


9. Calculations
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Figure 9.2.: Example of weather data implemented in a 1D-Look Up
Table block.
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Figure 9.3.: Implentation of convection heat transfer in Simulink

database. Volumetric efficiency is determined in accordance with eq.
B.10] Finally, displacement, rotational speed, density, and volumetric
efficiency are multiplied to determine the refrigerant flow rate. The
implementation can be viewed in figure 0.6

The working enthaplies subsystem receives evaporation temperature,
condeser temperature and pressure ratio as input and use these two
parameters to determine the working enthalpies of the heat pump. It
is assumed a heat pump cycle where state 1, inlet of compressor, is
located at vapour saturation line and state 3, outlet of condenser, is
located at the at the liquid saturation line. Further, it is assumed
an isentropic efficiency of the compressor determined by the pressure

ratio over the compressor and an isenthalpic throttling process from the
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Figure 9.4.: Implementation of radiation exchange in Simulink.
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Figure 9.5.: Implementation of heat pump subsystem.

condenser to the evaporator. hjand hs are obtained from 1-D Lookup
tables and hs4, an idealized compressor with no loss, is calculated by
2-D lookup table with pressure the condenser side and the entropy at
state 1. After these operations the corresponding enthalpy differences
for compressor, evaporator, and condenser are determined and given
as output. The implementation of working enthalpies can be viewed
in figure

The pressure ratio are simply determined by 1-D Lookup tables using
evaporation temperature and condesing temperature of the heat pump
to determine saturation pressures. Further, the saturation pressure and

evaporation pressure are divided to give the pressure ratio as output.
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Figure 9.7.: Implementation of working enthalpies in Simulink.

The implemenation can be viewed in figure [0.8]

0.1.5. Water tank

The water tank model assumes that all heat rejected on the condeser is
transferred to the water. Moreover, condenser temperature is assumed
to be 10 degrees above the water temperature at any given time. The
temperature differential of the water is detemined by the heat rejected
divided by the thermal mass of the water, and this differential is then
integrated to determine det water temperature. The water tank stops

heating at 330 [K]. The implementation of the water tank can be viewed

in figure
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Figure 9.8.: Implementation of pressure ratio in Simulink.
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Figure 9.9.: Implementation of water tank in Simulink.

9.1.6. Energy dynamics

Energy dynamics of is implemented by adding and subtracking the
energy flows in into the plate evaporator in accordance with equation
B.1] The thermal mass is divided and the temperature differential of the
plate is the remaining output that is further handled by an integrator
to give the plate temperature. The implementation of energy dynamics

can be viewed in figure [9.10

9.1.7. Model output

The model predicts the performance of the heat pump based on the

solar radiation, ambient temperature and wind speed. Output values
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Figure 9.10.: Implementation of energy dynamics.

of different properties like COP, pressure ratio etc. are stored in a

mat-files which are later used to make plots from the simulations (see

figure [9.11)).

9.2. Calculations of experimental data

The power consumption of the compressor is calculated by the trapz-function
in MATLAB and the total energy transfer to the water was calculated
by the temperature rise of the water mass. Total heat rejected divided

by total power consumption determines the overall COP.

CPwaterMASSyater ATwater

COPoverall = f W dt
comp

(9.1)

26



9. Calculations
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Figure 9.11.: Exporting output values from a simulation into mat-files.
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10. Presentation of results

This section will present the results from both experiments and simulation
of a the SAHP. The experiments were conducted using R22 and the
simulation compares both R22 and R290. Experiments were conducted
on a 150 liter water tank under overcast and sunny weather conditions

and the simulation model uses these weather data as input.

10.1. Weather conditions during experiment

Solar Radiation Intensity During Experiments
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Figure 10.1.: Radiation conditions during experiments.

Experiments on an SAHP were conducted in overcast and sunny

conditions on the 24th of November and 3rd of December, repectively.
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10. Presentation of results

Ambient Temperature During Experiments
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Figure 10.2.: Ambient temperature during experiments.

Mean weather conditions can be viewed in table [10.1]

Date: | Overcast 24.11.2015 | Sunny 03.12.2015 |
Mean Temperature [C] 14.6 12.3
Mean Solar Radiation [W/m?] 80 363.4
Mean ten-minute wind speed [m/s] 1.3 2.3

Table 10.1.: Mean weather conditions during days of experiments

The weather data was aquired from from the top of the GEL laboratory
at SJTU which logs different weather data with 5 min intervals. Radiation
data can be seen in figure [I0.I} ambient temperatures data in figure
and wind speed data in [10.3

10.2. Experimental results

In both experiments 150 liters of water was heated to a set point of
55 [C]. Experimental results can be viewed in table [10.2] Plots of the
data logged during the experiments can be viewed in figure [10.4] and
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10. Presentation of results

Ten-Minute Avg. Wind Speed During Experiments
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Figure 10.3.: Ten-minute average wind speed during experiments

Date | Overcast 24.11.2015 | Sunny 03.12.2015 |
Totart|C) 18 15
TondC] 55.5 55
Heating time [min] 381 (6 h 21 min) 428 (7 h 8 min)
Mean COP [] 3.30 3.29
Mean Condenser effect [W] 1043.8 960
Mean Compressor power [W] 307.9 291.8

Table 10.2.: Results from experiments

figure showing compressor power consumption and water tank
temperature during experiments, respectively.

10.3. Simulation results

The compressor work from the simulations predicts a higher compressor

work during sunny weather data compared to overcast weather data

This indicates that the convective heat transfer is very important for

the heat pump model.
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10. Presentation of results

Compressor Power Consumption During Experiments
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Figure 10.4.: Compressor power consumption during experiments.

in table [10.3] the outputs are calculated with the data series until the
water temperature reaches its set point of 55 [C]. Figure [10.6] shows

\ Date | Overcast 24.11.2015 | Sunny 03.12.2015 |
R22 Mean COP [-] 7.38 7.95
R22 Mean Condenser Effect [W] 1269 1508
R22 Mean Compressor Work [W] 167 189
R22 Heating Time |[min] 320 (5 h 20 min) | 286 (4 h 46 min)
R290 Mean COP [-] 4.90 8.11
R290 Mean Condenser Effect [W] 1508 1092
R290 Mean Compressor Work [W] 236 192
R290 Heating Time [min] 380 (6 h 20 min) | 343 (5 h 43 min)

Table 10.3.: Key output parameters from simulation model.

compressor work for R290 and R22 with sunny and overcast weather
data, respectively.
Plots of the simulated condenser effect can be viewed in figure [10.7]

The simulation model predicts a significantly lower pressure ratio for
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10. Presentation of results

Water Tank Temperature During Experiments
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Figure 10.5.: Water temperature during experiments.

R290 compared to R22. The results is also expected due to the thermophysical
properties of R290. Plots of the simulation results for pressure ratio can
be viewed in figure Figure shows the predicted COP plots
from simulations. The plate temperature is predicted to be slightly
higher for R290 and plots of the simulation results can be viewed in
figure [10.10] The simulation model predicts that R22 will heat the
water in the water tank faster than R290 and the simulation plots can
be viewed in figure [10.11] The volumetric efficiency is on average
the same for R22 and R290 in simulations and figure [10.12] shows
the predicted volumetric efficeincy from the simulation model. The
simulation model predicts mass flow rate of R290 is 49% compared to
R22 in simulations, which is to be expected due to the thermophysical
properties of R290. Plots of the predicted refrigerant flow can be
viewed in figure [10.13
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Simulated Compressor Work
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Figure 10.6.: Predicted compressor work from simulations for both

R290 and R22.

10.4. Comparison between simulations and

experiments

The simulation results predicts a higher efficiency of the heat pump
system than the experiments, and further a higher effects in both
condenser and evaporator. The simulation model is closely linked to a
weather data input and simulation results is hence closely correlated
with the solar radation. The experimental results are less fluctuating

than the simulation model.
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Simulated Condenser Effect
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Figure 10.7.: Predicted condenser effect for both R290 and R22.
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Figure 10.8.: Predicted pressure ratio for both R290 and R22.
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Simulated Coefficient of Performance
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Figure 10.9.: Predicted COP for both R290 and R22.

Simulated Plate Temperature
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Figure 10.10.: Predicted plate temperature for both R290 and R22.
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Simulated Water Temperature
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Figure 10.11.: Predeicted hot water temperature for both R290 and

Simulated Volumetric Efficiency
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Figure 10.12.: Predicted volumetric efficiency for both R290 and R22.
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Simulated Refrigerant Flow
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Figure 10.13.: Predicted refrigerant flow for both R290 and R22.
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11. Discussions

This discussion section will highlight some improvements that should
be done regards to simulation model and further some thoughts on

how SAHPs can be incorporated in a beneficial way.

11.1. Suggested improvements of

experiments

The solar-collector evaporator is the most important feature of a DX-SAHP
and investigations into effective solar-collector design is needed. A
proper test-rig where new solar-collector evaporator designs, different
compressors, expansions valves and other components easily could be
changed would greatly facilitate the speed of experiments and results.
A test rig should have all neccessary measurement built-in as pressure
sensors, temperature sensors, flow meters etc and be automatically
logged to a computer software. Key components should be easy to
change so that a range of experiments can be conducted in a short

time comparing different components and refrigerants.

11.2. Suggested improvements in simulations

Building a simulation model from “scratch” is great learning but the
results have a great chance of not being realistic or a greater possibility
for failure. I would suggest to develop a some kind of framework
for SAHPs in modeling softwares like Dymola, TRNSYS, or more
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11. Discussions

detailed CFD solutions in softwares as Fluent. A team should develop
this together and document the process and validate the models with

experiments.

11.3. From a technical and theoretical

possibility to a commercial success

A key point to be highlighted in this thesis is that SAHPs have an
advantages under certain conditions and that it will inevitably going
to compete with other heating technologies. From a consumer point
of view, investment cost and the fact that hot water will be available
when they need it is of prime imporatance. If consumers want hot
water in the morning heat produced the day before must be availible
next morning, preferably, to avoid night time operation. Installation
personel will judge SAHPs by their abillity to be easily and fast to
install. From an environmental point of view, SAHPs ability to generate
energy savings will be the crucial factor. This fact argues for different
actions at different levels and, most importantly, to ensure that SAHPs
are installed where they have a high probability to give energy savings
compared to other techonologies. In practical terms, this means that
SAHPs need to be built for different conditions, e.g. we can envision
different SAHP models for different levels of solar irradiation. Futher,
SAHPs should be designed to meet the heating demand when it is
needed the most. However, this might also call for a need for backup
heating solutions like natural gas or electric heating. Practical implementation
might suggest that a SAHP will meet the full heating demand in
10 out of 12 months and partially meating the demands in 2 winter
months with a backup heating from electricity or gas to handle peak
heating loads. The point here is to put forward a specified roadmap
for SAHPs expicitly stating how SAHPs can out-perform other heating

technologies in a variety of parameters and truly define its place as a
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11. Discussions

heating technology.

Many authors suggests variable speed compressors to be implemented
with SAHPs so the evaporator effect can be closely matched with the
incomming solar radiation. For small kit system of SAHPs a two-stage
regulation of compressor speed might be all that is needed to ensure a
proper regulation and an elevated evaporation temperature.

Water tank design. Ensuring the possibility of hot water is also
important. This might argue for a water-tank design that is a different.
One can envision a tank where 50 liters is garuanteed to be heated and
100 additional liters that are heated in times of solar radiation. Hot
water tanks also have to be ensure safety in terms of growth of bacteria

as salmonella.

11.4. Suggestions on how to organize a work

group

A basic team should be devoted to research on Solar-Assisted Heat
Pumps at SJTU and have online document base where what work
that has been done is availible and who has done it. This is especially
important when dealing working internationally as language and cultural
barries can be of hindrance of progress. Having a clear idea of status
and direction in research is therefore even more important.

The more easy it is to start understanding, developing, and learning
a new technology the greater the chance is for success. By having
a team working on these problems consistently over time focusing on
specific tasks, it can more easily be carried out and pace of development

can improve.
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12. Conclusions

Experiments were conducted on a SAHP with R22 as refrigerant with
in overcast and sunny weather conditions with and average COP of
3.39 and 3.29, respectively.

A simulation model was developed to compare R22 and R290 as
refrigerant. The simulation model used experimental weather data as
input and predicted an COP of 4.68 for R290 and 4.47 for R22. The
simulation model predicted a refrigerant flow of 49% less for R290
compared to R22. The simulation model is not validated by any
experiment.

In the discussion section it is suggested to build a test rig for SAHP
where key components can easily be changed and experiments rapidly
conducted. The process of research on SAHPs should be documented
and follow a clear stated strategy. The approach of research should be
more team-based, meaning that we students work in structured manner
to solve research problems concering SAHP. SAHPs should further be
developed with natural refrigerants as the world as a whole is trying

to move away from environmental hamfull artificial refrigerants.
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13. Proposals for further work

Based on findings, investigations, and conclusions in this report following
tasks should be concidered regarding SAHPs.

o Develop a sealed Solar-Assisted Heat Pump using R290 as working
fluid in compliance with EN378 regulations. Note that max.
charge of R290 is dependant on room size but should not be a

problem it the water heater is situated on a balcony.

o Make a test rig which can easily perform measurement on different

collector-evaporator designs and compressors.

o Investigate different collector-evaporator designs, like designs with
a concentrators to further elevate the evaporation temperature

during periods of direct solar irradiation.

o Develop different SAHPs for different climate conditions based
on mean radiation and mean temperature in heating season.
Example of design parameters can be ambient temperature of
10 [C] and mean radiation 500 [W/m?].

 Different SAHPs for different customers. A residential customers
have different needs than that of a hotel hotel customer. Easily

installable SAHP kits should be developed residential customers.

o Have clear design criteria, eg. that the solar assisted heat pump
only will work when elevated temperatures can be achieved. If

the same location is using PV-panels, PV output can be used
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13. Proposals for further work

as an indicator when to start the SAHP. Develop digital portal

where people can estimate their potential for solar energy like

PVWatts Calculatorlll in the US.

e Develop a specific roadmap with concrete tasks for the development
of SAHP. Have clear projects where specific tasks are handled
and work on them in teams. Have “task force” which will work
on different issues concering a SAHP and can easily integrate
new team members. This is especially important when including

people of different nationality.

Lyisit pvwatts.nrel.gov/index.php
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A. MATLAB Scripts

A.l. Initialisation

script

1 %Loading scripts

2

3= load ("wind03dec.mat') % wind data from 03 december

4 = load ('radf3dec.mat") %2 radiation data from 03 december

S= load ('templ3dec.mat') % temperature data from 03 december

& — load('time03dec.mat') %2 time data from 03 december

7

8 - load ("windZ4nov.mat') % wind data from 24 november

o= load('rad24nov.mat") % radiation data from 24 november

10 — load('tenpZ24nov.mat') % temperature data from 24 november

11— load('time24nov.mat') %2 time data from 24 november

12

13 = load ('exZ24nov.mat") % experimental data from 24 November

14 — load ('ex03dec.mat") % experimental data from 03 December

15

16 — propertygenerator % script for generating refrigerant properties
17

1z %Parameters for Solar Assisted Heat Pump

18

20 — absorbtivity = 0.94; % absorbtiwvity [-]

20 = area_solar = 2.2%.8; % collector area [m™2]

22 — area_convection = 2.2%2%(16*%.08); tarea for convection [m"2]
= cp_plate = 0.9020; % specific heat aluminum/collector [kJ/kg-K]
24 — emissivity = 0.2; %2 emissivity for collector

25— mass_plate = 9; % mass of evaporator material in [kg]

26 — sigma = 5.67e-8; %2 stefan-boltzmann constant

27 = thermal_mass = &30000; % thermal mass of 150 liter water [kJ/K]
28 — rps = 2860/60; % revolutions per second for the compressor
20 = displacement = 7.4e-6; % cylinder displacement in m"3

30 — phi 0 = 0.15; % displacement fraction for compressor
21 = area tube = 16%2%(0.0032."2*%pi); %internal area tube evaporator
32

33
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A. MATLAB Scripts

A.2. Property generator

[ R R I T

T S O i T I I TR T B R T R R T B R T R R N R N R N i =l el =l e e i s e =
L L S T e e R B O A e T R L e R N T e T e = N LI = T O S =

This script makes termodynamic relations for a heat pump cycle from the
NIST BRefprop database.

State point one, inlet compressor, and state polnt 3, outlet

condenser, are assumed to be at the saturation line of wapour and liguid,
respectively, of the refrigerant chosen. 5tate point 2 can be obtained by
knowing the entropy of state point 1 and pressure of state point 3. The

throttling process from state 3 to =state 4 is assumed to be isenthalpic.

The data generated here is further used in a simulink model of a
solar-assisted heat pump.

o o0 o o W o ol M o o0 o o

% Parameter range for properties.

P_upper = 5000; % upper pressure in kPa
P_lower = 200; % lower pressure in kPa
P_delta = 50; % pressure increment in kPa

i

T upper = 369; % upper temperature in
T_lower = 250; % lower temperature in K
T_delta = 1: % temperature increment in K

5 upper = 2000; % upper entropy in J/kg-K
5 lower = 1500; % lower entropy in J/kg-K
5 delta = 10; % entropy increment in j/kg-K

fRefrig = '"R22';
Refrig = 'propane':;
i=1; % matrix index

FInitilizing matrixes

h gas = zeros((5 upper-5 lower),/5 delta, (P_upper-F lower) /P _delta);
h =satligq = zernst(T_upper—T_lower}fT_delta,l};
h satgas = zerost(T_upper—T_lower}fT_delta,l}:
s_satgas = zerosttT_upper—T_lower}fT_delta,l}:
P_=atlig = zerosttT_upper—T_lower}fT_delta,l}:
D zatgas = zeros((T_upper-T lower)/I delta,l):;

Temperature = T lower:T_delta:T_ upper;

Pressure = P_lower:P_delta:P upper;
Entropy = 5_lower:5_delta:5_upper;
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A. MATLAB Scripts

for T=T_lower:T delta:T_upper
h saclig(i,l) = refpropm('H',
h satgas(i,l) = refpropm('H',
s_satgas(i,l) = refpropm('s’
P =atlig(i,l) = refpropm('F’
D =zatgas(i,l) = refpropm('D’,
i= i+1;

end

i=1; 3%*matrix index

j = 1; %Ematrix index

for 5 =5_lower:5 delta:5 upper
for P=P_lower:P_delta:P_upper

h gas(i,j) = refpropm('H",
j = i+1:

end
i=1i+l;
j=1:

end

% finalization of data.

h_gas = h_gas/1000; %

h_satlig = h_satlig/1000; %
h_satgas = h_satgas/1000; %

K

K

cpfcv

refpropm('E",'T',300,"E",

2000,

49

'p',B,"

o O 0

N =l

[

Refrig):;

,0,Refrig):
0',1,Refrig):
0',1,Refrig):
Q',0,Refrig)
Q',1,Refriqg)

5',5,Refrig):

fretriveing the cp/cv ratio



	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	

	
	
	
	
	
	
	
	
	

	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	
	


