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Chapter

Noise Transmission Losses in
Integrated Acoustic and
Thermo-Fluid Insulation Panels

Himanshu Dehra

Abstract

A simulation model is proposed for integrated acoustic and thermo-fluid insulation
constituting an airflow window with a photovoltaic (PV) solar wall spandrel section.
The physical model of an outdoor test-room comprises of a wooden framed double or
cavity wall assembly with: (i) a triple glazed fenestration section with a closed roller
blind; (ii) a solar wall spandrel section of double-glass PV modules and back panel of
polystyrene filled plywood board; and (iii) fan pressure-based manually operated inlet
and exhaust dampers with ventilation through an exhaust fan for transportation of
heat. A generalized two-dimensional analysis of a double wall structure is illustrated
by the placement of surface and air nodes into two adjacent stacks of control volumes
representing outer and inner walls. The integrated noise insulation and energy
conversion model is presented. The energy conversion and noise insulation model are
supported with some numerical results using devised noise measurement equations.
The following additional parameters are also calculated to support the integrated
insulation model: noise transmission losses and noise reduction coefficients for various
types of noises. State-of-the-art of acoustic and thermo-fluid insulation along with
general building construction guidelines for acoustic and thermal insulation are also
presented.

Keywords: integrated noise insulation, insulation materials, acoustic insulation,
thermo-fluid insulation, solar energy

1. Introduction

The passage of air in and out—and heat along with it—is called infiltration.
The significance of infiltration is clear from the fact that the average house has
600 cm” of vents and flues alone; plus window frames, doors, sills, and corners
that need sealing and plugging; fireplaces with unfit dampers; and a front door
that is slammed 3000 times a year. Air passes in and out through these openings.
Therefore, infiltration is a misleading word—since it only denotes a one-way move-
ment of air into a house. There is need of better word than breathing or respiration
or exchange. Focusing entirely on insulation thickness, the best way to define all
flow of air in and out through unsealed slits and unplugged holes is by huff and
puff of a house. Due to a slit between the sash and the frame or the frame and the
house, a 1.25 x 1.25 m? double glazed window will easily lose about 70 L of oil in
winter, and some studies have suggested that windows account for even more heat
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loss than roofs. Double or triple panes are not the only solution. Traditionally, the
most effective defense is solid, thermal shutters, put up from the inside that fit the
window hole exactly.

This chapter attempts to bring up integrated noise insulation modeling for airflow
windows along with their use as a sustainable energy source of electric and thermal
energy besides providing daylighting. The airflow window system with photovoltaic
modules embedded in solar wall spandrel as illustrated in Figure 1 has been consid-
ered for investigations [1-60]. A triple glazed airflow window combined with a PV
solar wall spandrel has many advantages: (i) airflow window provides electric power,
hybrid ventilation through heating/cooling, daylighting and reduction in greenhouse
gas emissions by energy conservation of fossil fuels; (ii) it provides integrated
sound and thermal insulation; (iii) it gives protection from excessive heating from
solar radiation by passing and controlling the amount of heat transport; (iv) it gives
protection to PV modules from excessive heating, weather deterioration including
protection from snow and dust; (v) with frame supporting structures, the system is
easily approachable for repair and maintenance jobs; and (vi) it has better esthetic
appearance to the occupants and to the viewers from outside in comparison with
stand-alone PV module power generating system.

1.1 Physical model description

A full-scale experimental test section comprising an airflow window with a
single pane exterior glazing and a double pane interior glazing and a photovoltaic
solar wall spandrel was constructed in an outdoor room facility at Concordia
University, Montréal, Québec [3-60]. The transportation of heat was achieved
through manually operated intake and set of exhaust dampers. The intake and
exhaust dampers located on exterior side were fitted with wire mesh screens. The
exhaust damper placed on the interior side toward outdoor room is for allowing
the pre-conditioned outdoor air directly into the room indoor environment. The
air movement in the airflow window system was achieved through: (i) buoyancy-
induced hybrid flow and (ii) fan-assisted flow created either in absence or presence
of wind-induced flow.

In airflow window integrated with PV module, there are many issues related
to its operation. The main objective is to model the integrated thermal and sound
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insulation fields and to maximize the value of total energy generated and therefore
increase the combined efficiency of the system. In achieving this objective, the heat
transfer model and losses of PV model need to be studied. The heat can be recovered
from the heated PV modules in different ways. One of the options is to treat the
heated PV module as absorber surface and pass airflow through the surface. The
key operation parameters are air mass flow rate, area of the absorber surface (PV,
Blind) and its temperature. Air mass flow rate requires optimum air velocity under
various conditions to prevent condensation, stagnant zones, flow reversal and other
adverse effects that will cause deterioration of the PV panels. This optimization of
airflow will maximize the absorbed solar radiation conversion to either thermal

or electric power. By placing motorized blind after the integrated PV, will achieve
twin objectives, control the amount of daylight transmission and also help in
absorbing the excess external heat, which is going inside the room and overheating
it. This heat is further taken from blind by mass flow of air, while cooling the PV
modules. Depending on the climatic variables the operation of airflow window can
be optimized. Damper motion is controlled by both flow and temperature sensors.
During the summer, in the daytime, when outside air temperature is in the range of
15-22°C, the exhaust air vent provided will exhaust the heated air from PV modules
to outside. But during night, the cooled fresh air can be used inside the room to
reduce the cooling load of the building. Another important aspect is to control the
amount of daylight transmission by optimizing sizing and distribution of opaque
photovoltaic modules for maximizing the value of thermal and electric power
generated.

2. State-of-the-art

Traditionally, insulation is dead air space, or a dead gas space, sometimes
combined with a reflective surface. Air has a low inherent conductivity. If it is dead
or motionless there is no convection and when there is a reflective surface, radia-
tion is cut to a minimum. Dead air space can be found in materials like fiberglass
blanket, loose-fill and foam. They embody thousands of tiny pockets where dead
air is encased, protected and preserved.

Outdoor duct system consists of combination of fans, duct construction elements,
heat exchangers and air filters. The location of fan in outdoor duct is decided by the
direction of flow and desired pressure relations. A supply fan is used to pump air
into a space and exhaust fan is used to draw air out of a space. The pressure relations
for the two cases are different. There is a buildup pressure in case of supply air and
reduction of pressure in case of exhaust air. The space pressure is determined based
on the relative quantity of air handled by supply and exhaust air. The space pressure
will be positive if there is an excess supply air in comparison to exhaust air and nega-
tive if there is an excess exhaust air in comparison to supply air.

The total energy provided by the fans to the air passing through a given system is
fixed, assuming the same capacities and end pressures for a supply fan, an exhaust
fan or both are used. A motor-driven fan is used to circulate filtered heated air from
outdoor duct through supply duct to outdoor test-room. As the hot air is delivered
through the ducts and into the room through the supply outlet, cooler air from the
room is being returned through return grilles, into the exhaust air duct.

The choice of fan is dependent on creating a sufficient pressure is achieved to
overcome the total losses based on the flow through the duct with longest run. Fan
performance must meet and match system requirements. The only possible operating
characteristic points are those where the system curve intersects the fan curve. These
are the points where the pressure developed by the fan exactly matches the system
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resistance, and the flow in the duct system equals the fan capacity. The overall system
resistance is calculated by summing the pressure losses for the individual compo-
nents along any one flow path.

Air passing through the outdoor duct system is either heated or cooled. It results
in decreased or increased density, respectively, and with assumption of constant
mass flow rate, its total volume rate will be increased or decreased accordingly. The
developed resistance in the duct is calculated based on actual gas density, volume,
and velocity through it. The total system resistance is calculated by summation of
these resistances along the flow path.

The difference in power requirements at various locations can be calculated. For
the case of constant system resistance, the pressure required for the fan (P2 - P1)
will be constant regardless of the location. The volume of air flow (Q) will vary
with the location. The fan location with least power requirements is that place
where density of air will be highest assuming constant efficiency.

Exterior duct insulation can be attached with adhesive, with supplemental pre-
attached pins and clips, with wiring or bands. Liners can be attached with adhesive and
supplemental pins/clips. Rectangular ducts and fittings are fabricated by grooving,
folding, and taping with metal accessories such as turning vanes, splitters, and dampers
incorporated into the system. If rectangular ducts exceed the pre-determined dimen-
sions for particular static pressure, the ductwork must be reinforced. Insulation can
significantly reduce operating costs that depend upon unit cost of heating and cooling
energy, extent of duct exposed to outside conditions. In addition, duct insulation
maintains the supply air temperature unaltered thereby, maintaining the conditioned
space within acceptable temperature range. Vapor retarders are required on exterior
insulation of ducts that are used for alternate heating and cooling.

Some thermal insulation materials can also serve purpose of sound control [1].
Acoustic efficiency depends upon physical structure of the material. Materials with
open, porous surfaces have sound absorption capability [2]. Those with high den-
sity and resilient character can be used for absorption of vibrations. Insulation for
sound conditioning includes flexible and semi-rigid, formed-in-place fibrous mate-
rials and rigid fibrous insulation. Thermal insulation materials improve their sound
insulation when installed with discontinuous construction. A wall of staggered stud
construction that uses resilient clips or channels on one side of the stud or resilient
boards of special manufacture to prevent acoustic coupling mechanically between
the surfaces, reduces sound transmission. Sound absorption by thermal insulation
blanket in a cavity wall reduces sound transmission.

The energy conversion and noise characterization in an exterior double wall is
important, for example, in modeling PV solar wall and transpired unglazed structures
[1-60]. The energy conversion in a double of cavity wall is a function of solar irradia-
tion, air gap width, mass flow rate and pressure, wall and air temperatures. A general-
ized two dimensional thermal analysis of an outdoor duct is presented by placement
of surface and air nodes into two adjacent stacks of control volumes representing
outer and inner walls of duct. A matrix solution procedure is adopted by constituting
conjugate heat exchange of conduction, convection, radiation and ventilation heat
transport.

The requisite amount of ventilation air in a building in a given climate depends
on heating/cooling load. The HVAC load on building varies with the condition of
outdoor ventilation air that may require additional heating, cooling and humidifi-
cation or dehumidification. In temperate climates, outdoor air is more economical
to use than recycled return air. The analysis of double or cavity wall for ventila-
tion purposes using airflow window with PV solar wall structures is investigated.
The investigation of energy conversion, ventilation and integrated insulation
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system is based on complete information for the given design conditions and
limitations of operation results.

2.1 Absorption of sound

When a sound wave strikes a surface, part of its energy is absorbed by fric-
tion, part of its energy is transmitted, and the remaining part of its energy is
reflected. But as reverberation directly depends on the loss of energy of sound
wave due to friction, it is of greater importance. This property of a surface by
which sound energy is converted into other form of energy is known as absorp-
tion and absorption coefficient of a surface indicates the degree to which this
surface affects the absorption of sound. It is thus the ratio of energy absorbed
by the area to the energy striking the area. The value of coefficient of absorption
will depend on the frequency of sound. Table 1 gives the value of coefficients of
absorption for some common surfaces. These values correspond to the normal
frequency of 500 cycles per second. It may be noted that coefficient of absorption
for an open window is taken as unity. This is very easy to understand as sound
wave approaching an open window must completely pass through it.

Sound absorbent materials: most of the common building materials absorb
sound to a small extent and hence, for better acoustical requirement, some other
materials are to be incorporated on the surfaces of the room. Such materials are
known as absorbent materials and they help a great deal in making the room acous-
tically good. The important characteristics of absorbent materials are:

1. An ideal absorbent material should be economical in construction and main-
tenance, waterproof, fire-proof, sufficiently strong and good in appearance.

2. Noise level of the room provided with absorbent materials is considerably
reduced.

3.In the hall treated with absorbent materials, speech can be heard clearly, and
music can be fully enjoyed.

4. All the absorbent materials are found to be soft and porous. They work on the
principle that sound waves penetrate into the pores, and in this process, sound
waves are converted into other form of energy by friction.

5.The absorbing capacity of the absorbent materials depends on the thickness of
the material, its density and frequency of sound.

6. The sound properties of the absorbent materials are considerably changed by
their modes of fixing. Suspended absorbers in the form of inverted cones may
be provided in the ceiling to make the hall acoustically sound good.

7.There is no royal road for making a particular room acoustically good. It mainly
depends on the ideas of the technical staff either engineer or architect. Each
case is to be studied separately and after proper thinking, suitable absorbent
materials may be specified.

8. Great care should be exercised while prescribing the covering for an absorbent
material so as to improve its appearance. Improper covering destroys the absor-
bent properties of the material.
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Material Absorption coefficient per m”
Open window 1.00
Ventilators 0.10 to 0.50
Brick wall 40 cm thick 0.03
Plaster on wall surface 0.02
Glass against solid surface 0.03
Marble 0.01
Stage curtain 0.20
Linoleum or concrete floor 0.03
Solid wooden floor 0.09
Framed wooden floor 0.13
Plywood on battens 0.17t0 0.26
Window glazed 0.18
Curtains in heavy folds 0.40 to 0.75
Metal 0.01
Table 1.

Absorption coefficients.

9.1t should be remembered that in a big hall, audience is a major absorbing factor.
This is especially true in the high frequency zone. Hence, low frequency absor-
bent materials should be provided to achieve optimum reverberation time over
a wide range of frequency of sound.

2.1.1 Types of absorbent materials

Various types of absorbent materials are available in the market under different
trade names. The value of coefficient of absorption is supplied by the manufacturer.
The choice of the absorbent material should be made after carefully considering
various factors such as appearance, cost, workability, flame resistance, durabil-
ity, and light reflection. Following are some of the common types of absorbent
materials:

1. Hairfelt: the average value of coefficient of absorption for Hairfelt for 25 mm
thickness is 0.60.

2. Acoustic plaster: this is also known as fibrous plaster and it includes granulated
insulation material mixed with cement. If quantity of cement is more than re-
quired, the plaster will not have sufficient pores to become effective for acous-
tics. If quantity of cement is less, the plaster will not have enough strength.
Thus the quantity of cement should be carefully decided. For thickness of 20
mm and density of 0.10 g per cm’, the acoustic plaster possesses an absorbent
coefficient of 0.30 at 500 cycles per second. Acoustic plaster boards are also
available. They can be fixed on the wall and their coefficient of absorption
varies from 0.15 to 0.30.

3. Acoustical tiles: these are made in factory and sold under different trade
names. The absorption of sound is uniform from tile to tile and they can be
fixed easily. However, acoustical tiles are relatively costly than other absorbent
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materials. They are most suitable for rooms in which small area is available for
acoustical treatment.

4.Strawboard: this material can be used as absorbent material. With a thickness
of 13 mm and density of 0.24 g per cm’, it possesses a coefficient of absorption
of 0.30 at 500 cycles per second.

5.Pulp boards: these are soft boards which are prepared from compressed pulp.
They are not expensive and can be fixed by ordinary paneling. The average
value of coefficient of absorption is 0.17.

6. Compressed fiberboard: this material may be perforated or unperforated.
The average coefficient of absorption for perforated board is 0.30 and for the

unperforated board is 0.52. It has a density of 0.30 g per cm’.

7.Compressed wood particle board: this material is provided with perforations
and it can be painted also. With a thickness of about 13 mm, the average
coefficient of absorption is 0.40.

8. Perforated plywood: this material can be used by forming composite panels
with mineral wool and hardboard. It is generally suspended from trusses. The
average value of coefficient of absorption for the former composite panel is
about 0.20.

9. Wood wool board: this material is generally used with a thickness of 25 mm
and it has a density of 0.40 g per cm’. The average value of coefficient of
absorption is 0.20.

10. Quilts and mats: these are prepared from mineral wool or glass wool and are
fixed in the form of acoustic blankets. The absorption coefficients of such
quilts and mats depend on the thickness, density, perforations, mode of fixing,
nature of backing and frequency of sound.

2.2 Noise and its effects

When the sound waves are non-periodic, irregular and of short duration, they
produce a displeasing effect and such a sound is known as noise. Thus a noise is an
unwanted abrupt sound of complex character with an irregular period and ampli-
tude originating from a source of non-periodic motion.

Following are the important effects of noise: (i) noise creates uncomfortable
living conditions; (ii) prolonged exposure to noise may result into temporary
deafness or nervous breakdowns; (iii) it is observed that noise has an influence on
blood pressure, on muscular strain and even on sleep; (iv) noise leads to fatigue and
consequently, the efficiency of persons exposed to noise decreases considerably;
(v) itis an established fact that reduction in noise increases to a great extent the
output of labor; (vi) presence of noise takes away the essence of music and speech.

2.2.1 Transmission of noise

Any type of noise is transmitted to the room through walls, floors, ceilings or
conduits. The origin of transmitted noise may be air-borne or may be due to impact.
Air-borne noise can be transmitted to the receiving room in two ways: (i) by

air path between two rooms such as doors, windows, ventilators, key holes, ducts,
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pipes, and cracks and (ii) by forced vibrations set up by the transmitting room to
the walls, floors and ceiling of the receiving room. It is found that air-borne noise
sets up forced vibrations in the walls, floors and ceiling of the transmitting room
and they in turn set up corresponding vibrations in the walls, floors and ceiling of
the receiving room. These surfaces of the receiving room create sound waves and
noise is thus transmitted to the receiving room.

Impact noise or structure-borne noise is developed in solid structures and it is
then transmitted as air-borne noise. Closing of doors, vibrations of machines, etc.,
set up vibrations in solid materials of the structure which result in transmission of
noise to the receiving room.

Air-borne noise possesses less power, continues for a long duration and is
confined to places near its origin. Impact or structure-borne noise possesses more
power, continues for a short duration and is often propagated over long distances.

2.3 Integrated sound and thermal insulation

Because some of thermal insulating materials have cellular or open matrix
construction, they have inherent ability to absorb sound and act as panel dampers.
They also reduce noise breakout, from the machinery plant by their ability to be
flexible or discontinuous link between an acoustically active surface and the outer
cladding. It should be remembered that sound insulation and sound absorption
are quite different terms. The function of a sound insulating construction is to
reduce sound passing through it. The function of a sound absorbent material is
to reduce sound reflected from a surface. Hence, porous materials in general are
good sound absorbers. But they are poor sound insulators. On the other hand,
hard materials in general are poor sound absorbers. But they are good sound
insulators. Further, insulation of sound is measured in an adjoining room while
absorption of sound is measured in the room where sound is produced. The
simple material which can be used as insulator is a sheet of material placed in the
sound transmission pathways. Sound energy reaches the surface in the form of a
pressure wave, of which partial energy passes through the partition and the rest is
reflected.

Transmission loss: as the air-borne sound passes through any structure, loss of
sound-intensity takes place. This is known as transmission loss.

Important facts: (i) transmission loss is numerically equal to the loss of intensity
of noise; (ii) the efficiency of sound and thermo-fluid insulation of a wall or a
partition is expressed in terms of transmission loss which occurs when air-borne
physical agent passes through the wall or the partition; (iii) transmission loss varies
directly with the frequency of physical agent. Hence, transmission loss of a struc-
ture should be studied over a wide range of frequencies. (iv) Greater insulation of a
wall or a partition is indicated by the larger value of transmission loss.

Methods of sound insulation: the method of sound insulation will depend on the
type of noise to be treated and the degree of sound insulation required. The meth-
ods of sound insulation can thus be classified in three main categories:

1. When source of noise is in the room itself: following are the methods of sound
insulation which are commonly used when the source of noise is situated in the
room to be treated for sound insulation:

a.Improvement in working methods: the basic principle of sound insulation
is to suppress the noise at the source itself. A working method creating less
noise may be adopted. For instance, the machine in the room is enclosed in a
box-like structure with sound absorbing on its surfaces.
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b.Acoustical treatment: the walls, floors and ceilings should be provided
with sound absorbing materials. The sound absorbing materials should be
mounted on the surfaces near the source of noise. The acoustical treatment
of the room considerably reduces the noise level in the room.

c. Personal protective devices: it is possible to reduce the noise to some extent
by using personal protective devices such as ear plugs and headphones.

2. When noise is air-borne: the sounds generated and transmitted in air directly to
human ears are known as air-borne sounds. The air-borne noise possesses less
power, continues for a long duration and is confined to places near its origin.
Following methods of sound insulation may be adopted for the reduction of
air-borne noise:

a.Solid non-porous homogeneous partitions: provision of solid non-porous
homogeneous partitions will reduce air-borne noise. It is found that trans-
mission loss of such partitions depends directly on the weight of partition
per unit area. The sound insulation of a partition thus increases with the
increase in its thickness. But doubling the thickness of a partition reduces
transmission loss by a constant amount. This figure is practically constant
and can be used to work out the transmission loss of the partition with
different thicknesses. It can thus be seen that sound insulation by solid non-
porous homogeneous partitions is expensive in quantity of material.

b.Partitions of porous materials: the porous materials may be rigid or flexible.
For partitions of rigid porous materials such as concrete masonry, the sound
insulation increases about 10% due to the absorptive property of the mate-
rial. But partitions of flexible porous materials such as wool and quilt do
not give enough sound insulation. However, the value of transmission loss
decreases as further layers of flexible porous materials are added. The general
behavior of partitions of flexible porous materials is such that as the thick-
ness of partition is increased in arithmetic progression, the corresponding
transmission loss is in geometric progression. A combination of rigid porous
materials and flexible porous materials may be used with advantage for the
construction of partition wall. It will provide effective sound insulation and
will have less weight.

c. Double wall construction: it is found that a double wall construction is better
for sound insulation than a solid wall construction. The walls are of plaster-
boards or fiberboards or plaster on lath. An air space of about 10 to 12 cm is
kept between the walls and staggered wooden studs are provided. In order
to make the partition more effective, it is necessary to reduce the number
of structural ties between the two parts of the partition to a minimum. The
hollow space may be filled with sound absorbing blankets.

d.Floating floor construction: in this type of construction, a floor is separated
from the structural floor by means of a layer of resilient material such as
mineral and glass wool quilt. Such a floor is known as a floating floor and it
results in better sound insulation.

e. Suspended ceiling construction: if a false independent ceiling is constructed
below the structural floor, the sound insulation capacity of the floor
increases. This construction is useful especially in case of wood-joist floors.
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f. Box-type construction: this type of construction gives exceptionally low value
of air-borne transmission and hence, it is adopted at places such as broad-
casting studios where low air-borne sound transmission is most essential. A
box-like structure is construction on the structural floor.

g.Design of doors and windows: for good insulation, it is necessary to design
carefully the doors and windows of the room. The sound travels through
very thin cracks between the door and wall. The space between the jamb and
frame may be packed with sound absorbing material. In case of a door, the
transmission loss increases with the increase in weight. In case of a window,
the transmission loss increases with increase in thickness of glass. Excellent
sound insulation is obtained by constructing glazed windows with double
or triple panes of glass. The air space at the edges of such panes is filled with
sound absorbing material.

h.Planning of rooms: if rooms within residential buildings are suitably
arranged, good sound insulation is achieved. It is also economical than
structural measures required for good sound insulation.

3. When noise is structure-borne: the sounds which originate and progress on
the building structure are known as structure-borne sounds or impact sounds.
The structure-borne noise is powerful, propagates over long distances and
persists for a very short duration. Following methods of sound insulation may
be adopted for the reduction of structure-borne noise:

a.Treatment of floors and ceilings: the floors and ceilings may be treated for
floating floors and suspended ceilings which help in considerably reducing
structure-bore sound.

b.Discontinuous construction: this method is similar to box-type construction.
The walls of the rooms are constructed on floating floors and the ceilings of
the rooms are suspended from the structural floors. The use of structural ties
with the main walls is avoided as far as possible or special resilient isolators
are employed for this purpose.

c.Insulation of machinery: mechanical equipment such as refrigerators,
lifts, and fans create vibrations in the structure and hence, if they are iso-
lated properly, structure-borne sound is reduced to a considerable extent.
The main principle of insulation of machinery is to rest the mechanical
equipment on a flexible support which may be of rubber, cork, felt or
metal spring.

d.Town planning: vibrations from external sources such as railways, metros,
cars, traffic, and factories create structure-borne sound. The most effective
method for reducing such type of structure-borne sound is to have a rational
town planning. The city is divided into suitable zones and residential zone is
placed away from railways, workshops, factories and main streets.

2.4 Thermal insulation definition
The temperatures inside and outside a building are different. Some build-

ing materials allow heat to pass rapidly while others do not allow passage of heat
smoothly. The term thermal resistance is used to indicate the construction by which
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transmission of heat from or in the room is retarded. The main aim of thermal insu-
lation is to minimize the transfer of heat between outside and inside of the building.

Advantages of thermal insulation: the advantages derived from thermal insula-
tion are as follows: (i) comfort: due to thermal insulation, the room remains cool in
summer and warm in winter than outside. Hence, a room provided with thermal
insulation gives comfort both in summer and winter. (ii) Fuel saving: due to thermal
insulation, transfer of heat from inside to outside of the room is reduced. This results
in less quantity of fuel required to maintain the desired temperature in the room.

(iii) Condensation: the provision of thermal insulating materials inside a room
prevents condensation on interior walls and ceilings. Condensation is the deposition
of moisture and it takes place when warm air comes into contact with surfaces having
temperature below the dew point. (iv) Water system: the use of thermal insulating
materials prevents the freezing of water taps in extreme winter and heat loss in case
of hot water system.

General principles: following are the general principles of thermal insulation:
(i) the thermal resistance of an insulating material is directly proportional to its
thickness. (ii) Provision of an air gap is a very important insulating agent and is
very essential. (iii) The thermal resistance of a building depends on its orientation
also. The building should be so located that there is maximum transfer of solar
energy in winter and there is minimum transfer of solar energy in summer.

Insulating materials: the choice of an insulating material depends on the cost,
area to be covered, standard of insulation required and the cost of heating or cooling.
The thermal insulating material should be reasonably fire-proof, non-absorbent of
moisture, able to resist attack on small insects and not liable to undergo deforma-
tion. The usual insulating materials are rockwool, slag wool, fiberboards, flexible
blankets, saw dust, wood-shavings, cork board slabs, mineral wool slabs, aluminum
foils, products of cement concrete with lightweight aggregates, gypsum board, chip
board, gasket cork sheet, foam plastic, etc.

Table 2 shows the density, thermal conductivity and thermal resistivity of some
of the common building and insulating materials. In general, it may be stated that
the materials of low density provide better thermal insulation than those of higher
density.

2.4.1 Thermal insulation of exposed doors and windows

Doors and windows which are exposed transmit heat to a considerable extent.
Following methods may be employed to ensure heat insulation of exposed doors
and windows: (i) insulating glass or double glass with air space may be provided for
glazed doors and windows. This will reduce heat transmission through doors and
windows. (ii) In order to reduce incidence of solar heat, projections in the form of
sun breakers, weather-sheds, projections, curtains, venetian blinds, etc. may be
provided on the exposed doors and windows.

2.4.2 Thermal insulation of exposed roofs

Thermal insulation of exposed roofs may be achieved by treating inside surface
or outside surface.

Internal treatment: (i) false ceiling with an air gap may be provided. The ceiling
is made of thermal insulating materials. (ii) Light insulating materials may be
pasted by suitable adhesives to the inside surfaces of the exposed roofs.

External treatment: (i) suitable shade may be provided on the exposed
roof surfaces. (ii) Shinning and reflecting materials may be fixed on the top
of exposed roofs. (iii) For flat roofs, an air space may be created by arranging
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No. Material Density (kg/ Thermal conductivity Thermal resistivity
m’) K (kcal/mh°C) (1/K)

1 Artificial stone 1760 1.14 0.88

2 Asbestos cement sheet 1520 0.25 4.00

3 Asphalt 2240 1.05 0.95

4 Cement concrete (1:2:4) 2240 to 2480 1.24 0.80

5 Compressed straw slab 368 0.074 13.51

6 Fiberboard 240 to 400 0.046 to 0.056 21.74 t0 17.86

7 Glass 2510 0.905 1.10

8 Glass cellular 168 0.061 16.40

9 Glass fiber 48 0.029 34.50

10 Granite 2640 2.52 0.40

11 Hair felt 80 0.034 29.40

12 Limestone 2180 1.32 0.76

13 Ordinary bricks 1760 0.7to1.44 1.43t00.70

14 Plastering 1280 to 1600 0.50 2.00

15 Sand-lime bricks 1840 0.93 1.07

16 Sandstone 2000 1.12 0.90

17 Saw dust 192 0.051 19.60

18 Terrazzo 2430 1.363 0.73

19 Timber 480 t0 270 0.124 8.00

20 Wood-wool slab 400 0.071 14.08

Table 2.

Density, thermal conductivity and thermal vesistivity of some common building and insulating materials.

cement sheets or corrugated galvanized iron sheets on bricks. (iv) Flat roofs may
be kept cool by water which may either be stored or sprayed at regular intervals.
The surface temperature of the roof is reduced by this method. (v) Thermal
insulation of flat roof may also be provided by putting a layer of about 25 mm
thickness of coconut pith cement concrete. For this purpose, coconut pith and
cement are mixed in dry state and then the mix is transferred to concrete mixer.
Water in required quantity is added so as to obtain concrete of workable consis-
tency. It is then conveyed and laid in suitable thickness on the roof. Wet coconut
pith may also be used with due care and hard mixing may be adopted for small
quantity of work. To avoid loss of water from concrete surface, it is covered by an
impermeable layer and then it is allowed to dry in air for a period of 20 days to 1
month. Any cracks which are seen during drying period are filled up by the pith
concrete. When the pith concrete layer has fully dried, water-proofing treatment
may be given in the usual manner.

2.4.3 Thermal insulation of exposed walls

Following methods may be adopted for thermal insulation of exposed walls:
(i) suitable thickness of wall may be provided. (ii) Hollow wall or cavity wall
construction may be adopted. (iii) For partitions, an air space may be created by
fixing hard boards on battens. (iv) The inside and outside surfaces of exposed wall
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may be provided with thermal insulating materials in such a way that the value of
overall thermal transmittance is brought within desired limit. (v) If it is structur-
ally suitable, the exposed wall may be constructed of thermal insulating materials.
(vi) Itis found that the application of light-colored whitewash or distemper on the
exposed side of the wall will grant substantial thermal insulation.

3. Model assumptions and development

The assumptions used in the development of the model for a building inte-
grated photovoltaic airflow window (BIPV-AW) system as depicted in Figure 1
are: (i) fully developed heat transfer has been assumed for mixed convection heat
transfer assuming a parallel plate wide channel at low air velocities ~0.5 m/s;

(ii) temperature variation only along y-axis with lumped temperature distribu-
tion along x and z-axes; (iii) applicability of first law of thermodynamics at the
surface; (iv) clear sky is applicable; (v) quasi steady state heat transfer analysis has
been performed assuming a vertical channel; (vi) uniform average air velocity dis-
tribution; (vii) temperature variation only in y-direction (vertical), being taken as
lumped in other directions (x-axis and z-axis); (viii) air properties are evaluated
at film temperature of 300 K; (ix) negligible heat transfer from side walls/insula-
tion panel and room air zone; (x) conduction (diffusion) equation for performing
energy balance on air nodes is not taken into consideration; (xi) negligible thermal
storage capacity of duct wall; (xii) no infiltration or air leakage sources from the
test section; and (xiii) ambient air and room air temperatures are specified.

The system is discretized into network of two adjacent stacks of control volumes
common to surface and air nodes (see Figure 2). The energy balances are performed
on both surface and air nodes with aid of constitutive relations for noise fields due
to solar intensity, sound intensity, airflow power intensity, electric power intensity
and heat power intensity. The energy conversion and noise characterization is
important, for example, in modeling airflow window and PV solar wall building
structures. The resultant noise field due to composite wave elements (of heat, fluid,
electricity, sound and sun) is a function of solar irradiation, sound intensity, air
gap width, mass flow rate and pressure, wall and air temperatures of the double
wall building structure. The integrated noise insulation due to thermal and sound

Y -axis
Half Solid-Air
Control Volume

T
dy
i

Surface Nodes

Solid-Air Control
Volume

Air Nodes

Horizontal Grid Lines

X X-axis
"™ Vertical Grid Lines
Ductouter Air Ductinner
wall wall

Figure 2.
Grid sige in the duct: distribution of nodes and control volumes.
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tields is modeled. Noise characterization equations are devised, which calculate
noise fields due to ventilation, heat transport and sound transmission of integrated
building insulation through a double wall structure.

In writing nodal equations in matrix form, sign notation is adopted for auto-
matic formulation of conductance matrix (U-matrix) with unknown temperatures
and heat source elements. The sum of all incoming heat source elements and
U-matrix conductances multiplied with temperature difference with respect to the
unknown temperatures at other nodes are equal to zero. The energy balance is writ-
ten in equation form for any general node (m,n):

N

> (Upa X AT, )+ iQm =0 1)

n=1

where Uy, ,, is the conductance at node (m,n), ATy, , is the difference between
unknown temperature at the node (m,n) and unknown temperature at surrounding
heat exchange node. Q, , is heat source term at the node (m,n).

3.1 Noise characterization

A unified theory for stresses and oscillations is proposed by Dehra [12]. The
following standard measurement equations are derived and adopted from the
standard definitions for sources of noise interference [1-60].

Noise of sol: for a pack of solar energy wave, the multiplication of solar power
storage and the velocity of light gives solar power intensity I. On taking logarithm of
two intensities of solar power, I; and I,, provides intensity difference. It is math-
ematically expressed as:

Sol =log(I,)(1,)" (2)

where logarithmic unit ratio for noise of sol is expressed as Sol. The oncisol (0S)
is more convenient for solar power systems. The mathematical expression by the
following equality gives an oncisol (0S), which is 1/11th unit of a Sol:

oS =411 log(I,)(1,)” (3)

Noise of therm: for a pack of heat energy wave, the multiplication of total
power storage and the velocity of light gives heat power intensity I. The pack of
solar energy wave and heat energy wave (for same intensity I), have same energy
areas, therefore their units of noise are same as Sol.

Noise of photons: for a pack of light energy beam, the multiplication of total
power storage and the velocity of light gives light power intensity I. The pack of
solar energy wave and light energy beam (for same intensity I), have same energy
areas, therefore their units of noise are same as Sol.

Noise of electrons: for a pack of electricity wave, the multiplication of total
electrical storage and the velocity of light gives electrical power intensity I. The pack
of solar energy wave and electricity wave (for same intensity I), have same energy
areas, therefore their units of noise are same as Sol.

Noise of scattering: for a pack of fluid energy wave, the multiplication of total
power storage and the velocity of fluid gives fluid power intensity I. On taking
logarithm of two intensities of fluid power, I; and I, provides intensity difference. It
is mathematically expressed as:
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Sip=log(I,)(L,)" )

where logarithmic unit ratio for noise of scattering is Sip. The oncisip (0S) is
more convenient for fluid power systems.

The mathematical expression by the following equality gives an oncisip (0S),
which is 1/11th unit of a Sip:

oS =+11log(I,)(L,)" (5)

For energy area determination for a fluid wave, the water with a specific grav-
ity of 1.0 is the standard fluid considered with power of +1 Wm™ for a reference
intensity L.

Noise of scattering and lightning: for a pack of fire wave, the intensity, I, of fire
flash with power of light, is the multiplication of total power storage and the veloc-
ity of light. Whereas for a pack of fire wave, the intensity, I, of fire flash with power
of fluid, is the multiplication of total power storage capacity and velocity of fluid.

* For a noise due to fire flash, the collective effect of scattering and lightning is
obtained by superimposition principle.

* For same intensity I, the pack of solar energy wave and a fire flash with light
power have same energy areas; therefore, their units of noise are same as Sol.
The therm power may also be included in fire flash with power of light.

* For same intensity I, the pack of fluid energy wave and a fire flash with fluid
power have same energy areas; therefore, their units of noise are same as Sip.
In determining the areas of energy for the case of fluids other than water, a
multiplication factor in specific gravity has to be evaluated.

Noise of elasticity: for a pack of sound energy wave, the product of total power
storage and the velocity of sound gives sound power intensity I. On taking loga-
rithm of two intensities of sound power, I; and I,, provides intensity difference. It is
mathematically expressed as:

Bel =log(I,)(I,)" (6)

where logarithmic unit ratio for noise of elasticity is Bel. The oncibel (oB) is
more convenient for sound power systems. The mathematical expression by the
following equality gives an oncibel (0B), which is 1/11th unit of a Bel:

oB=x11log(I,)(I, )_1 7)

There are following elaborative points on choosing an onci as 1/11th unit of
noise [37]:

Reference value used for I, is -1 W m™ on positive scale of noise and 1 W m™* on
negative scale of noise. In a power cycle, all types of wave form one positive power
cycle and one negative power cycle [15]. Positive scale of noise has 10 positive units
and 1 negative unit, whereas negative scale of noise has 1 positive unit and 10 nega-
tive units:
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i. Each unit of sol, sip and bel is divided into 11 parts, 1 part is 1/11th unit of
noise;

ii. The base of logarithm used in noise measurement equations is 11.

Reference value of I is -1 W m™ with I; on positive scale of noise, should be
taken with negative noise measurement expression (see Egs. 3, 5 and 7), therefore it
gives positive values of noise;

Reference value of I, is1 W m™ with [; on negative scale of noise, should be
taken with positive noise measurement expression (see Egs. 3, 5 and 7), therefore it
gives negative values of noise.

The choosing of onci in noise units is done so as to have separate market prod-
uct and system of noise scales and their units distinguished from prevailing
decibel units (which have its limitations) in the International System of
Units. More discussions on energy conversion, noise characterization theory

and choice of noise scales and its units are presented in many papers by the
author [1-60].

3.2 Noise reduction coefficients

Noise reduction coefficient for noise of sol (thermal power):
NRC =1—11"2% (8)

where AoS is noise of therm reduction (noise transmission loss) in oncisol.
Noise reduction coefficient for noise of sip (fluid power):

NRC —1— 11—A05i/22 (9)

where AoSi is noise of scattering reduction (noise transmission loss) in oncisip.
Noise reduction coefficient for noise of bel (sound power)

NRC =1 —1172°%/2 (10)

where AoB is noise of elasticity reduction (noise transmission loss) in oncibel.

4. Model assumptions and development

The picture of the experimental setup in a prefabricated outdoor room is
presented in Figure 3. The solar noon annual solstices and equinoxes days are
selected for performing sensitivity analysis to achieve range of: (i) temperatures of
pre-conditioned fresh air available; (ii) electric power generation vis-a-vis surface
temperatures of photovoltaic modules; (iii) integrated noise insulation values due to
noise fields of composite wave elements transmitted into the room. Computer aided
simulation model is developed for an airflow window system located in Montréal.
Some examples of noise insulation calculations are illustrated using newly devised
noise measurement equations for noise of sol, noise of therm, noise of scattering
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Figure 3.
Prefabricated outdoor room at Concordia University.

and noise of elasticity. The sensitivity analysis for an outdoor duct is also conducted
for critical design of ventilation requirements with supply of varying outdoor mass
flow rate to a single building zone. The improved method is useful for accurately
predicting ventilation air requirements along with designing integrated thermal
and sound insulation through a double or cavity wall building structure.

Table 3 has provided properties of physical domain. Tables 4-10 have presented
sensitivity analysis and noise characterization values for the exterior duct based
on mass flow rate, solar irradiation and size of duct. The thermal modeling results
are presented in Figures 4-8. Figure 4 has presented efficiencies of the building
integrated photovoltaic airflow window system viz., electrical efficiency of PV
module and combined efficiency of the system. Figure 5 has presented thermal
model results of PV Module, insulation panel and air with respect to height of the
spandrel section. Figure 6 has presented thermal model results for PV module tem-
peratures with solar time for forced and natural convection and air temperatures for
forced and natural convection for air cavities I and II. Figure 7 has results for useful
energy generated and solar energy absorbed by a photovoltaic module. Figure 8 has
provided variation of hydraulic diameter, velocity and flow rate vs. pressure drop on
alog scale.

The thermo-physical properties of photovoltaic modules, air and insulating
panel were assumed constant along all directionsi.e. x-, y-, and z-ordinates. The
thermo-physical properties of insulating panel with building insulation were
obtained from tests conducted with heat flow meter and related specifications from
the manufacturer [3]. The temperature differences along x-direction are obtained
by assuming same temperature difference per unit thickness of material along
x- and y-ordinates [3]. The heat storage capacity for temperature differences across
x-direction is negligible of the heat storage capacity for temperature differences
across y-direction. Therefore temperatures are assumed uniform and lumped in
x-direction. The pair of glass coated photovoltaic modules was having three lay-
ers of material viz., a flat sheet of solar cells, with glass face sheets on its exterior
and interior sides. The measurements were collected for a pair of successive runs
at same solar intensities [3]. The thermal model is validated by comparing its
predicted results with those obtained from the experimental apparatus. The agree-
ment between the predictions of the thermal model and experimental results was
presented to be very good [3].
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Property Value Property Value
Solar irradiation 650 W m™ Width of air gap 0.025m
Ambient heat transfer 135Wm?K"! Thermal conductivity 0.02624 Wm ™' K™
coefficient of air
Ambient air -5°C Specific heat of air 1000 J kg ' K™
temperature (Cp)
Building space 20°C Density of air 11174 kg m™
temperature
Height of duct 3.0m Kinematic viscosity 1569 x 10 °m’s™
of air
Width of duct 1.0m Prandtl number of air 0.708
Thickness of outer 0.0025m Air velocity for 0.75ms™
wall of duct obtaining mass flow
rate
Absorptance of outer 0.95 Stefan Boltzmann 567 x10°°Wm?2K™*
wall with flat black constant for surface
paint of duct walls
Thermal conductivity 137Wm*K™? Emissivity of back 0.95
of aluminum alloy for surface of duct walls
HVAC duct
RSI value 1.0m?’KW! Number of nodes in x Nx =3
direction
Thickness 0.04m Number of nodesiny Ny =10,Ay =0.3m
direction
Table 3.

Properties of physical domain.

Solar irradiation (Wm™) Air temperature difference (AT) °C Noise of sol oS (oncisol)

450 15.50 28

550 18.90 28.93

650 22.40 29.7

750 2590 30.36

850 29.40 3091
Table 4.

Temperature difference and noise of sol with solar irradiation (air velocity: 0.75 ms™).

Air velocity Fluid power Air temperature difference Noise of scattering oS
(ms™?) (Wm™) (AT)°C (oncisip)

135 4762 15.28 17.72

1.05 37.0 18.22 16.50

0.75 2645 22.40 15.02

045 15.87 28.15 12.65

0.15 05.29 29.80 07.64

Table s.

Temperature difference and noise of scattering with air velocity (S = 650 Wm™).
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(AT)°C Mass Thermal Noise of (AT)°C Mass Thermal Noise of
flow rate power therm oS flow rate power therm oS
(kg s (Wm™) (oncisol) (kg s (Wm?) (oncisol)
15.50 0.01376 71.09 19.5602 15.28 0.0231 117.65 21.868
18.90 0.01275 80.325 20.119 18.22 0.0171 103.85 21.296
2240 0.0120 89.6 20.614 2240 0.0120 89.6 20.614
2590 0.0115 99.2833 21.043 2815 81x107° 76.0 19.866
29.40 0.0111 108.78 21.505 29.80 62x1073 61.59 18.898
Table 6.
Mass flow rate and noise of therm with (AT) °C.
Air Fluid Noise of Sound Sound power Noise of
velocity power scattering oS pressure intensity elasticity oB
(ms?) (W-m™) (oncisip) (N-m™2) (W-m™) (oncibel)
1.35 4762 17.72 5575 752.7 30.36
1.05 37.0 16.50 433,65 455.33 28.05
0.75 26.45 15.02 309.75 232.31 24 .97
0.45 15.87 12.65 185.85 83.63 20.24
0.15 05.29 07.64 61.94 09.29 10.12
Table 7.
Noise of elasticity with air particle velocity (impedance Z, = 413 N-ssm~ at 20°C).
Noise of therm (AT) Mass flow Noise of therm Transmission Noise
oS °C— rate oS loss AoS reduction
(oncisol)— room (kg (oncisol)— (oncisol) coefficient
duct s)—room room
21.868 25 0.02095 28.721 6.853 0.52619
Table 8.
Thermo-fluid noise transmission loss and noise reduction coefficient.
Noise of elasticity oB Noise of elasticity oB Transmission loss Noise
(oncibel)—duct (oncibel)—room AoB (oncibel) reduction
v=0.75m-s" v=0.15m-s™ coefficient
24.97 9.29 15.68 0.81896
Table 9.
Acoustic noise transmission loss and noise reduction coefficient.
Noise of scattering oS Noise of scattering oS Transmission loss Noise reduction
(oncisip)—duct (oncisip)—room AoS (oncisip) coefficient
v=0.75m:s™ v=015ms™
15.02 764 7.38 0.55264
Table 10.

Fluid noise transmission loss and noise reduction coefficient.
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Variation of efficiency with temperature
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Thermal model vesults: (a) PV module, (b) insulation panel, and (c) air.
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5. Conclusion

A study on integrated insulation modeling of an airflow window with a PV solar
wall via energy conversion is performed. The noise interference and characteriza-
tion equations as per speed of a composite wave are presented. The sources of noise
measurement equations (sun, light, sound, heat, electricity, fluid and fire) are
described depending on their speed of noise interference. Noise measurement equa-
tions and their units are coined. The acoustic insulation systems are classified as per
source signals of solar power, electric power, light power, sound power, heat power,
fluid power and fire power. Based on sensitivity analysis conducted on an outdoor
duct exposed to solar radiation, integrated insulation model has calculated noise
transmission losses and noise reduction coefficients, besides calculating individual
values of oncisol, oncisip and oncibel for various types of noises.

Several performance and optimization issues are considered in development
of the model including optimal air velocity for heat transfer, dimensions of PV
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module (height), selection of cavity width to reduce pressure drops, and prediction
of temperature rise of air as it flows out of the airflow window system and into the
outdoor test-room. The airflow is adjusted to a constant value to optimize necessary
temperature for integrated photovoltaic array as well as for pre-heated fresh air into
the outdoor test-room. It is envisaged that inside an airflow window integrated with
PV, cooling by forced convection is essential, without which, the temperature of PV
cell reaches very high (51°C), which decreases the efficiency by more than 20% [4].
The combined efficiency (electrical and thermal) of the system reaches 50%.

A building integrated photovoltaic airflow window (BIPV-AW) system is
developed for the purpose of combined generation of electricity, thermal energy
and daylighting. This approach will have additional following advantages: (a) there
will be reduction in peak heating loads, which will reduce the required capacity
of the heating/cooling system; (b) there will be reduction in energy consumed for
heating and lighting in the building; and (c) electricity demand of the building will
be reduced and energy utilities will get peak surplus.
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