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1. INTRODUCTION 

1.1. Importance of the topic 
Examined the types of energy it can be said, that our energy production is based on 
fossil energy sources. These stores are running down, their prices are increasing. 

In the last few years problems of pollution in connection with energy production 
have increased, as well. The increasing CO2 level generates a growing average 
temperature on Earth caused by greenhouse effect. The NOx and SO2 could cause 
the end of biosphere by acid rain. The world sees solution in renewable energy 
sources, such as solar energy and its indirect forms: the biomass, wind, geothermal 
energy and hydraulic energy. 

The Faculty of Mechanical Engineering of Szent István University has been 
researching the renewable energy sources. Many works are done in these topics in 
PhD School (wind energy, biomass, solar drying, etc.) The Department of Physics 
and Process Control of the Faculty of Mechanical Engineering primarily has been 
dealing with the direct use of solar energy for more than 15 years. These all 
indicated a centre of researching, teaching and demonstrating solar energy, which 
was built on the Department. Besides the weather station there are solar collector, 
solar drier, photovoltaic panels and transparent insulation wall. Achievements on 
renewable energy researches – especially solar energy researches – are appreciated 
in Hungary and in the world as well. 

The two most important branches of direct use of solar energy are: photovoltaic 
cells (solar cells, PV cells) and solar collectors for producing domestic hot water. 
Unfortunately, solar modules are rather expensive (about 1 million HUF/kW), so 
they are not profitable to invest, but these are to be the most important in using 
solar energy. 

Solar collectors for producing domestic hot water are already profitable. Their 
payback time is about 5-8 years. Their working process is simple. Sunlight has 
been used for heating water for a long time. Avoiding winter freezes, double circle 
collectors are used in most of the cases. Sun heats an antifreeze fluid. With a heat-
exchanger the fluid warms the domestic water. In most of the cases this fluid based 
on propylene glycol. Ethilglycol is forbidden to use because it is toxic, and it could 
get into the domestic water in case of system failure. Propylene glycol is not 
poisonous, and it is already used in food industry. 

Improving the efficiency of solarcollectors is an actual problem to solve. But for 
thermotechnical examination and development the physical properties of propylene 
glycol are needed, and the accessible documentary is incomplete as far as these 
parameters are concern. 
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1.2. Aim of the work  
 
I aimed to determine the most important physical parameters of propylene glycol 
and its effects to collectors. I examined solution of water and propylene glycol, so 
called solar fluid. 
 
During the work I intended to determine the following parameters of the fluid: 

• Density 
• Dynamic viscosity 
• Refraction index 
• Thermal conductivity 
• Specific heat 
• Photocolorimetric features 

I determined these parameters of the solar fluid by using available instruments, but 
sometimes I had to improve or create the instrument itself. Basically I intended to 
examine changes of the physical parameters at different rate of solution with water 
and at different temperature.  
As the efficiency of the collector is concern, the aimed parameters are the most 
important, so I didn’t intend to examine others (electro-magnetic, chemical, etc.) 
With parameters determined this way I planned to examine the flow of a certain 
collector and the effects caused in the collector by these parameters.  
 
I wish to make some notes on the parameters: 

• The consistence of the solar fluid (solution of water and propylene glycol) is 
usually given in volume percentage. To be able to give the mass-percent as 
well, the knowledge of density of the fluid is necessary. 

• As the flow is concern, the most important physical parameter is the 
viscosity. I will explain the importance of laminar or turbulent flow later in 
my work. It is important for the heat-changing method. For turbulent flow 
the Reynolds number is necessary, which contains the viscosity as well. 

• With the refraction index the water content in the fluid can be determined 
very precisely. This content has effects to every physical parameter.  

• Knowledge of thermal conductivity is essential when examining a 
thermotechnical instrument. 

• Similarly, the specific heat – as basic thermal parameter – determines the 
work of the collector. 

• The colour of the fluid has conspicuously changed after flowing for years in 
the instrument (it turned into brown). So I planned to examine the 
colorimetric features of the fluid, compared to the wave-length of the light. 

• In case of certain system failures the fluid could reach higher temperature 
than the working temperature. I intended to examine this problem, as well. 
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The physical parameters of the solar fluid have effects on the energy production of 
the collector. In every collector the speed of the fluid can be changed by the 
circulating pump. At small speed the flow is laminar, at greater speed the flow can 
turn to turbulent (the limit is changing in different parts of the collector). When 
laminar, energy transfer is carried out by thermal conduction, when turbulent, the 
flow of heat will be more efficient. (In small amount the thermal conduction will be 
remarkable). As laminar–turbulent transition depends on the Reynolds number, the 
physical parameters have effects on this transition.  
 
I aimed to examine the effects of the parameters of the fluid on flow, especially on 
turbulent flow. 
I planned to examine the changed (brown) colour of the fluid primarily with photo 
colorimeter and whether overheating causes any changes in the fluid of not. 
 
 

2. MATERIAL AND METHOD 
 
2.1 The solar fluid 
I examined the solar fluid, which is a solution of propylene glycol and water. The 
propylene glycol is 1.2 propylene glycol, precisely. 

Its other names are: 1.2 propanediol, 1.2 dihidroxi-propane, or monopropylene-
glycol (MPG)] 

Its formula is: C3H8O2 

   

CH3 C C OH

H H 

H OH

Its atomic formula is:  

                     

Point of congelation: -60 °C 

 

2.2 Measuring the density of solar fluid 

I used the Mohr-Westphal scales to measure the density. These scales use the law 
of Archimedes.  

2.3 Measuring the viscosity of solar fluid 
To get to know the rheological type of the solar fluid, we have to know the flow-
diagram of the fluid (function of shearing speed and shearing stress). So first I 
measured the viscosity of undiluted solar fluid. I used a Rheotest rotating 
viscosymeter and the evaluating software for the instrument. Based on 
measurements, the propylene glycol is a Newtonian liquid. For further measuring, I 
used Höppler viscosymeter, in function of dilution and temperature. This 
instrument is a falling weight viscosymeter. 
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2.4 Measuring the thermal conductivity of solar fluid 
For determining the thermal conductivity I chose stationer method. The instrument, 
that I created, is very accurate because of the relative measuring method. 

Diagram 1 shows the construction of the instrument. The upper end of the vertical, 
thin cylinder is filled with plex (a transparent, hard plastic) whose thermal 
conductivity is at the same magnitude as the conductivity of the fluid. Under the 
plex there is fluid in a thin layer. The plex and the fluid are in connection with 
copper cylinders. (The thermal conductivity of copper is much larger as the 
magnitude of the fluid’s.) 

Hot water 
out 

Hot water in (from 
thermostat) 

 
Diagram 1: Construction of the instrument for measuring thermal conductivity 

 

To avoid the heat transfer, the temperature of the upper copper cylinder  (TA) is 
higher than the lower (TB). 

I kept the temperatures of the copper cylinders constant by ultrathermostates. To 
keep the temperature of the lower copper cylinder under 20°C, I needed to place a 
Peltier cell between the copper cylinder and the cold water. I measured the upper 
and lower temperature, and the border of the plex and the fluid with thermocouples 
(TC). The thermocouples are on the axis of the cylinder. I tested their places with 
the mathematical model of the instrument. I used distilled water as reference liquid, 
because its data are reachable and precise. 

Cold water in 
(from the 
thermostat) 

Cold 
water out Peltier  

Copper cylinders 

Copper plex 

TA

fluid 

TC

TB
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The voltage of the thermocouples were read to the computer by a PCL-812 PG 
panel.  

2.4.1 The mathematical model of the instrument 

To examine the sensibility of the middle measuring point and the usability of the 
 the instrument. This is the heat instrument, I solved the mathematical model of

transfer equation in cylinder-coordinate form: 

( ) ⎟
⎠

⎜
⎝

+⎟
⎠ yy ∂

λ
∂

, 

where λ is thermal conductivity, ρ is density, T is the absolute temperature and cp is 
the specific heat. 

pical solution to the distribution of the temperature is shown on 
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At these conditions the equation cannot be solved analytically, I calculated 
numerically. A ty
Diagram 2. The solution of the mathematical model proves – among other things – 
that at the border of the two materials the temperature measured on the axis is not 
sensible to removing the thermocouples few millimetres. (Calculation was done 
under Neumann and Dirichlet conditions.) 

 
Diagram 2: Distribution of temperature in the mathematical model of the 

instrument 

2.5 M
 

 calorimeter, with relative method. 
and measured the temperature in 

easuring the specific heat of solar fluid 

I measured the specific heat of the solar fluid by
 heated the liquid in the calorimeter electrically I

every second. I used the same instrument as was used for heat transfer 
measurements. The mass and specific heat of the calorimeter and its supplementary 
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parts are unknown and practically unable to measure, so I chose the rela
to measure. For standard material I chose distilled water, because its thermal 
properties are reachable and precise. 
 
2.6 Measuring the refraction index 

tive method 

of the solar fluid 

e the refraction index. I 
sed an Abbe-type refractometer, with which the refraction index can be 

ith 

3.1 Results for density 

 
To determine precisely the ratio of dilution we should us
u
determined very precisely based on the determination of total reflection angle. W
this instrument indexes from 1.3 to 1.7 can be measured by 0.2% error. 
 

3. RESULTS 

y = -0,0067x2 + 1,172x + 999,06
R2 = 0,9988
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Diagram 3: Density of solar fluid depending on dilution on 20°C 

 
I calculat °C): 

 
where 0<α<1 is the por ylene glycol 

ed the following equation for density depending on dilution (on 20
 

ρ(α ) = -66,892 α2 + 117,2α + 999,06, 

tion of dilution, α =1 is undiluted prop
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3.2 Results for dynamic viscosity 
A typical result is shown on Diagram 4. 
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Diagram 4: Dynamic viscosity of 50% solar fluid depending on temperature 

 
I adopted the ARRHENIUS - ANDRADE – GUZMAN equation based on 
literature: 

0

E
RTeη η=  

As I took logarithm of both sides, I got the following typical curve as result. 
(Diagram 5) 

y = 4354,7x - 17,724
R2 = 0,9969

-7
-6
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-4
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0
0,0025 0,0027 0,0029 0,0031 0,0033 0,0035

1/T

ln
 (e

ta
)

 
Diagram 5: Viscosity of undiluted solar fluid depending on the reciprocal of 

temperature 
 
So to undiluted solar fluid (propylene glycol): 

4354,7
8

100 2,0071 10 Teη −= ⋅  
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To 50% diluted solar fluid:  
2728,7

7
50 5,5295 10 Teη −= ⋅  

 
Results for viscosity activating energy for both fluids: 

E100= 36,19 kJ/mol 

E50=22,67 kJ/mol. 
(3.5% error) 

I calculated polynomial fits from the different measures for the viscosity depending 
on temperature and on dilution. (Table 1) 

2( , ) ( ) ( ) ( )t A t B t Cη η ηη α α α= ⋅ + ⋅ + α , 
where the coefficients 

coefficient Dependence of coefficients on dilution Correlation 
coefficient 

 
 
 
 
 

Table 1: Coefficients of viscosity depending on dilution 

Aη(α) = 0,0249 α2 - 0,0108 α + 0,0007 R2=0,9795 

Bη(α) = - 4,0786 α2 + 1,8685 α - 0,1268 R2=0,9885 

Cη(α) = 165,89 α2- 77,335 α + 5,7668 R2=0,9767 

α- portion of dilution (0<α <1) 

 
By statement seen above the coefficients of 50% solar fluid (α=0.5) are: 

Aη (0.5)=1,525 10-3 mPas/ºC2  
Bη (0.5)=0,2122 mPas/ºC  
Cη(0.5)=8,5718 mPas 

3.3 Results for thermal conductivity 
A typical result can be seen for measuring heat transfer on Diagram 6. During 
measuring the stationer stage fixes in 10 minutes. The middle temperature 
converges asymptotically to the stationer temperature (∆t<0.1 ºC). 
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Diagram 6: Typical temperature dependence on time, with thermal conductivity 

coefficients 

 
By knowing λwater=0,5873 W/mK, the coefficient of the thermal conductivity of 
undiluted solar fluid will be 0,2227 W/mK (at 50°C). 
 
The thermal conductivity depending on dilution could be approached by a linear 
function very well (R2=0,9947). 

λ= - 0,3766 α + 0,5876 
[λ]=W/mK, 0<α<1 
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Diagram 7: Thermal conductivity depending on dilution 
 
3.4 Results for specific heat 
Diagram 8 shows a typical result of measuring temperature of 50% solar fluid 
during heating. 

specific heat-50 %
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Diagram 8: Temperature of calorimeter depending on time (with 50% solar fluid) 
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specific heat
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Diagram 9: Specific heat of solar fluid depending on dilution 

 
Determining the specific heat at different dilutions I got results shown on Diagram 
9, which implicated the following statement: 

c(α )= -19,643α + 4176,4  
 

where α is the ratio of dilution (0<α<1), c is the specific heat of the solar fluid 
[c]=J/kgK. 
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3.5 Results for refraction index 
Diagram 10 shows the optical refraction index of different dilutions of solar fluid 
on 20°C. 

Refraction index of solar fluid
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Diagram 10: Refraction index of solar fluids depending on dilution (20°C) 
 
It can be seen on the diagram and known from the correlation coefficient (R2= 
0,9947), that refraction index is changing in direct proportion with dilution. 
In Diagram 11 the refraction index of 50% solar fluid is drawn depending on 
temperature. Other dilutions produce similar data, they also have linear curve. 

y = -0,0003x + 1,3952
R2 = 0,9988

1,365

1,37

1,375

1,38

1,385

1,39

0 20 40 60 80 100

 
Diagram 11: Refraction index of solar fluid depending on temperature 
 
Based on measurements my statements can be read in the chapter „New scientific 
results”. 
Because usually measurement is at 20°C, 
 

n = 0,1033 α +1,3347 
[n]=[α]=1. α: ratio of dilution (0<α<1), n: refraction index 
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3.6 Flows of collectors 
 
I calculated the laminar-turbulent transfer on a plane-collector shown on Diagram 
12. 

 
Diagram 12: SKV solar-collector 

 
The heat gathered in the collector is transferred on 6 tubes filled with solar fluid. 
Their cross-section is 60 mm2 each. The collector is connected to a boiler 20 m 
from it by a copper tube, 18x1 mm. For the calculations I took the tubes 
hydraulically smooth. I calculated the hydraulic resistance of the collector and the 
tube going to the collector. When the flow is laminar (Reynolds number <2320), I 
used the 

264
R e

lp
d

ρ
∆ =

2
v , when turbulent, 2lp

d
vρ

∆ = λ
2

 equation and calculated with the 

Blasius number, where -0.25Reλ = 0.3164 
- ∆p – pressure difference between the two ends of the tube 
- l, d –  length and diameter of the tube 
- ρ – density of fluid 
- η – dynamic viscosity of the fluid 
- v – average speed of fluid 

- vdρRe =
η

 – Reynolds number 
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Diagram 13: Speed division of solar fluid calculated by ANSYS program 
 
I calculated the pressure drop of the collector and on the tube depending on the 
volume of the fluid. I used all of my results of viscosity in both cases, and 
calculated with 50°C, 50% solar fluid. The laminar-turbulent transition at tubes 
should be regarded after entering point in the transient part (Lt). Its values (Re – 
Reynolds number, d – diameter of tube): 
Lt=Cl·Re·d, when laminar,  where Cl=0,06…0,029 
Lt= Ct ·d, when turbulent, where Ct=50 …100 
Results can be seen on Diagram 16 in chapter „New scientific results”. I made 
calculations on similar collectors with ANSYS program, one of the results is shown 
on Diagram 13. 
 
3.7 Effects of collectors on the solar fluid 
 
Fluid from collector has turned brown after years. I have done photocolorimetrical 
measures to examine this symptom. I measured the optical absorption of the solar 
fluid. I filtered the fluid first with 0.45 µm filter, then with pressure filter. Diagram 
14 shows the absorptions of these fluids. I diagnosed that the brown colour is 
caused by corrosion (first filtering), but there are other reasons. 
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Diagram 14: Absorption depending on wave-length, on twice filtered used solar 

fluid 
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Diagram 15: Absorption difference between clean and heated, undiluted solar fluid 
 
I heated solar fluid under pressure and measured the degree of optical absorption. 
Results are shown on Diagram 15. 
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4. NEW SCIENTIFIC RESULTS 
 

1. I established equations based on measurements for density of solar fluid 
depending on dilution with water (on 20°C): 
ρ(α ) = -66,892 α2 + 117,2α + 999,06,  
where 0<α<1 is the portion of dilution, α =1 at undiluted propylene glycol. 

I determined dependence of density from temperature: 

ρ=ρ0 (1- β t) =1068,3 (1-8,73 ·10-4 t), 
 

where t is temperature in ºC, and [ρ]=kg/m3. 

 

2. I proved with rotating viscosimeter, that this type of solar fluid is a Newtonian 
liquid and I determined a relationship for the dynamic viscosity as a function of the 
dilution ratio and temperature (T), at different dilutions (α). 

0

E
RTeη η=  

E=12394α2+8427,1α+15370 
η0=2·10-6α2-3 10 -6α+2·10 -6

viscosity: [η0]=[η]=Pas, activation energy of viscosity: [E]=J/mol, universal 
constant for gas: R=8,31 J/mol K , ratio of dilution: 0<α<1, [α]=1 

 
I created a polynomial equation which is more practical: 

2( , ) ( ) ( ) ( )t A t B t Cη η ηη α α α= ⋅ + ⋅ + α , 

Coefficients for the most common 50% solar fluid: 

Aη (0,5)=1,525 ·10-3 mPas/ºC2  
Bη (0,5)=0,2122 mPas/ºC  
Cη(0,5)=8,5718 mPas 

 

3. I established equations for the specific heat of solar fluid with calorimetrical 
measuring, at different dilutions. 

c(α )= -19,643α + 4176,4  
 

where α is the ratio of dilution (0<α<1), c is the specific heat of the solar fluid 
[c]=J/kgK. 
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4. To determine the thermal conductivity of the solar fluid, I created an instrument. 
I proved the usability of the instrument with numerical calculations based on heat 
transfer equation. I created equations for the thermal conductivity of the solar 
depending on dilution (α): 

λ= - 0,3766 α + 0,5876 
[λ]=W/mK, 0<α<1 

 

5. I created to the refraction index of the solar fluid (n) with Abbe refractometer 
depending on the temperature (t) and ratio of dilution (α): 

n = An(α) t + Bn(α) 
where An(α) = - 0,0002 α2 -0,0004 α – 0,0002  

and Bn(α) = 0,1 α + 1,3397. 

Because we usually measure at 20°C, I created a linear equation (relative error 
δ=0,2%): 

n = 0,1033 α +1,3347 
[n]=[α]=1. 

 

6. At flat plane-collectors and with physical parameters I measured, I calculated the 
laminar-turbulent transition point for 50% solar fluid. I determined the optimal 
output to reach better heat transfer and efficiency (2·10-4 m3/s). 
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Diagram 16: Laminar-turbulent transfer at suncollectors 

 

7. I proved with photocolorimetrical measuring and mikrofiltering, that used solar 
fluid turns to brown because of corrosion and over-heating. I determined that 
heating the solar fluid causes the greatest increase of optical absorption in 350-400 
nm wave-length intervall. 
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5. CONCLUSIONS AND SUGGESTIONS 
 

It seems that every circumstance is in favour of renewable energy sources. 
Questions on environment are getting more important, prices of fossil energy 
sources are increasing. 
 
Domestic water is a great part of household’s energy, so it is needed for the 
collectors to be spread.  Lower prices could be reached by for example decreasing 
or deleting VAT for instruments using renewable energy. International trends could 
allow sources from EU to be joined. All of these are duty of politicians. People 
dealing with this problem are to solve professional questions and to inform 
politicians and to lobby for the aims mentioned above. 
 
Later on it would be useful to examine the dependence of thermal conductivity and 
specific heat from temperature with detailed measurements. 
 
Development of computers enables us to examine the flows of collectors in more 
detail with for example ANSYS CFX. 
 
By simulating programs for flows, conditions that start heat convection should be 
examined at instruments used for measurements of thermal conductivity (thickness 
of layers, geometric data, etc.). 
 
With more used solar fluid the product of corrosion should be examined more 
carefully. 
 
With the help of the collector on the Department of Physics and Process Controll, 
with appropriate pressure and flow-controlling detectors the role of flows has 
effects on the efficiency of the collector should be proved by measuring. 
 
Knowing the physical parameters of the solar fluid, the structure of the collectors 
should be reconsidered. It seems, plane-collectors were designed in an “ad hoc” 
way. More things should be reconsidered, for example the absorber tubes, their 
number and place in the collector, for the optimal efficiency.

22 



 

6. SUMMARY  
The use of renewable energy sources has great actuality nowadays. We are running 
out of some fossil energy sources, the usage of them generates serious climatic 
effects because of the greenhouse gas emission. In long term the photovoltaic 
modules can play significant role in the electrical energy production, but now they 
are very expensive yet and their efficiency is low.  
The domestic hot water production by solar energy is profitable already now. 
However for the design, for the development of the collector efficiency and for 
achieving optimal operating conditions it is necessary to know the physical 
properties of the solar liquid (the heat transport medium). In the literature very few 
data can be found on this topic. 
During my research the next goals could be reached: 

• I measured the density of the solar liquid and I established a relationship for 
the density as a function of the temperature and dilution ratio. 

• By examining the rheological characteristic of the solar liquid, I concluded that 
it is a Newtonian liquid and I determined a relationship for the dynamic 
viscosity as a function of the dilution ratio and temperature. 

• If the viscosity is known, the Reynolds number – which is an important 
indicator of the quality of the flow – can be determined, and based on this the 
critical speed, where the laminar flow changes to turbulent one can be 
allocated. By knowing this critical value, the efficiency of the solar collectors 
can be developed. I determined the critical laminar – turbulent transition speed 
for a specific solar collector. 

• The most exact method to determine the dilution ratio of propylene glycol is 
the use of optical measurement. By a refractometer I determined a relationship 
for the refraction index as a function of the dilution ratio and temperature. 

• The knowledge of the thermal conductivity is essential for the thermal 
processes. I developed a measuring equipment together with the interpreter 
electronics for determining this quantity. I set up a mathematical model for 
determining the thermal conductivity from the measured data. 

• The specific heat of the thermal liquid is also essential, hence I developed a 
formula for the dilution ratio dependence of the specific heat. 

• The colour of the solar liquid used for longer time in collectors changes to 
brown. By photocolorimetry and micro filtration I concluded the two reasons 
of the effect: the corrosion and the heat shock. For describing the movement of 
the corrosion particles I developed a mathematical model. I simulated the heat 
shock process and generated the browning effect. 

I hope that my research results can help the development of the solar collectors 
and to optimize the operations of them. 
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