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FORORD 

I en ~ ~ B * - k o r n i t g  som a r b e i d e r  med normer f o r  innekl imaet ,  b l e  d e t  

re i s t  s p ~ r s m 5 1  om u l i k e  beregningsmetoder f o r  d e t  t e rmiske  inne- 

klima g i r  sammenlignbare r e s u l t a t e r .  Datamaskinprogrammer f r a  

Norge, Sve r ige  og F in land  som beregner  inneklima b l e  tes te t  og 

d e t t e  er g j o r t  r ede  f o r  i denne r appor t en .  

Arbe ide t  i NKB har  g s t t  p a r a l l e l t  med p r o s j e k t e t  "Bygningen, k l i -  

maet og k l imaanlegge t" ,  som h a r  ti1 hovedform51 5 f i n n e  i n n f l y t -  

e l s e n  f r a  v i k t i g e  parametre  p& bygningers ene rg i fo rb ruk .  Da rap- 

p o r t e n  bdr  ha s t o r  i n t e r e s s e  innenfor  d e t t e ,  e r  d e t  v a l g t  & g i  den 

u t  som en d e l  av p r o s j e k t e t s  p u b l i k a s j o n s s e r i e .  Rapporten er o g s s  

t r y k k e t  p5 KTH, S tockholn og den er p r e s e n t e r t  p& "The Seventh C I B  

Congress" i Edinburgh, september 1977. Av den grunn h a r  den f & t t  

enge lsk  spr5kdrakt  . 
T i d l i g e r e  u t g i t t e  r a p p o r t e r  i p r o s j e k t e t  "Bygningen, k l i m a e t  og 

kl imaanlegget"  er: 

1. K o n t r o l l  av enke l  rommodell f o r  varmebalanseberegninger, 

m a i  1976. 

2 .  GHMET - Program f o r  u t v e l g e l s e  av meteoro log iske  d a t a ,  

september 1976. 

3 .  Betydningen av krav  ti1 r e t t e t  o p e r a t i v  t empera tur ,  

ok tober  1976. 

4 .  Undersgkelse av avtrekksvindu,  

desember 1976. 

5 .  Energiforbruk i klimasystem med av t rekksv indu  og varmeveksler ,  

mars 1977. 

6. Energiforbruk i en-kanals klimasystem, 

november 1977. 

Trondheim, desember 1977 

A r n s t e i n  Rfldseth 

"NKB = Nordisk Komit6 f 8 r  Bygnadsbestemrnelser 



Summary 

A comparison of three computer programs designed to calculate room air 

temperature and loads has been made as part of an international effort 

to establish common regulations for the internal environment. 

The main purpose was to harmonize the programs for internal use. How- 

ever, regulations are also needed for calculation methods on which the 

programs are based. The three programs are all based on different calcu- 

lation uethods. 

BRI S - a Swedish program using a finite difference method 

BYVOK - a Norwegian program using the thermal response factor 

method 

HEAT - a Finnish program using a polynomial solution and the 

thermal response factor method 

An ordinary office in a multistorey building was chosen as a room model. 

First of all the temperature in the room without a window was calculated, 

then with internal loads at daytime, and lastly with a window included. 

The first phase of the work showed the necessity of coordinating the 

input data, because normally the determination of many important parame- 

ters are up to the user. Also assumptions are built into the programs 

themselves. A number of details such as the window heat balance equations, 

algorithms for calculation of solar irradiation, convective heat trans- 

fer coefficients etc. were therefore compared and found to be of impor- 

tance. 

Careful coordination of input data produced results with only minor 

discrepan~ies.. 

* 

It would appear that the attempt to harmonize these programs was success- 

ful and the results can be used as a reference for other calculation 

methods. However further case studies will be necessary to provide a 

basis for regulations. 
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1. INTRODUCTION 

The Nordic Committee for Building Regulations (NKB) is currently 

engaged in drafting a set of standards on thermal indoor climate. 

NKB would like to make it feasible to check out calculations in 

connection with project planning. If this is going to be meaning- 

ful the methods of calculation used must produce en equivalent 

result . 
Whenever indoor temperatures or cooling requirements under summer 

conditions have to be estimated, it has proved necessary to re- 

sort to calculation models of the kind that best lend themselves 

to computerization. 

A number of such computer programs exists today. International 

comparisons have been made earlier. Figure 1 shows that the results 

disperse very widely. Probably one of the reasons is that input 

data have not been sufficiently well-defined, but it is also like- 

ly that different calculation models contain various sibplifica- 

tions which have more or less serious consequences for the result 

(the cooling requirements arrived at are usually too high). 

Three relatively sophisticated programs have been compared in this 

paper: 

I The BRIS program, developed with support from the Swed- 

ish Council for Building Research by the Department of 

Heating and Ventilating Engineering at the Institute 

of Technology in Stockholm. 

I1 The BYVOK program, developed by the Department of Heat- 

ing, Ventilating and Sanitary Engineering at the Nor- 

wegian Institute of Technology in Trondheim. 

111 The HEAT program, developed by EKONO OY in Helsinki. 

The goals set for this project are: 

o to harmonize the above-named programs so that they 

can be used in the preparation of indoor climate stan- 

dards ; 



o to create a basis for comparisons of other programs 

and calculation methods with future standardization 

in mind. 

This requires a considerable effort, and a detailed set of goals 

for it could be: 

o to standardize necessary input data, what form they 

should have and how they can be determined with the 

aid of material available in the planning base; 

o to specify accurate calculation results with permis- 

sible margins of error for indoor climate, cooling 

and heating requirements. For this purpose some typo- 

logical structure is to be designed to see how it 

works under different climatic conditions; 

o to analyze sensitivities to important parameters 

which have great bearing on the calculation result; 

o to verify the calculation result with measurements. 

Cooling requirement, kW 

9 10 11 12 13 14 15 16 17 
True solar time 

F i g .  I Cooling requirement for one and the  same case caZcuZated 
wi th  d i f f e r en t  computer programs according t o  a compar- 
i son  t ha t  has been made wi thin  REHVA. 



2.1 Description of BRIS 

This program was developed by Gasta BRown, Axel BRing and Engel- - - 
brekt ISfalt, and funded for.the most part with grants awarded 
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by the Swedish Council for Building Research. Since the program 

was mainly intended for research purposes from the very outset, 

unnecessary approximations have been avoided. 

The Fourier heat equations are solved numerically (using the 

Crank-Nicolson method). The long-wave radiant exchange indoors 

is calculated using Stephan-Boltzmann's law. The short-wave ra- 

diation transmitted through windows is distributed with reference 

to reflectivity of the room surfaces (by means of distribution 

coefficients). 

The convective heat transfer coefficients are calculated on the 

basie of prevailing temperature conditions, but may also be chosen 

freely. Considering that the temperature-dependent boundary con- 

ditions make the system nonlinear, the solution is worked out 

using the relaxation method. 

A consistently pursued quest in the development of BRIS has been 

to make the program flexible so that shifting objects of calcula- 

tion can be handled. Hence the data array is not fixed, this to 

permit the various types of blank forms which occur to be com- 

bined in many different ways. The forms are tied together with 

cross-references. 

calculation period and calculation step may be chosen arbitrarily. 

The usual calculation period is a 24-hour day and the calculation 

step is 0.5 hours. Whenever periodically stationary states are de- 

sired, use can be made of a forecast which is based on an exponen- 

tial extrapolation. The forecast can be suppressed to permit stud- 

ying the whole building-up process. 

Walls and beams can be freely defined. Data are built into the 

program for ten or so ordinary building materials, which are spe- 

cified only by code (a letter) and thickness. Thermal data must 

be specified for other materials. Thermal resistance can be indicated 



for layers between materials. The outer boundaries of walls and 

beams can be set in various ways: 

  den tical rooms 
Other room dealt with at the same time 

Symmetry surface where the temperature gradient = 0 

Fa~ade with given temperature and radiation conditions 

This makes it feasible to handle a broad spectrum of calculation 

objects ranging from cubicled offices to stand-alone buildings. 

windows may be optionally placed within the room's boundary sur- 

faces. 

A heating unit is defined to mean that radiation on the back is 

exchanged for a wall lying behind, and radiation on the front for 

other room surfaces having regard to the angular coefficients. 

The convection coefficient of heat transfer depends on temperatu- 

re in the same way as at vertical surfaces. The convection part 

is multiplied by an area magnification factor whose size will de- 

pend on the design of the heater. The heater has its own thermal 

capacity. 

surface heat sources of given output and radiation propotion may 

be placed along the room surfaces or parts of these. Illumination 

sources can be thus described to advantage. 

Time-dependent data are all described in similar fashion. Varia- 

tions during the calculation period are described with discrete 

values in intervals which may vary arbitrarily during the period. 

Classified as time-dependent data are: temperature of the outdoor 

air, flow of leaking air, temperature of the room air, temperature 

and flow of the supply air, convective effects, insolation on fa- 

sades, film coefficients of heat transfer at fa~ade surfaces, in- 

solation through windows, shading coefficients and - k values of 
windows, lighting effects and output of the heating unit. The mag- 

nitudes which enter into the room air's heat balance equation, 

and which in the reality can be controlled by means of installa- 

tions, may be sought either one by one -- with given values neces- 



sarily imputed to other variables -- or in pairs, with given val- 
ues to be construed as limits (max. or min.). The calculation is 

controlled by a code which states which magnitude or magnitudes 

are to be sought. The code is classified with time-dependent data 

and as such may be varied during the calculation period. In con- 

sequence a number of systems and operating cycles may be simulated. 

Climatic data may be generated by the program if so desired. In- 

solation is calculated on the basis of information about date, 

the town's geographic locus and compass points. The outdoor tem- 

perature is obtained from diurnal mean, amplitude and clock stroke 

for maximum value. 

Operative temperatures (directional or weighted for six directions) 

can be calculated for arbitrarily chosen points in the room. 

For selccted time segments during the calculation period (e.g. 

hours of work) a mean value calculation is made as well as a tab- 

ulation showing the percentage distribution of the operative tem- 

peratures. 

The BRIS program is mostly written in ALGOL, with certain sections 

and special arragements in assembler code. Its original version 

is to be found with computer TRASK 2 on the premises of the soft- 

ware company, Datasystem AB, in Stocksund northeast of Stockholm. 

A version translated into FORTRAN is used by DALAB Installations- 

beriikningar AB in Solna northwest of Stockholm. 

Although the program varies in size depending on the object to be 

calculated, i.e. on the number of variables and machine type, it 

can be estimated to be at least 80 to 100 kilobytes. 

The costs of performing one run is very much a matter of the ob- 

ject to be calculated. Several rooms and thick walls increase the 

number of variables in the system. Heavy structures have long 

building-up times. For a single room with symmetric surroundings 

the costs of machine time for a complete run up to periodic-sta- 

~.ionary state may range anywhere from 50 to 100 Swedish kronor. 



2.2 ~escription of BYVOK 

BYVOK (from the Norwegian "Bygningen - - varme- - och - kjdlebehov", mean- 
ing "heating and cooling requirements of buildings") is the name 

of a programing system built up to model the complex consisting 

of outdoor climate, building and indoor climate. This program pro- 

vides the pe;iodic-stationary solution to the equation system. 

The outdoor climate is represented by outdoor temperature and so- 

lar radiation. Temperature may be stated hour by hour, or through 

maximum and minimum values and corresponding points in time. So- 

lar radiation is calculated with equations stated in ASHRAE etc. 

Hourly values are obtained during the day from direct and diffuse 

(including ground-reflected) radiation and the sun's position. For 

a given fagade direction the angle of incidence of the direct so- 

lar radiation is also obtained. 

Special weight has been attached to the building for purposes of 

meticulous simulation. Its starting point is a room placed midway 

in a fagade surrounded by identical rooms and as such has only 

one outer wall. 

The window may consist of an arbitrary number of layers. Optical 

and thermal data are taken as inputs to calculate that transport 

of heat through the window which is caused by the sun. Solar ra- 

diation is assumed to be diffuse after passing through the window 

and is distributed among the room surfaces as a function cf re- 

flection factors and angular coefficients. 

Every room surface is counted isotherm, which means that it will 

exchange long-wave radiation with other room surfaces. To simplify 

the calculation it is assumed that the surfaces do not reflect 

long-wave radiation and that the mean temperatures are given. This 

makes it possible to obtain a linear correlation with a heat 

transfer coefficient. The angular coefficients are determined on 

the basis of the room's geometry. 

The calculation of heat flows in walls, roofs and floors complies 



with the response factor principle. Walls and beams may vary in 

composition and consist of several layers. The response factors 

are calculated for intervals of 118 hour, but are converted into 

hourly values. As soon as periodic stationary states have been 

reached, combinations of disturbances and response factors going 

infinitely far back in time can be obtained as the sum total of 

a geometric series. The rooin's heat balance is also described in 

conformity with the response factor principle so that this is 

used through the whole program. 

The thermal load imposed by people and machines is counted in 

strictly convective terms, whereas the lighting effect is divided 

up into radiation and convection all according to the workmanship 

(freely suspended lighting fixtures, ceilings, etc.). Ventilated 

lighting fixtures can also be taken into account. 

To begin with the response factors are calculated for the room 

model's unknown temperatures with regard to different excitations. 

With values given for the convection coefficients of heat trans- 

fer, a conversion is made into response factors for heat flows, 

These are used to calculate heating and cooling requirements. 

The indoor climate is described in the present program version 

only by means of the room air temperature. One reckons with an 

ideal mixture of the air, i.e. that the temperature is the same 

in the whole room. 

To begin with the room air temperature is given a constant value 

for the 24-hour day. This value is used to postulate the calcu- 

lation of other temperatures and heat flows. 

Additional provision is made to calculate the change in the total 

flow of heat to the room air having regard to the latter's tem- 

perature. This new response factor makes it feasible, starting out 

from the heat flows at constant room air tenperature, to calculate 

other operating conditions. Examples of such are ventilation with 

outdoor air, constraints on cooling capacity and intermittent 

operation. Efforts to insert directional operative temperature 

into the program are now in progress. 



A characteristic feature of the response factor method is that 

once the responce factors for a particular room are calculated, 

complete enumerations of different conditions can be speedily 

performed. On the other hand, as contrasted with the use of dif- 

ferent methods, no information will be provided about discrete 

temperatures and heat flows unless special calculations are made. 

A decided drawback of this method is the insistence on linearity. 

By and large, however, this criterion is satisfied for the tempe- 

rature differentials that prevail in the room. Probably the big- 

gest error appears because the convection coefficients of heat 

transfer are constant. 

The program is written in ALGOL and FORTRAN and takes up about 

40 k-words of 36 bits each in a UNIVAC 1108. Generation of a set 

of excitations (solar data, outdoor temperatures, inner heat sources), 

calculations of response factors and combination of these take 

about 40 seconds of Cpu-time at a marker price of about 120 Nor- 

wegian kronor. As soon as the response factors are determined, 

complete enumerations can be rapidly carried out for different 

cases. 

2.3 Description of HEAT 

To calculate indoor climate, heating or cooling effects under non- 

stationary conditions, a nodel has been developed in Finland which 

separately deals with concurrently appearing heat transfer mecha- 

nisms (short-wave radiation from sun and illumination, long-wave 

radiation and convection). The heat balance in outer walls and 

roofs is worked out using the response factor method, which can 

be adapted to an arbitrary wall design. This method uses a sepa- 

rate program to enumerate the characteristic series for each wall 

type. With these series the program describes the action of tem- 

perature pulses aimed at the surface on the heat flow in the inner 

surface. 

The solution for symmetrical partitions and beams, whose tempera- 

ture and heat flow are identical on both sides of the wall, is based 
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on approximating the wall's temperature distribution with a fourth- 

degree polynomial for each time period. An unsymmetrical' wall is 

to mean a wall on the one side of which the temperatu- 

re is constant, while on the other side the temperature varies as 

a function of time. In computational terms this is a special case 

of a symmetrical wall. The model contains exact balances for win- 

dows, variously integrated ceiling solutions and other special 

structural designs. 

The following aspects were given special weight when the computer 

program was prepared: 

1. ~t should be feasible to simplify the filling-in of in- 

put data by making use of prefabricated structural members. 

2. ~ndividual balances for all occurring types of room sur- 

faces should be accomodated in the program. 

3. It should be feasible to perform calculations for inter- 

vals of varying length, for instance to permit the study 

of building-up processes. 

The filling-in of input data is largely confined to choice of type. 

For several cities or towns the weather data of the dimensioning 

24-hour day, relating both to winter and summer conditions, have 

been stored in disc memory units. Central-pr~es-fmng-uni-~ and 

~~1].~-devi-e-~s- (perhaps placed in the room) can be selected by 

code number from the group for the most conunon installation solu- 

tions. 

A number of wall types can be thermally identified only by means 

of code numbers. The medium of input data conveys information 

about dimensions of the walls, colours of the room surfaces and 

insulating cover, if any, e.g. sound absorbers or carpets. These 

are treated as thermal resistance without mass. 

The codification is not binding; on the contrary, all particulars 

can be put into the very form that the user wants in case the de- 

sired portion is not to be found among the pre-codified types. 

The loads to which the room is subjected, in the form of lighting, 



persons and installations, can be divided into morning and after-

noon intervals . 

A number of different window types can be d'efined in the program 

by combining layers of ordinary, absorbing or reflecting glass, 

Venetian blinds, etc. The window balance goes in its entirety in-

to the room air balance. In establishing the window's heat bal- 

ance, the mass of the glass was left out of account because it is

insignificant. 

The ceiling members differ from one another primarily by virtue 

of the degree of integration. As for the window, an internal heat 

balance is specifically determined for the ceiling. In the bal- 

ance the mass of the lowered roof is assumed to be nonexistent. 

The roof tile's balance is counted as for a corresponding wall 

panel. 

In addition to the actual walls the program contains the heat bal- 

ance for a radiator. Elevated temperature of the wall behind is 

to be borne in mind. 

To clarify the influence exerted by the limited duration of ex- 

treme weather conditions, the calculations are normally performed 

for a two-day period. The starting situation chosen is the sta- 

tionary state that would supervene with diurnal means for outdoor 

climate and inner heat sources. 

The heat balance calculations are performed with a half-hour time 

step. If necessary a four-day period may also be completely fig- 

ured out, in which case the calculation step is one hour. 

The HEAT program is inserted in EKONO's DEC 10 system and is writ- 

ten in FORTRAN. Requisite memory space is about 23 k-words of 36 

bits each. Normally, the calculation period takes about 130 sec- 

onds of Cpu-time. The Cpu cost at normal billing price without 

program rental then works out at about 97.50 Finnish marks. Addi- 

tional costs will arise when input data are fed in, for time-shar- 

ing and, in exceptional cases, for generation of response factors 

and weather data. 



Work on certain additional facilities and changes is progressing, 

the stated aims being as follows: 

o Longer periods (8 days to 1 year) are to be made ame- 

nable to complete enumeration (the present limit is 

4 days). 
o It should be feasible to cut down on computer time. The 

number of iterations falls off sharply if the convec- 

tion coefficients of heat transfer are held constant. 

o Operative temperature and directional operative temper- 

ature are to be introduced (partly carried out). 

3. CALCULATIONS 

3.1 Introductory runs 

To begin with a calculation was made with the BRIS program relat- 

ing ta a cubicled office under summer conditions. The same case 

was counted through with HEAT and BYVOK. Poor congruence was found 

and it turned out that the preconditions were marred by many ob- 

scurities. 

o The insolation values generated in each program were 

not really alike. 
2 

o The distribution in the room of the transmitted solar 

radiation was differently handled (BRIS and BWOK use 

distribution coefficients). 

o Different values were assigned to temperature elevation 

of the supply air owing to the operation of fan instal- 

lations (0 or l'~). 

o Heat transfer coefficients for convection and long-wave 

radiation were unlike. 

o The boundary conditions on the corridor wall outside 

were unlike. 

o The HEAT program counted as above on a starting approx- 

imation + 2 days, BRIS and BYVOK on a built-up process. 

To make a comparison meaningful it was obviously necessary to try 

to eliminate all these disparities in the preconditions and to 

analyze their importance. 



3.2 New preconditions 

Since BYVOK only counts periodic-stationary states and HEAT counts 

2 (4) days, the results of these programs are not directly compa- 

rable. With BRIS both cases can be counted, making it feasible to 

compare BRIS with BYVOK and with HEAT. 

Strategy for comparisons: 

To start out with a very plain room is investigated without 

outer walls or windows, on which the only external action 

is a convective effect over a fixed time period. The results 

should make it feasible to analyze any differences between 

the various integration methods. Step by step an outer wall 

and a window are then introduced until we get to the case 

that was run by way of introduction. 

General data 

Room dimensions 

- 3.5 x 5.0 x 2.7 m3 

- Angular coefficients were calculated using the BRIS program. 
Surface 

1 17.50m2 Roof 

2 3.45 " Outer wall 

3 13.50" Partition 

4 17.50" Floor 

5 9.45 Corridor wall 

6 13.50 " .Partition 

7 6.00 " Window 

Angular coefficients 



Structures 

Walls 

Roofs and floors 

Run 1 

Symmetric wall 

The room temperature and/or the heat flow against the walls 

is figured out for the case: 

o room in inner zone, no window 

o all surfaces symmetric (thermal) 

o convective load inside, 500 W, 0800-1600 hours 

o no ventilation 

o heat transfer coefficients as per each program's own 

values 

o opening temperature +20°c in the whole structure 

Run 2 

Importance of the convection coefficients of heat transfer. 

Same input data as in run 1, but heat transfer coefficients from 

the BYVOK program were used. 

This run deleted when erroneous values were fed into BRIS. 

Run 3 

Unsymmetric wall 

Same input data as in run 1, but all 4 walls unsymmetric. 

All walls have a constant temperature of +20°c outside. 



Run 4 
Outer wall 

Room data same as in run 1, but this time there is a real outer 

wall. 

o no inner heat sources 

o no windows 

o outer wall faces south 

o ventilation with outdoor air 0.0016 kgls, m2 = 101 kg/h 

all day long 

Insulation Concrete 

Climatic data 
+ 

Outdoor temperature 20 - 5.5 sinus-shaped with max. at 1500 hours 

Solar radiation is calculated for: 

o latitude 60.00 ground reflection 0.0 

o longtitude 15.00 

o date 15.07 



Climatic data are given in the table below: 

Hour Outdoor air Radiation on horizontal surface 

Direct Diffuse The sun's 

0 C w /m2 w/m2 elevation azimuth 

angle angle 

Mean 20 ,O 



Run 5 

Clear  two-pane window 

Same inpu t  d a t a  a s  i n  run  4 ,  but now t h e  o u t e r  wa l l  has  a  window. 

Window dimensions ( g l a s s  su r f ace )  
- width 3.0 m 

- he igh t  2 .0 m 

Both panes of t h e  window a r e  c l e a r .  The g l a s s  has  t h e  fo l lowing  

o p t i c a l  p r o p e r t i e s :  

a )  d i r e c t  r a d i a t i o n  

Transmission, "/o Absorption, % 

Incidence angle  i 

Fig. 3.2 .1  Transmission, r e f l e c t i on  and absorption for a pane 
of ordinary window glass.  

O r ,  i n  t a b l e  form: 



b) diffuse radiation 

The diffuse (and reflected ) radiation has an incidence angle 

of .oO. 

Short-wave radiation has a reflection coefficient of 0.25 for the 

window's inner surface, of 0.5 for other room surfaces. 

3.3 Com~arison of BRIS with HEAT 

Run 1 

Figure 2 portrays the curve that room-air temperature takes when 

a convective heat source loads a room that is bounded by inner 

walls only. There is no ventilation. The temperature's rise rate 

turns out to be greater in the BRIS program (0.28 K/h) than in the 

HEAT program (0.24 K/h). A difference is distinctly noticeable at 

the peak temperatures (BRIS 28.14OC, HEAT 26.g°C). On the other 

hand tenperature increase per day for the masses in both programs 

(BRIS 2.03 K, HEAT 2.0 K) is the same as that figured out of the 

energy flows by hand, 2.03 K. 

Inasmuch as the energy quantum that is diurnally stored in the 

structure of both programs agrees with the energy quantum that is 

fed into the room, one may assume that the solutions for the room 

balance are correct. 

Reacting on the temperature's rise rate and attained peak value 

is the heat transfer between the room air and the walls, and to 

some extent also the radiation heat flows between the room surfa- 

ces. A high heat transfer coefficient signifies a heavy damping 

down of the air's temperature changes -- a low heat transfer co- 
efficient signifies the opposite. 

BRIS approximates temperature gradients within each wall layer 

with straight lines, while HEAT assigns a fourth-degree polyno- 

mial. If the division into layers is a rough one, this may give 

rise to differences of heat transfer at the surfaces. 

To find out about the action attributable to the convection coef- 

ficient of heat transfer, a supplementary run was made with 



application to HEAT of heat transfer coefficients used in the 

BRIS program, The radiation exchange was calculated in normal 

fashion in each program, i.e. in HEAT with a constant heat trans- 

fer coefficient for radiation equal to 5.2 w/m2 K and in BRIS 

with the aid of Stephan-Boltzmann's law. 

The results in the latter case showed good congruence -- the tem- 
perature differential at most was 0.3'~, see Fig.2. Room air will 

not describe exactly the same temperature curve in the programs 

despite a standarization of the heat transfer coefficients. That 

is because of the aforementioned differences in the method of 

calculating radiation exchange and thermal conduction in walls 

and beams, 

Run 3 - 
With resp,ect to unsymmetric inner walls, Fig.3, the same tendency 

is noti~zable as in run 1: in HEAT the room is perceptibly heavier 

than in BRIS. The temperature differential during the loading pe- 

riod is about 0.80C and outside the loading period about 0.2%. 

Temperatures are nearly identical in their rise rate and cooling 

rate. 

No difference of thermal conductance in an unsymmetric wall can 

be observed in this run. The variances of room temperatures may be 

considered, as in run 1, to be chiefly attributable to the heat 

transfer coefficients. 

Run 4 
In this case the room is loaded with heat that is transmitted 

through the sunlit outer wall. Owing to the ventilation the tem- 

perature variances will be small. The mean temperature looks like 

being the same, but the amplitude in BRIS is 0.4OC greater than 

in HEAT, see Fig.4. 

Run 4 b 
Figure 5 shows the variation of room air temperature with a con- 

vective load of 500 W at 0800-1600 hours. The difference is about 

0.6OC. The tendency resembles that found for the earlier runs: the 



HEAT program has a greater damping-down effect than BRIS. 

Run 5 - 
Figure '6 shows the variation of room air temperature after an un- 

protected two-pane window was inserted in the outer wall. The big- 

gest difference that can be observed is about 1.8'~. The maximum 

temperatures diverge by about 1.3OC and the time displacement is 

about 1 hour. In contrast the diurnal mean temperatures are rough- 

ly alike. 

With the HEAT program a run was made using those values for the 

convection coefficients of heat transfer that are used in BRIS. 

The difference between the maximum temperatures fell off from 1.3 

to l.OOc, an insignificant change. 

A minor variance (about 2 %) in the short-wave radiation transmit- 

ted thr~ugh the window can be recorded: BRIS uses 412 and HEAT 

404 w/m2 at 1200 hours. The difference is due to using slightly 

different methods to calculate the transmission of the diffuse 

radiation. 

The distribution of the short-wave radiation acting on the room's 

various surfaces showed sizable differences: 

Surface BRI S HEAT 

floor 34.9 % 65.6 % 

roof 13.4 % 9.9 % 

outer wall 3.3 % 1.9 % 

part ition 14.0 % 7.2 % 

corridor wall 9.4 % 5.0 % 

window 10.9 % 3.3 % 

The explanation of a greater damping effect for HEAT compared 

with BRIS may be assumed to lie in this difference. In HEAT the 

greater part of the short-wave radiation is absorbed by the mas- 

sive flooring tile. The floor has a thermal capacity noticeably 

greater than that of the light partitions, thereby increasing its 

temperature and at the same time emitting heat slowly to the room 

air, 



Evaluation of the results 

Although the results from the E A T  and BRIS programs contain clear 

differences, the solutions are very much alike one another in 

principle. The differences seem to be chiefly due to the basic as- 

sumptions about heat transfer coefficients, about how the short- 

wave radiation hits the room's surfaces, about starting approxima- 

tion, etc. 

The convection coefficient of heat transfer and its temperature 

dependence matter when the room temperatures are calculated. When 

insolation through windows and ventilating heat form the dominant 

items in the thermal balance, the significance is small. For pur- 

poses of determining output requirements the effect may be greater, 

but this aspect has not been investigated more closely in the 

present study. 

With regard to the window's heat balance there are certain dis- 

similarities whose effects are deserving of further study. The 

same holds for the significance of dissimilarities in the distri- 

bution of the short-wave radiation. 

Fig. 2 Run I .  Room i n  inner zone, s y m e t r i c  surroundings. Day 2; 

S tar t ing temperature +20°C. ++ HEAT wi th  the  BRIS program's 
vaZues for the  convection c o e f f i c i e n t s  o f  heat t rans fer .  



F i g .  3 Run 3. Room i n  inner zone. Unsymetric walls. The walls' 
outer surfaces are coupled t o  the ambient temperature of 

20°c v ia a constant heat transfer  coe f f ic ien t  = 9 w/m2, K. 
Beams synmetrical. Day 2; Starting temperature 20°C. 

F i g .  4 Run 4 .  Room with sunl i t  outer wall. 1"Jo internal load. 
Day 2.  



~ i g .  5  Run 4 b. Room wi th  s u n l i t  outer  wal l .  Convective Zoad 
500 W, 0800-1600 hours. Day 2. 

Fig. 6 Run 5. Eoom wi th  outer wall and window. ++ HEAT using t he  
BRIS program's values for the  convection c o e f f i c i e n t s  o f  
heat t rans fer .  Day 2.  



3.4 BRIS compared with BYVOK 

Run 4 a 
Figure 7 shows the variation in room air temperature when the room 

is not loaded internally. The diurnal mean values seem to be alike, 

but BRIS gives an amplitude which is about 0.5OC greater than BYVOK. 

Various heat flows enter into the heat balance which determines 

the temperature at any one moment: the heat stored in the inner 

walls, the heat flowing through the outer wall and the heat trans- 

ported through the ventilating air. The latter is simply deter- 

mined and calculated in the same way in both programs. 

Since the diurnal means are the same, the estimated flow of heat 

through the outer wall has been the same, too. It is therefore like- 

ly that the difference of results stems from the different methods 

used to determine the heat storage. This problem is more closely 

investigated in run 4 c. 

Run 4 b 

Here the room is loaded with a convective effect, equal to 500 W 

at 0800-1600 hours, which of course produces a higher temperature 

level than in run 4 a (Fig. 8). Otherwise the tendency is the same: 

the diurnal means are alike, but BRIS gives a greater amplitude 

than BYVOK. Here the absolute temperature differential is some- 

what greater, about 1°c. 

Run 4 c 
Here the room air temperature is held constant at 20°C and calcu- 

lation is made of the convective effect required to compensate for 

the heat transmitted through the outer wall. Even though the air 

temperature is constant the temperature in inner walls and beams 

will vary because heat is transmitted from the inside of the outer 

wall by long-wave radiation. The effect which must be removed will 

therefore be damped down and delayed compared with the effect which 

the outer wall transmits. The diurnal mean value will naturally 

be the same, 



Figure 9 shows that BYVOK damps down the cooling requirement 

slightly more than BRIS does and that the curves are somewhat 

displaced over time. However, the diurnal energy differs negligi- 

bly, 625 Wh in BRIS and 653 in BYVOK (about 4 2 ) .  

Run 5 

In this case a window is added to the room model and insolation 

becomes the dominant heat source. This raises the diurnal mean of 

the room air to about 35Oc. The runs from BRIS and BYVOK show very 

good congruence both of means and amplitudes (Fig. 10). 

Effect of the convection coefficient of heat transfer 

As mentioned earlier a large part of the differences which appear 

may be due to the use of different values for the convection co- 

efficients of heat transfer (Appendix A 1). These determine the 

thermal transmission between room air and room surfaces and there- 

fore affect the heat flow through outer walls as well as the ex- 

change of heat with the heat magazine, i.e. both diurnal mean and 

amplitude are affected. A lower convective heat transfer coeffi- 

cient increases the amplitude of the room air temperature because 

the heat magazine is less utilized. 

This is confirmed by supplementary runs with BYVOK where the con- 

vective heat transfer coefficient was set at 2.5 w/m2, OC for all 

room surfaces. In runs 4 a, 4 b and 5, 4 w/m2 OC was used for ver- 

tical surfaces and 5 w/m2 OC for horizontals. The results of these 

extra runs are plotted on corresponding diagrams for the origi- 

nal runs (Figs. 7 and 8). 

In runs 4 a and b the amplitude differential vis-a vis BRIS is 
substantially reduced. The mean value does not change noticeably, 

but this is natural in a windowless room where the outer wall's 

principal heat resistance lies in the insulation. (A change in the 

convective heat transfer coefficient causes a marginal change in 

the total heat resistance). 

In run 5 the short-wave insolation through the window constitutes 

the dominant effect. It is directly absorbed by the room surfaces 



and effectively damped down in consequence. It is therefore reas- 

onable to imagine that the convective heat transfer coefficients 

here have less of an impact. Run 5 with the value 2.5 w/m2 OC 

changes the amplitude no more than negligibly, but does lower the 

diurnal mean a bit. The latter is explained by the fact that low- 

er convective heat transfer coefficients result in less heat be- 

ing transmitted from the solar-heated room surfaces to the room 

air. On the other hand the outer wall's k-value will be lower, the 

result of which is to reduce the average heat losses during the 

24-hour day. However, this action is insignificant, even for the 

window. 

Fig. 7 Run 4 a.  Room w i t h  s u n l i t  outer  walZ. No i n t e r n a l  load. 
Built-up. ++ BYVOK wi th  trk = 2.5 vim2, K. 

Fig. 8 Run 4 b.  Room wi th  s u n l i t  outer  wal l .  Convective load 
500 W, 0800-1600 hours. Built-up. ++ BYVOK wi th  a = 2.5 w/rn2, K. k 



F i g .  9 Run 4 c. Room with sunl i t  outer waZZ. The room a i r  temper- 
ature i s  held constant at 20°C. Requisite output i s  caZ- 
cuZated. Bui Zt-up process. 

I .  BRIS Heat flow through outer wall's internal surface. 
2. BRIS Removed convective e f f e c t  (coo Zing requirement). 
3 .  BYVOK I t  I I  I I  I I  1 1  

4 .  BRIS Heat flow through inner-waZZ and beam surfaces. 

F i g .  10 Run 5 .  Room with outer waZZ and window. Built-up process. 
++ BYVOK with ak = 2.5  w/m2, K. 



Evaluation of the results 

Even though the differences in the results from BRIS and BYVOK 

cannot be wholly ignored, they are so small as to justify con- 

cluding that the programs show very good congruence. However, 

the convective heat transfer coefficients represent an unclear 

point. 

The fact that the programs yield identical mean values must be 

considered important. It indicates that the energy balance during 

the calculation period is correct. Differences can especially a- 

rise on this score if the window is not treated in a relevant man- 

ner. It will be seen from Appendix C that the equations each prog- 

ram uses to describe the window's heat balance evince great sim- 

ilarities. Further, we know that the distribution of solar radi- 

ation in the room is similarly calculated in both programs and 

that only an insignificant difference lies in the treatment of 

the long-wave radiation exchange. Even though the non-stationary 

heat flows in the walls have not been directly compared, the ob- 

servations made indicate that BWOK's response factor method and 

BRIS' difference method provide good congruence. 

It should be emphasized that this good congruence of the results 

was not achieved until the input data were comprehensively har- 

monized. For this purpose a standardization procedure should be 

adopted . 

4. CONCLUSIONS AND RECOMMENDATIONS 

When programs are to be run on computer to calculate indoor cli- 

mate and effect requirements for climatizing, it is customary for 

the user himself to determine many important paraneters. The im- 

plications of this practice became evidently manifest when the 

initial runs were made. A careful coordination of input data is 

therefore necessary in comparisons of the kind that were carried 

out here. Moreover, certain assumptions are built into the cal- 

culation models on which the programs are based. If the cause of 

any differences in results is to be revealable, these assumptions 

must be amenable to explicit comparison. The Appendix shows the 



algorithms for calculation of insolation and heat transfer coef- 

ficients that are used in the different programs.

The original objective, to harmonize the programs for use in the 

standardizing work, seems to be fulfilled. The results from the 

comparisons of BRIS-BYVOK and BRIS- HEAT deviate negligibly in 

the runs that were made. 

An unclear point is how to choose the convective heat transfer 

coefficients. That choice bears crucially on the results. 

In order to fulfil a more general objective further studies will 

be necessary. Several combinations of building structures, window 

sizes, sunshades, climatic conditions, installations, operating 

cycles, etc., will have to be run through. Further, heating and 

cooling requirements with respect to the formulation of indoor 

climate criteria should be studied. The computer-run examples are 

no more than the beginning of a more comprehensive analysis, but 

for the time being they should still be able to serve as bench- 

marks for purposes of passing judgment on different calculation 

methods. 

Input data should be of foundation-laying character. Derived mag- 

nitudes (e.g. accumulation factors) should not be permitted. All 

input data should be clearly evident from the printout. Even if 

the program does not normally generate climatic data, a read-in 

facility should be provided. Hourly values for climatic data on 

magnetic tape are becoming more and more accessible. For the fu- 

ture one can well think of making comparisons with real climatic 

data from some suitably chosen test year. 

The calculations should be verified by measurements. Experiences 

from such trials show that it is very hard to control all factors 

even if one uses large-scale measuring equipment. Measurements 

of a simple house model -- a cube with an edge side 1 meter long 
-- have been performed by the Departinent of Heating and Ventilat- 
ing Engineering at the Institute of Technology in Stockholm. The 

cube lacks windows and the walls are of concrete. Insolation on 

the cube's walls and roof (5 directihs) and some 50 temperatures 



have been recorded. In spite of this the measurement values did 

not contain sufficient information from the beginning. Not until 

after several amplifications were made did it become feasible to 

do a careful analysis and perform comparisons with the BRIS prog- 

ram. The result was very satisfactory and will be published in a 

separate report. 



APPENDIX: Documentation of certain algorithms 

A. Calculation of heat transfer coefficients in rooms - 
1. Convection (unit w/m2, K) 

Program Vertical surfaces Floor Roof 

BRIS 

BWOK~) 

HEAT 

in stable layering1) : 0,6 

1) Stable layering is assumed to supervene when the roof is 

warmer or the floor colder than the room air. 

2) The heat transfer coefficients in BWOK are input data and 

may be freely chosen, The stated values are ordinarily used. 

2. Long-wave radiation 

BRIS uses Stephan-Boltzman's law and assumes that the room sur- 

faces do not reflect long-wave radiation. 

BWOK has need for linearizing the calculation and also assumes 

that there are small temperature differentials between those sur- 

faces which exchange radiation. The algorithm for determining the 

exchange of radiation between two surfaces may then be written 

T here is the main value of temperatures for the surfaces. The rn 
value is estimated beforehand and given in input data. 

HEAT uses a constant value, 5 .2  w/m2 K, of the heat transfer co- 

efficient for long-wave radiation. 



3. Short-wave radiation 

BRIS and BYVOK make allowance for an infinite number of reflections 

in the room from insolation by using so-called distribution coef- 

ficients. These assume that the radiation is diffuse and is fig- 

ured out of a linear equation system. 

The following ~ssumptions are made in BEAT: 

- the short-wave solar radiation strikes only floor and furni- 

ture surfaces, where it is evenly distributed; 

- the illumination's short-wave radiation is evenly distributed 

on the floor, furniture and wall surfaces. 

Next, the first relection onto other room surfaces is calculated. 

B. Calculation of the solar radiation - 

The three programs calculate the sun's position in the sky by 

means of known solid geometry laws. Certain differences may ap- 

pear due to approximations in those expressions which calculate 

declination and equation of time. Mathematical expressions for 

determination of solar and celestial radiation which the programs 

use are described below. 

BRIS - 
uses expressions based on Lunelund's measurement values, divided 

up into summer and winter. For solar altitudes higher than 150 

the expressions read: 

October - April: 
.IDN = 1071 . exp (- 0.109/sin h) 

May - September: 
ION = 1071 . exp (- 0.139/sin h )  

IDN designates the direct solar radiation at right angles to its 
direction. 

For solar altitudes under 15' polynomials are used which connect 



with the above expressions. 

The direct radiation's vertical component is obtained from 

- IDv - IDN . cos i 
where i designates the angle of incidence. 

The celestial radiation falling on a horizontal surface is cal- 

culated as a function of solar altitude from the following ex- 

pression: 

( -.823 + h (5.263 + h (-,094 + ,0006 h)) when h < 60' 

when h > 60' 

The celestial radiation is assumed to be strongest in the vici- 

nity of the sun. Its vertical component will therefore depend 

on the sun's position: 

( .45 when cosi s -.2 

IdV'IdH = \ .55 + .437 cosi + ,313 cos2i sign(cosi) when cosi > -. 2 

The ground radiation is calculated on the assumption that the 

horizon is free and that the ground surface is diffusely reflec- 

ting: 

1 
Igroun.d = 2 Pground IH 

After the various components of insolation on the fa~ade have 

been thus calculated, the next step is to determine the radia- 

tion that is transmitted through a reference window (usually a 

two-pane window). The direct component is reduced according to a 

transmission curve which depends on the angle of incidence. It is 

described by the following algorithm: 



X = cosi 

-.lo5 + X (2.821 + X (-2.998 + 1.071 X)) when 0 < i - < 75' 

when 75 < i 2 85 

when i > 85 

Where incidence is perpendicular, T = ,789. Diffuse radiation 
r e f  

is transmitted to 67 %. 

These values are to be multiplied by shading coefficients, whose 

values for some ordinary combinations of glass and sunshade are 

stated in various sources including the user specifications. 

(A more complete body of materials is to be found in Building Re- 

search Report No. R 19:74.) 

BYVOK 

The direction of the sun's direct radiation intensity is normally 

expressed as: 

Based on Lunelund's measurements the following values are set: 

I = 1070 w/m2 

h = solar altitude 

when 51 < DAG < 344 

0'04 ( W G  - 52) when 51 > DAG > 171 

when 171 > DAG > 232 

Oeo4 (PAC - 232) (0.14 - when 232 > DAG > 344 

DAG is the nunber of the day (1 to 365). 



Against a vertical surface the intensity is given by: 

8 = the sunray's angle of incidence on the surface 

The celestial radiation falling on a horizontal surface is de- 

rived from: 

Against a vertical surface the diffuse radiation is a function 

of the sun's position determined by the angle of incidence: 

I 0.45 when cos8 < -0.2 

f(c0sti) = 
2 0.55 + 0.437.cos0 + 0.313~0~ 0 when cos0 > -0.2 

The calculation of ground-reflected radiation assumes a free ho- 

rizon and diffuse reflection so that the diffuse radiation fal- 

ling on a vertical surface acquires an added component: 

Cloudy days can also be calculated. Here use is made of the for- 

mulas employing empirical constants as set out in: 

Kimura, Stephenson : Solar Radiation on Cloudy Days. 

ASHRAE Transactions 1969, Part I. 

In making calculations of solar data the time equation can be 

borne in mind, which means that both normal time and true solar 

time can be chosen as time parameters. 

HE AT - 
The calculation of solar radiation falling on the buildingas out- 



side surfaces is determined by measurements of direct and diffuse 

radiation intensities against a horizontal surface. The program 

reads these and related values of the sun's position by the hour. 

For normal cases permanent weather files are available for six 

towns in Finland. The measured climatic data break down into 

clear and cloudy type days during winter and summer. since every 

town uses its own observation material, the clinatic data already 

contain the correction between normal time and solar time. 

Climatic data are stated by other means in exceptional cases. In 

these instances the radiation values are ordinarily based on 

Lunelund's measurements or on technical manuals, 

The direct radiation intensity IDv against vertical surfaces is 
calculated in the program with the formula 

where 

IDH = direct radiation on a horizontal surface 

I = angle of incidence 

h = the sun's angle of elevation 

The diffuse radiation falling on a vertical surface is assumed to 

be half of the diffuse radiation on the horisontal plane. 

For purpose of calculating the radiation I that is reflected m y  
from the ground surface, it is assumed that the reflection 

complies with the cosine emission law and that the horizon is 

free, which gives rise to 

where 

r is the ground surface's reflection factor 
m 

I& is the diffuse radiation on the ground surface. 



C. The window's heat balance - 

RRIS - 
The window is regarded in the program as a disc without thermal 

capacity but with a given (constant or varying) heat resistance 

from the inner surface to the outdoor air and similarly given 

values for direct transmission and absorption of short-wave ra- 

diation. The figure below shows the appearance of the model. 

F i g .  C:I 

It contains, first, the given magnitudes 

IT directly transmitted short-wave radiation 

5 absorbed ditto 

+ m heat resistance from inner surface to ambient temperature 
"f Y 

+ f 
reflected-back short-wave radiation, as well as any such 

radiation falling in from other windows, which is absorbed 

by the windowL) 

second, the component variables of the system 

t 
f 

temperature on the inside of the window 

(different) temperatures of other room surfaces 

is calculated in other sections of the program and can there- 
+ P 

fore be considered given from the window's viewpoint. 



tr room air temperature 

Where there is only one window, then 

where $ designates the distribution coefficient for radiation ff 
from the window surface to the window itself. Otherwise I does T 
not enter into the window's heat balance but is distributed to 

the other room surfaces in proportion to the distribution coef- 

ficients. 

Input data present the given magnitudes in an easily recognizable 

form, namely as insolation through a reference window (I .ef) 
shading coefficients for direct (F2) and total (F1) transmission, 

and k-value. 

I is normally generated by the program but may also be given 
ref  
in table form. 

The directly transmitted solar radiation is obtained from 

and the heat resistance 

where m is a standard value for the heat resistance at the in- i 
side of the window. This standard value also enters into the as- 

sumptions for calculating F 1  and must be excised. This is done 

in line with the following equation: 

It is assumed in the program that m = 0.11 m2 K/W i 



BYVOK , 

  eat resistances 

layer 1 2 n 

Fig. C:2 

All that is regarded from the room is in the inner layer in the 

window. The,resistances from the inner surface and out are simply 

calculated from 

where n = number of layers in the window 

a and m are input data 
Y 

Inner heat transfer coefficients are divided between convection 

(a-value = constant = input data) and long-wave radiation. The 

radiation heat transfer coefficient is calculated conticgent upon 

emission factor and average radiation temperature. 

Insolation 

F i g .  C:3 



A ,  T and R a r e  t o  be s p e c i f i e d  f o r  a l l  l a y e r s  where inc idence  i s  

normal. The next  s t e p  i s  t o  c a l c u l a t e  t h e  d i r e c t  t ransmiss ion  t t 
and t h e  absorp t ion  i n  each l a y e r  a l ,  a2 .... a . n 

Allowance i s  a l s o  made f o r  t h e  in f luence  of t h e  angle  of inc idence .  

The single-pane window t (0) i s  used a s  r e f e rence  (acc.  t o  ASHRAE). 
r e f  

0 1 Incidence angle  B 

0 90 

F i g .  C:4 

Next, t h e  window s o l u t i o n  under cons ide ra t ion  i s  ad jus t ed  f o r  t h e  

angular  dependence: 

 his angular  dependence holds only f o r  d i r e c t  s o l a r  r a d i a t i o n .  

For t h e  d i f f u s e  type t h e  t ransmiss ion  cond i t i ons  hold a t  about 

60' i f  one assumes an evenly sh in ing  sky. 

The absorbed s o l a r  r a d i a t i o n  i s  a l s o  a d j u s t e d  f o r  dependence on 

t h e  ang le  of inc idence  by analogy wi th  t h e  d i r e c t  r a d i a t i o n .  

Secondary hea t  flow 

Once t h e  room's hea t  balance i s  e s t a b l i s h e d  i t  becomes advanta- 

geous t o  regard t h e  window a s  one l a y e r .  For t h e  inne r  l a y e r  one 

can determine the  " t o t a l  absorp t ion  e f f e c t "  from t h e  equat ion:  



a ' = Z ai . m u .  /mt n i=1 Z 

mu = resistances from layer in and out. i 

The reflected-back short-ave radiation is also to be taken into 

account for the inner layer. The size of this radiation is fixed 

when the distribution of solar radiation is calculated. For this 

purpose the reflection factor to be used is calculated together 

with the other optical properties of the window. Used here as ab- 

sorption factor is a n* 

The heat balance for the window thereupon takes on the following 

appearance: 

Outdoor 

. EUS'L.!~U~ longdave radiation 

m1 convection Indoor 

shortwave re-reflected 
radiation 

Fig. C:5 

HEAT - 
The window's transmission and absorption in different layers are 

obtained by means of series development, Fig. C:3.  Transmission 

of the direct radiation depends on the angle of incidence, see 

e.g. Fig. C : 4 .  Transmission and absorption data for the diffuse 

and reflecting radiation are assumed to be the same as for per- 

pendicular insolation. This program contains some of the most 



common optical properties of window layers as functions of the 

angle of incidence. These layers are

- ordinary 3 mm factory glass 

- absorbing 5 nun glass 

- reflecting 5 mm glass '(Ni) 

- Venetian blind, slat angle 45O, the ratio of slat width to 

step height being 1:1,2. 

Combinations of these layers give rise to the window designs that 

are in most general use. Data for other layers may be inserted 

in the program. 




