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ABSTRACT 
Recommendations for indoor fellest ration stllface natllral COII

vection heat transfer coejficimts are given as a filllction of 
temperatllre difference,jenestration sllrface lenglll, and inC/i
nation angle from horizontal. The angles of inc/ination cover 
both "winter" (sllrface heated from below) and "slimmer" 
(sllrface heated from above) conditions. The cllrrent indoor 
natllral convection lleat trallsfer corre/ations used ill fenestra
tion thermal calculation programs are based on olltdated 
resll/ls, since they do not accollnt for fenestration system 
length and are incomplete for inclination angles other than 
vertical (90 degrees) and horizontal (0 degrees and 180 
degrees). 

The proposed set of correlations is compiled from more 
recent resll/ls of several differmt experimental stlldies. The 
stlldies were carried alit in the late 1960s and early 1970s by 
researchers in the United States and Japan. The sllbject of 
those studies was laminar and tllrbllient free convection over 
isothermal or constant heat flllx sllrfaces. Differmt Prandll 
nllmber (Pr) flllids were used and heat transfer sllrfaces of dif
fermt lengths were investigated for a range of inc/ination 

BACKGROUND 
The current choice for the indoor surface heat trans

fer coefficient in North American fenestration system 
calculational procedures (ASHRAE 1993; EEL 1993; Fin
layson et aJ. 1993; LBL 1993; UoW 1992) is based on the 
correlation for laminar natural convection on a vertical 
flat plate (Weise 1935; Saunders 1936), which is refer
enced in McAdams (1954): 

1/4 4 9 
Nu = 0.59RaL ; 10 < RaL < 10 . (1 ) 

A similar relationship is used in Table 5, chapter 3, in the 
ASHRAE HOlldbook-FllIldamentals (ASHRAE 1993), 
with a slightly different constant (0.56) and upper limit 
(108), which appears to be a typographical error, since 
derived Equations 2a and 2b are identical to the ones in 

angles (8). Heat transfer correlations are presented in nondi
mensional form in terms of integrated Nusse/l nllmbers (Nu) 
as a filllction of the Rayleigh Hllmber (Ra) and inc/ination 
angle (8). The transition betweell laminar and turbulent flow 
is given in terms of a critical Rayleigh IIIlmber (RaJ, which 
inc/lldes the dependence of Rae on 8. The carre/at ions from 
different stlldies agree quite well, despite differences in the 
experimental facilities, and represent improvements over 
resll/ls from the 1930s and 1940s Ilwt are still being IIsed in 
building heat transfer calclliations. The impact of tile new sel 
of correlations is studied for several typical fenestration sys
tem configllrations and compared to heat transfer res liltS 
IIsing the old correlations. 

The new set of correlations is proposed for inc/llsion in 
draft ASHRAE standard SPC142p, "Standard Melllad for 
Determining and Expressing Fenestration Heat Transfer." 
The proposed correlations cOllld also be IIsed to IIpdate the nat
ural convection heat transfer correlations in Table 5, chapter 3, 
and the fenestration U-factor data in Table 5, chapter 27, of the 
ASHRAE Handbook-Fundamentals (ASHRAE 1993). 

McAdams (1954). Equation 1 and the correlation for the 
turbulent regime are used for the derivation of "simpli
fied equations for air at normal temperature" in McAd
ams (1954), which are 

(
l!.T)1/4 4 9 

II = 1.42 T ; 10 < RaL < 10 (2a) 

and 

(2b) 

where 

l!.T = IT;-T,I,oc; 
Tj = room air temperature, °Ci 
T, = indoor fenestration surface temperature, DC; 

Dragan Curci/a and William P. Goss are with the mechanical engineering department at the University of Massachu
setts. Amherst. 

Thermal Envelopes VI/Heat Transfer In Fenestration I-Principles 567 



= convective surface heat transfer coefficient, 
W/m2 'K;and 

L = flat plate length, m. 

It is interesting to determine the value of "normal 
temperature" used to derive Equations 2a and 2b. Sur
prisingly, the air film temperature is Tf~ 100'C (~210'F), 
which is a much higher temperature than is typical for 
building indoor conditions (around 20'C [~ 70'Fj). 1n the 
outline for draft ASHRAE Standard 142 (ASHRAE 1990), 
heat transfer correlations for indoor natural convection 
heat transfer are given for vertical, horizontal, and 
45-degree inclined indoor surfaces (see Equations 3a 
through 3e). These correlations were compiled from the 
methods used currently in one-dimensional fenestration 
heat transfer computer programs (LBL 1993; UoW 1992). 
Equation 3a was derived from Equation 2a, assuming 
the length of the surface to be L ~ 0.41 m (1.35 ft): 

Iz = 1.77LlT1I4; 0 = 90°(<1> = 90') (3a) 

lIb = 3.8353502Cllor ; 

0= 45'(<1> = 45' and<l> = 135°) 

"a = 2.2477496Cllor; 

o = 135' (<I> = 45° and<l> = 135°) 

"b = 4.0054502Cllor; 

o = 0' (<I> = 0' and<l> = 180') and 

11a = 0.9436496Cllor ; 

o = 180' (<I> = 0° and <I> = 180°) 

where 

o and <I> are defined in Figure 1, 
a = heated from above, 
b = heated from below, 
C'lOr = normalization coefficient, 

114 
Cllor = 0.582Ll T . 

(3b) 

(3c) 

(3d) 

(3e) 

It should be noted tl,at the above heat transfer coeffi
cients, even though developed from laminar heat trans
fer correlations, are independent of the fenestration 
system height (flat plate length), which is contrary to tl,e 
heat transfer theory. 

1n building envelope heat transfer, two different 
design conditions are of importance: winter and Sunlffier. 
For each design condition, there are two different situa
tions, (a) surfaces inclined above the vertical (<I> < 90') 
and (b) surfaces inclined below vertical (<I> > 90'), giving 
four possible situations, as shown in Figure 1. Due to Sinl
ilarities in flow patterns, the four different situations can 
be reduced to two. TI,e first is a surface heated from 
above (0 > 90') and the second is a surface heated fror., 
below (0 < 90'). For the typical angles of inclination (Le., 
<I> < 90'), the two typical conditions are "summer" (Fig
ure Ie) and "winter" (Figure la). 

OUTDOORS 
(COLD) 

/ 

OUTDOORS 
(HOT) 

OUTDOORS 
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WINTER DE~GN CONDlllONS 

J' 

INDOORS 
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(HOn 

SUMMER DESIGN CONDITIONS 

INDOORS 
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Figure 1 Deffnitlon of inclination angles under winter 
and summer deSign conditions. 

Proposed Set of Correlations 
The indoor glazing surface of a fenestration system, 

when subjected to realistic convective and radiative 
boundary conditions, behaves more like the flat plate 
under uniform heat flux (UHF) conditions than uniform 
temperature (UT) conditions. This was observed from 
the numerical heat transfer studies of fenestration sys
tems by Curcija and Goss (1994), where the fenestration 
system was analyzed when subjected to variable con
vective surface heat transfer coefficients, while radiative 
heat transfer was modeled on the exterior surfaces and 
within the glazing cavity (see Figure 2). This set of 
botmdary conditions simulated realistic heat transfer 
boundary conditions on both the outdoor (weather) and 
indoor (room) fenestration surfaces. From Figure 2 it can 
be observed that in the center-of-glass area the heat flux 
is fairly uniform, while the regions of the frame and 
edge-of-glass regions sharply depart from either UHF or 
UT conditions. 1n a study of Ille local convective heat 
transfer on indoor vertical fenestration surfaces, Curcija 
and Goss (1993) have shown that tl,e value of the con
vective heat transfer coefficient in the regions of frame 
and edge of glass depends primarily on the geometry of 
the surface, due to Ille presence of frame steps. 

1n Illis paper, improved correlations based on a flat 
plate geometry are presented so the UHF boundary con
ditions for the center-of-glass region will be used in the 
selection of the proposed heat transfer correlations. As 
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Figure 2 Temperalure and local heat flux distribution 
on Indoor fenestration surfaces (token from Curcija 
and Goss (1994)). 

previously indicated, UHF provides a more realistic con
dition for the indoor fenestration surface, so the results 
that are obtained for the UHF conditions will be used as 
a basis for the recommended correlations. The main dif
ference between the results for the currently used UT 
conditions and the UHF conditions are in the transition 
region from laminar to turbulent flow, where the UT 
conditions give a critical Rayleigh number, Rae' which is 
approximately two orders of magnitude higher than for 
UHF conditions. Churchill and Chu (1975) found that 
the overall correlation for laminar and turbulent flow 
applied well for both boundary conditions, UHF and 
UT. TI,e results for UHF conditions are usually reported 
in the literature in terms of Grashof number or Rayleigh 
number, which are based on heat flux rather than tem
perature difference (Gr*, Ra*). The conversion between 
the two is easily accomplished utilizing the Nusselt 
number,Nu: 

4 

Gr* - ~2L ~ - - Gr· Nu, 
vk 

P L4 
or Ra * ~ 8.P!J.!:...k ~ Ra· Nu va 

where * indicates uniform heat flux (UHF). 
While the natural convection heat transfer correla

tion results for vertical and horizontal orientations of 
surfaces have been available for a long time (Weise 1935; 
Saunders 1936; Ostrach 1952; McAdams 1954), correla
tions for inclined surfaces were developed more 
recently. The first theoretical study was done by Rich 
(1953), who found that the correlations for vertical sur
faces can be used for inclined surfaces if the gravita
tional term in Gr is altered to be the component parallel 
to an inclined surface. In later experimental studies by 
Vliet (1969) and Fujii and Inlllra (1972), this was con
firmed for the laminar flow regime, and it was also con
cluded that in the turbulent flow regime the heat 
transfer coefficient is independent of the angle of incli
nation. Fujii and Inlllra (1972) covered a wide range of 
flat-plate tilt angles, including two horizontal orienta
tions for both winter and summer conditions and for a 
vertical orientation of the plate. They used two electri
cally heated flat plates,S cm (2 in.) and 30 em (1 ft) in 
length, immersed in water. They stated that their experi
mental conditions did not truly represent either UHF or 
UT conditions but said that their experimental "condi
tions are most practical." This observation basically 
agrees with the temperature and local heat flux distri
bution on the indoor side of a glazing surface (see Fig
ure 2), which shows neither UHF nor UT conditions 
(although it is closer to UHF conditions). The results in 
the study of Fujii and Inlllra were reported for shorter 
and longer flat plates, and, in the case of e < 90°, tl,e 
results were different enough to warrant two different 
correlations (for different Ra, based on different lengths). 
In the set of correlations proposed here, the results for 
the longer plate were used, since 5 em (2 in.) is too short 
for any realistic fenestration system. 

Vliet (1969) found that the transition from the laminar 
to the turbulent flow regime for inclined surfaces exposed 
to "summer" conditions (with El < 90°) depends on the 
angle of inclination, and from his results a relation was 
developed that correlates Rae and e (Equation 4b-3). 

The recommended set of correlations for all angles of 
inclination, as defined in Figure 1, is derived from the 
work of Fujii and Inlllra (1972), except for Equation 4b-3, 
which is derived from the work of Vliet (1972); all are 
given here. For clarity, only the Rayleigh number based 
on temperature difference (Ra) was used. 

A. Surfaces inclined from 0° to 15° (0° ~ e ~ 15°) 

1/3 
Nu = 0.13RaL ; for all RaL. (4a) 

B. Surfaces Inclined from 15° to 90° (15° ~ e ~ 90°) 

Nu = 0.56 (RaLsine) 114; RaL ~ Rae (4b-l) 
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where 

Nu = 0.13 (Ra~/3 - Ra!/3) 

+ 0.56 (RaesinEl); RaL <: Rae 

( 
0.720)1/5 

Rae = 2.5 X 105 esin El ; 

El is in degrees. 

(4b-2) 

(4b-3) 

C. Surfaces Inclined from 90° to 179° (90° < El ~ 179°) 

. 1/4 5 II 
Nu = 0.56 (RaLsmEl) ; 10 ~ RaL ~ 10 . (4c) 

D. Surfaces at El = 180° 

1/5 6 II 
Nu = 0.58RaL ; 10 ~ RaL ~ 10 (4d) 

Note: The physical properties for all of these correlations 
are evaluated at an equivalent film temperature, defined 
as 

Tf = T j -0.25(Tj -Ts)· 

Using the physical property data at an indoor film 
temperature of Tf = 15°C (~ 600 P) and also recognizing 
that" = (k/ L)Nu, Equations 4a through 4d become, for the 
heat transfer coefficient," (using the SI system of units): 

A. Surfaces Inclined from 0° to 15° (0° < El < 15°) 

113 11 = 1.59tiT ; for all RaL. (Sa) 

B. Surfaces Inclined from 15° to 90° (15° ~ El ~ 90°) 

(
tiT )114 

11 = 1.46 TsinEl ; RaL < Rae (5b-l) 

" = 1.59L\.T
II3 

_ 0.13£Ra!/3 

k . 114 
+ 0.56r: (RaesmEl) ; RaL <: Rae 

(5b-2) 

where 

( 
0.720)115 

Rae = 2.5 x 10
5 

:in El . (5b-3) 

El is in degrees. 

C. Surfaces Inclined from 90° to 179° (90° < El < 179°) 

(
tiT. )1/4 5 II 

" = 1.46 TsmEl ; 10 ~ RaL ~ 10 . (5c) 

D. Surfaces at El = 180° 

(
tiT)1/5 6 II 

" = 0.6 T ; 10 ~ RaL ~ 10 . (5d) 

RESULTS OF COMPARISONS 

Tables 1, 2, and 3 present, for a wood casement 
framed window of different heights and insulated glaz
ing units (IGU), the indoor natural convection heat 
transfer coefficient, "je, and the overall U-factor, U. The 
values were calculated using one of the programs and 
the new set of recommended correlations given in Equa
tions 4a through 4d ("recomm"). U-factors for the 
"recomrn" column were calculated using the program's 
algorithm but with the current "je values from the 
"W4.1" column stripped off and replaced with the rec
ommended hie values from the "recomm" column. 
Equations 6a through 6c illustrate this procedure. 

Table 1 Comparison of Indoor Natural Convection Heat Transfer Coefficients and Overall U-Factors for Wood 
Casement Windows with ASHRAE Winter Conditions and Vertical Orientation (8 = 90·) - 51 Units IYIlm2 • K) 

Fen. 
Sys. 

Height 
(in.) 

24 
48 
60 
72 
82 

IGU 

Table 2 Comparison of Indoor Ncriural Convection Heat Transfer Coefficients and Overall U-Factors for Wood 
Casement Windows with ASHRAE Winter Conditions and Sloped Orientation (8 = 45°) - 51 Units IYIlm2 • K) 

Fen. 
Sys. 

Height 
(In.) 

24 
48 
60 
72 
82 

570 

Single 

W4.1 recomm 

IGU Configuration 
Double Triple, Low-e 

W4.1 recomm recomm W4.1 recomm 
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Table 3 Comparison of Indoor Natural Convection Heat Transfer Coefflclents and Overall U-Factors for Wood 
Casement Windows with A5HRAE Winter Conditions and Horizontal Orientation (0 = 0') - 51 Units (w/m2 • K) 

Fen. 
5ys. 

Height 
(In.) 

24 
48 
60 
72 
82 

( 1) (1) Rw41 - - + - ; 
. "ie w4.1 hie recomm 

1 
Urecomm = ~. 

mod 

CONCLUSIONS AND RECOMMENDATIONS 

IGU 

(6a) 

(6b) 

(6c) 

The new recommended set of correlations ("recomm") 
gives somewhat lower indoor natural convection heat 
transfer coefficients (hie) and correspondingly lower 
U-factors than values calculated using the current proce
dure in ASHRAE and the program's model ("W4.1"). This 
is primarily due to the current use of heat transfer correla
tions that are based on small flat plate results that are then 
used in calculating heat transfer in fenestration systems 
that are several times larger. The currently used set of cor
relations therefore provides higher convective heat trans
fer coefficients and artificially increases the predicted 
overall heat transfer in fenestration systems. 

The effects of the differences between tl,e "W4.1" 
and ureconlm" hie values are more pronounced for sin
gle-glazed fenestration systems since hie produces the 
primary resistance to the overall heat transfer rate. Also, 
the difference between the IIW4.1" and "recomm" val
ues increases for increasing fenestration system height 
for all investigated sizes at vertical orientation, while it 
goes in the opposite direction for sloped surfaces (e.g., 8 
~ 45°). This is primarily due to the presence of a mixed 
(part laminar and part turbulent) flow regime at sloped 
angles when 8 < 90° and <I> < 90° ("winter" conditions). 
At the horizontal orientation (e.g., 8 ~ 0°) for "winter" 
conditions, tl,e heat transfer coefficient is constant with 
respect to fenestration system height due to the cancel
ing effects of the 1/3 power characteristic for turbulent 
flows and L3 in tl,e Gr and Ra. Differences between the 
correlations are the least pronounced for the horizontal 
orientation due to fully turbulent flow over the com
plete fenestration surface. The differences between the 
U-factors listed in the "W4.111 and "recomm" columns 
range as follows: in Table 1, for vertical orientation, from 

9.7% (single; 82 in.) to 0.5% (triple, low-e; 24 in.); in Table 
2, for 45° sloped orientation, from 4.8% (single; 82 in.) to 
2.4% (triple, low-e; 82 in.); and in Table 3, for horizontal 
orientation, are fairly uniform at about 2%. 

The new proposed set of correlations for indoor nat
ural convection heat transfer are based on more recent 
work, and they correctly incorporate fenestration sys
tem height as an additional variable. It is therefore reC
ommended tl,at they be used in the next generation of 
fenestration system heat transfer computer programs as 
well as in the proposed ASHRAE standard calculational 
method. They are also recommended for use in the new 
edition of the ASHRAE Handbook-Fllndamentals, to be 
published in 1997. 
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