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Summary Vertical temperature gradients have been monitored hourly during che winter 
hc:ating period in two mediaeval churches with cypical usage once or twice per week. Little 
stratification was found e.xccpt during periods of solar gain, and temperarure inversion often 
occurred because of heat loss through uninsulated roofs. Correlations between venical 
temperature gradient and ambient temperature have shown the effect of ~oof heat loss, and this 
bas been confirmed by dynamic thermal modelling using measured temperatures. Modelling of 
buoyancy-driven convection in one church has demonstrated the internal airfiow pactcms and 
verified tb.c lack of hot air at roof level. Where roofs arc uninsulated and heating systems low
powercd, it should not automatically be assumed tbac air at high level will necessarily be hot, or 
desttatification fans beneficial. 

Thermal stratification in intermittently heated heavyweight buildings 
(Churches) 

C R Bemroset MSc PhD CPhys MlnstP CEng and I E Smith BSc PhD CEng FRAeS FlnstE 
Department of Applied Energy, School of Mechanical Engineering, Cranfield Institute of Technology, Cranfield, Bedford MK43 OAL, UK 

1 Introduction 

Simple physics teaches that warm air must rise due to 
buoyancy-driven convection. No matter what form of heat
ing is used in any building there will be a tendency for the 
air to be heated and to rise unless there are imposed air 
movements to prevent it. Conventional wisdom suggests 
that in the absence of major air currents, the hottest air will 
be at the highest level. 

The phenomenon of stratification in tall buildings is well 
known, and significant temperature gradients can exist 
between floor and roof levels. Large factories, warehouses 
and aircraft hangars all suffer from this effect, and products 
are available to return the hot air to low level, either by 
generating internal air circulation or by ducting the air 
through simple pipes for discharge near the floor. 

Churches heat up very slowly and of ten require long periods 
of preheating to achieve desired standards of comfort. Many 
of them are only used intermittently and their maintenance 
and upkeep are a burden for a few people. As part of a 
programme of work at Cran.field Institute of Technology a 
number of schemes were devised to increase comfort levels 
without undue cost increases and without imposing dam
aging thermal stresses on building fabric. During the winte.r 
1988--89 observations in one church showed that tem
perature differences of up to 3 K existed between floor level 
and 4.5 m during periods of heating. Since the building in 
question was about 7.5 m high, it was inferred that the 
temperature difference between roof and floor would be 
sufficient to provide useful quantities of warm air at low 
level. This would reduce energy bills, or increase comfort, 
or both. Extension of the previous work aimed (a) to measure 
the temperature distribution up to roof level in two different 
churches and to assess the potential for redistributing heat, 
and (b) to generate dynamic thermal models of two churches 
which would be used to study the effects of fabric changes. 

The second church included in the study already had de
stratifying fans fitted. Very few factual data have been pub
lished on stratification in churches or tall historic buildings, 
but there is an intuitive feeling that because of the height of 
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the buildings there must be large quantities of available heat 
near the roof. A Symposium on church heating was held by 
the (then) Institute of Heating and Ventilating Engineers in 
1952(1). This excellent though dated reference work takes 
account of the heavyweight nature of the buildings and 
the usually short length of time that people remain in the 
building. 

Another elderly but useful three-part article entitled 'Church 
Heating' was published in the Heating and Ventilating Engin
eer by Jackson<2l. This contained a section on 'Down 
draughts' which recognised the problems caused by the 
height of ecclesiastical buildings, the heat-losing areas at 
high level such as clerestory windows (though the roof itself 
was neglected), and the economic necessity to avoid waste. 
He also noted the ineffectiveness of the pipe trenches often 
found in old church heating systems when the heating is 
only intermittent. Jackson also warned against the use of 
air-heating systems in old churches because of the high 
temperature gradients produced. The problems arising from 
this were not identified as heat loss, but shrinkage of wood
work and the activation of death-watch beetle if conditions 
were damp. 

Of the more recent papers, CazzaniC3l is one of few to note 
the problem of thermal stratification. He proposes a plenum 
air distribution system with outlets for each pew to give heat 
where it is required. The problems caused by hot air rising 
and the resultant down-draughts were addressed in the 
design of the heating system for the Roman Catholic 
Cathedral in Liverpoo1<4l. In that paper Livingstone also 
gave a qualitative account of one of the few quantitative 
studies of church heating, when air currents were observed 
and measured in Salisbury Cathedral after a floor-heating 
system was installed in 1961. Down-draughts were overcome 
by the installation of tubular heaters at strategic points. 
When the heating system of King's College Chapel, Cam
bridge, was modernised in 1969, one of the essential design 
conditions was to avoid a large temperature gradient in the 
80 ft (24 m) high chapel, leaving cold air and draughts at 
floor level. A low-temperature heat source at low level was 
recommended<5l . 

In his booklet entitled Heating your Church, William 
BordassC6l suggested using destratifying fans at high level in 
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cases of bad stratification. Bordass earlier(7l reported on 
measurements where the temperature in the clerestory 
(which may be distinct from the temperature at roof level) 
increased by 9 K in the first 6 hours of heating, while that 
at the congregation>s level only rose by 3 K. He advocates the 
ma.king of measurements before committing expenditure. A 
study of several hundred religious buildings in the province 
of Ontario in Canada by Chick<8) suggested that ceiling fans 
are 'one of the most common sights encountered in entering 
the sanctuary of a religious building today'. He implies that 
the fans are not always either thermally- or cost-effective. 
Chick indicated that a temperature gradient of at least 7 K 
between fioor and ceiling was required. He also drew atten
tion to possible problems with the installation of fans. 
Becque<9l in his examination of various methods of heating 
is one of very few authors to provide any data on the variation 
of temperature with time and height. Measurements in 
the Nieuwe Kerk in Delft (42 500 m3) show a temperature 
gradient of 0.6 K m- 1 up to a height of 9 m, which seems to 
be maintained at a constant value from l to 5 hours after 
switching on the heating. 

The presenr study is part of the process of seeking compro
mises which provide comfort for building occupants con
sistent with preserving the buildings and the artefacts they 
contain. 

2 Monitoring 

Monitoring was carried out in two churches over the winter 
1989-90. 

2.1 St Mary the Virgin Church, Great Brickhill 

Great Brickhill, south-east of Milton Keynes, has a large 
mediaeval parish church with a central tower. Figure l is a 
three-dimensional diagram and floor plan of the building. 
The total floor area is about 340 m2 and the wall thickness 
is approximately 0.6 m. The roof of the nave is pitched and 
of wooden construction with slates. The aisles have very 
shallow pitch lean-to roofs which are wooden and believed 
to be lead-covered. There is no apparent thermal insulation 
anywhere on the roof structure. Heating is by off-peak 
electricity which heats water circulating through large-bore 
( 60 mm OD) steel pipes and five very elderly (19th century?) 
radiators which are in excellent condition externally, 
together with two cast iron pillar radiators of more recent 
construction. Twin heating pipes run around the perimeter 
of the church at low level and there is a pipe loop along the 
length of the nave in a traditional trench covered with a 
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Figure 1 Great Brickhill Church: (a) Three-dimensional model; (b) floor 
plan 
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Figure 2 Harborough Magna Church: (a) Three-dimensional model; 
(b) floor plan 

metal grille. As with most trench heating systems, the pipes 
are in a dirty environment and much of the heat dissipated 
by these pipes is lost to the vertical and base surfaces of the 
trench<2l. 

2.2 All Saints Church, Harborough Magna 

The Church of All Saints at Harborough Magna, north-west 
of Rugby, is principally Norman. The building has been 
modified and extended over the centuries and contains a 
variety of different elements, as can be seen in the three
d.imensional diagram and floor plan (Figure 2). There is a 
square tower at the wesc end of the church. The church is 
considerably smaller than that at Great BrickhilJ (internal 
.floor area approximately 185 m2) but is of similar construc
tion, with wall thickness ranging from 0.5 to 0.8 m. There 
are several different roof constructions. The nave has a 
shallow-pitched wooden roof, probably lead-covered. The 
north aisle has a steeply pitched wooden roof with slates, 
and the south aisle is of similar construction but has a false 
ceiling (and hence a loft space). There is no sign of any roof 
insulation. 

The present heating system consisting of four 6 kW fan
assisted storage heaters was installed during the 1980s. 
Draught proofing has recently been enhanced by the addition 
of a glass screen over the west door to isolate the tower 
from the nave. The fan heaters were expected to cause 
stratification and high temperatures at roof level. Conse
quently two 48 in (1 .2 m) diameter slowly rotating 'punka' 
type destratifying fans were installed high in the nave in 
1988 to bring hot air to lower levels where it could be 
effective in heating the congregation. The destratifying fans 
have manual speed controls and are switched on for the 
duration of the service. They produce a significant airflow 
almost inaudibly; noise from the fans in the storage heaters 
always swamps the noise from the high-level fans. Instal
lation of the destratifying fans was believed by most wor
shippers to have increased comfort, but no measurements 
were made before and after installation. 

Both the churches studied thus have comparatively low
powered, slow-response heating systems. 

2 .3 Data collection 

At both locations type T thermocouples were installed and 
monitored with a Fluke multichannel data logger. Tem
peratures were recorded hourly from November 1989 to 
May 1990 at Great Brickhill and from February to May 1990 
at Harborough Magna. At Great Brickhill the locations of 
the seven thermocouples were as given in Table 1. 
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Table 1 Thermocouple locations for Great Brickhill 

Thermo- Location of temperature measurement 
couple 
no. 

Air near floor level 
Resultant on top of rood screen at a height of 2 m 
Pillar near vesuyt 
Outside ambient (through east-facing vestry window) 
Air at top of chancel, 4.5 m high 
Inside of outside wall (east wall of vestry) 

Thermal stratification in heavyweight buildings 

0 
l 
2 
3 
4 
5 
6 Air at roof level in nave (about 7 .5 m high and about 0.1--0.2 m 

from roof surface) 

t The thermocouple failed on 9 January 1990 and was not replaced 

Thermocouple no. I was fitted with a black sphere in order 
to measure the resultant temperature. Thermocouples num
bered 0, 4 and 6 were covered in shiny aluminium foil in 
order to minimise the radiant component of temperature 
and ensure that air temperatures were being recorded. Ther
mocouple number 3, registering the ambient air tempera
ture, was subject to solar irradiation at certain times of the 
day and certain times of the year. This has sometimes 
led to abnormally large readings, particularly in the mid
morning period on very sunny days. At Harborough Magna 
six type T thermocouples were installed in the locations 
shown in Table 2. 

Table 2 Thermocouple locations for Harborough Magna 

Thermo- Location of temperature measurement 
couple 
no. 

0 Outside ambient (through south-facing vestry window) 
Fabric at base of pillar near to vestry 

2 Air near floor, at base of pillar 
3 Air halfway up wall (about 4 m height) 

Thermocouples 0, 2, 3, 4 and 5 were all covered in shiny 
aluminium foil to minimise the radiant component. 

3 Analysis of data 

For Great Brickhill the primary heating surface area and 
total water content were determined (Table 3). In addition, 
the times of services and numbers of worshippers were 
recorded showing 46 services in 26 weeks (an average of 1.8 
services /week) (Table 4). The average attendance at the 
church's normal services was 32 worshippers. 

4 Roof air (about 7.5 m high and about 0.1--0.2 m from roof 
surface) 

5 Under rear pew near storage heater 

Table 3 Great Brickhill Church details 

Plant /Parameter Description IV alue 

Heating system Type: twin pipe hot water circulation with radiators 
Heat source: 48 kW immersion heaters 

Type A radiator 3 off 
16 horizontal pipes 60 mm OD, 1 m long 
equivalent pipe length 16 m 

Type B radiator 2 off 

Type C radiator 

Estimates of sizes 

16 horizontal pipes 60 mm OD, 1 m long 
equivalent pipe length 32 m 

Cast pillar type-2 off 
Estimated surface area (m2) 4.7 
Estimated water content (ml) 0.05 

Pipe size (mm) 
Total pipe length in church (m) 
Total effective pipe length (m) 

(including radiators) 
Total heating surface area (m 2) 

Total water content (ml (gal)) 

Vol. 13 No. 3 (1992) 

60 OD, 48 ID (wall 6) 
232 
400 

77.3 
0.82 (180) 
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Table 4 
church 

No. 

6 

5 
5 

12 
10 
7 

Analysis of services at Great Brickh.ill 

Services 

Type 

Occasional offices (funerals, 
weddings, etc.) 

Average 
attendence 

Weekday services 30 
Sunday Communion (0800) 16 
Sunday Communion (0930) 30 
Sunday Communion (1100) 45 
Sunday Evening Prayer 29 
Carol service 300 

Table 5 Harborough Magna Church det.ails 

Plant/Parameter Description/Value 

Storage heater type Creda 6 kW fan assisted 
Size 1.25 m w x 0.33 mD x 0.80mH 
Air exit Horizontal, through grille at low level at front 

Air velocily (high fan speed) 
0.1 m from grille 1.5 m s-1 over central 0.2 m of grille 
0.5 m from grille 1 m s- 1 over central 0.2 m of grille 

Table 6 Performance of destratifying fans at Har-
borough Magna Church 

Speed Measured Noise 
setting speed 

(rpm) 

1 (min.) 17 Inaudible 
5 (max.) 84 Slight humming 

Measured air velocity at maximum fan speed 

Height (m) 

2 
2 
1 

Position 

On axis 
1 m off axis 
On axis 

Velocity 

0.5 m s-1 downwards 
Virtually nil 
<0.5ms-1t 

Air velocity at minimum fan speed 
Not measurable with instruments available 

t Below meter threshold but draughts can be felt. 

Table 7 Quarterly electricity consumption for heating 

Church 

Great Brickhill Harborough Magna 

For period Heating For period Heating 
ending consumption ending consumption 

(kWh) (kWh) 

06.12.89 1224 13.12.89 4814 
14.02.90 9447 15.02.90 5522 
23 .05.90 4677 25.05.90 4869 
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At Harborough Magna (Table 5) the church was heated on 
13 occasions in 3 months (once/week). Fans in the storage 
heaters were used for an average of 3.4 hours/week. The 
destrati:fication fans were used on 7 occasions in this time 
for an average of 2.2 hours each time. Simple measurements 
of air velocities from the fan heaters were made and the 
effectiveness of the destratifying fans was assessed with a 
hot-wire anemometer (Table 6). The destratifying fans are 
believed to consume about 49 W at maximum speed. 
Between 15 February 1990 and 25. May 1990 the storage 
heaters were on for 49 nights (IO at full charge and 39 at 
half charge). 

For both churches records of electricity consumption for 
heating were obtained (Table 7). Table 8 gives the degree
day values for the relevant period. 

3.1 Energy use analysis 

The use of energy for heating has been analysed for both 
churches and the approximate weekly power inputs cal
culated for application in the modelling work reported in 
section 4. 

At Great Brickhill the entire week's night-time units are 
normally used on a Saturday night and the analysis is given 
in Table 9. This assumes that the degree-day values are the 
same on each day of a given month and that the heating 
energy is supplied on one day per week. The corresponding 
time for which the heating system would be in operation at 
full power in order to use the specified number of kilowatt
hours is calculated. The resulting figure of 8.4 hours in 
February and March seems entirely reasonable. 

At Harborough Magna the storage heaters are normally left 
on half charge throughout the week in winter months and 
then boosted to full charge for the night before a service. 

From Table 9 the total consumption for 15 February 1990 
to 25 May 1990 was 4869 kWh. If the nightly consumption 
at half charge is x kWh and the nightly consumption at full 
charge is y kWh, then 

39x + lOy = 4869 

Assuming that full charge requires 1.5 times as many units 
as half charge, 

x = 90 kWh/night 
= 3.8h at 24kW 

y = 135 kWh/night 
= 5.6h at 24kW 

For a full week of 6 days at half charge and 1 day at full 
charge this gives a weekly consumption of 675 kWh, which 
is only about 10% greater than the average value during the 
winter period from 13 December 1989 to 15 February 1990. 
By feeling the temperature of the heater casings it was 
possible to make an educated guess of the daytime heat loss. 

Table 8 Dcgrcc-day values for 
Thames Valley region 

Month Degree-days 

Feb 1990 199 
Mar 1990 200 
Apr 1990 198 
May 1990 115 
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Table9 Analysis of weekly heating consumption at Great Brickhill 14 Feb 1990 to 23 May 1990 

Month Monthly 14.02.9(}...23.05.90 No. of 
degree-days Sundays 

Degree- Consumption in period 
days (kWh) 

Feb 1990 199 x 14/28 = 100 802 2 
Mar 1990 200 200 1604 4 
Apr 1990 198 198 1588 5 
May 1990 llS x 23/31 = 85 682 3 

Totals 583 4676 

Table 10 Heat input schedule for Harborough Magna 

Night 

Weeknights 

Saturday night/Sunday 

Total 

Duration (h) 

8 
16 

8 
3 

13 

Power (kW) 

4 (l kW per heater) 
3.5 

4 
18 (Fans running) 
3.5 

660 kWh/week 

During the night-time charging period the heat loss is likely 
to be somewhat greater. Since all the power used to charge 
the storage heaters must eventually be dissipated into the 
church, the beat input schedule of Table 10 can be postulated 
for use in the thermal simulations. 

Since the thermal model can only handle complete hours the 
fan running time is taken as 3 hours rather than the average 
of 3.4 hours recorded. The fans in the storage heaters are 
operated by a time switch for some two hours before each 
service, and the destratifying fans are switched on manually 

Units/ Hours at 
Sundays full 
(kWh) power 

401 8.4 
401 8.4 
318 6.6 
227 4.7 

about half an hour before each service. Both these power 
units have been ignored since they are insignificant compared 
with the heating power input. 

3.2 Temperature analysis for Great Brickhill 

Readings are available from six (or seven) different ther
mocouples every hour from early November 1989 to mid
May 1990, apart from times of equipment breakdown or 
power failure. 

Figure 3 shows how the wall temperature at Great Brickhill 
varies only very slowly when there is a diurnal variation of 
&-8 K in the ambient temperature. The roof temperature 
follows the ambient temperature but lags behind it by 1-2 
hours. Figure 4 demonsrratcs for a heated day (Sunday 4 
March 1990) that at the time of a service (1100 h) the 
temperature at Boor level has only risen from an overnight 
minimum of 8°C to 13°C. At the 4.5 m level the temperature 
had reached 18°C by 1100 h but at the roof level the maxi
mum attained was 14.S°C. 

Simple observation of the data suggests that: 
(a) The internal temperature maintained a surprisingly con

stant value, due to the thermal inertia resulting from the 
thick and massive stone walls. 
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(b) The temperature at a height of about 4.5 m was almost 
always higher than the temperature at fioor level, but 
the roof temperature was usually less than the 4.5 m 
level temperature. This was initially considered to be 
surprising. 

(c) The roof temperature varied quite rapidly at some times 
during some days. The rapid rises corresponded with 
times of sunshine whilst rapid falls corresponded with 
cold clear nights. 

(ti) The low thermal mass and short time constant of the 
uninsulated roof structure led to rapid variations in 
roof temperatures. This also explained qualitatively why 
there was little thermal stratification at high level. 

3.3 Temperature analysis for Harborough Magna 

Qualitative examination of the temperature readings from 
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Figure 4 Temperature change 
with height at Great Brick.hill 
(Weekend 3-5 March 1990) 

the six thermocouples at Harborough Magna has produced 
broadly similar conclusions to those from the Great Brickhill 
data. However in this case it is noticeable that the roof 
temperature is almost always slightly higher than the floor 
temperature, probably because of the constant, though low, 
level of background heating. It is not thought that the roof 
structure is any better insulated than at Great Brickhill. 

3.4 Frequency of occurrence of temperature differences 

If thermal scratification is occurring to a marked degree 
during service times, then the use of destratifying fans may 
be justified. It may also be justified if there are significant 
periods of unheated time when the high temperature at roof 
level can be used to warm the lower levels simply by air 
circulation. An analysis of the frequency with which various 
temperature gradients occurred is given in Table 11. The 
six criteria are: 

Table 11 Frequency of occurrence of temperature differences in churches at Great Brickhill and Harborough 
Magnat 

State 

Hours 

Positive temp grad. roof-floor 191 
Roof cooler than upper (4.5 m) 2929 
Roof warmer than upper (4.5 m) 430 
Roof warmer than floor 1222 
Roof> 3 K warmer than floor 152 
Upper > 3 K warmer than floor 353 

Great Brickhill 
(Nov 89 to May 90) 

Out of (%) Hours 
total near 

service; 

3036 (6.3) 0 
3483 (84.1) 
3483 (12.3) 2 
3036 (40.3) 
3036 (5.0) 2 
3299 (10.7) 77 

Hours 

1378 
367 

1410 
1665 
107 

0 

Harborough Magna 
(Feb 90 to May 90) 

Out of (%) Hours 
total OD 

Sunday§ 

1852 (74.4) 
1852 (19.8) 
1852 (76.1) 
1852 (89.9) 
1852 (5.8) 28 
1852 (0.0) 

t The maximum value of the temperature difference between roof and floor at Harborough Magna was 6.5 Kat 
1500 hon Saturday 5 May 1990. Most of the times when the temperature difference exceeded 3 Kit was only by 
a small amount. 

:I: Figures relate to occurrences during or within a few hours before a service. 
§ Figures relate to occurrences at any time on a Sunday-not necessarily at or near to the time of service. 
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a positive temperature gradient throughout the building 
height 

roof temperature cooler than the temperature at 4.5 m 

roof temperature wanner than the temperature at 4.5 m 

roof temperature warmer than floor temperature 

roof temperature more than 3 K warmer than floor 
temperature 

temperature at 4.5 m more than 3 K warmer than floor 
temperature. 

The percentage values are calculated on the basis of the 
number of data points available under each category. (These 
varied because of the breaks in data collection.) Table 7 also 
gives the numbers of occurrences during or near service 
times. 

3 .5 Correlation between temperature difference and ambient 
temperature 

Figure 5 is a plot of the roof temperatures at Great Brickhill 
versus the corresponding floor temperatures for March 1990. 
There is a general trend indicated by the dotted best-fit 
line. At high floor temperatures there is a positive vertical 
temperature gradient but below about l0°C there is tem
perature inversion. The solid line represents equal tem
peratures. The correlation between the roof-floor 
temperature gradient and the ambient temperature is shown 
on Figure 6. Only when the ambient temperature is com
paratively high (greater than, say, 15°C) is there likely to 
be a significant positive temperature gradient. On a small 
number of occasions the temperature gradient has exceeded 
6 K, but rarely when the church was being heated. This 
confirms the earlier assertion that the high thermal con
ductivity of the roof renders the roof temperature highly 
susceptible to the outside ambient condition, including day
time solar gain and clear night-sky radiation. 

All the data for temperature gradient versus ambient have 
been subject to regression analysis to give a quadratic fit 
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Thermal stratification in heavyweight buildings 

from which a break-even temperature was calculated. Above 
the break-even ambient there is a positive temperature gradi
ent, but below this there is a temperature inversion caused 
by the removal of heat through the roof. 

The results for break-even temperatures are shown in 
Table 12. 

The break-even temperatures at Harborough Magna are 
lower because of the constant low level of background heat. 
When the storage heaters were switched off in April and 
May the break-even temperatures were higher. 

4 Thermal modelling 

A computerised thermal model has been used on each church 
to confirm applicability for thick-walled heavyweight build
ings. Each church was defined as a single heated zone 
with unheated loft spaces and towers. Surface temperatures 
obtained from the model were used subsequently for model
ling buoyancy-driven convection. Air infiltration was set at 
0.05 air changes per hour. The weather database used was 
for a representative year at Kew, adapted by incorporating 
the real ambient temperatures as recorded at each church 
for each hour where available. This adaptation was necessary 
because of the exceptionally slow response of heavyweight 
buildings to ambient temperature changes. 

To establish confidence in the modelling, representative days 
have been chosen for each church covering days when no 
heat was applied and days (Sundays) when the churches 
were heated and occupied. Each simulation begins with 
standard temperatures which are modified so that the start
ing temperatures for the next day reflect the previous history. 
For a lightweight building, only a very few, perhaps three, 
days of preconditioning are necessary, but for heavyweight 
buildings such as churches the response time is very long 
(of the order of tens of days) and 75 days preconditioning 
have been used. 

o~~~~~~~~~---,.L-~~~~....._~~~~-'--~~~~J__~~~--.-J 
6 8 10 12 14 16 18 Figure 5 Roof versus Boor tem

perature difference at Great 
Brickhill during March 1990 FLOOR TEMPERATURE - DEGREES C 
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Figure 6 Roof-floor tempera
ture difference versus ambient 
temperature (falling values) at 
Great Brickhill during March 1990 AMBIENT TEMPERATURE - DEGREES C 

4.1 Results of modelling for Great Brickhill 

Initial modelling of Great Brickhill church showed that 
whereas days without heating could be represented reason
ably successfully, the calculated internal temperatures rose 
too rapidly when heat was switched on and then fell very 
much too rapidly after switch-off. If the full 48 kW of electric 
heating was incorporated in the model from 1 am (the start 
of the off-peak tariff) the church apparently reached 20°C 
in the first hour. This clearly did not accord with reality as 
recorded by the thermocouples or as sensed by the wor
shippers! 

In fact nor all of the heat supplied to the water heats the 
church; much is lost from the connecting pipes and in the 
trench. In addition since 0.82 m3 (180 gallons) of water takes 
about 1.4 hours to reach 80°C, a reduced heat input is 
specified for the first two hours. After switching off, further 
useful heat continues to be emitted from the pipes. The 
simulations therefore used a schedule of 5 kW for the first 
two hours, 10 kW for the next two hours, 20 kW for 8 hours, 
and 5 kW for a cooling-off period of two hours. This gives 
a total daily heat input of 200 kWh which is about one 
half of the actual consumption calculated (401 kWh), or an 
effective overall efficiency of 50%. The results for day 76 
(Saturday 17 March), which was unheated and apparently 
sunny, are shown in Figure 7. The simulated temperature 
lies between the mid-height (2 m) and upper (4.5 m) tem
peratures, suggesting reasonable correlation. However the 
results for the following weekend, days 83 and 84 (Saturday 

Table 12 Break-even temperatures (0C) 

Location 

Great Brickhill 
Harborough Magna 
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Month 

Dec 89 Jan 90 Feb 90 Mar 90 Apr 90 May 90 

8.3 9.S 9.2 8.7 4.9 
-0.4 -0.8 5.1 

8.1 
4.0 

and Sunday) are somewhat different (Figure 8). For the 
Saturday the simulated temperature's rose by 3°C, whereas 
the actual temperatures in the church varied by less than 
l °C. On the Sunday the rise in temperature during the 
heating period was simulated satisfactorily, but the fall in 
temperature during the afternoon was too rapid, averaging 
about 0.8 K h- 1 compared with the actual fall of about 
0. 5 K h- 1• This suggests that a greater proportion of the 
heat input goes into the massive walls than is anticipated by 
the model correlations. Some improvement was achieved by 
raising the thermal conductivity of the limestone to simulate 
increased moisture content. This modified the temperature 
fall to about 0.65 Kh- 1• 

4.2 Results of modelling for Harborough Magna 

By contrast with the Great Brickhill case, all of che electrical 
input at Harborough Magna results in useful energy input 
to the building. In additon, the church was constantly heated 
to a low level by the storage heaters. Heat loss from the 
heaters varies with time and the best simulations have used 
values listed in section 3. 

Simulations are presented for days 83 and 84 (Saturday and 
Sunday 24 and 25 March) in Figure 9. Day 83 was probably 
only sunny near midday, when the roof temperature rose by 
2°C for 2 hand then fell rapidly again, going below the mid
height temperature by 2000 hours. This points to the poor 
thermal insulation of the roof. For Sunday, day 84, the 
graph suggests that the calculated temperature rise and fall 
when the fans are switched on and off are both too rapid, as 
was seen for Great Brickhill. 

4 .3 Modelling of buoyancy-driven convection at Great Brickhill 

Surface temperatures derived from the thermal model were 
input into a related, two-dimensional model of the North
South cross-section of Great Brickhill church which included 
windows, radiators, air inlets and outlets. The model gen
erated a finite-element mesh of user-determined size (in chis 
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Figure 7 Comparison of meas
ured and computed temperatures 
at Great Brickhill on Saturday 17 
March 1990 (Day 76) 

Figure 8 Comparison of meas
ured and computed temperatures 
at Great Brickhill on 24/25 March 
1990 

Figure 9 Comparison of meas
ured and computed temperatures 
at Harborough Magna on 24/25 
March 1990 

127 



CR Bemrose and IE Smith 

Table 13 Temperature data (0 C) for day 84 derived from computer (a) 
model of Great Brick.hill Church 

Measurement Time (h) 

0800 0800t llOO llOot 1400 140ot 

Ambient temperature (°C) 6.1 6.1 10.7 10.7 8.9 8.9 
Internal temperature (°C) 15.7 18.0 18.0 19.8 16.0 16.7 

Surface 

No. Location 

1 Floor 13.7 15.3 15.2 16.7 15.3 16.1 
2 N aisle roof 11.9 17.2 15.6 20.0 18. 1 18.8 
7 N window 6.6 7.4 10.5 10.8 8.7 8.9 
8 N wall 12.l 12.9 12.8 13.6 13.2 13.8 

13 S window 8.6 9.4 14.9 15.5 12. l 12.3 
14 S wall 13.8 14.6 14.5 15.3 14.9 15.5 
16 S nave roof 12.0 17.2 16.8 20.l 19.8 18.6 
19 N nave roof 11. 7 17. l 14.0 19.7 15.0 18.1 
23 S aisle roof 12.7 13.6 13.4 14.3 13.8 14.5 

Wall radiators 70 70 70 70 13.2/ 13.8/ 
14.9 15.5 

Floor radiators 25 25 25 25 15.3 16.l 

t Ins. roof. 

case 21 x 15). The cross-section was chosen so that three
dimensional flows could be neglected. 

The simulation gave buoyancy-driven convective velocities 
at each of the node· points, and each velocity could be 
displayed as an arrow having the appropriate direction and 
a size proportional to the velocity. The corresponding tem
peratures in each cell were displayed as coloured bands 
indicating variations of temperature and airflow throughout 
the model. 

Simulation has been undertaken for various times on day 
84. Table 13 lists the surface temperatures extracted for all 
the relevant surfaces. The temperatures assigned to the 
radiators on the walls and to the floor (trench) radiator 
when these are heated are realistic estimates. Typical airflow 
patterns are presented for 0800, 1100 and 1400 h (Figure 
10). In the early morning there are strong flows generated 
by the perimeter heating pipes, but these still do not appear 
to counteract the downdraught over the windows in both 
North and South walls. There is apparently little flow into 
the roof area of the nave. At 1100 h the pattern remains 
essentially similar, but by 1400 h when the heat is off, the 
whole space seems to be almost stagnant with a maximum 
airflow of only 0.05 m s-1• 

4 .4 Roof insulation 

One of the unexpected (though not surprising) results from 
this study was the lack of high temperatures at roof level 
under most conditions and rhe temperature inversion which 
of tea exists. This is largely attributable to poor roof 
insulation. Using the computer model it was straightforward 
to incorporate an insulating layer in the roof structure, 
although in practice care is needed. Some architectural prac
tices are known to be insulating church roofs as appropriate. 
The model has been run again for Great Brickhill with 
the roof insulated with 150 mm glass fibre. The surface 
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Figure 10 Computer-generated airflows for day 84 (Sunday) at Great 
Brickhill: (a) at 0800 h; (b) at 1100 h; (c) at 1400 h 

temperature data resulting from this work are presented in 
Table 9 alongside the earlier data for day 84, at 0800, 1100 
and 1400 h. This shows that inside temperatures have risen 
as a result of insulating the roof. Figure ll(a) shows the 
airflow distribution at 1100 hon day 84. The airflow pattern 
has changed on the North wall to an upflow, and the airflows 
across the aisles are reduced in magnitude as well as being 
warmer. When the heating has been switched off and the 
building is cooling at 1400 h, there is evidence of real strati
fication which is more pronounced than previously without 
insulation (Figure 1 l (b)). As in the previous case, there is 
much less air movement at this time. Unfortunately this 
situation is only occurring after the premises have been used 
and when the people have left. 
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Figure 11 Computer-generated airflows for day 84 (Sunday) at Great 
Brickhill (with insulated roof) (a) at 1100 h; (b) at 1400 h 

4.5 Energy loss through roof 

Because of the energy implications of beat Joss through the 
roof, the recorded data have been analysed to determine the 
magnitude of the heat flows. Using a value of 392 m 2 for the 
coral roof area at Great Brickhill and a calculated U-value of 
3 W m- 2 K- 1, the cumulative heat flows in and out of the 
roof have been computed for each of the monitored months. 
These values have then been increased pro raca for the total 
number of hours in the particular month and summed over 
the period November 1989 to May 1990, which includes 
most of a winter season. As seen from Tables 14-16 the total 
heat flow out of the roof is approximately 20 000 kWh and the 

Thermal stratificaiion in heavyweight buildings 

cumulative heat gain by conduction due to the temperature 
difference between ambient and inside temperature is about 
2000 kWh, giving a net loss of 18 000 kWh. This value is in 
excess of the electrical heat input during the whole heating 
season of about 15 000 kWh (see Table 7). 

In reality the heat gains will be larger than those calculated 
because the appropriate temperature to use for outside would 
be the sol-air temperature, but there is clearly a significant 
effect. It must also be recognised that much of the heat 
transfer occurs when the church is unheated and unoccupied 
and the heat Joss is partially (or even mainly) of energy which 
has been absorbed into the structure from solar irradiation. 

If the roof is insulated as suggested in the previous section 
with 150 mm of glass fibre to give a calculated U-value 
of 0.218 W m-2 K- 1, the cumulative heat loss reduces to 
1500 kWh and the heat gain to 150 kWh. The reality will 
not be quite as advantageous as this since the effect of 
insulating the roof will be to raise the average internal 
temperatures slightly and thus increase the heat losses. 

4.6 Finite-element analysis of effect of solar irradiation on wall 

Because of the limitations in modelling very heavyweight 
buildings, a one-dimensional explicit finite-element program 
was written for heat flow through a thick wall to seek a 
satisfactory solution for the internal temperature based on 
the unknown and varying inside temperature. 

The solar irradiance figures were taken from CIBSE data for 
March. Outside all1bient temperatures measured at Great 
Brickhill were used and the inside temperature was cal
culated on the assumption that the heat lost from the inside 
surface of the wall heats a mass of air corresponding to a 
volume formed by unit area of the wall and stretching to the 
middle of the building, in this case taken as 5 m. This 
simplification effe.ctively assumes that the wall element 
chosen is part of an infinite wall. 

The analysis proceeded for a whole month and the results 
for Saturday 31 March are compared with the measured 
temperatures in Table 17. It can be seen that the calculated 
wall temperatures are in all cases more than 2 K too high. 
This discrepancy is similar to that for the full model. The 
model was run again with the solar radiation reduced by a 
factor of ten. In this case the inside temperature was some 
2 K lower than had been measured, demonstrating a sub
stantial effect. The actual change was a reduction of the 
mean inside temperature throughout the month by 4.2 K 
when the solar gain was reduced by a factor of ten, and a 
reduction of 2.3 K when the solar gain was one half of the 

Table 14 Cumulative heat flows through the roof of Great Brickhill Church (392 m2) 

Month Total Gain Loss Hours of Total 
hours in equal monitored 
month Heat transmitted In Heat transmitted In temperature hours 

(kWh) hours (kWh) hours 

Nov 89 720 -1.6 1 1020.2 179 0 180 
Dec 89 744 -32.6 22 2546.4 554 2 578 
Jan 90 744 -37.6 63 2761.4 630 3 696 
Feb 90 672 -198.4 150 1488.0 503 19 672 
Mar 90 744 -299.9 126 2304.6 616 2 744 
Apr 90 720 -286. l 77 1569.4 283 l 361 
May 90 744 -295.4 59 1040.4 188 3 250 
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Table 15 Roof beat gains and losses at Great 
Brickhill increased pro rara for number of hours in 
month 

Month Heat gain Heat loss 
(kWh) (kWh) 

Nov 89 -6.6 4080.7 
Dec 89 -41.9 3277.7 
Jan 90 -40.2 2951.8 
Feb 90 -198.4 1488.0 
Mar90 -299.9 2304.6 
Apr 90 -570.7 3131.0 
May90 -879.1 3096.3 

Total (kWh) -2037 20330 

Net heat flow (kWh) 18300 

Table 16 Roof heat flows at Great 
Brickhill if roof insulated to U = 
0.218Wm-2 K-1 

Heat flow 

Total (kWh) 
Net (kWh) 

Gain 

148 

Loss 

1477 
1330 

Table 17 Calculated and measured temperatures using a wall typical of 
Great Brickhill Church on 31 March 

Time Ambient Meas. inside Cale. inside Cale. inside temp.; 
temp. temp. (floor) tcmp.t (reduced solar 

gain) 
(h) c•c) (•C) c·c) c·c) 

0000 8.5 11.5 13.8 9.1 
0100 7.7 11.2 12.7 8.0 
0200 7.3 11.2 12.9 8.1 
0300 6.9 11.l 12.9 8.2 

0400 6.4 11.0 13.0 8.2 
0500 6.0 10.9 13.l 8.3 
0600 6.0 10.8 13. l 8.4 
0700 6.7 10.8 13.1 8.4 

0800 10.8 10.8 13.l 8.4 
0900 15.6 10.9 13.l 8.5 
1000 17.3 11.2 13.0 8.5 
1100 16.0 11.S 13.0 8.5 

1200 16.8 13.2 12.9 8.5 
1300 16.6 12.9 12.9 8.5 
1400 16.8 12.3 12.8 8.5 
1500 16.8 12.2 12.8 8.5 

1600 16.0 12.4 12.9 8.5 
1700 14.7 12.2 12.9 8.6 
1800 13.2 12.2 13.0 8.6 
1900 11.3 12.1 13.l 8.7 

2000 10.1 12.0 13.3 8.7 
2100 9.8 11.9 13.4 8.8 
2200 9.3 11.9 13.6 8.9 
2300 9.1 11.8 13.7 9.0 

t Solar gain from Kew weather file. 
; Kew solar gain divided by JO. 
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CIBSE value. Under these conditions the measured and 
calculated temperatures showed reasonable correspondence, 
and demonstrate the sensitivity of the model co solar gain. 
Inclusion of solar radiation as one of the logged parameters 
is urged as essential in work of this kind. 

S Conclusions 

Two mediaeval churches have been monitored during 1989 I 
1990. Temperatures at various levels have been recorded 
every hour and analysed to examine temperature strati
fication. One church was heated with electric storage heaters 
and was already fined with destrati.fication fans. In the other, 
electrically heated hot wate.r was circulated through large
bore cast iron pipes. Both churches have been thermally 
modelled. Each church is only used on one or two occasions 
per week. 

In neither church was there evidence of significant air strati
fication. The air at the highest part of the nave was often no 
warmer than the air at mid-pillar height. The only time 
when the air at the top did appear co be significantly hotter 
than the lower layers was when the sun was shining brightly 
and there was considerable solar gai.D. on the nave roof. Both 
these observations point to the high U-values applicable to 

lead- or rile-covered wooden roofs. At low ambient tem
peratures heat lost through the roof (which also has a low 
time constant) often causes a temperature inversion. The 
vertical temperature gradient can be correlated with ambient 
temperature. 

The constant low level of background heat emanating from 
storage beaters gave rise to larger vertical temperature gradi
ents, but there were very few occasions when the floor-to
roof temperature difference exceeded 3 K. Heat transferred 
into the building near floor level does rise, as seen by the 
thermocouples at intermediate levels in Great Brickhill, but 
this is rapidly cooled adjacent to the uninsulated roof. 

These observations do not suggest that thermal stratification 
does not occur in churches, but indicate that high tem
peratures should be demonstrated at roof level before apply
ing destratification measures. It is usually considered that 
the massive nature of thick church walls will act as a heat 
sink for heat input to the building and that it is the walls 
which determine the thermal characteristics. This work has 
shown that the large U-value of the roof structure may be 
more significant in determining the response of the building 
when intermittently heated. Insulation of the roof would 
provide a reduction in heat losses (even when the church is 
not heated) which greatly exceeds the reduction in solar gain 
due to irradiation of the roof. It would also reduce draughts 
and increase internal air temperatures during beating. Care
ful analysis of moisture movements is required before insu
lating the roof. 

The standard thermal analysis model used had some dif
ficulty in modelling heavyweight buildings. Validation of 
the model for the churches considered was hampered 
because the only localised weather data collected were the 
outside ambient temperatures. The effect of the solar 
irradiance, both direct and diffuse, was seen to be con
siderable when a simple finite-element model of a wall was 
used. Standard weather data files are useful for modelling 
global performance, but need to be more specific if cor
relation with internal temperatures is to be successful. The 
buoyancy-driven convection model used was only suitable 
for comparatively simple two-dimensional cross sections of 
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buildings without recirculated airflows. It did, however, 
confirm that there are cooler regions adjacent to the roof, and 
showed the effects to be expected if the roof was insulated. 
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