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8:1. INTRODUCTION. 

 

 In Chapter 4 a simple pilot study of the thermal behaviour of spaces enclosed by fabric 

membranes was described. The complex behaviour observed suggested that the 

investigation presented in this thesis would be much simplified if it were carried out in two 

parts:- 

 

• An investigation into the thermal behaviour of fabric membranes. 

• An investigation into the thermal behaviour of spaces enclosed by fabric membranes. 

 

 In chapters 5, 6 and 7 the first of these two parts was described. This investigation 

culminated in the development of a thermal model with which information describing the 

thermal state of fabric membranes could be generated. It was shown that this model could 

predict the thermal behaviour of a representative selection of fabric membranes with 

reasonable accuracy.  

 

 In this chapter, and Chapter 9, the second part of the research, the investigation into the 

thermal behaviour of spaces enclosed by fabric membranes is described:- 

 

• In this chapter a programme of monitoring is explained which was undertaken in order to 

investigate the thermal behaviour of a representative selection of existing spaces enclosed 

by fabric membranes. 

• In Chapter 9, the approach necessary to simulate the behaviour observed during the course 

of this monitoring programme is discussed, and the accuracy and appropriateness of such 

an approach assessed. 

 

 

 

8:2. THE MONITORING PROGRAMME. 

  

8:2.1 The Aims of the Monitoring Programme. 

 

 The purpose of the monitoring programme was similar to that of the pilot studies, but the 

data collected was more detailed and the range of buildings and conditions investigated 

was more comprehensive. This process had  two fundamental aims:- 

 

• To assess which of the characteristics of spaces enclosed by fabric membranes it is 

necessary to model in order to be able to properly simulate their thermal behaviour. 

• To provide a comprehensive data set against which the accuracy of a model used to 

simulate that behaviour might be tested. 
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 As with the test cell study described in Chapter 5, in order to provide adequate information 

with which to satisfy the aims of this monitoring programme, it was necessary to record 

two sets of conditions simultaneously:- 

 

• The thermal conditions within the enclosed space itself. 

• Those external thermal conditions which could significantly affect the behaviour of the 

enclosed space. 

 

 

8:2.2 The Approach Adopted in Order to Monitor the Thermal Behaviour of the Enclosed 

Spaces. 

 

• Aims. 

 The pilot studies presented in Chapter 4, had made it clear that establishing a strategy 

suitable for positioning sensors within the spaces monitored was essential if conditions 

representative of their characteristic behaviour were to be recorded. Ideally a great number 

of points would have been monitored throughout the enclosures, however the limited 

availability of equipment, and the practicality of monitoring a large number of positions 

without actually disturbing the behaviour of the spaces, meant that it was necessary to 

adopt a selective strategy. 

 

 It was suggested in Chapters 3 and 4 that the most characteristic thermal feature of such 

spaces was the difference between the sensitive thermal behaviour of high level fabric 

membranes, and the more stable behaviour of lower level surfaces such as the floor. The 

significance of the resulting thermal stratification within such spaces had already been 

identified by Wu et al[
1] Sinofsky[2] and others and so it seemed appropriate to adopt a 

strategy which would record this effect. For this purpose it was decided to take 

simultaneous readings from a number of points distributed vertically between the 

membrane roofs of the spaces studies, and the floors over which they spanned. 

 

 As was also discussed in Chapter 4, it was very important to ensure that an appropriate 

parameter was monitored at these points. For simplicity, a single value was required 

representative of the conditions experienced by the occupants of the spaces. It was also 

desirable that this value could be duplicated by the spatial model which will be discussed 

in Chapter 9.  

 

 The model described in Chapter 9 adopts the CIBSE resultant temperature (tres), in order 

to determine occupant comfort, representing '... the temperature recorded by a 

thermometer at the centre of a blackened globe 100mm in diameter' [3]. Where the 

resultant temperature may be calculated as described overleaf. 
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 tres = [ tr + ti √ (10Vi) ] / [ 1+ √ (10Vi)]                [
4] 

 

 where tr  is the radiant temperature, ti the inside air temperature and Vi the internal air 

speed. At low internal air speeds, where Vi is less than 0.1 m/s this equation reduces to :- 

 

 tres = ( tr + ti ) / 2                  [
5] 

 

• Apparatus. 

 To measure the resultant temperature at a large number of points within the spaces would 

have been cumbersome and could have proved difficult because the blackened globes 

would have required a substantial supporting structure. It was also considered that such 

globes may have been a little inappropriate for this sort of investigation as they could take 

up to 20 minutes to reach an equilibrium temperature[6]. This may have resulted in sensors 

responding too slowly to thermal changes within the spaces which could be rapid. 

 

 The temperature sensors which had to be used in order to provide an electrical output that 

could be easily recorded, were bead thermistors. These thermistors could be selectively 

shielded from various environmental parameters using blackened globes, radiant shields 

and so on in order to ensure that they detected only the required temperature conditions.  

 

 In a controlled experiment, the performance of thermistors enclosed by blackened globes 

was compared to that of completely exposed thermistors (which are themselves black) and 

thermistors enclosed by radiant shields in order to record only the air temperature. The 

relative values recorded by each method during this experiment are illustrated below. 

 
 Figure 8:2.2 Comparison Between the Temperatures Recorded by Three Different Types of 

Sensor Under the Same Conditions (11:00 11/7/94 to 19:00 12/7/94). 
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 It can be seen that the exposed thermistor temperatures followed the globe temperatures 

fairly closely despite the fact that they were exposed to bright sunshine (illustrated by the 

difference between globe and air temperatures), a situation unlikely within membrane 

enclosures. Whilst under prolonged periods of bright sunshine, the thermistors 

underestimated the resultant temperature by up to 3 or 4oc, the delay induced by the 

transmission of conditions through the blackened globe produced discrepancies of almost 

10oc. This suggested that the slow response CIBSE method for measuring resultant 

temperatures may not be appropriate for monitoring the behaviour of fast response spaces 

enclosed by fabric membranes. 

 

 It was decided therefore that the simplicity, fast response and light weight which resulted 

from simply monitoring the output of exposed thermistors probably outweighed the small 

increase in accuracy at peak conditions which would result from the use of the slower 

response blackened globes. In order to validate this approach however, a single position 

was chosen within each space investigated at which to monitor a shielded globe 

temperature in addition to the exposed thermistor resultant temperature. 

 

 Type U bead thermistor temperature sensors were used for this investigation. These are 

accurate to within 0.35oc in the range -30 to +100oc[7]. The use of three 1200 series 

Squirrel meter / loggers allowed up to twelve positions to be monitored within each space. 

As one position was used to check the radiant / air temperature, eleven vertically 

distributed, exposed thermistor readings could be taken.   

 

 The thermistors were split into two groups of 6, each group being connected along the 

length of a 15 core cable to the data loggers. One cable was made 24m long, and the other 

12m long, with 1.5m of slack cable available between thermistors to allow adjustable 

spacing. It was considered that this would provide enough data to be representative of the 

characteristic thermal behaviour of even the tallest spaces. 

  

 As the temperature sensing capability of the thermistors was based on electrical resistance, 

it was possible that the 314mW/m resistance of the cables connecting the sensors to the 

data loggers could result in small inaccuracies in the recorded values. It was calculated 

however that the maximum error which could be produced by a cable length of 24m within 

the range of conditions found within the built environment was just 0.25oc, and this was 

not considered significant enough to justify the complex procedure necessary to correct the 

recorded values.  

 

 It was likely that high level access would be difficult in some of the buildings, and so a 

telescopic Clarke Mast was obtained which could be used to support the sensor cables 

vertically up to a height of 11m. 
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8:2.3 The Approach Adopted in Order to Monitor External Conditions. 

 

• Aims. 

 This involved monitoring those external conditions which could significantly affect the 

thermal behaviour of the enclosed spaces, either directly by transmitting through the spatial 

enclosure, or indirectly through their affect on the thermal state of the spatial boundary. As 

with the interiors of the spaces studied however, it was not possible to monitor every 

environmental condition, and so it was necessary to strike a balance between collecting 

comprehensive data, and providing easy to interpret information. When enough 

characteristic conditions were monitored, it was possible to use environmental theory in 

order to estimate additional information as described in the chapter 7.  

 

 For this purpose, the conditions listed below were monitored, as previously discussed in 

Chapter 4:- 

 

• Apparatus. 

• Horizontal global solar radiation, measured using a solarimeter calibrated such that one 

milivolt represents 104.78 W/m2. 

• External air temperature, measured using a type U thermistor with radiant shield. 

• Wind speed, measured with a pulse count Porton Anemometer for which every 47.3 

rotations of the rotor per minute represents the passage of a one meter of air per second.  

• Membrane surface temperature. Measured using a Type K Chromel Alumel thermocouple. 

This gives a voltage output based on the difference in temperature between the 

thermocouple and the reference junction at which the voltage was recorded such that:- 

 

 Actual Temp = {[ Junction Temp / 24.82593 ] + [ Voltage (mv)]} × 24.82593           [
8] 

 

 Unfortunately, monitoring the internal surface of these membranes was almost impossible 

because of their inaccessibility and non stick surface. This meant that external surface 

temperatures had to be monitored, despite an awareness of  the limitations of this 

approach, as discussed in Chapter 5.  

 

 All of the external conditions described above were recorded using a 1200 series Squirrel 

meter / logger, sealed in a weather tight meteorological box.  
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8:2.4 The Method Adopted for the Monitoring Programme. 

 

 In order to obtain a comprehensive range of information describing the characteristic 

thermal behaviour of spaces enclosed by fabric membranes, it was necessary to monitor a 

number of spaces under a variety of conditions.  

 

 As discussed in Chapter 1, the main criteria for the selection of the spaces studied was that 

a thin fabric membrane should form a major part of their external envelope. In order to 

limit the complexity of the spaces monitored however, it was also decided that the 

membrane should be frame supported rather than air supported, that it should form an 

actual enclosure, not just a canopy and that the buildings should be available for study 

whilst unheated.  

  

 In 1993, when the arrangements for this programme of monitoring were being made, the 

choice of appropriate spaces in the UK was limited. During the course of the study, an 

increasing number of membrane enclosed spaces were completed, however at the time only 

8 were available:- 

 

•••• Building                  Completed 

• Judy's Pantry (originally The Clifton Nurseries).     1981 

• Schlumberger 1.         1985 

• Landrell Fabric Engineering.        1987 

• The AELTC Indoor Tennis Centre, Covered Courts.    1989 

• Imagination Headquarters, Central Atrium.     1989 

• Project 184, MOMI Hospitality Tent.      1991 

• The Cheriton Passenger Terminal, Administration and Amenity Building.  1992 

• The Royal International Eisteddfod Pavilion, Main Arena.   1992 

 

 After visiting Judy's Pantry and the Imagination Headquarters, it was decided that both 

spaces were too complex to consider that their fabric roofs were the most significant 

boundary features influencing their thermal behaviour. Access to Schlumberger 1 was 

refused and the MOMI Hospitality Tent designed by Future Systems was destroyed during 

storms in December 1993. This left just four relatively simple but diverse structures 

available, to study:- 

 

• Landrell Fabric Engineering. 

• The Royal International Eisteddfod Pavilion, Main Arena. 

• The Cheriton Passenger Terminal, Administration and Amenity Building. 

• The AELTC Indoor Tennis Centre, Covered Courts. 
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 Access to each of these spaces was obtained, and the behaviour of each was monitored a 

number of times. This was however a very time consuming and expensive process. Each 

time a space was monitored, two round trips were required, one to set up and one to 

remove equipment. In the case of the Administration and Amenities Building, this involved 

travelling over 1200 miles. This meant that whilst the aim was to obtain data from all of 

the spaces under as many different conditions as possible, practically, it was only possible 

to visit each of the buildings two or three times. 

 

 The findings of the pilot study suggested that in order to obtain informative and 

comprehensive data, it was necessary to monitor the behaviour of the spaces for a period of 

not less than two days for each of the visits made. The finite memory of the monitoring 

equipment meant that a logging interval of one to two minutes had to be adopted for this 

purpose, depending on the number of data loggers available at the time. 

 

 In the next four sections of this chapter each of the spaces investigated is briefly described, 

some of the data obtained from monitoring their behaviour is presented, and a number 

general observations are made about their characteristic thermal behaviour. In Section 7, 

these observations are briefly summarised, and their implications for the approach 

necessary to simulate such behaviour is assessed. 

 

 

 

8:3. CASE STUDY 1: LANDRELL FABRIC ENGINEERING. 

 

8:3.1 Description of the Landrell Fabric Engineering. 

 

•••• Credits. 

• Owned and occupied by Landrell Fabric Engineering Ltd. 

• First erected in 1987. 

• Originally used as a training / conference facility by National Westminster Bank Plc. 

• Sold to Landrell Fabric Engineering Ltd by the Network Christian Trust in 1991. 

 

•••• Site. 

• Station Road, 

 Chepstow, 

 Gwent. 

• Longitude: 2.667o West. 

• Latitude: 51.642o North. 

• Altitude: Finished floor level 30m above sea level. 

• Site: Urban industrial estate on level ground at the base of a severe north facing, cliff. 
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•••• Form. 

• Three standard units, each 30m by 24m giving a total footprint of 2160m2. 

• Approximately 10,000 m3 is enclosed under the external fabric roof. 

• Approximately 5,000 m3 is enclosed under the internal liner membrane. 

 

•••• Double Membrane Envelope. 

• Outer membrane: low translucency white / cream PVC coated polyester membrane. 

• Inner membrane: permeable proban treated cotton calico. 

• Combined U-value quoted by manufacturers as 2.5- 3.0 W/m2oc.   

• The membranes have an expected life of 15-20 years. 

• The membranes were 7 years old during the period monitored.  

• They were showing no visible signs of deterioration other than an accumulation of dirt on 

both surfaces of both membranes. 

 

•••• Occupancy. 

• The space was substantially unoccupied during the monitored periods, however there is 

considerable activity during working hours, and machinery within the space can generate 

significant quantities of heat. 

 

•••• Environmental Control System• 

• The original gas burners have been replaced with a primitive air conditioning system 

intended to combat condensation problems. 

• Optional natural ventilation is possible through the apex of each internal cone to the roof 

space, and then through the vents in the external membrane to the outside. 

• Small destratification fans are suspended from the peaks of the internal membranes. 

 

•••• Comments. 

• The space was not entirely appropriate for the purposes of this research, but it was easily 

accessible making it ideal for testing monitoring techniques. 

• Condensation had been such a problem in this building that a collection and drainage 

system had been welded to the internal surface of the outer membrane. Even with these 

precautions however, the unpredictability of condensation means that moisture still drips 

from the surface of the membrane back into the space. 

• It was anticipated that the complex and unusual double membrane roof configuration 

would make the behaviour of this space very difficult to simulate. 

 

 

 

 

 






































