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Thermal hysteresis in fibrous insulation
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Abstract—Thermal hysteresis, characterized by both the difference between the adsorption and desorption
isotherms and the difference between heat of adsorption and heat of desorption, is investigated for typical
fiberglass insulation. The heats of sorption are measured, as a function of equilibrium adsorbate mass,
using an apparatus based on the energy balance principle. A numerical simulation, employing a local-
volume-averaging formulation and measured heats of sorption, is performed to examine the effect of
thermal hysteresis on simultaneous heat and mass transfer and moisture/frost accumulation in a transient
process for a fiberglass insulation slab. The results show that the thermal hysteresis effect is pronounced
regardless of whether an insulation slab is initially dry or wet. Neglecting hysteresis effects in simulating a
dynamic transport process can lead to errors in the instantaneous heat flux of up to 51% for an initially
dry fiberglass slab and 23% for an initially moist slab.
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1. INTRODUCTION

MOoISTURE problems in building envelopes have been
long recognized by practitioners and building code
officials. While various means have been proposed for
moisture control strategies for building envelopes [1],
researchers have been developing analytical and
numerical tools to evaluate moisture control improve-
ments, especially taking into account the interactions
between various building components under coupled
heat and mass transfer. Recent developments include
simulation of dynamic processes of coupled heat
transfer, vapor diffusion, air or liquid movement and
phase change within exterior walls and roof structures
[1-4]. For validation, such simulation models need
rigorous analyses, especially for identifying the sig-
nificance of each individual physical effect. This can-
not be accomplished without experimental studies.

One of the most important wall components related
to moisture problems and energy conservation is ther-
mal insulation. It is known that for a typical wall
configuration with a wall cavity filled with porous
insulation (e.g. fiberglass) moisture or frost accumu-
lation occurs in several forms : condensation or frost-
ing between the permeable insulation and low-per-
meable wall component, adsorption of water vapor
within the fiberglass insulation [5-7], and absorption,
wicking and diffusion of moisture within the wood
frame and sheathing members. The transport mech-
anisms causing moisture accumulation include vapor
diffusion and pressure-driven airflow through porous
components [8].

In this study, we are concerned with moisture move-
ment within the fibrous insulation and on the boun-
daries that occurs much more rapidly than moisture
movement through the wood frame and sheathing
members. Because the mass of vapor adsorbed onto
the glass fibers inside the insulation is small compared

to that adsorbed onto the adjacent low-permeable
surface of the wall, it is often neglected. However,
experimental evidence [7] shows that thermal energy
exchange between the adsorbed phase and sur-
rounding phases during an adsorption (or desorption)
process is pronounced and can alter the local tem-
perature significantly. The adsorption and desorption
processes defined in this context are the mass transfer
processes with the local relative humidity in fibrous
insulation being less than 100%. It has been pointed
out that such adsorption or desorption effects could
lead to a cumulative impact on the distributions of
temperature and moisture for the insulation (and the
wall assembly) undergoing diurnal changes. However,
the studies by Tao et al. [7, 9] have not addressed the
issue of combined adsorption and desorption effects
(i.e. hysteresis) in a transient heat and mass transport
process.

Commercial fiberglass insulation (batts or loose
fills) has a different equilibrium adsorbate mass
exposed to air at a particular temperature and
humidity after undergoing an adsorption or desorp-
tion process. This mass sorption hysteresis phenom-
enon is characterized by two different isotherms (the
relation between the equilibrium adsorbate mass and
partial pressure, or relative humidity, of the adsorp-
tive gas) and is also accompanied by two different
energy exchange capacities or heats of adsorption and
desorption. Physically the hystereses in mass transfer
and heat transfer occur concurrently ; mass transfer
could be measured separately but the heats of sorption
measurement requires both heat and mass transfer
data. Therefore, in this paper, we combine the hys-
teresis in mass transfer and heat transfer into a so-
called ‘thermal hysteresis’ phenomenon. We first
define this physical phenomenon, then present an
experimental investigation, using a flow calorimeter,
to measure the heats of adsorption and desorption,
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C  empirical constant in equations (1) and (2)

'»  heat capacity at constant pressure

Dkg 'K

effective vapor diffusivity [m* s~ ]

Fo  Fourier number, o.qt/L*

h,  heat transfer coefficient [Jm~?s 'K~

hy, ~ mass transfer coefficient [m s~ ']

k" ratio of the enthalpy (heat) of sorption to
the enthalpy of vaporization

Ak enthalpy of phase change [J kg~ ']

k  thermal conductivity [fm~'s ' K™']

L thickness of the insulation [m]

m  total mass of the dry insulation [kg]
m  rate of phase change [kgm™ *s7']
P pressure [Pa]

Q" heat flux ratio

R, vapor gas constant [J kg=' K ]

{ time [s]

T  temperature [K]

W  percentage water content by weight

(%]

NOMENCLATURE

z coordinate axis [m].

Greek symbols
o thermal diffusivity [m?s ']
£ volume fraction
p  density [kgm )
¢ relative humidity.

Subscripts
a air
C cold
S saturated
t total

tr  transition

v vapor phase

B liquid or ice phase

Yy gas phase which consists of air and water
vapor

¢ solid phase

o ambient

0 initial.

and finally, analyze the significance of thermal
hystersis effects on a dynamic heat and mass transport
process in porous insulation through a numerical
simulation, which incorporates the experimental find-
ings. To emphasize the effect of thermal hysteresis, air
infiltration is not included in the simulation.

2. THERMAL HYSTERESIS

The hysteresis in equilibrium mass of adsorbate
for fiberglass materials has been indicated by several
experimental studies, as summarized in ref. [7]. From
these data sets, it can be reasonably assumed that for
a medium-dry-density fiberglass batt, the adsorption
isotherm exhibits a trend that can be approximated
by the Brunauer-Emmett-Teller (BET) equation,

Co
WiWe=i=gitivic—nerr
while the desorption isotherm follows the Langmuir
equation

Wil = o k)

where W, and C are empirical constants and
W = ey(ps/po)-

Figure 1 shows a typical hysteresis loop of adsorp-
tion and desorption isotherms for fiberglass
insulation. For a given relative humidity
(0 < ¢ < 90%), the equilibrium mass for adsorption
is smaller than that for desorption. This is primarily
due to capillary effects that arise in porous materials
with a large pore-size distribution [10]. Fiberglass

insulation has a significant pore size variation due to
a somewhat random distribution of fibers. Compared
to other hygroscopic materials, the magnitude of
adsorbate mass in fiberglass insulation is much
smaller, but this does not prevent fiberglass insulation
from exhibiting strong thermal hysteresis effects.

The physical adsorption of a gas on a surface is
accompanied by the release of thermal energy; con-
versely, the physical desorption of a gas from a solid
surface requires the addition of thermal energy. These
heats of sorption are defined by the initial and final
thermodynamic states of the system and the con-
ditions under which any heat flux takes place;
examples are adiabatic heat of sorption, isosteric heat
of sorption, etc. [10]. In engineering related problems
the most common sorption process is isosteric. In
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Fig. 1. Typical adsorption and desorption isotherms for
fiberglass insulation [6, 10}.
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thermodynamic terms, the isosteric heat of sorption
is the differential enthalpy of sorption that can be used
in solving the differential energy equation. In general,
the isosteric heat of sorption at a given ambient pres-
sure has the following functional form,

forp = F(W, T, adsorptive gas, adsorbent solid).
(3)

Because the equilibrium content of adsorbate, W, is
a function of temperature, T, and relative humidity,
¢, for a given sorptive—sorbent system, equation (3)
can be written as,

o = f(@, T). 4

3. EXPERIMENT

A simple and practical method developed by Tao
et al. [9] is used to measure both heat of adsorption
and heat of desorption for a typical, medium-density
fiberglass slab. This method is based on the same
principles used in designing a flow calorimeter. The
control volume, shown in Fig. 2, consists of an insu-
lation matrix that undergoes an adsorption or desorp-
tion process. Initially the control volume that contains
the insulation test sample is at a uniform temperature,
T,. and relative humidity, ¢,. At time ¢ = 07, air at
a controlled temperature, T,, and humidity, ¢,
flows through the sample. To minimize any heat
fluxes, except due to sorption within the test sample,
T, 1s set to be equal to T,, or T,. As the air passes
through the sample, adsorption or desorption takes
place. This causes the air temperature leaving the con-
trol volume (T2) to change relative to the inlet tem-
perature (T1) (Fig. 3). In the case of adsorption, ther-
mal energy is released to the air that is passing through
the test sample at a controlled rate therefore tem-
perature (T2) rises, while for desorption this tem-
perature decreases. When the adsorption/desorption
process is completed the test sample is again in
thermodynamic equilibrium with the surroundings at
T, and ¢, . Applying the first law of thermodynamics
and conservation of mass for a constant mass flow
rate (r1,) and a constant specific heat of air (¢,,), the
average heat of adsorption/desorption is [9],
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Fi1G. 2. The test section. Indicated also is the control volume
for the derivation of the measurement principle.
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hsorp = *Km 3 (5)

where h,, is the average heat of adsorption/
desorption, Am is the mass of water vapor adsorbed/
desorbed and

S=jkn—rom (6)

is the temperature signature (Fig. 3) and is determined
using numerical trapezoidal integration.

It should be noted that the average heat of sorption,
asin equation (5), from some initial state temperature,
T .., and relative humidity, ¢, to a final state of T,
and ¢, is not the same as the heat released/absorbed
at any intermediate state. To get the thermodynamic
state heat of adsorption/desorption, we can write the
average heat of adsorption/desorption as a function
of adsorbed/desorbed water vapor, W, by choosing a
proper correlation,

h-sorp =f( W, Tx)a (7)

so that for a given T, we can write the thermodynamic
heat of sorption as

hoorp(W) = év‘g}% = flgomp+ W%;;/i, ®)
where, by definition
- 1
N = W L Msorp dW. &)

From a thermodynamic point of view, the above-
defined average heat of sorption has a reference point
at zero vapor pressure corresponding to a zero relative
humidity. This condition is very difficult to be con-
trolled by the present experiment. Besides, this abso-
lute dry condition is never met in service. In this study,
all the measured data for W and 4" are based on the
reference state of T, and 2 < ¢ < 4%. For slight
variations in the reference state, we need only to use
a transformation of W = W* — W, where W* is the
absolute mass of adsorbate with respect to the vacuum
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state and W, is the residual mass of adsorbate at
0 < ¢ < 5% such that equations (8) and (9) are still
the valid representations of the heats of sorption for
practical situations. Therefore, from the measured
average heat of sorption (equation (5)), the thermo-
dynamic state heat of sorption can be found using
equation (8). For comparison with heat of vapor-
ization, the results will be presented as a ratio of the
heat of adsorption/desorption to heat of evaporation.
That is,

h _h

Jo= e g

T “h (19)

te
where /" refers to the latent heat ratio and 4, is the
heat of evaporation.

The schematic of the apparatus is shown in Fig. 4.
The apparatus and test procedure for adsorption are
discussed in ref. [9]. The insulation sample is initially
dry and the air is moist for adsorption ; whereas, the
sample is initially moist and the air is dry for desorp-
tion. For adsorption, the insulation sample is first
dried with dry air from a desiccant air loop ; whereas,
for desorption the insulation is humidified with air
from an air bath loop. After the initial thermal and
mass equilibrium condition is reached, the sample is
weighed. The test begins by opening the upstream and
downstream sliding doors (see Fig. 2) and using the
vacuum pump to draw air through the sample (see
Fig. 4). In the adsorption test, the moist air is drawn
from the environment chamber, and in the desorption
test, the dry air is drawn from a large plastic bag filled
with dry air at ambient pressure. The air in the plastic
bag is dried with a desiccant drying loop that can
provide air at relative humiditics below 5%. The mass
flow rate of air is measured with the orifice plate
and the computer data acquisition unit continuously
records the temperature of all three thermocouples.
The typical airflow rate is mcasured at 2.44 x 10"
kg s~ Initially the temperature at the downstream

8 Environmental chamber

9 Computer/data
acquisition unit

10 Valve

11 Air-bath mixing unit

1 Test saction
2 Duct

3 Orifice meter
4 Vacuum pump
5 Dessicator

6 Dry-air pump 12 Dessicator/Air bag unit
7 Chilled-mirror  TC's Thermocouples
dew-point meter --- Desorption test loop

FI1G. 4. The schematic of the apparatus.
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thermocouple (TC2), shown in Fig. 4, changes as
sorption occurs. When the temperature of TC2
returns to that of TCI, the equilibrium is
accomplished and the test is stopped. The final mass
of the sample is then measured and the average heat
of sorption is found using equation (5). Becausce the
final equilibrium relative humidity (i.e. the reference
point) in a desorption test is higher than the initial
relative humidity for an adsorption test, the sample
after the desorption test is further dried to match the
same reference point as that for the adsorption tests.
The equilibrium water content lor the desorption test
is then corrected based on the drying results.

The fiberglass samples used in this study have a dry
density ranging from 54.3to 71.2 kg m *, percentage
of the bonding material about 6.7 to 7.8 and the aver-
age fiber diameter of 10 pum. These data were obtained
from at least four data points measured in our lab-
oratory. The overall system error for measured heat
of sorption is 10% and the random error or repeat-
ability is normally within + 15%. The main sourcc of
crror comes from the measurement of Am (+10%).
Increasing the ratio of Am to the total sample mass
should reduce this error [9], but this improvement is
limited by the choice of a proper weighing scale and
size of the apparatus.

4. HEATS OF SORPTION

The measured average heats of adsorption and
desorption are shown in Fig. 5, plotted as A" vs W.
where W is the mass percentage of vapor adsorbed/
desorbed defined as

An

W =
m

%100 (1)
where m is the total mass of dry sample.

It can be seen that /" is always greater than unity
and is larger for low W (as expected). Physically, low
W values correspond to the case where only a single
molecular layer is being adsorbed or desorbed from

o

» MEASURED DATA

~a—— Desorption: eq. (12)

{

0O 005 01 015 02 025 03 035 04

FiG. 5. The ratio of the average heats of adsorption and
desorption to the heat of vaporization as a function of
W. %.
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the insulation fibers. The bonding forces between the
fibers and the water molecules therefore prevail, and
are stronger than those between water molecules;
hence, more energy is needed to break the bond during
desorption (and vice versa during adsorption) at low
I¥. As the mass adsorbed/desorbed is increased there
are many layers of water vapor molecules on the fiber,
and as a result the bonding is basically between water
molecules, resulting in a lower enthalpy of sorption.

Thermal hysteresis is evident in the average heats
of adsorption and desorption shown in Fig. 5. The
curves are similar in that the heats of adsorption and
desorption are many times greater than the heat of
vaporization for low values of W. Also, both curves
approach the heat of vaporization for Jarger values
of W. The curves are different in that the heat of
desorption is always greater than the heat of adsorp-
tion and particularly for low values of W. For
example, the first experimental data point for desorp-
tionis ' = 4.5 for W = 0.06% which is 2.5 times that
for adsorption {(# = 1.8 at W = 0.06%). Clearly this
hysteresis effect may be significant when adsorption
and desorption occur simultaneously in different
regions of fiberglass insulation.

The following correlations for the average and
differential heat of desorption are found by fitting a
cubic polynomial to the experimental data. They are:

R = 9.218 — 118.344 W+ 570.428 W —883.76 W,
0< W<0.18%, (12)
B o=158~187TW, 0.18 < W<031%, (13)
I o= 9.218—236.688 W+ 1711.284 W% —3535.944 1%,

0< W<0052%, (14
=1, W>031%, and h' =1, W>0.052%.
(15)

These results, obtained at a temperature of 20°C,
can be applied to a range from 5°C to 30°C [9]. The
results in ref. [9] show that the heat of adsorption is
independent of temperature in the range of 5-30°C
because such a change is small on the absolute tem-
perature scale. The same is assumed to apply to
desorption. Like adsorption, the heat of desorption is
independent of the porosity and permeability of the
fibrous sample because the heat of desorption as
defined in this paper is a specific quantity ; therefore,
the above correlations apply for insulation with a
density of 54.3-71.2 kg m > [9].

The differential or thermodynamic state heats of
adsorption and desorption are plotted together in Fig.
6. These graphs again show the thermal hysteresis
effect when water vapor is adsorbed/desorbed in
fiberglass insulation. Also plotted in Fig. 6 is the
reported isosteric heat of desorption [7] which was
derived from the desorption isotherms reported in ref.
[6] (for a uniform abscissa scale a continuous curve
connects the isothermal data). A large discrepancy is
obvious between the measured heat of desorption and
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F1G. 6. Comparison of the differential heats of adsorption
and desorption.

that determined from isothermal sorption data. This
indicates that the only reliable way to determine the
heat of adsorption/desorption for a given sorptive—
sorbent system is to measure them directly with an
appropriate experiment.

It should be noted that the very high heat of sorp-
tion (higher than heat of vaporization, Fig. 5) cor-
responds to the very low mass of sorption. This means
the insulation is very dry, e.g. the local relative
humidity is around 5%. This may not occur frequently
in practice but it does not lead to the conclusion that
adsorption and desorption processes are not impor-
tant, as will be shown below.

5. NUMERICAL MODEL

Given the evidence of hysteresis phenomena in
adsorption and desorption isotherms and the mea-
sured heats of adsorption and desorption, it is impor-
tant to investigate the magnitude of their effect during
typical transient heat and mass transfer processes in
an insulation slab. A numerical study is, therefore,
presented to quantify this thermal hysteresis effect.

The simultaneous heat and mass transfer problem
studied is one-dimensional and transient and is for-
mulated using the local volume averaging technique
[4, 7]. Figure 7 is a schematic diagram of the physical
configuration of the problem. The fiberglass slab is
exposed to warm moist air on one side and a cold
plate on the other. No convection (neither natural nor
forced convection) from the gaseous phase is con-

b Py BT Porous
0 /" insulation

&

DO
SN

PR
RN

Impermeable Impermeable
and adiabatic

F1G. 7. Schematic diagram of an insulation slab subject to a
cold plate on one side and warm muoist air on the other.
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sidered ; therefore, vapor diffusion is the only mode
for the moisture transport, and phase changes are
caused by evaporation/condensation, sublimation;
ablimation and adsorption/desorption. This treat-
ment is considered to isolate the convective effects
from the hygroscopic effect and to identify the sig-
nificance of the hygroscopic hysteresis effect com-
pared to bulk phase changes during moisture trans-
port in insulation. Detailed discussions on the
numerical technique used can be found clsewhere [4,
7. 11. 12]. Readers are referred to the appendix for
the governing equations and initial and boundary con-
ditions used in this study.

During adsorption and desorption the local relative
humidity is below 100%. and the Clapeyron equation
cannot be used to describe the relation between the
vapor pressure and temperature. If we assume that
the time scale required 1o reach sorption equilibrium
at local sorption sites is of the same order as the
time scale for local thermal equilibrium [7], then the
sorption isotherms and the heats of sorption can be
used in conjunction with the governing equations that
describe a dynamic transport process. The typical
sorption isotherms, shown in Fig. 1, and the appro-
priate differential heats of adsorption and desorption,
shown in Fig. 6, are employed in the numerical cal-
culation. It is further assumed that the relation for #’
could be extrapolated to the below-freezing tem-
perature range such that 4” represents the ratio of heat
of sorption to the heat of sublimation. This assump-
tion is based on the observation that the A'—W
relation is notl very sensitive to the absolute tem-
perature. The formulation is then complete. It should
be noted that in Fig. 1 the adsorption and desorption
isotherms intersect at ¢ = 92.3%. In the numerical
model, the desorption curve (broken line in Fig. 1) is
used for both adsorption and desorption when the
relative humidity is greater than 92.3%.

To avoid further complication, frost accumulation
on the cold surface is not included as a special boun-
dary condition even though experimental evidence
shows it to be important {13].

6. NUMERICAL RESULTS

In this study two cases are examined using the
physical model in Fig. 7: case | where dry insulation
undergoes wetting and case 2 where an initially moist
insulation slab is being dried. In case 1, the insulation
is initially dry (¢, = 10" ) and at room temperature,
T, ., when it is subject to very moist air (¢, = 0.97)
on the warm side (z = 0) and a cold plate (7,.) at
z = L. During this process, adsorption is the domi-
nant mode for local phase change for a large portion
of the insulation slab, and due to the initially low
moisture content of the insulation thermal hysteresis
effects are expected to be significant during the tran-
sient period. For case 2, the slab initially contains
room temperature air at a high local relative humidity
{¢ho = 0.8) when it is exposed to a lower ambient rela-

C. J. SIMONSON ¢t al.

tive humidity (¢, = 0.4) on the warm sidc (2 = ()
and temperature, 7., at z = L. In this case desorption
prevails at the places near the warm side of the slab
but, due to the high moisturc content of the insulation.
the heats of adsorption and desorption ncarly cqual
the heat of evaporation or sublimation. The effect of
the cold plate temperature is addressed by testing both
cases for cold plate temperatures well below freezing.
252 K, and slightly above freezing, 278 K.

A transition Fourier number (Fo,) can be used
to characterize the hygroscopic effects of a fiberglass
insulation [7] and is defined as the dimensionless time
when the local air relative humidity at /L = 0.9 1s
greater than 90%. The transition Fourier number
characterizes the commencement of the quasi-steady
state in which hygroscopic cffects arc negligible
although capillary effects are still present. Figure 8(a)
shows Fo, for cases | and 2 when the plate tem-
perature is 252 K. It is observed that Fo, for an
initially dry slab, is much larger than that for an
initially wet slab. In Fig. 8(b), the results for 7. = 278
K (i.e. no frosting effects) are shown. In this case, Fo,,
is stightly larger than that for a sub-freezing cold plate
temperature. The results for which no hygroscopic.
thermal hysteresis effects are used are also shown as
the broken lines in Fig. 8. For no hysteresis cffects,
only onc of the sorption isotherms and onc of the
heats of sorption are used. The desorption isotherm
(2) is used in case 1 where adsorption is expected to
predominate, and the adsorption isotherm (1) s used

Q=107 =097
Case 2

Case 1: o
$o=08 (=04 i ’
i

(b)

|
1
= i Fdie
e FD!Q' Fou Foyr

5 o1 02 03 04 05 06 07 08
Fo

F1G. 8. Time variation of the local relative humidity at z = 0.9

indicating a transition Fourier number for (a) 7, = 252 K

and (b) T. =278 K. The broken lines correspond to the
results assuming no thermal hysteresis effects.
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in case 2 where desorption should prevail. The heat
of desorption is used for case 1 but the heat of adsorp-
tion for case 2. These selections are made to illustrate
the consequence of neglecting thermal hysteresis
effects in modeling typical drying or wetting processes.
Figure 8 shows very different results when hysteresis
effects are altered for the initially dry sample, case 1,
by using only the desorption isotherm equation (2)
in place of the adsorption isotherm (1). The relative
humidity curves for air in Fig. 8 for case 1 closely
resemble the adsorption and desorption volume frac-
tion curves in Fig. 1. This indicates that this process
is dominated by molecular diffusion in the interstitial
space of the fibrous insulation and the hygroscopic
adsorption process up to the transition Fourier num-
bers, Fo.

The effect of the cold plate temperature in Figs. 8(a)
and (b) does not cause much change in the air relative
humidity for the case of the initially dry sample (case
1) but it does have a large effect on Fo,, for case 2 with
an initially moist fiberglass slab. In Fig. 8(b), Fo, at
0.8 corresponds to a 3.56 h hygroscopic period for
the problem under investigation. A hygroscopic time
period this large would imply that steady state con-
ditions may not exist in typical fibrous insulation sys-
tems used in many building envelopes subject to large
diurnal variations in temperature and humidity.

(@

ny

1.84
AN
1.64
Case 1:
& 14 Q=107 ¢,=087

Case 2:

0 01 02 03 04 05 06 07 08

(&)

1

F1G. 9. Time variation of the heat-flux ratio for (a) T, = 252
K and (b) T, = 278 K. The broken lines correspond to the
results assuming no thermal hysteresis effects.
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Figure 9 shows a heat-flux ratio Q" as a function of
Fo. This heat transfer ratio is defined at the cold side
of the insulation as the ratio of heat flux for the
specified dynamic process to that for a completely dry
slab under the same temperature boundary con-
ditions; ie. Q' = (ky0T/02).. 1/ (ki OT)02).o ) oy
Once again, the broken lines in Fig. 9 are for the case
where the hysteresis effects are neglected using the
assumptions outlined above.

When thermal hysteresis is neglected for case 1, Q°
is greatly overestimated for both 252 K (Fig. 9(a))
and 278 K (Fig. 9(b)). The maximum difference in
these instantaneous heat flux ratios is 51% at
Fo = 0.53 in Fig. 9(b). The heat flux error introduced
by neglecting hysteresis in adsorption and desorption
for case 2 is much smaller, especially for a sub-freezing
cold plate temperature (Fig. 9(2)). The maximum heat
flux difference at z = L for this case is 23% at Fo = 0.2
that is reduced to 6% at Fo = 0.8 for quasi-steady
state (Fig. 9(b)).

To further demonstrate hysteresis effects, the rate of
phase change, m1, at z = L (m < 0 means adsorption,
condensation or ablimation and m >0 implies
desorption, evaporation or sublimation) is presented
for cases 1 and 2 in Figs. 10(a) and (b}, respectively.
Neglecting thermal hysteresis results in a different pre-
diction of the mass accumulation and heat flux at

T 03 04 05 06 07 08
Fo
(b}
0.2
Case2:
0.151 =08 (04

04 05 06 07 08
Fo

FiG. 10. Rate of phase change at the cold plate (z = L) for
(a) case 1 and (b) case 2 at two different cold temperatures.

The broken lines correspond to the results assuming no ther-
mal hysteresis effects.
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z = L. As shown in Fig. 10, the rate of phase change
(dimensionless) at the cold plate, including thermal
hysteresis effects, is very different from that neglecting
thermal hysteresis. Because the heat flux at - = L
depends on the phase change at = = L and throughout
the insulation slab, the difference in the predicted
clearly explains the difference in Q" shown in Fig. 9.

7. CONCLUDING REMARKS

Thermal hysteresis has been defined by the differ-
ences between the adsorption and desorption iso-
therms and between heats of adsorption and desorp-
tion. New data are presented for the desorption
process and are contrasted with previously obtained
adsorption data. The significance of this phenomenon
and its interaction with dynamic heat and mass trans-
port processes such as that a building insulation
undergoes are investigated through experiments and
anumerical simulation. Based on the above discussion
the following conclusions may be drawn within the
scope of the present study:

(a) From the measurement of heat of desorption
reported here and data for the heat of adsorption,
the thermal hysteresis phenomenon clearly exists for
typical commercial fiberglass insulation.

(b) During transient processes thermal hysteresis
cffects are pronounced regardless of whether the insu-
lation slab is initially dry or wct and above or below
the freczing temperature.

(¢) Neglecting thermal hysteresis effects in simu-
lating a dynamic transport process can lead to errors
in the instantaneous heat flux of up to 51% for an
initially dry fiberglass slab and 23% for an initially
moist slab.
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APPENDIX
The governing differential equations are:
f phase continuity equation :
ey M
- - =0 16
ot py (6)

Gas diffusion equation :

i)
Energy equation:
T @ erT
pey 5 +mAh = i <kc,, ;“E) (18)
The algebraic equations of constraint are:
Volumetric constraint :
tategte =1 (19)
Thermodynamic relations :
Pa= PP (20)
r.= Rp.T (20
o= RpT (22)
Ahf 1 1
P :poew[* Py (T* T,ﬂ (23)
where
P = e, et E (Pt py) (24)
o +‘¢ﬂ”/f“/ﬁ,;’ alepy+ep) (25)
ko = ;;UA-U+e,,k,;+;;,‘*x5z,i f)” 26)
The boundary and initial conditions are:
L,f,“z:f;q D T —T—00L @D
W PEZ0 L —pe =00 @)
T(z=Lt)y=T, 29
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d zZ= L,t L= = .
J’,v(?,f) e 30) T(zt=0)=T,
oz Pzt = 0) = o (T(z, ¢ = 0)),
p. = p,, employing Clapeyron equation, will replace the 6p(201 = 0) = £50(2).

above equation when p,(z = L,7) reaches the saturated
value.
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(33



