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PREFACE 

When Brian Ford first e nticed me t o t r yout Jack Siviour' s therma l 
ca l ibrat ion technique on his greenhouse project i n 1981, I thought 
for a wh ile that it might be possib l e to speed up and simpl ify 
house thermal testing dramatically.lt might even have been poss ible 
to get archi tects to test their own h o use de s i gns ! 

Alas, the Linford project has s h own that if you want to know one 
thing abou t a house (such as the solar gains ), you have t o know 
eve r y thing e l se. Some t hings,such as the f l oor heat l oss ,have 
turned out to b e t o t a lly mystifying. Others, l ike air infi l t r at i o n 
are mind - bogglin g ly compl icated but do make a k ind of sense . 

This report aims to give adv ice to those fool enough to want to 
test the thermal performance of a h ouse. I have attempted to 
describe the vario u s topics as simply as possible, but some, such 
as the statistical t h eory, remain resolutely fuzzy, a sur e s i gn 
that further work i s needed. 

Happy Reading, 

Bob Everett August 1985 
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The projects mentioned in this report all have individual full 
monitoring reports and this is, in effect, a common technical 
appendix to all of them. 

Project reports:-

Thermal performance monitoring of a terrace house with conservatory, 
New Bradwell, Milton Keynes, Brian Ford, Royal College of Art Dept. 
of Design Research, December 1982. 

Linford Low Energy Houses, R.Everett, A.Horton, J.Doggart & J.Willoughby. 
Open University Energy Research Group, Jan 1985 (ERG 050). 

The Pennyland Project, Dr.R.Lowe, Prof.J.Chapman, R.Everett, O.U.E.R.G., 
July 1985 (ERG 053). 



1. INTRODUCTION 

CONTENTS 

1.1 Spencer St. project 

1.2 Th e Linfar-d proJec;:t 

1.3 The Penny I a nd project 

This chapter outlines the three housing projects 
that have supplied data used 1 n this report and 
outlines the contents of the other chapters . 
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CHAPTER 1 

INTRODUCTION 

This report initially just set out to describe the development of a 
methQd for the rapid the r mal ca lth"ration of houses, i.e. empirically 
determining the total house fabric loss and its response to passive 
sola r gains. However. because good agreement was achieved between 
therma l ca libration results and analysis of occupied house data , the 
report has been extended to cover compari sons of occupied h ouse and 
experimental te st hou se result s . 

The basic thermal ca libration method was original l y used by J . Siviour 
of the Electricity Council Research Cen tre as a way of determining 
the fabric hea t 10s8 of a h ouse alone, given at Lea s t six weeks 
measurement,s . A description of t h is method was presented as a paper 
to a conference in Liege in 1981 (see Appendix 1). 

The method has been used in two passive solar projects i n Milton 
Keynes, the Spencer S t. conservatory project and the Linford direct 
gain project. It has been extended to determine the effects of 
passive so lar gains on space heating and also to reduce the time period 
required. The l ength of time necessary to obtain a rea sonable thermal 
calibration is highly dependent on the weather, especially the mix 
of sunny a nd dull days. Given typical winter conditions in centrall 
southern U.K. a period of two weeks is sufficient, though three weeks 
should be allowed for worst-case co nd it i ons . 

The method has b een ex tended to occupied houses in the Linford and 
Penny l and housing projects. 

1 . 1 Spencer St. Pro j ec t 

In October 1981 , the method was tried out on a small terraced house 
with attached conservatory in New Bradwe1l in the north of Milton 
Keynes . This was one of a street of 19th Century houses which were 
refurbished by Milton Keynes Development Corporation in 1977. This 
involved dry lining and insulating the solid brick walls with 
75 mm insulation 85 well as the provision of 75 mm roof insulation. 
(see figure 1 . 1) . The conservatory was added in 1979. 

The house was the subject of design studies with a view to improving 
the performance of the conservatory. It was monitored in detail over 
the winter of 1980/81 and the autumn of 1981 by Brian Ford of the 
Royal College of Art , with assistance from the Alternative Technology 
Group of the Open University . The work was funded by the Energy 
Technology Support Unit at Harwell as part of the Department of 
Energy's programme of passive solar energy research. 
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View f rom the back garden 

Figure 1 . 1 
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Although the house was available for detailed experiments for three 
weeks in October 1981 while the occupants were on holiday, only 
s even days actual measurements resulted. The other two weeks were 
taken up with s orting out (and making ) monitoring equipment. 
However, these seven days data were sufficient to determine the 
effects of solar radiation on the house heating demand and give 
a certain amount of information about the mechanisms of heat storage 
and transfer through the conservatory. It was not possible to 
determine the fabric 106s of the house because of various omissions 
in the measurements, notably the floor heat loss and losses into 
the adjacent terraced houses. 

The results of this test showed cons iderable promise for a rapid 
method of experimentally determining the thermal properties of houses~ 
They were used in support of the research proposal to S ~ E . R . C. 
submitted in April 1982 . This was for two years work to study the 
problems of the method and in particular applying it to another 
passive solar project in Milton Keynes at Great Linford. This funding 
~as granted and started in January 1983, though much of the 
experimentation and analysis documented here actually predates this. 

1.2 The Linford Project 

This is a scheme of eight direct gain passi ve solar houses , also 
funded by the Department of Energy ' s Passive Solar Programme . They 
have a large area of south- facing glazing and a high standard of 
insulation. They have 100 mm cavity wall insulation , 150 mm roof 
insulation and double glazing.(see figure 1.2) . 

The houses were built during 1980 and 81 and were monitored during 
the winters of 81/82 and 82/83 by the Energy Research Group of the 
Open University. One house was designated a test house and equipped 
with a wide range of sensors including an automatic air infiltration 
measurement rig. 

The project has allowed 10 months of detailed testing, over the 
period March 1982 to May 1983, during which time various modifications 
were made to the test house , including insulating over the floor 
with 50 mm polystyrene and altering the effective transmissivity 
of the windows . These thermal calibration tests have served not 
only to evaluate the performance of this house design but als o to 
examine the validity and consistency of the method itself, whether 
it is capable of producing the same answers from successive short-
run data sets . 

Fortunately, the method appears to work quite well and answers from 
successive two-week periodsare consistent within the measurement 
accuracy of the raw data . Surprisingly, further measurements have 
shown that the test house results are a good description of the 
performance of at least thr ee of the adjacent occupied houses, 
which suggests both a uniformity of house construction as well 
as of experimental method , though considerable assumptions have had 
to be made in the process . 
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Great Linford houses: North (top) and South (above) elevations 
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The test house measurements discovered considerable problems in 
the determination of heat losses through solid floors . This has 
led to a requirement for them to be measured separately. These 
difficulties are described briefly in Chapter 3, but are dealt 
with in greater detail in the main Linford project report. 

Air infiltration measurements have turned out to be very important. 
Much of the Linford test house analysis has been devoted to the 
development of an air infiltration model allowing missing 
measurements to be filled in from calculations using measured 
weather data. This process is described briefly in Chapter 4 but 
again readers are referred to the main Linford report for full 
details . A brief section on pressure leakage tests is included, 
since although they are not part of the thermal calibration method , they 
have proved very quick and effective in assessing the likely air 
infiltration of houses . 

An important part of a rapid thermal calibration process is to have 
measuring equipment that is simple, reliable and preferably not 
excessively expensive . Chapter 5 deals with logging and measurement 
equipment, given the experience of these and other pro jects . 

Fortunately over the past five years data logging has become a lo t 
simp l er with more reliable loggers and a flood of microcomputers 
which can easily be interfaced to sensors. Chapter 5 describes 
practical equipment, inc luding cheap heat flux sensors made for 
the Linford project and the conversion of the air infiltration rig 
to automatic operation . It also describes the practical thermographic 
s u rvey carried ou~ at Linford which gave very rapid information on 
thermal defects. 

Chapter 6 deals with the statistics of weather, the availability of 
a suitable mix of sunny and dull days throughout the year. It also 
looks at the self- consistency of the basic method, the problems 
of covariance between sol ar radiation and air temperature and at 
a slightly different method of analysing the measurements. These 
topics have a certain bearing on the analysis of data fro~ occupied 
houses, in particular those of the large scale Pennyland field trial. 

1 .3 The Penny land Project 

This is another passive solar project, adjacent to the Linford houses 
in north Milton Keynes. This has been jointly funded by the Department 
of Energy and Department of Environment. It involved over 200 houses 
and took the basic form of compariso~s of energy consumptions for 
houses at four levels of insulation and three levels of 'solar design l • 

The Penny land Estate was built during 1980 and was monitored over 
the winters of 1981/82 and 82/83 by the Energy Research Group , in 
parallel wi th the Linford project . 
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It was realised during the des i gn of the pr ojec t that cr ude ener gy 
comparisons would not be very informati ve becaus e of the spreads of 
occupants ' behaviour . Thus 80 of the houses were equipped with 
s imple monitoring operating on a weekly average bas i s . It was hoped 
that using this data set a degree of ' hous e characterisation' coul d 
be acheived . i.e. extracting a hous e hea t l oss coeffici ent and one 
for the degree of solar performance , t hough there was no i nfor mation 
on the s t atis t ical problems of doing th i s . 

Afte r much careful analysis wo r k, also funded by S.E.R.C., it appears 
that it is possible to extract rough estima te s of h o u s e heat loss 
coeffi cien ts, sufficient to show that one house is better insulated 
than another. Attempts to show tha t one house design is more ' solar' 
than another have only met.. with marginal s uccess and detailed 
t hermal calibration tests are real l y necessary. The s tati s tical 
problems of this analysis are discussed in Chapter 6, though for 
other details of the Pennyland project readers are refe rred to 
the main pr oject report. 

Chapter 7 dea l s briefly with methods for copi ng with thermal time lags 
due to thermal mass in the basic daily regressions . This involves 
the use of 'weighting factors' derived from response factor model ling 
theory, to be used with measured i nternal and external temperatures. 
Although these timelag problems seemed impo r tant at the outset of 
the project, they have rather paled i n to insignificance compared with 
the practical prob l ems of errors i n the measurement of air inflltration 
rates and floor heat losses. However, t hey may sti ll be of use in 
the assessment of well insulated houses with long thermal time 
constants. 

Chapter 8 draws together the conclusions of this report and outlines 
pOSSibiliti e s for a thermal calibration kit that could pos sibly 
go on tou r teating a different house every month . 

Since this report covers several projects, each graph has been 
labelled with an identi fyin g p icture, to avoid confusion :-

LINFORD PENNYLAND 

SPENCER ST. ~ 
Del! 

_I~ 
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CHAPTER 2 

BASIC METHOD 

This consists essentially of constructing a careful energy balance 
for an unoccupied house. ~ measuring the space heating energy and 
the ~esulting house inside-outside temperature difference. the total 
fabric heat loss of the house can be deduced. The method is complicated 
by the presence of solar gains of a generally unknown magnitude plus 
a continuously varying air infiltration loss and, if the house has 
a solid slab floOT. a floor heat loss with curious dynamic properties . 

The energy balance can be written 8S:-

Q + R.S = + F 

Space heating + Solar Gains = Fabric Heat Loss Air Floor 
+ Infiltration+ Loss 

In the case of a terrace house there will be an extra term due to 
heat losses through the party walls into the adjacent houses. 

In order to build a proper energy balance, it is necessary to look 
at each of these terms in detail ',",as well as at the statistics 
required to extract the unknowns in the equation, the fabric heat 
loss and the coefficient of solar gains. The fabric heat loss i s 
essent i ally determined by looking at the energy balance on dull 
days and the solar performance by comparing the performance on 
dull and sunny ones. 

2p!'l Space Heating 

For ease of control and monitoring the test houses have been heated 
with electric fan heaters with individual electronic thermostats 
(see Chapter 5). This allows the house to be maintained as far as 
possible at a uniform constant internal temperature. This tends to 
minimise the effects of day- ta- day energy storage in the building 
fabric and makes it easier to work out a genuine ' average ' house 
internal temperature. For the Spencer St. house only one heater was 
used, but two (one upstairs and one downstairs) would have been 
much better. For the larger Linford house. a total of five were 
used. The outputs of the five individual controllers were separately 
monitored, showing the distribution of solar gains throughout the 
house. though this is not essential to the method. 

The house should be run at as high an inter nal temperature as is 
feasible (250C was used in the Linford house). This has several 
beneficial effects :-

1 . The resultant inside- outside temperature drfference is large 
compared to the errors in temperature measurement . 
2. The solar gains are less likely to totally displace the space 
heating during the day, thus upsetting the constant interna l 
temperature. 
3 . A high.6.T reduces the varia tion of air infiltration with wind 
speed, making it easier to fill in missing values . 
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The house should be heated up to the test internal temperature for 
at least two and preferably three whole days before measurements 
begin. This can be done while other equipment is being set up. 

2 . 2 Solar Gains 

All houses are to a certain extent solar heated and the magnitudes 
of solar gains can be quite s ignificant. For a normal house solar 
gains enter through windows on all sides plus a certain amount 
which is conducted through the opaque fabr ic of the walls and Toof. 
For passive solar designs such as those tested here, most of the 
glazing is concentrated on the south s ide of the house , with 
glazing on other facades reduced t o a minimum . This simplifies 
calculations considerably and it has been assumed that solar gains 
on a daily basis are a linear function of solar radiation on 
the south - facing vertical surface outside the house. This choice 
of solar variable, rather than the more normal horizontal solar 
radiation is a reasonable compromise between a ' meteorological' 
quantity and something that relates only to one house on one site • 

. Figure 2.1 shows calculated solar gains transmitted through both 
south and north- facing windows of a Linford type house as a function 
of south- facing vertical solar radiation, both quantities having 
been calculated from hourly values of horizontal solar radiation . 
The ~elation between the two i s fortunately very linear and the 
coefficient relating them defines an equivalent clear s outh- facing 
solar aperture . in this case of approximately 13 m2 • 

This ' solar aperture' is purely a tool of convenience and is only 
roughly related to the actual window areas and transmissivities. 
Given that typically solar radiation on the north- facing surface 
of a building is about one third of that on the south-facing 
surface, the solar aperture can be calculated as :-

Solar Aperture :: (As + Ani}) x ""r III 

where As = Net area of south- faming glazing (i.e. excluding 
frames) 

An = 

et = 

Net area of north- facing glazing 
transmission of glazing including the effects of 
obstructions ( net curtains, etc) 
absorptivity of room ( taking into account colour 

of paint, etc.) 

Solar gains through the opaque fabric have been ignored, but are likely 
to amount to an extra ~ or so. 

For a more complex house, such as one with an attached conservatory, 
the solar aperture may be almost impossible to calculate simply 
and may really only exist as a rough experimental relation between 
solar radiation and solar gains to the house. 

The solar aperture defined here is similar in function to the solar 
' recuperation factor ' used in the ' temperature without heating' method 
of analysis developed in Belgium (ref. 2.1). As a result the symbol 
R has been adopted. 
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For houses of a more normal des ign with wirldows on several s ides, 
it i s recommended t hat the calcula tions be carried out using a 
co~posite solar aper t ure based on a weighted average of measured 
solar radiation on the various surfaces according to the relat i ve 
window areas . This does, however, make it a little difficult 
to compare the relative solar performance of different houses , though 
in this case it may not be very important. 

2. 3 Fabric Heat Loss 

This i s the main unknown that has to be determined, essentially the 
heat loss of the walls , windows and roof and also the floor if this 
i s of s uspended timber construction . As such it i s the product of 
the individual areas and U- values of the components plus the effect s 
of var ious cold bridges . 

Although the individual U- values of components can be easily determined 
in tes t cells us ing heat flux sensors , wha t we are concerned with 
here i s t he practical sum .of all t hese components i n a real house 
with possible des i gn or construction defects . These defect s can 
be easily judged qualitat i vely using thermographic techniques 
(see Chapter 5) , but they also need to be assessed quantitati vely . 

2 .4 House Temperature Difference 

The accuracy of the determination of the fabric heat loss depends 
largely on the accuracy of the measurement of the temperature 
difference between the inside and outside of the house. Having 
attempted to keep the internal temperature as cons tant as possible, 
the external temperature must be de termined accurately. 

The practical problems of tempera ture measurement are dealt with in 
Chapter 5, but there are also theor etical problems . concerning the 
effects of solar r adiat ion. 

The external: air temper ature a t Linford was measured in a normal 
Stevenson Screen . This i s essentially a ' 'louvred wooden box, but 
can be thought of as a crude passive solar test cell with a certain 
amount of solar gains of its own . These solar gains may upse t the 
determinat i on of a solar aperture for a house, as i s described in 
Chapter 6 . It would seem best that external temperature measurements 
are made with an aspi r ated temperature sensor, in order to ge t a 
t r ue air temperature . These solar effects are unlike l y to change 
t he est imate of f abric heat loss , though, s ince this i s dependent 
on the house performance on dull days. 

2 . 5 Air Infiltration Loss 

Th i s may vary considerably from hmur to hour and thus must be 
measured continuously . The rela tion of air in fil tra tion to house 
~T , wind speed and direction i s very complex and i s discussed 
in chapter 4. 
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2.6 Floor Loss 

Measurements on the solid concrete floor at Linford showed that 
this had curious dynamic thermal properties and was not related to 
the same AT and the rest of the bui lding fabric. The details of 
this are given in chapter 3. 

The effects of changing floor heat" loss had a disturbing effect on 
initial analysis regress i ons f or the whole house, producing 
overestimates of the solar aperture. This kind of effect is discussed 
in chapter 6. 

For practical purposes it thus seems necessary to measure the floor 
heat loss as a total unknown with heat flux sensors and enter it 
separat ely into the house energy balance. 

2.7 Losses Through Party Walls 

For a terraced house, especially if it is being run at a high 
internal temperature, there will be appreciable heat losses into 
adjacent houses. These can easily be overlooked , as was the case 
with the Spencer St . house, even though t he datalogger ~as actually 
in one of them. 

Fortunately these losses do not pose really seri ous problems of 
massi ve variation or strange dynami cs and could probably be 
estimated with only t~o heat flux sensors in each party wall. The 
main problem is really that of the desirablility of measuring 
temperatures in the adjacent houses and any inconvenience that 
t his might cause. 

2.8 Analytic Methods 

Having drawn up a house energy balance :-

Q + R. S = ( "tA.U + Cv). "T + F 

we can look at it in two possible ways. 

One is to treat R, the solar aperture, rA. U, t he fabr i c heat loss 
and F, the floor loss , as unknown constants. 

By regressing measured Q against S and 6 T we can attempt to extract 
these coefficients . This i s equi valent to fitt ing a mathematical 
plane surface,ithrough data plotted i n a 3- dimensi onal space bounded 
by the Q, S and 4T axes as shown in figure 2.2. 

This method has various statistical problems which are discussed in 
Chapter 6. It has not been very fruitful for test house work directly, 
but has been more useful for the analys i s of occupied house data from 
the Penny land project . It has been useful for looking at the effects 
of experimental errors in test house measurements ,for the second 
method below. 
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Alternatively, we can take F and Cv as measured known quantities 
and the heat balance equation can be rewritten:-

Q - F 
4 T 

- Cv = lA. U - R.S 

Thus by plotting(Q-F)/6T - Cv against SlAT, we get a graph whose 
Y-intercept is ~A.U and whose slope is R, the solar aperture. 
This plot is shown in figure 2 .3. 

This graph, suggested by J.Siviour of the E.C.R.C., has been used 
for the determinationnof the solar apertures and fabric heat losses 
of both the Linford test house. and by including free heat gains from 
cooking, lights, etc. in Q. also for the occupied houses. 

Although this is a mathematical transformation of the 3- dimensional 
plot, it can be thought of as being roughfuy equivalent to a 
projection of the data, edge on to the fitted plane. back on to 
the surface bounded by the Q and S axes in figure 2.2. If AT does 
not vary over the data set, which is almost the case in short 
runs of data, it is exactly equivalent. 

2.9 Choice of Timescale 

It is fairly obvious from figure 2.3 that in order to get a good 
estimate of f.A. U we need a fair number of data points hard up against 
the Y- axis, i.e . some dull weather, and also to get a good fix on 
R, we need a good spread of values of s/~T, i.e. some sunny weather 
as we~l. As originally suggested by Siviour, using weekly data 
averages, this involved at least six weeks measurements in order 
to get enough appropriate weather. 

Measurements on the Linford house during the spring of 1982 
produced a data set of ten weeks, none of which were very dull 
and which had a poor scatter of values of si 6T. Thus despite 
careful measurements over a long period of time, i t was not really 
possible to extract hard estimates of [A.U and R. 

Switbhing to a daily basis for analysis , produced a wider spread 
of values of s/~T. including a large number of very dull days. 
This is illustrated by comparing figures 2.4 and 2.5 from the 
Linford winter 1983 dataset. The two plots do,inPfact,give very 
similar results, but this is only because care was taken over 
the determination of the floor heat loss . For the spring 1982 
dataset the comparison of small changes in weekly aver age space 
heating with small Changes in weekly average solar radiation were 
completely upset by a large change in floor heat loss, which was 
completely unsuspected. 

The price that is paid for switching to a daily, rather than weekJy 
basis, is that of having to attend to thermal timelags from day to 
day, especially in the storage of solar radiation. For this 
it is necessary to look at the effects of solar gains on space 
beating on an hourly basis. 
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Dai ly averages of data show a wider s pread of values of S/~T 
than weekly averages . The results are similar, though the 
daily data gives smaller error limits . 
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2 .10 Daily Cycle - Direct Gain House 

Figure 2 . 6 s hows a plot of measured s pace hea ting for the Linford 
tes t hous e for a dull day f ollowed by two s unny ones . It also 
shows meas ured inside surface hea t fluxes ab f our point s , two on 
the floor jus t inside the window (the s un actually s hone on the 
floor over them) and two on the inside wall s urfaces . 

L, The daily pattern of events on a sunny day is roughly as follows:-

. ; 

1 . The sun rises. 

2. The external air temperature begins to rise rapidly . 

3. So lar radiation enters the windows, striking the floor. 

4. A small proportion of this radiation penetrates the carpet and is 
absorbed in the floor beneath. 

S. The remainder of the radiat.ion is dispersed in the air inside t h e 
house. 

6. This energy, together with the rapid reduct10n window and ventilation 
losses due to the rising external temperature leads to a slight rise 
in internal temperature. 

7. This rise in temperature affects the thermostat(s) allowing solar 
gains to displace space heating immediately. 

8 . Once the space heating has been totally displaced the internal 
temperature rises more rapidly. 

9 . This rise in internal temperature causes a rapid flow of energy 
i n to storage in the walls. 

10. Towards sunset the solar radiation drops off a nd the external 
temperature begins to fall, increasing 'massless ' heat losses 
such as the windows, ventilation loss and to a certain extent , the 
roof . 

11. The internal temperature falls slowly back to the thermostat 
setting. During this period the space heating is supplied from 
s t ored solar energy flowing back out from the walls . 

12. Once the thermosta t setting is reached the space heating comes on 
again, but relatively slowly. 

13. Although the 'massless ' heat l osses increase in the evening with 
the falling external temperature, the heat loss through the 
thermally massive walls lags about 8 hours behind the daily swing 
in air temperature. reaching a minimum in the evening. 

14. Throughout the evening, although the internal air temperatu r e is 
constant, heat still flows out of the walls, displacing space heating 
energy as the deeper wall layers return to equilibrium. This 
state continues until dawn whe n the cycle repeats . 
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On dull days the solar radiation may not be enough to totally 
displace the space heating and the cycle skips stages 8- 12. 

The p~ocess is further complicated by the fact that the solar 
gains are not evenly distributed over the house, each room 
responding to the solar gains to a greater- or lesser extent. 
This is illustrated in figure 2.7 .which shows the outputs of 
four'of the five fan heaters used in the Linford house. 

On a sunny day it is clear that the solar gains affect all the 
south- facing rooms fairly equally, though the kitchen on the 
north side is the last room to be affected in the morning, and 
the first in the evening to require space heating . On a dull 
day, the kitchen is simply not affected at all and the solar 
gains simply go to displacing instantaneous space heating in the 
south-facing rooms. 

2 .ll .Daily Cycle - House With Conservatory 

In this case the cycle of events is just as comp1icated. There 
are two zones to consider instead of one, though the moderating 
effect of the conservatory on solar gains means that midday 
internal overheating in the house i s less likely. 

Figure 2.8 shows plots of space heating, external air and 
greenhouse temperatures and the internal wall surface temperature 
on the greenhouse/house partition wall. It is clear from these plots 
that the solar radiation produces a massive swing in conservatory 
temperature as well as a large immediate reduction in house space 
heating with considerable storage effects into the evening. 

The daily cycle is as follows:-

1. ~The sun rises. 

2. The external air temperature begins to rise. 

3. Solar radiation penetrates the conservatory striking the 
floor and the rear wall. 

4. Some radiation is absorbed in these surfaces, the remainder 
being dispersed into the air in the conservatory. 

5. This energy. together with the rapidly falling glazing losses 
starts a "massive rise in conservatory temperature. 

6 . This rise in temperature acting on the south side of the house 
together with the rise in external temperature acting on the 
rest of it. causes a reduction in heat losses through the 
house windows, roof and by air infiltration. 

7 . This causes an immediate reduction in space heating demand. 

8. Just after midday. the greenhouse temperature peaks (at about 
40°C in this case). 
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FIGURE 2.8 - Daily Cycle - House With Con servatory 
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9. Both external air and conservatory temperatures fall rapidly 
during the afternoon, thus increasing window and a ir infiltration 
heat losses in the house. The fall in conservatory temperature 
is slightly slowed by the effects of stored solar radiation 
reemerging from the walls and floor. 

10 Direct solar gains into the house also fall off towards sunset 
increasing house heat demand. 

11 . The effects of the midday peak in external and conservatory 
temperatures are delayed through the house walls, peaking 
about 9 hours later. This effect considerably slows the 
evening rise in house space heating demand . 

12 . During the night the conservatory and house wall temperatures 
fall back to equilibrium , but some stored energy in the 
house/conservatory wall is carried over to the next day. 

13. At dawn the cycle repeats again. 

Thus for both house types there is a picture of a substantial 
substitution of space heating by solar gains during the day plus 
appreciable storage of solar energy in the building fabric. This 
energy is released mostly i n the early evening, but a small amount 
is carried through beyond midnight and even beyond dawn the next day. 
For this reason , it is suggested that energy accounting for ' days' 
should run from dawn to dawn in order to allow the maximum j 
amount of time for stored solar gains to re emerge and displace 
space heating energy . 
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2.12 Initial Spencer St. Test 

The Spencer St. house was unoccupied for a period of three weeks 
in October 1981. This seemed a good opportunity to try Siviour's 
thermal calibration method. Unfortunately, repairs to the logging 
system and the need to make new equipment meant that only one 
weekls data finally resulted. 

The house was heated with a single 2kW fan heater under the control 
of an electronic thermostat positioned in the centre of theo'iving 
room. This appeared to maintain the whole house at aboHt 20 C with 
the extremities of the upstairs bedrooms being about 1 C cooler. 
Two heaters would have been more appropriate but time did not 
permit the construction of further equipment . 

Measurements were made of the electric heating energy, internal and 
external air temperatures and solar radiation on the south-facing 
vertical surface . No air infiltration measurements were made or 
measurements of the floor heat loss or losses through the party walls 
into the adjacent houses. The plot of space heating clearly shows 
the effects of the substitution of solar radiation for electric 
heating . The precise quantification was not so easy , since it is not 
clear how far the solar effects last into the next day~ nor how much 
of the trough in the space heating consumption is due to the rise in 
external air temperature that accompanies a sunny day . (see fig.2.9) . 

It was thus necessary to separate out the solar and temperature effects . 
A daily energy balance was drawn up:-

Q =(2"A.U + C). 6 T - R.S + F + P 

where Q = Daily total space heating 
ZA.U = Total fabric heat loss, excluding floor and party wans 
C = Ventilation loss, assumed constant. 
AV = Daily average inside-outside temperature difference 
R = Solar aperture 
S = Daily total solar radiation on the south-facing vertical 

surface 
F = Floor heat loss 
P = Party Wall heat loss 

Initially analysis was done using a triaxial regression method, using 
data summed from dawn to dawn and with a weighted external air temperature 
to compensate for thermal timelags through the building fabric (see 
Chapter 7). 

By regressing Q against tt.T and S it was hoped to produce values for 
~A . U + C , Rand F+P, all assumed to be constants. The results were 

an excelYent fit to a plane surface, but the value of F+P was rather 
too high and the value of ~A.U + C rather low. Subsequent work 
on the Linford house suggested tha~ this type of regression should 
be treated with great caution, and that the production of a good fit 
is no guarantee of the right answer. 
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In pa rticular it wa s found that the value of "<A . U + C would be very 
dependent on the degree of temperature weighting used~ 6he spread of 
values of AT over the data set i s fairly smal l, about 7 C, and the 
temBerature weighting tends to affect the extreme values by about 
1. 5 C. Al so there were rather too many parameters assumed to be 
constant to get a real ly clear answer . 

Changing to the two-dimensional form of the regress ion, us ing an 
es timated value for the floor loss and assuming the party wall loss 
to be zero. the heat balance equation can be written:-

Q - F 

AT 
= ~A . U + Cv - R. 5/6T 

We can plot (Q-F)/6T against 5/6T as in figure 2. l a, giving a 
V-intercept of ~A.U+Cv and a slope R. 

The value Of~AOU+C of 96 wIDe seems quite compatible with a calculated 
value ofol10 Wj C. Xssuming an air change rate of 1 ac/h, equivalent 
to 50 W/ C. An air change rate of 1.4 ac / h had been measured in tests 
during the previous December but in suffic ient anal ys i s was carried out 
to extrapol ate the results to this data set. 

The pl ot of fig ure 2.10 is not the 'bes t fit' graph. Assuming higher 
floor and party wa ll los ses and a l ower venti lation rate produces t he 
superb s traight line of figure 2. 11 . However, as mentioned above. 
there are not enough other measurements to interpret this result 
in terms of actual energy flows. 

Thi s test did show. though , that the thermal calibration method was 
viable on a daily basis and the results were used to support the 
research proposal for furth~r work on the Linford houses. 

The week' s data was actually more fruitful in describing the conservatory 
performance. Given the short thermal t;me~con s tant (about four hours) it 
was poss ible to fit a very simple descriptive model relating hourly 
greenhouse t emperature to incident solar radiation, external air temperature, 
and the previous hour's greenhouse temperature. This model allowed the 
greenhouse performance to be extrapolated over a whole year and some 
assessment made of the annual energy savi ng to the house. This is 
described in the Spencer St . House Project Report. 
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~.13 A Samp le Li nford Regress i on 

The Linford test house was ready for thermal calibration experiments 1n 
March 1982. It was kept at a constant internal temperature of 22 a c by five 
electric fan heaters with electronic thermostats and air i nfiLtration 
measurements were made continuously. Analysis of weekly data for March 
and April 1982 using the triaxial regression method was not very fruitful. 
The data set suffered from small spreads of both AT and solar radiation, 
and worst.of all. a large and rapidly varying floor heat loss (see Chapter 3). 
This changing floor loss led to a very high estimate of the solar aperture 
and illustrated the problems of using statistics without really understanding 
either the statistical method or the physical processes at work in the house. 

More detailed work on a two-week segment of this dataset has been more 
forthcoming . The raw data for part of this period in March 1982 is shown 
in Figure 2.12 and includes the days shown in figure 2.6, giving 
a longer time perspective, The actual period was chosen to give the 
best mix of sunny and dull days, since it is by comparing space heating 
on the two that the solar aperture is essentially determined . 

Measured air infiltration rate is shown as well as space heating, solar 
radiation and temperatures . It has been expressed as six-hour averages 
for ease of calculation, since the actual time period of measurement depends 
on the air change rate (see Chapter 4). The infiltration rate is almost 
constant over the dataset at about O.S ac/hr but does briefly rise to 
1 aclhr on a windy day. 

~l~hough there are wide excursions of external air t~mperature during the 
day, actual daily average temperatures are almost all the same, about 7°C. 
Obviously there is not much hope of determining the house heat loss by 
comparing space heating on warm and cold days. 

Largely as a result of studying this dataset, a series of data requirements 
have been drawn up in order to carry out a thermal calibration. Briefly 
it would appear that it is possible to get a reasonable estimate of the 
fabric heat loss of a house and its solar aperture givan two weeks data 
provided that:-

1. There is a good mix of sunny and dull days. The dull days give a 
good fix on rU.A and the sunny ones allow the calculation of the 
solar aperture. The need for dull days tends to limit the whole 
process to the months October to March, since sunny days seem 
available all year round, but dull ones are rare in summer. 

2. Air infiltration should be measured, since it can vary widely 
over the experimental period. 

3. The floor heat 106s should be estimated separately, since it is 
not directly related to measured external air temperature. 

4. 'Days' should run from dawn to dawn rather than midnight to 
midnight in order to allow any solar gains that have gone into 
s torage in the building fabric the maximum amount of time to 
emerge and displace space heating. 

These four requirements on their own are fairly easy to implement and likely 
to give reasonable results. In addition, there are three others of a 
more mathematical nature . They are, in order of decreasing importance:-

S. Corrections should be made for thermal time-lags in the house 
to changes in external temperature. This involves calculating 
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the daily average external air temperature incorporating air 
temperatures from the previous day. This 'external weighting' 
involves an assumed response factor model of the building fabric. 

6. Corrections should also be made in a similar fashion for the slight 
day-ta-day changes in internal temperature, notably the mid-day rises 
in temperature that accompany a very sunny day, forcing solar radiation 
into storage in the walls. This 'internal weighting' process 
involves assuming a model of the thermal mass of the house as it 
interacts with solar gains and is consequently rather dubious in 
practice. Also, for day-ta-day solar energy storage reasons, it 
is desirable to delete from the data set very dull days that are 
preceded by a run of sunny days. 

7. The co-variance of solar radiation and 6T should be restricted in 
order to prevent errors in determining the floor heat loss or the 
infiltration rate appearing as solar aperture. This problem is 
unlikely to be serious in practice since short-run datasets seem 
to exhibit little variation in ~T. In summer sunny days tend to 
be warmer than dull days , in winter the reverse is true. During 
spring and autumn there is little difference. 

These more abstruse mathematical requirements are discussed in Chapters 6 
and 7. 

Figures 
data as 

2.13 to 2.17 show the progressive improvement of fit of 
various corrections are applied to a crude regression. 

Figure 2.13 starts with a simple plot of Q/l:lr..T vs. SlOT for the 
data of figure 2.12, with the ener gy sums totalled from midnight 

the 

to midnight. Figure 2. 14 shows the same dat.a s ummed from dawn to dawn. 
The net result is an increase in apparent solar aperture, since 
more time has been allowed for so lar gains absorbed during the day 
to reemerge and displace space heating on the same'day'. 

Figure 2.15 shows the plot corrected f or variations in air infiltration 
rate and floor heat l oss. The plot is now of (Q-F)/~T - C against 

v 
S/~T. The effect of this change is to consider2bly increase the 
quality of fit, raising the correlation ratio r from 83% to 93%. 
This is almost entirely due to the proper handling of the sudden 
peak in air infiltration rate that occurs on the nigh t of March 14/15. 

Corrections for thermal time lags in the response of the house to 
changes in external temperature are incorporaZed in figure 2.16 . This 
gives a further improvement in fit, raising r to 96%. Much of this 
is due to the improved handling of the sudden temperature drop on the 
night of March 15th, due to the passage of a cold weather front. 

Finally, correction for the slight rises in internal temperature on 
sunny days, and the energy storage that they imply, raises the 
apparent solar aperture again, as more solar gains are properly 
tr~nslated into displaced space heating. 
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dawn to dawn increases the apparent solar aperture, as solar 
gain s are a l lowed mo r e time to emerge from storage and 
displace space heating. 
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2.14 Experimental Errors 

The final product of this sequence, figure 2.17 I .e.ives 8
2
fabric heat loss 

o + 0 =f of 127 W! C - 5 W! C and a so l ar aperture of 9.8 - 0.6 m • The error bars 
denote the range over which there is a 68% probability that the true answer 
lies. The 90% confidence levels are approximately double thie. 

The se error limits are, however, merely errors of interpre tat ion of the data 
and do not include basic measurement errors . The thermal calibration 
process can determine the tota l house heat loss fairly accurately, with 
typical errors of ! 5%, mainly due to errors in temperature measurement. 
The disaggregation into separate components, though, is rather imprecise 
because of the larger experimental errors involved. 

For example, air infiltration measurements made with the O.U. ri§ are 
likely to have errors of : 20% or more , equivalent to about 8 wl C. 
The empirical model for predicting infiltration rate from wind and 
temperature conditions is even worse, giving errors of : 13 W/ oC. 
Errors in the determination of floor heat l oss in the Linford house 

+ ,0 are also quite large, probably of the order of - 10 W C, mainly due 
to the inadequate number of heat flux sensors deployed. 

Any figure for the house 
be given fairly generous 
include all these errors 
of the sums of squares ). 

fabric heat 10s8 excluding the floor should thus 
o error bars of around 20 wl C, since it has to 

(though they do tend to add 85 the square root 
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2.15 Li~ford 82/83 Experimental Programme 

The thermal calibration process was extended over the winter of 1982 /8 3 . 
The inte r na l temperature was raised to 25°C to extend the heating season 
as far as possible. This high internal temperature also had beneficial 
effects in reducing mid-day overheating a nd consequent energy storage 
effects, enabling 'internal weightin9~ and its dubious assumptions about 
the thermal mass of the house to be dispensed with. 

Two modifications were made to the floor surface over the period. At the 
e nd of October 1982 the floor was covered with carpet tiles to bring test 
house condit i ons more into line with those in the occupied houses. In 
mid-December the floor was insulated over with SO mm polystyrene. The 
prime reason for dOing this was to obtain estimates for the test house 
solar aperture free from interference from changing floor heat losses, though 
as described i n Chapter 3, it has provided an interesting experiment in 
its own right. 

In addition to these floor insulation variations three solar variants were 
tried o ut: 

1. Full clear window area . 

2 . Full net curtains . 

3. Half net curtains, half white card . 

)
These were run in a cyclic fasqion of approximately two-week periods as 
shown in Table "2.1. allowing assessments over a wide range of temperatures 
and solar inputs. Air infiltration measurements were only made for a part 
of the time. It was not fully realised ho w important these measurements 
are to accurate thermal calibration and the lack of them has led to some 
data sets being abandoned . However. as second best, there were sufficient 
mea su r e ments to create a model relating air infiltration to wind speed, 
direction and measured house 6T, as described in chapte r 4. 
This did allow the prediction of infiltration rates for any hour of the 
year from measured weather variables, although o f limited accuracy, 
typically ±30\. 

Results 

The ten separate periods of the 82/83 season obviously provide enough data 
for pages of graphs. These have. indeed been produced in order to test 
the se l f -consistency of the thermal calibration method. whether or not 
it can produce the same answers for a given house variant given different 
wea the r conditions. Fortunately the data sets for the first two solar 
variants conSistently gave similar values of solar aperture. The data 
for the last variant, half net curtain, half white card had to be abandoned 
as containing too much windy weather for the infiltration predictions to 
be reliable. 

Succes~ive est imates of fabric heat loss were not altogether consistent 
and thls ,a ppears to be due to errors in determining the floor heat loss . 
Thi s problem i s discussed in Chapter 6. 

I 



.j .. 
. ' 

2.26 

Table 2.1 Llnford 82/83 Constant Temperature Heating Tests 

Period . Floor Condi ticn Wi ndow Conditi on Ventilation 
I nternal 

Temp. 

25/2/82 - Uninsulated Full Area Measured· 
4/5/82 Bare No curtains 52 Days 22°C 

11/10/82 - Uni nsulated Ful l Area Predicted 25°C 
27/10/82 Bare No Curtains 

30/11/82 - Uninsulated Full Area Predicted 25°C 
10/11/82 Carpet No Curtains 

12/11/82 - Uninsulated Full Area Predicted 25°C 
13/12/82 Carpet Ne t Cur tains Measured 

13 Days 

16/12/82 -
Predicted 25°C 

1/1/83 
Full Area Insul ated 
No Curt ains Measured 26/1/83 -

10/2/83 6 Days 

2/1/83 - Predicted 
13/1/83 

11/2/83 - Insul ated 
Full Area 
Net Curtains Measured 25°C 

3/3/83 14 days 

4/4/83 -
31/5/83 Pred i cted 

14/1/83 -
25/1/83 

Insul ated Half area 
4/3/83 - Net curtains 25°C 
15/3/83 

Predicted 
Half area 
wh i te card 

*only included where there are more than 4 samples/day 
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The solar performance of the test house can thus be summarised in four 
graphs showing solar apertures with and without net curtains, and with and 
without floor insulation. Including Figure 2. 17 already shown, the 
remaining variants are plotted in Figures 2. 18 to 2 .20. 

Variant Apparent Fabr ie Loss Solar Aperture 

Floor un insulated 127 ± 5 W!OC 9 .8 ± 0.6 rn' 
no curtains 

Floor uninsulated 137 ± 3 W/oC 8. 1 ± 0.6 rn' 
(with carpet) 
net curta ins 

Floor insulated l SS*± 2 w/oC 10.1 ± 0.6 m' 
no curtains 

Floor insulated 14S*± 3 wfOc 8.0 t 0.6 ml 

net curtains 

*probably overestimates due to errors in floor loss measurement. 

The essential conclusions from these results are that:-

1. Insulating the floor makes no apparent difference to the solar 
aperture. This is not particularly surprising since it was found 
that only a small amount of the incident solar radiation was absorbed 
in the floor surface . 

2. The solar aperture without net cu.rtains is about 10 m~ and with 
net curtains about 8 ml . The error margins on these are fairly 
large. The quoted errors are the interval over which there is a 
68\ confidence that the true answer lies. The 90\ confidence 
interval i s abou t ± 1 m~. 

The figure of 10 ml for clear windows is considerably less than the 
calc ulated solar aperture of 13 ~ l produced from measured glass areas 
(see Figure 2.1 ). Even this figure does not include possible solar 
gains through the opaque building fabric. The discrepancy can be attributed 
to three reasons: - . 

1. Shading effects of the roof eaves and window reveals. not included 
i n the origina l calculation . 

2. Reflection of radiation back from the interior of the house. 

3. A problem of definition of air temperature . 

This last reason requires a little explanation. 
process assumes that a house loses heat to some 

The thermal calibration 
kind of measured external 

air temperature . The measured temperature used for the calculations is a 
Stevenson Screen temperature. Although this is normal practice it is not 
a true air temperature and will vary with incidental solar radiation. 
It is possible that this effect could account for 0.5-1 ml of the discrepancy 
in solar apertures (see Appendix 2 ) . 
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Test House Correlaeions 
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2.16 Comparisons with Linford Occupied Houses 

The regression procedure has been extended t o the Linford occupied 
houses. Here, lacking actual measurements, the floor and ventilation 
losses have been estimated are careful account ha s been taken of 
free heat gains. Also given s li ght day-to-day variations in internal 
temperature, a longer regression timescale has been used. 

Free heat gains 

These have included gains from electricity use, occupants' body 
heat, hot water cylinder heat losses, boiler casing heat losses and 
gains from hot wate r use. The details will be found in the maln Lin ford 
project report . 

Floor heat loss 

This has been taken as equivalent to 
the measured liv ing room temperature 
temperature suggested in Chspter 3. 

Ventilation loss 

2 0 
8 U-value of 0.9 Wlm I C between 
and the assumed sinusoida l ground 

The hourly air inf i ltration model of the test house which wil l be 
described i n Chapter 4 has been extrapolated to the occupied houses 
by scaling by the ir measured pressu r e test air leakages. In addition 
corrections have been added proportional to measured window opening 
to give the overal l hour by hour ventilation ra te. This process i s 
also described in detail in the main Linford report. 

Regression timescale 

Studied of test house data show that once the floor and ventilation 
losses are properly deal t with regression timescale is not such a 
problem. Consistent answers can be obtained from daily, 2-daily 
and weekly regressions. The timescale used for the occupied houses 
has been s ix-day averages, chosen to give the best trade-off between 
day-ta-day energy storage effects and a good spread of SI~T values. 

Co-variance of S and ~T 

As will be described in Chapter 6 it can be desirable to r estrict the 
covarlance of S and~. Fortunately, given fast computer graphics, it 
has been easy to visually check this and to split the plots into 
'bands' of different AT' s to see if the regression line differs. 

Resul ts 

The regression lines for four of the occupied houses are shown i n 
figures 2.21-2 .24 . Give n the large number of assumptions about 
free heat gains, etc . . , the quality of fit is extremely good, in fact 
as good as the short- run test house data. The solar apertures and 
apparent fabric heat loss figure are given in Table 2.3 below. 
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Table 2.3 

Hous e No. 

33 

35 

36 

38 

Occupied House Results 

Window Condition 

Full net curtains 

Clear - moderate 
curtai n us e 

Clear - moderate 
curtain us e 

FUll net curtains 

2.31 

Apparent Fabric 
o 

kWhr/day C 

3.11 ~ 0. 08 

3 .10 ! 0.14 

3. 33 C 0. 15 

3.96~o . 1 1 

130 + 3 

129 + 6 

139 + 7 

165 : 5 

Solar Aper ture 

m2 

6.8 + 0.6 

9.4 + 0 . 8 

10.7 !. 1. 0 

7.9 C 0.8 

The apparent s~lar apertures are quite compatible with the test house 
resu~ts of 8 m for a house with net curtains (see fig . 2. 19 ) and 
10 m for one without (see figure 2. 17), and agree fairly well with 
the observed l evel s of window clutter. 

The apparent fabric losses for three of the houses are quite in 
agreement with the test hou se value of just over 130 W/ oC (see fig.2 .25). 
Thi s suggests a certai n uniformity of construction, as well as of 
exper imental method. 

The value for hou se 38 is sign ifi can tly larger, though thi s may be 
due to errors in determining the ventilation loss or free heat gains 
rather than any genuine difference in thermal performance. 

This process of fit ting a Simpl e U-value model to occupied house data 
is in a way mildl y revolutionary. since it has been widely held that 
it i s impossi ble to make ' sense' of occupied house energy consumptions. 
This topic is revisited in Chapter 6. showing how the progressive 
addition of more detail (floor l oss , ventil at ion loss. etc. ) improves 
the qua l ity of fit. from the crude measurements made at Pennyl and up 
to the detailed linford t est house results. 

Finally the Linford proj e c t does hold out the possibili ty that occ upi e d 
hou s e data c ould be sensibly analysed on a daily basis. Figure 2. 26 
s hows a graph using daily averages (midnight to mi dn ight) for one of 
the h o us e s over a period of a month from January to February 1983. 
Although the fi t is not a s good as the s i x-day averages, Lt 15 st i ll 
quite reasonable. 

Attempts to do this with the Spencer St. data were di s asterous , since 
it was not appre ciated how important data c l eaning was, especially 
in removing days wi t h unusual occupant behaviour . Thi s resul ted in large 
apparent solar apertures simp l y due to the fact that the occupants 
wen t out on sun ny days and stayed in to b ake large quantities of 
bread on dull ones! 
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3. FLOOR HEAT LOSS 

CONTENTS 

3 . 1 Linford measurements 

This chapter summarises the floor heat loss findings from 
the Linford project which lead to a requirement to measure 
floor heat loss separately in thermal ca librations. 
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CHAPTER 3 

FLOOR HEAT LOSS 

Although it would appear that suspended timber floors with adequate 
underfloor ventilat i on can be treated as building fabric in the 
~ame way as the walls. windows and roof. solid concrete floor s 
need to be treated separately, since they appear to have curious 
dynamic properties. 

The heat loss is not directly proportional to the short - term 
difference between internal and external air temperatures , but 
i s more related to the difference between the internal temperature 
and a slowly moving subsoil temperature . How this ground temperature 
is related to the external air temperature or to possible grouhdwater 
flow i s not really clear,though. 

Nor i s the heat 105s uniform over the floor surface. The heat loss 
is governed by the thermal resistance of the long thermal path 
down through the soil to the outside air and so most of the heat 
loss i s concentrated at the perimeter. The effect of edge insul a tion 
of the floor slab is to extend the necessary path length and thus 
reduce the overall heat flow . 

Fig. 3.1. 

Uninsulated 
Floor 

High heat loss around 
perimeter 

EBga 
Insulated 

Floor 

Heat i s forced to 
take longer path 
through ground 

The heat loss of a solid floor i s thus dependent on the thermal 
conductivity of the underlying soil, which in turn depends a 
lot on its water content. The tables of solid floor U- values 
that appear in the I.H.V.E. and C.l . B. S. Guides are values 
computed for a clay soi l of medium water content ( conductivity 
1.4 W/m/oC ). Values f or other soil conditions should be scaled 
by their conductivity. 

The only thing that can be said for certai n about the heat loss 
i s that gi ven the large amount of thermal mass of the ground, it 
only likely to vary very slowly , and for short cal i bration 
periods i s likely to be almost constant. 
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3.1. Linford Measurements 

The Linford houses have solid concrete floor slabs, edge insulated 
with 25 mm thick insulation tucked in for almost a metre around the 
perimeter (see figure 3.2). 

The fleat flux measurements at the- test house can only be described 
as rather mystifying. Unfor tunately, only two heat flux sensors 
were installed and these were directly lit by the sun's rays 
shining through the south-facing windows. This involved a certain 
amount of unravelling of solar and steady state heat loss effects. 
This process is described in the Linford project report. 

Initial analysis showed that the heat loss was about double that 
expected, given a floor U-value of about 0.5 W/m2oC predicted 
from the I.H.V.E. Guide tables. Worse s till, it was changing in a 
way not rela ted either to outside air temperature or solar 
radiation, creating s tatistical havoc for the regression process 
a ttempting to extract the solar aperture of the house. In orlder 
to get round this problem the floor was insulated over with 50 mm 
polystyrene in December 1983, primarily to improve the estimates 
of solar performance. However, it has proved very interesting in 
its own right. 

Figure 3.4 shows the measured floor heat loss ( with solar effects 
removed ) for the entire tes t period from March 1982 to June 1983. 
The most that can be said about the heat loss prior to full 
insulation is that it falls in the spring and rises in the 
autumn, and in a way that is not immediately dependent on 
the external air temperature. After insulation the heat loss 
is simply constant . 

Measurements by D.Spooner at the Cement and Concrete Association 
have suggested that the floDr loss is best expressed in terms 
of a ground temperature under the house ( ref. 3.1 ). No ground 
temperature measurements were made at Linford and so a sinusoidally 
varying temperature has been assumed based on various published 
cold water main temperatures. Figur.es . 3.5 and 3.6 show the daily 
floor heat loss values before full insulation plotted against 
daily average external air temperature and assumed ground temperature. 
Obviously the latter seems to make better sense. The difference 
between the apparent U-values for spring and autumn in figure 
3.6 may be illusory and s imply due to the wrong choice of ground 
temperature . 

After full insulation the floor loss recorded by the two sensors 
is simply constant and bears notrelation to either air temperature 
or the assumed ground temperature. This curious result does not 
appear to be a monitoring fault, since it is shown by both sensors 
and they continue to respond to solar radiation. It is possible 
that they are responding to a ground temperature at a deeper level, 
which is likely to be more constant over the year, though why 
this should be so is a mystery. 
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Figure 3. 4 
Variation of floor ileat flux over the year 
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These floor measurements are, however, only extrapolated from two 
spot values. Examination of the consistency of the thermal calibration 
method suggests that the floor heat loss may not actually be constant 
after December 1983 but may be changing (see chapter 6). The two 
sensors are immediately below the 50 mm insulation but this is 
penetrated by large cold bridges in the form of the partition walls , 
made of dense concrete. Thus it is not really valid to extrapolate 
from the two sensors to the total -floor loss in t his case. 

No floor measurements were made at the Spencer St. house since 
the researchers were then sufficiently naive to beli~ve that 
because t here was very little written about floor heat loss, that 
it was not a problem. In fact, the lack of literature on the subject 
reflects a genuine l ack of know~edge in the area and especially 
a lack or reall experimental measurements. Apart from Spooner's 
experiments there appears to be no actual published measured data 
in the U.K. The tables of heat loss in the I .H.V.E. and C.I.B.S. 
Guides are computed estimates produced around 1950 by N.Billington 
using an analogue computer. His book 'The Thermal Properties of 
Buildings', published in 1954 (ref. 3.2.), makes it clear that 
no measurements had been carried out in the U.K. then, and only 
a few in the U.S.A. Even those were on constructions with a fairly 
poor level of insulation. It was also clear that the thermal 
dynamics of floor heat 10s8 were not understood. This history, 
including Macey's equation, which deserves revival, is dealt with 
in the Linford monitoring report. 

Thus for practical experimental purposes it seems desirable just 
to treat the floor lose as a complete unknown, measuring it with 
as many heat flux sensors as can be spared to the task. About 
five would seem reasonable for the Linford .test house, one in 
the centre and fauX spaced around the perimeter, though more would 
have been useful in exploring the cold bridges caused by the partition 
walls after full insulation. A thermographic survey can be useful 
in pinpointing cold bridges and defects, but these are not as likel~ 
to be visible in the floor as in other parts of the building structure 
(see chapter 5) . 

Floor heat loss is obviously an area where further research is urgently 
needed , but given jhe slow timescale of thermal response any 
practical serious project is likely to take several years to carry 
out. 
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4. AIR INFILTRATION 

CONTENTS 

4 . 1 Pressure tests 

4.2 Air infiltration 

4.3 Air infiltration theory 

4.4 Practical measurements 

4.5 Relation of pressure tests and 
average infiltration rates 

This chapter describes the air leakage and infiltration 
measurements on the Linford test house and their 
consequences for rapid house testing. 
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CHAPTER 4 

AIR INFILTRATION 

This has turned out to be the most exp~nsive and complex part of the 
thermal calibration process. The accuracy to which the house fabric 
heat loss can be determined is largely limited by the errors in 
measuring the infiltration loss. Fortunately this is an area where 
much research i s going on in the development of simpler methods which 
may bear fruit in a few years. 

Firstly, it i s necessary to distinguish between three different terms 
tha t tend to get confused: air leakage, air infiltration and ventilation. 

Leakage 
The air leakage of a house is a measure of the total number of cracks 
in the structure and their size. It i s measured by pressurizing the 
house with large fans and measuring the resulting air flow. 

Infiltration 
This is the air flow through the house under the normal influence of 
wind and temperature, measured with all the external doors and windows 
shut. It is measured with a tracer gas technique. 

Ventilation 
This is effectively air infiltration plus the effects of window and 
door openi~g by the occupants. It i s difficult to measure directly 
because of the presence of the people in the house, but methods using 
carbon dioxide are being developed. 

4.1. Pressure Tests 

For practical purposes of thermal assessment of buildings, pressure 
tests give a very rapid indication of the overall leakiness of a 
building. The equipment, although cumbersome, is simple and relatively 
cheap (see figure 4.1). 

Tests were made by British Gas on all of the Linford houses and some 
from the Pennyland project. The fans were connected to a substitute 
window pane that could eaSily be fitted, allowing a house t o be 
tested in 3-4 ho urs. 

Because the pressure tests involve a fair amount of upheaval in the 
house and a massive increase in air change rate, they cannot be carried 
out during the thermal calibration period proper , but must be done either 
before of after. 

The fans are used to pressurise the house a nd the air fl ow rate is 
measured using a precalib rated nozzle in the fan outlet. The 
difference in pressure between the inside and outside of the house 
ls measured using a manometer (essentially a sloping glass tube 
full of water) . The air flow rates at various pressure differences 
can then be plotted as in figure 4.2. from this the flow rate at some 
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standard pressure, usually 50 Pascals, can be worked out . When expressed 
in terms of the house volume as ac/h this value can be used to compare 
the results with tests on other houses. Figures 4.3 and 4.4 show 
the Linford and Penny land results compared to 50me modern Canadian 
and Swedish houses and a sample of 'normal ' U.K. houses. 

The standard of 50 Pascals does corre~pond to hurricane force wind 
conditidns and some researchers in the U.S.A. have adopted 10 Pa 
as a standard and attempted to relate the leakage at this pressure 
to a seasonal average infiltration rate. This process i s discussed later. 

Pressurising the house does also allow the identificat ion of individual 
leakage paths using smoKe tests (a large cigar i s useful) . 

4.2. Air Infiltrat ion 

For both the Spencer St. and Linford te8t~houses air infiltration was 
measured using nitrous oxide as a tracer gas using a decay time 
method. This involves injecting a known concentration of tracer gas 
into the house, ensuring that it is evenly mixed throughout with plenty 
of circulating fans. The concentration i s then measured over the next 
few hours. It decreases as the air/gas mixture leaks out of the house 
and outside air replaces it. The decay takes anr.exponential form, and 
from this the house air infiltration rate can be worked out. This is 
described in detail in the Linford project report.(See also Appendix 1). 

An alternative approach and one that i s really more suitable for 
houses with very low air change rates i s to use a system that maintains 
a constant concentration of tracer gas in the house.by steady topping up. 
This method was used by British Gas in their 'Autovent' system which was 
used for a brief period in the Linford test house. The system was very 
versatile and could be used to simultaneously measure individual room 
infiltration rates. Obviously this system would be the best for any 
practical house thermal calibration work, but the price for the system 
of about £40,000 i s beyond most pockets. 

For the long-term Linford measurements a decay-curve system was modified 
for continuous automatic operation, providing a much cheaper alternative 
at around £10,000. Details of this system are given in the equipment 
section . 

For best results it would seem that continuous infiltration rate 
measurements are desirable, since the wind can pick up quite suddenly 
increasing the infiltration rate. Automatic operation would seem to be 
a requirement of any system for two reasons. First, it i s desirable 
not to have researchers continually entering the house under test, 
disturbing the air infiltration with door opening and supplying 
extra body heat. Second, nitrous oxide is an anaesthetic gas. Although 
the concentrations used are well below any publi shed danger level, 
researchers from both the Spencer St. and Linford projects complained 
of various symptoms , including dry throats, headaches, confusion 
and loss of memory after prolonged exposure. 

* 50 Pa -t:: 1. Ib/ft2~ 5 mm H
2
0 pressure 
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4.3. Air Infiltration Theory 

Given the relative importance of the a i r infiltration measurements 
to the thermal calibration process, and the likelyhood of the 
equipment needing periodic attention, it i s necessary to explain a 
little of the theory relating infiltration to AT, wind speed and 
di rection, 60 tha t mi ssing meaSurements can be filled in with est imates. 
For toe Linford tes t house actual infiltration measurements were not 
available over the full experimental period and 60 mi ssing values 
were filled in from an infiltration model and measured weather data. 

The model is f a i rly complex and was originally s upplied by British Gas 
as a result of their tests made with the 'Autovent' system. For 
practical short thermal calibra tions it i s unlikely that s uch a 
full model could be built up, but some basic understanding would 
a llow the filling in of some missing data points. 

Air normally moves through a building under both the influence of 
wind and temperature. There are two driving forces, the s tack or 
buoyancy effect and wind press ure. 

4.3. 1 • Stack Effect 

The air inside a house i s for the most part warmer than the outside 
air and hence lighter . It thus tends to rise, in the same manner as 
a hot air balloon. The s t ack driving force i s proporti onal to both 
the height of the house and the i nside- outsi de t emperature difference. 

Against this driving force is set the resistance to air movement 
of the cracks in the building f abric . For long thin cracks , s uch as 
through walls, the air flow r a te i s proportional to the applied 
pressure. For shorter, wider cracks it i s proportional to the 
square root of the pressure. Thus the overall house infiltrat ion 
rate under stack dominated conditions can be expressed as:~ 

where K and n are cons tants . 

Figure 4.5 shows a plot o f measured i nfiltration vs . AT fo r l ow 
wind speeds for the Linford test hOllse over B period of several 
months. Th is shows that, taking typical measurement errors into 
account, it is really very diffi~ult to assign a precise value 
to the exponent n. Given the limited range of AT's that we would 
be likely to encounter in any short test, it is probabbY7simpLes t 
just to take the infiltration to be proportional to T' 
Th e expone n t can be e1:ltimated fr: om pressu re test results. though 
the ext reme pressures used may not giv e representative values 
for more gentle natural condition !:!. 

4.3.2. Wind Pressure Ef fects 

In addition to the stack effect, the wind p r essure exerts a 
driving i n fl uence. The effect on air infiltration is approximately 
proportional to the wind speed at high values and somewh a t non
linea r at low speeds (see figure 4.6). In the theory suggested 
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by W ..... rren (ref. 4.6) t:hf! wind response is taken to De proportional 
t o U2n , or typically U1 • 4 . Thi s gives a reasonab le approximatio n 
to the observed response. The effects oft.T actually take over 
at Low wind speeds giving a series of possible c urves as shown 
in figure 4 . 7 • . 

Warren and Sondereger (ref.4 . 5 ) both suggest taking this combined 
response as the vector sum of the stack dominated response and 
the wi~q response:-

TotaL infiltration ,_ J(StHCk 

_or J( A. ATn/ ... 

where n ~ O. 7 

2 
Response) + 

( I:L U2n ) 2 

(Wind Response) 2 

The effect of wind i s not likely to be equal in all directions. 
For the Linford tes t house, there seemed to be a pronounced sheltering 
by the garage and the ad j acent house to the south- west (see figure 
4.8) and a terrace house i s likely to be cons iderably sheltered -
by the neighbouring houses (figure 4.9). This added dimension of 
wind direction, which i n practi ce tends to change continuously with 
the passing cyclones and anti-cyclones, makes it difficult .~o _b~ld 

up a t.otal picture of the infiltration response to wind given -- J 
only a short measurement period. r-~ 

For the Linford te"st house the British Gas tests were sufficient to 
produce a partial model of the house infiltration response to 
winds from the south-west, with a conjectured response in other 
directions. The O.U. measurements, covering over two months were 
sufficient to extend this model to winds from the north-east, but 
even then the lack of strong winds from the north-west and south
east s till left gaps in measuring the full response. 

The full model built up, including both wind and temperature effects 
was s ufficiently accurate to predict the measured infiltrat ion 
rate to within 1 0. 15 ac/h or, in heat loss terms ± 13 w/oe. The 
offse t of 15% between the model and the measurements (see figure 
4. 10) may simply be due to the fact the the Brit i sh Gas measurements 
were made with the internal doors shut, but the O.U. ones were 
made with them open . 

This model, which used s li ghtly different assumptions about combining 
wind and temperature effects to those above, was extended to estimate 
the ventilation rates for the occupi ed houses, including measured 
window opening . These calculations are a ll described in detail in 
the main Linford report. 
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4.4. Practical Measurements 

There are sever a l possibi liti es open t o the researcher f or practical 
infiltrat ion measurements during the thermal calibr at ion peri od . In order 
of decreasing effort, these are : -

A. Full continuous measurements 

1his i s the most desirable situation , but implies the use of an automatic 
measurement rig . This i s l i kely t o be very expens i ve , but for the Linford 
pro ject a normal manually controlled r i g was converted to automatic 
operat i on (see Chapter 5). 

B. Intermittent Measurements 

This i s basically wha t i s likely to happen if (A) i s attempted, given the 
normal interruptions in measurements for changing filters and a ttending 
to minor breakdowns in the infiltrat i on rig . Figure 4.11 s hows a typical 
sequence of measurements, s howing missing gaps of one or two days . 
For a manually controlled rig. the samples would be even more s poradic. 
Given the importance of the measurements and the r apidity with which 
the infiltra tion rate can i nc rease with wind speed, it i s necessary to 
fill in missing values by generating a crude model of infiltra tion 
as a function of wind speed, direction and 6 T (see below). 

C. Pressure tests alone, or no measurements 

This i s certa inly the cheapest option . Here it would be best to assume tha t 
the infiltra tion rate i s constant , but to dis card days from the data set 
with wind speeds greater than about 4 m/s for a s ignifi cant proportion 
of the time, especially when the wind i s broads ide on to the house . 
No infiltration r a te measurements were made during the thermal calibration 
tes t on the Spencer St. house, but fortunately the winds were both 
light and end on to the terrace over the period. It is thus very 
likely tha t the house was firmly oper a ting in a s t ack domin~ted mode 
over the whole time. 

4.4. 1 . Fi lling in Mi ssing Values 

Given the brief theory descri bed so far, i t i s possible to build 
up plots of infiltration vs. AT, wind s peed and direction us ing f airly 
minima l a mounts of da t a. The measurements in figure 4.11 tend to take 
the form of an almos t constant base level value of about 0 .5 ac/h 
determined largely by AT, punctua ted with short wind-induced peaks 
ris ing up to 1 ac/h. The problem i s that of how f ar the infiltration 
model described above can be built up us i ng only a limited number 
of da t a points . 

Over a s hort data set of a couple of weeks , .o.T i s not likely to vary 
very much. Plotting a i r change rate, ~t agains t6T for low wind s peeds 
« 1 m/s ) for this sample meas urement period ( see figure 4.12 ) is really 
no more informative than using the larger number plotted in figure 4.5. 
It i s really up to the experi menter t o decide how t o f it a line between 
:the cluster of points and the origin. A line of the form ~ = K. ATO•7 

15 probably the best from the point of view of the physics involved . 

LikeAT, the wind direction over this s hort data set does not vary very 
much either. The wind response of infiltration i s thus best determined 
by splitting pl ots of infiltration against wind speed into wind direction 
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sectors, the size being chosen to contain a reasonable number of points. 
In this case the sectors can be quadrants broadside on and end on to 
the houses. 

Figures 4.13 and 4.14 show plots of Rh vs. wind speed for the two 
quadrants containing data points with high wind speeds (directions at 
low wind speeds obviously do not matter so much). Figure 4.14 clearly 
shows the transition from stack dominated to wind dominated r esponse 
and thus could be used to fill in missing data points to an accuracy of 
about -~ 0.2 ac/h given measured values for AT, wind speed and direction 
within this quadrant. Figure 4.13, on the other hand, l acks enough data 
points at high wind speeds and so can on ly be used up to about 5 m/so 

Thus this limited data set can give a partial descriptive model of 
infiltration rates that can be used to fill in missing measurements . 
Although it would be reasonable to extrapolate beyond the actual 
measurements as far as AT is concerned, doing so for the wind respon se 
would be rather risky. It would be better to discard days from t h e 
thermal calibration data set that have high wind speeds from previously 
unmeasured directions. 

4.5. Relation of Pressure Tests - and Average Infiltration Rates 

A pressure test essentially determines the total number and size of 
cracks in a bUilding structure . The average infiltration rate over 
a heating season, which is a figure that is meaningful in terms of 
heat loss calculations involves also the distribution of cracks in 
the building, the sheltering of the building by others adjacent and 
obstacles such as trees and hills, average wind speeds and directions 
plus average internal and external temperatures. 

As such , there is obviously no simple relation between pressure test 
results and average infiltration rates. 

By making extensive assumptions, some researchers have produced rough 
answers. The main problem is that of mutual sheltering of houses from 
the wind and the related problem of assessing actual wind speeds in 
built-up areas from ' meteorological ' wind speeds (usually measured 
in such places as airfields). This has l ed to studies of house models 
in wind tunnels to assess the wind effects. 

Calculations for the Linford test house, using the fitted infiltration 
model and a who l e heating season ' s weather data, show that the 
seasonal average infiltration rate is strongly dependent on the 
assumed house orientation and she ltering. It may vary from 0.28 aclh 
with the house essentially i n a terrace, end on to the prevailing 
wind, up to 0.41 aclh with the house facing the prevailing wind with 
no sheltering from other houses. 

The 50 pa pressure test air leakage for the house was 8 . 9 aelh and 
taking the infiltration figure of 0 .41 aelh implies that the seasonal 
average air infiltration rate is about 1/20th that of the pressure test 
leakage. This is in reasonable agreement with the values from figure 
4.15, showing 'typical' house infiltration rates at 3.5 mls wind speed 
plotted against their 50 pa leakage rates. The figure of 1/20th 
is thus a good rule of thumb, but obViously can vary by 30% either way. 
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CONTENTS 
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This chapter describes the equipment needs for both measurement 
and analysis and describes some of the equipment found useful 
in the three projects in this report. 
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CHAPTER 5 

MEASURING AND ANALYSIS EQUIPMENT 

This report is not the place to launch into a full description of all 
possible monitoring techniques. Much of this area is exhaustively 
cover~d in the S.E.R.e. Field Trial Monitor ing Notebook (ref. 5.1). 
There have, h owever,been advances in certain areas since this was 
compi led In 1981 and so this chapter contains descriptions of equipment 
that has been specially developed for the projects covered in the 
report, or found especial ly useful. 

Also the Field Trial Notebook dId not fully address itself to the 
equipment n eeds of analysing data. The Linford and Penny land projects 
have provided plenty of experience i n data analysis and it is worth 
spel ling out the equipment needs and the processes involved. 

5 .1. Analysis Equipment and Methodology 

Time and again researchers set forth to do monitoring with the idea 
that if only they can get their data logger to read in some temperatures 
all will be well and the project answers will fallout by magic 
(and the final report will be written in the next week !). In practice, 
a whole project has a large number of processes that hav e to be gone 
through. They can be summarised a&: -

A. Measurement 
B. Storage 
C. Display 
D. Cleaning 
E. Description 
F. Understanding 
G. Calculation 
H. Explanation 

There are also various feedback loops in the proce ss that are shown 
in figure 5.1. 

5.1.1 Measurement 

This is the topic that u sually gets the most thought. It requires 
data l ogging equipment that actually works in the field and not just 
in the laboratory . Since technicians who are prepared to leave the 
cosy laboratory are rather rare, it 15 best to test everything in th e 
lab. before starting. Since projects always run late (the precise 
details of how the funding process guarantees this are spelt out in 
the Field Trial Notebook) there is usually pressure to install 
untested equipment in order to crea t e the illusion of progress. This 
simply creates more work for the future when the equipment breaks 
down on site . Be warnedl 

5.1.2 Storage 

The best way of storing measured data is on one enormous computer disk . 
This gives instant access to any bit of data for checking and comparison. 
Having data on separate bits of tape (or paper) c reates e ndless problems . 
For the small calibration projects envisaged here about 1 megabyte of 
storage is adequate. 
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Figure 5.1 MEASUREMENT AND ANALYSIS PROCESS 

MEASUREMENT 

STORAGE 

J, 
DISPLAY 

~ 
r~--~. CLEANING 

Detec tion of ~ 

d
further,dubious DESCRIPTION 
ata po nts 

Correction of 
defective 
sensors 

./, 
1l UNDERSTANDIN~& QUANTIFICATION 

"----- CALCULATION 

EXPLANATION 

Modification of 
choice of 
sensors/parameters 



5.3 

Since all the data is in one place, it does create t he possibility that 
all of it might get lost at once. Keeping backup disks is, of course, 
vital, but massive computer failures do happen. It is thus a good idea 
to keep digests of dai ly data on paper, so that even if the worst 
happens, somethin g can be produced in the way of results. 

The adequate management of a disk database requires a computer of 
a certain level of sophistication , but it isn't very high and is well 
within the capabilities af most medium-sized micros. 

5.1 . 3 Display 

This is a rarely discussed topic, but is absolutely vital for both 
checking the data and u nderstand ing it . 

Th e raw data s h ou l d be checked as soon as possib l e after measurement 
to see whether any sensors have broken down. Preferably this s h ou ld 
be done on the same day. 

For th i s, it is vita l that the computer h as a V.D.ll. wi th proper 
graphics. Most l arge universi ty computers are hopeless in this 
respect, the V.D.U. being regarded aa just a fast Tel etype. Small 
micros with their video games heritage are ideal, especia lly since 
the display process is like ly to be programmable wi th a high degree 
of user-fri e ndliness . A l arge mainframe compute r may have a graphics 
package, but it probably requires a friendly system programmer to 
actua lly get it to do what you want. 

The best so luti on is ei ther to use a large micro for the whole job 
or possibly to use a micro as a display term inal i n specting data 
stor ed in a lar ge mainframe compu t e r. Either way it is a vital 
area that must be t h ought about in a project. 

5. 1.4. Cleaning 

Before the data can be fed Into regreSSio n processes or even tidy 
graphs plotted , it must be made sure that there are no equipment 
errors, recording e rrors, or in the case of occupied houses, periods 
of anomalous occupant behaviour, s u ch as holidays, in the data sets. 
This requires an enormous amount of data inspection. Basically every 
recorded bit of data has to he inspected to see if it is c r edib l e . 
Thi s requires good fast access to all t h e data and good graph ics. 
It is very tedious work, whi ch can to a certain degree be automated, 
but the quality of final results is highly dependent o n it. 

5.1.5. Description 

Much o f t h e value of the Spencer St. and Linford projects has been 
in simp l y describi n g what is going on, without necessari ly quanti fying 
things. This qualitative information is very valuable in asseSSi n g how 
heating systems are working or thermal mass responding to so l ar 
radiation, etc. This requires a lot o f use of computer graphics to 
display the data and many hours just spent inspecting it. 
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5. 1 . 6. Understanding and Quantification 

This follows on from description. It Is a process during which data 
Is summed In various different ways, according to different theories 
In the case of s uch topics as air infiltration, and plotted out in 
order to see which method makes the best sense. This requires 
an enormous amount of time just spent plotting graphs . This In turn 
requires good computer graphics an~ a fast printer/plotter. The 
graphs in this report, for instance, only represent about 17. of the 
total number plotted o ut ove r the course of the var i o u s pro j ects. 

The understanding process Is also likely to make it clear that 
different measurements are required or t hat some measurements that 
have been regarded as unimportant are in fact quite vi t al and 
that the sensors s hould be checked for accuracy. 

5.1.7. Calculation 

Although the understanding and quan tification process requires a 
certain amount of calculation, at the end of the day the graphs 
that make the best 'sense ' are sub jected to statistical analysis 
to extract the importan t parameters and to quantify the quality 
of fit. This requires that the compu ter has a statistics package. 
Although these are standard for large main-frame computers, they 
are sometimes expensive to get hold of for a micro. In the cas e 
of the O.U. mainframe used for the Linford project, a Vax, the 
statistics package simp l y never arrived from the USA and one had to 
be written s peciall y, so it is wise to chec k that one 15 ac tually 
available. 

The calculation process is also likely to throw up data points 
that do not fit with the rest and it may be necessary to return 
to the data cleaning stage to see If these are not just due to 
equipment errors. 

5.1.B. Explanation 

While the re s earchers may t h ink they understand the final numbers 
coming out of a project, it can be guaranteed that very few other 
people will. Actually explaining t h e results is a whole ta~k in 
itsel f. This requires good quality plots of graphs,which in turn 
requires a good understanding of the software of the printer/plotter 
driver, especially as regards putting the labels on graphs, 
automatically d r awing best-fit lines through data, etc. For a micro 
this seems to require many hours reading the fine print of the 
compu ter and printer manuals. For a main-frame machine it usually 
require s a long-suffering system programmer to do it f or you. 



5.1.9. Conclusions 

From this description, it can be seen that over and above a data logger 
and appropriate s e nsors there are othe r vital equipment needs for 
data handling and analysls:-

1. A computer capab l e of handling a reasonable disk database 
2. About 1 megabyte of disk storage 
3. A V.D.U. capable of handling good computer graphics. 
4. A stat i stics software package 
5. A graphics printer . 
6 . Inte lligible software to drive Lt. 
7. For a main-frame compute r , a long-suffering system programmer. 

Given that most projects have enough p roblems with the houses themselves 
and the measurement equipment, there is pcobably a real need for 
a house analysis/display software package incorporating data clean ing 
and statistics routines, to ease the computing burden. 



5.6 

5 . 2. Automatic Air Infiltration Ri g - Design by John Butler 

The continuous measurement of air infiltration is a vital par t of 
the thermal calibration process . Manual operation of a gas analyser 
is slow and tedious. Commercial automatic systems such as the 'Autovent' 
system used by Bri tish Gas are very expensi ve al though ex_tremely 
versatile. Thus a conventional manual system was modified .for automatic 
operation fot the Linford pro,iect and used for several months in 
the test house. 

The process consisted of injecting nitrous oxide gas into the house 
and measuring the rate at which the gas concentration was diluted by 
normal infiltration. The equipment a l so went through an automatic 
calibrat ion cycle at the end of each measurement cycle. 

The overall system i s shown as a diagram in figure 5 . 2 and a photo 
in figure 5.3. The pr~mary sensing 

instrument used was an IRGA 120 infra- red gas analyser made by Sieger 
Gasalarm. This instrument draws the sample gas through the sensing 
process at about 1 l/min and gives a continuous voltage output 
proportional to the gas concentrat ion. 

In order to reduce the time lag between the sample being drawn into 
tubes situated in various parts of the house and it arriving at the 
analyser , two pumps were used to i ncrease the velocity of the sample 
air through the tubes. Most of the sample air was exhausted into the 
room conta ining the gas analysis apparatua (which was situated in 
the test house) via a tee piece connected to the analyser intake . 

The gas concentration was recorded against time using a Pointax chart 
recorder measuring 0- 100 mV and fitted with high and low alarm rela,s; 
These were used to initiate and terminate the calibration and gas 
in ject i on cycle. This process was controlled by a timing circuit using 
three relays. Two of the relays were of the time delay type (RS 347-927) 
which only turn on after a preset time has elapsed from the application 
of the switching voltage. Overri de switches (not shown in figure 5.2) 
also allowed the various solenoids to be operated for setting up and 
test purposes. 

Gas flows were selected by three solenoi d valves, two 3- way (RS 348-380) 
and one s imple on- off type eRS 348-396). One three- way valve (SOL 3) 
selected sample air or calibration gas, the other (SOL 2) selected 
zero concentrat i on (outs i de air) or a calibrated sample, a cert i fied 
cylinder of N?0,N2 and 02 mixed to known concentrations, 375 ppm N20. 
The on- off soIeno1d valve (SOL 4) controlled gas injection to the 
house. 

As the calibrated sample gas was stored in a pressure cylinder and 
had to be reduced to a tmospheric pressure before being drawn into the 
gas analyser, a fourth valve (SOL 1) was used to feed calibrated 
sample gas through a regula tor into a rubber bladder from which the 
gas could be drawn i nto the analyser. The bladder was kept full, but 
not under pressure using a hinged arm connected to a microswitch 
controlling the solenoid valve. 
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Nitrous oxide was injected into the various rooms of the house from 
a pressure cylinder via a gas regulator and control solenoid valve 
(SOL 4) and through a system of 1;" plastic hoses . Each N20 outlet 
was f itted wi th a hose cl amp whi ch was adjusted so that the flow 
out of each outlet was roughly proporti onal to t he volume of the room 
int o which i t was injecti ng gas . Each hose out let was fixed to 
a normal office type fan which was kept running continuously to 
ensure good mi xing of the gas and air. I t also helps in maintaining 
a good constant uniform house internal temperature. 

Air was sampled through a syst em of hoses from a number of points 
throughout the house, at least one per room . Once again each sample 
i nt ake poi nt was f i tted with a hose clamp which was adjust ed so that the 
f l ow rate i nto the hose was proportional to the volume of the room 
f rom wh i ch it was sampl i ng (see f i gure 5 .5). 

One hose was fitted through a small hole in a window frame s o that 
outside air could be drawn i nto the analyser for a zero reference . 

The fu l l operating cycle and a truth table for the various components 
is gi ven i n Table 5 . 1. 

A typical char t recorder t r ace is shown i n f i gure 5.6 showing both 
the cali bration cycle and t he exponential gas decay . The actual 
house i nfi l t rat i on rat e i s calculated as follows :-

If V i s the flow r ate o f vent i l a t i ng air into (and the r e f o r e o ut o f l the 
house o f volume V, then t he chan ge in tracer concen tration i n time in t e r val 
dt is: 

dc :: -vc dt s -Acdt 
y 

where A i s the air c hange ra te i n h ouse vol umes pe r unit time, 

the refo re de = -Adt 
c 

c 
co 

and (ln cJ
ct 

= _A[ t ] t 
co 0 

and I n(ctl :: -AT • ct ... - - -
<Col 

(ct) 
and A .. - I n (col 

T 

The air change rate can s;mply be 1 1 d • ca eu ate from two points on the 
decay c urve, as s hown above . 

t 
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Fig.5.3 The Infra-Red Gas 
Analyser 

.:> . 

5 . 9 

raJ g 

-

Fig 5.5 Air is sampled through 
nylo n tubes in each room. 
Thi s one has a small flow 
meter attached 

Fig . 5.4 N20 gas ls injected lnto the house 
using a fan to ensure good mixing . 



TABLE 5;1. CALIBRATI ON AND MEASUREMENT CYCLE 

Step Action 

LO RLA1 RLA2 
ALARM 

1. N20 level in house below LO 1 1 0 
I 1mit. Ai r drawn from outside 
to analyser to record zero 
setting. 

2. After 5 mins. Cali br ated gas 1 1 1 
mixture fed to analyser for 
5 mins. 

3 . After 10 mins. Internal house 1/0 1 1 
air fed to analyser. N20 fed 
to house until HI alarm limit 
(set 400 ppm) reached. 

4. Measurement peri od. No more 0 0 0 
N20 fed to house. Level ~ecays 
until LO limit (set ' 50 ppm) 
reached and cycle repeated. 

1 = ON 0 = OFF 

Truth Table 

RLA3 SOL2 

0 0 

0 1 

1 1 

0 0 

-

SOL3 soIi+ 

1 0 

1 0 

0 1 

0 0 

PUMP2 

0 

0 

1 

1 

'" 
~ 
o 



5.12 

• 
Setting Up and Maintenance 

The IRGA 120 requires the sample gas mixtures to be clean and dry . I t 
was therefore necessary to pass the sample through a dryi ng agent 
and filter before allowing it to be drawn into the analyser. Two 
drying agents were used, s i l i ca gel followed by magnesi um perchlorate. 
These n~eded to be changed every two days . One of the manufacturer ' s 
representatives cast some doubts on the use of s i lica gel as a drying 
agent but this was communicated too lat e to be acted upon. 

The s ignal output of the gas analyser was provi ded with a potentiometer 
wh i ch could be adjusted to give a 75 mV output for 375 ppm concentration 
deliver ed from the cali brati on mixture cyliRder and 0 mV for out s ide 
air. It was found useful to offset the chart recorder amplifier by 
about 5 mV downwards so that dri fts of the gas analyser output below 
zero could be detected . 

The gas analyser output persi s t ently tended to drift despite attention 
from the manufacturers. However, s inc e the proport i onal rate of decrease 
in concentration i s the s ignificant fact or being measured and the 
system was calibrated every few hours , good data was obtained despi te 
these shortcomi ngs . 

I t can be seen from this descri pt i on that the sheer complexity of 
gas input and output tubes and the need to balance them to get a 
reasonable whole house air change rate, requires a lot of time to 
set up, probably two days at least. Also , the need to change the drying 
f i lters every day or t wo means tha t the sys t em has to be cont i nuall y 
'nursed ', despi t e i ts ' automatic' nature . 

Although const~ucted using relay logic, the essential timing functions 
could easily be acheived using s i mple l ogic circuits. In fact , the whole 
measurement process including the calculation of the air change rates 
and corrections for analyser drifts could be much better carried out 
now using t he s i mplest of microcomputers. 
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5. 3 Thermographic Survey 

No thermal assessment of a house can be regarded as complete without 
a s urvey with an infra-red camera. This can quickly spot particular 
building defects s uch as missing insulation and cold br i dges, though 
it cannot really quantify them. This i s the function of the thermal 
calibration process. The survey is also useful in making sure that 
the heat flux sensors are not located in the middle of some defect 
and are hence not repres entative of what they are attempting to 
measure. It i s thus s uggested that a the rmographic survey be carried 
out before the s tart of any thermal calibration measurements . 

Infra -red cameras are expens i ve (£10~OOO - f40,000) and t emperament a l 
pieces of equipment and the mere possession of a camera does not 
guarantee pictures. During the course of the Linford project the 
Open University acquired two s uch cameras, neither of which could 
be persuaded to work in the field despit e many hours of l abora t ory 
testing. Finally an outsi de company were called in f or two evenings 
work with a skilled operator. Despite rates of £150/hour , the value 
for money was except i onal. 

The Linford tes t house was examined thoroughly in about two hours. 
This included l ooking at fl oor" edge heat losses and window lintels 
from both ineide and out , checking the uniformity of the wall 
insulation and looking a t the cold bridges formed by the roof 
joists through the insul a tion, both from above and below . Examination 
of t he l osses around the windows entailed blanking some of them off 
t horoughly with thi ck ins ulation to avoi d the interfering effects 
of the large heat flows through t he gl ass . Some of the Linford 
photographs are shown i n figures 5. 7 to 5. 9 

It al so proved possible to check uniformity of insulati on and such 
things as floor edge heat loss on a number of other estates from the 
outside, proceeding a t a respectable walking pace. The bes t weather 
for exterior work i s cold , dry weat her, s ince rain has the effect 
of coating houses with a uniform temperature film of moi s ture. The 
work also has to be done well a ft er s unset, to avoid the effects 
of sol ar heat s tored in t he fabric surface. Given the cold conditions, 
the limits t o what could be achei ved in an evening were mainly 
determined by t he freezing point of the researchers . 

Gi ven the exper i ence of the Linford project, it would thus seem 
best to use an outside contractor to do the thermographic survey work 
and it i s advi sable to have possibly three or four houses available 
for inspec t i on to get the best value from an evening's work. Infra- red 
cameras are currently under extensive development, mainly for military 
appl ications, but they should be regarded with great s uspicion as 
t o their reliability until proven otherwis e . 

See also Appendix 1 for E.C.R .C. experience with t hermographic s urvey 
work . 
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Window reflecting 
cold night sky 

camera . 
I 

insul ated c:====::::::::::::::::::======= 

Figure 5.7 The co ld bridges o f the 
window linte ls show white . 

Flgurl:: 5-•. 8 Two bicycles can be 
seen illuminated by the 
infra-red g low of the 
edge of the house floor 
s lab . 

HOT .. WHITE 
COLD '" BLACK 

Figure 5.9 Bedroom ceil ing seen 
from below shows co ld 
patches und e r jo ists 
and missing insulation 
patch. 

. . . 
.1'. 
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5.4. Heat Flux Sensors - Design by Alan Horton 

Given the large number of heat flux sensors needed and the high cost 
of commercial ones , much effort was devoted to manufacturing them 
for the Linford project. The result was the production of quite 
success ful sensors whose material cost was about £ 10 and could be 
tailared to the material into which they were to be set, compared 
to a cost of £300 each for those bought from T.P.D . (Technische 
Phys i sc he Dienst) in Delft , in the Netherlands . 

The principle of heat flux measurement is to measure t he temperature 
difference between the two opposing faces of a thin slab of material 
with a uniform thermal conductivity. The perpendicular heat flow 
through the slab i s then proportional to the temperature difference, 
as shown in figure 5 . la. 

Thermal conductivity 

• K ---,, -
• .~--t""'"" 

Figure 5.10 

Heat f l ow Q = K (Tt - T2) 
1 

5.4.1 Construction 

Approximately 150 turns of 28 ~WG constantan wire were wound in a coi l 
fashion around a thin slab of pl astic material such as polythene, 
P.V. C. or perspex (see figure 5 . 11). The slab was then immersed 
edge- on in a bath of copper sulphate sol ution , so that the liquid 
reached half-way up' the face of the slab. The constant an coil was 
then plated with copper to a thickness of approximately 0.025 mm. 
This was done by connecting the posit i ve s ide of a low-voltage 
d.c . power supply to two pieces of copper plate immersed in the 
solut ion, one on each side of the slab . The constantan coil 
was connected to the negative side of the power supply, using a 
large bulldog clip to ensure el ectrical contact at the same point 
of each turn, for as many turns as possible. The constant an coil 
thus became the cathode and the copper plates the anode of an 
electrolytic cell. The power supply was set to provide a current 
of about one amp and t he coil plated for 4-5 minutes. 
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The half-plated coi l resembles a thermopile with 8S many thermo junctions 
as there are turns in the coil, successi ve juncti ons being on ei ther 
side of the coil . A small e.m.f. i s generated between successive 
junctions if a temperature difference exists across the faces of 
the slab, typically of the order of 1/100 th of a degr ee. Each full 
turn of the coil contains two junctions and if there are 150 turns 
the total voltage output will be 150 times that of a single pair . 
The volt age output i a not as high as that of more conventionally 
cons tructed t hermocouples s ince each pair i s partially short- circuited 
by the constantan wire running through the copper . The copper plating 
thickness is thus f airly critical to make sure that most of 
the current flows through it, rather than the higher r esistivity 
constantan. 

Finally, t he entire construction was potted in epoxy resin to 
protect the delicate wire coil and then plastered into the test 
house walls -or set into the concrete surface of the f l oor. This 
r ather drastic step is not necessary for short thermal calibrations, 
but meant that the s ensors themselves had to be made of a material 
with t he same thermal conduct i vity as t he surrounding building 
fabric. This i s to ensure t hat the lines of heat flux do not take 
an easier path ar ound the sensor through the building fabric . 
The higher the total t hermal resistance of the structure , the less 
i mportant this i s , but for thin poorly i nsulated_ structures , 
significant errors can ari se . 

For sensor s used in the walls and ~loor, polythene was used, with 
a therma~ conductivity of 0.35 W/m C. Thi s compares with about 
0.48 W/m C for the plaster of the walls and 1 . 0 for the concrete 
f l oor. For the ceili ngs , P.V . C. was used wi th a conductivi ty of 
0 . 16 W/moC , i dentical to the quoted value for the pl asterboard 
into which they were set. 
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For short- term measurements it i s better to use the mounting method 
suggested in Appendix 1. The heat flux sensor is mounted on the 
fabric surface with a layer of heat- conducting grease to ensure 
good thermal contact . The sensor should be surrounded by a guard 
ring of the same slab material to ensure that the heat flux flows 
thourgh the sensor rather than around it. Finally a screen of paper 
shou~d be mounted in front of the ·sensor to protect it from any 
radiative effects (hot researchers , sunshine, etc.). This was not 
done in the Linford test house, leading to measurements that are 
' realistic' from the point of view of the actual radiat ion 
environment of the house, but somewhat difficult to interpret in 
terms of plain U-values . 

5.4.2 Calibrat ion of Sensors 

The heat flux sensors were calibrated against some commercially 
available ones bought from T.P.D. Fi gure 5.12 shows the two 
types of sensor . 

Figure S.12 

, 
> j 

Commercial (left) and QU- constructed (right) heat flux 
meters, surface mounted on a floor for illustration only. 
Actual measurements were obtained from the OU devices 
embedded in tne walls Md floor etc . 

. ' 

The apparatus used for calibration is shown in figure 5. 13 . The 
two types of sensor were slotted into holes cut in sheet s 
of material of s imilar thermal conductivities to each type. For 
the D.U. devices, the slab materia l from which they were made 
was used, perspex was used for the T.P .• D. ones. 

• ';'1 
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The top tray was filled with water at 600e, and the bottom tray 
filled with an ' ice/water mixture at oDe . Thi s arrangement 
established a uniform heat flow field around the centre of 
the apparatus where the heat flux sensor s were s ituated. The 
entire construction was surrounded by 100 mm thick polystyrene 
ins ulation to reduce edge effects . 

This apparatus enabled calibrat ion of the O.U. sensor s against 
those from T.P . D. with r easonable accuracy . The calibration of 
the T.P .D. meters is quoted as being j 5%. I t is l i kely that 
t he correspondi ng accuracy of the O. U. ones would be :: 10%. 

The O. U. meters gave outputs of about 20 W/m2 per mV compared 
with about 15 W/m2 per mV for the commercial ones . This meant 
that for a temperature difference of about 150C across a wall 
of U- val ue 0 . 3 W/m2oC would give ris e t o a heat flow of 4.5 W/m2 . 
For this the O. U. meters would give a voltage output of 0 . 23 mV . 

5 .4. 3 . Amplificati on 

The drift-free amplification of volt ages this small i s s omewhat 
of a problem and requires speci a l amplifier s . ICL 7600 CAZmmps 
(commuta ting auto-zero amplifiers) were used. These cost about 
£10 each and were capable of providing an amplifi cation of 
up to 1000 times. The amplifier actually consi s t s of two halves 
which continually swop over , one measuring the s ignal while the 
other measures and corrects its own drift . 
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This rapid alternation , at'i.about 30 khz did create r.f. interference 
problems and it was not possible to operate a radio tuned to long 
wave close to the sensors. 

As well as radiating interference, the coil nature of the heat flux 
sensor, together with its large surface area, made it quite good 
at picking up mains hum from the surroundings . The s ituation seemed 
to be rather bad in the Linford test house I where ':the sensors were 
set into the building fabric and there appeared to be large earth 
currents actually flowing through the ground. 

It was thus necessary to incorporate a filter in the input of the 
amplifier to remove this hum. The peculiar properties of 
the CAZamp meant that it Was not possible to use the normal 
Miller f eedback capacitor approach of connecting a smootfuing 
capacitor between the output and inverting input of the amplifier. 
The filter had to be put right at the input. Also, given the 
minute D.C. voltage in the presence of a larger a.c . s i gnal it 
is advisable to use the best quality polyester capacitors for 
this purpose, to avoid any rectification of electrolytic effects . 

101<: 
\1 

3 lit, 
I~I .... ... ,.1< "I- r Ij. 

It.l' .... 
G It 16 O""'P .... "'j'" 

... P.""'6\'I'1R r ll(~ 

'H" S(T GAON 

O,'/,* -~~ '''' 
Figure 5.14 Ultra-low drift gain- of 500 amplifier 
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5.5. Electronic Thermostat 

In order to maintain a conetant internal temperature in the test house 
an electronic thermostat was used for each fan heater. This unit 
was designed to control a 2 kW heater (usually only set to 1 kW) 
in response to the signal from a platinum resistance thermometer 
suspended in the centre of the room being heated. 

The circuit is shown in figure 5.15 • It uses an LM324 quad op-amp 
with three of the amplifiers making up a low drift instrumentation 
amplifier and using the fourth as a comparator comparing the 
output voltage of the P.R.T. amplifier with a voltage set on a 
potentiometer representing the thermostat setting. The comparator 
drives a switching transistor operating a relay, which in turn 
switches the mains supply to the heater. 

The sensing platinum resistance thermometer has a resistance of 
100 ohms at OoC and increases at the rate of 0.385 ohms/oC. It 
is fed with a constant current of 3.2 mA. The voltage across the 
P.R.T. is compared with a similar voltage produced across a 
standard 0. 1% 100 ohm resistor (Radiospares 158-086). This voltage 
difference is then amplified up to a level of 100 mV/oC with 200C 
being at 2 volts output. This level can be set by plugging in 
a 0.1% 110 ohm resistor in place of the P.R.T. and setting the 
amplifier output to 2.60 volts with the offset trimpot. The amplifier 
output should be accurate enough without any trimming . The amplifier 
cannot be checked at OoC with a 100 ohm resistor because the system 
has only one power rail (+ 5 volts) and so the amplifier can only 
pull the output down to a minimum of +300 mY. The two 1 K resistors 
to ground from pins 8 and 14 of the LM 324 allow those stages to 
operate down to output voltages of +100 mV. 

The thermostat setting pot should cover the range +15°C to +250 C 
with +20oC in the centre. The pot can be calibrated by plugging in 
a P. R.T., measuring the amplifier output voltage, i . e. the recorded 
temperature and checking where the relay operates by turning the pot. 
There should be about 0.3°C hysteresis on the pot between the relay 
switching one way or the other. The large electrolytic capacitor 
on pin 6 of the LM 324 is necessary to slow down the cycling rate of 
the system in order to preserve the relay contacts. Without this 
capacitor and the filter capacitors across the relay contacts 
there tends to be relay chatter, resulting in short relay life 
and mains interference. 

The output to the logger swings between about 0 volts and +4 volts 
when the relay operates. This signal can be used to operate and 
elapsed time meter in the logger giving the rough average power 
output of the heater. Alternatively it can be heavily integrated 
using a very long time constant CR filter and fed to a chart recorder 
to give an instantaneous recording of the average he~ting power. 

On balance the digital method is simpler to carry out though a long time 
constant filter was used to produce the traces of figure 2 . 7. 
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5.6. Wind Measurements 

5.6.1. Wind Speed 

For both the Spencer St. and Linford projects wind speed was measured 
using a normal cup anemometer. This has a pulse output of either a 
microswltch or optoswitch type and the task of the l ogger is simply 
to count puLses . Thi s should b e n o problem for modern equipment, though 
the logger u sed at Spenc er St. perversely only a ccep ted analogue 
inputs and had to have a special interface made. 

There is a lot of controversy as t o where to properly measure wind 
speed . 'Meteorological' wind speeds are measured at a height o f 10 m. 
This was done at Linford , requiring a cumbersome tall ma st. Fortunately, 
a naval technician was to hand. The measurements should also be made 
as far away from obstructing buildings as possible, prefera bly at least 
five house heights. This in practice is almost impossible to acheive 
without straying onto someone else's land. 

In practice, wind speed is of relative l y small interest and mainly 
useful for assessing and filling in missing air infiltration values. 
Therefore there has to be some compromise between 'accurate' wind speeds 
and the trouble required to locate the anemometer in the right p l ace 
and get it to work properly once installed, especia l ly if t i me is 
l imited. The positioning of the anemometer at Spencer St. seems 
about right from this point of view - mounted on the fen ce at the 
bottom of the garden, about 10 m from the house at a convenient 
step- ladder heig ht. 

5 . 6.2. Wind Di rection 

This parameter is really only of any use at high wind speeds and except 
for very detailed air infiltration work only required to a low accuracy 
(~ 30°). Thus the effort of installing a wind vane, interfacing it to 
the datalogger and the effort of writing a computer program to unscramble 
the output (usually binary or an analogue voltage) and 'average' the 
wavering result is hardly worth all the effort. The wind vane for the 
Linford project probably consumed at least two man-weeks to achieve 
all this. It is far simpler just to wave a wet finger in the air 
twice a day and write it in a notebook. 

5. 7. Air Temperatures 

These are fairly straightforward to meaaure by several methods. 
Th ermocouples were used at Spencer St. and platinum resistance 
thermometers at Linford a n d Pennyland. Genera l ly, In terms of 

o 
volts/ C output, the best buy currently are precalibrated thermistors 
(such as Radiospares 151-215 ) . The S.E.R.C. Field Trial Notebook 
contains a fu l l discussion of the mer its and di sadvantages of the 
different types of sensors. 

Internal temperatures are best measured by hanging the sensor in the 
centre of the room at least two feet from the ceiling. This avoids 
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the puddle of ho t air that tends to acc umulate close to the ceiling 
espec ialLy when the electric lights are on . The Linford measurements 
were made using sensors mounted in commercial heating thermostat 
housings, in the interests of tidiness, but this 1s likely to g i v e 
a wall s urface temperature rather than a true air temperatur e . 

External air temperatures are probab ly best measured u sing an aspirated 
sensor, essential l y with the sensor, mounted in the inlet of a sma l l 
fan. This gurantees getting a true air temperature . Normal 'meteorologicaL ' 
temperatures are measured in a Stevenson Screen, a louvred wooden box. 
As pointed out in Appendix 2, this can be thought of as a rather p oor 
efficiency passive solar test cell, with solar gains of its own. Thus 
the screen temperature may not give the ri ght answer for the solar 
aperture of the house. 

The external temperature sensors us ed at Pennyland were also deficient 
from this respect, being mounted a bout 100 mm out from the ex ternal 
wall of the house, about 3 m from the ground. Some of the sensors 
on west facing walls exposed to d irect un l ight registered temperatures 

o 
5 C or more above the true air temperature on sunny days . Shielding 
the sensor from the direct sunlight did n ot improve matters much 
since under sunny conditions the whole wall was bathed in a warm 
boundary layer o f air ri sing up the external surface. The sensor 
would have had t o be at Least 1 m from the wall surface to be totally 
free of this effect. Although the average effect of these so lar 

o 
gains is likely to be small ( perhaps 0.5 C) they have caused some 
confusion in the analysis of the Penny land data in the comparison of 
two house types, where one house type may have all. the external 
temp e rature sensors mounted on the south side and the other type 
may have them all mounted on the north. It thus becomes impossible 
to tell whether the ex pe riment is one of comparing house designs 
or of monitoring systems . 

5 . 8 Electricity Consumption 

This is straightforward to measure. A reflective optoswitch mounted 
over the disc of a normal electricity meter will register one pulse 
per revolution if a black stripe is painted on the disc. (see fig.5.16) 
This represents usually 1/300th or 1/250th kWh depending on the 
type. Logging is simply a matter of counting pulses. 

It should be stressed that the 'electric heating I measured in the 
thermal ca librat~ on process includes a n y electric lights, fans 
and mo nitoring e quipment actually inside the house at the time. 
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Figure 5.16 Electricity Meter with Reflective Optoswitc h Mounted 
Over Disc. 



6. STATISTICS OF WEATHER 

CONTENTS 

6.1 Availability of Suitable Weather 
6.2 Effects of Inadequate Available Time 
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6.4 Regressions on Occupied House Data 
6.5 Cov8riance of S and ~T 

This chapter looks at the statistical problems of carrying 
out the analysis, the availability of a suitable mix of 
sunny and dull days and the comparability of successive 

.results. It also looks at the spectrum of results obtainable 
ranging from synthetic computer-genera ted data through test 
house emperiments to crudely monitored occupied houses. 
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CHAPTER 6 

STATISTICS OF WEATHER 

6.1 Availability of Suitable Weather 

As described in chapter 2, the dete r minat ion of the building fabric 
heat loss is really dependent on the availability of dull da ys 
in a data set, while the determination o f the ef fects of so l a r gains 
requires a mixture of dull and sunny ones. The question is 'What is 
the maximum amount of time that we are like ly to have to wa it in 
order to be su re of ge t ti ng suitable weather to perform a good 
thermal cal ibration? '. 

In order to answer this, sunshine data from two l ocations at o pposite 
ends of the U.K. has been analysed, from Bracknell, near London ( lat . 

o 0 
51 21 ' N) and Le r wick 1n the Shetland s (lat 60 08' N). The particular 
solar variable that has bee tested is the daily t otal so lar r ad i a tion 
on the south-facing vertical s u rface, since this is a reasonable 
indicator of so lar gains into the house , whether south-facing o r not. 

Fig ure 6 .1 ~hows the relation b e tween daily totals of so lar radiation 
on various planes f or clear sky da ys , c alculated for approximate ly 
the latitude of Brackn e ll. At this lati tude, the total radia tion on 
the south -facing s urface on a sunny winte r day i s not ve ry different 
to that o n a sunny s ummer one. The low solar altitude in the winter 
means tha t the sun s h i ne s square on to the s outh surface. In summer 
the sun s hines obliquely from a hi gher aLtitude, but f or a longer 
period. At the more northerly Latitude of the Shetlands, the pattern 
i e slightLy different, with a pronounced drop in so l a r r adiation 
in the mid-winter months. 

Not all days are sunny, though . F i gures 6.2 and 6.3 ehow scattergrams 
o f daily so lar radiatio n thro u ghout the year 1982 f or the two locations. 
For ease 2 f printing the daily totals have been r o unded t o the neare s t 
0.5 kWh/m Ida y and pr i nted in co lumns o f o ne week each. 

For Lerwick the patte rn is of a large number of very dul l days in 
mid-winter, a good mi x ture of sunny and dull days in spring and 
autumn and a mixture o f s unny and moderat e l y dull ones i n summer 
but with a distinct l ac k of ve ry dull da ys . For Bracknell there is 
a good mixture of sunny and dull da ys f o r most of th e yea r but again 
wi th a lac k of very dull days in s ummer. 

In order t o es timate the worst-case length o f continuous monitoring 
time to a cheive a thermal calibration, the weather data has been anal ysed 
u sing two criter ia . One is a 'no n-so lar' o ne requir ing c2ntlnuous 
monitoring until three ve ry dull days (i.e. s<0.5 kWh /m /day) have 
occured. This is subject t o a f urther constraint that the day b~fore 
each dull day should not have been a sunny one (t.c. s~3 kWh/m /day)_ 
Th is 1s to avoid problems of stored solar ga ins being carr i ed over 
into the dull d a y . This kind of wea the r d a t a wou l d give a th ermal 
calibration plot as s hown in figure 6.5, allowing estima tion of 
~A.U. but not the so l a r aperture R. 
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The second crite2ion 1s a 'solar ' one, requiring two moderately dull 
days (S~l kWh/m /day)! again not preceeded by a sunny day, plus two 
sunny days (S/3 kWh/m /day) to fix the solar aperture. This would 
give a regression plot as shown in figure 6.6. 

Just over two years data from each site h as been analysed, from November 
1960 to December 1982. For each day over this period, the analYSis 
algorithm has been set to count forward the number of days until each 
cri t er.ion is satisfied. The resu l ts ' for the I solar' and 'non_solar' 
criteria for each location are shown in figures 6.7 and 6.8. The data 
has been printed out on a weekly basis with the worst-case number of 
required days starting from any day in a given week. Rough overall 
worst-case lines have been drawn on these plots. 

These rather confusi n g scattergrams do show the genera l patterns of 
the availability of suitable weather. For ~he 'non-solar' mode in Lerwick 
the high density of dull days in mid-winter makes it very easy to 
achieve an estimate of ~U. A in 10 days or less during the period 
mid-November to mid-January. The availability of very dul l days in 
mid winter at Bracknell, though, is considerably l ess, requiring a 
worst-case 20 days to obtain three very dull days during this period. 
These are 'worst-case' figure s, though, and typical measurement 
times are more like 5 days for Lerwick and la for Bracknell. The 
'non-solar ' mode comp l etely breaks down for both locations during the 
months February to October because the weathe r i s just too sunny to 
ignore the solar e ff ects and there aren't enough very dull days. 

The 'solar' mode is applicable over 8 much longer period of the year. 
For Bracknell, the criterion can be met in under a month from Se ptember 
th rough to March, with typical required measurement times of about 
two weeks. The method breaks down 1n the sunnier summer weather from 
April t hrough to August because of the l ack of dull days. 

For Lerwick, the 'solar' mode also breaks down 1n mid-winter, from 
mi d-October through to mid - Janu ary, for want of sunny days. 

The typical required measurement periods for th e two locations and 
two modes are summarised in Table 6 .1 below. Worst-case periods are 
likely to be about twice the typica l va l ues. 

Month Lerwick Bracknell 
'Solar' 'Non-solar' 'Solar' 'Non-solar' 

Jan . - 5 12 12 
Feb. 12 15 15 15 
Mar. 15 - 18 -
Apr. - - - -
May - - - -
June - - - -
July - - - -
Aug . 12 - 20 -
Sept . 12 15 15 -
Oct. - 15 12 18 
Nov. - 5 12 12 
Dec. - 5 12 10 

TABLE 6 . 1. TypicaL required measurement periods to satisfy criter i a 
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6.6 

6.1.1 Conclusions 

From Table 6.1 we can deduce a distinct thermal ca libration 'season'. 
This runs from August through to March, though calibrations run i n 
August might require a rather uncomfort ably high interna l temperature 

o 
(30 C1) to get a large enough ~T. 

The b~~t period for the determination of~A.U for both locations is 
between September and February when good results can be expected with 
typically 1 5 days data or less . For the more southerly l atitudes this 
can be expected to produce a good estimate of the solar aperture as 
we l l. 

For norther ly latitud es the so lar aperture is best determined during 
September, February or March. 

Although the weather is still rather cold in April and sometimes in 
May. there are too few dull days to make much sense of the data. 
The measurements on the Linford test ho u se for April 1982 and April 
1 983 have been of little use, except in comparison with measure ments 
from earlier in the year. 

6.2. Effects of Inadequate Available Time 

Although the previous section has used terms of ' s uccess ' and 'failure'. 
in practi ce matters are more indis tinct. The process is more one 
of progressi vely increasing error bars as the time scale i s reduced. 
This can be illustrated by taking the s ix week l ong data set of 
figure 2 .4 and splitting it up i nto its three two week periods and 
then into s ix separat e weeks. 

These pl ots are s h own in figures 6.9 to 6.17. The resultant values f o r 
~A.U and R and their respective error bars are shown in figures 6.18 a nd 
6.19 as a function of the numb e r of weeks measurement. 

The overal l result is one of basical l y consis tent answer s but with 
increasing error bars that decrease roughly as l!~ where n is the number 
of weeks measurement. 

Even i n the week l y data sets the average e rro r of interpretation on l:A.U 
o 

is typically only 6 W! C, significantly less than the probab l y measurement 
errors in floor los s and infiltration rate, which are likely to amount o 
to 1 5 - 20 W! C. The picture for the solar aperture is

2
not so good, though. 

The worst of the data scts has error bars o f ~ 2.8 m at the 68% confidence 
interval. Wh i le this is suffic ien tly accurate to tell us that a house 
does respo nd to so l ar radiation, it is certainly not good enough to 
distinguish one solar var iant from another. 

There is also a downward trend in the successive values of both fA.U a nd 
R produced in figures 6.18 and 6.19, though barely at a l evel of statistica l 
s i gni ficance. This may be due to the effects of errors in d etermi ning the 
floor heat l oss and prob lems of covariance between solar radiation and~T, 
which are dealt with l ater i n this c hapter. 
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6.1 1 

The basic conclusion that can be drawn from this comparison of different 
time periods is that as long as there Bre sufficient dull days In a data 
set, no matter how s hort, some kind of estimate of:(A.U is like ly to 
emerge that is more limited by air i nfiltration and floor heat loss 
measurement errors than by interference from the effects of solar gains . 

In order to get good reliable estlma~es of the eolar aperture, a good 
mixture of sunny and dull days i s necessary. but if the measurement 
period has to be limited for one r eason or another so that there is a 
lack of s unny days, then there will jus t be large r error bars on the 
estimate of solar aperture. 

6.3 Self-consistency of Method 

If the thermal cal i bration method Is to be of practical u s e, successive 
tests s h ould produce similar answers. Figure 6.18 has shown that 
this is true to a certain extent, but does indicate a slow fall in 
the estimate of ~A.U with time. This can be seen more clearly in 
figure 6.20 plotting 12 successive estimates of ~A.U from March 1982 
to May 1983. The data periods are each of approximately two weeks 
each except for the la s t, where the lack of dull day s has required 
20 days measurement. 

The data covers the period immediately before and after the floor of 
the Linford test house was insulated over with 50 mm polystyrene. This 

o 
was estimated to produce about a 40 wl C reduction in total house heat 
loss. The estimates of ~A.U, though s how a clear jump of about 20 W/oC, 
though since the floor heat 10s8 is estimated separately there should 
be no change. 

The two estimates before the floor insulation are consistent with each 
other. The estimate from March 1982 is also just consistent at about 
a 10% probability level. The four estimates immediately afterwards 
are also consistent with each other, but thereafte r there is a fall 
in successive values (accompanied by increasing error bars as well as 
the weather becomes more unsuitable) . 

The most likely reason for these results is that the floor heat loss 
has not been estimated properly. It was determined using only two 
heat flux sensors located at one corner of the house (see figure 3.3). 
It seems most likely that the extrapolation of the floor heat loss 
from these two sensors was reasonable before Lnsulation, but probably 
not so afterwards . The sensors were then covered with 50 mm polystyrene, 
but there was a very large cold bridge in this fl oo r insulation in the 
form of the partition walls, made of dense concrete blockwork . 

It i s likely that th e floor heat l oss after ins ulation i s as shown in 
the dashed line in figure 6.21 rather than as es timated fr om the two 
sensors. This illustrates the importance of accurately measuring the 
f l oor heat loss, especially if as in this case it amounted to almo s t 
20% of the total h ouse heat 1 085 . 
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6.4 Regressions on Occupied House Data 

As mentioned in chapter 2, the thermal calibration test results for 
the Linford test house seem to agree with data from three of the 
four oc~upied Linford houses analysed in detaiL. This was totally 
unexpected and especially the quality of the occupied house results. 
This agreement seems to forge the link between 'thermal calibration'. 
essentially 'scientific tests' and 'house characterisation. ' or the 
analysis of monitored occupied houses with a view to extracting 
some information about the level of insuLation, temperatures and solar 

gains, etc. 

Both the triaxial and two-dimensional regression methods were suggested 
in 1978 as ways of analysing the fuel consumptions of passive solar 
houses by the U.S.So1ar Energy Research Institute (S.E.R.I.) (see 
reference 6. 1 ). However, no actual results appear to have been 
published to date . 

6.4.1 Triaxial Regressions 

Monitoring of the Pennyland estate was carried out with a view to 
' characterisation', especially the extraction of a solar aperture . 
A large number of houses were equipped with simple temperature monitoring 
equipment, sampling three internal temperatures and one external one 
and essentially calculating a continuous cumulative house average ~r. 
The houses were a l so fitted with electronic heat meters in the central 
heating systems, measuring space and water heating energy. These 
two pieces of equipment, together with n ormal gas and electricity meters 
including an extra gas meter for cooking, were all read on a weekly 
basis. Solar radiation on the south-facing vertical surface was 
measured at the Linford weather station . 

A weekly energy balance could then be drawn up for each house:-

where Q = 
K , 

'1:U.,' , 
c ' 

6r
v

= 
R 
S ' 

Q + K ( ~ u.l + C ). l!.r 
v 

R.S 

Weekly space heating energy 
Free heat gains from cooking, lights, etc. 
Total fabric heat loss (including floor) 
Ventilation loss (assumed constant) 
Whole house average weekly inside-outside temperature difference 
Solar aperture 
Weekly total south-facing vertical solar radiation 

By correlating Q with AT and S, it was hoped that the three unknowns 
K, ~U.A + C and R could possibLy be extracted. 

v 

This is equivalent to fitting a plane surface through data points Lying 
in three-dimensional space between the Q, ~ and S axes (see figure 6.22) . 
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In practice, in assessing the performance of the house, we are at the 
mercy of available winter weather conditions to fix the various data 
points. As such, fitti n g a practical p l ane to them is not so easy. 

One of the easiest problems to grasp is tha t of the relatively small 
spread of values of ~T over a heating season. A well insu l ated house 
with a r easonable l evel of internal free heat gains may not actually 
need any appreciab l e space heating energy unti l the weekly average 
AT has risen a bove 60 C or more. Given typica l midwin ter weekly average 

o 20 • internal temperatu res of 18 C and external t emperatu r es of abo ut C 
(in cen t ral and southern England), the maximum weekly average ~T is l ikely 

o to be on l y 16 C. Thus t he spread of values of~T over a heating season 
may be on ly 10°C or l ess. which is not very large considering that 

+ 0 temperature measurement e rrors can easily be - 1 c. 

This Low spread in values of A r is likely to give very uncertain values 
for K i n a regression. This can be seen by considerin g just weeks with 
Low values of solar radiation (essentia l ly that por tion of the p l ane 
c l ose to the Q _ AT plane (see figs. 6.23 and 6.24). Typical measu rement 
errors combine with the l ong ' leve r ' effec t of having data a long way 
removed from the Q axis to give very poor estimates for K (see figure 
6 . 24 ). 

* Th e 1981/82 dataset used in the Penny land project wa s r ather excep tional 
1n having some very co lg weather with severa l weeks having average 
temperatures of below 0 C. 
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In practice, t he estimates of K, the free heat gains, are so bad that 
any credible estimate made by 8 researcher from other infprmation, such 
as electricity consumption, measured cooking gas, etc., would be better. 

Once K is treated as known, rather than unknown, the r egression can immediately 
be rearranged into the two-dimensiona l form. 

There are several other reasons why the three dimensional regression is 
should be treated with care:-

1) The least squares regression method is very sensitive to 'outliers' 
or extreme data points . It is thus essential that 'clean' data is used, 
i.e. any obvious measurement or recording errors or periods of anomalous 
occupant behaviour (holidays or even wholesale removal), are identified 
a nd removed . This, in practice, requires careful data inspection, which 
becomes a little difficult with data in three dimensional space. 

2) The l east squares regression method is potentially a 'biassed estimator' . 
The regression theory assumes that all measurement errors are in one 
variable (Q in this case). Thus regressing Q against AT and S will give 
different answers to regressing ~T against Sand Q. Practical measurement 
errors are likely to be in all three terms (and in generally unknown 
quantities). These in practice mean that the regress i on will become 
a biassed estimator, i.e. it can be almost guaranteed to underestimate 
the "iU . A' + C term, for instance. 

v 

3) If the regression package made a wrong estimate of one parameter 
(say ~U.A' + C ) it is also likely to make a compe n sating error in another, 

v 
such as R . Experiments with computer generated data, using a house 
computer model and real weather data, showed that the regression prOcess 
was incapable of determining R to wit2in 10% despite an almost perfect 
fit of the data to a plane s urface er >0.995). Worse still, the 
uncertainty was not reflected in the quoted error bars for the results. 
Changing the internal temperature in the house model would produce a 
different plane fit to the data, whose coefficients ~U.A'+C , K and R 
differed from the previous set by more than the quoted errorX for 
individual coefficients. This effect did not appear to depend on the 
covariance of values of S and AT, but seems to be rooted in the 
mathematics of the regression process. Thus although the regression 
was able to fit a plane through the data that is a 'good exp lanation', 
this is n o guarantee t hat this is the 'right explanation'. 

These statistical problems are currentl y being investigated in 
several parameter extraction projects. Pennyland and Linford data 
is being assessed using ARIMA statistics (Auto-Regressive Moving 
Average) with a view to getting an e n ergy model that can 'lock-on' 
to the monitored performace of a house in real time. This would 
be of great use both for predictive purposes and also for 
'before and after ' savings estimates for various measures. 

Hopefully some advice on the 'right kind of statistics' will emerge 
from these projects. 
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6.4 . 2. 2-Dimensional Regressions 

Once the free heat gain term, K, has been taken to be a known, rather 
than unknown quantity, the energy balance equation can be rewritten:_ 

( 1U.A'+ C ). 6T - R.S 
v 

2 
Taking just dull weeks (S <1 kWh/m /day) and plotting Q+K againstAT for 
three separate houses of different types, as shown in figure 6 . 25. clearly 
distinguishes the different heat loss coefficients ,£U.A'+C • as the slope 
of the graph. This plot is essentially the same as figuresv 6 . 23and 6.24 
except that K has beenadded to Q to give the total useful heat input to 
the house. for thiS, the free heat gains have been taken to be the total 
house electricity consumption plus total cooking gas consumption. 

Using the phrase coined in the U.S . Twin Rivers field trial, this plot 
gives the 'Energy Signature' of a particular house, its energy response 
to external temperature . 
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'Energy Signatures' of 3 different individual houses 

Although the Pennyland 1 and Neath - Hill houses are likely to have similar 
fabric heat losses, they are likely to have a 0.5 ac/h difference in 
air change rate. Thus it is the difference i n Cv that alters the slope. 
he Penny land 1 and Pennyland 2 houses are likely to have the same air 
change rate, but a difference in fabric heat 10ss.1:U.A' . 

Figure 6.26shows estimated values foriU.A' + Cv produced from measured 
energy consumption for a large number of houes, compared with heat 
loss figures calculated from actual wall areas and text-book U-values. 
This shows a basic general agreement but with a spread of about +10%-30% 
This may reflect actual genuine constructional variations or may 
simply be due to defects in the assumptions. such as heat losses through 
party walls, etc . 

\ 
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We perhaps expect a s ligh t underest imate since th e r e a re s till some solar 
gains Lnto the house that we have ignored . 

The basic con clusion here 1!1 that simp l e monitoring of this type (space heating 
energy. gas and e l ectricity consumptions and~, a ll on a weekly average 
basis) ls only sufficien t to detect relatively large differences 1n h ouse 
heat 10s8 f or individual h o uses . It can thus show the difference be tween 

o 0 
a 150 W/ C house and a 200 w/ C one, but not accurately enough to really 
quant ify the difference. For groups of houses, though the Pennyland 
project has s h own that e nerg y savi ngs c alculated with average heat los s 
figures produced by t hi s method and s imple degree - day type ca l cu lations 
agree quite well with r esults d e rived in other ways (such a s s imple 
comparisons of annual s pace heat ing con sumptIon ) . 

As sessi n g the performance of individual hou ses seems to require more detai l ed 
monitoring. 
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6 .4.3. Detailed Monitortng 

Bringing together the Pe nny land and Linford occupied hou se results the 
Linford test hou se e x periments and compute r modelling gives a s pe c ~rum 
of resu lt s rang i ng from relative vagueness to extreme precision as more 
factors are brough t under control. This is ill us trated in figures 0 .27 
to 6. 32. 

first for the Penny 1 and and Linford occupied houses, we can take the 
energy balance equation:-

Q -+- K - (rU.A' + C ) . AT - R. S 
v 

.... here ~ U .A· is the fabric he at l oss including the floor 

This can be rearranged into the two-dime nsi onal form:-

Q + K 

AT 
• <U.A' + c 

v R. Sl AT 

Plotting (Q+K)/~T aga inst S/ ~T gives a graph with a Y-in tercept of 
1'U . A'+C and a s l ope R. 

v 

Fig ure s 6.27and 6.28 show this kind o f plot for a sample Pennyland house 
and a Linford occupied house . Both u se essentially weekly av e rage data, 
although in the Linford case it ha s been c omp iled from h o urly measurements. 
Th e Linford graph is compiled from much more detailed measurements, with 
temperatures measured i n every r oom and a v e ry careful appraisal o f free 
heat gai ns , including estimates of occupant s bo dy heat, bo iler casing 
hea t losses, etc. 

The results are-rather "similar with correlation ratios r2 of 0.75 
and 0.68 respective ly . 

In the next figur e more detail is add e d by inc orporating a se parate 
estimate fo r the floor heat loss on the basis of an assumed U-v a lue 
derived from test house measurements referred to an assumed ground 
temperature, rather than air temperature (see chapter 3). 

In the heat balance equa t ion the term <"A.U t i s expanded to<:" A. U 
and a separate f l oo r los s term F, tho ugh F i s expressed in e nergy 
terms rather than wloe related to .or. 

The heat balance equatio n can now b e expressed:-

• ~A . U 

This gives an i ntercept of :!A.U + 
The e ffect of i nc lud ing thi s flo02 
the" quality of fit further with r 
of R remains much the same but the 
whi c h is the floor heat los s (i.e. 

+ C 
v 

R.s/.6T 

e and a s lope of R, as before. 
v h eat l oss correctio n is to improve 

ris ing from 0.68 to 0.80. The value 
o 

i ntercept falls by about 1 kWh/dayl e 
about 20% of t he total h o use hea t l oss). 

J 
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The next improvement that can be made is to include variations 1n 
venti l ation rate. Th15 has been done by extrapolating the air infiltration 
model derived for the test house, described i n c hapter 4,to the occupied 
houses, using measured wind speed and direction information and measured 
internal and external temperatures, also taking the measured pressure test 
l eakages into account and measur ed window opening. This rather complex 
process is described in full in the main Linford project report. 

The heat balance equation can now be rearranged: -

Q + K - F 

6T 
+ C 

v 
~ A.U R. SI .aT 

This improves the quality of fit even further, with c
2 

rlsing to 0.85. 
the interc ept falls further since it is now just the fabric heat loss 
1[A.U, e~cludin~ the floor. The estimate of the solar aperture rises 
to 9 . 8 m (see figure 6.30). 

The estimate of the solar aperture rises as the qual ity of fit improves 
because the regression process assumes that all errors are in the 
dependent variable (Q). 
of the slope • . 

Next comes the step to test house measurements. fn figure 6.31, the 
internaL temperature is contro lled to be constant, the air infiltration 
is measured, as is the floor heat loss. There are no free heat gains, 
only electric space heating energy. The quantities are all daily va lues , 
summed from ds ..... n to dawn, with slight corrections to AT for therma l 
timelags. 
This graph is thus a plot of: -

Q - F 
liT c 

v :fA.U R. SI 6T 

The actual results he re are very similar to thos e of the previous 
figure, though it only contains two weeks data rather than five months. 

2 
The degree of fit is very good, with r _ 0.96, though other data sets 
using air infiltration predicted from the model described in chapter 4 
have lower values around 0.B5. 

Finally f i gure 6.32 shows a plot of weekly space heating demands 
calculated by a dynamic computer model. This i n c ludes specified free 
heat gains and a specified constant air infiltration rate. The fLoor 
heat loss, in this model has been treated a s responding to the same 
AT as the rest of the building fabric. 

The graph as drawn Is a plot of 

Q + K 
'fA.U- + C - R.S/~T 

loT v 

This 10 the same as that used for figures 6.27 and 6 .28. 
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2 
This has a better fit still, with r = 0.97. It is not a perfect fit 
since the model does have some non-linearities (curtains are drawn at 
night, windows open if the internaL temperature Rets too hi~h and solar 
gains are not a pe,rfectLy linear function of south-facing vertical 
solar radiation). 

The plot does show, though, that the r~sults of a complex computer 
modeL running with hourly timesteps, can be reduced to an equivalent 
simple U-value type model. 

The value of solar aperture produced, 12.1 ± 0.5 m
2 

is compatible with 
the ratio of solar gains calculated into the house to the solar 
radi~tion on the south - facing vertical surface, which gives a value of 
13 m (see figure 2.1). 

The intercept, :tA.U'+C , is slightly different to that in figure 6.28 
because of different a~sumed heat loss values i n the model. 

This sequence of six graphs does demonstrate the spectrum of possible 
results ranging from the rather fuzzy plots of raw Pennyland and Linford 
occupied house data, through more detailed occupied house analysis, 
to test house data and finally a computer model. 

As a result of the Linford test house experiments, the computer model 
was adjusted in terms of solar absorption to give a better agreement 
in solar aperture. This model was then used to calculate the project 
solar energy savings. 
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6.5 Covariance of S and ~T 

It has already been pointed out that for the triaxlal regression 
method to work it 1s desirable to have a wide spread of values of 
both solar radiation and AT. It 1s also desirable that there be 
little covariance . The regression process i s not going to be able 
to make much sense of the data in separating solar and temperature 
effects if all sunny days or weeks are equally warm and all the 
dull on~s equally cold. 

Fortunately . this does not seem to be too much of a problem i n practice. 
While on a monthly average basis solar radiation and external temperature 
are strongly correlated (see figure 6.33), on a weekly basis ove r the 
heating season there is plenty of scatter. There are dull weeks occuring 
in warm weather, and some moderately sunny ones occuring in cold 
weather (see figure 6.34). 

For short-run daily data there is a much reduced spread in values of 
externa l temperature (figs. 6.35 & 36). There is, on average, a 
tendency f or mid-winter weather to have a s light negative covariance 
between solar radiation and air temperature (i.e. sunny day s are 
cold). In summer, the pattern is reversed and sunny days are hot. 
For the spring and autumn there/ is little relation (reL 6 . 2.). 

However , individual data sets may exh ibit strong covariance either 
way and it is just as well to know what the likely effects are. 

Predominantly, they seem to be second order effects, relating how 
errors " in determining the constant term in a regression (floor l oss 
or free heat ga ins) effects errors in estimating the temperature 
related coefficient ( ~A.U + C ) and the solar coefficient, R. 

v 

The process is a l ittle difficuLt to illustrate and p erhaps the best 
way is as a triaxlal plot but with the constant term inserted as a 
known quantity (see figures 6.37 and 6.38). 

These show that if solar radiation is positively 
i.e. sunny days are cold, an overestimate of the 
give:-

a) an underestimate of ~A . U + C 
b) an underestimate of R v 

covariant withilT, 
constant term will 

If solar radiation is negativel y covariant with ~T, i .e. sunny days 
are warm, an overestimate of the constant term will glve:-

a) an underestimate of ~A.U + C 
b) an overestimate of R 

v 

This state of affairs 1s likely to be true not only 1f the researcher 
inserts the constant term (as in the two-dimensional regression form) 
but also if we let the triaxial regression process work it out. 

These findings have been tested using sample data in the two - dimensional 
regreSSion format. 
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j 

"Figure 6.37 Effects of Covariance of 
S and AT 
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Figure 6.38 
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ALTERNATIVELY WE CAN 'EXPLAIN' THE DATA BY A PLANF. 
WITH A LARGE POSlTIVE VALUE OF rA.U+C AND A 
POSITIVE VALUE OF R. v 

THUS IF S IS POSIT IVELY COVARIANT WI TH ,o,T. I.E. SUNNY 
DAYS ARE COLD, THEN AN OV ERESTIMATE OF THE CONSTANT 
TERM , F, WILL GIVE:-
AN UNDERESTIMATE OF ~A.U _ + C 

v AN UNDERESTIMATE OF R 
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Experience with the Linford data set has shown that plotting out graphs 
with good video computer graphics can work wonders. Plots can be made 
s plit into different 'bands' of AT's to see if the answer varies ·. 
Similarly it is wise to check if there is any time variation <such as 
due to the changing floor heat los s). 

BE WARNED STATISTICS PACKAGES CAN DAMAGE YOUR UNDERSTANDING. 
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7. THERMAL WEIGHTING FUNCTIONS 

CONTENTS 

7.1 External Weighting Factor 

7.2 Internal Tempe r ature Wei ghting Function 

Thi s chapter describes a response factor based method for 
correct ing for day-to-day thermal time lags in the bullding 
fabric. It is highly mathematica l and ( fortunately) probably 
no t very important. 
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CHAI'I'ER 7 

THERMAL WEIGHTING FUNCTIONS 

These are an attempt to correct for thermal timelags in the fabric 
of a building. The 'external' weighting factor corrects for lags 
in toe response of the building to changes in external temperature. 
The 'internal' weighting factor a ttempts to correct for day- ta- day 
energy storage effects caused by variations in int ernal temperature, 
in particular short temperature r i ses at around midday caused by 
excessive solar gains. 

These two functions are produced by considering a simple response 
factor model of the house. This does imply some knowledge of the 
thermal properties of the building in advance and it may seem that 
th i s is what is supposed to be being measured. However, all that i s 
being predicted with these weighting functions is the phase of 
response of the building, with a vi ew to improving the accuracy 
of determination of the magnitude. 

As menti oned in chapter 2 , these mathemat ical niceties do tend to 
take second place in practice to the problems of errors of measure
ment, especially in infiltrat ion rate. Also, the complexity of the 
mechanisms of storage of solar energy in the building fabric seem 
to have made the internal wei ghting factor , with its assumpt ions 
about the nature of the total thermal mass of a house, rather a 
dubious proposition, but it is included here for completeness. 

7. 1 • External We i ghting Factor 

In evaluating the heat balance equation 

(Q- F)/ A T ~ ~U.A + Cv - R.S/ A T 

if we use values of Q, S and ~T summed over the same peri od of 24 houns 
it implies _that the house has no thermal mass. A particular day's 
s pace heating is dependent not only on that day ' s~T but also on 
that of the previous day and even the day before. It would thus 
be better to use a value of 4T calculated on a weighted average of 
temperRt ures e!tret.cai ng back in time. This has the effect of keeping 
the heat balance equation a straightforward linear function of~T 
and S, rather than introductmg extra terms for the previous day's 
A T, etc. 

In order to explain the derivation of the weighting function, it i s 
necessary to describe a bit of theory of response factors, in particular 
the Y- response function~ A more general description will be found 
in reference 7.1. 

The Y response function is a way of splitting up the U- value of 
a piece of building fabric, or even the whole house itself as a 
history of responses to past values of external temperature. Thus, 
if the inside temperature i s kept constant, the heat loss at the 
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inside surface, Qt' at time t can be expressed as 

= u. T. 
1n 

wher~ Tin is a constant. 

Y .• T t 
J OUt· , - J+ 

Normally the time steps would be of one hour, though longer or 
shorter ones can be used. 

The various terms of Y have the property that .. 
~ y 
j=1 J 

= u 

i.e. the Y response function is a way of disaggregating the total 
U- value of the fabric in t i me. 

Figure 7. 1 shows some typical Y response functions for the Linford 
test house. The walls have a very long time response extending 
back for two days. The roof is much more 'immediate' with a response 
only lasting for five hours or so . Components such as windows 
and, if included,the ventilation loss have no thermal mass and 
so have only one term . 

The Y response functions of the vari ous building components can be 
added together when multiplied by their respect i ve areas to give 
a total Y response function for the whole house. This is the same 
as generating~U.A from the individual U- values but incorporating 
an extra dimension of time. 

The Y response function of a building element is the heat flow response 
at the inside surface to a unit temperature impulse (i.e. an 
increase in external temperature of 10 C lasting for one hour) on 
the outside. This property can be used to check practical values. 

For example, figure 7.2 shows the response of the inside surface 
temperature of the house/conservatory wall of the Spencer St. 
house to a massive tempera ture impulse produced in the conservatory 
by solar gains. The wall surface temperature is an indication of 
the inside surface heat flux flowing into the living room, which 
is maintained at a constant 200 C by the fan heater . 

The response shows a peak after about 9 hours, decaying away slowly 
into the next day. Initial calculations based on a description 
of the building fabric predicted a peak after 5 hours, but this 
was subsequently found to be due to assuming too high a density 
for the brick. The plot at the top of the diagram shows the 
computed wall surface heat flux based on the measured conservatory 
temperatures and the revised Y response function. 
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Given a constant internal temperature, a s ingle hour's heating demand 
from fabric components can be determined by convolving the Y response 
function with past values of outside temperature (figure 7.3). 

This is the process described by the equation 

= U. T. 
1n 

Cl> 

~ 
j=1 

Y .' 
J 

T out t . , 
- J+ ' 

~ whole day's heating can thus be seen as the sum of 24 of these 
hourly convolutions; each dlsplaced by one hour:-

= 24 .u.T. 
1n 

The 24 Y series can be summed before 
to give a new series and effectively 
by the total heat 1058 :-

24 
~~ 
n= 1 

= 24.u 

convolving 
normalised 

Y .• T t 1 
J all t-j+1J 

with temperature 
to 1 by dividing 

Y 
k-n+1 

• T 
out 25- k ~, C~: 

. . ~---
24.U 

1 
The series 

cO (24 
~~ i s the external temperature 

weighting function. 

For mass less house or building element this series would only have 
24 terms . For a practical house it is likely to have significant 
terms stretching back for two days or more. 

The weighting function is used to build up a weighted 'average' 
daily external temperature for use in the regressions. A range 
of sample Y response functions for common building elements are 
gi ven in Appendix 3.: 

Although the convolution integrals ,do look rather daunting, in 
practice 48 terms are sufficient and the calculations themselves 
reduce to a few lines of simple computer program. 
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7 . 2 . Internal Temperature Weighting Function 

We can extend this theory to cope wi th energy storage effects due 
to changes in internal tempera ture. To do this we must use the 
X- response function of the response factor method . This i s defined 
as the heat flow response at the ins ide surface of a building 
element in response to a unit temperature impulse, also a t 
the inside surface . 

A typical response i s shown in figure 7 .5. If the internal temperature 
i s r a i s ed s uddenly, there will be a large flow of heat into the 
fabric surface. When the temperature i s lowered again there is a 
large flow of heat out again, quickly dying down to a long 
exponential tail as the fabric approaches thermal equilibrium again. 
As with the Y response function, the integral of all the terms is 
equal to the U- value of the element :-

GO 

~ = 
co 
£ = u 

j=1 j=1 

It is difficult to explain in physical terms what an X response 
function represents , s ince it i s a combination of both U-value 
and thermal mass. The long exponent i al tail of the function i s 
a good i ndicator of potentia l thermal stor age, while the f irst 
few terms are indicative of the surface ' warmth' or 'coldness ' 
to the touch. A ' cold' surface cou[d perhaps either be uninsulat ed 
glass , or a s l ab of marble with insula tion behind. Both would 
have high values for X1 but they would have completely different 
U-values . 

As with Y response funct i ons they can be added , like U- values 
to give a s ingl e X response series for the whole house (considered 
as a one room box) . Partition walls , furniture, i nternal floors 
and even the air in the house all contribute to a whole house 
X response function even though they do not have a U-value. 
Also a solid ground floor may have a well defined short term 
thermal mass as given by t he properties of the first f ew feet -
of construction, though the U-value and long term properties 
may be almost unknown . Equivalent X response function s for all 
these components can be estimated . Detai ls of the mathematics 
are given in reference 7.2 . 

Having built up a whole house X response function we can 
calculate the hourly heat demand produced by the building 
fabric in terms of past values of internal and external air 
temperatures : -

= x .. 
J 

T. 
~t· , - J+ 

T 
out t . 1 -J+ 
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This can be summed over 24 hours to obtain a day ' s total space heating 
requirement:-

24 24 (~ 24 ( 00 
~ Qt = ~ x..T. ~ - t~ ~ LT t ) 

t= 1 t =1 J . 1Dt _j +1 J ou t- j+~ 

or changing 
loss U 

the order of summation and normalising with the total heat 

= 24. u . "'( 24 J ~ ~ x..T . 
j =1 t =1 J 1nt _ j + 1 

24.u 

2 Y .• T 00 ( 24 ~] 
j =1 t=1 J . out t _ j +1 

24. u 

The series in X is the internal temperature weighting function and 
the series in Y the external weighting function. 

The s~~ation of the individual X response functions is shown 
diagramatically in figures"7-:6 and 7 . 7. 

Attempts to use ' the" internal weighting function to improve the 
quality of Linford regressions were not very fruitful but this 
may be due to the problem of defining an I average , ins tantaneous 
house internal temperature, gi ven six s pot values . r a t her than 
defects in the mathematics. A major problem appears t o be the 
'differential' nature of the function, i.e. a small difference 
in interna l temperature between one day and the next is trans l a ted 
into a large amount of energy being stored from one day to another . 
Thus small errors in internal temperature measurement become 
large energy errors . The Y respons e function i s by contrast 
'integrati ve' and s mall errors in externa l tempera ture are smoothed 
out over a long timescale. 
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8. CONCLUSIONS 

CONTENTS 

8.1 Conclusions 

6.2 The Travelling Laboratory 

This chapter gathers together the main 
finding of this study and suggests how the 
rathe r capital-intensive equipment could 
be put t o good use. 
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CHAPTER 8 

CONCLUSIONS AND FUTURE POSSIBILITIES 

8.1 Conclusions 

Behind this study initially was the hope that the current improvements 
in monitoring equipment and computing power would enable thermal 
measurements in houses to be simplified and speeded up to such a point 
that it might he possible for architects or even architecture students 
to actually test a house design, rather than relying totally on book 
learning. Unfortunately, the apparent need for detailed air infiltration 
measurements and the temperamental nature of infra-red cameras seem 
to have put the process hack firmly in the hands of the scientists. 

However, given the right equipment, this study has shown that a 
reasonably rapid assessment of the thermal properties of a house can 
be achieved. In weather conditions similar to those in London (i.e. 
England and Wales) the fabric heat loss and the response to solar 
gains can be determined in typically two weeks measurements . during 
the months of September to March, though three to four weeks should 
be allowed for worst-case conditio ns. The method tends to break down 
during the summer months for want of dull days. 

o 
At the most northerly latitudes of the U.K., around 60 N, the method 
also breaks down in mid-winter, from October to January, for want of 
sunny days, though during these months an estimate of the fabric 
heat loss can be achieved very rapidly indeed , in typically a week, 
by ignoring solar effects . 

Although the Linford results have shown that the answers from one 
two-week period are reasonably consistent with another, the case 
is not totally proven because of a lack of adequate floor loss 
measurements. It Is a pity that the analysis was carried out so long 
after the measurements were carried out , s i nce the installation of 
more sensors could have produced conclusive answers . The solution is 
to try again with new test houses with a clear idea of what can be 
achieved. 

Study of the data sets has shown that the time requirements for 
measurement are fairly flexible and if the researchers do not have 
a full two weeks to spare then all that wi l l result is slightly less 
well-defined answers. 

Good air infiltration measurements seem to be a major requirement 
in order to get good answers. Obtain i ng reasonably continuous measurements 
and filling in any missing values seems to be the most technically 
difficult part of the whole thermal calibration process. The results 
are of great interest in themselves and a lot more work is needed 
in this area both in terms of equipment and understanding. 

Full floor heat loss measurements would also be of great interest, 
though measurements from a short thermal calibration would only 
represent a 'snapshot' of heat flows with time constants of many 
months. 
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A thermographic survey is a vital part of any thermal testing. However, 
the mere possession of an infra-red camera is no guarantee of results. 
For the Linford project an external contractor who was well trained 
was brought In. This was far more fruitful than attempts by researchers 
to operate two inferior cameras bought by the Open University. 

Pre8sur~ testing of houses has been very useful 1n both the Linford 
and Penny land projects and has given a l ot of information for on l y 
a few hour s work per house. The equipment is bulky. but not expensive 
or difficult to operate. 

The Linford occupied house results have shown good agreement with 
those from the test house, though many assumptions have had to be 
made extrapolating test house floor losses and air infiltration 
rates. This good agreement has been a considerable surprise and 
indicates that occupied house energy use can make 'sense' if enough 
care can be put into the analysis. 

Analysis of the more crude l y monitored Pennyland project has shown 
that 
a) The total house heat loss (1:A.U + C ) can be roughly determined 
( +10%-30%) for individual houses using ~easured data for dull weeks 
only. Results for groups of houses are likely to be more accurate. 
b) Solar apertures for individual houses cannot reliably be determined. 
Answers for groups of houses of 10 or more a r e still only marginally 
significant statistically. 
c) other important factors s uch 8S 

aLr leakage can be determined very 
effort. 

boiler 
easiLy 

efficiency a nd 
with a minimum 

pressure test 
of monitoring 

Thus we have 8 picture that the full assessment of a group of houses 
(and their occupants) should perhaps take the form of a Penny land-style 
monitoring scheme (weekly averages of energy use, temperatures, etc. on 
a fairly crude basis. plus a social survey) with brief intensive 
measurements on an unoccupied sample of each house type and possibly 
intensive monitoring of just a few occupied houses. This would be 
very similar to the combined Pennyland and Linford projects, though 
with less concentration on the intensive monitoring, which is very 
expensive. 

Although there has been much written on the hardware needs for 
the actual measurement of temperature s and energy consumptions, there 
are also particular needs for data analysis which are rarely 
discussed. These seem to amount to:-

1. A computer capable of handling a reasonab le disk database 
2. About 1 megabyte of disk storage 
3. A V.D.U. capable of handling good computer graphics. 
4. A s tatl stlcs software package 
5. A graphics printer_ 
6 . Intelligible software to drive it. 
7. for a main-frame computer, a l ong- suffering system programme r. 

Given that mo s t projects have enough problems with the houses themselves 
and the measurement equipment, there is ptobably a real need for 
a house analYS i s/display software package incorporating data cleaning 
and statistics routines, to ease the computing burden. 
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6.2 The Travelling Laboratory 

The the rmal ca libration/house assessment process requires the use 
of complex equipment that requires care ful nursing. viz. an ai r 
infiltration measurement rig and an infra-red camera. In the past 
data-logging equipment has also required considerable nursing and 
data analysis has been incredibly tedious and slow. 

The whole process of testing house designs has been extremely laborious 
and the Linford project has been no except ion. Expertise in the 
variou s aspects has had to be gathered t ogether, equipment bought 
and coaxed into operation just to test one house design, after whi ch 
all the expertise and equipment is wasted. 

Given a serious government commitment to energy conservation and 
a genuine interest in testing houses (we test cars every year!), 
it would not seem impossible to envisage a group of researchers 
going on tour with a travelling laboratory. This kind of thing 
has been i n various 'house doctor' and retrofit programmes 
using thermographic surveys, pressure testing and crude monitoring 
(see refs. 8.1 & 8.2). The suggestion here is that the process can 
be taken a step fur ther to give hard quantitative answers for fabric 
heat losses and solar gains with mo re intensive measurement. 

The team would consist of four or" five researchers who, armed 
the appropriate equipment could tou.r the country carrying out thermaL 
calibrations on about five houses over the winter pLus pressure 
tests and thermographic surveys on many more (in Sweden every other 
new house has to be pressure tested). This would build up a considerable 
body of knowLedge on the performance of different house types, aLL 
tested with the same equipment. 

This wouLd require a cer tain amount of equipment deve lopment. An 
air infiltration ri g of the complexity of the British Gas 'Autovent' 
sys tem does not traveL well. Fitting out a house with the necess ary 
gas injection and sampling tubes is a messy business, as is wiring 
up temperature and heat fLux sensors to a datalogger. However, with 
practice, thi s need not consume more than a day or two per house. 

The important thing is that equipment and expertise shou l d be 
carried from house to house, rather than being accumulated and 
dissipated as has been the case In pas t projects. 

The equipment costs are not cheap. probably around £80-100,000, with 
running costs o f as much again per year. However, with new house 
construction running at 150,000 per year (it will have to rise to 
250,000 in the near future to replace the gently decayinR U.K . housing 
stock [ref .8.3] ), with accompanying fuel biLls of £50-100 miLlion/yr, 
it seems ludicrous not to have adequate tools to test the product. 
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Appendix 1 Al.l 

Experimental Thermal Calibration of Houses 

J.B. Siviour, B.Eng., Ph.D., Electricity Council Research Centre, 
Capenhurst, Chester, CH l 6ES, United Kingdom. 

Abstract 

Conference on Comparative Experimentation 
of Low ~nergy Houses 

Chateau de Co lonater, University of Liege, Belgium 
on May 6th-8th, 1981 

A comprehensive t hermal calibration procedure has been developed t o 
measure the transmission and ventilation heat losses of unoccupied houses 
and their solar heat gain. It covers bo t h who l e house testing, and de
tailed measurements for surface temperature dis t ribution and local heat 
flows through any component. Places where air leakage occur may also he 
identified. 

Introduction 

The ca l ibration procedure for unoccupied houses described in this paper 
covers whole house testing, individual component measurements for sur face 
t emperatures and heat flow, and t ests for airti ghtness . 

The period of testing depends on the information required. Airtight
ness tests can be carried out in a day or le~s. including set ting up and 
removing the apparatus. Ventilation tests r equire a minimum of a few 
days and usually longer if a calibration is r equired in terms of wind 
speed, direction and t emperature difference to cover a r ange of these 
variables . 

Surface temperature measurements using an infra-red camera are instan
taneous, although severa l hours or even a day may be needed for tempera
tures to stabilise when heating the house from cold. Using col our 
photography to record infra-red pictures of all surfaces takes a few days. 

For whole house t herma l calibration the shortest period is a week. pre
fe r ably in mid-winte r when solar heat gain i s small because it has to be 
calculated. For greater accuracy. and t o obtain solar heat gain experi
mental ly from the same measu r ements as for transmission and ventilation 
heat losses, would require a period of 6 weeks in late autumn or early 
spring. 

Testing outside the heating season wo uld be less accurate . Solar heat 
gain would be high and lead to inaccuracies in the determination of the 
transmission heat loss. Internal temperatures would have to be higher 
than during the heat ing season to maintain a suitable temperature eleva
tion above the outside, and this can have an effect on t imber moisture 
conten t , its shrinkage and house airtightness. 

Calibration equipment is ins talled for the period of tests only. It 
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comprlses heaters, thermostats, temperature recorders, tracer gas supply 
and sampling tubes and mixing fans in each major room for whole house 
tests. Additional equipment is required for detailed component measure 
ments and for recording weather data. 

l..'hole house calibration theory 

The whole house calibration is based on the fact that under steady con
ditions the heat input to the house equals the heat lost by transmission 
and ventilation. With no occupancy and electric heating the only other 
heat input is from the sun, and the energy balance can then be expressed 
as: 

electric heating (EEN) + so l ar heating (SEN) 
~ transmission heat loss (TEN) and ventilation heat loss (VEN) (1) 

The balance strictly applies only when there is no change in heat stored 
in the structure and heat lost by evaporation . With steady internal tem
peratures, experience and simple calculations shoy that changes in exter I " 

temperatures have negligible effects Yhen measurements are averaged over 
periods of seven consecutive days. 

It is convenient to work in terms of kWh/day averaged over 
day periods. Electric heating (EEN) is measured directly. 
heat loss is obtained fr om measurements of ventilation rates 
temperature elevation of the ventilation air: 

YEN a V~T ~c 24 vol/3600 

these seven 
Vend !ation 
(V) and 

(2) 

Ventilation rate V is in house volume air changes per hour and 6T in K. 
~is the air density (kg/m3) c is the air specific heat (kJ/kg K) and vol 

the house volume (m3). The 24/3600 is needed to give the value of VEN 
in kWh/day. 

Substituting 1.2 kJ /m3K for ~c and simplifying gives: 

YEN ~ VAT vol/125 kWh/day (3 

The theoretical transmission heat loss (TEN) is calculated from compo
nent areas (A), thermal transmittance values (U) and internal to externa 
temperature differences (6T): 

TEN = LAUAT 24/1000 or 0.024EAUAT kWh/day (4 

Substituting equations (3) and (4) into equation (1), rearrang1ng and 
dividing by AT gives: 

EEN 
6T 

V.vol 
125 

.. 0.024 .I:AU _ SEN 
6T 

(5) 

The left-hand side can be evaluated from measurements. the only unkno~ 
variable is then SEN, since 0.024 EAU is constant and AT is measured. 
By plotting the left-hand side against known sol ar values representative 
of SEN/AT both 0.024 EAU (the intercept) and SEN/AT can be obtained. 
Figure I sho~s this using the theore tical solar heat gain through the 
glazing (SENG) calculated in the way described later. 

The value of the intercep t and therefore 0.024 EAU is around 2.58 kWhJ 
day K, varying slightly ~ith the three correlations given in the figure. 
Those with 16 data sets exclude the sunnier results, and there is 
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Figure 1. Graph for determining vhole house experimental transmission 
heat loss and solar heat gain. Seven day periods are identified by the 
middle day date. 

insignificant difference between linear or binomial correlation in either 
intercept or correlation coefficient. The value of the intercept can now 
be used in equation (5) with the experimental results to evaluate SEN. 

Mid-winter results (16 November to 18 January in figure 1) cluster be
cause the values of the weekly average insolation are similar. Six 
weeks of testing during this period would not produce a reliable inter
cept value. The minimum six-week test period needed to obtain a 
reliable intercept needs to include sunnier weather. for example. from 
2 November to 7 Dece~er. 

If tests are restricted to within the mid-winter period then it may be 
best to depend on a calculated value of SEN. to use in equation (5). A 
week of testing may be long enough. Fortunately, solar heating during 
mid-winter is small (~5 kWh/day), 6T is large (15 K or more) and re1a- ' 
tively large errors (t20%) in calculating SEN will have little effect on 
the va lue of 0.024 [AU. 

The first step in calculating SEN i s to calculate the solar heat gain 
through the glazing (SENG) and then add to it the effective solar heating 
(SENS) through the non-glass area. The curves (1) in figure 2 can be 
used to obtain insolation on vertical surfaces from insolation measure
men ts on the horizontal plane. Values of SENG are then calculated using 
the glass areas for each orientation, making allowances for shading and 
ground reflectance. and solar gain factors for example for plain glass of 
0.76 for single gl:J.zing and 0.65 for double glazing (2). 

For SENS test results (3,4) have shown that it varies as a percentage 
of SENG from about 337. for a well insulated house with double glazing 
(0 elsewhere <0.5 W/m2K) to 50% for a poorly insulated house with single 

3, 
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(U elsewhere >1.5 W!mZK). 
1% to 2% of the insolation 
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Figure 2. Graphs f or obtaining insolation on vertical s urfaces from 
measurements on the horizontal plane (1). 

One way of obtaining SEN separately is to test with no heating other 
t han the sun (EEN c 0) and use the theoretical va l ue o f O. 024LAU in 
equation (5). Difficulties arise from the small temperature elevation 
(~ l or 2 K) of the inside above the outside. Temperature variations 
a r ound the house may be significant. Errors in measuring t emperature s 
of ±O. 2S K may give an accepts ble percentage error in 6T when this 
exceeds 10 K, but not when 6T a 1 K. There is also theoretical evidence 
(5 ) that with sma ll temperature elevation s the effect of radiation to the 
co ld sky at night is to increase transmission hea t losses by 50 to lOO~ 
i n mid -winter which would mean SEN i s underestimated. 

Whole house calibrati on ins trumenta tion and equipment 

The theory out lined above shows the measurements which have to be made. 
The house has to be heated and internal temperatures measured. Ventila
tion rates have to be measured and also external weather data. Ventila
tion rates are best measured continuously during the whol e period of 
t ests, then the weather data needed are external t empera t ure and insola
tion on the hori zon ta l plane. For a ventilation calibrat i on . perhaps 
for later use, in t erms of wind speed , wind direction and temperature 
difference then wind velocity is needed as we ll . 

Checks 
daily. 
and then 

on all instrumen tation and test equipment should be carried out 
Reco rded data s hould be analysed daily for the first few days 
no more than a week 1.n arrears. Unless this is done errors, 

'1-. 
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omissions and malfunctions could make Much of th~ data useless over a 
significant proportion of the few weeks allowed for the calibration. 

Figure J. l-leather station comprisinr. anemometer, sola .. imeter and screen 

l-leather data can be recorded on site, fi.gure 3 , ... ·ith a solarimeter 
mounted at ridge level, ;] Stevensen screen for temperature measurements, 
:I1lJ nil :mt~1fI0nk!tc[" (('Ir winJ velocity. The ;lOt!ltIolTCtcr l:\hould be sited to 
cb tain representative wind velocities on to the house by exposing them 
equally to the prevailing wind. The standard requirement for siting an 
anemometer, of open ground and l Om high (;Jay not be available locally, and 
nay not be representative. 

It is generally accepted that weather data recorded 10 km or even 15 km 
distant is sufficiently 3ccurn te when avcrngcd over a week, although it i s 
n.::lt known t,'hether this has been checked. The main problem with distant 
... ·~:lthcr st:ationli is in havinl~ the data quickiy enough, espec ially if the 
..... eatht!r station 1.S o ... "'tled by others. 

A typical set o f equipf':!ent fer one room is shown in figure 4. Each 
r.';ljor room and tli(' 11.111 h:lS .. therl":'!Ost .1ti ca ll y controlled heater. Elec-
tri.d ey fllCasurcrncnts are made at each heater and for the whole house. 
Tenperatures arc recorded in each major room and the hall and landi.ng. 
Analysis of results is made easier if the temperature in the house is 
Wlifortl and constant to ... ithin say ±O . 5 K. because then simple averaging 
~~asurcd temperatu=es gives a satisfactor y whole house average. Internal 
doo rs are left open to help in this tem;>erature requirement. To measure 
.... entil a t.io~ rat.es supply :'I.'bes [or tracer gas are put in front of the 
cixi ng fans* which a re in the doorways b l ot-ling into each major room. 
Tubes are also r.e~ded from each room to sample air t o measure the tracer 
gas concent r at.ions . 

Inside t.e~er."lture ocascre~ents ~~y be made continuously using thermo
graph o r thermocouple on to ch:nt recordo;!T. with sOt!:e check on their 
.:lCCur':h':y usin g , for t~x.:l mrlc, :l. c:t lihr:l.tccl mercu ry-i.n-gl.:lss therrr.ometer. 
Data loggers usitl~ thermocQupl('s \·lOuld l1or:n.111y SC3n hourly and then 
record a n~ar instant.aneous temperature. The rne3sure~~nts are a ~x of 

*In ho us es with ducted W".."lrl:l .1.Lr heatin g or ventLl.."ltion single point 
supply and san:pling may su[':icE' 10 the r.I.lin supply and return duct.s (6). 
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Figure 4. Experimental set up for one room (repositioned for the purpos~ 
of photograph) 

(1) tracer gas supply + mlxtng fan, (2) "tra.cer gas sampling, 
(3) electric heater, (4) heater control sensor, (5) electricity mete} 
(6) therrr.ohygrograph, (7) calibrated thermometer. (8) surface 
mounted heat flo~ sensor, (9) embedded heat flay sensor, 
(10) differential thermQc0uple. (11) selector switch, (12) microvolt 
amplifiers, (13) chart recorder. 

air (Ta) and mean radiant (Tr) temperatures. Transmission heat losses 
frorr. a room are generally less influenced by Ta than Tr in the ratio 
Ta/Tr:O.33/0.67. People on average are about equally sensitive, i.e. 
Ta/Tr:O . 5/0.5 (7). Instru~cnts can be made to cover a wide range as the 
foll0· .... ing list shows: 

therrr~cou?le (aspirated, radiation shiclded) 
freely expos~d thermocouple (bead diameter of 1.5 rr.m) 
r.:ercury-in-glass ther!':),")meter 
birretallic thcrrr.ograph 
sin gle h1.1Ck r,lobe ) 0 mm dia meter 
singl!! b lack globe 150 mm dLlmeter 
do~ble black globe 

Ta/Tr 

0.9/0.1 
0.84/0.16 
0.67/0.33 
0.67/0.33 
O.S/O.S 
0.4/0.6 
0.2/0 . 8 

The globe instrum~~nts are particularly sensitive to alr speeds (8). 

In practice, errors arising from raeasuring the wrong mix of Ta/Tr can be 
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made negligible, even \o'ith air heating. under ste ady temperature cond itions. 
The sensor sho ul d be placed in the centre of the room away from direct 
effects of the heating system, sun and radiation draughts from the windows. 
Then i t is ~asy to calcu l ate tha t in a we ll insulated house (doub l e glaz
ing and U ~.5 W/m2K) Ta would be less than 0.4 K hi gher than Tr fo r a 
te~erature e l evation of 15 K above the outside. The difference between 
the mix control l ing heat loss (0.33 Ta/0.67 Tr) and t hat of a sensor 
(0 . 67 Ta /0 . 33 Tr) is then on ly 0. 1 K. an error of less than 1% of AT. 
Even in a poorly insulated house (single g l azing, 0 of 1.5 W/m2K) t he e rror 
rises to only 3 to 4% with Ta 2 K hi ghe r than Tr. These sma ll di fferen 
fCS have been co n fi r l'l'£!d by rl'.casurenents (9) in a poorly insulated house 
with air heating . Hco<lting by hot WH t er radiato r- elimin a ted the di ffe r-
e nce bet~een Ia and Ir. 

Ven tilat i on tr8SUrCI"Dents by continuous and deca y tre thods have been us e d 
with carbon dioxide and nitrous oxide. The principles a re simpl e (10). 
Fo r the continuous metho d tracer- gas is supplied at a meas ured rate con
tinuously t hro ugh each supply tube to be mixed by the fans . Each supply 
is adjusted separately (figur-c 5) so t hat the concentra tion is about uni 
form thro ~ghout the house as indicated by the con tinuous sa~ling from 
each r oom. Then t he separate samplings can be mixed and a bu l k 
conccnt~at ion measured . 

Figure 5. Apparatus fo r measur ing venti lat i on rates. 

(1) trace r gas flow mete r, (2) tracer gas supply dist ribution box, 
(3) sampling control and mixing box, (4) samp lin g rate fl ow meter, 
( 5) ana l yse r, (6) ch art recorder. 

The ventilation r-atc is d('te r r.1ined from t he rilte of supp ly of trace r gas 
divi ded by the f."Ie.:tsurec. bulk concentration [or a gas not present in out 
side air. For a tracer gas suc h as carbon d i oxide which is presen t in 
outs ide air the e:(t ra coucentration is used as the divisor. 

The tra cer t,:1S s upp ly r:tt(' l!l gov('nll..'d by the conc('ntrntion needed for 
3nalysis \o·hi c h it$e lf i s influenc:ed by the ventilation r ate . The rela-
tively high conce nt ration o[ C02 i n outside air ('\.() . 033%) means t h at 
relative l y l arge qU3ntities of it a re needed , typical ly 0.5 to 1 . 0 m3 /day 
to g i ve a bulk conct:!ntr<l.tion of a ro und 0.06% . Far less ~20 is needed , 

"-0 .1 to 0.15 1~13/day because a bulk concentration 0: 50 ppm is suit<l.ble. 

I . 
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A cylinder of NZO would therefore last weeks compared with days for a 
s imilar cylinder of C02. 

A contin uous recording of the bulk concentration gives a continuous 
record of ventilation rate. Hourly or 2-hourly averages with correspon
ding values of br gi ves ventilation heat l oss. To be exact, the value DJ 
6T should be calculated from the temperatures at ~hich the air leaves and 
enters the house, but with steady and uniform temperatures the average of 
the room temperatures can be used, with the external screen temperature . 

The decay method of measuring ventilation r ates uses the same equipment. 
Tracer gas is introduced and mixed to give a uniform concentration. The 
supply of tracer gas is stopped and the bul k rate of decay of concentratic 
measured. Thorough mixing makes the rate of decay the same in each room. 
For a tracer gas not present in outside air, ventilation rate is deduced 
from the relationship: 

. (.) . (. ) -Vt concentratlon tlme t - concentratlon tlme zero 

where V is the ventilation rate in house volumes per hour. 
In concentration against In t will have a s lope of -V. 

A graph of 

Ch~nges in wind speed, direction and 6r alter the routes of air infil
tratlOn and therefore the required rate of supply of tracer gas to each 
room to maintain near uniform concentration throughout the house. Adjust
ment to each supply rate is needed at times according to the measured 
concentrations from each sampling point. A correlation of ventilation il 
terms of wind speed, direction and fiT is useful for use at other times but 
there is evidence of summer to winter variations in airtightness arising 
probably from expansion and contraction of timber due to changes in 
moisture content (6) . 

Component measurements 

Detailed measurements on the cow.ponents separately may be required i f 
the whole house calibration is unsatisfactory to show experimentally: 

(a) the thermal performance of each component . 
(b) local areas of high transmission heat loss, for example, due to 

thermal bridging, missing insul ation, and at corners. 
(c) places of air leakage . 

The equipment needed is an infr a red camera. preferably with a co lour 
monitor and colour f i lm came ra. small contact heat flow sensors, and a 
smoke generator with pressurisation equipI!lent. Some examples are given 
here where the equipment has been USed. 

The equipment used for measuring heat flow is shown in f i gure 6 in use 
on an insulated wall (1 1). The sensing head is shown held in place with 
adhesive tape with a thin l aye r of grease between the sensor and wall 
surface for good thermal contact. The sensor is very responsive and 
sensitive and it is best to record its output continuously, rather than 
depend on spot readings, as the record will show fluctua t ions. The pape: 
screen is used to eliminate the effects of radiation onto the Sensor from 
people running the tests. A human face 0.500 away increases the sensor 
output by around 25%. taking about a minute to reach the new output. The 
heating needs to be either at a constant input or very closely controlled 
for example, using a thermistor. The normal bi-metallic thermostat con
trolling the fan heater gives an 81r temperature swing of :!:2K and a heat 

s. 
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Figure 6. Appa ra tus for measurins 
sc r ecncd from dire .:t human radiation by a sheet of paper. 
acts .1.5 it hiSh tcu;p~r.1ture cut-out rather than con trol. 

The the nnosta t 

[low s~ing of ±iO% (30% t o 170~) . Tempe r ature stabilisation i s 
important . Room and. .... al1 t emperatures have to be steady so the 
needs t o be on for at least 6 hours befo r e taking measurements . 
ch(' ~ensor disturbs temperatures locally and readings should no t: 
fo r at least an hour. Th i s p~ri od should allow the t empera ture 
instrur.cn tati on to stabilise. 

also 
heating 
Fitting 

be taken 
of the 

Th l~ o.!ff(>ct!; of .'xC..:-!"n .. l changes in temperature and i nsola tion on the 
outer 5urface on heat flo~ a t the i nner surface ar e delayed by several 
h0urs. .~.g o.in a continuDus recording of heat f l ow would be useful to see 
the chan!,;cs nu u \0r m.1king :l 24 hOUl- avcrn[;c . 

R(> sults of scrre l::ec:su r emcr:. t s are shown in figure 7. An average h eat 
flow rate of 9.8 1~ /m2 • ... as measu r ed a t the inner surface of t he plaster-
board <lnd 1 . 9 WIn?' on t he i nne r surface of t he insulating block. One 
c~...,}lanati on for th is difference is that air flow i n this cavity gives i t 
a negative thermal resist:mcc . The theo r etical heac flow is 4 . 9 W/m2 • 
which ~ans t hat there is an additional flow of 2.9 W/m2 . Measurements 
o f tempe.ratures through che. wall sho\" chis to be because the foam insul a 
t i on .... 'orks fa r less well t ha:1 predicted. corresponding to a k value of 
0.08 l-l/rrX r.1 th er than che value of 0.038 \J/rriK used in calcu lating t he 
theoretical f l ow. 

Fo~ tlo?.1.su r in g su:.-fac(> temperatures . the infra-red came ra wou l d be used. 
lnsula t ed .... a1ls haye .... arm surfaces internally <lnd co ld surfaces outside . 
provi ded of course r.he b uild in gs are heated . A composite ins i de pho co-
Graph is produced i n fi gure 8 . It i s o f the ... :all in figure 7. The r e 
are sisnific.:lOt changes of 2 K over the wall. The outline of the insula-
ted door to an outside porch i.s denrly visible and the threshold is ve ry 
co l d . The cold corner to the r i ght of the picture is at the abutment to 
3 t i mber - framed outside wall . 

CJ. 
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i'r i ;: : { ill ;: ... ., thid) 
.f,JM,~ i :t;: II l:l.t ion ( lVOmm) 

.i;: :at~.l :it! I', I,lock (9Cmm) 
j -cy linin /1 '::,n!ly (tOr:l~) 

pl .:l:n":' rbnani (1 3rn .. :r.) 

Figur~ 7. TIlcriLal analY$is of an ex ~ ern.:ll house wall based on heat flow 
~~.1.S U rcr..o.!nts .1. C $u r f.1.C("s ,\ and D. 

Figure S . Infra-red composite photograph of an insulated wall. The 
original photograph was in colour as indicated, with each colour 
representing 1 K difference. Positions measuring repres entative (X) 
a nd loc al hC<lt [lows (Y ) .:HC 5\II)I.'n. 

Such .:t picture sho ..... s whE'xe to put heat flow sensors for both represen
tative l'tle<!.suren:cnts (at X) and Ilt cold spots (at Y). It is iqJotcant to 
ceasure heat n o..., at co l d spots hec.:1use they may not be places \.'here local 
heat flows are high, but where c o ld o ut.si"Je a 1.r i s in f iltrat.in g which 
woul d r ed uce heat flow. 

10 
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External su r (ace tcmperaturCti r.l;,iY also be> l!'!Casu r cc\ lIsing th e: in f r a - red 
9 shows this for a t'air of houses, .... ith a normal photo
The house on the left of the picture is .... ell ins ula t ed 

C8T:J2 r a . Fi gure 
graph included . 

p 

G """" 
G 

O"",.....Qu,.-..J,. 

~~7· 5'°C 

/ 

Figur e 9. Infra-red and nOrlI'..:ll photo graphs of t'..'o heated houses. The 
onc On the left is well i nsu lated (wa ll U <0 .5 W/ m2K) and the one on the 
right poorly i n sulat ed (\o'al1 U ::- 2.0 H,/rn2K). The ori ginal infra-red 
photograph was in colour as indicated. 

11 , 
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(U "-0 . 3 to 0.5 U/m2K, double glnzed) and the onc on the right poorly insu
lated (U "-2.0 1~/r.\21\, ~inblc g13zed) and the colder outer surfaces of the 
i nsulated house show this . The lower sections of the windows of the l ef 
hand house hav~ been insulatpd internally. explaining why their surface 
appears at the same temperature as the rest of the front wall. The le ft
hand wooden cladding is the coldese part of the front \<"a11, suggesting 
th~t it is better insul a ted than the rest, but it could be that cold OUC
sirle air is getting behi nd the cladding. 

The surface of nose of the double glazing is in fact purp l e and white 
co~ared with ~hite and red for single glazing, excep t for two red strips 
at the top of the openable upstairs windows. Here the exp lanation is 
~arm air leaking from inside. 

The gable vaU is insulated, yet its colour, purple and white, suggests 
otherwise . The exp lanation is the residual effect of the sun. The IR 
photograph vas taken about 4 hours after sunset on a sunny November day . 
The normal photograph was taken mid-afternoon. 

The roof looks uniformly blue and cold, even though the loft insulation 
was 300 mm thick in the insulated house and 20 mm thick in the other. 
lfuat is beine seen is the reflection of the cold night-time sky. 

Air lcakagl! paths cou ld be identified by slicht pressurisation of the 
house or roo m, using a fan in a false door (10). 5mke generated in 
figure 10 shows clearly leakage around the window fraIl2. 

Figure 10 . 
and windov 

Pressurisation 
frame. 

Concluding remarks 

testing revealing air leakage be tween wall 

The results obtained using the procedure presented in this paper depend 
very much on the skill of the people operating it and on their familiar
ity '.<Iith the equipment. Settin g up i n a test house is essential to gain 
experience and check the equipment before on-site testing. The extent 
of testing cust be defined clearly because in many cases not all the 
tests may be needed, afforded, o r carried out in the time available. 
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Appendix 2 Air Temperatures and High Solar Flux 

The modelling of house energy use has assumed that heat is l os t to the 
external air temperature. Ta' though no allowance has been made for the 
effects of solar radiation on the external wall and roof surfaces. The air 
temperature which has been used for thermal calibration purposes has been 
measured . inside a Stevenson screen. This is essentially a white-painted 
box fitted with louvred sides (see fi gure A. 2.IL • The probl em is the 
degree to which this arrangement actually measures trueair temperature on 
sunny days. and the resulting errors that this may cause in determining the 
solar aperture. 

For crude calculation purposes we can assume that the box is made of some 
perfectly conducting substance so that at any time it has the same tempera
ture all over . We can also assume it to be a 1 metre cube. for simplicity. 
If we work on a daily average basis and take a typical ~pring day with a 
daily total of south-facing solar radiation of 1 kWhr/m • then the radiai 
tion on the top. east and west faces will also be approx2mately 1 kWhr/m 
The radiation on the north face will be about 0.4 kWhr/m . Assuming a 
solar absorptivity of 50\. this gives a daily total solar absorption of 
4.4 x 0.5 = 2.2 kWhr. 

This absorbed solar radiation will raise the daily average box temperature 
above the true air temperature Ta by an error amount el' The energy will 
be conducted back to the external air through surface resistances assumed 
to be 0.055 m2oc/w on the outside of the box and 0.13 m2oC/W on the inside. 

Solar Absorbed 

2 .2 x 1000 
24 

= 

= 

Heat Lost to Air 
Outside Box 

.!J. x 6 
0.055 

0.59 °c 

+ 

+ 

Heat Lost to Air 
Inside Box 

~l x 6 
0.13 

i . e . t~e daily average screen temperature is 
kWhr/m day of south-facing solar radiation. 

o raised by 0.59 C for every 

The actual tempe rature sensor is mounted inside the box. It is coupled 
to the box temperature by a radiation resistance and by a convection 
resistance to the internal air. assumed to be at the same temperature 
as the external air. 

...' " ,0 -, " 

Assuming a high surface emroisivity of 0.9 and a value of the radiation 
coefficient hr of 5.1 w/m20C gives the radiation resistance Rr = 0.22 m2oC/W . 
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Figure A.Z.l. stevenson screen containing 
variouS temperature sensors. 
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The convection resistance R has been taken as 0 . 13 m
2oC/Wl assuming an 

internal air movement of 0 . 5 m/sec. The average measured air temperature 
Tm would thus lie somewhere tetv/een the true air temperature Ta and the 
box surface temperature Ta + e1' If Tm = Ta + e2 then:-

= "1 • = 59 
0.13 o. . 
0·35 

e2 -= 

Thus for every 
temperature is 

kWhr/m2day of south-facing 
in error by 0.220 C. 

solar radiation, the average daily 

While this is not very important for most purposes it can have an effect on 
the determination of the solar aperture by regression. 

If we t ake the house heat balance equation:-

Q + K = (EU.A + Cv).( Tin - Ta) - R.S 

and substitute for Ta the measured -air temperature Tm = Ta + e2'S 

Q + K = ( EU.A + Cv).( Tin - Tm + e2 'S ) - R. S 

= ( EU.A + Cv).( Tin - Tm ) - ( R - "2.( EU.A + Cv».S 

We are thus likely to get a regression with the same value of house heat 
loss, but with a smaller solar aperture, the reduction being dependent 
on the magnitude of the heat loss . For the Linford houses with a total heat 
loss of about 5 kWhr/oC d~ this apparent reduction in solar aperture amounts 
to:-

°2 . ( EU.A + Cv ) 2 = 0.22 x 5 = 1.1 m 

This may go some way in explaining the di~crepancy between the calculated2 solar aperture with clear windows of 13 m and the measured value of 10 m • 

This calculation i s obviously very crude and the answers will vary enormously 
with wind speed. The basic tendency for the solar aperture t o be cancelled 
out in proport ion to the house heat loss has a curious consequence. It may 
mean that for a house with a high heat loss and a s mall window area it will 
be impossible to detect any response to solar radiation for the s imple 
reason that the Stevenson screen is a better passive solar coll ector than 
the house. 

It may be necessary in future passive solar projects to make sure that an 
aspir~ted air temperature sensor is used, although this will then no longer 
be a true ' meteorological ' parameter. 

NTght sky r- adlation effects may slightly offset this solar probl e m, s ince 
sunny days are likely to have cloudless nights during which the radiation 
temperature wil l be less than the air temperature. Inl t ial calculations 
suggest that these effects are at least a factor of three smalLer- than the 

basic soLar effect. 



Appendix 3 

Weighting Function Data 

Tables AI.I to AI.3 give Y-Response functions of typical roof and 
wall constructions. These functions , when multiplied by the total 
area of the individual building component can be used to build up 
the whole-house Y-response function as described in Chapter 7 . 
Items s~ch as windows and (if included) ventilation loss are deemed 
to have no thermal mass and their Y-response function has one term, 
the U-value, at zero time. 

Examination of Table A3 . 1, typical roof constructions, shows very 
little time lag, with the response functions peaking after only 
an hour or two. These small lags are not going to make much difference 
the whole house daily average temperature response, so for 
practical purposes they could be treated the same as for windows, with 
a single Y-response term equal to the U-value, at zero time . 

Tables A3.1 and A3.2 show a similar response for lightweight timber-frame 
construction with lightweight cladding on the outside. However, 
once brick and blockwork is incorporated into the walls , appreciable 
time lags will occur. For the wall constructions used in the Linford 
and Penny land houses, with a dense concrete inner leaf and brick outer 
leaf, the Y-response function peaks after about 10 hours and still 
has significant terms lasting well into the next day. 

Comparison of similar wall structures at different insulation levels 
shows that the time lags are more related to the thickness and 
density of the brick and blockwork than the thickness of the insulation. 

Tables A3 . 1 - A3 . 3 will at least give some idea of the scale of 
time lag problems in typical houses. Any researcher wishing to try 
the method on a particular house will probably have to calculate his 
own values, paying careful attention to the actual thickness and 
density of the wall construction. Since it is the nature of the long 
exponential tail of the response function that we are likely to be 
interested in, rather than the detailed short - term response, relatively 

crude finite-element modelling could be used, rather than the complex 
and rather time-consuming response factor calculation method of 
the NBSLD program . 



Table A3.1 

Typical House Roof Constructions Y-Response Functions 

c ~ ~.., c ~"'.., c ~~.., , 0 o~ , 0 o~ , 0 ~ ~ 

< ~ • < ~ • < ~ o. • M § • • M § • • M • ~ M ~ M ~ § M 

" • • " • • " • • • ." ~" • ." ~" • ." " • ~O' • ~O' • ~O' 0 0'0 • 0 0'0 • 0 ~o • " • • " • • 0'. 
0 • " 0 • " 0 " " · 0> 0- · 0> 0- · • 0-
~ M ~. .. M ~. N MO>. 
N ~. ~ ~ . ~ ~ ~ 

~. ~ . ~. 

" • • " • • " • • - • • - • • - • • 9 9 3 
N N N - - -Hours o · 0 0 n n n 

Delay 

0 0.0374 0.0231 0.0418 
1 0.1811 0.1235 0.1384 
2 0.1509: 0.1083 0.0526 
3 0.0944 0.0696, 0.0116 
4 0.0582, 0.0440 0.0023 
5 0.0358 0.02781 0.0004 
6 0.022 1 0.0176 0.0000 
7 0.0 136 0.011 1 0.0000 
8 0.0083' 0.0070 0.0000 
9 0.0051 1 0.0044 0.0000 
10 0.0031) 0.0028: 
11 0.0019 0.0017 
12 0.0012 0.0011 
13 0.00071 0.0007 
14 0.0004 0.0004' 
15 0.0002 0.0002 
16 0.000 1 0.0001 
17 0.0001 0.0001 
18 0.0000 0.0000 



Table A3 . 2 

V-Response Functions - Sample Wall Constructions 

C~ 
'0 

~f 
c . .. 

" ~~ 
• 0 
oD,.. 
0> 

Hours Delay x: 

o 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
11 
13 
14 
15 
16 
17 
18 
19 
10 
11 
22 
23 

-3 
~ -,,0 

0.00008 
0.01451 
0.08615, 
0.15851 
0.18823' 
0.18855 
0.17522 
0. 15703 
0.13814' 
0.12033 
0. 10425 
0 .09006 
0.07768 
0 .06694 
0.05765 
0.04965 
0.04274 
0.03680 
0103167 
0.02727' 
0.02347· 
0.02020 
0.01739 
0.01497 

Continuati on 
COmmon Ra tio 
Yt+1=Y

t
" CR 0.861 

c:::: .... c:::: .... 
, O::l 0 
< 0 ..... 0 

~§ ;::~ c _ 
rDtIIl'D't"'" 

" 0. ~ 
~~ '" • n n :r 
O;ll"'~~ 
.:: ~. - ~ ~ 
eN '< ~ - ~ 
,,0 " 

° , o 

0.00003, 
0.00791 
0. 05058 
0.09667 
0. 11589 
0.11510 
0.10474 
0.09104 
0.07710 
0.06428 
0.05307 
0.04355 
0.03560' 
0.02903 
0.02363 
0.01922 
0.01562 
0.01268' 
0.01030' 
0.00836 
0.00679 
0.00551 
0.00447 
0. 00363 

0.811 

11 Increas ing Thermal Mass ~ 

0.00629 
0.08308 
0.13687-
0.11851 
0.0843~ 

0.05491 
0.03407 
0.02051 
0.01211 
0.00706' 
0.00407 
0 .00233 
O.OOI:il 
0.00075. 
0.00043 
0.00024 
0.00013 
0.00007 
0.00004 
0.00002 
0.00001 
0.00000 
0 .00000 
0 .00000 

0.562 

0.00042 0.00000 0.00000 
0.0172~ 0.00078 0.00080 
0.05521> 0.00768: 0.00581 
O.0739~ 0.02008 0.01324 
0.07369 0.03041 , 0.01943 
0.06552 0.036361 0.0237 1 
0.05532 0.0386~ 0.02639 
0.04553 0.03845 0.02785 
0.03699 0.03666 0.0283~ 
0.0298* 0.03397 O.0282~ 
0.02398 0.03082 0.0276~ 
0.0192~ 0.02754 O.0266V 
0.01540 0.02430 0.02551, 
0.01233 0.02124 0.024 19 
0.00997 0.0 1842 0,02279 
0.00789 0.01587 0.02136 
0.00631 0.01359 0.0199~ 
0.00505 0.01159 0.01854 
0.00404 0.00985 0.01 7 19 
0.00323 0.00834 0.01590 
0.00258 0.00703 0.01468, 
0.00207 0.00592' 0.01352' 
0.00165 0.00497 0.01244 
0.00132 0.00417 0.01143 

0.800 0.813 0.911 



Table A3 . 3. 

Y-Response Functions 

Hours Delay 

o 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

Continuation 
Common Ratio 
y l=Y . CR 

t+ t 

Sample Wall Constructions 

Increasing thermal mass --t 

0.00234 
0.040111 
0.07465' 
0.069181 
O.05183! 
0,03531i 
0.022801 
0.01424! 
0.008701 
0.005221 
0.003101 
0.001821 
0.00106 
0.00062 
0.00036 
0.00020 
0.00012 
0.00006 
0.00003 
0.00002, 
0.00001 , 
0.00000; 
0.00000' 
0.00000: 

0.570 

C:1-'l-'''I1 
100 .... 
< 00111. 
III 3 3 ca 
.... 3 3 rt 
C • 
1'0 td ..... >1 

>1 ..... eT 
0 .... · eTO 
• !"l >1 III 
W:>;"I'O>1 

W '" 0. 
~ '" . - . 3 • 

N -,,0 

0.000131 
0.00774, 
0 .02812' 
0.04001 
0.04142 
0.03785 
0.03264, 
0.02733 
0.02253, 
0.01840, 
0.01495 
0.01212 
0.00980 
0.00792 
0.00640 
0.00516 
0,00417' 
0.00336 
0.00271 
0.00219 
0.00177 
0.00142 
0.00115 
0.00093 

0.807 

c:l-' .......... 
1000 <fOO • 3 3 
~ 3 3 
C 
I'OtD~ .. " ~ ~ 0 ..... eTOQ 
• !"l >1 :r 
W:>;"I'O ... 

o '" ( 
~. '" . ~ - . '" 3 .,. 

N ~ -o " 
" 0 , 

n 

" • ~ ." 
0.000001 
0.00032" 
0.00366, 
0.01035' 
0.01644, 
0.02033' 
o t 02222, 
0.02265i 
0.02210; 
0.02092' 
0.01938, 
0.01766, 
0.01589 
0.01415 
0.012501 
0.01096' 
0 .00955 
0.00828 
0.00715 
0.00615 
0.00527 
0.00450 
0.00384 
0.00326 

0 .824 

0.00000, 
0.00033' 
0.00273-
0.0066~ 
0.00997 
0.01241' 
0.01402' 
O.01498i 
0.01545, 
0.01554 
0.01536 
0.014981 
0.01445, 
0.01383 
0.013141 

0.01242' 
0.011691 
0.010961 
0 . 01025i 
0.00955: 
0.008881 
0.00825; 
0.00764 
0.00701 

0.917 
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