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INTERNATIONAL

Standard Practice for

Estimation of Heat Gain or Loss Through Ceilings Under
Attics Containing Radiant Barriers by Use of a Computer
Program *

This standard is issued under the fixed designation C 1340; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope Computer Program for Estimation of Heat Gain or Loss
1.1 This practice covers the estimation of heat gain or loss  through Ceilings Under Attics Containing Radiant Barri-

through ceilings under attics containing radiant barriers by use  €r
of a computer program. The computer program included as ap
adjunct to this practice provides a calculational procedure for" o o ) )
estimating the heat loss or gain through the ceiling under an 3.1 Def|n|t|ons—.For definitions of terms used in this prac-
attic containing a truss or rafter mounted radiant barrier. Thdice, refer to Terminology C 168. , _
program also is applicable to the estimation of heat loss or gain 3-2 Symbols—Symbols will be introduced and defined in
through ceilings under an attic without a radiant barrier. Thighe detailed description of the development.

procedure utilizes hour-by-hour weather data to estimate th

hour-by-hour ceiling heat flows. The interior of the house R .
below the ceiling is assumed to be maintained at a constant 41 The procedures used in this practice are based on the

temperature. At present, the procedure is applicable to slopedfl€rma! response factor method for calculating dynamic heat

. . c .
roof attics with rectangular floor plans having an unshadegonduction through multilayer slaij$,2)” along with a model
gabled roof, a horizontal ceiling, and no HVAC ducts in the for convective and radiative heat exchanges inside and outside

attic. It is not applicable to structures with flat roofs, vaulted€ attic. _ _

ceilings, or cathedral ceilings. The calculational accuracy als? 4.2 The operation of the computer program involves the

is limited by the quality of physical property data for the following steps:

construction materials, principally the insulation and the radi- 4.2.1 Response FactorsA separate computer program

ant barrier, and by the quality of the weather data. mu_st be us_ed to calculat_e the thermal response f_actors of the
1.2 Under some circumstances, interactions between radiafip/ld materials surrounding the attic. Input to this program

barriers and HVAC ducts in attics can have a significant effecfVould consist of the thermal conductivity, specific heat,

on the thermal performance of a building. When analysis offensity, and thickness of each layer, or the thermal resistance of

these interactions is Completed they will be added to théhe Iayer if it has negllglble denSity, and the fraction of the
computer program. cross-sectional area occupied by the framing. Output of such a

program would be a set of response factors for use as input to

Terminology

%. Summary of Practice

2. Referenced Documents the main program. The adjunct to this practice contains data
2.1 ASTM Standards: files with response factors for several typical attic construc-
C 168 Terminology Relating to Thermal Insulating Materi- ONS- _ o _

alg 4.2.2 Data Input to the Main Program-This input includes
2.2 ANSI Standards: the response factors, total hemispherical emittances of the

X3.5 Flow Chart Symbols and Their Usage in Information InSide and outside surfaces of the attic envelope, solar absorp-
Processing tances of the outside surfaces of the attic envelope, length and

X3.9 Standard for Fortran Programming Langiage width of the' attic, slopes of the two roof ;ections, distance

2.3 ASTM Adjuncts: between attic floor and roof at edge of attic, orientation of
house, vent areas and type of vents, water vapor permeances of
attic surfaces, area of exposed wood inside attic, mass of wood

1 This practice is under the jurisdiction of ASTM Committee C16 on Thermal in attic. initial moisture content of wood in attic. rate of
Insulation and is the direct responsibility of Subcommittee C16.21 on Reflective ! !

Insulation.

Current edition approved June 10, 1999. Published August 2001. —

2 Annual Book of ASTM Standardgol 04.06. 4 Available from ASTM Headquarters. Request Adjunct: ADJC1340.

2 Available from American National Standards Institute, 11 W. 42nd St., 13th  ® The boldface numbers in parentheses refer to the list of references at the end of
Floor, New York, NY 10036. this standard.

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
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exfiltration of air from house into attic space, latitude andtemperatures of both sides of the components of the attic
longitude, time zone indicator, solar reflectance of the groundenvelope and the temperature of the air in the attic space, uses
indoor temperature, and indoor humidity. these estimates of temperatures to refine estimates of convec-

4.2.3 Analysis—Using hourly weather data consisting of tion and radiation heat transfer coefficients, reestimates the
outdoor temperature and humidity ratio, atmospheric pressurégemperatures using the new heat transfer coefficients, continues
total horizontal and direct solar radiation, wind speed andterating on the temperatures and heat transfer coefficients until
direction, cloud amount, cloud type, and atmospheric clearnesonvergence is reached, and uses the last estimates of tempera-
number, the computer program calculates the inside antlires to calculate the heat gain or loss through the ceiling. This
outside temperatures of the attic envelope and the temperatupeocedure is repeated for each hour of the simulation period
of the air inside the attic. Using these temperatures, thétypically a full year).
program calculates the heat flux through the ceiling. 6.2 Development of EquationrsThe model that is the basis

4.2.4 Output—The hourly heat flux through the ceiling is for this practice is based on the model developed by B. Peavy
written to a file which can be used for further processing, sucl{3), which was later extended by Wilké4-6). The sketch of an
as seasonal or annual heat gains or losses. attic given in Fig. 1 shows the various heat transfer mecha-

o nisms that occur within an attic. Although the sketch shows

5. Significance and Use ventilation occurring at soffit and ridge vents, the location of

5.1 Manufacturers of radiant barriers express the perforthe vents may be at other locations, such as at the gables. The
mance of their products in terms of the total hemisphericamodel treats all of these phenomena through a system of heat
emittance. The purpose of a radiant barrier is to decrease thgalance equations at the interior and exterior surfaces of the
radiation heat transfer across the attic air space, and hence, deiling, roof sections, and gables, as well as a heat balance on
decrease the heat loss or gain through the ceiling below thghe air mass within the attic. To handle the case of raised
attic. The amount of decrease in heat flow will depend upon @&usses, short vertical walls at the eaves also are included. Each
number of factors, such as weather conditions, amount of mags the surfaces is assumed to be isothermal; thus, for an attic
or reflective insulation in the attic, solar absorptance of theonsisting of a ceiling, two roof sections, two gables, two
roof, geometry of the attic and roof, and amount and type o¥ertical eave sections, and one air space, a total of 15 heat
attic ventilation. Because of the infinite combinations of thesebalance equations is used.
factors, it is not practical to publish data for each possible case. 6.3 Equations—Conduction

5.2 The calculation of heat loss or gain of a system 6.3.1 The model developed here utilizes the thermal re-
containing radiant barriers is mathematically complex, andsponse factor method to analyze conduction through building
because of the iterative nature of the method, it is best handleghvelope sections. The thermal response factor method was
by computers. developed by Mitalas and Arsenea(ll) and was extended by

5.3 Computers are now widely available to most producerkusuda (2). The method is based on an exact analytical
and consumers of radiant barriers to permit the use of thisolution of the heat conduction equation for one-dimensional
practice. heat flow through a multilayer slab having temperature-

5.4 The user of this practice may wish to modify the dataindependent thermal properties. The only approximation is that
input to represent accurately the structure. The computethe surface temperatures are taken to vary linearly with time
program also may be modified to meet individual needs. Alsobetween time steps. For analysis of buildings, the time step is
additional calculations may be desired, for example, to sum thaormally taken to be 1 h. The response factor equations relate
hourly heat flows in some fashion to obtain estimates ofthe heat fluxes at the surfaces of the slab to the present and
seasonal or annual energy usages. This might be done using the
hourly data as inputs to a whole-house model, and by choosing VENTILATION OUT
house balance points to use as cutoff points in the summations.

6. Method of Calculation \ RADIATION

6.1 Approach \\\\s\\\\ CONVECTION
\

6.1.1 This calculation of heat loss or gain requires that the AN
following be known: LA m SOUAR
6.1.1.1 The thermal conductivity, specific heat, and density coNGTION LATENT\\\\\\\&\
of the construction materials (that is, insulation, plywood, RADIATION HEAT W CONDUGTION
roofing materials, sheathing, gypsum board); QLN
faghlé%[.ﬁe'rar:'{eizct;)itralsgaegi.spherical emittance of all materials VENT:LAT'ON N l A \\\\\\§§§§\s§§\\\
6.1.1.3 The solar absorptance of the exterior surfaces of the CONDUCTION
attic (that is, the roof and gables);
6.1.1.4 The geometry of the attic;
6.1.1.5 The moisture permeance and storage properties of l l HOUSE EXFILTRATION
the materials facing the attic space; and CONVECTION  RADIATION
6.1.1.6 The weather conditions. FIG. 1 Schematic of Residential Attic Showing Heat Transfer
6.1.2 The solution is a computer procedure that estimates Phenomena
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previous temperatures at the two surfaces. The equations are: Z(j)=0forj>N (12)

5o _ 5o _ 6.3.2.3 With the conduction transfer functions, the heat
Q=22 (M) - TR - V()T -TR (1)  fluxes and surface temperatures are related by:

N
- = Ql= Zb Z(j) (Ms)) = TR
Q0= gb Y () (TISj) = TR — ,Zo X({)(To8)-TR (2 :

N
- ZO Y(j) (TOSj) = TR + CR QI (13)
where: "
Ql = heat flux at inside surface at present N
time (note that the positive heat flow Q0= 3 Y(j) (TISj) = TR
direction is from the inside to the 0
outside), Btu/h-f, ~ 3 X(j) (TOSj) -~ TR) + CR QU (14)
QO = heat flux at outside surface at present =0
time, Btu/h-ft,
TIS() = temperature at inside surfagéours where:
previous to present time, °F, QI' = heat flux at inside surface at previous time step,
TOS()) = temperature at outside surfgdeours ~ QO’' = heat flux at outside surface at previous time step,
previous to present time, °F, and
>T(,R(j)’ Y' (i), Z'() = response factors, Btu/HftF, and N = number of significant conduction transfer functions.

reference temperature, °F. 6.3.2.4 When parallel heat flow paths occur in an envelope
6.3.2 The response factors are determined from a sequencemponent, separate response factors for each path may be
of calculations that involve the thermal diffusivity, thermal needed. If the boundary temperatures of the two paths may be
conductivity, specific heat, density, and thickness of each of thassumed to be equal, however, then the response factors may
layers in the multilayer slab. An efficient computer program forbe added together as:
calculating the response factors has been developed by George X' = AX', + AX, (15)
Walton of the National Institute of Standards and Technology
(NIST) (7). where:
6.3.2.1 The efficiency of the response factor calculationsAl’ P
can be increased by making use of the fact that after a sufﬁciengx, XY (Y. Y ,
: : , , , and (Z,, Z
number of terms, the ratio of two consecutive response factors™ * 2 (Y1, Y'2) (21,2
becomes constant. This is expressed by:
X(G+1) Y({+1) Z(G+1
XG O — Yd o Za0

area fractions for
paths 1 and 2, and
the response fac-
tors for paths 1
and 2.

Parallel conduction transfer functions may be calculated
from these parallel response factors, provided that the common
ratio for the path with the largest number of significant terms is

; used.
gliu(;gg]emnglg gg%’ r?t?riber. 6.3.2.5 The original derivation of the response factor tech-

6.3.2.2 The common ratio is used to define a new set Oiglque relied upon the assumption of temperature-independent

funci lled the first ord duction t fer functi hermal properties. An approximate method has been devel-
unctions, cafled the first order conduction transter functions Oroped to account for the temperature dependence of the thermal
simply the conduction transfer function(j), Y(j), and Z(j),

hich . by: properties(5). The thermal transmission coefficient of the
which are given by. component is taken to vary linearly with temperature as:

= CRforj=N ?3)

CR
N

M=o @ U= Upa[1+ BT~ TR] (16)
Y(0) = Y’ (0) 5) The conduction transfer function equations then become:
2(0)= 7' (0) ®) Ql= % Z() (TISj) = TR
X(j) = X/() = CRX (j — 1 forj = N @) ™ 2 YD (TOSH) = TR + CRQr @n
Yii) = YG) — CRY G — 1) forj = N @ + b/ZjZN%) Z(j) (TISj) — TR? — blzéo Y(j) (TOSj) — TR?
Zj)=2(—-CRZ(—-Dforj=N ©) Q0= %OY(J') (TISi) - TR
=
X({) = 0forj >N (10) - é} X(j) (TOSj) — TR + CR QO (18)
Y(j) = 0forj >N (12)

N N
+ b/2 ,;o Y(j) (TISj) — TR? — b/2 ,;o X() (TOSj) — TR?
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These equations are used in the system of heat balance TABLE 1 Correlations for Convection Coefficients
equations. I. Natural Convection:

6.4 Equations—Convection A. Horizontal surface, heat flow up

' . . . . Nu = 0.54 Ra' for Ra < 8 X 10°

6.4.1 Convection heat transfer from the interior and exterior Nu = 0.15 Ra™2 for Ra > 8 X 10°
surfaces of the envelope components is calculated using B. Horizontal surface, heat flow down
correlations from the literaturg8). The coefficients are based v':tjti:g{ssir?aié
on correlations that have been developed for isolated isother- ~ \u = 0.59 Ra¥ for Ra < 1 x 10°

mal flat plates. The correlations are in the form of a Nusselt Nu = 0.10 Ra** for Ra > 1 X 10°

number,Nu, as a function of a Rayleigh numb&a Grashof D. early nonzonte, surface (tit angle less than 2. heat flow down
number,Gr, or a Reynolds numbeRe where: E. Tilted surfaces (greater than 2° tilt), heat flow down
— H 1/4 — ¢+
Nu = hi/k (19) Nu = 0.56 (Ra sin(d)) ® = tilt angle

F. Tilted surface, heat flow up
Nu = 0.56 (Ra sin(®))* for Ra/Pr < Gr,
3 Nu = 0.14 (Ra*3- (Gr, Pr)*3)
a= M (20) +0.56 (GrPr sin(d))**# for Ra/Pr > Gr,
vk Gre=1 X 10° for & < 15°
GrC: lo(d’/(l.lB?O + 0.0870xd)) for 15° < ® <75°
Gr.=5 x 10° for ® > 75°

Gr = RaPr (21) Il. Forced Convection:
Nu = 0.664 Pr/® Re'/? for Re < 5 X 10°
Pr = via (22) Nu = Pr'/3(0.037 Re®®- 850) for Re > 5 X 10°
Re= Vllv (23)  the air speed is taken to be the wind speed obtained from
. meteorological data. For interior surfaces, a crude estimate of

and . : ; o ) o
h = convection heat transfer coefficient, Btu/R-TE, air speed is obtained by dividing the attic ventilation volume
L = characteristic length of plate, ft, flow.rate. by an average cross—secyonal area for the attic. For
k = thermal conductivity of air, Btu/h-ft-°F, the interior surfaces, a crude estimate for air speed should
g = acceleration of gravity, ft/h suffice, since natural convection should dominate over forced
B = volume coefficient of expansion of air, °R convection.
p = density of air, Ib/ff, 6.5 Equations—Radiatian
C, = specific heat of air, Btu/lb-°F, 6.5.1 Radiation interchanges within the attic space are
AT = temperature difference between surface and air, °F, handled using the enclosure method described by Sparrow and
v = kinematic viscosity of air, fth, Cesg(11). With this method, each of the surfaces is assumed to
Pr = Prandtl number for air, dimensionless, be plane, opaque, gray, and isothermal, to be diffusely emitting
a = thermal diffusivity of air, ft/h, and and reflecting, and to have a uniform radiant flux over the
V= velocity of air stream, ft/h. surface. The assumption of diffuse emission and reflection for

6.4.2 The model accounts for the temperature dependenggdiant barrier surfaces may be questioned. Very flat radiant
of the properties of air by evaluating them at the film parrier surfaces would be expected to exhibit specular proper-
temperature, which is defined as the average of the temperges. Real radiant barrier surfaces usually are not flat, and hence
tures of the surface and the air. Relationships for the temperane diffuse assumption is probably appropriate.

ture dependent properties were obtained from NBS Circular §5.1.1 The net radiant heat flux away from surfacs

564 (9). given by:
6.4.2.1 The model utilizes correlations that have been de- N
veloped for various orientations of the plate with respect to Qi =X Go(T' - T) (24)
=1

gravity and for the direction of heat flow (up versus down). _ _ _
Correlations for both laminar and turbulent flow are used, with With the following relations:
the choice depending upon the magnitude of the Rayleigh

€i
number for natural convection and of the Reynolds number for Gi=1=—¢% (25)
forced convection. Separate coefficients are calculated for Wi = inverse of the matrix;
natural and forced flow, and a mixed coefficient is calculated by 8 — (1— ) Fs
taking the third root of the sum of the cubes of the two separate Xj = "
coefficients(10). i

6.4.2.2 The correlations used in the model are given in Table §; = Ofori #J; & = 1fori =]

1. They account for the effects of surface-to-air temperaturghere:

difference, heat_ flow _direction, film temperature, surfece size,|:ij = radiation view factor from surfaceto surfacsj,

and surface orientation. The correlations are contained in &, emittance of surface

subroutine called HCON. Values of surface temperature, airs Stefan-Boltzmann constant, 1.714 10° Btu/
temperature, plate tilt angle, plate characteristic length, a flag h-f&-R*, and

to denote whether the plate faces up or down, and air speetll = number of surfaces in enclosure.

past the plate are passed to the subroutine. The subroutine6.5.1.2 The heat flux equation may be cast into a form that
returns the mixed convection coefficient. For exterior surfacesis linear in the temperatures by factoring as:
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¢ 2 T2 b = M
Qi = le Gyo (T + T)(T; + T)(T, = T)) (26) le A(j) HC(j) TIS(j)

N M
= j;l HR; (T, = T) ]-Zl A(j) HC(j)

6.5.1.3 The quantities appearing in these equations are
calculated in several subprograms: subroutine VIEW2, and 6.6.3 An average air temperature is defined by:
functions FMN, FP, and HRAD. Function FMN calculates the
view factor between two rectangular surfaces that meet at an TA= f%T dx=b[1 + (exp(—a) — 1/a] — T /alexp(—a) — 1]
angle and share a common edge, while function FP calculates (29)
the view factor between two parallel surfaces that have the 5nq the temperature of the air exiting from the attic at1
same dimensions. Expressions for the two view factors arg;.
given by Sparrow and Ce¢%1). The functions themselves are
based on those given by Peavy, with some necessary modifi- (30)
cations(3). The functions have been verified by comparison 6.6.4 The flow rate of ventilation air is determined from a
with the calculations of Feingold12). Subroutine VIEW2 combination of stack and wind pressure effects. For the stack
calculates the view factors among the surfaces that face theffect calculation, the air inside the attic space is assumed to be
attic space, using view factor algebra and calls to functionsvell-mixed, and relations from Chapter 22 of the 1985
FMN and FP. The5; matrix is also calculated within VIEW2. ASHRAE Handbook of Fundamentals are usgk8). The
The HR; matrix is calculated by function HRAD usirn@;, T;,  volume flow rate due to the stack effect is given by:
andT; as inputs. Vs = CoA2 gh (TA — TITA* for TA> T,

6.5.1.4 The algorithm for radiation interchanges allows each
of the surfaces to have different emittances. The algorithm
accounts for all interreflections within the enclosure and
properly accounts for thel* (Stefan-Boltzmann) law for

TE=b[1— exp(—a)] + T,exp(—a)

(C1Y)

Vs = CoA2 gh (T, — TANT, Y2 for T, > TA (32)

where:

radiation exchange.
6.6 Equations—\Ventilation:

6.6.1 Heat transfer to the ventilation air is treated by an
extension of the method used by Ped8y. With this method,
the temperature of the air is assumed to increase (or decreasQ)
as it moves along a flow path and picks up heat by convectionl_
from the surrounding surfaces. This is expressed by therZ
following first order ordinary differential equation:

6.6.5

| . .
mCoax = le A(J) HC() (TIS)) = T) @7

m = mass flow rate of ventilation air, Ib/h,

Co = specific heat of air, Btu/lb-°F,

T = air temperature at position, °F,

X = normalized position (0-1) along flow path,

A() = area of surfacgin contact with ventilation air,

HC() = convection heat transfer coefficient at surfgce wherg
Btu/h-fE-°F, =

TIS()) temperature of surfage °F, and,

number of surfaces in contact with ventilation air.

6.6.2 In the absence of a detailed picture of the ventilation
air flow pattern within the attic, the simplifying assumption has
been made that equal proportions of area of each surface are
contacted as the air flows along a differential length of its flow

6.6.6

path. Integrating this equation yields the following expressionWherf:

for the temperature as a function of flow path position: AF
(28)

T=T,exp(—ax) + b[1l — exp(—ax)]

where: WS =
T, = temperature at = 0, 6.6.7
a =

M
2, Al HC()/nC,, and

volume flow rate due to stack effect’t

discharge coefficient taken to be 0.65,

the lesser of the net free areas of the vent inlet and
outlet, &,

height of the neutral pressure level from the lower
opening, ft,

absolute temperature of inlet air, °R, and

average absolute temperature of air in attic, °R.

The height of the neutral pressure level is given by:

H
h= wfor TA>T, (33)
1+\m0) 7
H
h:TZTOfOI'TO>TA (34)
o (A_O) A

difference in elevation between inlet and outlet vents,
ft;

net free area of inlet ventsftand

net free area of outlet vents?ft

The volume flow rate due to wind pressure is given by:

V= CeAWS (35)

discharge coefficient,

the lesser of the net free areas of the vent inlet and
outlet, f, and

wind speed, ft/h.

From the data given by Burch and Treddd), the

discharge coefficients for the wind pressure effect are estimated
to be 0.38 for soffit and ridge vents and 0.54 for soffit and gable
vents. For soffit vents onl\Cr is estimated from
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Cr = 0.089+ 0.132 sifiD (36)  w, = humidity ratio of air in attic space, Ib of water/lb of
_ dry air, and
where: o h, = mass transfer coefficient, Ib/Hft
D = wind direction, measured from a direction parallel to . . .
the ridge, radians. 6.7.3 The mass transfer coefficient is obtained from the

6.6.8 Mass flow rates for the stack and wind pressure effect%nalogy between heat and mass transfer as:

are obtained by multiplying the volume flow rates by the he <3>2/3~ 1 1)
density of the air. A total mass flow rate is given by: nGe  \D
= (1§ + )" @7)  where:
, . _ h. = convection heat transfer coefficient, Btu/A-fF,
6.6.9 Finally, the adjustment recommended by ASHRAE isc specific heat of air, Btu/lb-°F,

made to account for unequal inlet and outlet vent areas: a = thermal diffusivity of air, f&/h, and
=L+ 0.4077(1 — (A /A" (R + E)2 (38) = ;:ttz)ﬁlfﬁcient for diffusion of water vapor through air,
where the quantity in parentheses is a fit to the g(aph in the 6.7.4 The humidity ratio of the attic air is obtained by
1985 ASHRAE Handbook of Fundament@s3). The air flow o rtorming a steady-state moisture balance on the attic space,
due to exfiltration of air from the house mtp the attic space ISncluding diffusion of moisture through the boundary surfaces,
added to the flow due to the stack and wind pressure effectgynyection of moisture into the attic space from the outside air
The algorithm for estimating ventilation rates is embodied in 83nq from exfiltration from the house, convection of moisture
subroutine called VENT. out of the attic space by the ventilation air, and moisture
6.6.10 Although some other results in the literature are inransfer to or from the wood surfaces. The attic moisture
qualitative agreemer{tL5,16) there appears to be a good deal balance is given by:
of uncertainty in this ventilation algorithm. D. M. Burch, in a M
private conversation with K. E. Wilkes in 1987, has suggested >, A() Per(j) (P(j) — P,) + M, (w, — ) + Mg (0; — 0)  (42)
that the ventilation rates he and Treado measured may be in '™
error because of problems of mixing tracer gases in an attic. D.
Ober, in a private conversation with K. E. Wilkes in 1988, has
suggested that a better stack ventilation rate might be obtaine%here.
by using the roof temperature rather than the average aiberm(j)
temperature as the driving force during the daytime hours.mv
Additional experimental data appear to be needed to develogy c

M
+ ,;1 R () A'(G) (05() — wa) =0

water vapor permeance of surfage
mass flow rate of ventilation air,
mass flow rate of exfiltration air,

better algorithms for ventilation. o () humidity ratio at surfacg,
6.7 Equations—Moisture W, humidity ratio of air in attic space,
6.7.1 Approximations have been built into the models to o humidity ratio of outside air,

humidity ratio of indoor air,

partial pressure of water vapor in air on outside
of surfacej,

partial pressure of water vapor in attic air,
water vapor mass transfer coefficient at surface
area of surfacg, and

exposed wood area at surface

account for the latent heat effects due to sorption and desorp‘lfa’i(j)

tion of moisture at the wood surfaces that face the attic space.
These generally follow the suggestions given by Burch et aIP
(17) and Cleary(18). In this model, the wood surface is
assumed to be in moisture equilibrium with a thin layer of air AV(J-
adjacent to the surface. The humidity ratio of this layer of air a’(j)
is given by(18).

w,= (b + cu + du? + et®) exp(T/a) (39) 6.7.4.1 When the humidity ratio of the attic air and the mass
transfer rates have been calculated, the heat transferred to the

where: o ) ) surface by latent heat effect®,,,, is given by
g = humidity ratio of air near wood surface, Ib of )

water/Ib of dry air, Qat = MY (43)
T = temperature of wood surface, °F, where:
u = moisture content of wood (dimensionless frac- 1 = = |atent heat of vaporization of water. For this model,

tion), _ . , has been taken to have a constant value of 1060
a, b, ¢, d = constants from fit to equilibrium moisture con- Btu/lb.

tent data.

) . . 6.7.4.2 The mass transfer to a surface is used to estimate a
6.7.2 The rate of trqnsf_er of moisture from the air in the atticho\v surface moisture content, assuming that only a thin layer
space to the surface is given by: of wood participates in the moisture exchanges. It should be
m, = h, (0, — 0y (40) noted that the intent of this treatment of moisture is only to
estimate the effect of latent heats on the heat flow rates and not
to determine the accumulation of moisture itself. An estimation
of moisture accumulation rates over long periods of time would
require a more detailed treatment than is used here.

where:
m = mass flow rate of moisture per unit area of exposed
wood surface, Ib/h 4
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6.7.5 The algorithms for calculating moisture effects arethe attic space, convection of outdoor air into the space, and
embodied in several subprograms. The humidity ratio at theonvection of attic air out of the space. With the model given
wood surface is calculated by function WDHUM. Subroutineabove for the temperature rise of the ventilation air, the attic air
PSY is used to calculate humidity ratios and partial pressureBeat balance is given by:
of water vapor from known values of air temperature and M c
relative humidity. The mass transfer coefficients are calculated 2, A) HC() IS, 0) — 1+—é2C3TA (46)
in subroutine HMASS, and the moisture balance is performed
in subroutine MOIST.

6.8 Equations—Heat Balances

6.8.1 The heat balance equations combine the heat flows bwhere:

. Cs
=mGTirce,

various mechanisms at the inside and outside surfaces of the, = M., A(i) HC(i),
components of the attic envelope and on the attic air mass. Th€, = mC,/C, , and
heat balance at an interior surface, that is, one facing the atti€; = exp(-1C,) - 1.

space, is obtained by summing the contributions due to 6.8.2.2 The system of heat balance equations is arranged in
conduction through the component, radiation interchanges with matrix form with the interior and exterior surface tempera-

each of the other surfaces that it sees, convection exchangefes and the air temperatures at the current time step being the
with the attic air mass, and latent heat loads due to moisturgnknown quantities. Values for these temperatures at previous

sorption/desorption. The interior heat balances are: time steps are known. The matrix equation may be written as:

8o - 8o - AA(T) = (BB 47

3 201)) (TIS0) ~ TR - 3, Y0 (TOSi) TR (44) A= (B “n

N N where: _ _
+ b(i)/2 E Z(ij) (TISG,j) — TR)Z —h(i)2 E Y(ij) (TOSi ) AA = a square matrix of COGfﬁCIentS,
=0 =0 T = avector of unknown temperatures, and
— TR? + CR() QI'(i) + HC(i) (TIS(,0) — TA) BB = a known factor.

M Detailed expressions for the elements of the matrices are
+ kzlEk# HR(i k) (TIS(, 0) — TISk,0)) — m, (i) h, =0 lengthy. They may be found by inspecting the Fortran code for

the computer program and will not be repeated here.

6.8.3 This system of equations is solved by Gauss-Jordan
elimination, using a subroutine named SOLVP, which was
developed by Peavy (given in Kusulk®)). Since many of the
senting the current time. An equation of this form is obtaine oefficients in the square matrix and the constant vector dppen_d

' pon the unknown temperatures, the system of equations is

for each of the surfaces facing the attic space. : :
. solved iteratively. When the temperatures have been deter-
6.8.2 The heat balance at the exterior surface relates the h ﬁ‘i Y b

6.8.1.1 In Eq 44, the indeixrefers to the surface for which
the heat balance is being written. Indiexefers to the other
surfaces that face the attic space, gnd the index for the
conduction transfer function time sequence, with O repre-

ducted th h th | ‘ o the heat ﬁ"ﬁned, the heat flows are calculated using the conduction
conducted through the envelope surface to the heat convected <o function equations.

to the outdoor air, the heat radiated by the surface to the . L . . .
surroundings, and the solar radiation absorbed by the surfac .6'8'4 To avoid a numerical instability associated with the

Since the exterior surface of the bottom of the attic is theatent heat term in the heat balance on interior surfaces, the
ceiling of the house, the balance is modified to allow convecSurface humidity ratio is expanded in a Taylor series such that:

tion to the indoor air, radiation to the surfaces of the room m, (i) = h,, (i) A'() (0, — wg(i)) (48)
below the attic, and no direct absorption of solar radiation. The o o dogi) ] _
exterior heat balances have the form: =, HAD [(‘”a — o) = =7 (TISH) = T'S('))}

N N
Y(ij) (TISi,j) — TR — 3 X(i,j) (TOSij) — TR 45)  Where:
1;0 (D (TSLD : 1'20 (1) (TOSLD) : 9 o'(i) = is the surface humidity ratio evaluated at a previ-
ously estimated surface temperatdi& (i).

N
. . S
i b(l)/zjzo i) M) — TR The coefficients ofTIS (i) are included in theAA) matrix

N B 2 while the other terms are included in tH&B) vector. With this
- b(')/zj;) X(i.j) (TOSi,j) — TR) scheme, the solutions have been found to converge.
+ CR(i) QO'(i) + HC(i) (T, — TOSi, 0)) 6.8.5 The system of equations is set up to allow the model

to be driven by weather conditions with all the surface and air

*+ HR() (T, = TOSI, 0) + i) Q) = 0 temperatures being unknown. For comparison of the model

where: with experiments, often it is helpful to use measured values of
T, = temperature of outside air, exterior roof and ceiling temperatures as boundary conditions.
T, = temperature of surroundings, The model is set up to allow any of the surface temperatures to
a(i) = solar absorptance of surfateand be forced to its measured value. This is accomplished using a
Q. (i) = solar radiation incident on surface method suggested by D. Ober, in a private conversation with K.

6.8.2.1 The heat balance on the attic air mass accounts fé&. Wilkes in 1988, wherein the diagonal element AR that
the heat convected to the air from each of the surfaces facingprresponds to the forced temperature is multiplied by a very
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large number and the corresponding elementB&) (is set to  outdoor humidity ratio. At this step, the program also is set up
the product of the new element oAA) and the known to read in measured values for surface temperatures and
temperature. ventilation rate. If the appropriate flags are set, the program
7. Computer Program will use the indicated measured surface temperatures or ven-
tilation rate in the calculations. If this option is elected, a

7.1.1 A computer program that embodies the model de:separate input file is required.

scribed in this practice is available from ASTM as an ajunct., 7.1.35 Iithe flag is set so that the measured ventilation rate
This program is only an example. Users of the practice mays Not to be uggd, then the.program makes_a call to subroutlne
develop their own program if they wish. The computer ENT. Quantities passgd into the subr_ou_tme are outdoor air
program in the adjunct is written in Fortran 77. temperature,_ave_rage qlrtemper_ature W|t_h|n the air space, wind
speed and direction, difference in elevation between inlet and

Note 1—lIdentical versions of this computer program have beengytlet vents, inlet and outlet vent areas, and a flag to indicate
compiled successfully and run on mainframe and personal computergye tyne of vent. The subroutine uses the algorithms described
Only minor modifications necessary for _conformance to the resident b for th tack d wind ffects t lculat
operating system were required for operation. above for he Stack and wind pressuré efiects 1o calculate

ventilation volume and mass flow rates, and the product of the

Z).l.Zt_The pcr)?r?ram Ct? n3|t§ts of a mat|)n pr(()j%ra(;‘n tand Slfvetr%ass flow rate and the specific heat of air. These last three
subroutines. er subroutines may be added o make antities are passed back out of the subroutine. If the flag is

S;c;gr;am more applicable to the specific problems of IndlV'duaset to use the measured ventilation volume flow rate, VENT is
' bypassed and the measured volume flow rate is used to

rc7).1r.asmAs I;\t’l (t;hairr:itfi(;:i;ihne gﬁ?éi}m ;a?l:\:gg tlg ;:é%izzérljhz”calculate the mass flow rate and the product of the mass flow
prog y g b rate and the specific heat. Next, a crude estimate for the flow

2; ?;];Luexrii tglszc?g’réhﬂggght;hseeﬁzr?&?ﬁg@]:tra(;ir:rimz;s?g‘?gvglocny is calculate_d by dividing the vol_ume flow rate by an
. ziverage cross sectional area for the attic.

such as the elements of thé4) matrix. Many of these .
elements will remain at zero while others are recalculated later /-1-3:6 The program then makes several calls to subroutine
in the program. HCO_N to calculafce convection heat Frgnsfer coef!iments for the

7.1.3.1 Next, material property and geometrical input datdnterior and extenpr surfaces. Quantities passed into HCON are
are read in. This consists of conduction transfer functions, soldf'€ Previous estimates of the surface temperature and the
absorptances, total hemispherical emittances, the length aﬁaiJacent average air temperature_, s'urface tilt angle, character-
width of the attic, roof pitches, height of eave walls, orientation!Stic length of surface, a flag to indicate whether the surface
of the house, vent inlet and outlet areas and type of vents, watfces up or down, and the air speed past the surface. For
vapor permeances, wood surface areas and participatir] terior surfaces, the crude estimate qf vent|lat|on flow velocity
masses, and wood moisture contents. The house exfiltratidn US€d- For exterior surfaces, the wind speed is used (except
rate and the latent heat of vaporization also are read as inputQ the exterior of the ceiling, where the air speed is set to
By setting the latent heat to zero, moisture effects may p&ero). HCON utilizes the correlatlons desc_rlbed above to
ignored. The input read in also includes a series of flags th(,j{:[alculz_ite natural, fo_rced, and rr_1|xed_convect|on heat transfer
specify whether surface temperatures are to be forced to knowffPeflicients. The mixed coefficient is passed back out of
values or are to be calculated from weather conditions. HCON.

7.1.3.2 The program then calls subroutine VIEW2. The attic 7-1.3.7 Radiation heat transfer coefficients are calculated
length, width, roof pitches, height of eave walls and emittances'sing the HRAD function. The function uses the previous
of the surfaces facing the attic space are passed into VIEW2stimates of the two bounding temperatures and either the
The subroutine utilizes function FMN to calculate view factorsappropriate element of th@&; matrix (for an interior surface) or
between two rectangular surfaces that share an edge affee emittance (for an exterior surface).
function FP to calculate view factors between two equal 7.1.3.8 If the latent heat is not set close to zero, the program
parallel rectangles. The subroutine then uses view factotalls subroutine MOIST, which calculates moisture sorption/
algebra to calculate the view factors among the surfaces thaesorption rates for the surfaces facing each of the air space.
face the attic space and the overall view factor maGjy  The quantities passed into MOIST are the previous estimates of
which is passed back out of the subroutine. the surface temperatures, the outdoor and indoor air tempera-

7.1.3.3 Next, the program calculates characteristic lengthsires, the previous estimate of the average air temperature
and areas of surfaces. For the ceiling, the characteristic lengthithin the space, the convection heat transfer coefficients,
is taken to be the average of the length and width of the atticsurface areas, wood surface areas and masses, wood moisture
For a roof surface, it is taken to be the distance from the eaveontents, indoor and outdoor relative humidities, water vapor
to the ridge. For gables, it is taken to be the average height, ambrmeances, attic ventilation mass flow rate, and house exfil-
for the eave walls, it is taken to be the height. Thesetration mass flow rate. The subroutine calculates wood surface
characteristic lengths are the ones normally chosen for use imumidity ratios from the surface moisture content and tempera-
correlations for convection heat transfer coefficients. ture using function WDHUM. Subroutine PSY is used to

7.1.3.4 In the next step, the program reads a line of hourlgalculate humidity ratios and water vapor partial pressures for
weather data. This reading includes the outdoor temperaturéhe indoor and outdoor air using the given temperatures and
incident solar radiation, wind speed, wind direction, andrelative humidities. Mass transfer coefficients are calculated

7.1 General
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I INITIALIZE TEMPERATURES AND HEAT FLUXES l

!

| READ MATERIAL PROPERTY AND GEOMETRY INPUT I

!

l CALCULATE RADIATION VIEW FACTORS - SUBROUTINE VIEW2, FUNCTIONS FMN, FP

l

I CALCULATE CHARACTERISTIC LENGTHS AND AREAS

l

l READ HOURLY WEATHER DATA I<

l

CALCULATE ATTIC VENTILATION RATE AND FLOW VELOCITY
SUBROUTINE VENT

!

I CALCULATE CONVECTION COEFFICIENTS - SUBROUTINE HCON l

Y

l CALCULATE RADIATION COEFFICIENTS - FUNCTION HRAD I

!

CALCULATE MOISTURE ADSORPTION/DESORPTION RATES -
SUBROUTINES MOIST, HMASS, PSY, FUNCTION WDHUM

l

SET UP MATRICES FOR HEAT BALANCE EQUATIONS

!

SOLVE SYSTEM OF HEAT BALANCE EQUQTIONS -
SUBROUTINE SOLVP

YES < 0.001

I CALCULATE HEAT FLUXES |

!

l UPDATE MOISTURE CONTENTS

!

| WRITE OUTPUT I

v

I SHIFT INDICES ON TEMPERATURES AND HEAT FLUXES I

FIG. 2 Flow Chart for Attic Model

using subroutine HMASS, which uses the analogy betweeboth the humidity ratio and the partial pressure. With the

heat and mass transfer.

humidity ratio of the air established, the moisture flow rates

7.1.3.9 The humidity ratio of the air in the air space then isfrom Eq 48 are calculated and pass back out of the subroutine.
calculated from a moisture balance on the space. This calcufthe latent heat is set close to zero, all of these calculations are
lation is done iteratively since the moisture balance involvedypassed.
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TABLE 3 Properties of Surfaces for Example Problem
Roof (both Gables (both Eave Walls

Property Ceiling sides) ends)  (both sides)
Solar absorptance L 0.9 0.7 0.7
Outside emittance 0.9 0.9 0.9 0.9
Interior emittance 0.9 0.05 0.05 0.9
Water vapor permeance  0.08 0.322 10 10
Exposed wood area/ 0 1.29 1.19 1.0
\22.62° 22.62";/ projected area
k ' p Wood mass/projected 0.0365 0.871 0.888 0.833
1" _55' area
. - Initial moisture content 0.09 0.09 0.09 0.09

FIG. 3 Geometry of Attic for Example Problem area of 3.42 ft The interior of the house is maintained at 74°F
and 50 % relative humidity. No air from the house exfiltrates

. . . ___into the attic space. The house is located in Phoenix, AZ, and
7.1.3.10 At this point, all of the quantities for the matrices i reflectance of the ground is 0.2.

(AA) and BB) are available. The matrices are setupinthe main g 5 ap, input file for the computer program is given in Fig.

program gnd_are solved using sgbroutine SOLVP. The result O_L{, and a key to this file is given in Table 4. A file containing
this solution is a new set of estimates for the surface and ag;

h . 4 with eather data for input to the program is given in Fig. 5, and a
space temperatures. The new estimates are compare OW't to the file is given in Table 5. The weather data consists of
old estimates. If any differences are greater than 0.001°F, th pical meteorological year weather data for one day in the
the program goes back to subroutine VENT and new elemen

, i mmer. The data for this one day are repeated three times in
for the matrices of the heat balance equations are calculatgfq fie for startup purposes.

using the newly estimated temperatures. 8.3 Fig. 6 contains the output file, which is an hourly listing

7.1.3.11 When all Of, the new gstimates for syrface and aipg the ceiling heat flux, in Btu/h4t and Fig. 7 contains a plot
temperatures agree with old estimates to within 0.001°F, 0k the heat flux.

when the limit of 15 iterations has been reached, heat fluxes are

calculated using the conduction transfer function equations?. Report

moisture contents are updated, and results are written out for 9.1 The results of calculations performed in accordance

the current hour. The WRITE and FORMAT statements maywith this practice may be used as design data for specific job

need to be changed to suit the user’s needs. conditions or may be used in general form to represent the
7.1.3.12 The time indices on the temperatures and hegerformance of a particular product or system. When the

fluxes are shifted, the program goes back to read another lin@sults will be used for comparison of performance of similar

of weather data and the calculations proceed as before for thgoducts, it is recommended that reference be made to the

next hour. specific constants used in the calculation. These references
) should include:
8. Example Calculation 9.1.1 Name and other identification of products or compo-

8.1 The gabled attic shown in Fig. 3 was modeled using theents.
computer program. The construction and properties of the 9.1.2 Source of weather conditions used in calculations and
various surfaces of the attic are given in Tables 2 and 3. Thipcation being simulated.
ridge of the attic is oriented in the east-west direction, the attic 9.1.3 Surface total hemispherical emittances and solar ab-
has soffit vents with an area of 6.84 &nd a ridge vent with an  sorptances used in calculations.
9.1.4 All other input parameters, including other material

TABLE 2 Construction and Properties of Attic Surfaces for properties and geometry of attic.

Example Problem 9.1.5 The resulting heat gai_n or loss. .
Thermal  Specifi 9.1.6 Either tabular or graphical representation of the results
Material Th'c‘i(:ess~ Conductivity, Heat, Btu/  Density, Ib/ft® of the calculations may be used. No attempt is made to
' Btu/(h-ft-°F)  Ib-°F recommend the format of this presentation of results.
Ceiling: .. .
Gypsum board 0.5 0.0926 0.26 50 10. Precision and Bias
Roa9 fsulaton oL ol 019 s 10.1 The precision of this practice is a function of the
Roof (both sides): ' ' ' computer eq_uipment used to generate the calculatior_lal _rgsults.
Shingles 0.25 0.04734 0.30 70 In many typical computers normally used, seven significant
Emoo g 8-285 8'8224 g-gg ;2 digits are resident in the computer for calculations. Adjust-
Rafters? 35 0.06833 0.39 28 men_ts_ to this level can be. made through the usgimible_
Gables (both ends): precision however, for the intended purpose of this practice,
Harcboard siding oS . oE B standard levels of precision are adequate. The formatting of the
Eave walls (both sides): output_results however has been strgctured to provide a
Hardboard siding 0.4375 0.1242 0.28 40 resolution of better than 0.1 % for the typical expected levels of
ATrusses are 24 in. on center. heat flux.

10
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Row Row

0 0 0 0 1 1.378291871167D-04  1.273475199657D-04  1.234330829909D-04 35

0 0 0 0 2 2.326726793748D-05 2 198208620464D-05  2.088207445969D-05 8

0 3 3.968702189298D-06  3.750072498190D-06  3.562723535596D-06 a7

13 5.297757243125D-02  8.120386020702D-01 4 6.777330258734D-07  6.421197823789D-07  6.084212372946D-07 38
7.466838753913D-02  3.206111635260D-02  6.329589156026D-01 5 1.157516020320D-07  1.096727646893D-07  1.039140135711D-07 39
-8 0818566525580-02  -1.131177163705D-02 -1 072584603327D+00 6 1.976979039206D-08  1.873162668348D-08  1.7747996281590-08 40
1.607573153106D-02  -1.191553986429D-02  4.4713006014870-01 7 3.3765865237900-08  3.1992744872600-08  3.031273803920D-09 41
2.680682451642D-05  1.607775746768D-04  1.900727153792D-03 8 4 2.763702754562D+00  5.553561006528D-02 a 42
5.537768644386D-06  4.727784241798D-05  4.153680331032D-04 9 3.016973590501D+00  2.654358059309D+00  2.9813452461350+00 43
1.380214832286D-06  1.190345771433D-05  1.029478608764D-04 10 -4.165555544567D-01  -4.201537925157D-02  -3.801915149702D-01 44
3.452580027148D-07  2.980496677172D-06  2.5736932438920-05 1% 9.800719684440D-03  -2.124819702908D-03  8.4650338219400-03 45
8.639422165610D-08  7.458846284631D-07  6.439790581926D-U6 12 2.408209180406D-08  1.885644335746D-08  1.4764816166050-08 46
2.161922353515D-08  1.866514164267D-07  1.611478536661D-06 13 4 2.763702754562D+00  5.553561008528D-02 o 47
5.400995000263D-00  4.670770927138D-08  4.032562565443D-07 14 3.016973590501D+00  2.654359059908D+00  2.951845246195D+00 48
1.3537982568720-09  1.168814551653D-08  1.009108015561D-07 15 -4.165555544567D-01  -4.201537925157D-02  -3.8019151497020-01 49
3.387746877255D-10  2.924843488629D-00  2.525196027162D-08 16 9.800719684440D-03  -2,124919702008D-03  8.465033821940D-03 50
8.477503184473D-11  7.319132818230D-10  6.319054571052D-09 17 2.408209180406D-08  1.885644335746D-08  1.476481616605D-08 51
11 7.8317704475000-01  6.4332856429880-01 18 3 3.405649900000D+00  1.787297931241D-36 [ 52
1.208495084373D+00  6.097210027624D-01  1.101969373618D+00 19 3.541767161767D+00 3 337501148750D+00  3.541767161767D+00 53
-1.188415531935D+00  -2.290645733438D-01 -1.013811108372D+00 20 -1.361173420051D-01  6.8058671002550-02  -1.361173420051D-01 54
2.581284413707D-01  -1.020951969292D-01  1.801995116329D-01 21 2.432822437717D-37  -1.216411218850D-37  3.152602707844D-19 55
9.620012442075D-04  £.217810497892D-04  8.304889570224D-04 22 3 3.405649900000D+00  1.787297931241D-36 0 56
1.378291871167D-04  1.273475199657D-04  1.234330829909D-04 23 3.541767161767D+00  3.337591148758D+00  3.541767161767D+00 57
2.326726793748D-05  2.198298620464D-05  2.088207445969D-05 24 -1.361173420051D-01  6.805867100255D-02  -1.361173420051D-01 58
3.968702189298D-06 3 759072498190D-06  3.562723535596D-06 25 2.432822437717D-37  -1.216411218859D-37  3.152602707844D-19 59
6.777330256734D-07  6.421197823789D-07  6.084212372946D-07 % 0.9 0.9 0.9 0.7 0.7 0.7 0.7 60
1.157516029320D-07  1.096727646893D-07  1.039140135711D-07 27 0.9 0.8 0.9 0.8 0.9 09 0.9 61
1.976979039206D-08  1.873162668348D-08  1.774799628159D-08 28 0.9 0.05 0.05 005 005 0.9 0.9 62
3.376586523790D-08  3.199274487260D-08  3.031273803920D-09 28 55 28 2262 2262 90  o0.083 83
11 7.831770447500D-01  6.433285642088D-01 30 6.84 3.42 1 64
1.208496084373D+00  6.097210027624D-01  1.101969373618D+00 31 0.08 0.322 0.322 10 10 10 10 65
-1.188415531935D+00  -2.290645733438D-01 -1.013811108372D+00 az 0 1.29 128 149 118 1 1 66
2.581284413707D-01  -1.020051969202D-01  1.901995116320D-01 33 0.0365 0871 0871 0888 0888 0833 0833 67
9.620012442075D-04  6.217810497892D-04  B.304889670224D-04 34 0.09 0.09 008 009 008 009 009 65
69

1053 2

324 112 708 0.2 1 7

74 50 0 0 2

FIG. 4 Input Data for Example Problem (See Table 4 for Key to Input Data)

TABLE 4 Key to Input Data in Fig. 4

Rows 1-3 Flags for specified surface temperature and ventilation rate:
0 = unspecified
1 = specified

Rows 4-17 Conduction transfer functions for ceiling

Rows 18-29 Conduction transfer functions for east side of roof

Rows 30-41 Conduction transfer functions for west side of roof

Rows 42-46 Conduction transfer functions for south gable

Rows 47-51 Conduction transfer functions for north gable

Rows 52-55 Conduction transfer functions for east eave wall

Rows 56-59 Conduction transfer functions for west eave wall*

Row 60 Solar absorptances of attic surfaces®

Row 61 Total hemispherical emittances of surfaces facing away from attic space

Row 62 Total hemispherical emittances of surfaces facing attic space

Row 63 Attic length (ft), attic width (ft), pitch of east side of roof (degrees), pitch of west side of roof (degrees), angle between
ridge line and north-south direction (degrees, 90 = east-west ridge), height of eave walls (ft)

Row 64 Vent inlet (ft?), vent outlet area (ft?), type of vents (1 = soffit and ridge, 2 = soffit and ridge, 3 = soffit vents only)

Row 65 Water vapor permeances of attic surfaces (perms)

Row 66 Ratio of total area of exposed wood projected area of surface

Row 67 Mass of wood per unit projected area of attic surface (Ib/ft?)

Row 68 Initial moisture content of wood (weight fraction)

Row 69 Heat of vaporization of water (Btu/lb); set = 0 to bypass all moisture algorithms

Row 70 Rate of exfiltration of air from house into attic space (Ib/ft)

Row 71 Latitude (degrees), longitude (degrees), time zone (5 = Eastern, 6 = Central, 7 = Mountain, 8 = Pacific), atmospheric
clearness, solar reflectance of ground, flag for solar radiation input (1 = measured total horizontal and direct, 2 =
measured total horizontal only, 3 = no solar measured, but measured cloud cover; use 1 with weather data as in
example)

Row 72 Air temperature inside house (°F), relative humidity inside house (% RH), flags for ventilation (0 = both sides of attic

vented, 1 = attic vented on only one side), measured ventilation rate (0.0 if not measured)

“ANomenclature for directions assumes the ridge runs in the north-south direction.
BColumns for this and succeeding lines are ceiling, east side of roof, west side of roof, south gable, north gable, east eave wall, and west eave wall.

10.2 Many factors influence the accuracy of a calculationato about 15 % for attics with radiant barriers. A significant
procedure used for predicting heat flux results. These factorsource of uncertainty in the calculations for a radiant barrier
include computer resolution, accuracy of input data, and thattached near the roof was in the effective emittance of the
applicability of the assumptions used in the method for thecombination of radiant barrier and exposed wood surfaces.
system under study. By comparison of model predictions with
measured heat flux data, Wilk¢s) concluded that calculated 11. Keywords
cumulative heat flows under summer conditions were accurate 11.1 attic radiant barrier system; computer program; heat
to 5-10 % for attics without radiant barriers and were accuratgain; heat loss

11
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Dayof Hourof Outdoor Atmospheric  Cloud Wind Humidity Horizontal  Direct Cloud Wind Atmospheric

Year Day AirTemp Pressure  Amount Direction Ratio Solar Solar Type Speed Clearness
185 1 N 14.096 0 270.0 0.0085 0 0 2 4.61 1.05
185 2 90 14.096 0 2475 0.0087 0 0 2 4.61 1.05
185 3 87 14.096 0 180.0 0.0087 0 0 2 4.61 1.05
185 4 85 14.145 0 135.0 0.0091 0 0 2 4.61 1.05
185 5 82 14.145 0 90.0 0.0098 0 0 2 461 1.05
185 6 84 14.145 0 90.0 0.0101 1 0 2 4.61 1.05
185 7 86 14.145 0 90.0 0.0096 21 4 2 576 1.05
185 8 88 14.145 ] 90.0 0.0099 9N 78 2 5.76 1.05
185 9 92 14.145 0 45.0 0.0080 190 234 2 5.76 1.05
185 10 95 14.145 0 225 0.0083 254 272 2 6.91 1.05
185 11 99 14.145 0 0.0 0.0081 299 281 2 6.91 1.05
185 12 102 14.096 0 3375 0.0074 325 284 2 8.06 1.05
185 13 104 14.096 0 315.0 0.0070 334 284 2 9.21 1.05
185 14 107 14.096 0 2925 0.0071 327 284 2 10.36 1.05
185 15 108 14.047 0 270.0 0.0061 302 282 2 10.36 1.05
185 16 109 14.047 0 2475 0.0059 258 274 2 10.36 1.05
185 17 110 14.047 0 2475 0.0050 195 238 2 10.36 1.05
185 18 108 14.047 0 2475 0.0062 98 90 2 10.36 1.05
185 19 106 14.047 0 2475 0.0066 24 5 2 11.52 1.05
185 20 104 13.998 0 270.0 0.0071 2 0 2 11.52 1.05
185 21 101 14.047 0 2025 0.0070 0 0 2 9.21 1.05
185 22 98 14.047 1 1575 0.0077 0 0 1 6.91 1.05
185 23 95 14.047 2 90.0 0.0076 0 0 2 4.61 1.05
185 24 94 14.047 3 1125 0.0071 0 0 2 6.91 1.05
185 1 o1 14.096 0 270.0 0.0085 0 0 2 4.61 1.05
185 2 90 14.096 0 2475 0.0087 0 0 2 461 1.05
185 3 87 14.096 0 180.0 0.0087 0 0 2 461 1.05
185 4 85 14.145 0 135.0 0.0091 0 0 2 461 1.05
185 5 82 14.145 0 90.0 0.0098 0 0 2 461 1.05
185 6 84 14.145 0 90.0 0.0101 1 0 2 461 1.05
185 7 86 14.145 0 90.0 0.0096 21 4 2 576 1.05
185 8 88 14.145 0 90.0 0.0099 91 78 2 5.76 1.05
185 9 9. 14.145 0 450 0.0090 190 234 2 5.76 1.05
185 10 95 14.145 0 225 0.0083 254 272 2 6.91 1.05
185 1" 99 14.145 0 0.0 0.0081 299 281 2 6.91 1.05
185 12 102 14.096 0 3375 0.0074 325 284 2 8.06 1.05
185 13 104 14.096 o] 315.0 0.0070 334 284 2 9.21 1.05
185 14 107 14.096 0 2925 0.0071 327 284 2 10.36 1.05
185 15 108 14.047 0 270.0 0.0061 302 282 2 10.36 1.05
185 16 109 14.047 0] 2475 0.0059 258 274 2 10.36 1.05
185 17 110 14.047 0 2475 0.0050 195 238 2 10.36 1.05
185 18 108 14.047 0 2475 0.0062 98 90 2 10.36 1.05
185 19 106 14.047 0 2475 0.0066 24 5 2 11.52 1.05
185 20 104 13.998 0 270.0 0.0071 2 0 2 11.52 1.05
185 21 101 14.047 0 2025 0.0070 0 0 2 9.21 1.05
185 22 98 14.047 1 157.5 0.0077 0 0 1 6.91 1.05
185 23 95 14.047 2 90.0 0.0076 0 0 2 461 1.05
185 24 94 14.047 3 1125 0.0071 0 0 2 6.91 1.05
185 1 N 14.096 0 270.0 0.0085 0 0 2 461 1.05
185 2 90 14.096 0 2475 0.0087 0 0 2 4.61 1.05
185 3 87 14.096 0 180.0 0.0087 o 0 2 4.61 1.05
185 4 85 14.145 0 135.0 0.0091 0 0 2 4.61 1.05
185 5 82 14.145 0 90.0 0.0098 0 0 2 461 1.05
185 6 84 14.145 0 90.0 0.0101 1 0 2 4.61 1.05
185 7 86 14.145 0 90.0 0.0096 21 4 2 5.76 1.05
185 8 88 14.145 0 90.0 0.0099 9N 78 2 5.76 1.05
185 9 92 14.145 0 45.0 0.0080 190 234 2 5.76 1.05
185 10 95 14.145 0 225 0.0083 254 272 2 6.91 1.05

FIG. 5 Weather Data for Example Problem (see Table 5 for Units and Further Definition)
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185 11 99 14.145 0 0.0 0.0081 299 281 2 6.91 1.05
185 12 102 14.096 0 3375 0.0074 325 284 2 8.06 1.05
185 13 104 14.096 0 315.0 0.0070 334 284 2 9.21 1.05
185 14 107 14.096 0 2925 0.0071 327 284 2 10.36 1.05
185 15 108 14.047 0 270.0 0.0061 302 282 2 10.36 1.05
185 16 109 14.047 0 2475 0.0059 258 274 2 10.36 1.05
185 17 110 14.047 0 2475 0.0050 195 238 2 10.36 1.05
185 18 108 14.047 0 2475 0.0062 98 90 2 10.36 1.05
185 19 106 14.047 0 2475 0.0066 24 5 2 11.52 1.05
185 20 104 13.998 0 270.0 0.0071 2 0 2 11.62 1.05
185 21 101 14.047 0 2025 0.0070 0 0 2 9.21 1.05
185 22 98 14.047 1 157.5 0.0077 0 0 1 6.91 1.05
185 23 95 14.047 2 90.0 0.0076 0 0 2 4.61 1.05
185 24 94 14.047 3 1125 0.0071 0 0 2 6.91 1.05
185 1 H 14.096 0 270.0 0.0085 0 0 2 4.61 1.05
185 2 90 14.096 0 2475 0.0087 0 0 2 4.61 1.05
185 3 87 14.096 0 180.0 0.0087 0 0 2 4.61 1.05
185 4 85 14.145 0 135.0 0.0091 0 0 2 461 1.05
185 5 82 14.145 0 90.0 0.0098 0 0 2 4.61 1.0
185 6 84 14.145 0 90.0 0.0101 1 0 2 461 1.05
185 7 86 14.145 0 90.0 0.0096 21 4 2 5.76 1.05
185 8 88 14.145 0 90.0 0.0099 N 78 2 5.76 1.05
185 9 92 14.145 0 45.0 0.0090 190 234 2 5.76 1.05
185 10 95 14.145 0 225 0.0083 254 272 2 6.91 1.05
185 11 99 14.145 0 0.0 0.0081 299 281 2 6.91 1.05
185 12 102 14.096 0 3375 0.0074 325 284 2 8.06 1.05
185 13 104 14.096 0 315.0 0.0070 334 284 2 9.21 1.05
185 14 107 14.096 0 2925 0.0071 327 284 2 10.36 1.05
185 15 108 14.047 0 270.0 0.0061 302 282 2 10.36 1.05
185 16 109 14.047 0 2475 0.0059 258 274 2 10.36 1.05
185 17 110 14.047 0 2475 0.0050 195 238 2 10.36 1.05
185 18 108 14.047 0 2475 0.0062 98 90 2 10.36 1.05
185 19 106 14.047 0 2475 0.0066 24 5 2 11.52 1.05
185 20 104 13.998 0 2700 0.0071 2 0 2 11.52 1.05
185 21 101 14.047 0 202.5 0.0070 0 0 2 921 1.05
185 22 98 14.047 1 157.5 0.0077 0 0 1 6.91 1.05
185 23 95 14.047 2 90.0 0.0076 0 0 2 4.61 1.05
185 24 94 14.047 3 1125 0.0071 0 0 2 6.91 1.05
FIG. 5 (continued)
TABLE 5 Key to Weather Data in Fig. 5

Col. 1 Day of year (1 = January 1)

Col. 2 Hour of day (1 = 1:00 am)

Col. 3 Outdoor air temperature, °F

Col. 4 Atmospheric pressure, psi

Col. 5 Cloud amount (0 to 10)

Col. 6 Wind direction (0 = from north)

Col. 7 Outside humidity ratio

Col. 8 Horizontal solar radiation (Btu/h-ft?)

Col. 9 Direct solar radiation (Btu/h-ft?)

Col. 10 Cloud type

Col. 11 Wind speed, mph

Col. 12 Atmospheric clearness
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Ceiling Heat Flux,
Btu/heft2

0.4571 0.9038
0.3212 0.7908
0.2581 0.6883
0.2098 0.5942
0.1626 0.5015
0.1434 0.4146
0.1774 0.3321
0.3089 0.2850
0.5480 0.2984
0.8240 0.4101
1.1196 0.6413
1.4532 0.9228
1.7644 1.2325
1.8945 1.5749
2.0143 1.8029
2.0964 1.9449
2.0822 2.0400
1.9506 2.0970
1.7188 2.1161
1.4630 1.9773
1.2387 1.7293
1.0581 1.4679
0.9004 1.2435
0.7875 1.0620
0.6855 0.9039
0.5919 0.7908
0.4996 0.6884
0.4130 0.5942
0.3308 0.5016
0.2839 0.4146
0.2975 0.3321
0.4094 0.2850
0.6407 0.2984
0.9223 0.4101
1.2321 0.6413
1.5746 0.9228
1.8026 1.2325
1.9448 1.5750
2.0398 1.8029
2.0968 1.9449
2.1160 2.0400
1.9772 2.0970
1.7292 2.1161
1.4678 1.9773
1.2434 1.7293
1.0620 1.4679

1.2435

1.0620

0.9039

0.7908

FIG. 6 Output File for Example Problem
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Heat Flux, Btu/heftz
P

0 10 20 30 40 50 60 70 80 90 100
Time, hour

FIG. 7 Hourly Ceiling Heat Fluxes Calculated for Example
Problem. The Summation of the Hourly Heat Fluxes is 107 Btu/ft 2
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