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Abstract

A dynamic flat-plate collector model for parametric sensitivity studies on polymer-based collector designs was developed.
Validation using experimental results of conventional flat-plate collectors showed satisfying results especially regarding the
calculation of individual part temperatures of a collector. The model was used to predict system efficiency as well as individual
part temperatures in order to analyse a polymeric collector approach in comparison to a conventional collector. The simulation
results showed that the fractional energy savings of systems with conventional flat-plate collectors cannot be reached with the
analysed polymeric collector approach. Also the stagnation temperatures of more efficient approaches are too high for low-cost
polymeric materials. The exemplary analysis of annual temperature loads of the backside insulation for different approaches
proved the necessity of careful collector design aiming at temperature reduction for all individual collector parts.
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1. Background and proceeding

Manufacturers of solar-thermal systems aim at cost reduction especially regarding the collector. Significantly,
increased market prices for aluminium and copper continuously obstruct these efforts. Against this background, the
use of low-cost polymers in solar-thermal collectors offers cost and technical advantages. Besides that, polymeric
collectors show remarkable properties in terms of handling and roof installation because of lightweight construction
and freedom of design. Today’s polymer manufacturing opportunities enable extensive production automation and
hold considerable cost reduction potential. Nevertheless, high thermal loads on the collector parts are likely to be the
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main hurdle for the use of commodity plastics. Hence, in-depth analyses of short-term maximum as well as annual
thermal loads on the individual parts of a collector, i.e. absorber, glazing, frame and backside, are required.

Based on the development of a dynamic collector model, a simulation study was carried out aiming at the
investigation of a polymeric collector approach with regard to thermal loads and fractional energy savings. The
simulations were performed using the simulation environment Matlab/Simulink [1] in combination with the
CARNOT toolbox [2].

2. Collector modeling

Commonly used parameter models based on collector test results are not suitable for the investigation of collector
design parameters. Also the steady-state Hottel-Whillier-Bliss model [3] only provides information about the
collector performance by the fluid temperature. The part temperatures and the derived heat transfer coefficients have
to be calculated by iterations. Thus, a dynamic model considering the relevant capacities was developed in order to
derive information on individual part temperatures, heat fluxes and collector performance. Moreover, the model can
be adjusted to new collector parameters or designs.

The five-node collector model considers the capacity of absorber (front and back plate), fluid, glazing and casing.
The energy network connecting the nodes as well as the ambience are physical functions depending on geometry,
size, materials and operating conditions. The cross section of the collector model is shown in Figure 1. The model
basically represents a collector with a fully volumetric absorber but was for validation changed to a collector with
sheet-pipe absorber. In the following the energy fluxes of the model are described in detail.

4

4
&

4
--->
————

NN\

Glazing (g) : .

Adiabatic

Absorber front (al) S
N N L —
Fluid () @<::::
= | LTttt P—
(=]
&  Absorber back (a2) |
= ;
E 1 e
v ¥ | &
i E
2 /| Casing / Insulation (c) ! &
EA [y, ¢
= / [ | TQconduction
< ‘. v I
i Qconvection .__E .
’ : i |
E Qradiaﬁon v \

Fig. 1. Cross section of the collector model with nodes and energy fluxes



Christoph Reiter et al. / Energy Procedia 48 (2014) 181 — 191

Nomenclature

Symbols:
A

Nu

Racrit
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Q < Y ® ® ™ N
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area
Nusselt number

solar irradiance
characteristic length
Prandtl number

heat flow rate

thermal resistance
Rayleigh number

critical Rayleigh number
Reynolds number
absorbed solar radiation
temperature change
temperature

specific heat capacity

per time unit

Prandtl number correction factor
collector slope correction factor
fractional energy savings

heat transfer coefficient

heat conductivity

mass

mass flow

reflection coefficient

thickness

velocity

absorption coefficient
collector slope
intermittency factor
emission coefficient
friction factor

kinematic viscosity
Stefan-Boltzmann constant

transmission coefficient

[
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Subscripts:

al
a2
air

amb

cond

conv
diff
edge
forced
free

lam
rad
stag

turb

wind

absorber front
absorber back
air

ambient
casing

heat conduction
convection
diffuse
collector edge
fluid

forced

free

glazing

inlet / previous node

laminar flow
radiation
stagnation

sky / atmosphere
turbulent flow
wind
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2.1. Energy balance

The equations (1) to (5) give an overview on the energy balance drawn in the collector model. The equations
describe the capacities of each node as well as the energy fluxes of the nodes.

i dar, _ i
Glazing (g): myre, x—E =S, +Ouy = O um )
Absorber front (al): e 9T, _ s . ) i o
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i dT, . .
Fluid (f) m,*c, % dt/ = rhf. *C,oE (Tm —T/‘)+ Qa]i/. _inaz (3)
Ab k (a2): dr,, - i
sorber back (a2): M e =2 =0p =0 @
i ; dT. . .
Casing / Insulation (c): m, *c, * = O, -0 . )

2.2. Optical properties

The optical properties of the collector comprise the behavior of the absorber as well as the glazing under
irradiance. Equation (6) describes the energy input at the absorber reduced by the effective transmission absorption
product (za),; of glazing and absorber [4].

S, = (Ta)e/f *A4*xG (6)
Simple approaches of (ra) consider only the light transmission through the glazing and the absorption of the
absorber surface. In this model the effective transmission absorption product (za).; a more detailed approach is

applied (cf. equation (7)). The multiple reflections between absorber and glazing are considered with non-ideal
absorption coefficient a of the absorber and the diffuse reflection coefficient of the glazing re ; [4].
THa

(Ta )e_z/' - (1 - (1 -—a ) *r edi/f) ,

The additional solar energy input in the glazing depending on absorption of the glazing changes the temperature
of this node and influences the collectors’ heat losses [3] (cf. equation (8)).

S, =(1-7,)x4%G ®

2.3. Convection

Heat transfer by convection occurs at several layers in the collector. There is forced convection in the absorber
caused by the heat transfer fluid and at the surface of the glazing caused by wind. Free convection occurs in the air
gaps in front of the absorber and behind the absorber as well as at the glazing and at the backside of the collector.
These heat transfer mechanisms are represented by equation (9) containing the convective heat transfer coefficient
from equation (10), depending on the Nusselt number Nu and the characteristic length L of the part as well as on the
heat conductivity & of the fluid [5].

Orony =l * A% (T, = T,) 9)
Nu * k
conv = L (10)

The forced convection in the absorber channels was calculated according to the approach recommended by
Mills [6] for forced convection in parallel plate ducts. Therefore, the characteristic length L is the doubled gap
height instead of the commonly used pipe diameter and the transition from laminar flow starts at a Reynolds number
of 2,800 instead of 2,300.
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Hydrodynamically developed laminar flow for Reynolds numbers below 2,800 is set to the constant Nusselt
number 5.385 [6]. In the transition region between laminar and fully developed turbulent flow with Reynolds
numbers of 2,800 and 10,000 the Nusselt number is calculated by the equations (11) to (16) [7].

Nu/ = (1 - 7)* Nuy,,, 2800+ 7 * Numrb’l(ﬁ (11)
Re—2800

=———""— and 0<y<1 (12)

7 =10"—2800 " =7
Nty 2500 = 3\/49'371 + (N”lam,z,zxoo - 0'7)3 + Nuimxg,zxoo (13)
N”/am,z,zs;()o:3\/1.615*(2300*Pr* %) 14

2 d
Nulam’3’2800=6\/m *\/2300*Pr*7 (15)
0.0308 £10% * Pr 4 %
Nuturhl(ﬁ = 2 * 1+[7j- (16)
112,70 [0-0308 *(PrB—lJ
8
The Nusselt number for fully developed turbulent flow is described by equation (17) and (18) [8].
1 * Re* Pr %
Nu, = 8 . 1+[7j' 17)
1+12.7 % \E *(Pr?’— 1}

£=(1.8*log,,Re—1.5)" (18)

The convection on the outer surface of the glazing is a combination of free and forced convection shown in
equation (19) [5].

_ 3 3
Nug—amb - {/Nu‘/}”ee,g—amb + NM Jforced,g—amb (19)

The Nusselt number of the forced convection is considered according to equation (20) [9]. The average Reynolds
number in equation (21) is calculated by the wind velocity u,,,4 the characteristic length of the glazing L, ., and
the kinematic viscosity v,

0.037 * Re*®* Pr (20)

Nu_/o rced,g—amb =

2
1+2.443 =« Re ™' (Pr3 — 1}

Re = Hoina * Lg-amy ©3))
Vair
Free laminar convection at the glazing with heat transfer upwards is defined in equation (22) by using a
correction factor fp. from equation (23) for Prandtl numbers [10]. The laminar flow occurs for Rayleigh numbers
below the critical Rayleigh number depending from the collector slope f from equation (24). The characteristic

length L., 1s in this case the length of the glazing.

Net ey oy =(0.825+0.387%§/Ra*sin B /. | for Ra<Ra,, 22)
92\ o
S = 1+[O'492j'6 for 0.001< Pr <o (23)
T

Ra . = 10(8.9—0.00 1 7&(9()0,5)"82) (24)
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Free turbulent convection at the glazing with heat transfer upwards is calculated by equation (25) [10].
Nty o-ams = 0.56 % (Ra,,,, * cos(90° — B))*** +0.13 * (i/ Ra —3/Ra,, ) (25)

Duffie and Beckmann [2] assumed the heat transfer from the casing to the ambience by radiation and convection
as negligible because of the major influence of the backside insulation and the resulting low temperature. In this
model the heat transfer coefficients from the backside to the surroundings are calculated for an assumed windless
region between collector and roof by radiation and natural convection. The Nusselt number for free convection with
heat transfer downwards at the outer surface of the casing is described by the equations (22) and (23) [5]. The
characteristic length L., is in this case the length of the casing.

Free convection between glazing and absorber is shown in equation (26). Matuska and Zmrhal [11] derived a
Nusselt correlation from several correlations like from Hollands [12] to verify the Nusselt number approach for a
bigger range of collector slopes f (0° to 90°). The value of f; in equation (27) is an angle factor for the Nusselt
number depending on the collector slope which was obtained as quadratic function in the derived correlation.

Nu,, , = f,*Ra*® (26)

g
/3 =0.1464—2.602 %107 * 5 —2.046 %10 * /3> (27)

The Nusselt number for free convection between absorber and casing an approach from Arnold et al. [13] was
applied for heat transfer downwards in enclosed air layers. Therefore, equation (28) is used for a heat transfer
downwards. The basis is the calculated Nusselt number for heat transfer in vertical air layers (5=90°) between
absorber backside and casing derived from equation (26) and (27).

Nu,, , =1+[Nu,, .(=90°)—1]*sin(180° - g3) (28)

2.4. Radiation

The heat transfer by radiation of two parallel plates is given from the Stefan-Boltzmann law in equation (29).
This radiation exchange is necessary for the set-up of glazing and absorber front, absorber back and casing as well
as casing and roof. The heat transfer coefficient for radiation is described in equation (30).

de =N, %A% (Tl -7, ) (29)

By =T (12 + T2 (T, + T3 (30)

rad
)
81 ‘92
The radiation between glazing and cold sky is shown in equation (31). The emitted heat from the sky is neglected
because of the infinite area of the sky’s half-space [4].

Pty =0 %8, * (T2 + 72, )%(T, +T,,,) 31)

2.5. Heat conduction

Heat conduction occurs at glazing, absorber and casing. In the model the heat conduction connects the heat
transfer from convection and radiation to the solid materials. Equation (32) and (33) describe the heat transfer
depending from the heat conductivity k and the thickness s of the part [5]. Thin plates in the thermal network like
glazing or absorber can be neglected because of the little influence on the overall heat transfer coefficients.

Qc'ond =g A (Tl =T, )

k
Megna = (33)

S

(32)
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2.6. Edge losses

The edge losses cannot be mathematically calculated in detail. Duffie and Beckman [3] describe an approach
considering the losses proportionally to the ratio between collector surface and edge surface. These losses are only
connected to the absorber node converting irradiance. The other nodes have an adiabatic behavior against the edge
neglecting the heat transfer coefficients from the frame to the ambient air. Equation (34) and (35) show the heat
transfer between absorber (front) and ambient air as well as the heat transfer coefficient considering the heat
conduction through the side insulation and the ratio of the surfaces.

Q‘alfe(lge = hedge * Aedge *(T, —T,,) (34)
k,
hedg(‘ = T (35)

edge

2.7. Overall heat transfer coefficients between the nodes

The thermal resistances R, of the collector connecting the nodes and the ambience are created from a network of
the heat transfer coefficients / and the related areas A4 to calculate a heat flow rate Q according to equation (36) [5].

- 1
O =h,*A*(T,=T,) = (T, -T,) (36)
th,1-2
Therefore, the electrical analogy is used to generate overall heat transfer coefficients between the nodes by

combining single resistances of serial and parallel connections according to Figure 1. The required heat transfer
coefficients (related to the area) of the energy fluxes from equations (1) to (5) are shown in the equations (37) to
(42). 1 B 1 1 -
_—= * A4+ +
th’giam}) cond,g h *A h *A (37)

rad,g—sky conv,g—amb

-1

! = h('nnd,g * A+ ! + L + hc()nd,al *A4 (38)
Rrh,al—g hrad,al—g * A hconv‘al—g A

1
R =Neppam ¥ A+, var-y ¥ A (39)

th,al—f

! = hcon vf-a2 ¥ A+ hc()nz/,aZ * A4 (40)

Rrh,f—az )
—1

l = huond,a2 * A + [ 1 + 1 J + hcond,c * A (41)

th.aZ—c hrad,al—(‘ A hcnnv,aZ—c A
-1

# = hcond,c * A + 1 + 1 (42)
Rth.cfamb hrad.cfamb * A hconv.cfamb * A

2.8. Validation

The model was validated using a parameter set of a tested conventional flat-plate collector. Therefore, the
thermal properties of the sheet-pipe absorber had to be additionally implemented in the model.

In a first validation step the developed model was compared to the results of a one-dimensional multi node model
approach [2] based on parameters derived from collector testing. The relative deviation of the collector efficiency is
in range between -3 % and +1 % for flow temperatures between 25°C and 90°C (Fig. 2).
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Fig. 2. Comparison of the simulated efficiency curves of the developed

dynamic collector model and the parameter model

The deviation is supposed to originate from the rough discretisation in the model like the constant selective
behaviour of the coating or the fully developed fluid flow over the riser length without entrance effects. Next to the
analysis of efficiency, the models were compared in an annual simulation of a solar-thermal heating system for
domestic hot water and space heating. The deviation was found to be 3 %, which is similar to the results of the
comparison of efficiency.

In a second step, the simulation results were compared to measurement data from testing and showed satisfying
accordance especially with regard to individual part temperatures. During stagnation at insolation of 885 Wm™ and
ambient temperature of 33°C, the absorber temperature of model and test differ at +10 K. The average temperatures
(3 measurement points) at glazing and backside differ only slightly (Table 1). The reason seems to be model
discretisation as well as degradation of the absorber coating, imprecise air gap distances inside the collector,
humidity in the mineral wool and dirt on the glazing.

Table 1. Collector part temperatures during stagnation of a conventional flat-plate collector in testing and simulation

Testing Model Difference
Absorber 190°C 200°C +10 K
Glazing 70°C 70°C 0K
Backside 55°C 57°C +2K

3. Simulation

In order to investigate thermal loads and fractional energy savings of a basic polymeric collector approach in
comparison to a conventional collector, a simulation study was performed using the above described model. The
model was parameterised with air gaps in the collector of 20 mm, insulation of 20 mm at the backside and 13 mm at
the edge (cf. Fig. 1). The optical characteristics of the volumetric polymer absorber were in a first step set to
a=¢=0.95 (non-selective).

As the efficiency curve provides only limited information for the evaluation of the collector designs regarding
material choice, an annual system simulation of an exemplary solar-thermal system setup for domestic hot water
supply and space heating was conducted. The basic system had a collector area of 16 m? and a buffer store volume
of 800 1. The house was simulated for Wiirzburg (Germany) equipped with oil furnace and floor heating. The heat



Christoph Reiter et al. / Energy Procedia 48 (2014) 181 — 191

energy consumption for floor heating was about 16,500 kWh and 2,500 kWh for domestic hot water. The relevant
criterion for evaluation are fractional energy savings f;,,, describing the energy fraction being covered by the solar-
thermal system in comparison to a heating system without a solar-thermal system. Apart from that, the occurring
stagnation temperatures are relevant especially for material selection. However, polymeric materials have
temperature durability in the short-term as well as in the long-term sector. Hence, the stagnation temperature gives
only an overview on applicable polymeric materials. In the simulation the stagnation test according to EN 12975-2
[14] was carried out meaning that the stagnating dry collector was calculated with insolation of 1,000 Wm™ and
ambient temperature of 30°C.

3.1. Conventional flat-plate collectors

As a reference the above described system was simulated with conventional flat-plate collectors. Two scenarios
were taken into account - conventional flat-plate collectors with and without selective absorber coating — in order to
determine the influence on the system efficiency and the part temperatures.

The system with highly-selective coated absorbers (optical characteristics: o= 0.95; € = 0.04) reaches fractional
energy savings (fi,) of 20.0 % and a temperature of 217°C during stagnation. In the same system with a non-
selective absorber coating (o= 0.95; € = 0.90), the fractional energy savings decrease to 15.7 % and the maximum
temperature reduces to 136°C (cf. Table 2).

Table 2. Fractional energy savings f,, and stagnation temperatures of conventional collectors with and without selective coating

Collector fav [%] / efficiency decrease [%] Tsug [°C]
Reference with selective absorber 20.0/ -- 217
Reference without selective absorber 15.7/-21.5 136

3.2. Polymeric collector approach

The polymeric collector approach was analysed for different scenarios and compared to the conventional
collector, shown in Table 3. The stagnation temperature of 128°C for the collector approach without selective
coating would in principle be suitable for commodity plastics. However, the decrease of -28.5 % of the fractional
energy savings in comparison to the reference system is considerable, which can in this example neither be balanced
by an increase of the collector area (-19.0 %) nor by a bigger buffer storage volume (-24.5 %). On the other hand,
using the selective coating of the reference collector the system efficiencies as well as the stagnation temperature
increase considerably. However, the fractional energy savings are still lower than the reference results. This is
caused by the high heat transfer rate via radiation of the absorber backside on the one hand. The copper plate of the
absorber of the reference collector has a low emission coefficient (¢ =0.019) in comparison to the emission
coefficient of the polymeric absorber (¢ =0.95). On the other hand, the heat transfer through radiation and
convection is increased by the reduced insulation of the backside resulting in an increased temperature difference
between absorber and inner casing surface.

Table 3. Annual system efficiency and stagnation temperature of polymeric collectors
depending on absorber surface, collector area and storage volume

Collector fav [%0] / efficiency decrease [%] Tstag [°C]
8001 8001 1,200 1
16 m? 24 m? 16 m?
Reference with selective absorber 20.0/-- - -- 217
Polymeric collector with non-selective absorber 14.3/-28.5 16.2/-19.0 15.1/-245 128

Polymeric collector with selective absorber 18.3/-8.5 20.5/+2.5 19.7/-1.5 184

189
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In the system simulations the absorber temperature of the non-selective reference collector reaches 139°C
whereas the non-selective polymeric collector approach has a temperature of maximum 126°C. Also the durations at
temperatures above 75°C are substantially longer (cf. Figure 3).The selective absorber in the reference collector

reaches 223°C and the selective polymeric collector with reduced efficiency has 189°C and a significant reduction
of the temperature loads above 165°C.

Non-selective Absorber Selective Absorber
500
H IReference

400 - Jl’ulymerlc approach
= 300 B
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2
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100
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Fig. 3. Histograms of the absorber temperature of the collector models in the standard system over one year

The polymeric insulation of the collector approaches has its highest temperatures behind the absorber inside the
collector (Figure 4). The non-selective collector has a maximum temperature of 111°C and quite low durations at
temperature levels above 85°C. The maximum temperature of the polymeric collector with selective absorber is

151°C. The durations at high temperatures are quite long in regions above 100°C. Therefore, a temperature resistant
material of commodity plastics would be required.
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Fig. 4. Histogram of the inner insulation temperature of the
polymeric collector models in the standard system over one year
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4. Conclusions

A detailed dynamic model for the analysis of polymeric collector designs was developed. Validation using
experimental results of conventional flat-plate collectors showed satisfying results especially regarding the
calculation of individual part temperatures of a collector. The simulation results showed that the fractional energy
savings of systems with conventional flat-plate collectors cannot be reached with the analysed polymeric collector
approach. Also the stagnation temperatures of more efficient approaches are too high for low-cost polymeric
materials. The exemplary analysis of annual temperature loads of the backside insulation for different approaches
proved the necessity of careful collector design aiming at temperature reduction for all individual collector parts.
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