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Preface

There have been many attempts to define, measure and model human thermal comfort. 
Most of these use studies carried out in steady state conditions, where the building fabric 
has reached thermal equilibrium, and the human subjects have been able to acclimatise 
Many have been carried out in climate chambers with a single occupant. Many of the 
research papers concentrate on office environments or automobiles which are occupied 
for prolonged periods of time and in which these steady state conditions can be achieved. 

In church buildings such conditions are rarely achieved, and if they are it is at a high cost, 
both in fuel expenditure and CO2 emissions. With 47,000 church buildings in the UK, in 
2003, the Methodist Church and Building Research Establishment estimated CO2 

emissions at 1 million tonnes per annum, and the cost at £50 million.

For many centuries churches were unheated. Increasing thermal comfort in homes during 
the 20th Century resulted in increased expectations of thermal comfort in church. 
Changes to the patterns of worship affected the interior layout of churches and changed 
the activity levels of the congregation.

The primary issues concerned in this thesis are those to mitigate the problems associated 
with high thermal mass, and the resulting issues of radiant heat effects.

In the past several strategies have been developed for dealing with the issues of thermal 
comfort in heavy thermal mass buildings in moderate climates involving the use of 
lightweight linings. The use of wall hangings, tapestries and oak panelling are 
investigated.

Commencing with the theory of heat transfer, a literature review of the principal models 
of thermal comfort, and how humans sense and adapt to temperature, this thesis looks at 
issues concerning the application of standard thermal comfort models to UK Churches 
where steady state thermal conditions are rarely attained. Utilising the findings of a 
report “Energy Savings in Religious Buildings” undertaken by the Methodist Church and 
the Building Research Establishment, issues concerning heating systems are highlighted. 

To investigate the issues, and the efficacy of strategies to deal with church conditions, a 
number of practical experiments were undertaken in two Methodist Churches in 
Blackpool during October – December 2007. 

Possible improvements in thermal comfort available by adopting age old techniques were 
studied. Investigation was made of issues which affect the use of such strategies, in an 
attempt to discover if a simple retro fit design approach could be employed to ease the 
energy load of high thermal mass buildings.

The conclusions drawn are that there are improvements in radiant temperatures and 
thermal comfort to be gained by lining the inside surfaces of churches but these are 
subject to aesthetic and structural limitations. They also become masked by the beneficial 
radiant heat effects from other people if the congregation is large enough. Also, if pews 
are not removed, these can create a significant contribution to the thermal comfort of 
church goers.
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1 Introduction
The world is facing up to major changes. We are living beyond the means of our planet to 
sustain the lifestyles we have become accustomed to and are demanding. Our economies, 
driven by our energy use, have been fed by exploitation of fossil fuels once thought 
inexhaustible. We are now having to face up to the realisation that the exploitation of 
fossil fuels has damaged our planet. The climate systems of the planet are changing due 
in part to the release of the greenhouse gas carbon dioxide from fossil fuel combustion. 
Carbon that had taken nature hundreds of millions of years to store has been released in 
150 years. Supplies are becoming more difficult to obtain. The easily obtainable reserves 
have been used up and production is at or near peak. Our demand is increasing rapidly 
and we are now waking up to the reality that this is unsustainable and things have to 
change, in all areas of our lives.

There are 47,000 churches in the UK with a combined expenditure in energy estimated to 
be at least £50 million p.a. This gives a contribution of around 1 million tonnes of CO2 

p.a. (Methodist Church / BRE 2003). There is therefore an incentive for more efficient 
heating schemes. Improvements to the thermal comfort of congregations through passive 
means and by understanding the designs of the buildings are worth exploring.

With the growth of awareness in the church of the problems of climate change there is a 
growing desire by church authorities to take a lead in guiding their congregations.
The attempt to attain thermal comfort for the congregations of churches is an area of great 
complexity, but one in which there is potential for energy saving and reduction in carbon 
emissions. 

Recent studies of thermal mass have centred on the diurnal heating / cooling cycles of 
solar radiation enabling the reduction of  HVAC (Heating, Ventilation, Air Conditioning) 
costs for cooling buildings during hot weather, through the storage of heat via the 
external wall surfaces and its re radiation during the cooler night, so keeping the building 
cool.

But in cooler climates like the UK a more common situation is the need to heat the 
building in the cooler months. Whereas thermal inertia is beneficial in keeping buildings 
cool, it is a problem when trying to heat the internal environment from within by artificial 
means. Research has concentrated on reducing the heat losses through the building 
envelope, normally by the use of insulation. In many historic or religious buildings where 
design, use, aesthetic and heritage issues are involved, this is not a practical, or 
acceptable solution.

Some savings can be made by improvement of heating systems but there remains the 
issue that the majority of churches are constructions with heavy thermal mass which are 
used intermittently. This usage pattern means that the heating pattern too is also 
intermittent. Rarely do these buildings reach equilibrium conditions during their heating 
cycles, often only achieving the rapid air temperature increase experienced at the start of 
a heating curve. This makes the prediction of when, for how long, and at what 
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temperature heating system should be run very difficult, resulting in energy inefficiencies 
and/or lack of comfort. 

For centuries buildings have been adapted by the addition of light thermal mass linings 
within the structures. Linings from fabric wall hangings to wood panelling were used 
because such approaches were found, by experience, to be beneficial.

With the Industrial Revolution in the UK came the increasing use of fossil fuels to 
provide plentiful affordable heating.Prior to this provision of passive thermal comfort in 
dwellings and meeting places was either routinely integrated into the design in by 
experienced craftsmen, or not thought necessary because comfort expectations were 
much lower. In our increasingly technological age it is easy to be afraid to admit that 
many things that were once common knowledge have been forgotten and are now hidden 
from us.  These pre-industrial era skills may not have been deemed important enough to 
have been written down, either because they were self evident and well known, or 
through the lack of literacy of those who possessed the knowledge. With the Industrial 
Revolution the availability of cheap fuel led to the loss of this knowledge. The common 
lore, once widely known but deemed redundant due to cheap and easy energy supplies, is 
now having to be rediscovered in the light of looming problems of peak fossil fuels, 
unsustainable energy consumption, and climate change.

Sustainable development and engineering is in many instances attempting to rediscover 
this traditional knowledge, and understand how and why it worked in the light of modern 
scientific understanding. With this insight it is hoped that we can build upon the centuries 
of accumulated knowledge to lower our energy consumption whilst maintaining some of 
the modern comfort expectations. 

This thesis is an investigation of the complexity of attaining thermal comfort in buildings 
which rarely get to thermal equilibrium. The research relies on the re application of 
theoretical and practical work of others, as attributed in the References and Bibliography 
section; on the experiences and interest of the author in visits to historic and religious 
buildings which sparked this line of study; to ideas generated during discussions on the 
Advanced Environmental and Energy Studies; and on field testing undertaken to confirm 
the findings from the secondary sources.

Commencing with the theory of heat transfer, a literature review of the principal models 
of thermal comfort, and how humans sense and adapt to temperature, this thesis looks at 
issues concerning the application of standard thermal comfort models to UK Churches 
where steady state thermal conditions are rarely attained. To explore the issues, and the 
efficacy of strategies to deal with church conditions, a number of practical experiments 
were undertaken in two Methodist Churches in Blackpool during October – December 
2007. Possible improvements in thermal comfort available by adopting age old 
techniques were studied. Investigation was made of issues which affect the use of such 
strategies, in an attempt to discover if a simple retro fit design approach could be 
employed to ease the energy load of high thermal mass buildings.
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2 Introduction to Heat Transfer

When considering thermal comfort within a room one is concerned about two issues: 
movement of heat energy between a room and a person, and the sensation this heat 
energy produces. In this chapter we will introduce the concepts required to understand the 
nature of heat transfer within buildings.

2.1.1 Heat Distribution

Heat transfer is concerned with two things: temperature and the flow of heat energy. 
Temperature represents the amount of thermal energy available. Heat flow represents the 
movement of thermal energy.

2.2 Methods of Heat Transfer
Heat is distributed within a room by convection (forced or natural) or by radiation. Most 
of the heat that flows from the building material surfaces to the indoor air is by radiation 
(Figs 1-3) 1 and a smaller, but important proportion of this exchange is carried out through 
convection. Within the building material the heat is distributed by conduction. Some 
cooling occurs through evaporation. The direction of the heat transfer is an important 
consideration when designing buildings. Heat is radiated and conducted in all directions, 
but convection occurs primarily upward.

The figures show modes of heat loss by houses. Radiation is the dominant mode. These 
heat losses apply to churches or church halls as well as to houses when the church is 
continually heated, but there are differences due to intermittent heating which will be 
explored later.

1  diagrams downloaded from Innovative Insulation Inc website http://www.radiantbarrier.com/physics-of-
foil.htm - unattributed on the site.
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Figure 1: Down Heat Flow Figure 2: Up Heat Flow

Key:

            CONDUCTION
            CONVECTION
            RADIATION

Figure 3: Side Heat Flow
(Source Innovative Insulation Inc)

2.2.1 Conduction:

A region of material with a greater molecular kinetic energy will pass thermal energy to a 
region with less molecular energy through direct molecular collisions. This process is 
called conduction.

The rate of heat flow is proporational to the area of conduction and inversely proportional 
to the distance of conduction (dx) and can be expresses as

dQ/dt = -l dT/dx

l is known as the thermal conductivity. 
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Figure 4 Fouriers Law of Conduction (Taftan Data)

2.2.2 Convection

Forced and natural convection are essential for heat dissipation. In the internal surfaces of 
a building, where the walls are warmer than the ambient air, heat is first conducted from 
the warm surfaces to a thin air layer adjacent to the wall. Air has a small heat capacity 
and tends to rise as heating decreases its density. Conversely when the surface 
temperature is cooler than  the air  (such as at a glazed window on a cold day) the air will 
become more dense and the air will fall. Air velocity and temperature changes are limited 
to a thin region next to the surface – the boundary layer. “Provided the mean free path of 
the air molecules is very small compared with the surface dimensions, invariably the case 
in building applications, the air in contact with the surface is stationary and the velocity 
vector of air particles close to the surface follows the broad contour of the surface in the 
direction of the bulk flow. These fluid layers move smoothly upon one another and the 
regime is described as laminar” [Grenfell Davies 2007]. Depending on the conditions, 
turbulent air flow may occur at some distance from the wall. In the case of warm air 
rising, this phenomenon displaces cooler air at some other location within the building 
and results in convective loops being formed. Sometimes the hot air accumulates at the 
top of the room resulting ion thermal stratification. When air motion is due entirely to 
gravitational forces on dense or less dense air, the heat transfer mechanism is known as 
“natural convection”. When the motion is enhanced by the introduction of a forced flow 
over the surface, for instance using a fan, then the mechanism is known as forced 
convection.

The quality of the surface of the construction has an effect upon the heat transfer. 
Roughened, ribbed or stepped surfaces may exchange more heat than smooth surfaces;
(Bhavnani and Bergles 1990).
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2.2.3 Radiation

Heat transfer by radiation, unlike the other forms of energy transfer does not require a 
physical medium for its propagation. The energy can travel across the vacuum of space, 
which is how the earth obtains heat enrrgy from the Sun. The energy is carried as photons 
or light waves, not via the vibration or movement of molecules. Because radiant heat 
energy is a form of electromagnetic radiation it travels in straight lines unless diffracted. 
It can also be blocked by the imposition of other materiel, where it can be absorbed or 
reflected.

Heat transfer by radiation is not linear with respect to the temperature. Instead the power 
output is dependent upon the fourth power of the absolute temperature.

This is described by the Stephan-Boltzmann law equation:

W = s A T4

where 
W = power out put
s = the Stephan Boltzmann constant
A = surface area in m2

T = absolute temperature in K

The Stephan-Boltzmann equation is for a black body. Most surfaces encountered in 
buildings are not black bodies. To correct for this an emissivity correction factor (e) or 
emissivity has to be included. This is defined as

e =  radiation emitted by the real surface  
radiation emitted by a black body surface at the same temperature

The resultant equation is 

W = e s A T4

The emissivity correction factor is dependent upon the temperature of the body (and 
hence its frequency), and the body surface finish.2

All surfaces not at absolute zero emit energy. The net transfer of heat, between two 
surfaces, is proportional to the difference in the fourth powers of the surfaces:

2 Pure crystals may emit more radiation in one direction than another, depending on the arrangement of the 
atoms in their crystalline structure, and in these cases multiple e values may be needed to describe the 
emissivity. Surfaces of buildings materials are normally isomorphous and do not exhibit this behaviour, so 
only a single value is needed.
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ΔW  a  (T1
4 – T2

4)
Radiation falling on a surface is partly absorbed and partly reflected. The measure of the 
absorptivity is defined as

 a = radiation absorbed by the real surface in the range l to dl 
radiation absorbed by a blackbody surface in the same range

Kirchoffs Law states that:

At thermal equilibrium, the emissivity of a body (or surface) equals its absorptivity. 

As the amount energy that can be absorbed by a body cannot be more that the amount of 
energy impinging on it, since energy cannot be created or destroyed (First Law of 
Thermodynamics) the absorptivity cannot exceed unity. A corollary to this law is that the 
emissivity is also limited to unity (a body cannot emit more energy that it absorbs). 

The reflectivity r  is the complement of this for opaque surfaces 

a + r = 1

Figure 5 Reflectivity and Emissivity (J.F. Alward sol.sci.uop.edu)

For transparent surfaces (such as glass) there is a third element to consider. A proportion 
of the incident radiation will be transmitted through the glass. This is proportion is known 
as the transmissivity and has the symbol t.

2.2.4 Evaporation

Evaporation can be associated with cooling effects due to the removal of moisture from 
the fabric of the building resulting in cooling due to the absorption of latent heat of 
vapourisation and its subsequent removal from the building by convection.. However 
most of the effect in human thermal comfort terms is as a result of water being released 

MSc:AEES Jan 2008 Page 15 Mark Ramsden



from the body’s sweat glands. This liquid then absorbs heat in order to change phase 
from a liquid to a vapour “latent heat of vaporisation”. Moving air increases the rate of 
evaporation. Evaporation is the main physiological method the human body has to 
regulate its temperature, through sweating and respiration 

2.3 Thermal Storage
The temperature distribution within a building and within the building materials 
themselves varies with time, the boundary conditions and the thermal properties of the 
materials themselves.

2.3.1 Thermal Properties of Materials

The main material properties which are related to the process of heat storage are thermal 
conductivity (l), specific heat (c), and density (r). 

Thermal conductivity is the property of a material indicating its ability to conduct heat. 
It is dependent upon the ability of the molecules in the material to vibrate and to stimulate 
those next to them so passing on the heat energy by direct molecular collisions. It is a 
physical property of the material itself and is referred to as an intensive property as it 
does not rely on the quantity of the material.3 

The specific heat, or specific heat capacity, is the measure of the heat energy required to 
increase the temperature of an object by a certain temperature interval. Heat capacity is 
proportional to the amount of material in the object and is therefore known as an 
extensive property. Volumetric heat capacity is the product of the specific heat and the 
density and is used to characterise a material. The term heat capacity is used in reference 
to a building component. 

“The term Heat Capacity of a wall or roof refers to the amount of heat required to 
elevate the temperature of a unit volume of the material or unit area of the surface by one 
degree. In the first case, it is referred to as the Volumetric HeatCapacity of the material  
and in the second as the heat capacity of the wall” Givoni (1976)

The density of the material is the amount of mass of the material in a given volume.

In a multilayered construction such as a wall the total heat capacity is calculated as the 
sum of the separate heat capacities of each layer. The heat capacity is the product of the 
specific heat (c), and density (r). So the total heat capacity is given as

rctot = Srici

3 In metals there may also be a contribution to the thermal conductivity from energy transportation by the 
electrons in the conduction band.
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Figure 6: Wall temperature fluctuation due to solar radiation 
(www.learn.londonmet.ac.uk)

Where ci is the specific heat of the layer and ri its density.

Building materials can store heat within their structures. The property defining the 
capacity of a material for the storage of heat is known as thermal mass, or sometimes 
thermal inertia. Used to represent a building’s overall capacity to store and release heat, it 
is generally defined as the amount of heat energy that 1 cubic metre of the material can 
absorb for an increase of 1 K in temperature provided that there are no phase changes 
(solid – liquid – gas). When a phase change occurs the latent heat of phase change comes 
into play and the temperature remains constant during the phase change. Gilbert (2005) 
modelled the use of phase change materials within construction looking at the effect of 
phase changes in the thermal properties of the constructions. The higher the thermal mass 
of a building the slower the rate at which its indoor temperature rises and falls.. The 
thermal mass is generally contained in walls, partitions, ceilings and floors of the building 
which are constructed of materials
of high heat capacity. 

Thermal mass can have a dual 
purpose. During the heating 
seasons, the thermal mass can store 
solar energy as heat which is 
released later when the temperature 
drops. During cooling seasons it 
can also temporarily store 
unwanted excess heat, which can 
be removed later in the day.

There is a non-beneficial side to 
both of these scenarios. The 
capacity of the thermal mass to 
store heat also makes it more 
difficult to warm up, as happens in 
the UK in the thermally massive
building structures of churches. 

2.3.2 Time Lag 

As the outer surface of a building is 
heated by solar radiation a heat wave 
is transmitted through the wall 
structure until it reaches the inner 
surface. The time delay of the heat 
wave from the outer surface reaching 
the inner surface due to the thermal 
mass is known as a time lag.
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The thicker and more resistive the material, the longer it will take for heat waves to pass 
through. Gilbert (2005) created a heat flow model spreadsheet which modelled the 
different wave propagation rates of lightweight and heavyweight constructions. A heavy 
wall construction took over 200 hours to reach equilibrium whereas a lightweight wall 
took just 24 hours.

2.3.3 Decrement Factor

Under solar radiation, the temperature reached by the inner surface of a wall is lower than 
that of the outer surface. This reduction in cyclical temperature is known as the 
decrement. A material with a decrement value of 0.5 which experiences a 30 degree 
diurnal variation in external surface temperature would experience only a 15 degree 
variation in internal surface temperature. 

This effect is particularly important in the design of buildings in environments with a 
high diurnal range. In some deserts, for example, the daytime temperature can reach well 
over 40 degrees. The following night, however, temperatures can fall to below freezing. 
If materials with a thermal lag of 10-12 hours are carefully used, then the low night-time 
temperatures will reach the internal surfaces around the middle of the day, cooling the 
inside air down. The high daytime temperatures will reach the internal surfaces late in the 
evening, heating the inside up. However used incorrectly in moderate climates, such as 
the UK, they can have a negative effect making heating or the interior environment more 
problematic.

2.3.4 Diffusivity, Resistance and Transmittance

The depth that the diurnal heat wave will reach within the storage material depends on the 
thermal diffusivity. This is defined as the ratio between the thermal conductivity and the 
heat capacity

a = l / rc

Thermal diffusivity is property of the material not the construction and determines the 
way that heat is transmitted from the surface into a material.  In general diffusivity is 
higher for materials of high thermal conductivity and low storage capacity. Common 
building materials such as brick and stone have thermal diffusivities aroung 5 x 10-7 m2 s-1 

while wood has a value three times lower [Solenge]

The reciprocal of the thermal conductivity is the thermal resistivity of the material. It 
describes the resistance of materials and air spaces to heat transfer.

Conductivity and resistivity are intensive properties, independent of the size or thickness 
of the building element. The heat flow across a wall or roof depends not only on the 
thermal conductivity of the material but on the thickness of the building element. The 
greater the thickness, the lower will be the rate of heat flow. 
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The thermal resistance (r) of the element is given by 

r = d / l 

Under steady state conditions 2.5 cm of wood has the same thermal resistance as 30.5 cm 
of concrete, mainly because of the air spaces created by the cells in the wood (Lechner 
1991). However, the delay in heat conduction is very short for 2.5cm of wood because of 
its low heat capacity compared to concrete which gives a longer delay due to its higher 
heat capacity. 

Givoni (1976) defined the Time Constant as “a simplified method to describe the heat 
storage capability of a building”. It is the time it takes for a change in surface temperature 
to reach a certain depth of the component. It is a property of the building component and 
it is the product of the heat capacity and the thermal resistance with dimension of time.

t = (d / l)(drc)  =  d2/ l/rc  = d2/a

d is the depth , a is the thermal diffusivity.

The thermal (or heat) transfer coefficient is a measure of the heat transfer between a 
fluid and a solid derived from the following heat balance equation:

ΔQ = A h ΔT

where

ΔQ = heat input or heat lost, W
h = overall heat transfer coefficient, W/(m2K)
A = heat transfer surface area, m2

ΔT = difference in temperature between the solid surface and surrounding fluid 
area, K

From the above equation, the heat transfer coefficient is the heat flux (Q/A)  divided by 
the temperature difference attained.

The heat transfer coefficient has SI units in watts per meter squared-kelvin (W/(m2K)). 

The term h above is a general term used in thermodynamics. In building its application 
arises in the form of the thermal transmittance or (U factor).

The thermal transfer coefficient can be thought of as an inverse of thermal resistance.
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If a wall is composed of several layers of various thicknesses and conductivity the overall 
thermal resistance ( Rtot ) is the sum of the separate resistance of each layer (Sri). 

Rtot  = R1+R2+R3+…Ri = Sri

However resistance is not commonly used as a measure of heat transfer in buildings as 
the lower the resistance the higher the heat loss. A measure is used that increases as the 
heat loss increases. The reciprocal of the resistance is used, and is termed the Thermal 
Transmittance (U). This determines the rate of heat flow through a given building 
element. This is equivalent to the heat transfer coefficient in the general heat equation 
seen above.

U = 1/R

The units are W/ (m2 K)

The total transmittance (Utot)  is defined as the reciprocal of the total resistance so it 
becomes:

Utot = 1 / SRi  =  1/(R1+R2+R3+…Ri) = 1/(1/U1 + 1/U2 + 1/U3 …. + 1/Ui)

Note that this is not the straight sum of the transmittances.

When the rate of heat flow between the indoor and outdoor climates is calculated, the 
thermal resistance of the air layers adjacent to the surfaces must be added to the thermal 
resistance of the wall itself. Hence the overall resistance is higher that calculated from 
purely the thermal conductivity of the building material. 

R = 1/hi + d / l + 1/he  

Where hi and he are the internal and external surface coefficients.

2.3.5 Thermal Effusivity

In intermittently heated buildings such as churches it is the thermal reaction of the first 
few centimetres of the internal surface that is of greatest interest due to the time it takes 
for the heat wave to travel through the construction. It the surface temperatures that affect 
the radiant temperature, and many convection currents in a room. 

The thermal effusivity is described as “the capacity of a material to absorb and release 
heat” and characterises “how easily heat can be absorbed at the surface of a 
material” [Yannas and Maldonado 1995]. Effusivity tends to be higher when both the 
thermal conductivity and specific heat capacity are high.

In a uniform material the thermal effusivity is defined as the square root of the product of 
thermal conductivity, density and specific heat.
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b =  √ (λρc )

The mean thermal effusivity bm is calculated as the area weighted average of the b-values 
fo the exposed wall surface materials [Liman and Allard 1995]. If the value bi of each 
internal surface Si is known the mean thermal effusivity is defined by

bm = S (biSi) / SSi

The b values can range over two orders of magnitude

Heavy concrete b = 2000
Wood b = ~400
Light fibreglass b = 20

2.3.6 CIBSE Admittance

For regular daily heating periods, the rate at which heat passes into or out from a 
structural element is termed the admittance. This is governed primarily by the thermal 
mass and insulation in the first 150mm of the structure.(Bordass 1996). The admittance is 
used to characterise the thermal response of a building to the sinusoidal thermal 
excitations due to the sun's daily cycle.

According to Balcomb (1993) the admittance can be expressed by:

Y = √ ((2πλρc )/P)
Where P represents a period of 24 hours.

For the internal surfaces of intermittently heated buildings the thermal effusivity is a 
more relevant measure although the Admittance is often more readily available and can 
be taken as a good guide.

2.3.7 Equation for the surface temperature of a wall over time.

The physical properties described above can be combined into an equation for the surface 
temperature of a wall as a function of time.

ΔTwall(t)  = (2q/b)*√(t/π)  =   2q√t 
     √(λρcπ)

[Santamouris 1996]

Since the heat flux (q) is proportional to the temperature difference between the wall and 
the air temperature the following proportionality relationship can be deduced:

ΔTwall(t)  a    ( Tair  - Twall) √t 
 √(λρc)
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3 Models for measuring Thermal Comfort
The knowledge of how heat energy is transmitted in a room is of only academic interest 
unless it can be related to some tangible sensation. One sensation that is being used as a 
measure in building design is the thermal comfort of the occupants.

Thermal comfort has been defined as “that state of mind in which satisfaction is 
expressed with the thermal environment”. This is usually taken to imply a state of overall 
thermal neutrality. (CIBSE Guide A p 1-7)

According to Fanger [1977] a primary requirement for the thermal comfort is ‘that a 
person feels thermally neutral for the body as a whole’. This he defines as being ‘that he 
does not know whether he would prefer a higher or lower ambient temperature’. This 
“thermal neutrality” in Fangers Model depends upon the persons clothing and activity; 
and upon the environmental parameters:

• Mean air temperature around the human body;
• Mean radiant temperature in relation to the body;
• Mean air velocity around the body;
• And the water vapour pressure in the ambient air.

There have been many studies made to try to understand the complex nature of thermal 
comfort and a number of models have been proposed. 

3.1 Houghten and Yaglou 
In 1923 Houghten and Yaglou had built a model which combined the air temperature and 
relative humidity into a single index – the “effective temperature model”. This measure 
of heat sensation was defined as “the temperature of saturated motionless air that would 
produce the same sensation of heat or cold as the combination of temperature, humidity, 
and air motion under consideration”. 

However the model overestimated the effects of humidity at cold temperatures and 
underestimates the effects of humidity at high temperatures.[Yahglou 1947]. 

The Houghten and Yaglou Model was improved by Vernon and Warner (1932) who used 
the temperature given by a globe thermometer instead of a dry-bulb air temperature and 
thus includes an approximation of the radiation component. This standard is known as the 
“corrected effective temperature”.

3.2 The Rholes Nevin Study
In 1971, the Rholes-Nevins study was performed on 1600 students at 160 temperature 
humidity conditions in an environmental test chamber at Kansas State University. This 
forms one of the largest databases of experimental information on thermal comfort. 
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3.3 Fanger 
In 1972 Fanger used the data from the Rholes-Nevins study together with his thermal 
comfort equation, to develop an expression that predicts thermal sensation, on a seven 
point cold to hot sensation scale for a large population of people exposed to a certain 
environment. This expression is known as the predicted mean vote ( PMV ). Fanger 
developed PMV tables for various activity levels. (Taffe 1996 and Saberi )

Fanger proposed a thermal comfort equation based on human body energy balance and on 
the thermal load of the body. Starting from the thermal load on a body Fanger proposed 
ways of measuring thermal comfort based on the predicted mean vote and the percentage 
of people dissatisfied with the temperature. 

3.3.1 Thermal Load

According to Fanger the thermal comfort of a person can be understood in terms of the 
thermal load of a body.

The thermal load is defined as “the difference between the internal heat production and 
the heat loss to the actual environment for person hypothetically kept at the comfort 
values of the mean skin temperature and sweat secretion at the activity level.” [ Taffe 
1996]

L = (H – Ecl – Esw –Ere – Lre – R – C) /ADu

Where
ADu = body surface area ( DuBois area)
H = internal heat production in the human body
Ecl  = heat loss by water vapour diffusion through the skin
Esw = heat loss by evaporation of sweat from the surface of the skin
Ere = latent respiration heat loss
Lre  = dry respiration heat loss
R = heat loss by radiation from the outer surface of the clothed body
C  = heat loss by convection from the outer surface of the clothed body

Assuming that a human body is in energy balance, these losses can be expressed in the 
heat balance equation:

M – W = H + E + Cres + Eres

M = Metabolic rate. The rate of transformation of chemical energy into heat and 
mechanical work by aerobic and anaerobic activities within the body.
W = Effective Mechanical power
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H = Dry heat loss
E = Evaporative heat exchange at the skin
C res = Convective Respiratory heat exchange
E res = Respiratory Evaporative heat exchange

3.3.2 Fanger Comfort Equation

Fanger Comfort Equation is deduced from this equation by taking the evaporative heat 
exchange to be equal to Ec (evaporative heat exchange at the skin, when a person 
experiences thermal neutrality)

M – W = H + Ec + Cres + Eres

The definitions for each of the terms above are 

Ec = 3.05 * 10-3 * (5733 – 6.99 * (M-W) – Pa) + 0.42 * (M-W – 58.15)
Cres = 0.0014 * M * (34 –Ta)
Eres =  1.72 * 10-5 * M * (5867 – Pa)

(source Innova 2002)

Combining the definitions into the comfort equation gives the following equation derived 
by Fanger:

(M / ADu)(1- η)-0.35[43 -0.061(M / ADu)(1- η)-Pa]
-0.42[(M / ADu)(1- η)-50]-0.0023(M / ADu)(44-Pa) – 0.0014(M / ADu)(34-Ta)

= 3.4 x 10-8 fcl [tcl + 273)4 – (tmrt +273)4] + fcl hc (tcl – ta)

Where

o M = Metabolic free energy production (kcal/m2)
o ADu = Dubois body surface area (m2)
o Icl = clothing insulation in clothes (m2 hr °C /kcal)
o fcl = ratio of clothed/nude surface area
o ta = Air temperature (°C)
o tmrt= Mean radiant temperature (°C)
o tcl =surface temperature of clothing (°C)
o v = Relative air speed (m/s)
o Pa = Vapour pressure of water vapour (mmHg)
o hc =  Convective heat transfer coefficient (kcal/m2 hr °C )
o fcl = ratio of the surface area of the clothed body to the surface area of the 

naked body
o η = external mechanical efficiency
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3.3.3 Predicted Mean Vote (PMV)

The predicted mean vote PMV is a seven-point scale that describes occupant thermal 
comfort as a function of occupant activity level and occupant thermal load. The PMV ranges 
from a low of –3 and a high of +3. Negative values suggest that the occupant feels cold, 
positive values suggest that the occupant feels warm, and a value of 0 suggests that the 
occupant feels comfortable. 

The points on the scale were 

-3 -2 -1 0 1 2 3
Cold Cool Slightly 

cool
Neutral Slightly

warm
Warm Hot

The PMV is calculated by:

PMV = ( 0.303-0.036M +0.028 ) * L

The parameter M is the occupant metabolic rate and L is the thermal load on the body. The 
thermal load L is a function of the radiant field in the room, the convective heat transfer rate 

to/from the body as well as evaporative and respiratory heat loss.

By expanding out the term for the thermal load we obtain the equation found in ISO 
7730:1994

PMV = (0.303-0.036M 
+ 0.028 *{ 
      M – W – 3.05 * 10-3 *[5733 – 6.99(M – W) – Pa] 
- 0.42 *[M – W - 58.15] 
- 1.7 * 10-5 * M(5867 – Pa) 
- 0.0014 * M *(34 - ta) 
- 3.96 * 10-8 * fcl * [ (tcl +273)4 – (tmrt +273)4]
- fcl hc (tcl – ta) 
}

The surface temperature of  the clothing ( tcl) in the above equation can be found by:

tcl = 35.7 – 0.028( M - W) 
– Icl{ 3.96 * 10-8 * fcl * [ (tcl +273)4 – (tmrt + 273)4 ] + fcl hc( tcl – ta)

(Manz and Frank 2004)
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As can be seen in the above equation the solution to the surface temperature is dependent 
upon itself so has to be solved iteratively, or by direct measurement.

The heat transfer coefficient (hc) is also dependent upon the surface temperature

hc = max (2.38 (tcl –ta) 0.25, 12.1 √v)

3.3.4 Percentage of people dissatisfied (PPD)

Fanger’s comfort model also predicts the percentage of people dissatisfied (PPD) with a 
particular environment. PPD can be thought of as the probability that an average person 
will be dissatisfied with his or her state of thermal comfort. 

The PPD is the percentage of people dissatisfied with thermal comfort at a specific PMV. 
The PPD reduces to a sole function of the PMV and is calculated by

PPD = 100 – 95 ^ [ -(0.03353 PMV 4 – 0.2179 PMV2)]

Figure 8 Relationship curve of PMV and PPD (Chapman 2003)

Figure 8 illustrates the functional relationship between the PMV and PPD. It should be 
noted that even when the PMV is neutral (a value of 0), 5% of the occupants are still 
dissatisfied.

3.4 Gagge 2 node Model

To attempt to improve on the 1923 Effective Temperature equation of Houghten and 
Yaglou, Gagge et al (1970) developed a thermal comfort model based on body heat 
generation and regulatory sweating which was suitable for low and medium activity 
levels. In this model the human body consists of two thermal compartments (or nodes) 
the skin and the core. All heat is generated in the core (metabolic) and by shivering and 
muscle tension. Energy is lost from the body, by work, respiration, conduction, 
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convection by the blood and air, sweating, or radiation or heats up the internal 
temperature of the core. Two heat balance equations were forthcoming. 

3.4.1 Core Heat Balance:

Metabolic + shivering = 
work + respiration + conduction + convection by blood + rate of increase in 
the internal energy of the core.

3.4.2 Skin Heat Balance:

Heat from the core =
Radiation + convection + diffusion + evaporation + rate of increase in 
internal energy of the skin 

The Gagge Model combined the air temperature and the relative humidity into a single 
index – the effective temperature [ET*]

Gagges model standardises the environment and is based on steady state experimental 
measurements on people under a standard environment of:

• Sea level
• Uniform temperature (the SET*)
• Ambient air movement of 0.1 – 0.18 m/s
• 50% relative humidity
• Clothing insulation of 0.6 clo

By application to the data collected by the Rohles-Nevins study a thermal sensation index 
(TSENS) was created with a regression equation giving:

TSENS = 0.245SET* + 0.0165PSET* - 6.741

Where SET* is the standard environment temperature and PSET* is the corresponding 
water vapour pressure at this temperature.

3.4.3 The 16 body segments.

In the Gagge model the body is divided into 16 sedentary segments shown in Table 1 
below 
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Table 1: Neutral core temperatures and skin temperatures, DuBois surface areas , and weights of the 
body segments. [Atmaca 2007] 

Body segments

Neutral 
skin 
temperature 
(C)

Neutral core 
temperature (C) 

Dubois surface 
area (m2)

Weight 
(kg)

1 Left foot 33.9 35.1 0.056 0.480
2 Right foot 33.9 35.1 0.056 0.480
3 Left leg 33.4 35.6 0.112 3.343
4 Right leg 33.4 35.6 0.112 3.343
5 Left thigh 33.8 35.8 0.209 7.013
6 Right thigh 33.8 35.8 0.209 7.013
7 Pelvis 33.4 36.3 0.221 17.57
8 Head 35.6 36.9 0.140 4.020
9 Left hand 35.2 35.4 0.050 0.335
10 Right hand 35.2 35.4 0.050 0.335
11 Left arm 34.6 35.5 0.063 1.373
1
2 

Right arm 34.6 35.5 0.063 1.373

13 Left shoulder 33.4 35.8 0.096 2.163
1
4 

Right shoulder 33.4 35.8 0.096 2.163

15 Chest 33.6 36.5 0.175 12.40
1
6 

Back 33.2 36.5 0.161 11.03

Whole body 1.87 74

3.5 Pierce 2 - Node
According to Lee and Strand there is a similar two node model developed in 1970 at the 
same time as Gagge by the John B Pierce Foundation at Yale University.

Their model also divided the body into the two compartments representing the inner core 
and the skin. Their calculation focussed on the mean body temperature not the external 
temperature. Their figures for thermal sensation (TSENS) vary depending on the type of 
environment

TSENS = 0.4685(Tb – Tb,c) 
Tb < Tb,c in a cold environment

TSENS = 4.7hev(Tb – Tb,c)/(Tb,h – Tb,c)  
 Tb,c <= Tb <= Tb,h in a warm environment
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TSENS =4.7hev + 0.4685(Tb – Tb,h)   
Tb,h < Tb for a hot environment

Tb is the mean body temperature (oC)
Tb,c is the mean body temperature, lower limit for evaporative regulation zone, oC
Tb,h is the mean body temperature , upper limit for evaporative regulation zone oC
hev is the evaporative efficiency.

3.6 Kansas State University (KSU) Model 
The KSU model differs from the Gagge model in that instead of converting the actual 
environment to a standard environment it predicts thermal sensation directly from the 
physiological strain. Heat is conducted and convected from the core to the skin is 
combined into an overall thermal conductance term (KS). 

KS = K + Vb Cb

K – thermal conduction
Vb – peripheral blood flow rate
Cb  - specific heat of blood

The main changes in this model are the variation of thermal conductance between the 
core and the skin in a cold environment, via a vasocstriction factor, and the variation of 
the skin sweating in a warm environment, via a skin wettedness factor. The KSU two-
node model results in a thermal sensation vote (TSV) that uses a similar scale as the 
Fanger model PMV and the Gagge / Pierce model TSENS. 
TSV is evaluated using the following equations:

3.6.1 Thermal Comfort Standards

Standard ASHRAE 55-1992 is based on the “Effective Temperature”, which uses the 
two-node model for human body developed by Gagge et al (1971).

In comparison, ISO 7730 uses the PMV − PPD model of Fanger 
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4 Issues with the Models:

4.1 Thermal Neutrality

There is an assumption in the models that thermal neutrality is the most desirable state for 
a person to be in, and that it is therefore the one which should be designed for. Enander 
(1987) found that for “vigilance” a temperature sensation of “slightly cool” is beneficial. 
This term vigilance covers such activities as listening and learning, and praying. A 
slightly cool church is therefore desirable for the congregation to be in the best 
physiological condition to participate in prayer or listen to the readings or preacher.

Humphreys and Hancock [2007] explored the assumption of the desirability of neutrality 
within the PMV voting scale. They studied whether their subjects desired to be cooler or 
warmer rather than requesting their perceived current sensation. They found that it was 
not the case that the desired sensation was always neutral. Although ‘neutral’ was the 
most common vote 40% of the time students desired other than neutral and the range was 
from ‘cool’ to ‘hot’. In the UK they found that, contrary to expectations, the mean desired 
thermal sensations were all above ‘neutral’ with the commonest personal desire being 
‘neutral’ followed by ‘slightly warm’. This they attributed to the association in the UK of 
comfort with warmth, as opposed to in a hot climate where comfort would be expected to 
be associated with being cooler.

The desired thermal sensation for each of their subjects was not consistent, but varied 
from occasion to occasion, with the variation within a person’s responses having a 
standard deviation of 0.5 units of the ASHRAE scale, indicating that the respondents 
typically had a range of around two scale units in their desired sensations. Differences in 
the amount of clothing worn and the levels of activity appeared to have no ‘coherent 
effect upon the desired thermal sensation’.

This variation from neutrality was explained by the extent to which people can control 
their environment either by changing their clothing or by modifying their thermal 
environment. This ‘adaptive opportunity’ leads to the possibility that the respondents 
have already adapted to their ‘desired sensation’ so those who feel ‘slightly warm’ are so 
because they have adapted their environment to be that way. However if there was no 
adaptive opportunity they are more likely to be at a thermal sensation not of their making 
and therefore desire to be at a different more ‘comfortable’ sensation.

Taffe (1996) discussed the lack of reference to the standard error in the PMV calculation. 
“What does a zero PMV mean if, in the observed conditions, the votes are mainly divided 
up between -3, - 2, + 2, +3. Can these conditions be considered as optimal. Of course 
not. because this situation is characterised by very dissatisfied people.” He produced a 
methodology that looked at a qualitative model of thermal comfort looking at the 
dispersion of votes as well as the mean. This gives greater agreement with observed 
dissatisfaction rates, but makes the calculations much more complicated and awkward to 
work with. 

MSc:AEES Jan 2008 Page 30 Mark Ramsden



PMV is used mainly as an indicator of possible performance, and is itself an 
approximation, albeit a useful one, based on assumptions of the clothing insulation and 
metabolic rates. With this in mind, the extra complexity of the calculations makes the 
Taffe methodology overly complicated and cumbersome to use, although the research 
does show up some of the limitations of the previous models.

4.2 Local Discomfort
Thermal neutrality is not the only condition for thermal comfort. Even if a person feels 
thermally neutral for the body as a whole they may still experience discomfort if one part 
of the body is warm and another cold. The model was therefore refined with the 
requirement for thermal comfort ‘that no local warm or cold discomfort exists at any part 
of the human body’. 

The causes of this discomfort were stated as:

• Asymmetric Radiant Fields
• Local convective cooling
• Contact with a warm or cold floor
• Vertical air gradient
• Non uniformity of clothing.

Jones (2002) identified the problem within the PMV/PPD model of the use of a uniform 
clothing insulation value. Only one value is used for the combined clo value in the PMV 
calculation. This cannot take into account the effect of localised discomfort susceptibility 
of parts of the body. In particular applying the single clo value comprising summation of 
values for  jacket, coat underwear etc cannot be expected to cope with the discomfort 
problems know to exist with susceptibility to cold at ankle level that may be covered by a 
range of different items for instance stockings, socks, or  even boots. He compares the 
Fanger model with the Tranmod model which divides the body surface into segments so 
that each segment is “uniformly covered with clothing based on the actual clothing 
ensemble”.

4.2.1 Other Differences

Other potential differences have been studied and it has been found that there was ‘no 
significant difference between comfort requirements in different climatic zones’ and that 
‘no significant difference occurs in comfort conditions of sedentary subjects between 
male and female, between elderly and college-age persons or among people differing in 
body build’ Budawi [2006] .

4.3 Adaptation

Fanger’s definition as used in the Thermal Comfort standards has been challenged.
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Zhang and Zhao [2006] who gave two definitions of thermal comfort

‘the state of no difference under steady conditions’
or

‘the pleasure associated with the relief of thermal discomfort under transient conditions’

The second of these definitions make a difference in that there it allows an active 
participation on behalf of the subject to making themselves more thermally comfortable. 
This is an adaptive response. 

The implication of the adaptive principal is that given enough time, people will find ways 
in which to adapt to any temperature. Baker and Standeven (1995) suggested that large 
temperature variations can be accepted if adaptive opportunities exist. There are limits to 
the temperature range - that the temperature does not pose a threat of heat stroke or 
hypothermia. 

In the adaptive models discomfort will arise where temperatures:

• change too fast for adaptation to take place
• are outside normally accepted limits
• are unexpected
• are outside individual control

(Nicol 2007)

The ways a person can adapt could be for instance removing clothing, opening a window, 
lighting a fire, using a fan to increase the air flow, or even moving away from the cause 
of the discomfort.

5 Applying Thermal Comfort Models to Churches in the 
United Kingdom. 

Fanger’s work was based on climate chambers where the subjects had been allowed to 
acclimatise for 3 hours prior to the test being carried out. These conditions are unlikely to 
be found in thermally massive and intermittently heating buildings such as churches. 
Rarely do services last over 3 hours, most being of the order of 60 to 90 minutes from 
entry into the sanctuary to leaving again.

The Fanger model and subsequently defined PMV and PPD equations are only applicable 
to a person in thermal equilibrium with their environment, being based as it was on 
thermal chamber tests at steady state. However it takes over an hour for the body to reach 
steady state although the skin can adapt in 3 -5 minutes. The same is true of the Gagge 
model which is based on steady state experimental measurements on people under a 
standard environment
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Despite the models being based on steady state conditions they are used to predict 
thermal comfort in non standard environments. According to Butera (1998) there are 
limits to the applicability of the models. They make good approximations only when 
there are minor fluctuations of the variables.

Butera recommends the PMV index be used only for values between -2 and +2 and when 
the six main parameters are inside the following intervals:

Metabolic Rate M = 46 -> 232 Wm-2 (0.8 – 4 met)
Clothing Insulation Icl = 0 -> 0.31 m2oCW-1 (0-2 clo)
Air Temperature ta = 10 –> 30oC
Mean Radiant Temp tmr = 10 -> 40oc
Air Velocity var = 0 -> 1 ms-1

Partial Vapour Pressure pa = 0 -> 2700 Pa

Outside of these limits or when more than one of the parameters is near the limits the 
approximation becomes more unreliable.

In real practical situations the standard environment rarely exists, nor is there time for the 
human body to adapt naturally, taking as it does around an hour (Stenberg et al 1992). 
However there is time for humans to take adaptive action such as the removal or addition 
of clothing or increase in exercise, even if this is only making small movements such as 
rubbing of the body to increase surface blood flow. 

Butera (2002) notes that comfortable indoor temperatures are related to outdoor 
temperature with the higher the outdoor temperature, the higher the comfortable indoor 
temperature. This is attributed to differences in expectation, as opposed to differences in 
physiology. This fits with the experience of comfort within churches where the 
temperature expectations in past centuries were much lower than they are now, and hence 
the reason that in pre Victorian churches heating systems were not an essential 
requirement.

The PPD model recognises that it is not possible to please everyone, having a minimum 
percentage dissatisfied figure of 5% even at optimal thermal comfort levels for a group. 
Fanger and Lankilde 1975 found that “in a large group of people optimal thermal 
conditions are likely to vary between individuals by up to 1.15 oC.  

Church services are often held in the morning and evenings. Fanger, Holjbjere and 
Thomson (1974) found that there was no difference in thermal comfort perception in tests 
carried out in the morning and in the evening. So there is no perception difference to be 
catered for with the different church service times.

From a literature review, Charles (2003) came to the conclusion that:
“the PMV model was not always a good predictor of actual thermal sensation. This was 
seen  particularly in field study settings, being better at prediction ion air conditioned 
buildings than naturally ventilated ones”. This was attributed to “the influence of  
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outdoor temperature, and opportunities for adaptation.” The research highlighted the 
effect of poor estimation of the clothing insulation and activity rates as the main cause of 
the poor estimations in a practical setting.

Jones (2002) in looking at the capabilities and limitations of the models comes to the 
conclusions that whilst heat balance models are powerful tools, their use in enforceable 
standards (eg ASHRAE or ISO 7730) should be subject to the following limitations:

Any model included in a standard should be precisely defined with no ambiguity. 
The  recommendation follows that the computer code must be published in the 
standard, and available in electronic form.

“The use of the model in the standard must be carefully and precisely limited to 
those conditions for which it has been demonstrated to provide accurate results.” 
It should not be left up to the users of the standard to determine the applicability 
in a given situation. 

This somewhat negates the use of standards as prescribing all situations in which a 
standard is applicable would prohibit the use in new and novel designs. That Fanger’s 
model has proved useful in modeling the comfort levels in non steady state conditions, 
outside of climate chambers, raises the question as to whether this is a real limitation on 
the use of models.

Third, the model is no better than the inputs to the model and users of a standard 
must understand the need for defining these inputs accurately and the possible 
consequences of not doing so. 

This is the same with all models. The output is only as good as the quality of the input – 
the “garbage in - garbage out” principle. It is only by testing the applicability of the 
models against varying conditions and seeing if the models prove effective at determining 
the comfort that the scope of applicability can be extended, or the models modified to 
take account of other elements

“Modeling the comfort response is ultimately the biggest limiting factor in using heat balance 
models for thermal comfort research. All of the models make the inherent assumption that there 
is some predictable comfort response for a given physiological state of the body”. 

[Jones 2002]
“There is absolutely no consensus amongst the models as to how comfort should be related to 
the physiological variables or even what variables are the important parameters”

. [ Jones 2002]

Despite these criticisms the models have proved useful in approximating the prediction of 
the thermal comfort that may be achieved so assisting in the design process in many 
situations for which they were not originally developed.
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6 Radiant Temperature effects

6.1 Radiant Asymmetry
Sit next to a window on a cold day and one can feel thermal discomfort, in part due to 
asymmetric radiant temperature effects, or sit next to one during a hot day and one may 
feel too hot due to the sun shining through it.

Windows have three main effects on the thermal comfort levels of the occupants of a 
building

• Solar radiation gain
• Radiant temperature asymmetry
• Convection currents due to down draughts

According to Fanger (1977) the acceptable limits of the temperature difference between a 
vertical surface and the mean radiant temperature depend upon the clothing insulation 
value

-2.4 – 1.8 Icl  <  Δt  Fp-w  >  3.9 + 1.8 Icl

Icl clothing factor and Fp-w is the angle factor between person and the vertical surface.

Even double or triple glazed windows do not nullify the effect on the radiant asymmetry, 
a fact that the author can vouch for whilst writing up this thesis. The window will still get 
colder than the surrounding wall surfaces.

Gan (2001) studied the radiant asymmetry effect associated with windows in terms of the 
area of thermal discomfort in relation to the distance from the window caused buy radiant 
asymmetry. He studied how this was affected by the size and arrangement of the 
windows.

The local thermal discomfort due to radiant asymmetry was evaluated by plotting the 
radiant temperature on three orthogonal axes, and measuring the asymmetric patterns 
created. The distribution of mean radiant temperature, radiant asymmetry and resultant 
temperature were plotted along the awes planes under design conditions for an office.

6.2 Window Design
Gan (2001) found that when the height or width of a window is reduced the area of 
thermal discomfort decreases. The degree of thermal discomfort not only depends on the 
size of the window but on its shape. A square window was found to be the worst shape 
for causing and area of thermal discomfort, for a given glazing area, in winter.

Tall narrow windows give the lowest thermal discomfort distribution patterns. The 
distance between the windows also has a major effect, increasing the discomfort as the 
distance between the windows decreases. There is a limit on the rate of increase. It was 
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found to be small if the distance between the windows is one half of a window width, and 
does not increase much after that.

In one model a 2m wide window was replaced by four equal narrow windows of 0.5m 
width separated by 0.5m. In this case the radiant temperature of the room was found to be 
quite uniform. This led Gan to the conclusion that ‘in theory, discomfort can be avoided 
by employing very narrow windows’.

 

Figure 9 - Windows at Marton Methodist Church, Blackpool (Ramsden)

Radiant temperature and resultant temperature become more uniform if double glazing is 
used. Less heat is thus needed to maintain thermal comfort near the window if the space 
next to the window is occupied.

In his conclusions Gan suggests that

1. A large glazing area should be split into several small windows instead of one 
large one.

2. These windows should be placed at a distance apart of not less than one half of 
the smaller window dimension. 4

6.3 Vertical Asymmetry
It is not only asymmetry with vertical surfaces that can cause discomfort. Fanger (1977) 
found that people are far more sensitive to thermal asymmetry when exposed to overhead 
warm radiation. Hodder et al (1998) who found there was an insignificant effect on the 
overall thermal comfort of seated occupants from vertical radiant temperature effects. 
This apparent contradiction may be due to the effect being measured by Hodder et al 
being from a cool rather than a warm overhead radiation asymmetry. This analysis could 
be supported by the most comfortable environment, (preferred asymmetry) being with a 
cool head and warm feet as found by Zhang (2003) 
4 At Marton Methodist Church the distance apart is almost a window width apart and the 
glazing is made up of 9 tall and thin double glazed windows.
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7 Cold Air Convection Effects
Another problem also associated with windows is the effect of cold air convection 
draughts caused by cooling of the air layer by the window surface. This causes the air to 
increase in density and fall to ground level. Here it can cause discomfort by spreading 
across the floor at foot and ankle level. 

This, and thermal stratification due to warm air rising, can have the effect of causing a 
vertical temperature gradient between the foot and head heights. Vertical temperature 
gradients were also found to cause problems, but the risk of local discomfort was found 
to be negligible if the temperature difference between head and feet level is less than 
2-3K (Fanger 1977).

7.1 Fanger Draught Risk Model
Even when there is thermal neutrality local air movements can cause unwanted cooling of 
some parts of the body. Fanger (1977) developed a model of the draught risk, in a similar 
manner to his PPD model which considered the percentage of people dissatisfied because 
of a draught. 
The equation for draught risk was found to be:

DR = (34 - ta ) * ( va – 0,05 )0.62 * (37 * SD * 3.14) [Innova 2002]

DR = Draught Risk
ta   =  Air Temperature
va =  mean air velocity
SD = standard deviation of the air velocity

The most sensitive parts of the body are the neck and ankles with the draught sensistivity 
worse on the neck.

There have been a number of studies on ways of preventing cold convective down 
draughts.

Myhren and Holmberg (2007) studied the effect of radiators on cold convective down 
current pattern using computational fluid dynamics.

By placing a radiator underneath a window the cold draught is prevented from falling and 
flowing through the room. The laminar cold air down flow mixes with the rising warm air 
in a turbulent manner before spreading across the room.

Gan (2001) also studied the effect of putting a radiator under the window. The radiant 
temperature effect pattern was “deflected upwards by the radiant heat exchange of the 
radiator”, reducing “the maximum distance from the window where thermal discomfort 
due to radiation draughts and radiant asymmetry occurs”. The radiator itself did cause 
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problems with ‘too hot’ asymmetry causing thermal discomfort, however the overall 
effect was a reduction in the maximum distance of the thermal discomfort making “more 
space available for occupancy”.

Manz and Frank (2004) found that the draught caused by large cold surfaces was ‘more 
critical than reduced operative temperatures or radiation asymmetry’ in respect of thermal 
comfort.

The positioning of radiators under windows has often been criticised in the environmental 
and energy efficiency realms (for instance in several AEES lectures) as it has the 
disadvantage in energy usage terms because of the increase in energy required due to heat 
lost through conduction through the glazing and the need to heat up the outer wall fabric 
behind the radiator. The eradication of the laminar draught flow and the deflection of the 
radiant heat patterns provide a justification for what at first sight appears to be an 
inefficient design which is in common practice.

Cold air convection effects are more prevalent at windows than walls but in an 
intermittently heated building with heavyweight walls convective down draughts from 
walls can be significant. 

The air speed of the draught from a cold surface was found by Heiselberg 1994 to 
decrease with increasing distance from the wall. He gave empirical formulae for the 
maximum air speed at the floor of a cold surface (vmax ) based on experiments in empty 
rooms (Manz and Frank 2004):

vmax = 0.055 √ (ΔT H)  if  x < 0.04m

vmax =( 0.095 √ (ΔT H))/(x +1.32) if 0.04m <= x <= 2m

vmax = 0.028 √ (ΔT H)  if x  > 2m

x is the distance from the wall
H is the wall height
ΔT is the difference in temperature between the wall and the surrounding air.

Manz and Frank used computational fluid dynamics to simulate the Heiselberg 
experiments with varying heating base loads and room furnishings. They found a good 
correlation between their results and the Heiselberg formulae at low heat loads but with 
higher heat loads the maximum air flow in the furnished models was 1.5 times that found 
with the Heiselberg formulae for empty rooms. The result is a maximum temperature 
difference factor of (1/1.5)2 = 0.443 (i.e. a smaller temperature difference is needed for 
the down draught speed to be significant at high heating loads.

Using the original Heiselberg formulae for a wall the temperature difference allowable 
between the air temperature and the wall temperature in order for down draughts to be an 
acceptable < 0.15 m/s within 0.04m of the base would be 
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ΔT = (v/0.055)2 / H = 2.065/H  when v = 0.15

Beyond 2m of the wall the temperature difference would be

ΔT = (v/0.028)2 / H  = 28.697 / H when v = 0.15

For a 3.6m high wall such as in Marton the difference between the air temperature and 
the wall temperature must be less than 2 K for there to be no effective draught at the base 
of the wall and 8 K for there to be no perceivable down draught 2m away. 

For 0.1 m/s down draught these become 1K and 4K

8 Radiant Temperatures and View Factors

When the fabric of a building is at steady state, all the surface temperatures are at an 
equilibrium temperature with the internal and ambient air temperatures. The heat losses 
through the fabric of the building are constant and can be calculated from the U values of 
the construction. The time taken for this state to be reached can be considerable and 
depends on the resistance and the square of the wall thickness:

t = d2 / lrc

The time taken for the heat pulse to penetrate the wall can over 100 hours in some 
buildings and it may be that a steady state is never achieved in an intermittently heated 
building.

Even when the steady state is achieved the surfaces will not all be at the same 
temperature due to variations in the ambient air temperature on the other side of the wall, 
the influence of solar radiation on the external surfaces of the walls, and localised heating 
effects due to hot air rising and being in contact with the ceilings so warming those more, 
or heat loss through the floor into the ground (again due to a variation in external ambient 
temperature, albeit this one to the solid ground, not to air). The location of windows also 
plays a part as do the thermal properties of the surface and substructure components. The 
result is that the different surfaces have different radiant temperatures.

The mean radiant temperature will vary within the internal environment depending upon 
the position from which it is observed. This is due to the angle factor or view factor 
component of the radiant temperature.
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8.1 Radiant Heat in an Enclosure 
Determining the heat interchange between a person in a room and the surfaces is 
complicated. Let us for a moment consider the case of a radiant body in an enclosure.

A model is developed from the simplest combination and then complicated. 

The simplest model of a radiator is a blackbody, which absorbs and emits all the radiation 
impinging on its surface.

According to the Stephan-Boltzmann Law the heat emitted by a blackbody is 
proportional to the fourth power of the Absolute Temperature

Q = A s T4 = AEblackbody

where Q has units of Watts, A is the total radiating area of the blackbody, and σ is the 
Stefan-Boltzmann constant. 

For a small blackbody at absolute temperature T enclosed by a much larger blackbody at 
absolute temperature Te there will be a net transfer of heat flow of

Q = A s (T4 - Te
4)

This is caused by the fact that not only does the small blackbody radiate heat from itself 
to the enclosure by, because the enclosure is not at absolute zero it will receive heat back 
from the enclosure surfaces. The heat it gets back is dependent upon the fourth power of 
the enclosure surface temperature so the result is a net heat flow between the small black 
body and the enclosure.

Most bodies do not emit as much thermal radiation as a blackbody does. They have 
surface emissivities  ε of less than 1. Provided that no particular wavelength is favoured 
in the emission these are referred to as grey bodies. The equation then becomes

Q = Ae s (T4 - Te
4)

However this equation holds for when the whole of the small body can beeen seen by the 
whole surface of the enclosure and vice versa (i.e. the small blackbody is at the centre of 
a spherical enclosure and sees nothing else.

This is seldom the case. For the case where two objects can see more than just each other, 
or only part of the other surface, a correction factor is introduced called the “view factor” 
or “angle factor”. This makes the heat transfer calculation significantly more involved 
and complicated in real situations.
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The view factor F12 is used to adjust the equation for the fraction of the thermal power 
leaving object 1 that reaches object 2. So the transfer equation from object 1 to object 2 
becomes

Q1->2 = A1F12e1sT1
4

The reverse situation is the heat flow from object 2 to object 1. Here the equation 
is :

Q2->1 = A2F21e2sT2
4

The heat flow transferred from object 1 to object 2 where the two objects see only a part 
of each other and nothing else is given by:

It is geometrically impossible for the two objects to only see part of each other and 
nothing else, but it allows the development of the next stage of the equation. 

Suppose there to be two objects surrounded by a third enclosure. This enclosure is 
assumed to be able to absorb and emit radiation but does not lose heat through conduction 
to a separate external environment. All heat energy absorbed by the enclosing surface 3 
will be readmitted to the system. This leads to the more complicated equation for the 
transfer of heat from object 1 to object 2 of:

These factors are extremely difficult to calculate depending upon not only the shape of 
the room but the size and posture assumed for the human body as will be seen later.
 
There is a reciprocity relationship for view factors 

A1F12 = A2F21

From which the value of F21 can be deduced if the value of F12 and A1 and A2 are known.

8.2 Practical Calculation of Mean Radiant Temperature. 

As can be seen from the previous discussion the calculation of the mean radiant 
temperature involves the calculation of complex angle factors. Fortunately it has been 
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found that a good working approximation of the Mean radiant Temperature is obtainable 
from six measured values of the Plane Radiant Temperature  ( Innova 2002))

MRT sitting =

0.18*(tpr[up]+tpr[down]) + 0.22*(tpr[right]+trp[left]) + 0.30*(tpr[front]+trp{back])
  2*(0.18+0.22+0.30)

MRT standing =

0.08*(tpr[up]+tpr[down]) + 0.23*(tpr[right]+trp[left]) + 0.35*(tpr[front]+trp{back])
2*(0.08+0.23+0.35)

See appendix 3 for a validation of this approximation.

8.3 View Factors between parts of the same body.

Soerensen (2002) looked at the view factor between the different parts of the human body 
and found that in some common seated postures radiation between different parts of the 
individual body are significant and that the posture of the body made a significant 
difference to the view factors between the body and the six room surfaces.

In the Fanger model of radiation between a body and the wall surfaces the posture of the 
body was one of the body being seated upright with legs together and with hands resting 
on the thighs, the arms being close to the torso.

Soerensen looked at a slightly varied posture. His manikin had legs apart and the torso 
leaning slightly backwards at an angle of more than 90 degrees to the thighs and with 
arms hanging down (this he referred to as the “present posture”). This posture was 
deemed more applicable to the position in an automobile seat, but it may also be quite 
valid for someone slumped down listening to a not particularly stimulating preacher. 
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Figure 10 - View Factors for Body segments (Soerensen 2002)

The view factors between the different body parts and each other, and the room surfaces 
are shown in table 1. So for instance the view factor between the left thigh and the chest 
is 1.332% and between the chest and the left thigh is 1.097%. Note that angle factors 
between surface A to B is not necessarily the same as angle factor from B to A because of 
the differing shapes (and hence the area) of the surfaces. 

Some radiation leaving a body part is intercepted by other body parts, so affecting the 
angle factor with the enclosure surfaces. Soerensen calculated the view factors for the 
outer surfaces of the manikin in his “present posture” the results are shown in Table 2
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Figure 11 - View Factors Body Outer Surfaces: (Soerensen 2002)

He then modified the posture by decreasing the space between the legs and moving the 
hands closer to the thighs. “This change was small compared to the difference between 
the present posture and the posture in Fanger (1970), but resulted in a decrease in view 
factor from 84% to 79%.” (Soerensen 2002).
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Figure 12 - View Factors Body to Outer Surfaces (Soerensen 2002)

Soerensen showed that the effect of posture was significant in its effect upon the view 
factor between the body and the enclosure, and hence the “effective radiation factor” used 
by Fanger in his calculations. Fanger had given a figure of 0.696 for the effective 
radiation area (the ratio of the area that is “seen” by the outer surfaces and the full surface 
area). Soerensens equivalent value for his posture is 0.84 with no body part radiating less 
than 70% to the outside surfaces. Hence the radiant energy balance in the Soerensen 
posture is significantly different to that in the Fanger posture. 

Tanabe (2000) had also looked at the area factors of the body in different postures and 
also found a difference between their figures and those of other researchers although his 
conclusion was that the “effective radiation area and effective radiation area factors for 
both standing and seated persons meet quite well with those of subjective experiments by 
Fanger”. 

Figure 13 - Effective Radiation Area and Area Factors (Tanabe 2000)
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The assumed posture will affect all studies of view factors, and is a detail that is often 
overlooked. It will also affect the thermal comfort of real people in real situations. 

9 Human Thermal Perception
Thermal sensation is not wholly dependent upon the temperature of ones surroundings, as 
one could be led to believe from some of the many works on Thermal Comfort following 
Fanger et al. Human thermal sensation is variable depending upon external conditions.
 
For example, at a leisure club, if one goes from a warm swimming pool to the Jacuzzi or 
hot tub one feels and increase in warmth of the water that wears off whilst one is 
immersed. When one then attempts to go back into the swimming pool the water whilst 
still being at the same “warm” temperature it was before, now feels cold. 

The philosopher John Locke described a simple experiment demonstrating this as far 
back as the end of the 17th Century in an ‘Essay Concerning Human Understanding’. In 
the experiment a person places one hand in a bowl of warm water and the other in a bowl 
of cold water. After a short time, both hands are placed in a third bowl of water at an 
intermediate temperature. The hand previously in the warm water feels cool and the hand 
previously in the cold water feels warm even though they are actually at the same 
temperature.

This adaptive ability of the human body has a bearing on the question of thermal comfort, 
for designers and architects and in situations where steady state conditions have not been 
reached, or are difficult to maintain , such as in our intermittently heated church 
buildings. Zhang (2003) looked at the human physiological side of thermal comfort.

9.1 Thermal Sensation

The hypothalamus is the area of the brain that controls body temperature regulation by 
triggering sweating or shivering responses. Signals sent to the hypothalmus register the 
conditions of the space around us. “Thermoreceptors” are either warmth receptors, cold 
receptors or pain receptors which activate in specific temperature ranges (Fig 12). The 
combination of signals from these receptors allows humans to perceive a range of thermal 
sensations from cold to cool, to indifferent, to warm to hot. 
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Figure 14 - Thermoreceptor discharge v temperature (Zhang 2003)

At high temperatures warmth receptors are inactive and it is the pain receptors that 
activate. At cold temperatures the same applies for cold/pain receptors.

There are about 10 times more cold receptors than warmth receptors Guyton (2002) and 
not all areas of the skin respond equally to thermal stimuli. Dallenbach (1927) found that 
much of the skin produces no sensation of cold when touched with a small-tipped cool 
metal probe.

When a thermoreceptor is subjected to an abrupt change in temperature, it is initially 
stimulated strongly. This stimulation rapidly fades during the first minute following the 
temperature change, and then more slowly (Fig 13) until it reaches a steady response rate. 
The response to steady temperature states is at this lower rate.

When a part or all of the body is subjected to a change in environmental conditions the 
sensation caused by the change soon ceases.
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Figure 15 - Response curves for thermoreceptors (Zhang 2003)

This “adaptation” happens within one or two minutes (Hensel 1981), or even within 
seconds if the temperatures are only slightly above or below normal skin temperature 
(Haber 1958). The skin temperature can adapt to temperatures between 29 and 37 Celsius 
(Kenshalo 1970). 

When a local area of skin has adapted to a temperature, the skin temperature can fluctuate 
within a range of temperatures either side of the adaptation temperature without 
producing any temperature sensation. This is known as the ‘neutral zone’.
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Figure 16 - Thermal Neutral Zone (Zhang 2003)

This is important in understanding the applicability of the work by Fanger and others, to 
practical situations. The thermal sensations of Fangers’ subjects were recorded after they 
had been acclimatized (i.e. their body had adapted) to the stable thermal environment in a 
climate chamber for a number of hours. Saberi (2005) points out that Fanger’s thermal 
comfort equation is therefore only applicable to a person in thermal equilibrium with the 
environment. This equilibrium is only attainable after an hour at constant conditions 
(Stenberg et al 1992). Many of the situations of interest, particularly in Church building 
and other intermittently occupied and heated building scenarios, have thermal changes 
and adaptation requirements which push the boundaries of these time limits.

9.2 Thermal Regulation

When people enter a warm or cold room they experience a sudden temperature change 
sensation before either the body core and skin temperature have adjusted to a steady state 
level.
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9.2.1 Sensation differences of different body parts

Zhang (p235) and Li et al (2005) found that some body parts experience relatively 
different levels of maximum comfort by local cooling or heating when the whole body is 
warm or cool, and that some parts of the body have a bigger influence on overall comfort 
than others.

Zhang found that the influence, for the same body part, for the same temperature rise, is 
not the same from cooling and heating. For example, a warming face makes a stronger 
contribution to the sensation of feeling warm than a cold face does to the sensation of 
feeling cold for the same temperature deviation from the neutral zone. The most 
comfortable environment was found to be with a cool head and warm feet. The level of 
maximum comfort increased when a person had a warmed back and the whole body is 
cold.

Thermal sensation does not necessarily depend on skin temperature. Body parts with the 
same local skin temperature feel relatively warmer when the rest of the body is colder and 
colder when the rest of the body is warmer. This effect depends more on the warmth of 
the body than on the warmth of the room.

The response of the body to cooling is much stronger than that to heating, possibly 
explained by the higher number of cold thermoreceptors already mentioned.

9.2.2 Zhang Thermal Sensation Model

Zhang proposed a thermal sensation model based on both static (steady state) and 
dynamic components in order to model the thermal sensations under transient conditions, 
and under non symmetric conditions.

The dynamic sensation can be large and explains the sudden temperature change feeling 
experienced when people move between very different environmental conditions (e.g. the 
hot tub/ swimming pool scenario, or entering a cool church from a hot lobby).

Zhang’s model is criticised by Sakoi (2006) who stated that “since heat transfer rate is an 
important factor when considering thermal environments, the effect of this factor is 
expected to be included in the human thermal comfort model for a non-uniform thermal 
environment”.
 

9.3 The influence of colour

It is a widespread and long held belief that colour can impart apparent warmth. Paints are 
described as “warm” reds and “cool” blues. This implies there is an interaction between 
the colour or hue experienced by a person and their thermal comfort. 
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Figure 17: Manabe (2003) Virtual Cube

Candas and Dufour (2005) made a study of the work done by other authors in the field. 
They found that there were insignificant differences between the effects of hues of 
different colours upon the perceived effect of being “uncomfortably warm” when doing a 
task under different lighting conditions. They conclude that there was a “strictly 
intellectual effect” in operation from the perceived belief, but that there was no real effect 
upon ones thermal comfort.

They found that thermal comfort “is not strictly associated with a given thermal 
sensation”, and highlighted the dependency of the thermal sensation on the initial skin 
temperature more that on the colour of the surroundings.

10 Multi Body Angle Factor Issues.

Many Computational Fluid Dynamic (CFD) models, and most climate chamber tests are 
performed on models which assume zero or single person occupancy of a rectangular 
shaped room and a simplified 
layout with no clutter.

10.1Multiple 
Occupancy Issues 

Manabe et al (2003) looked at a 
more detailed model of the 
indoor thermal environment. 
They produced work based on 
the view (or as they refer to them 
shape factors) for a person seated and standing at the centre of a room with other persons 
around them. In order to do this they used a calculation method using a virtual cube 
developed by Manabe in 2001 (see fig 17) and dividing each of the faces of the cube into 
9000 divisions. They then produced a perspective projection of their model human body 
model onto each cube face and from this produced a total shape factor of the human 
body.

In real situations the layout of the furniture, wall coverings, and other people as well as 
the observational position will affect the mean radiant temperature experienced by the 
observer.

Manabe extended this model with the inclusion of regularly arranged other bodies 
representing multiple people in a room. 

The geometry of the models was based on 1, 9, 25 and 49 occupants. These were 
arranged in 1x1, 3x3, 5x5 and 7x7 arrangement and the shape factor of the central person 
derived.
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Figure 18 -  Geometry of the 49 occupancy room (Manabe 2003)

This arrangement is of interest in a Church situation where often the pews are fixed and 
the seating arrangement can be very much one behind the other and one person on each 
side.

Manabe found that the influence of the shape factors of the other occupants became 
increasingly significant as the number of occupants increases illustrated in Fig 12. This 
demonstrated how people who exist in a subject’s surroundings affect the subject’s 
thermal radiation environment. Thermal radiation between the subject and the walls of 
the room are interrupted by the interposition of the other bodies. Given the probable 
higher surface temperature of the other bodies than that of the building component 
surfaces this has the effect of increasing the mean radiant temperature.

The result of the work is a demonstration that the surface temperature of furnishings and 
people in a room will have a greater effect on the mean radiant temperature and hence the 
PMV / PPD than is allowed in the standard CFD models.
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Figure 19 Graphs showing the increasing significance of the shape factors other occupants in a room 
and the effect upon the mean radiant temperature ( Manabe et al 2003 )
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11 Development of church interior layout, furniture and 
heating requirements.

11.1Seating
The development of seating in churches has had an effect on the thermal comfort of 
worshippers which can be understood in light of the influence of the arrangement of the 
other occupants on the radiant temperature experienced by occupants of a room.

Attending church in the early Middle Ages was more like going to a rock concert or 
football match, than a church service we would recognize today. People came to watch as 
supporters, not to join in. In the early church people stood to worship, often through long 
liturgies. There were no hymns to sing, not usually a sermon to listen to, and not even 
anywhere to sit. Instead the people came to church each Sunday and stood to watch the 
priest - and to talk to their friends! The church therefore did not need heating, much like 
the terraces at a football stadium. It was there to provide a central place for the 
community to assemble and the ceremonies to be performed. And they kept the worst of 
the weather off.

The church building was mostly empty of special furniture so that it could also be used 
by the community for other things, much like a modern community centre or village hall.

Figure 20 - Bristol Cathedral Choir Stalls (www.answers.com)

In the great Cathedrals, the only place to sit was along the low stone shelf that ran along 
the side walls of the building, where sat those who were too weak or ill to stand; hence 
the saying, "The weak go to the wall".

Monastic life contributed to the spread of pews. Monks and some other clerics sat in the 
Quire or choir - a pew area between the people in the assembly and the altar. These stalls 
were mostly made of wood and generally enclosed the occupant on three sides, providing 
an element of comfort from draughts and the cold. Examples still in use today include 
those in Bristol and Manchester Cathedrals.

MSc:AEES Jan 2008 Page 54 Mark Ramsden



Figure 21 - Manchester Cathedral Choir Stalls (Ramsden)

Pew seating gradually evolved during the 8th – 11th Centuries. Haphazard or "bring-your-
own" seating emerged for laity: a chair here; a bench there; a mat on the floor. During the 
14th and 15th centuries this increased and by the 16th century pews were common. This 
development further separated the people from the priest and the liturgy - dividing the 
church up and keeping the laity at bay. 

Responsibility for the upkeep of the church was divided. Parishioners were responsible 
for the structure and upkeep of the nave (and possible the quire) and the priest responsible 
for the chancel, altar etc.

The reforms of the Tudor period placed the emphasis on hearing, not seeing. The 
congregation were no longer to be merely spectators. The English prayer book of 1547 
required that the congregation should take part in all aspects of the services, and required 
that the lesson be read. This had the effect of moving the focus of the worship from the 
chancel and altar to the nave of the church and the pulpit. (Ashman 1994)

The new style of worship required the congregation be seated for much of the service. To 
emphasise hearing the Word of God, the people sat. This brought about the next change - 
the introduction of seats in the nave. Only a few churches except in the south west and 
East Anglia provided seats. Benches were installed in some, but box pews, which reduced 
the draughts and cold became popular, being owned or rented by wealthier families. 
Some even installed their own stoves.
Now people were sedentary their metabolic rate was lower and their view factor with the 
building envelope was altered. 

11.2Heating 

In the nineteenth century, churches were equipped with one or more stoves which burned 
wood or coal (an example can still be seen in Pilling Old Church, on the Fylde, see Fig 
15), or later oil to heat the churchgoers. These stoves hardly influenced the indoor 
climate. If one sat too close one was too hot, and the heat radiating from the stove never 
reached the people sitting a longer distance away. The heat from the stove ascended 
directly above the stove into the ceiling vault.
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Figure 22 - Bench Pews and old stove at Pilling Old Church, 
(Fylde and Wyre Antiquarian)

From about 1890 air heating was used as a central heating system in many neo-Gothic 
churches.

From around 1920, central heating was installed as standard in churches. These at first 
consisted of a central coal or oil burning boiler and heating pipes through which hot water 
or steam transported the heat beneath the pews. (Limpens-Neilsen 2006)

11.3Comfort Demand changes
After the Second World War the living standard of people increased leading to higher 
comfort demands, in residential dwellings, office buildings and also in churches. Many 
“local” heating systems were replaced by ones which heated the whole indoor air volume 
to a temperature of around 12 Celsius. People walked to church and were dressed to feel 
comfortable in the cold winter outdoors. Then came the increase in popularity of the 
motor car as a means of getting to church, in the cars heated interior, and with it an 
increase in the comfort demands. No longer were people dressed for the outdoor climate 
since they were no longer exposed to the cold environment. They may experience the 
cold crossing the road or the car park, but not for longer periods such as walking all the 
way from home to church. No longer had they generated heat within their clothing 
through exercise by the time they had reached the church.  

People began to expect an indoor environment in which they feel comfortable, with their 
regular clothing, as they entered the church. No longer was 12 Celsius satisfactory, so the 
indoor temperature was raised to increase the comfort level. This comfort level varied 
depending upon the habits of the congregation. For example Nielsen (2006) points out 
that Roman Catholic churches were heated up to 15 Celsius as the worshippers wore their 
coats, whereas many Dutch Reform churches were heated up to 20 Celsius because they 
removed their coats when they entered church.

In the CIBSE guide the recommended temperature is given as 18 Celsius. In many of 
today’s churches the temperature never gets to this level, and 13 – 16 Celsius is still often 
the temperature range achievable.
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12 Wall Coverings and Thermal Comfort

It is well know that covering thermal mass inhibits its use for thermal storage in passive 
heating/cooling mechanisms. This is normally seen a bad thing, with recommendations to 
not carpet stone or quarry tile floors when their thermal mass is needed to be used in a 
free running building. However in moderate climates such as the UK where there is little 
benefit from solar gains in the winter months, this counter use to the normal passive 
design (i.e. covering the internal thermal mass to effectively disable it) may be what is 
required. In the summer months the thermal storage should be used to keep the building 
cool. The exposure of mass within the building has a significant role; hence covering the 
surfaces will reduce the effective thermal capacity of a space (Balcomb 1983)

In Europe, during the Middle ages, peasants would hang 
skins or lengths of cloth on the walls of their houses during 
cold weather. This created an extra insulating air space and 
a radiation barrier between the inhabitants and the cold 
exterior wall [Heschong p36]. Royalty developed this into 
the weaving of very ornate pictoral hangings, tapestries, to 
grace the walls of their castles.

A similar system was developed by the Mughuls in India 
to insulate their open and airy stone palaces in winter. 
They hung thick carpets on wall hooks one or two thick 
creating an insulating tent within the room.

The beneficial effects observed have been primarily 
attributed to the insulating properties of the wall linings, 
by the addition of extra layers in the construction of the 
walls; and to their draught proofing properties. Since 
Fanger’s work in the 1970's there has been an increased awareness of the contribution of 
radiant heat and draughts on thermal comfort. 

Studies by Haynes, Ball and the Carpet and Rug institute showed that the thermal 
conductivity of a floor covering material is inversely proportional to its thickness. This 
linear relationship between thermal resistance and thickness was also show to hold by 
other researchers. The reason is taken to be largely due to the amount of air trapped inside 
the fabric structure. Napped and pile fabrics usually have better insulating values than 
smooth surfaced fabrics.

12.1Reagan and Villasi Study
Barbara Reagan and Ludwig Villasi (1982) produced a study of the thermal properties of 
wall covering materials. They studies the increased insulation available via the thermal 
transmittance characteristics of 15 wall coverings, using a hot/cold plate technique.
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Figure 23: Hangings on 
the Pillars in Mancheater 
Cathedral - improve 
surface radiant 
temperature as well as 
being decorative 
(diggerjohn.blogspot.com)



In this study they looked at the insulating properties of 15 wall coverings common in the 
1980s.(There do not appear to have been many if any updates to this research using more 
recently available materials).

The 1982 study looked at the thermal conductivity of the materials using a guarded 
hot/cold plate method. The fabrics were of different weights and constructions 
characteristics and had differing backings (Appendix 4)

They found that there was a difference in the rank order of the thermal conductivity 
coefficients and the thermal transmittance, which indicated that “fibre and fabric 
construction characteristics significantly affected the thermal insulative properties of wall 
coverings”.

They found that fibre microconstruction, long staple length5, and low crimp6 in flax fibres 
usually provided less insulation than highly crimped, short staple length fibres such as 
wool or texturised synthetic fibres.

They concluded that vertical cords, braids, and ribs increased heat loss in the wall 
covering fabrics but came to no conclusion about the effects of the different backings, 
except that the interactions were “complex” and should not be oversimplified.

Reagan and Villasi did not look at other thermal characteristics of the materials such as 
the thermal effusivity, specific heat, thermal mass or their emissivity.

The results confirm the established position of tapestry coverings being used for their 
insulation and draught proofing qualities but do not show anything to do with their use as 
lightweight linings in high thermal mass buildings.

The studies at Marton showed that the characteristics of wool baize was such that it 
reacted rapidly to changes in air temperature and can be used to disguise the coolness of 
the wall and the thermal mass behind it in terms of radiant heat exchange during a heating 
cycle.

12.2Wood Panelling

Wood panelling has been used in many buildings to increase the thermal comfort. It is 
found in many historic houses and the beneficial effects are well known. An example of 
this was found at Sizergh Castle where the oak panelling had been removed from one 
room to the Victoria and Albert Museum in London. According to the custodians, when it 
was recently returned and reinstalled in its original room, the effect on the internal 
environment was subjectively reported as being “very noticeable” and it was “a lot 
warmer”.  

5 Staple length refers to the average length of the individual fibres making up the yarn.
6 Crimp – “In order for staple fibres to be spun into yarn, they must have a waviness, or crimp, similar to 
that of wool”. (Encyclopedia Britannica)
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It was not only in stately homes that oak panelling was installed. In Manchester Cathedral 
the stone walls of the Chapter House are clad in oak panels to improve the comfort. The 
radiant temperature of the oak panels was 4 ºC greater than the neighbouring stone walls. 
The air temperature was  21.5  ºC – and felt too warm on a cold winters' day in December 
2007. The panels are only to a height of around 7ft which due to angle factors is the 
maximum beneficial height. 

Lechner (1991) found that under steady state conditions 2.5cm of wood had the same 
thermal resistance as 30.5cm of concrete. This is due to the air spaces created by the cells 
in the wood. The delay in heat conduction by 2.5cm of wood is very short because of its 
low heat capacity. Masonry presents a much large time delay due to its higher heat 
capacity.

13 “Energy Savings in Religious Buildings” Report - 
Methodist Church /BRE

In July 2003 the Methodist Church and the Building Research Establishment produced a 
report “Energy Savings in Religious Buildings” which was the result of 5 project studies 
undertaken at a number of churches in the United Kingdom, including Keelby Methodist 
Church, Rugby Methodist Church and Whissendine Parish Church. The selection of 
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Figure 24: Oak Panelling Sizergh Castle (N.T)

Figure 25: Oak Panels Manchester 
Cathedral 

(diggerjohn.blogspot.com)



which buildings was made so there was a range of building types “medieval, Victorian 
and modern church premises”.

This report is not widely accessible so some pertinent results are reproduced here by 
permission7.

In the Methodist Church all requests for alterations to a building have to be approved by 
the Central Property Office in Manchester. There have been no requests for modifications 
to add air conditioning into a building to alleviate summer overheating, and it is not 
considered a problem with the structures as currently employed. The problem in the UK 
focuses on the energy usage during the winter heating period which generally runs from 
the end of October to the end of March.

In the study a “comfort man” rig was developed, which consisted of air and black bulb 
temperature measurements taken at ankle, midriff and head height. Air temperatures were 
taken with a probe at midriff level and humidity with a probe also at midriff level.

13.1Tests at Keelby Methodist church

Keelby Methodist Church has solid masonry walls, a wooden floor (carpeted), semi 
circular pew arrangements and is used 
for 2 services a week. It is an example 
of a fairly typical “modern” Methodist 
church. 

The church was left to warm up for  3 
hours whilst readings were taken of the 
air and surface temperatures and the 
“comfort man rig” was used to log 
comfort conditions from a position 
within the pews, so simulating the 
effects felt by a real person.

There was no air velocity 
measurement, and an assumption that 
“the air velocity is sufficiently low as 
to be insignificant” at 0.1 m/s.

7 Following a visit to the Methodist Property Office, Manchester to see the report copy and notes
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Figure 26: Interior Keelby Methodist Church 
(MC/BRE 2003)



Figure 27- Comfort Plot – Keelby MC: Source Methodist Church / BRE

Figure 28 - Keelby MC Heating up profile: Source Methodist Church / BRE

The recordings were made prior to the morning service and then data collection stopped 
during the service itself and resumed again for the warm up period prior to the evening 
service. 
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A series of graphs of Air temperature/ % comfort versus time were plotted. Then from 
each of these the time taken to reach the minimum comfort standard was calculated and 
plotted as a function of the initial start temperature in the church.

At Keelby it was found that the warm up time of the church is not dependent upon the 
ambient temperature but on the temperature of the church itself. 

Figure 29 - Effect of initial ambient temp on heating up time Keelby MC: Source Methodist Church / 
BRE

13.2Relationship between initial church temperature and warm 
up time

The relationship found between the initial church temperature and the time taken to heat 
the indoor environment up to the minimum comfort standard was not linear as had been 
expected. Instead it was found that

Time = A e(-bt)

Where Time is the time taken to reach minimum comfort levels, A and b are constants 
found by linear regression and t was the start temperature in the church. For Keelby A = 
3610 and b = 0.339. These will be expected to vary between buildings.
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The heat up time is therefore highly sensitive to they initial church temperature. It was 
found that it takes one hour longer to heat the church up to minimum comfort levels if the 
temperature starts at 8 C than 9 C

This dependency makes it extremely difficult to know when to start the heating system in 
order for the temperature to reach “comfort levels”.

This result indicates the potential energy savings which could be obtainable by 
optimising solar gain during winter months. Any gain in initial temperature due to solar 
gain would have a significant effect in reducing the length of heating time so reducing 
energy requirements. This implies that there should be attention given to ensuring that the 
solar gain is maximised during winter months by paying attention to the cleanliness of the 
south facing windows, and ensuring that vegetation that sometimes is used to give 
“privacy” and shelter to the church garden does not obstruct the low lying sunlight.8

The study also found “significant variation in air and radiant temperatures measured at 
the ankle, abdomen and head heights in the main body of the building during the warm up 
period”. 

The comfort levels during the warm up and cool down periods were studied and there 
were found to be different comfort levels for the same air temperature during the two 
periods due to the differences in the radiant heats from the walls, ceiling and floors 
during those periods. During the warm up the walls heated up slower than the air, in the 
cooling down period they cooled less rapidly than the air giving the observed result.

One of the conclusions from the projects was that in the case of “a large heavyweight 
building with a slow acting system used intermittently” there is a” fundamental problem 
with measuring a value of anything that may be used sensibly to control the heating 
system”. There was “no single temperature measurement that could be regarded as 
typifying the state of the building”. The suggestion is made that a thermostat on the wall, 
as used in most churches is “unlikely to represent anything of value for controlling the 
system”. [BRE/MC 2003 p7]

Another conclusion is that it is extremely difficult to give overall advice on the heating 
systems to be employed because what would work in one church may fail in another due 
to the vast range of different constructions used. In some cases the building may need to 
be heated on a continuous basis to maintain the integrity of the building fabric or 
historical artefacts stored there. 

8 In the Marton experiments it became obvious that the screen vegetation was blocking the low level 
sunlight for a great period of the day (which made the sanctuary a useful test cell).
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13.3Limitations on Keelby results.
The cessation of measuring during the service means that there is no data available of the 
influence of the radiant heat of other occupants on the thermal comfort as postulated by 
Manabe at al [2003] 

Because of the design of the test rig, there is no effect on the thermal comfort 
measurements from other body parts as would be expected as postulated by Sorensen 

The black globe used to measure the black globe temperature is known to overestimate 
the radiation coming from the floor and ceiling because of a difference in the shape of the 
globe compared to that of the human body. There is also a 20 – 30 minute response time 
for the globe which is significant compared to the 60 -90 minutes of the church service.

They draw a conclusion that “the way to really optimise the control of heating systems is 
to measure the comfort at a position where the congregation is present”. What the 
conclusion does not consider is the problem of interference from the surface heat of the 
clothing of the congregation – something found in the current study to be significant. The 
difficulty would be the effect when there was a sparse congregation but with people 
seated around the measurement area. This would result in an incorrect reading due to 
localised warming

14 Analysis of Results

14.1Analysis of Marton Results

The first Marton test showed that the building exhibited the required heavy thermal mass 
characteristics suspected, and required for the study. 

When using the church’s heating system, the surface temperature of the lighter thermal 
mass material more closely followed to the air temperature than that of the wall. The wall 
temperature to air temperature difference was significantly increasing during the heating 
test to a maximum of 4 K after 4 hours. The wall hanging and oak pew gave a closer 
correlation to the air temperature resulting in a temperature difference which would 
prevent unacceptable down draughts

Using the work of Heiselberg on convective down draughts, the results indicate that the 
use of either banners or oak panelling on the walls would help reduce the convective 
down draught effects felt from the walls. However as most of this effect was from the 
double glazed windows the effectiveness of this solution is probably limited in this 
church. With a banner there may be a problem with the air gap between the banner and 
the wall succumbing to a down draught effect.(This effect was seen in the billowing of 
curtaining used in Layton to facilitate overhead projection which coincided with the 
convective downdraughts experience from the window adjacent.)
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The effect of the differential in air temperature and surface temperature was more 
obvious in the observations at Layton where a convective downdraught occurred 
from the window that has not radiator under it and this had a significant effect on 
the thermal comfort experienced by those sitting in the from row of the pews. This 
downdraught pulsed, starting and stopping in a 4 minute cycle – the draught 
stopping as the temperature difference was reduced by the cool air. As the air 
temperature rose again another pulse was seen to deflect the candle flames.

The results from the radiative tests on the pew and the wall showed the beneficial effect 
that wood panelling would have on the mean radiant temperature of the room, under 
radiant heating – such as solar gain through the windows, or from the occupants of the 
pews as observed in the Layton Tests . The wood heated up more rapidly than the brick 
as expected validating the relationship between surface temperature and the thermal 
properties thermal conductivity (l), specific heat (c), and density (r), and the air to 
surface temperature difference.

ΔTwall(t)    ( Tair  - Twall) √t 
 √(λρc)

The Radiant heat tests showed that there is a potential beneficial effect on radiant 
temperature available by  using banners over the walls. This was more pronounced with 
radiant heat than when using the convection heating, but the effect was also short lived. 
When the radiant heat source was turned off the beneficial effect of the banners was 
reduced rapidly by heat losses to the walls. 

The amount of radiant energy had a significant effect on the shape of the heating curve 
for the wood pew. In test 3 there was insufficient radiant energy to raise the temperature 
above the wall temperature – the thermal inertia of the wood was greater than the heating 
capacity. With twice the energy the inertia was overcome and the heat went into the wood 
where it resulted in a much higher temperature increase.

When considering the covering to be used the amount of thermal energy available has to 
be taken into account as there appears to be a threshold under which no beneficial effect 
will be observed.

The Marton 6 test gave heating curves for two consecutive Sundays for the same heating 
period. The temperature increase was dependent upon the initial start temperature as 
predicted by the BRE/Methodist Church study..

The heating effect was fairly similar over the four hours 7 ºC when starting from 14 ºC 
and 6.5 ºC when starting from 11 ºC.

There is sign of thermal stratification in the building even with this level of heating.  The 
foot level temperature was actually high enough to be comfortable. The measurement are 
the air temperatures and do not take account of the 
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Height of logger (m) Temperature ºC
2.65 21.5
2.0 21
0.95 19.5
0.1 19

Although the air temperature was at 20 ºC the congregation still reported feeling cold. 
There were only 13 people attending the services and they were scattered around the 
church.  They gained no beneficial radiant heat effect from the other members of the 
congregation and there is no sign of a significant heating effect from this number of 
congregation members as is found in  Marton 7 tests. The surface temperatures were 
measured at 11.6 ºC on the first test and were not available for the second Sunday.

The extended heating test at Marton (7) showed that during the 9 hours heating the 
temperature increased by 7 C, from 8.5 ºC  to 15.5 ºC (at the thermostat ).

When the congregation of 57 people entered the church warmed up more rapidly, and in a 
more linear fashion.

The two dataloggers attached to the wooden pews (T5 and T6) showed a higher heating 
rate than the datalogger  attached to the wall by the thermostat, and attained a higher 
temperature overall.

MRT results (seated) based on the surface temperatures of the walls were calculated as 
12.6 ºC at the beginning of the service and 13.6 ºC  at the end. The effect of the radiant 
heat of the congregation despite wearing outdoor coats was significant in warming up the 
walls. 

These temperatures correlate to a PMV of -1.2 and PPD of 33.9 at the beginning of the 
service and PMV -0.4 and PPD 8.2 at the end.

Despite air temperatures and wall surface temperatures well below comfort levels the 
congregation reported feeling “slightly warm”during the service which would be that 
expected if the effect of the surface temperature of other congregation members at around 
22.5  ºC is taken into account. 
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14.1.1 Temperature Increase v Initial Temperature of the church.

The relationship between the initial temperature of the building and the achieved 
temperature increase in the Marton Church over a 4 hour period was found to be 
apparently non-linear, although the lack of figures for starting temperatures of  12  ºC and 
13  ºC cannot confirm that the 14 ºC figure is not an anomaly. This complicates the 
planning of the heating system switch on time. The MC/BRE 2003 studies found that the 
time taken to achieve comfort levels was also non-linearly related to the initial 
temperature

14.2  Analysis of Layton Results 
The measured radiant temperatures detected were raised from the actual surface 
temperatures of the enclosure. This is as predicted by Manbee and is due to the presence 
of other occupants within the church. 

The radiant heat from the surface of the other occupants was found to make a significant 
contribution to the plane radiant temperatures when they were in the direction being 
measured. The average surface temperature of the congregation taken from a sample of 
10 members with differing attire was 22.4 ºC confirming the figure calculated by the 
Thermal Comfort Spreadsheet model produced by Gilbert.

In the tests the other occupants in the room, if within the field of view of the view factor 
contributed around 50% of the recorded plane radiant temperature. This can be explained 
by the view factor of the occupants so confirming Manabe’s model.

The consideration of the surface temperature effect of other occupants is often missing 
from computational models which are based on simplified models and concern 
themselves with only the enclosure temperatures.  This would be expected to make the 
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Figure 30: Temp Increase v Initial Temp - Marton MC
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prediction of PMV too low but only by approximately -0.1 and around -4% PPD in the 
models compared to real life situations.

The effects of the other occupants only affected the radiant temperature of the vertical 
surfaces, the up and down measurements were unaffected as there were no other 
occupants in the field of view.

Whilst measured radiant temperature changes on the vertical surfaces were affected by 
around 3 ºC the resultant increase in calculated mean radiant temperature is only of the 
order of 1 ºC. 

This could be extrapolated for fabric coverings. The increase in radiant temperature of the 
wall covering over the brick wall is only around 3 ºC, similar to the human surface 
contribution. Given that any fabric wall covering could not cover the windows, and the 
would not cover the whole of the wall surface the actual effect that could be achieved for 
fabric is less than that of the human contribution – a predicted  decrease of  less than 4% 
in PPD.

14.3  Observations at Layton
14.3.1 The beneficial radiative effect of wooden pews

In Layton it was found that the pews themselves made a contribution to increasing the 
mean radiant temperature, and hence thermal comfort of the observer. During the service 
the radiant temperature on the pew back in front of the observer increased to 19.2 degrees 
directly in front of the observer compared to 17.4 degrees at 35 cm either side. This 
heating was due to the radiant heat from the observer’s body being re emitted back. The 
observer was wearing denim jeans and had a leg surface temperature of 24.3 degrees and 
a clothed body temperature of 22.6 C.

A similar result was not found for an equivalent test carried out with the more popular 
upholstered chair that is being used in churches to replace pews, the back surface of the 
chair rising only with the ambient air temperature. There was some compensation for this 
when the seat was occupied where the heat from the lower back of the occupant in front 
was at 22.1 C. However when the seat in front is unoccupied the effect from a pew 
remains, from an upholsted seat does not.

The beneficial effect can also be understood by considering the effect of the pew back on 
the view factor with the floor, which has been seen to be highly significant for a seated 
person (Manabe). A large proportion of the body trunk to floor view factor is obscured by 
the pew back. As the floor tends to be one of the coldest areas the effect of the increased 
radiant temperature of the pew back is enhanced.
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14.3.2 Convective Downdraught

During the service the ambient air temperature increased to 17.6 ºC due to the heat given 
off from the number of attendees. The windows were at a temperature of 11.8 ºC, A 
downdraught developed which cooled the front of the church. The velocity was such that 
the Advent candle flames were deflected over to an angle of over 45 degrees.

The downdraught only occurred from the window which had no radiator beneath it, the 
other windows on the south side which did have radiators  were not affected, as predicted 
by Myhren and Holmberg (2007) 

15 Conclusions and Recommendations
The aim of this thesis was to investigate whether, by adapting techniques used in the past 
such as the hanging of tapestries and banners, it would be possible to improve the thermal 
comfort in thermally massive and infrequently heated buildings and by doing so reducing 
the energy requirements for heating during the winter months.

Banners and tapestries can be used to enhance not only the aesthetic and acoustic 
properties of the church but, if positioned correctly, can improve the mean radiant 
temperature and hence the thermal comfort of those attending worship. This effect is 
particularly felt in services which have low attendances. However, the effect of wall 
hangings becomes insignificant compared to the radiant effects from other members of 
the congregation when there is a medium or large congregation.

Even though the radiative effects of other occupants has been found to be a neglected 
effect in many of the computer models, this investigation has found it to be a major 
contributor to the mean radiant temperature. The recent trend of holding services “in the 
round” means that a lot of the benefit derivable from the radiant temperature of other 
occupants is lost. Ironically the trend towards these styles of services tends to be in 
churches who think themselves environmentally aware. 

During the research undertaken for this thesis it has become apparent that the creation of 
a lightweight structure within a heavyweight building is one that has been adopted many 
times over the centuries. The ornate choir stalls of cathedrals, the oak panelling in stately 
homes and castles, and box pews in more austere “low” churches, are all excellent 
examples of this arrangement. The sustainable architectural movement can learn much by 
reconsidering and relearning old skills and practices.

Due to the way that the human body reacts to temperature changes, the way that 
vestibules are heated needs to be considered. Often one enters from the cold into a heated 
vestibule or lobby which is at a significantly higher temperature than the worship area. 
Here the congregation assemble and chat before the service, all the while their bodies 
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reacting to the warmth. They then enter the cooler worship area and it feels cold 
compared to the vestibule. Reducing the vestibule temperature to an intermediate 
between the church and the cold external temperature would not only save energy but 
would reduce the feeling of thermal discomfort felt on entering the worship area for the 
service.

Several potential problems with heating strategies have been identified. If the interior air 
within the church is heated rapidly whilst the building surfaces remain cool there is the 
problem of convective down draughts caused by the height of the glazed surfaces and 
walls. Not only does this cause thermal discomfort due to the draught, it also carries cold 
air into the church body. This is a far greater issue with high ceilinged, intermittently 
heated buildings than the more obvious issue of thermal stratification. There is the 
potential for churches to waste a lot of money draught proofing their windows only to 
find that the problem of the draughts is not eradicated. The design of windows should 
tend towards being tall and thin, rather than square, and spaced apart at least one half of 
the smaller window dimension.

Positioning radiators under the windows prevents the draughts and whilst the heating of 
the glass surfaces, and the loss of heat through the glass is not efficient in energy saving 
terms if the building is regularly heated and follows the standard heat loss models at 
equilibrium, for an intermittently heated church, which rarely gets to equilibrium state, it 
makes a significant difference due to the deflection of radiative discomfort effects, and 
the turbulent mixing of air preventing laminar flow down draughts.

In historic churches a beneficial thermal comfort effect  was obtained by the use of 
wooden choir stalls which kept the clergy not only free from draughts but raised the mean 
radiant temperature experienced. These also formed a thermally lightweight structure 
inside the heavyweight building protecting the clergy and choir whilst the common 
people in the nave had to cope with the thermal discomfort effects of the massive walls.

In the field research undertaken as part of this investigation,  wooden pews were found to 
have a similar beneficial effect on mean radiant temperature. They absorb and re-emit the 
heat from the occupant in the same manner as the choir stalls, but only front and back, as 
they do not wrap around like many choir stalls did. Box pews with doors are effective in 
also interrupting the cold convective draughts from spreading across the church floors. 

A recent fashion has been to remove pews and put in upholstered chairs. Whilst this may 
make the seating more comfortable for the congregation, and more flexible for different 
worship styles,  it has an adverse effect on thermal comfort in terms of decreased mean 
radiant temperature. This will have to be compensated for by greater energy usage due to 
increased time needed to raise the internal air and surface temperatures. This greater 
energy usage will also have a knock on effect with possible increased convective down 
draughts from walls and windows due to the higher temperature differences between the 
surfaces and increased air temperature. A solution to this would be to install wood 
panelling around the church. An alternative approach is to improve energy efficiency by 
increasingly the use of the worship area, for example by using it for community use, so 
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enabling the building fabric to remain warm (and reducing the heating hours to usage 
hours ratio). However a redesign of the building would still be required to maximise 
energy efficiency just as in any other multi purpose building.

Further research is required into non-equilibrium thermal situations. Understanding of the 
issues is hindered by the complexity of the interactions (and hence the variables) at work 
within buildings. Thermal Comfort models are but simplifications to enable these 
variables to be isolated and measured. In reality they cannot be isolated from one another. 
With ever increasing computing power it may be possible in the future to build multiple 
occupancy factors and non-equilibrium characteristics into computational models, but 
there is a long way to go, and field experiments will be required to validate them. 

The main limitations of the research were time and resources. The timetable for handing 
in of theses set by CAT/ UeL (January 2008) meant that the major period of cold weather 
experienced in the UK (Jan - March) was outside of the timeframe. Testing at Marton had 
to wait until the first cold weather period (late October). This meant that there was limited 
time available to reproduce results and develop secondary tests. The materials to be tested 
were also limited as was the capacity to use the heating systems within the church due to 
the cost of heating fuel, and the need to use Marton Church as a place of worship. It 
would have been beneficial to have looked at the effect of different materials and 
insulated backings for the banners, and their the effect their effusivities and emissivities 
had of the results.

The need to have different sized congregations to test for “Manabe” effects presented 
their own logistical difficulties, and dictated the location of the testing. This was 
facilitated by the increase in attendance over the Christmas period. The thesis structure 
was therefore greatly determined by the need to use secondary sources as the basis for the 
investigation. 

The work at Marton and Layton is ongoing. The aim is to reduce the energy demands of 
the churches by assessing different heating patterns. In light of the convective down 
draught effects due to the temperature difference between the air and the internal surfaces 
further research is required into whether it is more energy efficient to heat for a long 
period at a lower temperature or for a shorter period at a higher temperature to allow for 
the effects of thermal effusivity

Given the Christian Church’s desire to be a role model and offer a clear direction to their 
congregations and others on the issue of climate change, “One Planet living”,  and energy 
conservation the  current trend for modernisation of church interiors needs to be seriously 
considered in the light of  the findings of this thesis, in order to avoid another round of 
misinformed and misguided “renovations”.
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A comment on the CIBSE Classification

Compared to Museums and Libraries, with which they are classified under CIBSE 
thermal comfort guidance, the usage patterns of churches are peculiar as they are often 
used for intermittent periods. 

Some churches have been converted into community centres and halls, much the same 
function as their Saxon predecessors. In these buildings, with their more frequent usage 
patterns the classification may well be more valid, especially where the temperature and 
humidity levels are maintained in order to keep historic building fabric and artifacts 
housed there safe from decay. Some churches now house playgroups and/or other groups 
enabling them to pay for the regular heating that brings the building into the classification 
with the other buildings. 

For those churches only open on a Sunday the classification does not appear valid. 
Perhaps a better classification would have been with theatres and cinemas were people 
also are mainly sedentary and are passively watching an event, although the usage of 
these buildings is more regular, and for a longer period, due to financial necessity, and 
the length of shows and films.
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17 Appendices

17.1Primary Research Test Methodology
Most studies in Thermal Comfort have been carried out in controlled conditions with a 
single person in a climate chamber with planar walls, and most of the fabric testing has 
been performed using test cells.

Several observations had already been made at a number of churches attended for various 
reasons by the author during August – October 2007, which indicated that a 2 ºC 
difference between a banner hanging on a wall and the wall beside it was a common 
experience for air temperatures around 14 – 17 ºC. It was decided that test cells would not 
be appropriate as the aim was to find what the temperature heating curves were like in 
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real situations where the room temperature acts as a heat sink to the banner temperature. 
In a test cell the internal environment tends to overheat beyond the range of temperatures 
one would expect in a real situation, so distorting the effects.

Tests to assess the heating characteristics of the buildings were carried out using 
dataloggers at both Marton and Layton prior to radiant tests being carried out.

Following the research on the work of Manabee it was also decided to test the effect of 
the other members of the congregation on the radiant heat distribution experienced by a 
member. This entailed a series of tests during different services, especially during the 
Christmas period when congregational levels were higher. These tests were carried out 
using the 6 direction approximation method for mean radiant temperature.
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17.1.1 Test Equipment

Data Loggers 
FromOmega Engineering and were the Temperature USB 
Loggers OM-EL-USB-1 and temperature/Relative humidity USB 
Loggers OM-EL-USB-2.

OM-EL-USB-2
TEMPERATURE AND RELATIVE HUMIDITY DATA LOGGER
(DEW POINT INDICATION VIA WINDOWS SOFTWARE)
TEMPERATURE
Range: -35 to 80°C (-31 to 176°F)
Resolution: 0.5°C(1°F)
Accuracy: ±1.0°C (±2.0°F)
HUMIDITY
Range: 0 to 100% RH
Resolution: 0.5% RH
Accuracy: 20 to 80% RH ±3.5% RH
DEW POINT
Accuracy (overall error in the calculated dew point for RH measurements from 40 to 100% RH @ 
25°C): ±2°C (±4°F)

OM-EL-USB-1
TEMPERATURE DATA LOGGER
Range: -35 to 80°C (-31 to 176°F)
Resolution: 0.5°C (1°F)
Accuracy: ±1.0°C (±2.0°F)

GENERAL
Memory: 16,000 temperature readings
Logging Interval: 10 sec. to 12 h.
Operating Temperature Range: 35 to 80°C (-31 to 176°F)

The IR Thermometer 
Model TN1 from Electronic Temperature Instruments Ltd. This has a 1:1 
target ratio and a variable emissivity setting. The emissivity was set at 0.93 
for the tests performed, as the  base material tested was brick masonry with 
an emissivity rating of 0.93
The accuracy of the thermometer is rated as “±2% of reading or ±2°C 
whichever is greater” and the resolution is 0.1°C

Instantaneous air temperature readings were taken using an IN-OUT 
Door Thermometer from Electronic Temperature Instruments Ltd ref 
810-080. The thermometer has an internal thermometer and an 
external waterproof probe on a 2m lead. This permitted two 
simultaneous readings to be taken.
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Resolution is 0.1°C and accuracy “± 1°C ± 1 digit”

Par Can Bulbs used were GE 300W PAR 56 MFL (product code 18677) rated medium 
flood bulbs run through a 4 channel rheostat controller.  

Buld Spec:
GE Product Code 18677 
Par 56 Medium Flood
Product Description 300PAR56/MFL 240V 
Volts 240V
Lamp Watts 300W 
Centre Beam Candlepower 30000 
Average Life 2000h
Base Extended Mogul End Prong (GX16d EXT)
Filament CC-13
Bulb Diameter (Metric) 178
Maximum Overall Length (MOL) 5.0000 in (127 mm)
Initial Lumens 3450

The input wattage was measured using an inline Amp/Watt meter ref 234774 from 
Tchibo Gmbh. The channel controller was set to maximum for the tests and the wattage 
output assumed to be spread evenly between the bulbs. This was verified using a 
photographic handheld lightmeter which showed an even distribution of reflected light 
from the wall surface for the centres of the bulb light beams. The light fell away from 
even as per the specification. The bulb beams were overlapped so as to give an even 
spread of reflected light over a narrow test area checked using the lightmeter. All 
readings of the radiant temperatures were taken from within this target area from a range 
of 10 cm. 

17.1.2 Calculation of PMV /PPD 

Calculations of PMV and PPD were performed using the Thermal Comfort Calculation 
Spreadsheet developed by Bobby Gilbert and described in Appendix B of his 2005 
Thesis.

17.2Method  Marton Methodist Church
17.2.1 Description of Building

Marton Methodist Church was chosen as the location for the tests because it has a 
reputation of being an “ice-box” .Its use is limited to only one service on a Sunday 
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morning so the test rigs could be installed and the system allowed to reach a steady state 
without being affected by the use of the building. The non-use of the sanctuary for other 
purposes could also be guaranteed as the authors wife was the Minister of this church. 
This made the conditions repeatable and measurable. The tests were carried out during a 
week of fine, stable and clear weather at the end of October 2007. 

The worship area was built in the 1970s “as cheap as possible” and heating costs were not 
thought “significant” at the time. It has solid brick walls and is double glazed on the south 
facing wall. The north facing wall is attached to a lobby which then connects to the 
church hall.
The sanctuary has its own gas fired heating system isolated from the rest of the building.

Test cell experiments were not used as it was already known that the thermal mass of the 
banners was lower than that of the walls, and it was decided that the focus should be on 
the effect of installing low thermal mass coverings in a live environment.

Figs 31-34: The interior of Marton Methodist Church, Blackpool
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Figure 31 Marton: Front of Church Figure 32 Marton: Back of Church 

Figure 33 Marton South Wall, Windows Figure 34 North East (site of experiments)



17.2.2 Marton Test Details

17.2.2.1 Marton Test 1 

Start 12:00 19/07/2007 
End  10:25 22/10/2007

Purposes: 
1) Is the building a suitable heavyweight structure for the tests.
2) Calibrate the normal heating and cooling patterns and study the effect of the solar 
gains on the heat characteristics of the church during unused periods. 

Weather – fine and good

Data Logging Positions:
T/RH 1 - by Church thermostat
T/RH 2 - Outside under window sill on south wall
T 3 - under back pew 
T 4 - on back wall 
T 5 - on radiator at back of church (testing on/off times of heating)
T 6 - Above Thermostat on wall opposite windows ( height 2.65m)

17.2.2.2 Marton Test 2 
Conductive Heat Performance.

Purpose – to test the heating using the installed gas fired radiator church heating system 
and to assess the effect of the various materials in use in the church on the surface 
temperatures recorded.

Multiple banners and pews + Dataloggers used
Data Logging Positions:
T/RH 1 - Behind pew
T/RH 2 - On Wall 2.36m
T 3 - Centre of Room - Ambient Head Height 1.34m
T 4 - Centre of Room – Ambient Body Height 0.80m 
T 5 - By Thermostat
T 6 - Above Radiator

17.2.2.3 Marton Test 3 

Purpose: using radiant heat only to test the effects of radiant heat upon the lighter thermal 
mass covering materials used in test 2.
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4 x 300W par can 54 emitting 250W each (total draw 1060W, 4.66A)
2.75 cm from Wall

Data Logging Positions:

T/RH 1 - Stand in body of church 2.36m high
T/RH 2 - Pew in front of test rig
T 3 - Above Banners height 2.32m 
T 4 - behind banner 
T 5 - above lighting rig
T 6 - On wall shelf below the measuring area.

Using a light meter the uniformity of the light impinging on the wall, over the test area, 
was adjusted by altering the positions of the lamps so that the measured intensity of the 
light reflected from the wall surface over a 0.5 x 0.6 m area was even. The wall was then 
left to cool for 24 hours prior to performing the tests. The banners were hung so that a 
portion of the wall, the banner and a pew quartered the test area.

Ambient temperature was taken at several points around the room, including above the 
lighting rig and in from to the pew, as well as away from the rig itself in the sanctuary 
room.

Banners

The banner used was of wool baize construction. Measurements were made of a non-
embroidered section (i.e. the background only material).

The oak pew back was measured as a representation of wood furnishing (either pew or 
panel). A pew back adjacent to the wall was used for this purpose.

The lighting was turned on at 10.50am

17.2.2.4 Marton Test 4 

Purpose: An expansion of test 2, increasing the radiant heating load and including a more 
common type of banner found in churches made of synthetic material.

8 x 300W Par can 54 lamps pulling total load of 2108W

Using a light meter the uniformity of the light impinging on the wall was over the test 
area was set by adjusting the angles of the lamps so that the measured intensity of the 
light reflected from the wall surface over a 0.5 x 0.6 m area was even, and double that of 
the 4 lamp test (3). The wall was then left to cool for 18 hours prior to performing the 
tests.
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Surface coverings

Two banners were used in this test

The Wool Felt Construction
Double layered Synthetic Construction : Woven polyester/cotton construction front with 
a backing of fine polyester.

The oak pew back was measured as a representation of an oak panel.

17.2.2.5Marton Test 5

Purpose: To test the radiant heating pattern of the pew and wall constructions. This test 
was designed to test the potential properties of the pew and wall to heat up under radiant 
heat. This followed from the observation from Layton of the surface temperature rise of 
the pew surface in front of the observer.

Used: 1 par can lamp shone onto each surface run from same controller channel. Position 
was 80 cm in front of the test subject. Temperature was measured at the point of 
maximum temperature gain.

17.2.2.6 Marton Test 6 

Purpose: Heating Run test of the church in normal use.
Dataloggers were positioned on the back wall of the church.

T/RH 1 By the Thermostat 1.5m height
T/RH 2 2.65m height
T 3 Under Pew – 0.1m
T 4 Back Wall – 2m
T 5 Back Wall, top of pew 0.95m
T 6 Radiator

17.2.2.7 Marton Test 7
The church at Marton is normally heated for a maximum of 4 hours per week due to the 
cost. For the circuit Christmas Eve Midnight Communion the opportunity was taken to 
heat the church for a prolonged period (9 hours). Dataloggers were placed in the pews 
and by the side of the thermostat.

T 5 Outside of  1st Row Pew
T 6 In 3rd Pew 
T 1 By Thermostat
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17.2.3 Limitations on Marton Research

Not being a test cell there were some influences from solar gain during the test period for 
tests 1-6. These were found from the initial test Marton 1 to be around 1 C for the room 
as a whole. This affected the ambient air temperature. The tests were carried out on a 
comparative basis with measurements being made on each material each reading run. 

The Infra Red Thermometer was set at an emissivity of 0.93. A calibration test was run 
with a range of emissivities from 0.8 to 1 using a desk surface as a common reference.
This showed that for the TN1 IR thermometer there was a 0.2 ºC variation of the 
temperature displayed between the .8 and 1 emissivity settings. This is within the quoted 
accuracy of the equipment as a whole. Although surprising no correction was therefore 
made in the temperatures used to allow for differing emissivities. 

It was not possible to modify the thermostat settings for the temperature of the radiators 
in the Marton Church to investigate the effect of greater energy input on the heating 
characteristics. 

The CIBSE recommended heights for measurement are:

Sitting Standing
Head 1.1m 1.7m
Abdomen 0.6m 1.1m
Ankle 0.1m 0.1m

The height of the dataloggers was placed as close to the position as it was practical to get 
it but not exactly at the heights specified.

17.3Method Layton Methodist Church
17.3.1 Description of Building

Salem, Layton Methodist Church Blackpool was chosen because of the high single glazed 
windows which can cause issues with down draughts and because of the cooperation of 
the congregation who would not be distracted by the taking of measurements during a 
service in order to measure the differences that occupancy levels have on the indoor 
environment within the church.
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NorthWall

Large single glazed windows.

Showing position of radiators 
under windows

North Wall

Showing position of radiators 
under windows. There are no 
radiators under the two 
windows at the east end of the 
church on both sides
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Figure 35: Layton - NorthWall 

Figure 36: Layton - North Wall



Front of Church facing East 

The wooden pulpit is obscured 
in this picture by the Christmas 
statuary.

South Wall

Middle window shown is the 
one which produced the down 
draught during the service on 
16th December 2007
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Figure 37: Layton - Front of Church facing East 

Figure 38: Layton - South Wall



South Wall

Showing position of radiators 
under windows

Figs 31-39 Interior of Salem, Layton MC Blackpool (Ramsden)

17.3.2 Layton Tests Details

The purpose was to test the effect, on mean radiant temperature and thermal comfort of 
the surface heat emitted by people in a room, and hence assess the applicability of the 
standard unoccupied models to the thermal comfort of congregations in the churches.

According to the work done by Manabee the shape (or angle) factors of the occupants of 
a room are not only calculated with the walls of the room, but are influenced by the other 
occupants, and objects, in the room. According to Manabee’s calculations this has a 
significant effect upon the thermal comfort in a room.

Tests to observe the magnitude of this effect was carried out at Salem Methodist Church, 
Layton, Blackpool during the morning service on November 25th 2007, and over the 
Christmas period. The radiant temperature measurements were taken using a TN1 IR 
thermometer with a 1:1 diameter to distance ratio. The IR thermometer gave a mean 
temperature. The emissivity setting was set at 0.93 (for masonry). This resulted in the 
mean temperature over a known area being taken in each direction.

The temperatures were taken along each of the six directions (front, back, left , right, up , 
down) from the chest level of a person sitting in the centre of the back pew in the church. 
The six direction reading approximation was used to calculate the mean radiant 
temperature. Readings were taken every 20 minutes during the service starting from 5 
minutes before. At the end of the service the actual interior surface temperatures of the 
elements of the church walls (walls, windows, coverings etc) were taken to obtain a 
reference point reading.
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Figure 39: Layton - South Wall 



The thermal comfort of the recorder was recorded including the localised warm/cool 
sensations on various parts of the body. The air temperature was recorded using an 
810-080 In-out door thermometer in the vicinity of the recorder.

17.3.2.1 Layton  1 & 2
The service was attended by 37 people seated 11 on each of the side sets of pews and 15 
spaced out in the middle pews.
The observations were taken from a seated position at the centre of the back pew with no 
one directly in front for 5 rows. In the second front row 6 children were seated who later 
left for their own classes.

17.3.2.2 Layton 3
To build on the results from November 25th another test was run on 16th December 2007 
at the Annual Playgroup Nativity Service. This is one of the best supported services of 
the year. At this service the church was packed with standing room only.

The heating system had been running for 24 hours to raise the temperature of the church 
to an acceptable level compared to the 4 ºC external environment. The windows 
themselves were warmer than the external temperature at 11.8 ºC 

17.4  Test Results
17.4.1 Marton Results

17.4.1.1Marton 1
Combined data showing the temperature profile for the heating of Marton Methodist 
Church in Normal Use (4 Hour heating period).
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Figure 40: Internal v External Temp profile - Marton MC

Marton Methodist Church 
Internal v External

Temperature Profile
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17.4.1.1.1Effect of Thermal Mass on the internal temperature of the unheated 
building.

Figure 41: Internal Conditions Marton Methodist Church 19th – 22nd 
October 2007

Figure 42: External Conditions Marton Methodist Church 19th – 22nd 
October 2007
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17.4.1.2 Analysis
The initial test run at Marton showed the effect of the thermal mass in regulating the 
diurnal temperature. Whilst the external temperature fell top 5 oC the internal temperature 
was maintained by the thermal mass in the building to 10 ºC. 

This confirms the supposition that the Church building at Marton exhibits the 
characteristics of a thermally heavy building and is a suitable candidate for the 
subsequent tests.

One additional result which became apparent is that the time lag of the building is as 
unhelpful  as it could be for the heating of the building during the heating season. It 
delays the period of coldest temperature from the unused period during the early morning 
to just when the building is required for a service on the Sunday at around 10.30am to 
noon. 

Taken with the findings of the BRE/Methodist Church (2003) report that the time taken 
to heat the building to comfort levels is proportional to e-t where t is the initial church 
temperature this indicates that the heating required for this building will be significantly 
greater than it could have been because the church temperature will be depressed at the 
wrong time. In effect the church could be better off changing to an evening service where 
the solar gains would be beneficial.

17.4.1.3 Marton 2 
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Figure 43: Wall and Banner Temperatures v Time – Convection Heating Marton 2

Figure 44: Temp v Time for test surfaces – Marton 2  
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Marton - Convection Heating System. Surface temperatures over time.
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17.4.1.3.1 Marton 2b
Regression analysis of the warming curve for Marton Methodist Church to 
investigate the potential mean radiant increase 

Figure 45: Convection Heating Regression Analysis -Marton 2

17.4.1.3.2 Analysis

The regression analysis showed that the heating curve is not linear. Just prolonging the 
heating time will not result in a corresponding increase in the achieved temperature. This 
is to be expected from the expected heat losses through conduction into the fabric of the 
building as the air temperature increases. The polynomial regression line is an indication 
of the complex interactions underlying the heat balance.
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Marton Test 2 - Convection Heating
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R2 = 0.9963 (Wall)

y = 3E-06x6 - 0.0002x5 + 0.0066x4 - 0.0985x3 + 0.7251x2 - 1.808x + 13.394
R2 = 0.9966 (Air)

y = 3E-06x6 - 0.0002x5 + 0.0061x4 - 0.0879x3 + 0.6319x2 - 1.5398x + 13.065
R2 = 0.9972 (Wool Banner)

y = 2E-06x6 - 0.0001x5 + 0.0033x4 - 0.044x3 + 0.2868x2 - 0.3749x + 11.931
R2 = 0.9955 (pew)
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17.4.1.4 Marton 3a

Surface Temperature rise response rate under 1KW of radiant light.

Figure 46: Temp Rise under radiant heating (1KW)

17.4.1.4.1 Marton 3b
Cool down period showing heat loss/retention by the surfaces.
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Marton 3 Radiant Heating
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Figure 47: Marton 3 Cooling Period 

Marton 3 Cooling Period
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17.4.1.4.2 Analysis

These tests looked at the response to potential wall coverings to radiant heat.

Unlike in the convection heating experiment the potential temperature increase was not 
limited to that which could be absorbed for contact with the air. Both the lightweight 
materials heated up more rapidly than the heavy brick. The banner however reached a 
steady state after 90 minutes and the heat losses through it to the wall then maintained the 
surface temperature at a constant level. During the cooling period the loss of heat from 
the banner was rapid, showing the necessity for the radiant heat to be maintained in order 
for the effect of raised surface temperature to be maintained.

The pew took a lot longer to heat up and there was little difference in the surface 
temperatures under the lower levels of radiant heating.

17.4.1.5 Marton 4 
Comparison of the temperature rise performance of four interior surfaces under 
2KW radiant heating, with regression analysis.
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Figure 48: Temperature difference between surface and ambient air temperature 
in the vicinity of the surfaces. Marton Test 4
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17.4.1.5.1 Analysis
Because of the low levels of response to the radiant heat in test 3 the number of lamps 
was doubled. This resulted in a different heat curve for the pew, which became almost 
identical to the wool banner. In this experiment the heat input was such that none of the 
surfaces reached an equilibrium state. There was also a resultant increase in the air 
temperature in the vicinity of the surfaces which may have had a significant effect on the 
resulting heat profile.

All of the surfaces showed an initial rapid increase in surface temperature followed as 
expected by a slow down in the heating rate. All the surfaces levelled off to a consistent 
heat differential between themselves and the ambient.

The greatest difference was found between the wood pew and the ambient, indicative of 
the greater bulk of the wood compared to the lightweight synthetic material and the 
slightly heavier weight of the baize banner.
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Figure 49: Temperature Difference between surface and ambient Marton Test 4
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17.4.1.6 Marton 5

Figure 50: Regression analysis of comparative heating curves of pew and brick 
wall Marton Test 5

The pew attained an equilibrium temperature after just over an hour whilst the wall was 
still heating up.

MSc:AEES Jan 2008 Page 99 Mark Ramsden

y = -2E-06x6 + 0.0002x5 - 0.0049x4 + 0.0785x3 - 
0.7216x2 + 4.0707x + 10.653

R2 = 0.9974

y = -3E-06x6 + 0.0003x5 - 0.0086x4 + 0.1516x3 - 
1.6055x2 + 10.505x + 5.5694

R2 = 0.9972

0

5

10

15

20

25

30

35

40

45

13
:40

13
:50

14
:00

14
:10

14
:20

14
:30

14
:40

14
:50

15
:00

15
:10

15
:20

15
:30

wall
pew
Poly. (wall)
Poly. (pew)

TEST 5
Radiant Heat
Wall and Pew



17.4.1.7 Marton 6
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Figure 51:Convection heating normal run 4 hour heat period 26th October to 6th November 
covering two Sunday Services. Both heating periods were 4 hours. Attendance at the services 
was 13 people 26th October and 16 people 6th November. External Air Temperature 10 ºC 26th 

October, 7.5 ºC 6th November.(at 10.30am).
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17.4.1.8 Marton 7 
Christmas Eve Extended Heating Test (9 hours). External Air Temperature was 6.5 – 7.5 
ºC.

Figure 52: Convection Heating Curve extended 9 hour hetaing run
The radiant temperatures of the walls were measured at 16.7 to 17.2 ºC and the ceiling 
temperature 17.6 ºC.

17.4.2 Layton Results

17.4.2.1Layton 1

The radiant temperatures in 6 directions were taken during a normal service at Layton on 
25th November, and the Mean Radiant Temperature was calculated from the 
approximation equations.
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Convection Heating Marton 24th Dec 2007

0

5

10

15

20

25

14
:3

0:
00

15
:0

5:
00

15
:4

0:
00

16
:1

5:
00

16
:5

0:
00

17
:2

5:
00

18
:0

0:
00

18
:3

5:
00

19
:1

0:
00

19
:4

5:
00

20
:2

0:
00

20
:5

5:
00

21
:3

0:
00

22
:0

5:
00

22
:4

0:
00

23
:1

5:
00

23
:5

0:
00

00
:2

5:
00

01
:0

0:
00

Time

Te
m

p 
(C

)

T5 (°C)
T6 (°C)
T1 (°C)

congregation 
enter

heating on
 44C

service 
end



At the end of the service (12:10) the actual surface temperatures were measured and the 
readings obtained for the six directions were compared to the surface temperatures in 
each of the directions, in order to attempt to detect the Manbee effect.

Direction: Surface Measured Radiant 
Temp Temp C

Front Wall (to side of pulpit) 14.9 C 16.5
Pulpit 16.1 C
Wall behind pulpit 14.6 C

Left Wall 14.1 C 18.7
Wood Panel on Wall 16.4 C
Left Windows (North) 13.5 C

Right Window Temp (South) 13.4 C 17.9
Right Hand Wall 15.3 C

Back Glass Wall 20.2  C 20.2

Up (Ceiling) 16.7 C 16.7
Down (Floor) 15.2 15.2

Average Body Temp 22.43
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Figure 53: MRT Layton 25th Nov 2007
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Figure 54: Schematic Layout of Salem Methodist Church with Occupied Zones 
and SurfaceTemperatures, and showing the measured radiant temperature in 
the scanneddirection (shown by arrow from observer).
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17.4.2.2 Layton 2

The IR thermometer was also scanned around an arc and the recorded planar temperature 
was recorded at approximately 30 degree intervals to map the effect against occupancy.

The recorded temperature for the left and right segments registered significant increases 
in line with those when other occupants were in line. 

The Surface temperatures were taken at 10.40 (before the church filled up) and at 11.40 
after the service. The measurements were taken from the right aisle of the church, with 
nobody sitting in front or to the right of the observation point. According to the 
datalogger the relative humidity was 65 -67% during the service. 

Table 2: Radiant Temperatures at Layton MC 
Direction Radiant Temp ºC 

10.40
Radiant Temp  ºC 
11.40

Radiant Temp ºC 
(11.50 
no congregation)

Front 15.7 17.1 17.1
Left 15.6 18.4 15.3
Right 15.8 16.9 15.9
Up 15.7 16.6 16.6
Down 15.6 17.4 17.4
Back 21.8 20.3 19.2
Air Temp 15.7 17.6 17.6
Musical Instrument Cover 
Cloth by right hand wall.

15.7 20.3 n/a

Windows 12.1 11.8 11.9

MRT Sitting / Standing 16.3 / 17.31 17.2 / 18.3 16.4  / 17.1
PMV Sitting / Standing -0.8 / -0.9 -0.5 / -0.5 -0.6 / -0.7
PPD Sitting / Standing 19.8 / 23.4 9.7 / 11.3 13.2 / 15.0

The mean surface temperature of the congregation was obtained by directing the 
thermometer recording zone to only cover the congregation. At 11.40 was this was 22.4 
ºC. 
The radiant temperature in the northerly direction (left) which included in its view the 
congregation was 20.4 C given for the complete direction. The temperature of the left 
wall and windows were 16.4 C and 12.0 C respectively. If the congregation had not been 
there (i.e. the conditions had been for single occupancy) the radiant temperature recorded 
would have been in the order of 15 ºC. When the congregation had left the church the 
radiant temperatures were taken and found to be 15.1 ºC 
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17.4.2.3 Layton 3

Heating of the pew by the radiant heat of the body. 
Body surface temperature was 23.7 ºC

Figure 55: Layton Radiant Heating of Pew from Body Heat
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Layton : Radiant Heating of Pew 
from Body Heat at 23.7 C
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17.5 Validation of the 6 measurement MRT calculation
A validation of this approximation is shown in the Table 1 below where the equations are 
resolved for the idealistic figures of all six surfaces in the enclosure being of the same 
temperature for temperatures 10 oC to 29 oC. As can be seen the approximation for 
Standing posture is far better than that for a seated posture. The usefulness found for the 
correlation between the MRT given and the comfort levels is possibly due to the 
influence of the radiative effects of other body parts to the mean radiant temperature 
when seated as investigated by Soerensen 2002 (see below).

Table 3: Values of the approximation calculation of Mean Radiant Temperature given six equal 
plane radiant temperatures.

Tpr

Up
oC

Tpr

Down
oC

Tpr

Right
oC

Tpr

Left
oC

Tpr

Front
oC 

Tpr

Back
oC

MRT 
Standing

oC

MRT 
Sitting

oC
10 10 10 10 10 10 10.00 9.59
11 11 11 11 11 11 11.00 10.55
12 12 12 12 12 12 12.00 11.51
13 13 13 13 13 13 13.00 12.47
14 14 14 14 14 14 14.00 13.42
15 15 15 15 15 15 15.00 14.38
16 16 16 16 16 16 16.00 15.34
17 17 17 17 17 17 17.00 16.30
18 18 18 18 18 18 18.00 17.26
19 19 19 19 19 19 19.00 18.22
20 20 20 20 20 20 20.00 19.18
21 21 21 21 21 21 21.00 20.14
22 22 22 22 22 22 22.00 21.10
23 23 23 23 23 23 23.00 22.05
24 24 24 24 24 24 24.00 23.01
25 25 25 25 25 25 25.00 23.97
26 26 26 26 26 26 26.00 24.93
27 27 27 27 27 27 27.00 25.89
28 28 28 28 28 28 28.00 26.85
29 29 29 29 29 29 29.00 27.81

MSc:AEES Jan 2008 Page 106 Mark Ramsden



17.6Appendix 4 – Reagan and Villasi Results

Table 4:  Reagan and Villasi Results

Weight
g/m2

Thickness 

mm

Bulk 
Density
lg/m3 Face Backing

Thermal 
transmittan
ce 
coefficient 
w/(m2K)

Specific 
thermal 
conductivity 
coefficient W/
(mK)

A 637.43 0.914 697.41 natural 
cork, seam 
sliced 
veneer

100% 
cotton, 
51x45 
plain 
weave

25.197 0.023

B 568.6 1.422 399.86 natural 
cork, 
random 
sliced 
veneer

100% 
cotton, 
51x46 
plain 
weave

23.848 0.034

C 464.17 2.235 207.68 natural 
cork, 6mm 
granules

100% 
cotton, 
74x40, 2/1 
twill

19.783 0.044

D 718.81 1.219 589.67 expanded 
vinyl

100% 
cotton, 
64x41 
plain 
weave

34.751 0.042

E 727.62 1.295 561.87 expanded 
and 
embossed 
vinyl

100% 
cotton, 
64x41 
plain 
weave

36.866 0.048

F 435.01 1.6 271.88 acrylic and 
modacrylic 
novelty 
yarns

paper 24.687 0.040

G 335.33 1.016 330.05 jute warp, 
polyester 
filling

paper 38.006 0.039

H 328.55 0.864 380.27 100% flax, 
25 x 21 
plain 
weave, 
pigment 
print

paper 29.166 0.025

I 361.78 1.118 323.6 100% flax, 
10x10 
plain 
weave 
cotton 
filling, 
paper warp

paper 31.922 0.036
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Weight
g/m2

Thickness 

mm

Bulk 
Density
lg/m3 Face Backing

Thermal 
transmittan
ce 
coefficient 
w/(m2K)

Specific 
thermal 
conductivity 
coefficient W/
(mK)

J 567.25 1.194 475.08 cotton 
warp, flax 
filling

paper 29.257 0.035

K 451.63 1.854 243.6 100% 
wool, 
16x12 
plain 
weave

paper 21.115 0.039

L 587.6 2.438 241.02 cotton 
filling, 
paper warp

paper 19.148 0.047

M 1985.2 5.69 348.89 100% 
sisal, 
vertical 
cords

latex 15.241 0.087

N 2306.96 6.071 406.23 100% 
sisal, 
vertical 
braids

100% jute 12.814 0.073

O 2878.96 7.087 406.23 blend of 
wool, 
mohair, 
rayon, 
nylon, 
modacrylic, 
unitary 
fusion 
bonded 
concentric 
rib

100% jute 9.378 0.067
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