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1. Introduction

Computer modeling of solar thermal collectors is a principle approach for testing of
new construction concepts and improvements in the development and design stage
for developers and manufacturers. Virtual prototyping of solar collectors can save the
investments into number of prototypes and foreseen the collector performance in
advance. Analyses of individual construction parts and details parameters impact on
the collector performance is needed to make decision on efficient solar collector
concepts for given application, operation and climatic conditions with respect to
economic parameters of solar collector construction.

A mathematical model is always a simplification of reality to certain extent. Too
complex mathematical models and numerical programs require huge amount of
computer time for calculations, too simplified models don’t take important influences
of detailed collector parameters into account and result in considerable uncertainty in
calculation. To find a good compromise between simplicity of the model and required
level of accuracy is crucial for development of any design and simulation tool.

Although the theory of flat-plate solar collectors is well established and can be
found in basic solar engineering literature [1-3], there is a lack of user-friendly design
programs for solar collector performance modeling considering the detailed
geometrical, thermal and optical parameters of collector. Number of authors evolved
simplified analytical models considering temperature independent solar collector
overall heat loss coefficient (linear dependence of efficiency), neglecting the absorber
temperature distribution or temperature difference between absorber surface and
heat transfer fluid. Such models are not comparable with physical experiments and
cannot predict the real performance behavior and evaluate the energy output and
efficiency characteristics of solar collectors.

Theoretical model of solar thermal collector has been introduced in TRNSYS Type
73 [4] but with simplified calculation of collector heat loss coefficient U insufficient to
cover wide range of parameters affecting the collector heat loss. More theoretical
model with number of detailed input parameters and calculation of heat transfer
coefficients in the individual parts of collector (in air gaps, inside pipes, at outer
surfaces) has been evolved as TRNSYS Type 103 [5].

A design program CoDePro [6] for energy performance calculation of solar flat-
plate collectors has been developed with the Energy Equation Solver. It allows a very
detailed specification of collector geometrical and material parameters (thermal,
optical). It covers the basic segment of solar collectors (unglazed, single and double
glazed) and evaluates also optical properties of collector in detail, e.g. incident angle
modifier. On the other hand, the features of CoDePro program, analogous to
TRNSYS Type 103, don’t allow energy performance modeling of advanced solar
collectors, e.g. collectors integrated into building envelope, evacuated flat-plate
collectors, rare gas filled collectors or solar collector with glazing made of transparent
insulation structures.

The presented model and design tool KOLEKTOR 2.2 has been developed to
overcome the drawbacks of previous models. KOLEKTOR 2.2 is based on detailed
calculation of heat transfer from the collector absorber to ambient and from the
collector absorber to heat transfer fluid. The advantage of the design tool is its
universality to wide-range of solar flat-plate collectors stock from evacuated to
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atmospheric, separately or building integrated, covered with different types of glazing
(single glazing or transparent insulation structures), etc.



2. Mathematical model

2.1. Outline of the model

The core of the design tool KOLEKTOR 2.2 is a mathematical model of solar flat-
plate liquid collector solving one-dimensional heat transfer balances. Detailed
geometrical, thermal and optical properties of individual elements of solar collector,
climatic and operation conditions are the input parameters of the model. Basic

outputs of the model are usable heat gain Qu, efficiency n with respect to reference

collector area (aperture area A,;) and output heat transfer fluid temperature t.. The
advanced outputs as heat transfer coefficients, temperatures of main surfaces in
collector layout and stagnation temperature can be also obtained from the model.

The mathematical model of solar collector consists of external energy balance of
absorber (heat transfer from absorber surface to ambient environment) and internal
energy balance of absorber (heat transfer from absorber surface into heat transfer
fluid). Model solves the energy balance of the solar collector under steady-state
conditions according to principle Hottel-Whillier equation for usable thermal power

Q, = AFr[raG -U(t, - t,)] (2.1)

Through the external energy balance of absorber the heat transfer by radiation
and by natural convection in the air gap between absorber surface and glazing
(event. frame), heat conduction through glazing (event. frame) and heat transfer by
convection and radiation from exterior glazing (event. frame) surface to ambient is
solved. To calculate the heat transfer coefficients properly, temperatures for principal
collector levels (surfaces) should be known, but on the other side the temperature
distribution in the collector is dependent on the heat transfer coefficients values.
Therefore, external energy balance of absorber is solved in an iteration loop starting
from first estimate of temperatures for each main surface based on given input
temperature ti, and ambient temperature t,. The absorber temperature ta,s required in
the calculation is estimated in first iteration cycle of external balance from tj, by
relationship

tpe =t, +10K (2.2)

abs
External balance loop yields in overall heat loss coefficient U of the collector.

Internal energy balance of absorber assesses the heat transfer from the absorber
surface into heat transfer fluid provided by fin heat conduction, by heat conduction
through the bond between absorber and pipes and by forced convection from interior
surface of pipe to fluid. Internal energy balance results in determination of collector
efficiency factor F' and collector heat removal factor Fr on the basis of input
parameters, operational and climatic conditions and results from external balance.
Main outputs from internal balance are output fluid temperature t., mean heat transfer
fluid temperature t,, and particularly the absorber temperature t,ns, which governs the
calculations in the external energy balance. Internal energy balance proceeds in its
own iteration loop with respect to relative dependence between mean fluid
temperature t, and forced convection heat transfer coefficients in absorber pipe
register. In the first iteration cycle of internal energy balance, the mean fluid
temperature is estimated from tj, by relationship

t, =t, +10K (2.3)
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As both external and internal energy balances are mutually dependent, superior
iteration loop has been introduced to transfer the results from external energy
balance to internal (overall collector heat loss coefficient U) and from internal energy
balance results to external balance (absorber temperature taps).

2.2. Geometry of solar flat-plate collector

Considered solar flat-plate collector geometry is shown in Fig. 2.0. Aperture height
L, is considered same as riser pipe length. Aperture width H, divided by number of
risers n, gives absorber fin width W (distance between two risers). Sum of frame
thickness dy, front side gas layer thickness d,, back side gas layer thickness d, and
glazing thickness dg gives total depth of collector B.

Reference collector area is aperture area (most important for performance
behavior assessment).

La
Le

W Ha dp ds
He B

Fig. 2.0 — Solar collector main dimensions and areas

2.3. External energy balance of the absorber

General external energy balance of the absorber can be described by
Equation (2.4) given in differential form

at =Qs—Qio— Q1= Qu (2.4)
where

dQ/dt IS change of heat content in collector;

Q’S solar irradiation incident on collector area, in W;

Q|o optical loss, in W;

Qlt heat loss, in W;

Qu useful thermal power from collector, in W.

Heat momentum term is influenced by thermal capacity of individual elements of
solar collector, irradiation, temperature change and heat transfer liquid flowrate at
entrance of the collector. For a number of modelling applications, dynamic model of
solar collector is necessary for collector performance calculation at real variable



boundary conditions. The model and design tool KOLEKTOR is developed primary
for evaluation of collector performance, comparable with experimental testing under
steady state conditions (term dQ/dt=0). Small heat capacity of flat-plate solar
collectors (time constant in order of 10 to 20 minutes) allows also the use of steady
state model for longterm balances with time-steps larger than hour.

By expanding the individual terms from Equation (2.4), a detailed balance is
obtained in Equation (2.5)

Qu = GA, (10)es ~UpAs (tans ~ta) ~U,Ag (taps ~ta) ~UpAp (taps ~ta) (2.5)
where

G IS solar irradiation, in W/m?;

tabs absorber temperature, in C;

ta ambient temperature, in T

r solar radiation transmittance of collector cover glazing;

a solar radiation absorptance of collector absorber;

Up heat loss coeffcient for front side of the collector, in W/m?K;
U, heat loss coeffcient for back side of the collector, in W/m?K;
Up heat loss coeffcient for edge side of the collector, in W/m?K;
Aa collector aperture area, in m?;

Ap collector back side area, in m?;

Ac collector gross area, in m?.

2.3.1. Heat transfer in solar collector

Calculation of collector heat loss can be performed in several ways. Approximative
calculation procedure, often used in practice, for direct overall collector heat loss
calculation, is based on empirical complex equation, first developed by Hottel and
Woertz [7], modified and reworked by number of authors [8 - 11]. The calculation
equation is usable within the certain range of values of design parameters.
Simplifications results in uncertainty, which can achieve quite high value (up to 30 %)
in specific configurations of parameters. Concerning to general suitability of given
equation, the applicability is possible to multiple glazing, atmospheric nature of
collector, not for advanced evacuated collectors (transparent insulation).

The calculation of overall collector heat loss by the model is completely different
and more detailed. The model solves the heat transfer coefficients from absorber to
ambient through front side (gas layer and cover), through back and edge side (gas
layer and insulation frame)’. Solar collector is defined by means of main levels:
glazing exterior surface (pl), glazing interior surface (p2), absorber (abs), frame
interior surface (z2) and frame exterior surface (z1). Ambient environment is labeled
with (a). These levels are schematically outlined in Fig. 2.1.

! In KOLEKTOR 2.2, for the edge side is considered the identical construction as for back side. Edge
side will be treated and calculated separately in next software version.



front gas layer

back gas layer

cover glazing

absorber

collector frame
(insulation)

Fig. 2.1 — Main temperature levels (surfaces) in solar collector model.

The simplified scheme of external heat transfer balance model for the solar

collector is shown in Fig. 2.2. The heat transfer in collector can be described by:

radiation between absorber and interior surface of cover glazing, resp. interior
surface of collector frame (back and edge side);

natural convection between absorber and interior surface of cover glazing, resp.
interior surface of collector frame

heat conduction through cover glazing and collector frame (insulation)

radiation between exterior surface of cover glazing and sky dome, resp. exterior
surface of collector frame and adjacent surfaces

natural and forced convection at exterior surface of cover glazing, resp. exterior
surface of collector frame

The collector element, the calculated heat transfer coefficient is appropriate to, is

defined by pair of indices designating the boundary surfaces (main levels of
collector), e.g. gas layer (air gap) between absorber and interior surface of glazing is
designated by index p2-abs. The principle regimes of heat transfer are designated
as: v — conduction; p — convection; s — radiation.



back side (Uz)

front side (Up) hs z2-abs
oG

hs,z1-a

G

s,pl-a h hs,pZ-abs
v,p1-p2

hp, b2-abs h p,b1-a

edge side (Up)

Fig. 2.2 — Schematic detailed layout of external energy balance of absorber and
simplified scheme

A literature review to find appropriate theoretical and empirical relationships for
heat transfer coefficients calculation has been done by Matuska [12]. For certain heat
transfer problems, a number of equations exist from different sources. Several heat
transfer models have been integrated in the model and design tool KOLEKTOR to
allow the user to choose.

2.3.2. Radiation between glazing and sky ( hspi-a)

To describe the heat exchange between glazing exterior surface and sky, the sky
area is considered as a black body of equivalent temperature t,. Equivalent sky
temperature t, is introduced due to fact that sky temperature is not uniform and
constant and atmosphere radiates only in certain wavelengths ranges in reality. At
given wavelengths, the atmosphere is transparent (8 to 14 um), for most others the
atmosphere considerably absorbs especially in infrared range. Sky temperature T, is
defined based on absolute ambient temperature T, [K] as given in Equation (2.6)

TS =¢&Ts (2.6)
where
& is sky emittance.

Radiation heat exchange between exterior surface of glazing and sky is given by
Equation (2.7)

Op1-o0 = pla-(Tp4l _To4) (2.7)

To integrate the Equation (2.7) into collector model the radiant heat flow is divided
by temperature difference between exterior surface of cover glazing and ambient
environment (tp1 — ta)

_ Tp41 B T04
hs,pl—a - ‘g‘plJ Tpl _Ta (2.8)
where
&1 IS emittance of exterior surface of cover glazing;
o Stefan-Boltzmann constant, o= 5.67x10° W/m?K*;
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To1 absolute temperature of exterior surface of cover glazing, in K;
Ta absolute ambient temperature, in K.

In literature, a number of correlations for equivalent sky temperature t, calculation
can be found, each obtained for certain boundary conditions, e.g. only for night time
(radiant cooling applications), for clear sky conditions, etc. The principle equations
express the sky temperature with respect to ambient temperature t, (dry bulb
temperature) [13, 14], to dew point temperature tq, [15, 16], resp. to water vapor
pressure pq [17, 18] or to sky clearness index K, [18]. Selected equations are given in
Tab. 1.

Author Equation

EN 6946 [13] T, =T, cloudy sky
Swinbank [14] T, = 0.0552(Ta )1‘5 clear sky
Bliss [15] T, =T,(0.8004 +0.00396 T,,)"*

Berdahl, Martin [16] T, =T,(0.711+0.0056 T 4, +0.000073 T, )"'* clear sky

T, =(0.564 +0.059,/p, )**
Brunt [17] Pq [mbar]
T, =(0.527 +0.065,/py )

Aubinet [18] T, =94+12.6In(p,)~13 K, +0.341T,

Tab. 1 — Selected equations for equivalent sky temperature T, calculation

Different correlations are suitable for different problem conditions. If calculated
results should be compared to solar collector experimental testing at clear sky
conditions, it is recommended to use correlation according to Swinbank [14], resp.
Berdahl [16] or Brunt [17] if relative humidity ¢. is measured?. For model simulating
whole year performance of collector based on climatic and operation conditions, the
correlation according to Aubinet [18] incorporating the influence of humidity and sky
cloudiness. Climatic databases usually contain information on relative humidity @,
and sky clearness index K, can be derived from ratio between global solar horizontal
irradiation G to solar irradiation incident at exterior atmosphere surface G,, as given
by Equation (2.9)

K, =— (2.9)

Dew point temperature Tq, [K] can be calculated according to Equation (2.10) from
Berger [19]

5179.25

p =
20.519-In M
101325

(2.10)

Ty

2 Simple equation for equivalent sky temperature according to [14], relating t, to ambient temperature
t, has been chosen as a default heat transfer coefficient calculation model for design tool KOLEKTOR.
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where

Pd IS water vapor pressure given by product of ambient air relative
humidity @, and saturated water vapor pressure pq" at ambient
temperature t, [18], in Pa.

with

py(T,) = 611exp(17.27%] (2.11)

Comparison of heat transfer coefficients at individual parts of solar single-glazed
collector and its influence to front heat loss through cover glazing has shown that
radiation exchange between exterior surface of cover glazing and sky dome doesn’t
affect significantly overall collector heat loss.

2.3.3. Wind convection from glazing to ambient ( hpp1.a)

Heat transfer by convection from exterior surface of collector cover glazing to
ambient environment under realistic conditions (nhatural and forced wind convection)
is quite problematic. A large number of relationships and correlations derived from
experiments, more or less reproducing the boundary conditions of solar collector
installation, can be found in literature. Although the final value of convection heat
transfer coefficient is theoretically influenced by collector dimensions, by its slope
and air flow yaw angle, turbulence intensity or ratio of free convection, the most of
authors keep the correlation as simple as possible resulting in Equation (2.12) in the
form of linear function

h, =a+bw (2.12)
where
w IS wind velocity, in m/s.

Tab. 2 shows different correlations for calculation the convection heat transfer
coefficient hy, from literature. Graph in the Fig. 2.3 shows results for individual wind
convection models for case of solar collector characteristic dimension L =1.3 m,
slope 45°and temperature difference 30 K between e xterior surface of cover glazing
and ambient air.

It is apparent that there is no common agreement between the models and the
results obtained from different correlations can considerably vary within a large
range. It is caused by boundary conditions at which individual models have been
derived. Correlations obtained from experiments in wind tunnels with low turbulence
levels (Sparrow [26, 27]) will produce lower values for h,, than correlations obtained
from outdoor experiments (Test [29, 30], Kumar [33], Sharples [34]).

12



25

McAdams

Test

Sharples
Watmuff

Johnson
Sparrow

Theory

0 . 2 3 4 5 6
w [m/s]
Fig. 2.3 — Comparison of models for h,, calculation

In the solar collector theory, the most used wind convection model is correlation
according to McAdams, as given in Equation (2.13):

Nppi-a = hy =5.7+3.8w (2.13)

which describes the mixed air flow convection and the results lie approximately in
the range of values experimentally confirmed by other authors®.

Author Equation Range Applicability
Forced convection [20] Nu_ = 0.664Rel’2prt/3 laminar convection
Natural convection 1/6 2

) Nu_ =40.825+ 0'387Ra*-/ ; for any Ra natural convection
Churchill-Chu [20] [1+(0.492/Pr)®/1618/27

Mixed convection [20] Nug =m

McAdams [21, 22] h, =5.7+3.8w forw <5 m/s
h, =6.47w%78 forw >5m/s
Watmuff [23] hy =23+3.0w O<w<7mls
_ 0.86pcpw 4 5
Sparrow [24-27] hy = W 2x10" < Re <10
Test [29-30] h, =8.55+2.56 w 0<w<5m/s
Kumar [33] hy =10.03 +4.687 w O<w<4m/s
Sharples [34] hy =83+2.2w 0.8<w<6.5m/s for yaw y=0°
hy =6.5+3.3w 0.8<w<6.5m/s for yaw y= 90°

3 McAdam'’s correlation has been used as default wind convection model for heat transfer coefficient
calculation in the design tool KOLEKTOR.

13



_ /‘( 1/2 1/3)
hy = T 75+b;Re™ “Pr Re < Reuy

hy = %(75 +byRe%® Pr°-43)
Johnson, Othieno [35]

> .
slope  Regi b b2 Re > Reai

20° 1.5x10° 1.04 0.030
30° 1.8x10° 0.88 0.025
40° 25x10° 0.80 0.020
50° 3.5x10° 0.74 0.017
60° 5.0x10° 074 0.015

Tab. 2.2 — Selected correlations for wind convection heat transfer coefficient

2.3.4. Conduction through glazing ( hypi-p2)
Thermal conductance of cover glazing is given by

Ny p1opz = ipl'pz (2.14)
pl-p2

where

Ap1-p2 IS thermal conductivity of cover glazing, in W/mK;

Lp1-p2 thickness of cover glazing or transparent cover structure, in m.

In the case of transparent inhomogeneous insulation structures application (e.g.
transparent thermal insulations), thermal conductance of the structure should be
determined as a function of mean glazing temperature ty1-2
tyy +t

2

hv,pl—p2 =f (tpl—pz) =f ( P2 j (2.15)

The approach in collector model KOLEKTOR 2.2 is based on the equivalent
thermal conductivity of cover glazing structure dependent on the mean temperature
in the form of polynomic (2" order) function in accordance with Equation (2.16)

Aoropa(t) = Ag + At + At (2.16)

Equivalent thermal conductivity function can be easily obtained from thermal
conductance function (e.g. from laboratory measurements) and reference thickness
of the transparent glazing structure.

2.3.5. Radiation between absorber and cover glazing (Ns,abs-p2)

Radiation heat transfer between absorber front surface and interior surface of
glazing is given by Stefan-Boltzmann law

Tabs = Top
qs,abs-pZ =0 1 = 1 : (2.17)
4+ _1
‘9p2 ‘gabs,p
where
To2 is glazing interior surface temperature, in K;

14



Tabs absorber surface temperature, in K;
&2 emittance of glazing interior surface;
Eabs,p emittance of front absorber surface.

Radiation heat transfer coefficient is given by Equation (2.18)

T4 - T4
hS,abS-pZ - qs,abs-pz — 1 abs ] p2 B 1 (2.18)
Tabs _Tp2 4 -1 Tabs _Tp2
5p2 gabs,p
which can be rearranged in following way
g
hs,abs-pZ = 1 1 (razbs +Tp22 XTabs +Tp2) (2-19)
= 4+ -1
5p2 gabs,p

to get the equation more suitable for numerical calculations (excluding the division
by very small figures at specific boundary conditions).

2.3.6. Natural convection in closed gas layer betwe en absorber and glazing
(hpiabS-pZ)

Heat transfer by natural convection in the closed
gas layer between absorber and glazing is
characterized by Nusselt number Nu_ related to
characteristic dimension of the layer, the thickness
Ly. Geometric parameters of the gas layer and
heat flow direction (upward) are outlined in
Fig. 2.4.

Relationship between convection heat transfer
coefficient hp, for the gas layer and Nu_ is
determined by Nusselt number definition

h L . _ .
Nu, = -2 (2.20) Fig. 2.4 — Natural convection
A in closed gas layer (heat flow
upward)

Natural convection heat transfer coefficient for
closed inclined layer between absorber and cover glazing can be obtained from
Equation (2.21)

Nu, A,
hp,abs-pz = L— (2-21)
abs-p2
where
Ag is thermal conductivity of still gas for mean temperature ty = taps-p2
in the gas layer, in W/mK;
Labs-p2 thickness of gas layer between cover glazing and front surface

of absorber, in m.

Nusselt number for natural convection is dependent on Rayleigh number Ra,, i.e.
product of Grashof number Gr_ and Prandtl number Pr

15



Ra, =Gr_Pr (2.22)

Prandtl number can be obtained from the properties of used gas at mean
temperature of the layer tp.ans as given in Equation (2.23)

pr=Y=YPC (2.23)
a A

where

v is kinematic viscosity of gas, in m?/s;

a thermal diffusivity of gas, in m?/s;

0 density of gas, in kg/m®;

c specific thermal capacity of gas, in J/kgK.

Grashof number Gr_ is given by Equation (2.24)

- ﬁg LSAt — 1 Eg L:)[;Z—abs (tabs _th)

Gr,. (2.24)
V2 Tabs—p2 V2
where
B is volumetric thermal expansion coefficient, (equal to
approximately 1/T, for ideal fluids, where T is absolute
temperature), in 1/K;
g gravity acceleration, in m/s?.

A literature review has been done to find equation for heat transfer coefficient for
the case of natural convection in gas enclosure (closed gas layer) with heat flow
upward. Suitability of the equation application in area of solar collectors has been
limited by following conditions:

= heat flow upward (slope of gas layer gfrom 0°to 909, i.e. front gas layer

» high aspect ratio H/L > 20

= range of Ra, from 10* to 2x10°

= dependence of Nu_ on the slope of gas layer ¢ respectively on aspect ratio H/L

Number of published experiments and derived correlations has been found for
natural convection heat transfer in sloped enclosure but only several models have
been found valid for given boundary conditions. There are especially works of
Hollands [36], Buchberg [37] and Randall [38] suggesting the equations based on
experimental research with enclosures with different slope and aspect ratio of the gas
layer. Schinkel [39] published a simplified correlation for Nu_ based on own
experiments, numeric modeling and use of other previously published data. Nu, is in
vertical, horizontal or generally sloped gas layers proportional to Ra,** for any slope
in the range high values of H/L. Nusselt number hasn’'t show dependence on aspect
ratio for high values (above 20). Natural convection and temperature profile in vertical
layers have been investigated by Yin [40]. Collection of different models is
accompanied with Niemann’s correlations [41]. Selected equations are shown in
Tab. 2.3.
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Comparison of individual models is given in Fig. 2.6. Decreasing trend of Nusselt
number with the slope of gas layer is commonly evident for variable Ra, but there is
not general agreement between individual correlations. For low Ra,, Hollands and
Buchberg show good agreement, for higher Ra, by contrast models from Hollands
and Schinkel agree in range of slope angles from 0 to 50°

Author Equation Ra, @ H/L
_ 1708 |"(. (sin1.89)*°1708) |(Ra cosg)'® '
Hollands [36] N = 1+1'44{1 Ra, cos ga} [1 Ra, cos ¢ J{[ 5830 ] ! 0<Ra_ <10° 0% 60° |cca48
Buchberg [37] | for 3 ranges
_ 1708 )" o
Nu, =1+ 1.446[1— R cos (p] 1708 < Ra, cos@< 5900 0% 60
L
Nu, =0.229(Ra, cos¢)*2? 5900 < Ra, cos@< 9.2x10*
Nu, =0.157(Ra, cos 2% 9.2x10* < Ra, cosg< 10°
for 2 ranges
1708 )
Nu, = 1+l.446[1- R cos w] 1708 < Ra, cosg< 2500
L
Nu, =0.157(Ra, cos 2% 2500 < Ra, cosg< 10°
Randall [38] | Nu, = 0_118[RaL cos? (g 45)10'29 2.8x10% < Ra, < 2.2x10° | 45290° |9-36
Schinkel [39] | Nu, = a(@)Ra, '3 10° < Ray < 4x10° 0°-90° |6-27
(] a()
0° 0.080
10° 0.079
20° 0.075
30° 0.074
40° 0.074
50° 0.074
60° 0.072
70° 0.069
80° 0.068
90° 0.062
H -0.131
Yin [40] Nu, = 0.210Gr8'269(f] 1.5x10% < Gr, < 7x10° 90° | 5-79
K
Niemann [41] | Nu_ =1+ ““R(:"":)n 10° < Ra, < 10°
L
$ m n K
0° 0.0700 0.32x10" 1.333
45° 0.0430 | 0.41x10” 1.360
90° 0.0236 1.01x10" 1.393

superscript + indicates that content of brackets is considered only for positive values, for negative values the content is equal to
0. Function of superscript + can be arithmetically described by relation 0.5(X+|X]).

Tab. 2.3 — Selected correlations for natural convection Nusselt number in the sloped
closed gas layer (heat flow upward)
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Fig. 2.5 — Nusselt numbers obtained from individual models and regression curve

in the form of exponential Al-correlation Nu, = a.Ra, %% (thick line) for different
slopes of gas layer 0° 50°a 90°
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Application of only one from the offered models would limit possibility of modeling.
Most of models are valid in certain range of slopes and cannot be applied for whole
range from 0°to 90°% To overcome such limitation, the universal correlation (here
called Al-correlation, see Equation 2.27) from given models has been derived by
least squares method. Nusselt numbers given for Ra, from 10* do 2x10° according to
different authors has been put into graphs for individual air layer slopes (0° 10° 20°
..., 909. Exponential functions in the form

Nu, = a(¢) Ra >* (2.25)

have been derived by the least squares method to get best fit of given values.
Since Nusselt number is insensitive to aspect ratio at high values of H/L, the
correlation hasn’t concerned that problem. Slope angle dependence factor a(¢) has
been obtained as polynomic function

a(¢) =0.1464 - 2.602x10* ¢—2.046x10° ¢ (2.26)
where
7 is slope angle, in deg.

Combining Equations (2.25) and (2.26) the complete form for Al-correlation is
obtained

NUL = (01464 —-2.602 X10_4(0— 2.046 X10_6¢2) Raglzg

10 \
Schinkel
9 — - Randall [
’—6‘ — - - Hollands
g b . |Ra, =107 - - - -Buchberg ]
] - | _ —— Al-correlation
\
3 I I — — ]
. \~\;\\\7\“\\\‘\\\
E— — D
-
5
4 === —_— — e
—_—
3 —— \\\~
e e e
2 F/m———— — ———
*\\7\7h*“\
1
0 ‘ ‘ ‘
0 10 20 30 40 50 60 0 80 %0

slope [9

Fig. 2.6 — Comparison of different Nu_. models dependent on slope gwith the
obtained Al-correlation for Ra, = 10%, Ra, = 10° and Ra, = 10°

Fig. 2.6 shows a comparison of different models gained from literature review with

obtainedGAl-correIation. Comparison is performed for different range of Ra, = 10%,
10° a 10°.
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2.3.7. Radiation between absorber and back frame ( hg z2-abs)

Radiation heat transfer coefficient between back surface of absorber and interior
surface of collector frame (back side of collector) is given by Stefan-Boltzman law
similarly as in chapter 2.2.5

_ o 2 2
hs,zZ—abs - 1 1 (rabs +T22 XTabs +T22) (2-28)
= 4+ -1
822 ‘gabs,z
where
Tz IS frame interior surface temperature, in K;
Tabs absorber surface temperature, in K;
&9 emittance of frame interior surface;
Eabs. 2 emittance of back absorber surface.

Distinction between front and back absorber surface emittance is necessary since
most of solar flat-plate collectors is equipped with spectrally selective coating at front
absorber surface (low emittance in IR region) while back surface is left without any
treatment (oxidized, dirty, etc.).

2.3.8. Natural convection between absorber and back frame (hpz2-abs)

Natural convection heat transfer coefficient in enclosed gas layer between
absorber and interior surface of collector back frame is given by similar equation as

in 2.2.6. Geometric parameters of gas layer and heat flow direction (downward) are
outlined in Fig. 2.7.

Nu, A,
hp,zZ—abs = L (2-29)
z2-abs
where
L22-abs is thickness of gas layer between
absorber and back frame, in m;
Ag thermal conductivity of gas layer at
mean temperature of layer t;o.aps,
in W/mK;

A literature review has been done to find proper
equation for heat transfer coefficient for the case of
natural convection in gas enclosure (closed gas layer) Fig.2.7 — Natural convection
with heat flow downward required. Suitability of the in enclosed gas layer (heat
equation application in area of solar collectors has flow downward)
been limited by following conditions:

= heat flow downward (slope angle range @from 90°to 1809
» high values of aspect ratio H/L > 20

= range of Ra, from 10* to 2x10°

= dependence of Nu_ on slope angle of gas layer ¢ respectively on aspect ratio H/L
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Only one general equation has been obtained. Arnold et al. [42] suggest correlation
based on Nusselt number obtained for vertical gas layer (909 as a sinus function in
the range 90 < @< 180°as given in Equation (2.30)

Nu, =1+[Nu, (¢=90°)-1sing (2.30)

Relationship is valid for range of Ra, from 10* to 10° and for aspect ratio H/L
above 12. In the mathematical model, the selection of the appropriate author means
the selection of equation for Nu_(¢= 909 calculation and result for other slopes are
calculated implicitly according to Arnold. Fig. 2.8 shows a dependence of Nu,_ on gas
layer slope in the range from 0°to 180° for Ra . = 10% 10° 10° with use of Al-
correlation to obtain Nu,(909.

10

9

g \ Ra, = 10°
5‘ \
Z5l N N

\ Ra, = 10° \
N
2 Ra, =10* \

%/

0 20 40 60 80 100 120 140 160 180
slope [9

Fig. 2.8 Dependence of Nu, for different Ra, according to Al-correlation in complex
range of gas layer slope angles
2.3.9. Conduction heat transfer through frame ( hyz1-22)

Thermal conductance of collector back frame (thermal insulation) is given by
Equation (2.31)

A
hv,zl—zZ = % (2-31)
z1-22
where
As1-22 is thermal conductivity of back frame material (mostly insulation),
in W/mK;
L,122 thickness of back frame material, in m.
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2.3.10. Radiation heat exchange between frame and a djacent ambient surfaces
(hs,zl-a)

Radiation heat transfer coefficient between exterior surface of collector back frame
and adjacent surfaces in ambient environment (roof) related to ambient temperature
T4 can be expressed as

Moo =0— 11 12_1 __Iai (2.32)
+—-1 '24 ‘a
€1 Eas
where
Tx is absolute temperature of frame exterior surface, in K;
Tas absolute temperature of adjacent surface, in K;
Ta absolute ambient temperature, in K;
&1 emittance of frame exterior surface;
Eas emittance of adjacent surface.

For most cases in ambient environment, T,s can be considered as equal to
ambient temperature T,. Equation (2.32) can be modified to

g
hs,zl—a = 1 1 (rzzl +Ta2 XTzl +Ta) (2-33)
S
‘921 gas

2.3.11. Wind convection heat transfer from back fra  me to ambient ( hp;1-a)

Wind convection heat transfer coefficient from back side of collector frame to
ambient can be determined similarly to 2.2.3.

2.3.12. Collector heat loss coefficient ( U-value)

As illustrated in Fig. 2.2, heat loss coefficient for front side of the collector U, can
be determined as

~ 1
U, = i i i (2.34)
+ +

hs,pl—a +h

p,pl-a hv,pl—p2 hs,abs—pZ + hp,abs—pZ

By analogy, heat loss coefficient for back side of the collector U, can be
determined as

_ 1
u, = : : : (2.35)

+ +
h h +h

p,z1-a v,z1-z2 s,abs-z2 p,abs-z2
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Heat transfer coefficients for edge side of the collector frame can be determined in
similar way as for the back side®.

gross area Ag

aperture area A,
4 Uy
cover glazing
A
=]
< absorber » Up
J4b]
@
@
]
z
@
frame/insulation
thermal \ 4 U thermal
bridge Z bridge

Fig. 2.9 — Collector heat loss with respect to aperture and gross area

Overall heat loss of solar collector (U-value) is related to gross dimensions (gross
collector area Ag) as illustrated in Fig. 2.9 to cover the effect of thermal bridges not to
underestimate the heat loss. On the other side, the usable heat output of the collector
refers to aperture area A,, therefore overall collector heat loss coefficient U used in
the internal energy balance calculations should be also related to aperture area A..
From the balance of specific heat loss

UsAg =U, A +U, A +UL A, =UA, (2.36)

the overall heat loss coefficient U based on aperture area can be obtain as

U :(Up +U, +Uziji (2.37)
As ) A

a

2.4. Internal energy balance of the absorber

Heat transfer from absorber surface to liquid flowing through the pipe register of
absorber can be described by internal energy balance of the absorber. Theoretical
calculation is based on solving the temperature distribution on the absorber fin (well
known analytical solution of fin efficiency, but irradiated by sun), i.e. differential
equation of second order with two boundary conditions and the temperature gradient
along the pipe [1]. Schematic outline of absorber balance and temperature profile at
the fin cross section is shown in Fig. 2.10.

* Model KOLEKTOR 2.2 simplifies the calculation and heat loss coefficient for edge side Uy is
considered the same as for back side U,. Next version of KOLEKTOR 3.1 will handle U, and U,
separately.
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Obr. 2.10 — Schematic energy balance of solar collector with respect to internal
absorber balance (fin and pipe configuration)

2.4.1. Fin efficiency F

When considered absorber element as a fin, it is convenient to introduce the
concept of fin efficiency given by Equation (2.38)

_ tanh[m(W —-D,)/2]

F (2.38)
mW —-D,)/2

where

m = L (2.39)
absdabs

with

W IS fin length = distance between risers (axis to axis distance), in m;

De external diameter of risers, in m;

Aabs thermal conductivity of absorber fin, in W/mK;

dabs thickness of the absorber fin, in m.

2.4.2. Collector efficiency factor F'

Except the conduction heat transfer by the fin, also conduction through the bond
fin-pipe and heat transfer from pipe to liquid by forced convection influence the
overall heat transfer from absorber surface to heat transfer liquid. The parameter
describing how efficient is heat transfer form absorber surface to heat transfer fluid is
called collector or absorber efficiency factor F'. It can be regarded as a ratio of two
heat loss coefficients

U

Fr=—¢ 2.40
U (2.40)

where

Uo is heat loss coefficient from liquid to ambient, in W/m?K;
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U solar collector heat loss coefficient from absorber to ambient, in
W/m3K.

Different absorber configurations (see Fig.2.11a-c) result in appropriate
equations. For upper bond of absorber to riser pipes the efficiency factor is given as

F= VY (2.41a)
1 1 1
+ +
U[De +(W _De)F] Csp hi 7TD|
where
Csp IS bond thermal conductance, in W/mK;
D internal diameter of riser pipe, in m;
h; forced convection heat transfer coefficient in riser pipe, in
W/mK.
> a -
oA : T T
aps ' 3

)
N

77NY

D;

Fig. 2.11a — Absorber—pipe upper bond configuration

For side bond of absorber to riser pipes the efficiency factor is given as

F= 17y (2.41b)
W{ 1 1 }

U[De +(VV _De)F] ' hi nDi

| LA ;

De

w

b

Fig. 2.11b — Absorber—pipe side bond configuration

For lower bond of absorber to riser pipes the efficiency factor is given as
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e (2.41c)

=
o

dabc

a
Fig. 2.11 — Absorber—pipe lower bond configuration

2.4.3. Bond thermal conductance Csp
Bond thermal conductance Cs, is estimated from Equation (2.42) as given

C.,, = )lsg a

(2.42)

where

Asp is bond thermal conductivity, in W/mK;
a average bond width, in m;

b average bond thickness, in m.

Bond thermal conductance could not be easily estimated especially for imperfect
bonds (e.g. clamping bond). As good metal-to-metal contact can be regarded if bond
thermal conductance is greater than 30 W/mK. Very poor contacts (clamps, slight
touch, etc.) result in values less than 10 W/mK.

2.4.4. Forced convection heat transfer in pipes ( hj)

Forced convection heat transfer coefficient between the fluid and wall in absorber
riser pipe is determined from Nusselt number

hy =Nup % (2.43)
where

At is thermal conductivity of heat transfer fluid, in W/mK;

Di internal diameter of riser pipes, in m.

Laminar forced convection heat transfer in circular pipes is widely described in [50,
51]. Tab. 2.4 shows correlations for Nusselt number for laminar forced convection
heat transfer found in literature. The case of constant heat flux shows higher
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applicability (riser pipe is uniformly irradiated) than constant temperature case
(temperature varies along riser length in solar collector).

Other boundary conditions can be taken into account as developing profiles of
temperature or velocity. For developing flow, dimensionless longitudinal coordinate x*
is defined as inverse value of Graetz number characterizing the laminar flow in pipes
as given in Equation (2.44)

- x /D,
Xx*=Gzt=—-"—"—" (2.44)
Rey [Pr

where riser pipe length L [m] is used for the coordinate x.
Author ‘ Equation Conditions
Fully developed region

48
Shah [50] Nup = 1 =4.364 constant heat flux
Nup =3.657 constant temperature

Entry region - thermally developing flow

thermal entry length / developed velocity profile, developing temp. profile (thermally developing Hagen-Poiseuille flow)

1.615 x* V% -0.7 x* <0.005
Shah [50] Nup =41.615 x* Y3 0.2 0.005 < x*<0.03 constant surface temperature
3.657 + 0'04*99 x*>0.03
1.953x *V/3 x*<0.03
Nup = constant heat flux
° 4364+ 0'07*22 x*>0.03
X

0.19](D/L) Re, Pr[*®

H 46 Nup =3.66 +
ausen [46] o 1+0.117[(D/L) Re, PI]**

constant temperature

0.0668(D /L) Re, Pr
1+0.04[(D/L) Rey P2

Hausen [52] Nup =3.66 +

Entry region - thermally and hydraulically developing flow

combined entry length, simultaneously developing flow, velocity and temperature profiles developing together

constant wall temperature

Kreith, Kays [51 -1 1
ve Bl NUlo = 4x*ln(1—2 654 x *0° Pr'°‘167] Pr>2

107 < x*<10°

_ _2M.6366[(4/m) x| M2 Pr>2
Churchill and Ozoe Nup = el
[1+ (Pr/0.0468) 107 <x*<10°
constant temperature
0.48 < Pr < 16700
0.0044 <(uj< 9.75
13 0.14 My
Sieder-Tate [53] Nup =1.86 [MJ [ﬁj
L/D My recommended for

ReDIPr 1/3 A 0.14 oy
L/D Mo

else fully developed profile

Tab. 2.4 — Correlations for laminar forced convection heat transfer in pipes
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In the case of turbulent flow, different set of equations (see Tab. 2.5) is applicable
to calculation of the Nusselt number, mostly in the form

Nup = ARef Pr"

or based on friction factor f of pipes.

(2.45)

The turbulent flow inside the riser pipes of solar collectors is very rare when using
antifreeze water-glycol mixtures as heat transfer fluid with high viscosity.

Author ‘

Equation

Conditions

Eully developed regio

n

Colburn [55]

Nup =0.023 Reg'® Pri/3

2x10* < Rep < 10°

Dittus-Boelter [56]

Nup =0.023 Ref/® Pr"

n = 0.4 for heating (Tw > Tm), n = 0.3 for cooling (Tw < Tm)

0.7<Pr<120
2500 < Rep < 1.24x10°

L/D > 60
Dittus-Boelt
ittus-Boelter Nuy =0.023 Reéls pro4 for heating
interpreted by
Nup, =0.026 Rep/® Pro4 for cooling

Kakac [59]

Sieder-Tate [53]

0.14
Nup =0.027 Re’/® prt/? (”]

Hy

modification of Coburn
0.7 <Pr< 16700
10* < Rep

Petukhov-Kirillov-

Popov [57]

_ (f/8)Re, Pr
1.07+12.7 (f 18)'% [Pr?®-1)

Nup

friction factor according Moody diagram

smooth pipes f =(1.82 log,, Rep—1.64)

0.5 < Pr < 2000
10* < Rep < 5x10°

Gnielinski [58]

__(t/8)(Rep-1000)Pr
14127 (/18] [Pr2*-1)

smooth pipes f = (0.79 InReD—1.64)72

0.5 < Pr < 2000
2300 < Rep < 5x10°

Hausen

D 2/3 0.14
Nup, =0.037 [1{'_) ] (Reg-75—180)pr0-42 [NJ

0.6 <Pr<10®
2300 < Rep < 10°

' 1<D/IL<O
L Tor wall temperature (Ty,), i for
Tm (mean fluid temperature)

_ Nup, =5+0.015 Re3 Pr® .
Sleicher, 0.1<Pr<10
Rouse [49] a=0..88 _ 024 1 =0.333+0.56 706" 10* < Re < 10°

4 +Pr
0.14 D 1/18
Jacob Nup = 0.036 ReZ® prt/3 (”] [fj
H L

Tab. 2.5 — Correlations for turbulent forced convection heat transfer in pipes

2.4.5. Collector heat removal factor

Fr

Energy balance of the fluid flowing through the riser pipe element can be
described by differential equation. Solution results in fluid temperature distribution
along riser pipe coordinate in flow direction [1, 12].
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Collector heat removal factor Fr is defined as actual useful energy gain of collector
to useful gain if the absorber surface was at the fluid temperature. By introduction of
fluid temperature distribution the heat removal factor can be expressed as

Fr = ﬁ{l— exp(—ﬁﬂ (2.46)
AU Mc

where

M is total mass flow rate of fluid through solar collector, in kg/s;

Ct specific thermal capacity of fluid, in J/kgK;

Aa aperture area of solar collector, in m?.

Collector heat removal factor Fgr is equivalent to the effectiveness of a
conventional heat exchanger, which is defined as ratio of the actual heat transfer to
the maximum possible heat transfer. Maximum possible useful heat gain in a solar
collector occurs when the whole absorber is at the inlet fluid temperature (no
temperature increase along the riser pipes, minimized heat loss) [1].

2.4.6. Useful heat output of solar collector

Useful thermal output from solar collector can be defined in three different ways,
based on given reference collector temperature. From external balance of absorber,
the usable thermal power output results as

Qu= Aa[(ra)efG _U(tabs _ta)] (2-47)
where

(70)et is effective product of transmittance of cover glazing and
absorptance of absorber;

U collector heat loss coefficient related to aperture area, in
W/mK;

G solar irradiation incident on aperture, in W/m?;

Aa aperture area of solar collector, in m?.

The evaluation of thermal power output based on mean absorber temperature typs
is not very practical due to difficulty of identifying taps by experimental measurements.

Expressing the thermal power output based on mean fluid temperature t, is more
practical, because it corresponds with results from experimental testing of solar
collectors. Mean fluid temperature can be easily obtained from measured input and
output temperatures as

t,, = four (2.48)
2

where

tin is collector input temperature, in C;

tout collector output temperature, in C.

Usable thermal power output from collector based on mean fluid temperature is
defined by introduction of efficiency factor F' as
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Qu = A, F'[(ra)yG -U(t,, —t,)] (2.49)

For mathematical modeling of solar systems, calculation of heat output and output
temperature from collector based on input temperature is needed’. Usable heat
output based on input temperature can be given as

Qu = A, Fel(ra)e G -U (1, —t,)] (2.50)

2.4.7. Efficiency of solar collector

Collector efficiency is defined as usable thermal power output from the collector
related to solar radiation input incident on front part of collector (defined by reference
collector area = aperture area A,). Similarly to usable thermal power output of
collector, also efficiency can be related to

mean absorber temperature 7 = (ra),; —U % (2.51)
mean fluid temperature n= F'{(m)ef -U w} (2.52)
fluid input temperature n=F [(m)ef -U w} (2.53)

The last equation is a basic relationship in solar thermal collector theory, so called
Hottel-Whilier-Bliss  solar collector efficiency equation.

2.4.8. Fluid and absorber temperature

To calculate heat transfer coefficients at main surfaces of solar collector and to
assess the overall collector heat loss coefficient U (external energy balance) the
absorber temperature should be identified from input temperature as given in
Equation (2.54)

Qu/ A,
L =t + 1-F 2.54
abs in FRU ( R) ( )

It is apparent that mutual dependence of taps and U results in iteration calculation
loop (see chapter 2.4).

Mean fluid temperature t, necessary for calculation of convection heat transfer
coefficient h; for fluid in pipes can be obtained from input temperature as given in
Equation (2.55)

t

m

e QA R
t, + F.U (1 F') (2.55)

® Such expression of collector thermal power output is used in mathematical model KOLEKTOR, since
the calculation is based on input temperature.

30



The calculation of temperatures is processed in superior iteration loop since
external and internal energy balances are mutually dependent.

2.5. Iteration process

2.5.1. External energy balance

The core of the external energy absorber balance is an iteration loop for
calculation of temperature distribution for main surfaces (temperature levels) of solar
collector. At the start of iteration process, absorber temperature is estimated from
input fluid temperature, generally as

tps =tn 110K (2.56)

To calculate heat transfer coefficients between main collector surfaces (p1, p2, z1,
z2), the surface temperatures are needed but at the start of calculation process the
temperatures are not known. In the first iteration step, surface temperatures are
estimated from temperature difference between absorber and ambient environment
uniformly as follows

tops — 1

tpl =1 = laps ~ ab53 2 (2.57)
_ — tps ~la
40 ‘
)
ol
o
7]
a]
©
35 | rabs
.
+'~:'|

30 10.iteration

t [°C]
At/ 3 R

L At/ 3 ,
1
£\

25 + t,

air layer
air layer

20

Fig. 2.12 — Temperature distribution in collector at the start and the end of iteration
process of external energy balance of absorber

After that heat transfer coefficients can be calculated and collector heat loss
coefficients U, and U, can be obtained. Since these coefficients have been
calculated for incorrect temperatures, next iteration step should follow. From heat
transfer coefficients and heat flows through front and back side of collector
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temperature distribution can be obtained by reverse calculation process. For given
absorber temperature taps and ambient temperature t,, heat flow from absorber to
ambient, here for the front side, is given as

A = Up (taps —ta) (2.59a)
Ap = (N abs-p1 *+ M aps-pr Ntavs ~tpa) (2.59b)
Ao =y p1opa (tor ~t52) (2.59¢)
Ap = (Nsp2-a * Nppo-a fipz —ta) (2.59d)

Combining the Equations (2.59a) to (2.59d), the main surface temperatures for
next iteration step can be obtained as

Up )(tabs _ta) (2.60)

+ hp,abs—pl

t, =t —
pl abs
(hs.abs—pl

U

P 2.61
(hs,pZ—a +h ( )

+

tp2 = ta

) (tabs - ta)

p.p2-a
Analogous to front side surface temperatures calculation, for back side can be

applied

U,

(hs,abs—zl + hp,abs—zl)

(tabs _ta) (2.62)

t =taps —

e =tt Y, )(tabs “t,) (2.63)

s,z2-a + hp,zz—a
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Fig. 2.13 — Values of calculated temperatures during iteration process
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The new and more correct values of surface temperatures are used in next
iteration step for calculation of individual heat transfer coefficients between the
surfaces and new and more correct value of heat loss coefficient U (see Fig. 2.12).
Iteration process converges very quickly, the temperature distribution becomes
stable and external energy balance is finished after 5 iterations as illustrated in
Fig. 2.13.

2.5.2. Internal energy balance

Internal energy absorber balance is processed in simple iteration loop for
calculation of correct mean fluid temperature. At the start of iteration process, mean
fluid temperature t,, is estimated from input fluid temperature

t, =t, +10K (2.64)

Based on estimated mean fluid temperature, internal balance calculations are
performed and new value of mean fluid temperature is obtained from Equation (2.55)
for next iteration step. Analogous to external balance, the iteration process comes
quickly to stable phase with no additional change in mean fluid temperature. Except

the usable thermal power Qu and efficiency of solar collector one of the main outputs
of internal balance is the absorber temperature taps.

2.5.3. Superior iteration loop

Both external and internal energy balances are mutually dependent. Overall
collector heat loss coefficient U as main output from external balance is one of the
inputs for internal balance. On the other side, mean absorber temperature t,,s as one
of the outputs from internal balance is used as necessary input for external balance.
Superior iteration loop has been introduced to transfer the results from finished
external balance iteration loop to starting cycle of internal balance iteration loop and
results from finished internal balance iteration loop are put to first cycle of external
balance loop. The scheme of iteration loops is outlined in Fig. 2.14.

ti, | geometrical & physical properties
climate & operation conditions

Y A 4 \ 4 A 4 A 4 A\ 4

external internal external internal external internal
balance balance balance balance balance balance
to1 V) tabs | to1 u | (Y] e tabs | tp1 V)

t » > |t » > |t ’

02 tm p2 tm 02 tm

o

tas=tin +10K £y =ty +10K

Fig. 2.14 — Scheme of iteration loops
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2.6. Special features

2.6.1. Heat transfer fluids models

Mathematical models describing the thermal properties of heat transfer fluids
(water, water-etyleneglycol solution, water-propyleneglycol solution) have been taken
from [60]. Properties for pure water can be obtained from models when glycol mass
concentration ¢is equal to zero. Below, the polynomic functions describing individual
properties dependent on temperature are shown and appropriate constants are listed
in Tab. 2.6 and Tab. 2.7.

Freezing temperature Tg [K] of water-glycol solution may be determined by an
equation of the form

Te

= Ay + A+ AL 2.65
27315 '® A+ A (2.65)
where
& is mass concentration of glycol in agueous solution

The density p, thermal conductivity A and specific thermal capacity ¢ may be all
calculated by the same kind of equation. The property is here represented by Py

273.15

Py =A +AS+ A +A ¢ (2.66)

2
273.15 273.15
+
T A5( T j

The same applies to the calculation of the dynamic viscosity ¢ and Prandtl number
Pr, with slightly different equation

0(P.)= A+ AL+ A, 273.15 +A4<(273.15 +A5[27$.15j2 (2.67)
Parameter P c A H Pr Tr
A order [kg/m?] [kJ/kg.K] [W/m K] [Pa.s] [] K]
0 1.0
1 658.49825 | 5.36449 0.83818 -4.63024 3.96951 -0.06982
2 -54.81501 | 0.78863 137620 | -2.14817 0.70076 -0.35780
3 664.71643 | -2.50001 | -0.07629 | -12.70106 | -12.98045
4 232.72605 | -2.73187 1.07720 5.40536 2.64789
5 -322.61661 | 1.43759 -0.20174 | 10.98990 | 11.58900

Tab. 2.6 — Parameters of the mathematical models of aqueous solutions of
ethyleneglycol [60]
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Parameter p c A H Pr Te
A order [kg/m?] [kJ/kg.K] [W/m.K] [Pa.s] [] K]
0 - - - - - 1.0
1 508.41100 | 4.47642 1.18886 -1.02798 6.66139 -0.03736
2 -182.40820 | 0.60863 -1.49110 | -10.03298 | -6.99440 | -0.40050
3 965.76507 | -0.71497 | -0.69682 | -19.93497 | -18.55114 -
4 280.29104 | -1.93855 1.13633 14.65802 | 12.04640 -
5 -472.22510 | 0.47873 0.06735 14.62050 | 14.47735 -

Tab. 2.7 — Parameters of the mathematical models of aqueous solutions of
propyleneglycol [60]

2.6.2. Building integration

Sparrow et al. [64, 65] carried out a number of experiments to investigate local
heat transfer coefficients on heated plates (e.g. solar collectors) under airflow at
different conditions (angles of inclination of the plate relative to oncoming airstream,
different velocities, framing surfaces). It was realized that average convection heat
transfer coefficients are practically independent of the incident angle of airstream.

wind flow edge flow

\N / 2 A A A~

L
Ny
nge’ collector
AV ararayrearays
Lt
L1

Fig. 2.15 — Oncoming wind airstream to collector integrated to thermally inactive
frame

From the airflow patterns on the plate, a considerable difference was found
between the local heat transfer coefficients in the center of the plate and on the
edges. Higher velocity on the edges leads to higher local heat transfer coefficients,
while coefficients near the center are lower due airflow stagnation. Average
convection heat transfer coefficients can be substantially reduced when a thermally
active surface (solar collector) is framed by another thermally inactive surface (the
envelope surface). This result is important for the case of constructional integration of
solar collectors into building envelope. Sparrow [65] gives an equation to obtain the
rate of reduction of an average wind convection heat transfer coefficient
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LC
= (2.68)

f

hw,int = hw

where hyix and h,, respectively denote the coefficients in the presence of the
frame (envelope integration) and in the absence of the frame (separate installation).
The hydrodynamic dimensions L. (solar collector) and L; (envelope framing surface)
are determined as characteristic lengths from

L=k (2.69)
L, +L,

In the example shown in Fig. 2.16 solar collector located at flat roof and second
one integrated into building facade will result in different values of wind-related heat
transfer coefficients. While the average heat transfer coefficient at the glazing surface
of a roof collector corresponds to wind velocity, the average heat transfer coefficient
at the surface of a fagade collector is lower due to the framing effect. For an
investigated case of a common block of flats, the wind-related coefficient can be
reduced to 60-80 % of the value for a roof located collector.

L
edge flow Lo
-~ \ wind flow \ T‘ TTTT f
N | 7 [ [ roof collector | | \
| aSh il T LT
- — <« -« 4>
| ADNEANCEAREARE
+ — <+ = < facadaicollsctor] -
| AL T
| LI LI LL I LT

Fig. 2.16 - Wind flow over a building with solar collectors

2.6.3. Gas pressure inside collector

Evacuation of gas at constant temperature results in lower density of molecules
Ny = N/V in layer and the pressure p is reduced. The kinetic theory of gases relates

gas viscosity coefficient ©to molecular diameter by

m. (kT )}’
=M ( j (2.70)
3v2m2

where

dm is  molecular diameter, in m.
Mm molecule mass, in atomic mass units (u).

According to the kinetic theory of gases, the gas dynamic viscosity u is
independent of gas pressure and increases with temperature.

Ideal gas law describes the state for a gas, as given in
pV =nRT (2.71)

where
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IS gas pressure, in Pa;

gas volume, in m*;

Y

\Y

n number moles of gas, in mol;

R ideal gas constant, 8.314 J/Kmol;
T

absolute temperature, in K.

Modification of ideal gas law with introducing molar mass [g/mol] M=m/n and
density [g/m*] p=m/ V yields in
pM
= 2.72
P RT ( )

It is apparent that reducing the pressure will lower the gas density as mentioned
above.

Due to evacuation of gas layer gas kinematic viscosity v increases and natural
convection in the gas layer is eliminated. So, Grashof number as a criterium
describing the natural convection due to temperature difference decreases with
pressure reduction as well as determined Nusselt number as a function of (Gr.Pr).

Free path of molecule defined as direct distance between two consequent
collisions of gas molecule with other molecule increases with the decrease of
pressure. Mean free path of molecule I, is defined as arithmetical average of free
paths of all molecules and is given by

|y = \/557—1(;“2“0 (2.73)
where

k is  Boltzmann constant, 1.380 6504x1072% J/K;

T absolute gas temperature, K;

p pressure, in Pa;

dm diameter gas molecules, in m.

Mean free path I, is inverse proportional to gas pressure p. Reduction of pressure
leads also to decrease of mean frequency of molecule collisions which is determined
by number of collisions of given molecule for a time period. This influences
conduction heat transfer defined by frequency of molecule collisions.

The thermal conductivity of gas is virtually independent of pressure over many
orders of magnitude. This curious property is the result of the almost exact inverse
relationship between pressure and mean free path for molecule—molecule collisions.
As the gas pressure is reduced, the number of gas molecules available to transport
heat is reduced in proportion; however, the molecules travel correspondingly further
between collisions.

With decrease of pressure below 100 Pa (medium vacuum) the mean free path of
gas molecules |, becomes comparable to the usual gas layer thickness in glazing or
collector the heat is transferred through and thermal conductivity start to decrease.
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For pressures under 0.1 Pa (high vacuum) the conduction heat transfer is realized
only by molecules traveling from one boundary surface to other without any collisions
(mean free path of molecules |, > 10 mm).

Dependence of thermal conductivity of air A on the air pressure between two
surfaces is given by [61]

1

A=A — = (2.74)
° L4 76207
.
T
where
Ao is  thermal conductivity at room temperature (20 ), in W/mK.
L distance of layer boundary surfaces in heat flow direction, in m;
p pressure in air layer, in Pa;
T temperature, in K.
/. .[Imm]
80 0.8 8x10° 8x10°
0,030
0,025
o 0020 1
£
= 0,015 4
<
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Fig. 2.17 — Dependence thermal conductivity vs. pressure, corresponding values of
mean free path of air molecules (N;) are given above (at 20 C).

Fig. 2.17 shows the thermal conductivity is for given pressure lower for smaller
size layer or cell size. Such effect is used preferably in vacuum insulations and
evacuated aerogel structures. Smaller size of structure allows higher pressure to
achieve required thermal resistance.

Further reduction in heat transport due to gaseous thermal conduction only occurs
when the pressure is low enough that the mean free path for molecule—-molecule
collisions is of the same order as the distance over which the heat is transported. For
vacuum glazing with a gap of 0.2 mm, this corresponds to a pressure of about 30 Pa.
At lower pressures, the gaseous conductance [W/m?K] is approximately proportional
to pressure [62], and may be written as
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1/2
A =a L2 (Lj D (2.75)
y—1) 8T

In this expression, a is the combined accommodation coefficient, given by

aa,

a= (2.76)
a, +a, —aa,

where

a1, Qs are  accommodation coefficients for the gas molecules at the two
surfaces;

% specific heat ratio for the gas, nondimensional,

M molar mass of the gas, in g/mol;

T temperature intermediate between the temperatures of the
surfaces, in K;

R gas constant, R = 8.314 J/Kmaol,

p pressure, in Pa.

The predominant gas species in degraded samples of vacuum glazing has been
determined to be water vapor. Water molecules interact strongly with the internal
surfaces of the glazing. Assuming a combined accommodation coefficient of 0.9, the
gaseous conductance in the low pressure region is approximately

A, =0.8p (2.77)

In order to ensure that gaseous conduction is negligible, the pressure within the
glazing should therefore be less than about 0.1 Pa [63].

2.6.4. Optical properties

Optical properties of cover glazing are described by transmittance 7y, reflectance
Py and absorptance ay. Each term is generally angular dependent. Sum of these
three parts at each angle gives unity. Optical properties of absorber are given by
absorptance aaps and reflectance pups both angular dependent.

S incident solar radiation

glazing
\ u-n):\ u-c)zré\
T (1-a)vp, (I-affrp? /
Y ™
ra ra(l-a)pd fa(l-a)zpdz

absorber

Fig. 2.18 — Absorption of solar radiation by absorber under cover glazing
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An important factor if evaluating optical performance of solar collector is
transmittance-absorptance product (7a) as a complex property of cover-absorber
combination. Product considers solar radiation passing through the cover to absorber
and multiple reflections between absorber and cover glazing. The reflection from
absorber plate is assumed to be diffuse, so the fraction (1 - a)r that strikes cover is
diffuse radiation and (1 - a) 1oy is reflected back to absorber. As multiple reflection of
diffuse radiation continues the fraction of the incident energy ultimately absorbed is

(ra) = (m)éo[(l—a)pd]” = = a (2.78)

1-a)py

Diffuse reflectance py for diffuse radiation is usually estimated as reflectance for
incidence angle 60°(single glazing usually 0.15, d ouble glazing 0.22).
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3. Design tool KOLEKTOR

Mathematical model of solar thermal flat-plate liquid collector has been
transformed into design tool KOLEKTOR 2.2. The design tool is a computer program
with user-friendly interface created in Visual Basic Studio environment. Detailed
geometrical and physical parameters of individual solar collector elements as well as
operation & climatic boundary conditions are entered through appropriate tool cards
(general design parameters, absorber, glazing, frame / insulation, calculation, see
Figs. 3.1 to 3.4). Besides the principle parameters and characteristics the tool allows
to enter also gas pressure inside the collector box (for modeling both flat-plate
atmospheric and evacuated collectors), slope of collector, type of heat transfer fluid
(water, water-ethyleneglycol solution, water-propyleneglycol solution with defined
mixing ratio) and to choose the separate free-standing installation or building
envelope integration of collector (with given thermal resistance of building envelope).
Design tool allows to choose from various empirical models for calculating the heat
transfer coefficients (e.g. forced convection in pipes, natural convection in gas layers,
sky radiation, wind convection) collected from different authors and thus to trace the
influence of heat transfer coefficient model selection on the calculated performance
of solar collector.

3.1. Visual Basic

Visual Basic (VB) is the third-generation event-driven programming language and
associated development environment (IDE) from Microsoft for its COM programming
model. VB is also considered a relatively easy to learn and use programming
language, because of its graphical development features and BASIC heritage.

Visual Basic was derived from BASIC and enables the rapid application
development (RAD) of graphical user interface (GUI) applications, access to
databases using Data Access Objects DAO, Remote Data Objects RDO, or ActiveX
Data Objects ADO, and creation of ActiveX controls and objects. Scripting languages
such as VBA and VBScript are syntactically similar to Visual Basic, but perform
differently.

A programmer can put together an application using the components provided with
Visual Basic itself. Programs written in Visual Basic can also use the Windows API,
but doing so requires external function declarations.

The final release was version 6 in 1998. Microsoft's extended support ended in
March 2008 and the designated successor was Visual Basic .NET.

3.2. .NET Framework

The Microsoft .NET Framework is a software technology that is available with
several Microsoft Windows operating systems. It includes a large library of pre-coded
solutions to common programming problems and a virtual machine that manages the
execution of programs written specifically for the framework. The .NET Framework is
a key Microsoft offering and is intended to be used by most new applications created
for the Windows platform.

The pre-coded solutions that form the framework's Base Class Library cover a
large range of programming needs in a number of areas, including user interface,
data access, database connectivity, cryptography, web application development,
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numeric algorithms, and network communications. The class library is used by
programmers, who combine it with their own code to produce applications.

Programs written for the .NET Framework execute in a software environment that
manages the program's runtime requirements. Also part of the .NET Framework, this
runtime environment is known as the Common Language Runtime (CLR). The CLR
provides the appearance of an application virtual machine so that programmers need
not consider the capabilities of the specific CPU that will execute the program. The
CLR also provides other important services such as security, memory management,
and exception handling. The class library and the CLR together compose the .NET
Framework.

The .NET Framework is included with Windows Server 2008 and Windows Vista.
The current version of the framework can also be installed on Windows XP and the
Windows Server 2003 family of operating systems. A reduced "Compact" version of
the .NET Framework is also available on Windows Mobile platforms, including
Smartphones.

3.3. Installation

Design tool KOLEKTOR 2.2 is developed in Visual Basic.NET platform. To start
the tool, the distribution pack for Microsoft NET. Framework has to be installed first.
If user has installed earlier pre-release versions of .NET Framework, then he must
uninstall them prior to running this installation by using Add or Remove Programs.
Last version of Microsoft NET Framework 3.5 can be downloaded from Microsoft
website:

<http://www.microsoft.com/downloads/>
or with use of link from KOLEKTOR website:
<http://www.fsid.cvut.cz/~matuskat/kolektor/>

First step: Download and install Microsoft. NET Framework 3.5

Second step: Download KOLEKTOR22.zip pack from KOLEKTOR website to
Program Files folder and unzip it. Folder Kolektor with installation
files will be created.

Third step: Start setup.exe and tool KOLEKTOR 2.2 will be installed into your
computer and ready for first use. You can find it as an icon in
Programs Menu under Kolektor or you can use setup.exe file
(previously used for installation) for launching the program.

3.4. General functions

3.4.1. Roll window File

Open: Opens file with input parameters of collector, operation, climate and
models selection

Save: Saves file with input parameters of collector, operation, climate and
models selection. Data entered into tool cards and selections made can be
saved into text file (*.kol) for later use.
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3.4.2. Roll window Calculation
Start calculation: Runs the calculation process
Results export Results of calculation (collector efficiency curve) can be saved
into spread-sheet file (*.res).
3.4.3. Roll window Help
Short information on design tool is added.

3.5. Cards

Individual cards are used to input parameters of collector, operation, climate and
models selection.

3.5.1. General parameters

Card (see Fig. 3.1) contains operation and climatic conditions, including the slope
of collector and parameters of adjacent structures (emittance of surfaces, resistance
of envelope) and principle geometry of solar collector (gross and aperture size, depth
of collector).

-_ olektor 2.2 __Ins =101 =]
File Calculation  Help

Design parameters I Abzorber i Glazihg and insulatinn! Calculation I

— Operation and climatic conditions
Input fluid temperature tin IE-D_' i
Specific fluid mass flow rate m' IE‘DTE‘ katsim2
Global solar iradiation G 200 Wim2
Ambient temperatire ta Ig_g_' Vg
Ambient relative humidity Gg IE-U_- %
‘Wind velocity 1w ﬁ_ mds
Collector slope B |‘4'§_' deqg
Envelope thermal iesistance Rk [5_- m2k

— Collectar dimensions — Tupe of collector instalation
Gross height Lg Ig_' m " Separate
Grass width Hg ﬁ_ m & |rtegrated into building ervelope
Grass afea Ag F_ m2 —Collector depth
Aperture height La E_ m Absoiber-glazing gap thickness dp Eu_ i
Aperture width Ha [1_- m &bsorber-frame gap tickness dz l1_ mm
Aperture aiea Aa Ié_ m2 Collzctor depth B [oog m
Ervelope dimensions |2_ ® IW_ m Edae sides area Ab "LT m2

VZTech

| | | 2r/oi/200814:3340 |

Fig. 3.1 — Design parameters card

Input temperature ti, is used only if calculation of single working point is chosen.

Card contains also either/or specification whether collector is installed separately
from building envelope (emittance of adjacent envelope surface as input) or
integrated into building envelope (thermal resistance of building envelope as input).
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3.5.2. Absorber

Card contains specification of absorber plate properties (material, emittances) and
pipe register geometry and thermal bond specification (see Fig. 3.2).

Absorber material selection has predefined following items with appropriate
thermal conductivity values:

copper (default) 390 W/mK;
aluminium 250 W/mK;
steel 100 W/mK.

Type of bond absorber-riser pipe selection has predefined following items
attended by appropriate figure (see chapter internal balance):

upper bond;
side bond,;
lower bond.
=1
File Calculstion  Help
Cesign parameters Absorber i Glazing and insulaliunl Calculation I
—Absorber p
Material |Eopper vI Solar absorbtance % ahe ID_95 -
Thermal corductivity ¥ ahs 350 Wi Front stiface emissiviy E absp Ig_g5 2
Thickness dahs Ig_z mm Back surface emissivity E absz ID_5 =
—Pipe register p
Length of rizer pipes L Ig m Collector mass How rate M IEI 03 kats
Number of riser pipes ntp Ig pcs Pipe mass flaw rate M1 I[_|_UL|3,‘ kals
Distance between riger pipes [fin d {25 i — Heat tramsfer fluid
Pipe extemal diameter De I-m i Fluid type IW’ater _vJ [\water
Pipe internal diameter Ly Ig mm Mixing ratio Ii:! % III'JD %
Type of bond IUDDEI 'i Freezing temperature by |-32.1‘515 e
Awerage bond width a |1 mm
a
Average bond thickness b |3 mrn Aot T—:
Bond thermal conductiit £ k. ' { @h)
ond thermal conductivity sp 200 'l U
Bond thermal conductance Csp  [ppgen  Wimk L3 B
L w
VZTech
[ | 27/01/2009 14:3340 |

Fig. 3.2 — Absorber card

3.5.3. Glazing and insulation

Card contains thermal and optical properties of glazing and thermal properties of
frame (insulation). Thermal properties of glazing can be entered by means of thermal
conductivity dependent on mean temperature (suitable for glazing structures like
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transparent insulations) or just as a single value for thermal resistance of glazing.
Optical properties of glazing are specified for normal incidence. Optical efficiency of
solar collector is calculated at right lower part of card.

As a special feature gas filling pressure inside the collector box can be used as
input. At this moment just air can be considered as collector box filling.

& Kolektor 2.2 =[Ol =]
File Calculation Help
Design parameters' Absorber  Glazing and insulation | Ea\culationl
—Glazing p
Material Im Thermal properties
{* Themnal conductivity
Thickness d a |4 mm
" Theimal resistance
Momal solar ransmittance T Ig_gn -
Nomal solar ieflectance Py IU_UB -
Thermal conductivity B na i dmk.
Diffuse solar ieflectance Pd Ig_s - [palynaric)
- 2 l— 2
A=hgtAagb +agt A i] Wk,
Extemal suface emissivity & pl Ig_gs -
Mz |_0 Wik
Internal suface emissiviey Ep2 0.85
—Frame / inzulation p I{ —Gas filling of collectar interior
Material IMineraI waol * Type of gas m -
Thickness dp IED mm Gas pressure 100 kPa
Thermal conductivity % 0045 Wwmk
—Optical efficiency of collector
Thermal resistance F i ID E7 m2K. e
Effective o product 02645 -
External frame surface emissivity g f a1 IU_5
Internal frame surface emissivity &[22 Iu_5
VZTech
[ [ | 27/01/200914:33:40 |

Fig. 3.3 — Glazing and frame / insulation card
Frame insulation material selection has predefined following items with appropriate
thermal conductivity values:
polyurethane (default) 0.035 W/mK;
mineral wool 0.040 W/mK.

3.5.4. Calculation

Calculation card shows the layout of solar collector (glazing, absorber, frame
insulation), surface temperatures, roll windows with individual selection of heat
transfer models and corresponding values of heat transfer coefficients (displayed
after calculation).

Selection of models is used here due to high number of possible models for
calculation of heat transfer coefficients available but with rather different resulting
values, e.g. wind convection models, and their influence on calculated collector
performance should be verified (sensitivity analysis).
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he [500s Win2 *.,‘
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=
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Calculate
VZTech
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Fig. 3.4 — Calculation card

Calculation mode can be specified as single working point calculation or efficiency
curve calculation. If single point calculation selected input temperature ti, and climatic
condition are used as boundary conditions. Efficiency curve mode calculates the
individual efficiency points for given climatic conditions (default values
recommended) and input temperature t, in the range from 20 to 400 € and results
are related to:

mean absorber temperature (taps - ta)/G
mean fluid temperature (tm - t2)/G
input temperature (tin - ta)/G

Number of iteration loops can be set (default value 10 is recommended).

Nominal stagnation temperature tsq is displayed for extreme conditions (G =
1000 W/m?, t, = 30 C). Calculation of stagnation temperature is available only in the
mode of efficiency curve calculation. If stagnation temperature is not found, value
“??7?” appears instead of value.
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3.6. Troubleshooting

3.6.1. Local decimal settings

Problems concerning to use of dot instead of comma has been solved. User of
design tool should work in local setting of windows using dot in decimal values (e.g.
Great Britain), all default and entered values should be input with dot (if in decimal
form). Else the program cannot calculate and message “NaN” appears in the boxes.
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4. Experimental evaluation of the model

Mathematical model KOLEKTOR 2.2 has been experimentally validated in the
frame of solar collectors testing according to European standard [2] in the Solar
Laboratory operated under Department of Environmental Engineering at Faculty of
Mechanical Engineering, Czech Technical University in Prague [3]. Solar thermal
collectors have been tested to obtain steady state performance thermal output at
constant operation conditions of inlet temperature (£0,1 K) and mass flow rate
(1 %) of heat transfer fluid (water) entering collector and at constant climatic
conditions of solar irradiation (+50 W/m?) and ambient temperature (0,5 K).
Instantaneous efficiency has been calculated from collector thermal output related to
total solar irradiation input (incident on collector reference area: aperture area). The
efficiency curve (dependence of efficiency on mean reduced temperature difference)
has been obtained from at least 6 points in the range of input fluid temperature from
ambient (around 20 C) to 90 C. Experimental data points of solar collector
efficiency are coupled with uniform uncertainty bars in the graphs. Expanded
efficiency uncertainty has been assessed for experimental data from both type A
(statistical) and type B (instrumental) uncertainties considering the coverage factor 2
with 95% level of confidence [66, 67] and for usual steady state conditions of
measurements lies between 3 and 4 %.

Mathematical model has been validated in the field of atmospheric solar flat-plate
collectors (nonselective absorber without conductive bond to register pipes; high-
quality solar collector with state-of-art copper laser welded absorber coated with high
performance selective coating and solar antireflective glazing) and in the field of
evacuated solar flat-plate collectors. Experimental validation of evacuated type has
been performed on commercial solar flat-plate vacuum collector with selective
absorber and no insulation applied at the back of absorber (only air layers at given
pressure). The collector envelope consisting of low iron glazing and moulded metal
frame is equipped with pressure valve inlet for repeatable evacuation. Support pillars
to bear the glazing at condition of underpressure stress are placed between the
glazing and back side of the collector and penetrating the absorber through holes
(elimination of thermal bridges, not considered in modeling). The atmospheric variant
of the collector (interior pressure 100 kPa) has been evaluated as a reference case
(atmospheric selective collector — but without insulation). The evacuated variant of
the collector has been tested with interior pressure reduced and maintained by
vacuum pump at 9 kPa. Experimental data and efficiency curves calculated from
model have been graphically compared (see Fig. 4.1 and Fig. 4.2).

The theoretical calculation of efficiency curve by model is subjected to uncertainty
of input parameters. While geometrical parameters are easily available with high
degree of confidence, number of parameters defining the properties of collector parts
is found uncertain within narrow range (e.g. absorber and glazing properties
parameters, mostly *1 %), middle range (e.g. conductivity of insulation layer
dependent on its temperature and density, =10 %) and quite broad range (e.qg.
emittance of absorber back side, insulation or collector frame, > 50 %). Each of
varying parameter has a different impact (sensitivity) to resulting efficiency value from
high effect of absorber and glazing optical properties to negligible effect of frame
external surface emittance. Uncertainty of input parameters and its influence to
calculated efficiency has been expressed by two borderlines where the collector
efficiency values can be found in reality.
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Fig. 4.1 — Experimental evaluation of the mathematical model by collector testing
(different absorber quality)

Fig. 4.1 shows validation of the model for two examples of different atmospheric flat-
plate collectors. Collector on the left consists of nonselective absorber without
conductive bond to register pipes (steel absorber is bond to copper pipe only by spot
grip-contact). Standard safety glazing and mineral wool insulation are used in its
construction. Determination of absorber-pipes bond conductance is a main source of
uncertainty in the calculation.

Collector on the right is a representative of high-quality solar collectors with state-of-
art copper laser welded absorber. High performance selective coating and solar
antireflective glazing properties from optical testing reports were provided thus
reducing the uncertainty of calculation to very low values. Due to sufficient back side
insulation the influence of uncertain internal and external surfaces emittance has
decreased to minimum.

Mathematical model has been also tested in the field of solar flat-plate evacuated
collectors. Validation has been performed on commercial evacuated collector with
selective absorber and no insulation applied at the back of absorber (only air layers
at given pressure). The collector envelope consists of moulded metal frame and low
iron glazing. Support pillars to bear the underpressure stress are placed between
glazing and back side of the collector and penetrating the absorber through holes
(elimination of thermal bridges, not considered in modeling). The atmospheric variant
of the collector (interior pressure 100 kPa) has been evaluated as a reference case
(see Fig. 4.2, graph on the left). The evacuated variant has been tested with interior
pressure reduced to 9 kPa (see Fig. 4.2, graph on the right).

All tested variants of solar collector construction have shown a good agreement
between the modeled and experimentally obtained solar collector efficiency curves
within the range caused by uncertainty of model input parameters (uncertain values
of thermal properties of used materials, optical properties of surfaces, etc.).
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Fig. 4.2 — Experimental evaluation of the mathematical model by collector testing
(different interior pressure)
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5. Outlook for future development

The model and design tool is under continuous development. Validation of the
model for unglazed solar thermal collector type is planned and huge experimental
investigations are expected due to high uncertainty in modeling of wind convection
heat transfer coefficients known from literature. Mathematical model of solar thermal
flat-plate collector (glazed, unglazed) and design tool KOLEKTOR will stand as a
basis for development of universal solar photovoltaic-thermal liquid collector model.
Advanced PV/T model will allow PV collector modeling (fluid mass flow equal zero,
considering influence of temperature on electric efficiency), PT collector modeling
(PV reference efficiency equal zero) or PV/T collector modeling.

5.1. Next version
KOLEKTOR 3.1 will include:

= calculation of Uy, separately from U, — a number of solar collectors is equipped by
different insulation layer for back side and edge side (different thickness)

» linear dependence of collector frame insulation thermal conductivity on mean
temperature in the insulation layer

= rearrangement of cards — card glazing will be separate, and model will allow the
possibility for theoretical calculation of optical properties of glazing from refraction
index n and attenuation coefficient K

5.2. Far future outlook
Target of development of the software is:

= Multiple glazed collector (unglazed, single, double glazed collectors), including
heat transfer through individual gas layers — it will need a complete
rearrangement of calculation procedure.

= PVIT collector (unglazed, glazed) — absorber with electricity production (now
finished in excel sheet for unglazed configuration, experimental validation in
summer 2009).

51



6. Acknowledgement

The development of mathematical model and design tool KOLEKTOR has been
supported by research project MSM 684077011 “Environmental Engineering” granted
by Ministry of Education, Youth and Sports.

The experimental validation of the model has been supported by research project
CTU 88059012 ,Experimental validation of mathematical model for flat-plate
evacuated solar thermal collector”.

52



7. Nomeclature

Nomenclature generally results from usual symbols
engineering.

7.1. Latin symbols

a
a
Aa

Ql,o
Qi
Q
tabs

tdp

thermal diffusivity

bond width

collector aperture area

collector gross area

bond thickness

bond thermal conductance

specific thermal capacity

external pipe diameter

internal pipe diameter

fin efficiency

collector efficiency factor

collector heat removal factor

gravity acceleration

solar irradiation

convection heat transfer coefficient inside riser pipe
wind convection heat transfer coefficient
length, thickness

mass flow rate

water vapor pressure

saturated water vapor pressure
heat flow density

solar irradiation incident on collector area
optical loss
heat loss

useful thermal power from collector

Celsius temperature
absorber temperature
ambient temperature
dew point temperature
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T absolute (Kelvin) temperature K

Up heat loss coefficient for front side of the collector W/m?K
U, heat loss coefficient for back side of the collector W/m?K
Up heat loss coefficient for edge side of the collector W/m?K
w fin width, distance between risers m

7.2. Greek symbols

a solar radiation absorptance of collector absorber -

B volumetric thermal expansion coefficient 1/K

o thickness of absorber m

£ emittance -

& sky emittance -

n efficiency -

@ slope angle deg

A thermal conductivity W/mK
v kinematic viscosity m?/s

0 density kg/m?
o Stefan-Boltzman constant

r solar radiation transmittance of collector cover glazing -

7.3. Criterial numbers

Gr Grashof number
Gz Graetz number
Nu Nusselt number
Pr Prandtl number

Ra Rayleigh number
Re Reynolds number

7.4. Indices

7.4.1. Main surfaces

Indices for description of main collector surfaces were introduced from Czech
version to avoid nomenclature collisions:

p  front side (from Czech “pfedni”)
z back side (from Czech “zadni”)
b edge side (from Czech “boc¢ni”)
1  exterior surface

54



2 interior surface

Relationship between two surfaces e.g. identifying distance is expressed by
combination of the indices. The order of indices is given by supposed heat flow
direction (from absorber to ambient).

Example 1: Lapsp2 IS thickness of gas layer between absorber and surface p2
(interior surface of front cover glazing).

Example 2: Taps-z2 IS mean temperature in gas layer between absorber and surface
z2 (interior surface of back side frame).
7.4.2. Heat transfer modes

Indices for description of heat transfer modes were introduced from Czech version
for better one-letter distinction:

p convection heat transfer (from Czech “proudéni”)
% conduction heat transfer (from Czech “vedeni”)
S radiation heat transfer (from Czech “salani”)

7.4.3. More indices

a aperture
a ambient
f fluid

fr frame

g gas layer
G gross

in input

out output
sp bond
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