Radiant Barrier Performance Estimation for the State of California
By
Mario A. Medina, Ph.D., P.E.

Summary
This report presents a brief study of radiant barrier performance based on ceiling heat fluxes

and attic temperatures for four major cities within the State of California. The cities were
selected because of their locations and climates. They are Fresno, Los Angeles,
Sacramento, and San Diego. The location of these cities is shown in Figure 1.
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Figure 1. Location of the Cities Considered in This Study

A transient heat and mass transfer model, developed by Medina et al. (1998a, 1998b), was
used to run the simulations. The model was driven by TMY2 summer weather data from
stations in the selected cities. A ceiling insulated with fiberglass blankets with thermal
resistance of R-19 was assumed in a fully vented attic (1 CFM/f?). According to the
simulations, radiant barriers would prove very effective in every city. The reduction in
ceiling heat flux (over a period of days) in the above cities varied from 39.7% for Fresno to
97.7% for Los Angeles.

Description of the Model Used to Produce Simulations

The model that was used for the simulations was developed following the processes
described by ASHRAE (1997). These required that heat balances be set up for outside and
inside surfaces, for the air zone, and that these be coupled to the wall conduction process.
Once these processes were described they were solved simultaneously using an iterative
solution. The attic model is described in detail in Medina et al. (1998a)—Paper is included
in the Appendix. A brief description follows.



The attic used in the development of the model is shown in Figure 2. It was a five-sided
symmetrical attic composed of two pitched roof sections, two vertical gable-end sections,
and one horizontal ceiling frame.
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Figure 2. Attic Geometry Showing the Selected Radiant Barrier Configuration

For any' surface, the heat balance equation was (Nomenclature is found at the end of this
document):

Qconducted (to/ from) + Heat Stored + Qconvected (to/ from) + Qradiated (net) + Qlatem (cond / evap) =0
Y]

Using response factor notation, for an attic exterior surface, Equation (1) was expressed as
(on a rate basis):
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and for an attic interior surface as,
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The convection coefficients ho; and hi; were estimated using published correlations based on
Nusselt numbers (ASHRAE, 1997). In equation form:

Nu k
L

h= )

This approach combined the natural and forced convection Nusselt numbers (Churchill,
1977 and Chen et al., 1986) using:

Nu'=NurtNuw (5)

Also, different expressions of Nusselt number were formulated depending on heat flow
direction and surface orientation. The indoor radiation coefficients were estimated by:

hri,, = Gi,ko-(le +TNT, +T,) (6)

where
gi
G, =y, )

and where previous values of temperatures were used. For the net radiation on outer attic
surfaces to the sky and surroundings, the coefficient was formulated as:

hroi = gl,aul O-(Ti,fmt + T:lfy/sw—r )(Tl,out + Tskylsurr ) v (8)
The total solar radiation incident on an inclined surface was estimated by,

q"_’, =L+ R, v (9)



where,
, = cos(8) (10)
cos(62)

cos(8) = sin( 8) sin( @) cos( B) — sin( &) cos( @) sin( ) sin(¥) + cos(F) cos( @) cos( f) cos(w)
+ cos( &) sin( @) sin( ) cos(¥) cos(@) + cos(J)sin( B)sin(y)sin( @)
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and
cos(8, ) =sin(F)sin(¢@)+cos(d)cos(p)cos(w) (12)
Tay was calculated as follows after Martin and Berdahl (1984):
Tay = Tumbien [Eo T a+ Eo)C]U4 (13)
where
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where n was the fraction of the sky hemisphere covered by clouds, & was the
hemispherical cloud emissivity, and I a factor depending on the cloud base temperature.

Latent effects were incorporated in a steady-state moisture balance (Burch et al., 1984;
Cleary, 1985; and Wilkes, 1989), written as:
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In Equation (16), the first term represented the rate of moisture transfer by
diffusion through the attic components. The second term represented the moisture
loss/gain by adsorption/desorption of water vapor at wood surfaces, and the last term was
the moisture transfer by exchange of attic air with the outdoor air. This expression was
solved iteratively for wem air. In Equation (16) the mass transfer coefficient, A, was

calculated using the Chilton-Colburn analogy between heat and mass transfer



(ASHRAE, 1989), the mass diffusivity term found in the Chilton-Colburn analogy was
estimated using Sherwood's (1952) relation. The wood humidity ratio was estimated
using a relation by Cleary (1985). Once the attic air humidity ratio, the mass transfer
coefficient, and the wood humidity ratio had been calculated, the latent load was obtained

using
q"latent = hw,i (wanicair - ww,i ) h §/4 '(18)

where h ., Was the latent heat of vaporization of water.

Validity of the Model
The model was validated by comparing its predictions to data obtained from monitoring two

well-calibrated test houses. One house was used as a control house and the other as the
experimental house. The thermal performance of both houses prior to any retrofit was
nearly identical. Ceiling heat flows and space-cooling loads differed by less than 3 percent.
The experiments and the validations are presented in detail in Medina (1992). Only a brief
description is provided here. Figure 3 depicts a comparison between model predictions and
experimental data for the case where no radiant barriers were installed. The heavy solid line
represents the data while the lighter solid line represents the model predictions. The
difference between both sets of lines is less than 5%, which makes the model predictions

acceptable and accurate.
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Figure 3. Model Validation: Ceiling Heat Fluxes (No Radiant Barrier Case, insulation resistance: R-19;
with attic airflow rate: 1.0 CFM/f¢)



On the other hand, Figure 4 depicts a comparison between model predictions and
experimental data for the case where a truss radiant barrier (Figure 2) was installed. Similar
to the previous figure, the heavy solid line represents the data while the lighter solid line
represents the model predictions. The difference between both sets of lines is also less than
5%, which makes the model predictions for the radiant barrier case acceptable and accurate.
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Fig'ure 4. Model Validation: Ceiling Heat Fluxes (Radiant Barrier Case, insulation resistance:
R-19; with attic airflow rate: 1.0 CFM/ft%)

Results and Discussion

The influence of climate on the performance of attic radiant barriers in the four cities
within the State of California was evaluated using the heat and mass transfer model. It was
driven by the TMY?2 weather data from the stations. A truss radiant barrier configuration
(Figure 2) was assumed with a ceiling insulation thermal resistance of R-19. The outputs of
the model were the ceiling heat flux for radiant barrier case and no radiant barrier case and
attic temperatures. For the no radiant barrier case only the R-19 insulation was present at the
top of the ceiling frame. For the radiant barrier case, the radiant barrier was stapled to the
rafters of the attic. Sample profiles of ceiling heat fluxes the for selected cities are provided.
The profiles serve as a useful analytical tool that helps in understanding how the radiant
barrier performs in the various climates. The profile time spans from July 25 to July 27.



Radiant Barrier Performance for Fresno, CA
Fresno's weather is generally mild with dry and warm summers. Climatic information for
Fresno is given in Table 1.

Table 1. Temperature Summary for the City of Fresno, CA (Sperling’s Best Places, 2003
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The following graphs depict how a radiant barrier would perform in a house located in this
climate. In Figure 5a, the solid line represents the ceiling heat transfer from the attic in Btu
in one hour per square feet of ceiling area. The dashed line represents the same heat transfer
rate when a radiant barrier is in place.

The data indicate that over a summer season the radiant barrier would block approximately
40% of the heat from entering the conditioned space. The instantaneous reduction at peak
times (demand reduction) would be approximately 36%.

Figures 5b and 5c contain histories of those variables that drive the model. These variables
were ambient air temperature, solar irradiation, and wind speed. The ambient air
temperature for the simulated period had an amplitude of approximately 37 degrees, from
the low 60’s to the upper 90’s and low 100’s. The average ambient air temperature for this
period was 81.4 °F. The solar irradiation peaked at 315 Btw/ft* while the wind speed
averaged 7.65 mph (6.65 knots) with low-end values of approximately 4 mph (3.5 knots)
during the morning hours and high-end values of approximately 12 mph (10.4 knots).
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Figure 5a. Radiant Barrier Performance for the City of Fresno, CA
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Figure 5b. Ambient Air Temperatures and Irradiation Corresponding to Figure 5a Results
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Figure 6. Predicted Attic Temperatures for a House Located in Fresno, CA




Figure 6 represents how the attic temperature would change as a function of outdoor air
temperature. The data clearly show that the installation of a radiant barrier would
significantly reduce the attic temperature. For the Fresno case, the attic temperature would
be reduced an average of 6.5 °F over the entire period of solar activity. The maximum
reduction, however, would be approximately 10.6 °F at peak times.

The bifurcation in temperatures observed in Figure 6 (Fresno) for the radiant barrier case
(A) and again in Figure 10 (Sacramento) also for the radiant barrier case (4) at the mid
section of the range of ambient air temperatures of the scales is explained as follows:
Although radiant barriers reduce the attic air temperatures when compared to attics with no
radiant barriers, during a daily cycle of ambient air temperatures an attic with radiant barrier
will have (in general) two distinctive attic air temperatures for the same ambient air
temperature, one will be a “morning” temperature and the other an “afternoon” temperature.
Just as efficiently as the barriers block heat from entering the attic, they also prevent heat
from leaving the attic across the roof. The “afternoon” attic air temperature is higher
because by this time of day, some heat would have managed to make it into the attic either
across the gable ends or with the ventilating air. This heat is in a sense trapped from leaving
the attic through the roof and thus creates a higher temperature than the “morning”
temperature, but in general less than the control attic. This trend also occurs in cases where
the attic is located in places that are windier and more humid, such as in Los Angeles and
San Diego (Figures 8 and 12). These two facts, which translate into attic temperatures being
more stirred and moister, make the bifurcation not seem as pronounced as the case where
the wind is calmer and drier although there still are differences in temperatures correlated to
when they are recorded, moming or afternoon.
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Radiant Barrier Performance for Los Angeles, CA
Los Angeles is noted for its moderate weather. Los Angeles climate is categorized as

Mediterranean. This climate type is characterized by pronounced seasonal changes in
rainfall, with low to non-precipitation summers and rainy winters, but relatively modest
transitions in temperature. In the summer season, the eastern Pacific high-pressure area, a
semi-permanent feature of the general hemispheric circulation pattern, dominates the
weather over much of southern California. Warm and very dry air descending from this
Pacific high caps cool, ocean-modified air under a strong inversion, producing a marine
layer. This marine layer is the prominent weather feature for the Los Angeles Basin for
much of the year, especially from late spring through early fall. Daily variations in the
strength of the Pacific high result in variations in the depth and coverage of the marine layer,
which typically thickens and advances inland during the night and early morning hours,
before retreating to the sea or "burning off" to hazy sunshine around midday. Surface
pollutants trapped under the marine inversion result in smog, the infamous LA mixture of
smoke and fog. Because of the dominance of the stable marine layer, significant
precipitation is rare between May and October. Any rain that does occur at this time of year
is usually the result of isolated thunderstorms associated with subtropical moisture. Winds
are generally moderate, with frequent afternoon sea breezes of 12 to 17 miles per hour.
(National Weather Service Forecast Office, Los Angeles/Oxnard CA). Climatic information
for Los Angeles is given in Table 2.

Table 2. Temperature Summary for the City of Los Angeles, CA (Sperling’s Best Places, 2003)
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Figure 7a shows how ceiling heat fluxes can be reduced in this climate when radiant barriers
are installed. Again, Figures 7b and 7c contain histories of those variables relevant to the

simulation.
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Under this type of climate a radiant barrier can be expected to block about 98% of the total
ceiling heat load with demand reductions (instantaneous heat transfer) being reduced to
almost 100%. Note that the simulations were performed using the hottest weather of the
year. For this case, the ambient air temperature had a narrow swing of approximately 9
degrees, from the mid 60°s to mid 70’s.

’ LOS ANGELES

pre— T STYTY L T,

8

10

g

i
¥

g B

8

Wrradistion ower | Hr (Bt 1)

é,

Figure 7b. Ambient Air Temperatures and Irradiation Corresponding to Figure 7a Results
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The lower air temperatures could be the result of higher winds experienced in this area of
the state.
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Figure 8. Predicted Attic Temperatures for a House Located in Los Angeles, CA
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The wind speed averaged 9.1 mph (7.9 knots) with low-end values of approximately 2 mph
(1.74 knots) during the morning hours and high-end values of approximately 17 mph (14.8

knots).
For the Los Angeles case, the attic temperature would be reduced an average of 7.4 °F over
the entire period of solar activity. The maximum reduction, however, would be

approximately 11.8 °F at peak times.
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Radiant Barrier Performance for Sacramento, CA

Sacramento’s weather is mild most of the year. The coldest months are January and
February, with average temperatures ranging from 40 - 60 °F and about 3 in of rain each
month. In March and April, the temperatures are in the mid 60’s during the day and about
45 °F at night. An inch or two of rain are usually expected during these months. By July,
temperatures climb into the low 90’s with several days topping 100 °F. Nights in the
summer reach a low in the high 50’s. Little rain falls between June through September. By
October, temperatures are back to the 50 - 80 °F range. Climatic information for
Sacramento is given in Table 3.

Table 3. Temperature Summary for the City of Sacramento, CA (Sperling’s Best Places, 2003)
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In Sacramento, radiant barriers could be expected to block approximately 50% of the total
heat flux into the living space during the summer season and approximately 40% during
peak times of the day. This is shown in Figure 9a. Figures 9b and 9¢ contain histories of
those variables relevant to the simulation. For this case, the ambient air temperature had the
largest swing, which was approximately 50 degrees, from about 50 to 100. The average
temperature for this period was 73.4 °F. The solar peak load was approximately 310 Btu/ft?
integrated over a one-hour period and the average wind speed was about 6.85 mph (5.95
knots), with a maximum wind speed occurring on the last day of the simulations of about
13.9 mph (12.1 knots).
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Figure 9b. Ambient Air Temperatures and Irradiation Corresponding to Figure 9a Results
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Figure 10. Predicted Attic Temperatures for a House Located in Sacramento, CA
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Figure 10 depicts how the attic temperature would be reduced as a function of outdoor air
temperature if a radiant barrier were installed. For the Sacramento case, the attic
temperature would be reduced an average of 8.1 °F over the entire period of solar activity.
The maximum reduction, however, would be approximately 10.8 °F at peak times.

18



Radiant Barrier Performance for San Diego. CA

San Diego’s weather is tempered by the Pacific Ocean, which results in relatively cool
summers and warm winters. Temperatures below freezing are rare, while hot weather, 90
degrees and above, is more frequent. Winter is considered the rainy season; however, each
winter month averages 1.5 inches of rainfall, hardly enough to qualify for monsoons.
Climatic data are presented in Table 4 for the City of San Diego.

Table 4. Temperature Summary for the City of San Diego, CA (Sperling’s Best Places, 2003)
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Under San Diego weather, one could expect a radiant barrier to block approximately 73% of
the heat from the attic into the living space. The instantaneous reduction during peak times
would be approximately 59%. This is shown in Figure 11a. This figure also revealed that
under this climate a reduction in ceiling heat flux occurred even at times when there was no
solar activity. The stored heat on the attic structures together with heat gained by the
process of phase change of the moist air in contact with the attic surfaces (condensation on
cold attic surfaces) created a positive heat flux, which entered the house through the ceiling.
The radiant barrier did block a major fraction of this flux. Figures 11b and 1lc are
presented as relevant to the results of Figure 11a. The ambient air temperature swing was
about 12 °F (69 — 81 °F) with an average temperature of 73.3 °F. The solar irradiation
peaked at 311 Btw/ft* and the average wind speed was approximately 8.58 mph (7.46 knots).
As for temperature reductions, the attic with a radiant barrier installed would have a lower
average attic temperature during the period of solar activity of approximately 5.4 °F. The
reduction in temperature at peak times would be approximately 12.2 °F. This is depicted in

Figure 12.
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Figure 11a. Radiant Barrier Performance for the City of San Diego, CA
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Figure 11b. Ambient Air Temperatures and Irradiation Corresponding to Figure 11a Results
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Figure 12. Predicted Attic Temperatures for a House Located in San Diego, CA
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Summary
Radiant barriers would prove to be very beneficial in reducing attic heat transfer to the

conditioned space in most cities in the State of California. Significant reduction in overall
heat transfer, instantaneous heat transfer during peak hours, and in attic temperatures would
be produced. Table 5 presents a summary of attic temperature reductions and ceiling heat
flux reductions as a result of installing radiant barriers in the selected cities.

Table 5. Summary of Attic Temperature and Ceiling Heat Transfer Reductions Produced by Radiant

Barriers.
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Nomenclature

Symbol Description

A = surface area

CR = common ratio

G = radiation coefficient

h, hi, ho = heat transfer coefficient

hf; = latent heat of vaporization
hri, hro = radiation heat transfer coefficients
HRB = horizontal radiant barrier

I = irradiation

k = thermal conductivity

L = length, characteristic length
n = cloud cover fraction, index
Nu = Nusselt number

P = pressure

Perm = permeability

Q = heat flow, volumetric flowrate
q° = heat flux

T = temperature

Tr = reference temperature
TRB = truss radiant barrier

Tsi = inside surface temperature
Tso = outside surface temperature
w = humidity ratio

XY, Z = response factors

Greek Description

Symbol

B = tilt angle

X = radiation matrix

5 = declination angle

A = time increment

£ = thermal emissivity

) = angle, latitude, relative humidity
r = cloud emissivity factor

Y = surface azimuth angle

0 = incidence angle

c = Stefan-Boltzman constant
[0 = hour angle

v = inverse of y matrix
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Subscript
0,1,2,...

amb
b
cond
d

dp
evap
F

i

ogzw'—'-

sky / surr

Index

Description

= time denoting index (response
factors)

= ambient conditions

=beam

= condensation

= diffuse

= dew point

= evaporation

= forced

= denotes surface, index, indoor
conditions

= denotes time, index

= denotes surface

= natural

= time step

= outdoor conditions

= sky and the surroundings

Description

= Number of surfaces
= Number of time steps
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