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The Pertormance of
an Attic Radiant Barrier
for a Simulated Minnesota tVinter
H. Ghe¡ 1. L¡lson, Ph.D. B.lY. Erlcl¡son, Ph.D.

ABSTRACT

The effeaiveness of attic radiant barrier systems in
reducing heat loss through the ceiling was evaluated by
theoret ical and experime nt al approaches under des i g nat ed
winter conditions. Both approaches gave very low reduc-
tions in heating loa¿ due to a radiant barrier system. For
the theoretical calculations, cssuming no ventilation, the
placement of a radiant banier caused the natural convective
heat transfer to increase by an anount almost equal to the
radiative heat flux reduction. The heat flux redudion
decreased with an increase in the R-value of ceiling in-
sulation and outside temperqÍure, For the experimental
resuhs , where ventilation did eljst, there was no statistically
significant reduction in heu Jhtx with the radiant banier
either on top of the ceiling insulation or attached to the
underside of the attic roof.

Frost developed on thc u¡'tderside of the horizontal
perforøted ra¿iant barrier when the erterior temperature
was IO"F (-12'C) or less.

TNTRODUCTION

Heat transfer in attic spaces occurs mainly through
radiation and convection. The quantity ofradiation depends
on the temperatures of surfaces facing each other in the
attic (the top surface of the ceiling insulation and the bottom
surface of the roof sheathing) and their emissivities, while
convection depends on the surface temperatures, the attic
air temperature and velocity, and the heat transfer direc-
tlons.

In predominantly cooling climates, the roof temperature
is normally very high due to the absorption of solar raclia-
tion. Also, the emissivities of the surfaces within the attic
are normally high, close to 0.9. These factors lead to
radiant heat transfer, but a relatively small amount of heat
transfer in the attic space occurs by convection due to
downward heat flow. Therefore, radiant barrier (RB)
systems have been used to reduce ceiling heat gain; com-
monly used radiant barriers are aluminum foils with emis-
sivities around 0.03. It has been shown that an RB reduces
su¡nmer ceiling heat gains by about 167o to 42% (DOE
1991) with R-I9 insulation, or up to a l0% reduction in the
cooling costs.

I-evins and Karnitz (1988) studied the effectiveness of

in a mild climate. The effectiveness w¡rs less than that for
heat gain in the warm seåson, and the systems performed
more effectively with R-11 and R-19 levels of artic in-
sulation than with R-30. Horizontally installed barriers were
more effective than truss-mounted barriers in reducing
heating loads.

Little research bas been done on the effectiveness of
RB systems in reducing heat loss through the ceiling in a
cold climate typical of Minnesota. The effect of an RB on
convective heat transfer in the heating situation has not been
discussed much in the literature. Forest (1990) studied attic
RB performance in a cold climate-Alberta, Canada. He
found about a 5% rcÀuction in the total an¡ual heat loss
through the roof/ceiling, which amounted to a L% savings
in the total heating load. When interior air was allowed to
leak into the cold attic space, moisture condensed and frost
formed on the underside of the RB and in the fiberglass
insulation that supported the RB.

For the research herein, the effectiveness of RBs in
reducing heat loss under cold-climate conditions was
evaluated both theoretically and experimentally. The effect
of placing the RB on top of the insulation, upon the relative
humidity below the RB, was also evaluated.

THEOREÎTCAL APPROACH

During the winter in cold climates, there are three
modes of heat transfer from the house to the exterior
through the attic system: conduction, convection, and
radiation. Conduction dominates through the ceiling and
roof, while convection and radiation dominate in the attic
space. Figure I gives a simplified presentation of attic heat
flow. For the following analysis, heat transfer through the
ceiling/roof assembly is assumed to be one-dimensional.
Based on an analysis by McQuiston and Parker (1988), heat
flux through the attic can be expressed as

Qceil = Qro¿* Q"onu = QrnoJ* Qr,"n, (l)

or
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RB systems in reducing he¿t loss during the heating seâson
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Figur I Simplified schematic of afiic heat Jlow.

: heat transfer through ceiling, BtuÀ'ft2 rW/m2),

: radiation between ceiling and roof surfaces,

Btu/h.ft2 (w/-2),
: convective heat transfer in attic space, Btu/

h'fr2 (w/m2),
: heat transfer through roof, Btu/h'ft2 (W/-2),
: heat loss by attic vJntilation, Btu/¡'fÉ (W/m2-

)'
: temperature of the heated room air, 'R (K)'
: temperature of the outside air, "R (K),
: þmperature of the top surface of the ceiling

insulation, 'R (K),
: temperature of the bottom zurface of the.roof

sbeathing, 'R (K),
: temperature of the attic air, oR (K),
: thermal resistance between T¿n and Tr-o¡,

h'ft2' "F/Bru 1m2''c/Ìr¡,
: thermal resistance between T"-b, Nd Toup

h'ft2' "F/Bru 1m2' 
oCAÀr¡,

: convection coefficient in attic space,

Btu/h'ft2''F (W/m2' "C),
: emissivity on the top surface of the ceiling

insulation,
: emissivity on the bottom surface of the roof

sheathing,
: Stefan Boltzmann constaht, 0. l?13 x 10-8

Bru/h.fr2. oR4 (5.6,1 3x l0-B w/m2.K4).

Thus, the reductiotr of heat flux due to the RB is
actually the combine<l result of the reduction in radiation

and the increase in convection. To show this quantitatively'

the radiative and convective heat transfer as affected by an

RB system were calculatal by Equation 2, with the as-

sumption of no attic ventilation in order to simplify the

c¿lculation. The calculations used t Tou, of 32oF, OoF, and

-20'F (O'C, -17.8oC, and -28.9"C) and ceiling insula-

tion (R,-.,,) values of 19, 38, ancl 57 h'faz'"FtBtu (3'32,

e .o¿, anã b.só m2''c/w¡ The values of ft" were calculate<l

using the equation by Lloyd and Moran (1974)' The

emisiivities of the RB, the insulation surface, and the roof

undersurface are 0.03, 0'9, and 0.8, respectively' The

location of the RB, either on toP of the ceiling insulation or

on the lower zurface of the attic roof, has the same effect

on radiative heat transfer. The results obtained are given in

Figure 2 and Table 1.

Figure 2 shows that radiation is nearly eliminated with

the RB, but the increase in natural convection is about equal

to this reduction. As a result, the net effect of the RB on

total ceiling heat transfer is very small. Table I shows a

sraximum Leet flux reduction o¡ O.Xg Btuft'ft2 (0'817

W/m2) when Tou, is -20'F (-28'9"C) and R^, is 19

h'ft2'"F/Btu (3.5í'mz'"cAV). The heat flux reduction de-

cresses with an increase h À¡^, and To*.

Ventilation varies so much in actual houses that no

single value ofventilation is representative, but its effect on

heat transfer is easy to depict. An increas€ in ventilation

reduces 4 *d increases ft". Consequently, convective heat

transfer iJincreased and the effectiveness of an RB system

is reduced. ìWhen ventilation is zero, an RB system is most

effective.
In a warm climate, the situation is different' Ventilation

reduces the convective heat transfer from the attic air to the

ceilin is larger for heat flow

upwa . Both of these factors

make ing cooling loads than

in reducing heating loads.
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Equation 2'shows that the quantities of radiative and

convective heat transfer depend not only on the emissivities

of the facing surfaces but also on their temperatures, which,

in turn, are a function of inside and outside air temperature,

ceiling and roof insulation, and attic ventilation' Emis-

sivities determine the amount of heat transfer from the top

surface of the ceiling insulation to the bottom surface of the

roof sheathing. This changes the temperatures of the facing

surfaces, which again influence the quantity of convective

heat transfer. The effect of an RB can be expressed as
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Figure 2 Theoretical heatflux with and without the RB,

assuming no attic ventilalion'le-Qn¿l &T.-"¡1 &Ts-br+ &Q.onu1.
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TABLE 1

Theoretically Calculated Attic Temperature and Heat Flux Data
Under the Assumption of No Attic Ventilation

R,n.u Tou, Tr.",("F)

No RB RB

Q,o,,,(Btu¡hr'¡tz;

No RB RB

Qoo(Btu/hrft2¡

No RB RB

Q"onu(Btu/hrft2¡

No RB RB('F)

AQ

(Qo - a)

AQ/Q

(%)

19

32

0

-20

36.63

8.96

-8.25

40.21

13.92

-2.93

1.530

2.880

3.719

1.356

2,638

3.460

t.240

2.082

2.476

0.149

0.200

0.271

0.29r

0.799

1.243

1.207

2.438

3.249

0.174

0.242

0.259*

1r.4

8.4

7.0

380
32

20

34.60

5.09

-73.26

37.77

8.65

-9.39

0.846

1.593

2.058

0.781

7.502

1.959

0.706

7.197

1.440

0.096

0.726

0.133

0.140

0.396

0.618

0.685

r.376

t.826

0.065

0.091

0.099

7.7

5.7

4.8

57

6.0

4.4

3.8

32

0

-20

33.82

3.57

-1.5.25

35.86

6.42

-72.77

0.585

1.101

7.423

0.549

1.053

1.369

0.497

0.848

I.026

0.072

0.095

0.100

0.088

0.253

0.397

0.477

0.958

t.269

0.036

0.048

0.054

* 1 Btu/hrftz = 3.1537'W/m2

EXPER¡MENTAL APPROACH the HFT and tbe drywall to improve the thermal contact'

The thermocouples were placed in the warrr room, beneath

and above the ceiling drywall, above the ceiling insulation,

in the attic space, beneath and above the roof sheathing,

and in the frenznr. They were located in the same vertical

plane between two trusses in the center of each cell'

Surface temperature sensors wero mounted with paper tape'

A 33 factorial design was used to evaluate the heat flux

through the ceiling, with each setting replicated' To

minimize any error caused by different conditions between

the two cells, a random experimental design was used to

thicknesses of 5.5, ll, ancl 16'5 in. (140, 280, ancl 420

mm), respectively. Multiple layers of fiberglass batts were

used to achieve R-38 and R-57. The RB was located either

on top of the ceiling insulation or just below the roof

sheathing. The warm room temperature was maintained at

68"F (20"C) throughout the experiments. To ensure that the

thicknesses of the fiberglass batts were the same in both

cells and between all chords, a row of marked sticks use<l

for sight leveling of the insulation was installed on the

bottom chord of each truss. The density of the fiberglass

batt was about 0.604 lb/fÉ (0.038 kg/m3).

To evaluate humiclity conditions under the RB, a

separate experiment was carried out in which 15 woo<l

samples, each 314 in. by 2 in. (19 mm by 50'8 mm) in

cross section and l/4 in. (6.4 mm) along the grain, were

used to estimate relative humidity via its correspondence to

wood moisture content' They were placed beneath and

above the ceiling insulation, in the attic space, and in the

Paraphernatia

The model house (Figure 3) is a heated room with an

attic space anct is locate<l in a walk-in freeznt where it is
possible to simulate winter temperatures. The house is 13

ft long by 6 ft wide (39.7 m by 2 m) with a 4ll2 slope<l

shed roof. The attic has two experimental cells, each with

a ceiling area of about 6 by 6 ft (Z b1 2 m) Td contains an

air volume of approximately 100 fë (2.8 mr). The ceiling

of the 2 ft (0.61 m) high warm room is 5/8-in. (15.9-mm)

drywall that is attached to the bottom chords of trusses

space<l 2 fl (0.61 m) on center. The 6-mil polyethylene

vapor retarder was placed between the drywall and the

bottom chorcls of the trusses. Removable fiberglass batts

were place<l between the bottom chords in direct contact

with the vapor relarder. The attic roof is made of 5/8-in.
(15.9 mrn) plywoocl. The four fans of the refrigeration

system plus another fan were used to minimize the tempera-

ture variation throughout lhe frenznr air.
The RB is single faced, with the aluminum foil rein-

force<l by paper. The perforation density^is 64 holes/in?,

each with a ctiameter of about 5.9 x 10-r in. (0.15 mm).

The average emissivity of the RB is 0.03. Two heat flux
transclucers (HFT) ancl 16 type-T thermocouples were used

to measure the beat flux and the temperatures (Figure 4)'

The HFTs are I x I ft (310 x 310 mm) with a thickness

of 0.0275 in. (0.7 mm)' Both surfaces are covered by

potyester sheets. An HFT was located centrally in each cell

between the bottom chords of two trusses. The influence of
the bottom chorcls of the trusses on heat flux was ignore<l

for simplicity. The HFTs were placed between the drywall

and the vapor retarder, and heat sink gel was used between

lt6
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Fígure 3 Construction detsils of the freezer and the model howe,
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Figure 4 Modet house showing the locations of radiant barriers (RB), heatflux transducers (HFT), and thermocouplzs

Qrr).

wann room (Figure 5). The test conditions selected were

TQ,, of 10"F (-12'C) and rR,,,", of 38 h'ft2''F/Btu (6.64

mz'"CNV; with the RB placed on top of the ceiling insula-
tion.

Data Collectíon and Calc¡¡lations
Air temperature in the freezer underwent regular

fluctuations between given limits, so the heat transfer
through the ceiling also fluctuate<!. The longest on-off cycle
for the refrigeration system was about 30 minutes. Because

of these fluctuations, the heat flux and temperature readings

were taken every 30 seconds and averaged for five-minute

intervals over a three-hour test duration. The freezer ran at

set conclitions for at least one day prior to any data collec-

tion to allow for stabilization.
The clata collected by the acquisition system were

voltages for the HFTs and direct temperatures for the

thermocouples. The heat flux through the ceiling was

calculate<l from the HFT voltage by the f<rllowing equation

(EKO le90):

E
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Fígure 5 Model house showing the locqtions of wood samples.

E
Qccìl =

c x (1 * (Tro - 68'F) x o.ool4"F-r 
)

(3)

: ceiling heat flux, Btr¡/h'ft2 (W/m2),
: output voltage, mV,
= sensitivity of HFT, mV'h'ft2/Btu (mV'm2/TV),

and
: temperature of the transducer, oF ("C).

R

: thickness of fiberglass batt, in. (mm),
: emissivity of the surfaces of fiberglass batt :

0.9,
: density of fiberglass batt, lb/fÉ Gg/.3),
: scattering parameter, ft3llb'in. (m3/kg'mm),

and
: air gas conductivity : 0.1804 x t(L +

460'F)/53510'e06, Btu'in/h'ft2'"F (o.1442
W'/m'"C).

L
C1tE2

where

o
E
C

Trro

p
N

K,

Each of the HFTs was calibrated for its sensitivity. The
HFTs are very thin, have a large surface area and high
conductivity, were placed betwe¿n the drywall and the
frberglass insulation, and were attached to the drywall with
heat sink gel. Consequently, the effect of HFT on the heat
flux pattern through the ceiling is considered negligible. To
ensure the accuracy of the HFTs, the heat flux values
through the ceiling were also calculated from the thermo-
couple measurements and the estimated insulation R-values
and compared to those obøined from the HFTs. The
thermal conductivity of the fiberglass batt varies with
temperature and thickness, so mean temperature and

thickness were used to estimate the R-values as follows
(Ober 1992):

-1
ittsu

qof^
1 * 1 -l*pNLo1 t2

(4)
+

where

thermal resistance of ceiling insulation, h'f-
t2'"F/Btu 1m2'"c^v¡,

: thermal conductivity of fiberglass batt, Btu'in-
./h.ft2.'F 1w/m2."c¡,

: (Tr_u¡+*Tno)lZ mean temperature of
fiberglass batt, oR (K),

The values of pN were first calculated with Equation 4

using the nominal thicknesses of the fiberglass batts and the

corresponding R-values. The pN values were then used to

obtain estimated R,.,rss at experimental thicknesses. The
ceiling heat flux was then calculated by

Qc"¡l= (Ts-t¡-Ts-a;) / R¡^u (5)

where the variables have been previously defined for
Equation 2.

The percentage reduction of heat flux due to the
RB was calculated using the following equation:

AQ I Qo = (Qo-Q) I Qo (6)

where

heat flux when RB is not use<I, Btu/h'ft2 (W/-2),
: heat flux when RB is used, Btu/h'ft2 (Wi-z).

In the experiment for determining the relative humidity
levels beneath the radiant barrier, the wood samples utilized
were oven-drie<l prior to placement at designate<l locations.
Over a Z}-cJay period, all samples were removed every five
days, weighed, and then returned to their original locations.
Sample weights were used to obtain moisture content on the

oven-dried basis and, by reference to a published equilibri-
um moisture content table, the relative humidity was

estimate<I.

K
T Qo

aK,
T

Ri^,

K

Tn

RB Wood sa

f

il8
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RESULTS AND DISCUSSIOI{

For heat flux determined by the HFTs, the maximum

rectuction (Table 2) due to the placement of an RB was

0.131 Btu/h'ft2 1o.at: V//m2), but this reduction was

statistically insignificant at the 997o confidence level' This

maximum occu.r.¡ *it¡ an R-valueof l9 h'ft2''F/Btu(3'32
m2'oc^M¡, 0"F (-17.8'C), with the RB under the roof

sheathing. The overall results showe<l no trend for the heat

flux reductions with changes in R,^, and To*'

There was no statistically significant difference in heat

flux reduction at the 99% confidence level between the two

RB locations (Figure 6).

Tbe heat flux values at R-19 and R-38 calculated with

Equation 3 from the HFTs were close to, but smaller than'

Uäre 
".tcutated 

with Equation 5 using thermocouple

temperatures and estimated R-values (Figure 7)' However'

at i-57, the heat flux values from the HFTs were only

about half as much as those from using temperature and

estim¡ted R-values.
The experiment ùo evaluate humidity levels under the

RB showed no difference in the relative humidity on lop of

the insulation with and without RB (Figure 8)' The relative

humidity values were estimated from average temperatures

and wood moisture contents, and a graphical record of the

messured temperature over time is given in Figure 9' Frost

was obsprved on the lower surface of the radiant barrier

when To*was l0oF (- 12'C) or less'

Thðîeduction in heat flux found experimentally due to

the placement of an RB was very small, lower than those

obøined from the theoretical calculations' One possible

reeson is the presence of ventilation in the experiments' As

analyzsÅ in the theoretical part, ventilation increases

convective heat transfer and hence leads to a less effective

RB. The q.qntity of ventilation in the experiment was hard

to obtai¡ due to the complexity of the airflow pattem in the

ftæznr and attic space, but from Table 3 it can be seen that

the values of Towere very close to Tou, i'e., less than 1"F

difference. The small difference between To olnd Tou,

indicates a high ventilation rate in the model house.

The heat flux reductions found in the experiment

showed no trend with cbanges h 4^u and Tou, Possible

factors contributing to this result are errors in HFT mea-

surement and errors in insulation R-values. Since the effect

of the errors o¡ heat flux values could be relatively large

compared to the small heat flux reductions due to the RB,

the trend could have been ma^sked'

The heat flux values measured by the HFTs were

smaller than those based on calculations using thermocouple

temperah¡res and estimated R-value.s' The differences

between the two methods i¡cre¿sed æ Ri^, increased and

decreased ü Tou, decreased. At R-19 and R-38 levels of
insulation, the differences of the heat flux measurements by

the two methods were fairly small, while the difference was

very large for R-57 ceiling insulation. The reason for this

is believed to be the HFT measurement error. The sen-

sitivity of the transducer is about 0.04 mV, while the

reading from the HFT at R-57 was also about 0.04 mV.

The effectiveness of an RB system for reducing the

heating load in a cold climate is less than that for the

reduction of the cooling load in a wann climate. This can

be attributed to the comparatively larger convective he¿t

transfer coefñcient wben heat flow is upward, lower

temperatures and sm¡ller temPerature differences between

the two facing surfacqs in the attic space, and the different

contributions of attic ventilation. The perforations of the

TABLE 2

Heat Flux Values Showing the Effect of a Radiant Barrier
as Measured by Heat Flux Transducer

R,nru Tou, Q,o,,,(BtuArftz)

No RB RBæ¡tins RB-r
aQ(Q0-Q)

RBæ¡lins RB-r

ÃQlQ(vo)

RBæir¡ng RB-r('F)

7.766

2.958

3.357

r.777

2.836

3.316

7.712

2.827

3.369

(0.011)

0.122

0.041

0.054

0.131

(0.6)

4.t

7.2

1J.
32

0

-20

19
4.4

38

32

0

0.915

t.562

1.858

0.927

1.480

1.729

0.944

1.441

1.844

(0.006)

0.082

0.729

z

(0.02e)

0.721

0.014

(0.7)

5.2

6.9

(0.3

(3.1)

7.7

0,8-20

32

0

-20

0.444

0.619

0.645

0.447

0.580

0.675

0.447

0.592

0.699

(0.003)

0.039

(0.030)

(0.003)

0.027

(0.0s4)

(0.s)

4.4

(0.s)

6.3

4.6

57

*1 Btu/ïrft2 = 3.7537 Wlmz

ll9
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Fígure 8 Relative humidities at various locstions as

measured by wood satnples,

radiant barrier used in this study did not allow adequate

amounts of water vapor to escaPe from the thermal enve-

lope as conditions got colder. Consequently, moisture/frost

formed on the underside of the radiant barrier.

coNcLUsloNs

1. Both the theoretical and experimental results obtained

from this rasearch show that attic radiant barriers cause

very low reductions in heating loads in a cold clim¡te'

2. Theoretical calculations show that when the heat flux

increases due to decreases in outside temperature and

R-value of the ceiling insulation, the effectiveness of
the radiant barrier increases. Experimentally, because

of the smell heat flux reductions due to the radiant

barrier, this result was absent.

3. Experimentally, the heat flux reductious due to an ettic

radiant barrier as measured by the heat flux transducer

were not statistically significant' However, the heat

flux reductions as calculated from the use of ther-

mocouple measurements, though very small, were

statisticallY signifi cant.
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4. In a warm climate, ventilation has a positive effect on

reducing the convective heat transfer from the attic air

to the surface of the ceiling insulation by reducing attic

temperature. Also, the coefficient of conve¡tive heat

tranifer is larger for heat flow upward tha¡ for heat

flow downward. Both of these factors make an RB

more effective for reducing cooling rather than heating

loads.
Theoretically, the placement of the radiant barrier

increased the temperature at the insulation top surface

and hence increased convective heat transfer' This

almost eliminated the reduction of radiative heat

transfer.
Experimentally, when outside temperatures were below

10oF, water vapor condensed and frost developed on

the bottom surface of the perforated radiant barrier'
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El RB below roof thoalh¡ng

F- n-lg -|
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->1
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¡- ¡-le --l

F- R-38 -i

!- ¡-57 
-¡
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beneath insulation without RB

warm
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TABLE 3

Ternperatures ('Ð at Various Locations
as Measured by ThermocouPles

Ts-si Ts-ed Ts-hd Tin
Tout Ts-ar Ts-trr Ta

R19

31.92

0.11

-r932

31.85

o32

-r9.?2

3Ll6

0.94

-1&41

32:Ul

0.94

-1830

33.41

4.æ

-15.45

6.67

65.60

e-96

68.ó1

æ.20

67.71

68.99

68.96

æs2

NO RB R38

3Lal

0.00

-19.68

3LL4

o.23

-r9.X

32:62

0.75

-1&8íl

3L33

0.70

-19.04

3288

3.2r

-15.49

67.33

6.9r
67.U

68.50

68.65

68.n

68.78

68.99

69.15

R57

3L06

4.14

-19.70

3L'O

4.14

-1958

33.t3

3.00

-1452

67.&

67.æ

67.8

68.63

69.U2

æ.67

6.75

ó9.11

6855

323Á 323t

o.x¿03ó

-18.93 -19.10

R19

37.v2

0.18

-19.11

3L05

028

-19.65

3ZL3 3255

1.16

-r837

y.43

628

-11.05

6.70

65.88

65.44

68.46

6834

68.18

68.90

69.11

68.87

0.68

-19.11

3L42

458

-19.89

3L29

4.1ó

-L957

35.11

455

-tL.76

61.65

6.9\
6.94

68.51

ó859

68.63

ó&78

æ.yl

69.05

3259 3L65

RBoa¡¡og R38 o.26 0.80

-19.t2 -18.6

3Ll7

4.29

-t957

3LtO

4.2L

-1954

3Lr9

034

-19.ß

3224

o.62

-18.83

3r'.32 67.7L

61-69

67.89

68.69

68.80

69.03

68.83

69.01

68.93

1.úR57
-9.æ

R19

3L.97

0.68

-19.63

3LO3

0.96

-19.59

3LU

139

-19.18

3Læ

Lú
-17.85

%.46

7.96

-r1.6

67.37

6.29

65.27

68.,l8

68.14

68.13

68.94

68.95

68.83

RB.oof R38

3Lt6

0.16

-r9.74

3Ll2

0.16

-1950

3LA
o.42

-r9.29

3239

0.74

-1857

33.26

6J9

-14.10

67.33

67-20

67.M

æ.52

æ.79

68.63

æ.79

69.t3

69.U

R57

32.L|

0.r2

-19.88

SLtl
0.31

-19.87

3Zr3

0J8

-19.58

3232

1.09

19.11

33.?4

4.32

-11.41

61.55

67.6

61.8'l

68.64

68.78

69.05

æ.14

68.93

68.90

* See Figure 5 for the locations of the thermocouPles'
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TABLE 4

HeatFluxValuesShtrwingtheEffectofaR¡dia¡rtBurrier
as calculated from Me¿sured Ternperutures and Estimated R-values

R,n.u Tou,

(hrft2'.F/Btu) ('F)
Q,o,"r(Btu/hrft2)

No RB RBcciring RB,-r

aQ(oo-Q)

RB*ir¡ng RB*r

ùQlQ (Vo)

RB*iting RBr*t

32

0

-20

1.820

3.189

4.021

1.769

3.704

3.859

t.703

3.049

3.867

0.051

0.085

0.162

0.118

0.140

0.154

2.7

6.5

4.4

3.8

2.8

19

4.0

38

5.3

1.9

4.0

32

0

-20

0.949

1.664

2.085

0.899

7.632

2.001

0.939

1.593

2.054

0.050

0.031

0,084

0.01

0.070

0.030

1.1

4.2

1.5

32

0

-20

'1 Btu/hrft? = 3.1537 W/m2

to David Ober, Bruce Nelson, Douglas Hawkins, and

Thomas Kuehn for their contributions toward the research

and this paper,
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0.638

1.130

1.387

0.67',1

r.067

7.327

0.021

0.063

0.060

0.005

0.021

0.037

3.3

5.6

4.3

0.8

1.9

2.7

0.632

1.109

1,350
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