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steckningar / Symbols

AT

IR

pi

Py

energiflode per ytenhet
energy flux per unit area

skillnad i isotermenheter mellan tva isotermmarke-
ringar pa gritonskalan

difference in isotherm units between two isotherm
markings on the grey scale

infrarod
infrared

virmemotstdnd hos viggkonstruktionen
thermal resistance of the wall structure

varmedvergingsmotstind pi konstruktionens insida
surface resistance on the inside of the structure

virmedvergingsmotstind pa konstruktionens utsida
surface resistance on the outside of the structure

lufttryck pa insidan av viggen
air preassure on the inside of the wall

lufttryck pi utsidan av viiggen
air preassure on the outside of the wall

Ap =p;— py (skillnaden i lufttryck, inne — ute)

q

At

o= 1/m;

0:1l=l/mu

(difference in air pressure, indoors — outdoors)

virmeflode per ytenhet
heat flow per unit area

absolut temperatur
absolute temperature

temperatur
temperature

innetemperatur
indoor temperature

utetemperatur
outdoor temperature

temperaturskillnad motsvarande isotermskillnaden
i termogrammen

temperature difference corresponding to the iso-
therm difference on the thermogram

virmedvergingskoefficient
surface coefficient of heat transfer

varmed6vergingskoefficient pa konstruktionens in-
sida

surface coefficient of heat transfer on the inside
of the structure

varmedvergingskoefficient pa konstruktionens ut-
sida

surface coefficient of heat transfer on the outside
of the structure

emissionstal
emissivity

vaglingd (stralning)
wavelength (radiation)

virmegenomforingskoefficient
thermal conductance

reflektionstal
reflective index

W/m?

m?,°C/W
gn’, °C/W
m?, °C/-W
N/m?
N/m*

N/m?

W/m?

W/m?,°C

W/m?,°C

W/m?,°C

pm

W/m?,°C




1 Problem, malséittning

Inventeringar av byggnadsskador under senare ir har
visat att grova byggfel numera ar tamligen vanliga
hos nybyggda bostadshus, Carlsson & Nylander
(1970) och Elmroth (1970). Bland de vanligaste fe-
len som asamkar husigaren Atskilligt obehag kan
nimnas brister i virmeisolering och otithet i fogar.
Dessa fel fororsakar 6kad virmeforbrukning, sanitir
oligenhet for de boende genom kalluftstromning och
strilning frin kalla ytor samt ibland kondensbildning
och nedsmutsning av viggytorna. Fel av nimnda ty-
per ir svira att uppticka vid okularbesiktning av ny-
byggnader och uppdagas vanligen forst nir huset an-
vints viss tid, ofta tyvirr efter det att garantibesikt-
ning redan blivit utférd.

Det vore darfor av stort intresse for huskdparen om

byggfel av typ varmeisolerfel och luftlickage kunde
upptickas och repareras fore slutbesiktning.

Under senare ar har lokalisering av isoler- och lick-
agefel forsoksvis utforts i Sverige genom uppmit-
ning av temperaturfordelningen hos viggytor. Ojimn-
heter i virmelickage hos ytterviiggar resulterar nim-
ligen i en temperaturvariation utefter viggytan. En
kvalitativ bild av virmeflodesfordelningen i en bygg-
nadskonstruktion kan siledes fis genom bestimning
av temperaturfordelningen lings med konstruktio-. _
nens yta. Aven otitheter som tillater en luftstrom-
ning genom viggen paverkar viggens yta genom en
lokal sinkning eller hojning av temperaturen hos
viggpartiet i narheten av lickagestillet. Om yttem-
peraturmitning kunde utforas pa ett indamalsenligt
sitt, skulle den skisserade metoden bli mycket an-
vindbar for lokalisering av isolerfel hos byggnader.
Termografering med virmekamera (infrarédkamera)
har visat sig motsvara kraven pa en sidan mitmetod.
En viirmekamera omvandlar i princip varmestralning-
en (infrarddstrilningen) som utsinds frin mitobjek-
tet till elektriska signaler som 6verfors till en gritons-
bild pa en oscilloskopskirm.

Termografering har f6ljande fordelar framfor andra
temperaturmitmetoder:

1. Mitning sker momentant ver stora ytor.

2. Mitning sker utan storande koatakt mellan fore-
mal och mitinstrument.

3. Mitning kan utforas pa stora avstind frin mitob-
jektet varigenom svirdtkomliga mitstillen kan
nis.

4. Snabb undersdkning av stora matytor kan utforas
genom panorering frin en matposition.

Vid tillimpning av termografering for undersokning
av byggnader uppstir problem av tvd slag:

1. Hur kan tillf6rlitliga slutsatser om en viggs inre
egenskaper (isoleregenskaper) fis ur en yttempe-

1 Problems and objectives

Analysis of damage to buildings in recent years has
shown that serious constructional defects are fairly .
common in newly constructed residential buildings,
Carlsson & Nylander (1970) and Elmroth (1970).
Defects in heat insulation and heat leakage in joints
deserve special mention among the most common
defects which cause the owner of the property a con-
siderable amount of inconvenience. These defects
cause an increase in the consumption of heat and al-
s give rise to sanitary inconvenience for those living
in the premises owing to cold draughts and radiation

from cold surfaces and possibly also condensationon -

the walls which makes these dirty. Defects of the

above type are very difficult to detect duringa visual -

inspection of new buildings and are usually discov-
ered when the building has already been in use for
some time, unfortunately often when the final in-
spection for the building guarantee has already been
carried out. :

It is therefore of great interest for purchasers of
property that it should be possible for building de-
fects of the heat insulation defect and heat leakage
type to be discovered and put right prior to final in-
spection.

Experiments have been carried out in the past few

~--years in Sweden on the location of defects in insula- -

tion and points of heat leakage by measurement of
the temperature distribution over wall surfaces. Vari-:
ations in leakage of heat through external walls re-
sult in a variation of temperature along the surface
of the wall, and it is therefore possible to obtain a
qualitative picture of the heat flow distribution in a
building structure by determination of the tempera-
ture distribution along the surface of the structure.
Points of leakage which permit flow of air through
the wall also exert an influence on the surface of the
wall by virtue of the fact that there is a local drop or
rise in temperature over the part of the wall in the vi-
cinity of the point of leakage. If it were possible to
measure the surface temperature in the appropriate
way, the method outlined above would be very suit-
able for the location of insulation defects in build-
ings. Thermography with an infrared camera has
been found to satisfy the requirements applicable to
such a method of measurement. In principle, an in-
frared camera transforms the heat radiation (infrared
radiation) emitted by the object of measurement in-
to electrical signals which are converted into a mono-
chrome image on the screen of an oscilloscope.
Compared with other methods of temperature
measurement, thermography has the following ad-
vantages:
1. Measurement is carried out instantaneously over
large surfaces.

——————
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raturférdelning hos viggens ytteryta? Yttempera-
turen hos en yttervigg paverkas ju dven av andra
faktorer in viggens virmemotstind.

2. Hur inverkar ytans egenskaper, sisom emissions-
tal och eventuell genomslipplighet for virmestril-
ning pi korrekt atergivning av ytans verkliga tem-
peratur?

Foreliggande undersokning avsdg att niarmare klar-
lagga forutsittningarna for termografering av bygg-
nader samt utarbeta regler fér termografering och
tolkning av termogram. Arbetet har utmynnat i dels
forslag till anvisningar for filtmitningar dels forslag
till tolkningsregler for termogrammen. For anvisning-
arna och tolkningsreglerna redogors i det foljande.

2. Measurement is carried out without interference
due to contact between the object and the meas-
uring instrument.

3. Measurement can be carried out at large distances
from the object of measurement, and measure-
ment sites which are difficult to approach can
therefore be dealt with in this way.

L ]
4. Quick examination of large measurement surfaces

is possible by panning the instrument from one
measurement point.

Two types of problems arise in applying thermo-
graphy for the examination of buildings:

1. How can reliable conclusions as to the internal
properties (insulation properties) of a wall be
drawn from a measurement of the temperature
distribution along the external surface of the wall?
The surface temperature of an external wall is af-

fected by factors other than the thermal trans- ,
mittance of the wall.

2. In what way do the properties of the surface,
such as its emissivity and possibly permeability to
infrared radiation, affect correct reproduction of
the actual temperature of the surface?

The aims of this investigation were to examine in
greater detail the conditions applicable to thermo-
graphy of buildings and to draw up rules for thermo-
graphy and the interpretation of thermograms. The
results of this work have been draft instructions for
field measurements and draft interpretation rules for
thermograms. The instructions and rules of interpre-
tation will be described in the following.




MR ar forkortning av infra-
rod.

IR is an abbreviation of
infrared,

FIG. 1. Str3lningsintensitet-
en for en absolut svart kropp
vid olika temperaturer som
funktion av vaglangden med
de for 6gat (0,37—0,75 um)
och IR-kameran (2,0-5,6
Hm) kénsliga vaglangdsom-

ridena angivna.

Intensity of radiation emitt-
ed by an ideal black body at
different temperatures as a
function of the wavelength
range to which the eye
{0.37-0.75 um) and the IR-
camera (2.0—5.6 um) are
sensitive.

FIG. 2. Jamforelse mellan
stralningsspektrum for en
absolut svart kropp och en
verklig yta vid en tempera-
tur avca 1 900 K.

Comparison of the radiation
spectrum for an ideal black
body and that of an actual
surface at a temperature of
approx. 1900 K.

2 IR-kamerans funktionssitt!

2.1 Fysikalisk bakgrund for temperatur-

mitning med infrarodteknik

Temperaturmitning med infrarddteknik bygger pa
forhallandet att all materia p.g a sitt virmeinnehall
stindigt utsinder energi i form av elektromagnetisk
stralning. Den frin ett foremal utstrilade energin,
energiflodet, ir en funktion av ytans temperatur.
Energiflodet beror dessutom av ytans emissionstal,
€ och strilningens viglingdsomride, &), se Grigulk
(1961). Forhillandet 4skadliggors i FIG. 1 och 2. 1
FIG. 1 presenteras strilningsintensiteten frin en

FIG. 1
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2 The method of operatlon of 2
the IR-camera'

“The physical background to tempera-
ture measurement usmg infrared tech-
niques

2.1

Temperature measurement using infrared techniques -
is based on the fact that all matter, owing to its heat
content, continuously emits energy in the form of
electromagnetic radiation. The energy radiating from
an object, the energy flux, is a function of the tem-
perature of the surface of this object. The energy
flux is also dependent on the emissivity (€) of the sur-
face and the wavelength range (A A) of the radiation,
Grigull (1961). This state of affairs is illustrated in ™
FIGs. 1 and 2. FIG. 1 shows the radiation intensity
from a black body as a function of the temperature
and the wavelength of the radiation.

The energy flux for a certain temperature and a
certain wavelength range can be calculated from this
curve by integrating it over the desired wavelength
range. FIG. 2 shows the radiation intensity for an
actual surface. As will be seen from the figure, the
energy flux emitted by an actual surface is always
less than that emitted by a black surface, i.e. the val-
ue of € is less than unity. For the whole wavelength
range, the energy flux emitted from the surface is

~ 4
Es= €01y 8))
&
FIG. 2
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\ Actual surface
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»svart» kropp som funktion av temperatur och strl-
ningens vaglingd.

Energiflédet for viss temperatur och visst vaglingds-
omride kan beriiknas ur denna kurva genom integra-
tion 6ver 6nskat vaglingdsomrade. I FIG. 2 visas
stralningsintensiteten for en verklig yta. Som fram-
gir av figuren 4r det utstrilade energiflodet for en
verklig yta alltid mindre #n for en svart yta, dvs. e
virdet ar mindre 4n 1. Det frin ytan utstrilade ener-
giflodet for heli vaglingdsomraidet ar:

Ee=€l'0'Tl (l)
dar
Ee emitterat energiflode per ytenhet W/m?

o Stefan-Bolzmanns konstant = 5,67 - 10"8
W/m? K4
T, ytanstemperatur, K
€1
Till stralningen fran ytan adderas i praktiken ytterli-
gare en energiflodespost, nimligen den del av till ytan
instrdlande energiflode fran omgivande ytor, som
aterreflekteras av ytan. Det aterreflekterade energi-
flodet blir:

ytans emissionstal

Er=p1'ez°o'Tg )
dar

E, reflekterat energiflode, W/m?

py ytans reflektionstal

T, omgivningens temperatur, K

€,  omgivningens emissionstal

Enligt Kirchhoffs lag giller approximativt

P = 1—¢€; 3)

Det fran ytan utgiende energiflodet blir da totalt:
E=Eq+ Ey eller

4 4
E=€-0°T) +t(1-€))€ey:0°Ty 4)

Kunde man uppmita energiflodet E och om €y, €5

och T, vore kinda skulle man medelst ekv. (4) kun-

na faett matt, T, pd enytas temperatur.
Tillvigagangssittet beskrivs nirmare nedan.

2.2 Principen for infrarédkameran

For ytor med temperaturer omkring 20°C, dvs. det
temperaturomride som 4r av intresse inom byggnads-
tekniken var bestimning av utstrilad energi tidigare
inte tekniskt mojlig d4 man endast hade tillgang till
kameror och filmtyper som utnyttjade synligt ljus.
Det mycket begrinsade viglingdsomradet som utgér
det for 6gat synliga (0,37—0,75 um) framgar av FIG.
1. I och med utveckling av infrarodtekniken har man
emellertid numera skaffat sig hjilpmedel att »se»
dven inom det for 6gat osynliga strilningsomradet.
Man kan med andra ord uppmita utstralat energiflo-
de frin foremal med en temperatur langt under
530°C (rodvirme), den tidigare lagsta »synliga tem-
peraturen». De moderna infrarddkamerorna, med
kinslighetsomrade 2—5,6 pm, ir forsedda med ett

where

E, Energy flux emitted per unit area, W/m?

o Stefan-Bolzmann constant = 5.67 - 10-8
W/m?, K4

T, Temperature of the surface, K

€,  Emissivity of the surface

In practice, another item of energy flux must be add-
ed to the radiation emitted from the surface, that
part of the energy flux received by the surface from
the surrounding surfaces which is re-emitted by the
surface. The re-emitted energy flux is

4 .
Er=Pl'ez-o-T2 / )
where
E,

P1

T2 Temperature of the surroundings, K
€
Kirchhoff’s law states the following approximate re-
lationship

Energy flux reflected, W/m?
Reflective index of the surface

Emissivity of the surroundings

P = 1—51 3)

The total energy flux emitted by the surface is there-
fore

E=Ee+E,é¥ler T
4

If it were possible to measure the energy flux £ and
if €1, €7 and T, were known, it would be possible by
means of Equation (4) to obtain a measure, T}, of
the temperature of a surface.

The procedure is described in greater detail in the
following. P

4 4
E=ej-0-T +(l-€) €y 0-T,

2.2 The principle of the infrared camera

Determination of the energy emitted by surfaces
with a temperature of around 20°C, i.e. the tempera-
ture range which is of interest in building technology,
was not technically feasible before since only camer-
as and types of film which utilized visible light were
available. The very limited wavelength range which
is visible to the human eye (0.37—0.75 um) is shown
in FIG. 1. Owing to the development of the infrared
technique, however, means are now available which
enable us to »see» even within the radiation range
which is invisible to the eye. In other words, it is now
possible to measure the energy flux emitted by an
object with a temperature very much below 530°C
(red heat) which was previously the lowest visible
temperature. Modern infrared cameras with a sensiti-
vity range of 2—5.6 um are provided with a scanning
system which makes possible the measurement of
the individual energy fluxes emitted by a large num-
ber of partial elements of a surface, and in this way a
radiation image of the surface as a whole can be con-
structed.

There are at present about a dozen commercial in-
frared equipments with a scanning system, among
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FIG. 3. Principskiss for
strdlgdngen i en IR-kamera.

Sketch showing path of rays
in an IR-camera.

bildavsdkningssystem som mojliggor uppméitning av
den individuella energiutstrilningen frin ett stort an-

tal delelement av en yta och kameran kan dangenom

bygga upp en »strilningsbilds av ytan.
Det forekommer f.n. ett tiotal kommersiella mfta-
réddutrustningar med bildavsokning, diribland tva

svenska, nimligen frin AB AGA och AB Bofors. En -

infrarodutrustning bestir dels av en kameraenhet for
avsokning och uppmitning av strilningen, dels av en
bildenhet for askidliggdrande av mitresultatet i form
av en virmebild (termogram), Borg (1968) och Sund-
strom (1968).

Kameran har tva uppgifter: bildavsékning och om-
vandling av den fokuserade infrarodstrilningen till
en elektrisk signal (videosignal). _

Avsbkningen kan arrangeras pa féljande sitt, se
FIG. 3. Den infallande strilningen reflekteras av en
sfirisk spegel mot en oscillerande planspegel, vilken
ger en vertikal avsokning av bilden. Planspegeln re-
flekterar strdlningen mot en roterande, genomskinlig
prisma, vilken horisontalavsoker bilden som direfter
fokuseras pA kamerans IR-detektor for omvandling
till videosignal.

Apparaten avsdker och fokuserar kontinuerligt fle-
ra bilder per sekund innehillande ca 10 000 bildele-
ment vardera. Detta ger en detaljrik »virmebild» eller
stermogramy. Som detektor i de flesta IR-kameror
anvindes indiumantimonid (InSb) som vid 77 K ér
kiinslig inom véiglingdsomridet 0—5,6 um. Kamerans
undre grinsvaglingd bestims dock av germaniumlin-
ser i kameran till 2 um. IR-kamerans kinslighetsom-
rade anges pa diagrammet i FIG. 1.

Den fran kameran utgiende videosignalen omvand-
las av bildenheten, en katodstrileoscillograf, till en
virmebild med »gritonsskala». P oscillografens bild-
skiarm erhdlls dirvid en gratonsbild som anger ytans

temperaturfordelning enligt gritonsskalan (FIG. 4b). -

Den horisontella skalan pi termogrammets nedre del
ir en kontinuerlig graitonsskala frin svart till vitt.
Skalan 4r indelad i tio delstreck frin noll till ett. Den
vinstra och hogra vertikala skalan anger IR-kamerans
olika mitomraden (1-1000 isoteymenheter). Aktu-
ellt matomrade anges av den svarta slitsens lige pa
den vertikala skalan (hidr 10).

them two Swedish ones, those made by AB AGA
and AB Bofors. An infrared equipment consists of a..
camera unit for the scanning and measurement of *
the radiation and a display unit for illustration of
the results of measurement in the form of a thermal
image (thermogram) Borg (1968) and Sundstrém
(1968).

The camera has two duues, that of scanmng the ob-
ject and converting the focussed infrared radiation
into an electrical signal (video signal).

Scanning can be arranged in the way shown in FIG.
3. The incident radiation is reflected by a spherical -
mirror towards an oscillating plane mirror which -
scans the image vertically. The plane mirror reflects
the radiation towards a rotating translucent prism
which scans the image horizontally, and the image is
then focussed on the IR-detector of the camera and
converted into a video signal.

The apparatus continuously scans and focusses sev-
eral frames per second, each containing about 10,000
picture elements. This produces a greatly detailed
thermal image or thermogram. The detector used in
most IR-cameras is indium antimonide (InSb) which
at 77 K is sensitive within the wavelength range
0—5.6 um, but the lower limiting wavelength of the
camera is set by the germanium lenses'in the camera
at 2 um. The sensitivity range of the IR camera is
shown in the diagram in FIG. 1. ! :

The video signal emitted by the camera is converted
by the display unit, a cathode ray oscillograph, into
a thermal image with a grey scale. A monochrome

- image which indicates the temperature distribution
of the surface according to the grey scale (FIG. 4b)
is thus obtained on the screen of the oscillograph.

_The horizontal scale on the lower part of the ther-
mograph is a continuous grey-tone scale ranging from
black to white. The scale is divided up into ten sec-
tions from O to 1. The right-hand and left-hand verti-
cal scales indicate the different measuring ranges cov-
ered by the IR-camera (1—1000 isotherm units). The
measuring range being dealt with is indicated by the
position of the black slit on the vertical scale (in this
case 10).

In the thermal image, the density is a function of

Signal for vertikal synkronisering
Signal for vertical synchronisation

Signal for horisontal synkronisering
r\ : Signal for horizontal synchronisation
o

Oscillerande planspegel
Oscillating plane mirror

Roterande prisma
Rotating prism

Stralningsdetektor
Radiation detector
Matsignal
Lins Lins Measuring signal
Lens 9 Lens

Spegel

Mirror

A Starisk spegal

Spherical mirror
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F1G. 4. Fotografi samt olika
typer av termogram for sam-
" -™na matobjekt.
’hotograph and different
—-{ypes of thermogram of the
same object.

w3, Fotografi.
Photograph.

i
b. Termogram. inga isoter-
mer inlagda (gratonsbild).

"”';Thermogram. No imposed
lisotherm {monochrome im-

TTage
c. Termogram med en iso-
~-+™ termmarkering (isoterm-
| bild).
! - Thermogram with one iso-
) therm marking (isotherm
----- - imagel.

_id. Termogram med tvé iso-
! termmarkeringar (isoterm-
bitd).

it
} Thermogram with two iso-

) therm markings (isotherm
image).

I virmebilden 4r svirtningsgraden en funktion av den
utstralade energin och dirmed temperaturen hos den
undersdkta ytans olika partier. IR-kamerans tempe-
raturomrade ir ca~30°C till +2000°C. I ndrheten
av +30°C miter kameran temperaturen med en upp-
16sning som ir bittre dn 0,2°C. Fér underlittande av
uppmitning av temperaturskillnader mellan olika yt-
partier inom virmebilden har IR-kameran forsetts
med en's.k. isotermfunktion. Med hjilp av denna kan
ytpartier inom virmebilden med samma temperatur
bringas att lysa upp — isotermer uppstér i bildfaltet
och man fir en isotermbild (FIG. 4c). Isotermer kan
forliggas pa valfri temperatur och omspénna varia-
belt temperaturomrade inom bilden. Vissa kameraty-
per 4r utrustade med tva isotermfunktioner (FIG. 4d)
for underlittande av temperaturdifferensavlisning.
Den 4skadliggiorda temperaturnivin bestims av iso-
termmarkeringens (vit spalt) lige pa bildens griton-
skala. Isotermfunktionen kan anvindas dels vid dver-
slagsmissig kontroll av temperaturfordelningen pa en
yta dels for att bestimma skillnaden i yttemperatur

e RN 5

energy emitted and therefore also of the temperature
of the different parts of the surface under examina-
tion. The temperature range of the {R-camera is ap-
proximately —30°C to +2000°C, and near +30°C the
camera measures the temperature with a resolution
that is better than 0.2°C. In order to facilitate meas-
urement of differences in temperature between dif-
ferent parts of the surface in the thermograph, the
IR-camera has been equipped with an isotherm func-
tion. With the aid of this, parts of the surface which
have the same temperature can be made to glow in
the thermograph — isotherms are imposed on the
frame and an isotherm image is obtained (FIG. 4c¢).
The isotherms can be set at any temperature and a
variable temperature range can be covered in the im-
age. Some types of camera are equipped with two
isotherm functions (FIG. 4d) in order to facilitate
determination of temperature differences. The tem-
perature level thus revealed is determined by the po-
sition of the isotherm marking (white) on the grey
scale of the thermograph. The isotherm mechanism ]




FIG. 5. Fargtermogram av
. » viggparti vid golvhérn. Den
vertikala skalan anger IR-

_ kamerans olika matomraden
(1—1 000 isotermenheter).
Den svarta slitsen i matska-

“ lan anger det aktuella mat-

~omrddet (10). Varje fargton

- motsvarar ett visst tempera-
turomride.

~* Colour thermogram of por-
i tion of wall at corner of

-4 floor. The vertical scale in-
dicates the different ranges

~= of measurement of the IR-
camera (1—-1000 isotherm

_J units). The black slit in the
scale indicates the range of
measurement in use (10).

“* Each shade of colour corre-
sponds to a certain temper-

-—'ature range.

et

mellan valda punkter pA den betraktade ytan. I ter-
mogrammets gritonskala (nederst) kan skillnaden
mellan isotermmarkeringarna avlisas. Multipliceras
detta virde med aktuellt mitomrade (se den svarta
slitsen) erhalls isotermskillnaden i isotermenheter.
Motsvarande skillnad i celciusgrader (°C) erhalls om"
aktuella virden insitts i kamerans kalibreringsfunk-
tion (se exempel i kapitel 2.3).

I FIG. 4d kan man avlisa en skillnad av ca 0,1 mel-
lan isotermmarkeringarna. Multiplikation med 10 ger
da isotermskillnaden 1 i isotermenheter. Om man an-
tar att emissionstalét for hud ar ungefir 1 och att hu-
dens yttemperatur ir ca 30°C blir den verkliga tem-
peraturskillnaden mellan isotermerna ca 1°C.

Med hjilp av en sirskild teknik, som beskrivs i resp.
kameratillverkares instruktionsbok, kan iven firgter-
mogram framstillas dir varje firgton motsvarar ett
visst temperaturintervall. God askidlighet av tempe-
raturfordelningen uppnis pa detta sitt. Som exempel
se fargbilden pa omslagets framsida. Samma figur vi-
sas i svart-vitt i FIG. §.

Som ovan angivits bestimmer IR-kameran endast
relativa temperaturskillnader inom bildfiltet. Onskar
man bestimma absolut temperaturfordelning fér den
undersokta ytan erfordras dels kiinnedom om sarn
temperatur i en referenspunkt inom mitytan, dels
emissionstalet for referensytan och hela mitobjektet,
dels slutligen kamerans s.k. temperaturfunktion och
kalibreringskurvor. Nedan redogérs for principen for
kvantitativ bestimning av en temperaturfrdelning
medelst termografering.

2.3 Bestamning av absolut temperaturfor-
delning medelst IR-kamera

Vi borjar med att hirleda sambandet mellan pa ka-
merans skdrm uppmiitt skillnad mellan isotermvir-
den och motsvarande sann temperaturskillnad.

Frin en yta med temperaturen T'; och emissionsta-
let € utstrdlar enligt ekv. 4 féljande energiflode om

omgivande (motstrélande) ytor har temperaturen Tg
och emnssxonstalet €R:

"'51 g-* Tl +(1—EI)ER g-° TR (5)

Befinner sig vid termografering dessutom en delyta

. THERMOVISION

can either be used in general control of the distribu--
tion of temperature over a given surface or to deter-
mine the difference in surface temperature between -
the points selected on the surface studied. The dif- -
ference between the isotherm markings can be read

" off on the thermograph’s grey scale (bottom). If this

value is multiplied by the value for the current area
of study (see the black slit), the isotherm differential
in terms of isotherm units can be obtained. The cor-
responding difference in degrees Celcius (C) is ob-
tained if the current values are inserted in the cam-
era’s calibration mechanism (see example in Chapter
2.3).

A difference of about 0.1 between 1sotherm mark-

ings can be read off in FIG. 4d. Multiplication by 10
then gives an isotherm difference of 1 in isotherm
units. If it is assumed that the emissivity of skin is
about 1 and that the surface temperature is approxi-
mately 30°C the actual difference in temperature be-
tween isotherms is about 1°C.

By using a special technique which is described in
the instruction manual of the camera manufacturer
in question, it is also possible to produce colour ther-
mograms in which every shade of colour corresponds
to a certain temperature interval. The temperature
distribution is illustrated very clearly in this way.
For illustration see the figure on the front cover. The
same figure is shown in black and white in FIG. 5.

As stated above, the IR-camera determines only the
relative temperature differences in the image. If it is
required to determine the absolute temperature dis-
tribution over the surface being studied, it is neces-
sary to know the true temperature of a point of re-
ference inside the measurement surface, the emissivi-
ty of the reference surface and of the whole object
of measurement, and the temperature function and
calibration curves of the camera. The principle of
quantitative determination of the temperature distri-
bution by means of thermography is described below.

2.3 Determination of the absolute tempera-
ture distribution using an IR-camera

We will begin by deriving the relationship between
the difference between the isotherm values measured
on the screen of the camera and the corresponding
true temperature difference.

If the surrounding (reflecting) surfaces have a tem-
perature T and emissivity €p, then according to
Equation (4) the following energy flux will be emitt-
ed from a surface with a temperature of T and
emissivity € :

4 4
El=El‘O’T1 +(1—€l)ER'0'TR (5)

If during thermography there is also a partial surface
with the temperature T, and emissivity e, within
the field of view, then the following relationship is
obtained for this partial surface in the same way:

O]

If isotherms are imposed over the two partial sur-
faces with temperature T and T, the isotherm dif-
ference measured on the screen of the camera, &/},
will have the following value:

4 2
Ez=€2'O’T2 +(l—€2)ER'0'TR




FIG. 6. Kalibreringskurva
med inlagt tillampningsex-

empel for AGA THV 680
. (se texten).

—

Calibration curve with ex-
ample showing application

", to the AGA THV 680 cam-

, era (see the body of the re-
port).

med temperaturen T och emissionstalet €, inom

bildfiltet fas pa4samma sitt for denna delyta:
2
E2=€2'0'T2 +(1—€2)€R'0’TR (6)

Forlaggs isotermer 6ver de bada delytorna med tem-
peraturen T'; resp. T, far den pa kamerans bildskdrm
uppmitta isotermskillnaden A1 5 foljande virde:

Alp= k- (B —Ej) Q)

dir k ir en konstant som beror av kamerans egen-
skaper.

Med virden frin ekv. (5) och (6) insatta i ekv. (7)
fas

4 4
A112=k[€1'0'T1 +(1—€1)'6R'0°TR—
4 : 4
—€)*0°Ty—(l-€))*eg-0o-Tg| (8
Viljesep =1 fas

4 4 g
A[12=k.el.o.(Tl _T'R)—-k 62 g

4 4
“(Ty —Tg) )]
4 4
Sittesk+ o (T —TR)=f(T) (10)
fas
Ay =e; - f(T)) — &g [(T5) (11)

Funktionen f(T) kan bestimmas experimentellt och
framgar for kameran AGA 680 av FIG. 6 (en sirskild
kurva giller for varje objektivapertur).

Overensstimmer den vid ett valfritt mattillfille ra-
dande omgivningstemperaturen (motstralningstem-
peraturen) T 4 €] med den valda referenstemperatu-
ren vid kamerans kalibrering, T, fas

Al,=¢€; [f(Tl)——f(TA)] ~ ey
[ -1z

(12)
Lt')sesf(Tl)ur ekv. (12) fas
Al €
st V) €2
Ta)= " + & fT)+ U =) F(Ty)
(13)

Isotermenheter £ (T)
Isotherm units f (T)

Appertur /1.8
Aperture f/1.8/

20

.-TA 4

- A

T, ¢

IObT1

r

AA

0 1 P | 1
-20 -10 0 10 20 30

Yttemperatur / Surface temperature °c

where k is a constant which is dependent on the
properties of the camera.

If the values in Equation (5) and (6) are substituted
into Equation (7), we have

4. 4
A, =k [el ‘0T +'(l—el) cepr0-Tp—

4 4
—€°0° T2 —(l—ez) ‘€pco- TR] (8)
If e is put equal to unity, we have

4 4
AIlz=k'€l'0'(Tl—TR)—k'€2'0°

4 4 ‘
If we putk-o-(T4 —-TR)=AT) (10)
we have
Dy =€ f(T) —ex* f(T) (11)

The function f(T) can be determined experimentally
and is shown for the camera AGA 680 in FIG. 6
(there is a separate curve for each objective aperture).

If the ambient temperature (counter-reflection tem-
perature) T4 which prevails during a time when a
measurement is carried out is not the same as the re-
ference temperature T chosen during calibration of
the camera, we have

slpp=epr [ f(TY-1Tp] -

[ e —f(TA)]
If Equation (12) is solved for f (Tl)' we have

(12)

Al g €
= 4 — +(1 ===
FI)=— =+ T+ U=z 1 Ty
' (13)

where

T, Temperature at point 1 on the object of
measurement

T, Temperature at point 2 on the object of
measurement

T, Ambient temperature

€] Emissivity at point 1 on the object of
measurement

€5 Emissivity at point 2 on the object of
measurement

&Iy, Difference in isotherm units between the
isotherm markings in the grey scale for
points 1 and 2 on the screen

f (Tl) Value of the function according to the
calibration curve of the camera for T}

f(T,) Value of the function according to the
calibration curve of the camera for T

f(T4) Value of the function according to the

calibration curve of the camera for TA

If the quantities on the right-hand side of Equation
(13) are known, f (T ) can be calculated. The value




dir

T, Temperatur i punkt 1 pA mitobjektet

T, Temperatur i punkt 2 pa mitobjektet

Ty Omgivningens temperatur s

€] Emissionstal i punkt 1 pd mitobjektet

€ Emissionstal i punkt 2 pd mitobjektet

Al,,  Skillnad i isotermenheter mellan iso-
termmarkeringarna pa gritonskalan for
punkt 1 och 2 pi bildskidrmen

f(T)) Funktionsvirdet for T enligt kamerans
kalibreringskurva

f(T,) Funktionsvirdet for T, enligt kamerans
kalibreringskurva

f(T4) Funktionsvirdet for T 4 enligt kamerans
kalibreringskurva

Ar storheterna pa hogra sidan av ekv. (13) kiinda kan
f (Tl) beriknas. T, kan direfter avlisas ur kamerans
kalibreringsdiagram (se FIG. 6).

Exempel

Antag att

b, = 22°C [r=¢+2m3) K]
ty =24°C

e, = 085

€5 = 097

&I, = -5 isotermenheter

ty soks
Ur kalibreringsdiagrammet i FIG. 6 fas

f(t5) = 16,2 isotermenheter
f(t4)= 18,0 isotermenheter
Insitts de kiinda uppgifterna i ekv. (13) fas

-5 097
t)=— + — .

760585 * 0gs
ft)=-59+184-25=10,0

Ur FIG. 6 fast) = 14,6°C

0,97
162+(1-—""7)-180
( 0385’

k]

Ekv. (13) kan dven anvindas fér bestimning av} emis-
sionstalet €, for en yta om ytans temperatur T| och
de 6vriga storheterna i uttrycket ir kinda (se nedan).

2.4 Uppmitning av emissionstal for bygg-
nadsmaterial

Som tidigare framhallits varierar emissionstalet (e-
virdet) for olika material med sdvil temperatur som
strilningens viglingd. Emissionstalets variation med
_ temperaturen kan forsummas inom det for byggnads-
material aktuella temperaturomradet (omkring
—20°C — + 30°C), medan beroendet dv viglingden
miste beaktas. Emissionstalet anges for olika materi-
al i standardtabeller. Virdet anges dir dels for vissa
distinkta viglingder, dels som ett totalvirde for hela
viglingdsomridet.

Eftersom IR-kameran endast kan uppmita stral-
ningen inom viglingdsomridet 2—5,6 um ir det av

13

of T} can then be read off the calibration diagram of *
the camera (see FIG. 6). ;

Example

Assume that N

t, = 22°C [T =@t + 273) x]
_ )

1y = 24°C

€l = 0.85

62 = 0.97

Allz = — § isotherm units
The value of ¢, is required.
From the calibration diagram in FIG. 6,

f(ty = 16.2 isotherm units
f(t4)=18.0 isotherm units

If the known information is substituted into Equa-
tion (13), we have

-5 097 0.97
t)=— + — -162+(1 ——)- 180
AUY 0.85 0.85 1-33

f(t)=-59+184-25=10,0

From FIG. 6, t = 14.6°C

Equation (13) can also be used for determination of
the emissivity €, of a surface if the temperature T,
of the surface and the other quantities in the expres-
sion are known, see below.

o 2.4 Measurement of the emissivity of build-

" ing materials

As pointed out before, the emissivity e of different
materials varies both with the temperature and the
wavelength of the radiation. The variation in the val-
ue of the emissivity with the temperature can be ig-
nored within the temperature range of interest for
building materials (from about —20°C to +30°C),
but the variation with the wavelength must be taken
into account. The emissivity for different materials
is tabulated in standard tables, where it is stated both
for certain distinct wavelengths and also in terms of
an overall value for the whole wavelength range.

Since the IR-camera can only measure radiation
within the wavelength range 2—5.6 um, it is of inter-
est that values of the emissivity for this range should
be determined for building materials. It is these val-
ues of the emissivity which should primarily be used
in determining the temperature distribution in the
thermogram.

A preliminary investigation has been carried out at
the Heating and Ventilating Laboratory of the Na-
tional Swedish Institute for Materials Testing in or-
der to determine values of the emissivity applicable
for the IR-camera for a number of common building
materials. The principle described in Section 2.3 was
applied during the procedure, the value of € being
calculated from Equation (13). (Equation (13) was
solved for €,.) The investigation was performed in
a climatic installation equipped with a test room



25m

intrésse att e-virdet f6r detta omrade faststills for
byggnadsmaterial. Det ir dessa e-virden som i forsta 20m
hand bor anvindas vid bestimning av temperaturfor-
delningen i termogrammen.

Matrum
Vid Statens provningsanstalts VVS-laboratorium Test room | Klimatrum (f6r install-
har en orienterande undersdkning utforts for att || ningavnskad tempera-
.. . 195 . . . tur pd provplattornas
" faststilla for IR-kameran tillimpliga e-virden pa ett - provplattor 7 0| ytor) .
¢ . " antal vanliga byggnadsmaterial. Vid bestimningen Test surfaces < |+

tillimpades den princip som beskrivits under 2.3, va\,mekame,a lé g:;"f,:: zz;zgggr::r_

varvid e-virdet berdknas ur ekv. (13). (e} i ekv. (13) i{R-camera ature on the surface of

soks.) Undersdkningen utfordes i en klimatanligg- B the test squares).

ning forsedd med ett mitrum och ett klimatrum, ba-

da temperaturreglerade och atskilda genom en skilje-

vigg av cellplast (se FIG. 7). FIG. 7. Skiss av klimatanlaggning med provvigg for emis-
Matrummets stralningsegenskaper valdes sd att de i  Sionstalsbestamning (se aven FIG. 8 och ol.

stort motsvarade ett bostadsrum. Strilningsegenska- Sketch of climatic installation with test wall for determina-

perna definierades av foljande forhallanden: viggar tion of the emissivity (see also FIGs. 8 and 9).

och tak var malade med oljefirg och golvet ticktes

av korkmatta. Viggarnas, takets och golvets yttempe- and a climate room, both of which were under tem-

ratur var konstant och omkring 20°C. Under mit- perature control and were separated by a partition
ningens gang vistades en person i rummet nira kame-  of cellular plastic (see FIG. 7).
ran. Virmekillan i mdtrummet placerades bakomen The radiation properties of the test room were
stralningsskyddad aluminiumplat, FIG. 8. Tjugofyra  chosen in such a way that they approximated to
provytor med dimensionerna 20 x 20 cm féstes se- those of a room inside a flat. The conditions which
dan i dartill avsedda hal i skiljeviggen (se FIG. 9) defined the radiation properties were that the walls
mellan mitrum och klimatrum. Matningarna utfér- and ceiling were painted with an oil paint and the -
des vid tre olika virden pi provernas yttemperatur. floor was covered by a cork mat, and that the sur-
Yttemperaturen reglerades genom instillning av kli-  face temperature of the walls, ceiling and floor
matrummets temperatur pa limpliga virden. Det were kept constant at around 20°C. One person
sokta e-virdet anges som medelvirdet av de tre for- was inside the room near the camera during the
soksresultaten. Vid matningarna riktades virmeka- time measurements were carried out. The source of
= . i 5 meran vinkelritt mot respektive provyta, pa ett av- heat in the test room was placed behind a radiation-
;:S{e,a;},: ﬁg;ﬁ::;?“ans stand av 2 m fran provviggen (se FIG. 7). En tempe-  protected sheet of aluminium, FIG. 8. Twenty-four

a . Refe- t e ing 20 x 20 cm were the
“>hotograph showing placing raturreferenf» typ :AGA mod'ell 1010 anvandes eﬁfe tes surfac. s measunng 0 m:n h n
+f the source of heat in the  rensen var vid varje exponering placerad pa provviag-  mounted in holes provided for this purpose in the

“Ttest room. gen i kamerans bildfalt, se FIG. 10. partition between the test room and the climate
‘ Temperaturreferensens yttemperatur var reglerbar room (see FIG. 9). Readings were taken for three
FIG. 9. Uppmonterade frin + 16°C — + 100°C med en noggrannhet av different values of the surface temperature over the

orovytor fér emissionstals-

“—pestamning +0,2°C och med en korttidsstabilitet (1 tim.) av test surfaces, the different values being obtained by

M d test surfaces § 0,02°C. Fore anvindningen kalibrerades referensen setting the temperature of the climate room at suit-
Q H P .

"d;:::,:n;:onszf f;::semi;i_ mot en ekvivalent svartkroppstemperatur. (Dettain-  able values. The value of emissivity quoted is the

vity. nebir att om referensens temperatur instills pd no- mean of the three test results. During the measure-

FIG. 9




#F1G. 10. Cirkular tempera-
turreferens av typ AGA Mo-

__dell 1010 placerad pd prov-
véggen.

% Circular AGA Model 1010
tainperature reference
__placed on the test wall.

" FIG. 11. Isotermbild av
* provyta dar det hégre iso-
termvirdet (hogra vita spal-
— ten pd den horisontelia ska-
lan) motsvarar temperatur-
-areferensens yttemnperatur
och det lagre isotermvardet
_ {vénstra spalten) motsvarar
den kidnda yttemperaturen
‘ﬁ hos provytan.

isotherm image of the test
_ surface in which the higher
isotherm value {the right-
hand white bar on the hori-
“** zontal scale) corresponds to
the surface temperature of
the temperature reference
and *he lower isotherm
a Vi the left-hand bar)
conesponds to the known
_ surface temperature of the
test surface.

Led

(I

A

[ |

I |

minellt 22°C, emitteras frin referensen en strilning
som motsvarar strilningen frin en svart kropp med
temperaturen 22°C.)

Kamerans isotermfunktion anvindes si att det ena
isotermvirdet motsvarade referensens yttemperatur
och det andra isotermvirdet provytans yttemperatur.
Provytans absoluttemperatur bestimdes medelst ter-
moelement (se FIG. 11).

Under mitserien registrerades yttemperaturerna pa
skrivare. Temperaturvariationen hos provytorna un-
der mitserien var mindre 4n 0,2°C, vilket vil fyllde
uppstillda krav.

Matresultat (se BIL. 1, TAB. 3)
Ur ekv. (13) erhélles om e, sitts = 1
Al +F(Ty) - f(Ty)
€= -
V@ - r(@y)

De uppmitta emissionstalen anges i TAB. 3 och ut-
gor medelviirden for tre mitningar vid olika yttem-
peraturer hos proverna.

(14)

ments, the infrared camera was positioned at a dis-
tance of 2 m from the test wall and was pointed at
right angles towards the test surface in question
(see FIG. 7). The AGA Model 1010 temperature re-
ference used was placed on the test wall in the field
of view of the camera during each exposure. See
FIG. 10.

The surface temperature of the temperature refer-
ence could be regulated from +16°C to +100°C
with an accuracy of + 0.2°C and with a short-term
stability (1 hour) of 0.02°C. Prior to being used the
reference was calibrated against an equivalent black
body temperature. (This means that if the tempera-
ture of the reference is set at the nominal value of
22°C, the reference will emit radiation which cor-
responds to radiation emitted by a black body with

“a temperature of 22°C.)

The isotherm function of the camera was used in
such a way that one isotherm value corresponded
to the surface temperature of the reference and the
other isotherm value to the surface temperature of
the test surface. The absolute value of this tempera-

ture was determined using a thermocouple (see FIG.11)

During the measurement series, the surface tem-
peratures were recorded on a plotter. The variation
in the temperature of the test surfaces during the
test series was less than 0.2°C, which fully satisfied
the requirements.

Measurement results: (see Appendix 1, TAB. 3)

If €5 is put = 1, the following is obtained from
Equation (13):

_Aflz +(Ty) - F(Ty)

= 14)
U@ - @) {

The values of emissivity measured are shown in
TAB. 3 and are the means of the three measure-
ments carried out at different surface temperatures
over the test surfaces.
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3 Termografering av byggnader 3  Thermography of» buildings

Samband mellan yttemperaturférdel-
ning och virmemotstind hos yttervigg

3.1

Som tidigare nimnts framtrider ojimnheter i virme-
motstindsfordelningen hos en vigg med olika ytter-
och innertemperaturer som temperaturvariationer
pa viggens ytor. Det kan vara av intresse att nirma-
re undersoka vilka faktorer som piverkar tempera-
turfordelningen p viggytan. Sambandet mellan en
planparallell viggs virmemotstind och yttemperatur
kan hirledas pa foljande satt:

Temperaturfallet 6ver en vigg vid endimensionellt
virmeflode riknat fran luft till luft framgar av FIG.
12. Enligt virmeoverforingsteorin kan varmeflodet
genom viggen i detta fall uttryckas genom féljande
ekvationer:

1
q = ';'n-i(ti— toi)

(15)
Q_ = 1 (toi — toy) (16)
1
=, (tou — 1) a1
1
17 miFmFmy G~ (18)
dar

q Virmefléde per ytenhet

m;  Virmedvergingsmotstind vid viggens varma
yta

toj

3.1 Relationship between surface tempe-
rature distribution and the thermal re-
sistance of an external wall

Reference has been made previously to the fact
that irregularities in the distribution of thermal re-
sistance in a wall which has different external and |
internal temperatures are manifested as tempera- -
ture variations over the surfaces of the wall. It may |
be of interest to ascertain in greater detail which
are the factors that affect temperature distribution
over the surface of a wall. The relationship between :
the thermal resistance of a wall with two parallel N
plane surfaces and the surface temperature of such T
a wall can be derived in the following way: .
The drop in temperature over a wall during single- '
dimensional heat flow from air to air is shown in '
FIG. 12. According to the theory of heat transmis-
sion, the heat flow through the wall in this casecan  —
be expressed by means of the following equations:

q = ‘,,‘,,.(fi—foi) (15)
1
q = Tﬁ(toi"tou) (16)
q =, (ou — 1) (17)
1
q = m;+m+m, (-1 (18)

where

q Heat flow per unit area

m;  Surface resistance at the warm surface of the
wall

Surface resistance at the cold surface of the
wall

m  Thermal resistance of the wall

t;  Air temperature on the warm side

toi Surface temperature of the wall on the warm
side

Surface temperature of the wall on the cold i
side

t, air temperature on the cold side
If q is eliminated from Equations (15) and (18),

m;(ti—t,)
_ i\~ by
toi=ti— ——————

(19)

mij+m+m,
If q is eliminated from Equations (17) and (18),

my, (tj - )

m;+m+m,y,

tou =ty +

(20) l

It will be seen from Equations (19) and (20) that




Viggens virmemotstind

t;  Lufttemperatur pd varma sidan G
Viggens yttemperatur pa varma sidan
Viggens yttemperatur pa kalla sidan
t, Lufttemperatur pa kalla sidan

Elimineras q ur ekv. (15) och (18) fas

_ _mi(ti-t)
toi =1t mitm+m, (19)
Elimineras q ur ekv. (17) och (18) fas

my - (ti—ty)
to, =ty + ——— 20
ou 4 mi+m+my, (20)

Av ekv. (19) och (20) framgar att viggens yttempe-
ratur pa varma sidan, 7, ; respektive pa kalla sidan,
bestims av vaggens varmemotsténd m, under
Fdrutsﬁttmng att deiuttrycken (19) och (20) ingden-
de dvriga storheterna, virmeovergingsmotstinden
my, och m; och lufttemperaturen pi den kalla och
varma sidan, #,, och #; r kiinda och konstanta savil
i tiden som i viggens plan. (Tillimpning av ekvatio-
ner fér endimensionellt virmeflode pa en vigg med
varierande virmemotstind innebir en approximation
som dock kan godtagas vid denna principdiskussion.)
Vid filtmitning av yttemperatur dr 6vergdngsmot-
standen vid viggytan normalt ej kinda. Foljaktligen
saknas mojligheter att med hjilp av enbart termogra-
fering bestimma viggens virmemotstindsfordelning

kvantitativt. Diremot finns goda mojligheter att med .

termograferingens hjilp bilda sig en uppfattning om
en relativ virmemotstandsfordelning for viggen och
ddrmed lokalisera partier hos viggen som innehiller
isolerfel. Vid denna lokalisering foreligger viss fara
for forvixling av isolerfelsbetingade temperaturvaria-
tioner pa viggytan med sidana som férorsakas av
lokala variationer i virmedvergangsmotstind, Adam-
son (1971).

Sidana lokala indringar av dvergingsmotstind kan
Astadkommas av luftstromning och virmestralning
fran vimekillor. [ hompartier har man exempelvis
alltid andra 6vergingsmotstind dn pi viggen i vrigt,
eftersom geometriska forhallanden paverkar luft-
stromnings- och strilningsférlopp. Som framgar av
redogorelse bl.a. under 3.4 och 5.35 kan man dock
genom anvindning av typtermogram for typviggar
och med erfarenhet av tidigare mitningar oftast myc-
ket vil avgdra skillnaden mellan temperaturvariatio-
ner pa viggytan betingade av byggfel och sddana som
ir betingade av skilda virme6vergingsmotstind i oli-
ka viggpartier.

3.2 Samband mellan yttemperaturfordel-
ning och luftlickage genom otitheter

Aven isolerfel i form av otitheter kan upptickas ge-
nom yttemperaturmitning. Vid undertryck i den un-
dersbkta byggnaden instrommar uteluft till rummet.
Uteluftstrémmen genom smala 6ppningar »vidhiftam

Virmedvergingsmotstind vid viggens kalla yta

the surface tempetatures t ;jand ¢, of the wall on ,.
the warm and cold sides respectxvely are determined
by the thermal resistance (m) of the wall, on condi- -
tion that the other quantities in the expressions

... {19) and (20), the surface resistances m,, and m;and

the air temperatures ¢, and ¢; on the cold and warm

sides respectively are known and maintained con-
stant both in’time and along the plane of the wall.
(Application of equations for single-dimensional
heat flow to a wall with a variable thermal resist-
ance entails an approximation which can however
be accepted in this general discussion.)

During field measurements of the surface tempe-
rature, the:surface resistances at the surfaces of the
wall are generally unknown, and there is conse-
quently no possibility of quantitatively determi-
ning the distribution of thermal resistance by
thermography alone. On the other hand, however,
the chances of forming an idea with the aid of
thermography of the relative distribution of ther-
mal resistance over the wall, and in this way loca-
ting parts of the wall which contain defects in insu-
lation, are very good. In this location process there
is'some risk that temperature variations over the
surface of the wall which are due to defects in insu-
lation may be mistaken for variations which are
caused by local variations in surface resistance,
Adamson{(1971).

Suich local changes in surface resistance may be -
caused by air flow and thermal radiation from
sources of heat. For instance, at corners the sur-
face resistance is always different from that of oth-
er parts of the wall, since geometrical conditions

_affect air flow and radiation processes. As will be

séen from Sections 3.4 and 5.35 and other Sections,
however; it is very.often possible by using typical -
thermograms for typical walls and on the basis of
experience acquired during previous measurements,
to distinguish clearly between temperature varia-
tions along the surface of the wall which are due to
building defects and those caused by differences in
surface resistance in different parts of the wall.

3.2 Relationship between distribution of
surface temperature and ingress of air
through small openings

Defects in insulation in the form of small openings
can also be detected by measurements of surface
temperature. If the pressure in the building being
studied is below that outside, air will flow into the
room. Since external air flowing through narrow
openings usually adheres to adjacent parts of the
wall and cools these down, cold wall portions of
characteristic shape are formed. During thermo-
graphy, the cold wall portions can be easily detect-
ed and any air flow measured by means of an ane-
mometer. In the same way, when the pressure in
the building being studied is higher than that out-
side, parts of the wall on the warm side, near points
where the air in the room flows outwards, will be-
come warmer.
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vanligen pa angrinsande viggpartier och avkyler des-
sa. Foljden blir att kalla viggpartier med karakteris-
tisk form uppstar. Vid termografering kan de kalla
viggpartierna litt kartliggas och eventuell luftstrom-
ning konstateras medelst anemometer. P4 motsvaran-
de sitt erhalls vid dvertryck i den undersokta bygg-
naden uppvirmda viggpartier pd viggens varma sida
dir rumsluft strémmar ut.

3.3 IR-kamerans upplosningsformaga vid
termografering av byggnader

IR-kamerans temperaturupplosningsformaga i narhe-
ten av rumstemperatur dr hogst 0,2°C. Med kinne-
dom om denna uppgift kan man bestimma den min-
sta reducering av en viggs virmemotstind som IR-
kameran nitt och jamnt kan uppticka vid olika ytt-
re betingelser.

Exempel

En yttervigg bestiende i huvudsak av 15 cm mineral-
ull med virmeledningsformagan 0,03 W/m, °C testas.
Ur detta fas viggens virmemotstand, m = 0,15/0,03
m?2, °C/W.

Virmeovergingskoefficienten o, . viljes till 20 w/
Jm2,°C och e till 6 W/m?, °C. Med hjilp av ekv.
(15) och (18) fas for lufttemperaturskillnaden 10°C
att en minskning av viggisoleringen med 40 % nitt
och jimnt kan upptickas. Motsvarande isolerings-
minskning for lufttemperaturskillnaden 20°C ar 25 %
och for temperaturskillnaden 40°C 14 %.

Av exemplet framgar, att en viss minimitemperatur-
skillnad mellan rums- och ytterluft vid termografe-
ring alltid maste forutsittas for uppnaende av erfor-
derlig upplosningsformaga. Sambandet mellan till-
ginglig temperaturgradient over viggen och ligsta
upptickbara isoleringsminskning framgr av FIG. 13.

Vid termografering av otithetsfel 4r férhallandena
gynnsammare. Detta giller sarskilt vid undertryck i
rummet. Eftersom i detta fall ytterluften kommer i
direkt kontakt med viggens varma yta och kyler den-
na ir det tillfyllest med endast nigon grads tempera-
turskillnad mellan rums- och ytterluft for att en tyd-
lig indikation i form av lagre yttemperatur skall kun-
na erhallas.

3.4 Forslag till tolkningsregler

Som tidigare angivits (se 3.1) miste yttemperatur-
mitningens (termograferingens) uppgift begrinsas
till att lokalisera brister i yttervaggars virmeisolering
och eventuellt bestimma bristernas art. Man kan
dven formulera mituppgiften sa att yttemperatur-
mdtni;zgen avser att konstatera om den undersokta
vdggen besitter utlovade virmeisoleringsegenskaper
utan att ddrfor kvantitativt bestimma vaggens var-
memotstdnd. De »utlovade virmeisoleringsegenska-
petna» for vaggen enligt ritning kan nimligen omsit-
tas i en forvintad yttemperaturfordelning for den un-
dersdkta ytan om mitbetingelser vid mattillfallet ar
kinda.

Vid faltmitning forfares pa foljande sitt:

Den férvintade yttemperaturfordelningen jamfors
med termogram av den undersokta viggen. Konsta-
teras avvikelser som ej kan forklaras av konstruk-

3.3 Resolution capacity of the IR-camera
during thermography of buildings

The temperature resolution capacity of the IR-cam-
era near room temperature is a maximum of 0.2°C.
On the basis of this information, it is possible to
determine the least reduction in the thermal resist-
ance of a wall which the IR-camera will just detect
during different external conditions.

Example

An external wall consisting mainly of 15 cm miner-
al wool with a thermal conductivity of 0.03 W/m, °C
is being tested. From that the thermal resistance of
the wall can be derived as m = 0.15/0.03 m?, °C/W.

The surface coefficient of heat transfer e, , is put
at 20 W/m?,°Cand o at 6 W/m?2, °C. It is found
with the aid of Equations (15) and (18) that a reduc-
tion in wall insulation of 40 % can just be detected
for a difference in air temperature of 10°C. Corre-
sponding reductions in insulation are 25 % for a dif-
ference in air temperature of 20°C and 14 % for a
difference in air temperature of 40°C.

It will be evident from the example that there must
always be a certain minimum difference in tempera-
ture between the air in the room and that outside in
order that the required resolution capacity may be
attained during thermography. The relation between
the available temperature gradient across the wall
and the lowest detectable reduction in insulation is
shown in FIG. 13.

During thermography of leakage defects, conditions
are more favourable, particularly if the pressure in
the room is lower than that outside. Since in this
case external air comes into direct contact with the
warm surface of the wall and cools this down, a dif-
ference in temperature of a degree or two between
the air in the room and that outside is sufficient for
a clear indication in the form of a lower surface tem-
perature to be obtained.

Isoleringsminskning, som natt och jamnt kan upp-
tackas, i % av vdggens ursprungliga tjocklek
Reduction in insulation which can just be detected
as a percentage of the original thickness of the wall.

100

sm?,°c/w
= 3m? °c/w

m =

o s [T

F1G. 13. Samband mellan minsta upptackbara isoleringsre-
duktion och tillgangligt temperaturfall genom vagg (0,0 =
=1/m, =20 W/m2, °C, Qinne = 1/m; = 6 W/m2, °C),
Viggens varmemotstidnd utgor parameter.

Relation between the lowest detectable reduction in insula-
tion and the available temperature drop across the wall (ay =
=1/my, =20 W/m2,°C, a; = 1/m; = 6 W/m2, C). The para-
meter is the thermal resistance of the wall.
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FIG. 14. Schema for tolk-
ning av vdrmebilder (termo-
gram).

Diagram for interpretation
of thermograms.

tionsritning eller mitbetingelser, noteras dessa som
misstinkta byggfel. Direfter faststills méjlig typ av

byggfel.

Foljande hjilpmedel erfordras for genomférande av
den ovan skisserade proceduren:

1. En metod for bestimning av forvintad tempera-
turfordelning for angiven vaggkonstruktion vid de
mitbetingelser som rader vid mattillfallet.

2. En metod for typbestimning av misstinkt bygg-
fel med utgingspunkt frin termogrammens utse-
ende.

Den metod som skulle ligga nirmast till hands for
framtagning av férviintade temperaturfordelningar ar
en analytisk bestimning med hjilp av dator eller elek-
triska analogier. Denna metod blir dock alltfor om-
stindlig och kostsam vid rutinundersokning av bygg-
nader. Det synes dirfor vara indamalsenligare att i
stillet tillimpa f6ljande forfarande. Med hjilp av la-

boratorieforsok framstills i forvig en forvintad tem- ™

peraturfordelning, i form av »typtermogramp, for
vanligen f6rekommande viggkonstruktioner vid vissa
typiska klimatbetingelser. De si erhallna typtermo-
grammen samlas i ett typregister och anvinds sedan
som jimforelsemall. Vid praktiskt bruk utvilier man
ett typtermogram ur registret med utgingspu

fran aktuell viggkonstruktion och vid faltmitningen
ridande betingelser. Byggfelens art bedoms p4 ana-
logt sitt genom jaimforelse med typtermogram for
typiska och vanligen férekommande byggfel. Proce-
duren for tolkning av termogram framgar i princip
av blockdiagrammet i FIG. 14.

‘3.4 Proposed rules of mterpretatmn

As stated earlier (see 3. 1) use of the measurement of
surface temperature (thermography) must be con-

- fined to location of defects in the thermal insulation

of external walls and possibly to determination of
the type of defect. The use of the process may also
be defined by saying that the object of surface tem-
perature measurement is to ascertain whether or not
the wall bemg examined possesses the specified heat
insulation properties, without determining at the .
same time the thermal resistance of the wall quanti-
tatively. This is possible since the »specified heat in-
sulation properties» of the wall in accordance with -
the drawings can be converted into an expected sur-
face temperature distribution for the surface being
examined, if the measuring conditions at the time of
measurement are known.

The procedure during fi eld measurements is as fol-
lows:

The expected surface temperature distribution is
compared with the thermogram of the wall examined.
If deviations are found which cannot be explained by
the design drawings or measuring conditions, these .
are noted as suspected building defects. The likely
type of building defect is then established.

The following aids are required in order that the
procedure outlined above may be carried out:

1. A method for determination of the expected tem- -
perature distribution for the specified wall con-
struction for the measuring conditions which ob-
tain at the time of measurement.

2. A method for determination of the type of sus-
pected building defect on the basis of the appear-
ance of the thermogram.

The most obvious method for the determination of
the expected temperature distributions is an analyti-
cal procedure using a computer or electrical analo-
gies. This method is however far too lengthy and
costly to be used for routine examinations of build-
ings, and it would therefore appear more appropriate
to apply the following procedure instead. On the ba-
sis of tests in the laboratory, an expected tempera-
ture distribution is drawn up in advance in the form
of a typical thermogram for common wall construc-
tions for certain typical climatic conditions. The typ-
ical thermograms so obtained are collected in a cata-
logue and are then used as the standards of compari-
son. In practice, a typical thermogram is selected
from the catalogue on the basis of the wall construc-
tion in question and the conditions applicable to the
time field measurements are carried out. The type of
building defect is assessed in a similar way by com-
parison with typical thermograms for typical build-
ing defects which are of usual occurrence. The pro-
cedure for interpretation of thermograms is shown
in principle in the block diagram in FIG. 14.
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FIG. 15. Principskiss av kli-
_jmatanl'éggning for framstall-
" ning av typ-termogram.

__ moketch showing arrange-
ment of climatic installation
_for production of typical
thermograms.

!®F1G. 16. Fotografi av prov-
vagg.
" Photograph of test wall.

4 Register med typtermogram

4.1 Framstillning av typtermogram

Typtermogrammen framstilldes i en klimatanligg-
ning pa Statens provningsanstalts VVS-laboratorium,
FIG. 15. Klimatanliggningen var si beskaffad att ut-
omhus- respektive inomhusforhallanden kunde ska-
pas pa bada sidor av en provvigg, se FIG. 16. Prov-
viggen uppbyggdes si att ett hdrnparti motsvarande
ytterviiggshorn med del av innertak och ovanpé lig-
gande yttertak bildades. Viggen var forsedd med ett
dubbeiglasfonster. Genom denna provviggsform kun-
de en stor del av i praktiken forekommande, for
byggfel utsatta, viggpartier intdckas.

4.11 Felfria provvaggar

De valda provviggstyperna framgar av TAB. 1 och
konstruktionsritningar FIG. 17, 18, 19 och 20. Prov-
viggarnas inre virmeodvergingskoefficient och emis-
sionstal for innerytan anges iven i figurerna. De »fel-
fria» provviggarna uppbyggdes av yrkesman. Avsik-
ten var att konstruktionerna skulle fa en medelgod i
praktiken férekommande standard utan utférande-
fel. Termografering utfordes av provviggens varma
yta for olika standardtemperaturer pd den kalla si-
dan och vid stationirt tillstind.

Strdlningsforhdllanden: Provrummets virmekalla var
placerad i en vigg parallell med provviggen och ut-
gjordes av en elradiator forsedd med stralningsskydd
av blank aluminium. Rummets begrinsningsytor ut-
om provviggen hade yttemperaturen ca 21°C.

Kallt utrymme med temperatur-
och lufttrycksreglering

Cold space in which temperature
and air pressure can be regulated

©

Provvagg
Test wall

Varmt utrymme med temperatur-
och lufttrycksreglering

Warm space in which temperature
and air pressure can be regulated

©

Varmekamera
IR-camera

4 The catalogue of typical
~ thermograms

4.1 Production of typical therinograms

The typical thermograms were produced in a clima-
tic installation at the Heating and Ventilating Labor-
atory of the National Swedish Institute for Materials
Testing, FIG. 15. The climatic installation was such
that indoor and outdoor conditions could be simu-
lated on both sides of a test wall, see FIG. 16. The
test wall was constructed in such a way that it form-
ed a corner corresponding to the corner of an exter-
nal wall with part of the ceiling and the roof above . .
this. The wall was fitted with a double-glazed win-
dow. By using this form of test wall, it was possible .
to cover a large proportion of wall types subject to
building defects which occur in practice.

4.11 Test walls with no defects

The selected types of test walls are shown in TAB. 1
and the design drawings in FIGs. 17, 18, 19 and 20.
The internal thermal transmittance and the emissivi-
ty of the internal surface is also given in the Figures.
The test walls »without defects» were constructed by
craftsmen, the intention being that the construction
should comply with a medium standard without de-
fects in workmanship which can be met with in prac-
tice. Thermography was carried out on the warm side
of the test wall for different standard temperatures
on the cold side and in the steady state.

Radiation conditions: The source of heat.in the test
room was placed in a wall parallel to the test wall




TAB. 1. Undersdkta viaggkonstruktioner.

Regelvagg nr 1 .
Yttervigg med 110 mm mineralullsisolering, se FIG. 17.
Den felfria viggen exponerades for klimat nr 1—12 en-

ligt TAB. 2. Motsvarande vigg med inbygada (avsiktliga) -

fel exponerades for klimat 1—11 enligt TAB. 2.

Regelvagg nr 2 )
Yttervigg med 100 mm mineralullsisolering och 30 mm
tillaggsisolering av karbamidcellplast, se FI1G. 18. Den fel-
fria vdggen exponerades for klimat nr 4, 5 och 6 enligt
TAB. 2. Motsvarande viigg med inbyggda (avsiktliga) fel
exponerades for klimat 4, 5 och 6 enligt TAB. 2.

Sandwichvagg

Yttervigg med 80 mm polystyrenisolering mellan skivor
av betong, se FIG. 19. Den felfria vaggen exponerades for
klimat nr 1, 4 och 8 enligt TAB. 2. Motsvarande vagg
med inbyggda (avsiktliga) fel exponerades f6r klimat nr
1-6och 8,9, 10 enligt TAB. 2.

Lattbetongviagg
Yttefvagg av 250 mm lattbetongblock, skrymdensitet
500 kg/m se FIG. 20. Den felfria viggen exponerades
for klimat nr 1, 4 och 8 enligt TAB. 2. Motsvarande vigg

med inbyggda (avsiktliga) fel exponerades f6r klimat nr
1-6 och 8-10enligt TAB. 2.

Luftstromningsforhdllanden: 1 de fall 6vertryck eller
undertryck skapades pd provviggens varma sida var
proviummet anslutet till inblasnings- resp. utsug-
ningsflakt. Luftstralen frin inblasningsflikten rikta-

des med hjilp av en skirm mot rummets mitt. Varme-

overgangskoefficienten vid provviggarnas varma yta
uppmiittes i vissa punkter och anges i FIG. 17,18, 19
och 20. P4 provviggens kalla sida infé rdes ingen pa-
tvingad konvektion eftersom resulterande indring av
overgingsmotstanden utgor en ringa del av viggens
totala virmemotstand och ej nimnvirt paverkar yt-
temperaturen pa den varma sidan.

For varje provvigg valdes tre utomhustemperaturer:
-20°C, —5°C och +10°C och for varje utomhustem-
peratur i huvudsak tre tryck i provrummet, +50, £ 0
och —50 N/m? fér dstadkommande av luftlickage.
Lufttemperaturen i proviummet var konstant +21°C
vid samtliga mitningar. Dessutom utfordes en mit-
ning med pakopplad elradiator placerad under prov-
viggens fonster. Provrummets dimensioner medférde
att provviiggsytan maste uppdelas i fyra bildfilt i en-
lighet med FIG. 21. '

Termograferingsarbetet utfordes med IR-kamera av
typ AGA Thermovision Modell 665 med bildvinkel
20 x 20°. Som jamférelse utfordes dven termografe-
ring av provvigg nr 4 med en IR-kamera av typ Bo-
fors »IR-Cameran, se BIL. 55 och 56.

Gritonsskalan inreglerades vid mitningarna si att
god balans mellan ljusare och morkare partier er-
holls. Samtliga mitfall anges i TAB. 2.

4.12 Provviggar med inbyggda fel

Typtermogram av provviggar med inbyggda fel fram-
stalldes pa analogt sitt. I de fyra provviggama utfor-
des ett antal byggfel av vanligen forekommande ty-
per. De inforda byggfelen anges i detalj pa FIG. 22,
23, 24 och 25 i form av ritningar, fotografier och be-

TAB. 1. Wall structures studied.

Framed cladding panel No. 1

External wall with 110 mm mineral wool insulation, see
FIG. 17. The wall without faults was exposed to climatic
conditions Nos. 1—12 according to TAB. 2. The corre-
sponding wall with deliberate faults was exposed to cli-
matic conditions Nos. 1—11 according to TAB. 2.

Framed cladding panel No. 2

External wall with 100 mm mineral wool msulanon and
30 mm additional insulation of expanded polyurethane,
see FIG. 18. The wall without faults was exposed to cli-
matic conditions Nos. 4, 5 and 6 according to TAB. 2.
The corresponding wall with deliberate faults was ex-
posed to climatic conditions Nos. 4, 5 and 6 according
to TAB. 2.

Sandwich wall

External wall with 80 mm polystyrene insulation be-
tween slabs of concrete, see FIG. 19. The wall without
faults was exposed to climatic conditions Nos. 1, 4 and
8 according to TAB. 2. The corresponding wall with de-
liberate faults was exposed to climatic conditions Nos.
1-6, 8, 9 and 10 according to TAB. 2.

Light concrete wall

External wall of 250 mm light-weight concrete blocks,
bulk density 500 kg/m?, see FIG. 20. The wall without
faults was exposed to climatic conditions Nos. 1,4 and
8 according to TAB. 2. The corresponding wall with de-
liberate faults was exposed to climatic conditions Nos.
1—6 and 8—10 according to TAB. 2.

and consisted of an electric radiator fitted with a ra-
diation screen of bright aluminium. With the excep-
tion of the test wall, the boundary walls of the test
room had a surface temperature of about 21°C.

Air flow conditions: In cases when the warm side of
the test wall was put at a higher or lower pressure
than the cold side, the test room was connected to a
_blower or extraction fan respectively. With the aid of
ascreen, the air jet from the blower was directed to-
wards the centre of the room. The surface coefficient
of heat transfer on the warm surface of the test, walls
was measured at certain points and is shown in FIGs.
17, 18, 19 and 20. No forced convection was im-
posed on the cold side of the test wall, since the re-
sulting change in the surface resistance constitutes
only a slight proportion of the total thermal resist-
ance of the wall and has no appreciable influence on
the surface temperature on the warm side.

Three outdoor temperatures, —20°C, —5°C and
+10°C, were chosen for each test wall and in prin-
ciple three pressures, +50, 0 and —50 N/m?, in the
test room for each of these outdoor temperatures in
order to cause leakage of air. During all measure-
ments, the air temperature in the test room was con-
stant at +21°C. A measurement was carried out in
addition with a switched-on electric radiator placed
below the window in the test wall. As shown in FIG.
21, the dimensions of the test room were such that
the surface of the test wall had to be divided into
four frames.

Thermography was carried out by means of an IR-
camera AGA Thermovision Model 665 with a view
angle of 20 x 20°. Thermography of test wall No 4
was also carried out by means of a Bofors IR-camera
in order to provide a comparison, see Appendices 55
and 56.

The grey scale was adjusted during measurements so
that satisfactory balance was obtained between light




100 + 50 men mirverahufSesk o sk
a 'w+’°r‘m-ﬂdi&—ﬁm=w

Angwpier av plastfolie
> ( [ V""‘"’:""o'mu
a

/4" rsport .
)/ V4" unwrought matchboerd
13 mm gipsskiva

13 mn plasterboard

W S mm asb (eternit)
§ mm asbestos cement board (eternit),

8 mm luftspait
8 mm air gap

2° x 5" triregel
2’ x 5” wood studding

3,2 mm asbestcsiiutosacementskiva (internit)
3.2 mm asbestos cellulose cement board (internit)

120 mm mi kiva, skry 50 kg/m?
120 mm mineral wool slab, bulk density 50 kg/m*

2" x 4” radiatorfists
2° x 4 radiator bracket

Angsparr av plastfolie
Vapour barrier of plastic foil

2000

13 mm gipsskiva
13 mm plasterboard

10 mm spinskiva
10 mm chipboard

40 mm mineralulisskiva
40 mm mineral wool slab

FIG. 17. Konstruktionsritning for regelvagg nr 1 (120 mm mineralull).
Viggens varmegenomforingskoefficient, A = 0,28 W/m?, °C (vagt medelvarde)
Viggens virmedvergingskoefficient, a /,medel = (5,4 t 0,4) W/m?,°C
Yiskikt: obehandlad gipsskiva. Emissionstal, e = 0,90.

Design drawing for framed cladding panel No. 1 (120 mm mineral wool).
Thermal conductance of wall, A = 0.28 W/m?, °C (weighted mean)

Surface coefficient of heat transfer for wall, @ j mean = (5.4 t 0.4) W/m?, °C
Surface layer: untreated plasterboard. Emissivity, ¢ = 0.90.
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FIG. 18. Konstruktionsritning for regelvagg nr 2 (100 mm mineralull och

30 mm cellplast).

Viggens virmegenomfdringskoefficient, A = 0,27 W/m3, °C (vagt medelvirde)
Viggens virmedvergingskoefficient, a; medel = (5.2 £ 0.4) W/m?,°C
Ytskikt: obehandlad gipsskiva. Emissionstal, e = 0,90.

Design drawing for framed cladding panel No. 2 (100 mm mineral wool and
30 mm cellular plastic).

Thermal conductance of wall, A = 0.27 