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The aim of this paper is to assess the performance of an energy-saving device, called ‘Thermocill’ in a customised
test cabin, located in a controlled environment. With the UK domestic energy sector responsible for nearly 27 %
of the total energy mix in 2022, and massive increases in the cost of energy on homeowners and tenants, simple
and low-cost retrofit measures could potentially be of great value, if they prove to be effective at saving energy.
The paper describes the experimental and computational methods in detail with the goal of setting an important
example/standard for the assessment of similar energy-saving innovations under the UK Standard Assessment
Procedure (SAP). This, in turn, would enable the performance of such innovations to be captured in the Energy
Performance Certificates (EPCs) for Building Regulation compliance. On that basis, a test cabin was constructed
at Salford Energy house 2.0 to investigate Thermocill’s impacts on energy consumption and loss within the cabin.
The experimental procedure is subsequently compared against a series of Computational Fluid Dynamics (CFD)
simulations conducted for a larger number of scenarios. The performance of Thermocill was explored at different
room temperature setpoints (16, 21, and 24 °C), window types (air and argon-filled double-glazed), and with/
without blinds. The results were presented for four main scenarios including ‘cabin without Thermocill/blind’,
‘cabin with blind’, ‘cabin with Thermocill’, and ‘cabin with blind/Thermocill’. The results were presented in the
form of U-values and heat losses for the windows, while additional results were provided from CFD simulations.
A good correlation between the experiments and the CFD was found, showing confidence in both methods.
Findings demonstrated that, when Thermocill is in operation, it reduces the average U-value by around 3-4 %,
which is considered a significant payback for a passive and economical measure. The methodology presented in
this paper is expected to set an important example/standard for the assessment of similar energy-saving in-
novations under UK SAP. This, in turn, would enable the performance of such innovations to be captured in the
EPCs for Building Regulation compliance.

1. Introduction

Global warming is a worldwide challenge which threatens different
regions across the earth. In response to this challenge, a worldwide
initiative is underway to achieve net zero by 2050. The UK government
put this target into law in 2021 while hosting the COP26 Summit [1],
however, significant work and innovation are required to achieve this
target.
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The UK domestic sector was responsible for 26.9 % (34.3 Mtoe) of
the total UK energy consumption in 2022, second only to transport [2].
Although this 34.3 Mtoe figure is a 14 % reduction from the previous
year, this can be attributed to the fact that the 2022 UK average tem-
perature achieved its highest recorded average, further highlighting the
impact of climate change. In addition, the energy price cap increased
significantly throughout 2022 (54 % in April, and a further 80 % in
October), resulting in homeowners and tenants changing their energy
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consumption behaviours [3].

To reduce the energy demand of the domestic sector, the UK Gov-
ernment has published their consultation of The Future Homes Standard
[4], which requires newly built homes to be future-proofed with low
carbon heating and world-leading levels of energy efficiency; it will be
introduced by 2025. This new standard impacts all aspects of the home,
including heating and energy systems, metering, and the building fabric.
Although this is a welcome step to reduce the energy demand of the
domestic sector in terms of new buildings, it does not address the more
significant issue of retrofit. 70 % of the 2010 UK housing stock will still
be in use in 2050 [5]. A key statistic of the UK policy paper “Net Zero
Strategy: Build Back Better”, states that 60 % of the UK’s housing stock
has an Energy Performance Certificate (EPC) rating of D or below [6]. It
is clear that we need to reduce the energy consumption of the UK
housing stock, and the major contributor is the poor fabric performance.
Major retrofit interventions are costly, and most homeowners would
require financial support to implement such retrofits, creating a need for
innovative and low-cost solutions.

Many components of the building fabric can be improved with
increased levels of insulation, so long as it is installed correctly [7].
However, one aspect which is more difficult to improve is the openings,
in particular, the windows of a dwelling, which can account for 20-30 %
of the total dwelling heat loss [8,9]. Although windows are a necessary
part of the building fabric, they can be considered a “thermal hole”,
increasing the total heat transfer of a dwelling, and can also negatively
impact occupant thermal comfort [10]. Although improvements can be
made to the windows, such as increasing the performance of both the
glazing and frame, as well as improving the airtightness, and applying
coatings [11,12] these are typically costly, difficult and invasive in-
terventions. Other strategies to reduce heat transfer through windows
are the use of window coverings and the installation of radiators close to
windows [13-18]. Furthermore, Fitton et al. [19] and Henshaw et al.
[20] have characterised the in-situ thermal performance of window
coverings under controlled conditions. This was achieved by quantifying
the reduction in the window U-value through a relatively simple
experimental design, adapted from that which is described in ISO 9869-
1 [21]. However, most of these strategies do not heat, but instead cover
the cold surface produced by the window. If warm air can bypass such
covering, which is often the case, heat transfer will still occur resulting
from the cold surface of the window. Moreover, in cases with a relatively
large surface-to-air temperature difference, this can result in a conden-
sation risk [22].

The present work studies a new innovation in the building energy
sector, called Thermocill™. Thermocill is an energy-saving product,
developed by Thermocill Limited, that is designed for installation under
the window board and above the radiator in a room, which is made from
recycled Nylon materials and can be retrofitted to existing homes as well
as new builds. In its operation, the product tends to direct the natural
convection from the radiator to create a wall of warm air immediately in
front of the glazing on the internal side. The size and thickness of the
warm air depend on many factors including radiator capacity, room set
temperature, the distance between the radiator and Thermocill, the
temperature in the room, the overhang of the Thermocill over a radiator,
and the size/shape of the window sill/window reveal. It aims to prevent
heat loss through increasing the surface temperature, and stop cold air
from entering the room, in a similar manner to an “air curtain”. Ther-
mocill units has a modular and telescopic nature and comes in individual
units (discussed further in Section 2.1.1, below). The size of Thermocill
is only determined by the available space in the window sill and can be
installed in a wide range of window reveals. It is relatively low-cost and
simple to install building components, making it viable for both new
builds and retrofit.

Keshmiri [23] studied the effects of Thermocill on condensation and
moisture around the windows (the discussion of which is beyond the
scope of the present work) and further conducted energy modelling for a
typical UK house in order to calculate the potential energy and CO2
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emission savings as a result of installing Thermocill in the bedrooms and
the living room. Building upon the findings and limitations of the work
presented in Keshmiri [23], the present research aims to quantify the in-
situ thermal performance of Thermocill under controlled conditions,
assessing if the product reduces heat transfer through the glazing panel
of a window under a range of environmental conditions. The results of
this experimental work will be used to calibrate a Computational Fluid
Dynamics (CFD) model, which will then be used to assess the thermal
performance of Thermocill under a wider range of environmental con-
ditions. In addition, the proposed framework and its outcome in this
project would enable Thermocill to complete the ‘New Technology
Process’ as part of the Standard Assessment Procedure (SAP). SAP is
managed through the Building Research Establishment (BRE) on behalf
of the UK Government and is used for EPCs and Building Regulation
compliance. The testing procedure outlined in this paper can easily be
adapted and applied to other new/innovative technologies associated
with building energy.

2. Methodology
2.1. Experimental research facility

Salford Energy House 2.0 is a globally unique research facility
focusing on Building Performance Evaluation (BPE). Based at the Uni-
versity of Salford, the facility consists of two independent environmental
chambers, capable of replicating 95 % of the populated world through
both steady-state and dynamic control of temperature (—20 °C to +
40 °C), humidity, wind, rain, snow and solar gains. Each chamber is
capable of housing two full-scale detached dwellings, which can be
constructed, tested, and demolished. The Thermocill testing took place
in a bespoke test cabin, located in Chamber 2. Fig. 1 shows two scenes
from the Energy House 2.0.

2.1.1. Test cabin and Thermocill

The bespoke cabin was designed to have two separate Double-Glazed
Units (DGU), one air-filled, and another argon-filled, with the latter
having a greater thermal performance. The walls surrounding the DGUs
were retrofitted to be of a similar thermal performance to a typical UK
wall.

Each DGU has a RadiWarm Signature HE4140 electrically powered
wet radiator system [24] located beneath, with a variable 1.625 kW
power output. Each radiator is independently controlled by the Radi-
Warm 7-day programmable controller, which was located on a tripod at
mid-room height at the centre of the rear cabin wall. Fig. 2 shows the
cabin during different preparation stages.

The detailed dimensions of the cabin, blind, and Thermocill are
demonstrated in Figs. 3 and 4.

Both DGUs have a standard roller-blind fitted, which can be easily
unclipped from their brackets for different test scenarios. When the
blinds are “closed”, it is assumed that they stand 1 mm above the
windowsill surface and have a 0.5 mm gap from either side of the wall
(Fig. 3-c). Thermocill as explained earlier in the introduction, is an
innovative passive window board that redirects the warm air from the
radiators below the windows up and close to the glazing. As a result, it
can create a thermal boundary that potentially reduces energy loss from
the windows, and condensation on the windows. Thermocill has a
simple and effective design. As shown in Fig. 4, it has an opening with a
height of 16 mm, a vent length of 9 mm, an overhang length of 75 mm,
and a lip height of 26 mm.

2.2. Experimental procedure

2.2.1. Design

The experimental test conditions are shown in Table 1. Due to time
constraints, the experimental work only considered the air-filled DGU,
and three different environmental conditions, all deemed “typical” of
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The side view of the completed Thermocill cabin at
Salford Energy House (Mar 2023) with full
instrumentation
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The front view of the completed Thermocill cabin at
Salford Energy House (Mar 2023) with full
instrumentation

Fig. 2. The Thermocill testing cabin at Salford Energy House 2.0, housed at the University of Salford.

those which would be found in an occupied property within the UK
during the winter heating season [25].

The heat flux through the centre of the air-filled DGU was measured
using Hukseflux HFP-01 heat flux plates (HFP). The HFP were affixed to
the internal surface of the DGU using thermal contact paste and adhesive
tape, as shown in Fig. 5. The AT for each in-situ U-value measurement
was calculated using the internal and external air temperature

differential measured at the geometric centre of the cabin and within the
climatic chamber. For U-values calculations, measurements were taken
every minute, however, these were aggregated into 10-minute averages
for the analysis.

2.2.2. In-situ U-value and its uncertainty
The thermal transmittance of a building element (U-value) is defined
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(d) The Blind used in the model

Fig. 3. (a) An employed CAD model for the computer simulation with details

in ISO 7345 as the “Heat flow rate in the steady state divided by area and by
the temperature difference between the surroundings on each side of a sys-
tem”. ISO 9869-1 uses a cumulative moving average of the heat flow rate
and AT to calculate in-situ U-values of opaque building elements, to
account for thermal storage and release. However, steady-state condi-
tions within Energy House 2.0, and the lack of solar radiation, allow the
U-value to be calculated by an amalgamation of ISO 7345 [26] and ISO
9869-1 [21] using the following equation:

q

AT

U= 1)
where U is the U-value [W/mZK], q denotes the heat flux [W/m?] across
the windows, and AT [K] is the air temperature difference. A similar
formula was used to estimate U-values in the CFD simulations in which

of different parts, (b-d) Dimensions of the test cabin and the main components,

steady-state heat transfer is assumed. Noteworthy to mention that in
obtaining steady-state energy flow, the CFD approach is different from
the experiment. These values are estimated by assuming no temporal
variations in the conservation of mass, momentum, and energy
equations.

2.2.3. In-situ U-value uncertainty under controlled conditions

The testing conducted within the Thermocill cabin at Energy House
2.0 allowed for both stable and undisturbed testing. An uncertainty
methodology was produced following the GUM method [27].

Type A uncertainty

The Type A uncertainty considers the statistical variation in the
measured data. For U-value calculations, data was aggregated into 10
min averages. The uncertainty of this data has been calculated as the
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Fig. 4. Schematics of (a) a single Thermocill unit, (b) assembly of 3 Thermocill units, (c) a simplified Thermocill unit implemented in the CFD simulations. Di-
mensions of (d) the front view of the Thermocill assembly implemented in the CFD simulations (lip: 2.6 cm, overhang: 7.5 cm, opening: 1.6 cm, and vent: 0.9 cm) and

(e) the side view of the original Thermocill unit (in mm).

Table 1
Experimental test conditions.

Test Reference* Internal temperature [°C] External temperature [°C] Glazing type Window covering Thermocill installed
la C(21) 21.0 4.7 Air-filled NO NO
1b CT(21) 21.0 4.7 Air-filled NO YES
2a CB(21) 21.0 4.7 Air-filled YES NO
2b CBT(21) 21.0 4.7 Air-filled YES YES
3a C(24) 24.0 4.7 Air-filled NO NO
3b CT(24) 24.0 4.7 Air-filled NO YES

*C = Cabin; T = Thermocill; B = Blind.

standard error of these averages.

o
ﬁ

where uy is Type A uncertainty; o is the standard deviation; and n de-
fines the number of measurements.

Type B uncertainty

Table 2 details the Type B uncertainties associated with the equip-
ment used.

@

Uy =

Combined uncertainty
Type A and Type B uncertainties associated with a measurement are
combined as follows:

Ucombined = 1/ U3 + U @)

where u, and ug are type A and B uncertainties, respectively.
Uncertainty propagation
The above uncertainty was calculated for the centre-pane heat flux
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Fig. 5. Experimental equipment setup in the cabin.

Table 2
Measurement equipment used in the Energy House Thermocill performance
tests.

Measurement Equipment Uncertainty’
Room air temperatures hygroVUE 10 (20-60 °C)* +0.1 °C
Chamber air temperatures hygroVUE 10 (-40 to 70 °C)* +0.2°C
Internal air temperatures Type-T thermocouple® +0.1°C
Heat flux Hukseflux HFP-01 heat flux plate” +6%

1 Uncertainties were taken from supplier data sheet.

2 HygroVUE10 — Digital Temperature and Relative Humidity Sensor with
M12 Connector [34].

% Energy House 2.0 in house calibration process.

4 HFPO1 heat flux plate | Hukseflux | the world’s most popular heat flux sensor
[35].

and for both the internal and external air temperatures. Taking Eq. (3),
uncertainty propagation yields the following equation:

o — ¢ () () (s o) @

where ug [W m~2] is the heat flux uncertainty, AT [K] denotes the
temperature difference between the inside and outside of the cabin; g
[Wm 2] is the heat flux, and uy, [°C] and ur, [°C] represent internal and
external temperature uncertainties, respectively.

Expanded uncertainty

Furthermore, when stating the uncertainty, the expanded uncer-
tainty (k = 1.96) is given, such that:

Umqmnded =ku (5)

where Ueypandeq is the expanded uncertainty; k is the coverage factor, and
u is the uncertainty yielded through propagation. Such a coverage factor
results in a 95 % confidence interval. This expanded uncertainty is used
throughout the experimental results of this paper.

2.2.4. Experimental setup

13 Hukseflux HFPO1 heat flux plates (HFPs) were set up across the
DGU. This study will consider the centre pane U-value and also produce
plots showing U-value reduction from the 13 HFPs measured across the
DGU. Both internal and external air temperature measurements were
taken using Hygrovuel0 sensors [34]. Type-T thermocouples were used

for local air and surface temperature measurements. A schematic dia-
gram of the sensors used is shown in Fig. 6.

To reduce the uncertainty associated with the measurement, great
care was taken to achieve a stable internal environment. Accordingly,
the power output of the radiators was finely tuned to reduce the levels of
hysteresis, which took significantly longer than expected.

It is worth noting that the cabin is tested under fully controlled
environmental conditions, which would naturally lead to accurate and
faster measurements compared to what can be achieved in fieldwork.
However, as a result, some natural conditions such as solar gain/radi-
ation and wind and other external flow conditions cannot be accounted
for. While these are important factors in terms of heating and energy of a
house, since the impact of Thermocill is mainly through convection in-
side the building, such external effects are not expected to have any
significant impact on the effectiveness or performance of Thermocill.

2.3. CFD model

2.3.1. CFD overview

CFD is a powerful tool that can complement experiments and is a
reliable alternative to exploring different physical phenomena using
computer simulation. The present authors have previously applied CFD
simulations to similar problems related to environmental flows and/or
buildings with a good level of accuracy and success [28-30]. In this
paper, CFD is selected for assessing Thermocill performance in different
cabin conditions. Generally, the CFD pipeline comprises four stages
including generating the physical domain (geometry), creating a high-
resolution grid network (mesh), setting up the physical model through
the governing equations (conservation of mass, momentum, and en-
ergy), appropriate boundary conditions, and numerical methods, and
finally running the simulation and post-processing the results. In sub-
sequent sections, each stage will be explained in detail.

2.3.2. The cabin geometry and mesh

The base CAD model of the cabin was provided to the University of
Manchester by the research team at Energy House Labs. Subsequently, to
prepare CFD-ready geometries (the cabin, radiators, Thermocill and
blinds), several rounds of modifications were made to the CAD model to
prepare it for the CFD simulation. Finally, four different CAD models
were created including (i) cabin without blind/Thermocill, (ii) cabin
with blinds only, (iii) cabin with Thermocill only, (iv) cabin with blinds/
Thermocill. Fig. 3(a) shows an example of one of the final models, which
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Fig. 6. Schematic diagram of sensors used for the analysis within this report.

is a cabin with two blinds and Thermocill units. distributions need to be precisely calculated, which are then employed

When a room is heated with radiators up to certain temperature in the energy equations to obtain temperature distribution and heat
setpoints, the air in the vicinity of the radiator warms up and starts rising transfer to the outside [31,32]. Therefore, high-resolution meshes are
due to natural convection, and gradually distributes the heat to the required to sufficiently split the computational domain into small ele-
entire room. To capture all flow movements, the velocity and pressure ments, which can detect all important features of flow and temperature,

24 —e—Tmean Room
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21 * o °
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Number of elements (million)

(b)

Fig. 7. (a) An example of the generated mesh for the case of the cabin with Thermocill, (b) mesh independency test for the mean temperature of the room, mean
surface temperature of Air-filled Double Glazing (DG) and Argon-filled DG.
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specifically for the regions where these variables experience high gra-
dients. Several rounds of mesh independence study were conducted
before choosing the final mesh. Finally, 8.9, 11.8, 16.1, and 19 million
mesh sizes were selected for the cabin, cabin & Thermocill, cabin &
blind, and cabin & blind & Thermocill cases, respectively. The finest
mesh belongs to the case in which blind and Thermocill are in operation
to capture flow and heat distributions accurately in the vicinity of these
regions.

Fig. 7 illustrates an example meshed domain for the case of the cabin
with Thermocill. In all the models, to maintain accuracy and keep the
computational costs low, mesh is highly refined adjacent to the radia-
tors, blinds, and Thermocill.

2.3.3. Assumptions and modelling choices

Different sets of equations were employed to model and simulate the
heat transfer inside the cabin. Equations for the conservation of mass
and momentum of the flow (Navier-Stokes equations), heat transfer
equation (energy equation), and radiation equation were invoked to
resolve flow and temperature distribution inside the cabin and heat
transfer between the cabin and the outside environment.

In the natural convection phenomenon, gravitational acceleration,
which is assumed to be 9.81 m/s? is the main player in inducing
movement to the heated air. Therefore, given the air plume velocity and
Rayleigh number, the Shear Stress Transport (SST) k-o turbulence
model [33] is deemed to be a reasonable selection. Furthermore, since
the air density does not change significantly within the considered
temperature range inside the cabin, the Boussinesq approximation is
employed in the model. Finally, the radiation inside the cabin was
considered, to account for any radiative heat transfer from the radiators,
albeit, they are not considered to be significant in this case. To account
for air contribution in radiation, the Discrete Ordinates (DO) method
was employed, which can consider the surface-to-surface and air radi-
ations. The standard air property was chosen with the density set as
1.225 kg/m?, the dynamic viscosity as 1.79 x 10~°> kg/m.s, the specific
heat and thermal conductivity set as 1006.4 J/kg.K and 2.42 x 102 W/
m.K, respectively. Finally, the air thermal expansion coefficient is
assumed to be 3.4 x 1073 1/K.

One of the critical stages of the modelling is the selection of appro-
priate boundary conditions for different types of surfaces at boundaries
and inside the cabin. For the momentum equations, the no-slip condition
(zero velocity on the surface) was considered. Also, for the thermal
boundary condition, appropriate U-values (provided by Salford Energy
House 2.0) were adopted, as shown in Table 3.

It is worth mentioning that for all the test cases, the outside tem-
perature is assumed to be 5 °C. Moreover, for the internal surfaces,
which have interfaces with air (i.e., radiators, blinds, and Thermocill),
heat flux continuity is considered to couple surfaces with the fluid
domain (air). Finally, for the radiation equation, all the surfaces are
considered to be opaque and diffuse surface (without specular reflec-
tion) with an internal emissivity of 0.9.

In the models, the radiators are considered as solid heat sources that
have interfaces with air inside the room. In order to maintain the set-
point temperatures inside the room (i.e., 16 °C, 21 °C, 24 °C), the total
heat loss from the cabin for each setpoint is imposed as the total required

Table 3
U-values for different sections of the cabin exposed to the surrounding.

No. Surface U-value (W/m?K)
1 Ceiling 0.48
2 Floor 1.20
3 Front & Back Walls 0.70
4 Left and Right Walls 0.83
5 Air-filled double glazing 2.40
6 Argon-filled double glazing 1.30
7 Single glazing window 2.66
8 Door 2.54
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heat that should be provided by the heaters.

Generally, for natural convection problems, reaching equilibrium
requires a larger number of timesteps and iterations. Therefore,
choosing appropriate initial values and using a quasi-steady approach
reduce the simulation time significantly. Therefore, this study benefitted
from quasi-steady simulation and considering the initial temperature as
such, which is equal to the setpoint temperature. Finally, to solve the
governing equations numerically, ANSYS-FLUENT (2023R1) was
employed.

3. Results
3.1. Experimental results and discussion

Thermocill was tested under controlled conditions at the Energy
House 2.0 research facility, in which the external air temperature
maintained a constant 5.2 °C (+0.1 °C) throughout all tests.

3.1.1. Centre pane U-value

Fig. 8 and Table 4 show the centre pane experimental results of all
test scenarios. In both 21 °C internal condition scenarios (Tests 1 and 2),
a reduction in the centre pane U-value of 4 % and 2 % respectively, was
attributed to Thermocill. However, in Test 3, Thermocill showed an
increase in centre pane U-value, when internal conditions were
increased to 24 °C.

3.1.2. U-value distribution across glazing panel

The U-value percentage reduction was calculated for each heat flux
plate measurement location. The below plots show how the U-value
reduction varied spatially across the glazing panel, with blue indicating
reductions in U-value, and red showing an increase in the U-value.

The mid-room internal temperature sensors and the chamber tem-
perature sensor were used to calculate the U-values, in the same manner
as the centre pane U-value.

Fig. 9 shows a greater reduction in U-value towards the bottom of the
DGU (i.e., closer to the vents of the Thermocill product). As the height
increases, the U-value reduction tends to reduce. In the case of “C(24) vs
CT(24)”, an increase in the measured U-value can be seen above the mid-
height of the DGU.

Fig. 9 shows that Thermocill produced greater reductions in the
measured U-value towards the bottom of the windowpane, i.e., closer to
the vents of the Thermocill product. The reduction in the U-value tends
to reduce as the height from the Thermocill product increases. In Test 3
(24 °C), the U-value increases beyond the middle height of the window.
Table 5 shows the reduction and associated uncertainty for each HFP
location and the average across all HFPs.

3.2. CFD results and discussion

In this section, the CFD results of the simulated cabin are presented.
The results show flow and temperature distribution for the four afore-
mentioned scenarios, and three setpoint temperatures (16, 21, and
24 °C). For the qualitative results, including streamlines in the vicinity of
the radiators, volume-rendered temperature inside the cabin, and heat
flux across air/argon-filled DGU the focus is on the setpoint temperature
of 21 °C.

3.2.1. Qualitative results

Starting with the velocity streamline in Fig. 10, the results show that
when a Thermocill is in operation it slightly deflects the hot plume near
the radiators, therefore, the air rise velocity next to the windows is less
than the cases without a Thermocill, however, it is more uniform and
widened near the windows. Fig. 11 demonstrates volume-rendered
temperature contours, which are capped between 21.5 °C and 23 °C
for the setpoint of 21 °C. One point to emerge from the temperature
contours is that in the presence of Thermocill, the temperature
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Table 4

U-value [Wm2K1]
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Fig. 8. Comparing the U-values in three performed experiments.

Comparison of all experimental tests and relative reduction in centre pane U-Value.
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Test Reference U-Value (W/m?K) A U-Value (W/m?K) % Reduction
1a (Standard) C(21) 3.33 (+£0.23)
1b (Thermocill) CT(21) 3.20 (£0.22) —0.13 (+0.32) 4 % (+£10 %)
2a (Standard) CB(21) 2.58 (£0.16)
2b (Thermocil) CBT(21) 2.54 (£0.16) —0.04 (+0.23) 2 % (£9%)
3a (Standard) C(24) 3.49 (£0.21)
3b (Thermocill) CT(24) 3.52 (+0.24) 0.03 (+0.32) —1% (£9%)

C: Cabin, T: Thermocill, B: Blind.

distribution is slightly more uniform next to the windows as the hot spot
area is smaller compared to the cases in which the Thermocill is not
operating. If the latter finding links to the heat loss results presented in
Table 6, it shows that Thermocill tends to reduce heat loss through the
windows both by creating a thermal layer next to the windows and
directing a portion of the warmer air to the centre of the cabin.

Figs. 12 and 13 demonstrate heat flux from air-filled and argon-filled
double-glazed windows, respectively. The results show that Thermocill
can deviate the heat flux from the centre of the windows to the sides and
reduce heat loss. Additionally, the blind acts as a thermal barrier, and
therefore, as expected, when it is in operation, it significantly reduces
the heat loss through the windows, as well as providing a more uniform
heat flux distribution on the glazing. Considering the combined impact
of the Thermocill and the blind, it is evident that the impact is aggre-
gated and results in further reduction of heat loss through the windows.

3.2.2. Quantitative results

Further investigation was carried out to assess the impact of blind
and Thermocill on the reduction of the heat loss from the cabin by
comparing four different scenarios. Irrespective of the cabin tempera-
ture, simultaneous operation of the blind and Thermocill reduces the
heat loss by at least 2 %. Furthermore, to explore the standalone impact
of Thermocill, the results show that when it is used without any blind, it
can save heat by 1 %, which shows a significant improvement given
Thermocill’s installation time and cost. Table 6 demonstrates the per-
centage of the total heat loss reduction inside the cabin by comparing
four scenarios. Irrespective of the cabin temperature, simultaneous
operation of the blind and Thermocill reduces the heat loss by at least 2
%.

One approach to specifically measure the impact of blinds and
Thermocill on thermal efficiency is comparing the U-value for different

scenarios. The cabin contains two double-glazed windows, one filled
with air and another with argon. In this section, the room U-values for
each double-glazed window are reported based on Eq. (1).

In Eq. (1), the mean internal surface temperature is calculated for the
corresponding window for which the U-value is estimated. Furthermore,
the outside temperature is assumed constant and equal to 5 °C for all
cases. Table 7 displays U-values for the air double-glazed window in four
simulated scenarios. It highlights that the blind and Thermocill move in
favour of better insulation, i.e., they both reduce U-values as such for all
the setpoints, the simultaneous operation of blind and Thermocill results
in the lowest U-values. Specifically, about Thermocill performance,
Table 8 compares the performance of Thermocill in cases with and
without blind. The results show that Thermocill potentially reduces
room U-values based on air double-glazed from a minimum of 2 % up to
around 4.4 %. Also, when it is in operation with a blind, it improves the
U-value by 4.1 %.

Similar results are obtained for the argon-filled double-glazed win-
dow in Tables 9 and 10. Generally, U-values are the minimum in all
setpoints, when blind and Thermocill are used together. Additionally,
there is a consistent pattern for that window, where, as the temperature
setpoint increases, the efficiency of the blind and Thermocill reduces,
while they still improve room U-values.

Fig. 14 summarises the Thermocill performance and its impacts on
room U-value. In this figure, the focus is on the impact of Thermocill and
hence in all comparisons, inclusion/exclusion of Thermocill is the main
difference to enable the assessment of its performance in isolation i.e.,
‘cabin’ versus ‘cabin and Thermocill’, and ‘cabin and blind’ versus ‘cabin,
blind, and Thermocill’. The results show that although we cannot follow a
consistent pattern, the presence of Thermocill reduces the U-values by
1-5 % for the explored cases.
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C(21) vs CT(21)

Average =
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C(24) vs CT(24)

Average = 3%

Fig. 9. Reference of heat flux plate number and corresponding location, plus spatial U-value reduction for each test.

Table 5
U-Value reduction for each Heat Flux Plates across all tests.

Test

C(21) vs CT(21) CB(21) vs CBT(21) C(24) vs CT(24)

HFP 1 7 % (£9%) —5% (£9%) 19 % (+8%)
HFP 2 3 % (+£9%) 6 % (£9%) 11 % (+8%)
HFP 3 12 % (+£9%) 11 % (+£9%) 8 % (+8%)
HFP 4 1% (+£10 %) 10 % (+£9%) 3 % (+£9%)
HFP 5 2 % (+£9%) 7 % (£8%) —1% (+£9%)
HFP 6 12 % (£9%) 9 % (+8%) 11 % (+£9%)
HFP 7 —1% (+10 %) 4 % (£9%) —2% (+9%)
HFP 8 0 % (+10 %) 3 % (£9%) —4% (+9%)
HFP 9 4% (£10 %) 2 % (£9%) —1% (+£9%)
HFP 10 —1% (+10 %) 0 % (£9%) 1 % (+£9%)
HFP 11 —6% (£10 %) 6 % (£9%) —4% (+9%)
HFP 12 4 % (£9%) 0 % (+8%) —3% (+£9%)
HFP 13 0 % (£10 %) 0 % (£9%) —2% (+£9%)
Average 3 % (+5%) 4 % (+5%) 3 % (+7%)

3.2.3. U-value and energy saving

In terms of building energy performance, it is desirable to develop a
direct relationship between the U-value reduction of glazing units to the
energy savings of a building. Keshmiri [23] conducted a series of
building energy modelling for a 3-bedroom semi-detached house (a
typical dwelling in the UK) in order to calculate the potential energy and
CO, emission savings as a result of installing Thermocill in the bedrooms
and the living room. This study provided valuable insight into the
relationship between U-values of windows and energy/CO, emission
savings in the specific house/scenarios in the work. The limitation of
that study, however, was that the U-value reduction of the glazing by

10

installing the Thermocill was taken as a fixed value, obtained from an
earlier experimental study conducted at Salford Energy House. This
limitation in fact was of the motivation behind the present study.
Nevertheless, energy modelling for different buildings needs to be car-
ried out to establish the link between U-values in glazing and energy
consumption/saving in the building.

3.3. Comparison/validation of CFD vs experiment

Experimentally, Thermocill was shown to reduce the average U-
value of the air-filled DGU by 3-4 % in all tests conducted. When
considering the CFD simulations, Thermocill was shown to reduce the
glazing panels’ U-value by 2-4 % in all tests. The validity of the results is
strengthened when considering the good level of agreement between the
experimental and CFD work, which is highlighted in Table 11 and
Fig. 15.

4. Limitations and future directions

Like any other study, there are limitations in the present work that
are worth highlighting:

e The CFD models considered the Thermocill operation in a fully
controlled room condition. Therefore, variations in outside temper-
ature and radiator performance are not considered in the model. The
air tightness data of the cabin was also not considered, as this in-
formation was not available at the time of running the simulations.

e In the CFD model, the size and operation of the blinds in the simu-
lations are fixed. The exact gaps around the blinds were not available
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Fig. 10. Velocity streamlines (m/s) (starting from the radiators) for different test cases and the setpoint of 21 °C.
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Fig. 11. Volume-rendered temperature contours for different test cases and cabin temperature setpoint of 21 °C. For each case, the temperature legend is capped
between ‘setpoint + 0.5 °C’ and ‘setpoint + 2 °C’.
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Table 6
Comparing heat loss improvement by implementing blind and Thermocill (%). Table 7
Temperature (°C) 16 21 24 U-value (W/m? K) for air-filled double-glazed window.
Cabin vs Cabin + Blind —0.8% -1.2% ~1.0% Air-filled double glazing
Cabin vs Cabin + Blind + Thermocill —21% —2.3% -2.0% Temperature (°C) 16 21 24
Cabin vs Cabin + Thermocill 0.0 % —0.5 % —0.4 %
Cabin + Blind vs Cabin + Blind + Thermocill -1.3% -1.2% —-1.0% Cabin 1.72 1.80 1.80
Cabin + Blind 1.44 1.47 1.49
Cabin + Thermocill 1.69 1.73 1.72
at the time of running the simulations, therefore reasonable as- Cabin + Blind + Thermocill 1.38 1.44 1.46

sumptions have been made.
e Given the room temperature, although the radiation does not impact

significantly, changes in surface radiation properties can affect the Table 8
impact of the Thermocill, which may improve its performance in Comparing U-value (W/m?K) improvement by implementing blind and Ther-
some cases and show less efficiency for other conditions. mocill (%) for air-filled double-glazed window.

Air-filled double glazing

Some suggestions for future work are as follows: Temperature (°C) 16 21 24

‘s . i Cabin vs Cabin + Blind -16.3 % -18.2% -16.8 %
e As demonstrated by Keshmiri [23], energy modelling for a specific Cabin vs Cabin - Blind + Thermocill 107% 201 %  —19.0%

building needs to be conducted to obtain the correct value of energy Cabin vs Cabin + Thermocill —2.0% _3.6% _4.4%
saving since simple analytical solutions (e.g. using basic heat loss Cabin + Blind vs Cabin + Blind + Thermocill -4.1% -23% -2.6%

34.24
32.73
31.21
29.70
28.18
26.67
25.15
23.64
2212 Cabin Cabin + Blind
20.61
19.09 )
17.58 - — S L

16.06
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13.03 !
1152
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Cabin + Thermocill Cabin + Blind + Thermocill

Fig. 12. Heat flux (W/m2) contours across the air-filled double-glazed window, at a temperature setpoint of 21 °C.
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Fig. 13. Heat flux (W/m2) contours across the argon-filled double-glazed window, at a temperature setpoint of 21 °C.
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Table 9
Comparing U-value (W/m?K) for argon-filled double-glazed window.

Argon-filled double glazing

Temperature (°C) 16 21 24
Cabin 1.06 1.06 1.05

Cabin + Blind 0.91 0.94 0.95

Cabin + Thermocill 1.01 1.02 1.04
Cabin + Blind + Thermocill 0.86 0.91 0.92

Table 10
Comparing U-value improvement by implementing blind and Thermocill (%) for
argon-filled double-glazed window.

Argon-filled double glazing

Temperature (°C) 16 21 24
Cabin vs Cabin + Blind -13.3% -11.5% —-8.8%
Cabin vs Cabin + Blind + Thermocill —18.1 % -14.9 % -12.3%
Cabin vs Cabin + Thermocill —4.2% —4.0% -1.1%
Cabin + Blind vs Cabin + Blind + Thermocill —5.6 % —3.9% —-3.8%
m24°C 21°C m16°C
CBvsCBT (ArgonDGU)
CvsCT (ArgonDGU)
CBvsCBT (AirDGU)
CvsCT (AirDGU)
-6.0% -5.0% -40% -3.0% -20% -1.0% 0.0%

Percentage of U-value reduction

Fig. 14. Summary of the Thermocill impact on room U-value reduction.
Comparisons were shown between C versus CT, and CB versus CBT for air and
argon double-glazed windows; (C: Cabin, CB: Cabin and Blind, CT: Cabin and
Thermocill, CBT: Cabin, Blind, and Thermocill, DG: Double-Glazed).

Table 11
Comparison of average relative reduction in U-value found experimentally and
through CFD across the double-glazed window; (C: Cabin, CB: Cabin and Blind,
CT: Cabin and Thermocill, CBT: Cabin, Blind, and Thermocill, DG: Double-
Glazed).

Test U-Value Reduction (%)
Experimental CFD
C(21) vs CT(21) 2.7 % (+5.1 %) 3.6 %
CB(21) vs CBT(21) 4.0 % (+4.7 %) 2.3%
C(24) vs CT(24) 2.7 % (£7.2 %) 4.4 %

formulas) will not provide an accurate approximation of the energy
loss in a building. Therefore, one direction to continue the existing
work is to conduct energy modelling for the Cabin for the same
scenarios studied here, which would also represent a tool for con-
ducting techno-economic analyses for the present problem.

In order to obtain a more detailed picture of Thermocill performance,
more cases/scenarios such as different outside temperatures,
different room temperatures, various blind positions, etc are
required. Once sufficient data was generated, more statistical
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analysis could be conducted to build more confidence in the overall
performance of Thermocill and its interaction with blinds and
different window types. Also, machine learning-based optimisation
algorithms such as Physics-Informed Neural Networks (PINN) [36,
37] can also be used to simulate numerous scenarios in a short space
of time.

This research only considered the change in U-value, and as such the
reduction in heat transfer through the window as a result of installing
Thermocill. Further work should consider the hygrothermal impact
the product has on the fabric of a building, particularly at junctions
which are typically deemed high risk in terms of condensation and
mould growth. The nature of how Thermocill works may assist with
mitigating such risk, especially as this is a prominent issue observed
in some fabric retrofit situations.

5. Conclusions

The impact of Thermocill on the U-value of a glazing panel has been
measured through both experimental work and CFD simulation. The
experimental work consisted of constructing a bespoke test cabin, within
Energy House 2.0, in which Thermocill could be tested in-situ under
controlled conditions, both internally and externally. In two of the three
experimental tests, the average U-value of the air-filled double-glazed
unit was reduced between 3-4 % when Thermocill was in operation. It
was found that greater reductions in U-value were measured towards the
bottom of the DGU, closer to where Thermocill is installed. This
reduction was found to reduce as the distance from Thermocill (and the
windowsill) increases.

The CFD work modelled the same bespoke cabin, assessing the
impact of Thermocill under a greater range of conditions than what was
measured experimentally. In all simulations in which Thermocill was in
operation, a reduction of up to 5.6 % in the glazing U-value was
observed. A good level of agreement was observed between the exper-
imental and CFD results, owing to the close calibration of the model to
the test cabin built within Energy House 2.0.

The proposed experimental and computational framework/proced-
ure presented in this paper can be adapted and applied to other new/
innovative technologies associated with building energy, helping with
the implementation of new innovations under UK SAP, enabling them to
be accounted for in the EPCs for Building Regulation compliance.
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