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Empiricism in the Thermal Analysis of 
Naturally Ventilated Buildings 

~ E. H. MATHEWS• 

Three ~hernial a11aly.vis metlrod.v wilh differe11t de,qrees of empiricism nrl' qualllitalively i11vesligated 
rega~dmg fire .ease ?fuse, efficiency, accuracy a11d rcd11nda11cy of ge11era1ed information. From 
tliid.f 111ves1(9a11011 it ts concluded lhat, /or design p11rposes, a sensitive interplay belween experiment 
an theory ca11 often lead 10 a11 optimum method. • 

NOMENCLATURE 

I:.A total are~ of building's exposed shell (m2J 
I:.C total active thennal capacity of building per unit 

exposed shell area [kJ 0 c- 1 m -21 
q heat generation [W) 

R, thermal resistance of shell (°C m 2 w- 'I 
T temperature [°CJ 

1TTC total thermal time constant [hr] 
t time of day [hr] 

Greek symbols 
r.< phase shift between forcing function and response 

[rad] 
/3 phase angle of heal generation [rad] 
/:!,. increment 
</> phase angle of outdoor forcing lcmperalure [rad] 

Subscripls 
.ff forcing function 

i indoor air 
o outdoor air 

sum summer 
wint winter 

Notation 
: alternating part of alternating variable 

mean part of alternating variable 
I ! amplitude rif alternating variahle 

1. INTRODUCTION 

WITH THE advent of more computing power more com­
plex thermal analyses of buildings are done. There is a 
growing tendency to eliminate the need for empiricism in 
the simulation procedures. The question is however, how 
successful are these theoretically based simulation pro­
cedures? How accurate, for example, can the modelling 
technique model natural ventilation, or are empirical 
data on natural ventilation flow rates needed in the pre­
diction process? Are these methods efficient? 

Excellent papers on the appropriate formulation of 
building environmental prediction models were pub­
lished by Lord and Wilson [I, 2). They discuss, in general 
'terms, different aspects of prediction models, e.g. what 
. level of empiricism is acceptable, what level of detail is 
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necessary, is ~edundant information generated, ease of 
use and other important aspects. It is the purpose of this 
paper to investigate quantitatively the above-menti.oned 
aspects for three different thermal analysis procedures 
each with a different level of empiricism. ' 

2. BASIC OUTLINE OF THE THREE METHODS 

2.1 Empirical method 

The empirical method is described in more detail than 
the other methods in this paper, as information on this 
method is not readily available in the open literature . The 
method [3] is based on temperature measu rements in 
more than 30 naturally ventilated buildings, ranging from 
low cost houses to hospitals and office buildings. The 
method can predict the maximum and minimum indoor 
air temperatures in a building. Data of the building con­
struction as well as of the design outdoor air temperatures 
for a specific location are needed as input to the method. 

The empirical equations for the method were derived 
from indoor air temperature measurements in naturally 
ventilated buildings, where direct sun penetration in sum­
mer Wit~ prcvcntccl . The method ;1rrrri1imatr~ lhr tl:1ilv 
•1;,ri:tt1•m ,,f '"''''''''' ;, ,,11111•1•1•11 ~11 11:1111r1;,t1 11 • ,._ ~·. '·"'' 
wavc11. It i!I thcrt po!111iblc 111 pl111the:111c:a~111• : •I 1alt11~ 111 
the indoor and outdoor air temperature amplitudes as a 
function of the calculated total thermal time constants 
(TTTC) for different buildings. From this data an empiri­
cal equation for amplitude ratio can be written as follows 
[3): 

lf,I = 49R(TTTC)- 0· 9 

fT.i ' (!) 

where I T0 I, the amplitude of the outdoor air temperature 
is known from design weather data and where the total 
thermal time constant (TTTC) and the shell resistance 
(R,) for the building or design room can be calculated 
from design plans [3]. The empirical constant of 49 in 
equation (I) accounts for the fact that the real forcing 
temperature acting through the building shell is the sol­
air and not the outdoor air temperature. As the amplitude 
of the sol-air temperature is larger than the amplitude of 
the outdoor air temperature, the constant of 49 is larger 
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than would be the case if the sol-air temperature was 
used as the outdoor forcing temperature [4]. 

Empirical data [3) were\1sed to derive the equation for 
the mean indoor air temperature. The equation for the 
mean indoor air temperature T; is given by 

(2) 

where T is the mean outdoor air temperature which is 
availabl; from design weather data. The difference l:!..T 
between the mean indoor and outdoor air temperatures 
differs between summer and winter and is given by the 
following empirical equations [5]: 

!l.T,um = 2°C } 
- 4 3 !l.Twlnl = -40,4(SR) +89,7(SR) 

-85,3(SR) 2 +45,6(SR)-2,2 

(3) 

where SR is a function of the amount of direct solar 
penetration into the room [3]. 

The values of the mean indoor air temperatures were 
generally found to be higher than the mean values of 
the outdoor air temperatures. The empirical equations 

·therefore partly account for the fact that the generally 
higher mean sol-air and not the lower mean outdoor air 
temperature is the mean forcing temperature for heat 
flow through the building shell {4]. 

The empirical method cannot predict the effect of 
exterior surface colour, internal heat generation or the 
time when the minimum and maximum temperatures are 
reached. As it is not theoretically based, it is difficult to 
extend this method to include these effects. The main 
advantages of this method are however its ease of appli­
cation as well as the fact that the effect of typical rates of 

·natural ventilation in conventional buildings is included 
in the empirical equations:__, 

2.2 Semi-empirical method 
A semi-empirical method was developed to alleviate 

the limitations of the empirical method. This method ,has 
all the advantages of the c;mpirical method. It however 
has the added advantage that it is primarily based on 
theory and can therefore easily be extended to include 
special thermal effects. The method is derived from a 
simplified electrical analogue as well as measurements. 
The derivation of the relevant equations was described 
in detail in a previous article [6]. Only the final equation 
for indoor air temperature is given in this paper. By 
making the assumption that the forcing temperature Tff 
as well as the heat generation term q can be simulated by 
first frequency sine curves, the following equation for the 
indoor air temperature T1 can be written for the semi­
empirical method [6]: 

- 0.091 ij f, 
T; - :EA + II 

+ 75 lf11I sin [
2

n: t-<P-arctan :EC] 
:EC 24 150 

6,8liJI . [2n: IC] + I:C:EA sm 24 t-P- arctan 150 . (4) 

If more than one frequency components are necessary 

for the forcing temperature or for the heat generation 
term, equation (4) can be extended to include such effects 
(5). Another possibility is to solve the electrical analogue 
numerically. The semi-empirical method is easy to use 
and ideal for the thermal analysis of naturally ventilated 
conventional buildings. It, however has the disadvantage 
that it may be necessary to extend the method for some 
analyses. 

2.3 Theoretical method 
The DEROB building thermal simulation system is 

the third method that was investigated. The theory of 
DEROB is fairly complex and comprehensive and is 
described elsewhere [7, 8). Finite difference equations, 
derived from the differential equation for unsteady heat 
flow through solids are used in the solution procedure. 
A Gauss iteration scheme is used to solve the relevant 
equations iteratively. A great deal of input data is needed 
for a thermal simulation, and a vast amount of data is 
generated as output. This method is therefore very ver­
satile and should thus be suitable for research work and 
for the thermal design of non-conventional buildings. 

3. PERFORMANCE OF METHODS 

The quantitative performance of the three methods 
will be expressed iii non-dimensionalised units, making 
it to some extent applicable to cases other than the ones 
that were investigated. It is however realised that the 
non-dimensionalised performances may vary slightly for 
different applications. 

3.1 Input data 
Relatively lillle input data are needed for thermal simu­

lations by the empirical and semi-empirical methods. One 
of the reasons is that certain data, e.g. natural ventilation 
flow rates, are already accounted for in these simulation 
procedures. Further simplifying approximations also 
reduce the amount of necessary input data. 

Much more data are needed as input to the theoretical 
method, as very little information on the building that is 
available a priori are used in the solution procedure. This 
of course, makes the method very versatile, but perhaps 
less efficient for conventional analyses. 

Figures 1 and 2 respectively illustrate, for a typical 
conventional example, the time needed to prepare the 
input data and the time needed to actually input the data 
for a first calculation for the three methods [9]. The 
lengths of the input files for the three methods are shown 
in Fig. 3 [9, P. H. Meyer, personal communication]. 

3.2 Time and cost efficiency 
It takes some time for any inexperienced user of soft­

ware to become proficient in its use. Typical times [D. 
Holm, personal communication] for an inexperienced 
user to use effectively the different methods are shown in 
Fig.4. 

The estimated computing (CPU) time for a typical 
problem on a CDC 750 mainframe computer is shown 
in Fig. 5 [9, P. H. Meyer, D. Holm, personal com­
munications). The cost of these compulalions can be 
calculated from Fig. 5 if the cost of CPU time for the 
user is known. As expect~d •. the empirical method is the 
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Theory Semi Empirical 

Fig. l. Time needed to prepare input data (I unit= typically 
I hr). 

56 

1.5 

Theory Semi Empirical 

Fig. 2. Time needed to input data (l unit '"" typically 8 min). 

1.5 

Theory Semi Empirical 

Fi&. 3. Len&th of input filr.s (I unit= typir.ally :W linC'5) 

40 

2 

Theory Semi Empirical 

Fig. 4. Time needed for a first time user to become proficient 
(I unit = typically I day). 

234 

1.7 

Theory Semi Empirical 

Fig. S. Computing time (I unit = typically S CPU s). 

most cost- and time-efficient, followed by the semi­
empirical and theoretical methods. 

3.3 Output data 
There is often a tendency for users of sophisticated 

procedures to produce redundant output information, as 
an enormous amount of information is generated by the 
procedure and is therefore available for output. Although 
such information is useful for research purposes, it is 
often less useful in design. Typical lengths of output files 
for the three methods are compared in Fig. 6. 

3.4 A curacy of predictions 
The accuracy of predictions by the three methods was 

investigated for a small conventional experimental build­
ing [9]. Dimensions and other detail of the building are 
given in Fig. 7. 

As the empirical method primarily predicts minimum 
and maximum indoor air temperatures, it was decided 
to compare the three methods' abilities to predict the 
maximum and minimum indoor air temperatures in the 
experimental building. Predicted and meuured tern-
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Theory Semi Empirical 

Fig. 6. Length of output files (I unit = typically 50 lines). 

peratures are given in Fig. 8. From Fig. 8 it is seen that 
the semi-empirical method performed better than the 
empirical or theoretical methods. The empirical method's 
predictions were also more accurate than the predictions 
by the theoretical method. 

One of the reasons for"the difference between measured 
temperatures and DEROB predictions, is that the ground 
contact of the house is not reliably modelled in the 
modelling procedure (see [10]). The influence of ground 
contact is significant for lightweight structures where 
the floor is not insulated from the indoor environment. 
It should therefore be modelled as reliably as possible. 

The empirical and semi-empirical approaches use cer­
tain empirical data to establish the effect of ground con­
tact and are successful in modelling low and high mass 
buildings [3, 6]. Although a general conclusion cannot be 
drawn from only the one discussed example, it seems that 
the use of a priori empirical data as part of the solution 
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Fig. 8. Measured and predicted minimum and maximum tem­
peratures. 

method could in some cases enhance the accuracy of 
predictions. 

4. DISCUSSION AND CONCLUSIONS 

It is in the interest of the building designer or researcher 
to choose an optimum thermal analysis method for the 
specific application. Such a decision will inter a/ia be 
based on what output is needed and what input data are 
available as well as what the cost of obtaining unavailable 
input data is. (Unavailable data could be natural ven­
tilation flow rates or environmental data for a specific 
location.) 

Different amounts of input data are needed for differ­
ent methods. A very versatile method like DEROB will 
need more input data than empirical or semi-empirical, 
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Fig. 7. Experimental building. 
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but' less versatile methods. The versatile method is there­
fore more suitable for research purposes or for the design 
of non-conventional buildings as more physical detail of 
the problem is needed to .qescribe non-standard buUd­
ings. However, if some of the necessary input ·data are 
unavailable, simuiations with the more versatile method 
can be problematic. It was, for example, found that input 
data needed to simulate natural ventilation in DEROB 
were not always available. It was further found that a 
small change in these 'guessed' input data could introduce 
a significant change in the predicted indoor thennal 
environment [9]. 

Empirical and semi-empirical methods need much less 
input data, as certain data are known beforehand for 
most conventional buildings and these data are already 
included in the method. Empirical methods, however, 
have the disadvantage that they are only applicable to 
buildings similar to ones on which the methods are based 
(5). Semi-empirical methods have the advantage over 
empirical methods that they can usually be extended to 
include more input data to give more detailed analysis of 
even non-conventional buildings. 

The output information that is required is also an 
important factor to take into account in the choice of a 
thermal prediction method. If only the indoor air tem­
perature is needed as output, most of the information 
contained in a typical output of DEROB will be redun­
dant. Much more information than necessary is gen­
erated in this case. The empirical and semi-empirical 
methods generate less data, making these methods more 
suited to design but less ideal for research purposes. 

In choosing an optimum method for a given purpose, 

the designer or researcher should also investigate the 
efficiency and accuracy of the method. For design pur­
poses, a method should be cost- and time-efficient. The 
quantitative difference in efficiency between methods 
with different levels of empiricism was demonstrated in 
this study. Theoretical methods are often inefficient for 
design purposes. 

A method should. not only be efficient, but also 
sufficiently accurate for its intended purpose. (It should 
be kept in mind that no method can produce more accur­
ate results than the accuracy of the input data to the 
method). Predictions of sufficient accuracy can only be 
generated ifthe physical thermal system is described in an 
appropriate way. At least the important characteristics of 
the system should be reliably identified [I]. This study 
shows that even an empirical and a semi-empirical 
method can reliably identify the important characteristics 
of a physical thermal system. 

The quantitative investigation of the three thermal 
analysis methods with different degrees of empiricism 
leads the author to make a similar conclusion as Lord 
and Wilson (1), namely that the optimum predictive 
method for design purposes is often a semi-empirical 
method, which consists of a subtle interplay between 
theory and experiment. 

Acknowledgements-Many of the computations were done by 
Mr K. Naude [9) as part of a final year mechanical engin­
eering project at the University of Pretoria. Prof. D. Holm's 
study [10) and his comments made an important contribution to 
this paper. Their work was partially sponsored by the National 
Building Research Institute and the Foundation for Research 
Development. The figures were drawn by Mr C. Crosby. 

REFERENCES 

I. E. A. Lord and C. B. Wilson, Description and prediction in the environmental design of buildings. 
Bldg. Envir. 17, 293-300 (1982). 

2. E. A. Lord and C. B. Wilson, The prediction of the behaviour of building-environment systems. Bldg. 
Envir. 18, 65-84 (1983). 

3. J. D. Wentzel, R. J. Page-Shipp and J. A. Venter, The prediction of the thermal performance of 
buildings by the CR-method. NBRI research report BRR396, CSIR, Pretoria (1981). 

4. E. H. Mathews and J. D. Wentzel, Prediction of the thermal performance of low cost housing, Proc. 
of 10th Triennial Congress of the International Council for Building Research, S1udies Documentation, 
Washington (DC), 5, 1657-1662 (1986). 

5. E. H. Mathews, The prediction of natural ventilation in buildings. D.Eng. Thesis, University of 
Potchefstroom, South Africa, p.Al7 (1985). 

6. E. H. Mathews, Thermal analysis of naturally ventilated buildings. Bldg. Envir. 21, 35-39 ( 1986). 
7. F. Arumi-Noe, DEROB System. Department of Architecture, University of Texas (1972). 
8. F. S. Higgs, Appendices on the theoretical basis ofDEROB. NBRI, CSIR, Pretoria (1981). 
9. K. Naude, Evaluering van drie termiese gedrag berekeningsmetodes (Evaluation of three thermal 

analysis methods). Final year project report, Department of Mechanical Engineering, University of 
Pretoria ( 1986). 

10. D. Holm, M. J. Vermeulen and J. T. Kemp, Ondersoek na die passiewe ontwerp van lae hoogte 
kantoorgeboue (Investigation into the passive design of low rise office buildings). Final Report, 
National Program for Energy Research, CSIR, Pretoria (1986). 


