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Abstract. Recently, we introduced a transparent capillary glass panel fabricated by lamination
of a structured glass sheet and a thin glass cover used for liquid circulation. Major applications
of such device are room heating and cooling and energy harvesting for heat pumps. In order to
model a facade of a building, a story of a building or even the entire building, simplified but
accurate models for the temperature and the fluid flow distribution within the capillary panel as
well as a device optical and thermal model are necessary. In this paper, our simplified models
are introduced.

1. Introduction

Thermal activated surfaces, also known as thermo-active building system (TABS) in some literatures,
are useful in room air conditioning with low temperature differences between surface and room, thus
advantageous for thermal comfort and energy efficiency of the central heater or chiller involved,
especially of heat pumps [1]. In cases when neither floor nor ceiling can be used as thermal activated
surfaces, window comes into consideration. In multi-story buildings, the window is also suitable for
energy harvesting for heat pumps - rsp. as a sink for heat pumps in reversed operation mode. For these
purposes, a transparent capillary glass panel was developed, fabricated by lamination of a structured
glass sheet and a thin glass cover used for liquid circulation [2]. Figure 1 shows the proportion of the
windows related to the cover surfaces of rooms (a) and entire buildings (b).
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Figure 1. proportions of window area in single rooms (a) and in multi-story buildings (b)

In triple glazed windows, either application can be realized simultaneously by replacing the passive
glass panel with the capillary glass, as Figure 2 shows. Located at Panel 3 in Figure 2 (a), which is
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the inner panel of the window, the capillary structure can be used for room heating and cooling.
Located at Panel 1 as in Figure 2 (b), which is the outer panel of the window, it serves as a heat
exchanger opening up the ambient air as a source for a heat pump rsp. as a sink in reversed operation
mode. Figure 2 (c) shows both use application combined, which means that in the heating case heat is
transported from the ambient air into the room and into the opposite direction in the cooling case. In
this case, Panel 2 serves as a thermal insulation between Panel 1 und Panel 3 and Surface 2 and
Surface 5 can be coated with low-e material to minimize the heat flow through the window.
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Figure 2. different application and the position of the thermal activated glass panel [1]

Various geometries of the capillary fluid channel have been investigated. Finally, a symmetric
trapezoid geometry was selected, as shown in Figure 3 (a). The underlying glass panel is
manufactured by a roller with a trapezoid surface. Due to the symmetry of the geometry, the displaced
molten glass fits into the gaps between the capillary fluid channels. Afterwards, float glass is
laminated onto the rolled glass. The detailed geometry of the capillary glass panel is decribed in [2].
At the both ends of the capillary fluid channel, a supply distributor and a return collector are installed,
as shown in Figure 3 (b). The distributor and the collector are described with “stem” in terms of
capillary tube technology. The stems are connected with fluid system, forming a fluid circuit, in which
the windows are installed parallel to each other to limit the pressure drop, as shown in Figure 3 (c).
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Figure 3. geometry and connection scheme of thermal activated glass panel

To simulate the performance of the device and evaluate the energy efficiency of heater or chiller,
it’s necessary to develop calculation models for this device and to combine this model with other
room, heat or chiller models. During the simulation, each window must be calculated separately taking
account of the varying heating and cooling performance in different rooms. Within each window, the
distribution of fluid flow rates and the temperature field needs to be determined. A relatively high
accuracy of the model is required due to the danger of either freezing or stagnation due to increased
viscosity of the fluid in the device.
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Because of not only the desirable precision of the simulation but also the complexity of the
combined room, heater and chiller model, it is not practicable to use high resolution FEM tools for the
simulation. Instead, a simplified but precise model of the single window is needed which can be easily
upscaled. The following steps have been made to achieve this goal:

e calculate the two-dimensional temperature field in cross sections of the glass panel as
precisely as possible,

e establish a one-dimensional simplified model for the two-dimensional heat conduction
inside the glass panel, and

e model the temperature and flow rate distribution inside the window with a limited set of
equations

Fortunately, all of these steps require only a stationary treatment. Dynamic aspects can be
neglected for the windows and the net, since the heat capacity of the connected building structure
overweighs all other capacities to a large extent. Therefore, the windows and the net can be calculated
quasi-stationary.

2. Calculating the two-dimensional temperature field with BEM

To calculate the two-dimensional temperature field, the boundary element method (BEM) has been
applied. Unlike the finite element method (FEM), the BEM does not require discretization of the
whole domain. Instead, it’s based on discretized boundary to calculate an integral equation derived
from Green’s identity [3] [4]. For two-dimensional Laplace’s equation, the boundary integral equation
is

_ 1 cdu@
tp) = n®) 7’ dn

Here p is a point inside the domain or in any part of the boundary including corners and q is a point
on the boundary which serves as the integration variable in the closed line integral. After boundary
discretization, the closed line integral turns into an integral over the different boundary elements,
giving an approximated temperature field £ as

F) = 5 (2t (Il —alda —t (2 Inlg; —
Ep) = ==Yty (37 t [ Inlai — aldq — ¢; [ 3= Inlg; — ] dq). @)

Applying the collocation method, this integral is calculated for g; as the midpoints of each of the n
boundary elements giving the temperature ¢; of the jth element as

1 0 9
tj = Xim1 (% t f;Inlg; —qldq —t; f;5-Inlg; — ql dq). ®)

n(p) is replaced by &, which is the solution of n(p) for a point lying on a smooth part of the boundary
as this is the case for every midpoint. Since one of the n temperatures t; in the sum is ¢; itself, it leads
to a matrix representation

d
In[p —q| = t(q) 5 Inlp — ql dq. @)
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Here, t is the vector of the n temperatures ¢; and t’ the vector of the n normal derivatives of the
temperature field pointing to the interior of the boundary. A and B are matrices with elements

aj; = J,Inlq; — ql dq (%)
and
d
bj i =fi%1n|CIi_Q|dCI- (6)

Figure 4 shows parameters of the geometry of the thermal activated panel (a) and the BEM
calculation model (b). In order to avoid parallel facing exterior straight lines at the duct, which will
cause miscalculation, the domain is divided into two subdomains with boundaries 6B, and 0B,.
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Figure 4. geometry of (a) the heat conducting area and (b) related BEM model

The accuracy of the BEM has been widely validated with known analytical solutions [4]. The
number of the necessary boundary elements can be found with convergence investigations. Nowadays,
FEM programs are as precise as BEM, but there are still advantages from using BEM [8].

The solution of equation (4) delivers all temperatures and normal derivatives of the boundary.
Therefore, the desired heat flux Ag; and Aq, at both surfaces of the panel are given directly. There is
no need to calculate further temperatures inside the domain.

Moreover, BEM is especially advantageous if the equation solving needs to be repeated for several
different boundary conditions. The main calculation effort is spent on calculating the matrices A and
B. As can be seen in equation (4) and (5), they are only dependent on geometrical parameters. Once
these matrices are determined for a single geometry, they can be used for any boundary conditions in
this geometry.

3. Establishing a one-dimensional simplified model

Thermal activated surfaces came up in the early 20" century mainly as heating ceilings with embedded
tubes. Originally it was thought that the heating performance of theses ceilings would be proportional
to the tube interval, similarly to the distance I in Figure 4. However, this turned out to be wrong: some
ceilings could not reach the predicted performance in practice. This caused a demand of analytical
approximate solutions for the heat conduction inside the embedding.

One of these approximate solutions is the well-known rod theory by Kalous [5] based on the
analytical solution for the heat conduction in a rod with radiation at both sides (see for instance [6]).
Figure 5 (a) shows the original stationary problem of a rod with diameter d, length s and adiabatic
boundary condition at its end x =s. At is the temperature difference between the rod and its
environment. On the left end of the rod At is At,. a; and a, are the heat transfer coefficients at both
sides of the rod- in [5] referred to as radiation. A is the thermal conductivity in the rod. The heat flow
inside the rod is assumed to be one-dimensional in horizontal direction, which means that there is no
temperature difference between both sides of the rod.
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Figure 5. rod theory for thermal activated slabs

In the rod element dx, the stationary energy balance is

Ad S At(x) = Ad = At(x + dx) + dx (@ + a.) At(x) . @
This leads to a differential equation
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The solution of the problem is
_ cosh[m (h—x)]
At(x) = Aty o (10)
delivering the mean temperature difference At,,, between the rod and its environment as
1 (h tanhm h
Aty =+ [5 At(x) dx = a‘;nh”‘ Aty = 71 Aty (11)

where 7 is called the rod coefficient.

Figure 5 (b) shows, how the rod theory fits into the heat conduction problem of the thermal
activated glazing. Due to the symmetry of the geometry, both the length of the rod and the length of its
root are (b; + b,)/4. With the thermal resistances R; and R, on both sides of the rod, «; is now 1/R;
and a, = 1/R,. As just mentioned, h becomes now (b; + b,) /4.

Therefore, the two-dimensional heat conduction problem inside the glass panel is now transformed
into a one-dimensional calculation as shown in Figure 5 (c). Again, due to the symmetry, the mean
temperature between both sides of the glazing is the average value of At, and At,,.

Table 1 shows the accuracy comparison for a calculation example with the rod theory and the
BEM. In this example, it’s assumed that the heat conductivity of the glass is 1 W/(m K). The heat
transfer coefficient a; is assumed to be 8 W/(m® K). The heat transfer coefficient a, is 0.8 W/(m* K),
which corresponds to the thermal resistance between the inner glass panel and the outdoor air in a
triple glazed window with 2 low-¢ coatings [1]. It is interesting to see that the deviation of this
calculation to the highly precise BEM simulation is in terms of Ag; and Ag,, less than 1 percent.
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Table 1. calculation example with the rod theory and the BEM

Rod theory BEM Difference in %
Ag; Aq, Ag; Aq, Aq; difference | Aq, difference
78.76 Wim?* | 7.90 W/m? | 78.74 W/m? | 7.95 W/m? | 0.03% -0.62%

So far the problem was only considered for homogeneous boundary conditions on both side of the
glazing. Figure 6 shows, how the results can be extended to inhomogeneous boundary conditions.
Figure 6 (a) represents the case that there is no activation in the glazing. This is referred to as the
passive state (index 0). The passive level t,,, is given by

Rite+ R t;

tmo =~ TR, (12)

This temperature can be easily derived from the equivalent electrical circuit shown in Figure 6 (a).
Figure 6 (b) is exactly same as Figure 5 (c). This temperature field is referred to as the thermal
activation (prefix A). With the activation, the glazing turns into an activated state, which is shown in
Figure 6 (c).
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Figure 6. rod theory for thermal activated slabs

Due to the superposition principle, the field of the activated state is the sum of the fields of the
passive state and of the activation. This also holds for the heat flows. Values of interest are particularly

to+tm Ato+Aty,
=t + (13)
q;i = qio +Aq; , (14)
and
de = qeo T+ Aqe. (15)

In cases with two thermal activated panels as in figure 2 (c), the superposition principle remains
also applicable. With the one-dimensional simplified model and the superposition principle, the most
complex part of the heat conduction becomes lean enough to use it for the further modelling.

4. Modelling the combined temperature and flow rate distribution inside the window

If the capillary glass panel is used for thermal energy harvesting for heat pumps during the heating
period, the fluid temperature will be close to the ambient air temperature. However, the fluid viscosity
becomes higher at lower temperature. As a result, the flow rate in the capillary fluid channel
decreases, which leads in even lower fluid temperature. This could cause stagnation, which means the
fluid flow is frozen in the critical region. Figure 7 shows the kinematic viscosity of the fluid



Modelling and Methods of Structural Analysis IOP Publishing
IOP Conf. Series: Journal of Physics: Conf. Series 1425 (2020) 012122  doi:10.1088/1742-6596/1425/1/012122

Antifrogen L with volume concentration of 47% from the manufacturer Clariant, which was used in
the prototype. To avoid the stagnation, it’s necessary to model the temperature and flow rate
distribution inside the window.
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Figure 7. Kinematic viscosity Clariant Antifrogen L, concentration 47 Vol. -% [7]

Modelling the temperature and flow distribution inside the glazing requires the consideration of the
temperature dependency of the viscosity. There are strong interferences between temperature and flow
distribution because of this dependency. Therefore, the capillary fluid channels have to be discretized
into several sections. Moreover, each capillary fluid channel has different flow rate and temperature,
depend on its difference to the supply and return connectors of the glazing. Furthermore, the stems
also have to be divided into sections for each capillary fluid channel.

Figure 8 shows a full-scale model with maximum number of sections (a) along with distributions
of the temperature (b) and of the flow (c), which are calculated with this model. Whereas the
temperature differs in each section of a capillary fluid channel, the flow differs only between the
capillary ducts and decreases from left to right. The critical region of the glazing is the top right part,
which is the return of the outermost capillary fluid channels, as shown in Figure 8.
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Figure 8. full scaled model for combined heat and mass transfer inside the glazing

High number of sections will increase the computing time. In order to prove whether the stagnation
occurs and limit the computational complexity, we define a hydraulic resistance k. Since the fluid flow
in the capillary glass device remains laminar at even high flow rate, thus we define the hydraulic
resistance k-value as
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Figure 9. Using k-values for fast hydraulic calculation

As stated in the previous section, low fluid temperature and low flow rate causes stagnation. The
numerical simulation shown in Figure 8 confirms that the stagnation occurs in the outermost capillary
fluid channels. With this knowledge, some simplification can be made. Firstly, the capillary glass
panel can be divides into lots of C-shape sections, which contains one fluid channel and the supply and
return water stem element connected to this channel. For the outermost channels, a fine discretization
of the fluid channel is necessary, as shown in Figure 9 (a). For each discretized section and the stem
element, we calculated both the temperature and the k-value, as shown in Figure 9 (b). For the non-
critical region, a fine discretization is not necessary. Therefore, we may treat one fluid channel as a
whole section and determine the hydraulic resistance k-value for the fluid channel (k;) and the stem
element (ks), as shown in Figure 9 (c). Since the fluid channels in the non-critical region don’t require
discretization, the hydraulic resistance k-values of the non-critical regions can be combined together,
similar to the parallel connection of electrical resistances, as shown in Figure 9 (d).

This simplification enables fast hydraulic and thermal calculation, which is useful for the
combination of other models such as heat pump model to determine the heat harvesting and estimate
the energy efficiency.

5. Further modelling for device performance estimation

Based on the combined application shown in Figure 2 (c), we also considered another interesting
application for the capillary glass panel. Instead of connecting both capillary glass panels to a central
heat pump with pipes throughout whole building, the triple glazed device can be directly as a decentral
heat pump for heating and cooling with a direct current compressor and an expansion valve.
Moreover, the thermal insulation in the device can be overbridged by circulating the refrigerant in the
inner and outer capillary glass panel with a hydraulic pump. This concept is useful in the trans-
seasonal period, increasing heat dissipation from the indoor to the environment. Optionally, the mid
glass panel can be coated with an a-Si thin film [9], turning into a semi-transparent photovoltaic. The
electricity generated from the semi-transparent photovoltaic can compensate the electrical energy
consumption of the on-device compressor and the hydralic pump, or can be stored for other
application such as indoor lightning. Figure 10 (a) shows the concept and the necessary components
of this device. The detailed introduction can be found in [1].
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Figure 10. (a) multifunction triple glazed device with capillary glass panel (b) simplified optical
model according to ISO 9050 [10], VDI 6007 part 2 [11] (c) simplified thermal model [1]

When evaluating the device energy efficiency, it’s important to determine the amount of the
electricity generated by the semi-transparent photovoltaic panel. Furthermore, it’s well-known that the
photovoltaic transfer efficiency is temperature dependent. Therefore, a simplified device optical model
and a simplified device thermal model are required.

We adopted the concept from the international standard ISO 9050 and the German standard VDI
6007 part 2 for the device optical modelling [10] [11]. Instead of calculating the infinite reflection
between surfaces, this model considers the total outgoing radiation from one surface to another. Using
this method, the effective reflectance, transmittance of the triple glazed device and the absorptance of
each glass panel can be determined, as shown in Figure 10 (b). It needs to be noticed that for both
capillary glass panels, the absorbed irradiation turns into heat eventually, while the absorbed
irradiation of the semi-transparent photovoltaic panel turns into heat and electricity. Therefore, the
effective thermal absorptance of the photovoltaic panel «, , . should also be modified as

Aot = Ue — i-n (17)a

where a, is the effective absorptance of the semi-transparent photovoltaic panel, i is the percentage of
solar irradiation absorbed by the panel and n is the photovoltaic transfer efficiency. The transfer
efficiency can be estimated with a simplified linear model [12]

N = Nrer - [1- .B(tp - tp,ref)] (18),

where the 7, is the reference transfer efficiency of the photovoltaic panel, g is the linear coefficient,
tp is the panel temperature and ¢, .r is the reference panel temperature.

The thermal model derives from the German standard VDI 6007 part 2 and the European standard
EN 673 [11] [13]. This model can be presented with an equivalent R-network, as shown in Figure 10
(c). In this model, the convective heat transfer between the panel surface and the filled gas within
cavity is considered with a simplified heat transfer coefficient described in [11]. The radiant heat
exchange between panel surfaces is treated as the case of two infinite parallel plates. To calculate the
heat dissipation and absorption of the capillary glass panels, we adopted the rod theory model
described in Section 2.

The simplified optical and thermal model allows coupling with a room or building thermal model
to evaluate the thermal performance and the device energy efficiency with relatively short computing
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time. We used this model to simulate rooms with different size ratios and different internal heat gain,
the result discussion can be found in [1].

6. Conclusions

To estimate the performance of the capillary glass panels, different calculation models are needed. We
developed different simplified models to calculate the heat flux, the temperature and the flow rate
distribution. Simplified models shorten the computing time but still provide satisfactory accuracy,
which enables flexible and fast performance and efficiency estimation of different applications for the
capillary glass panel.
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