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_through the cellulosex was the same

 calibrated thermal conductivity pro

Tests were performed to examine the effects of

exfiLttatioP rate on the process of moisture migration and

‘accumulation in a porous media A 102 mm thick piece of

cellu;osegygfibqgi' insulation *was_‘ tested‘ undér an

one—dimehsional steady~-state condition. All tests were

conducted under the same temperature and humidity

v
conditions,.but the exfiltration rate and the duration of

each’ test were altered,AjFour tests were carried out with
: . .

exfiltration rates of 0.4, 0.6, 0.9, and 1.2 air

‘changes per hour (ACH) or 280, 420, 630 and 840 L/hr ot

, air flow, réspectively. The length of time for each test

was chosen such that the total amount of moist air passing

‘in each test. Eleven

were inserted into
various cross sections of the test section to monitor the

transient moisture distributioh -within the cellulose.

' Seven »equally-spaced temperature probes fprovided the

temperature profile across the thickness of the cellulose.
Five core samples within the test s;ction-were removed at
the end of each test. Drying of various cross sections of
the core sample provided the final mOisture distribution
for comparision with the thermal conductivity probe

measurements. The'overall moisture accumulation within the

cellulose for each test was obtained from drying of the

e

- L iv



test cellulose in the oven. Both the gravimetric analysis
at the end of each'test and the prob§ megsur;monts during
the test indicate that signitiqgnt moisture ‘aCcumulation
ley occurs within the cellulose where the temperatures
were below freezing. Results 15 each.test show an‘ guarage’
of only 20 % moisture by weight (&Eyibgsisj iﬁ'fhelportion
§f the cellulose that was above freezing as compared to an
average of 150 % moisture 'inlthe supffreezing'portign.
Measu;ements of the temperaéure' profilgs indicaﬁe that
higher exfiltration. rate raises the°intérnal. temperatures
within the cgllulége. Thgrefore, the total volume of the
éellulosé below the freezing temperature decreases aé the
~ exfiltration rate increéses/and “resuit; tn akdecrease in
the‘ overall moisture acépﬁulation.u Visual inspection,‘
g;avimétric analyéis and probe mgasureménfs all show that
the‘ cellulose was dividéd info 'a\dry and wet.portion.
.Qbservations made at the,»end of each test show extensive
frést“fofhation w§§hin the wet por§ion of the ,cgilulose.
No visible nliqqid water was found anywhere within the
Lgeliulose.‘Results indicate that sub-freeq‘ng tempéiatures
within the cellulose behave as & "siﬁk“ for moisture

¢

transfer.
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INTRODUCTION

L 4

‘Living,comfort has hecqme an important/’aspect‘of
life today. When‘theberterior temperature fluctuates, heat
iS‘--either Suppﬂied or removed frem the interior
<envirdnment to maintain thermal comfort Whenwthe level of

Cerey

_humldity changes, moisture\is’ either added t xghe 11v1ngf,'

space by means of a humidlfier or removed py]fﬁeans of a
dehumidifiii Many moisture problems\in buildings are -the
direct reSult of . such- manipulation;‘\of the 11v1ng
environment. Another ) important - aspect 5? \achleVing
comfortable living space' that has 1mp11catione\on\the

\\

de51gn and thermal performance of the buildihg envelope is
ventilation. The supply of fresh air and removal of staie
contamlnedv\air is a nece551ty ‘of any occupied indoor
»environnent. ASHRAE Handbook [1981]/recomnends~a« nininum
of 2.5 L/s ventilation rate per person in the living
‘space. The constant exchange of inside and out51de air can
‘carry a substantial\ amount of moisture through " the
building envelope andn-lncrease the risk of condensation.
The ‘preSence;\of ggoiSture in the living environment is
essential to living‘comfort but the unwanted condensation
and accumulation of m01sture 1n the building envelope can

have a detrimental effect on the structure 1tse1f As the

ASTM Committee E241, _Practices for Increasing'purability

SR A



ot 2
 “of Building Canstructions ‘Against : Water-Induced Damages,
stated: "Except for ttruc;ural,,ofror,‘about 90. % S?Rall

. . - L ~
building construction problems are associated with water

———

in some way;". Therefore, efforts must be made to minimize

the damages to'buildihgienyelope caused by moisture.

-

L 2

Mgst,building»'materialé except metals and glass
have a pofous structure that allows moisiure to phss
through. Moisture can come - in Gcontact with_buflding

materials in the form of liquid water from coﬁdensg}ion,
rain penetration or water 1leakage, or as water vapoyr . in
the ai:, or even as ice And-snowyin the coldfclimate
areas. The climatic conditions, ‘iiving habiﬁs”df the
peoplé and éonstruction techﬁiques may vary qonsidefabl§~>
in different parts of the world, but the physical,_thermai
and- chemical fundamentals of the moisture problems are
similar in nature. The presence of mbisture iﬁ building”
materials, ‘along with"the.changes.of moisture qontént-Aénd“"
\vfigrétién.Of the moisture can have a significant effeétfbn
the properties of #he 'matefials and their abiliEies to
fullfill their designed functions. In the mildest form,
moisture -problem appears 6nly‘as harmlesslgondensation on
windoQSf ah&n'walis. But ‘in severe céses, moistufé can
bcause structural failure in . the building. In between the
extreucs, e#éeés”7moisture can result in nold and}mildew'

growth, paint ° peeling, ceiling stains,féeté. ASHRAE



!
-~ .
. . o~

' Handbook [1981] polnts to moisture as' the principal or
contributing factor in most ;uilding mé&erial GQQradation

- due to physical changes such as spaliing of masonry by
repeated = freeze-thaw éycleé,"qhémical reaction éugh as
tusting of metals, and bioquicallprocess such as Aecgying
of ;wood. Dworjadkin and Malinowski [1965] indicated that
the volume of light weight concrétg swe;leé;and -shrank
Uhdef repeated wetting an@ﬁ_dryinq"tﬂgi resuitéd in
.éracking of the“@oncrete."Niskanen [1965] showed -that the
strength properties of birch plywood decreased as the
noisture contengfin the wood increased. Sneck f196§] gave
evidence of typical ébrrosion failureAwithin the bhilding
.enéeldbg‘originating‘frqﬁ the presence of moisture on the
metal éurface. Qéd‘%ﬁ, and Bpstein [19781’ tested the
physical integtity,fggi various insulations under  the
lcombination_of waﬁer absorpﬁibn and freeze-thaw conditions
as outlined in the ASTM Method C666 [1973].6Their_ results

showed the rapid deterioration of some insulation under

,repeated freeZe-thaw cyéles'(Figure 1.1{? Thevlist goés on

and_'on.v Clearly,  the ‘moisture problems in building
maferials will take place in many different ways under

= Varidus enviroﬁmentali conditions, but all result —in

degradation_in performance “or complete failure.

. | .

| ) A ) . e ( ‘
Moisture problems in buildings are related to the

way in which people 1live, heat, ventilate and insulate'

.



Figuré‘l.l‘hAs been removed because of the
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unavailability of copyright permission.
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Figure 1.1 The water absérption of various insulation
. after freeze-thaw exposure following ASTM
C666-73 (freeze in, air, thaw in water).

1976.
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stheir buildingl. SOurées.of moisture come from activities -

such as cooking, bathing, laundering and respirat19n by
the occupants w;thin the 1living space. ASHRAE Handbook
(1981] estimated that a family of four can generate 7 to

12 kg 'of moisture per day into the livihg space.

Sometimes, additiohal moisture is purposely added to the

living space to improve personal comfort. Nature also adds
moiBture to the air.‘from rain and. snow, ‘or from
"&baporation of water bapour”]rdﬁkthe soil.

Mois;ure-related probl%méﬂ in- buildings are most

-pronounced during the winter months in Canada because of

the cold weather. The warm air inside the building during .

i

the winter has a much greater water vapour content . than
the ‘cold air outside. For example, air at 25 °C and 40 %
RH contains apprdximately 0.0078 kg of water per kg of dry

air while cold air at’ =30 °C and 100 % RH ' contains only

! 7

0.0003 kg of water per ,kg of  dry air/ :Zfrefoge, the

vapour pressure inside the buil&ing is higher than the

A

*outside and ﬁhis‘ vapour pressure difference causes the
¢wate£ vépod" insidé'the building'té moveboutwards through
»the buiidin envelépq. Most building materials have little
gesistanée to \the flow of water vapour, therefore, more
resistant materia} such as a vapour barrier is used to

reduce the rate of water vapour movement into the building

envelope. However, there are other ways in which moisture

can get into the building enveloge, namely by infiltration

and exfiltration. The term infiltration is used to refer

| .
t
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to air flow from the déxterior to the intexfbr; whereas,.

“cxfiltriidon denotes air flow trommintoriol‘fto exterior.

K

cause for 1nfiltration and ]
pnessure.difference exists across the building envelope;-
The pressure difference across the buildin@ envelope -.that
induces air infiltration and exfiltration can arised g
naturally by the '“stack" effect due to temperaturen

differences and wind action on xhe building, or

artificiaiiy by means of mecnani¢a1~pressurization‘of' tnen

inside of the building. Because warm air'is ‘iignter than
the cold alr the dlfferences 1n air dens;ty can generate
a pressure difference across the bullding envelope
Figure 1. 2 shows the typ1ca1 pressure distrlbutlon over ba
heated building during the winter under"a pure "stack"
" effect. fhe level ‘where the interior and exterior
pressures are equal is called the Neutral Pressure Level
(NPL). The location of the NPL depends on the distribution
of openings in the building envelope. If one opening
dominates, then the NPL will be near or at the ' center of
the opening. Interior'pressure above the NPL is greater
than the exterior and the air leakes from inside to outside
(exfiltrétion). Below the NPL, the interior pressure is
lower than erterior and the' air leaks from outside to.

inside (infiltration). The "stack" effect pressure at a



NEUTRAL PRESSURE LEVEEL ~

Figuré 1.2

Pressure differences caused by stack

,effect for a typical structure. Arrows -
point from higher to lower pressure and
indicate direction of air flow.
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‘height above' (or below) the NPL is given by ASHRAE

§

Handbook [1981] as

Pg-(Po-Pi)-gh : ' ’
Py 9 h (Ty - Ty) '
- oy (1.1)
To . &
oF . .

where Pg is the pressure difference due to the "stack"
A
. \ )
effect in Pa, p, and p; are the lnside.and outside air
-density in kg/m’, g 1is the qrévitatiqﬁal constant

(9.8 m/sz), h is the distance tovghe NPL in m (positive if

above the NPL and‘neéative_if below), Ty and T, are the.

inside and outside temperature, in K. Genarallyvspeaking,
' as the height of the bu%ldiné increases, the distance of
éhe NPL - to the top of the building also increases and
resulting in a larger "stack" effect. Wind around and over
a Building_can create a significant pressufé and ° suction

£ :

across the building envelope. Positive pressure s
';H, . * -

generated on the windward side and results in air

infiltration; whereas, negative pressure on the leeward

side produces air exfiltration. The magnitude of the

pressure difference caused by the wind depends entirely on

the wind speed and direction. But due to the dynamic
nature of the wind 'and the ﬁurbulence cagsed by thé
surrounding structures and trees, the effect of wind on
infiltration and exfiltration in a building i§ complex and
difficult to account for.. Wise (1978] showed that for

éxposed dwellings, the wind effect dominatgs the air

-

ST S
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leakage; whereas, for sheltered dﬁiiiini-';ltack"”dffddt“

has a greater influysnce than the wind. Sometimes a

.bhildinv is prlplurizqeh‘:ftontionally to minimize air

infiltration from the outgide by -oakl of a mechanical

ventilation system. The purpose is tb'n-duco\cold drafts,

entrance of noise (tgatr}c, egc) and air pollutants into
the ,711viﬂ; spAce. Mechanical pressurization of the
tinuous sustained preisure
differences across th¢~ﬁéildin§ -Lvolop- and exfiltration

building pfavidos

of warm moist air. Under the action of infiltration and
'“pxtiltration, | a ‘substantial ' amount of moisture can be
careied by éhe air 'and passed through the building
envelope. During the winter, as the warm moist air

exfiltrates through the building envelope, it &ncounters

proqressively ‘colder media and moisture in fhe air will

S : .
condense ‘onto those .surfaces that are below the dew point

L]

of the,goist'air or turn into frost or ice if the surface
temperatur& is ow t;eezing. Therefore, moisture can
accumulate within the building envelope and degrade the

" building materials. . .

In general, moisture moves fro+,the inside 1living

space tn:bugh the building envelope to the outside by both
diffusion and exfiltration during the winter monfhs.

However, the flgw of moisture due to exfiltration of warm

s

moist air is found to ‘be more signifiéant than water .

vapour diffusion. Wilson and Gartlen [1965] estimated that

the amount of moisture accumulated in the masonry due to

/
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“axfiltration of varm moist air could ba two or more orders
of neqnitnde higher than that due to vapour dif“’tul‘ior:.
Pord tlﬂlzf calculated that for a house yith exfiltration
rate of 1 air change per hour (ACH) and a volume of
283 m3, 130 % wall area, wall permeance pz 1] PERH

(1 PERM = 1x10~° g/s°m 2'Pl) and an interior tenporeturd pt
20 *C, the amount ot moistus: transfer due to diffusion
was about 1 § of that due to extiltration. C1ear1y: tho
procesl of moisture migration and accumulation in the
building envelope is dominated by exfiltration as gompared
to diffusion.

*

With growing emphasis on energyiconservation, the

~

use eof thermal insulation in building has increased
drastqully over the past decade. Both the construction
industry and'conservationists advocate the use of thicker
or higher thermal resistance insulation in the building
envelope to reduce heat transmission. Howeverrh increased
thermal resistance of the building envelop& ana-reduceg\
. heat 1loss will make the outside surface temperature
'colder, thus raising the temperature difference between
the inside and Qgtside suffaces. This increases the
potential for condensation to occur within the building

&

* 1 PERM is dgfined as lxlo -3 g of moisture absorbed per
second per m of the material subjected to 1 Pa vapour -
_ pressure difference.



ernQeIOpevthat maY‘not . have happened‘if poorly insulated.-

Therefore, use of . higher thermal resistance or thicker N
insulation in'reducing heat flow also requires action to
provide adequate resistance to moisture migratioh

The primary function of thermal insulationv;is to;
‘ﬁ'act as‘ a barrier between two :enVironments at different -

temperatures . eithdr to reduce the heat loss’ from. the
L ) S
warmer side towards the cooler side (Winter heating), ‘or

cto°reduce‘ the heat entry into the cooler side from the

»warmer side (summer cooling) Thermal insulation owes‘much
* ; ', ) | . - ‘,. LS .
of its insulating"value due to - the presence of small

,‘pockets or pores contafning ‘air '(or gas) within iti)

structure.‘ These Small pores can be formed by fibres,

‘flakes, or by the cells in the material itself The ' pores
b - r &,E ‘.
are sufficiently small and prOVide conSiderable resistance .

v

lhto the flow of air so that 1ittle heat Will be transferred”
by convection from one side_of‘ the pores to the others.

However, if air leakage is present,fsénsibie heat can-be

carried by the warm inSide air through the insulation and
dissipated to the outSide. Yarhyough and Toor [(1983]

showed that the’ ef ctive thermal reSistance‘ of the

rfibrous insulation defreases ~as air-movement through the
‘ ‘ ’ : ; . B
~insulation increases. ~ When moisture penetrates the

"insulation, -all or part of the &ir Wlthln the pores q}lf

o be replaced by moisture (vapour, 1iquid and solid). The -

thermal conductivity of still -air at 25 °C is about

0.02S;W/m-°c'as compared to 0.6 W/mb°cifor{'Water at the

o ) e —_—



sanme temperature. For ice, the thermal conductivity at

0 °c is approximately 2.2 WVuw'C. The%e%oreP any presence

of moistureswithin the insulation, liquid or solid form,

will increase the conduction ” of heat. Joy (1957)

L i
considered four 81mple arrahgements of moisture within the

»
insulation° series, . parallel bead and foam. Inythe series

arrangement, the moisture is located in layers

perpendiCular to the direction of the heat f.zw. "a the.

parallel arrangement, the moisture is assumed:
series of continuous shafts parallel to the dlrection of

the heat flow. In the bead arrangement the moisture 1n " a

~ form of small beads

insulation. 1In, the am arrangement, the moisture is

assumed to surround the insulation particles or fibres in

- a form of film joining in a hdneycomb or foam structure.
With the ahoVe simplified‘models of moisture arrangement,
~Joy [1957] showed that the effective thermal conductivity
of hah} insulation with 10 % moisture by volume in the
‘parallel“ arrangement-l is twice - that of the series
arrahgementiWith'the'same amount of moisturet‘The results
'indicate that the presence -of_moisture,' as well as the

uwlocation and ‘arrangement of the moisture within the

1nsulation can increase the effective thermal conductivity

| Bl

of the insulation and the amount of heat transmission.

1s uniformly\ spaced throughout the .

12

USing heat flow meters, Shuman [1982] has. shown that three

times as much heat flowed through the roof with wet,

1nsulation as compared to the roof w1th dry insulation

. ; e
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Besidehhaving a higher conductive value,,the movement 6f;
the'moisture (for vapour ‘and liquid phases) within the
insulation \aiso giue& rise to anvadditional convective
mode of heat transfer ‘through the Ainsulation. Moisture,
iwwhether in_vapour or 1liquid state, carries a substantial
"~ amount of energy.as :latent heat and releases " that energy
when it condenses or freezes. With the\pOSSlblllty of

{

evaporation, vapour flow and condensation within the pores

*

of the insulation, a large amounts of senSiblee and latent
heat can be transported from the warm ‘side threugh the
insulation to the cold side. Therefore, in addition‘to the,
phySical degradation to  the ySorous _insulation, | the

g

.presence of 'moisture can also drastically increase the
| \

k]

rate of heat flow.

P ' - y
<4 \‘tho . or redictin Moisture Accumulation
" Properties of- building ’materials‘<are usually
evaluatedhat' their dry states. This information mayahe
useful in comparing different materials, but it does not
represent the changes in some properties when moisture ‘is

PR

present in the mgterials. More important when materials
vare‘combined asfin the building envelope,  one material-may
fail while others remain intact under the same moisture
conditioﬂu'Such a Situation can result in complete failure
o£ the whole building envelope., Lacking data on how

moisture affects' the properties of %uilding materials

always undermines the designers' abilities to provide a

s -
( :
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prépér'design. But evaluation of the:mai performance and

#

materials with the pPresence of moisture is a ' very
difficult task. In field conditions, factors that can
affect the process. of moisture.migratioh and .accumulafion

such as temperature, humidity, solar = radiation,’

du ty of building materials or combination of

~[precipitatioB: wind speed and direction, etc. ,.aré_

sensitive to the activijies inside the building and

outside‘weather;‘Moisture .continuously migrates baék, and
forth within the material éccordiﬁg to the changés in  the
_environments. In agdition, the amount of moisture
‘accumulation ‘in th%//building gnvelope.depends on the air
leakage rate, humidity ratios of fhe:-inside'and outside
air, temperature gradiéntvana the leakage characteristics
‘of the building. | . - |
M Moisture migration in a building is a complicated

-multi-dimensional problem. Accumulation of moisture may be

‘coricentrated in the vincinity @& the cracks through which

air 1leakage occurs. Distribution of moisture in the

buildihg-envelbpe is rafély uniform. Formation of icicles

on the walls and around windows in winter are typical

examples of the high concentration of moisture in-a
localized area. Because such \ multi-dimensional phenomena
are extremely difficult to analyse,” the process of

mofsture migration is often _ﬂsimplified to an

'_one—dimensional problem. Becauée of the complexity of the -

simultanéous"mass‘ and heat transfer associated with .

~



~ moisture migration and accumulation; only a'limited amount

. of inIOrmation‘about the subject has hean‘obtained. ‘Early

15

studies .on moisture migration and accumulation in porous -

‘materials were concentrated on moisture movement in soil.

“H

'0"

-Gurr et al. [1952] showed that soil column under an ™

*‘N
imposed temperature gradient causes water vapour to "Flow

from the warm temperature region and condense in the colad
temberature regfon{"As "the moisture content in the cold
,region'increases, yiiquid water wili'fiow from'the cold
region ‘back.- to the warm reglon. Klute [1952] used//*\\
’Darcy s 1aw and contThh1ty equation to derlve a numerlcal

\__/
V»rated

!

method describing the .flow of water in umalll

‘semi-infinite porous materials. However, the physical

"dimensions, as well as the boundary'conditions experienéed
o i
by the insulation are different from that of the soil.

With the 1ncreased use of thermal 1nsu1atlon in bulldlng,
the,sub]ect of moisture mlgratlon in porous insulation has
received considerable attention over the past years.

-

' Various methods”have been proposed to- predicthor'estimate

. the location and/or the amount of moisture accumulation in

‘the building envelope and insulation under a given set of

environmental; conditions. While some methods are too

simplified or 'inadequate, others are too complicatedsor_

‘need experimental verification. Handegord'[1985]:‘used~a

: : A
simplified expression for flow through a sharp-edged’

orifice to estimate the rate of moisture transfer into the

.

wall due to ‘aifﬂ,&eakaoe. Such. an approach may be too -

S
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simplified. Tenwolde ' [1985] - proposed a computer model
based on a‘ steady-state one-dimensional ‘water Vapour
movement by ‘diffusion and convection in a multilayered
wall to determine the location of condensation and the,
amount accumulated.v‘The method requires knowing the‘.
filtrationv velocity- of the "~ air and predicts 'that
condensation is}far more lihely to occur on'one or more of
the 1nterfaces between two different building materials
within the multilayered Wall. _;oniewicz and Tien (1981]
used a set of equations (conservation of energy, mass
‘balance of vapour and liquid) to ' analyze the‘problem of
-condensation in porous 1nsulation under an one-dimensional

: steady-state ‘heat transfer. The analysis included both the

‘ convective and dlffu51ve | étransport mechanisms,

’s1multaneous heat and mass t%ansfers, material properties
'and'the governing environmental conditjons. However, the
method is complex and difficult’ to use,'Huang’et al.
[1979]'indicated that the temperature in the porous system*

_plays an 1mportant role in mass transfer. The ﬁemperature
and the concentration gradients are the dr1v1ng forces for
moisture :§gration and the structure of the porous system»°
in the material dominates the, . mechanism of moisture
movement.A Freezingv temperatures* within’ the materialy
introduce other'considerations such as frost action. Gupta

and Churchill [1978) indicated that _a sub-freezing
temperature'withinlthe material can behave as a "sink" for

mass transfer that resulted in two Ldistinct wet.and ‘dry

A - ' . —_—
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Héoqps within the material. The need for a better
understanding of the .medhﬂnisnﬁof méisture “migration and
| '#gccumulaéion and the int;rqétions with_?;rious.factors"'
v‘;;hbh as tgmperature qnd"preséure gradients, relative

humidities, air leakage, etc. is essential in . ntrolling.

the moisture problems in building.

‘.

The tests :in the present investigation into
moisture migration‘and$a§cumulatipn in porous in§uiation
were conducted /uide: ‘an ,appro#imated‘ one-diﬁensional
condition. Because exfiltration has been fbgnd to be a
.dominant factor in méisture‘ accumulation withiﬂ;zthe
building envelope, therefore, the exfiltratioh rate was
the only parameter thaﬁ was varied in each test while'

. other parﬁmetefs such asiéemperatures and humidities were.
-held the same. 'fhe pressure difference that induces
.exfiiﬁration was generated by "stackﬁ effect (temperature
differende) and mechanical preﬁsurization.' The phrpose of
mechanical pressurization ;;s to simulate the action of
wind superimposed on  the "stackyl effect. Since it is

' difficult to examine various buildih§ materials in this
'investigation, _only cellﬁlpse fibré thermal insulation
(coﬁmonly-known as ,celluloSe) was used. The cellulose was.: - -

_tesﬁed in a‘horiZOnﬁal positigg_similar toithe si;;ation
ih the roof. or attic .becauée‘.thé’ imposed preésuiél;‘

difference and effect of gravity were uniform across the

L.



_ test sanmple. According to Shuman [1%92]{ "roof systems,

from the exposure-performance standpoint, are the most

EOmpleﬁ parts of . »the buildihg system, the effect ot

moisture on the heat flow through roof system should

,receiz;:;}irst attentlon.,_.E By varying-the exfiltgation

rate in each test, the changes in'temperature profiles and
' ‘ !

‘moisture distributioﬁs'within the cellulose can be related

<

to the exflltration rate. Attemifs were made to measure

. the transxent momsture proflle within the 1nsu1ation and
-study the process of moisture build-up . within . the

- insulation with respect to time. Very few results on the:

18

tréhsient‘effect of moisture migration and accumulation.

within porous insulation had been publ ished derstanding

how moisture distributes and accumulates with time

the porous material under the given. ‘environmental

cenditions is important in analysing the proeess of
moisture migration. The .aim of the present inveetigatioh
was'to examine the influeénce of exfiltration ratev on the
mechanism of moisture.migration and aciumulation within

porous insulation .

-—
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A slab offldzkmm thick oellulose insulation was
tested under similar conditions to those in the attic
during the winter months where the insulation is ‘exposed
to two different environmeuts.. The warm side oflfhe
cellulose was exposed to the inside of a box which was

maintained at 25 °C and 40 % relative humidity. The cold

. side was exposed to a temperature of -~30 °C inside the

cold room. Because the saturated humidity ratio of the air

et -30 °C is very small, the relative humidity of the cold

al; inside the cold room was assumed to be at or near

T

<
\

Y

100 3. The warm and cold environments were held ’as

constant . as possible during - the test to simulate

"one-dimensional steady~-state heat transfer. The cellulose

was under constant imposed pressure difference generated
by a "stack“‘effect and mechanical pressurization. Warm
‘moist air exfiltrated through the cellulose and dep051ted

moisture along 1ts flow path.

2.1 Cellulose Insulation

Cellulose insulation is manufactured from weste
newsprlnt Special milling equlpment "is used to process
the raw newsprint into a short-fibre cellulosic materlal‘

and treated with ehemicals'to control flamability, growth:

-

19
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of fungl, corrosivity, odor enission, etc. The soft,
fluffy cellulose contains millions of mihute air spaces to
resist heat flow. Cellulose '13 commonly available'in two

types: loose-fill for blowing and pouring, and spray-om,
o "

' Loose-fill cellulose passing the Canadian General}

Standards Board (CGSB) standard 51-GP-60M was used in this
study. The thermal conduttivity of the cellulose in
accordance with ASTM Standard Test Method C-177 ([1976]) is

0.04 W/mo°cj at 24 °C. Moisture Absorption for the

" cellulose is less than 20 % by weight-when subjected to
)

» ' \ ) :
90 % RH and 50 °C until either constant mass is obtained

or 168 hours have passed., Taking the deénsity of the

newsprint to be approximately 450 kg/m3, the porosity of

the cellulose insulation at 40 kg/m> is about 0.91.°

2.2 Cold Room

The_céld room is approximately 2.8 by‘3.4 mpgnd
2.1m in .height. It is equipped with a . two:st;ge
compressor and capable of reaching -50 °C inside the room.
The aif‘within the room is circﬁlated‘by four axial fans
(Platé 2.1). At a set point temperature of =30 °C> the
comprégsor co.es on approximately"every 10 ﬁinutes. The
temperature inside the cold room varies sliqhtly (=30 to
-28 °C) en compressor cycles. A timer activates a
defrdst ciéle every six hours to avoid excess ice build-up
in the refrigeration c;ils.‘_Temperatu;e inside the cold

room rises to about -23 °C and falls gradually back to



Plate 2.1

Axial

°
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=30 °C during the 15 minutes period of the defrdst cycle.

2.2 The Box
. The principel componqnt‘ot tﬁo apparatus consisted

of a plywood box of 762 by 762 mm and 1.5 mm in height.

The inside of the box was insulated with 25 mm

a2

STYROFOAM* s-M insulation boards to reduce heat loss and‘

'” coated with 6 mil polyethylene vapour barrier to prevent
air 1leakage and diffusion of. water‘vapour through the

sides of the box (Plate 2.2). AL edges'and corners

inside and outside of the box were sealed with silicone .

sealant to ensure air tightness. A cross-sectional view of

P

the box is shown 1n Figure 2.1,

1

The inside temperature of. the box was set at 25 °C

and regulated by a 1500 watt heater-fan unit controlléd .by

a proportional. temperature controller. The temperature-

thermistor-senSing probe for the cohtroller was located at

k

about the mid—neight inside the box. A house humidifier

. [
was attached to the side of the ng_uith Wthe humidistat

- set at 40 % RH to provide the desired humidity legel for
the inside of -the box. The humidifier was encased by 76 mm
thick STYROFOAM S-M? board insulation. A 102 mm diameter

fap was installed' at the air - inlet to the humidifier to

c1rculate- the inside . air ﬁhrough “the humidifier and—

prov1de : eir movement  within ' the box. Calibrated

. 4

,AV" ) | »- "l

* Trademark of the Dow Chemical Company.

e
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Figure 2.1 A cross-sectional view of the box.
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'opening, a controlled flow of cold alr was forced 1nto the

.

/ [ ,.l;.

copper-constantan thermocouples were placed at various_

locations inside the box and the cold room to monltor the

'temperatures.' Wet and dry bulb thermocouples were~also

installed inside the box to measure the .inside relative

humidity. A small opening (10 mm in' dlameter) was made
A
near the bottom of the box for cold a1r to enter. When the
» “,l \/

dsmall openlng was ?exposed to the cold room durlng the

test, a pure "stack" effect bas generated w1th1n the Dbox.

By connectlng a compressed air source‘ to the small

i
LN

box and an additional pressure difference was induced to

51mu1ate the action of w1nd superimposed onto the "stack"

s

' effect Under the action of the "stack" effect and 1nduced

<t

pressure dlfference warm m01st air flowed ‘through the

cellulose 1nsn1ation at the top of the box and into the:

o 2
cold rooma_Details are shown in Figure 2.2. ~

Care was" taken to ensure the box was a1r tlght so

opening and warm mblst air left only through the cellplose

insulation 'at the top of the box, rather than through

\ craEks and holes 'in the s1des'of the box. In checking for'
the air tightness, the top ‘of . the box was coveredp w1th a

piece of 13 mm thick plywood and all ‘the edges sealed? The

small opening at the bottom was plugged A small amount of

~

i natural gas was . 1njected 1nto the . box and p031t1ve,

{
pressure was apq21ed to the box by means of compressed

A 3

25

”’that cold air only came 1nto the box through the bottom. ‘

air. A gas sniffer dlb used - to detect any 1eaks 1n the

&
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°
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O

BOTTOM OPENING

e R
Figure 2.2 Location of instrumentations and sensors
. inside the box.
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 set-up. After all the leaks were eliminated, the test

. section for the' cellulose was p;aced "on top of the box.

The edges between the test section ang.the~box_were also

sealed with "silicone sealant ‘to avoid‘ air leakage. A
‘baffle was placed in front of the - cold room c1rcu1atlon‘
fans to prevent cold air from blow1ng dlrect'y onto *he

‘box. Therefore, the air movement ‘inside the cold room had

. / ' )
very‘llttle effectfon the exfiltration rate and moisture

migration in the cellulose during the test.

) 7
o . @ . L)

2. er Gas ] d For Measuring the Exfiltration Rate

‘The exfiltration . rate during each test was

of the closed loop flow dlagram for the tracer gas method

is '111ustrated "in Figure 3.3. M;cMIRAN 1A Infrared

i

hexaflouride '(SFG) as - tracer gas for measuring, the

27

measurqp using the tracer gas decay technlque. A sphematlc

Absorption Gas Analyzer was used “along with, sulphur

exfiltration rate of the box. More.. detailed information

§

“regarding the ﬁleRb.,N‘Gas galyzer 113'ca.libration procedures .

and calibration curve are.lncihded‘inﬁAppendix A.

To'neasure the exfiltration rate;during the test,

a small amount of, SF6 was. 1n3ected 1nto the box to’ glve a

. gas concentratlon of %bout 5 parts per million (ppm) Both

the heater and c1rcu1at1ng fans were on during the tracer

g

- gas -decay test to prov1de m1x1ng of the alr and SFg 1n51de

the box. Return a1r circulated througqéa desiccant flask
B

‘(for absorblng any m01sture in the return air), acfllter

o P

- - f ' : 'ﬁ
A
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"Figure 2.3 Closed-loop schematic flow diagram for
o the tracer gas decay test method.

&



(for removing any toreign particles in the return air) and

S a copper coil water bath (for bringing the return air back

to room temperature) before entering the gas analyzer. By‘

connecting the output of the gas analyzer to a strip-chart
recorder, the concentration'of SF¢ inside the box with

. respect to time was obtained. From the solution of the

29

«continuity equation (Appendix B), the concentration of' the

o

tracer gas as a function of time is [ASTM E74l, 1983]

A -

c(t):co‘-e-xp(-ilt) - o (2.1)

where c(t) is the cOncentration of tracer gas at any time,

'co is'thedconcentrationl of tracer gas at time =0, I is
the exfiltration (1nfiltration) rate in air changes per
hour . (Aéﬁg, and t 'is the time. A plot of natural logarithm
of the tracer gas concentration versus time w1ll yield a
straight 1line if} the . the tracer gas concentration is
uniform in the test -volumé and. the~exfiltrationrrate ‘is
. constant during the test period (Figure 2. 4) . From the
slope of the straight’ line, the air exfiltration rate for
that time 1nterva1 can be calculated. o
: e . -

~

Y

Moisture migration and accumulation in porous

insulation is a continuous process. Since the movement of

moisture by’ diffusion, convection, evaporation and

I
“l v

'condensation (free21ng). ete. in51de the porous 1nsulation
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"

'is’changing with time, it is more logical and meaningtul

‘to determine the mpisture content ftom g,transient test’

4
method. For steady-state testing of wet material, the

. moisture will migrate and accumulate under the given

environmental conditions. Therefore the final results will
not apply to the starting moisture conditions nor the
Lntermédiate states during = which the moisture
"redistributes itself. The objective of this eXperiment
requires measurement of moisture content and distribution
within the insulation during the course of the experiment.
.The most aocurate and widely used method of determining
the moisture content and distribution in materiels is by
gravimetric anafysis; that is,vcutting samples.vat various
cross sections and drying the'samples in an .oven to' a
:constant weight. The cnange in meight before and after
drying represents the moisture ,content. However, such a

method requires cutting up the ‘test insuletion frequently

and disturbing 'the test specimen. Thus, the gravimetric

: anaiysis,is not a practical method for transient, in-situ
measurements, but was used to determine the final moisture

distribution within the cellulose. Given the Objectives

and constraints. for the experiment, a “thermal‘

conductivit§ probe" was chosen to measure the moisture

content and distribution within the insulation.

.
For typical building insulation, the, thermal

conductivity varies from ‘0.015 to 0.05 W/m.°C at room

temperature while water has ~a thermal conductivity of

31



. J
about 0.6 - W/m:*C. Therefore the higher the amount of

32~

noisturo within the insulation, the higher the thermal

conductivity. The "thermal conductivity probe" consists ot

a stainless steel tube (2.8 mm O0.D. and- 2.2 mm I.D.),

line heat source (30 gauge »constantan wire) and a .

thermocouple - (30 gauge copper-constantan) as shown in

Figure 2.5 and Plate 2.3. The value of the thermal
v

conductivity for a particular material as measured by the
probe can be obtained by inserting the probe intohtne
material, connecting the 1line 'neat 'source to a power
supply (Hewlett \Packard Model 6214A) and neasur}ng the
rise in temperature versus tlme.

The transient: line heat source "theory on Wthh the

probe method is based is g1ven€ in detail by Carslaw ‘and

Jaeger -[1959]). The derivations are included in Appendix C.

, . n
The temperature rise at a point in an "infinite mass of
P

<

material" heated by a»?perfect infinite line heat source"

is

Q r2 - x?
o = D= 1n( ) + ( )
4 x Xk T 4at 4at
1 r? 2 o r? 3
- (— ) + 0 (——) 3 (2.2)
4 4at 4 at

“
s

where & is the temperature rise in °C, Q is the amount of

heat produced per unit time per unit length’in W/m, k is
: . ' Q-
the thermal conductivity of the material in W/m.°C, D is a
B . ' . o .
constant (0.5772), r is the radial distance away from the
- c T X C
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Figure 2.5 Details of a typical thermal conductivity
probe. v
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Plate 2.3 Photo of the typical thermal conductivity
probes. '
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line heat source in m, a is the fhnrmal diffusivity of the

material in m2/s, and t is the time in s. Assuming r is

’qual to 1 mm (roalongbla“assumption for a zté'mm I.D.
tube) and taking 7%10~7 mz/l as the yalue of thermal
ditfusivity fér | thé cellulose, the term r2/4at,
correspondingﬁto a given time-is

t =60 s ~ r?/aat = 0.006

t = 120 8 r2/4at = 0.003 .
Therefore, as time increases the term r2/4at decreases. If
the temperature rise in the‘first couple of 'minuteslié
ignored, then the term r2/4at is small and Equation 2.2
can be simplified as follows ,

Q r?
6 = D - In(———) . (2.3)
4 » k 4 at .

—

Taking the -difference in temperature at two different

times t, and t, yields

2

Q r

8, - 8 = ———_, f D-1ln(—— ) ] -
’ r2 .
[D-ln(—— ) ]
4 at,
Q ty
= 1n(—2=) = . T (2.4)
4z k . tl

Solving fbr k yields

3s
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. [1949] have
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Q . 1n(ty/ty) ' |
k- . (2.5)
- 4w 92 "01 i .

Note that for (rz/dat)<<1,.ftho.thqrnal conéucfivity }n‘
indapandent" of other thermoph&éicdl properties such as.
thermal aiff

vity, a. A plot of temperature rise versus

o . ‘ )
ln(time) yiRlds|a straight line. Khoﬁipg'tha slope of the
input (Q), one can obitain the - thermal.
conductivity gf the material. “ SRR

ef the line "'heat source theory';£s~used in the

- probe method, the line heat source is'neitﬁer ideal nor of

infihite length and th laterial is finite in size. In

addition, the presehce of the metal tube of the,ﬁrobe and

‘an e fect on the measurement. Van der' Held and Van Drunén

Q t, -t
w2 _c (2.6)
4 xk t) -t -
Q ~ In[(t,-t.)/(ty-ta)]
or k = T 2 © 1 ¢ (2.7)
» 4 x 8y = 6,

I1f Equation 2.6 is written in the form of a differential

equation, then the value of t_ can be obtained by taking

the derivative of time with respéct to the temperature °

<A

letion of the higher order terms of r2/4at will have '

tudied the above departures from the ideal -

‘t

[}

L]

-



- ASHRAE Handbook [1981].

probe and knowing the temperature o

rise (dt/d4@ to ylela

at  dsxk

- (t - tg) 'i‘ (2.8)

- de - Q | 1
RS ’

The value of c is sinply the intercept of the time axis
by. plotting dt/de versus t. For example, Figure 2.6 shows

the’ tempereture rise within the cellulose insulation as

" measured by the probe. Figure 2.7 illustretes how the time

correction (t.) can be obtained by plotting dt/de versus

time. Figure 2.8 shows the results of the thermal

conductivity for the dry cellulosg using the probe at

various temperatures as compared tb*the values given by

The probe was calibrated’ using samples of
éEIIulose“ with different Jhiform moisture -contents'at

o

several temperature settings. A 'series "of calibration

_ curves for the cellulose involving the measurcd thermal"

conductivity, temperature and moisture content were il

S R DL
obtained. By measuring the thermal‘cagiuctivity using the

“the cellulose, the

" 37

notsture content can be obtained. Details of the - probe -

‘calibration are presented in'Chapter 3.

A 610 x 610 mm square hole was cut in the middle

of a 13 mm thick plywood plate. Strips of 76 X 102 mm

STYROFOAM S-M insulation formed a 610 x 610 mm bracket and

* ‘
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o
b

) . .
coated with.enoxy for added‘water resistance. A. fibreglass
screen was sandwiched between the bracket and the openlng
on the plywood plate to form the test section for
supporting the loose fill cellulose in place (Plate"z 4).

At 40 kg/m test density and 102 mn test thlckness, the

: ﬁtotal weight of the cellufbse was calculated to.be 1156 g.

Eleven identical thermal conduct1v1ty probes were 1nserted
‘into the~31de of the test - sectlon at varlous levels for

o

measgrlng the mo&sture cOntents and dlstrlbutlons

(Flgure 2. 9 and Plate 2.5). -Seven equally spaced.

thermocouple probes were also inserted into the middle of

one side ®f the test section to measure the -temperature

'profile acrossﬂthe cellulose insulationv(Figure’z;lo and

Plate 2. 6)

Slnce it would be 1mb0551b&e durfhg the test to

& )

- remove a sample core  of the test: 1nsulat10n for welghlng'

e .
- and’ drylng w1thout dlsturblng the process of m01sture

movement, attempts,yere¢made to at least~ver1fy ‘the: proble
" i . . ‘)" . e ‘ . . :
' measurements .at -the end of the test with gravimetric

x o G

«up doﬁ so, flve sample core 'holdefs _‘were

X construo . The donut rlngs were 63.5 mm in diameter and

°

3.2{ymm thick and made of plexxglas w1th 3 holes drllled on

the rlng. A flbréglass screen ‘was attached a§ the bottom

and 12. 7 mn long wooden pegs were 1nse§§%d ‘into the holes

on the ring for spac1ng and shpport Total volume for each

% .
12.7 mm cross- section was calculated to be 3. 66 X 10 =5 m3.

At 40 kg/m3 test densxty, the requlred amount of cellulose

@



Plate 2.4 Photo of the

]

{:‘est section.
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COLD BOUNDARY
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e (38.1 mm) *
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Figure 2.9 Poe lons of . the thermal conductivity|
probes in the test section.
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in the test section.

§

Plate 2.5 Photo of the thermal conductlvlty probes
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Figﬁre 2,10 Positions"of the temperature probes in
- , the test section.

S 1
Plate 2.6 Photo of the temperature .probes in- the
~  test section.
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'“waq carefully weighed to 1.46 ;' 0;01fg ‘ta til; each =
| cro-s-ioctibn. Care was taken to fill each crosi-section
. #a ‘nniformly ;as possLble; Then the next cross-section
wéu;d be placed‘pn top of'the érevious one and filled with"
the'exaﬁt amount of cellulose. The process was repeated
until the holder was completed. Each holder was encasedj

with a fibreglass screen tube .(Plate 2.7). Fivé“sample

core holders were blaced at different locatio; . within tQé;
test éection‘ to.!dbSerVe. any“multi-diménéi jal'effects
during the test (Figure 2.11 and Plate i.gx: The remaining
space was then carefuliy filled with celluiose at 40 kg/m?
density (Plate 2.9). After the test sectioniwas ready, it
was}placed on top of the test box. An additional 457 mm
high bracket was placed on top of the test section toi
avoid air movement’ directly' above the vtest éelluiose
(Plate 2;10). A11~_cé11ulose was oven dried befbre each

test and this oven-dried state 'was used as the basis of

the dry weight for the insulagion.

2.7 Data Acquistion System
The data aéquistion system used in this experiment

consisted of a MetraByt%ﬁ; DASH-8 A-D converter

;(maunfaqtured by MetraByte ébrporation), a MetraByte
: ’ i D ]

Universal Expansion 1nterface (Model No. EXP-16) and an

IBM * Personal_Computér. The éystem provides 16
* . Trademark . of 'Infernational  Business Machines

Corporation.

o8
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Figure 2.11 -Positions of the samble core holders
o within the test section. ’

Plaég’z.éw Photo of the sample core holders within
the test section. . . .
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differential analog input channels for data collcct1094

I

The Dhgﬂzg is an 8-channel 12 bit high speed (up
to 4000 lampiol)locond) A/D converter and time/counter
board for ‘the IBM PC. All conneétions are made through a
;tandard . connector at the rear .of ‘the computer
(Figure 2.12).

The EXP-16 is an >expansion'mulﬁiplexer/amplifier
system that can be used with any data acquiétion system.
Each EXP-16 concentrates 16 differential analog input
channels into one ahalog output channel and also provideé
signal amplificati&n, filtering and conditioning. The
board inqludes cold-junction sensing and compensation

circuitry for thermocouples measurements (Figure 2.13).

2.8 Test Conditions And Procedure

| Four sets of tests were performed with different
cohditions. The iqside temperature (25 °C) and relative
humidity (40 %), cold room temperature (-50 °C), thickness
and 'density of  the test cellulose -insulatioh
(lbé mm and 40 kg/mj) were the same for all tests while
the duration of the tes£ and thevexfiltration rate were
varied in each test. For test #1, zﬁgssmall"open;ngo near
the bottom of the box was simply exposed to the cSld‘ room
and the sys%em itself regqulated Eheb amdunt of cold air

being drawn into the box through the opening. The

exfiltration rate as measured by the gas analysér was’

49

» N

0.4 ACH or 280 L/hr of air flow and the test lasted
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(504 hourl"(21 dayo). For test 42, a small amount otjcoid o
| /ﬂ.r vas _forocd into tho’ box @via the a,all opening at the
bottom of the box to give an exfiltration rate of 0.6 ACH
;w;or 420 L/hx ot air flow. The test ended after 336-houre
) (14 days). In test 3, tho exfiltration rate was increased
to 0.9 ACH or 630 L/hr ot air flow and the test completed'? ‘
‘in 224 hours (9.3 dayo) In test #4, the exfiltration rate
was 1.2 ACH or 840 L/hr of air flow: and the test ran for
168 hours (1 days) . The lituation in Test #1 modelled the .

moisture migration and accumulation under a pure- "stack.ﬁ

' effect". Tests #2 "3 and 4 simulated situationsv’where a

"stack" effect and induced pressure are ﬁresﬂht The
length of time for each test was chosen i
total amount of moist air flow through the»_

was constant for all tests, i.e.

Testing procedure was

Just before the’start of each gest, pro

'~ the cellulose yere taken to ensure unifcf ‘ ng‘dffAthé. :f‘~;
ineulationr,'k;ter= the start of the, § the dallyy :‘s
moisture content ~and "distribution vi delrulose ./ik

were {Elhined*.pyvusinggfthe probes. Té e;pr&filesv }ﬁ*ﬂ
. L@ . ) : Yo R :




- v

acroll tho collulolo wero rooordod dal&y uainq tho
temporature probol. The oxtlltrstion ‘rate was measured . by
the HlRAN Gas Analyser every day. \Aloo, the inside
tempg;Afure,‘ inside humidity ana cold room temperature
were  monitored on‘ a daiiy basis to ensure constant test

conditions. The total: &mount of water consumed by the
' 4

humiditier to maintain the test dondition of 40 % relative'

humidity was redbrded At the end of each test, the sample

core holders were removed and the cellulose in each

cross-section was weighed and dried t6 obtain the final,

moisture content and distribﬁtion. The remaining cellulose

wvas collected and dried .to obtained the overall moistune

content. Visual 1nspectlon fgas made to check the.

{
compactlon of the cellulose, traces of liquid water within

the cellulose, the extend of frost formation and any sign
associated with the process -oflmoisture migration. The
cellulose was touched‘bY"hand to feel any liquid water -or

dampness.



;'of viet 1nsu1atlon-‘obta1ned '

y I,

“ .

: The-ability’ of measuring the transientf:moisturep"‘O

o ‘ Che
present lnvestlgation.' Kf_ relatlon ‘betWeen~“. probe

mmeasurement ’ molsture content and temperature of the

celiulose 'was requlred 1n order t0"convert‘thg' robe'
/ \

measurement 1nto correspondlng m01sture content 1n‘ her

Y

‘oellulose; % probe callbratlon‘was carrled out to obtaln

such a relatlon. Be51de uSLng the tracer gas decay/method

other measurements ~such as the temperature proflle wrth&n

4

the‘ cellulose and the overall water consumptron for the

test were also~used ;n»estlmatlng the‘exflltratxon‘rate.

1 Obe ,a tion

The thermai conduct1v1ty of the lnsulatlon glven

S e . .

»

(steady-state or-transient)‘ for measurlng the effectlve

"ﬁthermalcconduct1V1ty of wet 1nsulat10n. Langlalsv ‘et alr

4[19837 indlcated that the values :i//thermal conduct1v1ty
u ing.

‘ﬁ.\trepresent at‘quasi—steady state and mlght be uﬁreallstlc.

" _,/'/ . . T . ‘ - ‘ -
T e o - fﬁ\ i

,4‘

by “the manufacturer oruobtalned from standard measurement

the probe method

_ . \
Therefofe, Jln order to. av01d confu51on, the ~values -
v . ? K . 0 g . .- : : L | ‘ =

distribution fwithin 'the cellulose»‘was cru¢ﬁal"in’thet

' technlques are usually for dry 1nsu1atlon only There is

"currently » no _-acceptable "-standard _ test B method |



NIt

obtained by - the pfobef-'~ on T:he .
'referred to as kprobe and served only as a measure of the
moisture content. The values do notA~necessary imply the
effectlve thermal conductivities of the wet cellulose. At
a glven den51ty, the value of kprobe for the insulation is
a functlon of temperature and molsture content of the

;ulnsulatlon. Before the probe can be used as a dev1ce to
d e / - . .

measure the m01sture content - in insulation, it must be

‘callbrated agalnst a range - of moisturer contents ang

temperature settings for that particular insulationu

A-ellulose will be\"

For thetcalibration p ocess, a 203 mm in diameters

;and 254 nn 1n height cy11n r1ca1 contalner ‘was used /to

hold the test saﬁple. At 40 g/m den51ty, the dry welght

(oven dry) was calculated to be 330 g and 5 test samples

- were Qarefully welghed and ut 1nto dlfferent contalnerS\

—

'leferent amounts of wate » were sprayed onto each test
sample and’ mlxed thorou hly to give an approx1mately
unlform ‘m01sture content w1th1n each test sample. The.
samples fwere " covered and placed in - a temperature

controlled env1ronn§nt for condltlonlng. After 3 hours the

'samples - were  mixed agaln and after 6 »hours qf

\‘,conditioning;‘ the samples ,were weighed to obtain the'

't;moiSture contents by welght.1°Each Sample was carefully

¢
. mixed and packed in the cyllndrxoal ‘contalner w1th the

?lprobe inserted 1n ‘the mlddle.ﬂa constant current of 0.2

ampere was supplled to the 'llne. heat -sourceﬁand'the{
> v = _ - i v

s

temperature rises, measured by the thermoCouple'inside‘theff

: e E i
Lo 3 &~ : ’

L
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P

probe;‘ were recorded and the value of kprobe for. that
temperature. and moisture content was . calculated. The
process was repeated for various ~moisture conténts

(0 to 400_3) and temperature eettings 'gzo to =20 °C). A

_ series of calibration curves of Kprobe Versus m01sture

content for- a temperature settlng was obtained

(Flgure 3 1) A flfth order least square polynomial was

\ .2

\ .
used to f1t the data  in Flgure 3. 1 U51ng the results of -
'}he' fitted .valueS' in Figure 3.1 and replotting w;th

‘temperature as the independent 'variable for . varlous

- moisture contents, a  series of straight lines with

~

- b 4 % ) . - . ) .
‘correlationi‘faptors (Rz) of q.g%sdfto 1.0 was obtained

;“(Figure 3.2). From the coefficients*-of the least square :

' straigﬁt : lines in Figure 3. 2, a_, single' equation:

~

1'th1rd order least square polynomlal -

[ v

representlng the kprobe value for a ngen temperature.‘and

m01sture content 1n the cellul se was: derlved us1ng a

-

Qa

Kprobe =._J 726E*2 + 5.347E-gMC - 1. 394E- 6xMC?

+ 1.992 9xMC3) + Tx(1. 4133—4 + 1.297E- 6xMC
‘ - 4 VQSF—BXMCZ + 7.002E- 11xMC3) . k~ﬁ S (3.1)
::where kprobe' ' the_ callbratlon value correspondlng to ’au

glven molsture content and temperature 1n W/m~°C MC is

f;the moisture content by weight (dry ba51s) in % and T 1s a

the temperature 1n °C. Equatlon 3 1 was used ‘to- calculate ;

the molsture jcontent from the measured kprobe value and
A ,

g . 1
{
[ v
i _
/[ .
[ o

1
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it

tempdrature during the test. The average percent error in
kprobe between the calibration data ‘and curve fitted
results from Equation 3.1 is less than 5 %. ' .‘ -

3.2 Exfiltration Rate and the Temperature Profile
Most porous insulation is permeable to -air

intrusion and the temperature "ngfile‘ within the

‘insulation depends on the éiven boundary‘temperatuies andi

the amount of  air intrusion ‘(infiltration or,

58

exfiltration). Consider the case of permeable insulation_'

subjected to a warm boundary temperature T; at x=0’ and a
cold boundary temperature T, at x={, with a steady

exfiltratlveﬁflow of warm air from warm to cold boundaries

“due. to an 1mposed,‘pressure;.difference. Berlad et al.

'1n m, and k .is the thermaL-o

,

[1980] have shown that the energy equation is

) J ar - a2t
pucCy — =Kk —— T (3.2)
pv_ dx dx? : ‘

where p is the density of the air in kg/m3, u is the

velocity of the air flow through; the ‘insulation. (WhiH‘QQ

will be termed "filtration veiocit?") in m/s, Cp‘is‘ the

spec1f1c heat capac1ty of . the a1r in J/kg ‘K, T is the
B - -
temperature in K x is the d&’t%?ce £l

»o\ y _‘_
‘tava;

¥ : ) - . A

&

' teuboundary”

; insulatlon
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;Qhere I 'is ‘the e;;;ltration .rate in ACH,“ eff is tk
-effectiVe i cross-seqtion area fi“ the test hsect

: (cross-secticn area times théﬁm@orositybkln m2

59 °

A I exp_(‘pucpx/k) -2
‘P e Py - (Ty - T S ] . (3.3)
B & o) [ exp(pucpf/k) -1

The term puC x/k is called the Peclet Number (Pey and
lrepresents the relative magnitude of heat transfer by

convection as compared to heat transfer by conduction. .

.solutidn to Equation 3.2 in the form of Equation 3.3. is

valid only if the properties ‘'such as p, cp and k are

constant. As 'mOisture accumulates within the cellulose,

fthe effectiue 'thermal conductivity_\of ‘the . insulation

changes and Equation 3.2 will not be applicabie, Deviation
from the measured temperature profile described by
Equation 3.3 indicates changes in properties due to .

moisture accumulation. If the average property valyes for

.p/ Cp and k are assumed and the temperature profile is

prov1ded, the averaca filtration vel%fity can be estimatwd

from Equation 3,3. Knowxng the filtration veloc1ty, tie .

‘.

exfiltration rate can be approximated as

ua s s S R

I = % (3600 s/hr) _ AR (3.4) L.
Y Vg RS ' 3
h. 'v‘?}’q :

Yo R '1..‘ £

- B .A ; 1 R 4, j. x‘ ;’"
‘a rough- estimate of the exiiltratxon r

. .

“‘and provi:des -an & 4-

additional check on: the tracer gasﬁdecay test result.. )



.éfg@,Water vapour ip the air also can be used as a
'tracer gas. The aitiﬁtemperature and relative humidity

inside the box were controlled at 25 °Ciand 40 § RH. From

peychrometry (Appendix E), the humidity ratio of the air'

was calculated to. be 0.0078 kngZO/kg dry air. At the

outside temperatur; df -30 °C° and assumnﬂ .LOO % RH, the
humidity ratio of thé cold air was 0;0003 kg H,0/kg dry
air. Therefore the humidifier shppliedA gpproximately
-0.0075 kg of water for every”‘kg of cold air entered into
the box in order to maintain the desired test conditions.
From the total amount of water consumed by the humidifier

over the entire test period, the total: amount of air which

entered into the box was

Ty
(0.0075 kg H,0/kg air) - t

(3.5)

-l

. where m, is the_mass flow rate of the air in kg/hr, m, is

the mass of water consumed in the entire test period in |

kg, and t is the duration of the test in hr. Knowing the
( .

e denSity ‘'oft theé air  and the volume. of the box, the

‘ 'exfiltration rate'was estimated to be

f,I_’= _______ L S o (3.6)

.hQQﬁ,ba
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Calibration of the probe measurement provides an-
easy conversion -ét» the imeasured“ kﬁrobe value and

temperature of the cellulose into moisture content. Eleven

thermal conductivity probes at various 1levels of the
cellulose . provided a moisture profile within the
insulation. With a daily moisture profile, the progress of
moisture midration and accumulation'within the cellulose
was studied. The'estimations of the gxfiltragion rate from
the témperaﬁure profile and ,overéli water consumption
provided  useful checks on the tracer gas decay test.
Because the exfiltration rate was the only.yariable' that
was changed from one’test to ‘bnother, tﬁérefofe, it was
important to verify and compare the tracer gas'test result

. with other measurements.



S

‘{p@uQQ sets of tests were performed in this
investigatid% of moisture ﬁigxhtion in porous 5insu1&fion.
Teet condiﬁions were held cohstan§ for all tesfe with the
exception of the exfiltration re%e. The . .length of the
test was chosen sueh that the total emount of moist air
passing through the cellulose was the same for each test.

kesults were correlated with the measured temperature

. profile within the cellulose and the exfiltration rate

during the test. Estimation of the heat losses due to

" conduction, convection and latent heat are also included

for each test.

4.1 Tempeza;g;e Profiles

As mentioned = in Chapter 2, the | cold room
tempekature varied with the compressor cycle and defrost
cycle ‘and the temperagure ~inside the box fluctuated
elightly as tpe heater came on and off (Figure 4.1)7 The
fluctuation of the Boundary temperatures were small and
should not' influence fhe temperature profile within the
cellulose. Figures 4.2 to 4.5 show the initial (about 1
day after the start of the test) and final (the 1a§£ dey

of the test) temperature profiles for each test. The dew

pointtemperature of the warm moist air and the 0 °C are

62
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L J-“sé

'included When there ie no moisture accumulation within an -

insulation, the enerqgy equation is given by Berlad et al.
"/f[1980] in the form of Equation 3 2. If p, C p and k were}.

”assumed constant, then fthe temperature within van*-

4

C IR
‘insulation- is given by Equation 3.3 w0 ’” ? ,.*v_;g
. ‘V ’ X .‘ qu‘,'
o ) ] ) b Lo , " e"xp(puc a"x/k) - 1 .‘_ ' ) " ‘ ‘
g T » T; - (Ti - T.) [- —] " A.(3.3)
T ¥ ewm(eucglyy -1 T :
Ve o Lol L
“u,Whenw moisture“-i accumulating w1th1n ah 'insulafion,~

F

OgnieWicz ‘and Tien [1981]. proposed that a 1atent heatv‘

_term, Lr be added to Equation 3.2

) . ’v -v;ﬂ...’:‘:-\“ | ' ‘j ;ﬁ*ﬁ 2 ' \. ° .- | : ' .‘ )
5 Aher dl b ﬂi" T . ' T '
o p UG AL T g HRIR round W
. ” "h . g ,‘ . a ] , .

atcnt heat in J/kg and F is the volumetric ‘

:‘m01sture accumulation 1n kg/m .s. Again, if p, p' k-andvr

;’where L 1s th

were; assumed,V-constant,v the temperature w1th1n ‘an~‘

- > T S :
' insulation 'can' be »sﬁowed (simllar to the- solution of su

E ation~3 2 1n A end1x~D és s : _
ationy3:2 in Apper ,_,) S _7' & |
T L w,jlrf"'h“exp(pucpx/K)”%flz“:%%”' o
T o=y - (Ty R To) e BTy it
- - puCy fexp(puC»lkk) -1
. : R B . . D 2T ey o

;If mOLsture condenses .or freezes W1th1n an insulations,t

ShOWS»lthat the-presence of moisture ’will lower tth‘

éemperaturg w1th1n ‘an 1nsu1ation ‘as’ compared to no";lw”

DOV

! . L . I E

term Lr is pos1tive&e cOmparison of Equations 3. 3 g;d 4,27‘W




'“QW;*”m81ﬂ%uf¢*accamaiation;' The drops in temperatureS"within

rl

the ceﬁ&ploee as shown in, the measured temperature
profiles (Figures 4.2 to 4.5) , are the indication of
moisture accumqhation within the cellulose. The inside and
outside surface temperatures of the cellulose are*obtai ed

”

'by extrapolating the measured temperature profiles.

1 | results clearlx show that as exfiltration rate 1ncreases,
: [

69 -

r

the outside surfaceﬂ temperature ,of the cellulose also .

B R L . !
increases. ‘ ' - ‘ ' : -

K4

| ‘The exfiltration rate for each test was measured by

) three ‘erent methods. a direct measurement using €

:gﬁm MIRAN Gas Analyser, estimations from ‘the filtration

- \ v

velocity and from the overall ‘water consumption. The
. /

results are listed in Table 4. 1. Results obtained by the

N

tracer gas decay test using the MIRAN 1A‘Cas Analyser are

(. v
considered to be the best [measure of the exfiltration

f.rate. BecauQe of the set-up -of the experiment, other*

information such as, filtration velocity and overall: water

v

‘ consumption were. also used to estimate the exfiltration

. , rate and provided additional checks on the %?s analyser's

RTRUP 4 ,

‘ measurements. Results on the exfiltration rate by the
”

three methoas\are consistqpt w1th each other.v~_*gv( ;/4:5‘ ;gp

The largest «source of error for .the tracer§?

decay method is the mixing of the tracer gas. But wi%h

)

8

o
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v

L]
. ‘ | R [ R v ) ,,\_‘ . . . . - { o . ‘.)"j .
5 Exfiltration Rate: S g .
© %% | (MIRAN 1A Gas = . , o
" Analyser, ACH) ©.0.40 0.60 -, 0.90
B 4 \ ot U’ . - ] . ?Q Mﬁ :
Y T lf — .‘4 : v ki ¥ : “ |
‘Average Filtration *ff )
Velocity (x10™* m/s 3.0 ~ 4.3 6.6 8.7
- Ex traﬂ Ry et ~
A 0.41 0.58 0.89 1.16
“oe . 4 .»“ oS . X . . b
‘ " "’ 9 . . ' ' - - { e T v
R . P . E S A g $
I . ’ : .
Ove.ra.lil Water 1 N S ‘/ . »
| Consumption “(mL) oo 2332 1352 1410 1437 v’
Duration of the " |
" 4 Test (hours) . 4 504 336 224 168 "
' N T , , b - - . S ' . , 3
| Exfiltration Rate A ) K N N T
: (Equation 3.6, ACH) | 0.46 ¥0.70 . 1.09 1. B
\b ' \ uk:\?) . N Pl
;" 2 , " 4
o (‘\ Q ’ } 'A h

- s
¢ o 4
- L4 @ 4
-~ -
. - ’ < t
| N s .
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{
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~ e l : N
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e

‘both the;'heater fan 'and circulating fanlrunning at arl’
time, it is believed that the. concentration of SFs within

the box was uniform. The results of the tracer gas decay

&

tests shoWed very little changes in the exfiltration ratd

¢ .

_over the,\@ntire test period. ‘ - o
. * ‘ “y .
? The ffitration velocxty of the air in the solutlon ‘

‘Equatidﬁ B 2 ‘”Sumed constant values for Y Cp and‘k
In reality, V;‘ and*’ﬁpi for the air depends vonyﬂﬁ&gi *
_temherature and toiiggpe humldl thle_ k. .for th .
insulation dependé} on the temperature and ‘moistureb‘{‘
;content. Because' the amount of Atistdre acc latigfin' -

“the above freezing portion of the cellulose was small

(about'qzo % morsture - content by wélght),' therefomg
. B

5]

L ‘.“ﬁ )

‘temperature ~measurements in th%s»_portioﬁ W%Feﬂ?Sedjfé‘.
calculate the filtration velocity. "Exfiltration rates,
.obtained from )'Eéuation 3.3 gepresent.' only an %

. L ‘a 'n' - . ) 3 , ' 7
approximﬁt‘on e N B | L

- .i control valve on the humidifier is
not designed to requ ate the waterj&level prec1sely,

ftuerefore the overall water consumption‘psed to estimate :

‘the exriltratio§%9rate is’ qnly an,(estlmation. The waté% ':ff'fvﬁ
‘ consum‘!!bn 'ate by the humidifiér was not constant. When ‘5;j",’?

; the humidifier was on, more water was being consumed.. Butﬁ

' averaging over the - entire- test. period ~ an average Lo
. "xfiltratiOn rate c?n be obtained S :'_*"u ff S ,:_,'xa?f

.
D e \1 e » . A : SRR
. A e i Co . . . . L e : v
= . P SRR RIS . ’ : . : . - ! -
D 5ol . ) L L . - L : T ow
. N - . Co vy w . : N .

-



"analysis for the 0.4 ACH test was slightly ‘

.uoistuﬁ" d-’istrihution from the ’graVimetric’_

the other tests :l.n that the reqﬂi_{ M.ned by

" direct corin& of then cellulose at the endgll Qét. The

core sam*s @ere cut i

for welghlng and ‘ "‘.‘ ¢ore sample holders were

_‘2 ACH tests because of the

o

" ing of the cellulose. The

‘employed ' for the 0. 50?;
LS
difficulties in. dlrec '

ﬁphﬁpdée of placmg the dore ‘sample holders at various

%

Aocations wlthln the test section . wa& to determme if

T

" 4
e there was any ‘signif lcant Varw in the mo 1sture.
_ v .. :

content with respect to the locati&n that is to observe i
any multi-dlmenslonal effe;t '.present llthln the test
sectlon. Tables 4 2 to 4. 5 list the results of the
ﬁav%%rlc analy51s for each test. The : results 1nd1cate

some spat1a1 variatlonsr Although the” test sectlon was' ‘

v ‘msulated wu:h 76 mm thlck §TYROFOAM s-M 1nsulat10n, some

heat loss through the slde of the test secti,‘on_wasn
- ,f ERee W’ '

f' ,expected., Because ",the set—up _,;,waél mot. - “truly an’ .

one-d}menslon heat transfer, temperatures at the edq'es'

(J’

E . and corners ot‘ the{test sectlon were expected to be lower:

;than the 'center and therefore ~some multi-dimensmnal

L

: effects were presents Some local varlatlons of denslty inn

q +

the test sa)mple{ due to packmg were also anticipated “'Dhe .

'small temperature and density d&fe%ences Will cause ,some
< & b‘ ? A 8

o - v . . E- 3 : ~"‘:~,‘
. : . \.,. -, - ) . QL




. | » ’ M . ! Q . "',1‘ . «,.\\‘W?» . ) ‘i' ) |
, Liw o e T
- - Table 4.2 ranqultn o: ‘the moisture . diqtributiqﬁmwithin e
L : the: cellulose as obta@ned rromfgrav metg}p o
analysis (Acu-o 4)¢ -

T o ;;&OL’Q BOUNDARY c R e

o

e

P

‘WARM_QPUNDARY
-dry'basgg) ) s
/ L 5 : ~ - T, I f B ‘,} 1 -
- ) sémple Core Holder , N |

: - — e - gl
Levelj 1l .2 ’ 3 4 5, .Mean St Dev.

~ o ® - " ” ' y Py
N — - — SEE e N
~ a5 o 14 . 15.2

. Moisture content (% by weight,

1.8

>
-
w
L
Dq.
2
[
~
3

18 38 36 23 15 . 26,0 ’ 10.5

ol w| ¥

156

178

.169.8 -
. Bh

12.0

.

183

214

26,2

AR
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s .Jable gﬁ;n&tt of the moisture . ,ﬁin&:ihution within

RN . ¥He cellulose as obtained from qravimotrio
S analysis (ACH-O 6).

- > t o - ) . @
I ) . B ‘ " \ e . : . .

P . o U TR CT - S A a
SRR .+ COLD BOUNDARY = -

G
—
t . o F .
- i
d . - . oy . o,
. ‘ E ®
. 8 g )
Ra é [
! @D
¥ » - 4 "
< h C
B

WARM BOUNDARY -

L ]

. ‘ [ Lo : ' : > '
. Moisture content (% by .weight, dry basis). o
e - ! A Sample Core Holder ~
‘ < I'Le vel 1 2 3 4 5 . . Mean. St.Dev.| S
T ' — o .
\ ) , S : -l : ) -

{1 a |- 10.77 10.1 9.9 13.8 10.3 11.0 1.6
, l‘; x‘ Ed - ; — i .

. A . 10.9 - 11.6 11.0 14.7 11.0 11.8 ‘1.6

! 1 /‘.\/ N - . ) ) ) M

" | 13.0

..'

am
5.

15.0 14.9+ 18.3 . 16.2  15.9 - 1.4 | "

12,7 12.2  16.2 13.0 13.4 1.6
15.1
-y

| L(Xv/ i

| 20.8 . 20.9° 19.6 24.8 23.7  22.0° 2.2 |
'"UF | 183.8 .196.1 182.5,202.9 216.5 196.4 14.1

‘m|l || el ole|lw

' 303.8 290.7 288.3 276;0. 275.3  286.8

.8. 11.8 :
| 141.;1"140.8;‘6‘ 132.4 145.1 .138.8 5.2
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¥ Table 4.4 Ruultl a3 tho noisturo di-tribution within
v the cdl‘lulqu as obtained from gravimatric
' ‘analynia (ACH-O 9). * _

]
L]

“"* : COLD BOUNDARY -

‘ya' "t v . -«

% H .
ot 6 |
. =
E .
y v D
‘,
: c
B
‘ A eyt
| WARM BOUNDARY
;’ ’ ,:..._‘.‘ ! 3 7% ‘ R
R % B &gﬁfdisture content (% by, welght dry bas:.s)
s - : o N A ;k _ ‘
e - + TT‘ " - ~ B S
B T Sample Core Holder : _
o Léﬁél“j'”‘l“3 3' -4 5. Mean Stgpev.
o L B O — T e
- S| Aa | 9.5 10.5 ' 81 8.0 7.8 8.8 '\ 1.2
ot A § \" — - . ‘ﬁ ] - :

o

.B-|. 9.8 " 9.2 . 8.1 9.2 9, 9.2 . 0.7

11.4 . 11.0 9.2 10.2 ~-11.8 ,10.7 -1,0

13.6 . 13.5 11.3 - 13.4 .15.0 . °13.4 1.3,
17,9 17.4 .13.8 17.9 16,8 _ 16.8 1.7

"81.4 59.7. 64.4 “77.7 §9.2  70.5 9.0

245.3 283.5 255.7 258.0 266.7 261.8 14.3

251.2 228.8 231.4 222.2 231.9 233.1  10.8
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-

4%# Resylys -of the moisture distribution within

- -Table
| ,  thé, cellulose as eobtained from gravimetric
N' R ananlgis (ACH=1.2). " ‘ '
P ¢ . £, v P
) s
‘ : p COLD BOUNDARY *
| H
, G
, F. - ) ‘
E
* : : D .
\ | c
[ & 2
B L
» 4 2,
" A . “" ' .
. WARM BOUNDARY DAY
Mciis-ture’dénntent (% by weight, dry basis)
| Sample Core Holder .
Level l¢ 2 © 3 4. , 5 Mean St.Dev.
2 5.8 + 9.4 5.8 6.6 5.6 6.6 1.6
T = ‘ - bl —— - L
B 7.3 9.69 5.9 6.9 5.9 7.1% 1.5
c | 8.7 9.4 . 7.1 7.1 6.2 7.7 1.3
D 1009 11.0 7.9 904 7.5 ' 9.3 1'6
E 11.9 12.8 9.1 9.9 9.9 ' 1Q.7 1.6
) = : = :
F | 16.5 15.8 °©10.3 12.8 12.0 13.5- 2.6
G 79.6 ' 87.4 83.0 79.2 88,0 83.4 4.2
H | 199.9 213.1° 180.5 179.8 215.2 197.7 17.1
-
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.{variation afojo;i:u;. content in ‘the same nlane within the

colluloco. The mean valye and -tandard deviation of the

qravimetric analy-is for different cross-sections show the

magnitide of the spatial variatioms was relatively amalf."

The resultp ‘of the gravimetric analgsis also indicate

bﬁhere is a largedpsudden increase in the moisture content

example, at the end of the b.s ACH test the moisture

conthﬁt 57 mm from the warm side of the ‘se was 22 %
aé’compare to’196 % at 70 mm, an increas ot 174-%.

»

This sudden increase su&gests the ext;:ence v of an

interface within the cellulose where the moi

ot

changes significantly. . N

Ahalysis -
L] »,

.Figures 4.6 to 4.9 show " the results of the final

LI

ture”“tnptént““¢’”'

77

]

“ somewhere within the cellulose for alL the test;. For

- -
& ' ¥

" moisture di;iributionvwithin the cellulose as obtained by

. average gravimetric ;dnaleis and by the probee: °§he

spatial variations mentioned above also affected the»probe

”measprements sinilar to that of ‘the grav1metric analy81s.

BecauBe' the aenses a small region Surroundlng
 Atself, there rd’ the measurement may be_in error if the
‘probe is i erted in"a ‘region w1th~ large - fyn01sture
qradient For example, if the probe ‘is inserted into a

relatively/dry ;egion with a high moisture content plane

near by, then the_probe measurement will indicate a-higher

‘.

: ) . - . . L I \ Y .
moisture content thag that of gravimetric analysis because

«’ N ‘,‘ ¢
‘@ o

e
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/
of the influence of the high moisture content plane. ‘The.

-

- probe measurements at or near the inte;ggges w1thin the
/

‘cellulose were generally higher than the grav1metr1cf'

~.

results. Also there are some errors associated-w1th the‘,

_calibration process and curve fitting of the calibratiqn‘

: gravimetric ana1y81s. Both results 1ndicate the cellulose

\

data. ‘The prohé results follow the same trend as the

~ was relatlvely dry starting from the warm boundary but
. p ,

'1ncreased suédenly at the 1nterface thCh corresponds to

X ) - j

the 0 °C 150therm Wlthln the cellulose)as shown later ,on.'

The location of the interface was shlfted ‘toward the' cold
/~ . . -

boundary as the exfiltration rate 1ncreased The shlfting

- of the 1nterfaces was due to the increase ln temperatures

w1th1n the ‘cellulose\because of the higher eﬁfiltration L

.rate. The reSultsm of the probe measurement and ethe\

/

/

ot . 'msed as a device in méasuring the moisture content in .

4 b" -

. /'porous insulation.if properly ‘calibrated.

~,
a5,

The transient ‘ moisture ) profiles' within the

/

illustrated in Flgures 4. 10 toj4 13. MOLSture content near

b L -

\ g'n;: sthe warm boundary reached the flnal value very quickly and,
- N s
\ : ’remalned- relatively dry,»'whereas,n the m01sture content_v
) near the cold boundary 1ncreased w1th time. Agaln the

\ “results clearly indica'
At Shiitanhl

grav1metric analysis_vdemonstrated‘that fthe“probe' can be

;/c_hresﬁinsulation as measured by the probes for each test are

/“

__the ex1stence of an . 1nterface‘--“

82
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where the moisture content was low on the warm side of the

interface and high -on the cold side.'The‘insulatiqp was

{

divided into a dry and wet portion. This phenomena will be

- .
discussed later in this chapter. By integrating the

transient moisture profiles as measured by the probes, a

\moistura accumulation rate was obta;ned. Figures 4.14 to

}\17 illustrate the'moistu;e accumulation rate for various

~. A

exfiltraﬁion,.;ates. The final resuits by gravimetric

———

analysis on thé overall test sample are also included.

Knowing that there was no moisture accumulation at the

beginning: of each test, a stréiéht line was used to

connect the initial moisture accumulation at the start andv

the final overéll.moisture accumulation at the end of each

test. The _results  of the daily moisture accumulation

obtained by integrating the transient moisture profile

- appear to ollow a straight 1line, indicating that the

moisture accumulation rate within the cellulose was

constant during the test period. Undoubtedly, if the

. moisture accumulation reaches a very fgrge value, the flow

87

resistance of the cellulose will’ increase bécause the .

- effective area of the ‘cellulose will decrease. This wi}i

re;ult in a rédﬁétion of exfiltration rafe and a decrease
in the moisture accumulation rate. In -a recent study by
Modi vand Behner'[1985],'»moistured gain by spray-applied
fiberélass and cellulose ‘exposed to air at rélatiﬁe
humidities of 50, 50 and 70 $ and temperature differences

v / \
of 20 and ;> °c, show a' constant rate .of moisture

’
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accumulation initially but decreased gradually'over time.

The measured exfiltration rate by the traccr‘qa- decay

method was constant dyring each test. This indicates that

92

very little change occlirs in the flow wesistance of the

cellulose during each test and therefore a constant . rate

‘of moisture accumulation is cxpectéd. The scatter of the

transient moisture accumulation results by integration of
tho transient moistune profiles_in Figures“4.14 to 4.17 *s

due to spatial variations and gradient effects affecting

the probe measurements.

{
Superposition of the ' temperature "ofiles on the
final moisture distributions within the insulation shows a

definite pattern (Figures 4.18 to 4.21). The results

indicate that dignificant moisture accumulation within the -

insulation only occurred in the region that was below the
freezing pdintt temperature (0 °C). The average moisture

coiitent within the cellulosé above the freezing point

‘temperature remained relatively dry at about 20 % for the

duration of each test. Results indicate that little or no
condensation occurs between the dew point and 0 °C. Also,

as the exfiltration rate increased, the internal

. temperature of the cellulose was raised and the freezing

point temperature was :pusped further towards the cold

boundary. This resulted in a__smaller portion of

~sub-freezing cellulose to allow - moisture accumulation—e—_
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and the. final moisture

DISTANCE (mm)

Figure 4.21 Temperature profiles

distribution within the cellulose (ACH=1.2).
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Figures 4.22 and 4.23 show the total moisture accumulation

97 -

obtained froﬁ drying for each test plotted againét;the_

‘_exfiIQration rate (ACH) and number of air changes,’
) :

respectively. Since the total phmber of 'air changes for
. afi tests were the same, the total amount of moist air

that flowed through the cellulose was the same for each

test. However, results indicate that the total moisture

accumulation decreased as exfiltration rate.increased. The

results reinforce the explanations mentioned earlier that

v

as- exfiltration rate.  incregsed, the‘pthickness of the

frozen layer decreésed because the 0 °€ isotherm was
! X |
closer to the cold side. ‘ '
Table 4.6 summarizes the exfiltration .rate and

amount of watervconsumed during each test as well as the

overall moisture accumulation obtained from drying of tHe

test sample. The results generally show that a smaller
. /

. : o /
fraction of the water vapour passing through 'the cellillose
” ’ " - N : ) » - ///‘ \ .
condensed and froze as exfiltration rate\i#creagéd. The

temperature 'profiles in Figures 4.2 to 4.5 indicaféutnat
as ﬁhe exfiltraﬁion rate increased,f£he temperatﬁrelof the
‘ai;Q leaving the cellulose on the cold boundary also
increased. If the airbleaving the celiulosé is assumed to

be saturated, then 'as the exfiltration rate increa;ed,

more moisture was carried by the air into the cold room.

This resulted in less overall moisture accumulation within

the insulation.

From the results presented - so far, it seems that

q
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“~——.| Profile (mm) | 54.6 47.3  40.0 28.3

\ C 100

Table 4. 6 Summary of the overall moisture aécumulation‘ -
_and water consumption for each test.
el

Exfiltration » . _ .

Rate (ACH) 0.4 0.6 0.9 o l.2

puratiort of ' & ‘ L

the test’ (hpurs) 504 336 - 224 168

Total Water : ' 1

Consumption (mL) | 1332 1352 1410 1437
| Total Amount . : S S ,
of Moisture ‘ ' -
Accumulation (g) 1041 948 809 636 {
§ota1 Moisture

ccumulation as:

% of Wwater ;) | ) :

Consumption (%)~ | 78 70 . 57 ) 44

S [ ? ‘
Table 4.7 Thickness of the frogen portion of  the
¥ cellv;ose by lccating the 0 °c

7 ) V\
"Exfiltration : o

Rate (ACH) 0.4 0.6 0.9 1.2 ®

Thickness of the
Frozen Portion from
the Temperature
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é?e‘ayefgge moistufé"contant 1n the unfrozen portion of
the <cellulose" eqﬁilibrated quickly ‘at about 20 i by
weight.’ Usiﬁg the measured temperature profile and
locating the 0 °C isotherm, the thickness of the frozen
portion can be estimatéd for each test (Tablé 4.7). The
.results given in Table 4.7 indicate a significant decrease
iﬂ thé thickness of the frozen portion with an increase in
the exfiltration rate. Subtracting the *20 $ moisture
content in the'unfrozen portion from the overall moisture
accumulation and dividing by the dry weight of‘the frozen
poftion yields an average moisture content of 150 + 5 %
~within the ffozen Qortion for each test. Averaged Qver'the
entire test peripd, that is approximately 0.75 % moisture
by ‘weight accumulated in fhe ’frbzen éo:tion per air
change. o _
| The = tests that were performeé in this
investigation represent a»spgcigl.situatiqn where part ‘of

the insulation was below freezingq"“Thé ‘situation is

&

typifamof Canadian winters where the outside temperature,
orm‘liy below freezing. The process of moisture_
migration and &ccumulation for insulation experignciﬁg
above.freezing and sub-freezing tempefature is different.
Gupta and Churéhiyl [1977] have pointed out that if the
témperaturé within porous insulatibn is above freezing,
then ﬁoisture willAmigraté from the warm tempefature side

towards ‘the’ cold temperature side and results in a

build-up of moisture at the cold side where condensation

N



»
occurs. Because of the high concentration of moisture &t
the cold side,:a migration of moisture in the opposite
direction can occur due to gravity and capillary action.
However, in the case where part of the'insulagipn is below
freezing teﬁpefaturé, the moisture still migrateé from the
 warm temperature side towards the cold ttemperatuf; side,
but the moisture will ?g?sol;gified after reaching the
0 ‘C.‘isotherm, -Significaq? “moisture migration in the
reverse direction doeé‘not occur. Alsd at below 0 °C, the
vapour préssure ové; ice is lower than that over water -at
the same temperature. For example, at -5 °C,. the
“saturation vapour pressure over ice is approximately
402 Pa as compared to 42; Pa over water. Thus, the vapour
pressure in the frozen qution of the knsulation is 1lower
than the vapour pressure in the abqﬁe freezing portion.
Witﬁvthis constant vapour pressure differencé; moisture
tends to diffuse from higher to the lower vapour ‘pressure
regio . Therefore, the sub-freezing portion of the
 insulation where moisture is frozen continues to act as a
"sink" or both heat and moisture transfer. 1If tﬁe
- sub-freezing temperature gradient is maintained long
enough, almost all the moisfure‘ in the above freezing
temperature portion of the insulation will migrate towards
the gub-freezing portion. Therefore, . the portion of the
insulation where the temperatdre is'above freezing will be

+

‘relatively dry and the sub-freezing portion will have high

-~

moisture content in the form of frost or ice.

102

4



At the end of each test, . cellulose was

. J ) id
carefully examina@ ~for the exteny¥™ - -moisture

accumulation. No visible settld

noted nor any visible 1liquidsfate e
o - bavy

within the cellulose. The top portion of the cellulose was

frozen together and easily peeled away from the bottom

portion where the cellulose remained‘relatively dry and

103

loose (Plate 4.1). Extensive frost formation within the

frozen portion of the cellulose was found in each test
(Plates 4.2 and 4.3). The results of the probe
measurement, the gravimetric analysis and the temperature

profile imdicate that the thickness of the frozen layers

correspond to the 0 °C isotherms and confirm the moistyre .

transfer mechanism mentioned previously. These results
suggest that if the boundary temperatgpires were constant,
the frozen 1layer will increase or decrease in thickness
when the filtration velocity is changed. The moistpre
front occurred at the 0 °C isotherm and significant
moisture accumulation and formation of frost withiﬁ the
céllulose only began at the interface onward to the cold
boundary. Results of this kind can form the basis for a
'model, to predict moisture accumulation within porous
.insulation. By knowing the exfiltration rata and the
temperature profile within the cellulose, the 0 °C
isotherm can be located and the averagé moisture build-up
within the froien and unfrozen portions of the cellulose

can be estimated. The present investigation only provided

P,(/ ¥



Plate 4.1, Photo showing the top frozen portion of
the cellulose separated easily from the

rd

bottom dry p?rtion .

¢
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Plate 4.2

Plate 4.3

Photo of the frost formation within the
cellulose under a microscope.

Photo of the frost formation within the
.cellulose under a microscope.
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some more insights %nto the process of moisture migration

and accumulation \In porou- ‘iniulatlon. 'T-stinq of

v

di!toront paterials at variou-. oricntation- and test

et

conditions are needed %o accurately modcl the moisture
proéldﬁs in buildings. ;7

- Looking\\a;w~ he tests from the energy point of
view, the convactive heat lossc§ agssociated with
ektiltrat;on is given as |

———

Qg = Qs Cp AT | (4.3)

where Q, is the heat loss in W, q is the flbw rate of the
air in m3ys, p is the density of the/airiin kg/m3, Cp is
the specific heat of .the air in J/kg-K, and AT is the
teﬁper#ture diftereﬁée in K. The exfiltrative _heat loss

are 5.6, 8. 12.5 and 16.6 W for the 0.4, 0.6, 0.9 and

1.2 ACH test respectively. The conductive heat loss is

estimated from Fourier's Law ;

.. ' AT -
Qc = "k A —— (4.4)
\ AX _
where . Q;- is the conductive heat 1loss in W, k is the
effective thermal conductiv%%y of' the cellulose in W/m.°C,
A 1is the cross-sectional 'area in m? and AT/A% is the
temperature gradient in °C/m. The value for tHe effective

therll; eonductivity is approximated from Equatlon 3.1 at

“the ncan telp.rature and moisture content existed within
' E N
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the cellulose. The temperature gradient is estimated from

the nmeasured temperature profile. The respective

conductive heat losses for the 0.4, 0.6, 0,9 and 1.2 ACH

107

are 7.3, 6.8, 6.6 and 5.9 W. The latent .heat loss due to_

the release otl latent heat when moisture accumulated

within the cellulose can be approximated by

QL = m, L | Y' . (4.8)
LN

where @y is the latent heat loss in W, m, is the rate of
ﬁo}s;ure accumulation within the callulose in kg/s and L
is théf latent heat in J/kg. The latent heat losses are
1.7, 2.3, 2.9 and 3.0 W for the 0.4, 0.6, 0.9 and 1.2 ACH
t£5e- raspectively. Tablé 4.8 sumﬁgrizes the heat losses
du;méo various components for each test. The total heat

loss increases with the exfiltration rate. Cleafly, as the

exfiltration rate increased, more heat energy was supplied

S

to the cellulose and the internal tempergture}was ;zf;ed1-

By warming up the cellulose, the overall moisture
accumulation was reduced at the expense of higher heat

»

losses.

4,7 ‘Sum

By varying only the exfiltration rate, results of
the temperature profiles, moisture distributions - and
overall moisture'accdmulations within the cellulose from

each test can be ‘compared and analysed. The temperature
Q
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.convection,’
each test.

T&blq 4.8 Sumﬁary' of ' estimated heat’ “losses due to
conduction and latent’ heat for

ExfiMration - i
Rate (ACH) 0.4 0.6 0.9 1.2
Convective k : .
Heat Ldss® (W) 5.6 8.3 12.5 16,6
Conductive
Heat Loss (W) 7.3 6.8 6.6 5.9
Latent . )
~ Heat Loss (W) 1.6 2.2 2.8 5.0
"‘I‘btal R
Heat Loss (W) 14.5 17.3 21.9 25.5
' P TS
C
R
A
S N
e g
s
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profiles show that tqeﬁtempengtﬁres‘within the cellulose

. increased with the exfiltration rate. The final moisture

distributlon within the ucellulose obtalned from the

' grav1metr1c analysis» -agreed with the probe measurements

taken at thejend of each test. Result$ of the m01sture

distributions and tne corresponding temperature proflle

1nd1cate that 51gn1f1cant moisture accum..at -on w1th1n.the-

‘cellulose occurred - only at the portion ot the cellulose

where the temperature was below freez1ng The transient

109

moisture distributions as measured by the probes alsoi»

i

‘indicate tha oisture aosumulation equilibrated §uick1y
at about 20 % wighin the portion of the cellulose that was
above L freezing, but increased ' with - time at the

sub-freezing portion of the cellulose. The results of the
moisture‘ bulld—up w1th1n the cellulose Qith«respect to
time appeared to follow a straight line, indicating that

the rate of moisture accumulation was constant for the

duration ‘of the test. ,This result of constant rate of

moisture accumulation was supported by a fairly uniform

~

exfiltration rate as measured by the gas analyser during

the test. With higher'exfiltration~rate,, the temperature

of the air ‘leaving the cellulose was also increased. If

the air leavihg the cellulose is assumed to be saturated, -

then more moisture was carried by the air into the cold

room. Therefore, the overall moisture’ accumulation

. e
-

decreased as the exfiltration rate increased.

Observations made at the end of each test show no
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visible liquid water within the cellulose. The top portion -

of the‘cellulose«uas frozen together witn:extensive frost
formationrwhile the bottom pOrtion‘remained dry and loose.
The existence of a distinct dry- and wet portion within the
cellulose tends to confirm the theory that sub free21ng
temperature within the porous 1nsuletlon acts as a "sink"

o

in the above.freezing portion of the perous insulation.

‘Results‘show adroughly 20 % moisture content within the
-dry portion and 150 % 'within” the wet portion of the

cellulosq}at the end of each test. The consistent ~pattern

”

'suggests ‘the pos51b111ty of a model to predict the

mplsture mlgratlon and’ accumulatlon in porous insulation.

However, more ‘,experlmentai data at dlfferent teSt

ccngi:&gns are needed to complete such a model.

{

o et e s, o Y

for moisture.transfer and eventually dries up'themoistu;3§>\\\



CONCLUSIONS AND RECOMMENDATIONS

The influence of the exfiltration rate én the
amoun£ and ‘diétribution of moisture within a slab of
102 mm thick celluldde fibre insulation was studied. With
both the tempéfatures and humidities on either side of the
cellulbse and the tétal amount of moist air éxfiltratéé'
through thé cellulose held the same in each test, the
following congfusions can be drawn from the results.

1) Higher exfiltration rates'result in mofe energy
beiﬁg sﬁbplied to the insulation and th?reforé léss
cbvefall moisture accdmulatidn. |

2).Sub-freezingp temperatures within the cellulose
behave as a "sink" for moisture accumuldfion} therefore,
the éellulose was separ_‘ d into a wet (150 % moisturé
content by weight) and dry (20 % mdistufe confént by
weight) portion. u

"~ 3) Visual inspectioﬁ at the end of each test showed
‘ nc‘ visible 1liquid <condensation anywhere withinv the
cellulose. The absenée of liquid condehsatioh between - the
dew point and,:fréezing point ~ temperatures withih the
cellulosebsuggests a strong local diffusional effect that
drives the moiSthe into the sub-freezing portion of the

cellulose.

4) Convective heat loss associated with exfiltration

/

111
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i

. of warm air represents a major portion of the total heat %

o
i
l

loss. '
Resuité from the présent investigation suggesg the
. . . . , et

#1;

possibility of a model ih prédicting the . process of.

mojéture migraiion and accumulation in porous materials;b///

conditions are far more_COmplgx, With ,thé interaction of
wind, cyclicfénvironmental \cohditions,'multi-dimensioﬁal
héat.' and i‘ﬁass " transfers, non-uniform leakage °
characteristicaﬁgf the building envelope, etc., predictisﬁ
of moisture migration becémes a very aif . Mlt task. The
need tousimplify the problem wifhoﬁt lbsing any gererality
is a‘must‘for any model.: A; systémétic testing of porous
materials in“different orientations and environmgnté»is
essential to gain more insight ahd Better understanding of
the process of,'moisturej miération ~and accumulatioh ip
buildings. With vmore laboratory fe;ultsland analytical

~studies on the subject, moisture problems in buildings can

be .resolved without affecting the living comfort.
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A closed-loop calibrgtion system is used to
calibrate the MIRAN 1la Gas Analyser (Figure A.l). The
following procedure is taken to determine the relationship
betweenkthe output vpltage (approximately O to 1 volt) and
the SFg concentration (from 0 to about 5 ppm) :

l) The MIRAN 1A Gas Analyser and the closed-loop
célibration pump afe purged with clean air to remove
~any contaminaht within the system. The total volume
of the cell in the gas analyser and the calibration
system is 5.64 litres. A digital voltmeter is
connected to the output of the gas analyser.

2) The zero is set so ~that zero output voltage
corfesponds to zero concentration of SFg.

'3) A 503 mL mixing tube is purged with clean-air. 10
mL of ‘clean air sample is drawn from the mixing tube
using a syringe and repiaced Qith 10 mL\of pure SFG.
A ping pong bali inside the mixing tube is used to
mix .the SFg and the air to give a uniform
concentration inside the mixing tube.

4) 100 uL of the uniform mixture is drawn from the
mixing tube and injected into the closed-loop
ICalibration system through the septum on the pump

’

connection. The output voltage is recorded after each

116 .
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Figure A.1 Closed-loop schematic calibration system

for the MIRAN 1A Gas Analyser.
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injobtién of the mixture. This pro&sedure is repehted
15 times with each injection producc; an increase in
.8?6. conci@tration of 0.35 ppm in the closed-loop
calibrattoﬁ system. |
5) A fourt).biier least-square polynomial is used to

‘fit the calibyation points to obtain a calibration

!

curve.

i

Typical calibration curve is shown in Figure A.2.

‘o

N
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The tracer gas decay test’ method is based on the
continuity equation. The rate of ch&nge of the tracer gas
in the test space, V(dc/dt),.js the difterence between the
tracer gas injected into the test space, F, anaﬁthe tracer

gas leaving the test space due to exfiltration, cE,

dc _ !
V (———) = F - CcE , . (B.1
dt : \“2

ua 'y

whete V‘is the volume of thé test space in m3{ c is the
concentratidn of the tracer gas. in part per million éppm),
t is the time in s, F is the tracer gas injeétion rate in
>L/s and E is éhe exfi&tration rate in L/s;_Initially,
tracer gas is injected into the test space to give a safe

but easily measured concentration. After injection stops,

F is identically zero‘and Equation B.l1 becomes

dc
V (———) = -cE . % (B.2)

dt
- ’

Rearranging the terms in Equation B.2 yields

de ©~ -~ E - |
at . : (B.3)

120
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The solution to Equation B.3 is
. . -
ln c(t) = - t +D (B-4)
_ v _

- where- D is a: ~constant ‘and the term E/V is called the
, exfitration rate, I. Taking the exponential of both side,

Equatlon B.4 becomes

A

c(t) =/gxp (-It + D) . (B.5) '

Substituting the initial condition of c=c, at t=0 into

Equation B.S5,

c(t) = Co ©exp (-It)

) »

c(t) .

or - 1n -It . : (B;6)

Co

A plot of concentrgfion versus time on a semi-log graph
giyes ; straight line if tﬁe‘ tracer gas concentration is
uniform in the test,§pace énd 1he exfiltration rate is
‘<onstant. The_' slope of the straight - line is the

e

2 exfiltration rate.
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The differential ehugtion of heat conduction is

3

s . v
N ’ kg ) : ' ‘ : ‘ e
1 g8 3% & 826 . a%e P
» : = ke + 5 (C.1)* ~
a ot - 9x% aY? 3z .
. : , -
where ‘'a is the thermal diffusivity of the material, e is
the temperature, t is the time and &,'Y and 2 are the
cartesian coordinates. The theoretical  treatment of the
S | prets =8l ,
. .1line ~heat sourqe“theo;y’*is.bgsed'on the assumptions of a
x:line‘ heat . source of infinite .  iéﬁgth; and neligible
, Coeo s Ot . ' ‘ -
_thickness buried along the Z-axi#s  in an infinite '
homogeneous and isotropic material. 1If heat is liberated
at a rate of ®(t) per pnit‘fime per unit length of the
’21ine heat source, then. the differentia;'equation of heat
‘ . -9 ] ’ . J 4
conduction in cylindrical coordinates is ¥ '
| k) —
1 e . a% 1 88 el
. =, + — S w T .(C.2)
a at \arz r ar” :
. , | a
where rzAé X2 + gz. The boundary’conditions are
t=0 ,t 8=0 g8/at =0
£>0, r=e: 8=0 “
t > 0, o - a(t) = Q. -
@
. &
- . 122 °
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The .solution to Equation C.2 is

Q s-t' exp (r?/aat)

at (Ca3)
41rk 0 ) v t ) . ’
By substituting p2=r2/(4at), Equation C.3 becomes >

LR

Q Sﬂ exp (8°)

‘ as
2nk ® B
Q | . | | g
: = (I (8) ] _ (C.4)
p 2nk .
. Wwhere theuseries.I (8) 1is
N | B2 g o o
I () =D -1n (8) + - + ot (C.5)

2 8

A m—

 where D is a constant Tf B is sufficiently smail,'then'

[

I () =D - 1n (8)
v Y \*
, r ' R .
=D - 1ln ( ) . . (C.6)
(4at)1/2 € _
Theréfore,‘Equation C.4 can be written as
Q R r -
o = . D-1n [— 3. o (c.7)
2nk  (sat)l/2 T

If ei ~and 6, are the temperature riée corresponding
to the time t, and t, at a radial distance r away from the

\.‘



llhe heat source, then Equation c.7 can be written as

. ” B
8, - 8, = -{1n [———————o-] - 1n [———]
172 o | (sat,) 172 (4at,) 172
=_-— . 1In ( ) . (C.8)
41|’k tl ) H ‘ ‘

Rewriting Equation C.8 in terms of thermal conductivity,

: | . “ﬁ ‘
‘ Q e (ty/t,) .
k= — [ — J . (Ce9)

3

&

‘Thérefore, by measuring the'temperatuf%\fisevwith réspect
to time and knowing the - power - input to the line heat

source (Q), k can be obtained. L

o, o

Ty
(S5

gy
»
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The energy equatidn ' for flow throﬁgh a porous
medium is '

dT azr
puC, =k R
.p dx dx? v _ ot

4,

< )

where p is the density of the fluid,' u is the filtration
velbc%ty,‘cp is the specific heat of the fluid}-T is‘the
temperature, x is the distahc@ I k is the thermal

. . - 7@? R : . )
conductivity -‘of the poﬁg?; medium.. Substituting P=dT/dx

and dP/dx=d?T/dx2, Equation D.1 becomes

O «
dp
puCp P = k- (D.2)
- dx
Rearranging the terms in Equation D.2 yields
dap puCy ' .
= dx ’ : (D.3)
P .k :
The solution for Equation D.3 'is
. ;'pucpx . o
In (P) = ——— + D; . (D.4)
k .

where D, is the integration constant. Taking the

exponential of both side, Equation D.4 becomes

125

 (D.1)"
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puCpx ' , o
- P = Dy exp(————) - ) (D.5)
' . . k 4
where D,=exp(D;) is a constant. Substituting back P=daT,dx
into Equation D.5 yields. ' ) .

Al -

ar ~ puC
= D2 exp(

pX

) J : ‘ (D.6)
dx _

The solution to Equation D.é6 is

X k -
LS + Dy (D.7)
k , puCp . ‘ : :

£ : puC
T = D, exp(

. 3
¢ty
r

where D3 is an ‘integration constant. Substituting the
* boundary conditions of x=0, T=T; and. x=/, T=T, into

Equation D.7 gives

Ty =Dp ——— + D3 (D.8)

“
.

pucgf "k |
o = D, exp(= ) = + Dy . . (D.9)

o
jo 28
o}
)
i

Subtracting Equation D.9 from D.8 yields

3

k : 'puCp[
T{ = Tog = Dy ——[ 1 - exp(——jz-——

puCp

)] (D.10)
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Ty - T .
or Dy = — i ,° . (D.11)
k 7 [ 1= exp(puCpf/K)] :
3

Substitutihg Equation D.11 into'Equation D.8 'yields

puCy (Ty = To ) .k |
Ti = - - X - + D3
.k {1 - exp(pucplyk)] pUCp
( Ti-f To )
or Dy =T - e, (D.12)
[ 1 - exp(pucpf/k)] N

Substituting Equations D.11 and ‘D.12 into Equation D.7
and reaﬁgange the terms yields

A

exp(pucpx/k)~- 1

T="T; - (T3~ Ty )I ] - (D.13)

:exp(pucplyk) -1



The 'followihg relations are used to calculate the
humidity ratio, density and specific heat capacity of
moist air at a given environmental condition :

1) Atmosbhéric Pressure at a given 'Elevation

(Hutcheon and Handegord, 1983] o
I
, Bh ( —)
P=Pg [ 1~ T ] RyB (E.1)

-

where P  is the atmospheric pressure at a given
elevation, PBg; 1is the étmospheric,pressure at sea
level (101 325 Pa), B is constant (0.0065), h is the

elevation inm, T is the air témperature (288 K), g

a
is the gravitational constant (9.8 m2/s) and R, 1is a
gas constant for air (287.1 J/kg°K)

H

2) Saturation Vapor Pressure of Water at a givenl‘
. Temperature [Lowe, 1977)

es = 1ooZAQ+T(A1+T(A2+T(A3+T(A4+T(A5+T(As)))))))(E.z)

.
where A0=6984.505294
Al=-188.903910
A2=2.133357675

A3=-1.288580973x10"2
A4=4.393587233x10"
A5=-8,023923082x108
A6=6.136820929x10 11
and T is the temperatureé in K.

N 128
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3) Humidity Ratio [ASHRAE Handbook, 1981)

(RH) es )
‘"W = 0.62198 [— . ] : -~ (E.3)
P - (RH)es :
where W is the humidity ratio in

- (kg H50)/(kg dry air), RH is the relative humidity'in
decimal, es is the saturation water vapor preSQure in
Pa and P is the local atmospheric pressure in Pa.

~

4) Density of the Moist Air [ASHRAE Handbook,'1981]

o P (1 + W) :
pq = —— , (E.4)
"RaT (1 + 1.6078W) ,

. [}
where p, is the density of the moist air in kg/m3.
4

5) Specific Heat . Capacity of the Moist Air
[ASHRAE Handbook, 1981]

. - Cpv W 7 A
Cpa = Cpg [ 1+ ¢ - 1) ] (E.5)
Cpa’ 1 + W —
where Cha is the specific heat capacity of the moist
air at constant pressure in J/kng,‘Q%d and cpv are,

the specific heat capacities of the dry air and water

vapour (1005 and 1850 J/kg:K) respectively.
. "
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