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ABSTRACT

Lightness coupled with a quick assembly method is crucial for emergency architecture in post-disaster area where accessibility and action time play a
huge barer to rescue people. In this prospective, the following work analyses the potentiality (technological and thermal performances) of multilayer
insu-lator for a new shelter envelope able to provide superior thermal comfort for the users. The thermal characteristics are derived experimentally by
means of a guard ring apparatus under different working temperatures. Tests are performed on the multilayer insulator itself and on a composite
structure, made of the multilayer insulator and two air gaps wrapped by a polyester cover, which is the core of a new lightweight emergency
architecture. Experimental results show good agreement with literature data, providing a thermal conductivity and transmittance of about 0.04 W/(m °C)
and 1.6 W/(m? °C) for the tested multilayer. The composite structure called Thermo Reflective Multilayer System (TRMS) shows better insulation
performances, providing a thermal transmittance set to 0.85 W/(m? °C). A thermal model of an emergency tent based on the new insulating structure
(TRMS) has been developed and its thermal performances have been compared with those of a UNHCR traditional emergency shelter. The shelter model
was simulated (Trnsys v.17 environment) in the winter season considering the climate of Belgrade and using only the casual gains from occupant and
solar radiation through opaque wall. Nu-merical simulations evidenced that the new insulating composite envelope reduces required heating load of
about two and four times with respect to the traditional insulation. The study sets a starting point to develop a lightweight emergency architecture made
with a combination between multilayer, air, polyester and vulcanized rubber.
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1. Introduction

In the last years the total number of people displaced in the
world has remained roughly constant at approximately 15 million
refugees and a further 25 million internally. 2153 is the number of
natural and artificial disasters which hit the world in the last 3
years [1]. About ninety thousands people are affected from these
events
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[2]. Disaster-affected households should no longer be treated as
liabilities. This has significant implications on recommended ap-
proaches to post-disaster shelters and survivors of these crises
must be given every opportunity to engage in their own recovery
[3]. Low density materials like multilayers insulators or aerogel
foams, thanks to their lightness and thermal performances, can be
used to answer to the housing needs of victims ensuring techno-
logical, psychological performance and safety during disasters
events. These materials are nowadays used in the civil area for
normal construction or reconstruction processes [4—6], but were
originally developed for passive thermal control in space
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Nomenclature

Aeq Thermal conductivity of multilayer and/or insulating
structure [W/(m °C)]

¢ Heat flow-rate through specimens [W]

q Heat flux density [W/m?]

A Specimen area [m?]

t Thickness of the insulating material [m]

Th Central disk temperature [°C]

Te Cold disk and plate temperatures [°C]

Ueq Transmittance of multilayer and/or insulating
structure [W/(m? °C)]

ip Inner disk supply current [A]

Vo Inner disk supply voltage [V]

applications, in order to provide good insulating performances in
vacuum condition [7—9]. Multilayer structure is generally made of
metalized plastic films, typically polyamide for low temperature
ranges or metallic foils for high temperature applications. Plastic
films are separated by nets made of glass fibre, polyester or silk,
which minimize heat conduction between the foils and avoid an
extended contact. Multilayer effectiveness in vacuum lays in the
low emissivity of the metalized surfaces limiting radiative heat
exchange. Thus, the multilayer experienced thanks to its charac-
teristics an increased usage in civil architecture to reduce energy
consumption without affecting the thermal comfort. Multilayer for
building application is more compact than traditional insulation
technology but achieves similar performances [10], providing also
an effective vapour barrier [11]. Moreover, the material structure is
ordinarily non-irritant, non-asthmatic and non-allergenic, so that
no protective clothing or equipment are necessary during
assembly, installation and manufacturing. Because of the low
emission coef-ficient of the foils, radiation through the insulation
material is significantly reduced leading to very high thermal
resistance, even up to 6 m? °C/W [4]. The latter value was obtained
by means of monitoring thermal performances in situ (test houses)
but discus-sion about whether these claims are correct is still
ongoing. Different studies have been performed to derive and
compare multilayer performances in buildings. Normally the
experimental tests are carried out with hot box and hot plate
measurements, and the latter methods provide much more lower
thermal resistances. Some examples can be found in the activity
performed by the Building Research Establishment (BRE) [12], Alba
Building Sciences [13], University of Reunion [14,15] and Dublin
Institute of Tech-nology [16]. The results showed that multilayer
thermal perfor-mances are influenced by the foils emissivity, heat
flow direction, air cavities dimension [17]. Measured thermal
resistances are be-tween 1.0 and 1.9 m? °C/W, depending on the
heat flow direction, the type of multilayer and the presence of non-
ventilated cavities. Moreover, the thermal resistance generally
increases adding reflective foils between the spacing nets and
outside. In fact, tests performed with polyethylene films instead of
reflective layers showed a general worsening of the insulating
performances [4]. Comparison between laboratory experiments
and test houses is provided in Ref. [18]. House testing was
performed on two build-ings supposed to be identical. The first
house was insulated with 210 mm mineral fibre in the roof
installed between timber studs/rafters with known thermal
resistance (of 5.2 m? °C/W) whereas the second one was equipped
with a commercially available multilayer, i.e. the ACTIS TRISO
Super 12 [10]. Environmental con-ditions were supposed to be
identical, both in real or simulated

T, Multilayer average temperature [°C]

AT Temperature difference between Ty, and T [°C]

p Multilayer interstitial gas pressure [Pa]

Req Equivalent thermal resistance [m? °C/W]

Urpc Uncertainty of the cold disk and plate temperatures
[°C]

Ut Uncertainty of the inner disk temperature [°C]

UAT Uncertainty of the temperature difference [°C]

Uyo Uncertainty of the inner disk voltage [V]

Ujo Uncertainty of the inner disk current [A]

Upe Uncertainty of the heat flow rate [W]

up Uncertainty of the disk area [m?]

ue Uncertainty of the multilayer and/or insulating

structure thickness [m]

conditions, and energy demand for maintaining a constant indoor
temperature was monitored and finally compared to derive the
multilayer thermal resistance. Results showed that the energy
consumption of the test house with timber framed roof structure
(with 210 mm of mineral wall) was equivalent to that one
insulated with TRISO SUPER 12. Accuracy of the performed
measurements lays on the equivalence between the testing
workbenches (un-avoidable affected by air tightness of both test
houses) and is related to the presence of ventilated and non-
ventilated air cavities or thermal bridges.

Thus, as also testified by literature data dispersion, prediction of
multilayer thermal performances is generally critical and related to
the measurement methods [4], to the multilayer structure (i.e.
number of layers, spacers material) [7,19], to the environment
(interstitial gas pressure and temperature) [8], and therefore,
cannot exempt from an experimental characterization.

In this study the ACTIS TRISO Super 10 multilayer has been
tested by means of a guard ring apparatus at 40 °C and 60 °C, i.e.
simulating normal and worst operation conditions in view of
developing an enhanced insulating system for emergency
architecture.

The current UNHCR (United Nations Human Rights Council)
policy [20] allows “survival conditions” inside winterized tents
until a more suitable accommodation can be found, such as reno-
vated buildings or more sophisticated (military type) heated tents.
Several works about tent prototype and energy modelling of the
emergency shelter are available in literature [21—27]. Ajam carried
out a study of thermal comfort in low-cost adobe refugee shelter in
hot and arid climate [21]. Manfield in Ref. [22] compared
vernacular and purpose built shelter for cold climate use. Since
1998, experi-ments conducted by a team at the Martin Centre used
wind tunnel, cold chamber and field testing to capture useful
physical data. Manfield modelled a United Nation winter tent and a
prototype shelter, finding that a tent relying only on casual gains
from occu-pants, would eliminate the need of fuel burning stove
and associ-ated fire risk. Crawford et al. [25] evaluated the thermal
performance of emergency shelter systems by numerical simula-
tions and experimental activity, highlighting that feasibility of
heating the tent using casual gains is appropriate only in some
locations and that issues related to the air stratification inside the
tent may occur. Anyway, as stated by the authors, accuracy of the
derived findings was limited by the lack of measurement about air
infiltrations.

Batilana carried out tests on a temporary shelter and found an
energy saving potential of about 76% respect to UNHCR cold climate
refugee tent [26]. Flanders conducted test on air transportation tent



for military use with particular attention to thermal comfort and
fuel saving [27]. The study evidenced the need of highly insulated
shelter, as an instance making it nearly airtight although in that
case manufacturing cost increases.

In this context, the aim of this work is to evaluate the perfor-
mance of proposed composite and very lightweight system, to
highlight potential improvements with respect to the reference
cold climate shelter based on UNHCR tent model. Thus, a thermal
model based on the studied insulating structure has been devel-
oped by the authors to predict the thermal performance of a tent in
the climate of Belgrade.

The paper is organized as follows: theoretical background, setup
for thermal conductivity/conductance measurement and tested
material and system are described in Section 2. Section 3 reports
and discusses the testing results whereas Section 4 provides
detailed description of an intended application for emergency ar-
chitecture based on the composite structure, i.e. the Air Shelter
panel. Thermal model of the Air Shelter and simulation results are
described in Section 5 and Section 6 concludes the paper.

2. Material and methods
2.1. Theoretical background

Heat flux modelling through a multilayer specimen is complex
task since heat exchange is generally driven by conduction, con-
vection and radiation. Further difficulties can arise from the pres-
ence of three-dimensional temperature profiles, complex
geometries and local additional heat paths due to slots, seams and
stitching, needed to fix or shape the multilayer insulator (MLI).
Thermal insulators performances are usually modelled using either
the equivalent conductivity or the equivalent emissivity [7]. These
parameters are used to predict insulators performances under the
hypothesis that heat exchange through MLI specimen is respec-
tively driven by conductance or radiation. The equivalent thermal
conductivity Aeq can be identified once the extreme temperatures
are measured together with heat flux density q:

__at
T v

Aeq(P; Ta)
Ty and T, are the temperatures at the hot (e.g. inner) and cold (e.g.
outer) multilayer, t is the sample thickness, T, is the average be-
tween Ty and T and p is the interstitial gas pressure. Equation (1) is
valid in steady state condition, i.e. when the heat flux through the
specimen is constant. In a similar manner equivalent transmittance
Ueq can be derived as (Eq. (2)):

Ueq(p, Ta) :(Thqu (2)

Inverting Equation (2) equivalent thermal resistance is found
(Eq. (3)):

1

Ueq (3)

Req(p, Ta) =
The equivalent parameters depend on the average temperature
T, and on the interstitial gas pressure p.
2.2. Setup description and testing procedure
Methods for the measurement of the thermal conductivity of

insulating materials are classified as steady-state and transient
methods [28—34]. Among the steady-state methods, the guarded-

hot plate allows achieving accurate results, with uncertainty set
to 1.5% over a limited temperature range near ambient [28].

The guarded-hot plate apparatus requires two identical speci-
mens to guarantee symmetrical heat flow upwards and
downwards according to the setup shown in Fig. 1. The instrument
comprises two heaters packaged respectively into an aluminium
circular disk and on an external annulus [8]. The central disk
provides an adjustable heat flux through the tested specimens. The
flux magnitude depends on the desired hot temperature Ty and the
external one T.. Power of the external annulus is regulated to
match the inner disk temperature avoiding any lateral heat
exchange. In this setup, the temperature matching was obtained
using a closed loop control system to regulate the outer heater
power.

The temperature difference between the inner disk and the
external annulus was measured by means of a copper/constantan
thermopile. The thermopile signal was then used as a feedback in
the closed loop control system of the guard ring. The disks are
linked together by thermally insulating supports, in fact any ther-
mal shunt between the central disk and other parts is minimized so
that power measurement errors can be minimized too. The
measuring system is placed inside a thermal chamber in which
pressure can be varied at different levels. During the testing pres-
sure was kept to the ambient value. The test setup is shown in Fig. 2.
Samples were mounted between the cold plate and an aluminium
disk whose top side is coated by a high emissivity Electrodag®501

paint.
Equivalent conductivities and transmittance are determined as:
é t
Reg =5 = 4
“=A 2T To) )
1
Ueq = 61 __ (5)

A (2(Th - To))

¢ is the measured heat flow rate, A is the disk area and Tj, is the
internal disk temperature. At each acquisition the measured pa-
rameters are the plate, disk and heater temperatures, the inner
supply voltage (Vp) and current (ip) and the thermopile voltage for
the control loop strategy. The hot and cold temperatures were
measured using thermocouples (grade 3, type K). Measurements
were acquired by a 34970A Agilent multiplexer and heater was
controlled by National Instruments PCI-MIO-16E-4 input/output
board. Data were stored in a computer that also controlled the
Agilent E3615A DC power supplies, through the acquisition board.
Schematic of the measurement/acquisition chain is provided in Fig.
3.

The temperature was set at two different values, i.e. 40 and 60 °C
whereas the cold interfaces were kept at ambient temperature.
Measurements have been taken when the steady state condition
was reached.

Cold disk
T, Multilayer
Guard disk . Insulating
F—:ﬁ ZZ supports
\ /2 i / pp!
Outer heater # : = -
1T, ﬁ I

T — = o N Multilayer

/2 -|
" Inner disk T, Inner heater

Cold plate

Fig. 1. Sketch of the hot guarded apparatus with two specimens configuration.



Fig. 2. Pictures of the setup to measure material conductivity.

2.3. Specimens description

Tested MLI is ACTIS TRISO Super 10, which is made of layers of
aluminium/plastic type reflective foil, separated by layers of plastic
bubble wrap or foam material [10]. A picture of the specimen is
shown in Fig. 4. Specimen size is about 16 cm width and 16 cm
length. Overall thickness of the specimen is about 25 mm.
Technical characteristic of the test product are summarized in
Table 1.

Beside the MLI specimen, a sample of the composite insulating
system, hereafter renamed Thermo Reflective Multilayer System
(TRMS), was manufactured as well. Scheme of the TRMS structure
and view of one of the tested prototype are provided in Fig. 5.

The TRMS comprises an ACTIS multilayer sample combined
with vulcanized rubber spacers to guarantee an air gap of 10 mm
thickness on each side, and a polyester membrane to enclose the
overall system. Thus, the overall thickness of the sample is about 45
mm. The covering material was selected thanks to its high
flexibility, resistance, cheapness and lightness. In fact, polyester
provides 180 g of mass per square meter, a tensile strength of 100
N longitudinally and, 150 N transversely. Vulcanized rubber allows
achieving low weight, with density between 0.9 and 1.5 kg/dm?,
and furnishes a low thermal conductivity, about 0.15 W/(m °C). The
intended structure would provide the thermal insulation and
flexibility required to handle and assemble the MLI The specimen
area (10 mm width and 16 mm length) does not touch the external
annulus, so that any lateral heat flow is avoided. Two samples of
the TRMS (one is shown in Fig. 5b) were manufactured and tested
with the hot guard plate apparatus.

2.4. Uncertainty evaluation

Uncertainties of the measured conductivity and transmittance
are derived by propagating each uncertainty contribution of the
parameters of Eq. (4) and Eq. (5), i.e. the sample geometry, the

HOT GUARDED | Power | AGILENT
SETUP h supply ~ DC POWER
T SUPPLIES
* Thermopile voltage *
* Temperatures
Data | Heatpercurrentandvollage Control Signal
| é
AGILENT Data NI Data
MULTIPLEXER PCI-MIO-16E-4 Storage

Fig. 3. Sketch of the measurement chain for thermal conductivity/conductance testing.

temperature and the heat flow rate. Thus, according to the ISO-
GUM standard [35] the conductivity uncertainty can be found as:

2 2
Uj,, (ud,[) Ug\ 2 (uAT) Up\ 2
P ) () s
Aeq \/ b¢ A AT t (6)
In similar manner, uncertainty of the equivalent transmittance
can be found as:

2 2
uUeq Ll¢ Up 2 UAT
e d A — 7
Ueq \/(¢t> +(A) * AT ( )
The uncertainty of 47, difference between testing temperatures
Ty and T, is derived as:

oA 2 /oA 2
| () () @)

urp and ure are respectively the temperature uncertainties for the
inner disk and the cold plate and disk. Given that the temperatures
are measured by type K thermocouples, the maximum error is 2.6
°C in the range between —40 and 375 °C [36]; this value in-cludes
the contribution of the reference joint whose temperature was
measured with a grade A Pt100 platinum resistance ther-mometer.
Inner disk area and specimen thickness have been measured by
means of a caliper with a resolution of 0.05 mm, thus an
uncertainty of 0.015 mm affects specimen geometry measure-
ment. Heat flow-rate measurements accuracy is related to the
supply voltage and current measurements performed with the
Agilent unit. The heat flow rate uncertainty is computed as:

Fig. 4. View of the multilayer sample.



Table 1
Technical data of the tested multilayer.

Values Standard
Thickness 25.00 mm EN 823
Thermal resistance 5.25 m? °C/W BIP-001
Air permeability Impermeable EN 12114
Emissivity of aluminium foil 0.05 EN 16012
Water vapor resistance >500 MN-s/g EN 1931
Watertight w1 EN 1928 method A

EN 13859-1

Weight per square meter >0.738 kg/m? Not defined
Reaction to fire Class F EN 13501-1

R} 2 /8 2
o= i) (i)
where uyp and ujp are the uncertainties of the supply voltage and
current of the central heater, respectively. Preliminary analyses
evidenced that the main contributions to the uncertainty in
Equations (6) and (7) are due to the temperature and heat flow rate
uncertainties. Relative uncertainty about geometry measurement is

around 0.1% and therefore, no significant differences are expected
between the conductivity and transmittance relative uncertainties.

3. Results and discussion

Measured equivalent conductivity and transmittance for both
the MLI and the TRMS are provided in Table 2.

At 40 °C, results show for the multilayer specimen a thermal
conductivity of 0.040 W/(m °C) and an equivalent transmittance set
to about 1.6 W/(m? °C). Relative uncertainties for multilayer and
TRMS are set to 4%, both for the thermal conductivity and the
transmittance. The measured conductivity slightly increases at
higher disk temperature. This can be partially justified by air con-
ductivity increasing within the investigated temperature range.
Anyway, given that the measurement uncertainty is of about 4%,
the two equivalent conductivities are fully compatible. Moreover,
the measured conductivity is compatible with the technical data-
sheet of the multilayer manufacturer and previous studies [4],
where conductivity varies between 0.033 and 0.047 W/(m °C). In
similar working condition, the TRMS provides better performances,
as testified by the computed equivalent transmittance. The equiv-
alent conductivity of the TRMS sample in Table 2 has been
computed knowing the sample thickness of the insulating system.
Measured transmittance is lower than ones found in literature
related to similar insulators, which shows values between 1.66 and
2.12 W/(m? °C) in case of hot guarded hot plate testing [4].
Obtained

a) [ Polyester
membrane |
Air
Air

Multilayer

Neoprene
spacer

Table 2
Measured thermal conductivity and transmittance of the multilayer and TRMS.
Th [°C] Multilayer TRMS
40 60 40
eq [W/(m °C)] 0.040 0.042 0.038
Ueq [W/(m? °C)] 1.607 1.690 0.85
Req [(m? °C)/W] 0.623 0.592 1.183

result is encouraging, given that the air thickness of the TRMS
sample is relative small whereas better performances can be ach-
ieved enlarging its air cavities, e.g. up to 2.5 cm [17]. Thus, the
TRMS final design can be further enhanced to improve its
insulating performances. Summarizing, the experimental results
underline that the design of a building element based on the TRMS
can ensure an adequate thermal performance providing at the
same time a lightweight, flexible and cheap system. All these
characteristics match with the typical needs in current global
problem of disasters, target of the proposed work.

4. The architectural application: the Air Shelter house panel

Analysing the past experience concerning disasters, it happens
that housing programmes can take many years to complete, espe-
cially when a large number of houses are involved. However, in
these critical conditions is essential providing the victims’ needs as
soon as possible. The transitional shelters are generally converted
in permanent ones even if they do not have appropriate requisites
[3]. In fact, it is important that the shelter design is made following
the cultural, social and economic backgrounds of the specific
disaster-affected societies, and even if the design is based on rapid
and cost effective solutions, it has to be accepted by the population
culture.

The project Air Shelter house is based on above considerations
and proposes a building panel made of TRMS, which can be
assembled with punctual or continuous masonry structures or can
be exploited to build lightweight tents. The building element, in
fact, has a modular system that ensures different combination be-
tween the panels. Modularity allows creating new buildings ac-
cording to local construction techniques (Fig. 6a), renovating
existing systems like containers or fast assembling temporary
constructions as in tents (Fig. 6b and c).

Considering the possibility of using containers for the transport,
or as housing system itself, the ISO 6346 [37] defines standard size
of each building component, with the dimensions of 1.1 x 0.8 x
0.065 m. Considering the bands placed in the shortest sides, the
total dimensions become 1.30 x 0.80 x 0.065 m, comprehensive of
vulcanized rubber and polyester joints.

b)

Fig. 5. a) TRMS structure and b) TRMS manufactured prototype.



Container Skin

Tent Systems

Fig. 6. Air Shelter applications: a) beam structure skins, b) container covering, c) tents panels.

As shown in Fig. 7, connection between rubber elements of
different panels is made with tongue and groove joints that provide
good static resistance during disaster. Polyester extremities are
designed with strips whose length is about 10 cm and with
neoprene gaskets to provide perfect contact between the two sides
of the panel and to hold the MLI. Connection of the polyester ex-
tremities is ensured by snaps or zipper, easy to use and assemble.

Different technological solutions have been studied for the
panels junction in order to allow applicability at different scenarios.
Concieved applications are summarized in Fig. 8. Vertical/hori-
zontal and corner structure joining are designed with modular
solutions, investigating different combinations. Connection with
the supporting structure is assured by aluminum joints and bands.
They are fixed to the vulcanized rubber profile by M10 self-tapping
screws dimension 50 x 26 mm, with self-locking nut and double
washers for the contact with the synthetic material. In similar
manner the internal multilayer is connected to the rubber profiles
through M5 self-tapping screws 60 x 16 mm, with self-locking nut
and double washers. Joints between panels are in aluminum to
ensure lightness and the panels are connected by tissue bands,
which fit the envelope of the covered structures.

Selection of lightweight materials for the TRMS structure allows
easy transport of each module. Moreover, when the air is removed
from the system the Air Shelter can be rolled and easily moved: the
panel weight reduces to 0.608 kg and dimensions of the roll are
45 cm width, 6 cm thickness and 1.10 m length. In that case, size of
the smallest standard containers [37] would allow packing about

A N

W

240 panels. Moreover, thanks to the small dimensions, packing can
be performed only by one persons and transported by containers
(trucks or helicopters) or by small trucks.

Summarizing, the Air Shelter panel offers several advances on
existing systems, i.e. easy assembling, integration or replacing of
normal tent structure and employment of high insulation perfor-
mance materials that can be also used in buildings later recon-
struction phases.

5. Tent prototype energy modelling

A thermal model of one envisaged application of the Air Shelter,
i.e. an emergency tent, is hereafter described. The tent is 5.80 m
length and 5.10 m width, with a medium internal height of 2.20 m
(Table 3). The modelled tent, shown in Fig. 9, accommodates 10
persons in a volume of 59.40 m> [38]. The total surface area of the
model is equal to 96.8 m?. Dynamic analyses have been performed
with Trnsys v.17 Environment [39], considering the location of
Belgrade. Climate data are derived from Meteonorm database [40]
simulating a winter scenario (during January). The model allows
predicting the internal temperature for free-running operation
(without heating systems) and the heating energy demand to
maintain a constant internal temperature of 19 °C.

Starting from the same geometrical model, the dynamic thermal
analyses allow comparison between different tent's envelopes. The
energy model is represented by one thermal node simulated using
Type 56. The envelope is modelled without transparent parts in

| 1)Outer ends with regular

= shape. Valve elements for air
m I insufflation.
‘_i‘ I 2) Tongue and groove rubber

- i internal joint.

3) Polyester extremity + snaps.
Polyester extremity + zipper.

Fig. 7. Air Shelter panel details.
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Fig. 8. Pre-design of the joints between Air Shelter panels.

Table 3
Geometric characteristic of the simulated tent.

Length [m] Width [m] Height [m] Area[m?] Volume [m?]
Floor 5.80 5.10 29.58
Wall/Roof 2.20 64.96
Door/exit 2.28
Volume 59.40

order to reduce the solar gains that may lead to misleading results
about the opaque envelope performance. The “wall” and “roof” is
simulated considering a solar absorbance coefficient of 0.4 (clear
colour) and the convective heat transfer coefficients are set to
3.05 W/(m? °C) for internal surfaces and 17.8 W/(m? °C) for the
external ones. These values are assumed constant for all the
simulation time and for all the case studied.

Contact between tent floor and ground is simulated with the
ground coupling model Type 49. This component models the soil
beneath a zone building (Type 56). The model takes the heat
transfer into the building at the outside surface (total convective
and long wave radiation gain to outside surface) for the zone, cal-
culates the fully 3-D soil temperature profile, and then outputs the
average underfloor surface temperature for the zone. This

58m

Fig. 9. Tent model.

€

510m

underfloor surface temperature is the input outer surface temper-
ature for the floor of the studied thermal zone.
Three different cases have been studied:

e “Base Case”: the relative U-values of the tent envelope have
been estimated from literature [20—27] and reported in the
Table 4. The standard UNHCR shelter system is a canvas tent
with low thermal resistance leading to large heat losses through
conduction, convention and ventilation;

e “Air Shelter” Case 1: the tent model is based on the thermal
properties derived by the experimental activity performed in
this work. These are summarized in Table 5. The tent is
completely made by TRMS (roof, wall and floor elements);

e “Air Shelter” Case 2: the tent roof/wall elements are made of
TRMS whereas the floor is composed by LDPE (Low-density
polyethylene) membrane and canvas exposed to inner side.

Table 4

Thermal properties of the fabric conductance calculation of the UNHCR emergency
canvas tent. The difference in air thermal resistance values is due to convective air
movement assumption.

Thickness [mm] R [(m? °C)/W] Ueq [W/(m? °C)]
Floor
Rsi 0.15
LDPE 0.25 0.00625
Canvas 0.000035
Total R ~0.156 ~6.41
Wall/Roof
Rsi 0.123
Cotton 0.0139
Air 0.192
Canvas 0.054
Air cavity 0.15*
Canvas 0.054
Rse 0.03
Total R ~0.658 ~1.52




Table 5

Thermal properties of the Air Shelter (Case 1 and Case 2) models.

Thickness [mm] R [(m? °C)/W] Ueq [W/(m? °C)]
Floor
Rsi 0.15
LDPE 0.00025 0.00625
TRMS 1.183
Total R ~1.339 ~0.747
Wall/Roof
Rsi 0.123
TRMS 1.183
Rse 0.03
Total R 1.336 ~0.749
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Thermal dynamic simulations have been performed with the

following parameters:

e internal gains related to the persons inside the tent, set to 800 W

Global radiation

from 18 PM to 7 AM and 200 W during the rest of the day; the
latter value has been assumed under the assumption that ref-
ugees stay partly outside or in a community space. The gains are
considered 50% radiative and 50% convective.

gains from lights are set to 144 W, 80% radiative and 20%
convective;

air change per hour (ac/h) through the tent envelope is set to 4
and 2 respectively for the Base Case and the Air Shelter Case 1
and 2, respectively. These parameters have been selected
considering the results in wind tunnel testing carried out by

500

——Air shelter - Case 1 —— Air shelter - Case 2

450

400

w
a
o

Global radiation [W/m?]

300

250

200

-
a1
o

100

50

250.0

Air Shelter - Case 2

Air shelter Case 1.1 o Solar radiation

. 19.90

07:12:00 ...
09:36:00
12:00:00
14:24:00

16:48:00

200.0

150.0

100.0

Solar radiation [W/m?]

50.0

O O O OO 09O QO 9 9O 9O 9O 9
e
N © O ¥ ® AN © O ¥ O N © O
TNedYT oo T o0
O - O AN TN OANT OO - O
- N O 00 o0od -+ - - N O

January 41-7t [Hours]

Fig. 10. a) Computed temperatures over the month of January. b) Temperature profiles during the days 4th-7th of January.
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Fig. 11. Surface internal temperature profile (south orientation side) and air humidity profile of the simulated Case 1.

Mafield [22] and Patangaroa [23] and on the basis of the tent
structure. In fact, the Base Case skin is made by cotton and
canvas, making the tent thin and also permeable whereas, the
Air Shelter (Case 1 and 2) tents minimize the infiltration losses
by adopting impermeable and water proof polyester fabrics
coupled with MLIL The air infiltration rate have been considered
constant during the day.

In order to compare the impact of the different tent's envelope
technologies, in each simulated case, the environmental and the
simulation condition have been kept constant. Finally, it has to be
noticed that for all the above mentioned cases, considering the
small area of the joint (related to the total), the material and the
typology, as shown in the Fig. 8, the thermal bridges have been
neglected. This assumption has to be verified by experimental
activity once Air Shelter prototype would be manufactured.
Anyway, thermal performances comparison between simulated
cases is still valid.

5.1. Simulation results

Fig. 10 provides the computed temperatures for the Base Case,
Case 1 (Air Shelter Panels for roof/wall and floor) and Case 2 (Air
Shelter Panels only in a roof/wall) under the simulated scenario.

Results show that the Air Shelter tents ensure higher internal
temperature compared to the Base Case, mainly during night time
operation, providing a variable temperature difference according to
the weather conditions (ambient air temperature T,mp and global
radiation). The mean temperature difference between the Base
Case and Case 1 and 2 is about 7 °C and 5 °C, respectively. The
uninsulated floor (i.e. Case 2) provides a temperature reduction of 2
°C with respect to the Case 1. This is justified by the increased heat
dissipation through the ground.

Moreover, Fig. 10 shows that the temperature profiles of all the
cases get nearer during the day. This is due to the combination of
the air infiltration and internal gain reduction: the first is the main
heat dissipation whereas the second is of paramount importance to
achieve a comfortable internal temperature, as testified by the
temperature drops during the day, about 8 °C. In fact, during the
day-time, the temperature difference between the tents reduces to
1.5°Cand 2 °C.

Humidity analyses have been performed as well in order to
understand condensation phenomena. Fig. 11 links the computed
surface internal temperature to the air humidity for Case 1 model.
Results point out that the internal surface temperature of the tent is
higher than the dew temperature, avoiding condensation phe-
nomena during night, i.e. the occupied period.

Fig. 12 shows the energy performance of the simulated cases
considering the set point of 19 °C. The numerical results show the
following energy needs: about 1225 kWh for the Base Case, 555
kWh for the Case 2 and 386 kWh for the Case 1 (parameterized to
the floor area of the tent respectively equal to 41.43, 18.76 and
13.04 kWh/m?). As expected, the increased thermal insulation of
the envelope allows high energy saving. With respect to the base
case, the heating loads reduction sets to 55% and 69% for the Case 2
and the Case 1, respectively. Considering the fuel oil as energy
vectors, the tent prototypes could be heated (considering the
month of January), with 0.039 m? for the Case 1 and 0.055 m® for
the Case 2. These are much lower than the required oil volume in
the Base Case, i.e. 0.122 m>. Thus, the energy saving obtained with
the new designed emergency system would lead to many benefits,
on both the energy procurement and fuel transportation.
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Fig. 12. Potential of the energy saving of the simulated cases.



6. Conclusions

Testing with guarded-hot plate apparatus has been performed
at different temperatures on a commercially available MLI to
measure its insulating performances, i.e. the equivalent thermal
conductivity and transmittance. Results confirmed agreement with
literature data, providing at 40 °C a thermal conductivity and
transmittance of about 0.040 W/(m °C) and 1.6 W/(m? °C). Relative
measurement uncertainty was found to be around 4%. Tests at 60 °C
evidenced a slight increasing of the thermal conductivity, about 5%.
A prototype of an insulating system based on the tested MLI, has
been manufactured and tested in similar conditions. The conceived
structure has been designed to be the core of an innovative emer-
gency architecture, named Air Shelter, waterproof and flexible
building panel. Results showed an enhancement of the thermal
performance with respect to the multilayer alone, providing an
equivalent transmittance of 0.85 W/(m? °C).

A thermal model of an emergency tent based on the Air Shelter
have been developed. Dynamic simulations with Eastern Europe
winter scenario (Belgrade, during winter season) carried out on
two different tent configurations showed energy savings of 55% and
69%with respect to the UNHCR test bench. Even without energy
supply (only casual gains), the Air Shelter based tent reaches a
superior internal comfort. Moreover, the thermal analyses evi-
denced the importance of the heat dissipation through the floor,
highlighting an additional energy saving of about 14% with a tent
prototype completely insulated by the proposed structure.

Obviously, a comfort based design controls the air infiltration to
achieve the best balance between air exchange and internal tem-
perature uniformity. In this respect, the next design stage of the Air
Shelter will develop a way of promoting the air exchange by using
flues, flaps or holes. Moreover, field tests on an Air Shelter tent
prototype are foreseen as next steps of this research activity.
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