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ABSTRACT

This report summarizes a project to model the annual thermal and
moisture performance of radiant barrier systems installed in
residential attics. A previously developed model for the thermal
performance of attics with radiant barriers was modified to allow
estimates of moisture condensation on the underside of radiant barrviers
that are laid directly on top of existing attic insulation. The model
was partially validated by comparing its predictions of ceiling heat
flows and moisture condensation with data and visual observations made
during a field experiment with full-size houses near Knoxville,
Tennessee. Since the model predictions were found te be in reasonable
agreement with the experimental data, the models were used to estimate
annual energy savings and moisture accumulation rates for a wide
variety of climatic conditions. The model results have been used to
identify locations where radiant barriers are cost effective and also
where radiant barriers have potential for causing moisture problems.
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EXECUTIVE SUMMARY

The use of radiant barriers (RBs) in residential attics is
receiving increasing attention. These materials consist of a paper or
polymer substrate with a highly reflective coating (usually aluminum)
on one or both sides. Their function is to reduce radiative heat
transfer between the roof and the attic floor. Radiant barriers are
installed in attics in two basic configurations: 1) laid directly on
top of existing attic insulation (sometimes called the horizontal
configuration), or 2) attached beneath the roof deck (sometimes called

the truss configuration).

A number of laboratory and field experiments have shown that
radiant barriers can be effective in reducing heat flows through
ceilings, and hence in reducing house heating and cooling loads. The
experiments have also shown that radiant barriers are generally more
effective in reducing summer cooling loads than in reducing winter
heating loads. The field experiments have usually been conducted over
periods of a few weeks aund have been performed in the warmer regions of

the country, such as in Florida or Tennessee.

Most of the field experiments indicate that the horizontal
configuration produces the greatest reductions in ceiling heat flows.
However, at the recent Radiant Barrier Workshop sponsored by the
Electric Power Research Institute (EPRI) and the Tennessee Valley
Authority (TVA), two issues were highlighted as ones that might hinder
the use of horizontal radiant barriers: dust accumulation and moisture

accumulation.

While dust accumulation can lead to a deterioration in the energy
savings obtained with a horizontal radiant barrier, moisture
accumulation can lead to structural damage. Since a horizontal radiant
barrier can act as a vapor retarder, there is a potential for moisture

to condense on its underside during periods of cold weather. TIf enough
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water accumulates on the radiant barrier, the insulation beneath it may
become wet, thus reducing its insulation wvalue, or the woecd structural
members might absorb the moisture, which may lead to mold, mildew, or

wood decay.

The only field data on moisture accumulation with horizontal REs
was obtained from a project sponsored jointly by EPRI, TVA, the
Reflective Insulation Manufacturers Association, and the Department of
Energy. This project was carried out at the Karns research houses near
Knoxville, Tennessee during the winter of 1987-1988. A perforated
horizontal radiant barrier was used, and the houses were operated at
high indoor relative humidities. Although some condensation was
observed on the bottom side of the radiant barrier, condensation that
occurred during the night usually disappeared the next day as the attic
warmed up. However, under sustained cold weather conditions, all the

moisture did not disappear during the day.

These results gave some assurance that moisture problems will not
be created with perforated horizontal radiant barriers in climates with
winters that are no more severe than those in Knoxville. However,
moisture problems might occur in more severe winter climates. Although
a full assessment of moisture problems im cold climates can only be

obtained from field data, much can be learned through modeling.

This report gives results of a modeling project that was
undertaken to estimate the annual energy savings due to radiant
barriers in various climates, and also to assess the potential for

moisture problems with radiant barriers in various climates.

A previously developed model for the thermal performance of attics
containing radiant barriers has been modified to allow predictions of
moisture accumulation under horizontal radiant barriers. Flow of water
vapor both by vapor diffusion and by convective flow of moist air has
been included in the model. However, the convective flow portion has

not yet been exercised.

xXiv



Ceiling heat flows predicted by the model have been compared with
those measured during the experiment at the Karns houses during the
winter of 1987-1988. Heat fluxes measured by three transducers showed
considerable variations that are thought to be due to local wvariations
in the insulation R-value. Considering the variations among the
transducers, the model predictions are felt to be in very reasonable

agreement with the measured values.

The moisture accumulation model has been partially validated by
comparing its predictions with observations of moisture accumulation
during the same experiments with the Karns houses. The model
predictions agree with the gqualitative observations that the radiant
barrier often had visible condensation in the morning that usually
evaporated when the attic warmed up during the day. The model also
predicts the continuing buildup of moisture that was observed during a
very cold period of time. Quantitative predictions of amounts of
condensed moisture are in rough agreement with weight changes measured
for blotter paper that was placed between the insulation and the
radiant barriers. Uncertainties in the permeances of the various
layers in the ceiling result in corresponding uncertainties in the

quantitative predictions of the amount of condensed moisture.

Because of the uncertainties in permeances, it is considered that
the model can be used for parametric studies and for development of
guidelines, but at this stage, it can't be used to predict actual
moisture condensation rates for a particular application with a high
degree of certainty. Additional research is needed to measure and

document the permeances of various types of radiant barriers.

The thermal model has been used to estimate energy savings
potentials for various types of radiant barriers in various climates.
Using a prototypical ranch-style house, the attic/radiant barrier model
was used to predict hour-by-hour heat fluxes through the ceiling.

These heat fluxes were then brought into the DOE-2.1C model to estimate

whole house heating and cooling loads. The difference between similar
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runs with and without a radiant barrier gave the load reductions due to
the radiant barrier. Using medium HVAC equipment efficiencies,
national average fuel prices, a 7 percent real discount rate, and
estimates of future fuel price increases, present value savings for

radiant barriers were calculated,

Present value savings were calculated for: 1) clean horizontal
radiant barriers, 2) horizontal radiant barriers that gradually become
dusty over their life cycle, and 3) truss radiant barriers. These
estimates were made for 27 locations and for four levels of existing
attic insulation. As a byproduct of the calculations for radiant
barriers, calculations of present value savings for increasing

insulation levels (without radiant barriers) were also made.

Determination of cost-effectiveness of radiant barviers is
complicated because of the wide range of installed costs. Using a low
value of $0.15 per square foot of material, the model predicts that a
horizontal radiant barrier that remains clean is cost justified for
nearly all locations in the lower 48 states when applied over R-11
insulation. When applied over R-19 insulation, it is cost justified
only for the southern locations. When applied over R-30 or R-38

insulation, it is not cost justified in any of the locations studied.

Using data from the literature, which are admittedly sketchy, for
the rate of change of the emissivity of a horizontal radiant barrier
due to dusting, the model predicts that such a radiant barrier is cost-
justified only for Phoenix when applied over R-11 insulation. It
should be noted that the performance of dusty horizontal radiant
barriers is a subject of considerable controversy, and additional
research is needed to define better the rates of emissivity changes in
the field, and to define better the thermal performance as a function

of emissivity.

In agreement with most experiments, the model predicts that the

energy savings due to a truss radiant barrier are not as large as those
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for a clean horizontal radiant barrier. This appears to be largely due
to the truss radiant barrier configuration having a larger overall
radiation heat transfer coefficient because of the combined areas of
the roof and gables being larger than the area of the attic floor. In
addition, since the gables are also covered with radiant barrier
material in these applications, the total area of the gables and the
roof result in a requirement for a larger amount of radiant barrier
material than with the horizontal application. When these factors are
included, the ranges of locations where truss radiant barriers are cost
justified are somewhat smaller than those identified for the clean
horizontal radiant barrier. It is not expected that the emissivity of
the underside of a truss radiant barvier will degrade due to dust

accumulation.

All of the load reduction and economic caleculations presented in
this report are based only on the impact of rvadiant barriers or ceiling
insulation on house loads caused by heat gains or losses through the
ceiling. Recent analytical work suggests that additional savings
should bhe attributed to radiant barriers that are installed in houses
where the HVAC ducts are run through the attic space. These additional
savings are due to changes in the attic air temperature caused by the
radiant barrier that result in changes in heat gains and losses by the
ducts. The amount of extra savings should be sensitive to the overall
characteristics of the house and the HVAC esquipment. Because of the
many factors invelved, further work is needed to analyze the impacts of
duct heat gains and losses. Also, experimental confirmation of the

analyses are needed.

The model with moisture effects included has been used to estimate
the hour-by-hour moisture accumulation on the underside of a clean
horizeontal radiant barvier dus to diffusion of water wvapor through the
ceiling. The same prototypical ranch-style house that was used for the
energy savings analyses was also used for the moisture analyses.
Several measures of moisture accumulation have been examined. First is

the total amount of moisture that condenses on the radiant barrier over
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the year. This quantity would be of interest if it is assumed that all
the moisture that condenses gets absorbed into the ceiling and is not
released again. Other measures are the peak of the hourly values of
condensed moisture (accounting for evaporation), the dates for start,
peaking, and ending of condensation, and the duration of wetting. The
model only estimates the amounts of water that have condensed or
evaporated. It does not attempt to account for movement of liquid

water after it has condensed,.

A two-level factorial design was run for Minneapolis to estimate
the relative influence of the following variables on moisture
accumulation: indoor relative humidity, indoor temperature, radiant
barrier permeance, vent area, and insulation level. The most important
variable was found to be the indoor relative humidity. The total
condensed water was 7 to 17 times higher with a relative humidity of 50
percent than with a relative humidity of 20 percent. The second most
important variable was the radiant barrier permeance, and the least

important variable was the vent area.

From the factorial runs, a worst case was identified as
corresponding to a 50 percent relative humidity (the high value), 75°F
indoor temperature (the high value), vent area to ceiling area ratio of
1/150 (the high value), R-11 insulation (the low value), and a radiant
barrier permeance of 0.05 perms (the low value)., Additional runs
showed that the presence of a continuous polyethylene vapor retarder
between the gypsum board and the insulation essentially eliminated

moisture condensation, even for this worst case.

Following this, a parametric study was performed to investigate
the influence of the two most important variables, the indoor relative
humidity and the radiant barrier permeance, on moisture accumulation in
11 climatic locations. These studies held the other parameters
constant: 75°F indoor temperature, vent area to ceiling area ratio of

1/150, R-11 insulation, and no vapor retarder.



Based on moisture content changes that could occur in the ceiling
joists due to sorption of water that condeuses on the radiant barrier,
a high potential for moisture problems was defined as one where the
peak condensed moisture exceeds 0.15 pounds per square foot, and a low
potential for moisture problems is one where this quantity is less than

0.03 pounds per square foot.

With these criteria, the results of the parametric runs showed
that with a 50 percent indoor relative humidity, a radiant barrier with
a permeance of 0.05, which may be representative of unperforated foil-
type radiant barriers, has a high potential for moisture preblems in
all locations studied, except Tos Angeles and Miami. For the more
normal case of a 35 percent relative humidity, a 0.05 perm radiant
barrier has a high potential for moisture problems for locations having
greater than about 4500 heating degree days, and a low potential for

locations with less than about 3000 heating degree days.

The potential for moisture problems is much reduced with a radiant
barrier having a permeance of 20, which may be representative of szome
perforated foil-type radiant barriers. With an indoor relative
humidity of 50 percent, there iz a high potential for moeisture problems
for heating degree days above about 4500, and a low potential for
heating degree days below about 3000. With a 335 percent indoor
relative humidity, the corresponding heating degree day figures are

6500 and 5000.

With a radiant barrier having a permeance of 100, which may be

the potential for woisture problems is vivtually eliminated, except for

the coldest climates and the highest indeoor relative humidities.

While these modeling results may be used as a guide, there is a
need for further experimental verification. Both experiments under

conitrolled laboratory cenditions and field experiments in very cold



climates would provide useful tests of the validity of the model

predictions.
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1. INTRODUCTION

The use of radiant barriers (RBs) in residential attics is
receiving increasing attention. These materlals consist of a paper or
polymer substrate with a highly reflective coating (usually aluminum)
on one or both sides. Their function is to reduce radiative heat
transfer between the roof and the attic fleor. Radiant barriers are
installed in attics in two basic configurations: 1) laid directly on
top of existing attic insulation (sometimes called the horizontal
configuration), or 2) attached beneath the roof deck (sometimes called
the truss configuration). The second basic configuration includes
several variations, among which are: attachment to the bottoms of the
rafters, attachment between the rafters, draping over the top of the

rafters, and attachment directly to the underside of the rocf deck.

A number of laboratory and field experiments have been performed
to measure the thermal performance of attic radiant barrier
systems.l"l8 These experiments have generally shown that radiant
barriers can be effective in reducing heat flows through ceilings, and
hence in reducing house heating and cooling loads. The experiments
have alsc shown that radiant barviers are generally more effective in
reducing summer cooling loads than in reducing winter heating loads.
The field experiments have usually been conducted over periods of a few
weeks and have been performed in the warmer regions of the country,

such as in Florida or Tennessee.

A model for the thermal performance of attics containing radiant
barriers has been developed at ORNL.1? Predictions of the model have
been compared with several sets of laboratory and field data.19-22 p
general, it was found that the model compared favorably with measured
ceiling heat flow data, and was considered useful for extrapolating the
results of the short term field tests to seasonal or annual
performances, and for extrapolating to climatic conditions other than

those under which the experiments were performed.
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Most of the field experiments, and also the model, indicate that
the horizontal configuration produces the greatest reductions in
ceiling heat flows. However, at the recent Radiant Barrier Workshop
sponsored by the Electric Power Research Institute (EPRI) and the
Tennessee Valley Authority (TVA), two issues were highlighted as ones
that might hinderxr the use of horizontal radiant barriers: dust

23 These two issues had alsco

1 24

accumulation and moisture accumulation.

been identified by the Radiant Barrier Systems Technical Pane

While dust accumulation can lead to a deterioration in the energy
savings obtained with a horizontal radiant barrier, moisture
accumulation can lead to structural damage. Since a horizontal radiant
barrier can act as a partial vapor retarder, there is a potential for
moisture to condense on its underside during periods of cold weather.
If enough water accumulates on the radiant barrier, the insulation
beneath it may become wet, thus reducing its insulation value, or the
wood structural members might absorb the moisture, which may lead to

mold, mildew, or wood decay.

The only field data on wmoisture accumulation with horizontal RBs
were obtained from an experiment sponsored jointly by EPRI, TVA, the
Reflective Insulation Manufacturers Association, and the Department of
Energy. This experiment was carried out at the Karns research houses
near Knoxville, Tennessee during the winter of 1987-1988.2° A
perforated horizontal radiant barrier was used, and the houses were
operated at high indoor relative humidities. Although some
condensation was observed on the bottom side of the radiant barrier,
condensation that occurred during the night usually disappeared the
next day as the attic warmed up. However, under sustained cold weather

conditions, all the moisture did not disappear during the day.

These results gave some assurance that moisture problems will not
be created with perforated horizontal radiant barriers in climates with
winters that are no more severe than those in Knoxville. However,

moisture problems might occur in more severe winter climates. Although
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a full assessment of moisture problems in cold climates can only be
obtained from experimental field data, much can be learned through

modeling.

This report describes modifications that were made to the
attic/radiant barrier thermal model to estimate moisture accumulation
on horizontal RBs. The model was partially validated by comparing its
predictions with the observations made in the Karns house experiments.
The model was then used to perform parametric studies of moisture

accumulation in a range of climatic conditions.

In addition to the moisture studies, this report includes the
results of estimates of the energy savings that would be expected from
radiant barriers in a wide range of climates. These estimates were
obtained by coupling ceiling heat flows predicted by the attic/radiant
barrier model with the DOE-2.1C whole-building simulation model .26
These estimates were used to identify regions where radiant barriers

are cost effective.
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2. MATHEMATICAL MODEL OF THERMAL AND MOISTURE PERFORMANCE

The thermal performance model for attics with radiant barriers is
described in detail in Reference 19. This section giveg a brief
overview of the thermal model, and gives a detailed description of the
parts of the model related to moisture accumulation. A listing of the

computer program for the model is given in Appendix A.
2.1 OVERVIEW OF THERMAL MODEL

The heat transfer mechanisms included in the thermal model are
shown in the sketch in Figure 2.1. The model consists of a set of
simultaneous heat balance equations that are written at the exterior
and interior surfaces of the ceiling, roof sections, and gables, and
also on the air mass within the attic space. Short vertical walls at
the eaves are added in order to handle the case of raised trusses.
Each of these surfaces is assumed to be isothermal. The set of heat
balance equations is solved simultaneously to obtain surface
temperatures, and then heat flows are calculated. This procedure is
followed on an hour-by-hour basis throughout the time period being

simulated.

Conduction through each of the surfaces is calculated using
thermal response factors.27/:28  These factors account for both the
thermal resistance and the heat capacity of the materials that comprise
the section of the attic. Effects of framing are included by adding
response factors using a parallel path approach. The model also
includes an approximation to account for the temperature dependence of

the thermal resistance.

Convective heat transfer is calculated using coefficients from the
literature that are based on correlations for isolated isothermal flat
plates.29 These correlations account for the following factors:
surface-to-air temperature difference, mean (film) temperature, heat

flow direction (up vs. down), surface size and orientation, laminar vs.
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Fig. 2.1. Schematic of residential attic showing heat transfer

phenomena
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turbulent flow, and natural vs. forced flow. Separate coefficients are
calculated for natural and forced flow, and a mixed coefficient is
obtained by taking the third root of the sum of the cubes of the

separate coefficients.30

Radiation heat transfer among the surfaces facing the attic space
is caleculated using an interchange analysis for enclosures.3l This
analysis assumes that the surfaces are plane, gray, isothermal,
diffusely emitting and reflecting, and have a uniform radiant flux.
Each of the surfaces may have a different emissivity. View factors are
calculated among all the surfaces, and all interreflections are taken
into account. The Stefan-Boltzmann (Ta) law is explicitly built into

the model.

Heat transfer to the ventilation air stream is treated by the
method used by Peavy.32 Air at the outdoor air temperature enters the
attic space and is heated by convection as it flows through the attic.
Assuming each of the surfaces to be uniformly distributed along the
flow path results in a first order differential equation from which an
average air temperature and a different exit temperature may be

calculated.

The rate of flow of ventilation air through the attic is
calculated from a combination of stack and wind pressure effects, >3
Airflow rates are calculated as the product of the vent area, a
discharge coefficient, and the sguare root of é pressure differential.
The pressure differential for the stack effect is computed from the
differences in density between the air inside the attic space and the
outdoor air. The pressure differential due to wind is taken to vary
with the square of the wind speed, so that the wind driven flow is

proportional to the wind speed. Exfiltration of air from the house is

added to the flow that comes from outdoors.

Heat balances at exterior surfaces consist of absorbed solarx

radiation, convection to the outdoor alr, and radiation exchanges with
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the surroundings. Solar radiation incident on surfaces with any
orientation are calculated from solar algorithms taken from the DOE-2
program. Radiation to the surroundings is calculated using an

effective sky temperature based on the work of Martin and Berdahl .34
2.2 MODEI. FOR MOISTURE EFFECTS

The thermal model incorporates approximations to account for the
latent heat effects due to sorption and desorption of moisture at the
wood surfaces that face the attic space. These generally follow the
suggestions given by Burch, et. al.3% and Cleary.36 In this model, the
wood surface is assumed to be in moisture equilibrium with a thin layer
of air adjacent to the surface. The humidity ratio of this layer of

air is given by36

(b+cu+du+eud) exp(l/a) (1)

=
w
I

=
n
!

= humidity ratio of air near wood surface

T = temperature of wood surface

u = moisture content of wood (dimensionless fraction)

a, b, ¢, d = constants from fit to equilibrium moisture content

data.

The rate of transfer of moisture from the air in the attic space

to the surface is given by

My = hy (Wy - Wg) (2)
where

&w = mass flow rate of moisture per unit area of exposed wood

surface

W, = humidity ratio of air in attic space

hy, = mass transfer coefficient

The mass transfer coefficient is obtained from the analogy between

heat and mass transfer as



be/(by Cp) = (a/D)2/3 22 1 (3
where
h. = convection heat transfer coefficient

Cp = specific heat of air

Q
i

thermal diffusivity of air

= coefficient for diffusion of water vapor through air

The humidity ratio of the attic air is obtained by performing a
moisture balance on the attic space, including diffusion of moisture
through the boundary surfaces, convection of moisture into the attic
space from the outside air and from exfiltration from the house,
convection of moisture out of the attic space by the ventilation air,
and moisture transfer to or from the wood surfaces. The attic moisture
balance is given by

M
YA PG () - pa) ¢ omy (Wy - Wp) o+ ap (Wi - W)
j=1

by (3) AT () (Wg(G) - Wy) = O (4)

+
i o=

where
M = number of surfaces facing the attic space
P(j) = water vapor permeance of surface j
&v = mass flow rate of ventilation air
&E = mass flow rate of exfiltration air
Wy(3) = humidity ratio at surface j
Wa = humidity ratio of air in attic space
Wo = humidity ratio of outside air
Wi = humidity vatio of indoor air
p(j) = partial pressure of water vapor in air on sutside of
surface j
Py = partial pressure of water vapor in attic air
hy,(j) ~ water vapoy mass transfer coefficient at surface j
A(j) = area of surface j

A'(j) = exposed wood area at surface j
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When a horizontal radiant barrier is placed over the insulation,
the model must be modified to account for condensation and evaporation
of moisture on the radiant barrier surface. An approximate model has
been constructed assuming one-dimensional diffusion and convection of
moisture through the ceiling. It is assumed that the ceiling materials
are nonhygroscopic and that the only place that moisture can condense

is on the bottom side of the radiant barrier.

Under steady conditions, with no condensation, the flow of water

vapor by diffusion across a layer of material is given by

®

mg = P * Apy (3)
where P is the permeance of the layer and Ap, is the drop in water

vapor partial pressure across the layer. The water vapor partial

pressure at the underside of the radiant barrier is then given by

PRB = Pa t+ (Pi - Pa) * Po/PRrp (6)

where p, = water vapor partial pressure in attic space

pi = water vapor partial pressure inside house

Prg = permeance of the radiant barrier

P. = overall permeance of the ceiling (includes the gypsum
board, vapor retarder, insulation, and radiant

barrier)

If the partial pressure at the radiant barrier that is predicted by
Eqn. 6 exceeds the saturation vapor pressure for the temperature of the
radiant barrier, then moisture will condense on the radiant barrier.
When this occurs, the water vapor partial pressure profile through the
ceiling will adjust itself so that it is equal to the saturation value
at the RB. Also, whenever, condensed water is already on the RB,
saturation conditions will exist. The rate of condensation (or

evaporation) of water on the radiant barrier will be given by
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My = 1/(1/Pc - 1/Pgp) * (Pi - PRB)
+ Prp * (Pa - PRB) (7

where the first term represents water vapor diffusion from the house
toward the RB, and the second term represents vapor diffusion from the
attic to the RB. TIf the water vapor partial pressure at the RB is

given by Eqn. 6, then Egqn. 7 will give no condensation or evaporation.

If air exfiltrates from the house through the ceiling into the
attic space, it also can carry moisture to the radiant barrier. If the
humidity ratio of the air inside the house is greater than the
saturation humidity ratio at the radiant barrier, then additional

moisture condensation will be given by

My = mg/Ae * (Wi - Wgar) (8)

]
3

where Wi = humidity ratio inside the house
Wgat = saturation humidity ratio at the radiant barrier
A. = area of ceiling

mass flow rate of exfiltration air

i

*
ng

When moisture is condensing or evaporating from the radiant
barrier, the terms in Eqn. 4 that relate to diffusion through the
ceiling and to exfiltration from the house to the attic are modified to

be consistent with Eqns. 7 and §.

After mass transfer rates have been calculated, the latent heat

transferred to the surface is calculated by

Qlat = r.ﬂw * hy 9

where hy is the latent heat of vaporization of water, which has been
taken to have a constant value of 1060 Btu/lb. The latent heats are

then coupled into the heat balance equations.
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The algorithms for calculating moisture effects are embodied in
several subprograms. The humidity ratio at the wood surface is
calculated by function WDHUM. Subroutines PSY and PSYl are used to
calculate humidity ratios and partial pressures of water vapor from
known values of air temperature and relative humidity. The mass
transfer coefficients are calculated in subroutine HMASS, and the

moisture balance is performed in subroutine MOISTM.
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3. PERMEANCE OF RADIANT BARRIERS

The permeance of the radiant barrier is a dominant parameter in
determining whether appreciable meisture will condense on the underside
of a radiant barrier that is laid directly on top of the attic
insulation. A search of the literature was performed in an effort to
find published data on the permeance of perforated sheets or films. No

data were found.

Two simple theories were used to obtain first order estimates of
permeances. In addition, two sources of unpublished data became
available. Finally, an estimate of the permeance of one perforated
radiant barrier was obtained from analysis of data obtained from the

Karns house experiment.25

The kinetic theory of gases was used to obtain a first estimate of
the permeance of perforated films. From kinetic theory, the mass flux
of water vapor across a unit area of a plane that separates two regions
with different concentrations of water vapor 1g37

m, = p1 [M/2mkr1Y/2 . py [M/21KkT,)1/2 (10)

where P1, Py = water vapor partial pressures
Ty, Ty = absolute temperatures
M = mass of water molecule

k = Boltzmann'’s constant

Since the mass flux through a perforated foil is equal to the mass filux
from Equation 10 multiplied by the area fraction covered by holes, and
the effective permeance is the mass flux divided by the water vapor
partial pressure difference, the effective permeance of a perforated

foil under isothermal conditions is

P = my*(AL/A)/(P1 - P2) (11)

where Ay /A is the area fraction covered by holes,
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Evaluating this equation at a Ty = Ty = 75°F gives
P = (Ap/A) (M/21kT]1/2 = 1.88 X 107 (Ap/a) (12)

where P has the customary engineering units of grains per hour per
square foot per inch of mercury vapor pressure differential (this unit

is also called "perms").

Another approximation was obtained by considering diffusion of
water vapor across a layer of air equal in thickness to a typical foil.
Ignoring counterdiffusion of air, the mass flux of water vapor per unit

area 1538

m, = DM/R,T * Ap/Ax (13)

where D = coefficient for diffusion of water vapor through air,
about 1 ft2/hr at 75°F
M = molecular weight of water, 18.016
Ry = universal gas constant
T = absolute temperature
Ap = water vapor pressure differential

Ax = thickness of foil

Using this equation, the permeance for a 0.003 inch thick perforated

foil is
P = DM/R,TAx *(Anh/A) = 43100 (Ap/A) (14)

This value is a factor of about 400 lower than the simple kinetic
theory estimate given in Equation 12, showing the importance of the
resistance to vapor flow caused by diffusion through a small thickness

of air.

D. Yarbrough of the Tennessee Technological University has

performed a number of experiments on the permeance of perforated sheets
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of aluminum foil.39 His setup consisted of a 2 inch deep dish
containing about 1/4 inch of water over which the specimen was placed.
This dish was placed inside a chamber that was controlled at a
temperature of 100°F and either 12 percent or 25 percent relative
humidity. Perforated specimens of aluminum foil were prepared with
holes of various sizes and spacings such that the percentage of the
surface covered by holes ranged from 0.01 percent to 0.38 percent.
Water vapor transmission data were converted to perms and the following

equation was fitted through the data points:
P = 56200 * Ap/A (15)

This result is in remarkably good agreement with the simple estimate

obtained from the diffusion calculation.

D. Jones of DuPont has measured the permeance of several radiant
barrier materials using ASTM E-96, Method B.40 These data were
obtained at 73.4°F with a 100 percent relative humidity on one side of
the sample and a RH of 50 percent on the other side. Permeance values
for metallized spunbonded polyolefin film were on the order of 100
perms, and permeance values for perforated foils having roughly one
percent of the surface covered with holes were on the order of 20 to 20

perms.

Data obtained from the experiment at the Karns houses during the
winter of 1987-88 were also used to estimate the permeance of the
radiant barrier that was used in this experiment, which had a hole area
that covered about 0.46 percent of the surface area, and which was laid

directly on top of the attic insulation.?23

In this experiment,
relative humidity sensors were placed inside the house, between the
ceiling drywall and the insulation, between the insulation and the
radiant barrier, and in the attic space. Temperatures were also

measured at each of these locations.
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These relative humidities and temperatures were used to calculate
water vapor partial pressures on an hour-by-hour basis. Figures 3.1
and 3.2 show plots of partial pressures for Houses 1 and 2 during the
first week of the test., (Note, during this period, the average indoor
relative humidities in Houses 1 and 2 were 53 and 46 percent,
respectively.) From Figure 3.1, it appears that there is little
partial pressure difference across the ceiling drywall, while the
pressure difference across the insulation is of the same magnitude as
that across the radiant barrier. Figure 3.2 shows that for House 2,
there is a substantial pressure difference across the drywall, but that
the pressure differences across the insulation and the radiant barrier

are of the same magnitude.

Under steady-state conditions, with no condensation or evaporation
of moisture, the diffusion of water vapor should be a constant through
the ceiling. Thus the partial pressure difference across a layer
should be inversely proportional to the permeance of the layer. Since

R-19 batts have a permeance of about 18.6,41

these data suggest that
the radiant barrier also has a permeance of about this magnitude. This
permeance value for the radiant barrier is roughly in agreement with
that measured by Jones, but is considerably lower than that measured by

Yarbrough.

Although the various estimates of the permeance of perforated
radiant barriers show considerable variation, they may be used to

establish a rough range of values for use in the models.
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WATER VAPOR PARTIAL PRESSURES
HOUSE 1, DEC. 4, 1987 - DEC. 11, 1987

<
W
Q.
wi
[+
pus}
A
w
o
0.
)
S
-
o
=<
a.
INSIDE HOUSE
+  BOITOM OF INSULATION
o TOP OF INSULATION
a  ATTIC AR
0 . — S—— S— , e ———
0 24 48 72 96 120 144
TIME, HOUR
Fig. 3.1. Water vapor partial pressures measured at Karns House 1.
A radiant barrier is located between the attic and the top
of the insulation.
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Fig. 3.2, Water vapor partial pressures measured at Karns House 2.
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4. COMPARISON OF MODEL WITH EXPERTMENT

The model for heat transfer in attics has previously been compared
with data from a number of laboratory and field experiments. It was
generally concluded that the model is capable of predicting ceiling
heat flows integrated over time to within about 10 percent of measured

values.lg'22

In this study, an additional comparison of the model with
experiment has been performed, both for heat transfer aspects and for
moisture accumulation aspects. These comparisons were done using data

obtained at the Karns research houses.
4.1 KARNS RESEARCH HOUSES

The Karns research houses are described in detail in a number of
reports by W. Levins and M, Karnitz.®°11,25 The research facility
consists of three very similar ranch-style houses located in the
comnunity of Karns, which is about midway between 0Oak Ridge and
Knoxville, Tennessee. The houses are about 40 feet long and 30 feet
wide, and have a roof pitch of 5 in 12. The roofs are covered with
brown shingles. Ventilation of the attic is provided by soffit vents
with a net free area of about 3.15 square feet and gable vents with a

net free area of about 5.01 square feet.

The test data used here were obtained during the winter of 1987-
88, and are described in Reference 25. During this time period, the
attics were insulated with fiberglass batt insulation at a nominal
level of R-19. Radiant barriers were placed directly over the
insulation in all three houses. The radiant barrier was reflective on
both sides and was perforated with holes that covered about 0.46

percent of the surface area.
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Several variables were measured in this study, as described in
detail in Reference 25. Data that have been used in this report

consist of the following:

o Ceiling heat fluxes, measured with small (2 inch square) heat flux
transducers that were placed between the insulation and the

drywall midway between the ceiling trusses.

o Visual observations of the presence of moisture condensed on the

underside of the radiant barrier.

o Changes in the weight of blotter paper placed between the radiant

barrier and the insulation.

o Weather parameters: solar radiation, outdoor temperature, outdoor

relative humidity, wind speed.
o Indoor conditions: indoor temperature, indoor relative humidity.
4.2 MODEL PARAMETERS

Thermal properties of materials that were used in the model are
given in Table 4.1. Most of these values were obtained from the ASHRAE
Handbook of Fundamentals.#l The solar absorptance of all materials was
taken to be 0.9. Thermal emissivities were also taken to be 0.9,
except for the radiant barrier which was taken to have an emissivity of
0.05. (Radiant barrier emissivities measured ian the houses averaged
about 0.04, using an instrument that has an accuracy of +0.02; because

of this uncertainty, the handbook value of 0.05 was used.)

Water vapor permeance values used in the model are given in Table
4.2, Many of these values were estimated from data given in the ASHRAE
Handbook of Fundamentals. For example, the ASHRAE Handbook lists a
value of 50 perms for 3/8 inch drywall. Extrapolating this value to

the 1/2 inch drywall used in the experiments gives a value of 37.5
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Table 4.1. Thermal properties used in model for Karns house tests.

Material Thickness, Thermal Conductivity, Specific Heat, Density,
in, ‘ Btu/(hr-ft-°F) Btu/(1b-°F) 1b/ft
Ceiling
Drywall 0.5 0.0926 0.26 50
R-19 6.25 0.02741 0.19 0.6
Insulgtion
Joists™ 3.5 0.06833 0.39 28
Roof
Shingles 0.25 0.04734 0.30 70
Felt 0.085 0.04734 0.36 70
Plywood 0.5 0.0667 0.29 34
Rafters™ 3.5 0.06833 0.39 28
Gables
Hardboard 0.4375 0.1242 0.28 40
Siding
Studs 1.5 0.06833 0.39 28
Eave Walls
Hardboard 0.4375 0.1242 0.28 40
Siding

*Trusses are 24 inch on center.
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Table 4.2. Permeances used in model for Xarns house tests.

Run 1 Run 2 Run 3 Run 4
Ceiling
Drywall 37.5 -- 37.5 37.5
Vapor Retarder -- -- -- 0.06
Insulation 18.6 18.6 18.6 18.6
Radiant Barrier 259 18.6 18.6 18.6
Total 11.83 9.3 7.45 0.0595
Roof
Shingles --
Felt 3.30
Plywood 0.357
Rafters -
Total 0.322
Gables
Hardboard Siding 10
Studs --
Total 10
Eave Walls
Hardboard Siding 10

Total 10
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perms. The ASHRAE Handbook lists a value of about 116 perms for a one-
inch thick layer of mineral wool insulation. For a 6-1/4 inch thick

layer of R-19 insulation, this would translate to 18.6 perms.

Several model runs were performed with various assumptions about
the permeances of the materials in the ceiling. In Run 1, the
permeance of the radiant barrier was taken to be 259, based on
Yarbrough’s data. For Run 2, the permeance of the radiant barrier was
taken to be 18.6. This value was inferred from the analysis of data
from relative humidity sensors in this experiment. Also, for Run 2,
the water vapor diffusion resistance of the drywall was ignored since
the data for House 1 indicated little difference in water vapor
pressure across the drywall. Run 3 is a repeat of Run 2, but with the
resistance of the drywall included. Finally, Run 4 was performed to
investigate the effect of adding a continuous 6-mil polyethylene vapor

retarder.
4.3 HEAT FLUX RESULTS

The four runs of the model as described above were performed for
House 1 for the period of December 4, 1987 to January 14, 1988. During
this 41 day period, the house was maintained near 70°F with an indoor
relative humidity near 53 percent. During this period, the outdoor
temperature ranged from a high of about 72°F on December 25 to a low of
3°F on January 11. A snow accumulation of about 6 inches occurred on

January 7, a trace of which was still on the ground on January 18,

Model predictions from Run 2 are compared with measured heat
fluxes in Figures 4.1 and 4.2. The time axis is the number of hours
after the start of the test, which was at 6:00 pm on December 4, 1987.
Thus Figure 4.1 starts at 6:00 pm on December 4 and ends at 10:00 am on
December 11, while Figure 4.2 starts at midnight between January 5 and

6, and ends at 8:00 am on January 1l4.
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Fig. 4.1. Comparison of predicted and measured heat fluxes for House
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1 between January 6 and January 14, 1988.
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Both figures show a considerable variation among heat flows
measured by the three heat flux transducers. At least part of this
variation 1Is thought to be due to differences in the insulation level
at the spots where the transducers are located. Heat flux data along
with temperatures measured at the top and bottom of the insulation were

used in a linear regression analysis of the form

q=a+b AT (16)

with the results shown in Table 4.3. Identifying the slope of these
regressions as the reciprocal of the insulation R-value yields the
following local R-values at the three heat flux transducers: 14.5,

24.8, and 21.4.

Since the model assumed an insulation R-value of 19, it would be
expected that the model predictions would fall between the values
measured by heat flux transducer 1 and the values measured by the other
two transducers. Figure 4.1 shows this expected behavior during most
of the time. (Note: the predicted values during the first few hours in
Figure 4.1 should be ignored since these are erroneous because of the

startup of the tramnsient calculations.)

The time variation of the predicted heat flux in Figure 4.1
follows the measured variations. However, this is not the case for all
of the time period shown in Figure 4.2. For the first two days of this
period (Hours 774-821), the model predictions vary about the same as
the measured values. But, for the next five days (Hours 822-941), the
model predicts wide swings in the heat flux that are not observed.
Then, again during the last two days (Hours 942-974), the model
variations are about the same as those measured. The qualitative
differences between the predicted and measured heat fluxes during the
middle five days appear to be due to snow cover on the roof. According
to Knoxville airport weather records, snow started at 3:00 am on
January 7 (Hour 791) and continued until about $:00 pm (Hour 819). For

the next five days, snow on the roof limited the roof temperature to a
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Table 4.3. Regression analysis of ceiling heat flow data vs temperature
difference across insulation, House 1, Dec. 4, 1987 - Jan. 14, 1988.

Transducer Intercept Slope r2 Inferred R-Value
1 0.00504 0.06886 0.960 14.5
2 -0.056149 0.04029 0.925 24.8
3 0.05700 0.04665 0.953 21.4

Table 4.4, Average ceiling heat flows for House 1.

Insulation Average Heat Flow, Btu/ft2
__R-Value Dec, 4 - Jan, 14 Jan. 6 - Jan, 14
Measured
HFT 1 14.5% 1.63 2.20
HFT 2 24.8% 0.93 1.24
HFT 3 21.4% 1.02 1.46
Predicted
Run 1 19%* 1.16 1.80
Run 2 19%* 1.19 1.79
Run 3 197 1.19 1.80
Run 4 19%* 1.19 1.80

* : .
R-value inferred from regression analyses.

*% .
R-value assumed in model.
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high of about 32°F during the day, and provided some extra insulation
during the night. Since the model does not account for snow, it
overpredicted the roof temperatures during the daytime because of solar
loading, and underpredicted the roof temperatures at night because of
radiation to the sky. Apparently, the snow melted off the roof by
around the beginning of January 13 (Hour 942), and the model once again

tracked the measured values.

Average heat flows over the period from December 4 to January 14
are compared in Table 4.4. The predicted heat flows from the four
model runs that made different assumptions about the ceiling and
radiant barrier permeances are all within a few percent of each other,
indicating that diffusion of water vapor through the ceiling has little
effect on the heat flows. The measured average heat flows show
considerable variation. However, they vary in a regular manner with
the inferred insulation R-wvalues. A linear regression of the measured
heat flows versus the reciprocal of the inferred insulation R-values
yields an r? of 0.995. This regression gives a heat flow of 1.21
Btu/ft2 for an R-value of 19, which is within 2 to 4 percent of the
model predictions. Using the same procedure, but eliminating the
period from January 6 to January 14, during which snow was on the roof,
gives an average heat flow that is within 6 to 10 percent of the model

predictions.

Average heat flows for the period from January 6 to January 14
(during which a snow cover was on the roof) are also given in Table
4.4. A linear regression of the measured data gives a heat flow of
1.66 Btu/ft2 for an insulation R-value of 19, which is within about 8
percent of ths model predictions. Thus, even though the hourly heat
flows predicted by the model do not show the right trends when snow is
on the roof, the average heat flows predicted by the model are in

reasonable agreement with the measured data.
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Based on these comparisons of predicted and measured heat flows,
it is concluded that the model yields reasonably good predictions if

the installed local R-values of the insulation are taken into account.

4.4 MOISTURE ACCUMULATION

The model was used to calculate the amount of condensed moisture
(pounds per square foot) that existed on the underside of the radiant
barrier in House 1 on an hour-by-hour basis for the period from
December 4 to January 1l4. It was assumed that the radiant barrier was

dry at the beginmning of this simulation.

Figure 4.3 shows the results of three model runs for House 1. The
legends on the figure refer to the assumed values of permeances for the
entire ceiling and for the radiant barrier, as given in Table 4.2. The
fourth model run, which assumed a continuous polyethylene vapor
retarder, is not shown since it predicted that no moisture would
condense over the entire period. The first run, which assumes a
radiant barrier permeance that corresponds to Yarbrough's data, shows

very little condensation.

The other two runs assume the radiant barrier to have a permeance
equal to that of the R-12 insulation. One run accounts for the
permeance of the ceiling drywall and the other run ignores the drywall.
Both of these runs show similar trends, differing only in the magnitude
of predicted condensation. During the early parts of the time period,
both runs predict that moisture will often condense on the radiant
barrier at night, but then will disappear the next day. During the
later parts of this period, however, both runs predict a continuous
accumulation of condensed moisture. The maximum amounts of condensed
water predicted by Runs 2 and 3 are 0.033 and 0.011 pounds per square
foot. 1If these amounts of moisture were uniformly distributed over the
radiant barrier, they would correspond to films only 0.006 and 0.002

inches thick, respectively.
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WATER CONDENSED ON RADIANT BARRIER

HOUSE 1, DEC. 4, 1987 - JAN. 14, 1988
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Fig. 4.3. Predicted moisture accumulation on horizontal radiant
barrier in House 1 from December 4, 1987 to January 14,
1988. For each curve, the first perm value applies to the
total ceiling, including gypsum board, vapor retarder,
insulation, and radiant barrier, and the second value
applies to the radiant barrier only. See Table 4.2,
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During the experiments, visual observations of the underside of
the radiant barrier were taken periodically. Table 4.5 lists the
observations for House 1, along with predictions of the models for
corresponding times. The results of Runs 2 and 3 are in good
qualitative agreement with the observations. Each time the radiant
barrier was observed to be dry, the models also predicted a dry
condition, and when the radiant barrier was observed to be wet, the
model also predicted a finite amount of condensation. The quantitative
predictions of condensed moisture are also in reasonably good agreement

with the observations of light, medium, or heavy moisture.

Quantitative data were obtained by noting weight changes of
blotter papers that were placed between the insulation and the radiant
barrier. It was thought that the blotter paper weight changes would be
an indicator of moisture accumulation that might occur under the
radiant barrier. The data for House 1 for December 4 to January 14 are
comparaed with the model predictions in Table 4.6. The model results
for Runs 2 and 3 are in reasonably good agreement with the blotter
paper weight changes, with the measured values falling between the two

runs during the period of heavy condensation.

These comparisons of predicted moisture accumulation and
observations show that the model is in reasonably good qualitative
agreement with the observations. Howeveyr, uncertainties in the
appropriate values for the permeances of the layers in the ceiling
result in some uncertainty in the quantitative predictions. Because of
this, it is considered that the model can be used for parametric
studies and for development of guidelines, but at this stage, it can't
be used to predict actual moisture condensation rates with a high

degree of certainty.
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Table 4.5. Comparison of observed and predicted moisture
accumulation on radiant barrier, House 1.

Observed Predicted Water, Pounds per Square Foot

Date Time Moisture Run 1 Run 2 Run 3 Run 4
Dec. 11 0830 Light 0 0.0011 0.0001 0
Dec. 14 0920 Dry 0 0 0 0
Dec. 17 1115 Light 0 0.0006 0 0
Dec. 18 1345 Medium 0 0.0005 0 0
Dec. 21 1100 Dry 0 0 0 0
Dec. 22 0900 Light 0 0.0001 0 0
Dec. 23 1030 Light 0 0.0010 0.0001 0
Dec. 28 1200 Dry 0 0 0 0
Dec. 29 0745 Light 0 0.0012 0.0003 0
Dec. 31 0915 Medium 0 0.001s 0 0
Jan. 4 1030 Medium 0 0.0021 0.0003 0
Jan. 5 0845 Heavy 0 0.0045 0.0022 0
Jan. 8 0945 Heavy 0 0.0180 0.0070 0
Jan. 11 0900 Heavy 0.0021 0.0309 0.0109 0
Jan. 14 03900 Heavy 0.0011 0.0325 0.0053 0

Table 4.6. Comparison of blotter paper weight changes with
predicted moisture accumulation, House 1.

Weight Gain Predicted Moisture, Pounds per Square Foot
Date lb/ft2 Run 1 Run 2 Run 3 Run 4
Dec. 23 0.0057 0 0.0010 0.0001 0
Jan. 8 0.0111 0 0.0180 0.0070 0

Jan. 14 0.0105 0.0011 0.0325 0.0053 0
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5. ANNUAL ENERGY SAVINGS DUE TO RADIANT BARRIERS

This section presents the results of analyses of the annual energy
savings due to radiant barriers. A prototypical ranch style house was
used as the basis for the calculatiouns. Weather data from Typical
Meteorological Year tapes were used with the attic/radiant barrier
model to calculate hour-by-hour ceiling heat flows. The ceiling heat
flows were then brought into the DOE-2.1C model, which combined them
with the other heat flows in the house to obtain hour-by-hour, and
annual, heating and cooling loads. The difference between similar runs
with and without a radiant barrier was the measure of radiant barrier
performance. The load reductions were converted to energy bill
reductions using average equipment efficiencies and fuel prices.
Present values of energy savings were obtained by discounting future

savings and by accounting for projected increases in fuel prices,

It is expected that many of the assumptions about the prototypical
house would be critical if the radiant barrier performance parameter
were chosen to be the percentage reduction in the loads for the whole
house. By concentrating on differences in heating and cooling loads
due to the radiant barrier, these assumptions should not be critical,

since they should nearly subtract out.
5.1 PROTOTYPICAL HOUSE

The prototypical house used for these studies is shown in Figure
5.1.42,43  This basic house has been used for several other studies.
The house is 55 feet long and 28 feet wide, with a floor area of 1540
square feet. The window area is 184.8 square feet, or 12 percent of
the floor area. The window area is distributed as follows: 88.8
square feet on the north wall, 70.4 square feet on the south wall, and
25.6 square feet on the west wall. A door on the south wall occupies

19.5 square feet.
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The walls are constructed with 2X4 wood studs 16 inches on center
(24 percent framing), with 1/2 inch gypsum wallboard, R-11 insulation,
1/2 inch fiberboard sheathing, and aluminum siding. The walls have a
solar absorptance of 0.7. Windows are double-glazed, with a shading
coefficient of 0.52 in the summer and 0.70 in the winter. Also, there
is a 2 foot overhang on the south side. The floor is insulated with R-
19 insulation between 2X8 wood joists 16 inches on center, and is built

over a 3 foot crawl space.

The ceiling is constructed with 2X4 wood joists 24 inches on
center, with 1/2 inch gypsum board. The ceiling is insulated with
either R-11, R-19, R-30, or R-38 fiberglass insulation, and the joists
are assumed to be covered with insulation for levels greater than R-11.
The roof has a pitch of 5 in 12, a solar absorptance of 0.9, and has
the ridge oriented in the east-west direction. Venting of the attics
is assumed through soffit and ridge vents, with a total net free area
equal to 1/150 of the ceiling area. One-third of the vent area is
assumed to be in the ridge vent, and the other two-thirds are assumed
to be in the soffit vents. This corresponds to typical construction

44 The solar absorptance of the gables was taken to be 0.7.

practice.
Emissivities of all surfaces were taken to be 0.9, except as noted

below.

The thermostat settings were taken to be 78°F in the summer and
JO°F in the winter. During the summer, window venting was assumed
when: 1) opening windows provides enough cooling to keep the zone
temperature between 68 and 78°F, 2) the outside air enthalpy is lower
than the inside air enthalpy, and 3) the air-conditioning load during
the hour can be met totally through natural ventilation at 10 air
changes per hour. Since occupants typically would not adjust windows
after going to bed, a time of day schedule was added to keep windows
closed between 11 p.m. and 7 a.m. During the winter, window ventiung

was assumed when indoor temperatures would rise above 78°F.
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Infiltration was calculated using the Sherman-Grimsrud model for
average residential construction in a typical suburban area with low

45 Internal loads were taken to be

buildings and trees within 30 feet.
55,100 Btu per day, corresponding to 3.2 people, 1 kWh per square foot
lighting, and average appliance levels. Hourly internal load profiles
were taken from a schedule developed by the California Energy

Commission.46

5.2 ANNUAL LOAD REDUCTIONS AND ENERGY SAVINGS

The models were run for the 27 cities shown in Figure 5.2 (TMY
weather tapes were used for all cities, except for Riverside, CA, for
which a California climate zone tape was used). Annual heating and
cooling loads were calculated for houses with or without a radiant
barrier and with various levels of attic insulation. By using
differences between similar runs with and without a radiant barrier,
the load reduction due to a radiant barrier was obtained. As a
byproduct of assuming various levels of attic insulation, estimates
were also obtained for the load reductions that would result from
increasing the level of attic insulation. The whole house load
reductjions were normalized by dividing them by the ceiling area, and
were converted to energy bill savings by dividing by the efficiency of
the heating or cooling equipment and by multiplying by the cost of
fuel. The results presented in this report are based on medium
efficiencies of 65 percent for a gas furnace and a coefficient of
performance of 2.34 for a central air-conditioner.4’ Average fuel
prices of $0.527 per therm for natural gas, and $0.0786 per kWh for
electricity were used. These values correspond to those used in the
development of ASHRAF Standard 90.2P.48 The present value of life
cycle savings was estimated using a 7 percent real discount rate, a 25

vear life, and fuel price escalation rates from Reference 49.
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5.2.1 Clean Horizontal Radiant Barrier

Since experiments have shown that the greatest ceiling heat flow
reductions are obtained with the radiant barrier laid directly over the
insulation (sometimes called the horizontal configuration), the
greatest effort was aimed at this configuration. An upper bound on
radiant barrier performance was estimated by assuming the horizontal
radiant barrier to stay clean for its lifetime, with a constant

emissivity of 0.05.

Estimated heating and cooling load reductions due to a clean
horizontal radiant barrier are listed in Tables 5.1 and 5.2. The
tables give entries for the 27 cities and for four levels of existing
attic insulation. As expected, these tables show that the load
reductions vary widely with climate. Also, as expected, the load
reductions are greatest when the radiant barrier is added to the lower

levels of attic insulation.

Load reductions for the R-11 insulation level are plotted in
Figures 5.3 and 5.4 as functions of heating degree days and cooling
degree hours. These plots show a reasonable degree of correlation
between the load reductions and simple climatic indicators, which may
ultimately prove to be a useful method of simplification of the

results.

Using the assumptions given above, the reductions in heating and
cooling loads have been converted to present value savings and combined
with the results shown in Table 5.3. These values can be used as a
guide in making a decision about investing in a radiant barrier. A
radiant barrier is cost-justified if the present value savings is
greater than or equal to the cost of the radiant barrier. Clearly, the
decision is complicated by the wide range in price of radiant barriers.
However, a price of $0.15 per square foot appears to be near the low

end for contractor installed horizontal radiant barriers.so
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Table 5.1. Annual heating load reductions due
to clean horizontal radiant barrier.

Load Reduction, Btu/square foot/vear

City R-11% R-19 R-30 R-38
Albany, NY 929 400 193 140
Albugquerque, NM 931 476 299 238
Atlanta, GA 605 282 163 137
Bismarck, ND 1192 513 293 206
Chicago, IL 842 377 210 144
Denver, CO 989 473 277 236
El Toro, CA 792 378 242 197
Houston, TX 387 182 108 80
Knoxville, TN 725 337 206 164
Las Vegas, NV 774 438 277 227
Los Angeles, CA 738 390 227 188
Memphis, TN 630 304 180 164
Miami, FL 99 47 28 26
Minneapolis, MN 1062 447 223 154
Orlando, FL 275 130 77 62
Phoenix, AZ 606 321 191 162
Portland, ME 1112 490 253 194
Portland, OR 937 427 238 186
Raleigh, NC 741 342 219 162
Riverside, CA 892 422 248 189
Sacramento, CA 821 397 236 192
Salt Lake City, UT 306 415 223 187
St. Louis, MO 738 324 169 136
Seattle, WA 904 364 197 133
Topeka, KS 868 379 219 176
Waco, TX 477 225 138 119
Washington, DC 912 386 212 182

*Level of attic insulation.
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Table 5.2. Annuszl cooling load reductions due
to clean herizontal radiant barrier.

Load Reduction, Btu/square foot/vear

City R-11% R-19 R-30 R-38
Albany, NY 876 409 259 211
Albuquerque, NM 1598 851 522 426
Atlanta, GA 1673 832 516 405
Bismarck, ND 706 388 245 191
Chicago, IL 960 475 284 229
Denver, CO 1020 550 357 294
El Toro, CA 1232 636 405 351
Houston, TX 2162 1120 672 521
Knoxville, TN 1597 823 517 411
Las Vegas, NV 2535 1210 703 539
Los Angeles, CA 429 256 168 148
Memphis, TN 1823 907 555 440
Miami, FL 3090 1631 938 727
Minneapolis, MN 769 418 257 204
Orlando, FL 2575 1299 832 662
Phoenix, AZ 3308 1595 942 738
Portland, ME 297 120 82 62
Portland, OR 551 299 178 147
Raleigh, NC 1440 738 460 359
Riverside, CA 1999 931 556 448
Sacramento, CA 1592 849 542 445
Salt Lake City, UT 1286 651 409 332
St. Louis, MO 1466 757 479 369
Seattle, WA 223 119 80 65
Topeka, KS 1523 790 512 397
Waco, TX 2371 1175 713 552
Washington, DC 1221 622 386 301

*Level of attic insulation.
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Table 5.3. Present value savings for clean horizontal radiant barrier.

Present Value Savings, Dollars per Square Foot

City R-11% R-19 R-30 R-38
Albany, NY 0.21 0.09 0.05 0.04
Albuquerque, NM 0.29 0.15 0.09 0.08
Atlanta, GA 0.26 0.13 0.08 0.06
Bismarck, ND 0.22 0.10 0.06 0.04
Chicago, IL 0.21 0.10 0.06 0.04
Denver, CO 0.23 0.12 0.07 0.06
El Toro, CA 0.23 0.12 0.07 0.06
Housten, TX 0.29 0.15 0.09 0.07
Knoxville, TN 0.27 0.13 0.08 0.06
Las Vegas, NV 0.38 0.19 0.11 0.09
Los Angeles, CA 0.13 0.07 0.04 0.04
Memphis, TN 0.28 0.14 0.08 0.07
Miami, FL 0.36 0.19 0.11 0.09
Minneapolis, MN 0.21 0.10 0.06 0.04
Orlando, FL 0.32 0.16 0.10 0.08
Phoenix, AZ 0.45 0.22 0.13 0.10
Portland, ME 0.16 0.07 0.04 0.03
Portland, OR 0.17 0.08 0.05 0.04
Raleigh, NC 0.25 0.12 0.08 0.06
Riverside, CA 0.33 0.16 0.09 0.07
Sacramento, CA 0.28 0.14 0.09 0.07
Salt Lake City, UT 0.25 0.12 0.07 0.06
St. Louis, MO 0.25 0.12 0.07 0.06
Seattle, WA 0.13 0.06 0.03 0.02
Topeka, KS 0.27 0.13 0.08 0.05
Waco, TX 0.32 0.16 0.10 0.08
Washington, DG 0.24 0.12 0.07 0.06

*Level of attic insulation.
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Comparing this figure with the values in Table 5.3 shows that, if
the attic has R-11 insulation, a clean horizontal radiant barrier is
cost-justified for all locations except Los Angeles and Seattle. Since
the weather data for Los Angeles were taken at the Los Angeles
International Airport, they are probably not representative of the
climate where most of the population of greater Los Angeles reside.

The values for El Toro, taken at the E1 Toro Marine Corps Air Station
are probably more representative of this area, but still may have some
moderating influence due to the ocean that is not felt by locations
farther inland, such as Riverside. Thus, with R-11 attic insulation, a
clean horizontal radiant barrier is cost-justified for essentially all

of the lower 48 states of the U.S.

With R-19 attic insulation, a clean horizontal radiant barvier is
cost-justified over the southern parts of the country, including
Riverside, CA, as shown in Figure 5.5. With insulation levels of R-30
or R-38, a clean horizontal radiant barrier at a cost of $0.015 per

square foot is not cost-justified in any of the locations studied.
5.2.2 Effect of Dust Accumulation on Horizontal Radiant Barrier

The horizontal configuration is susceptible to accumulation of
dust, which should result in an increased emissivity, and hence a
smaller load reduction. The impact on radiant barrier performance
comes from two factors. The first is the rate at which dust
accumulates, and hence the rate at which the emissivity increases,
while the second is the effect of increased emissivity on the load

reductions.

Cook, et. al., have studied the effects of dust on the emissivity
of radiant barrier materials.’l Laboratory testing with artificially
dusted samples was used to establish the relationship between amount of
dust and emissivity. High emissivities, on the order of 0.8, wevre
measured when a sufficiently large amount of dust was applied. In

addition, samples were retrieved from residential attics that had



Fig. 5.5. Locations where clean horizontal radiant barriers are cost-
justified for cost of $0.15 per square foot. North of line, RB
is justified when used with R-11 insulation. South of line, RB
is justified when used with R-11 or R-19 insulation.
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radiant barriers installed for around four years. While individual
measurements showed a large amount of scatter, a grand average value of
0.24 was obtained for the samples which had been in the field for about
four years. An approximation to the relationship between emissivity
and time has been obtained by forcing an equation through Cook'’s four
year field average value and his laboratory wvalues for clean and very

dusty samples, giving
e = 0.03 + 0.761 [1 - exp(-0.0807*t))] (17)
where t is the time in years.

The models have been run with various assumed levels of
emissivity. Load reductions obtained from these calculations were
normalized with respect to the load reductions from a clean horizontal
radiant barrier, with the results given in Table 5.4. The model
predicts that the performance drops off significantly with increases in
emissivity, with the cooling performance dropping off faster than the
heating performance. The model also predicts that the normalized
reductions do not vary significantly with climate. Empirical equations

fit to these results are
NRH = 192.2 [0.596 - 1/(1 + 0.61/¢)] (18)
NRC = 162.3 [0.8318 - 1/(1 + 0.182/¢)] (19)

where NRH and NRC are the normalized heating and cooling load

reductions and ¢ is the radiant barrier emissivity.

Using this rate of change of emissivity and the model predictions
for the effect of emissivity on load reductions results in the present
value savings given in Table 5.5. Using the $0.15 per square foot
criterion, a dusty horizontal radiant barrier (as defined here) is
cost-justified only for Phoenix when the attic contains R-11

insulation.
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Table 5.4. Effect of emissivity on load reductions
due to horizontal radiant barriers with R-11 insulation.

Percent of Clean Horizontal RB Load Reduction
Emissivity Miami, Cooling Minneapolis, Cooling Minneapolis, Heating

0.05 100 100 100

0.10 73.4 74.8 87.8
0.20 48.0 50.8 66.7
0.30 33.5 35.7 51.6
0.40 23.4 24.9 38.5
0.50 16.0 17 .4 28.0

It should be noted that the performance of dusty horizontal
radiant barriers is a subject of considerable controversy. First,
there is considerable scatter in measured values of emissivity versus
time. The analysis presented here uses what is considered to be a
representative relationship. However, other curves might be chosen
which would alter the performance values either up or down. Second,
there is a question of how well the model accounts for the effects of
emissivity changes. Data taken by the Tennessee Valley Authority wich
test cells having horizontal radiant barriers that were artificially
dusted with "Arizona test dust" do not show such a rapid decline in
performance as predicted by the model.?? There is a need for continued
research on the rates of emissivity changes in the field, and also a
need for thermal performance tests under well-controlled laboratory

conditions.
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Table 5.5. Present value savings for dusty horizontal radiant barrier.

Present Value Savings, Dollars per Square Foot

City R-11% R-19 R-30 R-38
Albany, NY 0.08 0.04 0.02 0.02
Albuquerque, NM 0.11 0.06 0.03 0.03
Atlanta, GA 0.09 0.05 0.03 0.02
Bismarck, ND 0.09 0.04 0.02 0.02
Chicago, IL 0.08 0.04 0.02 0.02
Denver, CO 0.08 0.04 0.03 0.02
El Toro, CA 0.09 0.04 0.03 0.02
Houston, TX 0.10 0.05 0.03 0.02
Knoxville, TN 0.10 0.05 0.03 0.02
Las Vegas, NV 0.13 0.07 0.04 0.03
Los Angeles, CA 0.05 0.03 0.02 0.02
Memphis, TN 0.10 0.05 0.03 0.02
Miami, FL 0.12 0.06 0.04 0.03
Minneapolis, MN 0.08 0.04 0.02 0.02
Orlando, FL 0.11 0.06 0.04 0.03
Phoenix, AZ 0.16 0.08 0.05 0.04
Portland, ME 0.07 0.03 0.02 0.01
Portland, OR 0.07 0.03 0.02 0.01
Raleigh, NC 0.09 0.04 0.03 0.02
Riverside, CA 0.12 0.06 0.03 0.03
Sacramento, CA 0.10 0.05 0.03 0.03
Salt Lake City, UT 0.09 0.04 0.03 0.02
St. Louis, MO 0.09 0.04 0.03 0.02
Seattle, WA 0.05 0.02 0.01 0.01
Topeka, KS 0.10 0.05 0.03 0.02
Waco, TX 0.11 0.06 0.03 0.03
Washington, DC 0.09 0.04 0.02 0.02

*Level of attic insulation.
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5.2.3 Truss Radiant Barriers

Truss radiant barriers are installed in a number of
configurations, which may be expected to have different performances.
Among the methods for installing truss radiant barriers are: 1)
attaching them directly to the bottoms of the rafters, covering the
bottoms of the rafters, 2) attaching them between the rafters, thus
leaving the bottom surfaces of the rafters exposed, 3) draping them
over the tops of the rafters, which leaves more of the rafters exposed,
and 4) attaching them directly to the underside of the roof decking.
With any of these configurations, the interior of the gables may also
be covered with radiant barrier, as recommended by the Reflective

Insulation Manufacturers Association.53

Load reductions for truss radiant barriers were estimated by
running the model with various levels of effective or average
emissivities for the underside of the roof, and for either reflective
or nonreflective gables. Predicted load reductions, normalized to the
values for a clean horizontal radiant barrier, are given in Tables 5.6
and 5.7. In general, these tables show that the normalized values do
not vary significantly with climate or insulation level, but do vary
considerably with roof emissivity and alsoc vary somewhat between the
heating and cooling seasons. In addition, the model predicts that
better performance is obtained with reflective gables, especially with
low roof emissivities. Also, with a low roof emissivity and reflective
gables, the performance of a truss radiant barrier is nearly equal to

that of a clean horizontal radiant barrier.

These model results may be used to estimate the load reductions
due to truss radiant barriers if appropriate values can be selected for
the effective emissivity of the underside of the roof. While this is a
complicated task, and subject to some controversy, it is interesting to
look at two assumptions. First, it is assumed that the radiant barrier
covers the bottoms of all rafters and the gables, and that a negligible

amount of the roof deck is exposed to allow for passage of ventilation
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Table 5.6. Load reductions for truss radiant barriers
with reflective (e = 0.05) gables.

Insulation Percent of Clean HRB Load Reduction

City Season level e = 0.05° € =20.10 e = 0.15
Miami Cooling R-11 92.4 68.2 53.8
R-19 94.1 70.7 56.8
R-30 94.5 73.0 58.2
R-38 94 .6 71.8 57.9
Minneapolis Cooling R-11 93.2 70.0 56.2
R-19 95.0 74.5 60.7
Miami Heating R-11 95.4 84.9 74.3
R-19 95.9 83.6 69.9
R-30 95.3 88.4 76.7
R-38 97.5 82.5 72.5
Minneapolis  Heating R-11 96.3 84.2 73.2
R-19 95.6 80.4 71.2

*Effective emissivity of underside of roof.

Table 5.7. lLoad reductions for truss radiant barriers
with nonreflective (¢ = 0.9) gables.

Insulation Percent of Clean HRB lLoad Reduction

City Season level e = 0.05" e = 0.10 € = 0.15
Miami Cooling R-11 78.1 61.5 49.9
R-19 81.5 64.8 52.9
Minneapolis Cooling R-11 80.5 63.7 52.7
R-19 84.9 69.1 57.5
Miami Heating R-11 81.6 73.7 64.4
R-19 80.8 69.9 60.3
Minneapolis Heating R-11 78.7 68.0 59.6
R-19 77.6 66.0 58.7

*Effective emissivity of underside of roof.
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air. In this case, the effective emissivity is 0.05 and from Table
5.6, the normalized load reduction is about 95 percent for either
heating or cooling. For the second case, it is again assumed that the
gables are reflective, but that 6.25 percent of the roof surface has an
emissivity of 0.9 (this percentage corresponds to the assumed framing
factor, 1.5 inch wide rafters every 24 inches). Area averaging the
high and low emissivity surfaces gives an effective emissivity of 0.10,
and from Table 5.6, the normalized load reductions are about 70 percent

for cooling and 85 percent for heating.

Present value savings calculated with these assumptions are given
in Tables 5.8 and 5.9. For judging cost-effectiveness, radiant barrier
costs must take into account the fact that the roof and gable areas are
larger than the ceiling. For the prototypical house described above
the total area of the roof and gables is about 19 percent larger than
the ceiling. With an installed cost of $0.15 per square foot of

material, the cost per square foot of ceiling will be about $0.18.

Comparing the present value savings in Table 5.8 with $0.18 per
square foot shows that, with R-11 insulation, a truss radiant barrier
with an effective emissivity of 0.05 is cost justified for all
locations except Los Angeles (at the airport), Portland, ME, Portland,
OR, and Seattle. With R-19 insulation, this radiant barrier is cost
justified only for climates typified by Las Vegas, Phoenix, and Miami.
For higher insulation levels, this radiant barrier is not cost

justified.

Comparing the present value savings in Table 5.9 with $0.18 per
square foot indicates that, with R-11 insulation, a truss radiant
barrier with an effective emissivity of 0.10 is cost justified for all
locations except those typified by Albany, Bismarck, Chicago, Los
Angeles (at the airport), Minneapolis, both Portlands, and Seattle.
For higher insulation levels, this radiant barrier is not cost

justified.
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Table 5.8. Present value savings for truss rxadiant barrier with
reflective gables and effective roof emissivity of 0.05.

Present Value Savings. Dollars per Square Foot

City R-11% R-19 R-30 R-38
Albany, NY 0.20 0.09 0.05 0.04
Albuquerque, NM 0.28 0.14 0.09 0.07
Atlanta, GA 0.25 0.12 0.07 0.06
Bismarck, ND 0.21 0.10 0.06 0.04
Chicago, IL 0.20 0.09 0.05 0.04
Denver, CO 0.22 0.11 0.07 0.06
El Toro, CA 0.22 0.11 0.07 0.06
Houston, TX 0.28 0.14 0.08 0.06
Knoxville, TN 0.25 0.13 0.08 0.06
Las Vegas, NV 0.36 0.18 0.11 0.08
Los Angeles, CA 0.13 0.07 0.04 0.04
Memphis, TN 0.27 0.13 0.08 0.07
Miami, FL 0.34 0.18 0.10 0.08
Minneapolis, MN 0.20 0.09 0.05 0.04
Orlando, FL 0.31 0.15 0.10 0.08
Phoenix, AZ 0.42 0.21 0.12 0.10
Portland, ME 0.15 0.07 0.04 0.03
Portland, OR 0.16 0.08 0.04 0.04
Raleigh, NC 0.24 0.12 0.07 0.06
Riverside, CA 0.31 0.15 0.09 0.07
Sacramento, CA 0.26 0.14 0.08 0.07
Salt Lake City, UT 0.24 0.12 0.07 0.06
St. Louis, MO 0.24 0.12 0.07 0.05
Seattle, WA 0.12 0.05 0.03 0.02
Topeka, KS§ 0.26 0.13 0.08 0.06
Waco, TX 0.31 0.15 0.09 0.07
Washington, DC 0.23 0.11 0.06 0.05

*Level of attic insulation.
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Table 5.9. Present value savings for truss radiant barrier with
reflective gables and effective roof emissivity of 0.10.

Present Value Savings, Dollars per Square Foot

City R-11% R-19 R-30 R-38
Albany, NY 0.16 0.07 0.04 0.03
Albuquerque, NM 0.22 0.11 0.07 0.06
Atlanta, GA 0.19 0.09 0.06 0.05
Bismarck, ND 0.17 0.08 0.05 0.04
Chicago, TL 0.16 0.08 0.04 0.03
Denver, CO 0.18 0.09 0.06 0.05
El Toro, CA 0.18 0.09 0.06 0.05
Houston, TX 0.21 0.11 0.06 0.05
Knoxville, TN 0.20 0.10 0.06 0.05
Las Vegas, NV 0.28 0.14 0.08 0.07
Los Angeles, CA 0.11 0.06 0.04 0.03
Memphis, TN 0.21 0.10 0.06 0.05
Miami, FL 0.26 0.13 0.08 0.06
Minneapolis, MN 0.17 0.08 0.04 0.03
Orlando, FL 0.23 0.12 0.07 0.06
Phoenix, AZ 0.32 0.16 0.09 0.07
Portland, ME 0.13 0.06 0.03 0.02
Portland, OR 0.14 0.07 0.04 0.03
Raleigh, NC 0.19 0.09 0.06 0.04
Riverside, CA 0.25 0.12 0.07 0.05
Sacramento, CA 0.21 0.11 0.07 0.05
Salt lake City, UT 0.19 0.09 0.05 0.04
St. Louis, MO 0.19 0.09 0.05 0.04
Seattle, WA 0.11 0.04 0.03 0.02
Topeka, KS 0.21 0.10 0.06 0.05
Waco, TX 0.24 0.12 0.07 0.06
Washington, DC 0.19 0.09 0.05 0.04

*Level of attic insulation.
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5.2.4 Increased Insulation Levels

As a byproduct of these calculations, load reductions due to
increasing the level of attic insulation were also calculated. Heating
and cooling load reductions are given in Tables 5.10 and 5.11. Table
5.12 contains present value savings for increases of the insulation

from R-11 to R-19, from R-19 to R-30, or from R-11 to R-30.

A rough estimate for contractor installed insulation is $0.02 perxr
square foot per R-value. For example, increasing the insulation level
from R-11 to R-30 costs about $0.38 per square foot. Table 5.12 shows
that increasing the insulation level from R-11 to R-30 is cost
justified for all locations except Los Angeles (airport), Miami, and

Orlandoe (borderline).

5.2.5 Effect of Ducts in Attics

All of the load reduction and economic calculations presented thus
far are based only on the impact of radiant barriers or ceiling
insulation on house loads caused by heat gains or losses through the
ceiling. Recent analytical work suggests that another factor that may
increase the cost effectiveness of radiant barriers is related to heat
gains or losses from HVAC ducts that are run through attic spaces.sa
In addition to decreasing heat flows through the ceiling, truss radiant

barriers alter the temperature in the attic space and may reduce heat

gains to air-conditioning ducts or heat losses from heating ducts.

The amount of extra energy saved will depend upon the general

characteristics of the house and the HVAC equipment. Hoeschele??

gives
simulated results for the effects of duct insulation level and ceiling
insulation level for houses in Sacramento having attics with and
without truss radiant barriers. Expressing his results in terms of a
percentage increase in cooling energy savings due to a radiant barrier

in an attic with ducts referenced to one in an attic without ducts
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Table 5.10. Anmual heating load reductions due

to increasing attic imsulation level.

Load Reduction, Btu/square foot/vear

City R-11 to R-19% R-19 to R-30 R-30 to R-38
Albany, NY 5358 2751 1030
Albuquerque, NM 3460 1697 626
Atlanta, GA 2660 1332 497
Bismarck, ND 7072 3610 1369
Chicago, IL 4923 2569 952
Denver, CO 4765 2450 872
E1l Toro, CA 1977 923 336
Houston, TX 1358 632 242
Knoxville, TN 3145 1584 599
Las Vegas, NV 2114 1042 375
los Angeles, CA 1706 814 295
Memphis, TN 2711 1359 489
Miami, FL 254 121 38
Minneapolis, MN 6399 3323 1239
Orlando, FL 712 390 125
Phoenix, AZ 1444 144 318
Portland, ME 5870 3096 1137
Portland, OR 3980 1992 738
Raleigh, NC 2977 1489 606
Riverside, CA 2302 1121 406
Sacramento, CA 2651 1294 467
Salt Lake City, UT 4623 2321 858
St. Louis, MO 4010 2038 759
Seattle, WA 4328 2295 831
Topeka, KS 4297 2199 802
Waco, TX 1966 968 353
Washington, DC 3999 2014 731

*Initial and final levels of attic insulation.
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Table 5.11. Annual cooling load reductions due

to increasing attic insulation level.

Load Reduction, Btu/square foot/vear

City R-11 to R-19% R-19 to R-30 R-30 to R-38
Albany, NY 1171 258 87
Albuquerque, NM 1100 698 189
Atlanta, GA 1649 508 184
Bismarck, ND 695 226 84
Chicago, IL 1061 293 99
Denver, CO 715 344 117
El Toro, CA 854 384 123
Houston, TX 1310 945 247
Knoxville, TN 1476 527 193
Las Vegas, NV 1960 997 369
Los Angeles, CA 214 122 25
Memphis, TN 1797 584 219
Miami, FL 1694 883 315
Minneapolis, MN 471 259 90
Orlando, FL 1435 691 284
Phoenix, AZ 3175 1334 488
Portland, ME 392 66 27
Portland, OR 368 316 60
Raleigh, NC 1375 434 153
Riverside, CA 1983 713 241
Sacramento, CA 1145 582 194
Salt Lake City, UT 966 462 159
St. Louis, MO 1482 444 186
Seattle, WA 169 73 23
Topeka, KS 991 465 193
Waco, TX 1606 819 317
Washington, DC 1210 392 138

*Initial and final levels of attic insulation.
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Table 5.12. Present value savings for increasing
attic insulation lewvel.

Present value savings, dollars per square foot

City R-11 to R-19% R-19 to R-30 R-11 to R-30
Albany, NY 0.76 0.35 1.10
Albuquerque, NM 0.53 0.28 0.80
Atlanta, GA 0.50 0.21 0.71
Bismarck, ND 0.90 0.45 1.35
Chicago, IL 0.69 0.33 1.02
Denver, CO 0.64 0.32 0.96
El Toro, CA 0.33 0.15 0.48
Houston, TX 0.31 0.18 0.49
Knoxville, TN 0.53 0.24 0.78
Las Vegas, NV 0.47 0.23 0.70
Los Angeles, CA 0.22 0.11 0.33
Memphis, TN 0.52 0.22 0.74
Miami, FL 0.22 0.11 0.34
Minneapolis, MN 0.80 0.42 1.21
Orlando, FL 0.25 0.12 0.37
Phoenix, AZ 0.53 0.24 0.77
Portland, ME 0.73 0.37 1.09
Portland, OR 0.50 0.27 0.77
Raleigh, NC 0.50 0.22 0.72
Riverside, CA 0.49 0.21 0.70
Sacramento, CA 0.44 0.22 0.65
Salt Lake City, UT 0.65 0.32 0.97
St. Louis, MO 0.63 0.29 0.92
Seattle, WA 0.52 0.28 0.80
Topeka, KS 0.61 0.31 0.92
Waco, TX 0.41 0.21 0.62
Washington, DC 0.60 0.28 0.88

¥Initial and final levels of attic imsulation.
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gives the following percentage Increases for a duct insulation level of
R-2.1: 19 percent, 35 percent, and 54 percent for ceiling insulation

levels of R-7, R-19, and R-38.

It is interesting to examine the map shown in Figure 5.6, which
shows the prevalence of basement, crawl spaces, and slab foundations. >
The significance of this map is that houses built on slabs will
generally have the HVAC ducts in the attic space, while houses built on
crawl spaces and basements are less likely to have ducts in attics.
While houses built on slabs constitute a large proportion of the houses

south of the solid line, slabs are much less prevalent north of the

line.

The region south of the solid line is also the region where
radiant barriers are cost justified when used with the lower levels of
attic insulation. Factoring in the effects on duct heat gains and
losses may also make them cost justified for higher levels of
insulation. These factors may also increase the radiant barrier cost
that can be justified. Because of the many factors involved, further
work is needed to analyze the impacts of duct heat gains and losses on

radiant barrier performance.
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6. ANALYSIS OF ANNUAL CYCLE MOISTURE ACCUMULATION

The model with moisture effects included has been used to estimate
the hour-by-hour moisture accumulation on the underside of a clean
horizontal radiant barrier due to diffusion of water vapor through the
ceiling. Estimates have been made for a number of climatic conditions,
and for a range of parameters, using basically the same prototypical
house as was used for the annual energy analyses. One difference is
that the areas of soffit and ridge vents are taken to be equal for the
moisture modeling runs, with different vent areas being studied. For
all runs, the drywall was taken to have a permeance of 37.5 and the
insulation was taken to have a reciprocal permeance of 0.0086 per inch

of thickness.

Several measures of moisture accumulation have been examined.
First is the total amount of moisture that condenses on the radiant
barrier over the year. This quantity would be of interest if it is
assumed that all the moisture that condenses gets absorbed into the
ceiling and is not released again. The second measure is the predicted
peak of the hourly values. This number will be less than the total
condensation due to evaporation that occurs during the year. Dates
have been estimated for the occurrence of the peak, the first
occurrence of significant accumulation, and the end of significant
condensed moisture. From these dates is derived the duration of
significant condensed moisture. "Significant condensation” has been
defined with the somewhat arbitrary criterion of 0.005 pounds of water

per square foot, or a continuous film only about 0.001 inches thick.

The model only estimates the amounts of water that have condensed
and evaporated. It does not attempt to account for movement of liquid
water after it has condensed. However, a yardstick has been used to
develop somewhat arbitrary criteria for severity of potential moisture
problems. The ceiling that is modeled has 2X4 wood joists 24 inches on
center. With a density of 28 pounds per cubic foot, this corresponds

to about 1 pound of wood per square foot. If all the condensed water
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were absorbed by the wood, the fractional wood moisture content would
increase by an amount equal to the amount of water per square foot.
Assuming that the wood starts with a moisture content of about 10
percent, 0.1 pounds of water per square foot would increase the
moisture content to 20 percent. The wood moisture content required to
sustain decay is 24 to 31 percent. To provide a sufficient safety
margin, ASHRAE recommends that the moisture content remain at 20
percent or less.”/ With this recommendation, we have arbitrarily
defined a high potential for moisture problems as one in which the peak
condensed water exceeds 0.15 pounds per square foot. Medium potentials
are those between 0.03 and 0.15 pounds per square foot, and low
potentials are those below 0.03 pounds per square foot. Since many
attics will have more wood per unit area (e.g., 2X6 joists 16 inches on
center), these ranges will be conservative. These ranges will also bhe
conservative since a sustained high moisture content is needed for

decay to occur.
6.1 1IDENTIFICATION OF SIGNIFICANT VARIABLES

In addition to climate, the influence of the following parameters
has been studied: indoor relative humidity, indoor temperature,
radiant barrier permeance, ventilation area, insulation level, and
vapor retarder permeance. The effect of some parameters is easy to
envision, while other parameters will have competing effects.
Increasing the indoor relative humidity would obviously be expected to

increase moisture accumulation.

Increasing the indoor temperature may have two competing effects.
First, for a fixed indoor relative humidity, an increase in indoor
temperature will increase the indoor water vapor partial pressure and
should increase condensation. But, an increased indoor temperature
will also raise the temperature of the radiant barrier, reducing

condensation.
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An increase in radiant barrier permeance would allow water vapor
to pass through more easily, thus reducing condensation. An increase
in attic ventilation area should increase the ventilation rate. This
should flush out water vapor that comes through the ceiling, reducing
condensation, but it will also lower the radiant barrier temperature,
increasing condensation.

Increasing the insulation level also has two competing effects.
First, an increase in insulation level lowers the radiant barrier
temperature, promoting condensation. But an increase in insulation
level also lowers the permeance of the insulation, thus reducing
condensation. Finally, increasing the permeance of a vapor retarder
should increase condensation by allowing more water vapor to pass

through the ceiling.

To determine the influence of these parameters, a number of model
runs were made for a severe climate, Minneapolis. The conditions for
the initial runs for this city are given in Table 6.1, with the results

given in Table 6.2.

The first 32 runs constitute a two-level factorial design to
investigate the relative influence of five parameters: relative
humidity, indoor temperature, radiant barrier permeance, ventilation
area, and insulation level.?8 For these 32 runs, the ceiling was
assumed not to have a vapor retarder. Among these 32 runs, the worst
case is Run 12, which corresponds to a 50 percent relative humidity,
75°F indoor temperature, a radiant barrier permeance of 0.05
(essentially a vapor retarder), an attic vent area to ceiling area
ratio of 1/150, and R-11 insulation. For this case, the total
accumulated water is 2.6 pounds per square foot. The best case is Run
29, which corresponds to a 20 percent relative humidity, a 70°F indoor
temperature, a radiant barrier permeance of 20 (close to the value
derived from field data at the Karns houses), a vent ratio of 1/150,
and R-38 insulation. For this case, the total accumulated water is

0.03 pounds per square foot. Predicted durations of wetting varied
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Table 6.1. Conditions for initial moisture model rTuns
for Minneapolis.
Relative Indoor Vent/ Vapor
Humidity, Temperature, RB Ceiling Insulation Retarder

Run % OF Perm Area Ratio Level Perm
1 20 70 0.05 1/300 R-11 None
2 50 70 0.05 1/300 R-11 None
3 20 75 0.05 1/300 R-11 None
4 50 75 0.05 1/300 R-11 None
5 20 70 20 1/300 R-11 None
6 50 70 20 1/300 R-11 None
7 20 75 20 1/300 R-11 None
8 50 75 20 1/300 R-11 None
9 20 70 0.05 1/150 R-11 None
10 50 70 0.05 1/150 R-11 None
11 20 75 0.05 1/150 R-11 None
12 50 75 0.05 1/150 R-11 None
13 20 70 20 1/150 R-11 None
14 50 70 20 1/150 R-11 None
15 20 75 20 1/150 R-11 None
16 50 75 20 1/150 R-11 None
17 20 70 0.05 1/300 R-38 None
18 50 70 0.05 1/300 R-38 None
19 20 75 0.05 1/300 R-38 None
20 50 75 0.05 1/300 R-38 None
21 20 70 20 1/300 R-38 None
22 50 70 20 1/300 R-38 None
23 20 75 20 1/300 R-38 None
24 50 75 20 1/300 R-38 None
25 20 70 0.05 1/150 R-38 None
26 50 70 0.05 1/150 R-38 None
27 20 - 75 0.05 1/150 R-38 Noune
28 50 75 0.05 1/150 R-38 None
29 20 70 20 1/150 R-38 None
30 50 70 20 1/150 R-38 None
31 20 75 20 1/150 R-38 None
32 50 75 20 1/150 R-38 None
33 50 75 0.05 1/150 R-11 0.06
34 50 75 20 1/150 R-11 0.06

35 50 75 0.05 1/150 R-11 1

36 50 75 20 1/150 R-11 1
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Table 6.2. Results of initial moisture wodel runs
for Minneapolis.
Total Peak Duration
Water Water Start Peak Dry of Wetting,
Run 1b/ft2 1b/ft2 Date Date Date days
1 0.178 0.107 12/06 02/11 03/17 102
2 1.848 1.696 10,02 04/01 07/22 294
3 0.272 0.184 12/06 02/11 04,02 118
4 2.520 2.252 10/01 04/24 Vet >304
5 0.058 0.018 01l/12 01/22 01/26 15
6 0.995 0.864 11/06 03/16 05/15 191
7 0.092 0.035 01/11 01/22 02/12 33
8 1.433 1.311 11/03 04/01 06/02 212
9 0.195 0.127 12/06 02/11 03/22 107
10 1.910 1.762 10/02 04/01 07/26 298
11 0.297 0.213 12/06 02/17 04/06 122
12 2.608 2.349 09/30 04/24 Wet >305
13 0.064 0.023 01/11 01/22 02/04 25
14 1.061 0.942 11/04 03/16 05/20 197
15 0.104 0.042 12/24 02/09 02/16 55
16 1.528 1.420 11/03 04/01 06/07 217
17 0.127 0.090 12/14 02/17 04/07 115
18 0.939 0.838 10/02 04,01 07/22 294
19 0.188 0.149 12/06 03/06 04/21 137
20 1.267 1.119 09/30 04/24 Wet >305
21 0.034 0.010 01/16 01/22 01/26 11
22 0.405 0.324 11/17 04/01 04/25 160
23 0.052 0.018 01l/12 01/22 02/12 32
24 0.582 0.493 11/05 03/16 05/12 189
25 0.128 0.094 12/14 03/06 05/09 117
26 0.946 0.850 10/02 04/01 07/27 299
27 0.189 0.155 12/06 03/06 04/25 141
28 1.279 1.151 09/30 05/02 Wet >305
29 0.032 0.010 01/16 01/22 01/27 12
30 0.413 0.337 11/17 03/06 04,27 162
31 0.051 0.020 01/12 02,09 02/15 35
32 0.597 0.513 11/05 03/16 05/15 191
33 0.006 0.006 03/05 04/01 04/12 41
34 0.000 0.000 - - - 0
35 0.137 0.123 11/13 04/14 Wet >261
36 0.000 0.000 - 01/17 - 0
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greatly, ranging from 12 days to more than 300 days. For scme of the
worst cases, the radiant barrier was not dry at the end of the annual

cycle, indicating that a continuous buildup of moisture could occur,

The influence of each parameter can be determined by examining
runs that are identical except for a change in one parameter. With the
two-level factorial design, 16 sets of runs can be examined for each
parameter. A summary of such an analysis of the factorial runs is
given in Table 6.3. The quantities given are the ratio of either total
or peak water for the first level of a variable to the value for the
second level. The order of levels of the variables is given in

parentheses. A range of ratios is given for the 16 sets of rums.

As expected, the most important variable was found to be the
relative humidity. The total condensed water was 7 to 17 times higher
with a relative humidity of 50 percent than with a relative humidity of
20 percent. The larger values of this ratio corresponded to an indoor

temperature of 75°F (also as might be expected).

The second most important variable was found to be the radiant
barrier permeance. Total water accumulated with an RB with a permeance
of 0.05 was 1.7 to 4 times as high as that with an RB with a permeance

of 20.

The next two most important variables are the indoor temperature
and the insulation level. Changing the indoor temperature from 70°F to
759F produced an increase in total water of 35 to 63 percent. It was
found that higher insulation levels result in lower amounts of water,
presumably because of their higher resistance to vapor flow. With R-11
insulation, the total water was 40 percent to 2.6 times as high as with

R-38 insulation.
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Table 6.3. Effect of variables on moisture accumulation

for Mimmeapolis.

Ratios*
Total Water, Peak Water,
Variable 1b/£t? 1b/ft2
Relative humidity (50%/20%) 6.7 - 17.2 7.4 - 49.1
Indoor temperature (75°F/70°F) 1.35 - 1.63 1.33 - 2.01
Radiant barrier perm (0.05/20) 1.71 - 4.05 1.65 - 9.13
Vent area (1/150 / 1/300) 0.94 - 1.13 1.00 - 1.31
Insulation level (R-11/R-38) 1.40 - 2.57 1.20 - 2.79

* Values in table are ratios for two levels of one parameter,

with all other parameters equal.
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The least important variable was found to be the vent area. For
most of the runs, the larger vent area resulted in the higher amount of

water, but only up to 13 percent more.

Because of the smaller sensitivity of condensed moisture to the
vent area, it's wvalue was held constant at 1/150 for all succeeding
model runs. Also, for succeeding runs, the insulation level was taken
to be R-11. This corresponds to the worst case, but is also the
configuration where radiant barriers come closest to being economically
justified. Also, the indoor temperature was chosen to be 75°F for
other runs, to give a worst case. With these simplifications, the two
remaining variables, the radiant barrier permeance and the indoor
relative humidity, could be studied in greater detail for a wide range

of climates.

Before looking at these two parameters in detail, it is important
to determine the impact of an existing vapor retarder. Run 33 is a
repeat of the worst case, Run 12, with the addition of a vapor retarder
with a permeance of 0.06 on the bottom of the ceiling. This resulted
in a total amount of water of only 0.006 pounds per square foot, which
is practically insignificant. Run 34 is a repeat of Run 16 (radiant
barrier perm of 20), with a 0.06 perm vapor retarder. In this case, it
was predicted that no water would condense. The significance of these
runs is that the potential for water condensation is essentially
eliminated for all climates and radiant barrier permeances if a

continuous vapor retarder with a permeance of 0.06 is present.

Runs 35 and 36 are repeats of runs 33 and 34, but with a vapor
retarder having a permeance of 1, which is characteristic of wvapor
retarder paints. Clearly, this type of vapor retarder is a great
improvement over no vapor retarder, but does not provide as much

protection as one with a permeance of 0.06.
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6.2 PARAMETRIC STUDY FOR VARIOUS CLIMATES

Parametric runs of the moisture model were performed for a subset
of the locations that were used for the energy savings analyses in
Section 5. These locations, arranged in order of expected decreasing
severity of moisture accumulation problems, are: Minneapolis, Chicago,
St. Louis, Washington, DC, Knoxville, Atlanta, Portland, OR, Waco, TX,
Phoenix, Los Angeles, and Miami. For each location, runs were
performed over a wide range of radiant barrier permeances, and for most
locations, also over a wide range of indoor relative humidities. For
all runs in this section, the following conservative conditions were
used: 75°F indoor temperature, vent area to ceiling area ratio of

1/150, R-11 ceiling insulation, and no vapor retarder.

Representative plots of amount of condensed water versus time are
given in Figures 6.1 through 6.4. These figures illustrate two
locations, Minneapolis and Knoxville, two relative humidity levels, 50
percent and 35 percent, and three radiant barrier permeance levels,
0.05, 20, and 100. The worst case is Minneapolis with a 50 percent
relative humidity and a 0.05 perm radiant barrier. For this case,
condensed moisture becomes significant at the end of September, rises
to a peak of 2.3 pounds per square foot on April 24, and at the end of
July still has over 0.6 pounds per square foot of water left. When the
radiant barrier permeance is raised to 20, significant condensation is
delayed until November, a peak of 1.4 pounds per square foot occurs on
April 1, and the moisture has disappeared by early June. With a
radiant barrier permeance of 100, significant condensation does not
occur until December, the peak of 0.15 pounds per square foot is

reached on February 9 and the radiant barrier is dry after February 20.

Lowering the relative humidity to 35 percent, as shown in Figure
6.2, delays the occurrence of significant condensation, significantly

lowers the peak condensation, and hastens the occurrence of drying.
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MOISTURE CONDENSATION FOR MINNEAPOLIS
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Moisture condensation for Minneapolis with 50 percent
indoor relative humidity. Labels on curves indicate the
perm values of the radiant barrier.
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Moisture condensation for Minneapolis with 35 percent
indoor relative humidity. Labels on curves indicate the
perm values of the radiant barrier.
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MOISTURE CONDENSATION FOR KNOXVILLE
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Fig. 6.3. Moisture condensation for Knoxville with 50 percent indoor

relative humidity. Labels on curves indicate the perm
values of the radiant barrier.

MOISTURE CONDENSATION FOR KNOXVILLE
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Fig. 6.4, Moisture condensation for Knoxville with 35 percent indoor
relative humidity. Label on curve indicates the perm
value of the radiant barrier.
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An indication of the significant role of climate may be obtained
by comparing corresponding plots for Minneapolis and Knoxville. Figure
6.3 shows that for Knoxville, with 50 percent relative humidity and a
radiant barrier permeance of 0.05, condensation begins early in
November, rises to a peak of 0.7 pounds per square foot on March 10,
and is dried out by the middle of May. With a permeance of 20, the
plot shows different qualitative features. Instead of having
continuous condensed water, the radiant barrier shows several periods
of wetting and drying, with a much reduced peak value. Figure 6.4 also
shows the alternate periods of wetting and drying with a relative

humidity of 35 percent and a radiant barrier permeance of 0.05.

Summaries of all the runs for each location are given in Tables
6.4 through 6.14. These tables show the total amount of water that
condenses on the radiant barrier over the year, the peak amount of
condensed water, the dates for start of significant condensation, the
date on which the peak amount occurs, the date on which the moisture

has disappeared, and the duration of the wetting period.

A full matrix of runs was performed for Minmeapolis. The peak
amount of water is plotted in Figure 6.5 as a function of radiant
barrier permeance and relative humidity. This figure shows that the
peak amount of water is a very strong function of both these variables.
Considering a peak level of more than 0.15 pounds per square foot as a
high potential for moisture problems, these results indicate that
radiant barrier permeances less than 100, 50, and 5 will have high
potential for problems if the indoor relative humidity is 50 percent,
35 percent, and 20 percent, respectively. To obtain peak water amounts
below 0.03 pounds per square foot, for a low potential for moisture
problems, requires radiant barrier permeances greater than about 190,

95, and 30 for the same relative humidities.

As the climate becomes milder, Tables 6.4 through 6.14 show that
the amounts of condensed moisture also become less. For the milder

climates, model runs concentrated on the higher indoor relative
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PEAK MOISTURE CONDENSATION
MINNEAPOLIS
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Fig. 6.5. Peak moisture condensation for Minneapolis.
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Table 6.4. Meisture accumulation for Mimneapolis.
Relative Total Peak Duration
Humidity, RB Water Water Start Peak Dry of Wetting,

% Perm 1b/ft2 lb/ft2 Date Date Date days
50 0.05 2.608 2.349 09/30 04/24 Wet >305
50 1 2.513 2.265 10/01 04/24 Wet >304
50 2 2.444 2.213 10/01 04/01 Wet >304
50 5 2.253 2.077 10/01 04 /01 07/29 302
50 10 1.976 1.855 10/01 04,02 07/08 280
50 20 1.528 1.420 11/03 04,01 06/07 217
50 50 0.736 0.577 11/28 02/17 04/13 137
50 100 0.283 0.150 12/06 02/09 02/20 77
50 200 0.077 0.020 01/12 01/17 02/04 24
35 0.05 1.232 1.149 11/04 04,01 06/17 226
35 1 1.176 1.098 11/04 04,01 06/13 222
35 2 1.133 1.056 11/04 04,01 06/09 218
35 5 1.013 0.931 11/04 04/01 05/29 207
35 10 0.842 0.741 11/14 03/16 05/14 182
35 20 0.593 0.481 11/28 03/06 04/17 141
35 50 0.240 0.138 12/06 02/09 02/26 83
35 100 0.074 0.018 01/12 01,22 02/04 24
35 200 0.017 0.007 01/17 1
20 0.05 0.297 0.213 12/06 02/17 04/06 122
20 1 0.279 0.195 12/06 02/11 04 /04 120
20 2 0.264 0.182 12/06 02/11 04/02 118
20 5 0.223 0.148 12,06 02/11 03/22 107
20 10 0.170 0.099 12/20 02/11 03/07 78
20 20 0.104 0.042 12/24 02/09 02/16 55
20 50 0.030 0.008 61/17 01/17 01/21 6
20 100 0.007 0.003 01/17 1
20 200 0.001 0.001 01/17
Note, fixed parameters: Indoor temperature = 75°F

Vent area/ceiling area = 1/150
Insulation level = R-11
No vapor retarder
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Table 6.5. Moisture accumulation for Chicago.

Relative Total Peak Duration
Humidity, RB Water Water Start Peak Dry of Wetting,
% Perm 1b/ft2 lb/ft2 Date Date Date days
50 0.05 1.910 1.726 10/16 04/14 07/25 283
50 1 1.822 1.646 10/16 04/14 07/19 277
50 2 1.752 1.579 10/16 04/14 07/14 272
50 5 1.560 1.405 11/09 04,02 06/29 233
50 10 1.279 1.133 11/10 04/02 06/08 211
50 20 0.840 0.721 11/18 03/07 05/09 173
50 50 0.251 0.118 12/01 02/07 03/07 97
50 100 0,051 0.019 01/27 01/30 02/20 25

50 200 0.004 0.002 01/27 01/27 01/27

35 0.05 0,725 0.608 11/17 03/16 05/21 186
35 1 0.676 0.565 11/18 03/16 05/15 179
35 2 0.635 0.527 11/18 03/16 05/12 176
35 5 0.526 0.418 11/19 03/07 04/29 162
35 10 0.387 0.252 11/28 03/06 04,07 131
35 20 0.221 0.102 12/01 02/21 03/10 100
35 50 0.051 0.019 01/27 01/30 02/20 25
35 100 0.007 0.002 01/27 01/27 01/27

35 200 0.000 0.000

20 0.05 0.106 0.048 12/02 02/07 03/06 95
20 1 0.097 0.044 12/02 02/06 03/06 95
20 2 0.089 0.040 12/02 02/06 02/22 83
20 5 0.069 0.029 12/02 02/06 02/21 82
20 10 0.045 0.017 01/27 01/31 02/21 26
20 20 0.019 0.008 01/28 01/30 01/31 4
20 50 0.002 0.001 01/27 0L/27 01,27

20 100 0.000 0.000

Note, fixed parameters: Indoor temperature = 75°F
Vent area/ceiling area = 1/150
Insulation level = R-11
No vapor retarder
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Table 6.6. Molsture accumalation foxr St. Louis.

Relative Total Peak Duration

Humidity, RB Water Water Start Peak Dry of Wetting,
% Perm lb/ft? 1b/ft? Date Date Date days
50 0.05 1.461 1.223 10/19 04/02 06/17 242
50 1 1.385 1.143 10/30 03/31 06/11 225
50 2 1.325 1.073 10/30 03/31 06/17 221
50 5 1.159 0.866 10/30 03/31 05/15 208
50 10 0.927 0.625 11/09 02/17 05/12 175
50 20 0.605 0.343 11/10 02/16 04/11 143
50 50 0.191 0.060 12/04 01/12 02/13 72
50 100 0.033 0.006 01/10 01/10 01/11 2
50 200 0.001 0.001 01/10
35 0.05 0.499 0.280 11/10 02/16 04,/09 151
35 1 0.464 0.250 11/10 02/16 04/05 147
35 2 0.435 0.221 11/10 02/16 04,/02 144
35 5 0.359 0.136 11/30 02/15 03/31 122
35 10 0.266 0.072 12/11 01/13 02/18 80
35 20 0.151 0.048 12/05 01/12 02/14 72
35 50 0.031 0.007 01/10 01/12 02/09 31
35 100 0.002 0.001 01/10
35 200 0.000 0.000
20 0.05 0.061 0.020 12/18 01/12 02/11 56
20 20 0.009 0.002 02,09

Note, fixed parameters: Indoor temperature = 75°F

Vent area/ceiling area = 1/150
Insulation level = R-11
No vapor retarder
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Table 6.7. Moisture accumulation for Washington, DC.
Relative Total Peak Duration
Humidity, RB Water Water Start Peak Dry  of Wetting,

% Perm lb/fté lb/fté Date Date Date days
50 0.05 1.377 1.091 10/03 04/01 06/20 261
50 1 1.295 1.005 10/04 04,01 06/13 253
50 2 1.226 0.927 10/04 04/01 06/07 247
50 5 1.038 0.725 10/31 03/24 05/21 203
50 10 0.779 0.514 10/31 03,02 04/29 181
50 20 0.431 0.177 11/11 02/22 04/01 142
50 50 0.092 0.026 01/01 01/19 02/15 46
50 100 0.016 0.005 01/31

50 200 0.003 0.002 01/31

35 0.05 0.425 0.235 11/08 03/01 04/06 150
35 1 0.387 0.195 11/08 03,01 04/02 146
35 2 0.354 0.157 11/11 02727 04/01 142
35 5 0.272 0.088 12/16 02/22 03/09 84
35 10 0.178 0.044 12/30 01/20 02/27 60
35 20 0.085 0.023 01/15 01/19 02/05 22
35 50 0.014 0.004 01/31

35 100 0.003 0.002 01/31

35 200 0.000 0.000 01/31

Note, fixed parameters:

Indoor temperature = 75°F

Vent area/ceiling area = 1/150
Insulation level = R-11

No vapor retarder
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Table 6.8. Meisture accumulation for Knoxville.

Relative Total Peak Duration
Humidity, RB Water Water Start Peak Dry of Wetting,
% Perm lb/fté lb/fté Date Date Date days
50 0.05 1.003 0.682 11/07 03/10 05/17 192
50 1 0.935 0.607 11,07 03/10 05/12 187
50 2 0.878 0.536 11/07 03/10 05/08 183
50 5 0.728 0.373 11/07 02/24 04/12 157
50 10 0.533 0.161 11,07 01/24 03/26 140
50 20 0.289 0.051 11/18 01/12 02/21 96
50 50 0.054 0.018 01/05 01/18 01/20 16

50 100 0.006 0.002 01/16

50 200 0.000 0.000

35 0.05 0.288 0.051 11,/08 01/20 02/26 111
35 1 0.262 0.045 11/18 01/12 02/26 101
35 2 0.239 0.042 11/19 01/12 02/25 99
35 5 0.183 0.032 11/29 01/12 02/19 83
35 10 0.119 0.022 11/30 01/19 02/18 81
35 20 0.051 0.014 01/05 01/18 01/20 16
35 50 0.007 0.002 01/16

35 100 0.000 0.000

35 200 0.000 0.000

Note, fixed parameters: Indoor temperature = 75°F
Vent area/ceiling area = 1/150
Insulation level = R-11
No vapor retarder



77

Table 6.9, Moisture accumulation for Atlanta.
Relative Total Peak Duration
Humidity, RB Water Water Start Peak Dry of Wetting,
% Perm lb/fté lb/ft2 Date Date Date days
50 0.05 0.765 0.467 11/07 03/02 04/26 171
50 1 0.708 0.412 11/07 03/02 04/23 168
50 2 0.660 0.359 11/07 03/02 04/17 162
50 5 0.535 0.211 11/07 02/28 04/01 146
50 10 0.378 0.081 11/18 01/15 03/31 124
50 20 0.187 0.052 11/29 01/14 02/20 84
50 50 0.015 0.003 01/13
50 100 0.000 0.000
50 200 0.000 0.000
35 0.05 0.175 0.040 11/29 01/14 02/20 84
35 2 0.140 0.035 11/29 01/14 02/20 84
35 20 0.014 0.003 01/13

Note, fixed parameters:

Indocor temperature = 75°F
Vent area/ceiling area = 1/150
Insulation level = R-11
No vapor retarderxr

Table 6.10. Moisture accumulation for Portland, OR.
Relative Total Peak Duration
Humidity, RB Water2 Water2 Start Peak Dry of Wetting,
% Perm 1b/ft 1b/ft Date Date Date days
50 0.05 0.960 0.745 10/13 04/01 06/21 252
50 2 0.817 0.618 10/14 03/19 06/06 236
50 10 0.425 0.260 11/22 02/19 04/13 143
50 20 0.175 0.040 11/26 12/22 02/12 79
50 50 0.007 0.002 12/13
50 100 0.000 0.000 12/20
35 0.05 0.133 0.037 12/13 12/22 02/12 62
35 2 0.100 0.029 12/13 12/21 02/06 56
35 20 0.005 0.001 12/13

Note, fixed parameters:

Indoor temperature = 75°F
Vent area/ceiling area = 1/150
Insulation level = R-11
No vapor retarder
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Moisture accumulation for Waco, TX.

Relative Total Peak Duration
Humidity, RB Water Water Start Peak Dry of Wetting,
$ Perm lb/ft2 1b/ft2 Date Date Date days
50 0.05 0.520 0.144 11/08 02/24 03/23 136
50 2 0.442 0.100 11/09 062/17 03/17 129
50 10 0.239 0.030 12/01 01/31 03/15 105
50 20 0.111 0.019 12/29 01/31 02/13 57

50 50 0.006 0.001 01/16
50 100 0.000 0.000
35 0.05 0.106 0.013 12/18 01/06 02/14 59
35 2 0.083 0.011 12/19 01/06 02/14 58
35 20 0.006 0.002 01/05
Note, fixed parameters: Indoor temperature = 75°F
Vent area/ceiling area = 1/150
Insulation level = R-11
No vapor retarder
Table 6.12. Meisture accumulation for Phoenix.
Relative Total Peak Duration
Humidity, RB Water Water Start Peak Dry of Wetting,
3 Perm lb/fté 1b/ft2 Date Date Date days
50 0.05 0.300 0.060 12/10 01,07 02/23 76
50 1 0.262 0.050 12/27 01/07 02/23 59
50 2 0.229 0.043 12/27 01/06 01/13 18
50 5 0.153 0.026 12/27 01/01 01/08 13
50 10 0.078 0.011 12/28 12/31 01/02 6
50 20 0.022 0.003 12/31
50 50 0.000 0.000 12/31
50 100 0.000 0.000
50 200 0.000 0.000
35 0.05 0.034 0.003 12/31
35 2 0.022 0.002 12/31
35 20 0.000 0.000 12/31

Note, fixed parameters:

Indoor temperature = 75°F
Vent area/ceiling area = 1/150
Insulation level = R-11
No vapor retarder
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Table 6.13. Moisture accumulation for Los Angeles.

Relative Total Peak Duration
Humidity, RB Water Water Start Peak Dry of Wetting,
% Perm 1b/fté 1b/ft2 Date Date Date days
50 0.05 0.075 0.007 12/29 12/30 12/30 2

50 1 0.057 0.005 12/29

50 2 0.044 0.004 12/29

50 5 0.019 0.003 12/29

50 10 0.004 0.001 12/29

50 20 0.000 0.000 12/29

Note, fixed parameters: Indoor temperature = 75°F
Vent area/ceiling area = 1/150
Insulation level = R-11
No wvapor retarder
Table 6.14. Moisture accumulation for Miami.

Relative Total Peak Duration
Humidity, RB Water Water Start Peak Dry of Wetting,
% Perm 1b/ft2 lb/fté Date Date Date days
50 0.05 0.022 0.004 12/16
50 1 0.018 0.004 12/16
50 2 0.015 0.004 12/16
50 5 0.009 0.003 12/16
50 10 0.003 0.002 12/16

50 20 0.000 0.000

Note, fixed parameters:

Indoor temperature = 75°F
Vent area/ceiling area = 1/150
Insulation level = R-11

No wvapor retarder
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humidities and lower radiant barrier permeances. The runs for St.
louis show that there is a low potential for moisture problems with any
radiant barrier permeance if the relative humidity is 20 percent.
Because of this, the 20 percent level was not used for milder climates.
An abbreviated set of runs was performed for the 35 percent level for
climates milder than Knoxville, and no runs for this level were

performed for Los Angeles or Miami.

Figure 6.6 shows the peak amount of water plotted against heating
degree days for a relative humidity of 50 percent and for three radiant
barrier permeances. Figure 6.7 is a similar plot, except with a
humidity of 35 percent. Visually fitted curves have been drawn through
the points. Both figures show a good correlation between peak
condepsed water and heating degree days. The points at 4600 degree
days that appear to be below the curves are for Portland, OR. These

may be below the curves for the other locations hecause of the

particular climatic conditions that occur in the Pacific Northwest.

Figure 6.6 shows that with a 50 percent relative humidity, a
radiant barrier with a permeance of 0.05, which may be representative
of unperforated foil-type radiant barriers, has a high petential for
moisture problems in alwost all locations. Exceptions are Los Angeles
and Miami. For the more normal case of a 35 percent relative humidity,
this radiant barrier permeance would have a high potential for moisture
problems (greater than 0.15 pounds per square foot of condensed water)
for locations having greater than about 4500 heating degree days, and a
low potential (less than 0.03 pounds per square foot) for locations
with less than about 3000 heating degree days. Zones for high, medium,
and low potential for moisture problems with a 35 percent relative

humidity and a 0.05 perm radiant barrier are shown in Figure 6.8.

Increasing the radiant barrier permeance to 20, which may be
typical of the perforated type used in the Karns house experiments,
leads to much reduced potential for moisture problems. With a 50

percent relative humidity, there is a high potential for heating degree
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Fig. 6.8.

Regions for high, medium, and low potential for moisture
condensation problems with horizontal RB with perm of 0.03 and
with 35 percent indoor relative humidity.
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days above about 4500, and a low potential for degree days below about
3000, With a 35 percent relative humidity and a perm of 20, these
heating degree day figures are about 6500 and 5000.

Increasing the radiant barrier permeance to 100, which may he
typical of metallized spunbonded polyolefins, essentially eliminates
the potential for moisture problems, except in the coldest climates and

for the highest humidities.

6.3 EFFECT OF CONVECTIVE MOISTURE TRANSPORT

All of the calculations given above are based on diffusion of
water vapor through the ceiling. A bulk flow of moist air has the
potential to carry much larger quantities of water vapor. Although the
model has convective flow built into it, this feature has not been
exercised. This is largely because of a lack of data on air flow rates
through ceilings. In addition, while diffusive flow would exist over
the entire ceiling area, convective air flows would be expected to be
localized around areas where the ceiling is penetrated, for example, by
vents and light fixtures. The best policy would appear to be to locate

these penetrations and avoid placing radiant barriers over them.
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7.0 SUMMARY AND CONCLUSIONS

The model for the thermal performance of attics containing radiant
barriers has been modified to allow predictions of moisture
accumulation under horizontal radiant barriers. Flow of water vapor
both by vapor diffusion and by convective flow of moist air has been
included in the model. However, the convective flow portion has not

yet been exercised.

Ceiling heat flows predicted by the model have been compared with
those measured during the experiment at the Karns houses during the
winter of 1987-1988. Heat fluxes measured by three transducers showed
considerable variations that are thought to be due to local variations
in the insulation R-value. Considering the variations among the
transducers, the model predictions are felt to be in very yeasonable

agreement with the measured values.

The moisture accumulation model has been partially wvalidated by
comparing its predictions with observations of moisture accumulation
during the same experiments with the Karns houses. The model
predictions agree with the qualitative observations that the radiant
barrier often had visible condensation in the morning that usually
evaporated when the attic waymed up during the day. The model also
predicts the continuing buildup of moisture that was observed during a
very cold period of time. Quantitative predictions of amounts of
condensed moisture are within the right magnitude of weight changes
measured for blotter paper that was placed between the insulation and
the radiant barriers. Uncertainties in the permeances of the various
layers in the ceiling result in corresponding uncertainties in the

quantitative predictions.

Because of the uncertainties in permeances, it is comnsidered that
the model can be used for parametric studies and for development of
guidelines, but at this stage, it can't be used to predict actual

moisture condensation rates for a particular application with a high
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degree of certainty. Additional research is needed to measure and

document the permeances of various types of radiant barriers.

The thermal model has been used to estimate energy savings
potentials for various types of radiant barriers in various climates.
Using a prototypical ranch-style house, the attic/radiant barrier model
was used to predict hour-by-hour heat fluxes through the ceiling.

These heat fluxes were then brought into the DOE-2.1C model to estimate
whole house heating and cooling loads. The difference between similar
runs with and without a radiant barrier gave the load reductions due to
the radiant barrier. Using medium HVAC equipment efficiencies,
national average fuel prices, a 7 percent real discount rate, and
estimates of future fuel price increases, present value savings for

radiant barriers were estimated.

Present value savings estimates were made for: 1) clean horizontal
radiant barriers, 2) horizontal radiant barviers that gradually become
dusty over their life cycle, and 3) truss radiant barriers. These
estimates were made for 27 locations and for four levels of existing
attic insulation. As a byproduct of the calculations for radiant
barriers, estimates of present value savings for increasing insulation

levels (without radiant barriers) were also obtained.

Determination of cost-effectiveness of radiant barriers is
complicated because of the wide range of installed costs. Using a low
value of $0.15 per square foot of material, the model predicts that a
horizontal radiant barrier that remains clean is cost justified for
nearly all locations in the lower 48 states when applied over R-11
insulation. When applied over R-192 insulation, it is cost justified
only for the southern locations. When applied over R-30 or R-38

insulation, it is not cost justified in any of the locations studied.

Using data from the literature, which are admittedly sketchy, for
the rate of change of the emissivity of a horizontal radiant barrier

due to dusting, the model predicts that such a radiant barrier is cost-
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justified only for Phoenix when applied over R-11 insulation. It
should be noted that the performance of dusty horizontal radiant
barriers is a subject of considerable controversy, and additional
research is needed to define better the rates of emissivity change in
the field, and to define better the thermal performance as a function

of emissivity.

In agreement with most experiments, the model predicts that the
energy savings due to a truss radiant barrier are not as large as those
for a clean horizontal radiant barrier. In addition, since the gables
are also covered with radiant barrvier material in these applications,
the total area of the gables and the roof result in a requirement for a
larger amount of radiant barrier material than with the horizontal
application. When these factors are included, the ranges of locations
where truss radiant barriers are cost justified are somewhat smaller

than those identified for the clean horizontal radiant barrier.

All of the load reduction and economic calculations presented in
this report are based only on the impact of radiant barriers or ceiling
insulation on house loads caused by heat gains or losses through the
ceiling. Recent analytical work suggests that additional savings
should be attributed to radiant barriers that are installed in houses
where the HVAC ducts are run through the attic space. These additional
savings are due to changes in the attic air temperature caused by the
radiant barrier that result in changes in heat gains and losses by the
ducts. The amount of extra savings should be sensitive to the overall
characteristics of the house and the HVAC equipment. Because of the
many factors involved, further work is needed to analyze the impacts of
duct heat gains and losses. Also, experimental confirmation of the

analyses is needed.

The model with moisture effects included has been used to estimate
the hour-by-hour moisture accumulation on the undetrside of a clean
horizontal radiant barrier due to diffusion of water vapor through the

ceiling. The same prototypical ranch-style house that was used for the
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energy savings analyses was also used for the moisture analyses. Key
model predictions are the total amount of meisture that condenses on
the radiant barrier over the year, the peak of the hourly values, the
dates for start, peaking, and ending of condensation, and the duration
of wetting. The model only estimates the amounts of water that have
condensed or evaporated, It does not attempt to account for movement

of liquid water after it has condeunsed.

A two-level factorial design was run for Minneapolis to estimate
the relative influence on moisture accumulation due to the following
variables: indoor relative humidity, indoor temperature, radiant
barrier permeance, vent area, and insulation level. The most important
variable was found to be the relative humidity. The total condensed
water was 7 to 17 times higher with a relative humidity of 50 percent
than with a relative humidity of 20 pexcent. The second most important
variable was the radiant barrvier permeance, and the least important

variable was the vent area.

From the factorial runs, a worst case was identified that
corresponded to a 50 percent relative humidity, 75°F indoor
temperature, vent area to ceiling area ratio of 1/150, R-11 insulation,
and a radiant barrier permeance of 0.05. Additional runs showed that
the presence of a continuous polyethylene vapor retarder essentially

eliminated moisture condensation, even for this worst case.

Following this, a parametric study was performed to investigate
the influence of the two most important variables, the indoor relative
humidity and the radiant barrier permeance, on moisture accumulation in
11 climatic locations. These studies held the other parameters
constant: 75°F indoor temperature, vent area to ceiling area ratio of

1/150, R-11 insulation, and no vapor retarder.

Based on moisture content changes that could occur in the ceiling
joists due to sorption of water that condenses on the radiant barrier,

a high potential for moisture problems was defined as one where the
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peak condensed moisture exceeds 0.15 pounds per square foot, and a low
potential for moisture problems is one where this quantity is less than

0.03 pounds per square foot,

With these criteria, the results of the parametric runs showed
that with a 50 percent indoor relative humidity, a radiant barrier with
a permeance of 0.05, which may be representative of unperforated foil-
type radiant barriers, has a high potential for moisture problems in
all locations studied, except Los Angeles and Miami. For the more
normal case of a 35 percent relative humidity, a 0.05 perm radiant
barrier has a high potential for moisture problems for locations having
greater than about 4500 heating degree days, and a low potential for

locations with less than about 3000 heating degree days.

The potential for moisture problems is much reduced with a radiant
barrier having a permeance of 20, which may be representative of some
perforated foil-type radiant barriers. With an indoor relative
humidity of 50 percent, there is a high potential for moisture problems
for heating degree days above about 4500, and a low potential for
heating degree days below about 3000. With a 35 percent indoor
relative humidity, the corresponding heating degree day figures are
6500 and 5000.

With a radiant barrier having a permeance of 100, which may be
representative of metallized spunbonded polyolefin radiant barriers,
the potential for moisture problems is virtually eliminated, except for

the coldest climates and the highest indoor relative humidities.

While these modeling results may be used as a guide, there is a
need for further experimental verification. Both experiments under
controlled laboratory conditions and field experiments in very cold
climates would provide useful tests of the validity of the model

predictions.
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APPENDIX A

LISTING OF COMPUTER PROGRAM FOR ATTIG/RADIANT BARRIER MODEL
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C** *%
Cx% PROGRAM RBSOR1BO (RB1) ok
Cx *k

CrAtdhdd it b d bt bt e b A At A e A A A A AR A b e A b e sty
THIS PROGRAM CALCULATES THE HEAT TRANSFER THROUGH THE CEILING
BELOW A GABLED ATTIC HAVING A FIVE-SIDED CROSS SECTION
VERSION "B" IS USED WITH WEATHER DATA PROCESSED FROM WEATHER TAPES
BY THE DOE-2 PREPROCESSOR
THIS VERSION LIMITS THE MOISTURE CONTENT OF WOOD TO 30 PERCENT
ASSUMES THE AIR WITHIN THE ATTIC IS NOT WELL-MIXED
INCLUDES APPROXIMATE CALCULATIONS FOR LATENT HEAT EFFECTS
DUE TO MOISTURE ADSORPTION AND DESORPTION
THIS VERSION INCLUDES CONDENSATION OF MOISTURE ON A
HORIZONTAL RADIANT BARRIER
INCLUDES DIFFUSION OF WATER VAPOR AND CONVECTIVE FLOW
OF MOISTURE THROUGH THE CEILING
SURFACE TEMPERATURES ON INSIDE OR OUTSIDE, OR VENTILATION RATE
MAY BE SPECIFIED THROUGH KFLAG(I) = 1
NOMENCLATURE : _
N(I) = NUMBER OF CONDUCTION TRANSER FUNCTIONS FOR SURFACE I
U(I) = SURFACE-TO-SURFACE U-VALUE FOR SURFACE I
CR(I) = COMMON RATIO OF RESPONSE FACTORS FOR SURFACE I
BETA(I) = TEMPERATURE DEPENDENT COEFFICIENT FOR CONDUCTION
TRANSFER FUNCTIONS FOR SURFACE I
X(I,J), Y(I,J), Z(I,J) = CONDUCTION TRANSFER FUNCTIONS FOR
SURFACE I
SURFACES ARE NUMBERED AS (FOR NORTH-SOUTH RIDGE):
CEILING
EAST ROOF
= WEST ROOF
= SOUTH GABLE
NORTH GABLE
EAST EAVE WALL
= WEST EAVE WALL
ALF(I) = SOLAR ABSORPTANCE FOR SURFACE I
EO(I) = INFRARED EMITTANCE FOR OUTSIDE OF SURFACE I
EI(I) = INFRARED EMITTANCE FOR INSIDE OF SURFACE I
TIS(I,J) = INSIDE SURFACE TEMPERATURE FOR SURFACE I
TOS(1,J) = OUTSIDE SURFACE TEMPERATURE FOR SURFACE I
TA = AVERAGE TEMPERATURE OF AIR IN ATTIC
QI(I,J) = INSIDE HEAT FLUX FOR SURFACE I
QO(I,J) = OUTSIDE HEAT FLUX FOR SURFACE I
HCI(I) = CONVECTION COEFFICIENT FOR INSIDE OF SURFACE I
HR(I,K) = RADIATION INTERCHANGE COEFFICIENT FROM SURFACE I
TO SURFACE K
AA(I,J) = MATRIX OF COEFFICIENTS FOR SIMULTANEOUS EQUATIONS
BB(I) = KNOWN VECTOR FOR SIMULTANEOUS EQUATIONS
XXX(I) = SOLUTION VECTOR FOR SIMULTANEOUS EQUATIONS
QSOL(I) = SOLAR RADIATION INCIDENT ON SURFACE I
A(1) = AREA OF SURFACE I

[}

i

i

OO0 GOoO0O00000000000000000000000000000000O00c0
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G(I,K) = OVERALL RADIATION VIEW FACTOR FROM SURFACE 1 TO
SURFACE K
HCO(I) = CONVECTION COEFFICIENT ON OUTSIDE OF SURFACE T

HRO(I) = RADIATION COEFFICIENT ON OUTSIDE OF SURFACE I

R(I) = SURFACE-TO-SURFACE RESISTANCE FOR SURFACE T

AMC(I) = MOISTURE CONTENT (WEIGHT FRACTION) FOR SURFACE I

PERM(I) = MOISTURE PERMEANCE OF SURFACE I

AWRAT(I) = RATIO OF EXPOSED SURFACE AREA TO PROJECTED SURFACE
AREA FOR SURFACE I

AMASS(I) = MASS PER UNIT AREA OF SURFACE T THAT PARTICIPATES IS
MOISTURE EXCHANGE

AMW(I) = MOISTURE FLUX TOWARD SURFACE I

BMW(I) = TERM IN TAYLOR SERIES EXPANSION FOR MOISTURE FLUX

TS(I) = TEMPERATURE OF INSIDE OF SURFACE I

KFLAG = FLAG FOR SPECIFIED SURFACE TEMPERATURES

0 = PARAMETER NOT SPECIFIED

~ PARAMETER SPECIFIED

- 1,7 FOR TIS(IL,1)

- 8,14 FOR TOS(I-7,1)

~= 15 FOR VENTILATION RATE

AL = LENGTH OF ATTIC, FEET

W = WIDTH OF ATTIC, FEET

PITCHL = PITCH OF EAST ROOF, DEGREES

PITCH2 — PITCH OF WEST ROOF, DEGREES

ORIENT = ORIENTATION OF HOUSE

H1 = HEIGHT OF VERTICAL WALLS AT EAVES, FEET

Al — AREA OF INLET VENT, SQUARE FEET

A0 = AREA OF OUTLET VENT, SQUARE FEET

ITYPE — TYPE VENTS

)
If

I

[}

1 = SOFFIT AND RIDGE VENTS
2 = SOFFIT AND GABLE VENTS
3 = SOFFIT VENTS ONLY

QLAT = HEAT OF VAPORIZATION OF WATER, BTU/LBM

EXFIL = RATE OF FLOW OF AIR FROM HOUSE TO ATTIC, LB/HR

ALl ... AL7 = CHARACTERISTIC LENGTHS OF SURFACES 1 ... 7, FEET

TO ~ OUTDOOR TEMPERATURE, F

QSOLH ~ SOLAR RADIATION INCIDENT ON HORIZONTAL SURFACE
BTU/(HR. -SQ.FT.)

WS = WIND SPEED, MPH

DIR -~ WIND DIRECTION

HUM - OUTDOOR RELATIVE HUMIDITY, PERCENT

TI = INDOOR TEMPERATURE, F

HUMI = INDOOR RELATIVE HUMIDITY, PERCENT

VDOT = VENTILATTON RATE, CUBIC FEET PER HOUR

IVFLAG = FLAG FOR CALCULATING FLOW VELOCITY

0 = FLOW THROUGH BOTH SIDE OF ATTIC

1 = FLOW THROUGH ONE SIDE OF ATTIC

FLUX — MEASURED CEILING HEAT FLUX, BTU/(HR.-SQ.FT.)

TAIR - MEASURED ATTIC AIR TEMPERATURE, F

TEXIT = MEASURED EXIT AIR TEMPERATURE, F

H = HEIGHT, FEET

AMDOT = VENTILATION RATE, POUNDS PER HOUR

]
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AMCDOT = VENTILATION RATE TIMES SPECIFIC HEAT

V = CRUDE ESTIMATE OF AIR SPEED THROUGH ATTIC, FEET PER HOUR

ACH = AIR CHANGE RATE FOR ATTIC, AIR CHANGES PER HOUR
NEXT LINE ADDED FOR VERSION 1A
COMMON /CLOUD/CLDAMT, ICLDTY,CC
NEXT LINE ADDED FOR VERSION 1B
COMMON /HUMID/WO,PATM

DIMENSION N(7),U(7),CR(7),BETA(7),X(7,100),Y(7,100),Z(7,100)
DIMENSION ALF(7),EO0(7),EI(7),TIS(7,100),T0OS(7,100),TA(2)
DIMENSION QI(7,2),Q0(7,2),HCI(7),HR(7,7),AA(15,15),BB(15)
DIMENSION XXX(15),QS0L(7),A(7),G(7,7),HCO(7) ,HRO(7),R(7)
DIMENSION AMC(7),PERM(7),AWRAT(7),AMASS(7),AMW(7),TS(7)

DIMENSION BMW(7),KFLAG(15)
DATA TIS/700%75.0/,T0S/700%75.0/,AA/225%0.0/,TR/75.0/
DATA TA/2%75.0/,QL/14%0.0/,Q0/14%0.0/,BMW/7*0.0/

READ IN KFLAG
READ (5,%) (KFLAG(I),I=1,7)
READ (5,%) (KFLAG(I),I=8,14)
READ (5,%) KFLAG(15)
READ IN CONDUCTION TRANSFER FUNCTIONS
DO 100 I = 1,7
READ (5,%) N(I),U(I),CR(I),BETA(I)
M = N(I)
DO 100 J = 1,M
READ (5,%) X(I,J),Y(I,J),Z(I,J)

100 CONTINUE
DO 101 T = 1,7

101 R(I) = 1./U(I)

CONVENTION FOR CTF’S IS SAME AS USED IN TARP

CONVENTION FOR ATTIC MODEL IS THAT INSIDE SURFACES

FACE THE ATTIC SPACE

CTF'S FOR THE CEILING ARE CALCULATED FOR USE IN A

WHOLE HOUSE MODEL, WHERE THE OUTSIDE SURFACE FACES

THE ATTIC; THEREFORE, FOR USE INTERNAL TO THE ATTIC

MODEL, INTERCHANGE THE X'S AND THE Z'S
M = N(1)
DO 110 J = 1,M
XX = X(1,J)
X(1,3) = 2(1,J)
Z(1,J) = XX

110 CONTINUE

READ IN SOLAR ABSORPTANCES OF OUTSIDE SURFACES AND

EMITTANCES OF BOTH OUTSIDE AND INSIDE SURFACES
READ(S,%) (ALF(I), I = 1,7)
READ(5,%) (EO(I), I = 1,7)
READ(5,%) (EI(I), I = 1,7)

READ IN ATTIC GEOMETRY: LENGTH, WIDTH, PITCHES OF ROOF

SURFAGES (DEGREES), ORIENTATION ANGLE OF HOUSE

AND HEIGHT OF SIDE WALLS
READ (5,%) AL,W,PITCH1,PITCH2,ORIENT,H1

READ VENT INLET AND OUTLET AREAS, AND VENT TYPE

TYPE 1 = SOFFIT AND RIDGE VENTS
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TYPE 2 - SOFFIT AND GABLE VENTS
TYPE 3 = SOFFIT VENTS ONLY
READ(5,*) AI,AO,ITYPE
READ WATER VAPOR PERMEANCES OF ATTIC SURFACES
PERM = GRAINS PER (HR-FT2-INCH HG)
READ (5,%) (PERM(I),I~1,7),PERMRB

CONVERT PERM VALUES TO POUNDS PER (HR-FTZ2-PSIA)

DO 120 I = 1,7

120 PERM(T) = PERM(I)*(29.921/14.696) /7000,

PERMRB = PERMRB*(29.921/14.696)/7000.
READ RATIO OF TOTAL AREA OF EXPOSED WOOD TO GEOMETRICAL
PROJECTION OF SURFACE AREAS
READ (5,*%) (AWRAT(I),I-1,7)
READ WEIGHT OF WOOD PER UNIT PROJECTED AREA FOR EACH SURFACE
READ (5,%*) (AMASS(I),I=1,7)
READ INITIAL MOISTURE CONTENTS OF WOOD, WEIGHT FRACTION
READ (5,%) (AMC(I),I~1,7)
READ LATENT HEAT OF VAPORIZATION, BTU/LB
READ (5,*%) QLAT
READ RATE OF FLOW OF HOUSE AIR INTO ATTIC, POUNDS PER HOUR
READ (5,*) EXFIL
INITIALIZE WATER ON RADIANT BARRIER
WRB = 0.0
WRBTOT - 0.0
CALL VIEW2(AL,W,PITCHl,PITCH2,H1,EI,G,7)
CALCULATE CHARACTERISTIC LENGTHS AND AREAS OF SURFACES
CHAR. LENGTHS ARE TAKEN TO BE:
CEILING - AVERAGE OF LENGTH AND WIDTH
ROOF - DISTANCE FROM FAVE TO RIDGE
GABLE - AVERAGE HEIGHT
SIDE WALLS - HEIGHT
ALl = (AL+W)/2.
P1 = PITCH1%*3.14159265/180.
P2 — PITCH2#3.14159265/180.
P3 - 3.14159265 - Pl - P2
IP1 - PITCHL
I1P2 - PITCH2
IP3 - 180.0 - PITCH1 - PITCH2
IF(IP3.EQ.180) GO TO 5
AL2 = WXSIN(P2)/SIN(P3)
AL3 = W*SIN(P1)/SIN(P3)
AL4 = 0.5%(AL2*SIN(P1)) + H1

GO TO 6

5 AL2 = W/2.0
AL3 = W/2.0
AL4 = H1

6 ALS = AlA
AL6 = H1
AL7 = Hl
A(l) = AL*W

A(2) = AL*AL2
A(3) = AL*AL3



103

A(4) = W*AL4
A(5) = A(4)
A(6) = AL*H1

A(7) = ALxH1

CHAT XXX T AL XL E R AR b b b ek e e A o bk A A e e kA o bbb e v ke

sReNoNoNoNeoNeoNeNe!

o NeNeNeNe!

THIS BLOCK ADDED FOR VERSION 1A

READ LATITUDE, LONGITUDE, TIME ZONE, CLEARNESS NUMBER,

GROUND REFLECTANCE, AND FLAG FOR AMOUNT OF SOLAR DATA

TIME ZONE = 5 FOR EASTERN, = 6 FOR CENTRAL, ETC.

ISUN = 1, MEASURED TOTAL HORIZONTAL AND DIRECT AVAILABLE

ISUN = 2, MEASURED TOTAL HORIZONTAL ONLY AVAILABLE

ISUN = 3, NO MEASURED SOLAR, BUT MEASURED CLOUD COVER

NOTE, VERSION 1B EXPECTS ISUN = 1

IN VERSION 1B CLRNES WILL BE READ IN EACH HOUR
READ(5,%*) STALAT,STALON, ITIMZ, CLRNES,RHOG, ISUN
STALAT = STALAT*3.14159265/180.

SSTALA = SIN(STALAT)
CSTALA = COS(STALAT)
STALON = STALON*3,14159265/180.
ORIENT — ORIENT*3.14159265/180.

BAZIM = ORIENT*3.14159265/180.

SBAZIM = SIN(BAZIM)

CBAZIM = COS(BAZIM)
READ BEGINNING DAY OF YEAR AND HOUR OF DAY
DISABLED FOR VERSION 1B

READ(5,*) IDOY,IHR

IHR = IHR - 1

CALL SUN1(STALAT,IDOY)

O R AR o A b ol o ol ot ok st e st ot sl o b b b b b bbb b st ot bl b b b i b bbb e et e ke

C

READ LINE OF WEATHER DATA

CAREXRZAXXA XA TAXLLA XA A AX AL RALXXL XA A AT T LR TTLX XL 0N T 55050050000 %k k%

sReNeoNeNesRoNeNe Nl

c

c

NEXT 6 LINES DELETED FOR VERSION 1B
10 READ(5,*,END = 999) TO,QSOLH,WS,DIR,HUM,TI HUMI, (TIS(I,1),I-1,7),
& (TOS(I,1),I=1,7),VDOT, IVFLAG,FLUX, TAIR, TEXIT, CLDAMT, ICLDTY
RESTORE ESTIMATES FOR TEMPERATURES NOT SPECIFIED
DO 15 1 = 1,7 .
IF(KFLAG(I).EQ.0) TIS(I,1) = TIS(I,2)
15 IF(KFLAG(I+7).EQ.0) TOS(I,1) = TOS(I,2)
NEXT LINES ADDED FOR VERSION 1B, FIRST LINE OF DATA ARE FIXED
SECOND LINE IS HOURLY VALUES
READ(5,*) TI,HUMI,IVFLAG,VDOT
10 READ(10,* END=999) IDOY,IHR,TO,PATM,CLDAMT,DIR,WO,QSOLH,DIRSOL,
& ICLDTY, WS, CLRNES
NEXT LINE ADDED 10-11-89
IF(WO.LT.0.0001) WO = 0.00005
CONVERT WIND DIRECTION TO BUILDING FRAME OF REFERENCE
DIR = ORIENT - DIR
SET UP DUMMY OUTDOOR RELATIVE HUMIDITY, NOT USED IN PROGRAM
HUM = 50.0

CARAFAAFH T AR A1 A TR Aol bbb b b b b e vt ok b bbb b b e b b oot st st ke
CHRTXAXXX XX AR AL AT XA L AR AR AL AL ANE XA XXX AATXLAAI AR LT AT AT AT TR hA Lttt

c

THIS BLOCK ADDED FOR VERSION 1A
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C MODIFIED FOR VERSION 1B
G IHR = IHR + 1
C IF(IHR.GT.24) THEN
C IHR = THR - 24
C IDOY = IDOY + 1
IF(IHR.EQ.1) CALL SUN1(STALAT,IDOY)

C END IF
C NEXT LINE CHANGED FOR ALTERATION OF SUBROUTINE SKY IN VERSION 1B
C CALL SKY(TO,HUM, THR,CLDAMT, TCLDTY, TSKY)

CALL SKY(TO,IHR,CLDAMT,ICLDTY,TSKY)

TS2 = (((1.0 - COS(P1))/2.0%(TO+459.67)*%4)
& 4+ ((1.0 + COS(P1))/2.0%(TSKY+459.67)%*4))**0.25 - 459.67
TS3 = (((1.0 - COS(P2))/2.0%(T0+459.67)%%4)

& + ((1.0 + COS(P2))/2.0%(TSKY+459.67)%%4))**0.25 - 459.67
TSV = (0.5%(TO+459.67)%%4 + 0.5%(TSKY+459.67)*%4)**0.25 - 459.67
IF(ISUN.NE.1) DIRSOL = 0.0
CALL WDTSUN(IHR,ITIMZ,STALON,STALAT,SSTALA,CSTALA,SBAZIM, CRAZIM,
& CLRNES ,QSOLH, DIRSOL, ISUN)
C CALCULATE SOLAR LOAD ON EACH SURFACE
QSOL(1) = 0.0
QSOL(2) = SUN3OR(90.,PITCHI1,RHOG)
QSO0L.(3) — SUN3OR(270.,PITCH?,RHOG)
QSOL(4) = SUN3OR(180.,90.,RHOG)
QSOL(5) = SUN3OR(O.,90.,RHOG)
QSOL(6) = SUN3OR(90.,90.,RHOG)
QSOL(7) = SUN3OR(270.,90.,RHOG)
CriX x*k*k*****x********k**xxx*k*k**************************************
NIT = 1
C***************************k*******************************************
C CALCULATE ATTIC VENTILATION RATE AND FLOW VELOCITY
H = AL4 + AL2%SIN(P1)/2.0
20 CONTINUE
IF(KFLAG(15) .EQ.0) THEN
CALL VENT(TO,TA(1),WS,DIR,H,AI,AO, ITYPE, AMCDOT ,AMDOT, VDOT)

ELSE
C ASSUME VENTILATION RATES ARE BASED ON OUTSIDE AIR TEMPERATURE
AMDOT = VDOT#*22.0493/((T0+459.67)/1.8)
AMCDOT = AMDOT*(3.4763 + 1.066E-4%*((T0+459.67)/1.8))*0.068559
END IF
C ESTIMATE CRUDE FLOW VELOCITY
IF(IVFLAG.EQ.0) V = VDOT/(ALA4*AL)
IF(IVFLAC.EQ.1) V = VDOT*2.0/(ALA4*AL)
AMCDOT = AMCDOT/100.
AMDOT - AMDOT/100.
VDOT = VDOT/lOO.
= V/100.
ACH = VDOT/A(4) /AL
C*************************%*********k************************k*********
C CALCULATE CONVECTION COEFFICIENTS AT INSIDE SURFACES
CALL HCON(TIS(1,1),TA(1),0.0,AL1,1,V,HCI(1))
CALL HCON(TIS(2,1),TA(1),PITCHL,AL2,2,V, HCI(2))

QOO0

b
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CALL HCON(TIS(3,1),TA(1),PITCH2,AL3,2,V,HCI(3))
CALL HCON(TIS(4,1),TA(1),90.0,AL4,1,V, HCI(4))
CALL HCON(TIS(5,1),TA(1),90.0,ALS,1,V,HCI(5))
CALL HCON(TIS(6,1),TA(1),90.0,AL6,1,V,HCI(6))
CALL HCON(TIS(7,1),TA(1l),90.0,AL7,1,V,HCI(7))

C CALCULATE CONVECTION COEFFICIENTS AT OUTSIDE SURFACES
WS1 = WS*5280.
CALL HCON(TOS(1,1),TI,0.0,AL1,2,0.0,HCO(1))
CALL HCON(TOS(2,1),TO,PITCH1,AL2,1,WS1,HCO(2))
CALL HCON(TOS(3,1),TO,PITCH2,AL3,1,WS1,HCO(3))
CALL HCON(TOS(%4,1),T0,90.0,AL4,1,WS1,HCO(4))
CALL HCON(TOS(5,1),T0,90.0,AL5,1,WS1,HCO(5))
CALL HCON(TOS(6,1),T0,90.0,AL6,1,WS1,HCO(6))
CALL HCON(TOS(7,1),T0,90.0,AL7,1,WS1,HCO(7))

C CALCULATE RADIATION COEFFICIENTS AT INSIDE SURFACES
DO 200 I = 1,7
DO 200 J = 1,7
HR(I,J) = HRAD(G(I,J),TIS(I,1),TIS(J,1))

200 CONTINUE
C CALCULATE RADIATION COEFFICIENTS AT OUTSIDE SURFACES

HRO(1) = HRAD(EO(1),TOS(1,1),TI)
HRO(2) = HRAD(EO(?2),TO0S(2,1),TS2)
HRO(3) = HRAD(EO(3),TOS(3,1),TS3)
DO 250 I = 4,7

HRO(I) = HRAD(EO(I),TOS(I,1),TSV)

250 CONTINUE
C CALCULATE MOISTURE BALANCES, LATENT HEATS
IF(QLAT.LE.1.) THEN
DO 259 I = 1,7
AMW(I) = 0.0
BMW(I) = 0.0
259 CONTINUE
ELSE
DO 260 T = 1,7
260 TS(I) = TIS(I,1)
CALL MOISTM(TS,TO,TI,TA(1),HCI,A,AWRAT,AMC,AMASS, HUM, HUMI , PERM,
&  AMDOT,EXFIL,AMW, BMW,7,PERMRB,WRB,AMWRB, BMWRB, RHATC)
DO 270 I = 1,7
IF(AMC(I).LE.1.E-6.AND.AMW(I).LT.0.0) THEN
AMW(I) = 0.0
BMW(I) = 0.0
ELSE IF(AMW(I).LT.0.0.AND.ABS(AMW(I)).GT.(AMC(I)*AMASS(I))) THEN
FACT = ABS(AMC(I)*AMASS(T)/AMW(I))
AMW(I) = AMW(I)*FACT
BMW(L) = BMW(I)*FACT
ELSE
CONTINUE
END IF
270 CONTINUE
C NEXT 12 LINES ADDED FOR MOISTURE ON RB
IF(WRB.LT.1.E-6.AND.AMWRB.LT.0.0) THEN
AMWRB = 0.0
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BMWRB = 0.0
ELSE IF(AMWRB.LT.0.0.AND.ABS(AMWRB) .GT.WRB) THEN
FACT - ABS(WRB/AMWRB)
AMWRB = AMWRB*FACT
BMWRB = BMWRB*FACT
ELSE
CONTINUE
END IF
AMW(1) = AMW(1) + AMWRB
BMW(1) = BMW(1l) + BMWRB
END IF
C**v‘:***“ﬁc*****k****i‘*'k*'a'c"k******'kv'{'k****v‘c***********:‘:‘k*‘)‘v********)\’***k"k***k****
C SET UP MATRIX OF COEFFICIENTS IN HEAT BALANCE EQUATIONS
DO 300 I = 1,7
DO 300 J = 1,7
AA(T,J) = -HR(I,J)
300 CONTINUE
DO 310 I = 1,7
DO 305 J = 1,7
305 AA(L,I) = AA(T,T) + HR(I,J)
310 AA(I,I) = AA(I,I) + Z(I,1) + HCI(I)
C ADD IN LATENT HEAT TERMS
DO 315 1 = 1,7
315 AA(I,I) = AA(I,I) + BMW(I)*QLAT
C*******'k***)‘c*****‘k‘k‘k)‘c?\'*7\‘***7\‘*‘)’(7\"}‘:*****7\‘**7‘(‘***7‘:************v‘c****)’c‘k;’cv’c*v‘c***
DO 320 1 = 1,7
AA(T,I+7) = - Y(I,1)
AA(I,15) = -HCI(I)
AA(TH7,1I) = -Y(I,1)
AA(I47,147) = X(I,1) + HCO(I) + HRO(I)
320 AA(15,1) = A(I)*HCI(I)
C 3% % 3% 70 d e 3 3 3 d ok ob b 3 v o vl 2 s g b o ko o ot b e e X o X b e e s 0 e e e e e e e e b e sk e ke e o
Cl = 0.0
DO 330 I = 1,7
330 Cl = C1 + A(I)*HCI(I)
€21 = (AMCDOT + EXFIL*0.24)/Cl
IF(C2T.GT.0.02) €3 = EXP(-1./C2I) - 1.0
IF(C2I.LE.0.02) €3 = -1.0
AA(15,15) = -C1/(1. + C2I%*C3)
c*****“k******************7‘:7‘:***7\‘**)&'*********‘k'k*)’c*********"k)\‘?’c’a‘c?‘c*‘k****v’c*kv‘c*v’c
C SET UP VECTOR FOR RIGHT HAND SIDE OF HEAT BALANCE EQUATIONS
DO 400 I = 1,7
BB(T) = TR*(Z(L,1)-Y(I,1)) - CR(I)*QI(I,2)
BB(I) = BB(I) -BETA(I)/2.%(Z(I,1)*(TIS(I,1)-TR)**2
&  -Y(I,1)*(TOS(I,1)-TR)**2)
DO 400 J = 2,N(I)
400 BB(I)=BB(I)-Z(I,J)*(TIS(I,J)-TR)+Y(I,J)*(TOS(I,J)-TR)
& -BETA(I)/2.%(Z(I,J)*(TIS(I,J)-TR)**2
& -Y(I,J)*(TOS(I,J)-TR)**2)
C ADD IN LATENT HEAT EFFECTS
DO 405 I = 1,7
405 BB(I) = BB(I) + AMW(I)*QLAT + BMW(I)*QLAT*TIS(I,1)

I
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DO 410 I = 1,7

BB(I+7) = TR*(X(I,1)-Y(I,1)) + CR(I)*Q0(I,2)

BB(I+7) = BB(I+7) -BETA(L)/2.%(X(I,1)*(TOS(I,1)-TR)%*2

& -Y(I,1)*(TIS(I,1)-TR)**2)

DO 410 J = 2,N(I)

410 BB(I+7) = BB(I+7)-X(I,J)*(TOS(I,J)-TR)+Y(I,J)*(TIS(I,J)-TR)
& -BETA(I)/2.%(X(I,J)*(TOS(I,J)-TR)**2
& -Y(I,J)*(TIS(I,J)-TR)**2)

BR(8) = BB(8) + HCO(1)*TI + HRO(1)*TI

BB(9) = BB(9) + HCO(2)*TO + HRO(2)*TS2 + ALF(2)*QSOL(2)

BB(10) = BB(10) + HCO(3)*TO + HRO(3)*TS3 + ALF(3)*QSOL(3)

DO 420 1 = 4,7

420 BB(I+7) = BB(I+7) + HCO(I)*TO + HRO(I)*TSV + ALF(I)*QSOL(I)

BR(15) = (AMCDOT*TO + EXFIL*0.24%TI)*C3/(1.0 + C2I%*C3)
C***********************************************************************
C THIS SECTION DISABLED FOR VERSION 1B
C SKBIG = 1.E20
C DO 450 I = 1,7
C IF(KFLAG(I).EQ.0) GO TO 460
C AA(I,I) = AA(I,I)*SKBIG
c BB(I) = TIS(I,1)*AA(I,I)

C 460 IF(KFLAG(I+7).EQ.0) GO TO 450

c AA(T+7,1+7) = AA(I+7,1+7)*SKBIG

C BB(I+7) = TOS(I,1)*AA(I+7,1+7)

C 450 CONTINUE
C***********************************************************************
C SOLVE SYSTEM OF EQUATIONS

CALL SOLVP(15,AA,BB,XXX)
C***********************************************************************
C TEST FOR CONVERGENCE OF SOLUTION

EPS = 1.E-3

IFLAG = 0

DO 500 I = 1,7

500 IF(ABS(XXX(I)-TIS(I,1)).GT.EPS) GO TO 600

DO 510 I -~ 1,7

510 IF(ABS(XXX(I+7)-TOS(I,1)).GT.EPS) GO TO 600

IF(ABS (XXX(15)-TA(1)).GT.EPS) GO TO 600
C***********************************************************************

GO TO 700

600 IFLAG = 1
700 CONTINUE
C***********************************************************************
DO 800 I = 1,7
TIS(I,1) = XXX(I)
800 TOS(I,1) = XXX(I+7)

TA(l) — XXX(15)
C***********************************************************************

S1 = 0.0

DO 850 I = 1,7

850 S1 = S1 + A(I)*HCI(I)*TIS(I,1)
TE = AMCDOT*TO + EXFIL*0.24 + (S1 - C1*TA(l))
TE = TE/(AMCDOT + EXFIL)
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NIT = NIT + 1
IF(IFLAG.EQ.1.AND.NIT.LE.15) GO TO 20
C CALCULATE HEAT FLUXES
DO 900 I = 1,7
QI(I,1) = CR(I)*QI(I,2)
900 QO(T,1) = CR(I)*QO(T,2)
DO 950 I = 1,7
DO 950 J = 1,N(I)
QI(I,1) = QI(I,1) + Z(I,J)*(TIS(I,J)-TR)-Y(I,J)*(TOS(I,J)-TR)
& +BETA(L)/2.%(Z(1,J)*(TIS(I,J)-TR)**2-Y(I,J)*(TOS(L,J)-TR)**2)
950 QO(T,1) = QO(I,1) + Y(I,J)*(TIS(I,J)-TR)-X(I,J)*(TOS(I,J)-TR)
& +BETA(I)/2.%(Y(L,J)*(TIS(I,J)-TR)**2-X(I,J)*(TOS(T,J)-TR)**2)
C CALCULATE TOTAL CEILING HEAT FLOW
QCEIL = QO(1,1)*A(1)
CALCULATE NEW MOISTURE CONTENTS
DO 960 I = 1,7
AMG(I) = AMC(I) + AMW(I)/AMASS(I)
NEXT LINE ADDED 10-1-89
IF(AMC(I).GT.0.30) AMC(I) = 0.3
960 IF(AMG(I).LE.0.0) AMC(I) = 0.0
C NEXT TWO LINES ADDED FOR MOISTURE ON RB
WRB — WRB + AMWRB
IF(WRB.LE.0.0) WRB = 0.0
IF(AMWRB.GT.0.0) WRBTOT = WRBTOT + AMWRB

@]

9]

C WRITE OUT RESULTS

C MODIFIED FOR VERSION 1B

C WRITE(6,1001) TO,TOS(2,1),T0S(3,1),Q0(1,1),FLUX,TA(1l),TAIR,

C & TE, TEXIT,ACH,AMC(2) ,NIT,HCO(1) ,HRO(1),WRB,RHATC

C1000 FORMAT(2X,2F15.4,110)
C1001 FORMAT(1X,3F7.2,2F10.4,4F7.2,F15.4,F6.3,15,2F6.3,F10.6,F10.2)
c WRITE(6,1005) QO(1,1)
€1005 FORMAT (1X,F10.4)
WRITE(6,1006) QO(1,1)
1006 FORMAT(1X,F10.4)
C NEXT TWO LINES ADDED FOR MOISTURE ON RB
WRITE(7,1007) WRB,TIS(1,1)
1007 FORMAT (1X,F10.6,F7.2)
C UPDATE TEMPERATURES AND HEAT FLUXES FOR NEXT HOUR
DO 1100 I = 1,7
QI(I,2) = QI(I,1)
Q0(1,2) = QI(I,1)
DO 1100 J = 1,N(I)-1
TIS(I,N(I)-J+1) = TIS(T,N(I)-J)
1100 TOS(I,N(I)-J+1) = TOS(I,N(I)-J)
TA(2) = TA(1)

i

i

GO TO 10
999 sTOP
END
O T B LR Ty
CH* *%
G FUNCTION FMN wk

Cx% *%
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FUNCTION FMN(A,B,C,PHI)
THIS FUNCTION CALCULATES THE VIEW FACTOR BETWEEN TWO FINITE
RECTANGULAR PLATES SHARING AN EDGE
SEE APPENDIX A OF SPARROW AND CESS, CONFIGURATION 2
SEE ALSO A. FEINGOLD, PROC. ROY. SOC., A, VOL. 292, PP. 51-60 (1965)
VIEW FACTOR FROM PLATE 1 TO PLATE 2
A = WIDTH OF PLATE 2, C = WIDTH OF PLATE 1
B = LENGTH OF BOTH PLATES
PHI = ANGLE BETWEEN PLATES (RADIANS)
NUMERICAL INTEGRATION PERFORMED BY SIMPSON’S RULE
DIMENSION Q(65)
X = A/B
Y = G/B
SP = SIN(PHI)
S2P = SIN(2.*PHI)
CP = COS(PHI)
C2P = COS(2.*PHI)
Z = X*X + YXY - 2.*X¥Y4CP
DXI = Y/64.
DO 1 N = 1,65
ANMI = N - 1
XI = DXI*ANM1
E = SQRT(1. + XI*XI*SP*SP)
F = ATAN((X-XI*CP)/E) + ATAN(XI*CP/E)
1 Q(N) = E*F
AINT = Q(1) + 4.*Q(64) + Q(65)
DO 2 N =1,31
K = 2%N
2 AINT = AINT + 4.%Q(K) + 2.%Q(K+1)
FMN = CP*AINT#DXI/3.
E = SQRT(1.+X*X*SP*SP)
F = ATAN(X*CP/E) + ATAN((Y-X*CP)/E)
FMN = FMN + SP*S2P/2 . *X*EXF
FMN = FMN + X*ATAN(1./X) + Y*ATAN(L./Y)
& - SQRT(Z)*ATAN(Ll./SQRT(Z))
E=1. + X*X
F=1.+ Y*Y
FMN + (0.5 - SP*SP/4.)*ALOG(E*F/(1.42))
= FMN + SP*SP/4 % (Y*Y*ALOG(Y*Y*(1.+Z)/F/Z)
& + X*X*(ALOG(X*X/Z) + C2P*ALOG(E/(1.+Z))))
E = YAY*ATAN((X-Y*CP)/Y/SP) + X*X*ATAN((Y-X*CP)/X/SP)
FMN — FMN - S2P/4.*(X*Y*SP + (3.14159265/2. - PHI)
& * (X*X + Y*Y) + E)
FMN = FMN/3.14159265/Y
RETURN

END
G A bt A A b b 2 kb b d e b b b b ek s ot bbb b e S A e e e A oo o e A bk e e e o ke ekt

Ck Kk
Cx* FUNCTION FP *k
Cke %%
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FUNCTION FP(A,B,C)
C THIS FUNCTION CALCULATES THE VIEW FACTOR BETWEEN TWO FINITE EQUAL
C PARALLEL PIATES
C SEE APPENDIX A OF SPARROW AND CESS, CONFIGURATION 1
C A AND B = DIMENSIONS OF PLATES, C = SEPARATION OF PLATES

X = A/C
Y = B/C
D = SQRT(1.+X*X)
E = SQRT(1.+Y*Y)
F = SQRT(L.+X*X+Y*Y)
FP = ALOG(D*E/F) + Y*D*ATAN(Y/D) + X*E*ATAN(X/E)
& - YXATAN(Y) - X*ATAN(X)
FP = FP*2 . /(3.14159265%X*Y)
RETURN
END
[ R o i b i R e g G b g B L B L D . e B R R R X3
Gk Sk
CH SUBROUTINE HCON Kok
Cx% *k

(O R R e g b R e L R R P 3

SUBROUTINE HCON(TS,TA,PHI,AL,IFLAG,V, HC)
THIS SUBROQUTINE CALCULATES NATURAL CONVECTION HEAT TRANSFER
COEFFICIENTS BASED ON ISOLATED ISOTHERMAL FLAT PLATES
CALCULATES FORCED CONVECTION COEFFICIENTS AND TOTAL
CONVECTION HEAT TRANSFER COEFFICIENTS
SEE HOLMAN, 5TH EDITION, PP. 272-286
TS = SURFACE TEMPERATURE, F
TA = AIR TEMPERATURE, F
PHI = TILT ANGLE, DEGREES, O FOR HORTZONTAL, 90 FOR VERTICAL
AL = CHARACTERISTIC LENGTH OF SURFACE
IFLAG = 1 FOR SURFACE FACING UPWARD
IFLAG = 2 FOR SURFACE FACING DOWNWARD
V = ATIR SPEED, FEET PER HOUR
HCF = FORCED CONVECTION COEFFICIENT
HCN = NATURAL CONVECTION COEFFICIENT
HC = TOTAL CONVECTION COEFFICIENT

eEoNoNoNeNoNeoNoNoEoNONo N NONe NG

REAL NUS,K,MU,NU
DT = TS - TA
IF (IFLAG.EQ.2) DT = -DT
C CALCULATE FILM TEMPERATURE
TF = (TS+TA)/2.0
TFl = TF
IF(ABS(PHI).GT.1.E-3.AND.ABS(PHI-90.).GT.1.E-3)
& TF = TS - 0.25%(TS-TA)
IF(ABS(PHI).GT.1.E-3.AND.ABS(PHI-90.).GT.1.E-3)
& TF1 = TA + 0.25%(TS-TA)
TK = (TF+459.67)/1.8
C THERMAL CONDUCTIVITY OF AIR FROM EQUATION IN NBS CIRC. 564
C THERMAL COND. IN BTU/(HR-FT-F)
K = 0.6325E-5%SQRT(TK)/(1.4+(245.4%10 %% (-12./TK)) /TK)*241.77
C DYNAMIC VISCOSITY OF AIR FROM EQUATION IN NBS CIRC. 564
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C LB/(HR-FT)
MU = (145.8*%TK*SQRT(TK)/(TK+110.4))%*241 . 90E-7
C PRANDTL NUMBER, LINEAR REGRESSION FROM 220 K TO 360 K
C FROM NBS GIRC. 564
PR = 0.7880 - 2.631E-4*TK
C VOLUME EXPANSION COEFFICIENT OF AIR, 1/TABS, PERFECT GAS
BETA =~ 1./(TF14+459.67)
C DENSITY OF AIR, PERFECT GAS, NBS CIRC. 564, LB/CF
RHO = 22.0493/TK
C KINEMATIC VISCOSITY, FT2/HR
NU = MU/RHO
C SPECIFIC HEAT OF AIR, LINEAR REGRESSION FROM 220 K TO 360 K
C FROM NBS CIRC. 564, BTU/(LB-F)
CP = (3.4763 + 1.066E-4*TK)*0.068559
C RAYLEIGH NUMBER, LEADING COEFFICIENT IS
C  32.174%3600%3600, FT/HR2
RA = (4.16975E8)*BETA*RHO*CP*ABS (DT)* (AL**3) /NU/K
C BRANCH TO DIFFERENT CORRELATIONS DEPENDING UPON
C SURFACE ORIENTATION
IF(ABS(PHI).LE.1.E-3) €GO TO 100
IF(ABS(PHI-90.).LE.1.E-3) GO TO 200
IF(ABS(PHI).GT.1.E-3.AND.ABS(PHI).LT.2.) GO TO 300
TF(ABS(PHI).GT.2.0.AND.ABS(PHI-90.).GT.1.E-3) GO TO 400
C FOR HORIZONTAL SURFACES
100 IF(DT.LT.0.0) GO TO 150
NUS = 0.15%RA*+(1./3.)
IF(RA.LT.8.E6) NUS = 0.54%RA%%0.25
GO TO 1000
150 NUS = 0.58%RA%*0.2
GO TO 1000
C FOR VERTICAL SURFACES
200 NUS = 0,10%RA*+(1./3.)
IF(RA.LT.1.E9) NUS = 0.59%RA%%0.25
GO TO 1000
FOR NEARLY HORIZONTAL(UP TO 2 DEGREES TILT) SURFACES
300 IF(DT.GT.0.0) GO TO 450
NUS = 0.58%RA**0.2
GO TO 1000
C FOR TILTED SURFACES
400 IF(DT.GT.0.0) GO TO 450
NUS = 0.56%(RA*COS((90.-PHI)*3.14159265/180.))%*0.25
GO TO 1000
450 GRC = 10.0%%(PHI/(1.1870+0.0870*PHI))
IF(ABS(PHI).LT.15.) GRC = 1.E6
IF(ABS(PHI).GT.75.) GRC = 5.E9
GR = RA/PR
IF(GR.LE.GRC) NUS=0.56%(RA*COS((90.-PHI)*3.14159265/180.))*%0.25
IF(GR.GT.GRC) NUS = 0.14%(RA**(1./3.) - (GRC*PR)**(1./3.))
&  +0.56%(GRC*PR*COS ((90.-PHI)*3.14159265/180.))**0.25
GO TO 1000
1000 HCN — NUS*K/AL
C CALCULATE FORCED CONVECTION COEFFICIENT

[}
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C SEE HOLMAN, 5TH EDITION, PG. 191, EQN. 5-44, 5-46

C AND PG. 202, EQN. 5-85
RE = V*AL/NU
IF(RE.LT.5.E5) NUS = 0.664%(PR*%(1./3.))*SQRT(RE)
IF(RE.GT.5.E5) NUS = (PR%*(1./3.))%(0.037%(RE4*0.8)-850.)
HCF = NUS*K/AL

C COMBINE NATURAL AND FORCED CONVECTION COEFFICIENTS
C USING CHURCHILL’'S CORRELATION
C SEE J. HEAT TRANS., VOL. 108, PP. 835-840 (1986)
C ASSUME ASSISTING FLOW IN ALL CASES
HC = (HCF**3 + HCN**3)#*%(1./3.)
RETURN
END

R R R B R R T B D S R R T P P TR e
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C*x SUBROUTINE HMASS *k

Cx* *x

O R R R R R R T SR R T e DT e P e
SUBROUTINE HMASS(TS,TA,HC, HM)

C THIS SUBROUTINE CALCULATES THE MASS TRANSFER COEFFICIENT FOR
C MOISTURE TRANSFER BETWEEN A SURFACE AND MOIST ATR
C USING THE LEWIS RELATIONSHIP, AND EVALUATING ALL THERMOPHYSICAL
C PROPERTIES AS THOSE OF DRY AIR
¢ SEE HOLMAN, S5TH EDITION, PP. 494
C TS — SURFACE TEMPERATURE, F
C TA = AIR TEMPERATURE, F
¢ HC — CONVECTION HEAT TRANSFER COEFFIGIENT
C HM = MASS TRANSFER COEFFICIENT, LB/(HR-FT2)
C
REAL K
C CALCULATE FILM TEMPERATURE
TF ~ (TS+TA)/2.0
TK - (TF+459.67)/1.8
C THERMAL CONDUCTIVITY OF AIR FROM EQUATION IN NBS CIRC. 564

C THERMAL COND. IN BTU/(MR-FT-F)
K = 0.6325E-5%SQRT(TK)/(1.+(245.4%10 . %*(-12./TK)) /TK)*241 .77
C DENSITY OF AIR, PERFECT GAS, NBS CIRC. 564, LB/CF
RHO = 22.0493/TK
C SPECIFIC HEAT OF AIR, LINFAR REGRESSION FROM 220 K TO 360 K
C FROM NBS CIRC. 564, BTU/(LB-F)
CP = (3.4763 + 1.066E-4*TK)*0.068559
C CALCULATE THERMAL DIFFUSIVITY, FT2/HR
ALF - K/CP/RHO
C CALCULATE DIFFUSION COEFFICIENT FOR WATER VAPOR THROUGH AIR

¢ D - FT2/HR, SEE 1985 ASHRAE HANDBOOK, PG. 5.2

D = 0.035883/101.32%(TK**2.5)/(TK+245.0)

HM ~ HC/CP/((ALF/D)*%(2.0/3.0))

RETURN

END
G Ak A bt A b et s A b ok b b A b A A A R A R e e e ek R b e ok e otk
Cx *%
CHk FUNCTION HRAD ok
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C*xwn *%k
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FUNCTION HRAD(G,T1,T2)
C THIS FUNGCTION CALGULATES RADIATIVE COEFFICIENTS FOR HEAT BALANCE
C EQUATIONS
TIR = (Tl + 459.67)/100.
T2R = (T2 + 459.67)/100.
HRAD = 1.714E-3%(TIR*T1R+T2R*T2R)*(T1R+T2R)*G

RETURN

END
R ARt bl A b e b b e do b e bt o b b b b b bbb e b e o b b b o e e e ok oo et
Crt o
C*x* SUBROUTINE MOISTM *%
Cx+ %

Crek k¥t dd bbbl dob et b kb dod bbb bbb b b b b b b et e e b b e b A b b e e b ok
SUBROUTINE MOISTM(TS,TO,TI,TA,HCI,A,AWRAT,AMC,AMASS HUM,HUMI, PERM,
1 AMDOT,EXFIL,AMW,BMW,K, PERMRB,WRB, AMWRB , BMWRE , RHATC)
NEXT LINE ADDED FOR VERSION 1B
COMMON /HUMID/WO, PATM
THIS SUBROUTINE PERFORMS A MOISTURE BALANCE ON THE ATTIC SPACE
TS = SURFACE TEMPERATURE, DEGREES F
TO = OUTSIDE AIR TEMPERATURE
TI = INSIDE AIR TEMPERATURE
TA = ATTIC AIR TEMPERATURE
HCI = CONVECTION HEAT TRANSFER COEFFICIENTS
A = PROJECTED SURFACE AREAS
AWRAT = RATIO OF EXPOSED WOOD SURFACE AREAS TO PROJECTED AREAS
AMC = WOOD MOISTURE CONTENTS, FRACTION OF DRY WEIGHT
HUM = RELATIVE HUMIDITY OF OUTSIDE AIR
HUMI = RELATIVE HUMIDITY OF INSIDE AIR
PERM = WATER VAPOR PERMEANCES
AMDOT = MASS FLOW OF VENTILATION AIR
EXFIL = MASS FLOW OF AIR FROM HOUSE INTO ATTIC
AMW = MOISTURE ADSORBED PER UNIT PROJECTED AREA
BMW = COEFFICIENT OF LINEAR TERM IN TAYLOR SERIES
EXPANSION OF WS(I)
K = NUMBER OF SURFACES
PERMRB = WATER VAPOR PERMEANCE OF HORIZONTAL RADIANT BARRIER
WRB = AMOUNT OF WATER ACCUMULATED ON BOTTOM OF HORIZONTAL RADIANT
BARRIER, POUNDS PER SQUARE FOOT
AMWRB = AMOUNT OF WATER CONDENSED ON BOTTOM OF HORIZONTAL RADIANT
BARRIER, POUNDS PER SQUARE FOOT, DURING CURRENT HOUR
RHATGC = RELATIVE HUMIDITY IN ATTIC SPACE
DIMENSION TS(K),HCI(K),A(K),AWRAT(K),AMC(K), PERM(K) ,AMW(K)
DIMENSION WS(10),P(10),HM(10),AMASS(K) ,BMW(K)
EPS = 1.E-3
C CALCULATE HUMIDITY RATIOS AT WOOD SURFACES
DO 10 T = 1,K
10 WS(I) = WDHUM(AMG(I),TS(I))
C CALCULATE HUMIDITY RATIOS OF INSIDE AND OUTSIDE AIR
CALL PSY(TI,HUMI,PI,WI)
C NEXT LINE DISABLED FOR VERSION 1B
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CALL PSY(TO,HUM, PO,W0)
NEXT 2 LINES ADDED FOR VERSION 1B
XX = W0/0.62198
PO — PATM*XX/(1.0 + XX)
NEXT 2 LINES ADDED FOR MOISTURE ON RB
CALCULATE SATURATION VAPOR PRESSURE AT HORIZONTAL RADIANT BARRTER
CALL PSYL(TS(1),100.,PRBSAT,WRBSAT ,DWSDT)
CALCULATE MASS TRANSFER COEFFICIENTS
DO 20 I = 1,K
20 CALL HMASS(TS(I),TA,HCI(T),HM(I))
SET UP WATER VAPOR PARTIAL PRESSURES
P(1) = PI
DO 30 T = 2,K
30 P(I) = PO

CALCULATE HUMIDITY RATIO OF ATTIC AIR FROM MOISTURE BALANCE

PA = PO

NEXT 6 LINES ADDED FOR MOISTURE ON RB
PRB = PA + (PI-PA)*PERM{1l)/PERMRB
IF(WRB.GT.0.0) PRB = PRBSAT
IF(PRB.GT.PRBSAT) PRB = PRBSAT
NIT =~ O

100 X = 0.0

X = X + A(1)*(PERMRB*PRB + AWRAT(1)*HM(1)*WS(1))
DO 40 I = 2,K
X = X + A(I)*PERM(I)*P(I)
40 X = X + A(I)*AWRAT(I)*HM(I)*WS(I)
NEXT LINE DELETED AND FOLLOWING 8 LINES ADDED FOR MOIST. ON RB
X = X + AMDOT#WO + EXFILAWI
X = X + AMDOT*WO
IF(WRB.GT.0.0) THEN
X = X + EXFIL*WRBSAT
ELSE IF(WI.GE.WRBSAT) THEN
X = X + EXFIL*WRBSAT

ELSE
X = X + EXFIL*WI
END IF
NEXT 2 LINES DELETED AND FOLLOWING LINE ADDED FOR MOIST. ON RB
NIT = 0
100 Y = 0.0
Y = 0.0
DO S50 I = 1,K

50 Y = Y + A(I)*AWRAT(I)*HM(T)
Y = Y + AMDOT + EXFIL

NEXT LINE ADDED FOR MOIST. ON RB
Y = Y + A(1)*PERMRB*(PATM - PA)/0.62198

IN FOLLOWING, PATM HAS BEEN SUBSTITUTED FOR 14.696 IN VERSION 1B
DO 60 I = 2,K

60 Y = Y + A(I)*PERM(I)*(14.696 - PA)/0.62198

60 Y = Y + A(T)*PERM(I)*(PATM - PA)/0.62198
WA = X/Y
XX = WA/0.62198
PANEW = 14.696%XX/(1.0 + XX)
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PANEW = PATM*XX/(1.0 + XX)
¢ NEXT 3 LINES ADDED FOR MOIST. ON RB
PRBNEW = PANEW + (PI - PANEW)*PERM(1)/PERMRB
IF(WRB.GT.0.0) PRBNEW = PRBSAT
IF(PRBNEW.GT.PRBSAT) PRBNEW = PRBSAT
NIT = NIT + 1
IF (NIT.GT.10) GO TO 200
C NEXT LINE CHANGED FOR MOIST. ON RB
IF(ABS(L.-PANEW/PA) .LT.EPS.AND.ABS(1.-PRBNEW/PRB) .LT.EPS)
& GO TO 200
PA = PANEW
C NEXT LINE ADDED FOR MOIST. ON RB
PRB = PRBNEW
GO TO 100
200 CONTINUE
C CALCULATE WATER ADSORBED BY EACH SURFACE
DO 300 I = 1,K
300 AMW(I) = HM(I)*AWRAT (I)*(WA-WS(I))
C NEXT 4 LINES ADDED FOR MOIST. ON RB
AMWRB = 1./(1./PERM(1) - 1./PERMRB)*(PI - PRB)
& + PERMRB*(PA - PRB)
IF(WRB.GT.0.0.0R.WI.GE.WRBSAT)
&  AMWRB = AMWRB + EXFIL/A(l)*(WI - WRBSAT)
> CALCULATE CORRECTION TERM FOR TAYLOR SERIES EXPANSION OF
ADSORBED WATER
DO 310 I = 1,K
310 BMW(I) = HM(I)*AWRAT(I)*WS(I)/28.6
C NEXT 3 LINES ADDED FOR MOIST. ON RB
BMWRB = EXFIL/A(1)*DWSDT
CALL PSY(TA,100.0,PASAT,WASAT)
RHATC = PA/PASAT#100.0

QO

RETURN

END
O R L R L L L L LT TRy
X %
G SUBROUTINE PSY wk
C** *k
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SUBROUTINE PSY(T,HUM,P,W)
NEXT LINE ADDED FOR VERSION 1B

COMMON /HUMID/WO, PATM
THIS SUBROUTINE CALCULATES THE WATER VAPOR PARTIAL PRESSURE AND
THE HUMIDITY RATIO, GIVEN THE TEMPERATURE AND RELATIVE HUMIDITY
USING EQUATION FROM 1989 ASHRAE FUNDAMENTALS P.6.6
T = DRYBULB TEMPERATURE, DEGREES F
HUM = RELATIVE HUMIDITY, PERCENT
P - WATER VAPOR PARTIAL PRESSURE, PSIA
W = HUMIDITY RATIO, POUNDS OF WATER PER POUNDS OF DRY AIR

Cl = -10214.16462

€2 = -4.89350301

C3 = -0.537657944E-2

C4 = 0.192023769E-6

@]
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C5 = 0.355758316E-9

C6 = -0.0903446883E-12
C7 = 4.1635019

C8 = -10440.39708

€9 = -11.2946496

Cl0 = -0.027022355
Cll = 0.12890360E-4
Cl2 = -0.2478068E-8

€13 = 6.5459673

TR = T + 459.67

IF(T.GE.32.0) GO TO 10

X = C1/TR + C2 + G3*TR + CA4*TR*TR +CS*TR**34+C6*TR**4+C7*ALOG (TR)

GO TO 20
10 X = C8/TR + C9 + CLO*TR + CLL*TR*TR + C12#*TR**3 + C13*ALOG(TR)
20 PSAT = EXP(X)

DPSDT = PSAT*DXDT

P = (HUM/100.0)*PSAT
C W = 0.62198%P/(14.696-P)

W = 0.62198%P/(PATM-P)

RETURN

END
C7‘(‘k***}\'****************“k********k********)\“************‘X'k***‘k****"k**‘k*‘k'kv‘:
C*% *%
Cx* SUBROUTINE SOLVP *k
C**% * X

R R R R ek R e e e
SUBROUTINE SOLVP (I,C,D,X)

SUBROUTINE TAKEN FROM NBSLD

THIS SUBROUTINE SOLVES A SET OF SIMULTANEOUS LINEAR EQUATIONS

USING GAUSSIAN ELIMINATION

I = NUMBER OF EQUATIONS TO BE SOLVED

]

aaoaoaan

C = MATRIX OF COEFFICIENTS OF SET OF EQUATIONS
D = VECTOR ON RIGHT HAND SIDE OF EQUATTONS
X = SOLUTION VECTOR, CX = D

DIMENSION A(100,101),C(I,I),D(I),X(I)

M= 1

N=M4+1

DO 10 IX - 1,M

DO 10 IY = 1,M

10 A(IX,IY) = C(IX,IY)
DO 20 IZ = 1,M
20 A(IZ,N) = D(IZ)
L=1
30 AA = A(L,L)
DO 40 K = L,N
40 A(L,K) = A(L,K)/AA
DO 60 K = 1,M
IF (K.EQ.L) GO TO 60
AA = -A(K,L)
DO 50 1A = L,N
50 A(K,IA) = A(K,IA) + AA*A(L,TA)
60 CONTINUE
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L=L+1
IF (L.LE.M) GO TO 30
DO 70 IP = 1,M

70 X(IP) = A(IP,N)

*%
*%

RETURN
END
TR AR R A TR A R R e AT T S R R A A S R e e e A
G
C¥% SUBROUTINE VENT
G

*k

CAFFTR T XX AR ATT A% A0 b e b b b b bt bl e A o b kol b e e s e s e e e ot

GO0 000n0

[

SUBROUTINE VENT(TO,TA,WS,DIR,H,AI,AO, ITYPE,AMCDOT,AMDOT,V)

THIS SUBROUTINE CALCULATES THE VENTILATION RATE FOR A GABLED ATTIC

TO = OUTDOOR AIR TEMPERATURE, F
TA = AVERAGE ATTIC AIR TEMPERATURE, F
WS = WIND SPEED, MPH
DIR = WIND DIRECTION
H = HEIGHT OF ATTIC
AT = AREA OF VENT INLET, SQUARE FEET
AO = ARFA OF VENT OUTLET, SQUARE FEET
ITYPE = 1, SOFFIT AND RIDGE VENTS
ITYPE = 2, SOFFIT AND GABLE VENTS
ITYPE = 3, SOFFIT VENTS
AMCDOT = ATR MASS FLOW RATE TIMES SPECIFIC HEAT, BTU/HR-F
V = VOLUME FLOW RATE, CUBIC FEET PER HOUR
CALCULATE ABSOLUTE TEMPERATURES, R
TOR = TO + 459.67
TAR = TA + 459.67
CALCULATE DENSITIES AND SPECIFIC HEATS OF AIR
RHOO = 22.0493/(TOR/1.8)
RHOA =~ 22.0493/(TAR/1.8)
CP = (3.4763 + 1.066E-4*(TAR/1.8))*0.068559
DETERMINE MINIMUM VENT AREA AND MAXIMUM VENT AREAS
AMIN = AMIN1(AI,AO)
AMAX = AMAX1(AI,A0)
CALCULATE HEIGHT OF NEUTRAL PRESSURE LEVEL FROM LOWER OPENING
SEE PG. 22.3 OF 1985 ASHRAE HANDBOOK OF FUNDAMENTALS
HNPL = H/(1.+AI*ATI/AQ/AO*TAR/TOR)
IF(TAR.LT.TOR) HNPL = H/(1.+AI*AI/AO/AO*TOR/TAR)
CALCULATE FLOW DUE TO STACK EFFECT, SEE ASHRAE PG. 22.7

f

k

I

IF(TAR.GE.TOR) QSTACK = 0.65%AMIN®SQRT(2.0%32.174%3600.%3600.

& *HNPL* (TAR -TOR) /TAR)
IF(TAR.GE.TOR) AMSTACK — QSTACK*RHOO

IF(TAR.LT.TOR) QSTACK = 0.65%*AMIN*SQRT(2.0%32.174%3600.%3600.

& *HNPL* ( TOR-TAR) /TOR)
IF(TAR.LT.TOR) AMSTACK - QSTACK*RHOA
IF(ITYPE.EQ.3) QSTACK = 0.0
IF(ITYPE.EQ.3) AMSTACK = 0.0
CALCULATE FLOW DUE TO WIND PRESSURE, SEE ASHRAE PG. 22.6
QWIND = 5280.0%0.6*AMIN®WS
MULTIPLY BY EFFECTIVENESS COEFFICIENT DERIVED FROM
BURCH AND TREADO'S DATA FOR ATTIC VENTILATION
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C TYPE 1 = SOFFIT AND RIDGE VENTS

C TYPE 2 = SOFFIT AND ROOF VENTS, ASSUMED TO BE SAME AS SOFFIT AND
C GABLE VENTS

¢ TYPE 3 = SOFFIT VENTS ONLY

IF(ITYPE.EQ.1) CF = 0.38
IF(ITYPE.EQ.2) CF = 0.54
IF(ITYPE.EQ.3) THEN
IF(DIR.EQ.0.OR.DIR.EQ.180.) CF = 0.089
IF(DIR.NE.0.0.AND.DIR.NE.180.0)
& CF = 0.089 + 0.132%(ABS(SIN(DIR*3.14159265/180.)))*%2.5
END IF
QWIND = QWIND/O.6%*CF
AMWIND = QWIND*RHOO
C COMBINE STACK AND WIND FLOWS, SEE ASHRAE PG. 22.5
AMDOT = SQRT (AMSTACK*AMSTACK + AMWIND*AMWIND)
C CORRECT FOR UNEQUAL INLET AND OUTLET AREAS (ASHRAE PG. 22.7)
ARAT - AMIN/AMAX
AMDOT = AMDOT * (1.0 + 0.4077%(1.0-ARAT**1.5))
AMCDOT = CP*AMDOT
C CALCULATE VOLUME FLOW RATE, CUBIC FEET PER HOUR
V — AMDOT/RHOA

RETURN

END
R B e e
Cx* *k
CHx SUBROUTINE VIEWZ *%
Cx¥ *%

G R A o b o b o o oot e S s ook o ST b s b e S A R A b b b A A A Ak b e e At
SUBROUTINE VIEW2(AL,W,PITCH1,PITCH2, H1,EI,G,K)
THIS SUBROUTINE CALCULATES THE VIEW FACTORS AMONG THE SURFACES
IN A GABLED ATTIC, HAVING A FIVE-SIDED CROSS-SECTION, AND
HAVING ARBITRARILY PITCHED ROOF SURFACES
AL = LENGTH OF ATTIC
W — WIDTH OF ATTIC
PITCHL -~ PITCH OF SOUTH ROOF, DEGREES
PITCH2 = PITCH OF NORTH ROOF, DEGREES
Hl -~ HEIGHT OF SIDE WALL
SURFACE 1 - CEILING
SURFACE 2 = SOUTH ROOF (FOR E-W RIDGE)
SURFACE 3 = NORTH ROOF
SURFACE 4 — EAST GABLE
SURFACE 5 = WEST GABLE
SURFACE 6 = SOUTH SIDE WALL
SURFACE 7 — NORTH SIDE WALL
EI = EMITTANCE OF SURFACE FACING ATTIC SPACE
F(I,J) = RADIATION VIEW FACTOR FROM SURFACE 1 TO
SURFACE J
G(I,J) = RADIATION FACTOR
DIMENSION F(7,7),CHI(7,7),PSI(7,7),E(7),B(7),EI(K),G(7,7)
PI = 3.14159265
PIO2 = PI/2.0
P1 = PITCHI*PI/180.

OO0OO0O0O0O00O000000000000O00000
NOoOYWL S W N
|
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P2 = PITCH2*PI/180.
F(1,1) =
F(2,2)
F(3,3)
F(4,4) =
F(5,5) =
F(6,6) =
F(7,7) =
P3 = (180.-PITCH1-PITCH2)*PI/180.
IP1 = PITCH1

IP2 = PITCH2

IP3 = 180.0 - PITCH1 - PITCH?
IF(IP1.EQ.90.AND.IP2.EQ.90) STOP
IF(IP1.EQ.0.AND.IP2.NE.O) STOP
IF(IP1.NE.O.AND.IP2.EQ.0) STOP
IF(IPL.EQ.0) GO TO 20

A2 = W*SIN(P2)/SIN(P3)

A3 = W&SIN(P1)/SIN(P3)

A2EXT = H1/SIN(P1)

A3EXT = H1/SIN(P2)

[ |

DOOOODO O
QOO OQOOOO

IF(IP1.NE.90) W2EXT = H1/TAN(P1)
IF(IP1.EQ.90) W2EXT = 0.0

IF(IP2.NE.90) W3EXT = H1/TAN(P2)

IF(IP2.EQ.90) W3EXT = 0.0

A2P = A2 + A2EXT

A3P = A3 + A3EXT

W2P = W + W2EXT

W3P = W + W3EXT

IF(IP1.NE.90) F(1,2) = (W2P*FMN(A2P,AL,W2P,P1)
& +W2EXT*FMN (A2EXT, AL, W2EXT, P1)
& ~W2P*FMN(A2EXT ,AL,W2P, P1) -W2EXT*FMN(A2P AL, W2EXT, P1)) /W

IF(IP1.EQ.90) F(1,2) = FMN(A2P,AL;W,Pl)-FMN(H1,6AL,W,P1)
IF(IP2.NE.90) F(1,3) = (W3P*FMN(A3P,6AL,W3P,P2)

& +W3EXT*FMN (A3EXT , AL, W3EXT, P2)

& -W3P*FMN (A3EXT,AL,W3P, P2) -W3EXT*FMN (A3P, AL, W3EXT, P2)) /W
IF(IP2.EQ.90) F(1,3) = FMN(A3P,6AL,W,P2)-FMN(HL,AL,W,P2)
F(1,6) = FMN(H1,AL,W,PI02)

F(1,7) = FMN(H1,AL,W,PIO2)

F(1,4) = (1.0 - F(1,2) - F(1,3) - F(1,6) - F(1,7))/2.0
F(1,5) = F(1,4)

F(2,1) = WrxAL*F(1,2)/A2/AL

F(2,3) = FMN(A3,AL,A2,P3)
ANG = Pl + PIO2
IF(IP1.NE.90) F(2,6) = FMN(H1,AL,A2,6ANG)
IF(IP1.EQ.90) F(2,6) = 0.0
ANG = PIO2 - Pl
IF(IP1.EQ.90) GO TO 5
A2P = W/SIN(ANG)
A2EXT = A2P - A2
H1EXT = W/TAN(ANG)
H1P = H1 + H1EXT
C NEXT LINE ADDED 4-6-88
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IF(IP2.NE.90) THEN
F(2,7) = (A2P*FMN(H1P,AL,A2P,ANG)+tA2EXT+FMN (H1EXT,AL,A2EXT,ANG)

& -A2P*FMN(H1EXT,AL,A2P,ANG) -A2EXT*FMN (1P, AL,A2EXT,ANG) ) /A2
C NEXT 3 LINES ADDED 4-6-88
ELSE
F(2,7) = FMN(H1P,AL,A2,ANG) - FMN(HLEXT,AL,A2,6ANG)
END IF
GO TO 6
5 F(2,7) = ((A2+H1)*FP((A2+H1),AL,W)-HI*FP(HL, AL, W)-A2%¥FP(A2,AL,W))/
& 2.0/A2
6 F(2,4) = (1.0 - F(2,1) - F(2,3) - F(2,6) - F(2,7))/2.0

i

F(2,5) = F(2,4)
F(3,1) = WxAL*F(1,3)/A3/AL
F(3,2) = A2%AL¥F(2,3)/A3/AL
ANG = P2 + PIO2
IF(1P2.NE.90) F(3,7) = FMN(HL,AL,A3,ANG)
IF(IP2.EQ.90) F(3,7) = 0.0
ANG - PIO2 - P2
IF(IP2.EQ.90) GO TO 7
A3P - W/SIN(ANG)
A3EXT = A3P - A3
H1EXT = W/TAN(ANG)
H1P = H1 + H1EXT
C NEXT LINE ADDED 4-6-88
IF(IPL.NE.90) THEN
F(3,6) = (AIP*FMN(HLP,AL,A3P,6ANG)+A3EXT*FMN (H1EXT,AL,A3EXT,ANG)

[

& -A3P*FMN (HLEXT,AL,A3P,ANG) -A3EXT#FMN (H1P, AL, A3EXT,ANG)) /A3
C NEXT 3 LINES ADDED 4-6-88

ELSE

F(3,6) = FMN(HLP,AL,A3,ANG) - FMN(H1EXT,AL,A3,6ANG)

END IF

GO TO 8
7 F(3,6) = ((A3+H1)*FP((A3+H1),6AL,W)-HI*FP(H1,AL,W)-A3%FP(A3,AL,W))/
& 2.0/A3

8 F(3,4) = (1.0 - F(3,1) - F(3,2) - F(3,6) - F(3,7))/2.0
F(3,5) = F(3,4)
F(6,1) = WrAL*F(1,6)/Hl/AL
F(6,2) = A2%AL¥*F(2,6)/HL/AL
F(6,3) = A3*AL*F(3,6)/H1/AL
F(6,7) = FP(H1,AL,W)
F(6,4) = ( 1.0 - F(6,1) - F(6,2) - F(6,3) - F(6,7))/2.0
F(6,5) = F(6,4)
F(7,1) = WrAL*F(1,7)/H1/AL
F(7,2) = A2%AL*F(2,7)/H1/AL
F(7,3) = A3*ALAF(3,7)/H1/AL
F(7,6) = F(6,7)
F(7,4) = F(6,4)
F(7,5) = F(7,4)
F(4,1) = WRALXF(L,4)/(0.5%A2*SIN(P1)*W + W*H1)
F(4,2) = A2%ALXF(2,4)/(0.5%A2%SIN(P1)*W + W¥H1)
F(4,3) = A3YAL*F(3,4)/(0.5%A2%SIN(P1)*W + WxH1)
F(4,6) = HIXALYF(6,4)/(0.5%A2%SIN(PL)*W + WxH1)
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F(4,7)
F(4,5)
F(5,1)
F(5,2)
F(5,3)
F(5,4)
F(5,6)
F(5,7)

GO TO 5

F(1,2)
F(1,3)
F(1,4)
F(1,5)
F(1,6)
F(1,7)
F(2,1)
F(2,3)

X = W/2.0

g 8 8 & 8 & 1 ©f% K 0 0 8 0 % 4
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HL*AL*F(7,4)/(0.5%A2*SIN(P1)*W + W¥H1)

1.0 - F(4,1) - F(4,2) - F(4,3) - F(4,6) - F(4,7)
F(4,1)

F(4,2)

F(4,3)

F(4,5)

F(4,6)

F(4,7)

0.5*FP(W,AL,H1)
F(1,2)
FMN(H1,W,AL, PI0O2)
F(1,4)
FMN(H1,AL,W, P1I02)
F(1,6)

2.0%F(1,2)

0.0

F(2,6) = FMN(H1,AL,X,PIO2)

X = W/2.0

F(2,7)
F(2,4)
F(2,5)
F(3,1)
F(3,2)
F(3,4)
F(3,5)
F(3,6)
F(3,7)
F(4,1)
F(4,2)
F(4,3)
F(4,5)
F(4,6)
F(4,7)
F(5,1)
F(5,2)
F(5,3)
F(5,4)
F(5,6)
F(5,7)
F(6,1)
F(6,2)
F(6,3)
F(6,4)
F(6,5)
F(6,7)
F(7,1)
F(7,2)
F(7,3)
F(7,4)
F(7,5)

N I T T T T S N A R O R T A R A I N N T R A A R A A

H1% (FMN(W,AL, H1,PI02)-FMN(X,AL,H1,PI02)) /X
(1.0 - F(2,1) - F(2,3) - F(2,6) - F(2,7))/2.0
F(2,4)

F(2,1)

0.0

F(2,4)

F(2,5)

F(2,7)

F(2,6)

AL*F(1,4)/H1
(AL*W/2.0)*F(2,4) / (H1*W)
F(4,2)

FP(H1,W,AL)
FMN(AL,H1,W,PI0O2)

F(4,6)

F(4,1)

F(4,2)

F(4,3)

F(4,5)

F(4,6)

F(4,7)

WAF(1,6)/HL
(AL*W/2.0)*F(2,6) /(AL*H1)
(AL*W/2.0)*F(3,6)/(AL*H1)
WAF(4,6) /AL

F(6,4)

FP(H1,AL,W)

F(6,1)

F(6,3)

F(6,2)

F(6,4)

F(6,5)
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F(7,6) = F(6,7)

50 CONTINUE
DO 100 I
DO 100 J
100 CHI(I,J)
DO 200 I ,
200 CHI(I,I) = CHI(I,I) + 1./EI(I)
C INVERT CHI MATRIX TO OBTAIN PSI MATRIX
DO 500 L. - 1,7
DO 300 I = 1,7
E(I) -~ 0.0
300 IF(I.EQ.L) E(I) = 1.0
CALL SOLVP(7,CHI,E,B)
DO 400 T - 1,7
400 PSI(I,L) = B(I)
500 CONTINUE
DO 600 I = 1,7
DO 600 J = 1,7
600 G(I1,J) = PSI(L,J)*EI(I)/(l. - EI(I))

#

3

(

[}

f
e

- EI(L))*F(I,J)/EI(I)

i
~N =N

§

C DO 1000 I = 1,7
C1000 WRITE(6,2000) (F(1,J),J=1,7)
c WRITE(6,2000)
C DO 1001 I = 1,7
C1001 WRITE(6,2000) (CHI(I,J),J=1,7)
C WRITE(6,2000)
C DO 1002 T = 1,7
C1002 WRITE(6,2000) (PSI(I,J),J=1,7)
C WRITE(6,2000)
c DO 1003 T = 1,7
C1003 WRITE(6,2000) (G(I,J),J=1,7)
C WRITE(6,2000)
C2000 FORMAT(1X,7F10.4)
RETURN
END
(e ook A ok AR b R Akt R R R AR R R R R ok
Ch* K%
Gk FUNCTION WDHUM *%
Ca* *%

C*****k****v‘:**'kv‘c*k*‘k****‘k**v‘c‘k‘:‘ck7‘\'7‘:7‘:**v‘c“k7'(*k*-k:»‘c****'k*k****v\"k****v\‘*‘k***********'k
FUNCTION WDHUM(AMC,T)

C THIS FUNCTION CALCULATES THE HUMIDITY RATIO OF A WOOD SURFACE
C USING THE EQUATION FROM P. G, CLEARY (1985).
C WDHUM = HUMIDITY RATIO, POUNDS OF WATER PER POUND OF DRY AIR
C AMGC = WOOD MOISTURE CONTENT, FRACTION OF DRY WEIGHT OF WOOD
C T = WOOD SURFACE TEMPERATURE, DEGREES F

A = 28.6

B = -0.00049

¢C - 0.0172

D - -0.060

E = 0.076

WDHUM = B + C*AMC + D¥*AMC*AMC + E*AMC#*%3
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C NEXT LINE ADDED 11-2-88
IF(WDHUM.LT.0.0) WDHUM = 0.0
WDHUM = WDHUM * EXP(T/A)

RETURN

END
CHAF kAl oAb Sl ot bl e b b kb o oA b e b A o ek A b A ok Fob kb
C¥*¥* £33
C** SUBROUTINE SUN1 ok
Cx% Kk

O R B R R B R R e PSR S R e o
SUBROUTINE SUNI1(STALAT,IDOY)

C KW SUBROUTINE SUN1

C CALCULATES DAILY DATA ON SOLAR RADIATION

CKW SUBROUTINE BORROWED FROM DOE 2.1C WITH MODIFICATIONS

C

CKW  COMMON /LOCALD/STALAT,STALON,ITIMZ,BAZIM,BALTIT,

CKW 1 SSTALA,CSTALA, TSTALA, SBAZIM, CBAZIM,
CKW 2 BXORG, BYORG, SHCOEF , TP1, TP2 ,WSTP1,WSTP2,
CKW 3 WSHGT

CKwW DIMENSION LOCALD(18)
CKW EQUIVALENCE (LOCALD(l), STALAT)
COMMON /SUND/ISUNUP, GUNDOG,HORANG, TDECLN, EQTIME, SOLCON,

1 ATMEXT, SKYDFF , RAYCOS (3) ,RDN,

2 BSUN, DEGLN, €D, $D, FSUNUP
CKW  COMMON /TIME/IDOY,IDOW,IDSTF,ISCHR,ISCDAY,
CKW 1 IMO, IDAY, IYR, IHR,CLOCK(10) , THLFLG, IDSFLG,
CKW 2 MONDSC(12) ,MONLEN(12) ,MONSDA(12) , TEODMR

C GET SIN, COS OF DAY OF YFAR/365
Cl = COS(0.01721*FLOAT(IDOY))

S1 = SIN(O.01721*FLOAT(IDOY))
S2 = 2.%S1*Cl
C2 = Cl*Cl - S1#S1

C3 = CI*C2 - S1%52
53 = C1*S2 4+ 51*C2
C CALC TANGENT OF DECLINATION ANGLE
TDECLN = 0.00527 - 0.4001*C1l - 0.003996%C2 - 0.004240%C3
& + 0.0672%S1
C CALC EQUATION OF TIME
EQTIME = 0.696E-4 + 0.706E-2%Cl - 0.0533%C2 - 0,157E-2*(C3-0.122*S1
& ~0.156%82 - 0.556E-2%S3
C CALCULATE SOLAR CONSTANT
SOLCON = 368.44 + 24 .52%C1 - 1.14*C2 - 1.09%C3 + 0.58%51 - 0.18%82
& +0.28%*83
C 1F SOUTHERN HEMISPHERE, SHIFT AIRMASS AND ATMOSPHERIC
C EXTINCTION CURVES BY 6 MONTHS
IF(STALAT.GE.0.) GO TO 10

Cl = -C1
Sl = -51
c3 = -C3
S$3 = -83
10 CONTINUE

C CALCULATE ATMOSPHERIC EXTINCTION COEFFICIENT
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ATMEXT = 0.1717 - 0.0344%C1l + 0.0032%C2 + 0.0024%C3 - 0.0043%*S1
& -0.0008%53

C CALCULATE SKY DIFFUSIVITY

SKYDFF = 0.0905 - 0.0410%Cl + 0.0073%C2 + 0.0015%C3 - 0.0034%*51
& +0.0004%82 - 0.0006%S3

C CALCULATE HOUR ANGLE OF SUNRISE
C NEXT LINE ADDED BY K. WILKES

TSTALA = TAN(STALAT)

GUNDOG = ACOS(-TSTALA*TDECLN)
DECLN = ATAN(TDECLN)

CD - COS(DECLN)

SD = SIN(DECLN)

RETURN

END

G AT AR AR 0% kb e ol Aok st s e v b bt b 3 b b s o ol o b b e b oo e b de s ol e e destolee ok
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*%

SUBROUTINE WDTSUN *k
*k
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CKW
CKW
CKW
CKW
CKW
CKW
CKW
CKW
CKW
CKW
CKW
CKW
CKW
CKW
CKW
CKW
CKW
CKW
CKW
CKW
CKW
CKW
CKW
CKW
CKW
CKW
CKW
CKW
CKW

SUBROUTINE WDTSUN(IHR,ITIMZ,STALON,STALAT,SSTALA, CSTALA,SBAZIM,
& CBAZIM,CLRNES, SOLRAD,DIRSOL, ISUN)

SUBROUTINE WDTSUN
CALCULATE WEATHER DATA AND SUN HOURLY DATA
SUBROUTINE BORROWED FROM DOE 2.1C, WITH MODIFICATIONS
IHR == HOUR OF DAY
ITIMZ = TIME ZONE INDICATOR, = 5 FOR EASTERN, = 6 FOR CENTRAL, ETC.
STALON = LONGITUDE

STALAT = LATITUDE

SSTAILA = SIN OF LATITUDE

CSTALA = COSINE OF ILATITUDE

SBAZIM = SIN OF BUILDING AZIMUTH
CBAZIM = COSINE OF BUILDING AZIMUTH

CLRNES = ATMOSPHERIC GLEARNESS NUMBER
QSOLH = SOLAR RADTATION ON HORIZONTAL SURFACE
CLDAMT = CLOUD AMOUNT
ICLDTY = CLOUD TYPE
ISUN = FLAG FOR TYPE OF SOLAR DATA AVAILABLE
ISUN = 1, MEASURED TOTAL HORIZONTAL AND DIRKECT AVAILABLE
ISUN = 2, MEASURED TOTAL HORIZONTAL ONLY AVAILABLE
ISUN = 3, NO MEASURED SOLAR, BUT MEASURED CLOUD AMOUNT
RDNCC — DIRECT NORMAL SOLAR, WITH CLOUD COVER
BSCC = DIFFUSE WITH GCLOUD COVER
COMMON /CLCFLG/IFSTHR, IPRDFL, IGOLGE,NDD, IDDFLG, LDSTYP
COMMON /INFPAR/PTWV,DUMG(8),PSE
COMMON /LOCALD/STALAT,STALON, ITIMZ,BAZIM,BALTIT,

I

1 SSTALA,CSTALA, TSTALA,SBAZIM,CBAZIM,
2 BXORG,BYORG, SHCOEF,TP1,TP2 ,WSTP1 ,WSTP2,
3 WSHGT

DIMENSION LOCALD(18)

EQUIVALENCE (LOCALD(1), STALAT)

COMMON /SUND/ISUNUP,GUNDOG , HORANG , TDECLN , EQTIME , SOLCON,
1 ATMEXT , SKYDFF ,RAYCOS (3) ,RDN,
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2 BSUN, DECLN, CD, SD, FSUNUP
CKW  COMMON /TIME/IDOY,IDOW,IDSTF,ISCHR, ISCDAY,
CKW 1 IMO, IDAY, IYR, IHR,CLOCK(10) , IHLFLG, IDSFLG,
CKW 2 MONDSGC(12) ,MONLEN(12) ,MONSDA(12), IEODMR

CKW COMMON /WEATH/IWDID(5),LRECX,WLAT ,WLONG, LTIMZ, IFX, IWSIZ,

CKW 1 CLRNES, TGNDR, WBT , DBT, PATM, CLDAMT , ISNOW, IRAIN,
CKW 2 IWNDDR , HUMRAT , DENSTY, ENTHAL, DIFSOL, DIRSOL, SOLRAD, ICLDTY,
CKW 3 WNDSPD, IDUMMY , DPT, WNDDRR , CLDCOV , RDNCC, BSCC, SKYA,
CKW &4 DBTR,GTEMP(12),CLR(12)

CKW NEXT TWO COMMONS ADDED BY K. WILKES
COMMON /SUN2/RDNCC,BSGC
COMMON /CLOUD/CLDAMT, ICLDTY, CC
CKW  IF(NDD.GT.0) GO TO 50
¢ IF NOT DESIGN DAY, GET WEATHER DATA FROM THE HOURLY WEATHER FILE
CKW  CALL WEATHI
CKW GO TO 60
C OTHERWISE, GET DESIGN DAY WEATHER
CKW50 CALL DESWTH
CKW60 CONTINUE
C CONVERT WIND DIRECTION FROM 16THS OF CIRCLE TO RADIANS
CKW  WNDDRR = FLOAT (IWNDDR)*0.39269908
C  CALCULATE PRESSURE DUE TO WIND VELOCITY
CKW  PIWV = 0.000638*WNDSPD*WNDSPD
C SET RADIATION LOSS TO SKY FOR TILT = O
CKW  SKYA = (10. - CLDAMT)*2.
C CALCULATE HOUR ANGLE
HORANG = 0.2618%(FLOAT(IHR-12+ITIMZ) + EQTIME - 0.5) - STALON
C SET TEST TO BE THE HOUR ANGLE OF THE BIN EDGE NEAREST NOON
TEST = HORANG + 0.1309
IF(IHR.GE.12) TEST = HORANG - 0.1309
C IF SUN IS DOWN, SKIP
IF(ABS(TEST).GT.ABS(GUNDOG)) GO TO 1800
C SUN IS UP. SET FLAG
ISUNUP = 1
C TEST TO SEE IF THIS HOUR BIN CONTAINS SUNRISE OR SUNSET
FSUNUP = 1
DIFF = ABS(GUNDOG) - ABS(TEST)
IF((DIFF.LT.0.) .OR. (DIFF.GE.0.2618)) GO TO 200
C RESET THE HOUR ANGLE MALF WAY BETWEEN SUNRISE OR
SUNSET AND THE BIN EDGE NEAREST NOON
IF(IHR.LT.12) HORANG = HORANG + 0.5%(0.2618 - DIFF)
IF(IHR.GE.12) HORANG = HORANG - 0.5%(0.2618 - DIFF)
C SET FSUNUP TO BE THE FRACTION OF THE HOUR THE SUN WAS UP
FSUNUP = 3.8197*DIFF
200 CONTINUE
CHCD = COS (HORANG)*CD
SHCD = SIN(HORANG)*CD
CLSD = SD*CSTALA
CHCDSC = CHCD*SSTALA - CLSD
C CALCULATE SOLAR DIRECTION COSINES
RAYCOS(1) = CHCDSC*SBAZIM - SHCD*CBAZIM
RAYCOS(2) ~ -CHCDSC*CBAZIM - SHCD*SBAZIM

9]
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RAYCOS(3) = SSTALA*SD + CSTALA*CHCD

CKW
CKW NEXT LINE ADDED BY K. WILKES

[sReNeEONe]

Cl
C2

CAL
NO

IBM
PRO

IF(RAYCOS(3).LT.0.001) GO TO 1800
IF((IFX.GE.5) .AND. (NDD.LE.0)) GO TO 2000

IF(ISUN.EQ.1) GO TO 2000

CULATE DIRECT NORMAL AND DIFFUSE RADIATION FOR SKY WITH
CLOUDS

MACHINE PROBLEM WITH EXPONENT UNDERFLOW FOR EXP( ).

BABLE CAUSE < RAYCOS(3) VERY SMALL --> ARGUMENT VERY LARGE,

FIX < CHECK ARGUMENT FOR LARGE NEGATIVE NUMBER. RDN = 0 IF SO.

LET
1

2

ARGUE = -ATMEXT/RAYCOS(3)
IF(ARGUE.LT.-50.0) GO TO 1

RDN = SOLCON*CLRNES*EXP(ARGUE)

GO TO 2

WRITE(6,3)

FORMAT ( * >>>>NOTE<WILL HAVE EXPONENT UNDERFLOW. RESULT 0')
'S NOT PRINT OUT ANY MESSAGE (JUST A NUISANCE<)
CONTINUE

RDN = 0.0

CONTINUE

BSUN = RDN*SKYDFF/(CLRNES*CLRNES)

CKW NEXT LINE ADDED BY K. WILKES

IF(ISUN.EQ.2) GO TO 4000

C GET CLDCOV, THE CLOUD COVER MODIFIER

CALL CCM
CLDCOV = CC
IF(CLDAMT.LE.0.001) CLDCOV = 1.0

C GET DIRECT NORMAL AND DIFFUSE FOR A CLOUDY DAY

SOLRAD = (RDN*RAYCOS(3) + BSUN)*CLDCOV*FSUNUP
RDNCC = FSUNUP#*RDN*(1.0-0.1*CLDAMT)

BSCC = SOLRAD - RDNCC*RAYCOS(3)

BSCC = AMAX1(BSCC,0.)

GO TO 3000

CKW NEXT 9 LINES ADDED BY K. WILKES
4000 IF((RDN*RAYCOS(3) + BSUN).LF.SOLRAD) THEN

CLDCOV = 1.0
ELSE
CLDCOV = SOLRAD/( (RDN*RAYCOS(3) + BSUN)*FSUNUP)
END IF
CC = CLDCOV
AL = RAYCOS(3)
CALL CCMINV(CLDCOV,AL,CLDAMT)
RDNCC = FSUNUP*RDN*(1.0 - CLDAMT/10.0)
BSCC = SOLRAD - RDNGC*RAYCOS(3)
BSCC - AMAX1(BSCC,0.)

GO TO 3000
C SUN DOWN
1800 ISUNUP = O
RDN = O.
BSUN = 0.
CLDCOV = O.

RDNCC = O,
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BSCC =
SOLRAD
DIRSOL
DIFSOL = 0.

RAYCOS(3) = O.
GO TO 3000
2000 CONTINUE

C USE MEASURED SOLAR DATA

RDN = O.

BSUN = 0.

RDNCC = DIRSOL

BSCC = SOLRAD - DIRSOL*RAYCOS(3)

C IF(IFX.GE.7) BSCC = DIFSOL
IF(BSCC.LT.0.) BSCC = 0.

3000 CONTINUE

O

0.
0.

#

RETURN

END
G e Ak Tk e A sk Aok Sk e A A e R AR AR AR AR R R A R A AR R kAR Rk
Cx¥ xk
Cx¥ SUBROUTINE CCM *%
Cx¥ *%
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SUBROUTINE CCM
CKW SUBROUTINE BORROWED FROM DOE 2.1C, WITH MODIFICATIONS
CKW CALCULATE CLOUD COVER MODIFIER AS A FUNCTION OF CLOUD
CKW TYPE, CLOUD AMOUNT, AND SOLAR ALTITUDE
COMMON /SUND/ISUNUP, GUNDOG, HORANG, TDECLN, EQTIME, SOLCON,
1 ATMEXT, SKYDFF,RAYCOS(3) ,RDN,
BSUN,DECLN,CD, SD, FSUNUP
CKW COMMON /WEATH/IWDID(5),LRECX,WLAT,WLONG,LTIMZ,1FX,IWSIZ,

Mo

CKW 1 CLRNES, TGNDR ,WBT,DBT, PATM, CLDAMT, ISNOW, IRAIN,
CKw 2 IWNDDR ,HUMRAT , DENSTY , ENTHAL, DIFSOL, DIRSOL, SOLRAD, ICLDTY,
CKW 3 WNDSPD, IDUMMY,DPT,WNDDRR, CLDCOV ,RDNCC, BSCC, SKYA,
CKW 4 DBTR,GTEMP(12),CLR(12)

REAL ICLD
CKW EQUIVALENCE (ICLD,CLDAMT), (ICLTP,ICLDTY)
CKWw 1 , (CLDCOV,CC ), (AL,RAYCOS(3))

CKW NEXT FOUR LINES ADDED BY K. WILKES
COMMON /CLOUD/CLDAMT, ICLDTY,CC
ICLD = CLDAMT
ICLTP = ICLDTY
AL = RAYCOS(3)

SQ = ICLD*ICLD
J = ICLTP + 1
IF(J-2) 130,100,160

C CLOUD TYPE 1

100 IF(AL.GT.0.707) GO TO 120

C LOW SUN
CC = 0.598+0.00026*%ICLD+0.00021%5Q-0.00035*ICLD*SQ
RETURN

C HIGH SUN
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120 CC = 0.908-0.03214*TCLD+0
RETURN

CLOUD TYPE O

130 IF(AL.GT.0.707) GO TO 150

LOW SUN
CC = 0.849-0.01277*1CLD+0
RETURN

HIGH SUN

150 CC = 1.010-0.01394*1CLD+0
RETURN

CLOUD TYPE TWO

160 IF(AL.GT.0.707) GO TO 180
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.0102*SQ-0.00114*ICLD*5Q

.00360%5Q-0.00059*ICLD*SQ

.00553*5Q-0.00068*ICLD*5Q

C 1LOw SUN

CC = 0.724-0.00625*ICLD+0,00191*5Q-0.00047*ICLD*5Q

RETURN
C HIGH SUN

180 CC = 0.959-0.02304*ICLD+0.00787%5Q-0.00091*ICLD*SQ

RETURN

END
R R R Rk k& B e T r T
Cx* *%
Cx¥ FUNCTION SUN3OR *%
CHx *%

R R B R B ]
FUNCTION SUN3OR(WA,WT,RHOG)

Q0

THIS FUNCTION CALCULATES THE SOLAR RADIATION INCIDENT ON A TILTED

SURFACE

ADAPTED FROM SUBROUTINE SUN3 IN DOE 2.1C
COMMON /SUND/ISUNUP,GUNDOG , HORANG, TDECLN, EQTIME, SOLCON,
1 ATMEXT , SKYDFF ,RAYCOS (3) ,RDN,
2 BSUN,DECLN,CD, SD, FSUNUP
COMMON /SUN2/RDNCC,BSCC
PT = 3.14159265
BG == RHOG*(BSCC + RDNCC*RAYCOS(3))
IF(ABS(WT).GT.0.1) GO TO 110

TILT = O
GAMMA = 1.0
SWT = 0.
ETA = RAYCOS(3)
GO TO 240

110 IF(ABS(WT - 90.).GT.0.1) GO TO 130

TILT = 90 DEG.
GAMMA = 0.0
SWr - 1.0
GO TO 140
OTHERWISE
130 GAMMA = COS(WT*PI1/180.)
SWT = SIN(WT*PI1/180.)
140 CONTINUE

IF(ABS(WA).GT.0.1) GO TO 150

0
0.

AZIMUTH
SWa

4

I
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CWA = 1.0
GO TO 230
150 IF(ABS(WA-90.).GT.0.1) GO TO 160
AZIMUTH = 90 DEG.
SWA = 1.0
CWA = 0,
GO TO 230
160 IF(ABS(WA-180.).GT.0.1) GO TO 170
AZIMUTH = 180 DEG
SWA = 0.0
CWA = -1.0
GO TO 230
170 IF(ABS(WA-270.).GT.0.1) GO TO 180
AZIMUTH = 270 DEG.
SWA = -1.0
CWA = 0.0
GO TO 230
OTHERWISE
180 SWA = SIN(WA*PI/180.)
CWA = COS(WA*PI/180.)
CALCULATE ETA IN GENERAL CASE
230 ETA = (RAYCOS(1)*SWA + RAYCOS(2)*CWA)*SWT
& + RAYCOS (3)*GAMMA
ETA > 0 MEANS NO DIRECT SOLAR
240 IF(ETA.GT.0.) GO TO 260
RDIR = 0.
GO TO 270
CALCULATE DIRECT RADIATION ON WALL
260 RDIR = RDNCC*ETA
270 FFG = (1.0 - GAMMA)*0,5
FFS = 1.0 - FFG
RDIF = FFS*BSCC + FFG*BG
SUN3OR = RDIF + RDIR

Ckk

RETURN

END
R xR B B R R N R T B
Gk SUBRQUTINE CCMINV

Cx*
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SUBROUTINE CCMINV(CLDCOV,AL,CLDAMT)

C THIS SUBROUTINE CALCULATES THE CLOUD AMOUNT FROM THE CLOUD COVER,
C ASSUMING TYPE 2 CLOUDS

IF(AL.GT.0.707) GO TO 100

C 1LOW SUN

IF(CLDCOV.GE.1.0) THEN
CLDAMT = 0.0
ELSE IF(CLDCOV.GE.0.71919) THEN
CLDAMT = (1.0 - CLDGOV)/(1.0 - 0.71919)
ELSE IF(CLDCOV.LE.0.3825) THEN
CLDAMT = 10.0
ELSE
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Y0 = CLDCOV
K = 1
= 9. 995
10 XKP1l = - (0.724-0.00625%XK+0.00191*XK*XK-0.00047*XK*XK*XK
& -YO)/(-0.00625+2.*0.00191*XK-3.*0.00047*XK*XK)
IF(ABS(XKP1-XK).GE.0.01) THEN
XK = XKP1l
K=K+1
IF(K.GT.25) STOP 'ERROR IN CCMINV’
GO TO 10
ELSE
CLDAMT = XKP1
END IF
END IF
GO TO 200
C HIGH SUN
100 IF(CLDCOV.GE.1.0) THEN
CLDAMT = 0.0
ELSE IF(CLDCOV.GE.0.94292) THEN
CLDAMT = (1.0 - CLDCOV)/(1.0 - 0.94292)
ELSE IF(CLDCOV.LE.0.6056) THEN
CLDAMT = 10.0

ELSE
YO = CLDCOV
K=1
XK = 9,995
20 XKP1 = XK - (0.959-0.02304%XK+0.00787*XK*XK-0.00091*XK*XK*XK
& -Y0)/(-0.02304+2 .%0.00787*XK-3.%0.00091+*XK*XK)
IF(ABS(XKP1-XK).GE.0.01) THEN
XK = XKP1
=K+ 1
TF(K.GT.25) STOP 'ERROR IN CCMINV'
GO TO 20
ELSE
CLDAMT = XKP1
END IF
END IF
200 CONTINUE
RETURN
END
c**********************************************w************************
Cx%x *x
Cx% SUBROQUTINE SKY *%
C*% %

C****k******************************************************************
C SUBROUTINE MODIFIED FOR VERSION 1B
c SUBROUTINE SKY(TO,HUM, IHR,CLDAMT, ICLDTY,TS)
SUBROUTINE SKY(TO,IHR,CLDAMT,ICLDTY,TS)
COMMON /HUMID/WO, PATM
c CALL PSY(TO,HUM,P,W)
C ALF = ALOG(P*29.921/14.696)
XX = W0/0.62198
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P = PATM*XX/(l. + XX)

ALF = ALOG(P*29.921/14.696)

IF(P.GT.0.08865) TDP = 79.047 + 30.5790%ALF + 1.8893*%ALF*ALF
IF(P.LE.0.08865) TDP = 71.98 + 24.873*ALF + 0.8927*ALF*ALF

TD = (TDP+459.67)/1.8 - 273.15

EPS = 0.711 + 0.56%TD/100. + 0.73%(TD/100.)*(TD/100.) + 0.013%
& C€O0S5(2.0%3.14159265/24 . *FLOAT(IHR))

EPS = EPS + (1.0 - EPS)*CLDAMT/10.%0.784

TS = (TO+459.67)*SQRT(SQRT(EPS)) - 459.67

RETURN

END
O d b oot kool sk b s A bk o e e b b b b e A e e A b e e A e e e
Cx* ¥k
C SUBROUTINE PSY1 *k
Cx% *k

Gk a3k b e st ke ol vl b b s b s b ookl Al b b s b b b e e b e e el b e e e b e e e e s e ke

SUBROUTINE PSYL1(T,HUM,P,W,DWSDT)
C NEXT LINE ADDED FOR VERSION 1B
COMMON /HUMID/WO, PATM
THIS SUBROUTINE CALCULATES THE WATER VAPOR PARTIAL PRESSURE AND
THE HUMIDITY RATIO, GIVEN THE TEMPERATURE AND RELATIVE HUMIDITY
USING EQUATION FROM 1989 ASHRAE FUNDAMENTALS P.6.6
T = DRYBULB TEMPERATURE, DEGREES F
HUM = RELATIVE HUMIDITY, PERCENT
P = WATER VAPOR PARTIAL PRESSURE, PSIA
W = HUMIDITY RATIO, POUNDS OF WATER PER POUNDS OF DRY AIR
Cl = -10214.16462
€2 = -4.89350301
C3 = -0.537657944E-2
C4 = 0.192023769E-6
C5 = 0.355758316E-9
C6 = -0.0903446883E-12
C7 = 4.1635019
C8 = -10440.39708
€9 = -11.2946496
€10 = -0.027022355
Cll = 0.12890360E-4
€12 = -0.2478068E-8
€13 = 6.5459673
TR = T + 459.67
IF(T.GE.32.0) GO TO 10
X = C1/TR + C2 + C3*TR + CA*TR*TR +CS*TR¥*3+C6XTR**4+C7*ALOG(TR)
DXDT = -Cl/TR/TR + €3 + 2.0%C4*TR + 3.0%CS*TR*TR + &, 0*CE#TR**3
& + C7/TR
GO TO 20
10 X = C8/TR + C9 + ClO*TR + CLI#TR*TR + C12*TR**3 + C13*ALOG(TR)
DXDT = -C8/TR/TR + Cl0 + 2.0*CL1*TR + 3.0%C12*TR*TR + C13/TR
20 PSAT = EXP(X)
DPSDT = PSAT*DXDT
P = (HUM/100.0)*PSAT
C W = 0.62198%P/(14.696-P)
W = 0.62198%P/(PATM-P)

OO0
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DWSDT = 14.696%0.62198/(14.696-PSAT)/(14.696-PSAT)*DPSDT
DWSDT - PATM*0.62198/(PATM-PSAT)/(PATM-PSAT)*DPSDT
RETURN

END
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