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Abstract
This report shows the study performed at Taipei National University of Technology in
Taipei to evaluate the performance of a solar air conditioning system. The performance is
evaluated under Taiwan climate conditions. The research is performed under summer
weather conditions. No influence is done on these conditions. A solar air conditioning
system currently available on the market is used. No changes are made to the system.
The work to be done is divided into different phases in order to guide the process. First, a
literature research is done to find similar research done on this topic and to gain a basic
understanding of the topic. Then several measurement plans are made to investigate
different parts of the system.. Measurements are done. It is tried to developing a computer
model in order to be able to simulate the system performance.
The overall objective was to gain knowledge about a solar assisted air-conditioning system
and develop a model to simulate the system. Initially a list of research questions was made
in order to quantify ‘gaining knowledge’ about the system. The plan was to answer them by
using measurement data and creating a model to perform simulations. There are
measurements done in this report, however due to too many ‘unknowns’* it is difficult to
draw conclusions from them. A lot of research questions are still open and they are also
not included in this report. It is also not succeeded to make a working model of a solar
assisted air conditioner.
It is succeeded in making a model to predict the performance of the evaporator. This
model is currently within 11% accurate.
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1 Introduction
In 2013 the residential Penetration of Air conditioners in Taiwan is 89.96 % (MOEA,
2014) while the yearly shipment of air conditioners is about 1.3 million. There is increasing
energy demand for space air-conditioning. Currently 30% of total power consumption in
summer is due to air conditioning (Keh-Chin , Wei-Min, & Kung-Ming, 2012).
There is a big potential for solar (either PV or thermal) cooling systems to use the sun
when it is available to produce cooling when the need is highest. This, in return, will help
to reduce peak loads on the electricity production.
One system is in particular of interest: a solar assisted air conditioner. It consist of a
conventional vapour compression cycle where the refrigerant is superheated by solar heat
in order to aid the compressor to reduce work and thus reduce the power consumption.
Taipei Tech university of Technology started the development of a solar-assisted airconditioner system for energy savings with performance enhancements.
The first part of the project is composed of measuring the performance of an existing solar
assisted air-conditioning system and trying to understand the system working principle
using both the measurements and theory. The second part is to model the system in
software in order to be able to simulate performance and perform parameter studies.
Using the model also new control strategies can be evaluated as well as influence of using
different components (bigger solar collector, variable speed fans etc.). Then the third and
final step would be to design and construct a new solar assisted air conditioner system with
improved performance.
This research will focus on the first step and will consist of performance measurements of
an existing solar assisted air conditioner as well as designing a simplified model of the
system in software.

Aims
Objective
The overall objective is to gain knowledge about a solar assisted air-conditioning system
and develop a model to simulate the system.
Aims
1. To evaluate the performance of a solar air conditioning system under Taiwan
climate conditions
2. To create and verify a model of a solar assisted air-conditioning system in order to
assist in (1)
Possible Secondary aims:
a. To evaluate the performance of a solar air condoning system under Taiwan climate
conditions using the developed model
b. Using the model to investigate the influence of different design parameters
(collector angles/size, condenser size etc.) regarding use of an air-conditioning
system in Taiwan.
Scope
The performance will be evaluated under Taiwan climate conditions. The research will be
performed under summer weather conditions. No influence can be performed on these
conditions.
1

A solar air conditioning system currently available on the market is used. No changes will
be made to the system. The test set-up has already been created by other students, only
minor changes can be done on the setup.
The to be developed model will be made for steady state conditions.

Method
Method/ Project Work:
The work to be done is divided into different phases in order to guide the process. First, a
literature research is done to find similar research done on this topic and to gain a basic
understanding of the topic.
Next, phase 1, the basis of the project is established and the requirements with respect to
the objective and aims of the research are clarified as well as the method and the time
schedule. In order to quantify the overall objective to “gain knowledge” about the system a
list of research questions is made for which answers are tried to be found. The research
questions are tried to be answered using: theory and previous research done, measurements
on an existing system and using simulations by developing a software model of the system.
In phase 2 the measurement test setup is described. All key parameters for the measurement
are defined several measurement plans are made to investigate different parts of the system.
Measurements are done. Phase 3 consists of developing the computer model in order to be
able to simulate the system performance. First a system description is made where all
components are specified as well as aim and scope of the model. A choice is made of the
software to be used. The model is developed and finally a check is done to see if the model
works correctly.
In phase 4 both simulation and measurement results are evaluated and compared,
conclusions and recommendations are made Phase 5 shows possible extension of the
research if time permits.
Phase 0: Literature research:





Literature research on: Solar potential/market Taiwan.
Literature research on: both solar assisted and normal vapour compression air
conditioner systems (working principle, components, sizing)
Literature research on: similar work (testing and development of solar assisted airconditioning systems)
Literature research on: measurement procedures

Phase 1: Establishing the basis of the project
a. Clarify requirements in respect of objective and aims of the research as well as the
method to do so and develop research questions
b. Summarise results
Phase 2: Develop measurement plans
a.. Definition of relevant key figures for the investigations (key parameters)
b. Produce a functional schematics diagram for the setup
c. Make measurement plan
d. Improve test setup if necessary
e. Start measuring
2

Phase 3: possible extension of research
Development of computer model
a. Establish the preliminary design activities
 Write system description
 Aims and scope of the model
 Define parameters to investigate
b. investigate suitability of several simulation tools and choice of software
c. Specify all systems and system components
 Define system and system boundary
 Define main components
 Specify level of detail of main components
 Define principle control strategy
 Define main assumptions and simplification in the system model
 Specify study to be performed and key figures to be used for presentation
of results
d. Check if the model works correctly: Check energy balances, pressure levels,
temperatures.
Phase 4: Results
a. verification of model :compare results of simulation with measurement results
b. evaluate both simulation and measurement results
c. conclusions & recommendations



Perform parameter study using the model
Research the design choices regarding use of solar for this product (collector-size
and type, angle)

Working principle
Vapour compression air conditioner
Figure 1 shows a conventional vapour compression cycle. In the compressor the
refrigerant is compressed and the pressure increases from a low pressure (1) to a high
pressure high temperature gas (2) . From the compressor the superheated high pressure
gas goes to the condenser where it is cooled down first to saturating temperature and then
it will condensate to liquid (3). Then the high pressure subcooled liquid refrigerant will
enter the expansion valve where it will expand to low pressure low temperature liquid (4).
From there it will enter the evaporator where heat (extracted from the room) is added to
the liquid refrigerant so it evaporates back to a (low pressure) gas.
The refrigerant has such properties that at room temperature (and low pressure) it
evaporates but at high pressure it can be cooled down using an air-cooled condenser at
ambient temperature conditions

3

Figure 1 vapour compression air conditioner schematic and P-h diagram
For ideal conditions (neglecting losses) the following happens in each component:
Compressor
In the compressor the refrigerant is compressed to a higher pressure. Work done in the
compressor is:
𝑊𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 = 𝑚̇ (ℎ2 − ℎ1)
Eq. 1-1
Condenser
In the condenser heat is transferred to the ambient air, cooling down the superheated gas
until it condenses to a liquid.
̇
𝑄𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑜𝑟
= 𝑚̇ (ℎ4 − ℎ3)
Eq. 1-2
Expansion valve
In the expansion valve the high-pressure subcooled liquid is expanded to low pressure low
temperature liquid. It is modelled as a throttling process where
ℎ4 = ℎ5

Eq. 1-3

assumed is that no heat losses occur
Evaporator
In the evaporator the liquid refrigerant is evaporated by adding energy (from the room) to
the refrigerant.
𝑄𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 = 𝑚̇ (ℎ1 − ℎ5)
Eq. 1-4
Total energy balance
The total energy balance of this system is:
𝑄𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 + 𝑊𝑐𝑜𝑚𝑝𝑟 = 𝑄𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑜𝑟

Eq. 1-5

Or
𝑚̇ (ℎ1 − ℎ4) + 𝑚̇ (ℎ2 − ℎ1) = 𝑚̇ (ℎ4 − ℎ3)
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Eq. 1-6

Solar assisted vapour compression air conditioner
The difference between the conventional system and the solar assisted system is that the
solar tank helps the compressor to assist in superheating (and increasing the pressure) of
the refrigerant. By doing this the compressor power consumption can be reduced. Figure 2
shows the cycle for the solar assisted vapour compression air conditioner.

Figure 2 solar assisted vapour compression air conditioner schematic and P-h diagram
In addition to the components discussed in the previous section there is a heat exchanger
inside the solar tank which increases the energy of the refrigerant passing through:
Solar tank HX
The refrigerant is led through a heat exchanger in the solar tank where it is superheated.
𝑄ℎ𝑥,𝑠𝑜𝑙𝑎𝑟 = 𝑚̇ (ℎ3 − ℎ2)

Eq. 1-7

Total energy balance
The total energy balance of this system is:
𝑄𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 + 𝑊𝑐𝑜𝑚𝑝𝑟 + 𝑄𝐻𝑋 𝑠𝑜𝑙𝑎𝑟 = 𝑄𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑜𝑟

Eq. 1-8

Or
𝑚̇ (ℎ1 − ℎ5) + 𝑚̇ (ℎ2 − ℎ1) + 𝑚̇ (ℎ3 − ℎ2) = 𝑚̇ (ℎ4 − ℎ3)

Eq. 1-9

Performance
Coefficient of performance
The performance of the system can be determined by calculating the coefficient of
performance (COP). This is done by dividing the cooling output by the power
consumption.
𝐶𝑂𝑃 =

𝑄𝑐𝑜𝑜𝑙𝑖𝑛𝑔

Eq. 1-10

𝑊𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟
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Benefits
According to (Koolsola manual for the installation of solar thermal air conditioners) The
solar thermal energy helps to maintain the refrigeration process which in return reduces
the amount of electricity the compressor uses.
The main difference between a solar air conditioning system and a conventional
compression vapour system is how the vapour is changed back into liquid. For a
conventional system the change of state of the refrigerant starts approx. 2/3rd down the
way in the condenser. By adding thermal energy to the refrigerator the solar system
reduces the amount of compression required and also uses more cooling face of the
condenser coil.
By reducing the amount of compression required an undersized compressor can be used
(relative to a conventional system) which in return will consume less electricity
Also using solar thermal energy will make the compressor run less often than a
conventional system which also reduces electricity consumption of the system

Previous work
(Pan-Chen & Shih-Hung, 2005) have written a paper in which is discussed how solar
assisted air-conditioning systems can overcome the shortcomings of vapour compression
refrigeration systems. Table 1 shows an overview of different cooling technologies and it is
stated that due to the fact that vapour compression technology have a much higher COP,
thermal driven air-conditioning could not replace such systems in the near future.
Table 1 COP comparisons for several technologies (Pan-Chen & Shih-Hung, 2005)
Category
Centrifugal Chillers
Screw Chillers
Air Cooled Chillers
Single Effect Absorption
Chillers
Adsorption Chillers
Desiccant Cooling

COP
5~6.1
4.45~4.9
2.79
0.7 or under

Power source
Electrical
Electrical
Electrical
850C or above hot water

0.7 or under
0.9 or under

500C or above hot water
800C heat

They discuss the limitations of vapour compression refrigeration systems in Taiwan and
state that, using specific collector area of 3.6 to 4.1 m2/kW for thermal cooling projects
and a Taiwanese building cooling capacity of 700kW ,a collector area of at least 2380m2
would be required in order to provide cooling using solely solar energy. Which is difficult
to obtain in Taiwanese cities. Therefore they propose the use of hybrid systems which: use
less solar collector area, have higher overall efficiency, have less fuel consumption and
have lower initial costs than purely solar thermal driven air conditioned systems.
(Vakiloroaya, Ha, & Skibniewski, 2013)report on an experimental study in order to
investigate operational characteristics and the potential of energy savings of a directexpansion air-conditioning system in combination with a vacuum tube solar collector.
A solar assisted air conditioner was equipped with sensors for the data collection and
component mathematical models were coded into TRNSYS simulation studio while
combining the simulation prediction with measurement results to validate the model.
They state that when the air-conditioned room reaches it set point value the compressor
will turn of. The additional energy from the solar tank, heating the refrigerant will help the
compressor to stay off longer and thus decrease energy consumption and increase system
6

COP. Results show an average monthly energy saving of between 25% and 42%. (Abid &
Jassim, 2015)Experimentally evaluate the performance of a solar assisted air conditioner
under Iraq climate. The experimental apparatus consist of a solar collector loop with
vacuum tube solar collector, an air conditioner loop consisting of a semi hermetic
compressor, a water cooled shell and tube condenser, thermal expansion valve and a coil
and tank evaporator. And a cooling tower loop which cooled down the water from the
condenser. Experimental tests were conducted to investigate the effects on performance of
different parameters values. The parameters where cooling water flow rate, evaporator
water temperature, ambient temperature, refrigerant mass flow rate and storage tank water
temperature, using solar radiation intensity under Iraqi conditions. Results show an average
saving of electric power consumption between 23% and 32% can be reached.
(Vakiloroaya & Ha, 2012) continued their research by proposing several enhancements in
order to improve the performance of the solar assisted air conditioner. They present a
technique to improve the performance of a solar assisted direct air conditioner. They
control the refrigerant flow rate as function of the temperatures of the refrigerant in the
system. The solar-assisted air-conditioner system consists of a direct expansion air
conditioner combined with a vacuum solar collector which is connected after the
compressor. The temperatures are measured at the exit of the compressor, exit of the
storage tank and the ambient dry bulb temperature. An optimization algorithm is
developed using Sequential quadratic programming along with an empirical model for the
objective function. The optimization algorithm is simulated using TRNSYS to predict
optimal set points of the refrigerant temperature entering the condenser resulting In higher
sub cool temperatures after the condenser. This increases system COP. (Vakiloroaya &
Ha, 2014) continued their research by addressing the modelling and optimal control
problem of an improved solar assisted air conditioning system in order to increase
performance and energy efficiency. A refrigerant discharge bypass line to regulate
refrigerant vapour flow rate is proposed as well as variable air flow rate control in order to
increase refrigerant sub cooling at the condenser outlet. An optimal controller is designed
using minimizing cost function to control the flowrate, air flow rates and the compressor.
Experimental results show that efficiency of the system improves and the improved design
is promising.
(Budihardjo & Morrision, 2008) both investigate performance of vacuum tube solar
heaters, while (Bilgili, 2011) investigates the performance of a solar electric vapour
compression refrigeration system in Turkey and (Lei , Wenjian, Xudong, & Weichung,
2013) describe a method to model and optimize operating strategy for a vapour
compression refrigeration cycle.
(Budihardjo & Morrision, 2008) proposes a simulation model of the thermosiphon
circulation in single end tubes of a water-in-glass evacuated tube solar water heater. The
paper outlines the development of the model using TRNSYS. Characteristics of the system
components were experimentally determined. The model is used to simulate the
performance of water-in-glass evacuated tube collector systems compared with flat plate
collectors for several locations. (Kasaeian,, Mohammadkarim, Sokhansefat, & Alayi, 2015)
investigate the annual performance of a vacuum tube solar collector in Tehran using
TRNSYS. Relations between the system useful energy gain, system efficiency and system
heat losses are investigated. Type71 is used to model the vacuum tube solar collector in
combination with a Type60k horizontal tank placed on top. The water flow between the
collector and the tank flows by free convection. Simulation results are compared with
experimental results and show good agreement. Results show the year highest solar
fraction in Tehran occurs in august and is 0.885 and the lowest is 0.305 in February.
(Bilgili, 2011) investigated the performance of a solar electric-vapour compression
refrigeration system in Adana City, Turkey. First the cooling load capacities of a sample
building were determined for different months using a Cooling Load Hourly Analysis
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Program (HAP). Then, the vapour compression refrigeration system formulas were
derived and use to calculate a variation of parameters such as COP, condenser capacity
and compressor power consumptions for different evaporating temperatures. The
minimum required size of the PV panel surface was calculated to meet power demand.
Results are presented for different evaporating temperatures and for different months.
(Lei , Wenjian, Xudong, & Weichung, 2013)present a model-based optimization strategy
for vapour compression refrigeration cycle. The vapour compression refrigeration model
they use is a simple hybrid model to describe the heat transfer properties in each
component. Then, the optimization problem is formulated in order to minimize operating
cost of all the devices which have an energy consumption, subject to constraints from
mechanical limits, component interactions, environmental conditions and (or)
cooling/load demands. An algorithm is proposed together with a strategy to obtain the
optimal set points under different operating conditions. Both simulation and experimental
studies are done to compare the new strategy with traditional on-off control. Results show
that using the algorithm can reduce energy consumption for a typical day by 8.45%.

System specifications
The system which will be evaluated in our research is
model TKF(R)-26GW (see figure 3)
It is a solar assisted air conditioner with a cooling capacity
of 2.6kWh. It uses refrigerant R-410A as medium and the
operating pressures are between 11.5 and 41 Bar. Relevant
specifications are shown in table 2 and are valid at
measured at outdoor temperature of 35-C dry bulb / 240C
wet bulb. And an indoor temperature of 270Ca dry bulb /
190C wet bulb.

Figure 3 TKF(R)-26GW mounted
on the wall

Table 2 TKFR-26GW. Relevant specification data. Working states at varying temperatures may change
(Koolsola)
Name
Rated Cooling Capacity
Rated Power Input
Rated Cooling Power Input
Rated Cooling Input Current
Inhaling Maximum Working Pressure
Exhausting Maximum Working Pressure
Type of Refrigerant
Standard amount of Refrigerant
Air Circulation of Outdoor Unit
Net Weight Outdoor Unit
Net Weight Indoor Unit
Dimensions Outdoor Unit
Dimensions Indoor Unit

Value
2600
220V/50Hz/60Hz
650 – 770
2.95 – 3.50
1.15
4.1
R-410A
800
450
30
8
790/260/540
700/230/160

Unit
Watts
Volts/Hertz
Watts
Amperes
Mega Pascals
Mega Pascals
Grams
m3/h
kg
kg
mm (LxWxH)
mm (LxWxH)

2600

If the COP of the system is calculated at rated specifications then 𝐶𝑂𝑃 = 650 𝑡𝑜 770 = 3.4
~4 . Taking into account the weather conditions in summer in Taiwan (higher ambient
temperatures) an hourly COP is expected around 3, it may vary a bit over the day
depending on ambient conditions.
8

2 Measurement setup
Introduction
This chapter describes the measurement setup, the measurement equipment and
uncertainty of measurement are discussed. Some measurements are done in order to
determine accuracy of measurement and actual air flows.

Measurement setup
Setup and schematic
The system and the installation of it in the room is shown on the photos in figure 4. The
setup was already designed and made ready before my arrival and it was installed in the
room just 2 weeks after my arrival. Solar radiation is only expected in the morning hours as
the collector is faced eastwards. I had minor influence in the design of the setup and no
influence in placement (location) of the system. I asked for extra temperature sensors at
the inlet and outlet of the evaporator and condenser to measure air temperatures. As well
as a power meter to measure the cumulative power consumption of the total system (at
first only a power clamp was available for measuring the current (instant measurement).

Figure 4 a)the split type solar air conditioner b) the room c) installation of the air conditioner
In figure 5 the schematic of the measurement setup is shown. The green dots are the
pressure gauges (referred to as P), the red dots are the temperature sensors (referred to as
T). Before and after each component the temperature is measured to be able to calculate
the energy balances. Also for several points the pressure is measured. From the combined
results of pressure and temperature the enthalpy of the refrigerant can be calculated.

9

Figure 5 schematic of measurement setup

Equipment
The list of equipment, what they are monitoring and the unit is shown in table 3.
Full specifications of each equipment can be found in Appendix 8.1.
Table 3 The list of equipment used to monitor several parameters
Name
Power meter
Power clamp
Thermocouple
Pressure gauge
Air flow meter
D.a.q. Fluke Hydra
Secondary temperature sensor
Irradiance meter

To monitor
Power consumption
Power
Current
Temperature
Pressure
Flow speed
Flow temperature
Convert voltages
thermocouple to Celsius and
record the data
Temperature
Humidity
Irradiance

unit
KWh
W
Ampere
Voltage (difference)
Kg/cm2 (bar)
m/s
Celsius
Voltage  Celsius
Celsius
%
J/m2

Uncertainty of measurement
Introduction
Uncertainty of measurement is the amount of doubt about the trueness of the result of a
measurement. This can be divided in two numbers, the first is the margin: how much is the
maximum deviation from the ‘true value’. The second is the confidence level: how sure are
we that the true value lies within the maximum deviation?

10

Theory
There are two approaches to estimate uncertainty: type A and type B. In the first, type A,
the uncertainty is estimated using statistics. Most often this is done by repeated readings.
For the second, type B evaluations are uncertainty estimates from other information
sources. This includes manufacturer data, calculations, experience and common sense.
Calculating standard uncertainty for a Type A or Type B
standard uncertainty for type A uncertainty is calculated from a set of repeated readings by
calculating the mean x and estimated standard deviation s. Then, the standard uncertainty
𝑠
can be calculated using formula: 𝑢 = 𝑛. Where n is the number of readings in the set.
√

𝑎

For Type B the standard uncertainty is calculated from 𝑢 = , where a is the half-width
√3
between the upper and lower limit. Sometimes the limits can be only estimated when
information is not available.
Combining Type A and Type B uncertainties
It is allowed to combine the individual and standard uncertainties by using the root sum of
the squares, the results of this is called combined standard uncertainty.
In its simplest form, the combined uncertainty is found by squaring the uncertainties,
adding and taking the square root of the total.
combined uncertainty =√a2 +b2 +c2 +…

Eq. 2-1

Where a, b, and c are the individual uncertainties
For more complicated cases sometimes it is better to work with relative or fractional
uncertainties
Correlation
It is possible that some of the uncertainties used to calculate the combined uncertainty are
in relationship with each other. Therefore it always should be questioned if the individual
uncertainties are independent. The method described above can be used as the variables
measured are independent of each other.
Coverage Factor K
The combined standard uncertainty gives the amount of deviation, however it would be
good to connect this result to a certain confidence level. So by multiplying the combined
standard uncertainty by a coverage factor K gives the expanded uncertainty. Each value of
K corresponds with a confidence level for the expanded uncertainty. Most commonly the
a value for K=2 is used to give a confidence level of approx. 95%. An overview of
coverage factors and corresponding confidence levels are given in table 4.
Table 4 coverage factor and corresponding confidence level
Coverage factor
1
2.58
3

Confidence level
68%
99%
99.7%

Discussion
It is difficult to determine the mass flow of the refrigerant as this is dependent on
operating pressures and no volume/mass flow sensor is available. This means the mass
flow needs to be calculated from indirect measurements (from the energy balance of the
evaporator,) At first a schematic was shown to me that a pressure and temperature sensor
would be placed after the condenser / before the expansion valve. However in reality it
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was placed after the expansion valve. Because it is placed after the expansion valve it
makes it difficult to determine the sub cool temperature of the refrigerant and the energy
balance of the condenser. But it also makes it difficult to determine the enthalpy value at
entrance of the evaporator. Normally the enthalpy is determined after the condenser and it
is assumed enthalpy stays the same after the expansion valve (see fig 2 p-h diagram solar
assisted air conditioner h5=h4). Result is that in our case we don’t know the enthalpy (or
the degree of mixture (x) between vapour and liquid at the entrance of the evaporator. I
tried my best to get a temperature sensor after the condenser however it was difficult to
reach there because the system needed to be dismounted from the wall to mount it, and in
the end I didn’t manage to get it there. This greatly influenced the research as an
assumption needs to be done on the enthalpy value if we would be doing any calculations
on the refrigerant side of the system.
Another thing I asked about was the equipment measurement uncertainty. They could not
tell me directly in the meetings. For a lot of equipment I could find the data sheets based
on the type number which was written on the equipment. For the thermocouples the
color-coding was used to identify the measurement uncertainty and accuracy. It was found
out that the thermocouples have a large uncertainty. This also makes it very difficult to say
something about the measurement results because a lot of observations might be just due
to the measurement uncertainty instead of due to what is truly happening. Therefore it is
advised to use more accurate temperature sensors for future measurements.
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Measurement setup accuracy experiments
Evaporator
2.6.1.1.

Evaporator air flow measurement

In the evaporator warm air from the room is blown by the cold evaporator coils and
cooled down while the refrigerant is heated. The cooling output can be determined by
either measuring the mass/volume flow of the refrigerant and the temperature of the
refrigerant before and after the evaporator or by measuring the volume flow of the air and
measure the in- and outlet temperatures of the airflow. It is decided to measure the airside
cooling output of the evaporator. Which is calculated by
𝑄𝑒𝑣𝑎𝑝 = 𝑉𝑒𝑣𝑎𝑝 ∗ 𝐶𝑝,𝑎𝑖𝑟 ∗ 𝜌𝑎𝑖𝑟 ∗ (𝑇𝑒𝑣𝑎𝑝,𝑎𝑖𝑟,𝑖𝑛 − 𝑇𝑒𝑣𝑎𝑝,𝑎𝑖𝑟,𝑜𝑢𝑡 )
Eq. 2-2
Where:
Qevap
Vevap
Cp,air
Ρair
Tevap,air,in
Tevap,air,out

= heat transfer rate of the evaporator (=cooling load)
= volume flow rate of the evaporator
= heat capacity of air, assumed to be constant at
= density of air, assumed to be constant at 1.2 kg/m3
= temperature at inlet
= temperature at outlet

Because the expected operating range always will be within 20 ~30 degrees the heat
capacity and density of air is assumed to be constant.
The air conditioner indoor unit has three settings for the fan: low, med and high. During
measurements the setting will always be set at “High”.
Expected result
airflow
According to the datasheet the at rated temperatures the cooling load is 2600W , from the
energy balance and assuming an evaporator ΔT = 10 C and rearranging eq. 2-2 to
𝑉𝑒𝑣𝑎𝑝 =

𝑄𝑒𝑣𝑎𝑝
𝐶𝑝,𝑎𝑖𝑟 ∗𝜌𝑎𝑖𝑟 ∗(𝑇𝑒𝑣𝑎𝑝,𝑎𝑖𝑟,𝑖𝑛 −𝑇𝑒𝑣𝑎𝑝,𝑎𝑖𝑟,𝑜𝑢𝑡 )

it suggest an airflow of approx. 0.216 m3/s

Airflow measurement
The airflow is to be measured for all three settings of the fan. (low, med and high). This is
done by measuring the outlet air flow speed parallel to the outlet of the fan at seven points
(A,B...G). The result is multiplied by the area of each point. Each area has the size of 10 by
8 cm (l x h). Total volume flow is the sum of each The measurement is repeated 5 times
in order to be able to calculate the standard uncertainty (type A).
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Figure 6 Evaporator outlet divided into sections for the airflow velocity and temperature measurement
For future calculations it is assumed that for each setting the air flow will be constant
during the experiment (this measured value will be used as constant to calculate the heat
transfer).
As can be seen in figure 7 the air flow meter is positioned as close as possible to the outlet
of the evaporator. It more or less covers the one section.

Figure 7 air flow measurement

2.6.1.2.

Evaporator temperature sensor accuracy

Only one temperature sensor is mounted at the outlet of the evaporator to measure the
outlet temperature. It is mounted at section F. It is quite possible that due to differences in
airflow across the outlet of the evaporator there is also a temperature distribution along the
outlet. Thus by measuring only at one point and use this value for calculating the
evaporator cooling would give a slight error/deviation in the result. So to determine the
14

temperature distribution along the evaporator outlet, also the temperature will be
measured with the anemometer during the previous experiment.
Temperature measurements from this experiment are compared with the measurements of
the thermocouple which will be recorded at the same time.
If a temperature distribution exists a correction factor will be calculated which will be
applied to the thermocouple sensor measurement.
It is expected a temperature distribution exists and a correction factor need to be applied.

2.6.1.3.

Results

Figure 8 shows the results of the air velocity measurements. The measured values are
between 3 and 4.5 m/s with lower values on both the sides of the evaporator outlet and
higher values in the middle.
Each section (A,B…F) size is 0.008 m2 . The airflow is calculated by combining the airflow
of each section (speed x Area) and calculating the average value over five tests.

4,5

Airflow speed (m/s)

4
3,5
3
2,5
2
1,5
1
0,5
0
A

B

C

D

E

F

Section
test 1

test 2

test 3

test 4

test 5

Figure 8 air speed distribution for each section
The mean airflow of the evaporator over all sections is 0.18 m3/s +/- 0.00139 ( a standard
deviation of 0.00096 and standard uncertainty of 0.00043). the reported airflow is the
mean of 5 repeated measurements. The uncertainty was estimated according to the method
described in chapter 2.4.2 .
Figure 9 shows the air temperature distribution. The measured values are between 18 and
22 Celsius with slightly higher values on both the sides of the evaporator outlet and lower
values in the middle.
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Figure 9 Air temperature distribution for each section
It can be seen that for test 1 the values were much higher. This is because the flow meter
in that measurement was placed farther away from the outlet and some mixing of outlet air
with the room air already find place.
The mean temperature of the airflow over all sections is 19.44 oC+/- 0.95 (standard
deviation of 0.65 with standard uncertainty of 0.3) The reported temperature is the mean
of 5 repeated measurements. The uncertainty was estimated according to the method given
in (Bell, 2001)
Temperature measurements are compared with the measurements of the thermocouple
which were recorded at the same time. The mean temperature of this sensor was 17.9 oC
+/- 2.2 oC. Thermocouple placement can be seen in figure 10.
This value is much lower. Although, if uncertainty is taken into account, it is possible that
the measurement is correct. Probably the values of the flow meter are higher due to the
fact mixing with room air already has taken place.

Figure 10 thermocouple placement
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2.6.1.4.

Conclusions

In table 5 the temperatures, as measured by the airflow meter, are shown. When
comparing the temperature measurement of the thermocouple with the results from the
airflow measurement the values have a large deviation of each other. However it is
possible, when it is assumed that the temperature distribution is similar for both
measurements, to compare the place (section F,19.72 oC) of the measurement with the
average measurement temperature (19.44 oC) over the evaporator
This suggest the temperature measured is 19.72 – 19.44 = 0.28 oC higher than average
temperature and could be corrected with this value
Table 5 Results from the temperature measurement
n

A

B

C

D

E

F

T (Celsius)

T (Celsius)

T (Celsius)

T (Celsius)

T (Celsius)

T (Celsius)

test 1

22.1

20.9

20.8

21.1

20.9

20.6

test 2

18.7

19.9

18.9

18.5

19.2

19.7

test 3
test 4
test 5

18.8
19.5
19.2

18.3
18.8
18.8

18.6
19.1
18.7

18.9
19.2
18.6

19.3
18.9
18.9

19.5
19.5
19.3

19.66

19.34

19.22

19.26

19.44

19.72

Average

Average temperature distribution over the total evaporator outlet is 19.44 oC.
If we take into account the weighted distribution of the air flow and their temperatures the
heat transfer can be calculated using:
(∑𝒏=𝑭
𝒏=𝑨(𝑽𝒏 ∗ 𝑨𝒓𝒆𝒂𝒏 ∗ (𝑻𝒊𝒏𝒍𝒆𝒕 − 𝑻𝒏 ))) ∗ 𝝆𝑨𝒊𝒓 ∗ 𝑪𝑷𝑨𝒊𝒓

Eq. 2-3

Heat transfer from the evaporator is however calculated in a simplified way using
𝑄𝑒𝑣𝑎𝑝 = 𝑉𝑒𝑣𝑎𝑝 ∗ 𝐶𝑝,𝑎𝑖𝑟 ∗ 𝜌𝑎𝑖𝑟 ∗ (𝑇𝑒𝑣𝑎𝑝,𝑎𝑖𝑟,𝑖𝑛 − 𝑇𝑒𝑣𝑎𝑝,𝑎𝑖𝑟,𝑜𝑢𝑡 )
Eq. 2-4
By using the simplified way there is a 3.4 % error in result comparing to a weighted
distribution calculation of the airflow and their respective temperatures.
When applying a correction value to the (with one thermocouple) measured value, and
using the simplified way of calculating the evaporator heat transfer the error compared to
the distributed calculation becomes 0.1%.
However it is decided that an error in result of 3.4% is acceptable and therefore the
measured variable will be used for calculations of the heat transfer

2.6.1.5.

Discussion

For determining the air flow the area measurement uncertainty are neglected
Optimal would be to use a measurement setup with thermocouple sensors and measure
simultaneously the temperature at all sections to determine the distribution and heat
transfer more accurate. Also more accurate thermocouple sensors would decrease the
uncertainty in measurement.
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Condenser
Unfortunately it is not possible to measure the airflow of the condenser. Unlike the
evaporator, which is built to have an uniform flow, the condenser has a turbulent outlet
flow pattern. This is mainly due to the shape, the type of fan and the fact the vacuum tube
collector is in front of the fan. With the equipment available it is not possible to measure
the outlet air flow of the condenser.1 If any further calculations are done for the condenser
these are done using the value from the specification sheet (450m3/s).

1

You could make a plywood box in front of the machine to ‘catch’ all the air and make it
tapered towards one small exit area at which you can place the airflow meter and measure
the airflow. Due to language barrier and time constraints I decided not to build this.
Another way would be to measure the pressure change before and after the fan and
calculate the airspeed from this.
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3 Performance evaluation
System performance under normal operation conditions
Aim of experiment
The aim of the experiment is to measure the performance of the system under normal
operation conditions in Taipei.
The sought results from the experiment are
 COP vs time (hourly values),
o Hourly values of the COP
 potential savings vs time (hourly values) ,
o In here the definition of the potential savings is described as: the amount
of energy in kJ/kg refrigerant which is transferred to/from the water in the
solar storage tank to/from the refrigerant. As this is the energy which the
compressor would need to add in a conventional system, and now this is
saved using the solar collector.
 Irradiance vs time(hourly values)
o the amount of solar radiation per square meter incident at the collector
surface (not the same as radiation collected by the collector)
 Temperature vs time
o Temperature levels at each stage of the cycle
Expected result
COP
According to the datasheet at rated temperatures the cooling load is 2600W and the power
input between 660-770W , using this information to calculate the COP results in an
estimated value between 3.4 and 4. As current ambient temperature is higher than at rated
conditions a slightly lower COP is expected due to lower condenser performance resulting
in a lower cooling output.
For lower evaporator temperature setting a higher overall energy consumption is expected
as the compressor is expected to have a longer running time. Also a slightly lower COP is
expected due to a lower ΔT between the evaporator air inlet temperature and the
refrigerant temperature.
Irradiance
It is expected to have high irradiance level in the morning and low in the afternoon due to
the system positioning.
Potential savings
If the system is working properly heat would be transferred from the hot water storage to
the refrigerant, increasing the refrigerant pressure and temperature.
Internal heater
There is an internal heater placed inside the solar hot water tank. It is not possible to check
if it is on or off. Also it is unknown when or if the controller activates the heater and it
cannot be disconnected. This is an unknown variable in the system evaluation.
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Measurement plan
The measurement takes place from 07:00 in the morning until 19:00 in the evening. The
measurements are done for several days with each day a different setting of the evaporator
cooling: Resp. 20 oC, 25 oC. With interval of 1 minute the temperatures are measured. The
operating pressures are written down each hour. It then is assumed they stay the same over
the hour. (This can checked by looking at the operating temperatures, they should stay
more or less equal too).
COP

The power input is measured using a power meter. Each hour the cumulative value is
written down.
The evaporator cooling output is calculated as:
Eq. 3-1

𝑄𝑒𝑣𝑎𝑝 = 𝐶𝑃,𝑎𝑖𝑟 𝑚𝑎𝑖𝑟 (𝑇𝑎𝑖𝑟,𝑖𝑛 − 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡 )

Where:
Cp,air is the specific heat of air, assumed to be a constant over the day.
Mair is the mass flow rate of air. The airflow values as determined in chapter 2.6 are used
to calculate the heat transfer rate of the evaporator. Assumed is that the air mass flow stay
uniform and the equal over the measurement time.
Tair,in and air,out are resp. the in- and outflow air temperatures which are measured by the
D.A.Q. every minute and then averaged over the hour.
Parameters to be measured for the COP are shown in table 6:
Table 6 Parameters to be measured to determine the performance
Variables
Power consumption
Inlet air temperature

Unit
kWh
o
C

Outlet air temperature

o

Interval
Hour
1 minute ( manually
averaged over the hour)
1 minute ( manually
averaged over the hour)

C

Measurement
Manually
Automatically
Automatically

Potential savings vs time
Parameters to be measured to calculate the savings potential are shown in table 7.
Table 7 parameters to be measured in order to calculate the savings potential
variables
Pressure at compressor outlet
Compressor outlet temperature

unit
Bar
o
C

Pressure at condenser inlet
Condenser inlet temperature

Bar
o
C

interval
Hour
1 minute ( manually
averaged over the hour)
hour
1 minute ( manually
averaged over the hour)

Measurement
Manually
Automatically
Manually
Automatically

For each hour the temperature is averaged and the operating pressures were assumed
constant over the hour. For each hour the enthalpy is looked up in the tables.
The result is an average ‘potential saving/loss’ which is shown in kJ/kg per second over
the hour. That is, the value shown in the graph is valid for the whole hour. (so to get the
value in Watt you need to multiply the shown value by 3600 and by the refrigerant mass
flow).
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Irradiance vs time
The irradiance is measured using a photo-radio meter. Each hour the cumulative value is
written down. The irradiance meter is mounted on top of the solar storage tank at the
same angle as the collector tubes.
Parameters to be measured to measure the solar irradiance are shown in table 8.
Table 8 parameters to be measured for solar irradiance
Variables
Irradiance

Unit
J/m2

Interval
Hour

Measurement
manually

Temperature versus time
Temperature levels at each stage of the cycle as wel as air inlet, outlet and ambient
temperature is measured with thermocouples with an interval of one minute. An overview
is shown in table 9.
Table 9 temperature measurement variables
Variables
T_ambient

Unit
o
C
o

C

o

C

o

C

o

C

o

C

o

C

o

C

Interval
1 minute ( manually
averaged over the hour)
1 minute ( manually
averaged over the hour)
1 minute ( manually
averaged over the hour)
1 minute ( manually
averaged over the hour)
1 minute ( manually
averaged over the hour)
1 minute ( manually
averaged over the hour)
1 minute ( manually
averaged over the hour)
1 minute ( manually
averaged over the hour)

T_condenser_in
T_refr_evap_in
T_refr_evap_out
T_solartank
T_compressor_out
T_air_evap_in
T_air_evap_out
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Measurement
Automatically
Automatically
Automatically
Automatically
Automatically
Automatically
Automatically
Automatically

Results
Temperature levels
Day 1
The results of the temperature measurement are shown in figure 11.
From the start the temperature at the compressor outlet (red) goes up and stays high.
The tank storage temperature is low at the start and the water storage is heated up towards
80 degree Celsius (either by solar, by the refrigerant or by the internal heater or a
combination of these). The refrigerant from the compressor is cooled down in the storage
tank HX and therefore has a lower temperature than before when it reaches the condenser
inlet. Around noon the Ambient temperature as well as the condenser, compressor outlet
and storage tank temperature show a slight drop. This is probably due to a rain shower.
The evaporator inlet temperature stays around 28 to 30 degree Celsius. 20 degree room
temperature is not reached. The air conditioner hasn’t got a high enough capacity to cool
down the room.
The spike in the graph at minute 671 is due to a power cut and can be neglected.
Some gaps in ambient temperature measurement are due to thermocouple error.
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0
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620
647
674
701

0

Time (min)

Figure 11 temperature levels day 1

Day 2
The results of the temperature measurement for the second day are shown in figure 12.
Until minute 211 the temperature at the compressor outlet (red)is higher than at the
Condenser inlet (black). From then on there is a sudden drop in compressor outlet
temperature to approx. 5 degree below the solar tank temperature which lead to suggest
the controller controls the compressor work input. (from this also follows that the
compressor is not ON/OFF but can be controlled). From minute 211 the temperature at
the condenser is lower than solar hot water storage. Heat gain from the solar storage is the
result. The larger cool down of the storage around minute 481 is probably due to a rain
shower.
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Figure 12 day 2 temperature levels

Irradiance
The irradiance per hour as measured by the sensor is shown in figure 13.
As expected in the morning more solar energy can be harvested as the sun is facing the
collector. Between 10 and 11 AM the suns angle towards the collector is optimal while in
the afternoon almost no solar energy is obtained. (only indirect radiation).
1100,00
1000,00

Irradiance (kJ/m2)

900,00
800,00
700,00
600,00
500,00
400,00
300,00
200,00
100,00
0,00

07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00

Irradiance 23-6-2016 252,50 500,80 464,80 354,80 224,10 114,33 114,33 114,33 78,00 38,00

6,00

0,00

Irradiance 24-6-2016 136,4 199,1 497,7 1021,2 450,6 216,0 174,0

18,0

9,0

50,7

50,7

50,7

Figure 13 Irradiance per hour

Coefficient of performance
The COP (coefficient of performance) of the system during each hour is shown in fig 14.
The Cop measured during the two days all lay between 2 and 2.5
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Figure 14 Coefficient of performance during each hour of the day for day 1 and day 2

Energy savings
The energy savings are shown in figure 15. The Energy ‘savings’ of the first day are mostly
negative, this means the refrigerant transfers energy to the water storage. The second day
of measurements the values become positive and energy is transferred from the storage
tank to the refrigerant.
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Figure 15 the net energy savings during each hour of the day for day 1 and day 2
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4 System parameter experiments
Experiment 1 : Two day temperature measurement
Aim of experiment
Two day temperature measurement vs time to see if the refrigerant is heated by the solar
water or not.
For this experiment only a look at the temperature levels is done. The pressures and
energy savings potential are not taken into account. If the refrigerant temperature increases
in the storage tank the refrigerant is heated.
What is hoping to see is that the solar heated tank reaches a high temperature and that the
refrigerant coming from the compressor increases in temperature when it leaves the solar
tank and enters the condenser.

Result
It can be seen in fig 16 that during this experiment the solar tank temperature is most high.
The refrigerant temperature entering the condenser is higher than when it was leaving the
compressor indicating heat transfer from the storage tank to the refrigerant
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Figure 16 temperature levels during two day experiment

Experiment 3: Tank cooldown experiment
Aim of experiment
The tank heat loss coefficient can be determined by performing a cooldown experiment.
The water in the tank will be heated by using the air conditioner. Then without use of the
air conditioner the water tank temperature is measured while it cools down to ambient
temperature.
25

Parameters to be measured: ambient temperature, water tank temperature
Interval: 1 min
Assumptions: water temperature is uniform across the tank.

Results
Figure 17 shows the ambient temperature and the temperature in the storage tank.
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Figure 17 storage tank cool down experiment
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Discussion
As can be seen in figure 18. the location of the solar assisted air conditoner is unfortunate.
A room and location whereby the machine is shaded for largest part of the day resulting in
sunlight at the collector for only a couple hours a day (between 09:00 -12:00) whereby at
noon the sun is above our head and thus the actual irradiation reaching the collector is
very small. I feel more thought should have put into the location of the system as all
performance measurements are now done under poor conditions.

Figure 18 collector placement
Also the temperature sensor uncertainty make it difficult to interpret the results as easily
wrong conclusions could be given to measurement uncertainties.
Averaging a lot of measurements to hourly values also lead to deviations from reality.
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5 The model
Modelling the system
Chapter contents
This chapter contents are:
(1) a look at the model designed by (Vakiloroaya & Ha, 2012)in order to see how they
made their model.
(2) An initial method of approach to design the complete model.
(3) A description of how each component can be modelled
(4) A finished model of the evaporator

Foreword
Before the start of start of the model design a software study was done in order to find the
most suitable software to do this project. It was concluded that TRNSYS is not the ideal
package to perform this research as it is difficult to design your own components. The
main reasons to still go for using TRNSYS is because of the availability (or non-availability
of the other suitable packages) of this software at the university and because a previous
research performed by Vakiloroaya et al. in where they also used TRNSYS to model a
similar system. It was asked to reproduce their research with a similar solar airconditioning system in Taiwan.
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The vakiloroaya model
First a look is given at the individual components of the flow chart. Only this schematic
and the used equations to model the air conditioner are available, the actual files are not
available to use. The components and their purpose are discussed
The TRNSYS simulation components used by (Vakiloroaya & Ha, 2012) are shown in
table 10.
Table 10 components used in the Vakiloroaya & Ha 2012 model
Component
Weather data
Sky temp

Psychrometrics

Vacuum solar collector
Storage tank

Purpose
Local weather data (radiation, ambient
temperature) is imported
Determines the effective sky temperature, and
is used to calculate radiation exchange between
an external surface and the atmosphere (always
lower than ambient temp.)
Describe physical phenomena, could be used
to describe thermodynamic properties of
refrigerants
Standard vacuum solar collector model
Stratified storage tank with internal heat
exchanger

Air conditioner
Building
Energy usage
Cooling
Radiation
Results

Calculates the energy consumption of the air
conditioner and uses this as input for building
energy consumption
Converts the cooling output to the format to
present in results
Converts weather data from data file to
radiation data for input the building model
Presents results
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Model design: method of approach
First the method of approach is discussed then some difficulties to overcome when trying
to make the model are discussed.
Figure 19 shows the design approach of designing the model. Assumed is TRNSYS Is
used as software. At first the model structure should be made and the interfaces between
each component should be sorted out. Then the climate data, cooling load should be
determined. After that all the individual components can be designed and connected
together. When designing the model care should be taken that all components have
approximately the same degree of detail. The control strategy can be a very simple on off
strategy at first. After the model is finished a performance check can be done by
performing system simulations to see if everything is working. If everything is working
satisfactory the model is finished if not the model can be improved by improving
individual parts.

Figure 19 schematic of the design approach
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Model the weather data
The weather data for the model can be obtained in two ways:
1.

Solar radiation and weather data (temperatures) are available with hourly
resolution at weather stations nearby

2. From measurements: solar radiation, ambient temperature and humidity values are
available at resolutions of experiments
It is suggested to use the first way as for most software the standardized weather data can
be imported ready to use.

Model the cooling load
A buildings cooling or heating load requirements is based on heat flux due to temperature
difference between inside and the ambient temperature, energy gain due to solar radiation
and internal heat generation from people or equipment inside the building.
The cooling requirement is the amount of heat which must be removed from the building
on order to achieve desirable comfort level.
The room which is used in the experimental setup will be modelled in TRNSYS/Matlab in
order to get estimate cooling load over the year. The multi-zone building model can be
used for this. Using the assistant to build the model makes it pretty straightforward and
easy to make a simplified room model which can be used.

Figure 4 room and placement of system
The room is shown in figure 20. It is totally 3.5 by 2.5 m and has a height of 2.5 meter.
One side consists of single glazed windows, blinds are used to block incoming sunlight.
The building itself is an “open” building, by which is meant that the hallways are all
connected with the outdoors. Therefore it is assumed that 3 sides of the room connects
with ambient temperature. Walls are made of concrete blocks of 10 cm thick . The top side
also connects to ambient temperature ,however thickness if the ceiling is double than wall
thickness. The floor and one side of the room are connected to another room which may
or may not be air-conditioned depending if it is in use or not. The room is faced with the
windows to the east and thus receives solar radiation in the morning hours.
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The cooling load only needs to be modelled if in the study a control system is investigated
(on/off or partial load is investigated, the room is cooled down until set point, the system
is turned off and turned on again when the room temperature increases).

Model natural convection between solar vacuum collector and tank
(Vakiloroaya & Ha, 2012)mention they take this into account but it cannot be seen at the
flow chart how. Several researches has been done and several different solutions are there
to model free flow. However there is not a component which has a combined vacuum
tube collector and horizontal tank.
Therefore either this component must be made or the free convection must be calculated
and using the input data on the collector and calculate the flow inside the collector using
this.

Model each component of the air conditioner
Evaporator
The evaporator heat transfer is modelled by a hybrid model. See paragraph 5.4.
Compressor
The compressor can be modelled using the theoretical formulas which describe the
Expansion valve
All the expansion valve does is lower the pressure while keeping the enthalpy of the
refrigerant the same. The model of the expansion valve needs to calculate the
corresponding temperature.
Condenser
In principle the condenser model can be estimated by a hybrid model just as is done with
the evaporator. However, as discussed before, it is more difficult to obtain suitable data to
do this. Instead it is proposed to use the overall system energy balance to calculate the
condenser heat transfer:
𝑊𝑐𝑜𝑚𝑝𝑟 + 𝑄𝑠𝑜𝑙𝑎𝑟 + 𝑄 𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 − 𝑄𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 = 0

Eq. 1-8

Or rearranged:
𝑄_𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 = 𝑊𝑐𝑜𝑚𝑝𝑟 + 𝑄𝑠𝑜𝑙𝑎𝑟 + 𝑄_𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟

Eq.

1-8A
As a consequence the accuracy of the condenser heat transfer model depends on the
accuracy the other models and energy losses from piping etc. are also combined into the
condenser energy equation. However, the main benefit is that the energy balance
according to thermodynamic laws are met. If for each component the heat transfer is
determined individually (and experimentally) there is a risk that if the models are combined
the energy balance does not fit correctly.
Another reason to choose this approach is that the condenser heat transfer is not used to
calculate the system performance, the fan of the condenser is also not controllable.
Therefore modelling the heat transfer of the condenser in this way would not influence the
accuracy of the model too much.
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Evaporator model
Introduction
There is a wide range of different heat exchanger models available to use. All with different
degrees of complexity. They can be roughly divided into three categories:
The theoretic models are based on fundamental thermodynamic and heat & mass transfer
principles and are often more complex. A lot of information, such as geometry and fluid
properties, are needed to predict the performance of the heat exchanger.
Empirical models can be used to estimate the performance of a heat exchanger by using
empirical values, which are determined before by experiments, for fixed conditions (fixed
flowrates, geometry, working fluids etc.).
Hybrid models are models where the model structure is derived using formulas, from
thermodynamic or heat and mass transfer principles but the parameter values (including
components such as fluid properties and geometry) are determined by performance
measurements.
Because there is no information known about the geometry of the evaporator heat
exchanger the theoretic model is not applicable in our case.
Both the empirical model and the hybrid models can be used but experiments needed to
be done to gather information to estimate performance. It is chosen to use a hybrid model
because a hybrid model, in the future, could be used by the controller to predict and
control the system. (A mathematical formula is derived to estimate the performance. The
controller can accordingly the estimation adjust some system parameters such as airflow
rate, compressor power etc. to improve performance/ reduce energy consumption.)

Previous research
(Yao-wen Wang et al, 2012 ) present a technique for developing a simple yet accurate
engineering cooling coil unit (CCU) model .
The model is based on energy balance and heat transfer equations. Experimental
performance results are used to determine (estimate) model parameters using either linear
or nonlinear least squares method
Existing models used for control and optimization are either linear approximations around
an operating point or very complex nonlinear ones. Experiments show that the proposed
method is robust and gives a better match over the entire operating range to real
performance compared to existing model and therefore is expected to have wide
application in control and optimization of HVAC systems.
(Lei , Wenjian, Xudong, & Weichung, 2013) continue the research by proposing a hybrid
model to model two phase flow in evaporators. The proposed model gives +/- 8% error.
The developed procedure goes as follows:
1) Formulate the equations based on energy and mass balance and thermodynamic
principles
2) Select the input and output variables which are responsible to the system
performance
3) Rewrite the other variables as function of these In- out put variables determined in
the previous step or as constants.
4) Obtain one single equation which gives a correlation between input and output
5) Identify existing unknown parameters by using the leas square method
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Formulation of equations and selection of in and output variables
The goal is to construct a model which correlate the heat transfer rate on both sides.
Assumed is that the evaporator is working at steady state condition and that the
temperature difference between the evaporator inlet and outlet is small enough to treat the
viscosity, thermal conductivity and the specific heat as constants.
Airside heat transfer rate
The airside heat transfer can be expressed as:
𝑄𝑎𝑖𝑟=ℎ𝑎𝑖𝑟 𝐴𝑠 ∆𝑇𝑎𝑖𝑟,𝑎𝑣𝑔

Eq. 5-1

Where:
hair
= Convective heat transfer coefficient
As
= Outside surface area of the evaporator coil
∆Tair, avg
= Average temperature difference between metal wall of coil and the air
temperature
The heat transfer coefficient of hair can be calculated using the formula for single phase
flow:
ℎ𝑎𝑖𝑟 𝐷
𝑘

𝑁𝑢𝐷 =

𝜌𝑢𝐷 𝑒 𝐶𝑝 𝜇 𝑓
) ( )
𝜇
𝑘

= 𝐶 𝑅𝑒𝐷 𝑒 𝑃𝑟 𝑓 = 𝐶 (

Eq. 5-2

Where:
D
= Characteristic length
k
= Thermal conductivity
C,e,f
= Coefficients independent on fluid properties but vary with surface
geometry and type of
flow
Re
= Reynolds number
Pr
= Prandtl number
The Reynolds number can be calculated using:
𝑅𝑒𝐷 =

𝜌𝑢𝐷
𝜇

=

𝑢𝐷
𝜐

Eq. 5-3

Where:
ρ
u
D
μ
ν

= Density
= Velocity
= Characteristic length
= Absolute viscosity
= Kinematic viscosity
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The Prandtl number can be calculated using:
𝑃𝑟 =

𝐶𝑝.𝑎𝑖𝑟 𝜇

Eq. 5-4

𝑘

Where:
Cp,air
μ
k

= Specific heat at constant pressure
= Absolute viscosity
= Thermal conductivity

The refrigerant side heat transfer is more complex as there is not only convection but also
a phase change occurring. The effectiveness of the boiling depends on a combination of
properties such as, mass flow rate, latent heat of vaporisation and pressure.
When analysing the heat transfer inside the evaporator. The evaporator can be divided in
two sections: a 2-phase section where a mixture of vapour and liquid is present and a
superheated vapour section. It is necessary that at the evaporator exit al liquid has changed
into vapour in order to not damage the compressor.
Section 1: 2-phase heat transfer
The heat required to evaporate in the refrigerant can be estimated by:
𝑄𝑟𝑒𝑓𝑟 1 = (𝐻𝑟𝑒𝑓𝑟,𝑖𝑛𝑙𝑒𝑡 −𝐻𝑟𝑒𝑓𝑟,𝑠𝑎𝑡 )∙𝑚̇𝑟𝑒𝑓𝑟

Eq. 5-5

Where:
Hrefr, inlet
Hrefr,sat
mrefr

= Inlet enthalpy of the refrigerant
= Saturation enthalpy
= Mass flow rate of refrigerant

Section 2: superheated vapour
𝑄𝑟𝑒𝑓𝑟 2=ℎ𝑟𝑒𝑓𝑟2 𝐴𝑠2 ∆𝑇𝑟𝑒𝑓𝑟2,𝑎𝑣𝑔

Eq. 5-6

Where:
Hrefr2r
= Convective heat transfer coefficient
As2
= Surface area of inside tube
∆Trefr2, avg
= Average temperature difference between metal wall of tube and the
saturated temperature of the refrigerant.
Combining section 1 and 2 brings the total refrigerant side heat transfer
𝑄𝑟𝑒𝑓𝑟 = 𝑄𝑟𝑒𝑓𝑟.1 + 𝑄𝑟𝑒𝑓𝑟,2 = (𝐻𝑟𝑒𝑓𝑟,𝑖𝑛𝑙𝑒𝑡 − 𝐻𝑟𝑒𝑓𝑟,𝑠𝑎𝑡 ) ∙ 𝑚̇𝑟𝑒𝑓𝑟 + ℎ𝑟𝑒𝑓𝑟2 𝐴𝑠2 ∆𝑇𝑟𝑒𝑓𝑟2,𝑎𝑣𝑔 Eq. 5-7

From the energy balance the heat transfer on both sides have to be equal and so:
Qrefr = Qair = Qevap

Eq. 5-8

The mass flow can also be written as:
𝑚̇ = 𝜌𝑢𝐴

Eq. 5-9

Substituting eq. 5.11 into eq. 5.4 gives:
ℎ=

𝐶𝑘 4𝑚̇ 𝑒 𝐶𝑝 𝑓
( ) ( )
𝐷 𝜋𝜇𝐷
𝑘

Eq. 5-10
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According to (Lei , Wenjian, Xudong, & Weichung, 2013)all the constants parameters
(including the ones which are treated as constants) can be lumped together in one
parameter b then eq. 5.12 can be rearranged as:
ℎ = 𝑏𝑚̇𝑒

Eq. 5-11

with:
𝑏=

4𝑒 𝐶𝐶𝑝 𝑓 𝑘 (1−𝑓) 𝜇 (𝑓−𝑒)
𝜋 𝑒 𝐷1+𝑒

Eq. 5-13. is a general formula for single phase flow and can also be applied for the airside
heat transfer as well as for the superheated vapour at the refrigerant side and so
substituting eq. 5-13 into eq. 5-3. :
𝑄𝑎𝑖𝑟=𝑏𝑎𝑖𝑟 𝑚̇𝑎𝑖𝑟 𝑒 𝐴𝑠 ∆𝑇𝑎𝑖𝑟,𝑎𝑣𝑔
Eq. 5-12

In eq.5-14 ∆Tair, avg can be replaced by the temperature difference between the wall of the
tube and the evaporator air inlet temperature Tair,in – Twall . Any effects of this simplification
will lumped into the parameter bair.
𝑄𝑎𝑖𝑟
𝑒
𝑎𝑖𝑟 𝑚̇𝑎𝑖𝑟 𝐴𝑠

𝑇𝑎𝑖𝑟,𝑖𝑛 − 𝑇𝑤𝑎𝑙𝑙 = 𝑏

Eq. 5-13

The same goes for the superheated vapour at the refrigerant side, substituting eq 5-13 into
eq 5-8 gets:
𝑄𝑟𝑒𝑓𝑟=𝑏𝑟𝑒𝑓𝑟2 𝑚̇𝑟𝑒𝑓𝑟 𝑒 𝐴𝑠2 ∆𝑇𝑟𝑒𝑓𝑟2,𝑎𝑣𝑔

Eq. 5-14

Replacing ∆Trefr2, avg by the difference between the saturated temperature of the refrigerant
at evaporator pressure and the temperature of the wall of the tube gets:
𝑇𝑤𝑎𝑙𝑙 − 𝑇𝑠𝑎𝑡 =

̇
𝑄𝑟𝑒𝑓𝑟 −(𝐻𝑔 −𝐻𝑟𝑒𝑓𝑟,𝑖𝑛 )𝑚𝑟𝑒𝑓𝑟

Eq. 5-15

𝑏𝑟𝑒𝑓𝑟2 𝑚̇𝑟𝑒𝑓𝑟 𝑒 𝐴𝑠2

As the measurement of the wall temperature Twall is difficult it is eliminated from eq. 5.17
by adding eq. 5.15 to both sides of eq. 5-17 resulting in eq. 5-18:
𝑇𝑎𝑖𝑟,𝑖𝑛 − 𝑇𝑠𝑎𝑡 =

̇
𝑄𝑟𝑒𝑓𝑟 −(𝐻𝑔 −𝐻𝑟𝑒𝑓𝑟,𝑖𝑛 )𝑚𝑟𝑒𝑓𝑟
𝑏𝑟𝑒𝑓𝑟2 𝑚̇𝑟𝑒𝑓𝑟 𝑒𝐴𝑠2

+𝑏

𝑄𝑎𝑖𝑟

𝑎𝑖𝑟 𝑚̇𝑎𝑖𝑟

𝑒

𝐴𝑠

Eq. 5-16

Both Qrefr and Qair can be replaced by Qevap (see eq. 5-10) and eq. 5-18 can be rearranged
to:
𝑄𝑒𝑣𝑎𝑝 =

̇ +𝑏𝑟𝑒𝑓𝑟2 𝑚̇𝑟𝑒𝑓𝑟 𝑒 𝐴𝑠2 (𝑇𝑎𝑖𝑟,𝑖𝑛 −𝑇𝑠𝑎𝑡 )
(𝐻𝑔 −𝐻𝑟𝑒𝑓𝑟,𝑖𝑛 )𝑚𝑟𝑒𝑓𝑟
1+

𝑏𝑟𝑒𝑓𝑟2 𝐴𝑠2 𝑚̇𝑟𝑒𝑓𝑟 𝑒
( ̇
)
𝑏𝑎𝑖𝑟 𝐴𝑠
𝑚𝑎𝑖𝑟

Eq. 5-17

In eq.5-17 the surface geometry As and As2 are constant and coefficients bair and brefr can be
treated as constants at steady-state conditions. Eq. 5-17 can be rewritten as:
𝑄𝑒𝑣𝑎𝑝 =

(𝐻𝑔 −𝐻𝑟𝑒𝑓𝑟,𝑖𝑛 ) 𝑚̇ 𝑟𝑒𝑓𝑟 +𝑐1 𝑚̇𝑟𝑒𝑓𝑟 𝑒 (𝑇𝑎𝑖𝑟,𝑖𝑛 −𝑇𝑠𝑎𝑡 )
𝑚̇𝑟𝑒𝑓𝑟 𝑒

1+𝑐2 ( ̇
)
𝑚𝑎𝑖𝑟

Eq. 5-18
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Where:
𝑐1 = b𝑟𝑒𝑓𝑟2 𝐴𝑠2 and 𝑐2 =

𝑏𝑟𝑒𝑓𝑟2 𝐴𝑠2
𝑏𝑎𝑖𝑟 𝐴𝑠

are parameters containing most fluid properties and

evaporator geometry factors.

Determination of unknown parameters c1 and c2
A brief recap of what is done in the previous paragraph: The goal was to construct a
model which correlate the heat transfer rate on both sides. Assumed are steady state
conditions in the evaporator. General heat transfer relations are applied to create the
energy balance between both (the refrigerant- and air) sides of the evaporator. In this
energy balance all the fluid properties and geometry factors are lumped together into two
parameters c1 and c2. The resulting equation (5-20) describes the total heat transfer rate
of the evaporator based on the 3 parameters Tsat , Hrefr and Hsat (at evaporator operating
conditions) and 3 operating variables mrefr , Tair,in and mair.
Now using eq.5-20, bringing the parameters C1 and C2 to one side of the equation, results
into the linear equation of the form:
𝑚̇𝑟𝑒𝑓𝑟 𝑒

𝑐1 𝑚̇𝑟𝑒𝑓𝑟 𝑒 (𝑇𝑎𝑖𝑟,𝑖𝑛 − 𝑇𝑠𝑎𝑡 ) − 𝑐2 𝑄𝑒𝑣𝑎𝑝 (

𝑚̇𝑎𝑖𝑟

) = Qevap - (𝐻𝑔 − 𝐻𝑟𝑒𝑓𝑟,𝑖𝑛 )𝑚̇𝑟𝑒𝑓𝑟

Eq. 5-19

By using multiple regression analysis the model parameters c1 and c2 can be estimated by taking N
test samples under different operating conditions.
Equation 5-21 is rewritten in the form 𝐴 ∙ 𝑥 = 𝐵
Where:
𝑚̇𝑟𝑒𝑓𝑟,1 𝑒 (𝑇𝑎𝑖𝑟,𝑖𝑛,1 − 𝑇𝑠𝑎𝑡,1 )
𝑒
A= 𝑚̇𝑟𝑒𝑓𝑟,2 (𝑇𝑎𝑖𝑟,𝑖𝑛,2 − 𝑇𝑠𝑎𝑡,2 )
𝑒

𝑚̇𝑟𝑒𝑓𝑟.1

𝑄1 ( 𝑚̇

𝑎𝑖𝑟,1

𝑚̇𝑟𝑒𝑓𝑟,2

𝑄2 ( 𝑚̇

𝑎𝑖𝑟,2

⋮

⋮

𝑚̇

𝑒

)
𝑒

)
𝑒

𝑚̇
− 𝑇𝑠𝑎𝑡,𝑁 ) 𝑄𝑁 ( 𝑟𝑒𝑓𝑟,𝑁)
(𝑇
𝑚̇𝑎𝑖𝑟,𝑁
[ 𝑟𝑒𝑓𝑟,𝑁 𝑎𝑖𝑟,𝑖𝑛,𝑁
]

𝑄1 − (𝐻𝑔,1 − 𝐻𝑟𝑒𝑓𝑟,𝑖𝑛,1 )𝑚̇𝑟𝑒𝑓𝑟,1
𝐵=

And

𝑄2 − (𝐻𝑔,2 − 𝐻𝑟𝑒𝑓𝑟,𝑖𝑛,2 )𝑚̇𝑟𝑒𝑓𝑟,2
⋮
[𝑄𝑁 − (𝐻𝑔,𝑁 − 𝐻𝑟𝑒𝑓𝑟,𝑖𝑛,𝑁 )𝑚̇𝑟𝑒𝑓𝑟,𝑁 ]

𝑥 = [𝑐1

𝑐2 ]𝑇

Operating parameters and variables can be determined as follow:
1. The air mass flow mair is determined before in chapter 2.6.
2. Tair, in is measured directly using a thermocouple sensor
3. The refrigerant flow rate mrefr can be measured directly using a flow meter
mounted before the evaporator or it can be determined indirectly by the energy
balance of the evaporator.First the airflow heat transfer is determined using
Q =𝐶𝑝 mair (𝑇𝑎𝑖𝑟,𝑖𝑛−𝑇𝑎𝑖𝑟,𝑜𝑢𝑡) where Cp is the specific heat of air, Mair is the mass flow
rate of air, Tair,in and air,out are resp. the in- and outflow air temperatures
Then the mas flow rate mrefr can be estimated using:
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𝑚̇𝑟𝑒𝑓𝑟 = (𝐻

𝑄

𝑟𝑒𝑓𝑟,𝑜𝑢𝑡 −𝐻𝑟𝑒𝑓𝑟,𝑖𝑛 )

where Hrefr,in and Hrefr,out are the inlet-and outlet

enthalpy values of the refrigerant. The inlet enthalpy can be determined by
measuring the pressure and temperature before the expansion valve and looking up
the properties in the fluid tables. Similar for the outlet enthalpy by measuring the
evaporator pressure and the outlet temperature.
4. The evaporator pressure can be measured using pressure gauges. The saturation
temperature and enthalpy can be found in the thermodynamic property tables.

Measurement plan
As mentioned before, during measurements we rely on operating conditions occurring
during that moment. Not many parameters can be influenced. The main parameter which
can be influenced is the air flow rate, as there are three air flow rate modes available (low,
medium and high).
Three, one minute measurements are done for each air flow rate. The measurement will
be recorded with an interval of 3 seconds. All measured temperatures of the evaporator
are averaged over the minute.
The air inlet temperature of the evaporator can be influenced slightly by first performing
the measurements while the room temperature is high (approx. 30 o Celsius, equal to
outside ambient temperature). Then the measurements are repeated when room
temperature is cooled down to 20 degrees by use of the air conditioners installed in the
room (both the solar- as well as the conventional air conditioner can be used to cool the
room down.)
Parameters to be measured are shown in table 11:
Table 11 parameters to be measured
Variables
Pressure in evaporator
Inlet air temperature
Outlet air temperature
Inlet refrigerant temperature
Outlet refrigerant temperature

Unit
Bar
o
C
o
C
o
C
o
C

Assumed is that the refrigerant- and air mass flow stay uniform and over the minute. The
airflow values as measured/determined in chapter 2.6 are used to calculate the heat
transfer rate of the evaporator
Assuming the rule of thumb value of e = 0.8, the model has 2 unknown parameters which
can be determined using the least squared method proposed by (young 1970).
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Expected results

18 different measurements which give enough information to calculate/determine the
parameters shown in table 12.
From the variables which are measured the follow information should be determined for
each measurement:
Table 12 parameters to be measured
Parameters to be determined
Saturation temperature refrigerant at evaporator operating
pressure
Liquid enthalpy hf refrigerant at evaporator operating pressure
Vapour enthalpy hg refrigerant at evaporator operating pressure
Airside heat transfer
Refrigerant mass flow
Inlet refrigerant Enthalpy
Outlet refrigerant Enthalpy

Unit
0
C
kJ/kgK
kJ/kgK
kW
kg/s
kJ/kgK
kJ/kgK

Probably the cooling load will be higher at higher air flow rates and at higher evaporator
inlet temperatures (higher flow, bigger deltaT). But this is not sure as at lower speeds less
air is flowing but at the same time the air flow is longer in the HX which increases heat
transfer.
At lower room temperature, a lower temperature difference between working fluid
(refrigerant) and the secondary fluid (air) is expected and thus a lower heat transfer and
lower Cooling output.

Results
Results are processed and using multiple regression techniques in excel the following
model parameters are determined. R2 is 0.76 which means that 76% of the variation of
result B (in 𝐴 ∙ 𝑥 = 𝐵) is explained by regressors c1 and c2 (in x)
Parameter
C1
C2
e
R2

Value
0.467
-0.410
0.800
0.760

The formula to predict the evaporator heat transfer becomes then:

𝑄𝑒𝑣𝑎𝑝 =

(𝐻𝑔 −𝐻𝑟𝑒𝑓𝑟,𝑖𝑛 ) 𝑚̇𝑟𝑒𝑓𝑟 +0.467𝑚̇𝑟𝑒𝑓𝑟 0.8 (𝑇𝑎𝑖𝑟,𝑖𝑛 −𝑇𝑠𝑎𝑡 )
𝑚̇𝑟𝑒𝑓𝑟 0.8
1−0.410( ̇
)
𝑚𝑎𝑖𝑟

Eq. 5-20

Measured values for heat transfer rate of the evaporator are then plotted versus the
calculated values using equation 5-22. The result can be seen in figure 21. The proposed
model gives an error ranging from 6.6 to 11.2% by comparing measurement values with
calculated values. Not taken into account measurement inaccuracies.
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Figure 20 calculated values versus measured values
The model is made using variables with the ranges in table 13. The model accuracy outside
these ranges become uncertain.
Table 13 variables and their ranges used to determine the parameter c1 and c2
Variables
Mass flow rate of air
Mass flow rate of
refrigerant
Superheat of refrigerant
Pressure in evaporator
Inlet air temperature
Inlet refrigerant
temperature
Cooling load

Range
0.154 – 0.220
0.0064-0.010

Unit
Kg/s
Kg/s

10.3-25.9
8-9.5
21.6-30.6
4.3-6.5

o

1.16 -1.86

kW

C
Bar
o
C
o
C

Discussion
The refrigerant mass flow is calculated using an estimation of the inlet enthalpy. Normally,
we would measure the condenser outlet temperature. Find the enthalpy at that point and
assume the enthalpy before and after the expansion valve is equal. As discussed before
there is no thermocouple mounted before the expansion valve and thus a guess needed to
be done for the outlet temperature (and thus enthalpy). It is assumed that x=0.25 for the
refrigerant evaporator inlet enthalpy (e.g. hrefr,in = hl + 0.25 * hlatent). The real value for x is
dependent on condenser cooling capacity. A higher value for x would lower the hdelta and
means the calculated mass flow increases. A lower value for x would lower the calculated
mass flow rate. This potentially could change the results of the model. It can therefore not
be said if the deviation from measured value is due to wrong estimation of x or due
something else.
Measurement error is not taken into account for determining the model parameters.
Mainly because this would increase the labour intensity significantly (the enthalpy values
are manually looked up and extrapolated from tables) instead It is chosen to do three
measurements of each air flow rate. However it should be noted that, as mentioned before,
the thermocouples have a high uncertainty)
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The proposed model is valid for the ranges at which the measurements are done. Outside
these ranges the model results becomes uncertain. Ideally it would be good to more
measurements whereby the mass flow of the refrigerant is changed more.

6 Conclusions, discussion and recommendations
Conclusions
The overall objective was to gain knowledge about a solar assisted air-conditioning system
and develop a model to simulate the system. Initially a list of research questions was made
in order to quantify ‘gaining knowledge’ about the system. The plan was to answer them by
using measurement data and creating a model to perform simulations. A lot of questions
on this list are still open and they are also not included in this report. It is also not
succeeded to make a working model of a solar assisted air conditioner.
Although it is not succeeded to make a working model of the system which could be used
to simulate performance. It is succeeded in making a model to predict the performance of
the evaporator. This model is currently within 11% accurate.

Discussion
Performance evaluation
Initially a list of research questions was made in order to quantify ‘gaining knowledge’
about the system. A lot of questions on this list are still open and they are also not
included in this report, mainly due to the fact the focus of this study went to much to
trying to make a model and to try make correct measurements (and calculations).
There are measurements done in this report, however due to too many ‘unknowns’2 it is
difficult to draw conclusions from them.
The model
Before the start of start of the model design a software study was done in order to find the
most suitable software to do this project. It was concluded that TRNSYS is not the ideal
package to perform this research as it is difficult to design your own components. The
main reasons to still go for using TRNSYS is because of the availability (or non-availability
of the other suitable packages) of this software at the university and because a previous
research performed by (Vakiloroaya & Ha, 2012)in where they also used TRNSYS to
model a similar system. It was asked to reproduce their research with a similar solar airconditioning system in Taiwan.
Over a month is spend to try to learn TRNSYS, search the right components in its
database. And try to recreate parts of the model. In the end parts of this process is left out
in the final report. Some difficulties are discussed below:
One difficulty was to design a thermosiphon vacuum tube collector. A vacuum tube
collector component exists as well as a tank with internal HX. However the connection
between them ‘modelling the free convective flow’ is not easily done. A lot of research is
already done on creating a thermosiphon system in TRNSYS and with help of this it is
possible to create such a system model. Only downside is that the vacuum tube collector
needs performance values η0, a1 and a2 and IAM data. It is unknown what these values are
2

system behaviour (controls), evaporator and condenser behaviour, refrigerant flows.
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for our solar air conditioner (no test data available). However data from a similar collector
could be taken and results from the model could be compared with our measurement data
to see how well they agree with each other.
Another difficulty was the air conditioner component: There is a connection between the
solar part of the system and the air conditioner part of the system. The refrigerant passes
the solar tank before it goes to the condenser. The existing components cannot be used to
model this. So it had to be designed manually. A programming language called
FORTRAN could be used but then I should learn this language. I saw there was also the
possibility to plug in a Matlab code into the TRNSYS model.
I investigated this possibility as I am familiar with Matlab and I concluded that this was a
better solution than using FORTAN to code the components. However when I tried to
run an example code I found out that there were some software-related issues (32bit
TRNSYS vs. 64bit Matlab version) which I could not resolve.
On top of that the refrigerant (R410A) properties are not programmed into TRNSYS so
in order to determine enthalpy (or temperature and pressure) values at each point of the
cycle a code should be written containing the enthalpy/pressure/entropy equations or a
code to get these values from thermodynamic property tables.
I decided to continue with modelling the evaporator model in which it is succeeded to
make a hybrid model using mathematical equations and measurements. This model (or the
method) can be used in future research.
I tried a lot of different things in order to model the system but I did not manage to make
a working model. This research only contains the evaporator which can be used in further
research to make a complete model.

Recommendations
It is very difficult to evaluate the performance of a system while a lot of the systems
component details are unknown. Each of the heat exchangers specifications were
unknown as wel as the systems behaviour (how are the controlls programmed?)and the
solar collector specifications. It is suggested to try to get to know as much as details as
possible (maybe work together with a manufacturer?) if continued to try and model the
system. If so it is suggested to continue developing the model by using Engineering
Equation Solver (EES). With this software heat pump cycles can be simulated.
Or as an an alternative try to make a measurement setup and control the measurement
parameters as done by (Abid & Jassim, 2015). This way performance and improvements
on the system can be compared easily with before.
The method used in this study to model the evaporator performance can also be used to
model the condensor.
Currently to process the measurement data is very labor intensive and a lot of assumptions
are need to be made. It is suggested to try to reduce the amount of assumptions to be
made by improving the test setup, using more accurate sensors and review the location of
them. Also implement sensors to determine the mass flow.
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Equipment`
List of equipment
Name
Power meter
Power clamp
Thermocouple
Pressure gauge
Air flow meter
D.a.q. Fluke Hydra
Secondary temperature sensor
Irradiance meter

To monitor
Power consumption
Power
Current
Temperature
Pressure
Flow speed
Flow temperature
Convert voltages
thermocouple to Celsius and
record the data
Temperature
humidity
Irradiance

unit
Kwh
W
Ampere
Voltage (difference)
Kg/cm2 (bar)
m/s
Celsius
Voltage  Celsius
Celsius
%
J/m2

Power meter
Power consumption of the system comes from 3 components: The indoor fan, the
compressor and the outdoor fan. Electric consumptions by controller and electronics are
negligible small compared to these 3 components. Of these the compressor has highest
electric consumption if in use.
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The power consumption measurement will be done using the SPG-26MS power monitor.
Specifications are shown in the table below. Power consumption accuracy is 2%
Name
Voltage
Current
Power
Voltage-ampere
Frequency
Power factor
Cumulative power
consumption
Integrated hours

Unit
V
A
W
VA
Hz
PF
kWh
Hours

Interval
Sec
http://www.okmr.co.th/th/Electric_product.html

Range

Accuracy

85～250

1%

0～15.00

1%

0～3,750

2%

0～3750

2%

50～63.0

2%

0～1.00

0.03

0～9999

2%

0～9999

30ppm

1

-

For the experiment::
To monitor
Unit
Power consumption kWh
Power

W

Monitoring
Time resolution
Manual reading Experiment time
(or manual
reading interval)
Manual reading 1 sec interval

Type of value
Total cumulative
value
Instant value

Thermocouples
K-type thermocouples with temperature range -2000C to 12500C with uncertainty 2.20C or
0.75% are used to measure the temperature.
They are mounted on the outside of the refrigerant tubes and are then insulated.
Temperature difference due to insulation are neglected.
To monitor
Temperature

Unit
Monitoring
Voltage
Automatically
converterd by DAQ
to oC by
D.A.Q.

Time resolution
Minimal 3s
interval, bigger
interval possible

Type of value
Instant value

Pressure gauges
To measure the pressure, pressure gauges are installed these are referenced zero against
ambient air pressure, this means the value to be read are equal to the absolute pressure
minus atmospheric pressure. Atmospheric pressure is assumed to be constant at 1 bar.
The divisions on the gauges are 0.5 Bar. Reading to the nearest division gives an error of at
maximum +/-0.5 Bar. This is a uniformly distributed uncertainty .
The (type B) uncertainty of the reading is calculated from 𝑢 =
Where a is the half width (0.25 Bar)
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𝑎

.

√3

Result gives Uncertainty u = 0.14 Bar
To monitor
Pressure

Unit
Bar

Monitoring
Manual
reading

Time resolution
Manual reading
interval

Type of value
Instant value

Air flow
Airflow measurements are done with the CHY-360 anemometer. It can measure the speed
in m/s and the temperature of the airflow in Celsius.
Name
Fluid speed
Temperature

Unit Resolution
m/s 0.01
o
C
0.1

To monitor
Unit
Power consumption kWh
Power

W

Threshold
0.3
-

Range
0.0-30.0
0-45

monitoring
Time resolution
Manual reading Experiment time
(or manual
reading interval)
Manual reading 1 sec interval

Accuracy
+/- 3%FS
+/-0.5%
Type of value
Total cumulative
value
Instant value

Irradiance
The Solar radiation is measured with HD2102 photo-radio meter with Irradiance LP471
probe. The probe is placed on the tank with same angle as the collector tubes The total
Irradiation on the probes surface will be measured.
To monitor
Irradiation

Unit
J/m2

Irradiance

W

Name

Unit

Fluid speed

W/m2

Temperature

o

C

Measurement range
(W/m2)
Resolution (W/m2)

Monitoring
Time resolution
Manual reading Experiment time
(or manual
reading interval)
Manual reading 1 sec interval

Measurement
range (W/m2)
0.1*10^-3 to
999.9*10^-3
0.1

0.1*10^-3 to
999.9*10^-3
0.1*10^-3

Name
Spectral range
Calibration uncertainty
Drift after 1 year
Instrument reading error
Working range

Type of value
Total cumulative
value
Instant value

Resolution

Range

Accuracy

0.3

0.0-30.0

+/- 3%FS

-

0-45

+/-0.5%

1000 to 19.999

20.000 to 199.999

0.001

0.01

Value
400-1050
<5
<1
+/- 1
0-59

Unit
Nm
%
%
Digit
o
C
47

200.000 to
1.999.999
0.1

Fluke Hydra
The fluke hydra D.A.Q. is used to measure the temperature at each stage using
thermocouples.
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Software evaluation
In this chapter several software programmes which can be used to simulate the system are
discussed. A small summary, the possibilities as well as the positives and negatives of each
programme are written down and a choice is made in which software programme is going
to be used to model and simulate the system in.

TRNSYS: transient System Simulations
TRNSYS is developed at the university of Wisconsin and is a transient simulation tool with
modular structure tool. It has a lot of libraries for components and the software itself is
very flexible to make custom models. Demo version only allows for use of 5 components.
Advantages:
 Powerful simulating tool
 Wide range of component libraries
 Very flexible to customisation
 Built in weather model
Disadvantages
 Complex to use and therefore not easy to learn
 Customising models needs to be done using Fortran

INSEL Integrated Simulation Environment Language
Insel is developed at university Oldenburg, Germany. It has a structure similar to TRNSYS
and there are fewer libraries and toolboxes available compared to TRNSYS but it requires
less work to create own models (again using FORTRAN) . It offers less flexibility than
TRNSYS but is still a strong tool for complex analysis, especially for control issues.
Among the available toolboxes are: Energy meteorology, solar electrical, solar thermal
systems and some detailed AB-Adsorption and DEC system blocks.
All functions of INSEL can be used independently in other software such as excel,
labview, matlab/Simulink, PVSOL and T-sol
Advantages:
 Good simulating tool, especially strong for control issues
 less component libraries than TRNSYS
 flexible to customisation
 Built in weather model
 All functions of INSEL can be used independently in other software
Disadvantages
 Validation of models is essential
 Customising models needs to be done using Fortran

Matlab/Simulink
Simulink® is a block diagram environment for multidomain simulation and Model-Based
Design. It supports simulation, automatic code generation, and continuous test and
verification of embedded systems.
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Simulink provides a graphical editor, customizable block libraries, and solvers for modeling
and simulating dynamic systems. It is integrated with MATLAB®, enabling you to
incorporate MATLAB algorithms into models and export simulation results to MATLAB
for further analysis.
http://www.mathworks.com/products/simulink/?requestedDomain=www.mathworks.co
m

Polysun
Polysun is developed by the Swiss company Velasolaris and is used for the design and
simulation of solar thermal systems.
Advantages:
 User Friendly interface
 Easy to make models based on existing components
 Good pre-design tool for existing models.
Disadvantages
 Limited modelling and integration possibilities

50

Labview
Labview is developed by National instruments and is widely used for data acquisition,
instrument control and system automation.
It is a graphical programming environment which means the user can connect block
diagrams to each other to create functions/operations/ subroutines. This is done on the
back panel. There are indicators to show various variables and there are controls to allow
the user to supply inputs to the program. These are displayed on the front panel. The
graphical approach allows non-programmers to easily build programs.

Figure 21 front panel (left) and back panel (right)
Advantages
 Big community, lots of examples available
 Large libraries with large number of functions and filters available
 Free student version
 Possibility to model the whole system and simulate measurement setup.
 Possibility to easily adapt system, develop controls and check new results.
 After testing in virtual environment easy to convert to real experimental testing
(e.g. upload to controller and connect sensors and controls and go)
Disadvantages
 Not so quick to create and test mathematical models due to block diagram layout
 Weather data (Solar radiation, temp.) input to the system has to be manually
created

Labview with matlab integration
Labview also has a text-based programming component which is called MathScript. This
component allows users to use scripts (with mathematical equations) within the graphical
programming environment. MathScript is compatible with MATLAB.
Below is a schematic shown of how a vapour compression system design might look like
when developed in Labview in conjunction with Mathscript.
For each component (compressor, evaporator, condenser and expander) a mathematical
model will be developed. The outputs of these models will be connected to the input of
the next model. These input and outputs are variables such as temperature, mass flow.
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Figure 22 backpanel
Because a loop is created initial values for temperature and mass flow are given. These
values can be given by the user in the front panel. In order to ‘measure’ the simulated
values after each component a temperature and mass flow indicator can be placed to read
the values of the variables.

Figure 23 frontpanel
Advantages
 quicker to create and test mathematical models due script layout
Disadvantages
 Also Matlab software (and knowledge) is required for building the mathematical
blocks

Appendix : flow measurement results

mean flow
standard deviation

0.1835 mean temperature
0.0010 standard deviation

19.44
0.650667

standard uncertainty

0.0004 standard uncertainty

0.290987
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mean flow
standard deviation
standard uncertainty

0.158064
0.000461
0.000206

mean flow

0.1285

standard deviation
standard uncertainty

0.0006
0.0003
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Evaporator model measurement results
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Multiple linear regression
c1 *1
c2 * 2
=
0.482540845
0.10316198
0.491446334
0.108072586
0.45627256
0.096511849
0.467052645
0.080634248
0.471583086
0.083024412
0.413659606
0.07706015
0.543952537
0.072966973
0.479897259
0.075022866
0.44539391
0.075906937
0.371258518
0.101918331
0.389764795
0.113770765
0.388100575
0.106561665
0.499451491
0.138069385
0.502122585
0.141104574
0.488778442
0.135364657
0.482092915
0.144291504
0.517654774
0.160643236
0.495967069
0.150664752

B
0.149266953
0.149265096
0.142008698
0.143918155
0.145042021
0.135844948
0.17370729
0.161332966
0.159016213
0.086875983
0.093055198
0.089731798
0.122303979
0.122931207
0.117605508
0.141241184
0.156819042
0.148480982

Summary:
data for regression
Meervoudige correlatiecoëfficiënt R
R-kwadraat
Aangepaste kleinste kwadraat
Standaardfout
Waarnemingen

0.871677451
0.759821579
0.72779779
0.013169946
18

Coëfficiënten

Standaardfout

Snijpunt
c1 *1
c2 * 2

-0.037562486
0.467349007
-0.409761599

Laagste 95%

0.031752193
0.070298794
0.113820253

Hoogste 95%

T- statistische
gegevens
-1.182988691
6.648037335
-3.60007633

Laagste 95.0%

P-waarde
0.255225
7.77E-06
0.002625

Hoogste 95.0%

Snijpunt

-0.105240684

0.030115713

-0.105240684

0.030115713

c1 *1
c2 * 2

0.317510674
-0.652363725

0.617187339
-0.167159472

0.317510674
-0.652363725

0.617187339
-0.167159472
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