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1. SYNOPSIS 

In this paper ventilation of attics and crawl-spaces is investi- 

gated theoretically. Ventilation rates and temperatures of the 

spaces are calculated by means of flow balance procedures. Flow 

characteristics of ventilators and openings for attics and crawl- 

spaces are far from well known, so a laboratory investigation on 

pressure drops across such devices was undertaken and reported in 

the paper. As convective flows from the heated part of a house 

into a colder, ventilated space can create moisture problems this 

situation has been investigated extensively. 

2. INTRODUCTION 

Spaces connected to heated parts of a building, such as crawl- 

spaces, attics etc, are normally ventilated. The need for venti- 

lation is mainly based on ambitions of moisture control. An ade- 

quate ventilation of these spaces prevents moisture problems and 

damages. The ventilation - need for this purpose depends on many 

factors such as outer climate, heat insulation degree, moisture 

sources within the space itself, for example evaporation from 

the ground in a crawl-space, or built- in moisture in the building 

material, degree of moisture convection from the heated part of 

the buildning into the space. The ultimate ventilation need is 

settled by the critical level of moisture load for buildning mate- 
rials within the ventilated space. This critical level is normally 

formulated in terms of maximum allowable relative humidity (RH) 
for different materials. For wood and wood-based materials this 

level is often claimed to be around 75% for avoiding mould growth 

on wood and around 80% for avoiding rot in wood. (NEVANDER & 

ELMARSSON, 1981). For chip-boards moisture-related movements may 

cause twrolllbl-efor example om attic floors prepared for making 

dwelling room on later on. For steel and other metals, risk for 

corrosion may create certain critical moisture levels. 



Considerations as these mentioned above lead to settlement of a 

minimum ventilation degree. 

On the other hand, excessive ventilation of such spaces creates 

unnecessarily high energy losses due to transmission between the 

heated part of the building and the ventilated space. For example, 

the design philosophy of crawl-space foundation implies a certain 

insulation gain due to the presense of the crawl-space. This im- 

plies a maximum ventilation degree. 

The desired ventilation intensity can be achieved by means of 

natural forces such as wind and/or temperature differences or by 

mechanical ventilation devices. The degree of wind-driven venti- 

lation of these spaces is depending on several factors: 

- local wind velocity 

- shape of the surrounding of the building 
- geometrical proportions of the building 

- dimensions and design of air inlet/outlet openings and 
ventilators 

- location of these openings and ventilators 
- etc. 

Estimating climate in ventilated non heated spaces belongs to the 

more severe problems in buildmifig physics. For a complete analysis 

of the problems a lot of factors have to be taken into account: 

- The venti lation degree (see above) 
- The air tightness behaviour of the buildning component 

between the space and the heated part of the buildning 
- The heat exchange within the space involving transmission, 

convection and radiation 
- Moisture sources, moisture flow and moisture capacity 

The analysis is strongly simplified if average conditions are 

sufficient for the considerations. As a first step such an ana- 

lysis may be enough as far as durability risks are concerned. 

The radiative part of the heat exchange is also a difficult step 

in a complete heat exchange analysis. However, for modern well- 

insulated constructions between heated and ventilated spaces the 



influence of heat radiation may be small. The long wave radiation 

though can cause considerable surface temperature phenomena 

especially on the outside of roofs on clear nights. 

In this paper a method for calculating ventilation intensities in 

attics and crawl-spaces is presented. Furthermore an average based 

analysis of the climate in the spaces is carried out. 

3. REFERENCE HOUSE 

The calculations presented further on i n  the paper are all per- 

formed for a house outlined in figure 3.1. 

FIG. 3.1 Reference house. 

For wind load considerations the house is intended to be located 

in a built up area. The shape factors used for the calculations 

figure 3.2-3.4 are mainly based on comparisons and analyses of 

results reported by JENSEN & FRANK, 1965; GANDEMER, 1978; 

LEUTHENSSER, 1970; NEWBERRY & EATON, 1974; THURESSON, 1977; 

GUSTEN, 1984; AIC, 1984 & SOLIMAN, 1973. 



DIRECTION 
FIG.  3.2 Shape factors for win perpendicular to the long side of 

the' reference house. 

WIND 
DIRECTION 

FIG. 3.3 Shape factors for wind perpendicular to gable part of the 
reference house. 



FIG. 3.4 Shape factors for wind 45' to longside and gable part of 
the reference house. 

4. AIR FLOW CHARACTERISTICS OF VENTILATION OPENINGS AND 
VENTILATORS 

In the laboratory the air flow behaviours of different ventilation 

openings and commercially offered ventilators were investigated. 

The openings and ventilators were connected to a pressurized box, 
airtight except for the investigated specimen. The pressure 

difference between the two sides of the specimen was monitored 

by means of an electrical micro-manometer. The air flow rate 

supplied to the box was monitored by means of an orifice plate 

and a micro-manometer. The pressure regime investigated was 0-100 

Pa. The results are given in table 4.1 as pressure loss factors, 

g , originating from the well-known expression 
P um2 

Ap = 5 
2 

where 

~p = pressure difference, Pa 

6 = pressure loss factor, - 



= density, kg/m 3 
P 

U, = mean velocity i.e. q / A  v 3 whereqv = volume flow rate, m /s and A = nominal frontal 
area, m 2 

-- - 

Ventilator/opening, type Area mm 2 Pressure loss factor, E 

Pressed steel 125 x 125 48 
11 - 150 x 150 4 7 
( I  - 200 x 200 4 5 
11 - 250 x 250 32 
11 _ 65 x 250 2 6 

Light metal 125 x 125 7,7 
_ 150 x 150 6,9 

- 200 x 200 6,8 

1 1  - 250 x 250 7 3 1 

Open hole 71 x 71 2,1 
1 1  _ 150 x 150 2,3 

Hole with plastic net 71 x 71 2,3 

Hole with brass net 71 x 71 2,4 

Hole with plastic net 150 x 150 2 3 9 

Hole with brass net 150 x 150 2,6 

TABLE 4.1 Pressure loss factors for different ventilators and 
openings . 

5. VENTILATION RATE CALCULATION PROCEDURE 

The rates of air flow into and out from the ventilated space for 

different flow types were calculated using the following ex- 

pressions. (see for example KRONVALL,  1980) : 



Single resistance flow 

where 

3 
v = volume flow rate, m /s 

1.1 = shape factor, - 

u 0 
= reference wind velocity, m/s 

P = density, kg/m 
3 

P = pressure in the ventilated space, Pa 

5 = pressure loss factor, - 
A = flow (frontal) area, m 2 

Flow through building components etc. 

Laminar flow: 

where 

L 
3 

= flow coefficient, m /(m2 s Pa) 

Exponent flow: 

where 

~1 = flow coefficient, m3/(m2 a s P$ ) 

B = flow exponent, - , 0 , 5 ~  B 2 1.0 

The flow expressions are written as flows into the ventilated 

spaces. For the flow balance calculation of the pressure differen- 

ces 5 a and 5 c are given positive or negative values depending 
on the sign of the pressure expressions. 

Summing up all the different flows into the space and putting the 



sum equal to 0 i.e. : 

c q v = O  .. .5d 
makes it possible to determine the unknown variabel p (pressure 

inside the space). If different flow types are involved the impli- 

cite function must be treated iteratively. The calculations were 

performed by using the Newton-Raphson procedure and executed on a 

Hewlett-Packard HP 85 computer. The computer program is listed in 

appendix 1. 

6. CALCULATION RESULTS 

Some of the results of executed calculations are given in diagraph 

form in 

figure 6.1-6.6. 

6.1 ATTICS 

Two main a1 ternatives for venti 1 ating the attic were investigated: 

- slot at roof bottom of the long sides of the house, width 
20, 10 and 2 mm (the last case representing non volontarily 
made slots). 

- ventilators in the gable tops, pressed steel and light 
metal, dimensions 150 x 150 mm and 250 x 250 mm. 

The calculations were performed for different wind directions. 

Results: 

A 45O angle between wind direction and the long side of building 

seems to produce higher ventilation rates than that of wind per- 

pendicular to the long sides of the house. The least effective 

ventilation seems to be obtained when the wind is parallel to the 

long sides of the house. In the case of ventilation openings in 

the gable tops however the situation is the opposite. 

There are linear relationships between 
- wind velocity and ventilation rate 
- ventilation opening area and ventilation rate 



A I R  CHANGE RATE, hml 

.1 
L 4 S 8 1 D 
REFERENCE WIND VELOCITY, m/s 

FIG. 6,l Slot at roof bottom, width 20 mm,permeable gable 
-3 3 tops 0.14 ' 10 m /(m2 * s * Pa) 

A I R  CHANGE RATE, h-' 

REFERENCE WIND VELOCITY, m/s 

FIG. 6.2 Slot at roof bottom, width 10 mm,permeable gable 

tops 0.14 a loJ m3/(m2 ' s * Pa) 
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CHANGE RATE, h' ' 

REFERENCE MIND VELOCITY, m/s 

FIG. 6.3 Slot at roof bottom, width 2 mm,permeable gable 
-3 3 2 . ' Pa) tops 0,14 " 10 m /(m 

- 1 ventilator 150 x 150 mm, pressed steel, in each 

gable top 

A I R  CHANGE RATE, h-' 

FIG, 6.4 Slot at roof bottom, width 2 mm,permeable gable 

tops 0.14 " 10 -3 m3,(m a s * pa) 

1 ventilator 150 x 150 mm2, light metal, in each 

gable top 



AIR CHANGE RATE, h-' 

REFERENCE WIND VELOCITY, m/s 

FIG. 6.5 Slot at roof bottom, width 2 mm,permeable gable 
-3 3 2 . , . Pa) tops 0.14 * 10 m /(m 

1 ventilator 250 x 250 mm2, light metal, in each 

gable top 

AIR CHANGE RATE, h- ' 
LIGHT METAL 

PRESSED STEEL 
UNT I GHT BOTTOM, 
PUOOR nS0=3 h- 

LIGHT METAL 

PRESSED STEEL 

PRESSED STEEL 

FIG. 6,6 24 ventilators 150 x 150 mm2, 9 on each long side, 

3 on each gable side, pressed steel and light metal, 

average height of crawl-space 0,60 m 



These facts are of course due to the small influence of the pre- 

sumed laminar flow through the gable tops. 

(L = 0,14 ' lom3 m3/(m2 ' s * Pa) ; value for wood panel according 

to BANKVALL, 1981 . ) 
The most effective ventilation of the attic space seems to be 

obtained by means of ventilation slots at the roof bottoms of the 

long sides of the house. 

6.2 CRAWL-SPACES 

The ventilation devices chosen for the crawl-space are ventilators 

150 x 150 mm, pressed steel and light metal. The number of venti- 

lators was chosen according to recommendations in the Swedish 
2 2 Building Code. (0,lO m open area/100 m floor area, which is a 

recommendation for houses in tight built up areas when using wood 

bottom floor. For pressed steel ventilators an area reduction is 

prescribed, namely 22% of ventilator frontal area. ) 

In order to study the consequences of a leaky bottom floor, one 

calculation was made for a bottom floor having an air leakage of 
-1 a value corresponding to 3,O h at 50 Pa pressure difference, 

evenly distributed over the house envelope area. 

Results: 
Apart from the linear relationship between wind velocity and ven- 

tilation rate mentioned above, the ventilation rate is strongly 

depending on type of ventilator used. This is of course due to the 

large differences between pressure loss factors for pressed steel 

and light metal ventilators, cf. table 4.1. When using light metal 

ventilators instead of pressed steel ones, both being of the same 

size, the ventilation rate is raised by a factor of appr, 2.5. 

( =  6 / 6 1 * 
pressed light 
steel metal 

When the untight - bottom floor is added to the calculation the ven- 

tilation rate increases and the air flow through the bottom floor, 

directed from the crawl-space to the heated part of the house is 

of considerable magnitude, appr. 75% of the total ventilation flow 

rate ! 



7. HEAT BALANCE CALCULATIONS 

Heat balance calculations have been conducted for a winter case 
+ 

with the temperature of outside air equals - 0 C. Conductive 

and convective parts of the heat exchange have been taken into 

account. For the roofing a heat transmission coefficient of 1,5 

w/(m2 * K) was chosen. 

7.1 ATTICS 

Figure 7.1-7.4 illustrate the resulting air temperature in the 

attic space under influence of different ventilation rates (fresh 

air), heattransmission coeffients of the attic floor and convec- 

tion flows from the heated part of the house into the attic. 

ATT I C 
l a  
9 
8 
'-, 
f. 

A I R  TEMPERATURE, OC 
--...- - ---. _..- 

--..-.- _-." 

HEAT TRANS. COEFF. ATTIC  FLOOR, w/(m2 * K )  

VOLUME FLOW RA3E 
FROM INSIDE,  m / s  

FIG.  7.1 Heat balance calculation 
n attic = 0,5 h - 1 



ATTIC AIR TEMPERATURE, OC 

e $L.+- ,+-+-+- .--+ .-.. --+--+----I ---- +.-----A 
k? ..- ,c: 4 F; Q 1' 

HEAT TRANS. COEFF. ATTIC FLOOR, w / (m2.~)  

FIG. 7.2 Heat balance calculation 

attic = I .O h - 1 

ATTIC AIR TEMPERATURE, OC 
18 t 

VOLUME FLOW RASE 
FROM INSIDE, m / s  

-t 
8 2 4 6 . I?  1 

HEAT TRANS. COEFF. ATTIC FLOOR, w/ ( rn2.~)  

VOLUME FLOW RAjE 
FROM INSIDE, m I s  

FIG. 7.3 Heat balance calculation 

= 2 . 0 h  - 1 



ATTIC A I R  TEMPERATURE, OC 
VOLUME FLOW RASE 
FROM INSIDE,  m /s 

HEAT TRANS. COEFF . ATTIC FLOOR, W/ (m2 .K) 

FIG, 7.4 Heat balance calculation 

n = 4,O h -1 

In order to make it possible to perform proper considerations on 

the magnitude of the convective flow into the attic, figure 7.5 

can serve as a basis. Even distribution of leaks all over the 

house envelope is assumed, why n50 describes the air tightness of 

the attic floor. For different pressure differences the resulting 

air flow into the attic can be seen. The air tightness behaviour 

of the attic floor can also be included in the air flow balance 

calculation revued in ch. 5. However, as stack effect inside the 

house must be considered at winter conditions the "normally" used 

inner shape factor, pi of a magnitude - 0,3, see for example 

NEWBERRY & EATON, 1974, must be modified for stack effect. This 

was made for a "typicaln winter condition assuming that the 

pressure difference caused by stack effect inside the house was 

appr. + 2 Pa at ceiling height. 



NG VOLUME FLOW, m3/s 
PRESSURE 
D IFF . ,  Pa 

.<". 
.-.. 1 0 

_-. --.-- 

FIG. 7.5 Resulting air flow through the top floor for 
different n50 -values and pressure differences. 

REFERENCE WIND VELOCITY, m/s 

FIG. 7.6 Modified inner shape factor p i,mod for different 
wind velocities. 



This modified shape factor, v i, mod, of course different for 
different wind velocities, is plotted in figure 7.6. Using ~i,mod 

in a calculation with conditions presented in figure 6.1 (wind 

along the long sides of the house), the contribution to the total 

ventilation flow from leaking indoor air can be studied for 

different n50 - values. Figure 7.7. 
The calculation was run for one wind velocity only; 2 m/s. 

FIG. 7.7. Incoming heated air into the attic. Wind velocity 2 m/s. 

In table 7.1 the resulting ventilation flows of fresh and heated 

air can be studied for different tightnessdegrees of the attic 

floor. 

50 fresh air heated air from the house 

TABLE 7.1 



7.2 CRAWL-SPACES 

Meaningful heat balance calculations must be based on non-steady 

state calculations, mainly due to the considerable heat capacity 

of the ground under the crawl-space. Such calculations are not 

presented in this paper. 

8. MOISTURE CONSIDERATIONS. ATTICS 

Calculations on heat and air flow balances may serve as a basis 

for moisture considerations. A simple moisture damage criterion 

could be: 

(RH)attic air - < (RH)critical ... 8 a 
The moisture content in air within a ventilated space, in this 

case the attic, can (under steady state conditions) be written 
- G va - Vo + - nV ... 8 b 

where 

= moisture content in attic air, g/m 3 'a 
= 11- 'I - in outdoor air, g/m 3 

Vo 
G = moisture supply in or into the attic, g/h 

n = ventilation rate (fresh air), h -1 

V = attic inner volume, m 3 

Furthermore: 

where 

RH = relative humidity, - 
(v ) = moisture saturation value at e = ea3 g/m 3 

ea 
The same outer condition of air temperature as for the heat balan- 

ce calculations is chosen i .e. e, = r O'C. Outdoor relative humi- 
V 

dity is chosen to 80%. Since the saturation value for OOC = 
3 4,84 g/m , vo 3 

= 0,8 ' 4,84 = 3,87 g/m . 
+ 

Indoor conditions are - 20°c, RH = 45%, so the moisture content of 
3 indoor air is 0345 * 17,28 = 7,78 g/m . 



Using attic temperatures calculated by means of the heat balance 
procedure it is possible to calculate maximum moisture supply, G ,  

under different conditions. 

- 
Gmax - (RH)critical * (V - vo ) ' nV . . .8d 'a 

Such calculations were made for different air tightness degrees of 
the attic floor (i.e. the whole house tightness, even tightness 
distribution prescribed). Two heat transmission coefficients were 

2 chosen, 0,2 W/m K (modern, highly insulated construction) and 1,O 
2 W/m K (older, badly insulated construction). Furthermore two 

levels of (RH)critical were chosen; 70% and 80%. 

The calculation results can be studied in figure 8, l .  

MAXIMUM PERMISSABLE MOISTURE SUPPLY, g/h 

ACTUAL MOISTURE 

- 
1 c' 2 2' ... J 

nfjo0' h-l 

FIG. 8.1 Maximum pernissable moisture supply (g/h) to the attic 

for different (RH)critical U-value and airtightness 
levels for the attic floor. The line "actual moisture 

flow" refers to calculated moisture flow. (See below.) 



The result should be compared to actual levels of moisture supply 

(see table 7.1 or figure 7.7). The relation between 50 and 
moisture supply is almost linear. The conection between air flow 

and moisture flow is 

moisture (g/h) = qv 

Since qv = 0.002 ' 50 (m3/s) (Fig. 7.7) 
3 and vin= 7.78 g/m (see above) 

moisture = 0.002 n50 * 3600 7.78 g/h = 56.0 n50 g/h ... 8f 

This line i also included in figure 8.1. 

If RH = 80% is chosen as a critical level, it could be seen that 

for n50 - values less than 3.0 h-I, the actual moisture flow rate 
is below the highest permissable moisture supply rate. If the air 

tightness is less than so ( n 50 ,3,0 h-I) the critical RH-level 

(80%) will be exceeded. RH = 70% will not be possible to attain. 

For the badly insulated attic floor case, actual moisture supply 

flow rate is always lower than critical flow rates. 

Thus, moisture problems can be expected if a house with bad air 

tightness in the attic floor will be additionally insulated with- 

out any attempts made to tighten up the attic floor in connection 

with the additional insulation procedure, 

Bad conditions can also arise if, in a new, highly insulated 

house, large air leaks are left in the attic floor. Such leaks may 

occur for example around pipes penetrating the floor if no special 

care is undertaken to tighten up around the pipe. Large leaks are 

also frequent in the connection between the attic floor and the 

gable wall, especially in 1% story buildings. 

8.1 CONCLUDING REMARKS 

It would be strongly desirable to execute calculations similar to 

the presented ones for other outside climates than this single 



investigated one ( t O'C, RH = 80P.) Experience shows for example 

that severe moisture conditions in attic spaces are frequent at 

spring and autumn conditions. 

In a coming research project under my direction at the Lund 

Institute of Technology such calculations will be performed. Also 

the influence of non stationary conditions and moisture capacity 

effects will be investigated both theoretically and in field 

measurements. 



APPENDIX 1. 

Computer program "AIRBAL" written i n  HP-BASIC for  HP-85 f o r  
calculation of ventilation ra t e  of ventilated spaces such as  
a t t i c s ,  crawl-spaces etc .  
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