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ABSTRACT

The attic regions of residential dwellings are important areas with respect to energy
conservation. The primary objective of this study is to determine the effective changes in total
heat transfer due to varying the attic insulation thickness from R-11 to R-19 to R-30 and also
due to the addition of horizontally installed radiant barriers (for R-30). Experimental data
(including winter and summer) were collected at an occupied north Mississippi residence and
various profiles such as time histories of temperature, heat flux, and vapor water concentrations
are presented to support the experimentally determined effects on the overall heat transfer. A
transient, one-dimensional, computational thermal model that incorporates combined conduction
and radiation heat transfer and moisture transport is also used to predict the changes in the total

heat flux. These predictions are then compared with the experimental results for typical summer

and winter days for north Mississippi.
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INTRODUCTION

Energy conservation in residential dwellings has become an extremely important issue
in today’s society. It has been well documented [1-4] that one of the major problem areas in
these dwellings are their attics where considerable amounts of energy can be lost or gained
depending on the climatic conditions of winter or summer. The basic objective was to determine
the effective changes in the total heat transfer (radiation, conduction, and contributions of the
mass transfer) as a result of variations in fiberglass insulation thickness as well as the addition
of horizontal radiant barriers (for R-30 only). The goals of this investigation were accomplished
by two means: 1) measurements of temperature, heat flux, and relative humidity and 2)
computer simulations using a computational heat transfer model. In this study, three levels of
thermal resistance were considered: R-11 at thickness 0.089 m (3.50 inches), R-19 at thickness
0.159 m (6.25 inches), and R-30 at thickness 0.248 m (9.75 inches).

In this study, heat flux, temperature, and relative humidity were measured in an occupied
residence located in north Mississippi. These data were collected during the winter, spring, and
summer and were employed to assess the effective changes in the total heat transfer. The
computational tool used in this study is a transient, one-dimensional model, The model has been
developed over the past several years by Gorthala, Harris, et al.[2,3,4]. The governing
equations for the model are the energy equation, the radiative transport equation, and the mass
transport equations for liquid (i.e. water that is adsorbed into the fibers) water and vapor water.
The energy equation includes the transport of energy due to one-dimensional conduction,
radiation heat transport, diffusion of vapor and liquid water, and a source/sink term simulating

the adsorption/desorption of water. The radiative transport equation describes the intensity field;



this includes the volumetrically adsorbed intensity, the volumetrically scattered intensity, and the
volumetrically emitted intensity, The radiative intensity field must be determined in order to
evaluate the radiative heat flux term in the energy equation. There are two moisture transport
equations, one for the liquid and one for the vapor. The liquid water is considered to be
transported through the fibers, but only slightly, due to the fact that the mass conductivity
coefficient for liquid water is extremely low (=107). Also, there is a source/sink depending
on whether the fibers are losing or gaining water. Similar statements can be made for the vapor
transport equation; however the mass conductivity for vapor water is higher (= 10%).

A series of heat transfer measurements in attic insulations have been performed at the
Oak Ridge National Laboratory (ORNL). The first experiment [5] consisted of tests to
determine the magnitude of heat flux (W/m? reduction when radiant barriers were installed in
the attics of unoccupied single-family houses insulated with R-19 fiberglass insulation. The
results for summer conditions showed a reduction of about 39% in measured peak ceiling heat
fluxes when the radiant barrier was laid horizontally on top of the fiberglass insulation. It was
also found that the 7-day time-integrated-heat-flux (kJ/m?) through the ceiling with the horizontal
mounted barriers were 35% lower than the case of no radiant barrier and 30% lower with the
use of mounting the radiant barriers on the wooden, sloping truss members of the roof’s attic
(i.e. truss-mounted). By truss mounted it is meant that the radiant barrier is attached to the
bottom of the wooden roof rafters. This places the radiant barrier some distance from the
fiberglass insulation; as opposed to the horizonfally mounted radiant barrier which is laid on the
top of the insulation.

The second set of tests [6] for R-19 insulation only was conducted in the winter of 1985-



86 to determine the magnitude of the peak ceiling heat flux reduction achieved by the installation
of truss and horizontal mounted radiant barriers. These experiments were conducted at two
identically configured side-by-side test houses; the only difference was that one had a radiant
barrier installed in the attic and the other did not. The results indicated that there was no
significant change in ceiling heat flux caused by the addition of radiant barriers.

Finally, a third experiment [7] was conducted in the winter of 1986-87 to establish the
heating energy performance of R-11 and R-30 fiberglass attic insulations in combination with
truss and horizontally installed radiant barriers. The results showed that the horizontal radiant
barrier used with R-11 attic insulation reduced the attic heat flux by 19% as compared with R-11
with no radiant barrier and the truss mounted barrier showed a reduction of about 8% in the
ceiling heat flux. The R-30 attic insulation with the horizontal radiant barrier showed an attic
heat flux reduction of about 9.5% as compared with R-30 with no radiant barrier and the truss
mounted barrier showed a reduction close to 4% in the ceiling heat flux.

This paper is a companion paper to two previous publications [3,4]. However, it is
different in that [3] contained only predicted results for R-11 and R-30 insulations ; whereas,
this paper will contain measured and predicted results for R-11 and R-30 (R-30 with and without
a radiant barrier). This present paper is likewise different in that [4] only considered moisture
effects for R-19. Thus, this paper will give better insight into understanding of the effects of
moisture and radiant barriers for R-11, R-19, and R-30 insulations.

EXPERIMENTAL SETUP
Shown in Fig. 1 is a typical attic sketch for a residential home with insulation. The

boundaries of the insulation batt are air at the top and gypsum board (sheetrock .0127m) on the



house ceiling which is at the bottom of the insulation batt. The subscripts s, o, a, and r
represent substrate (bottom of the insulation batt), insulation top, attic air, and roof respectively.
Also it should be noted that the coordinate system originates at the substrate (fiberglass/sheetrock
interface) where y=0 and hence at the top of the insulation batt y=y,,

The residential home where the data were recorded is occupied and is located in the
northern part of the state of Mississippi. Temperature, heat flux, and relative humidity data
were collected for horizontally oriented fiberglass insulations. The thermal data were recorded
every 15 minutes using an HP 3528A data acquisition system. Temperatures (see Fig. 2) were
measured with type-J thermocouples that are stated to be accurate to +1/4 K. Relative
humidities were measured with Hycal CT-829-A-RX temperature compensated relative humidity
(R.H.) meters (see Fig. 2) that are accurate to less than 1% between 20<R.H. <80%. Heat
fluxes were measured with the Hycal BI-7-20-WP-J-X-X6 high sensitivity heat flux meters (see
Fig. 2); the heat flux meters were calibrated by Holometrix Inc. and are stated to be accurate
to £5% of full scale (heat flux of 7.8 W/m?), The heat flux meters were located at the interface
between the fiberglass batt and gypsum board at the substrate.

COMPUTATIONAL MODEL

The basic equations for the computational model are the energy equation, the moisture
transport equations, and the radiative transport equation. To simplify the model, the attic
insulation is considered to behave like a plane parallel layer and the primary assumptions are
given as follows: 1) transient, one-dimensional combined conduction, radiation heat transfer with
water vapor diffusion, and adsorption/desorption of moisture; 2) the fiberglass insulation was

considered to be a radiative absorbing, emitting and scattering (isotropic) medium; 3) gray



radiative properties (extinction coefficient and albedo); 4) convection is neglected; 5) relative
humidities and temperatures at the boundaries are known (measured) functions of time.,

This work also considers both adsorption and desorption of water vapor to be described
by the same heat of vaporization [8,9] and it neglects any hysteresis phenomenon that may be
present between the adsorption and desorption isotherms. The density of the fiberglass insulation
was measured to be 12 kg/m® [10]. The temperatures at the insulation top, bottom, and roof are
the required boundary condition information for solving the energy equation and the radiative
transport equation. The boundary temperatures and relative humidities are required for obtaining
concentrations of liquid water and vapor water which are needed for solving the moisture
transport equations. Emissivities are specified at the roof (e,=1,0,=.85) and substrate

(€;=1,0,=.93) surfaces [11]. That thermal/radiative properties used in this model are presented
in Table 1,

Energy Equation

The one-dimensional energy equation for transient, conduction, radiation heat transport,

diffusion of vapor and liquid water and phase change (adsorption/desorption) is given by
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with
q = h,m, (1)

and where k; is the bulk fhermal conductivity of the insulation given by Houston [12], p is the

bulk density of the insulation [10], c; is the specific heat of the insulation [10]. The symbols v,
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and v, are the moisture conductivity coefficients; i, and i, are the specific enthalpies of the
liquid and vapor, respectively; h, (Eq. (1a)) is the heat of water adsorption/desorption; m,
(kg/m®) is the liquid water concentration; m, (kg/m’) is the vapor water concentration; q, is the
radiative heat flux; and m, is defined as the rate of adsorption/desorption of water (sink/source
term).
The temperature boundary conditions are

T = T(t) at y =90

T=T0 a y=y,
A linear temperature distribution was chosen as the initial condition (midnight, t = 0). The
terms on the left hand side of the Eq. (1) represent heat conduction, radiation, diffusion of vapor
water and liquid water, and the heat source/sink due to water adsorption/desorption within the
insulation, respectively; whereas the term on the right hand side represents the transient term.
Radiative Transport Equation

The radiative heat flux, q,, is required for solving Eq. (1); it is obtained by solving the

radiative transport equation as presented below. The one-dimensional axially symmetric
radiative transport equation for an absorbing, emitting, and anisotropically scattering medium

from Ref. [13] can be written as
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Here, 7 ( 7 = By and @ is the extinction coefficient) is the optical depth, u is the cosine of the

polar angle ©, w is the single scatter albedo, n is the refractive index of the medium, I(r, ) is



the radiative intensity at depth 7 in the specified direction of u, I, is the emitted radiative
intensity at depth 7, $(u, u’) is the scattering function or phase function; here ®(u, p')=1 for
isotropic scattering,
The boundary conditions for the Eq. (2) are given by

I0,0) = pJ(0,-p) + (1-p )0 (T), p >0

I(ry,-p) = pl(r+1) + (I-p 0’ (T, » > 0
where I(Ty) =e,(Tp)/7 and for a gray body e,(Ty)=0Ty. Here, p, is the reflectivity of the
substrate and p, is the reflectivity of the roof for the no radiant barrier case. When a radiant
barrier is used then p, is the reflectance (.95) of the foil and Ty, is the top of the batt temperature
T,. It should be noted that n=1 for this problem since the insulation is considered to be a
stagnant layer of air with the glass fibers suspended within the air matrix and for air n=1. An
analytical technique with the method of discrete ordinates, employing a 16 point Gaussian
quadrature, was used in solving the radiative transport equation (Eq. (2)) and the details can be

found in Refs. [8,13,14]. The radiative heat flux needed in Eq. (1) is given by definition as
a1 1
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Equations for Moisture Transport

For one-dimensional moisture transport, the liquid water conservation equation can be

expressed as
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Similarly, the vapor water conservation equation can be written as

dm 3 am
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In the above two equations, most of the terms have been defined in discussing Eq. (1)'.
The source terms (i, th,) in Egs. (4) and (5) account for water adsorption/desorption. Since

hysteresis is disregarded the source term is given by
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mbz"mv"’pf“gz' (6)
where
X ¢
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In Eq. (6a), my is a constant obtained from the data presented in Ref. [15] and is given in Table
1. The symbol ¢ is relative humidity and Egs. (6) and (6a) yield the moisture
adsorption/desorption as a function of the relative humidity in accordance with Ref. [16] which,
for mineral fiber insulation, reported the adsorption isotherm to be a function of relative
humidity only and not a separate function of temperature. The quantity X is dimensionless and
has units of kg water/kg dry fiberglass. The boundary conditions for Eqs. (4) and (5) are given
by

my = (my)t); m, = (m,){t) at y=0

m, = (my)(t); m, = (m,)yt) a Yy =y,
where (my),(f), (m,),(t) are the mass concentrations of liquid water and vapor water at the

substrate; (mg)y(t), (m,),(t) are the mass concentrations of liquid water and vapor water at the



top of the insulation batt; these concentrations were determined from the measured relative
humidity and dry-bulb temperature at the substrate and top of the insulation batt. Linear vapor
water and liquid water concentration profiles were chosen as the initial concentration conditions

(midnight, t=0). The total heat flux is given by the following equation
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=0
where the first term is the conduction term, the second the radiation term, the third the diffused
vapor term, and the fourth the diffused liquid term.
Solution Scheme
Equations (1) through (6a) were solved simultaneously by an iterative scheme that
employs a control volume based finite difference method (Patankar method [17]); for this
problem Patankar’s method becomes the same as a standard finite difference scheme. 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
(y/y,=0, 0.003, 0.01, 0.04, 0.1, 0.2, 0.4, 0.6, 0.7, 0.8, 0.9, 0.95, 0.97, 0.98, 0.99, 0.9967,
1.00) was used in the program to achieve lower computational time without sacrificing accuracy
[11]; the computation time on an IBM 3084 to predict all the results for a 24 hour period was
about 60 seconds of CPU time. It should be noted that the experimental data obtained were
recorded every 15 minutes and hence a linear interpolation was used to input boundary condition
information at the 5 min time step intervals which occur in between the 15 minute data

acquisition intervals for experimental data. A computational model was used to generate results
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for all three insulation thicknesses and comparisons were made to the measured heat flux data.
The model has the capability of including or excluding the moisture transport terms in the energy
equation, Eq. (1). When the moisture transport terms are included, this is referred to as the
“moist-case". Likewise, when the moisture transport terms are excluded, this is referred to as

the "dry-case".

RESULTS

The results focus on the comparison of the total heat transfer through R-11, R-19 and R-
30 insulation thicknesses and also on R-30 both with and without a radiant barrier. Radiant
barrier results are based only on R-30 insulation due to the fact that a previous work [3] has
already investigated R-19 insulation with and without a radiant barrier. This investigation differs
from the previous work [3] by the fact that data were collected for all three insulation resistances
(R-11, R-19, R-30).  Due to space limitations only typical summer and winter results are
depicted in this paper (data however were also collected for spring and fall conditions). These
results are separated into summertime (July 6 and 15,1993) and wintertime (March 13, 1993)
comparisons,
Summer Conditions

The representative summer conditions correspond to the data recorded during the 24-hour
time period of July 15, 1993. Shown in Fig. 3 is the temperature-time history for the R-30
fiberglass insulation batt with a radiant barrier. Similar temperature histories were measured
for the R-30 fiberglass insulation batt without a radiant barrier and for other insulation

thicknesses (R-11 and R-19 without a radiant barrier) but are not shown here due to space
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limitations. The roof temperatures, top of the batt temperatures, and bottom of the batt
temperatures are all employed as boundary condition information in the computational model.
This was a typical partly cloudy day exhibiting a dip in the peak of the roof temperature (Ty)
profile. The roof temperature is seen to reach a high value, hence the roof radiates a high heat
flux onto the insulation batt that is covered by a radiant barrier. The radiant barrier reflects the
radiative heat flux incident from the roof back into the attic air space, resulting in the top of the
insulation temperature (T,) remaining lower than the attic air (T,) temperature. If this would
have been a batt without a radiant barrier, the top of the batt temperature (T,) would be higher
than the attic air temperature (T,) (measured at 0.051 m above the batt).

Shown in Fig. 4 are the dimensionless vapor water concentration histories for the R-11,
R-19 and R-30 insulation batts without a radiant barrier. It can be seen from Fig. 4 that for
7/15/92 the vapor concentration at the top of the batt is always greater than at the substrate for
all three cases; hence there was a diffusion of vapor water from the top to the bottom of the batt.
The bulk concentration gradient across the batt increases somewhat as the insulation thickness
increases. The vapor concentration is significantly higher at the top of the batt during the high
temperature portion of the day; this is due to water desorption both from the attic wooden
structural components such as roofing boards and also due to desorption from the attic insulation
binder. Shown in Fig. 5 are the vapor water concentration histories for the R-30 (for 7/6/93)
fiberglass insulation batt with and without a radiant barrier. The profiles are similar to those
of Fig. 4. In comparing the two cases (with and without a radiant barrier) it can be seen that
the bulk vapor concentration gradient across the batt decreases when a radiant barrier is

employed. Once a radiant barrier is employed, diffusion through the top of a batt occurs
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because the barrier is perforated which allows the transport of vapor through the porous radiant
barrier. Even though the radiant barrier is perforated, the vapor water is still somewhat retarded
from diffusing from the high concentration vapor water attic air through the radiant barrier and
into the insulation batt. Hence, the vapor concentration is greater at the top of the batt for the
no radiant barrier case.

Figure 6 depicts the various components of the total heat transfer: radiation, conduction
and vapor water and liquid water mass transport for R-19 insulation. For the dry case,
conduction through the insulation batt accounted for 60 percent of the total heat transfer; while
the radiation accounted for about 40 percent of the total heat transfer. For the moist case,
conduction accounted for 50 percent of the heat transfer; radiation accounted for about 25
percent of the heat transfer; while the mass transport accounted for about 25 percent of the total
heat transfer. The combination of all three components make up the total heat transfer.

The information shown in Figs. 3 and 4 was employed as the boundary conditions for
the vapor water species equation (Eq.(5)). The liquid water concentration is essentially the same
as given by Eq. (6a) since the liquid water conductivity coefficient is very small (see Table 1).
With the measured temperatures and concentrations employed as boundary condition information,
the predicted total heat flux (Eq.(7)) for R-11, R-19, and R-30 insulations were compared to the
respective measured heat flux data for cases without a radiant barrier as shown in Fig. 7.
Presented in Fig. 7 are the experimental data for R-11, R-19 and R-30. It can be seen that in
general there is good agreement between the experimental data and the predicted heat fluxes for
all three insulations which is later quantified in Table 2. During the heating portion of the day

it can be seen that the heat flux level is greater in magnitude (i.e. more negative) for the
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R-11 insulation indicating that thr; thinner insulation, R-11 (0.089 m thick), allows more heat
transport into the house. The R-19 insulation (0.158 m thick) predictions and data fall between
that of the R-11 and R-30 insulations. The R-30 insulation (0.247 m thick) has the lowest heat
flux level, hence allowing the least amount of heat transfer into or out from the house. Table
2 shows the integrated heat fluxes for the measured data and for the predicted dry and moist case
situations for all three insulation thicknesses (R-11, R-19, and R-30). When a comparison is,
made for R-30 insulation, it can be seen that the moist case scenario agrees quite well with the
experimental data (5.7%). It is also seen in Table 2, that when moisture is present in the
system, the total heat flux increases by approximately 12%-27% for all three insulations without
a radiant barrier for summer conditions, as compared to predicted dry conditions.

The R-30 insulation batt resulted in acceptable magnitudes of heat transfer on July 15,
1993, however, a day with an even higher flux level (July 6, 1993) is used to better illustrate
the effects of radiant barriers for the R-30 insulation. Shown in Fig. 8 is the comparison of the
substrate heat flux for R-30 insulation with and without a radiant barrier for July 6, 1993. For
summer conditions, Table 2 shows that without a radiant barrier the predicted integrated heat
fluxes agree well with the experimental data for all three cases; 11.2% for R-11, 3.1% for R-19,
and 6.5% for R-30. For both the measured and the predicted heat fluxes, the overall heat
transfer decreased considerably when a radiant barrier was employed. Using the R-30 insulation
batt without a radiant barrier as the standard, Table 2 shows that the integrated heat fluxes
decreased by about 27% once a barrier was implemented. This can be explained by the fact
that when a radiant barrier is present the radiative heat flux from the roof is reflected back into

the attic, thus not allowing heat to be transferred into the house. Theréfore, the total heat flux
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will significantly decrease by 27% once a radiant barrier is employed.
Winter Conditions

The data recorded during the 24-hour time period of March 13, 1993 was representative
of typical northern Mississippi winter conditions. The temperature-time histories are shown
in Fig. 9 for the R-30 insulation without a radiant barrier. This was a winter day with the
ambient temperature reaching a high of only 273 K (= 32 F). The roof temperatures are the
lowest during the early morning hours (t<400 min) but increase rapidly during the day as a
result of solar heating. The attic air (T,) and top of the batt (T,) temperatures remain lower
than the bottom of the insulation (T,) temperature during most of the day. This indicates that
heat would be lost (positive heat flux ) during the corresponding portions of the day. Similar
temperature histories were observed for the case with a radiant barrier but are not shown due
to paper space limitations.

The bulk vapor water concentration gradients across the batts for all three insulation
thicknesses were found to be essentially zero. Figures 10 and 11 illustrate this fact by showing
the heat flux comparisons of the moist and dry cases for the three thicknesses. Figure 10 shows
the comparisons of the dry and the moist cases for R-11, R-19 and R-30 all without a radiant
barrier. From Fig. 10 it can be seen that there is only a slight difference between the dry and
moist cases with the moist cases being slightly higher. If there would have been a significant

vapor water concentration difference between the top and the bottom of the fiberglass batt, then
there would have been a significant difference between the dry case and moist case heat flux
predictions. The greater the bulk concentration gradient across the batt, the greater the moisture

transport through the insulation batt. The vapor water transports enthalpy as it diffuses through
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the batt causing an increase in the overall heat transfer at the substrate. Table 2 shows that
without a radiant barrier the predicted integrated heat fluxes agree with the experimental data.
as follows; 9.8% for R-11, 5.2% for R-19, and 39.6% for R-30. The agreement between the
experimental data and predictions for R-11 and R-19 is considered to be good. The agreement
for R-30 on a percentage basis is not as good because of the low flux levels that are associated
with the R-30 fiberglass insulation. Table 2 also shows that there is an integrated heat transfer
difference of only 1.2% between the moist and dry cases for R-11, 6.4% for R-19 and 7.3% for
R-30. This illustrates how the overall heat transfer increased for the three insulation batts when
moisture was present. Similar conclusions can be reached from Fig. 11, which shows the
comparison of the dry and moist heat transfer cases for R-30 insulation with and without a
radiant barrier. For both the cases with and without a radiant barrier, the difference between
the dry and moist cases are very small with the moist case being slightly higher. This would
indicate that the overall heat transfer increased very slightly with moisture being present even
when a radiant barrier was employed for winter conditions.

Figure 12 further illustrates the effects of moisture being present. Figure 12 shows the
predicted substrate heat flux histories for the conduction, radiation, vapor water and liquid water
conductivity components with and without the presence of moisture. From Fig. 12 it can be
seen that the dry case radiation and conduction components are slightly higher than the moist
case radiation and conduction components. Hence, the total heat fluxes are higher for the moist
case due to mass diffusion (primarily vapor water) and to water adsorption and desorption.

Hlustrated in Fig. 13 are the total heat fluxes corresponding to the R-11, R-19 and R-30

experimental data and the predictions from the numerical moist case for R-11, R-19, and R-30
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for the case without a radiant barrier. Throughout the entire day the R-11 insulation displays
higher heat fluxes (positive sign) indicating more heat is leaving the house. The R-19 insulation
has a similar trend; heat is leaving the house but at a lower heat flux than the R-11. As
expected the R-30, thickest of the insulations, demonstrates the lowest heat fluxes, hence
allowing the least amount of heat to escape from the house. Table 2 presents a comparison of
the integrated heat fluxes for the three insulations without a radiant barrier for both dry and
moist cases. For these winter conditions, the presence of moisture is computed to have a very
small effect on the overall heat flux for all three thicknesses.

Comparison of R-30 insulation heat flux data for both the radiant barrier and no radiant
barrier cases showed no significant difference for winter conditions. Hence, due to paper
limitations no figure will be shown to support this non-effect; this does agree with the winter-
time conclusion of Ref. [7]. However, for summer conditions the radiant barrier was found to
be quite effective for R-30 (27% reduction).

CONCLUSIONS

The effects of varying the thickness from R-11 to R-19 to R-30 for attic insulations
without a radiant barrier and R-30 with a radiant barrier have been investigated in this study.
As expected, the increased thickness from R-11 to R-19 to R-30 did decrease the total amount
of heat flux which enters or leaves the occupied living space depending on the climatic
conditions. The computational model was able to predict results with and without the moisture
transport terms included. With the presence of moisture, the total heat flux was increased
significantly for all summertime cases. Therefore, it has been found in this study as well as in

previous works [3-4], that moisture is detrimental to energy conservation for summer conditions
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by increasing the total heat flux which enters the occupied living space. Whereas, for
wintertime conditions moisture was found to be slightly detrimental in affecting the total heat
transfer. The addition of a horizontal radiant barrier to the insulation top surface decreased the
total heat flux significantly for the R-30 insulation for summer conditions. This study found that
for summer conditions (R-30) a decrease of 27% in total heat transfer with the addition of a
radiant barrier. Winter results for R-30 showed the addition of a radiant barrier to have no
significant effect. These results have concluded that with the presence of moisture in an attic
system the total heat transfer will be increased or decreased into the household depending on
whether it is winter or summer climatic condition. Likewise, those households that have high
efficiency fiberglass insulation (i.e. R-30) can achieve even higher efficiency levels with the
addition of radiant barriers.
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TABLE 1. Radiative and thermal properties used in numerical computations.

of 12.0 kg/m®

o 844.4 Jkg-K

kP a + bT + 8.5537 x 107 p; W/m-X
a = 497576 x 10°, b = 7.00025 x 10°

w* 0.201

B° 3.70 cm’!

Yo 1.2x 10° m%/s

T 1.19 x 10°? m?/s

m,f 1/100 .10 < ¢ < .90

YoV (T/T )"

"Ref. [10], "Ref

. [12], *Ref. [19], “Ref. [18], *Ref. [8] ‘Ref. [15]
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MAR 13, 1993
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Fig. 10 Predicted heat flux-time histories for B-11, R-19 and R-30 insu-

lation batts with and without moisture present.
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