase change and the melting temperature 38 to 43 "C with
the heat storage capacity + 165 kJ/kg which the properties, in the Figure 94:

- High thermal energy storage capacity

- Heat storage and release take place at relative constant temperatures

- No supercoiling effect, Chemically inert

- Long life product, with stable performance through the phase change cycles
- Melting temperature range between 38-42 °C available

- Price $ 14.76 per kilogram (Australia Dollar)

Beispiel: RT42 Teilenthalpie / Partial enthalpy distribution
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Figure 94 Measured with 3-layer calorimeter (RUBITHERM, 2018).
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The novel solar collector integrated with phase change material filled in
different riser diameter of 10 and 16 outside diameter with the volumetric of the riser
were 5 x 10 Z and 1.6 x 10 * liters which amount of the phase change material riser

were 4.4 x 107% and 1.4 x 10" kg of (RT42).
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Figure 95 The absorber plate temperature and phase change material riser

temperature of PCM1.
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The daily experimental with the mass flow rate 0.03 kg/s*m? which the thermal

energy store of the storage tank was showed in the Figure 79 and Figure 80 while the

absorber plate temperature and the PCM riser temperature was various following to

the dimension of the collector as the inlet water temperature point with the lowest

then rising to the highest closed to the outlet temperature of the solar collector

showed in Figure 95 and Figure 96, while the energy store of the phase change

material was showed in Figure 97 and Figure 98.
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Chapter 5

Conclusion and further work

In this research of the Flat-Plate solar collector integrated with the phase
change material riser in different diameter were tested with the ASHRAE Standard 93-
2003 of thermal efficiency effecting with the various mass flow rate of rate 0.01, 0.02
and 0.03 kg/s*m”. The novel and conventional solar collectors were predicted the
energy production in the whole year.

Conclusion

The novel solar collector was integrated with phase change material riser in
different outside diameter of 16 and 10 mm (RT42 a melting point 38 — 43 “C) were
arrange as PCM1, PCM2 which were study the thermal performance following to the
ASHRAE Standard 93-2003. The thermal performance of the novel solar collector had
been conducted as using the various mass flow rate 0.01, 0.02 and 0.03 kg‘/s'm2 and
such as main condition as the solar radiation higher than 790 W/m? ambient
temperature not over than 30°C, air velocity not over than 2.2-4.4 m/s and the various
inlet temperature of 35 to 65 “C. Both novel solar collector and the conventional solar
collector were showed that the novel solar collector integrated with phase change
material with riser 16 mm outside diameter was given the highest thermal performance
with the mass flow rate 0.03 kg/s'm2 which represented as Fg(ta). 0.835 and FgU_ 9.68
W/m?*Kwhile the novel collector integrated with the PCM riser 10 mm and
conventional solar collector were given highest thermal energy with the mass flow
rate 0.02 kg/s*m? were Fg(ta), 0.828, 0.713 and FrU, 11.304 W/m?*K, 10.642 W/m?**K.
The convective heat transfer coefficient of the novel solar collectors also were studied
with using the standard condition which seen that the collected energy was changing
following to the change of flow rate and various of inlet temperature, otherwise, the
riser inserted into the absorber plate tube in difference diameter were effected the
velocity flow rate inner of each collector integrated which the volume of the riser inner
collector was effected to the Reynold Number (Re) of each collector were bigger riser

inserted into the collector was increased the values of the number while the Prandtl
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Number (Pr) was effected on the fluid temperature circulating inside. The heat transfers
(hi) were calculated following to the energy collector, average temperature of the fluid
and the average wall temperature of the collector which the convective heat transfer
efficiency could calculated from the new correlation of novel solar collector:

Nusselt number (N,) relates to the Reynold number (R.) and Prandtl number (P,) as:
Correlation: Nu=0.143Re***Pr*®* which 2 < Pr< 5.

The thermal energy of each solar collector were predicted of energy production in the
whole year which seen the novel solar collector integrated with Phase Change Material

riser 16 mm outside diameter was given highest energy production Figure 99:
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Figure 99 Energy consumption in a whole year.

Future work
The development never ends of integrated of the solar collector to get better
performance, the future study, it should be study the phenomena of the phase change
material inside the solar collector and selected the PCM in difference type,
characteristic such the melting point and riser side. The phenomena of energy store of

PCM in different type should be studied.
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APPENDIX A
Uncertainty Analysis
The uncertainty analysis uses the Taylor’s expansion:
of of o 1 of
FOX A AX, Xy + AXy oo, X, +AX) =F (X, X0y X, )+ A, — + AX, — + ..+ AX, —+ = (A 2+
(X1 X5 Xy 2 n n) (1 2 ) 15X1 25X2 8Xn 2{( X1) @Xf }

The first order term,

of of of
FOX A+ AXL X + Ay, X, +AX ) =T (X, X, X )+ AX — + AX, — + ...+ AX, —
(% + A%, %, +Ax, ) =0 X000%,) SRt .

The root-sum square,

2 2 2
AR = Axlﬂ + szﬁ 4ot Axnﬂ
X, 0X, OX,

Or

2 2 2 %
OR oR OR
og=||—ao | t| —w, | +..| — o,
4 OX, OX,

Which g is uncertainty in the output result and w;, W,, .., W, are errors in the

parameters related.
Thermal energy
The collected thermal energy was calculated as:
Qo =MC, (T, =T,)
The solar collector was tested with mass flow rate 0.03 kg/s*m? and the collector area
0.128 m? the water temperature inlet and outlet temperature difference was 36.4 and
41.3 °C the specific heat of water is 4187 J/kg"K.
The thermal energy collected of the solar collector was:
Q.on =MC, (T, —T,)0.03x0.128x 4187(41.3—-36.4) = 78.57 W
So, the energy collected of solar collector when the inlet temperature 36.4 was Q
=7857TW
The variable of the accuracy of equipment measurement as Uncertainty were:
- Mass flow rate: mis + 1.6%

- Specific heat of water is 0.01%

- Temperature difference (T,-T) is + (0.4%+0.5°C)
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@ = i(mcpAT )=C,AT =4.187kJ / kg - K x (41.3—36.4)°C = 20.52k] / kg
om om

Q _ i(mcpAT) = MAT =0.00383Kg / sx (41.3—36.4)°C = 0.0187kg - °C / s
oc, ocC,

99 __9 (e, AT)=rmC, = 0.00383kg / sx 4.187kJ / kg - K = 0.016k) /5K
AT  OAT

@, =0.00383kg / s x1.6% = 6.1x10°kg / s
w, =4.187x0.01%=4.2 x107*kJ / kg - K
@, =0.5°C
The uncertainty of the collected energy W =0.0081 W
So, the Collected Energy of solar collector was Q.= 78.57 + 0.0081W = 78.57 W =+
0.0103%
Thermal efficiency of the solar collector (Ico)
The thermal efficiency of the solar collector was calculated as:

e = 1), -

I, I,

The intersection of the vertical line of efficiency axis is equal to Fy(TQ).. At this
axis the temperature of working fluid that entered the collector near ambient
temperature means that the collector efficient is nearly maximum. So, the slope of
the linear line is equal to FgU, shows that the way energy has removed from the solar
collector. At the intersection of the line with the horizontal axis collector efficiency is
zero and this point normally calls the stagnation, usually occurs when no fluid flows

in the collector which presented in the graphic below:

A

Fs ()

e

—FU

neff
Py
Lo

\4
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The thermal efficiency of the solar collector which has the energy collected
Qcou = 78.57 W, Solar radiation intensity 802.6 W/m? and the solar collector area 0.128

m? was calculated as:

Qu 78.57W

ncoll = = 2 2 2075
I,A. 802.6W /m?x0.128 m

So, the thermal performance of the solar collector was 75% when the inlet

temperature at 36.4 °C with the mass flow rate 0.03 kg/s*m?.
The variable accuracy of the instrument measurement:

- Surface area of the copper tube is + 0.01%

- The solar radiation intensity value is + 5%

- The collected energy is + 0.0103%

on _ 0 (Qu |_ 1 __ 1  _(o097/w
Qo Qeon \ I+ A l; A, 802.6%0.128
on 0 (Qy ) Quf 1) 7857W 1 i
on _ 9 | Rea :_"[__zj: ) ~ |[=-95x10* m? /W
oy Ol \LA) A\ 1) 0128m7 (g026W /m’)
On_ 0 Qu | Quf 1| _785W | 1 = 597/m:
2 2 2 '
oA oALA ) 1 [ AT 8026W/m*| (0128m?)

@,

w, =0.128 m? x0.01% =1.28x10°m’

, =18.57TW x0.0103% =8.1x 10°wW

®, =802.6 W / m?x5%=40W / m?

The uncertainty of the thermal efficiency of the solar collector was W =
0.038
So, the thermal efficiency of the solar collector was o = 0.75 + 0.038 = 0.75 + 5.1%

Heat transfer

The heat transfer of solar collector was calculated as:

h- — Qcoll — Qcoll
I Aube (AT ) A\ube (Ts _Tav )

The heat transfers of the solar collector with collected energy 78.57 W, inner tube

surface area was Aupe= 0.086 m? and the average surface of absorber plate
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temperature was 40.73 °C and average temperature of the water circulating in the

collector was 38.8 °C:
Quun 78.57W

= AL (T.-T.) 0086 mx(4073—3888)C oW mK
ube \ s av : : .

h
So,

The variable of the accuracy of equipment measurement as Uncertainty were:
- Surface area of the copper tube is + 0.01%

- Temperature difference (T,,-T,,) is + (0.75% +0.1%)

ahi — a ( Qcoll j: 1 et 21 :646/m20C
2Q,, Q. \AxAT ) AxAT 0.086 m*x1.89°C

a_hi:i & :h(_éj:78'57w i 1 :_135_21W/m4.°C
oA oAl AxAT ) AT\ A 1.89°C (0.086m2)2

ahi = a QCO” = QCO“ [— 1 ) j = 7857W2 — 1 > 2—2641W / m2 ‘OCZ
OAT  OAT\AxAT) A AT?) 0.086m°( (1.86°C)

@, =0.0081 W

, =0.086m?* x 0.01% = 0.0000086 m*

@, =1.86°C x 0.85% = 0.016°C
The uncertainty of the heat transfer of the solar collector was Wy, = 4.23 W/m?*K

The heat transfers of the solar collector hi= 157.73 + 4.23 W/m?*K = 157.73 + 2.7%

W/m?*K
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PCM1

Mass flow rate 0.03 kg/s*m?

100

SetT; T Ti To, AT Qen  (TirTly Neon  Ta It Fr(ta)e FrUp
383 | 364 | 41.3| 49 | 7858 | 0.0072 | 0.75 | 30.66 | 802.06 8.11 9.75

38.7 | 36.3 | 41.3 5 180.18  0.0069 | 0.77 | 30.76 | 799.58 | 8.11 9.75

35 391 | 365|414 | 49 | 7858 0.0070 | 0.75 | 30.85 | 804.30 | 8.11 9.75
394 | 36.4 | 413 | 49 [7858| 0.0072 | 0.76 | 30.66 | 798.73 | 8.11 9.75

397 | 365|414 | 49 | 7858 0.0074 | 0.76 | 30.55 | 800.20 | 8.11 9.75

39.04 | 36.42 |41.34| 4.92 | 78.90 | 0.0071 | 0.76 | 30.70 | 800.97 8.11 9.75

418 | 405 | 448 | 43 |68.96( 0.0133 | 0.66 | 29.86 | 802.06 | 8.11 9.75

419 | 406 | 449 | 43 | 68.96 | 0.0128 | 0.66 | 30.26 | 805.62 8.11 9.75

40 42 40.6 | 45 4.4 | 7056 | 0.0134 | 0.68 | 29.86 | 802.99 | 8.11 9.75
421 | 40.7 | 45.1 | 44 | 7056 ( 0.0130 | 0.68 | 30.26 | 803.53 8.11 9.75

42.1 | 40.7 | 45 4,3 |68.96| 00136 | 0.67 | 29.94 | 787.97 | 8.11 9.75

41.98 | 40.62 [44.96| 4.34 | 69.60 | 0.0132 | 0.67 | 30.04 | 800.43 | 8.11 9.75

47.7 | 46.1 | 50 39 (6254 | 0.0185 | 0.59 | 30.85 | 808.41 | 8.11 9.75

47.7 | 46.1 50 3.9 | 6254 | 0.0189 | 0.60 | 30.85 | 809.03 | 8.11 9.75

45 47.8 | 46.1 | 50.1 4 64.14 | 0.0189 | 0.61 | 30.76 | 810.81 8.11 9.75
479 | 46.1 [ 50.2 | 41 [65.75| 0.0189 | 0.62 | 30.76 | 810.50 | 8.11 9.75

48.1 | 46.2 | 50.3 | 4.1 [ 65. 75| 0.0190 | 0.62 | 31.06 | 810.50 8.11 9.75

47.84 | 46.12 [50.12| 4 64.14 | 0.0188 | 0.61 | 30.86 | 809.85 8.11 9.75

52.3 | 50.3 | 54.1 | 3.8 | 60.94 | 0.0255 | 0.57 | 29.15 | 829.00 8.11 9.75

524 | 50.3 | 54.1| 3.8 [60.94| 0.0252 | 0.57 | 29.44 | 826.83 | 8.11 9.75

50 52.4 | 50.2 54 3.8 16094 | 0.0257 | 0.57 | 28.96 | 827.53 8.11 9.75
52.4 | 50.2 | 54 3.8 [60.94| 0.0257 | 0.56 | 28.85 | 830.62 | 8.11 9.75

525 | 50.3 | 54.1 | 3.8 | 60.94  0.0261 | 0.56 | 28.64 | 829.93 | 8.11 9.75

52.4 | 50.26 |54.06 3.8 | 60.94 | 0.0256 | 0.57 | 29.01 | 828.78 | 8.11 9.75

56.4 | 54.2 | 57.8 | 3.6 |57.73( 0.0299 | 0.54 | 29.76 | 818.86 | 8.11 9.75

56.4 | 54.2 | 57.7 | 3.5 | 56.13 | 0.0296 | 0.53 | 30.05 | 816.22 8.11 9.75

55 56.4 | 54.2 | 57.7 | 3.5 |[56.13 0.0294 | 0.53 | 30.26 | 814.29 8.11 9.75
565 | 54.2 | 57.7 | 3.5 | 56.13 | 0.0295 | 0.53 | 30.15 | 815.60 8.11 9.75

56.4 54 576 | 3.6 [57.73| 0.0295 | 0.55 | 29.94 | 814.29 8.11 9.75

56.42 | 54.16 | 57.7 | 3.54 | 56.77 | 0.0296 | 0.54 | 30.03 | 815.85 8.11 9.75

62.8 | 60.7 [ 63.5| 28 |44.90| 0.0364 | 0.43 | 31.66 | 797.41 | 8.11 9.75

62.7 | 60.7 | 63.4 | 2.7 | 43.30| 0.0368 | 0.42 | 31.46 | 795.17 8.11 9.75

60 62.6 | 60.5 | 63.4 | 2.9 | 46,51 | 0.0364 | 0.45 | 31.56 | 794.16 8.11 9.75
62.7 | 60.4 | 63.4 3 48.11 | 0.0365 | 0.47 | 31.46 | 792.07 8.11 9.75

62.7 | 60.4 | 63.3 | 29 |46.51 | 0.0363 | 0.45 | 31.66 | 792.23 8.11 9.75

62.7 | 60.54 | 63.4 | 2.86 | 45.86 | 0.0365 | 0.44 | 31.56 | 794.21 | 8.11 9.75

671 | 64.7 | 67.4 | 2.7 | 44.09 | 0.0416 | 0.42 | 31.46 | 799.74 8.11 9.75

67.1 | 648 | 67.4 | 2.6 | 42.46| 0.0411 | 0.41 | 31.96 | 799.58 8.11 9.75

65 67 64.8 | 67.4 | 2.6 | 42.46 | 0.0408 | 0.41 | 32.36 | 795.32 8.11 9.75
66.8 | 64.6 | 67.3 | 2.7 | 44.09 | 0.0404 | 0.43 | 32.57 | 79354 | 8.11 9.75

66.9 | 64.6 | 67.2 | 2.6 | 42.46| 0.0412 | 0.41 | 31.96 | 791.38 8.11 9.75

66.98 | 64.7 |67.34| 2.64 | 43.11 | 0.0410 | 0.42 | 32.06 | 795.91 | 8.11 9.75
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FI

290.84

153.88

10.15

39.79

37.38

41.52

39.56

38.07

41.12

43.03

0.88

296.77

159.08

10.15

39.70

37.46

41.52

39.56

38.07

40.91

43.02

0.88

290.84

156.66

10.15

39.79

37.46

41.41

39.55

38.18

41.01

43.23

0.88

290.84

159.25

10.15

40.00

37.67

41.41

39.69

38.07

40.91

43.05

0.88

290.84

159.80

10.15

40.00

37.46

41.71

39.72

38.18

41.01

43.12

0.88

292.02

157.73

10.15

39.85

37.49

41.51

39.62

38.12

40.99

43.09

0.88

255.22

141.83

10.15

43.63

41.71

45.45

43.60

41.62

44.76

46.97

0.87

255.22

137.96

10.15

43.74

41.92

45.55

43.74

41.66

44.96

47.18

0.87

261.16

141.17

10.15

44.14

42.02

45.85

44.00

41.82

45.05

47.08

0.87

261.16

140.41

10.15

43.74

41.71

45.45

43.63

41.86

45.21

47.21

0.87

255.22

146.84

10.15

43.74

41.81

45.66

43.74

41.74

44.95

47.08

0.87

257.60

141.64

10.15

43.80

41.83

45.59

43.74

41.74

44.98

47.10

0.87

231.48

123.32

10.15

50.20

48.28

51.62

50.03

47.50

50.19

52.09

0.86

231.48

127.65

10.15

50.31

48.17

51.91

50.13

47.30

50.20

52.09

0.86

237.42

127.80

10.15

49.69

47.69

5111

49.50

47.59

50.19

52.09

0.86

243.35

134.91

10.15

49.69

47.48

51.11

49.43

47.79

49.99

52.08

0.86

243.35

137.12

10.15

49.29

47.37

50.92

49.19

48.00

49.98

52.09

0.87

237.42

130.16

10.15

49.84

47.80

51.33

49.66

47.63

50.11

52.09

0.86

225.55

114.35

10.15

52.93

50.78

54.44

52.72

52.00

53.82

56.69

0.85

225.55

114.21

10.15

52.72

50.78

54.25

52.58

52.11

53.73

56.68

0.85

225.55

110.34

10.15

52.61

50.89

54.25

52.58

52.01

53.63

56.79

0.84

225.55

118.17

10.15

52.20

50.48

53.74

52.14

51.91

53.54

56.58

0.85

225.55

120.13

10.15

52.10

50.37

53.74

52.07

51.50

53.94

56.79

0.85

225.55

115.44

10.15

52.51

50.66

54.08

52.42

51.91

53.73

56.71

0.85

213.68

102.88

10.15

55.89

55.27

58.63

56.60

55.78

58.21

60.25

0.83

207.74

98.37

10.15

56.10

55.27

58.63

56.67

55.63

58.32

60.24

0.83

207.74

100.89

10.15

55.89

55.38

58.72

56.66

55.57

58.21

60.25

0.83

207.74

100.89

10.15

55.89

55.27

58.42

56.53

55.47

58.32

60.24

0.83

213.68

93.97

10.15

55.89

55.17

58.53

56.53

55.77

58.21

60.24

0.82

210.11

99.40

10.15

55.93

55.27

58.59

56.60

55.64

58.25

60.24

0.83

166.19

101.44

10.15

64.86

63.34

65.96

64.72

61.18

63.87

66.16

0.83

160.26

88.03

10.15

64.36

62.94

65.67

64.32

61.37

64.37

65.87

0.81

172.13

92.77

10.15

64.25

62.73

65.46

64.15

61.17

64.48

65.77

0.82

178.06

80.58

10.15

63.96

62.54

65.37

63.96

61.48

65.07

65.78

0.80

172.13

76.38

10.15

63.85

62.63

65.05

63.84

61.57

65.07

65.67

0.79

169.75

87.84

10.15

64.26

62.84

65.50

64.20

61.35

64.57

65.85

0.81

163.19

80.15

10.15

68.10

66.58

68.90

67.86

66.26

67.89

70.10

0.80

157.14

76.43

10.15

68.39

66.79

69.20

68.13

66.26

68.10

70.10

0.79

157.14

73.88

10.15

68.50

67.08

69.30

68.29

66.37

67.89

70.42

0.79

163.19

60.79

10.15

68.69

67.08

69.41

68.39

66.48

69.11

70.32

0.76

157.14

70.56

10.15

67.99

66.47

68.79

67.75

66.07

68.50

69.81

0.78

159.56

72.36

10.15

68.33

66.80

69.12

68.08

66.29

68.30

70.15

0.78




Fr

Gy

A%

n

Re

Pr

Nu

0.84

11.57

0.63

992.41

4186.37

6.74837E-07

0.00066972

567.98

4.44

6.99

0.85

11.53

0.63

992.43

4186.31

6.75444E-07

0.00067033

567.46

4.44

7.23

0.84

11.55

0.63

992.38

4186.49

6.73626E-07

0.00066849

569.02

4.43

7.12

0.85

11.53

0.63

992.41

4186.37

6.74837E-07

0.00066972

567.98

4.44

7.24

0.85

11.53

0.63

992.38

4186.49

6.73626E-07

0.00066849

569.02

4.43

7.26

0.84

11.54

0.63

992.40

4186.41

6.74473E-07

0.00066935

568.29

4.44

7.17

0.84

11.67

0.64

991.02

4191.77

6.31270E-07

0.00062560

608.03

411

6.38

0.83

11.70

0.64

990.98

4191.94

6.30188E-07

0.00062450

609.10

4.10

6.21

0.83

11.68

0.64

990.96

4192.02

6.29648E-07

0.00062396

609.63

4.10

6.35

0.83

11.68

0.64

990.92

4192.18

6.28570E-07

0.00062286

610.70

4.09

6.31

0.84

11.63

0.64

990.94

4192.10

6.29109E-07

0.00062341

610.16

4.10

6.60

0.84

11.67

0.64

990.96

4192.00

6.29756E-07

0.00062407

609.52

4.10

6.37

0.82

11.87

0.65

988.87

4202.29

5.76981E-07

0.00057056

666.69

3.71

5.48

0.82

11.82

0.65

988.87

4202.29

5.76981E-07

0.00057056

666.69

3.71

5.67

0.82

11.82

0.65

988.85

4202.40

5.76515E-07

0.00057008

667.24

3.71

5.67

0.83

11.75

0.65

988.83

4202.52

5.76049E-07

0.00056961

667.79

3.70

5.99

0.83

11.73

0.65

988.78

4202.74

5.75120E-07

0.00056867

668.90

3.70

6.09

0.83

11.80

0.65

988.84

4202.45

5.76328E-07

0.00056990

667.46

3.71

5.78

0.81

11.99

0.65

987.08

4212.64

5.40310E-07

0.00053333

713.22

3.44

5.03

0.81

12.00

0.65

987.08

4212.64

5.40310E-07

0.00053333

713.22

3.44

5.02

0.81

12.05

0.65

987.12

4212.37

5.41148E-07

0.00053418

712.09

3.45

4.85

0.82

11.95

0.65

987.12

4212.37

5.41148E-07

0.00053418

712.09

3.45

5.20

0.82

11.92

0.65

987.08

4212.64

5.40310E-07

0.00053333

713.22

3.44

5.28

0.81

11.98

0.65

987.10

4212.53

5.40645E-07

0.00053367

712.77

3.45

5.08

0.80

12.18

0.66

985.34

4223.85

5.09961E-07

0.00050248

757.00

3.23

4.49

0.80

12.25

0.66

985.36

4223.69

5.10342E-07

0.00050287

756.42

3.23

4.29

0.80

12.21

0.66

985.36

4223.69

5.10342E-07

0.00050287

756.42

3.23

4.40

0.80

12.21

0.66

985.36

4223.69

5.10342E-07

0.00050287

756.42

3.23

4.40

0.79

12.33

0.66

985.43

4223.22

5.11489E-07

0.00050404

754.67

3.24

4.10

0.80

12.23

0.66

985.37

4223.63

5.10495E-07

0.00050303

756.19

3.23

4.34

0.80

12.22

0.67

982.34

4245.30

4.66675E-07

0.00045843

829.75

2.92

4.37

0.78

12.48

0.67

982.36

4245.11

4.67006E-07

0.00045877

829.14

2.92

3.79

0.79

12.38

0.67

982.41

4244.72

4.67668E-07

0.00045944

827.92

2.93

4.00

0.77

12.67

0.67

982.44

4244.53

4.68000E-07

0.00045978

827.31

2.93

3.47

0.76

12.78

0.67

982.47

4244.34

4.68332E-07

0.00046012

826.70

2.93

3.29

0.78

12.49

0.67

982.40

4244.80

4.67536E-07

0.00045931

828.16

2.93

3.79

0.77

12.70

0.67

980.26

4261.46

4.41684E-07

0.00043297

878.55

2.75

3.43

0.76

12.80

0.67

980.23

4261.68

4.41381E-07

0.00043266

879.18

2.75

3.27

0.76

12.88

0.67

980.23

4261.68

4.41381E-07

0.00043266

879.18

2.75

3.16

0.73

13.39

0.67

980.31

4261.03

4.42291E-07

0.00043358

877.30

2.75

2.60

0.75

12.99

0.67

980.34

4260.82

4.42594E-07

0.00043389

876.67

2.75

3.02

0.75

12.93

0.67

980.28

4261.33

4.41866E-07

0.00043315

878.18

2.75

3.09
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Mass flow rate 0.02 kg/s*m?
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Set Ti Ts Ti To AT chll (Ti'Ta)lT I-lcoll Ta IT FR(Ta)e FRUL
38.00 35.00 41.00 6.00 67.08 | 0.0143 | 0.627 | 23.233 [ 823.113| 0.789 | 11.045

38.10 35.00 41.00 6.00 67.08 | 0.0135 | 0.625 | 23.842 | 825.203 [ 0.789 [ 11.045

35 38.30 35.00 41.00 6.00 67.08 | 0.0135 | 0.625 | 23.842 | 825.203 [ 0.789 [ 11.045
38.40 35.00 41.10 6.10 68.19 | 0.0138 | 0.637 | 23.632 | 823.268 [ 0.789 | 11.045

38.50 35.00 41.10 6.10 68.19 | 0.0140 | 0.635 [ 23.422 [ 826.055| 0.789 | 11.045

38.26 35.00 41.04 6.04 67.52 | 0.0138 | 0.630 | 23.594 | 824.569 [ 0.789 [ 11.045

43.00 39.80 45.20 5.40 60.37 | 0.0195 | 0.577 | 24.135 | 804.613 [ 0.789 [ 11.045

43.00 39.70 45.20 5.50 61.49 | 0.0191 | 0.589 | 24.345 | 803.142 [ 0.789 [ 11.045

20 43.20 39.90 45.30 5.40 60.37 | 0.0202 | 0.577 | 23.632 [ 804.458 | 0.789 | 11.045
43.20 39.90 45.20 5.30 59.25 | 0.0194 | 0.569 | 24.345 | 800.588 [ 0.789 [ 11.045

43.30 40.00 45.30 5.30 59.25 | 0.0204 | 0.571 | 23.737 | 798575 0.789 [ 11.045

43.14 39.86 45.24 5.38 60.14 | 0.0197 | 0.577 | 24.039 | 802.275( 0.789 [ 11.045

47.00 45.20 49.90 4.70 52.54 | 0.0244 | 0.491 | 25.142 | 822.417 [ 0.789 | 11.045

47.00 45.20 50.00 4.80 53.66 | 0.0245 | 0.503 | 25.142 | 819.862 [ 0.789 | 11.045

5 47.10 45.30 50.10 4.80 53.66 | 0.0246 | 0.502 | 25.037 | 822.726 [ 0.789 [ 11.045
47.10 45.30 50.10 4.80 53.66 | 0.0245 | 0.502 | 25.142 | 822.262 [ 0.789 | 11.045

47.10 45.30 50.10 4.80 53.66 | 0.0252 | 0.503 [ 24.639 [ 821.101 | 0.789 | 11.045

47.06 45.26 50.04 4.78 53.44 | 0.0246 | 0.500 | 25.020 | 821.674 [ 0.789 | 11.045

54.00 51.40 55.70 4.30 48.07 | 0.0320 [ 0.463 [ 25.834 | 799.427 | 0.789 | 11.045

53.90 51.20 55.60 4.40 49.19 | 0.0316 [ 0.474 [ 25.939 | 798.420 | 0.789 | 11.045

50 53.90 51.30 55.50 4.20 46.95 | 0.0315 [ 0.454 [ 26.233 | 795.789 | 0.789 | 11.045
53.80 51.20 55.40 4.20 46.95 [ 0.0319 [ 0456 | 25.939 | 791.763 | 0.789 | 11.045

53.90 51.20 55.40 4.20 46.95 | 0.0318 [ 0.456 [ 26.044 | 791.221 | 0.789 | 11.045

53.90 51.26 55.52 4.26 47.62 | 0.0318 [ 0.461 [ 25.998 | 795.324 | 0.789 | 11.045

58.20 55.60 59.00 3.40 38.01 | 0.0382 | 0.369 | 25.331 | 793.234 [ 0.789 [ 11.045

58.20 55.60 59.00 3.40 38.01 | 0.0377 | 0.368 | 25.645 [ 795.479 | 0.789 | 11.045

55 58.40 55.60 59.00 3.40 38.01 | 0.0381 | 0.367 | 25.247 | 795.943 [ 0.789 [ 11.045
59.20 55.60 59.10 3.50 39.13 | 0.0378 | 0.378 | 25.540 | 795.324 [ 0.789 [ 11.045

59.90 55.60 59.10 3.50 39.13 | 0.0382 | 0.380 | 25.331 | 793.002 [ 0.789 [ 11.045

58.78 55.60 59.04 3.44 3846 | 0.0380 | 0.372 | 25.419 [ 794.596 | 0.789 | 11.045

64.10 60.10 63.30 3.20 35.77 | 0.0414 | 0.347 | 27.239 | 793.544 ( 0.789 | 11.045

64.10 60.30 63.30 3.00 3354 | 0.0421 | 0.325 | 26.841 | 794.473 [ 0.789 [ 11.045

60 64.00 60.30 63.20 2.90 32.42 | 0.0415 | 0.314 | 27.344 | 793.853 [ 0.789 [ 11.045
64.40 60.40 63.30 2.90 32.42 | 0.0414 | 0.315 | 27.638 | 792.073 [ 0.789 [ 11.045

65.10 60.60 63.50 2.90 32.42 | 0.0421 | 0.316 | 27.344 | 789.906 [ 0.789 | 11.045

64.34 60.34 63.32 2.98 33.31 | 0.0417 | 0.323 | 27.281 | 792.770 [ 0.789 [ 11.045

69.40 65.00 67.40 2.40 26.83 | 0.0459 | 0.260 | 28.645 | 792.847 [ 0.789 [ 11.045

69.30 65.10 67.60 2.50 2795 | 0.0463 | 0.272 | 28.456 | 791.221 [ 0.789 | 11.045

65 69.50 65.00 67.50 2.50 2795 | 0.0466 | 0.272 | 28.141 | 790.447 [ 0.789 | 11.045
69.70 65.10 67.60 2.50 2795 | 0.0461 | 0.272 | 28.593 | 791.469 [ 0.789 [ 11.045

69.60 65.20 67.70 2.50 2795 | 0.0462 | 0.272 | 28.678 | 791.348 [ 0.789 [ 11.045

69.50 65.08 67.56 2.48 27.72 | 0.0462 | 0.269 | 28.502 | 791.467 [ 0.789 [ 11.045




104

q h; FU, ITeem | 2Tpem | 3Teem | Teemav | 1T 2T, 3Tp Toay F

248.266 | 142.448 | 11.809 | 37.561 | 35.114 | 40.497 | 37.724 | 37.162 | 39.608 | 42.459 | 39.743 | 0.906
248.266 | 139.607 | 11.809 | 37.455 | 35.114 | 40.497 | 37.689 | 37.162 [ 39.608 | 42.565 | 39.778 | 0.905
248.266 | 145.406 | 11.809 | 37.455 | 35.114 | 40.391 | 37.653 | 37.055 [ 39.608 | 42.459 | 39.707 | 0.908
252.404 | 144.412 | 11.809 | 37.455 | 35.008 | 40.391 | 37.618 | 37.326 [ 39.502 | 42.565 | 39.798 | 0.907
252.404 | 141.836 | 11.809 | 37.242 | 34.795 | 40.199 | 37.412 | 37.438 | 39.503 | 42.547 | 39.830 | 0.906
249.921 | 142.715 | 11.809 | 37.433 | 35.029 | 40.395 | 37.619 | 37.229 [ 39.566 | 42.519 | 39.771 | 0.906
223.439 | 132.971 | 11.808 | 41.816 | 39.688 | 44.773 | 42.093 | 41.544 | 44.094 | 46.903 | 44.180 | 0.900
227.577 | 131.263 | 11.808 | 41.922 | 39.795 | 44.667 | 42.128 | 41.544 | 44.084 | 46.923 | 44.184 | 0.899
223.439 | 134.784 | 11.808 | 41.922 | 39.795 | 44.773 | 42.163 | 41.736 | 44.104 | 46.933 | 44.258 | 0.901
219.302 | 129.110 | 11.808 | 42.241 | 39.901 | 44.986 | 42.376 | 41.743 | 44.076 | 46.927 | 44.249 | 0.898
219.302 | 139.753 | 11.808 | 41.922 | 39.901 | 44.880 | 42.234 | 41.651 | 44.094 | 46.913 | 44.219 | 0.904
222.612 | 133.466 | 11.808 | 41.965 | 39.816 | 44.816 | 42.199 | 41.644 | 44.090 | 46.920 | 44.218 | 0.900
194.475 | 120.894 | 11.806 | 47.687 | 45.553 | 50.202 | 47.814 | 46.971 | 48.995 | 51.509 | 49.159 | 0.891
198.613 | 122.261 | 11.806 | 47.687 | 45.553 | 50.202 | 47.814 | 46.967 | 49.096 | 51.611 | 49.225 | 0.892
198.613 | 122.066 | 11.806 | 47.772 | 45.659 | 50.096 | 47.842 | 47.275 | 49.096 | 51.611 | 49.327 | 0.892
198.613 | 119.522 | 11.806 | 47.476 | 45.553 | 50.096 | 47.708 | 47.367 | 49.092 | 51.627 [ 49.362 | 0.890
198.613 | 124.573 | 11.806 | 47.476 | 45.448 | 50.011 | 47.645 | 47.164 | 49.092 | 51.627 | 49.294 | 0.894
197.785 | 121.844 | 11.806 | 47.620 | 45.553 | 50.121 | 47.765 | 47.149 | 49.074 | 51.597 | 49.273 | 0.892
177.924 | 109.537 | 11.803 | 54.237 | 52.336 | 56.477 | 54.350 | 52.854 | 55.274 | 57.395 | 55.174 | 0.881
182.062 | 104.471 | 11.803 | 54.237 | 52.336 | 56.667 | 54.413 | 52.854 | 55.178 | 57.396 [ 55.143 | 0.877
173.786 | 108.492 | 11.803 | 54.047 | 52.336 | 56.477 | 54.286 | 52.748 | 54.967 | 57.291 | 55.002 | 0.880
173.786 | 106.067 | 11.803 | 53.836 | 52.230 | 56.371 | 54.146 | 52.642 | 54.882 | 57.291 | 54.938 | 0.878
173.786 | 103.836 | 11.803 | 54.153 | 52.336 | 56.265 | 54.251 | 52.748 | 54.967 | 57.206 | 54.974 | 0.876
176.269 | 106.430 | 11.803 | 54.102 | 52.314 | 56.451 | 54.289 | 52.769 | 55.054 | 57.316 [ 55.046 | 0.878
140.684 | 86.773 | 11.800 | 57.977 | 56.265 | 59.815 | 58.019 | 57.268 | 58.683 | 60.812 | 58.921 | 0.856
140.684 | 92.261 | 11.800 | 57.681 | 55.970 | 59.604 | 57.752 | 56.973 | 58.790 | 60.712 | 58.825 | 0.863
140.684 | 96.729 | 11.800 | 57.575 | 55.970 | 59.604 | 57.716 | 56.867 | 58.790 | 60.607 | 58.754 | 0.868
144.822 | 98.194 | 11.800 | 57.787 | 56.075 | 59.604 | 57.822 | 56.973 | 58.790 | 60.712 [ 58.825 | 0.869
144.822 | 98.275 | 11.800 | 57.787 | 55.864 | 59.498 | 57.716 | 56.877 | 58.886 | 60.708 | 58.824 | 0.870
142.339 | 94.276 | 11.800 | 57.761 | 56.029 | 59.625 | 57.805 | 56.992 | 58.788 | 60.710 | 58.830 | 0.865
132.409 | 82.682 | 11.797 | 62.139 | 60.407 | 63.745 | 62.097 | 61.720 | 63.234 | 64.950 | 63.301 | 0.850
124.133 | 81.940 | 11.797 | 61.928 | 60.301 | 63.639 | 61.956 | 61.934 | 63.145 | 64.866 [ 63.315 | 0.849
119.995 | 82.616 | 11.797 | 62.329 | 60.724 | 63.851 | 62.301 | 61.515 | 63.243 | 64.849 | 63.202 | 0.850
119.995 | 84.570 | 11.797 | 62.435 | 60.808 | 63.956 | 62.400 | 61.515 | 63.332 | 64.959 | 63.269 | 0.852
119.995 | 86.815 | 11.797 | 62.435 | 60.808 | 63.956 | 62.400 | 61.818 | 63.519 | 64.959 | 63.432 | 0.855
123.305 | 83.655 | 11.797 | 62.253 | 60.610 | 63.830 | 62.231 | 61.701 | 63.295 | 64.917 [ 63.304 | 0.851

99.306 | 60.601 | 11.794 | 67.069 | 65.835 | 68.580 | 67.161 | 66.142 | 67.871 | 69.503 | 67.839 | 0.808
103.444 | 72.709 | 11.794 | 67.261 | 65.835 | 68.495 | 67.197 | 66.142 | 67.780 | 69.397 | 67.773 | 0.833
103.444 | 74.529 | 11.794 | 66.963 | 65.537 | 68.495 | 66.998 | 66.035 | 67.673 | 69.205 | 67.638 | 0.836
103.444 | 66.208 | 11.794 | 67.547 | 66.010 | 68.937 | 67.498 | 66.022 | 67.915 | 69.799 | 67.912 | 0.820
103.444 | 66.819 | 11.794 | 67.722 | 66.151 | 69.126 | 67.666 | 66.048 | 67.968 | 69.978 [ 67.998 | 0.822
102.617 | 67.869 | 11.794 | 67.312 | 65.874 | 68.726 | 67.304 | 66.078 | 67.842 | 69.576 | 67.832 | 0.824
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Fr U, k p G v n Re Pr Nu
0.848 13.032 0.630 992.710 [4185.38761| 6.853E-07 | 6.803E-04 | 389.800 4.517 6.486
0.846 13.053 0.630 992.710 [4185.38761| 6.853E-07 | 6.803E-04 | 389.800 4.517 6.357
0.849 13.011 0.630 992.710 [4185.38761| 6.853E-07 | 6.803E-04 | 389.800 4.517 6.621
0.848 13.018 0.630 992.692 [4185.44308| 6.847E-07 | 6.797E-04 | 390.161 4.513 6.575
0.847 13.037 0.630 992.692 |[4185.44308| 6.847E-07 | 6.797E-04 | 390.161 4.513 6.457
0.848 13.030 0.630 992.703 [4185.40977| 6.850E-07 | 6.800E-04 | 389.944 4.515 6.498
0.842 13.120 0.638 991.074 [4191.52607| 6.329E-07 | 6.272E-04 | 422.759 4.123 5.985
0.841 13.135 0.638 991.093 [4191.44513| 6.334E-07 | 6.278E-04 | 422.388 4.127 5.909
0.843 13.106 0.638 991.037 [4191.68881| 6.318E-07 | 6.261E-04 | 423.502 4.115 6.065
0.840 13.154 0.638 991.055 [ 4191.6073 | 6.324E-07 | 6.267E-04 | 423.131 4.119 5.811
0.845 13.066 0.638 991.018 [4191.77061| 6.313E-07 | 6.256E-04 | 423.874 4.111 6.288
0.842 13.116 0.638 991.055 [ 4191.6073 | 6.324E-07 | 6.267E-04 | 423.131 4.119 6.007
0.834 13.249 0.646 989.075 [ 4201.1755 | 5.817E-07 | 5.753E-04 | 460.918 3.744 5.375
0.835 13.235 0.646 989.054 [4201.28563| 5.812E-07 | 5.748E-04 | 461.302 3.741 5.435
0.834 13.237 0.646 989.012 [4201.50676| 5.803E-07 | 5.739E-04 | 462.071 3.734 5.425
0.833 13.264 0.646 989.012 [4201.50676| 5.803E-07 | 5.739E-04 | 462.071 3.734 5.312
0.836 13.212 0.646 989.012 [4201.50676| 5.803E-07 | 5.739E-04 | 462.071 3.734 5.537
0.834 13.239 0.646 989.033 [4201.39605| 5.807E-07 | 5.744E-04 | 461.686 3.737 5.416
0.824 13.398 0.654 986.472 | 4216.4354 | 5.292E-07 | 5.220E-04 | 507.960 3.364 4.804
0.820 13.466 0.654 986.540 [4216.00367| 5.304E-07 | 5.233E-04 | 506.761 3.372 4.583
0.824 13.411 0.654 986.540 [4216.00367| 5.304E-07 | 5.233E-04 | 506.761 3.372 4.760
0.822 13.443 0.654 986.585 [4215.71729| 5.312E-07 | 5.241E-04 | 505.962 3.378 4.654
0.820 13.474 0.654 986.585 |[4215.71729| 5.312E-07 | 5.241E-04 | 505.962 3.378 4.556
0.822 13.438 0.654 986.544 [4215.97498| 5.305E-07 | 5.234E-04 | 506.681 3.373 4.669
0.802 13.779 0.660 984.720 [4228.06581| 5.002E-07 | 4.926E-04 | 538.355 3.157 3.775
0.808 13.673 0.660 984.720 [4228.06581| 5.002E-07 | 4.926E-04 | 538.355 3.157 4.014
0.812 13.595 0.660 984.720 [4228.06581| 5.002E-07 | 4.926E-04 | 538.355 3.157 4.208
0.814 13.572 0.660 984.696 |[4228.23176| 4.998E-07 | 4.922E-04 | 538.766 3.154 4.271
0.814 13.571 0.660 984.696 |[4228.23176| 4.998E-07 | 4.922E-04 | 538.766 3.154 4.275
0.810 13.637 0.660 984.711 [4228.13216| 5.001E-07 | 4.924E-04 | 538.520 3.156 4.101
0.795 13.884 0.666 982.543 [4243.76491| 4.693E-07 | 4.611E-04 | 575.047 2.940 3.565
0.795 13.901 0.666 982.491 |[4244.14746| 4.687E-07 | 4.605E-04 | 575.894 2.935 3.532
0.795 13.885 0.666 982.517 [4243.95604| 4.690E-07 | 4.608E-04 | 575.470 2.938 3.562
0.798 13.842 0.666 982.466 [4244.33917| 4.683E-07 | 4.601E-04 | 576.318 2.933 3.645
0.801 13.795 0.666 982.364 |[4245.10887| 4.670E-07 | 4.588E-04 | 578.014 2.924 3.740
0.797 13.862 0.666 982.476 [4244.26246| 4.685E-07 | 4.603E-04 | 576.148 2.934 3.606
0.757 14.594 0.671 980.178 | 4262.1134 | 4.408E-07 | 4.320E-04 | 613.775 2.742 2.590
0.780 14.162 0.672 980.097 [4262.76495| 4.399E-07 | 4.311E-04 | 615.088 2.736 3.107
0.783 14.109 0.672 980.151 [ 4262.3303 | 4.405E-07 | 4.317E-04 | 614.213 2.740 3.185
0.768 14.375 0.672 980.097 [4262.76495| 4.399E-07 | 4.311E-04 | 615.088 2.736 2.829
0.769 14.354 0.672 980.043 [4263.20074| 4.393E-07 | 4.305E-04 | 615.964 2.732 2.855
0.771 14.317 0.672 980.113 [4262.63443| 4.401E-07 | 4.313E-04 | 614.825 2.737 2.900




Mass flow rate 0.01 kg/s*m?
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SetT; Ts Ti To AT Qo |(Ti-T)lr | Men Ta It Fr(ta)e | FrUL
35.9 35.2 45.3 10.1 70.622| 0.00795| 0.681 28.854 | 797.956 | 0.734 10.304
36.1 35.2 45.2 10.0 69.923| 0.00855| 0.671 28.351 | 801.362 | 0.734 10.304
35 36.2 35.1 45.2 10.1 70.622| 0.00766| 0.678 28.959 | 801.207 | 0.734 10.304
36.4 35.1 45.2 10.1 70.622| 0.00715| 0.676 29.358 | 803.684 | 0.734 10.304
36.5 35.0 45.1 10.1 70.622| 0.00690 0.674 29.442 | 805.464 | 0.734 10.304
36.2 35.1 45.2 10.1 70.482| 0.00764| 0.676 28.993 | 801.935 | 0.734 10.304
41.8 39.6 48.1 8.5 59.434| 0.01218| 0.577 29.546 | 791.763 | 0.734 10.304
41.9 39.6 48.2 8.6 60.134| 0.01225| 0.582 29.148 | 792.383 | 0.734 10.304
40 42.0 39.6 48.2 8.6 60.134| 0.01206 0.584 29.756 | 791.067 | 0.734 10.304
42.1 39.7 48.3 8.6 60.134| 0.01190| 0.583 29.861 | 793.699 | 0.734 10.304
42.2 39.6 48.3 8.7 60.833| 0.01235] 0.593 30.155 | 793.079 | 0.734 10.304
42.0 39.6 48.2 8.6 60.134| 0.01215| 0.584 29.693 | 792.398 | 0.734 10.304
51.3 46.2 53.9 7.7 53.841| 0.02178 0.508 28.456 | 814.599 | 0.734 10.304
51.3 46.3 54.0 7.7 53.841| 0.02154| 0.508 28.749 | 814.753 | 0.734 10.304
5 51.3 46.2 53.9 7.7 53.841| 0.02160| 0.506 28.540 | 817.695 | 0.734 10.304
51.3 46.3 54.0 1.7 53.841| 0.02174| 0.507 28.540 | 816.921 | 0.734 10.304
51.4 46.4 54.0 7.6 53.141| 0.02176 0.501 28.645 | 816.069 | 0.734 10.304
51.3 46.3 54.0 7.7 53.701| 0.02168| 0.506 28.586 | 816.007 | 0.734 10.304
54.9 51.1 58.1 7.0 48.946| 0.02663 0.472 29.861 | 797.414 | 0.734 10.304
55.2 51.2 58.2 7.0 48.946| 0.02630 0.471 30.155 | 800.201 | 0.734 10.304
50 56.4 51.1 58.1 7.0 48.946| 0.02580( 0.470 30.448 | 800.433 | 0.734 10.304
57.9 51.1 58.2 7.1 49.645 0.02636| 0.478 30.050 | 798.575 | 0.734 10.304
57.8 51.1 58.0 6.9 48.247| 0.02602 0.463 30.260 | 801.052 | 0.734 10.304
56.4 51.1 58.1 7.0 48.946| 0.02622 0.471 30.155 | 799.535 | 0.734 10.304
62.3 55.1 61.4 6.3 44.051| 0.03054 0.422 30.553 | 803.684 | 0.734 10.304
63.1 55.0 61.4 6.4 44,751 0.03043| 0.429 30.553 | 803.297 | 0.734 10.304
55 63.5 55.0 61.5 6.5 45.450| 0.03065 0.433 30.260 | 807.090 | 0.734 10.304
64.2 55.0 61.6 6.6 46.149| 0.03055 0.442 30.448 | 803.684 | 0.734 10.304
64.8 55.3 61.6 6.3 44.051| 0.03100 0.423 30.448 | 801.672 | 0.734 10.304
63.6 55.1 61.5 6.4 44.891( 0.03064| 0.430 30.453 | 803.885 | 0.734 10.304
67.5 62.4 66.6 4.2 29.368| 0.03964| 0.285 30.952 | 793.389 | 0.734 10.304
67.4 62.4 66.7 4.3 30.067| 0.03967| 0.291 30.847 | 795.324 | 0.734 10.304
60 67.3 62.4 66.8 4.4 30.766| 0.03953| 0.298 31.057 | 793.002 | 0.734 10.304
67.3 62.2 67.0 4.8 33.563| 0.03942| 0.326 30.952 | 792.692 | 0.734 10.304
67.2 62.3 67.0 4.7 32.864| 0.03996] 0.319 30.658 | 791.763 | 0.734 10.304
67.3 62.3 66.8 4.5 31.325| 0.03964| 0.304 30.893 | 793.234 | 0.734 10.304
70.5 65.3 69.5 4.2 29.368| 0.04545| 0.283 29.043 | 797.777 | 0.734 10.304
70.5 65.3 69.5 4.2 29.368| 0.04505| 0.283 29.358 | 797.777 | 0.734 10.304
65 70.4 65.2 69.4 4.2 29.368| 0.04493| 0.283 29.358 | 797.777 | 0.734 10.304
70.2 65.2 69.4 4.2 29.368| 0.04469| 0.283 29.546 | 797.777 | 0.734 10.304
70.1 65.0 69.3 4.3 30.067| 0.04457| 0.290 29.442 | 797.777 | 0.734 10.304
70.3 65.2 69.4 4.2 29.507| 0.04494| 0.285 29.349 | 797.777 | 0.734 10.304
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q h; FU_ 1Tecm 2Tpem 3Tecm | TecmaVv 1T, 2T 3T Toa F
260.786 | 132.343 | 11.418 40.434 36.175 44.611 40.407 37.901 42.419 46.341 42.221 0.864
258.204 | 131.983 | 11.418 40.434 36.277 44.611 40.441 37.802 42.223 46.443 42.156 0.864
260.786 | 131.679 | 11.418 40.637 36.459 44,793 40.630 37.811 42.428 46.152 42.130 0.864
260.786 | 134.755 | 11.418 40.434 36.561 44.712 40.569 37.906 42.097 46.253 42.085 0.866
260.786 | 130.507 | 11.418 40.637 36.561 44.895 40.697 37.998 41.995 46.152 42.048 0.863
260.269 | 132.254 | 11.418 40.515 36.407 44.725 0.000 37.884 42.232 46.268 42.128 0.864
219.473 | 119.976 | 11.416 45.475 41.570 49.107 45.384 41.357 45.378 50.303 45.679 0.854
222.055 | 124.415 | 11.416 45.181 41.570 49.107 45.286 41.462 45.289 50.303 45.685 0.858
222.055 | 120.198 | 11.416 45.580 42.073 49.506 45.720 41.258 45.387 50.597 45.747 0.854
222.055 | 113.589 | 11.416 45.895 42.367 49.611 45.958 41.468 45.379 51.017 45.955 0.848
224.637 | 113.826 | 11.416 46.188 42.472 50.009 46.223 41.360 45.393 51.017 45.924 0.849
222.055 | 118.401 | 11.416 45.664 42.010 49.468 0.000 41.381 45.365 50.648 45.798 0.853
198.817 | 96.480 11.412 51.156 47.829 54.716 51.234 48.023 52.385 55.924 52.111 0.828
198.817 | 97.875 11.412 51.474 47.829 54.822 51.375 48.023 52.491 56.030 52.181 0.830
198.817 | 101.710 | 11.412 51.156 47.617 54.822 51.198 47.917 52.279 55.818 52.005 0.834
198.817 [ 97.931 11.412 51.071 47.511 54.610 51.064 48.740 52.067 55.733 52.180 0.830
196.235 | 104.638 | 11.412 51.262 47.829 54.907 51.333 47.917 52.279 56.030 52.075 0.838
198.300 [ 99.727 11.412 51.224 47.723 54.775 0.000 48.124 52.300 55.907 52.110 0.832
180.743 | 93.259 11.409 56.160 52.230 58.885 55.758 53.226 56.477 59.912 56.538 0.823
180.743 | 94.704 11.408 56.075 52.336 58.991 55.801 53.534 56.477 59.815 56.608 0.824
180.743 | 98.472 11.409 56.075 52.230 58.885 55.730 52.927 56.371 60.008 56.435 0.829
183.325 | 86.386 11.408 55.357 51.617 58.188 55.054 53.642 56.567 60.107 56.772 0.813
178.160 | 83.957 11.409 55.251 51.617 58.188 55.019 53.536 56.579 59.901 56.672 0.809
180.743 | 91.356 11.408 55.784 52.006 58.628 0.000 53.373 56.494 59.949 56.605 0.820
162.668 | 73.078 11.405 60.217 56.477 62.625 59.773 57.783 60.301 63.344 60.476 0.789
165.250 | 74.842 11.405 59.709 56.075 62.435 59.407 57.981 60.005 63.238 60.408 0.792
167.832 | 76.485 11.405 58.885 55.061 61.527 58.491 57.991 60.002 63.340 60.444 0.795
170.414 | 74.574 11.405 58.885 55.167 61.527 58.526 58.097 60.213 63.446 60.585 0.792
162.668 | 77.463 11.405 58.801 55.251 61.527 58.526 58.097 60.213 63.340 60.550 0.797
165.767 | 75.288 11.405 59.300 55.606 61.928 0.000 57.990 60.147 63.341 60.493 0.793
108.446 | 54.969 11.398 65.963 62.942 67.590 65.499 64.249 66.671 68.499 66.473 0.742
111.028 [ 56.632 11.398 65.963 62.942 67.781 65.562 64.143 66.784 68.605 66.511 0.747
113.610 | 54.697 11.398 65.963 63.132 67.886 65.661 64.566 66.777 68.689 66.677 0.741
123.938 | 63.778 11.398 65.963 62.942 67.992 65.632 64.354 66.671 68.605 66.543 0.766
121.356 [ 60.868 11.398 65.562 62.731 67.781 65.358 64.648 66.784 68.499 66.644 0.759
115.675 | 58.189 11.398 65.883 62.938 67.806 0.000 64.392 66.737 68.579 66.569 0.751
108.446 | 52.073 11.394 68.569 66.122 70.590 68.427 68.261 69.172 71.015 69.483 0.731
108.446 | 51.397 11.394 68.866 66.335 70.696 68.632 68.249 69.075 71.207 69.510 0.729
108.446 | 46.736 11.394 68.973 66.526 71.015 68.838 68.265 69.283 71.313 69.620 0.711
108.446 [ 49.596 11.394 68.675 66.228 70.505 68.469 68.261 69.184 71.015 69.487 0.722
111.028 | 46.917 11.395 68.675 66.228 70.590 68.498 68.261 69.273 71.015 69.516 0.712
108.962 | 49.344 11.394 68.751 66.288 70.679 68.573 68.259 69.197 71.113 69.523 0.721
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Fr U, k p G v n Re Pr Nu
0.780 13.209 0.634 991.909 [ 4188.167 | 6.582E-07| 6.529E-04| 254.040 4.313 5.991
0.780 13.213 0.634 991.928 | 4188.099 | 6.588E-07| 6.535E-04| 253.811 4.317 5.975
0.780 13.216 0.634 991.946 | 4188.031 | 6.594E-07| 6.541E-04| 253.582 4.322 5.962
0.782 13.184 0.634 991.946 | 4188.031 | 6.594E-07| 6.541E-04| 253.582 4.322 6.102
0.779 13.228 0.634 991.982 | 4187.897 | 6.605E-07| 6.552E-04| 253.124 4.330 5.911
0.780 13.210 0.634 991.942 | 4188.045 | 6.593E-07| 6.539E-04| 253.628 4.321 5.988
0.771 13.368 0.640 990.557 | 4193.820 | 6.185E-07| 6.126E-04| 270.725 4.016 5.382
0.774 13.313 0.640 990.537 | 4193.909 | 6.180E-07| 6.121E-04| 270.960 4.012 5.581
0.771 13.366 0.640 990.537 [ 4193.909 | 6.180E-07| 6.121E-04| 270.960 4.012 5.391
0.766 13.457 0.640 990.499 | 4194.087 | 6.169E-07| 6.111E-04| 271.429 4.004 5.094
0.766 13.453 0.640 990.518 | 4193.998 | 6.174E-07| 6.116E-04| 271.194 4.008 5.105
0.770 13.389 0.640 990.530 [ 4193.944 | 6.178E-07| 6.119E-04| 271.053 4.011 5.311
0.748 13.779 0.649 988.020 [ 4207.033 | 5.588E-07| 5.521E-04| 300.404 3.578 4.265
0.749 13.751 0.649 987.977 | 4207.282 | 5.579E-07| 5.512E-04| 300.893 3.571 4.325
0.753 13.678 0.649 988.020 [ 4207.033 | 5.588E-07| 5.521E-04| 300.404 3.578 4.496
0.749 13.750 0.649 987.977 | 4207.282 | 5.579E-07| 5.512E-04| 300.893 3.571 4.328
0.756 13.626 0.649 987.955 | 4207.407 | 5.575E-07| 5.508E-04| 301.138 3.568 4.624
0.751 13.715 0.649 987.990 [ 4207.207 | 5.582E-07| 5.515E-04| 300.747 3.573 4.408
0.743 13.869 0.656 985.991 [ 4219.530 | 5.208E-07| 5.135E-04| 322.987 3.304 4.081
0.745 13.838 0.656 985.945 | 4219.831 | 5.200E-07| 5.127E-04| 323.491 3.298 4.143
0.749 13.760 0.656 985.991 [ 4219.530 | 5.208E-07| 5.135E-04| 322.987 3.304 4.309
0.734 14.032 0.656 985.968 [ 4219.680 | 5.204E-07| 5.131E-04| 323.239 3.301 3.780
0.731 14.096 0.656 986.014 | 4219.379 | 5.212E-07| 5.139E-04| 322.735 3.306 3.674
0.741 13.911 0.656 985.982 [ 4219.590 | 5.207E-07| 5.134E-04| 323.087 3.302 3.997
0.713 14.457 0.661 984.261 | 4231.268 | 4.933E-07| 4.855E-04| 341.619 3.108 3.173
0.716 14.394 0.661 984.286 | 4231.097 | 4.936E-07| 4.859E-04| 341.361 3.110 3.250
0.719 14.339 0.661 984.261 | 4231.268 | 4.933E-07| 4.855E-04| 341.619 3.108 3.321
0.715 14.405 0.661 984.237 | 4231.439 | 4.929E-07| 4.851E-04| 341.878 3.105 3.238
0.720 14.308 0.661 984.164 | 4231.955 | 4.918E-07| 4.840E-04| 342.654 3.098 3.362
0.717 14.380 0.661 984.242 | 4231.405 | 4.930E-07| 4.852E-04| 341.826 3.106 3.269
0.670 15.368 0.669 981.088 | 4254.909 | 4.512E-07| 4.427E-04| 374.654 2.814 2.357
0.675 15.265 0.669 981.061 | 4255.116 | 4.509E-07| 4.424E-04| 374.924 2.812 2.428
0.670 15.388 0.669 981.035 [ 4255.324 | 4.506E-07| 4.421E-04| 375.194 2.810 2.345
0.692 14.880 0.669 981.035 [ 4255.324 | 4.506E-07| 4.421E-04| 375.194 2.810 2.734
0.686 15.026 0.670 981.008 [ 4255.532 | 4.503E-07| 4.417E-04| 375.465 2.808 2.609
0.679 15.173 0.669 981.045 | 4255.241 | A.507E-07| 4.422E-04| 375.086 2.811 2.495
0.661 15.589 0.673 979.525 | 4267.398 | 4.336E-07| 4.247E-04| 390.490 2.693 2.221
0.659 15.639 0.673 979.525 [ 4267.398 | 4.336E-07| 4.247E-04| 390.490 2.693 2.192
0.643 16.021 0.673 979.579 [ 4266.951 | 4.342E-07| 4.253E-04| 389.938 2.697 1.993
0.653 15.777 0.673 979.579 | 4266.951 | 4.342E-07| 4.253E-04| 389.938 2.697 2.115
0.644 16.004 0.673 979.662 | 4266.283 | 4.351E-07| 4.262E-04| 389.112 2.703 2.002
0.652 15.798 0.673 979.574 | 4266.996 | 4.342E-07| 4.253E-04| 389.993 2.697 2.105
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Set Ti Ts Ti To AT Qcoll (Ti'Ta)IT 1—lcoll Ta IT FR(ta)e I:RUL
37.4| 37 41.1f 4.1[65.75| 0.0117 | 0.63 | 27.55 | 805.62 | 0.74 8.61

37.6] 37.1| 413 4.2(67.35| 0.0121 | 0.64 | 27.34 | 80593 | 0.74 8.61

35 37.7] 371 413 4.2[67.35| 0.0115 | 0.64 | 27.74 | 810.50 | 0.74 8.61
37.7] 371 413 4.2(67.35| 0.0117 | 0.64 | 27.64 | 808.10 | 0.74 8.61

37.8| 37.2| 413 4.1[(65.75| 0.0117 | 0.63 | 27.74 | 805.15 | 0.74 8.61

37.64| 37.1| 41.26| 4.16|66.71) 0.0118 | 0.64 | 27.60 | 807.06 | 0.74 8.61

41) 40] 44] 4|64.14| 0.0136 | 0.60 | 28.90 | 817.54 | 0.74 8.61

41.2] 40.2| 44.2| 4|64.14| 0.0138 | 0.60 | 28.90 | 816.07 | 0.74 8.61

40 41.2] 40.2| 44.2] 4/64.14] 0.0139 | 0.61 | 28.90 | 814.44 | 0.74 8.61
41.4] 40.4| 44.3| 3.9|62.54| 0.0141 | 0.59 | 28.90 | 818.39 | 0.74 8.61

41.4] 40.4| 44.4] 4|64.14] 0.0140 | 0.60 | 28.90 | 820.48 | 0.74 8.61

41.24| 40.24| 44.22| 3.98(63.82| 0.0139 | 0.60 | 28.90 | 817.39 | 0.74 8.61

51.3| 46 49.8| 3.8(60.94| 0.0176 | 0.58 | 31.66 | 812.35 | 0.74 8.61

52.4| 45.9| 49.7 3.8(60.94| 0.0176 | 0.58 | 31.66 | 808.72 | 0.74 8.61

45 53.7| 46| 49.8| 3.8/60.94| 0.0178 | 0.58 | 31.56 | 809.41 [ 0.74 8.61
53.8| 46.1| 49.9| 3.8(60.94| 0.0183 | 0.58 | 31.35 | 807.71 | 0.74 8.61

53.4| 46.1| 49.8| 3.7(59.33| 0.0188 | 0.57 | 30.95 | 806.63 | 0.74 8.61

52.92| 46.02| 49.8| 3.78/60.62| 0.0180 | 0.58 | 31.44 | 808.96 | 0.74 8.61

52.7| 50.3| 53.7[ 3.4({54.52| 0.0261 | 0.51 | 28.85 | 820.64 | 0.74 8.61

52.7| 50.3| 53.7[ 3.4[54.52| 0.0258 | 0.51 | 29.04 | 823.73 | 0.74 8.61

50 52.7| 50.2| 53.8] 3.6[57.73| 0.0256 | 0.54 | 29.15 | 822.26 | 0.74 8.61
52.7| 50.2| 53.8[ 3.6[57.73| 0.0259 | 0.54 | 29.04 | 816.07 | 0.74 8.61

52.7| 50.1f 53.8[ 3.7[59.33| 0.0256 | 0.56 | 29.25 | 814.91 | 0.74 8.61

52.7| 50.22| 53.76[ 3.54/56.77| 0.0258 | 0.53 | 29.07 | 819.52 | 0.74 8.61

57.5| 54.9| 57.9 3|48.11] 0.0304 | 0.47 | 30.76 | 792.85 | 0.74 8.61

57.4| 54.8| 57.9] 3.1{49.71| 0.0306 | 0.48 | 30.55 | 792.54 | 0.74 8.61

55 57.3| 54.7[ 57.9] 3.2[51.32| 0.0302 | 0.50 | 30.76 | 791.76 | 0.74 8.61
57.2| 54.7[ 57.9] 3.2(51.32| 0.0301 | 0.50 | 30.95 | 788.59 | 0.74 8.61

57.2| 54.6| 57.8] 3.2[51.32| 0.0299 | 0.50 | 30.95 | 791.38 | 0.74 8.61

57.32] 54.74| 57.88| 3.14/50.35| 0.0303 | 0.49 | 30.80 | 791.42 | 0.74 8.61

62] 59.1| 61.9] 2.8{44.90| 0.0392 | 0.44 [ 28.04 | 791.61 | 0.74 8.61

61.9] 59| 61.8[ 2.8[44.90| 0.0392 | 0.44 | 28.04 | 789.29 | 0.74 8.61

60 61.8| 589 61.7] 2.8(44.90| 0.0390 | 0.44 | 28.14 | 788.67 | 0.74 8.61
63] 58.9| 61.6] 2.7|{43.30] 0.0387 | 0.42 [ 28.35 | 789.29 | 0.74 8.61

635 59 61.6] 2.6{41.69| 0.0389 | 0.41 | 28.35 | 787.97 | 0.74 8.61

62.44| 58.98| 61.72| 2.74/43.94| 0.0390 | 0.43 | 28.18 | 789.36 | 0.74 8.61

70.1] 65.2[ 67.2 2|132.07] 0.0462 | 0.31 | 28.85 | 786.04 | 0.74 8.61

69.8]| 65.1] 67.1 2|132.07] 0.0451 | 0.31 | 29.25 | 794.16 | 0.74 8.61

65 69.7| 65.1| 67.2] 2.1/33.68| 0.0453 | 0.33 | 29.36 | 788.28 | 0.74 8.61
69.4| 65.1] 67.1 2|132.07] 0.0451 | 0.31 | 29.36 | 79254 | 0.74 8.61

43.9] 65.2| 67.1] 1.9{30.47| 0.0456 | 0.30 | 29.04 | 792.23 | 0.74 8.61

64.58) 65.14| 67.14] 2/32.07] 0.0455 | 0.31 | 29.17 | 790.65 | 0.74 8.61
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q h; FUL ITecm | 2Tpem | 3Teem | TecmaV 1T, 2Tp 3Tp Tpav F
243.35 | 137.44 8.92 38.89 41.19 42.39 40.82 38.30 40.18 41.79 40.09 0.87
249.29 | 141.73 8.92 38.90 41.58 42.40 40.96 38.09 39.89 41.68 39.89 0.87
249,29 | 137.38 8.92 38.98 41.58 42.48 41.01 38.19 39.99 41.68 39.96 0.87
249.29 | 142.25 8.92 38.78 41.48 42.59 40.95 38.38 40.10 41.89 40.12 0.87
243.35 | 140.12 8.92 39.00 41.48 42.48 40.99 38.19 39.99 41.79 39.99 0.87
246.91 | 139.76 8.92 38.91 41.46 42.47 40.95 38.23 40.03 41.77 40.01 0.87
237.42 | 114.42 8.92 41.83 44.25 46.14 44.08 41.44 42.74 4473 42.97 0.85
237.42 | 129.03 8.92 41.83 44.15 46.14 44.04 41.02 42.63 44.65 42.77 0.86
237.42 | 131.02 8.92 41.73 44.25 46.06 44.01 41.33 42.63 44.73 42.90 0.86
231.48 | 132.23 8.92 42.02 44,14 46.14 44.10 41.44 42.84 44.84 43.04 0.86
237.42 | 136.08 8.92 41.74 44.65 46.05 44.14 41.52 43.03 44.84 43.13 0.87
236.23 | 128.07 8.92 41.83 44.29 46.11 44.07 41.35 42.78 44.76 42.96 0.86
225,55 | 115.28 8.92 48.05 49.86 51.66 49.86 46.96 48.66 50.36 48.66 0.85
225.55 | 102.68 8.92 48.16 50.07 51.77 50.00 47.15 48.87 50.47 48.83 0.84
22555 | 104.11 8.92 48.26 50.07 51.87 50.07 47.25 48.87 50.36 48.83 0.84
225,55 | 104.35 8.92 48.60 50.41 51.47 50.16 46.75 48.76 50.17 48.56 0.84
219.61 | 117.09 8.92 48.29 50.01 51.18 49.83 46.56 48.26 49.86 48.23 0.85
224.36 | 108.32 8.92 48.27 50.08 51.59 49,98 46.93 48.69 50.24 48.62 0.84
201.81 | 97.11 8.92 52.17 54.18 55.88 54.08 51.37 52.88 54.39 52.88 0.83
201.81 | 95.51 8.92 52.17 54.29 55.88 54.11 51.47 52.98 54.48 52.98 0.83
213.68 | 99.69 8.92 52.17 54.38 55.88 54.14 51.37 52.98 54.29 52.88 0.83
213.68 | 100.89 8.92 52.08 54.38 55.89 54.12 51.18 52.67 54.29 52.71 0.83
219.61 | 97.96 8.92 52.08 54.49 56.00 54.19 51.18 52.77 54.39 52.78 0.83
210.11 | 98.24 8.92 52.13 54.34 55.91 54.13 51.31 52.86 54.37 52.85 0.83
178.06 | 83.43 8.92 56.78 58.61 60.21 58.53 56.20 57.50 58.70 57.46 0.81
184.00 | 88.19 8.92 56.70 58.51 60.10 58.44 56.30 57.39 58.80 57.50 0.82
189.93 | 87.47 8.92 56.70 58.61 60.10 58.47 56.30 57.50 58.80 57.53 0.81
189.93 | 87.75 8.92 56.78 58.51 60.10 58.46 56.30 57.39 58.70 57.46 0.81
189.93 | 93.40 8.92 56.49 58.30 59.91 58.23 56.09 57.20 58.61 57.30 0.82
186.37 | 87.99 8.92 56.69 58.51 60.09 58.43 56.24 57.40 58.72 57.45 0.81
166.19 | 71.72 8.92 61.32 62.81 64.32 62.82 60.82 62.01 63.23 62.02 0.79
166.19 | 68.75 8.92 61.32 62.81 64.32 62.82 60.92 61.91 63.13 61.98 0.78
166.19 | 66.02 8.92 61.32 62.81 64.32 62.82 60.71 61.91 63.02 61.88 0.77
160.26 | 65.64 8.92 61.21 62.73 64.13 62.69 60.71 61.72 63.02 61.82 0.77
154.32 | 68.55 8.92 61.11 62.52 64.03 62.55 60.71 61.61 62.92 61.75 0.78
162.63 | 68.08 8.92 61.26 62.73 64.23 62.74 60.77 61.83 63.06 61.89 0.78
118.71 | 56.24 8.91 66.95 68.44 69.55 68.31 66.95 67.74 68.84 67.84 0.74
118.71 | 52.04 8.91 66.95 68.54 69.65 68.38 66.95 67.85 68.84 67.88 0.73
124.64 | 57.68 8.91 66.84 68.54 69.55 68.31 66.84 67.74 68.75 67.78 0.75
118.71 | 57.13 8.91 66.63 68.35 69.55 68.18 66.74 67.64 68.75 67.71 0.75
112,77 | 57.60 8.91 66.74 68.25 69.34 68.11 66.53 67.35 68.44 67.44 0.75
118.71 | 56.05 8.91 66.82 68.42 69.53 68.26 66.80 67.66 68.72 67.73 0.74
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Fgr U, k p o % u Re Pr Nu
0.84 10.27 0.63 992.34 | 4186.61 | 6.72418E-07 0.00066727| 381.031 | 4.420 6.241
0.84 10.24 0.63 992.29 | 4186.80 | 6.70614E-07 0.00066544| 382.077 | 4.406 6.433
0.84 10.27 0.63 992.29 | 4186.80 | 6.70614E-07| 0.00066544| 382.077 | 4.406 6.236
0.84 10.24 0.63 992.29 | 4186.80 | 6.70614E-07| 0.00066544| 382.077 | 4.406 6.457
0.84 10.25 0.63 992.27 | 4186.86 | 6.70014E-07| 0.00066483| 382.425 | 4.402 6.359
0.84 10.26 0.63 992.29 | 4186.77 | 6.70854E-07| 0.00066568| 381.937 | 4.408 6.344
0.82 10.50 0.64 991.26 | 4190.73 | 6.3838E-07[ 0.0006328| 401.783 | 4.164 5.156
0.83 10.35 0.64 991.19 | 4191.04 | 6.36178E-07| 0.0006306| 403.205 | 4.148 5.812
0.83 10.34 0.64 991.19 | 4191.04 | 6.36178E-07[ 0.0006306| 403.205 | 4.148 5.902
0.83 10.33 0.64 091.13 | 4191.28 | 6.34535E-07| 0.0006289| 404.272 | 4.136 5.954
0.84 10.30 0.64 991.11 | 4191.36 | 6.33989E-07 0.0006284| 404.628 | 4.131 6.127
0.83 10.36 0.64 991.18 | 4191.09 | 6.35849E-07| 0.0006302| 403.418 | 4.145 5.769
0.82 10.51 0.65 988.93 | 4201.95 | 5.78383E-07| 0.0005720| 444.508 | 3.720 5.121
0.81 10.67 0.65 088.97 | 4201.73 | 5.7932E-07| 0.0005729| 443.770 | 3.727 | 4.563
0.81 10.65 0.65 988.93 | 4201.95 | 5.78383E-07| 0.0005720| 444.508 | 3.720 | 4.625
0.81 10.64 0.65 988.89 | 4202.18 | 5.77447E-07[ 0.0005710| 445.247 | 3.713 | 4.635
0.82 10.49 0.65 988.91 | 4202.06 | 5.77915E-07| 0.0005715| 444.877 | 3.717 5.201
0.81 10.59 0.65 988.93 | 4201.97 | 5.78289E-07 0.0005719| 444.582 | 3.720 | 4.812
0.80 10.77 0.65 987.17 | 4212.10 | 5.41989E-07| 0.0005350| 475.203 | 3.456 | 4.274
0.80 10.79 0.65 987.17 | 4212.10 | 5.41989E-07[ 0.0005350| 475.203 | 3.456 | 4.203
0.80 10.73 0.65 987.17 | 4212.10 | 5.41989E-07| 0.0005350| 475.203 | 3.456 | 4.387
0.80 10.71 0.65 987.17 | 4212.10 | 5.41989E-07| 0.0005350| 475.203 | 3.456 | 4.440
0.80 10.75 0.65 087.19 | 4211.96 | 5.4241E-07| 0.0005355| 474.823 | 3.459 | 4.312
0.80 10.75 0.65 987.17 | 4212.07 | 5.42073E-07| 0.0005351| 475.127 | 3.456 | 4.323
0.78 11.04 0.66 985.15 | 4225.13 | 5.06928E-07| 0.0004994| 509.111 | 3.205 3.636
0.79 10.94 0.66 985.17 | 4224.97 | 5.07305E-07| 0.0004998| 508.719 | 3.207 3.844
0.79 10.95 0.66 985.20 | 4224.81 | 5.07683E-07[ 0.0005002| 508.328 | 3.210 3.813
0.79 10.95 0.66 985.20 | 4224.81 | 5.07683E-07| 0.0005002| 508.328 | 3.210 3.826
0.79 10.85 0.66 985.24 | 4224.49 | 5.08441E-07[ 0.0005009| 507.547 | 3.215 | 4.073
0.79 10.94 0.66 985.19 | 4224.84 | 5.07608E-07| 0.0005001| 508.407 | 3.209 3.836
0.76 11.35 0.66 983.15 | 4239.26 | 4.77443E-07| 0.0004694| 541.651 | 2.997 3.100
0.75 11.44 0.66 983.20 | 4238.90 | 4.78129E-07| 0.0004701| 540.846 | 3.001 2.972
0.75 11.54 0.66 983.25 | 4238.53 | 4.78817E-07| 0.0004708| 540.041 | 3.006 2.854
0.75 11.55 0.66 983.27 | 4238.35 | 4.79161E-07| 0.0004711| 539.640 | 3.009 2.838
0.75 11.45 0.66 983.25 | 4238.53 | 4.78817E-07| 0.0004708| 540.041 | 3.006 2.964
0.75 11.47 0.66 083.22 | 4238.71 | 4.78473E-07| 0.0004704| 540.444 | 3.004 2.943
0.72 11.97 0.67 980.18 | 4262.11 | 4.40777E-07| 0.0004320| 588.486 | 2.742 2.404
0.71 12.19 0.67 080.23 | 4261.68 | 4.41381E-07| 0.0004327| 587.648 | 2.746 2.225
0.72 11.90 0.67 980.21 | 4261.90 | 4.41079E-07| 0.0004323| 588.067 | 2.744 2.466
0.72 11.93 0.67 080.23 | 4261.68 | 4.41381E-07| 0.0004327| 587.648 | 2.746 2.442
0.72 11.90 0.67 980.21 | 4261.90 | 4.41079E-07| 0.0004323| 588.067 | 2.744 2.462
0.72 11.98 0.67 080.21 | 4261.85 | 4.4114E-07| 0.0004324| 587.983 | 2.745 2.396
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SetT; Ts Ti To AT Qo |(Ti-T)lr | Men Ta It Fr(ta)e | FrUL
39.4 34.9 41.1 6.2 69.312 | 0.0138 | 0.6428 | 23.4221 (829.4608| 0.8150 | 11.1380
39.4 34.9 41.1 6.2 69.312 | 0.0137 | 0.6437 | 23.5269 |828.2997| 0.8150 | 11.1380
35 39.5 34.9 41 6.1 68.194 | 0.0144 | 0.6334 | 22.9397 |828.1449| 0.8150 | 11.1380
39.5 35 41 6 67.076 | 0.0144 | 0.6224 | 23.0236 |828.9963| 0.8150 | 11.1380
39.5 35 41 6 67.076 | 0.0146 | 0.6251 | 22.9397 (825.3582| 0.8150 | 11.1380
39.46 34.94 41.04 6.1 68.194 | 0.0142 | 0.6335 | 23.1704 |828.0520| 0.8150 | 11.1380
41.4 39.1 45 5.9 65.958 | 0.0187 | 0.6249 | 23.9254 |811.9667| 0.8150 | 11.1380
41.4 39.1 45 5.9 65.958 | 0.0183 | 0.6244 | 24.2401 |812.5086| 0.8150 | 11.1380
40 41.5 39.2 45.1 5.9 65.958 | 0.0187 | 0.6243 | 24.0303 (812.6634| 0.8150 | 11.1380
41.6 39.2 45 5.8 64.840 | 0.0192 | 0.6161 | 23.6318 |809.5671| 0.8150 | 11.1380
41.6 39.2 45 5.8 64.840 | 0.0189 | 0.6171 | 23.9254 |808.2511| 0.8150 | 11.1380
415 39.16 45.02 5.86 65.511 | 0.0188 | 0.6214 | 23.9506 |810.9914| 0.8150 | 11.1380
47 44.6 50 5.4 60.368 | 0.0240 | 0.5675 | 24.9322 (818.3141| 0.8150 | 11.1380
47.1 4.7 50.1 5.4 60.368 | 0.0241 | 0.5682 | 25.0371 |817.2304| 0.8150 | 11.1380
5 47.1 44.7 50.1 5.4 60.368 | 0.0242 | 0.5680 | 24.9322 |817.5400| 0.8150 | 11.1380
47.1 44.7 50 5.3 59.250 | 0.0246 | 0.5578 | 24.6386 |817.0756| 0.8150 | 11.1380
47.9 44.7 50 5.3 59.250 | 0.0243 | 0.5583 | 24.8273 (816.3789| 0.8150 | 11.1380
47.24 44.68 50.04 5.36 59.921 | 0.0242 | 0.5640 | 24.8735 |817.3078| 0.8150 | 11.1380
54.3 51.1 55.3 4.2 46.953 | 0.0316 | 0.4518 | 25.8341 | 799.4267| 0.8150 | 11.1380
54.2 51.1 55.3 4.2 46.953 | 0.0315 | 0.4524 | 25.9389 | 798.4204| 0.8150 | 11.1380
50 54.2 51.1 55.5 4.4 49.189 | 0.0312 | 0.4755 | 26.2326 | 795.7885| 0.8150 | 11.1380
54.1 51 55.3 4.3 48.071 | 0.0317 | 0.4670 | 25.9389 |791.7633| 0.8150 | 11.1380
54.1 51 55.4 4.4 49,189 | 0.0315 | 0.4782 | 26.0438 | 791.2215| 0.8150 | 11.1380
54.18 51.06 55.36 4.3 48.071 | 0.0315 | 0.4650 | 25.9977 |795.3241| 0.8150 | 11.1380
58.8 54.8 58.4 3.6 40.245 | 0.0371 | 0.3889 | 25.2468 | 795.9433| 0.8150 | 11.1380
59.1 54.8 58.4 3.6 40.245 | 0.0368 | 0.3893 | 25.5404 |795.3241| 0.8150 | 11.1380
55 59.9 54.8 58.5 Gl 41.363 | 0.0372 | 0.4012 | 25.3307 |793.0019| 0.8150 | 11.1380
60.5 54.9 58.6 3.7 41.363 | 0.0368 | 0.4006 | 25.6453 |794.3178| 0.8150 | 11.1380
61.2 55.1 58.7 3.6 40.245 | 0.0377 | 0.3897 | 25.1419 | 794.3178| 0.8150 | 11.1380
59.9 54.88 58.52 3.64 40.693 | 0.0371 | 0.3939 | 25.3810 | 794.5810| 0.8150 | 11.1380
63.8 59.5 62.9 3.4 38.010 | 0.0402 | 0.3699 | 27.7427 |790.4474| 0.8150 | 11.1380
63.7 59.5 62.8 3.3 36.892 | 0.0398 | 0.3589 | 28.0363 |790.6022| 0.8150 | 11.1380
60 63.5 59.5 62.8 3.3 36.892 | 0.0396 | 0.3585 | 28.1412 |791.5311| 0.8150 | 11.1380
63.4 59.4 62.8 3.4 38.010 | 0.0403 | 0.3700 | 27.5539 |790.2926| 0.8150 | 11.1380
63.3 59.4 62.7 3.3 36.892 | 0.0402 | 0.3589 | 27.6378 |790.6022| 0.8150 | 11.1380
63.54 59.46 62.8 3.34 37.339 | 0.0400 | 0.3633 | 27.8224 |790.6951| 0.8150 | 11.1380
69.2 63.9 66.7 2.8 31.302 | 0.0445 | 0.3037 | 28.6446 |792.8470| 0.8150 | 11.1380
68.9 63.8 66.8 3 33.538 | 0.0447 | 0.3261 | 28.4558 |791.2215| 0.8150 | 11.1380
65 69.3 63.8 66.8 3 33.538 | 0.0451 | 0.3264 | 28.1412 |790.4474| 0.8150 | 11.1380
69.9 63.8 66.8 3 33.538 | 0.0445 | 0.3260 | 28.5928 |791.4692| 0.8150 | 11.1380
70.5 63.9 66.8 2.9 32.420 | 0.0445 | 0.3151 | 28.6780 |791.3482| 0.8150 | 11.1380
69.56 63.84 66.78 2.94 32.867 | 0.0446 | 0.3194 | 28.5025 |791.4667| 0.8150 | 11.1380
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q

hi

F'UL

1TPCM

2TPCM

STPCM

TpcmaVv

1T,

2T,

3Tp

TP av

E

256.5415

137.2747

11.9153

35.7345

38.3350

41.3339

38.4678

37.1867

39.8333

42.5864

39.8688

0.8684

256.5415

137.6847

11.9153

35.8184

38.3350

41.2500

38.4678

37.0681

39.9352

42.5864

39.8633

0.8687

252.4037

135.1216

11.9154

35.5248

38.0414

41.0403

38.2021

37.1867

39.8241

42.4431

39.8180

0.8671

248.2659

135.5333

11.9153

35.8184

38.2301

41.0403

38.3629

37.1867

39.8287

42.4799

39.8318

0.8673

248.2659

135.7078

11.9153

35.5248

38.0414

40.8306

38.1322

37.1775

40.0318

42.2789

39.8294

0.8674

252.4037

136.2690

11.9153

35.6841

38.1966

41.0990

38.3266

37.1612

39.8906

42.4750

39.8422

0.8678

244.1282

108.7126

11.9142

39.3416

41.7534

44.6475

41.9141

41.9365

43.8793

47.0711

44.2956

0.8444

244.1282

133.7339

11.9142

39.5304

41.9421

44.8572

42.1099

41.4262

43.6726

46.5276

43.8755

0.8648

244.1282

130.9388

11.9142

39.7401

42.1518

44.8572

42.2497

41.6347

43.6726

46.7361

44.0144

0.8629

239.9904

127.4655

11.9142

39.5304

41.8373

44.6475

42.0050

41.6354

43.7799

46.5330

43.9828

0.8604

239.9904

137.8968

11.9142

39.8449

42.0470

44.8572

42.2497

41.3374

43.6643

46.5194

43.8404

0.8676

242.4731

126.8337

11.9142

39.5975

41.9463

44.7733

42.1057

41.5940

43.7337

46.6774

44.0017

0.8599

223.4393

101.8559

11.9123

44.9103

47.2197

49.6131

47.2477

47.0496

49.2868

52.1447

49.4937

0.8354

223.4393

108.7245

11.9122

44.7003

47.0097

49.5291

47.0797

47.0404

49.3841

51.9408

49.4551

0.8426

223.4393

108.4615

11.9122

44.4064

46.8208

49.3192

46.8488

47.2563

49.0904

52.0335

49.4601

0.8423

219.3016

107.1466

11.9122

44.5954

46.8208

49.3192

46.9118

47.2609

49.0950

51.8343

49.3967

0.8410

219.3016

110.8257

11.9122

44.5954

46.9048

49.4241

46.9748

47.0571

49.0950

51.8343

49.3288

0.8447

221.7842

107.3039

11.9122

44.6415

46.9552

49.4409

47.0125

47.1329

49.1903

51.9575

49.4269

0.8412

173.7862

92.5228

11.9093

51.0197

53.2452

55.4496

53.2382

53.1394

54.9718

57.1237

55.0783

0.8222

173.7862

89.1519

11.9093

51.0197

53.4341

55.5546

53.3362

53.1394

55.0783

57.2302

55.1493

0.8176

182.0617

100.3749

11.9092

51.0197

53.3292

55.4496

53.2662

53.0329

55.0783

57.2302

55.1138

0.8318

177.9239

92.2695

11.9093

50.9358

53.2452

55.5546

53.2452

53.1394

54.9718

57.1237

55.0783

0.8218

182.0617

98.7964

11.9093

50.9358

53.2452

55.4496

53.2102

53.0329

54.9718

57.1237

55.0428

0.8300

177.9239

94.5142

11.9093

50.9862

53.2998

55.4916

53.2592

53.0968

55.0144

57.1663

55.0925

0.8247

148.9596

84.7433

11.9072

54.3849

56.1885

58.0130

56.1955

56.6533

58.2939

60.1262

58.3578

0.8099

148.9596

73.6993

11.9072

54.5946

56.6079

58.5164

56.5730

56.9522

58.4862

60.4251

58.6212

0.7909

153.0973

78.8291

11.9072

54.3849

56.3982

58.3066

56.3633

56.8663

58.4856

60.4245

58.5921

0.8002

153.0973

80.0232

11.9071

54.6995

56.6079

58.5164

56.6079

56.8663

58.5921

60.5310

58.6632

0.8023

148.9596

75.6477

11.9070

54.8882

56.7967

58.8100

56.8316

57.1646

58.8052

60.6375

58.8691

0.7944

150.6147

78.4175

11.9071

54.5904

56.5198

58.4325

56.5143

56.9006

58.5326

60.4289

58.6207

0.7995

140.6840

59.1896

11.9040

59.0048

61.2302

63.3297

61.1882

61.9753

63.9141

64.8411

63.5768

0.7553

136.5463

65.2383

11.9041

58.9208

60.9153

63.1197

60.9853

61.7835

63.5093

64.4363

63.2430

0.7709

136.5463

63.4909

11.9041

58.8158

60.8103

62.9308

60.8523

61.5705

63.4028

64.9287

63.3006

0.7666

140.6840

68.8144

11.9041

58.3119

60.3274

62.4269

60.3554

61.4852

63.2110

64.7369

63.1444

0.7790

136.5463

71.3412

11.9041

60.1020

62.0125

64.0280

62.0475

61.1656

62.8062

64.9201

62.9640

0.7844

138.2014

65.3193

11.9041

59.0311

61.0591

63.1670

61.0857

61.5960

63.3687

64.7726

63.2458

0.7711

115.8574

48.4262

11.9008

63.6134

65.3331

67.0318

65.3261

66.2578

67.6001

69.2194

67.6925

0.7187

124.1330

52.5087

11.9008

63.6134

65.3331

67.0318

65.3261

66.1726

67.6001

69.2194

67.6640

0.7332

124.1330

57.5199

11.9008

63.3198

65.1234

66.8430

65.0954

66.0661

67.3871

68.9211

67.4581

0.7489

124.1330

46.1171

11.9008

63.8776

65.6980

67.4428

65.6728

66.4950

67.9424

69.5376

67.9917

0.7095

119.9952

43.0115

11.9008

64.0084

65.8513

67.6304

65.8300

66.6164

68.0988

69.7043

68.1398

0.6962

121.6503

49.0679

11.9008

63.6865

65.4678

67.1960

65.4501

66.3216

67.7257

69.3204

67.7892

0.7210
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Fr U, k p G v n Re Pr Nu
0.8118 13.7203 0.6303 992.7097 | 4185.3876 | 6.853E-07 | 6.803E-04 | 260.544 4.517 6.251
0.8120 13.7162 0.6303 992.7097 | 4185.3876 | 6.853E-07 | 6.803E-04 | 260.544 4.517 6.269
0.8105 13.7422 0.6302 992.7271 | 4185.3324 | 6.859E-07 | 6.809E-04 | 260.303 4.522 6.153
0.8107 13.7380 0.6303 992.7097 | 4185.3876 | 6.853E-07 | 6.803E-04 | 260.544 4.517 6.171
0.8109 13.7361 0.6303 992.7097 | 4185.3876 | 6.853E-07 | 6.803E-04 | 260.544 4.517 6.179
0.8112 13.7304 0.6303 992.7132 | 4185.3766 | 6.854E-07 | 6.804E-04 | 260.496 4.518 6.205
0.7894 14.1102 0.6369 991.2442 | 4190.8079 | 6.378E-07 | 6.322E-04 | 280.342 4.160 4.899
0.8085 13.7766 0.6369 991.2442 | 4190.8079 | 6.378E-07 | 6.322E-04 | 280.342 4.160 6.026
0.8066 13.8080 0.6371 991.2066 | 4190.9655 | 6.367E-07 | 6.311E-04 | 280.838 4.152 5.899
0.8043 13.8479 0.6370 991.2254 | 4190.8866 | 6.373E-07 | 6.317E-04 | 280.590 4.156 5.743
0.8110 13.7329 0.6370 991.2254 | 4190.8866 | 6.373E-07 | 6.317E-04 | 280.590 4.156 6.213
0.8039 13.8555 0.6370 991.2292 | 4190.8708 | 6.374E-07 | 6.318E-04 | 280.540 4.157 5.715
0.7811 14.2592 0.6451 989.1776 | 4200.6291 | 5.840E-07 | 5.777E-04 | 306.797 3.762 4.531
0.7878 14.1378 0.6453 989.1365 [ 4200.8468 | 5.831E-07 | 5.768E-04 | 307.310 3.755 4.836
0.7876 14.1422 0.6453 989.1365 | 4200.8468 | 5.831E-07 | 5.768E-04 | 307.310 3.755 4.824
0.7864 14.1640 0.6452 989.1571 | 4200.7378 | 5.836E-07 | 5.772E-04 | 307.053 3.758 4.766
0.7898 14.1031 0.6452 989.1571 | 4200.7378 | 5.836E-07 | 5.772E-04 | 307.053 3.758 4.930
0.7865 14.1615 0.6452 989.1529 | 4200.7596 | 5.835E-07 | 5.771E-04 | 307.104 3.758 4.773
0.7689 14.4850 0.6539 986.6304 | 4215.4320 | 5.320E-07 | 5.249E-04 | 337.653 3.384 4.061
0.7646 14.5664 0.6539 986.6304 | 4215.4320 | 5.320E-07 | 5.249E-04 | 337.653 3.384 3.913
0.7779 14.3178 0.6540 986.5852 | 4215.7173 | 5.312E-07 | 5.241E-04 | 338.187 3.378 4.405
0.7686 14.4910 0.6538 986.6530 [ 4215.2899 | 5.325E-07 | 5.253E-04 | 337.387 3.387 4.050
0.7762 14.3489 0.6539 986.6304 | 4215.4320 | 5.320E-07 | 5.249E-04 | 337.653 3.384 4.336
0.7713 14.4400 0.6539 986.6259 | 4215.4605 | 5.320E-07 | 5.248E-04 | 337.707 3.383 4.148
0.7576 14.7012 0.6587 985.0545 | 4225.7726 | 5.054E-07 | 4.979E-04 | 356.007 3.194 3.692
0.7398 15.0561 0.6587 985.0545 | 4225.7726 | 5.054E-07 | 4.979E-04 | 356.007 3.194 3.211
0.7485 14.8795 0.6588 985.0308 | 4225.9345 | 5.050E-07 | 4.975E-04 | 356.280 3.191 3.434
0.7504 14.8421 0.6589 984.9832 | 4226.2593 | 5.043E-07 | 4.967E-04 | 356.826 3.186 3.485
0.7431 14.9879 0.6591 984.9117 | 4226.7485 | 5.032E-07 | 4.956E-04 | 357.647 3.178 3.294
0.7479 14.8930 0.6589 985.0070 | 4226.0968 | 5.047E-07 | 4.971E-04 | 356.553 3.189 3.416
0.7067 15.7611 0.6650 982.7966 | 4241.8693 | 4.727E-07 | 4.646E-04 | 381.538 2.963 2.554
0.7213 15.4420 0.6649 982.8220 | 4241.6813 | 4.730E-07 | 4.649E-04 | 381.256 2.966 2.816
0.7173 15.5276 0.6649 982.8220 | 4241.6813 | 4.730E-07 | 4.649E-04 | 381.256 2.966 2.740
0.7289 15.2804 0.6649 982.8473 | 4241.4936 | 4.734E-07 | 4.652E-04 | 380.975 2.968 2.970
0.7340 15.1752 0.6648 982.8726 | 4241.3062 | 4.737E-07 | 4.656E-04 | 380.693 2.970 3.080
0.7215 15.4382 0.6649 982.8321 | 4241.6062 | 4.732E-07 | 4.650E-04 | 381.144 2.967 2.819
0.6726 16.5592 0.6703 980.6623 [ 4258.2582 | 4.463E-07 | 4.376E-04 | 405.006 2.780 2.073
0.6862 16.2316 0.6703 980.6623 | 4258.2582 | 4.463E-07 | 4.376E-04 | 405.006 2.780 2.248
0.7009 15.8914 0.6703 980.6623 | 4258.2582 | 4.463E-07 | 4.376E-04 | 405.006 2.780 2.463
0.6640 16.7733 0.6703 980.6623 | 4258.2582 | 4.463E-07 | 4.376E-04 | 405.006 2.780 1.974
0.6516 17.0944 0.6704 980.6356 | 4258.4700 | 4.460E-07 | 4.373E-04 | 405.296 2.778 1.841
0.6748 16.5051 0.6704 980.6570 | 4258.3006 | 4.462E-07 | 4.376E-04 | 405.064 2.780 2.101




Mass flow rate 0.01 kg/s*m?
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Set Ti Ts Ti To AT chll (Ti'Ta)lT I-lcoll Ta IT FR(Ta)e FRUL
40.3 355 44.7 9.2 64.329 | 0.00857 | 0.628 | 28.749 [ 787.970 | 0.699 9.475

40.3 35.5 44.7 9.2 64.329 | 0.00833 | 0.620 | 28.854 | 797.956 [ 0.699 9.475

35 38.5 35.5 44.7 9.2 64.329 | 0.00892 | 0.617 | 28.351 | 801.362 [ 0.699 9.475
39.5 35.6 44.9 9.3 65.028 | 0.00829 | 0.624 | 28.959 | 801.207 [ 0.699 9.475

40.5 35.8 45.0 9.2 64.329 | 0.00802 | 0.616 | 29.358 [ 803.684 | 0.699 9.475

39.8 35.6 44.8 9.2 64.469 | 0.00842 | 0.621 | 28.854 | 798.436 [ 0.699 9.475

45.6 39.3 47.7 8.4 58.735 | 0.01232 | 0.571 | 29.546 | 791.763 [ 0.699 9.475

45,7 39.3 47.7 8.4 58.735 | 0.01281 | 0.570 | 29.148 | 792.383 [ 0.699 9.475

20 45.8 39.4 47.8 8.4 58.735 | 0.01219 | 0.571 | 29.756 [ 791.067 | 0.699 9.475
45.8 39.5 47.8 8.3 58.036 | 0.01214 | 0.562 | 29.861 | 793.699 [ 0.699 9.475

45.9 39.5 47.9 8.4 58.735 | 0.01178 | 0.570 | 30.155 | 793.079 [ 0.699 9.475

45.8 39.4 47.8 8.4 58.595 | 0.01225 | 0.569 | 29.693 | 792.398 [ 0.699 9.475

51.7 47.6 55.1 7.5 52.442 1 0.02264 | 0.495 | 29.148 [ 815.063 | 0.699 9.475

51.7 47.6 55.1 7.5 52.442 1 0.02277 | 0.498 | 29.148 | 810.496 | 0.699 9.475

5 51.8 47.6 55.0 7.4 51.743 | 0.02379 | 0.492 | 28.351 | 809.180 [ 0.699 9.475
51.8 47.6 55.0 7.4 51.743 | 0.02381 | 0.492 | 28.351 | 808.406 [ 0.699 9.475

51.8 47.6 55.0 7.4 51.743 | 0.02466 | 0.492 | 27.638 [ 809.412 | 0.699 9.475

51.8 47.6 55.0 7.4 52.023 | 0.02353 | 0.494 | 28.527 [ 810.511 | 0.699 9.475

55.0 51.2 57.9 6.7 46.848 | 0.02683 [ 0.449 [ 29.651 | 803.142 | 0.699 9.475

54.9 51.2 58.0 6.8 47.548 | 0.02652 [ 0.456 | 29.945 | 801.517 | 0.699 9.475

50 54.9 51.2 58.1 6.9 48.247 | 0.02617 | 0.462 | 30.155 | 804.149 | 0.699 9.475
54.9 51.2 58.2 7.0 48.946 [ 0.02588 [ 0.470 | 30.448 | 801.826 | 0.699 9.475

54.9 51.1 58.3 7.2 50.344 | 0.02604 | 0.484 | 30.260 | 800.201 [ 0.699 9.475

54.9 51.2 58.1 6.9 48.387 | 0.02629 [ 0.464 | 30.092 | 802.167 | 0.699 9.475

63.5 54.9 60.9 6.0 41.954 | 0.03029 [ 0.402 [ 30.553 | 803.684 | 0.699 9.475

64.5 54.9 60.9 6.0 41.954 [ 0.03031 [ 0.402 | 30.553 | 803.297 | 0.699 9.475

55 64.8 54.9 61.0 6.1 42.653 | 0.03053 [ 0.407 [ 30.260 | 807.090 | 0.699 9.475
64.6 54.8 61.1 6.3 44.051 | 0.03030 [ 0.422 [ 30.448 | 803.684 | 0.699 9.475

65.2 54.9 61.1 6.2 43.352 | 0.03050 [ 0.416 | 30.448 | 801.672 | 0.699 9.475

64.5 54.9 61.0 6.1 42.793 [ 0.03039 [ 0.409 | 30.453 | 803.885| 0.699 9.475

66.5 61.2 65.5 4.3 30.067 | 0.03813 | 0.292 | 30.952 [ 793.389 | 0.699 9.475

66.3 61.1 65.6 4.5 31.465 | 0.03804 | 0.304 | 30.847 | 795.324 [ 0.699 9.475

60 66.2 61.1 65.7 4.6 32.165 | 0.03789 | 0.312 | 31.057 | 793.002 [ 0.699 9.475
66.0 61.0 65.7 4.7 32.864 | 0.03791 | 0.319 | 30.952 | 792.692 [ 0.699 9.475

65.9 61.0 65.6 4.6 32.165 | 0.03832 | 0.312 | 30.658 [ 791.763 | 0.699 9.475

66.2 61.1 65.6 4.5 31.745 | 0.03806 | 0.308 | 30.893 | 793.234 [ 0.699 9.475

717 65.7 69.8 4.1 28.668 | 0.04545 | 0.276 | 29.442 | 797.777 [ 0.699 9.475

715 65.5 69.7 4.2 29.368 | 0.04520 | 0.283 | 29.442 | 797.777 [ 0.699 9.475

65 71.4 65.5 69.6 4.1 28.668 | 0.04607 | 0.276 | 28.749 [ 797.777 | 0.699 9.475
71.2 65.3 69.5 4.2 29.368 | 0.04595 | 0.283 | 28.645 | 797.777 [ 0.699 9.475

71.1 65.4 69.5 4.1 28.668 | 0.04568 | 0.276 | 28.959 | 797.777 [ 0.699 9.475

71.4 65.5 69.6 4.1 28.948 | 0.04567 | 0.279 | 29.047 | 797.777 [ 0.699 9.475
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q h; FU_ 1Tecm 2Tpem 3Tecm | TecmaVv 1T, 2T 3T Toa F
237.547 | 126.644 | 10.405 36.476 41.279 45.494 41.083 37.797 41.906 46.224 41.976 0.860
237.547 | 126.644 | 10.405 36.267 41.279 45.305 40.950 37.692 42.011 46.224 41.976 0.860
237.547 | 126.644 | 10.405 36.267 41.279 45.305 40.950 37.797 41.906 46.224 41.976 0.860
240.129 | 129.208 | 10.405 36.372 41.279 45.305 40.985 37.797 42.115 46.413 42.108 0.862
237.547 | 127.086 | 10.405 36.476 41.593 45.704 41.258 38.090 42.199 46.518 42.269 0.861
238.064 | 127.242 | 10.405 36.372 41.342 45.423 41.045 37.835 42.027 46.321 42.061 0.861
216.891 | 119.480 | 10.404 38.577 44.299 48.221 43.699 41.904 45.113 48.929 45.315 0.854
216.891 | 119.941 | 10.404 39.391 44.194 47.801 43.796 41.799 45.008 49.117 45.308 0.854
216.891 | 121.354 | 10.404 38.577 44,592 48.116 43.762 41.407 45.323 49.432 45.387 0.855
214.309 | 113.060 | 10.404 39.080 44.907 48.514 44.167 41.400 45.616 49.620 45.546 0.848
216.891 | 115.026 | 10.404 39.185 45.201 48.703 44.363 41.313 45.509 49.935 45.586 0.850
216.375 | 117.698 | 10.404 38.962 44.639 48.271 43.957 41.565 45.314 49.407 45.428 0.852
193.653 | 94.258 10.400 48.221 51.723 55.225 51.723 50.033 52.828 57.352 53.405 0.825
193.653 | 95.629 10.400 48.221 51.618 55.036 51.625 50.134 52.744 57.248 53.375 0.827
191.071 | 84.196 10.400 47.508 51.010 54.533 51.017 49.927 53.139 57.642 53.569 0.811
191.071 | 85.419 10.400 47.612 50.926 54.323 50.954 50.123 53.034 57.454 53.537 0.813
191.071 | 86.604 10.400 47.004 50.423 53.820 50.416 50.025 53.037 57.457 53.506 0.815
192.103 [ 89.003 10.400 47.713 51.140 54.588 51.147 50.048 52.956 57.431 53.478 0.818
172.996 | 78.270 10.397 51.321 54.329 58.433 54.694 53.522 56.696 60.063 56.760 0.800
175.578 | 78.941 10.397 51.530 54.317 58.438 54.762 53.522 56.888 60.063 56.824 0.801
178.160 | 78.360 10.397 51.434 54.322 58.438 54.731 53.628 56.888 60.254 56.924 0.800
180.743 | 85.150 10.397 51.625 54.317 58.438 54.793 53.522 56.798 60.148 56.823 0.811
185.907 [ 88.796 10.397 51.816 54.329 58.529 54.891 53.534 56.891 59.956 56.794 0.816
178.677 | 81779 10.397 51.545 54.323 58.455 54.774 53.545 56.832 60.097 56.825 0.806
154.922 | 67.488 10.395 54.329 59.220 61.226 58.259 57.341 60.196 63.051 60.196 0.777
154.922 | 70.772 10.395 54.436 59.236 61.038 58.237 57.234 59.982 63.051 60.089 0.784
157.504 | 69.154 10.395 54.518 58.926 61.132 58.192 57.230 60.192 63.260 60.228 0.781
162.668 | 69.472 10.395 54.435 58.930 61.020 58.128 57.230 60.299 63.345 60.291 0.782
160.086 [ 69.552 10.395 54.435 58.930 61.025 58.130 57.145 60.405 63.355 60.302 0.782
158.021 | 69.275 10.395 54.431 59.048 61.088 58.189 57.236 60.215 63.212 60.221 0.781
111.028 | 55.226 10.390 60.934 62.526 65.827 63.096 62.981 65.325 67.775 65.360 0.743
116.192 [ 53.452 10.390 60.934 62.631 66.036 63.200 63.173 65.431 67.967 65.524 0.737
118.774 | 58.673 10.390 60.934 63.422 66.036 63.464 62.981 65.431 67.860 65.424 0.753
121.356 | 57.713 10.390 60.829 63.631 66.120 63.527 63.066 65.431 67.860 65.453 0.750
118.774 | 60.788 10.390 60.536 63.234 65.932 63.234 62.768 65.218 67.775 65.254 0.759
117.224 | 57.098 10.390 60.833 63.089 65.990 63.304 62.994 65.368 67.848 65.403 0.749
105.863 | 37.254 10.385 65.414 68.227 70.328 67.989 68.440 70.484 72.851 70.592 0.666
108.446 | 38.944 10.385 65.414 68.439 70.340 68.064 68.529 70.183 72.442 70.385 0.675
105.863 | 33.262 10.385 65.015 68.430 70.431 67.959 68.953 70.997 72.248 70.733 0.642
108.446 | 36.818 10.386 64.931 68.342 70.443 67.905 68.523 70.696 71.818 70.345 0.664
105.863 [ 36.562 10.386 64.826 68.241 70.338 67.802 68.630 70.588 71.818 70.345 0.663
106.896 | 36.484 10.385 65.120 68.336 70.376 67.944 68.615 70.590 72.235 70.480 0.662
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Fr U, k p G v n Re Pr Nu
0.783 12.093 0.634 991.964 [ 4187.964 | 6.600E-07 | 6.547E-04 | 169.342 4.326 5.735
0.783 12.093 0.634 991.964 | 4187.964 | 6.600E-07 | 6.547E-04 | 169.342 4.326 5.735
0.783 12.093 0.634 991.964 | 4187.964 | 6.600E-07 | 6.547E-04 | 169.342 4.326 5.735
0.785 12.068 0.634 991.909 [ 4188.167 | 6.582E-07 | 6.529E-04 | 169.801 4.313 5.849
0.783 12.090 0.634 991.855 | 4188.373 | 6.565E-07 | 6.511E-04 | 170.261 4.300 5.751
0.783 12.087 0.634 991.931 | 4188.085 | 6.589E-07 | 6.536E-04 | 169.618 4.318 5.761
0.777 12.187 0.639 990.692 | 4193.205 | 6.222E-07 | 6.164E-04 | 179.858 4.043 5.364
0.777 12.182 0.639 990.692 | 4193.205 | 6.222E-07 | 6.164E-04 | 179.858 4.043 5.385
0.778 12.165 0.639 990.654 [ 4193.379 | 6.211E-07 | 6.153E-04 | 180.171 4.036 5.447
0.772 12.268 0.639 990.634 | 4193.467 | 6.206E-07 | 6.148E-04 | 180.327 4.032 5.074
0.773 12.243 0.640 990.615 | 4193.555 | 6.201E-07 | 6.142E-04 | 180.484 4.028 5.162
0.776 12.209 0.639 990.658 [ 4193.362 | 6.212E-07 | 6.154E-04 | 180.140 4.036 5.283
0.751 12.605 0.651 987.455 | 4210.362 | 5.475E-07 | 5.406E-04 | 205.057 3.496 4.154
0.753 12.579 0.651 987.455 | 4210.362 | 5.475E-07 | 5.406E-04 | 205.057 3.496 4.215
0.738 12.825 0.651 987.477 | 4210.230 | 5.479E-07 | 5.411E-04 | 204.892 3.499 3.711
0.740 12.795 0.651 987.477 | 4210.230 | 5.479E-07 | 5.411E-04 | 204.892 3.499 3.765
0.742 12.767 0.651 987.477 | 4210.230 | 5.479E-07 | 5.411E-04 | 204.892 3.499 3.817
0.745 12.714 0.651 987.468 | 4210.283 | 5.478E-07 | 5.409E-04 | 204.958 3.497 3.923
0.729 12.997 0.656 986.014 [ 4219.379 | 5.212E-07 | 5.139E-04 | 215.717 3.306 3.425
0.730 12.979 0.656 985.991 [ 4219.530 | 5.208E-07 | 5.135E-04 | 215.886 3.304 3.454
0.729 12.995 0.656 985.968 [ 4219.680 | 5.204E-07 | 5.131E-04 | 216.054 3.301 3.428
0.739 12.818 0.656 985.945 [ 4219.831 | 5.200E-07 | 5.127E-04 | 216.223 3.298 3.725
0.744 12.734 0.656 985.945 | 4219.831 | 5.200E-07 | 5.127E-04 | 216.223 3.298 3.885
0.734 12.902 0.656 985.973 [ 4219.650 | 5.205E-07 | 5.132E-04 | 216.021 3.301 3.578
0.708 13.373 0.661 984.431 [ 4230.076 | 4.958E-07 | 4.881E-04 | 227.132 3.126 2.932
0.715 13.251 0.661 984.431 [ 4230.076 | 4.958E-07 | 4.881E-04 | 227.132 3.126 3.075
0.711 13.310 0.661 984.407 | 4230.245 | 4.954E-07 | 4.877E-04 | 227.304 3.123 3.004
0.712 13.299 0.661 984.407 | 4230.245 | 4.954E-07 | 4.877E-04 | 227.304 3.123 3.018
0.712 13.296 0.661 984.383 | 4230.415 | 4.951E-07 | 4.873E-04 | 227.477 3.121 3.021
0.712 13.306 0.661 984.412 | 4230.212 | 4.955E-07 | 4.878E-04 | 227.270 3.124 3.010
0.677 13.985 0.668 981.692 | 4250.224 | 4.585E-07 | 4.501E-04 | 246.284 2.865 2.373
0.672 14.093 0.668 981.692 | 4250.224 | 4.585E-07 | 4.501E-04 | 246.284 2.865 2.297
0.686 13.797 0.668 981.666 | 4250.424 | 4.582E-07 | 4.498E-04 | 246.463 2.863 2.521
0.684 13.847 0.668 981.692 [ 4250.224 | 4.585E-07 | 4.501E-04 | 246.284 2.865 2.480
0.692 13.691 0.668 981.718 [ 4250.023 | 4.589E-07 | 4.505E-04 | 246.104 2.867 2.613
0.682 13.880 0.668 981.692 | 4250.224 | 4.585E-07 | 4.501E-04 | 246.284 2.865 2.454
0.608 15.586 0.673 979.332 | 4268.970 | 4.316E-07 | 4.227E-04 | 262.298 2.679 1.588
0.616 15.375 0.673 979.415 [ 4268.295 | 4.324E-07 | 4.235E-04 | 261.744 2.685 1.660
0.586 16.165 0.673 979.442 | 4268.070 | 4.327E-07 | 4.238E-04 | 261.559 2.687 1418
0.605 15.641 0.673 979.525 | 4267.398 | 4.336E-07 | 4.247E-04 | 261.005 2.693 1570
0.604 15.675 0.673 979.497 | 4267.622 | 4.333E-07 | 4.244E-04 | 261.190 2.691 1.559
0.604 15.687 0.673 979.442 | 4268.070 | 4.327E-07 | 4.238E-04 | 261.559 2.687 1.555




Without PCM
Mass flow rate 0.03 kg/s*m?
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Set T Ts T T, AT Qeon | (Ti-T)lr | DNoon Ta It Fr(ta)e | FrUL
39.60 36.20 40.40 4.20 67.35 | 0.00680 | 0.65 30.76 | 799.58 0.70 8.70

39.80 36.30 40.50 4.20 67.35 | 0.00678 | 0.64 30.85 | 804.30 0.70 8.70

35 39.90 36.30 40.40 4.10 65.75 | 0.00706 | 0.63 30.66 | 798.73 0.70 8.70
40.00 36.30 40.50 4.20 67.35 | 0.00718 | 0.65 30.55 | 800.20 0.70 8.70

40.00 36.40 40.50 4.10 65.75 | 0.00703 | 0.63 30.76 | 801.83 0.70 8.70

39.93 36.33 40.48 4.15 66.55 | 0.00701 | 0.64 30.71 | 801.27 0.70 8.70

42.90 40.50 44.40 3.90 62.54 | 0.01274 | 0.60 30.26 | 803.53 0.70 8.70

42.90 40.50 44.30 3.80 60.94 | 0.01340 | 0.59 29.94 | 787.97 0.70 8.70

40 43.00 40.50 44.30 3.80 60.94 | 0.01290 | 0.58 30.15 | 801.67 0.70 8.70
43.10 40.50 44.20 3.70 59.33 | 0.01327 | 0.57 29.94 | 795.17 0.70 8.70

43.20 40.50 44.30 3.80 60.94 | 0.01373 | 0.58 29.44 | 805.31 0.70 8.70

43.05 40.50 44.28 3.78 60.54 | 0.01333| 0.58 29.87 | 797.53 0.70 8.70

48.00 46.00 49.70 3.70 59.33 | 0.01874 | 0.56 30.85 | 808.41 0.70 8.70

48.10 46.00 49.60 3.60 57.73 10.01873 | 0.55 30.85 | 809.03 0.70 8.70

5 48.20 46.00 49.70 3.70 59.33 | 0.01879 | 0.56 30.76 | 810.81 0.70 8.70
48.30 46.10 49.80 3.70 59.33 | 0.01892 | 0.56 30.76 | 810.50 0.70 8.70

48.00 46.10 49.70 3.60 57.73 ] 0.01856 | 0.55 31.06 | 810.50 0.70 8.70

48.17 46.07 49.73 3.67 58.80 | 0.01876 | 0.56 30.86 | 810.60 0.70 8.70

52.50 50.10 53.20 3.10 49.71 | 0.02512 [ 0.46 29.15 | 834.18 0.70 8.70

52.50 50.10 53.30 3.20 51.32 | 0.02524 | 0.47 29.04 | 834.34 0.70 8.70

50 52.70 50.10 53.30 3.20 51.32 | 0.02480 | 0.47 29.44 | 832.87 0.70 8.70
54.80 50.20 53.40 3.20 51.32 |0.02481 | 0.47 29.55 | 832.56 0.70 8.70

56.40 50.30 53.40 3.10 49.71 [0.02560 | 0.46 29.04 | 830.47 0.70 8.70

54.10 50.18 53.35 3.18 50.91 | 0.02511 | 0.47 29.27 | 832.56 0.70 8.70

56.40 54.00 57.10 3.10 49.71 | 0.02915 [ 0.47 30.26 | 814.29 0.70 8.70

58.10 53.70 56.70 3.00 48.11 | 0.02852 [ 0.45 29.65 | 814.75 0.70 8.70

55 59.10 53.80 56.70 2.90 46.51 | 0.02934 [ 0.44 30.15 | 811.66 0.70 8.70
60.30 53.70 56.60 2.90 46.51 [0.02892 | 0.44 30.05 | 811.04 0.70 8.70

60.20 53.70 56.60 2.90 46.51 | 0.02847 [ 0.44 30.45 | 815.37 0.70 8.70

59.43 53.73 56.65 2.93 46.91 | 0.02881 [ 0.44 30.08 | 813.21 0.70 8.70

62.50 60.20 62.60 2.40 38.49 | 0.03553 | 0.37 31.75 | 800.74 0.70 8.70

62.40 60.20 62.60 2.40 3849 |0.0359% | 0.37 3146 | 799.43 0.70 8.70

60 62.50 60.30 62.70 2.40 38.49 | 0.03550 | 0.37 31.96 | 798.27 0.70 8.70
62.40 60.10 62.60 2.50 40.09 | 0.03566 [ 0.39 31.66 | 797.41 0.70 8.70

62.30 60.10 62.60 2.50 40.09 | 0.03602 [ 0.39 31.46 | 795.17 0.70 8.70

62.40 60.18 62.63 2.45 39.29 | 0.03579 | 0.38 31.63 | 797.57 0.70 8.70

66.20 63.50 66.00 2.50 40.09 [0.03949 | 0.39 3196 | 798.73 0.70 8.70

66.00 63.20 65.70 2.50 40.09 | 0.03907 [ 0.39 31.96 | 799.58 0.70 8.70

65 65.90 63.10 65.60 2.50 40.09 | 0.03865 | 0.39 32.36 | 795.32 0.70 8.70
65.80 63.00 65.40 2.40 38.49 |0.03835| 0.37 32.57 | 793.54 0.70 8.70

65.80 63.00 65.40 2.40 3849 |0.03922 | 0.37 3196 | 79138 0.70 8.70

65.88 63.08 65.53 2.45 39.29 ]0.03883 | 0.38 32.21 | 794.96 0.70 8.70
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q" h, FU, 1T, 2T 3T, To o F Fr U,
24929 | 12813 | 901 | 3847 | 4068 | 4150 | 4025 | 086 | 083 | 1045
24929 | 13734 | 901 | 3838 | 4058 | 4160 | 4022 | 087 | 084 | 10.38
24335 | 12838 | 9.01 | 3858 | 40.68 | 4148 | 4025 | 086 | 083 | 1045
24929 | 12781 | 901 | 3858 | 40.80 | 4150 | 4035 | 086 | 083 | 1046
24335 | 14555 | 901 | 3868 | 3099 | 4160 | 4012 | 087 | 084 | 1032
246.32 | 13477 | 901 | 3856 | 4053 | 4161 | 4023 | 087 | 084 | 1040
231.48 | 12210 | 901 | 4231 | 4461 | 4612 | 4435 | 086 | 083 | 1053
22555 | 11852 | 9.01 | 4229 | 4450 | 4612 | 4430 | 085 | 082 | 1056
22555 | 11852 | 901 | 4229 | 4440 | 4622 | 4430 | o085 | 082 | 1056
21961 | 11628 | 901 | 4231 | 4440 | 46.01 | 4424 | 085 | 082 | 1059
22555 | 12269 | 9.01 | 42.49 | 4411 | 4611 | 4424 | 086 | 083 | 1052
224.06 | 119.00 | 901 | 4235 | 4435 | 4612 | 4427 | o085 | 082 | 1056
21961 | 87.74 | 901 | 4861 | 5012 | 5232 | 5035 | 082 | 079 | 1102
21368 | 93.44 | 901 | 4832 | 50.02 | 51.93 | 50.09 | 083 | 080 | 1092
21961 | 9558 | 901 | 4871 | 4991 | 5182 | 5015 | 083 | 080 | 10.88
21961 | 9540 | 901 | 4891 | 4991 | 51.93 | 5025 | 083 | 0.80 | 10.89
21368 | 9457 | 901 | 4892 | 49583 | 51.73 | 50.16 | 083 | 080 | 10.90
21763 | 95.18 | 901 | 4885 | 4988 | 51.83 | 50.19 | 083 | 080 | 10.89
184.00 | 7757 | 901 | 5190 | 5388 | 56.29 | 5402 | 080 | 077 | 11.26
189.93 | 7959 | 9.01 | 51.99 | 53.29 | 56.98 | 5409 | 0.80 | 078 | 11.22
180.93 | 76.23 | 9.01 | 5180 | 53.90 | 56.79 | 5419 | 080 | 077 | 11.30
180.93 | 80.73 | 901 | 51.80 | 53.88 | 56.69 | 5415 | 081 | 078 | 11.19
184.00 | 79.66 | 9.01 | 51.89 | 54.00 | 56.60 | 5416 | 0.80 | 078 | 11.22
188.45 | 79.05 | 901 | 5191 | 5376 | 56.77 | 5415 | 0.80 | 077 | 11.23
184.00 | 65.64 | 9.01 | 56.80 | 58.80 | 59.29 | 5835 | 077 | 075 | 11.64
178.06 | 63.85 | 9.01 | 56.09 | 58.78 | 59.10 | 57.99 | 077 | 074 | 1170
17213 | 6349 | 901 | 5609 | 5870 | 59.10 | 5796 | 077 | 074 | 11.72
172.13 | 59.93 | 9.01 | 56.09 | 5859 | 59.39 | 58.02 | 0.76 | 073 | 11.86
17213 | 66.87 | 901 | 55580 | 5849 | 58.89 | 5772 | 078 | 075 | 11.60
17361 | 6353 | 901 | 5601 | 5864 | 59.12 | 5792 | 077 | 074 | 11.72
142.45 | 4320 | 9.01 | 63.09 | 6489 | 66.11 | 6470 | 070 | 067 | 12.89
14245 | 4275 | 901 | 63.09 | 6489 | 66.21 | 6473 | 070 | 067 | 12.93
14245 | 4233 | 901 | 6330 | 6500 | 66.30 | 6487 | 069 | 067 | 12.97
14839 | 4387 | 901 | 63.09 | 6489 | 66.21 | 6473 | 070 | 068 | 12.84
14839 | 4527 | 901 | 6299 | 6490 | 66.00 | 6463 | 071 | 068 | 12.73
14542 | 4356 | 901 | 6312 | 6492 | 66.18 | 6474 | 070 | 068 | 12.86
14839 | 38.98 | 9.01 | 66.99 | 68.69 | 70.00 | 6856 | 0.68 | 065 | 13.31
14839 | 3194 | 901 | 6773 | 6876 | 7079 | 69.10 | 063 | 061 | 14.19
14839 | 3128 | 901 | 67.64 | 6887 | 70.78 | 69.09 | 063 | 061 | 14.30
14245 | 2910 | 901 | 67.74 | 6877 | 7078 | 69.10 | 061 | 059 | 14.67
14245 | 4883 | 901 | 6618 | 66.79 | 6838 | 6712 | 072 | 070 | 1250
14542 | 3529 | 901 | 67.32 | 6830 | 70.18 | 6860 | 066 | 063 | 13.73
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k p C, v n Re Pr Nu
0.631 992.605 | 4185.725 | 6.816E-07 | 6.765E-04 | 251.156 4.489 5.830
0.631 992.570 | 4185.839 | 6.803E-07 | 6.753E-04 | 251.620 4.430 6.247
0.631 992.587 | 4185.782 | 6.809E-07 | 6.759E-04 | 251.388 4.484 5.840
0.631 992.570 | 4185.839 | 6.803E-07 | 6.753E-04 | 251.620 4.480 5.814
0.631 992.552 | 4185.897 | 6.797E-07 | 6.747E-04 | 251.851 4.475 6.619
0.631 992.570 | 4185.839 | 6.803E-07 | 6.753E-04 | 251.620 4.480 6.130
0.638 991.093 | 4191.445 | 6.334E-07 | 6.278E-04 | 270.648 4.127 5.496
0.637 991.112 | 4191.364 | 6.340E-07 | 6.284E-04 | 270.410 4.131 5.336
0.637 991.112 | 4191.364 | 6.340E-07 | 6.284E-04 | 270.410 4131 5.336
0.637 991.131 | 4191.284 | 6.345E-07 | 6.289E-04 | 270.172 4.136 5.236
0.637 991.112 | 4191.364 | 6.340E-07 | 6.284E-04 | 270.410 4.131 5.524
0.637 991.117 | 4191.344 | 6.341E-07 | 6.285E-04 | 270.350 4.132 5.358
0.646 088.950 | 4201.841 | 5.789E-07 | 5.725E-04 | 296.815 3.724 3.898
0.646 988.971 | 4201.729 | 5.793E-07 | 5.729E-04 | 296.568 3.727 4.152
0.646 088.950 | 4201.841 | 5.789E-07 | 5.725E-04 | 296.815 3.724 4.247
0.646 988.909 | 4202.065 | 5.779E-07 | 5.715E-04 | 297.308 3.717 4.238
0.646 088.929 | 4201.952 | 5.784E-07 | 5.720E-04 | 297.062 3.720 4.201
0.646 988.929 | 4201.952 | 5.784E-07 | 5.720E-04 | 297.062 3.720 4.228
0.652 987.323 | 4211.157 | 5.449E-07 | 5.380E-04 | 315.801 3.477 3.417
0.652 087.301 | 4211.291 | 5.445E-07 | 5.376E-04 | 316.054 3.474 3.505
0.652 987.301 | 4211.291 | 5.445E-07 | 5.376E-04 | 316.054 3.474 3.357
0.652 087.256 | 4211.559 | 5.437E-07 | 5.367E-04 | 316.561 3.468 3.554
0.652 087.234 | 4211.693 | 5.433E-07 | 5.363E-04 | 316.814 3.465 3.507
0.652 087.273 | 4211.458 | 5.440E-07 | 5.371E-04 | 316.371 3.470 3.481
0.657 085.550 | 4222.438 | 5.134E-07 | 5.060E-04 | 335.804 3.251 2.866
0.657 985.713 | 4221.354 | 5.161E-07 | 5.087E-04 | 333.987 3.270 2.790
0.657 985.690 | 4221.508 | 5.157E-07 | 5.083E-04 | 334.246 3.267 2.774
0.657 985.736 | 4221.201 | 5.165E-07 | 5.091E-04 | 333.727 3.273 2.619
0.657 085.736 | 4221.201 | 5.165E-07 | 5.091E-04 | 333.727 3.273 2.922
0.657 985.719 | 4221.316 | 5.162E-07 | 5.088E-04 | 333.922 3.271 2.776
0.665 982.695 | 4242.624 | 4.713E-07 | 4.632E-04 | 366.839 2.954 1.864
0.665 082.695 | 4242.624 | 4.713E-07 | 4.632E-04 | 366.839 2.954 1.844
0.665 982.644 | 4243.003 | 4.707E-07 | 4.625E-04 | 367.381 2.949 1.826
0.665 082.721 | 4242.435 | 4.717E-07 | 4.635E-04 | 366.568 2.956 1.893
0.665 982.721 | 4242.435 | 4.717E-07 | 4.635E-04 | 366.568 2.956 1.953
0.665 982.695 | 4242.624 | 4.713E-07 | 4.632E-04 | 366.839 2.954 1.879
0.670 980.955 | 4255.948 | 4.497E-07 | 4.411E-04 | 385.197 2.804 1.670
0.669 981.114 | 4254.702 | 4.515E-07 | 4.430E-04 | 383.535 2.816 1.370
0.669 081.167 | 4254.289 | 4.522E-07 | 4.437E-04 | 382.982 2.821 1.342
0.669 081.246 | 4253.672 | 4.531E-07 | 4.446E-04 | 382.153 2.827 1.248
0.669 081.246 | 4253.672 | 4.531E-07 | 4.446E-04 | 382.153 2.827 2.095
0.669 081.193 | 4254.083 | 4.525E-07 | 4.440E-04 | 382.706 2.823 1.514




Mass flow rate 0.02 kg/s*m?
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Set Ti Ts Ti To AT chll (Ti'Ta)lT I-lcoll Ta IT FR(Ta)e FRUL
37.4 35.2 40.7 5.5 59.874 | 0.0142 | 0.562 | 23.527 [ 820.172 | 0.714 | 10.642
37.4 35.2 40.7 5.5 59.874 | 0.0141 | 0.562 | 23.632 [ 818.856 | 0.714 | 10.642
35 37.4 35.2 40.7 5.5 59.874 | 0.0141 | 0.560 | 23.632 [ 821.952 | 0.714 | 10.642
37.4 35.2 40.7 5.5 59.874 | 0.0138 | 0.562 | 23.925 [ 819.475| 0.714 | 10.642
375 35.3 40.8 5.5 59.874 | 0.0146 | 0.566 | 23.422 | 814.444 | 0.714 | 10.642
37.4 35.2 40.7 5.5 59.874 | 0.0141 | 0.563 | 23.653 [ 818.682 | 0.714 | 10.642
41.3 38.9 43.7 4.8 52.254 | 0.0186 | 0.506 | 24.135 [ 794.473 | 0.714 | 10.642
41.3 38.9 43.7 4.8 52.254 | 0.0187 | 0.508 | 24.135 [ 791.067 | 0.714 | 10.642
40 41.3 38.9 43.8 4.9 53.342 | 0.0187 | 0.519 | 24.135 [ 790.912 | 0.714 | 10.642
41.3 38.9 43.9 5.0 54.431 | 0.0190 | 0.529 | 23.842 [ 790.757 | 0.714 | 10.642
41.2 38.9 43.8 4.9 53.342 | 0.0196 | 0.519 | 23.422 [ 790.757 | 0.714 | 10.642
41.3 38.9 43.8 4.9 53.342 | 0.0190 | 0.519 | 23.883 [ 790.873 | 0.714 | 10.642
46.1 44.1 48.5 4.4 47.899 | 0.0232 [ 0.446 | 24.932 | 825.513 | 0.714 | 10.642
46.1 44.1 48.6 4.5 48.988 | 0.0232 [ 0.458 | 25.037 | 822.959 | 0.714 | 10.642
5 46.0 44.0 48.5 4.5 48.988 | 0.0226 [ 0.459 | 25.436 | 821.643 | 0.714 | 10.642
46.0 44.0 48.5 4.5 48.988 | 0.0225 [ 0.460 | 25.540 | 819.862 | 0.714 | 10.642
46.0 44.1 48.5 4.4 47.899 | 0.0229 [ 0.449 | 25.331 | 819.785| 0.714 | 10.642
46.0 44.0 48.5 4.5 48.625 | 0.0227 | 0.456 | 25.436 | 820.430 | 0.714 | 10.642
52.2 49.4 53.4 4.0 43.545 | 0.0295 [ 0.419 | 25.834 | 799.427 | 0.714 | 10.642
52.0 49.4 53.4 4.0 43.545 | 0.0294 [ 0.420 | 25.939 | 798.420 | 0.714 | 10.642
50 52.1 49.4 53.4 4.0 43.545 | 0.0291 [ 0.421 | 26.233 | 795.789 | 0.714 | 10.642
51.9 49.2 53.2 4.0 43.545 | 0.0294 [ 0.423 | 25.939 | 791.763 | 0.714 | 10.642
51.7 49.2 53.1 3.9 42.456 | 0.0293 [ 0.413 | 26.044 | 791.221 | 0.714 | 10.642
51.9 49.3 53.3 4.0 43.273 | 0.0293 [ 0.419 | 26.039 | 794.298 | 0.714 | 10.642
58.1 54.9 57.7 2.8 30.481 | 0.0368 | 0.295 | 25.645 [ 795.479 | 0.714 | 10.642
58.6 54.8 57.9 3.1 33.747 | 0.0371 | 0.326 | 25.247 [ 795.943 | 0.714 | 10.642
55 59.4 54.7 58.0 3.3 35.924 | 0.0367 | 0.347 | 25.540 [ 795.324 | 0.714 | 10.642
60.0 54.9 58.0 3.1 33.747 | 0.0373 | 0.327 | 25.331 [ 793.002 | 0.714 | 10.642
60.7 55.2 58.0 2.8 30.481 | 0.0372 | 0.295 | 25.645 [ 794.318 | 0.714 | 10.642
59.7 54.9 58.0 3.1 33.475 | 0.0371 | 0.324 | 25.441 [ 794.647 | 0.714 | 10.642
63.8 59.4 62.0 2.6 28.304 | 0.0391 | 0.275 28.456 | 790.447 | 0.714 10.642
63.6 59.3 61.9 2.6 28.304 | 0.0399 | 0.275 | 27.743 [ 790.447 | 0.714 | 10.642
60 63.5 59.3 62.0 2.7 29.393 | 0.0395 | 0.286 | 28.036 [ 790.602 | 0.714 | 10.642
63.3 59.2 62.1 2.9 31.570 | 0.0392 | 0.307 | 28.141 [ 791.531 | 0.714 | 10.642
63.1 59.1 62.2 3.1 33.747 | 0.0399 | 0.328 27.554 1 790.293 | 0.714 10.642
63.4 59.2 62.1 2.8 30.754 | 0.0397 | 0.299 | 27.869 [ 790.718 | 0.714 | 10.642
69.6 63.6 65.7 2.1 22.861 | 0.0445 | 0.222 | 28.246 | 793.853 | 0.714 | 10.642
69.1 63.8 65.8 2.0 21.772 | 0.0451 | 0.212 | 28.141 [ 791.376 | 0.714 | 10.642
65 68.9 63.8 65.9 2.1 22.861 | 0.0448 | 0.222 28.246 | 792.847 | 0.714 10.642
68.7 63.6 65.9 2.3 25.038 | 0.0441 | 0.243 | 28.645 [ 792.847 | 0.714 | 10.642
68.4 63.6 66.1 2.5 27.215 | 0.0444 | 0.265 | 28.456 [ 791.221 | 0.714 | 10.642
68.8 63.7 65.9 2.2 24.222 | 0.0446 | 0.235 | 28.372 [ 792.073 | 0.714 | 10.642
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q" h, FU, 1T, 2T, 3T, T a F
221611 | 131.064 | 11.349 | 36.811 | 38.980 | 43131 | 39.641 0.865
221611 | 132.887 | 11.349 | 36.816 | 39.003 | 43.034 | 39.618 0.866
221611 | 136.050 | 11.349 | 36924 | 38.992 | 42.821 | 39.579 0.868
221611 | 133384 | 11.349 | 36.816 | 38.985 | 43.034 | 39.611 0.866
221611 | 136263 | 11.349 | 36.816 | 38.980 | 43.233 | 39.676 0.868
221611 | 133.931 | 11.349 | 36.843 | 38.990 | 43.030 | 39.621 0.866
193406 | 114778 | 11.348 | 40.285 | 43.437 | 45233 | 42.985 0.851
193406 | 114.470 | 11.348 | 40.285 | 43341 | 45343 | 42.990 0.850
197.435 | 115.801 | 11.348 | 40.285 | 43337 | 45543 | 43.055 0.852
201.464 | 119.752 | 11.348 | 40381 | 43332 | 45534 | 43.082 0.855
197435 | 116332 | 11.348 | 40.078 | 42929 | 46.134 | 43.047 0.852
197.435 | 116227 | 11.348 | 40.257 | 43235 | 45639 | 43.044 0.852
177.280 | 95991 | 11.346 | 46205 | 48209 | 50.027 | 48.147 0.829
181,318 | 97.253 | 11.346 | 46.310 | 48.118 | 50.215 | 48.214 0.831
181.318 | 90.688 | 11.346 | 46.415 | 48223 | 50.111 | 48.249 0.822
181.318 | 90.688 | 11.346 | 46.415 | 48.118 | 50215 | 48.249 0.822
177.280 | 96.148 | 11.346 | 46.305 | 48310 | 49.817 | 48.144 0.829
179.975 | 94154 | 11.346 | 46.378 | 48217 | 50.048 | 48.214 0.827
161171 | 77.838 | 11.344 | 51527 | 53541 | 55344 | 53.471 0.801
161171 | 78102 | 11.344 | 51422 | 53541 | 55428 | 53.464 0.801
161171 | 79175 | 11.344 | 51422 | 53541 | 55344 | 53.436 0.803
161171 | 78206 | 11.344 | 51317 | 53226 | 55239 | 53.261 0.801
157142 | 73232 | 11344 | 51422 | 53331 | 55135 | 53.29 0.792
160.164 | 77.310 | 11.344 | 51396 | 53409 | 55287 | 53.364 0.800
112.820 | 56004 | 11341 | 56276 | 58.388 | 60.279 | 58.314 0.749
124908 | 64237 | 11341 | 56.372 | 58421 | 60.090 | 58.294 0.771
132.966 | 65535 | 11.341 | 56.381 | 58472 | 60.283 | 58.379 0.774
124908 | 63621 | 11341 | 56.468 | 58.480 | 60.283 | 58.413 0.769
112.820 | 63549 | 11.341 | 56.368 | 58.480 | 60.279 | 58.375 0.769
123.901 | 62589 | 11.341 | 56.397 | 58.465 | 60.234 | 58.366 0.767
104761 | 35677 | 11.339 | 61.815 | 63593 | 65501 | 63.636 0.661
104761 | 36542 | 11.339 | 61.894 | 63.404 | 65103 | 63.467 0.666
108.791 | 42181 | 11.339 | 61.684 | 63.194 | 64.809 | 63.229 0.695
116849 | 47.225 | 11.339 | 61.684 | 63.089 | 64509 | 63.124 0.716
124008 | 53.829 | 11.339 | 61.600 | 63.005 | 64.306 | 62.970 0.740
113.827 | 44944 | 11339 | 61716 | 63173 | 64704 | 63.198 0.707
84615 | 30876 | 11.33 | 66.067 | 67502 | 68.603 | 67.391 0.628
80.586 | 30.941 | 11.33 | 66.003 | 67502 | 68.709 | 67.404 0.629
84615 | 30700 | 11.33 | 66.013 | 67.798 | 69.005 | 67.605 0.627
92.674 | 31483 | 11.33 | 66174 | 67.989 | 68.918 | 67.694 0.632
100.732 | 38110 | 11.33 | 66.170 | 67.492 | 68.818 | 67.493 0.673
89.652 | 32811 | 11.33 | 66.090 | 67.695 | 68.862 | 67.549 0.641
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Fr U, k p G v n Re Pr Nu
0.811 13.127 0.630 992.727 | 4185.332 | 6.859E-07 | 6.809E-04 | 173.958 4.522 5.969
0.812 13.108 0.630 992.727 | 4185.332 | 6.859E-07 | 6.809E-04 | 173.958 4.522 6.052
0.814 13.076 0.630 992.727 | 4185.332 | 6.859E-07 | 6.809E-04 | 173.958 4.522 6.196
0.812 13.103 0.630 992.727 | 4185.332 | 6.859E-07 | 6.809E-04 | 173.958 4.522 6.074
0.814 13.074 0.630 992.692 | 4185.443 | 6.847E-07 | 6.797E-04 | 174.281 4.513 6.204
0.813 13.097 0.630 992.718 | 4185.360 | 6.856E-07 | 6.806E-04 | 174.039 4.520 6.099
0.798 13.340 0.636 991.524 | 4189.662 | 6.462E-07 | 6.407E-04 | 184.874 4.223 5.182
0.797 13.345 0.636 991.524 | 4189.662 | 6.462E-07 | 6.407E-04 | 184.874 4.223 5.168
0.799 13.327 0.636 991.506 [ 4189.737 | 6.456E-07 | 6.401E-04 | 185.039 4.218 5.227
0.802 13.275 0.636 991.487 | 4189.811 | 6.451E-07 | 6.396E-04 | 185.204 4.214 5.405
0.799 13.320 0.636 991.506 [ 4189.737 | 6.456E-07 | 6.401E-04 | 185.039 4.218 5.251
0.799 13.321 0.636 991.506 [ 4189.737 | 6.456E-07 | 6.401E-04 | 185.039 4.218 5.247
0.778 13.682 0.644 989.586 | 4198.515 | 5.937E-07 | 5.875E-04 | 201.615 3.833 4.281
0.779 13.657 0.644 989.566 [ 4198.618 | 5.932E-07 | 5.870E-04 | 201.785 3.829 4.336
0.771 13.795 0.644 989.606 | 4198.412 | 5.942E-07 | 5.880E-04 | 201.445 3.836 4.045
0.771 13.795 0.644 989.606 | 4198.412 | 5.942E-07 | 5.880E-04 | 201.445 3.836 4.045
0.778 13.679 0.644 989.586 | 4198.515 | 5.937E-07 | 5.875E-04 | 201.615 3.833 4.288
0.776 13.720 0.644 989.599 [ 4198.447 | 5.940E-07 | 5.878E-04 | 201.502 3.835 4.199
0.751 14.167 0.651 987.433 | 4210.493 | 5.471E-07 | 5.402E-04 | 219.273 3.492 3.430
0.752 14.159 0.651 987.433 | 4210.493 | 5.471E-07 | 5.402E-04 | 219.273 3.492 3.442
0.753 14.126 0.651 987.433 | 4210.493 | 5.471E-07 | 5.402E-04 | 219.273 3.492 3.489
0.752 14.155 0.651 987.521 [ 4209.968 | 5.488E-07 | 5.419E-04 | 218.569 3.505 3.448
0.743 14.318 0.651 987.542 | 4209.837 | 5.492E-07 | 5.424E-04 | 218.393 3.508 3.229
0.750 14.183 0.651 987.482 | 4210.197 | 5.480E-07 | 5.412E-04 | 218.877 3.499 3.408
0.703 15.149 0.658 985.197 [ 4224.807 | 5.077E-07 | 5.002E-04 | 236.823 3.210 2.442
0.723 14.714 0.658 985.173 | 4224.967 | 5.073E-07 | 4.998E-04 | 237.005 3.207 2.800
0.726 14.656 0.658 985.173 | 4224.967 | 5.073E-07 | 4.998E-04 | 237.005 3.207 2.857
0.722 14.743 0.659 985.126 | 4225.288 | 5.066E-07 | 4.990E-04 | 237.369 3.202 2.773
0.722 14.746 0.659 985.055 [ 4225.773 | 5.054E-07 | 4.979E-04 | 237.917 3.194 2.769
0.719 14.792 0.658 985.132 | 4225.248 | 5.066E-07 | 4.991E-04 | 237.324 3.203 2.728
0.621 17.149 0.664 983.049 [ 4240.002 | 4.761E-07 | 4.680E-04 | 253.098 2.987 1.541
0.625 17.019 0.664 983.099 [ 4239.632 | 4.768E-07 | 4.687E-04 | 252.722 2.992 1.579
0.652 16.313 0.664 983.074 | 4239.817 | 4.764E-07 | 4.684E-04 | 252.910 2.989 1.822
0.672 15.826 0.664 983.074 [ 4239.817 | 4.764E-07 | 4.684E-04 | 252.910 2.989 2.040
0.694 15.326 0.664 983.074 | 4239.817 | 4.764E-07 | 4.684E-04 | 252.910 2.989 2.326
0.664 16.033 0.664 983.081 [ 4239.771 | 4.765E-07 | 4.684E-04 | 252.863 2.990 1.942
0.590 18.040 0.670 981.008 | 4255.532 | 4.503E-07 | 4.417E-04 | 268.145 2.808 1.324
0.590 18.027 0.670 980.929 [ 4256.157 | 4.494E-07 | 4.408E-04 | 268.725 2.801 1.326
0.589 18.077 0.670 980.902 [ 4256.365 | 4.490E-07 | 4.405E-04 | 268.919 2.799 1.316
0.594 17.923 0.670 980.955 | 4255.948 | 4.497E-07 | 4.411E-04 | 268.532 2.804 1.349
0.632 16.849 0.670 980.902 | 4256.365 | 4.490E-07 | 4.405E-04 | 268.919 2.799 1.633
0.602 17.672 0.670 980.922 | 4256.209 | 4.493E-07 | 4.407E-04 | 268.773 2.801 1.406




Mass flow rate 0.01 kg/s*m?
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Set Ti Ts Ti To AT chll (Ti'Ta)lT I-lcoll Ta IT FR(Ta)e FRUL
36.5 35.9 44.2 8.3 58.036 | 0.00896 | 0.559 28.749 | 798.266 | 0.637 8.774

37.8 36.0 44.4 8.4 58.735 | 0.00882 | 0.566 28.959 [ 798.575 | 0.637 8.774

35 38.5 36.0 44.5 8.5 59.434 | 0.00885 | 0.575 28.959 [ 795.634 | 0.637 8.774
39.2 36.1 44.5 8.4 58.735 | 0.00838 | 0.569 29.442 | 794.473 | 0.637 8.774

39.9 36.4 44.7 8.3 58.036 | 0.00863 | 0.562 29.546 | 794.008 | 0.637 8.774

38.9 36.1 44.5 8.4 58.735 | 0.00867 | 0.568 29.227 | 795.672 | 0.637 8.774

44.0 40.0 47.4 7.4 51.743 | 0.01283 | 0.504 29.861 [ 790.138 | 0.637 8.774

44.2 40.0 47.5 7.5 52.442 | 0.01317 | 0.508 29.546 | 793.544 | 0.637 8.774

40 44.2 40.1 47.5 7.4 51.743 | 0.01333 | 0.503 29.546 | 791.763 | 0.637 8.774
44.3 40.1 47.5 7.4 51.743 | 0.01382 | 0.502 29.148 | 792.383 | 0.637 8.774

44.4 40.1 47.6 7.5 52.442 | 0.01308 | 0.510 29.756 | 791.067 | 0.637 8.774

44.3 40.1 47.5 7.5 52.093 | 0.01335 | 0.506 29.499 [ 792.189 | 0.637 8.774

52.3 46.2 53.2 7.0 48.946 | 0.02066 | 0.462 29.358 [ 815.218 | 0.637 8.774

52.2 46.2 53.1 6.9 48.247 | 0.02103 | 0.455 29.043 | 815.914 | 0.637 8.774

5 52.3 46.3 53.2 6.9 48.247 | 0.02052 | 0.455 29.546 | 816.534 | 0.637 8.774
52.2 46.2 53.2 7.0 48.946 | 0.02081 | 0.462 29.253 [ 814.289 | 0.637 8.774

52.3 46.3 53.3 7.0 48.946 | 0.02079 [ 0.464 29.442 | 811.038 | 0.637 8.774

52.3 46.3 53.2 7.0 48.713 | 0.02071 [ 0.460 29.414 | 813.953 | 0.637 8.774

54.2 50.8 57.3 6.5 45.450 | 0.02633 | 0.435 29.651 [ 803.142 | 0.637 8.774

54.0 50.8 57.3 6.5 45.450 | 0.02602 | 0.436 29.945 [ 801.517 | 0.637 8.774

50 54.0 50.9 57.3 6.4 44.751 | 0.02580 | 0.428 30.155 | 804.149 | 0.637 8.774
53.9 50.9 57.3 6.4 44.751 | 0.02551 [ 0.429 30.448 | 801.826 | 0.637 8.774

53.9 50.8 57.3 6.5 45.450 | 0.02567 | 0.437 30.260 | 800.201 | 0.637 8.774

54.0 50.9 57.3 6.5 45.100 | 0.02575 | 0.433 30.202 | 801.923 | 0.637 8.774

59.2 54.7 60.1 5.4 37.758 | 0.02973 | 0.361 30.763 | 805.155 | 0.637 8.774

59.8 54.8 60.2 5.4 37.758 | 0.02981 | 0.360 30.763 | 806.471 | 0.637 8.774

55 60.8 54.8 60.2 5.4 37.758 | 0.02990 | 0.361 30.763 | 803.839 | 0.637 8.774
61.6 54.8 60.2 5.4 37.758 | 0.03017 | 0.361 30.553 | 803.684 | 0.637 8.774

62.3 54.7 60.1 5.4 37.758 | 0.03006 | 0.362 30.553 | 803.297 | 0.637 8.774

61.1 54.8 60.2 5.4 37.758 | 0.02998 | 0.361 30.658 | 804.323 | 0.637 8.774

65.3 61.0 64.9 3.9 27.270 [ 0.03787 | 0.264 30.952 | 793.389 | 0.637 8.774

65.2 61.1 65.2 4.1 28.668 | 0.03804 | 0.277 30.847 | 795.324 | 0.637 8.774

60 65.0 60.9 65.2 4.3 30.067 | 0.03763 | 0.292 31.057 | 793.002 | 0.637 8.774
64.8 60.8 65.2 4.4 30.766 | 0.03765 | 0.299 30.952 | 792.692 | 0.637 8.774

64.6 60.5 65.1 4.6 32.165 | 0.03769 | 0.312 30.658 | 791.763 | 0.637 8.774

64.9 60.8 65.2 4.4 30.416 | 0.03775 | 0.295 30.878 | 793.195 | 0.637 8.774

70.7 64.8 68.0 3.2 22.375 | 0.04432 | 0.216 29.442 | 797.777 | 0.637 8.774

70.4 64.5 68.2 3.7 25.871 | 0.04381 | 0.249 29.546 | 797.777 | 0.637 8.774

65 70.3 64.4 68.4 4.0 27.969 [ 0.04343 | 0.270 29.756 | 797.777 | 0.637 8.774
70.8 64.1 68.4 4.3 30.067 | 0.04281 | 0.290 29.945 | 797.777 | 0.637 8.774

71.3 63.9 68.3 4.4 30.766 | 0.04306 | 0.297 29.546 | 797.777 | 0.637 8.774

70.7 64.2 68.3 4.1 28.668 | 0.04328 | 0.276 29.698 | 797.777 | 0.637 8.774
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q h, FU, 1T, 2T, 3T, Toa F
214309 | 122534 | 9.565 38.413 | 41781 | 45203 | 41.799 0.857
216.891 | 121.620 | 9.565 38597 | 41.863 | 45490 | 41.983 0.857
219.473 118.944 9.564 38.802 41.537 45.947 42.095 0.854
216.891 116.759 9.564 38.904 41.669 45.899 42.158 0.852
214.309 121.409 9.564 38.986 41.726 46.234 42.315 0.856
216.891 | 119.683 | 9.564 38.822 | 41.699 | 45892 | 42.138 0.855
191.071 | 103.796 | 9.563 41.400 | 45310 | 49.912 | 45.541 0.839
193.653 | 112.567 | 9.563 41386 | 45196 | 49.828 | 45.470 0.848
191.071 | 108.001 | 9.563 41.788 | 45196 | 49.723 | 45.569 0.843
191.071 | 109.868 | 9.563 41.900 | 45309 | 49.409 | 45.539 0.845
193.653 | 107.457 | 9.563 42329 | 45301 | 49326 | 45.652 0.843
192362 | 109.473 | 9.563 41.851 | 45251 | 49572 | 45.558 0.845
180.743 83.234 9.561 49.456 51.632 54.526 51.872 0.810
178.160 84.172 9.561 49.351 51.422 54.526 51.767 0.812
178.160 79.030 9.561 49.561 51.716 54.736 52.004 0.803
180.743 93.465 9.561 49.142 51.317 54.442 51.634 0.825
180.743 91.904 9.561 49.351 51.422 54.526 51.767 0.823
179.882 | 88.133 9.561 49351 | 51485 | 54568 | 51.802 0.817
167.832 | 74.743 9.558 52323 | 56.881 | 59.682 | 56.295 0.794
167.832 | 73.601 9.558 52323 | 56.881 | 59.787 | 56.330 0.792
165.250 | 74.094 9.558 52323 | 56.881 | 59.787 | 56.330 0.793
165.250 | 72.954 9.558 52323 | 56.881 | 59.891 | 56.365 0.790
167.832 | 79.426 9.558 52323 | 56588 | 59.578 | 56.163 0.802
166.541 | 75.019 9.558 52323 | 56.808 | 59.761 | 56.297 0.794
139.430 55.942 9.556 56.882 59.997 62.798 59.892 0.748
139.430 61.694 9.556 56.799 59.892 62.589 59.760 0.764
139.430 | 59.316 9.556 56.882 | 60.081 | 62589 | 59.851 0.757
139.430 | 62.857 9.556 56.882 | 59.892 | 62.380 | 59.718 0.767
139.430 | 62.788 9.556 56.694 | 59.788 | 62.380 | 59.621 0.766
139.430 | 61.664 9.556 56.814 | 59.913 | 62485 | 59.737 0.764
100.699 | 36.738 9.552 63.390 | 65931 | 67752 | 65.691 0.666
105.863 | 38.164 9.552 63.602 | 66016 | 68154 | 65.924 0.674
111.028 | 39.016 9.552 63.602 | 65931 | 68154 | 65.89 0.678
113.610 | 42.329 9.552 63.179 | 65825 | 68.048 | 65.684 0.694
118.774 41.184 9.552 63.179 65.931 67.942 65.684 0.689
112.319 40.173 9.552 63.390 65.926 68.075 65.797 0.684
82.625 | 25.415 9.549 67.957 | 70.096 | 70.900 | 69.651 0.583
95535 | 28.879 9.549 67.873 | 69.990 | 71112 | 69.658 0.612
103.281 | 31.428 9.549 67.767 | 69.884 | 71.408 | 69.686 0.631
111.028 | 33.337 9.549 67.449 | 69.778 | 71514 | 69.580 0.644
113.610 | 34.607 9.549 67.259 | 69.482 | 71408 | 69.383 0.652
105.863 | 32.063 9.549 67.587 | 69.783 | 71361 | 69.577 0.635
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Fr U, k p G v n Re Pr Nu
0.786 11.156 0.634 991.982 4187.897 | 6.605E-07 | 6.552E-04 | 113.068 4.330 5.550
0.785 11.166 0.634 991.928 4188.099 | 6.588E-07 | 6.535E-04 | 113.375 4.317 5.506
0.783 11.195 0.634 991.909 4188.167 | 6.582E-07 | 6.529E-04 | 113.477 4.313 5.384
0.782 11.220 0.634 991.891 4188.235 | 6.576E-07 | 6.523E-04 | 113.579 4.309 5.285
0.785 11.170 0.634 991.800 4188.581 | 6.547E-07 | 6.494E-04 | 114.092 4.287 5.492
0.784 11.187 0.634 991.882 4188.270 | 6.573E-07 | 6.520E-04 | 113.631 4.306 5.417
0.769 11.400 0.640 990.615 4193.555 | 6.201E-07 | 6.142E-04 | 120.616 4.028 4.658
0.777 11.283 0.640 990.596 4193.643 | 6.195E-07 | 6.137E-04 | 120.721 4.024 5.051
0.773 11.341 0.640 990.576 4193.731 | 6.190E-07 | 6.132E-04 | 120.825 4.020 4.846
0.775 11.317 0.640 990.576 4193.731 | 6.190E-07 | 6.132E-04 | 120.825 4.020 4.929
0.773 11.349 0.640 990.557 4193.820 | 6.185E-07 | 6.126E-04 | 120.930 4.016 4.821
0.775 11.322 0.640 990.576 4193.731 | 6.190E-07 | 6.132E-04 | 120.825 4.020 4.912
0.743 11.802 0.649 988.170 4206.170 | 5.619E-07 | 5.553E-04 | 133.425 3.600 3.682
0.744 11.781 0.649 988.192 4206.048 | 5.624E-07 | 5.557E-04 | 133.316 3.603 3.724
0.737 11.904 0.649 988.149 4206.292 | 5.615E-07 | 5.548E-04 | 133.533 3.597 3.496
0.756 11.594 0.649 988.170 4206.170 | 5.619E-07 | 5.553E-04 | 133.425 3.600 4.135
0.755 11.623 0.649 988.127 4206.415 | 5.610E-07 | 5.544E-04 | 133.642 3.594 4.065
0.750 11.696 0.649 988.149 4206.292 | 5.615E-07 | 5.548E-04 | 133.533 3.597 3.898
0.728 12.042 0.655 986.244 4217.893 | 5.252E-07 | 5.180E-04 | 143.039 3.335 3.274
0.726 12.075 0.655 986.244 4217.893 | 5.252E-07 | 5.180E-04 | 143.039 3.335 3.224
0.727 12.060 0.655 986.221 4218.040 | 5.248E-07 | 5.175E-04 | 143.151 3.332 3.246
0.725 12.094 0.655 986.221 4218.040 | 5.248E-07 | 5.175E-04 | 143.151 3.332 3.196
0.736 11.915 0.655 986.244 4217.893 | 5.252E-07 | 5.180E-04 | 143.039 3.335 3.480
0.729 12.034 0.655 986.232 4217.967 | 5.250E-07 | 5.178E-04 | 143.095 3.333 3.286
0.686 12.783 0.660 984.672 4228.398 | 4.995E-07 | 4.918E-04 | 150.641 3.152 2.433
0.701 12.514 0.660 984.624 4228.731 | 4.987E-07 | 4.911E-04 | 150.870 3.146 2.683
0.695 12.619 0.660 984.624 4228.731 | 4.987E-07 | 4.911E-04 | 150.870 3.146 2.579
0.704 12.466 0.660 984.624 4228.731 | 4.987E-07 | 4.911E-04 | 150.870 3.146 2.733
0.703 12.468 0.660 984.672 4228.398 | 4.995E-07 | 4.918E-04 | 150.641 3.152 2.731
0.701 12.515 0.660 984.636 4228.648 | 4.989E-07 | 4.913E-04 | 150.813 3.148 2.682
0.611 14.344 0.667 981.900 4248.629 | 4.611E-07 | 4.528E-04 | 163.633 2.883 1.580
0.618 14.180 0.668 981.796 4249.424 | 4.598E-07 | 4.514E-04 | 164.111 2.874 1.641
0.623 14.087 0.667 981.848 4249.026 | 4.605E-07 | 4.521E-04 | 163.872 2.878 1.678
0.637 13.758 0.667 981.874 4248.827 | 4.608E-07 | 4.524E-04 | 163.753 2.880 1.820
0.633 13.865 0.667 981.977 4248.036 | 4.621E-07 | 4.538E-04 | 163.275 2.889 1.772
0.628 13.966 0.667 981.874 4248.827 | 4.608E-07 | 4.524E-04 | 163.753 2.880 1.728
0.536 16.375 0.672 980.070 4262.983 | 4.396E-07 | 4.308E-04 | 171.972 2.734 1.086
0.562 15.600 0.672 980.097 4262.765 | 4.399E-07 | 4.311E-04 | 171.850 2.736 1.234
0.579 15.139 0.672 980.070 4262.983 | 4.396E-07 | 4.308E-04 | 171.972 2.734 1.343
0.591 14.839 0.672 980.151 4262.330 | 4.405E-07 | 4.317E-04 | 171.605 2.740 1.425
0.598 14.656 0.671 980.232 4261.680 | 4.414E-07 | 4.327E-04 | 171.239 2.746 1.479
0.583 15.034 0.672 980.138 4262.439 | 4.403E-07 | 4.316E-04 | 171.666 2.739 1.370
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The Thermal Performance of the Novel Solar Collector

Abstract:

Keywords:

Integrated with Phase Change Material

Bundanth Nhel, and Sarawut Polvongsn®
School of Renewable Energy Engineering, Maejo University, Chaing Mai, Thailand
“saravoothi@hotmail.com

The objective of this research is demonstrated the thermal performance of the two novel solar
collectors integrated with phase change material (PCM) riser comparing with the conventional flat
plate solar collector without PCM riser. The two novel solar collectors and a conventional solar
collector had a similar area of 0.22 x 1.09 m? installed at 18° facing to the south. Each novel collectors
had two single copper tubes, the outside tube was water tube with 28.7 mm of diameter and inner tube
was a riser tube filled RT42 PCM with a melting point between 38-42 °C. In this study, the PCM risers
investigated with diameter of 10 and 16 mm. The water in system was circulated by pump though a
gap between outside tube and riser tube for heat receiving from solar radiation. The experiment was
conducted in outdoor testing following ASHRAE standard 93-2003 that the water mass flow rate per
collector is equal to (.02 kg/s-m” and the inlet water temperature is controlled by electric heater at 35,
40, 45, 50, 55, 60, and 65 °C, respectively. The solar radiation, ambient temperature, inlet water
temperature, outlet water temperature, and hot water temperature in a storage tank were collected
during the day at School of Renewable Energy, Chiangmai. From the experiment showed that inlet
waler temperature increased, the heat loss from collector would increase too. The thermal performance
of the novel solar collector with PCM riser provided the higher values than the conventional flat plate
solar collector. The novel solar collector that integrates with PCM i 10 mm diameter riser (PCM2)
gave the highest Fr(ta) and FrUr of 0.815 and 11.140 W/m* K following by 16 mm diameter riser
(PCMLI) let the values of 0.788 and 11.050 W/m* K and the conventional solar collector gave the
values of (.713 and 10.642 W/m?- K, respectively.

The Novel solar collector, Thermal performance, Riser phase change materials, Solar water heater.
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1 INTRODUCTION

Presently. human attempts to seek the
alternative energy instead of the conventional fuel
like fossil fuel. Many renewable energies such as
wind, hydro, especially solar energy that are
reliable and in abundant on earth can compensate.
Heating system is an important system for
buildings facility from fossil fuel production in
households and industrial sector. By the ways.
most building heating systems use in the range of
low temperature for daily usage that is generated
from fossil fuel but can be replaced to solar
energy. Solar energy is free, clean, and can
transform to electricity and thermal energy during
daytime. The conventional of the solar collector
system is built from a metal absorber plate. Its
temperature is in a range of 40-70 °C
(Kiatsiriroat, 2014, Gautam et al, 2017,
Kalogirou, 2014). Many researchers try to find
the newly technique will enhance the solar
collector performance. The using nano-particle as
a working fluid in solar collector is the alternative
option gives the heat transfer enhancement higher
than normal style (Kiatsiriroat, 2014, Syam
Sundar et al., 2018, Sharafeldin et al.. 2017,
Mirzaei, 2017, Sharafeldin and Gréf, 2018,
Muhammad et al., 2016). However, the modern
technique with the nano-fluid is given a dropping
heat transfer when using in a long time. There is
a new option. the twist-tap or helical coil inserted
into the absorber tube of the collector which is
directly contacted to the water or working fluid
during operation (Jaisankar et al, 2009,
Saravanan et al., 2016, Eiamsa-ard and
Seemawute, 2012, Murugan et al.. 2019). Due to
the fluctuation of solar radiation during daytime,
the thermal energy storage has been designed and
integrated on solar collector while the energy
stored as phase change materials (PCM) is
chemical composite materials which stores
thermal energy by its latent heat during a melting
point or freezing point. The capable of thermal is
from more sensible thermal storing and the most
command applications that benefit from PCM
including those with known duty cycles (ICNQT,
2018, Bellan et al., 2015, Loem et al.. 2019). The
solar collector integrated with phase change
materials (PCM) was studied by various
researchers to investigate the abilities of the
system during in sunny day and cloudy day
operation. Khalifa et al. (Khalifa and Abdul
Jabbar, 2010) studied the performance between a
solar hot water system storage to the conventional

which built from 6 copper tubes of 80 mm outside
diameter and PCM was installed at a back of the
copper plate. The result showed that the system
could reduce heat loss by the PCM heat storage
and an acceptable of mathematical analysis and
experimental data were analyzed. Guta et al.
(Gupta et al.. 2017) studied the investigation of
heat removal and the performance of solar
collector with various flow configurations. The
working fluid was flown in riser tube by using
PCM filled in external tube. The result showed
that the parallel wall to wall flowing was given
the high performance than other flowing
condition with observing in the case of phase
change materials. Furthermore, the heat removal
factor Fr was influenced to the melting of PCM
more than the mass flow rate. during phase
change the PCM absorbed thermal energy which
was decreased the factor Fg, increased during the
sensible heat stage. Koyuncu et al. (Koyuncu and
Liile, 2015) studied the performance of a
domestic chromium selar water collector with
PCM which arranged tube for water circulated
and filled PCM. The results showed the collector
efficiency was equal to 59% at the mass flow rate
of 0.02 kg/ssm’. Papadimitratos et al
(Papadimitratos et al., 2016) studied the
performance of solar water heater with evacuated
tube filled the dual phase change materials. The
efficiency could improve of 26% for the normal
operation and 66% for stagnation mode.

In this research aims to investigate the novel
solar collector integrated with phase change
malerials (PCM) filled inside copper tube. The
PCM riser would be inserted through the absorber
plate tube with using water as a working fluid for
directly heat exchanger between the absorber
plate and PCM. The experimental data was
studied parameters for thermal efficient analysis
following to the ASHRAE Standard test
(Polvongsri. 2013).
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2 EXPERIMENTAL SETUP

2.1 Solar collector configuration
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Figure 1: Schematic of (A) The solar collector without
PCM and (B) The novel solar collector integrated
PCM.
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Figure 2:The novel solar collector (A) The absorber
plate tube 28 mm of diameter and (B) The riser wbe 10
mm and 16 mm of diameter.

The novel solar collector was built from a
single copper tube as absorber plate tube of 28.7
mm outside diameter, 1 mm thickness and 1,000

The I' International Conference on Stmart Community Development

mm length. The riser copper tube of 10 mm
diameter and 16 mm diameter were inserted
through the single copper tube and filled with
RT42 phase change material {PCM) fully. The
melting point of PCM between 38-42 °C
(ICNQT, 2018). The absorber plate was painted
as a normal black color for solar radiation
absorption. A single clear glass of 3 mm thick was
installed above the solar collector for make the
inside temperature of collector higher  than
enviromment. The 25 mm of thickness rubber
insulation was installed around the side and back
of aluminum frame (Aroflex rubber with density
of 40-70 kg/'m?) for heat loss reducing in the side
and back. The final dimensions of novel solar
collecior are length 1090 mm the width 220 mm
and height 100 mm as showed in the Figurc 1 and
Figure 2.

2.2 Experiment procedure

The novel solar water heater collectors
integrated with phase change materials riser were
given an abbreviation following the Table 1.

Tablc 1: The characteristic of solar collector intcgrated
with PCM I, PCM 2 and without PCM,

Category Diameter Unit Inside
PCM 1 a6 mm RT 42
PCM 2 210 mm RT 42
Without - - -
PCM

The experiment tested at the School of
Renewable Tnergy, Macjo University, Chiang
Mai, Thailand where located at 18.92 ° N latitude
and 99° E longitude. In Figure 3 showed the novel
and conventional solar collectors were installed at
187 tile angle facing to the south. Water was
pumped from storage tank through the collectors
by electric pump. The resistant heater in storage
tank was used to regulate the water temperature
during testing. The performance testing following
to the ASHRAE Standard test 93-2003
(Polvongsri, 2013) which the most often used to
evaluate of any solar collector design. The
standard  suggested the testing requires
measurement under steady state condition which
the solar radiation is more than 790 W/m?, and the
mass flow rate of water per collector area is equal
0 0.02 kg/s'm®. The rang of water temperature
through solar collector was sel up lollowing 35,
40, 45, 50, 55, 60, 65 °C, respectively. The mass
flow rate of water was measured by the manual
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flow meter (Platon), gauge valve adjustment flow
and has a bypass for overload preventing in the
casc of overpressurc occurring. The solar
radiation was collected by the pyranometer
(Apogec SP-110-L-10). The thermocouple (ype K
was used to measure the temperature that related
many parameters and recorded in the data logger
(TD-1947 SD and Adam 5000 PBC) every 5
minutes.

Solar Radistisn intensity

y\\

Daia logger

sat e anlk
e

Thermnconegle
Hearer

Figure 3: The experimental set-up (A) Diagram of
testing (B) View of experimental collector.
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2 THEORY

The performance of the solar colleclor is
described by energy balance that indicates the
incident solar energy and useful energy gain. In
the steady state the useful energy output with the
absorber plate arca (Ac) and heat removal factor
(Fr) which is mention by Bliss-William (Duffie
and Beckman, 2013) as following eq. (1):

O, = Alp[S-U (1,-1,)] m

or the useful cnergy of the solar collector
experiment of the energy output is calculated
following ¢q. (2):

0, =G, (1, 1) @

The thermal elficiency ol solar collector is
defined as the ratio between the heat gain from
working fluid and the total incident solar
radiation on the absorber plate area of solar
collector (Duffie and Beckman, 2013, Polvongsri,
2013) as following eq.(3);

Q _mc, (1; —l';)
A(T!T ‘4(.717
1.-1.
n="F, (), —FU, (]—") “

e

n= 3)

The thermal efficiency test is presented at
near normal incidence conditions therefore, that
Fy is constant of maximum efficient. Fp and UL
arc constant within the range of temperature. The
linear will result when the efficiency is obtained
from averaged dala plated against (Ti-To)Ir
according to Eq. (4). The intersection of the
vertical ling of efficiency axis is equal to Fr(tw)e.
At this axis the temperature of working fluid that
cniered the collector near ambient temperature
means that the collector efficient is nearly
maximum. Se, the slope of the lincar line is equal
to FrU, shows that the way energy has removed
[rom the solar collector. At the intersection of the
line with the horizontal axis collector efficiency
is zero and this point normally calls the
stagnation, usually occurs when no fluid flows in
the collector.
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3 RESULTE AND DISCUSSION

For solar colleclor performance analysis
shows in the Figure 4 and Figure 5. Figure 4
presents the useful heat gain due to the inlet water
temperature variation. Both of heat gain from the
novel solar collectors integrated with PCM (PCM
1, PCM 2) showed that were higher than the
collector without PCM at the mass flow rate of
0.02 kgfs-m>. The PCM 2 with riser of 10 mm
diameter was given higher heat gain than the
PCM 1 with riser of 16 mm diameters which may
effect of the energy storage in the phase change
material that filled in the riser. Due to the heat
gain of collector was influence with the
temperature therefore the heat gains at the low
inlet water temperature had slightly heat loss to
environment while the high inlet temperature
would give much losing thermal cnergy.

solar colisctor and naemal collects

Figure 4: Usetul energy gain of novel and conventional
solar collectors,

070 Collector performance with and without PCM by flow
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Figure 5: The thermal efficiency of novel and
conventienal solar collectors

Tn the Figure 5 shows the thermal efficiency
of the novel and conventional solar collectors
were analyzed following the ASHRAE standard
93-2003. The linear equations of both collectors
PCM 2 and PCM 1 could identily of the better
system performance than the conventional solar
collector without PCM. The range of inlet
temperature, ambient temperature and solar
radiation were given the relation of (T;-T.)/Iy at
X-axis, ils valuc changed causc of the variation of
inlet lemperature during lesting with stcady state

condition while the intersection on Y-axis
presented the thermal efficiency Fr(to).
According 10 ¢q.(4). if the relation (Ti-Ta)/Tr was
slightly different, the collected thermal energy
was closcly (o the maximuin cnergy inpul as solar
radiation. On the opposite, when the relation of
(Ti-To)/Ir had grown up, the energy loss would
increase cause of the ambient temperature
variation that showed as the slope of the linear
equation or FgUL. The results showed that (T:-
T.)/Tr was varicd from 0.01-0.05 °C-m*%/W. Both
the novel solar collectors integrated with PCM
were petformed that PCM 1 and PCM 2 provided
the Fr(te). of 0.788, 0.815 and FrU, was 11.05,
11.14 W/m-°C. respectively while he solar
collector without PCM got 0.713, and 10.64
W/n’-°C as shown as in Table 2 with all case
studics had the correlation on coefficient over
than 0.98.

“Table 2: The values of Fr(ta) and FrUL for the novel

solar collectors comparing the conventional solar
collector.

The standard test mass flow rate 0.02 ka/s-m?

Category Frlta)e Frl R?
PCM 1 0.788 11.05 0.987
PCM 2 0.815 11.14 0.984

Without PCM 0.713 10.64 0.981

In order to analyze the system analysis, the
novel solar collectors and conventional collector
were (ested in daytime since 8:40 AM o 15:55
PM. The experimental results present by Figure 6
o Figurc 9 that described the collector
performance and showed the several of inlet
temperature, outlet temperature and the storage
tank temperature. In the Figure 6 shows the
changing of the solar radiation intensity and
ambicnt temperature  during  daytime, The
maximum solar radiation was around 800 W/m’
and the ambicnt temperature was about 31 °C.
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The salar radiation intensity and ambient temperature

i )

P

=
Temperaure, “C

Vigure 6: 'The variation of solar radiation and ambient
lemperature.

The experiment was investigated at the
initial temperature in 10-liter storage tank of 25
°C and set the water mass flow rate of 0.02
kef/s'm®. In the Figure 7 and Figure 8 were
presented the variation of (cmperalure change of
the novel solar collector (PCM 1 and PCM 2).
The maximum temperature different between
inlet and outlet temperature was around 5.1 and
5. 5 °C, respectively during peak solar radiation
and the ambient temperature average of 27.2 °C.
For the maximum temperature of both water
storage tanks were 50,2 and 51.5 °C, respectively
while the conventional solar collector in Figure 9
shows the lemperature different was around 4.8
°C and temperature close to the 50 °C.

The conventional solar collecttor PCM (1)

By 50

s = s 2
Temperature, C

Figure 7: The temperature vardation of the novel solar
collector (PCM 1) during daytime.

The novel solar collector with PCM (2)

600

Solar radiation IT W/
=B2E888E

Figure 8: The temperature variation of novel solar
collector (PCM 2) during daytime.

The novel solar collector without PCM

Ligure 9 The temperature variation of conventional
solar collector (without PCM) during daviime.

In Figure 10 shows the heat gain in the
storage tank of each case studies. The heat gain
(Q.) would be varied by the solar radiation
variation. At the solar radiation lower than 600
Winr’, the heat gains both the novel collectors
(PCM1 and PCM 2) and conventional collector
(without PCM) were similar. When the solar
radiation more than 600 W/m?, the heat gain of
both novel collectors were higher than the
conventional solar collector, The calculated heat
gains of using PCM 1, PCM 2 and without PCM
were  1.126.3, 1.219.7 and 1,05901 MJ,
respectively. When considered in the term of
thermal efficiency., both PCM collectors given the
greater thermal efficiency about 8-10%.

The Encrgy gain in storage tank of novel and conventional
solar collector Qs

£
H

1200

Z1o00 e
7 -
< g0 ,r"
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g4 A‘_?.,A@‘r& Qs (PCM2) 201
200 e ~0-Qs (Without PCM)
s T
o 1
M7 263 208 M3 29 427 463 434 504

Tank temperature Toi°C)

Figure 10: The heat gain in water storage tank of novel
solar collectors and conventional solar collector.

4 CONCLUSIONS

The novel solar collector integrated with
RT42 phase change matcrial riser in difference
diameter of 16 and 10 mm were tested under the
ASHRAE standard testing with the mass [low
rate per collector area of 0.02 kg/s-m® and the
adjusted the inlet water temperature from 33, 40,
45, 50, 55, 60 and 60 °C. The results showed that
solar collector that integrates with PCM in 10 mm
diameter riser tube (PCM?2) was demonstrated the
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highest Fr(ta). and FrU;, of 0.815 and 11.140
W/m?-K. The collected data have been trust with
the correlation coefficient over than 0.98.
Moreover. both of novel solar collectors were
given the higher thermal performance than
conventional collector.

ACKNOWLEDGEMENTS

The authors would like to thank School of
Renewable Energy. Macjo University for
supporting the study by a grant fund under The
Generate and Development of Graduate Students
in Renewable Energy Rescarch Fund, in the
ASEAN Countries in the graduate. We would
like to thank the faculties staff at School of
Renewable Energy. Macjo University for many
suggestions.knowledges.  instruments, and
research site.

REFERENCES

BELLAN, S. ALAM. T. E. GONZALEZ-
AGUILAR, J.. ROMERO. M.. RAHMAN,
M. M. GOSWAMIL. D. Y. &
STEFANAKOS, E. K. 2015. Numerical and
experimental studies on heat transfer
characteristics of thermal energy storage
system packed with molten salt PCM
capsules. Applied Thermal Engineering, 90,
970-979.

DUFFIE. J. A. & BECKMAN, W. A. 2013. Solar
engineering of thermal processes. 4th ed.
Hoboken, New Jersey: Wiley..

EIAMSA-ARD. S. & SEEMAWUTE, P. 2012.
Decaying swirl flow in round tubes with
short-length twisted tapes. International
Communications in  Heat and Mass
Transfer, 39, 649-656.

GAUTAM, A., CHAMOLI S.. KUMAR, A. &
SINGH. S. 2017. A review on technical
improvements, economic feasibility and
world scenario of solar water heating
system. Renewable and Sustainable Energy
Reviews, 68, 541-562.

GUPTA. A.. GAUR, M. K., CROOK, R. &
DIXON-HARDY, D. W. 2017.
Experimental investigation of heat removal
factor in solar flat plate collector for various
flow configurations AU - Malvi, C. S.
International Journal of Green Energy, 14,
442-448.

ICNQT 2018. Nano PCM.

JAISANKAR, S.. RADHAKRISHNAN, T. K. &
SHEEBA. K. N. 2009. Experimental studies
on heat transfer and friction factor
characteristics of thermosyphon solar water
heater system fitted with spacer at the
trailing edge of twisted tapes. Applied
Thermal Engineering, 29, 1224-1231.

KALOGIROU. S. A. 2014. Flat-plate collector
construction and system configuration to
optimize the thermosiphonic  effect.
Renewable Energy, 67,202-206.

KHALIFA, A. J. N. & ABDUL JABBAR. R. A.
2010. Conventional versus storage domestic
solar hot water systems: A comparative
performance study. Znergy Conversion and
Management, 51,265-270.

KIATSIRIROAT. T. 2014. Performance
Analysis of Flat-Plate Solar Collector
Having Silver Nanofluid as a Working Fluid
AU - Polvongsri, Sarawut. Heat Transfer
Engineering, 35, 1183-1191.

KOYUNCU, T. & LULE, F. 2015. Thermal
Performance of a Domestic Chromium
Solar Water Collector with Phase Change
Material. Procedia - Social and Behavioral
Sciences, 195, 2430-2442.

LOEM, S.. DEETHAYAT, T., ASANAKHAM,
A. & KIATSIRIROAT, T. 2019. Thermal
characteristics on melting/solidification of
low temperature PCM balls packed bed with
air charging/discharging. Case Studies in
Thermal Engineering, 14, 100431,

MIRZAEI. M. 2017. Experimental investigation
of the assessment of AI203-H20 and CuO-
H20 nanofluids in a solar water heating
system. Journal of Energy Storage, 14, 71-
81.

MUHAMMAD, M. J.. MUHAMMAD, 1. A,
SIDIK, N. A. C., YAZID. M. N. A. W. M.,
MAMAT. R. & NAJAFI, G. 2016. The use
of nanofluids for enhancing the thermal
performance of stationary solar collectors:
A review. Renewable and Sustainable
Energy Reviews, 63,226-236.

MURUGAN, M., VIJAYAN. R..
SARAVANAN, A. & JAISANKAR, S.
2019.  Performance enhancement of
centrally finned twist inserted solar
collector  using  corrugated  booster
reflectors. Energy, 168, 858-869.

PAPADIMITRATOS, Al
SOBHANSARBANDI. S.. POZDIN, V.
ZAKHIDOV, A. & HASSANIPOUR. F.
2016. Evacuated tube solar collectors

136



in the Asia Pacific iSCAP2020;

‘ The I International Conference on Smart Community Development

integrated with phase change materials.
Solar Energy, 129, 10-19.

POLVONGSRI. S. 2013. ASHRAE
STANDARD 93-2003 METHODS OF
TESTING TO DETERMINE THE
THERMAL PERFORMANCE OF FLAT-
PLATE SOLAR COLLECTORS. CHING
MAI: THERMAL SYSTEM RESEARCH
UNIT.

SARAVANAN, A., SENTHILKUMAAR. J. S.
& JAISANKAR, S. 2016. Experimental
studies on heat transfer and friction factor
characteristics of twist inserted V-trough
thermosyphon solar water heating system.
Energy, 112, 642-654.

SHARAFELDIN, M. A. & GROF, G. 2018.
Experimental investigation of flat plate
solar collector using CeO2-water nanofluid.
Energy Conversion and Management, 155,
32-41.

SHARAFELDIN, M. A. GROF. G. &
MAHIAN. O. 2017. Experimental study on
the performance of a flat-plate collector
using WO3/Water nanofluids. £nergy, 141,
2436-2444.

SYAM SUNDAR, L. KIRUBEIL., A.
PUNNAIAH. V., SINGH. M. K. &
SOUSA., A. C. M. 2018. Effectiveness
analysis of solar flat plate collector with
AI203  water nanofluids and with
longitudinal strip inserts. International
Journal of Heat and Mass Transfer, 127,
422-435,

APPENDIX
Nomenclature
. Mass flow rate of kg/s
" water
Cp Specific heat capacity J / kg.”C
Incident radiation W | m*
It intensity
Ac Surface area of solar m
collector
Fr Heat removal factor -
T Outlet water o

Q

temperature

e . o
I, Ambient temperature ~ °C’
Inlet water of
T, a %
temperature
Water tank (78
YTTtmk (
temperature

0 Energy gain of MJ
: storage tank

Q Rate of useful heat w
u gam

Overall loss 200
UL coefficient of Wim™(
collector
R Correlation
coefficient
Absorptance-
(TO[) e  Transmittance
produce
n Solar collector
efficiency
Table 3: value of parameters
Category Value Unit
It 801.21 W/im?
m 0.02 kg/s.m?
Ti 35.6 °C
Ta 449 °C
& 4187 J/kg. °C
A, 0.128 m’

The useful energy calculation according to
the Eq. (2): from the Table 3:

0, =0.02x(0.127) x 4187 x (44.9-35.6)

=65.028W

The thermal efficiency of the solar collector
could be calculated according to the Eq.(3): from
Table 3:

65028
773012120128
=0.62
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Effect of mass flow rate on thermal performance of flat-plate
solar collector integrated with phase change material riser

Bundarith Nhel and Sarawut Polvongsri”

School of Renewable Energy, Maejo University, Chuang Mai, Thailand
“Corresponding author, E-mail: saravooth(@hotmail .com

Abstract

The solar energy is clean, environmentally renewable energy and can be used in both electricity and heat
function. In part of heat production, it commonly used a solar collector that can integrate with many techniques for
offering the highest thermal performance which one method is to use the phase change material (PCM). The goal of this
tesearch is to study the thermal performance of solar collector with and without phase change material (PCM) miser. The
various water mass flow rate per collector area were observed at 0.01, 0.02 and 0.03 kg/s-m’, respectively. The two
novel solar collectors were built in a single copper tube as absorber plate tube with 28.7 mm of outside diameter, 1 mm
of thickness and 1,000 mm of length inserted with copper tube riser with diameter of 10 mm and 16 mm which were
filled with RT42 phase change material (a melting point between 38 °Cto 42 °C). The novel solar collectors were
installed for thermal performance testing following ASHRAE standard 93-2003 comparing with the solar collector
without PCM riser.

The experiment results show that both of the novel solar collectors were given the thermal performance
greater than the solar collector without PCM riser. The novel solar collector that integrated with phase change material
riser of 16 mm diameter (PCMI1) at 0.03 kg/s0m’ demonstrated the best of Fy(tw), and FpU, of 0.811 and 9.753
(W/m’OK)following by the mass flow rate of 0.02 kg/sDm’ and 0.01 kg/sOm’, respectively. For the novel solar
colleetor integrated with phase change materials riser of 10 mm diameter (PCM2) gave the Fz(t¢). and FrU; of 0.815
and 11.140 (W/m’0K) at 0.02 kg/sOm’ following by the results of mass flow rate 0.03 kg/sOm” and 0.01 kg/sOm’,
respectively.

Keywords: Thermal performance, Solar flat plate collector, Phase change material, PCAM RT42.

1. Introduction

The Presently, the energy demand 1s increased rapidly around the world (UN(unitednation), 2018)
along the global economic growth, while energy resource has limited and has decreased amount of fossil
fuel such as coal, natural gas and crude oil. Burning of fossil fuel increases the amount of greenhouse gas
in the atmosphere that causes of the global warming (WHO, 2018). Solar energy is a potential renewable
energy. It’s free and environmentally save more than fossil fuel energy. The useful of solar energy can be
used in both functional electricity and heat. Heating system by using solar flat plate collector is used in the
low range temperature which less than 100 °C especially using for water heating production (Gautam,
Chamoli, Kumar, & Singh, 2017, Kalogirou, 2014). Although, the solar collector is widely used but many
researchers try to enhance its thermal performance by many methods (Cabeza, Castell, Barreneche, de
Gracia, & Fernandez, 2011). Using phase change materials (PCM) inteprated with solar collector is an
alternative method. PCM is a chemical composite that can store a large amount of thermal energy during
melting or freezing in the storage tank. The thermal accumulation of PCM has been given a large quantity
when integrates in the collector, and it can reduce heat loss. The suitable outlet temperature could provide
in cloudy day when operated comparing without PCM (Bellan et al., 2015; Cabeza et al., 2011; Gupta,
Gaur, Crook, & Dixon-Hardy, 2017, Khalifa, Suffer, & Mahmoud, 2013; Koca, Oztop, Koyun, & Varol,
2008, Koyuncu & Lule, 2015; Lin, Al-Kaylem, & Aris, 2012; Loem, Deethayat, Asanakham, &
Kiatsiriroat, 2019, Wu et al., 2018). The research study between PCM and flat plate solar collector had been
published by various techniques, for example: (Koyuncu & Lule, 2015) studied the domestic chromium
solar water collector with PCM filling which the system arranged an absorber pipe for water circulating at
0.02 kg/sOm?, (Lin et al., 2012) studied the flat-plate solar collector integrated with phase change materials
below the absorber plate as thermal energy storage. The absorber plate was modified by the surface
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extending mto the PCM reservoir for heat transfer increasing. The results showed that the comparison of
solar flat plate collector in different inclination angles from 10°-20° in the case of with and without phase
change materials can operate the promising 38 °C of hot water temperature for daytime demand and give 52
% of system efficiency, and (Mettawee & Assassa, 2006) studied the compact solar collector that contained
the PCM and a copper pipe embedded inside for carrying the heat transfer of system. The result showed that
the PCM would be melted by solar radiation with temperature increases gradually by its low-temperature
gradient due to the low thermal conductivity and the natural convection grew strongly to solid-liquid
interface by re-circulated flow.

In this experiment, it investigates the novel Flat-Plate solar collector which water exchanges
accumulation heat directly with absorber plate, the PCM is filled in the copper tube riser that inserts in the
copper absorber tube of collector. During operation testing, the solar collector will absorb heat from solar
radiation and transfer to the working fluid and PCMs. The thermal performance of this novel system 1s
tested as following to ASHRAE standard 93-2003.

2. Objectives

1. To study the solar Flat-Plate collector integrated with phase change material riser tube.

2. To find thermal efficiency of novel solar collector (PCM 1 and PCM 2) to conventional solar
collector using the Ashrae standard 93-2003.

3. To find the effect of mass flow rate on thermal performance Flat-Plate collector integrated
performance.

3. Materials and Methods
3.1 The novel solar collector

The novel solar collectors in this experiment had two prototype flat-plate solar collectors. Each set
consisted of a single copper tube as absorber plate tube with an outside diameter of 28.7 mm, thickness of 1
mm and length of 1000 mm, inside a copper tube was inserted a copper riser. The first prototype was filled
with RT42 Phase Change Material (PCM) in riser tube with a diameter of 16 mm and the second one was
filled with the same PCM in a diameter of 10 mm. PCM melting point is between 38-42 °C (ICNQT, 2018)
were inserted into the absorber plate of flat-plate collector. The copper tube plate was welded with a copper
absorber plate for increasing aperture surface and painted a black color on the absorber plate. On the above,
a single clear glass of 3 mm thickness was installed as a cover greenhouse effect. Around the aluminum
frame of novel solar collector was enfolded by the Aroflex foam rubber (density of 40-70 kg/m®) with
thickness 25 mm for heat loss reduction. The perspective dimension of the novel solar collectors was 1090
mm of length, 220 mm of width, and 100 mm of height that shows in Figure 1 and Figure 2.

*  Glazed cover *

Riser PCM =
_ Absorber tube L
£ » Absorber plate « =
é %= »  Insulation . Ig
=L »  Framebox « 2
YT — 220 mm
(A) (B)

Figure 1 Schematic of (A) The normal collector and (B} The novel solar collector integrated PCM
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1000 mm
-
[ Diameter tube 28 mm ]
I Absorber Plate collector I

Diameter 16 & 10 mm
Phase Change Material Riser tube

Insulation 25 mm thickness
Clear glazed cover 3 mm

i 0o |

1090 mm
Figure 2 Absorber plate and PCM riser with measure points both novel and conventional solar collector

3.2 Experimental procedure

The experiment divided in three case studies for example, testing with 16 mm of riser diameter
(called PCM 1), 10 mm of diameter (called PCM 2) and without PCM riser and was undertaken at the
School of Renewable Energy, Maejo University, Chiang Mai, Thailand. All of collectors were installed at
18° of tilt angle facing to the south as shown in

Figure 3. The water flow rate was circulated through the system by the electrical pump. Each solar
collector had own 11 kg of water storage tank with a resistance heater and stored water circulating that
collected heat gain from the collector. The mass flow rate was measured by the manual flow meter (Platon),
installed the gauge valve to regulate the mass flow rate of water in solar collector system and the bypass
valve was used to reduce overload from overpressure in system.

The experiment method was conducted following ASHRAE standard 93-2003 (Polvongsri, 2013)
to find out the thermal performance of solar collector. All of parameters, for example, the solar radiation,
the ambient temperature, the inlet water temperature, and the outlet water temperature, were set following
ASHRAE standard and the mass flow rate of working fluid is adjusted under steady state condition. The
resistance heater used to modify the range inlet temperature from 35 °Cto 65 °Cduring testing. Before doing
experiment, the set temperature was pumped with a small pump into the storage tank runs in 5 minutes to
make sure the water was stable. While testing, the hot water from solar collector is going through to the
storage tank which was collected thermal energy. Tt made hot water remained on the top of the tank while
the bottom still remains the set-inlet temperature even though the temperature water in the storage tank
changed as a small value which could be accepted as following to the standard (+ Max of (0.1 °C, 2%)). The
type K thermocouple was used to measure the temperature parameters and recorded in the multi channels
data logger (Model Lutron, TD-1947 SD). The total solar radiation at a tilt angle of the solar collector was
measured by pyranometer (Model Apogee, SP-110) and recorded in data logger (Model Adam 5000 PBC).
The error of each instruments was calibrated independently after the experimental data collection.
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Figure 3 The novel solar collectors integrated with PCM and Conventional collector installation

3.3 Analysis

The data measurement of ambient temperature, inlet water temperature, outlet water temperature,
water temperature of storage tank, solar radiation, and mass flow rate would be used to calculate thermal
efficiency of solar collector as following Eq.(1) to Eq.(3). The collected heat gained for the solar is
calculated by Eq.(1) (Duffie & Beckman, 2013).

Q=C,(T,-T,) m

The Eq.(1) is definition of the collected ability of all kind solar collector which gave the energy
output of the collected heat gain @, with the mass flow rate through the collector 7, following the
temperature of the water before flow through the inside and after leave the collector to the storage tank T;
and T,. The specific heat of the water as working fluid C,,.

The thermal efficiency of solar collector can be determined as following Eq.(2) and Eq.(3) (Duffie
& Beckman, 2013; Polvongsri, 2013).

e, (T, 1,
”:4;:( ) (@)
I A,
T =T
n:Fﬂ(ra),—FRUL(‘I—“) ©)]
T

The thermal efficient of the solar collector in Eq.(2) could calculate the collector energy gain as
energy output or collected energy of collector and the solar radiation Iy with the collector area A, as the
energy input. In Eq.(3), the thermal efficiency is presented at linear equation relation. The linear equation
will result when the efficiencies are obtained from averaged data plated against (T;-T,)/I; according to
Eq.(3). The intersection of the Y-axis is equal to Fr(ta),, and on this axis, the temperature of working fluid
entering the collector is nearly the means ambient temperature that the collector efficiency is nearly a

[558]
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maximum value. Therefore, the slope of the linear equation 1s equal to FrlU;, This slope indicates that heat
loss has been removed from the solar collector that nominated as removed energy parameter. At the
mtersection of X-axis, the collector efficiency 1s equal to zero and this point normally called stagnation
which usually occurs when there is no fluid flows in the collector,

4. Results and Discussion
4.1 Thermal efficiency of collector

The experimental conditions were set as followed ASHRAE standard 93-2003 (Polvongsri, 2013)
which are, the solar radiation intensity is equal or more than 790 W/m® and the air velocity set from 2.2-4.4
m/s. The two novel collectors with PCM riser and conventional collector without PCM were tested with
various mass flow rate 0.01, 0.02 and 0.03 kg:‘s-m2 and the inlet water temperatures were varied at 35, 40,
45, 50, 55, 60, 65 °C respectively.

The novel solar collector integrated with PCM (PCM 1) The novel solar collector integrated with PCM (PCM2)

8 90 8 90
- Y o o _
g 43 2
= = ) 2|
g4 o &

. o
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Figure 4 The temperature difference of (T -T;) and collected heat gain from novel solar collector with PCM 1, PCM 2,
and the conventional collector without PCM

The temperature difference of (T,-T;) and collected heat gain Q.o of novel collector PCM1, PCM2
and without PCM 1s shown in Figure 4. The results found that in the case of PCM1, PCM2 and without
PCM showed the temperature difference between the outlet water temperature and inlet water temperature
would give the maximum value to the minimum value at the mass flow rate of 0.01, 0.02 and 0.03 kg/s-ml,
respectively, because the high mass flow rate could gather heat gain of collector more than low mass flow
rate. Therefore, the temperature difference (T,-T;) was different less than the operation at the higher mass
flow rate. Moreover, the temperature difference (T,-T;) was changed following to the temperature setting
from 35-65 °C with the low inlet water temperature through to the solar collector that could collected high
thermal energy with less thermal loss. When the inlet water temperature (T;) increased, the efficiency of the
solar collector was decreased because of the large amount of heat that was loosening to the low ambient
temperature. At the mass flow rate at 0.01 kg/s-m?, the temperature differences of (T,-T;) PCM 1, PCM 2,
and without PCM were 10.1-4.2 °C, 9.2-4.1°C and 8.5-3.2 °C, respectively. At the mass flow rate of 0.02
kg/s-m* was 6.1-2.5 °C, 6.2-2.8 °Cand 5.5-2 °Cand the mass flow rate of 0.03 kg/s.m* obtained 4.9-4.6 °C,
4.2-2.1°Cand 4.2-2.4°C respectively.
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The amount of collected heat gain (Q.q1) was decreased following the arrangement of inlet water
temperature while the high mass flow rate was given a high amount of thermal energy. Otherwise, the
collected heat gain (Qy) was showed that the PCM 1 and without PCM case study were given the highest
thermal energy at the mass flow rate of 0.03 kg/s'm” while the PCM 2 demonstrated that the mass flow rate
of 0.02 kg/sCJm” gave the highest thermal energy. The various flow rates (0.01, 0.02 and 0.03 kg/s-m%)
given by the Qo were 78.6-42.5 W, 67.5-26.8 W and 70.6-29.5 W of the PCM 1. In the case of PCM 2
gave 65.7-32.1 W, 69.3-32.4 W and 64.3-28.6 W and finally in the case of without PCM gave 67.4-38.5 W,

60-21.8 W, and 58-22.4 W, respectively.
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Figure 5 The thermal efficiency of novel solar collector with (A), PCM 1,(B) PCM 2, and (C) conventional

collector without PCM

Table 1 The thermal performance analysis data of each collectors

l PCM 1 ( The novel solar collector integrated with riser phase change materials 16 mm of diameter)
Category F(10) FpUp R’
Flow rate 0.01 kg/s-m” 0.734 10.30 0.981
Flow rate 0.02 kg/s-m’ 0.788 11.05 0.987
Flow rate 0.03 kg/s-m’ 0.811 9.752 0.981

PCM 2 ( The novel solar collector integrated with riser phase change materials 10 mm of diameter)
Category Fy(t0) FpUp R’
Flow rate 0.01 kg/s0m’ 0.699 9.474 0.978
Flow rate 0.02 kg/s0m’ 0.815 11.14 0.984
Flow rate 0.03 kg/s0m’ 0.737 8.609 0.956

Without PCM ( The conventional flat-plated solar collector )
Category Fr(ta), FrUp
Flow rate 0.01 kg/sOm’ 0.637 8.774 0.97
Flow rate 0.02 kg/sOm’ 0.714 10.642 0.98
Flow rate 0.03 kg/s0m’ 0.702 8.695 0.97
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Figure 5 showed that the thermal efficiency of various mass flow rate 0.01, 0.02, 0.03 kg/s Om® of
novel solar collector integrated with phase change material and conventional collector. The results are
represented by the linear regression function between (T;-T,)/1r and thermal efficiency (n). The mass flow
rate of the Fr(ta), in each case were performed on the intersection of Y-axis representing the maximum
efficiency and the slope of the equation as the heat loss to environment by following the Eq.(3). The novel
solar collector integrated with PCM of riser tube 16 mm outside diameter (PCM1) was given the value
Fp(ta), of 0.734, 0.788 and 0.811, and heat loss FpUyp of 10.30, 11.05 and 9.75 W/m*K by testing various
flow rates was showed in Table 1 (PCM1). The novel collector PCM1 tested with mass flow rate at 0.03
ke/sOm? is given a highest thermal performance with F(tc), of 0.811 and FrUy of 9.75 W/m™ K.

The novel solar collector integrated with PCM of riser tube 10 mm outside diameter (PCM2) was
given the value Fy(ta), of 0.699, 0.815 and 0.737 and heat loss FrU, of 9.474, 11.14 and 8.609 W/m*K,
respectively, by testing various flow rates was showed in Table 1 (PCM2). The novel collector PCMI1 tested
with mass flow rate at 0.02 kg/s0m” is given a highest thermal performance with Fy(ta), of 0.815 and FrUp
of 11.14 W/m* K, respectively.

The conventional solar collector without PCM (without PCM) was given the value Fyp(ta), of
0.637, 0.714 and 0.702 and heat loss FpUy of 8.774, 10.642 and 8.695 W/m*K, respectively, by testing
various flow rates was showed in Table 1 (without PCM). The conventional collector tested with mass flow
rate at 0.02 l(g/sEIrn2 is given a highest thermal performance with Fp(ta), of 0.714 and FpUy of 10.642
W/m?K, respectively.
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Figure 6 The thermal efficiency of all case studies at the mass flow rate of 0.03 kg/sOm’

Figure 6 shows the collector efficiency at 0.03 kg/sDm?” of novel and conventional solar collectors.
The result of the experiment confirmed that the both prototype novel solar collectors were given the greater
thermal efficiency than the conventional collector. The best mass flow arte was selected at 0.03 kg/s[Jm*
which the novel collector PCM 1 was given the highest thermal efficiency than other cases in the Table 1.

4.2 Daily system operation

The novel solar collectors and the conventional collector were experimented for analysis system
operation since 8:30 a.m. to 03:00 p.m. under clear sky day condition. The system operated at the best mass
flow rate of 0.03 kg/sOm?* and circulated the water from the 10-liter storage tank to the collector. The
results in Figure 7 and Figure 8 showed that the storage tank with initial temperature (T,) was about 25 °C
and when the solar radiation (Ir) increased, the storage tank temperature was raised continuously following
the variation of solar radiation. The maximum solar radiation was around 830 W/m?* at 12:30 PM, the
temperature T, of storage tank were increased to 45, 46, and 44 °C respectively. The PCM 1 was collected
more thermal energy than other collectors until the end of the operating at 3:00 p.m. which the storage tank
temperature was 55 °Cwhile PCM 2 and without PCM was 53 °Cand 51°C respectively.
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Solar radiation and ambient temperature PCM 1 (Flow rate 0.03 kg/s-m?)
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Figure 7 Solar radiation, ambient temperature and the result of daily system operation of novel solar
collectors (PCM 1) of the mass flow rate of 0.03 kg/s0m’
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Figure 8 The result of daily system operation of novel solar collectors (PCM 2) of the mass flow rate of 0.03
ke/sOm’

5. Conclusion

The novel solar collectors that integrated with the phase change materials riser of 16 mm diameter
(PCM 1) and 10 mm diameter (PCM2) were experimented comparing the conventional solar collector
without PCM riser. The thermal performance testing was conducted following by ASHRAE standard 93-
2003. The discovered results showed that both of the novel solar collectors were given the thermal
performance greater than the collector without PCM riser. The novel solar collector with 16 mm diameter
of riser (PCM 1) represented the suitable Fg(ta). and FrUp which were 0.811 and 9.753 (W/m’0K) at 0.03
keg/sOm?, and then was followed as 0.01 kg/sOm? and 0.02 kg/sOm?, respectively. The novel solar collector
integrated with phase change material RT42 (melting point between 38 to 43 °C) is $14.76 per kilogram
(Australia Dollar) which was used in the experimental study.
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