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Transient Conductive, Radiative Heat Transfer Coupled with

Moisture Transport in Attic Insulations

R. Gorthala,* K. T. Harris,T J. A. Roux,} and T. A. McCarty$§
University of Mississippi, University, Mississippi 38677

A transient, one-dimensional thermal model that incorporates combined conduction, radiation heat transfer,
and moisture transport for residential attic insulations has been developed. The governing equations are the
energy equation, the radiative transport equation for volumetric radiation within the insulation batt, and the
species equations for bound H,O and vapor H,0. A simultaneous solution procedure with a Eulerian control
volume-based finite difference method was used to solve the energy equation and the species equations. The
method of discrete ordinates was used in solving the radiative transport equation. For H,0 transport, both
diffusion of vapor H,O and bound H,0, and moisture adsorption/desorption within the insulation binder are
included in the model. The experimental data measured at an occupied North Mississippi residence for R19STD
(standard R19 fiberglass insulation batt without a foil radiant barrier) were used to validate the model which
predicted heat fluxes for summer, spring, winter, and fall sasonal conditions. These predictions were compared
with the measured heat flux data and the predictions from the dry model (without the moisture transport).
Various profiles such as temperature-time histories, relative humidity time histories, spatiél H,O concentrations,
spatial temperatures, and spatial heat fluxes are presented to explain the overall heat transfer behavior.

Nomenclature v, = diffusion coefficient of bound H,O, m?/s
¢, = specific heat, J/kg-K v, = diffusion coefficient of vapor H,O, m*/s
e, = blackbody flux, W/m? g, = emiss@v@ty of the roof
h.s = heat of adsorption/desorption, J/kg g, = emissivity of the substrate
I = radiative intensity, W/m?-sr 6 = polar angle, deg
i, = specific enthalpy of bound H,0, J/kg p = cosine of polar angle )
i, = specific enthalpy of vapor H,O, J/kg p; = density of fiberglass, kg/m?
k = thermal conductivity, W/m-K P, = reﬂectmty of the roof
m, = bound mass concentration, kg bound H,O/m3 p, = reflectivity of the substrate
m, = rate of absorption of H,0, Eq. (6), T o= opt}cal th}ckness
kg bound H,O/m?-s T, = optlcaI. thickness, ByOA
m, = vapor mass concentration, kg vapor H,O/m? ® = scattering phase function
m, = constant in Eq. (6b), Table 1 ¢ = relative humidity
n = refractive index of medium ¥ = a.ZImuthal angle
q = source/sink term, W/m? ® = single scatter albedo
g, = radiative component of total heat flux, W/m? Subscripts
qr = total heat flux, W/m? b :p bound
RH = relative humidity f - fiberglass
T = temperature, K b = va 0%
T, = attic temperature, K 0 _ top curface
T. = ceiling temperature, K P
T, = inside room temperature, K Introduction
Tr, = roof temperature, K ‘
T. = reference temperature, 300 K ITH the constant depletion of energy sources, the n;ed
T, = bottom of the batt temperature, K to explore renewable energy sources and conservation
To = top of the batt temperature, K of energy have become very important. It should be realized
P = time, s that energy used for building heating and cooling represents
X = mass of absorbed moisture/mass of dry fiberglass a significant portion of the total national energy consumption
kg H,O/kg fiberglass ’ in 'thg U‘S.. If energy conservation is successfully applied to
y = physical thickness, m buildings, it can .result Ina §1gn1f1(;anﬁ red}l(.:tlop of the total
y, = thickness of insulation batt, m energy consumption. To achieve this, identification of sources
B = extinction coefficient, 7 = ,BY» cm-! for energy conservation is crucial. It is well known that mois-
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ture has a pertinent effect on the energy required for cooling
and heating buildings. It has been shown! that models used
in energy analyses which do not account for moisture will not
accurately predict both cooling loads and humidity conditions.
The present work focuses on the study of heat transfer coupled
with moisture transport in residential attic insulations. Once
the model is developed and validated with experimental data,
it can be used with prudent judgment to select the appropriate
insulation with consideration of the local climatic conditions.

Simultaneous heat and mass transfer analysis is important
in understanding the interaction of moisture transport with
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transient heat transfer in different building porous insulation
materials. Moisture transport is a very complex problem; var-
ious mechanisms of moisture transport are not unique for all
porous insulations; they depend on the type of material, the
density of the material, and the type of binder used with the
material. There have been several works presented in the
literature on porous insulations,>'* and a few works in par-
ticular on residential attic insulations. These works comprise
laboratory experiments, in situ experiments, as well as math-
ematical models. Rish? developed a coupled conduction and
radiation heat transfer model for dry residential attic insu-
lations. Yeh’ and Yajnik® presented works on radiative prop-
erties which are essential for heat transfer models. Much work
has been done on simultanecous heat and mass transfer in
porous insulations.>~'> However, these works do not include
volumetric radiative heat transfer within the material. A more
recent work'? did include the radiative component, but did
not properly model the moisture adsorption and desorption.
Also, Ref. 13 did not have sufficient data for boundary wet-
bulb temperatures and had to parameterize those tempera-
tures; in addition, Ref. 13 did not contain any winter, spring,
or fall seasonal data for rigorous model verification.

Hence, the present study focuses on significantly expanding
the model presented in Ref. 13, experimental validation of
the improved model, and presenting other seasonal results.
The present model comprises combined conduction, radiation
heat transfer, and mass transfer. For the mass transfer anal-
ysis, the diffusion of both vapor H,O and bound H,O (inside
the insulation phenolic binder) and an appropriate moisture
adsorption/desorption model are included. The model in-
cludes a temperature-dependent vapor diffusion coefficient
rather than a constant value as employed in Ref. 13. Effects
of condensation and freezing are not considered since the
climatic season conditions did not attain high enough relative
humidities to result in condensation/freezing. The results for
a standard fiberglass insulation (R19STD with an R-value of
3.3 m?K/W and 0.159-m thickness) are studied for summer,
spring, fall, and winter situations.

Statement of the Problem

Figure 1 shows a typical geometry for a residential home
attic with the insulation batt placed above the gypsum board
(ceiling). The characteristic variables describing the attic ther-
mal environment are denoted by T and RH. The boundaries
for the fiberglass insulation are air at the top and a gypsum
board (ceiling) at the bottom. As seenin Fig. 1, the coordinate
system is placed at the substrate with y = 0 at the substrate,
and y = y, (¥, = 0.159 m) at the top of the insulation.

Considering the various heat transfer mechanisms that are
present in the attic environment, conduction and radiation
heat transfer are the obvious and primary mechanisms. Ac-
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Fig. 1 Attic geometry.
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Table 1 Radiative and thermal properties used in
numerical computations

or 12, kg/m?
¢ 844.4, J/kg-K
k; a + bT + 8.5537 x 1077 p;, W/m-k
a = 4.97576 x 103 b = 7.00025 x 10~%
w 0.201
B 3.7, cm™!
Yor 1.2 x 1073, m%s
Vs 1.185 x 102, m%/s
mg, 1/100 0.10 = ¢ = 0.90
Yol vor" (TIT,)'»

cording to Rish,? radiation can account for about 45% of the
total heat transfer. Besides these two mechanisms, other pos-
sible transport mechanisms are caused by the presence of
moisture in the attic air. This moisture presence in the attic
air and in the fiberglass insulation phenolic binder are ex-
pected to influence the overall heat transfer. It is considered
that moisture exists inside the insulation in two forms: 1) one
is in the vapor H,O form and is free to diffuse under vapor
concentration gradients; and 2) the other is in the form of
bound H,O inside the insulation binder. If the relative hu-
midities and the temperatures are different at the top and
bottom of the insulation, there will be concentration gradients
for the vapor H,O and the bound H,O; hence, mass diffusion
will occur. As these species diffuse through the insulation,
energy (enthalpy) is carried with the associated species. Also,
a change in temperature and relative humidity with time can
result in the adsorption/desorption of moisture from within
the insulation binder. When desorption takes place, bound
H,O becomes free vapor H,O, and the insulation acts as a
heat sink and loses heat through desorption. It was shown in
Ref. 12 that adsorption and desorption isotherms are not
identical and that there is a small hysteresis phenomenon
present. This study assumes that adsorption and desorption
follow the same path and that the hysteresis is negligible. The
data presented’? is for fiberglass with a density of 18 kg/m?
at 20°C. Only adsorption isotherm data were presented in
Ref. 8 for different temperatures for fiberglass with a density
of 101 kg/m?3. However, the density of the fiberglass insulation
used in this study is 12 kg/m3.'* Since there is very little ad-
sorption/desorption data available for the present insulation,
the most pertinent data available!? is used for modeling ad-
sorption/desorption. The heat of adsorption and desorption
may not be the same as the heat of vaporization!®!!; they are
functions of moisture content and can be as high as a factor
of 4 compared to the heat of vaporization. However, the heat
of adsorption was reported to be equal to the heat of vapor-
ization when moisture content was greater than 0.1 wt %.
The applicable data used in the present model’*!! indicate
that the mixture content is always greater than 0.1 wt %.
Therefore, the heat of adsorption/desorption can be assumed
to be equal to the heat of vaporization. The temperatures at
the insulation top, bottom, and roof are the required bound-
ary condition information for solving the energy equation and
radiative transport equation. The boundary temperatures and
relative humidities are required for obtaining concentrations
of H,O species which are needed for solving the species equa-
tions. Emissivities are specified at the roof (¢, = 1 — p, =
0.85) and substrate (g, = 1 — p, = 0. 93) surfaces.? Thermal/
radiative properties in this model are presented in Table 1.

Analysis

Because attic insulation behaves like a plane parallel layer,
the complexity of the problem is reduced by considering it to
be one-dimensional. The governing equations appropriate for
this problem are the energy equation, the species equations
for bound H,O and vapor H,O, and the radiative transport
equation. The assumptions made in the development of this
model are given as follows: 1) transient, one-dimensional
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combined conduction, radiation heat transfer with diffusion,
and adsorption/desorption of bound H,O and vapor H,O; 2)
volumetric radiation within the fiberglass insulation with ab-
sorbing, emitting, and scattering (isotropic) medium; 3) gray
radiative properties (extinction coefficient and albedo); 4)
convection of vapor is neglected; and 5) relative humidities
and temperatures at the boundaries are known (measured)
functions of time.

Energy Equation

The one-dimensional energy equation for transient, cou-
pled conduction, radiation heat transport, diffusion of vapor
H,O and bound H,0, and adsorption/desorption of moisture
is given by

0 oT dq, i) . om, ad . om,
o kf"_ -+ =\ = Vel
ay dy ay  ay ady ay ay

+ 4= pfc,%? (1a)
where
q = hgmy, (1b)
with boundary conditions

T = T(t) at y=20

T = Ty1) at Y=
and a linear temperature profile was chosen as the initial
temperature condition (midnight, t = 0).

The terms on the left side of the Eq. (1a) represent heat
conduction, radiation, diffusion of vapor H,O and bound H,O,
and the heat source/sink due to H,O adsorption/desorption
within the insulation, respectively; whereas the term on the
right side represents the transient (internal energy) term.

Radiative Transport Equation

The radiative heat flux g, is required for solving Eq. (1a);
it is obtained by solving the radiative transport equation as
presented below. The one-dimensional axially symmetric ra-
diative transport equation for an absorbing, emitting, and
anisotropically scattering medium from Ref. 15 can be written
as

w ——dl(;;u) = —I(r, p) + %f_l I(r, p )P, p') dp’'
+ n2(1 — w)l [T(7)] (2)

It is assumed here that ® is equal to 1 for isotropic scattering.
The boundary conditions for the Eq. (2) are given by

1(0’ I"‘) = psl(ov A/“‘) + (1 - p:)nzlb(Ts)a n > 0

{7y, =) = pd(7, +11) + (1 = pInl(Tx), p>0
where I,(Tg) = e,(Tr)/w, and for a gray body e,(Tx) =
oT%. It should be noted that n = 1 for this problem. A quasi-
analytical technique with the method of discrete ordinates,
employing a 16-point Gaussian quadrature, was used in solv-
ing the radiative transport equation [Eq. (2)], and the details
can be found in Refs. 2, 3, and 15. The radiative heat flux
needed in Eq. (1a) is given by definition as

a0 = [ 1w duas G)

Species Equations
For one-dimensional unsteady moisture transport, the spe-

cies conservation equation for bound H,O can be expressed
as

om,, i} am,, R
b L haddet. ) R 4
at ay <7b > e )

Here, m, is the source/sink term. Similarly, the species con-
servation equation for vapor H,O can be written as

om, ad om, ,
- = (% ) = m, (5)

In the above equation, all the terms denote the same mean-
ing as in Eq. (4), except that the subscript “v”’ denotes vapor
H,O. The source terms (11, m,) in Egs. (4) and (5) account
for H,O adsorption/desorption. It should be noted that the
adsorption rate of bound H,O is equal to the desorption rate
of vapor H,O and vice versa. Therefore, the source term is
given by

. o X
m, = —m, = p[gt_ (6a)
where
X o
a My (6b)

In Eq. (6b), m, is a constant obtained from the data presented
in Ref. 12, and is given in Table 1. The symbol ¢ is relative
humidity and Egs. (6a) and (6b) yield the moisture adsorption/
desorption as a function of the relative humidity in accordance
with Ref. 18, which reported the adsorption isotherm to be
a function of relative humidity only, and not a separate func-
tion of temperature. The boundary conditions for Egs. (4)
and (5) are given by

m, = (m)(t)  at

m, = (m,),(1); y=20

my, = (m,)e(t); m, = (m,)o(t) at Yy =Y
These concentrations were determined from the measured
relative humidity and temperature at the substrate and top of
the insulation batt. Linear vapor H,O and bound H,O con-
centration profiles were chosen as the initial concentration
conditions (midnight, ¢ = 0). Equation (7) yields the total
heat flux

om,, .
Yo ( ay )y:() Ly @)

Equations (1-6) were solved simultaneously by an iterative
scheme that employs a control volume-based finite difference
method!® which was used in Refs. 2, 3, and 13. The transient
solution is obtained by marching forward in time with an
appropriate time step (5-min time step). The largest time step
that yielded no change in the converged temperatures and
species was considered the appropriate time step. A non-
uniform grid with 17 nodal points was used in the program
to achieve lower computational time without sacrificing
accuracy?®; the computation time on an IBM 3084 to predict
all the results for a 24-h period was about 60 s of CPU time.
It should be noted that the experimental data obtained were
recorded every 15 min, and therefore, a linear interpolation
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was used to input boundary condition information at the 5-
min time step intervals which occur in between the 15-min
data acquisition intervals for experimental data.

Results

The heat transfer results are presented as a comparison
between the numerically predicted total heat fluxes [Eq. (7)]
and the experimentally measured total heat fluxes. Compar-
isons are made for a wide variety of seasonal conditions.
However, the results presented here are for representative
comparisons between the numerical model and the experi-
mental data; these results are separated into summer, spring,
fall, and wintertime comparisons.

Summer Conditions

The summer conditions correspond to the data recorded
during the 24-h time period of June 27, 1992. Shown in Fig.
2 are the temperature-time histories. As explained earlier,
the roof temperatures, top of the batt temperatures, and bot-
tom of the batt temperatures are employed as boundary con-
dition information for the numerical model. The roof (T%) is
seen to reach a high temperature, and radiates a high heat
flux to the insulation batt. Due to this radiative flux, the top
(T,) of the batt is seen to reach a higher temperature than
the attic air (T,) at 0.0508 m (2 in.) above the batt. The
substrate (7) and inside ceiling (T.) temperatures are quite
close to one another as expected, and cross in magnitude
depending on whether heat is entering (negative heat flux) or
leaving (positive heat flux) the living space through the ceiling.
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Fig. 2 Temperature-time histories data for R19STD insulation for
June 27, 1992.
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Fig. 3 Measured relative humidities at different locations of the batt
for both summer and winter conditions for R19STD insulation.

Shown in Fig. 3 are the measured relative humidity time
histories for both summer and winter conditions. In the sum-
mer the relative humidity routinely reached the upper 70s in
the attic at the top of the insulation batt, even though the
outdoor relative humidity reached values up to the low 90s
in the morning (¢ = 300 min); this is because the wood and
fiberglass binder act to absorb moisture during the night from
the attic air. The relative humidity at the substrate in the
summer varied during the day from about 37 to about 45%.
Using the measured temperatures and relative humidities from
Figs. 2 and 3, the dimensionless (,/p;) vapor H,O concen-
trations are presented in Fig. 4. It can be seen from Fig. 4
that for Juné 27, 1992 the vapor concentration at the top of
the batt was always greater than at the substrate, and hence,
there was always a diffusion of vapor H,O from the top to
the bottom of the insulation batt. The vapor concentration is
significantly higher at the top of the batt during the high roof
temperature portion of the day; this is due to H,O desorption
both from the insulation batt and from the attic wooden com-
ponents such as the roofing boards. The information shown
in Fig. 4 was employed as the boundary conditions for the
vapor H,O species equation [Eq. (5)]. The bound H,O con-
centration is essentially the same as given by Eq. (6b) since
the bound H,O diffusion coefficient is essentially zero
[(=0(107)]. '

With the above temperatures and concentrations employed
as boundary condition information, the total predicted and
measured heat fluxes are compared in Fig. 5. Presented in
Fig. 5 are the experimental data, the numerical model with
moisture (MOIST), and the numerical model with no vapor
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Fig. 4 Vapor H,O concentration histories for both summer and win-
ter conditions at different locations of the batt for R19STD insulation.
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Fig. 5 Substrate measured heat flux-time and predicted heat flux-
time histories for both moist and dry cases for R19STD insulation.
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Table 2 Time integrated substrate heat flux corresponding to R19STD fiberglass for
summer, fall, and winter conditions

Dry Moist
Experimental model, model, Difference Difference Difference
Date data, kJ/m? kJ/m? kJ/m? 1,2 % > % 111, %
6/27/92¢ —62.6 —51.5 —60.1 17.7 4.1 14.2
1/17/92¢ 122.4 112.1 115 8.4 6.1 2.5
10/8/92° -8.1 -6.6 -7.9 17.7 1.1 16.7

“Difference I, between experimental data and dry model.

"Difference 11, between experimental data and moist

model. ‘Difference III, between dry model and moist model. “Integratcd over heat gain period (530 < ¢ < 1180
min). ‘Integrated over heat loss period (24 h). fIntegrated over heat gain period (620 < ¢ < 910 min).

0.0013

JUN 27,1992

3 ‘ T N
ot | =600 min "
0.0012 -
2 [
& /
[ yd
% 0.0011 P
o //
P -
< 0.0014 -
g Ve
o - i
5 t=255 mi
o
< 0.0009-
a
X

0.0008 T u T T
0 02 0.4 0.6 0.8

Y/Yo

Fig. 6 Spatial vapor H,O concentration (kg H,0O/kg of dry fiberglass)
profiles at four times for R19STD insulation.

H,O or bound H,O consideration (DRY). In the early morn-
ing it is seen that all three agree quite well. However, when
the heating period (=450-1100 min) begins, the dry model
starts to deviate from the experimental data and underpredicts
the peak heating (=800 min). The moist model, however,
shows very good agreement with the experimental heat flux
data and matches the peak heating very well. The difference
in the predicted heat transfer between the moist and dry models
is due primarily to the coupled effects of vapor H,O diffusion
and H,O desorption/absorption of the phenolic insulation
binder. As the magnitude of the heat transfer into the living
space (negative sign) decreases, the dry and moist models
begin to agree (=900 min) with one another, but show some
small disagreement with the experimental data. For the moist
model this could be due to the possible hysteresis phenom-
enon between adsorption and desorption which is not well
characterized experimentally or modeled in this work. The
integrated heat fluxes for the three cases are presented in
Table 2. It can be seen from Fig. 5 and Table 2 that the
presence of moisture has resulted in a 14.2% increase in the
heat transfer as compared to the dry model during the heating
(negative flux) period of the day for 6/27/92. The downward
diffusion of vapor H,O has provided an additional mode of
heat transfer as compared to the dry model. The moist model
is seen to agree within 4% of the experimental data. Shown
in Fig. 6 are the dimensionless H,O vapor concentration spa-
tial profiles at various times during the day; the parameter
y/y, is the dimensionless distance from the bottom to the top
of the batt. The value of y, is 0.159 m (6.25 in.). The vapor
concentration at ¢ = 600 min shows a nonmonotonic behavior
and is due to the desorption of vapor H,O near the top of
the batt; this vapor both diffuses down to the substrate and
diffuses out to the top of the insulation. The vapor concen-
trations at the other times are monotonic as expected. The
vapor concentration spatial profile at £ = 255 min is essentially
constant, as also inferred from Fig. 4.

Depicted in Fig. 7 are the dimensionless bound H,O con-
centration profiles. In accordance with the findings of Ref.

0.023

JUN 27,1992

0.022-

0.021

KG BOUND H20/KG DRY FIBERGLASS

Y/Yo

Fig. 7 Spatial bound H,O concentration (kg H,O/kg dry fiberglass)
at four times for R19STD insulation.

18, these profiles are a function of the local relative humidity.
The dip in the curves at t+ = 600 and 900 min are due to the
desorption of H,O at the higher temperatures near the top
of the batt.

Spring Conditions

Spring conditions correspond to the data recorded during
the 24-h time period of May 24, 1992. Similar temperature-
time histories and relative humidity histories were developed
as in Figs. 2 and 3, respectively, but are not shown. It should
be noted that this was a cloudy, rainy day with the roof tem-
perature not exceeding 80°F and the relative humidity inside
of the attic averaging about 65%, making this a very mild and
humid day. The dimensionless H,O vapor concentrations are
presented in Fig. 8. Figure 8 depicts that for most of the 24-
h time period on May 24, 1992, the vapor concentrations were
higher at the top of the batt than those at the bottom of the
batt, which would cause H,O vapor to diffuse downward.
Therefore, this diffusion of vapor would carry enthalpy with
it, and this enthalpy is a form of energy transport. Figure 9
shows the heat-flux time histories for May 24, 1992. It can be
seen that the moist numerical model agrees with the data
throughout the 24-h time period. Once again, the coupled
effects of vapor H,O diffusion and H,O desorption/absorption
of the phenolic binder causes the difference between the dry
and moist models. With the presence of moisture the nu-
merical model shows a significant increase in the overall heat
transfer in comparison to the dry model. These spring results
are not compared in Table 2, since during the heating portion
of the day (600 < ¢ < 1130 min) the dry model shows heat
leaving the house (positive flux) and the moist model shows
heat entering the house (negative flux) (Fig. 9).

Winter Conditions

Winter conditions correspond to the data recorded during
the 24-h time period of January 17, 1992. The temperature-
time histories for this day are shown in Fig. 10. As seen, the
bottom of the insulation (7%) is at a lower temperature than
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Fig. 8 Vapor H,O concentration histories for both spring and fall
conditions at different locations of the batt for R19STD insulation.
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Fig. 9 Substrate measured heat flux-time and predicted heat flux-
time histories for both moist and dry cases for R19STD insulation.
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Fig. 10 Temperature-time histories data for R19STD insulation for

January 17, 1992.

the conditioned space (T) during the entire day. The roof
temperature is the lowest during the early morning hours
(t < 400 min), but increases during the day as a result of solar
heating. However, the roof, attic air, and top of the insulation
temperatures remain substantially lower than the bottom of
the insulation temperature during the entire day. Therefore,
under these conditions, heat was lost (Fig. 11) during the
entire day. The relative humidity-time histories for this winter
day are shown in Fig. 3. The relative humidity at the top of

TRANSPORT IN ATTIC INSULATIONS
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Fig. 11 Substrate measured heat flux and predicted heat flux-time
histories for both moist and dry cases for R19STD insulation.

the batt does not rise quite as high in winter as it does in
summer, and also, it does not decrease as much during the
middle of the day as it does in summer. Using the temperature
data from Fig. 10 and the relative humidity from Fig. 3, the
vapor H,O dimensionless concentration histories are shown
in Fig. 4 for the top and bottom of the insulation for winter
conditions. The vapor H,O concentration histories are rela-
tively flat in comparison to the summertime vapor H,O con-
centration histories. However, there does exist a higher vapor
H,O concentration at the bottom of the insulation than at the
top during most of this typical winter day, which is the op-
posite of what occurs in the summer. This will result in the
diffusion of vapor H,O upward toward the top of the batt,
and hence, should increase the heat loss from the living space.
This is clearly seen in the heat flux histories of Fig. 11.

Illustrated in Fig. 11 are the measured total heat flux his-
tory, the predicted dry heat flux history, and the predicted
moist heat flux history. Figure 11 shows that the experimental
data and two numerical models all predict that heat is lost
(positive flux) during the entire day. The greatest loss is during
the early morning hours (¢ < 400 min). The moist model
predicts a slightly higher heat loss during the early morning
hours as compared to the dry model; this is due to the upward
diffusion of H,O vapor. Both models are somewhat lower
than the experimental data in the early morning hours. How-
ever, after the early morning hours the agreement among the
experimental data, dry model, and moist model is quite good.
The integrated heat flux values over the entire 24-h period
are shown in Table 2. This data shows that the moisture
accounts for an increase of about 2.5% as compared to the
dry model. The moisture numerical model is seen to differ
with the experimental data by 6%. The presence of moisture
for these winter conditions shows that moisture does result
in greater heat losses, but that these losses are not large for
Northern Mississippi. However, these winter heat losses as-
sociated with the presence of moisture could be greater for
other geographic regions where high wintertime moisture con-
ditions occur.

Depicted in Fig. 12 are the dimensionless spatial vapor H,O
concentration profiles. The profiles at t = 435, 600, and 1200
min show a monotonic behavior as vapor H,O diffuses from
the substrate to the top of the insulation. During the peak
solar heating portion of the day (¢ = 885 min) the vapor H,O
concentration is essentially constant with a slightly increasing
trend; all these spatial profiles are consistent with the bound-
ary concentrations depicted in Fig. 4. Shown in Fig. 13 are
the bound H,O dimensionless concentration profiles. The colder
top of the insulation has a higher concentration of bound H,O
than does the warmer bottom of the insulation where H,O
has been desorbed due to the higher temperatures.
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Fig. 13 Spatial bound H,O concentration (kg H,0/kg of dry fiber-
glass) profiles at four times for R19STD insulation.

Fall Conditions

Fall conditions correspond to the data recorded during the
24-h time period of October 8, 1992. The appropriate tem-
perature-time histories and relative humidity time-histories
plots are not included. However, this was a very sunny, mild,
and humid day with the roof temperatures not exceeding 100°F,
and the relative humidity inside the attic reaching approxi-
mately 60%. Using the temperature and relative humidity
data, the vapor H,O dimensionless concentration histories are
shown in Fig. 8 for fall conditions. The vapor H,O concen-
tration histories are similar to those for the spring conditions,
but for the fall conditions there is an inversion between the
top and bottom of the batt. During the cooling portions of
the day the concentrations at the top of the batt are lower
than the concentration levels at the bottom. However, during
the heating portion of the day (500 < ¢ < 900 min) an inversion
takes place, causing the concentrations at the top of the batt
to become higher than at the bottom. Figure 14 shows the
comparisons of the experimental data, dry, and moist models.
As seen in Fig. 14, the numerical models follows the exper-
imental data very good. The dry model tends to deviate from
the experimental data and moist model during the heating
portion of the day; this implies that the presence of moisture
makes a significant increase in the transfer of heat into the
living space. Shown in Table 2 are the integrated heat fluxes
for the experimental data, moist and dry models. From Table
2 it can be seen that the presence of moisture has resulted in
a 16.7% increase in the heat transfer as compared to the dry

model during the heating portion of this fall day. The moist
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Fig. 14 Substrate measured heat flux-time and predicted heat flux-

time histories for both moist and dry cases for R19STD insulation.

model is shown to agree within about 1% of the integrated
experimental data.

Summary and Concluding Remarks

A numerical model has been presented which models the
coupled radiative, conductive, and mass transfer associated
with the total heat transport in low-density attic residential
fiberglass insulation. The heat transfer was modeled for typ-
ical seasonal conditions in North Mississippi. For the typical
summer, spring, winter, and fall conditions it was shown that
the presence of moisture transport in the attic resulted in an
increased heat transfer to the living space in summer, spring,
and fall, and an increased heat loss from the living space in
winter. The impact of moisture was found to be most signif-
icant for the spring, summer, and fall seasonal conditions.
However, the presence of moisture was seen to hurt energy
conservation in all seasonal conditions as compared to the dry
insulation case. The moisture numerical model was shown to
agree well both quantitatively and qualitatively with the mea-
sured experimental heat flux data. The numerical model is a
useful tool for understanding and predicting the performance
of a wide variety of fiberglass insulation scenarios.

Experimental data were obtained from the attic of an oc-
cupied North Mississippi residential home. The experimental
data included the relative humidities and temperatures at the
top and the bottom of the fiberglass insulation batt. These
experimental data were employed as the boundary conditions
in the numerical model. In addition, the total heat flux at the
bottom of the insulation was measured and used to verify the
present model. The thermal data were recorded every 15 min
using a HP 3582 A data acquisition system. Temperatures were
measured with type-J thermocouples. Relative humidities were
measured with Hycal CT-829-A-RX temperature-compen-
sated relative humidity meters. Heat fluxes were measured
with the Hycal BI-7-20-WP-J-X-X6 high-sensitivity heat flux
meters; the heat flux meters were calibrated by Holometrix,
Inc. The heat flux meters were located at the interface be-
tween the fiberglass batt and the gypsum board at the sub-
strate.
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