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Abstract 
Materials with a low thermal emittance surface have been used for many years to create reflective 
insulations that reduce the rate of heat flow across building envelopes. Reflective insulation tech-
nology is now being combined with other energy conserving technologies to optimize overall 
thermal performance. The basis for the performance of reflective insulations and radiant barriers 
will be discussed along with the combination of these materials with cellular plastic or mineral fi-
ber insulations to form hybrid insulation assemblies. Calculations of thermal resistance for en-
closed reflective air spaces and current field data from Southeast Asia will be presented. These 
data show that reductions in heat transfer across the building enclosure can be effectively reduced 
by the use of enclosed reflective air spaces and attic radiant barriers. Reflective technology in-
creases the overall thermal resistance of the building enclosure when used to insulate poured 
concrete structures. 
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1. Introduction 
Enclosed reflective air spaces have significant thermal resistance making them useful as thermal insulation for a 
building enclosure. The term reflective air space means that there is at least one surface with low emittance 
(emissivity), ε, perpendicular to the direction of heat flow. The statement “enclosed space” means that air is not 
moving in or out of the space. The low-emittance surface is commonly provided by polished aluminum foil with 
total hemispherical emittance in the range 0.03 to 0.05 or metallized polymer film with a coating for protection 
against oxidation with emittance in the range 0.04 to 0.06. The radiative heat flux, qrad, across an air space (net 
heat transfer by radiation from a warm surface at absolute temperature T1 to a cool surface at absolute tempera-
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ture T2) can be calculated for large parallel surface using Equation (1), the Stefan-Boltzmann Law [1], with an 
effective emittance, E, shown as Equation (2) [2] [3]. 

4 4
1 2( )radq E T Tσ= ⋅ ⋅ −                                   (1) 

( ) ( )1 2 1 2

1 1 1 1 11 1
E T T
= + − = + −
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                             (2) 

8 2 45.67 10 /W m Kσ −≈ ⋅ ⋅  
The radiative heat flux, qrad, is readily calculated from the above equations for large parallel surfaces and used 

to estimate the radiative flux for enclosed regions in the building enclosure. Table 1 contains E values for three 
commonly encountered building configurations. An emittance of 0.9 is commonly used for non-metallic build-
ing materials such as concrete, masonry composites, or wood. The reduction in Qrad is directly proportional to 
the reduction in E. 

The total heat flow across an air space includes conduction and convection in addition to radiation. For small air 
spaces, convective transport is often negligible and the sum of radiative and conductive heat transport can be rea-
dily calculated [4]. Figure 1 shows % reduction relative to E = 0.818 as a function of E for heat flow by radiation 
and conduction across a 15-mm airspace with an average temperature 30˚C and a temperature difference 10˚C. 

2. Total Heat Flow across a Reflective Insulation Assemble 
The RSI (m2∙K/W) for a large planar enclosed air space depends on several variables. Table 2 lists these va-
riables along with their relative importance. 

The total steady-state heat flux, qtotal for an enclosed region can be obtained from Equation (3) where the di-
mensionless Nusselt Number, Nu (=h∙L/λ), is the ratio of the heat flux for conduction plus convection to the heat 
flux for conduction where the characteristic length, L, is the distance across the enclosed region in the direction 
of heat flow. Equation (4) is of practical important since it shows how Nu can be obtained from measurements 
of qtotal. The total heat flux across a building element can be determined from a hot-box measurement [5] [6] us-
ing well-established procedures for correcting for support materials [7] [8]. 

/total radq q Nu T Lλ= + ⋅ ⋅ ∆                                 (3) 

Nu ( ) / ( )total rad condq q q f Gr= − =                              (4) 

Correlations for Nu in terms of the dimensionless Grashoff Number, Gr, which is ΔT∙L3∙gc/T∙γ2 where T is the  
 
Table 1. E for three material combinations. 

Emittances   

Description Surface 1 Surface 2 E 

Masonry-masonry 0.90 0.90 0.818 

Masonry-foil 0.90 0.03 0.030 

Foil-foil 0.03 0.03 0.015 

 
Table 2. Factors that affect RSI for a reflective insulation assemble. 

Factor Importance Comment 

Heat flow direction Major Convection 

Emittance Major Radiation 

Depth Medium Conduction, convection 

Temperature difference Major All mechanisms 

Average temperature Minor Conduction 

Aspect ratio (depth/width) Major Radiation, convection 
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Figure 1. Heat flow by radiation and conduction is reduced as effective emittance is reduced. 

 
absolute temperature and γ is the kinematic viscosity of air at the average temperature of the space. The function 
f in Equation (4) which depends on the heat flow direction has been determined from a large number of hot box 
tests for heat flow: up, 45˚ up, horizontal, 45˚ down, and down [9] [10]. Correlations for Nu make it possible to 
calculate the total heat flux across a single air space and RSI for the space since RSI is the ratio of ΔT to qtotal. 
Enclosed reflective air spaces in series can also be calculated be an iterative procedure in which the total tem-
perature difference is partitioned into {ΔTi} where the subscript indicates the ith air space. 

/i iT T RSI RSI∆ = ∆ ⋅                                   (5) 

i
i

T T∆ = ∆∑  

RSI ii RSI= ∑  

The calculation of the set {RSIi} can be accomplished using the Method of Successive Approximations with a 
starting set {ΔTi} taken to be equal to fi∙ΔT where fi is the fraction of the total space occupied by region i. A cor-
rection based on radiation intersecting supporting materials between the warm and cool surfaces can be made 
using an analysis from Glicksman [11]. Table 3 contains results for a 25 mm enclosed air space at average tem-
perature 30˚C, a temperature difference of 10˚C, and E = 0.03 for each enclosed air space. The results in Table 3 
show the advantage of multilayer reflective systems and an example of the impact of the radiation correction in 
the case of horizontal heat flow. The RSI for the reflective insulation material was taken to be zero. The calcula-
tion can be easily modified to account for the thermal resistance contributed by the reflective insulation material 
when the thermal resistance of the material is not negligible. 

3. Radiant Barriers and Ceiling Heat Flux 
A ventilated space in a building with a low-emittance surface facing the space is called a radiant barrier system 
(RBS) [12]. This type of application reduces the radiative heat transfer across the space with the greatest impact 
being reduction in the heat flow across the space during hot weather. Figure 2 contains diagrams showing two 
RBS applications. The ceiling below the attic space has been removed for these photographs. 

The thermal performance of RBS is generally determined from computer simulations of the heat flow and air 
movement in the ventilated space [13]-[15]. There have been a large number of field tests completed in recent 
years to determine the benefits of RBS [16]. Table 4 contains some examples of the results that have been ob-
tained. Table 4 also contains steady-state heat flux reductions for RBS determined using a hot-box facility oper-
ated in both summer and winter conditions [17]. The field-tests provide results that depend on the climate while 
the hot-box measurement is a steady-state test.  
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Table 3. RSI for a 25 mm vertical enclosed air space. 

 Up Horizontal    With 2D Down With 2D 

One air space 0.36 0.60 0.55 0.77 0.64 

Two air spaces 0.77 0.87 0.83 0.87 0.79 

Three air spaces 0.91 0.91 0.88 0.90 0.85 

 
Table 4. Ceiling heat flux reductions due to presence of a radiant barrier. 

 % Reduction  

 Summer Winter Reference 

RB (ε = 0.03) below roof deck 33 8 17 

RB (ε = 0.03) on rafters below roof deck 50 9 17 

Coating (ε = 0.23) on surfaces below roof deck 19 5 17 

Field studies 23 - 45 9 - 18 16 

 

 
Figure 2. Radiant barrier systems between the ceiling and roof of a building enclosure. 

4. Field Testing of Radiant Barrier Systems in Malaysia 
Figure 3 contains a photograph of three identical test huts that are being used to study the performance of ra-
diant barriers in the space between the roof and the ceiling. A radiant barrier is a material with a low thermal 
emittance surface that is located next to a large air space. The low emittance (high reflectance) material signifi-
cantly reduces heat transfer across the air space next to the surface. The reduction in radiative heat flow occurs 
in all seasons as suggested by Equation (1). 

Figure 4 contains a photograph of the heat flux transducer employed and a diagram of showing the location 
of the transducer. Figure 5 shows the location of the Type K thermocouples used for temperature measure-
ments. 

The instrumentation in the test huts allows a record of temperatures and heat flux, q, across the ceiling in each 
unit. These data are used in Equation (6) to calculated U-value based on the area of the ceiling C. The corres-
ponding overall thermal resistant can be obtained from the reciprocal of U. 

1 /qU RSI
T

= =
∆

                                     (6) 

If the average ΔT is calculated for the region between the ceiling and the radiant barrier material (the attic 
space), then the result is the U and RSI for the attic space. 

An attic radiant barrier reduces the temperature on the inside of the unconditioned test huts. As an example, 
when the outside air temperature was 37.1˚C, the maximum interior temperature without a radiant barrier was 
observed to be 38.8˚C. The interior hut temperatures were reduced to 33.9˚C or 35.7˚C depending on the type of 
radiant barrier that was installed. The lower interior temperature was observed with a radiant barrier that has a 
small intrinsic (material) RSI-value. Figure 6 shows transient R-values used to calculate RSIave. These data 
show the increase in RSI that result in the reduction in air conditioning that would be needed to maintain a con-
stant temperature space below the ceiling; an energy conserving feature. The vertical axis is the measured  
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Figure 3. Three identical test huts for comparative studies of heat flow with radiant 
barriers. 

 

 
Figure 4. Photograph of HFT and a diagram showing location of heat flux transducer. 

 
R-value at the time indicated by the horizontal axis. The blue data are for a test hut with no radiant barrier. The 
red and green data are for huts with a radiant barrier installed between the roof deck and the ceiling. The nega-
tive heat flux data occurs at night when the hut is cooling and heat is being transferred to the outside. These data  
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Figure 5. Diagram of test hut showing thermocouple locations. 

 

 
Figure 6. RSI for a test hut without radiant barrier (blue) and two test huts with radiant barrier material (red and green). 

 
are used in Equation (6) along with the temperature difference to calculated RSI at a specific time.  

The average RSI, RSIave, is obtained over a time period (t1, t2) using Equation (7) for n data points taken at 
even time steps, Δt. 

( )
( )

2

1

2 2
1(1 / ( ) ( ) ( )

t

ave i
t

q t qRSI t t dt
T t n T

 
= − ⋅ ≈ ⋅  ∆ ∆ 

∑∫                       (7) 

5. Hybrid Assemblies that Include an Enclosed Reflective Air Space 
Enclosed reflective air spaces (Reflective Insulation Systems) ae commonly used to add thermal resistance to the 
low thermal resistance of masonry walls (blocks or poured concrete). This is accomplished by attaching spacers  
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to the interior surface of the wall to provide space for the reflective insulation. The reflective insulation is in-
stalled between the spacers. Figure 7 shows reflective insulation on the interior side of a concrete wall. Figure 8 
is a photograph of a building that uses this type of insulation. The diagram in Figure 7 shows the location of a 
reflective insulation that has two reflective air spaces when the thickness is 19 mm and three reflective air spac-
es when the thickness is 38 mm. The 19 mm space has RSI 0.88 while the 38 mm space has RSI = 1.23. 

Figure 9 contains a diagram of a “hybrid Assembly” that combines a conventional insulation (fibrous insula-
tion or cellular plastic insulation) with a reflective insulation that creates three enclosed reflective air spaces. 
The thermal resistances which are additive are shown in Figure 10 for a range of insulating foam thicknesses 
and thermal resistivities, RSI* (RSI for 25.4 mm of foam thickness). The foam insulation contribution to the to-
tal RSI is readily calculated from the given data and the contribution of the reflective component can be ob-
tained by difference. 

 

 
Figure 7. Diagram showing reflective insulation on concrete wall. 

 

 
Figure 8. Photograph of building with reflective masonry insulation. 

 

 
Figure 9. Diagram of an advanced hybrid insulation assembly. Top arrow identifies fiberglass insulation. The bottom arrows 
show three enclosed reflective air spaces (diagramcourtesy of Fi-Foil Company, Auburndale, FL, USA). 
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Figure 10. Total thermal resistance (RSI) for hybrid assembly combining foam and a three-layer reflective insulation like 
that in a wall application. 

6. Conclusion 
The thermal resistance attributed to enclosed reflective air spaces is readily calculated from published correla-
tions representing a large number of hot-box tests. Multiple enclosed reflective air spaces significantly increase 
the thermal resistance that can be created in a given region in the building envelope. Low-emittance material 
(radiant barriers) installed between the roof and ceiling in a structure with a low emittance surface facing the at-
tic space significantly reduces the transport of heat across the air space and the ceiling. Insulations can be com-
bined to create hybrid insulation systems with high thermal resistance and demonstrated energy conservation 
potential. 
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