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ABSTRACT 

A numerical study of two-dimensional heat transfer through glazing units with 

venetian blinds has been undertaken The following situations have been modeled: (A) 

natural convection over an isothermal flat plate with a venetian blind; and (B) combined 

heat transfer through an insulated glazing unit (IGv) with an internal venetian blind. 

The natural convective heat transfer characteristics of an isothermal, vertical flat 

plate adjacent to a set of blind louvers has been numerically evaluated. Results are 

presented for five different blade-to-plate spacings (&IS, 20, 25, 30, 40 mm) and four 

different blade angles (0=0°, 4S0, -4S0, and 80"). For simplification, the louvers were 

treated as zero-thickness baffles. Some of the results from this work were compared with 

those from the experimental work of Machin (1997). 

For the IGU systems with internal venetian blinds, the combined convective and 

radiative heat transfer in IGU cavities, along with conduction in the solid portions, have 

been simulated for several different louver angles (i-e., 0°, 4S0, -4S0, 7 5 O ,  and -7S0). In 

addition, the combined heat transfer on an indoor @ass surface was investigated to obtain 

the indoor combined heat transfer coefficient, h, This was used subsequently as the indoor 

boundary condition for the evaluation of the 2-D combined heat transfer through an IGU 

system. In order to be able to compare the results of this numerical modeling work with 

those from the published and wdlgccepted work, the simulation of laminar natural 

convection in an IGU cavity was also paformed 

The results of this work compare well with previous experimental and numerical 

work and demonstrate the use of these techniques in the modelling of complex 

fenestration systems. 
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CHAPTER 1 

INTRODUCTION 

1.1 BACKGROUND 

The window has been a source of particular concern to energy researchers because 

of its potential large heat gains during the summer and losses in the winter. 

For decades, the thermal performance of glazing systems, or fenestration, with 

different features (low-e coatings, multi-glazed units, different glazing cavity gas fills and 

irregular fiame shapes etc.) has been extensively studied. There has been, however, very 

little information presented on the performance of glazing systems with blinds. This study 

attempts to provide an insight into the performance of this latter group of fenestration. 

To address this problem, natural convection  om an isothermal vertical surface 

adjacent to a venetian blind was studied (see fig. 1.1). To the authors' knowledge, only the 

experimental r d t s  from Machin (1997) exist and were reported in terms ofthe local and 

overall convective heat transfer coefficients. In addition, to analyze in detail the effects of 

louvers (blade-to-plate spacing d and blade angle 0) on the flow pattern, numerical 

simulation was required. Unfortunately, thexe are no numerical results reported on this 

subject. For the present study, a twodimensional finite element numerical model was 

developed to investigate the effects of a venetian blind on the fiee convection heat transfer 



on an isothermal vertical surface. 

lsothctmal WaicaI Plate 

Wknctian Blind 

Figure 1.1 The sketch of an isothermal vertical surface adjacent to 
a venetian Mind 

The second type of the problem that was dealt with in the present thesis is the 

effects of internal (between-the-panes) venetian blinds on the combined heat transfer 

through IGU systems (fig. 1.2). There have been experimental and theoretical attempts to 

calculate the overall heat transfer through a window with an internal blind. For example, 

the results reported by Garnet (1995) indicate that the effect of blade angle on U-value is 

significant. As the blind is closed, the performance of the window improves, but in the 

open position, the effect of the blind is to reduce the thermal resistance of the window. 

Rheault and Bilgen (1989) give a theoretical radiation model to calculate the heat transfer 

through a window with a between-the-panes venetian blind. These results predicted that 

auxiliary heating and cooling load could be reduced by up to 36% and 47% for winter and 

summer, respectively. Both studies mentioned above, however, did not establish 



temperature profile or flow pattern. The presence of blinds makes it W c d t  to model 

combined heat traasfer through an IGU, specially with respect to the effect of blade ande. 

This study makes a contribution towards the solution of this difficult problem by 

presenting a finite element numerid model for combined heat transfer through IGU 

systems with internal blinds. 

Spacer with sealant 

Figure 1.2 A sketch of the IGU system with a internal venetian blind 

L 



Most double-glazed windows manufactured today contain a glazing system that is 

packaged in the foxm of a sealed, insulated g f d g  unit QGU). The IGU consists of two 

panes of glass that are separated from each other by edge spacer and seal. Heat transfer 

through an IGU system is a combination of all modes of heat transfer (see fig. 1.3): 

(1) conduction in the solid portions; 

(2) convection through air layers on the exterior (forced convection) and interior 

window surfaces and between glazing layers (natural convection); 

(3) radiation heat transfer between glazing layers or between glazing layen and 

the outdoor or indoor room environment, respectively. 

Conduction 

4. - Convection - Radiation 

Figure 1 3  Schematic of heat transfer through an IGU 



Exterior forced convective heat W e r  has been investigated analytically, 

experimentally and numerically, for example, by F a h e r  and Skan (193 I), Yazdanian and 

Klems (1994), and Curcija (1992). Conduction in the solid components of window was 

well characterized, e-g., by Carpenter and McGowan (1989), Reilly (1994) and Wright et 

al. (1994). 

The previous work related to natural convection over an isothermal surface or in 

an IGU cavity., and the effect of venetian blinds on window thermal performance, are 

reviewed in the following three sections. 

1.3.1 Laminar Natural Convection From an Isothermal Surface 

Laminar natural convection cunents formed adjacent to a heated or cooled object 

in a fluid of essentially infinite extent are familiar phenomena The density of the fluid 

near the hot or cold surface is changed, resulting in a buoyancy effect that causes 

circulation of the fluid Here the velocity and tempemture distributions are interrelated; 

the temperature distribution, in effect, produces the velocity distribution. 

Natural convection on a vertical flat plate has been extensively studied. Some 

comprehensive reviews of early work are available, for example, by Ede (1967). He 

provided a detailed review of over 110 publications concerning fiee convection on a 

vertical d a c e .  The early development of the subject was characterized by the 

appearance of many papers dealing with experimental work theoretical papers were rare. 

Recently this trend has reversed, and most publications have been Large1y concerned with 

analytical work. 

Figure 1.4 shows the system of coordinates and the significant quantities. Figs. 1.5 

and 1.6 are interferometer pictures of nature convection over a heated vertical plate in air, 

showing the thermal boundary layer on the plates. 



Figure 1.4 Hydrodynamic and thermal boundary layers for natural convection 
on a vertical plate 

It can be seen £?om fig. 1.5 that near the leading edge the flow is laminar, farther 

up the plate it changes to turbulent within the boundary layer. Transition to a turbulent 

boundary layer occurs at a critical value of the Rayfeigh n ~ m b e r k , , = ~ ~  T(y3/va = 10'. 

Lienhard (1981) showed, by the application of dimensional analysis to natural 

convection on a flat vertical d a c e ,  that the Nusselt number Nu,=hy/k is a bct ion  of 

the Grashof number, Gr, and Prandtl number, Pr: 

Nu = f (Gr, Pr) (1 - 1) 

Another attribute of the dimensiodess functional equation is that the primary 

independent variable is usually the product of Gr and Pr, the Rayleigh number, Ra. 





(a) Machin (1997) @) Gryazoridis (from Mills 1992) 

Figure 1.6 Thermal boundary layers on heated vertical plates. 

Thus most analyses and correlations of natural convection yield 

Nu = f (Ru,  P r )  

secondary parameter T primary (or most important) 
independent variable 

AU analytical work is based on the set of governing eqyations (discussed in the 

following chapter), representing the conse~ation of mass, momentum, and energy in a 

fluid moving under the influence of a body force Lorenz (I88 1) greatly simplified these - 

equations and reduced them to two equations. His solution leads to the following 

expression for the average Nusselt number over a plate of height L: 



NuL = 0.548 (Gr, - Pr) 

a result which is astonishingly close to experimental data and more accurate solutions. 

Pohlhausen, in collaboration with Schmidt and Beckmann (1930), applied 

Pmndtl's boundary-layer approximation, assuming that the effects of the free convedon 

were confined to a thin layer adjacent to the heated surface, to simplify the governing 

equations and reduced them to two differential equations. The solution for a single value 

of the Prandtl number (0.73 3), was obtained numerically as: 

 NU^ = 0.39 (Gr,, - Pr) 'I4 

The advent of the computer permitted Ostrach (1952) and Sparrow (1956) to 

extend the solution over a wide range of Pr, i-e., 0.00835 < Pr I 1000. Ostrach's solution 

for Nu may be put in the form: 

NU, = C (GrL Pr) 'I4 



where C is a hc t ion  of Pr, for air C4.5 153. 

Le Fewe (1956) consider the extreme cases where Pr tends to zero or infinite and 

gave C=0.670327 for Pr + m and ~=O.800544 P#" for Pr -+ 0 .  He also proposed an 

empirical expression that fits the computer solutions very closely and facilitates 

interpolation to other values of the Pmdt l  number 

For air ( M . 7  1 l), C=OS 154. 

Ede (1967) presented a table which listed the best values available for C in eq. 

(1 -7). For air with Pr-0.72, a value of C=OS 16492 was recommended. 

The analysis of natural convection using an integral method was first done by 

Squire (1938), assuming 6 = 6,  and 

and 

where U, is a function ofy and has the dimensions ofvelocity. He obtained results for the 

local heat transfer from a vertical isothermal wall duriag natural convection: 



or for a plate of length L, the overall average Nusselt number 

I/4 

Nu, = 0678~a:'~( ) 
0.952 + Pr 

The detailed derivation of eq. (1.11) can be found in books of Rohsenow and Choi 

(1 96 1) and Lienhard (1% 1). 

A large number of experimental observations are available for testing the 

theoretical solutions. Data available for air were plotted in fig 1.7, and can be seen to 

form a smooth curve, concave upwards. The straight line tangential to the curve represents 

Ostrach's solution, eq. (1.7); it represents the data reasonably well for Rayleigh numbers 

between lo6 and lo8, but deviates from the curve at either end. The divergence at high 

Rayleigh number may be due to the development of turbulence, and that at low Rcr to a 

thickening of the boundary layer to such an extent that the boundary-layer approximation 

becomes invalid. Therefore the theoretical results are most su'@ble for the intermediate 

range of Rayleigh number for which the postulates of laminar boundary layer theory are 

applicable. A completely satisfactory theory has not been developed for either the 

diffusive regime (low h) or the turbulent regime (high Ra). 

The empirical expression of Churchill and Usagi (1972) can be rewritten as 

follows, in terms of average Nusselt number Nu,: 

Churchill and Chu (1975) developed a simple expression for the space-mean Nu, 

in terms of the model of Churchill and Usagi (1972). The development utilized 

experimental values for Ra approaching zero and infinity and the theoretical solutions 



obtained &om laminar boundary layer theory The correlating equation used was in the 

fom 

1 10 
0.670RaL 

Nu, = 0.68 + 
9/t6 4'9 (1 + (0.492/Pr) ) 

Equation (1.14) is shown in fig. 1.8 to provide a good representation for all 

Ra < 10' while the codation of Churchill and Usagi (1972) (eq, (1.13)) is seen to be 

increasingly in error for Ra < 10'. 

Figure 1.7 Flat plate: experimental data for air (&om Ede 1967) 



- Equation (1.13) 

- Equation (1.14) 

symbols: experimental data 

Figure 1.8 Correlating equations for the laminar regime of isothermal, vertical 
plates (from Churchill and Chu 1975) 

Recently Curcija and Goss (1993) have performed a two-dimensional finite 

element sotution of natural convection over an isothermal flat plate (T, = 72*C, 

T, = 2l0CY L4.5 m, and Ra, = 1.79~10'). They compared their rests in terms of 

local heat transfer coefficient and Nusselt numbery velocity distn'butions at different 

locations, and the overall average Nusselt number. Their predictions compared closely 

with the results of previous studies. 



13.2 Laminar Natural Convection in a Cavity 

Natural convection involving fluids in enclosures whose vertical sides have 

different temperatures has been under study for the past eighty years. The reason for this is 

that it is a simple free convection problem and yet has important practical applications. 

Among these applications are double glazing and cavity walls, where a layer of air acts as 

insulation between the warm interior of a building and a cold exterior. Work on such 

problems, prior to 1972, is discussed in an extensive review article by Ostrach (1 972). He 

pointed out that the complexity of confined natural convection problems resulted from the 

fact that a boundary layer type flow would exist near the w a s  but there would also be a 

region enclosed by the boundary layer, forming a core region. The core region flow is 

closely coupled to the boundary layer flow. Much subsequent work continues to appear in 

the Literature- Recently Wright and Sullivan (1989) have reviewed the literature concerned 

with natural convetion in enclosures with particular attention paid to window heat 

transfer applications. Their survey covers over 90 publications concerning analytical, 

experimental, and numerical studies in the field of free convection in sealed glazing units. 

The conventional model (see fig. 1.9) which has been widely investigated is based 

on the assumption that the flow and heat transfer are two-dimensional, the vertical 

boundary temperatures are uniform and the conditions at the horizontal surfaces are 

specified as having either a linear temperature profile @TI?) or zero heat flux (ZHF). 

Because of its simplicity, much analyticai, experimental and numerical work has been 

performed on this problem. 

Batchelor (1954) analyzed the laminar natural convection and was the first to 

define conduction and boundary layer flow regimes. Eckert and Carison (1961) and Yi et 

al. (1978) confirmed- Batchelor's work and rebed it by proposing conduction, transition, 

and boundary layer regimes. The regimes are briefly reviewed as follows. 

Codkcrion regime At low Rayleigh numbers (Raws 10)) it was shown that a 



weak unicellular flow exists and the flow is parallel in the centre region Heat is 

transferred across the cavity mainly by conduction (except in small regions at the ends of 

the cavity where heat is convected). No vertical temperature gradient exists in this regime. 

The temperature distribution across the mid-height of the cavity in this flow is linear with 

the result that Nzr-1, 

LTP or ZHF 

LTP or ZHF 

Figure 1.9 2-D Laminar Natural Convection in a Rectangular Cavity 

Laminar boundby @er regime At higher temperature differences (larger 

R a p  3 x lo4)> the emergence of boundary layers on the vertical sidewalls and a core in 

the centre are observed. In this, the so-called boundary layer regime? heat is transferred 

primarily by horizontal convection across the cavity. Gill (1966) pointed out that the 

boundary layer thickness is proportional to RQ;~'". In this situation higher horizontal 



temperature gradients exist at the walls and a smaller horizontal temperature gradient 

exists in the fluid core. Heat transfer across the cavity is greater than that in the conduction 

regime (Nu > 1). 

Tramiion regime For intermediate vatues of Rayleigh number (Rap &om 10' to 

3 x lo4) the flow is said to be in the transition regime. In this situation the boundary layers 

are relatively thick and merge together in the center of the cavity. The major portion of the 

heat transfer from one plate to another occurs by convection in the boundary layers while 

in the center a small hction is transferred by conduction across the flow. 

Observation techniques such as interferometry have yielded valuable information 

regarding the flow fields; the work of Eckert and Carlson (1961), Elder (1965), Seki et aI. 

(1978) and Vest and Aparci (1969) are important examples. By using a Mach-Zehnder 

interferometer, Eckert and Carlson (1961) have obtained detailed observations of the 

primary temperature distribution in air and established that, except in the conduction 

regime, the core in the centre becomes stably stratified, meaning that temperature 

increases with height. Near the mid-height the rise is linear. Using this fact and assuming 

that the horizontal velocity is zero, Elder (1965) reported an experimental study of natural 

convection in a rectangular enclosure using particle suspension techniques and calculated 

the vertical velocity and the temperatwe profiles near the mid-height. The profiles have 

the proper shape and magnitude if the vertical temperature gradient, which is a panuneter 

in his equation, is adjusted to fit the experimental data. It was these two studies which 

allowed Gill (1966) to work out a boundary layer theory for the flow. Some improvements 

into Gill's theoxy have been made by Bejan (1979) and Graebel(1981). 

Numerical studies have the greatest capacity to obtain fine details about the flow 

patterns and heat transfer. Papers by Elder (1966). Wlkes and Churchill (1966). Newel1 

and Schmidt (1970), Spradley and Churchill (1975), Jones (1979), Raithby and Wong 

(1981), Korpela et al. (1982), Lee and Korpela (1983), Ramanan and Korpela (1989), 



Yeoh et al. (1989), and Novak and Nowak (1993) are typical of the many applications of 

finite difference methods to the solution of the natural convection problem. 

Making the Boussinesq approximation, that density variations are significant only 

in their generation of buoyancy forces, and that other fluid parameters are independent of 

temperature, the problem is defined by: the kinematic viscosity, v; the thermal difisivity, 

a; the acceleration due to buoyarzcy, PgAT, where P is the coefticient of volumetric 

expansion; L and W Hence, since these involve only the dimensions of length and time, 

three dimensionless parameters are needed to specify the system. A convenient set is: 

P r  = v/a ,  Prandtl number which is a property of fluid; 

RQ = f3gA z 3 / a v ,  Raleigh number which involves the imposed temperature 

difference A T; 

A = m  aspect ratio which depends only on the geometry of the system 

If the working fluid is air (most of studies are for air; Pr = 0.71), the Nusselt 

number will depend only on Ra and A. 

Some studies, for example, experiments by El Sherbiny et al. (1982), Yin et al. 

(1978), HoUands et al. (1976), and Randall et al. (1979) and numerical studies by Raithby 

et al. (1977), Jones (1979) and Newell and Schmidt (1970) have produced heat transfer 

correlations. The usual form of the correlation is 

Values of c, m and n obtained in some studies are shown in Table 1.1. It can be 

seen fiom the table that the variation is considerable. 

There is a general lack of agreement on the effect of aspect ratio on the average 



heat transfer coefficient Some researchers either neglected or did not discern the 

dependence of Nu on A (Randall et d. 1979, Landis and Yanowitr 1966, Dropkin and 

Somerscales 1965). It is found in the work of Randall et aI. (1979) that there is a 

significant aspect ratio &kct on the local heat trausfer profile, but the integrated average 

Nusselt number does not vary significantly with aspect ratio for the range studied. ' 

A definite effect of aspect ratio has been reported, for example, by Eckert and 

Carlson (1961) and Newel1 and Schmidt (1970), but there is no agreement on the 

magnitude of the effect (n = 0.1 - 0265). 

Table 1.1 Some Values of c, n, and n in Equation (1.14) 

Newell and 1 0-173 1 0.315 
Schmidt (1970) 

I I 

Note: 

Jones (1979) 

Num. = Numerical work 

Theor. = Theoretical work 

0.225 0.262 

- - - - - - - :?I 21iCl ~ ~ ~ ~ X ~ O ~ - ~ ~ O X ~ O ~ ~  11 
alI  range of Ra 

Comment 

Batchelor (1954) has theoretically determined that the effect of enclosure ends 

Range of Ra n 

- - 

0.13 1 

0.000 

0.166 

0.111 

should extended along the heated d a c e  for a distance approximately equal to the plate 

RangeofA 

- - 

4 9  - 78.7 

9-36 

1-20 

3.12 - 422 

1. 1 xlo3 - s.0xio6 

2 . 8 ~  10' - 2 . 2 ~ 1 0 ~  

1 .9~10~  - 2-3 x l d  

1-42 (lo4 - 10') 

Exp. 

Exp. 

Num. 

m- 



spacing. This implies that the effkct of aspect ratio decreases as aspect ratio increases. This 

idea is supported, e g ,  by Elsherbiny et al. (1982) and Lee and Korpela (1983). The well- 

quoted experimental measurements of heat transfer by natural convection across vertical 

and inclined air layers are reported by Elsherbiny et aI. (1982). This i s  an important 

experimental investigation carrid out over very wide ranges of& ( lo2 - 2 x lo7*) and A 

( 5  - 110). The data ofElsherbiny et aI. (1982) (vertical cavity) are shown in Figure 1.10. 

The solid lines represent the approximate method of Raithby et al. (1977). It can be seen 

that (1) for large enough A, heat transfer in a laminar boundary layer regime would not be 

expected; (2) turbulence does not occur below a certain Ra ( = 6 x lo3 &oin experimental 

data) even for very large aspect ratios; and (3) the critical value of& at which flow leaves 

the conduction regime is a &don of A. The convective flow Leaves the conduction 

regime at lower values of Ra in cavities with lower A values. 

Figure 1.10 Nu vs. Ra and A. data of ElSherbiny et id. (1 982) for air 
in a vertical cavity 

Based on the experimental r d t s ,  Elshabiny et al. proposed correlation equations 

for vertical cavity as follows 



NU = [NU,, NU,, Nu,] m a  

where 

Nu, = 0.242 ( R ~ / A )  am 

Lee and Korpela (1983) numerically investigated the rnulticellular natural 

convection in a vertical enclosure and pointed out that increasing the aspect ratio only 

changes the number of cells and not the heat transfer across them. The following 

expression for the average Nusselt number was proposed: 

where Nu, represents the average Nusselt number for A 4 0  and Nu, is the Nusselt 

number for a cell which is a hnction of Ra. 

Equation (1.20) indicates that for suf£iciently tall cavity, i-e., A -+ m, the average 

Nusselt number Nu approaches the Nusselt number for a cell (Nu3 which no longer 

depends on the aspect ratio A. 

Raithby and Wong (1981) reported their aumericd results for a wide range of 

Rayleigh numbers (Ra = lo3 - 10') and aspect ratios (A = 2 - 80). Calculations were 

carried out for both perfectly conducting, i-e, a linear temperature profile (LTP), and 



adiabatic, i.e., zero heat flux (m), boundaries at the top and bottom ends of the cavity. 

The correlation equation was proposed as follows 

where 

Their results showed that at small values of aspect ratio (A < lo), average Nusseit 

number at constant Rayleigh number for LTP boundary condition is significantly lower 

than that for ZHF case, Little difference can be found between the LTP and ZEIF results 

when A 2 30 (Wright and Sullivan 1994, Ramanan and Korpela 1989, and Novak and 

Nowak 1993). 

1.3.3 The Effect of Venetian Blinds on Window Performance 

Venetian blinds are a particularly versatile device, allowing selective control over 

window characteristics by means of adjusting blind height and the angles of the slats. 

Because of the high reflexivity of the blade d a c e ,  solar radiation to a room can be 

reduced in the summer and heat loss fiom the room, through thermal radiation, can also be 

reduced in the winter. Although the thermal performance of a window with a venetian 

blind is not equivalent to that of a wall, the blind when used properly can reduce 

undesirable heat gains and losses. Rubin et al. (1978) conducted a case study on the 

feasibility of energy saving opesations dependent on the manipulation of interior venetian 



blinds and pointed out that using a venetian blind to cover a south-facing window on a hot 

sunny day can cut the heat gain by at least one-half The amom of heat gain into the room 

is partially dependent upon the angle of the slats. Slats set at a 4S0 angle can reduce the 

gain to about one-halt while l l l y  closed slats can reduce it to almost onequarter, The 

reduction in heat loss is not as great during the winter months, although Mly closed 

venetian blinds can reduce the heat transmission of a single-glazed window by about 10- 

15%. Mills and McCluney (1993) concluded in their theoretical calculation that the use of 

interior shades and venetian blinds can exert a significant control over the solar radiant 

gain from windows in buildings. That control can be increased even firrther if the shades 

or blinds are adjusted several times a day. 

The overall heat transfer coefficient for a window with an interior or between-the- 

panes venetian blind is important in analysis and design of an energy efficiency window. 

It is, however, not widely available in the literature. Among the few studies conducted are: 

the theoretical study of Rheadt and Bilgen (1989), the experimental work of Fang and Ge 

(1993), Machin (1997), and Garnet et al. (1995). 

Rheault and Bilgen (1989) give a theoretical radiation model to calculate the heat 

transfer through a window with a between-the-panes venetian blind. Results indicate that 

by using a blind system, the predicted auxiliary load for heating aad cooling could be 

reduced by up to 36% and 47% for winter and summer, respectively. 

Using a hot box, Fang and Ge (1993) measured the overall heat transfer 

coefficients of the single and double glazed windows with interior venetian blinds and 

some affecting factors. It was found that the blade angle has a significant effect on the 

overall heat transfer coefficient when the angle is below 50°(from vertical d a c e  and the 

right-hand side of the lower surface). As the blade angle changes from 5' to SO0, the heat 

loss increases by about 2Ph. 



An interferometer study of the effect of venetian blinds on free convection from a 

vertical d a c e  has been carried out by Macbin (1997), in which the vertical plate was 

heated to a temperature T, above the ambient (room) temperature T, This experiment 

model is shown in fig. I. 11 

The experimental results from Machin's work showed that venetian blinds have a 

strong influence on the local heat transfer characteristics. However, in general, the average 

convective heat transfer rate was only slightly lower than that for an isolated plate at the 

same Rayleigh number. 

Garnet et al. (1995) used a guarded-heater-plate apparatus to obtain experimental 

results for between-the-panes venetian blinds, specially with respect to the effect of blind 

angle. The results reported indicate that the effect ofblade angle on U-value is significant- 

As the blind is closed, the performance of the window improves, but in the open position, 

the effect of the blind is to reduce the thermal resistance of the window. 

Isothermal V d c d  Hate (T,) 



1.3 PRESENT STUDY 

The present numerid modeling work was motivated by the lack of information 

about the effects of venetian blinds on the flow pattern and heat transfer through glazing 

systems. As mentioned before, there is very little information available about the thermal 

performance of windows with venetian blinds. Fewer results reported to date are available 

from either experimental or theoretical work There are very few numerical studies on this 

subject. Development of computer models of heat flow through glazing units is the next 

logical step towards a better understanding and better design of energy efficiency 

windows incorporating venetian blinds. 

The main objective of this study was to numerically examine the influence of 

louvers (blade-to-plate spacing d and blade angle 8) on the natural convective heat 

transfer (local and overall) from an isothermal surface, and to model the combined heat 

transfer through IGU systems with internal venetian blinds (including combined 

convective and radiative heat transfer on an indoor glass pane and laminar natural 

convection in an IGU cavity). The modeling tool used was based on the E t e  element 

numerical method @?EM) incorporated into the FIDAP (1990) computer package. 

The more specific aims of the present research are outlined below: 

Model the laminar natural convection heat transfer on an isothermal flat plate and 

compare the results of the present work with the well-accepted previous work in 

order to verify the basic Mte element numerical model; 

Develop a two-dimensional finite element model of the laminar natural convection 

on an isothermal d a c e  adjacent to a venetian blind to investigate the influence of 

the louvers on the flow pattern and heat transfer rate; 

Model the combined convection and radiation on the indoor glass pane surface and 

compare the present results with those used-by the most popular window evaluation 



computer programs, e-g-, \KINDOW3.1, VISION and ISOWIN04. Obtain the 

combined heat transfer coefficient for the indoor pane surf'ace which will be used as 

a boundary condition on the indoor surface of the IGU systems; 

(4) Simulate the fiee convection in an IGU cavity and compare the results of this work 

with those from the well-known work of Ramanan and Korpela (1989), Raithby and 

Wong (1981) and Korpela et al. (1982) in order to verify the basic finite element 

numerical model; 

( 5 )  Develop a two-dimensional finite element model of combined heat transfer through 

IGU systems with internal venetian blinds. Numerically examine the effects of 

louver angles on the local and overall heat flux. 

1.4 AN INTRODUCTION TO THE PRF,SENT STUDY 

The present numerical study involves several simulations of heat m s f e r  through 

glazing systems, with the emphasis on determining the effects of venetian blinds on the 

flow patterns and heat transfer rates. The following problems have been considered: 

The effects of louvers (blade-to-plate spacing d and blade angle 8) on h e  

convection from an isothermal vertical surface, 

The combined convective and radiative heat transfer on an indoor pane glass and 

natural laminar convection in an IGU cavity, 

The effects of internal venetian blinds on the combined heat transfer through LGU 

systems- 



CEIAPTER 2 

MATHEMATICAL FORMULATION 

2.1 PHYSICAL MODEL AND ASSUMPTTONS 

In this chapter, the equations governing fluid flow, conduction in the solid portions 

of an IGU system and radiation between solid surfaces of the IGU cavity will be 

developed. Assumptions will be made to simplify the expressions, however, these should 

not significantly affect their generality- The simplifying assumptions are described below: 

1) Two-dimensional flow is assumed to exist; any effects occurring in the third 

dimension (horizontal and parallel to the window panes) are neglected - this assumption 

is reasonable and acceptable for the problem under study and can be justified by the 

results of numerical work of Curcija (1992). It was found that the temperature contours for 

3-D case show essentially the same distribution as in 2-D case, and compared to 2-D case 

the overall U-value for the 343 numerical simulation increases by only 0.07%. 

2) The fluid is assumed to be Newtonian; shear stress in a fluid is proportional to 

the time-rateof- strain, i-e., velocity gradients - this assumption is well-acceptable 

because the dynamic viscosity, p, for air and common gases-filled in window cavities is 

independent of shear rate. 

3) The Boussinesq approximation is applicable; the fluid is incompressible with 



constant density except for a linear variation of density with temperature in the buoyancy 

term of the momentum equation - the changes in the density of the fluid can occur due 

to: (1) pressure changes, and (2) thermal expansion In the former case, if the flow is 

steady and laminar, therefore, the relation (ap/p = f/a c 1 exists (where p is the 

fluid density, Y is the velocity of the fluid flow, assumed to be less than 0.3 dsec in 

present study, and C, - the velocity of sound which for air at normal temperature and 

pressure is 300 mlsec). Thus, subsequent calculations can safely neglect density changes 

due to changes in pressure. 

In contrast to the influence of pressure changes on density changes, the effect of 

differences in temperature are larger in magnitude. It is these density changes, due to 

thermal expansion, that give rise to the buoyancy forces that drive the flow. The 

Boussinesq approximation would not only eliminate one more variable, but would 

substantially simplify the form of the equations to be solved. Daly and Pracht (1968) have 

solved buoyancy problems on a computer both with and without the Boussinesq 

approximation. They conclude that so long as the value PA T remains less than 0.3 0-e., 

the fluid expands less than 30% during the flow), the error introduced due to the 

Boussinesq approximation is less tban 5% Cm the present calculation, $A T,, r 0.07). 

4) The dissipation term in the energy equation is neglected. A measure of the 

importance of this term in a problem is given by the quantity (Gadgil 1980): 

For the flow of buoyant air in this study, the velocities encountered are very small, 

while A Ta 13 22OC. This lea& to a very small value of the above ratio. This means that 

the pool of kinetic energy available for possible conversion into thermal energy is 

insignificant compared to the thermal energy flows arising due to the boundary conditions 



on temperature, and this term in the energy equation can be neglected in the problem 

under consideration- 

5) The properties of air and solid materials are assumed constant over the 

temperature range of interest - Over the range of 0-43"C, the variations in properties 

determined at mean temperature T, for air, i-e, c,, p, v, and k, are very small. 

Therefore, for a problem involving buoyancy-driven air flow, the error introduced into the 

calculations by using this constant property assumption is small. 

Finally, the flow is assumed to be steady-state and there are no heat sources within 

the calculation domain The walls are stationary, non-slip and impermeable. 

2.2 RIATEEMATICAL FORMULATION 

To understand the behavior of air movement inside a computational domain, one 

must first formulate, in general, the laws of motion which govern the movement of air. 

Applying these laws of motion to air flow under the specific boundary conditions will, in 

principle, define the problem completely- 

The basic equations goveming the motion of air are those representing 

consexvation of mass, conservation of momentum (Newton's Law) and conservation of 

energy (first law of Thermodynamics). Equations which govern convection, conduction 

and radiation heat transfer, together with the appropriate boundary conditions, are 

presented in this chapter. 

2.2. 1 Governing Equations for Natural Convective Heat Transfer 

The full equations governing the flow of a fluid are known as the so-called 

continuity equation, Navier-Stokes equation and energy equation. Each of them is 

discussed below. 



The notation and the choice of axes are shown in fig 2- 1. 

Conservation of mass-Contiouity Equation Consider a flow of a fluid with 
d 

velocity V having u, v, and w components in the three coordinate directions x, y, and z 

respectively. Application of the principle of mass conservation to a control volume of the 
- 

fluid, from the viewpoint of a observer moving at V, results in the general equation 

The physical significance of each of the two terms in the equation can be obtained 

by integrating this equation over a differentially small rectangular control volume with 

sides parallel to the three coordinate directions (see fig. 22). The first term gives the rate 

of change of mass within the control volume, while the second term, changed to a surface 

integral using Gauss's theorem, gives the net flow of mass out of boundaries enclosing the 

elementary volume. The two terms must always add to zero if no fluid mass is created or 

destroyed within the volume. 

Since the total derivative can be expressed as: 

where &/dt, dy/d and &/& are the three components of the fluid velocity at the point 

of interest, eq. (2.1) may be rearranged as foliows: 



1 vertical 

- 

Figure 2.1 The coordinate axes and velocity components 

In eq. (2.3) we note that since the flow is 

a (a) two-dimensional, then w = 0, - = 0 
a2 

3~ aP @) incompressible, then - = 0, - = 0 
ax ay 



Therefore, eq. (22) reduces to: 

Which is known as the continuity equation for two-dimensional, steady and 

incompressible flow. 

Conservation of momentum-Navier-Stokes Equation. The Navier-Stokes 

equation is obtained by the application of the conservation of momenhm principle to the 

fluid flow. The same control volume shown in fig. 2 2  is considered. 

Conservation of momentum is expressed by Newton's law 

d 

where F is the force acting on the control volume in space and V is the instantaneous 

velocity of the fluid element. 

In general, forces acting on a fluid system may be classified as body forces 

proportional to the volume or mass of the system, such as gravity and buoyancy force, and 

surface forces proportional to the area of d a c e  on which they act, such as pressure and 

viscous forces. 

For convenience, the conservation of momentum in each of the three coordinate 

directions is separately considered. Equation (2.5) for three directions can be written as 



where F,, Fry and Fz are body forces per unit volume in the coordinate directions and for 

a Newtonian fluid, In addition 

In these equations a's are normal stresses, composed of non-viscous normal 

stresses or pressures, p, and viscous normal stresses. r ' s  are viscous shear stresses. p is 

the dynamic viscosity. 

Equation (2.6) states that the rate of change of momentum within a differential 

volume element fixed in space equals the net momentum influx due to fluid motion (first 

three terms on right), net surface forces (middle three terms on right), and bbdy forces 

(last term on right). 



With the assumptions that the flow is 

a (a) two-dimensional, then w = 0, - = 0, Fz = 0 at 

a (b) steady, then - = 0,  and 
at 

ap acl (c) of constant properties, then - = 0, - = O,$ = 0, - = 0 , 
ax au ax 3~ 

Further, if the Boussinesq approximation is applicable, in the coordinate system 

shown in fig. 2.1, the buoyancy forces caused by the density variation resulting from 

variations in temperature are 

where p is the volumetric thermal expansion coefficient, p, and p are the densities of the 

fluid at temperatures T and T, respectively. 

Equations (2.6) and (2.7) combined with the continuity equation (eq. 2.4) simplify 

to: 

and 

where 



Substitution of eq. (2.9) into eq. (2.8) gives: 

(2.1 Oa) 

(2. lob) 

where v = p/p, is the kinematic viscosity. 

Equation (2.10) is called the Navier-Stokes equations for two-dimensional, steady, 

and constant Quid property flow. 

Energy Conservation. If the kinetic and potential energy changes are neglected, 

the principle of conservation of thermal energy within the control volume shown in fig. 

2.2 is expressed by means of the following equation 

where 4 is a general heat generation term, and @ is termed the dissipation function 

In this study, based on the assumptions mentioned before, ii. e, 

a (a) the flow is assumed two-dimensional, then w = 0, - = 0 a2 
aT 

@) the flow is assumed steady, i.e, - = 0 , and 
at 



(c) the properties (k,, p, p and c,) are assumed constant- 

If dissipation is neglected (i-e, @ = 0) and there are no heat sources within the 

fluid (@=O), then eq. (2.10) may be combined with the continuity equation (eq. 2-4) and 

reduced to 

aT aT kf u-+v- = - 
ax a~ PC, 

This is the energy equation for two-dimensional, steady, and constant property 

flow with negligible dissipation and no internal heat generation* 

23.2 Non-dimensionalization of the Governing Equations 

The variables appearing in the governing equations are dimensional variables 

(defined in terms of mass, length and time). This is a disadvantage if one were to attempt 

to bring out the similarity between two different physical situations that differ from each 

other only by a set of scaling factors. Under such situations, if the boundary conditions 

and the variables appearing in the equations are properly scaled, the two problems will 

appear identical in terms ofthe numerical solution repuired, if the equations were set up to 

deal with non-dimensional variables. Seen another way, if the equations are expressed in 

terns of non-dimensional variables, then a specific particular solution obtained for a given 

set of nondimensionally expressed boundary conditions can be readily applied to several 

different physical situations, by dimensionalking rhe particular numerical solution with 

appropriate dimensionalizing parameters. 

In order to put the governing equations in dimensionless form, the following set of 

dimensionless variables are defined: 



LJ = (u /u4) ,  V = v/U& (2.13) 

0 = ( T - T , ) / A T  P = (pW)/ (pU, )  

where W is the length scale, U,/ = ( a P r ~ / )  / W . called characteristic velocity and 

To is the reference temperature. 

In terms of these dimensionless variables, the governing equations become: 

ap air atr  ~:~(8?+Iiq = -- ax a~ a x + & + ~  

a~ a t  a t  1n 
+-+-+Gr (0-8,) 
ax' ar'  

where Gr = &A d / v Z  is called Grashof number and Pr = v / a  , the Prandtl 

number. 

Equations (2.14), together with the appropriate boundary conditions, define the 

problem completely. 

22.3 Governing Equation for Conductive Heat Trader 

Conduction heat transfer through the solid portions of an IGU system 



incorporating a blind (e.g., glass panes, blind blade and spacer) is governed by energy 

equation. 

The control volume is shown in fig- 2.3. The d a c e  is denoted as A and the 

volume as i? An element of the surface, &, is identified and two vectors are shown on 

rL4 : one is the unit normal vector, n (with =I), and the other is the heat flux vector, 
A 

A 

q = -k,VT , at that point on the surface (where k, is the conductivity of the solid 

material) 

Figure 2.3 Contrd volume in a heat flow field 

Application of the first law of thermodynamics to the above control volume results 

in the following energy eqyation: 

The two limitations on eq. (2.15) are: 



It appties only to an incompressible medium. ms was implied when no 

expansion work tern was included), and there can be no convection in the fluid i-e., the 

medium cannot undergo any relative motion. 

The first term on the right-hand side can be changed to a volume integral using 

Gauss's theorem: 

Therefore, eq- (2.15) reduces to 

Since the control volume is arbifmy, the terms in parentheses must be zero 

everywhere, i-e., 

Again, with the following assumptions for the problem being considered are: 

d (a) the problem is two-dimensional, - = 0 
az 

dT 
(b) the heat flow field is steady, - = 0 

at 

(c) the solid materials are homogenous and isotropic, i-e., k, = constant, and 

(d) there are no internal heat sources in the system, i-e., 4 = 0. 



Therefore eq. (2.18) becomes: 

With the same dimensionless quantities defined in eq. (2.13), the non-dimensional 

form of eq. (2.19) is: 

2.2.4 Boundary Conditions 

In order to solve either the governing eq. (2.14) done or eqs. (2.14) and (2.20) 

simultaneously, the velocity and temperature boundary conditions must be prescribed. In 

the problem under study, the following three kinds of dimensionless thermal and 

hydrodynamic boundary conditions will apply: 

1) specification of the velocity components and temperature (in dimensionless 

form), i-e., 

u =  u, 

V = V, on r, and 

e = 8, 

2) insulated horizontal SUfface exists 

3) a convective and radiative boundary exists such that 



where i, and I, are defined by (see fig. 2.4) 

I' = cosf3, IT = cosa 

Figure 2.4 The direction of normal vector of a surface 

Y, = k,/k, (kp k, - dimensional conductivities of the fluid and solid 

respectiveiy) 

4'. = h',(B - 0 3  , q', = h',(8-€4,) , and h' = hW/k, 

2.2.5 Radiation Heat Transfer 

Radiation is one of three modes of heat transfer. A major difference between 

radiation and either conduction or convection is that radiative heat transfer depends on the 

fourth power of absolute temperature whereas, for convection or conduction, the transfer 

of heat depends on a temperature gradient only. 



For an conventional double glazed window, under standard winter design 

coaditions, the radiation heat transfer is slightly larger than the natwal convective heat 

transfer 09 the indoor glass surface (h, /h,  = 55 - 59%) and with.  the glazing 

cavity(h,/h, E 61 %), while it is much lower than the forced convective heat transfer on 

the outdoor fenestration d a c e  (hO/hO -- 1 1 %). 

There are two classes of radiation problems in this study. One, radiation from the 

indoor glass surface to room walls. Two, internal radiation exchange to a window cavity 

with or without a blind. The simulation of radiation exchange in this work has been carried 

out with the following assumptions: 

1) all the elements are considered diffuse gray surfaces with prescribed 

emissivities. 

2) the radiative exchange with the room walls are considered as if all the room 

Maces are blackbodies at indoor air temperature. 

3) each surface element is assumed to be isothermal. 

The energy equation (eq. (220)) determines the temperature distribution in the 

solid. At the interface of the solid surface and the fluid, the following dimensionless 

relation exists: 

where q', is the dimensionless radiative heat flux which can be written in terms of a 

reference heat flu 



where the reference heat flux can be found from, 

The radiation heat transfer is described using the Net Radiation Method for 

determining radiation exchange in an enclosure. The dimensionless heat exchange 

relationship between the i'th surface and all other radiating boundaries is given by 

where Si is the Kronecker delta defined as 

sk is the emissivity of the Kth surface, 

Fv is view factor between surfaces i andJ 

q': is the dimensionless radiative heat flux of #th surface, and 

5" is the dimensionless Stefan-Boltzman constant defined as 

8, is the dimensionless temperature of Kth  surface. 

Thus the coupling between the energy equation (eq. (2.20)), with eq. (225), and 

eq. (2.27) is through the q', term. The derivation of eq. (227) and the expression of F, 

are discussed in detail by Siege1 and Howell (1972). 



CHAPTER 3 

NUMERICAL MODEL 

As discussed before, the problem under study involves the combined conduction, 

convection and radiation heat transfer. Numerical methods are needed to solve this 

nonlinear problem. Frequently, the radiative heat transfer problem itself is fairly involved 

and demands a solution of the energy transfer between various neighboring d a c e  and 

regions at different temperatures. Such problems are very difficult to solve analytically 

because of the non-linearity and coupling with other modes of energy transfer. As a 

consequence, the Finite Element Method based on the Galerkin Weighted Residual 

Method will be employed to solve the coupled conduction, convection and radiation 

problem. The modelling of the cases considered in this study were implemented though 

FIDAP, a commercially available finite element analysis package. The basis of the 

computation procedure used in the paper is described in this chapter. 

3.1 AN INTRODUCTION TO THE GALERKIN WEIGHTED RESIDUAL 

METHOD 

The weighted residual methods involve an integral. In these methods, an 

approximate solution is substituted into the differential equation. Since the approximate 



solution does not satisfy the equation, a residual or error term results. Suppose that 

is an approximate solution to the following one-dimensional differential equation: 

with the boundary conditions 4 (0) = @, and 4 (H) = mNH. 

In eq. (3.1) the Qi are quantities defined at the node points. The Ni(x) define the 

spatial form of the solution between node points and are called the shape or interpolation 

bct ions.  Each term in the summation represents the contribution  om a particular node i 

and contains a N,(x) and ai defined for that node. 

Since the approximate solution (eq. (3.1)) does not satisfy eq. (32), a residual or 

error term results: 

The weighted residual methods require that 

The residual R(x) is multiplied by a weighting function Wi(x), and the integral of 

the product is required to be zero. There are several choices for the weighting firactions 



which lead to different numerical methods ( y- (x )  = 6 (x -4) for Colloe~tion 

Method, W'(x) = 1 for Subdomain Method, and y. (x) = R (x) for Least Squares 

Method). The most fiecpent choice for the weighting hct ion is the interpolation 

function itself, that is, the Ni(x) in eq. (3.1). This choice is known as Gderkin's Method. 

Eq. (3 -4) then yields the global equations 

where the integration is over the entire solution domain. 

3.2 TBE FINITE ELEMENT METHOD 

The finite element method is a numerical procedure for obtaining solutions to 

many of the problems encountered in engineering analysis. It has two characteristics that 

distinguish it from other numerical procedures: 

- the method utilizes an integral formulation to generate a system of algebraic 

equations. (Fiite difference methods approximate the derivatives in the 

governing differential equation using difference equations.) 

- the method uses continuous piecewise smooth fimctions for approximating the 

unknown quaatities. (Finite difference methods generally provide point-wise 

approximations.) 

The finite element method can be subdivided into following five basic steps: 

1) Divide the continuum region of interest into a number of simple shaped regions 

called elements. This includes locating and numbering the node points, as well as 

specifying their coordinates values. 



Select interpolation or shape functions for the elements. The interpolation 

functions represent the assumed form of the spatial solution in the elements and 

are related to the elements- 

Develop the system of algebraic equations. When using Galerkin's method, the 

weighting function for each unknown nodal value is defined and the weighted 

residual integral is evaluated. This generates one equation for each unknown nodal 

value. 

Solve the system of equations. 

Calculate quantities of interest These quantities are usually related to derivative of 

the parameter and include stress components, heat flux and fluid velocities. 

ELEMENT 

Mne node quadratic and iso-parametric elements are used in this work The shape 

hctions are expressed in terms ofthe natural coordinates for the element, r and s, which 

vary from -1 to +l as shown in fig. (3 -1). 

For this element, the velocity components and temperatures are approximated 

using the same biquadratic interpolation functions (shape hction) given by, 



The discontinuous pressure approkation employed in this work is a linear 

hction.  The three pressure degrees of freedom are not actual pressure values but are the 

coefficients of the linear polynomial approximating the pressure on the element* By 

default, the basis hctions are based on the normalized coordinates r and s. 

Figure 3.1 node quadratic element 

The coordinate transformation between the dimensionless physical coordinates 

Y and the natural coordinates r, s for an element is defined by 

where cp is d&ed by eq. (3.6) and X, Y are vectors of the nodal coordinates of the 

element. 

In order to be able to evaluate the element matrices which will be defined in the 



following section, it is necessary to convert the derivatives and integrals in physical 

coordinates to those in natural (normalized) coordinates. 

Hence, the derivatives in physical coordinates can be expressed as: 

where J is called the Jacobian matrix- 

In the case of integral evaluation, to complete the traosfonnation fiom physical 

coordinates to normalized coordinates, the expression for an elemental area is required. 

Thus, 

dXdY = M&&, 14 = determinant of J (3.10) 

3.4 NUMERICAL APPROXIMATION OF THE GOVERNING EQUATIONS 

Within each element, the two-dimensional velocity, pressure and temperature 

fields (in non-dimensional form) are approximated by, 



6 = sr@ (3.11~) 

where U, V, P, and 8 are column vectors of element nodal point unknowns and 9, q ~ ,  

and 9 are column vectors of the interpolation fimctions. In this study the same basis 

functions are employed for the velocity and temperature, i-e., cp = 9. Substitution of 

these approximations into the non-dimensional governing eq. (2.14) yields a set of 

equations: 

where R,, 4, 4, and R, are the residuals (errors) resulting from the use of the 

approximations of eq. (3.12). 

The Galerkin form of the Method of Weighted Residuals seeks to reduce these 

errors to zero, in a weighted sense, by making the residuals orthogonal to the interpolation 

functions of each element (i-e., cp, v, and 9). These orthogonality conditions are 

expressed by 



where A, is the area of the element 

Substitution of eq. (3.12) into eq. (3.13) gives: 

The second-order diffusion terms in the momentum a d  energy equdoxts and the 

pressure terms can be reduced to fist-order terms plus a line integral by using the Green- 

Gauss theorem expressed as follows: 



wher e f and g are hct ions  ofx and y and I ,  is defined by eq. (224). 

Hence, eq. (3.14) can be rearranged as follows: 



where q',, q',, a', and ti  (i, j = 1,2) are dimensiodess quantities and 

bi - aq 
bti = = - P + 2 -  

( P K ~ )  ax, 

Once the form of the interpolation functions p , yr, and 9 is specified, the integrals 

defined in eq. (3.16) may be evaluated to produce the required coetficient matrices. 

Equation (3 -16) can be written in a matrix form: 

The coefficient matrices shown in eq. (3.17) are defined by, 

@T&e 
" j  = I,,,, 



as as' Li, = - 14 axgq. &e 

where i = 1,2 ; j = 1,2 , and the subscripts 1 and 2 denote the Xand Y components 

respectively. 

When a penalty formulation is used, the row and column corresponding to the 

pressure unknowns P are deleted in the matrices of eq. (3.17) (see Appendix A). 

The same approximate hct ion  6 = 8% is considered to replace the unknown 

function 0 in the energy eq. (2.20). Applying the Galerkin weighted residual method to 

each element in the solid portion yields the following equation: 



Again, the Green-Gauss theorem (eq. 3.15) is used to reduce the second-order 

terms to fht-order terms plus a line integral. Equation (320) can be expressed as: 

aaT #asT 
- (jAe 6- xax +-)d+ a m  + &B Erlx+ ~T~r)tr)w a~ - (320) 

Substitution of eq. (2.23) into above equation gives: 

The above derivation has focused on a single finite element. The discrete 

representation of the entire continuum region of interest is obtained through an 

assemblage of elements such that inter-element continuity of velocity and temperature is 

enforced. This continuity requirement is met through the appropriate summation of 

equations for nodes common to adjacent elements - the direct stiffhess approach. The 

result of such an assembly process is a system of matrix equations of the form given by eq. 

As mentioned before, there are three kinds of dimensionless thermal and 

hydrodynamic boundary conditions used in this study. The finite element implementation 

of these boundary conditions will be discussed separately. 

Specification of velocity components and temperature. The specification of 

particular constant values for velocity components and temperatures at a boundary node 

results in the field equation for that particular degree of freedom being deleted and the 

specified value being imposed for that degree of freedom in the other equations. 



Insulated horizontal surface. On the insulated horizontal boundary, zero heat 

flux will apply. This yields a zero line integral for the coefficient matrix G: 

Convective and radiative boundary. The combined convective and radiative 

heat transfer boundary condition 

qt, + 41, = (htc + hir) (e - e j  (323) 

is different from boundary conditions discussed above. It contributes both to the element 

stiffness matrix and to the element forcing vectoE This is due to the presence of the 

dependent variable 9 in the boundary condition. 

Substitution of eq. (3 -23) into eq. (3.18i) gives 

G = (4 (h', + h'J 9=9dr) O + Jr (h', + h',) 8,9& r 

The first integral contributes the matrix, 

to the global element stifbess matrix. 

The radiation exchange in an enclosure, given by eq. (2.27), is already a discrete 

equation which can be written 



where 

6 ,  ' -ej  E = (E,); E, = - -F..- v (no summation on J) 
&i 

To 
3 

1 = ( I j  ; = ( 6  - ) S ( + ) (no summation on/) 

q is a column vector of radiative heat flux which is coupled with the main system 

of eqs. (3.17) and (3 -20) through the boundary radiation flux term in eq. (2.25). 

In order to reduce the size ofthe E and I matrices and the number of view factors, 

a simplified approach is employed in this work which is to "lump" together elements on 

the boundary and consider this group of element sides as a "macro surface" for radiation 

exchange. Equation (3.26) is solved first (for a given temperature field) and then the 

resultant heat flux values are used as applied boundary conditions. 

3.5 SOLUTION PROCEDURE 

In this work, two different iteration methods (Picard iteration and Broyden's 

update) have been utilized for solving the nonlinear and coupled equation systems 

described above. 

Picard iteration procedure is a particularly simple scheme which may be written 

as: 

K(uJu,+, = F (327) 

where K is the global system matrix, u is the global vector of unknowns (velocities, 



pressures, and temperatures) and F is a vector which includes the effects of body forces 

and boundary conditions. 

The nonlinearity is evaluated at the known ri  taken from the previous iteration., 

and a non-symmetric linear system must be formed and solved at each iteration. 

The rate of cowergence of the basic iterative procedure of eq. (3.27) can often be 

improved by the use of an acceleration or scaling factor a as detailed below, i.e. 

Broyden's update is one of the Quasi-Newton update formulas which can be 

written as 

where Ai is an n x n matrix and si is a scaling (or acceleration) factor (0 < si 1 ). R, 

(=R (ui) ) is the residual defined by 

It is required that the Ai satisfy the "quasi-Newton equation? 



This equation simply rqukes  that A, is a first order approximation to the Jacobian 

matrix J(ui) (=aR/au), A, = J (ui) + 0 (Au,) ; hence the name quasi-Newton- 

The aim of quasi-Newton updates is to update the A:' (in eq. (329)) in a 

computationally efficient and simple manner rather than recompute it entirely (Newton- 

Raphson Method) or leave it unchanged (Modified Newton-Raphson). 

The rank one update of Broyden in inverse form is 

- Ri - Ri-, . The derivation of above equation can be where 6 ,  = u i - ~ i - l  and yi - 

found in FDI (1990). 

In the cases corresponding to problems with heat transfer involving natural 

convection only, the solution procedure proposed is a combination of Pikard iteration and 

Broyden's update. Two iterations of Picard iteration method which has a larger radius of 

convergence but slower convergence rate are f 0 1 i 0 ~ d  by m (varying &om 2 to 100 

depending on the Grasfiof number imposed) iterations of Broyden's update method which 

has a faster convergence rate. 

In the situations involving radiation exchange, only the robust Picard iteration 

scheme is used, 

3.6 CONVERGENCE ClUTERIA 

The convergence criterion u& in FIDAP is a combination of the termination 

criteria based on solution vector u, (at iteration Q and the residual vector R (u, 

respectively. It is desired that the solution vector at the end of each iteration be within a 



certain tolefii~lce, E,, of the true solution vector u. Hence, the termination criterion for 

solution vector, based on relative error, is 

where 11 (1 is an appropriate norm. 11 ull and u are approximated by (1 rill and ri- ,  

respectively. 

The other suitable convergence criterion based on the residual vector which must 

tend to zero as u, tends to u requires that 

where Ro = R (u,) , a reference vector- 

It is found that the combination of these two checks provides an effective overall 

convergence criterion for all possible situations, since both Au, and R (uJ tend to zero 

near the true solution, 



2-D CONVECTIVE3 HEAT TRANSFER FROM GN ISOTHERMAL 
VERTICAL FLAT PLATE ADJACENT TO A VENETIAN BLIND 

In this chapter, the flow over and convective heat transfer rate from an isothermal 

vertical flat plate adjacent to a venetian blind has been studied. This investigation was 

undertaken to determine the effects of blade-to-plate spacing, ci, and blade angle, 0, on the 

flow pattern and convective heat transfer coefficients. Results are presented for values of 

+15, 20,25, 30, and 40 mm, and at each of these spacings, blade angle was varied, i-e., 

0=0°, 4S0, -4S0, SO0. To increase confidence in the computer results, both local heat flux 

and flow distribution for &15 m were compared to the experimental results measured 

As an additional verification of the modelling, a commody studied base-case was 

also investigated i.e., the simulation of laminar naaual convection on an isothermal, 

vertical flat plate has been performed first- 

4.2 F U l W  OYER AN ISOLAIED, VERTICAL,, ISOTHERMAL FLAT PLATE 

As discussed in chapter 1, natural convection on a vertical flat plate has been 



extensively studied either theoretically or experimentally. The heat transfer coefficient for 

natural convecbion between mom air and an indoor glass d a c e  can usually be obtained 

from the average Nusselt number for naturai convection over an isothermal, vertical flat 

plate. Results produced by the current model were compared with the well-accepted 

results &om the work of Ostrach (1952), Le Fevre (1956), Ede (1967), Churchill ;ind Chu 

(1975), and the experimental results of Machin (1997). 

4.2.1 Geometry and Boundary Conditious 

The case considered is shown in fig 4.1. The inflow and outnow regions, C, is 

assumed to be 1 inch long, and it is introduced into the model to avoid any inaccuracy 

resulting from the boundary conditions on the horizontal surfaces. The natural convective 

flow over a heated vertical flat plate is governed by the dimensionless equation (2.14). 

The fluid is assumed to be of infinite extent and devoid of any motion or temperature 

variations other than those associated with the free convectioe The system of coordinates 

is also displayed in fig. 4.1. T represents the dimensional temperature ofthe fluid, and was 

assumed to equal to 43°C at the wall and 21°C in the bulk fluid to duplicate the conditions 

used in the experiments of Machin. The quantities in parentheses denote the dimensionless 

terms defined by equation (2.13) (in which W=0.0762 m (3 in.), TO=~=Zl0C, and 

AT = T,-T, = 2 2 O C ) .  

Fluid properties evaluated at the mean film temperature of 3OSK were taken from 

Lienhard (1981) and were shown in table 4.1. The resulting dimensionless Grasbof 

number based on L was obtained: Gr, = gj3A TL.'/v~ = 1.508 x 10' 

Table 4.1 Fluid properties evaluated at T=305. 



Figure 4.1 Geometry and boundary conditions for laminar natural 
convection on a flat plate 

4.2.2 Mesh Devdopment 

The mesh density required is dependent upon the thermal loading ofthe problem, 

as represented by the Gtashof number. The mesh density near the isothermal wall must be 

able to resolve both the thermal and velocity boundary layers developing on the wall, 

which requires that at least one node be located within the boundary layers. 

For this problem, an estimate of the non-dimensional thickness 6 of the boundary 

layers is given by Gill (1966) as, 



where A = L/  W = 5, the aspect ratio 

In formulating the computer model, it was decided to vary the spacing in the x- 

direction. Specifically, the mesh spacing in the region near the wall was reduced- In 

addition, the spacing was varied in the y-direction to improve the modelling of the inflow 

and outflow regions. The final mesh grid was produced by the FIDAP mesh generation 

module FIMESH (1990). The generated mesh is shown in fig. 4.2 which shows that there 

are three full elements (X,=0.0 115 108, X,=0.0 122595, K0.0 130569, and &=O.O13906 1) 

contained within the velocity and temperature boundary layers as estimated by equation 

(4.1). It is reasonable to expect, therefore, good resolution with this mesh for the flow 

under consideration, 

Figure 4 2  Nineaode mesh for convection over an isothermal vertical flat plate 



4.2.3 Comparisons of Results 

Simulation results produced for the above case are shown in figs. 4.3 through 4.5 

and table 4.2. These results are presented in terms of: isotherms, streamline plots; velocity 

vector field; temperature and vertical velocity distributions at half height ofthe plate; local 

and average heat transfer coefficients. 

The temperature and velocity fields are best illustrated by the use of velocity 

vectors and temperature contour plots. The isothermal, streamline plots and velocity 

vectors are shown in fig. 4.3. The isotherms and velocity vectors given in (a) and (c) of 

fig. 4.3 show the development and growth of the thermal and velocity boundary layer, 

respectively. 

The vertical velocity profile and temperature distribution &om this work are 

compared with those of Ostrach (1952) at half height ofthe plate in fig 4.4. 

It can be seen from fig. 4.4 that the curves representing this numerical results 

follow the exact solutions of Ostrach (1952) very closely. The velocity and temperature 

profiles (both from this work and Ostrach 1952) display the same trend that velocity 

changes from zero through a maximum to zero again, whereas temperature varies 

monotonically from maximum wall temperature to the room temperature and at about 

X4.3 ( d . 3  cm) and X4.25 (x=1.9 cm) the vertical velocity and the temperature 

gradient approach zero, respectively 0.e. v + 0 and d T / h  + 0). The predicated local 

heat transfer ccdicient, h,, was calculated from dimensionless heat fluxes, q',,, using the 

following equation: 

and is shown in fig. 4.5. The calculated local heat transfer coefficient, h, shows excellent 



agreement between this work and the work of Ostrach (1952) and Le Fevre (1956), as well 

as the experimental work of Machin (1997). 

The average heat transfer ccefftcient, I;,, for the surface of some distance, I, i s  aIso 
- 

of interest, and can be used to form a averase Nussdt number Nut = %l/k/. Comparisons 

of the average values determined over a distance of 265 mm from the leading edge (i-e., 
- 

the Nusselt number Nu, and the convection coefficient L) are summarized in table 

4.2. These also show excellent agreement between this work and the work of Ostrach 

(1952), Le Fevre (1956), Ede (1967), Churchill and Chu (1975) and the experimental 

work of Machin (1997). These results indicate that the basic finite element model 

developed in this study is technically sound. 



Figure 4-4 Comparison of temperature and vertical velocity distributions at Y=L/2 

- Resent Wak 

-0sUac.h (l952) 
*Le Fevre (1956) 
A Machin(l997) 

Figure 4.5 Comparison of local heat W e r  coefficient for natural 
convection over a flat plate 



Table 4.2 Comparison-of average Nusselt number and heat transfer 
coefficient h, 

Analytical Wodt of O m c h  (1 952) 1 39-932 I 3-993 

Correlation of Ede (1967) I 40,026 I 4.003 

Experimental Correlation of ChurchiII 
and Chu (1975) I 

- 

Present work I 40,007 I 4,OO 1 

p p  p - -  

Experimental Measurement of Machin 
(1 996) 

7 
Ross = 3.606 x 10 for present work 

4.3 FLOW OVER AN IS0'TtLERMA.L VERTICAL FLAT PLATE ADJACENT TO 

A V E N E T I A N B m  

39.137 

43.1 Geometry and Boundary Conditioos 

3.935 

Based on the validated model, a model was developed to investigate the s e c t  of 

shade lowers on the fiee convection from an isothermal vertical surface, a major focus of 

the study was on the determination ofthe influence of blade-@piate spacing, 4 and blade 

angle, 8, on the flow pattern and convecfive heat transfer d c i e n t s .  F i g  4.6 illustrates 

the computational domain. Because the lowers were assumed to be made of some 

material with very low conductivities (such as plastic), they were treated as zero-thickness 

bafnes. An equal value of lower width and pitch was used: On dl the solid dates, 



including the louver Maces, a no slip velocity boundary conditions was applied. The 

heat flux on both sides ofthe louver was assumed to be equal. The same thermal boundary 

conditions as used for the isolated plate case (see section 42) were used, resulting in the 

same Grashof number Gr, = gj3~IZ3/v2 = 1508 x 10'- 

Figure 4.6 Computational domain for laminar flow over an isothermal 
surface adjacent to a Venetian blind 

5 i W-3 in a=l in- %=I in. TaP43OC T,-21°C) 

4.3.2 Results and Discussions 

In this section it will be shown how the two parameters, the plate-to-blade spacing, 

4 and the blade angle, 8,  influence the convective flow in the computational domain by 

comparing the isotherms; the streamlines; the velocity vectors; the distributions of local 

heat transfer coefficient 4 and integrated (average) Nusselt number 6 and heat transfer 

coeacieot h,. 





(a) 8 = 45' (b) 8 = -45' 

Figure 4.8 Velocity vectors for 0=-45" and 9=+4S0 at d=iS mm, 
(as produced from the current simulation) 

(c) 0 = -45' 

Figure 4.9 Flow visualization results from experimental work of Machin (1997) 





The effects of the blade angle on the flow are shown in fig. 4.7. Prediaed 

isotherms for the case, &1S mnr, are compared with experimentally obtained 

inter6erometer photographs (&14.5 m) tiom Machin's (1997) work for various 0. Both 

the numerical simulation and the experimental results indicate that when the blind is in the 

open position (at 8=0°), the flow is seen to be mostly disturbed. The disturbance dticreases 

as the blind closes. It is also worth noting that the orientation also affects the £low. For 

example, the effect for 8=-45" is stronger than that for 8=+4S0. This can be explained 

from the flow shown in fig. 4.8 (from the numerical simulation) and fig. 4.9 (tiom 

experiment). The flow velocity near the wall is higher at 8545' than that at 6=45" 

because the flow resistance is lower for the former case (8=45") than that for the latter 

case (0 =45"). As a result of the higher velocity, strong vortices are fonned between blades 

near the upper wall at 8=-4S0(figs. 4.8 and 4.9). These vortices essentially prevent the 

cooler fluid outside the blades f'torn flowing into the main stream near the heated wall, this 

resulting in a lower temperature gradient near the wall and therefore the lower local heat 

transfer rate (fig. 4.10). 

Attention is now given to the effect of plate-to-blade spacing, 4 on the flow. In fig. 

4.1 1 and fig. 4.12, the effects of plate-to-blade spacing d on the isotherms and streamline 

contours for a constant value of B=OO are illustrated. It can be seen that plate-to-blade 

spacing, 4 has very strong &kt on the flow pattern at a small value of 4 but when the 

blind is located far enough away fiom the d a c e ,  there is almost no effect observed A 

closer inspection of fig- 4.12 shows that the flow changes &om three flow regions to one 

with an increasing value of d from 15 to 40 mm. For example, at cMO mm, there is a 

strong inner flow between the surface and the lower-tips, in addition to vortices in the 

region between the lowers, and a weaker flow stream outside the blind. As previousIy 

discussed, it is these vortices, fonned in the region between the louvers, that decreases the 

local convective heat trader and creates a periodic variation in local heat transfer 

coefficient, h, with a spatial fieqpency equal to the blade pitch (fig. 4.10). 



Figure 4.11 Isotherms and streamline contours for various d (O=Om) 





These three distinct flow regions disappear as d is increased. The closer the blind is 

located to the surface, the weaker the inner flow is and the stronger the effect of the 

cellular flow. This results in a firrthcr decrease in local heat transfer rate (see fig. 4.10). It 

may be observed that, only one main flow stream exists for the larger value of d (easy 

&4O mm). The isotherm and streamline contours for rf-40 mm presented in fig-4.12 are 

similar to the case with no blind (fig. 4.3). The decreasingly effect of blind for a large 

value of dis seen to be applicable for d l  blade angles (shown in fig. 4.10). 

Finally, the effects of d and 8 on average Nusselt number %, and heat transfer 

coefficient h, are summarized in table 4.3 and fig. 4.13. It can be seen from table 4.3 that 

both experimental results (&14.5 mm) and numerical results (+lS mm) show the same 

trend for the effect of blade angle 8. In every case (except for 8=80° or 90°, for the cases 

of 0=80° or 90°, the predicted and measured values are a little higher than those of no 

blind case), the average values are lower than those of an isolated plate with lowest values 

for O=OO. The results shown in fig. 4.13 indicate that the closer the blind is located to the 

plate, the stronger the effect of the louvers will be; in the cask of 8 =0° this effect is the 

most pronounced. As the blind is moved far enough away from the surface, the effects of 

the blind are minimal and the average heat transfer coefficients approach that of the 

isolated flat plate without blind, regardless of blade angles. 

It should be pointed out that the average heat transfer coefficients from the 

experimental work are consistently higher than the corresponding values of this work. 

This is probably due to the different boundary conditions on the louver surfaces between 

the experiment work and the present numerical work. In the experiment, commercially 

available aluminum blinds were used, which have high conductivity (120 W/m - K.), 

resulting in a higher local heat transfer rate at the location of the blades (experimental 

results shown in fig. 4.10). Therefore, the temperature on each louver in the experiment 

was efficiently constant (see fig. 4 3 ,  while in the numerical study, temperature varies 

along each louver. 



Table 4.3 The summary of average Nusselt number and heat transfer coefficient 

I I - 
without blind: Nu, =40.007, h,  = U O  1 ( w / ~ ~ - K )  

Method d 
(mm) 

40 

+o- 
-Q-45 
-45- 
-8u - No Blind 

Figure 4.13 Average heat transfer coe5cients & 

Blade Angte 8 

800 

40.085 

40331 

42.073 
(0=-9oa) 

. 
w 

- 
Nu= 

4.009 

4.033 

4230 
(9-90") 

- 

39913 

3.956 

3920 

3.610 

2008 

3340 

30 

prtscntwork 2-5 

20 

15 

experimental 
14.5 

results 

h ,  h,  
3.991 

450 

39957 

39.667 

38230 

34302 

36.864 

39559 

39203 

36.102 

20.084 

33398 

- 
Nu, 

40.077 

33% 

3967 

3-823 

3,430 

3-710 

4s0  

39.841 

39.685 

38928 

30.408 

33.878 

h= 
4.008 

I 

- 
2 

39982 

3.984 

3.969 

3.893 

3.041 

3.41 

h,  
3998 



COMBINED HEAT TRANSFER THROUGH IGU SYSTEMS WITH 
FNTERNAL VENETIAN BLINDS 

5.1 INTRODUCTION 

In this chapter, the combined convection, conduction, and radiation heat transfer 

through IGU systems with between-the-panes venetian blinds have been studied. The 

combined heat transfer on an indoor pane d a c e  was investigated to obtain the 

indoor combined heat transfer coefficient, h, This was subsequently used as an indoor 

pane boundary condition for the evaluation of the 2-D combined heat transfer through the 

IGU systems studied. 

To provided a benchmark verification of the model, the simulation of laminar 

natural convection in an IGU cavity was atso performed. Finally, the combined heat 

transfer through IGU systems for five merent blind blade angles (0°, 4S0, -4S0, 7 5 O ,  and 

-75') was investigated. 

5.2 COMBINED HEAT TRANSFER ON AN INDOOR GLASS S-ACE 

The choice of appropriate indoor thermal resistance has been the topic of a long- 

standing debate. The convective and radiative modes are often combined to form the 



indoor heat transfer coefficient, h,=h,+h, which is usually called "film coefficient". 

Typical values of h, used in we&kaown window evaluation computer programs, @e., 

KZiWOW3.1 developed in the US., MS'ON developed in Canada, and ISOFUiV04 

developed by the International Standards Organidon (ISO)) are tabulated in table 5 2  for 

winter or nighttime U-values. Comparisons of vertical velocity profiles and temperature 

distributions at three characteristic Locations dong the flat plate between this work and 

some published work show excellent agreement. Comparisons of the flat plate local heat 

transfer coefficient and integrated heat transfer coefficient dso show excellent agreement 

5.2.1 Geometry and Boundary Conditions 

Fig. 5.1 shows the geometry and boundary conditions assumed for the case of a 

natural convection flow on an indoor d a c e  of a glass paue. This case is governed by the 

dimensionless equation (2.14). The thickness of the glass pane, t, = 3 mm, was 

considered in order to be able to model the effect of radiation heat transfer. The convective 

and radiative boundary conditions on the indoor surface are given in eq. (2.23), in which 

the non-dimensional conductivity of glass K, = k/k, ( k 3 . 8 8  W/m - K) and the non- 

dimensional radiative heat flux q', can be expressed as 

where S - the non-dimensional Stefan-Boltpnann constant defined by equation (2.28). 

eg - emissivity of glass d a c e  which is equal to 0.84. 

8, - the non-dimensional reference temperature (in this problem 

8, = 8, = 1.0). 

The system of coordinates is also displayed in fig. 5.1. T represents the 



dimensional temperature of the fluid, and set to T,=279.8K ( 6 . 8 O C )  at the isothermal 

surface (calculated based on Curcija's result (Curcija 1992) in which he assumed the 

temperature ofthe indoor surface to b e  7.2OC) and r=299K (21°C) in the bulk fluid. The 

quantities in parentheses denote the dimensionless variables defined by eq. (2.13) Qn 

which W=0.05 m, T,=OK, and A T = T, = 294K). 

Figure 5.1 Geometry and boundary conditions for indoor pane glass mrface 

Table 5.1 Fluid properties evaluated at T=Z94K 



fluid propecties evaluated at the room temperature of 294K were taken from 

Lienhard (I98 1) and shown in table 5.1. The resuiting dimensiodess Grashof number 

based on L was obtained: Gr, = gp (T, - T,) L~/v '  = 2.584 x 10' 

5.2.2 Mesh Development 

As discussed in chapter 4, the mesh density required is dependent upon the thermal 

loading of the problem. 

Figure 5.2 The finite element mesh for combined heat transfer on an indoor 
pane d a c e  

The finite element mesh generated with the FDAP mesh generation module 

FIMESH (1990) for this problem employed gradual (nonwljform) meshing in order to 

provide the finest mesh near the Surface (!in the boundary layer region). The s ize  of the 

elements next to the surface were agah determined with respect to the constraint that at 

least one node must lie wit@ the boundary layer- Using eq. (4.1), the non-dimensioaal 

thickness of the boundary layer was estimated to be 6 = 0.08539 (in which, 



Grw = gp (T, - T') df v2 = 2.5843 x l d  ). The generated mesh is tabulated in fig. 5 2  

and shows that there are two full elements @1=0.03385, x=O.03961, and &=0.04634) 

contained within the velocity and temperature boundary layers as estimated by eq. (4.1). 

52.3 Comparisons of Results 

In order to examine the effect of radiation on the flow pattern, simulations were 

performed for two cases. In the first case, no radiation effects was included, the no 

radiation case (referred to as ''NRD") and in the second case, radiation was included, 

(referred to as the "RD" case). 

Results, expressed in form of isotherms and streamlines, are shown in fig. 5.3. 

These results indicate similar patterns. Velocities, however, are slightly lower in RD case 

than those in NRD case. The reason for this is that the temperature on the i ~ e r  surface is 

seen to increase slightly due to the thermal radiation fkom the room air, resulting in a 

smaller temperature difference between the room air and the inner d a c e ,  producing a 

lower Rayieigh number. As a result, the flow is slightly slower in the RD case than in the 

NRD case. 

Attention is now given to the temperature and velocity distributions at three typical 

locations. Fig. 5.4 through fig. 5.6 show the comparisons of the velocity profiles between 

this work and that of Ostrach (1952) and Curcija (1992) and the temperature distributions 

between this work and that of Ostrach (1952) at Y=U4, Y=L/2, and Y=3L/4 respectively. 

A detailed view of the local temperature distribution around the glazing d a c e  is also 

shown as an inset in each figure. It may be noted that the radiation does not Sect  the flow 

pattern and it only slightly increases the temperature on the indoor d a c e .  The 

temperature gradients near the glass M a c e  for both RD and NRD cases are almost the 

same (see the zoomed temperature distributions for the three locations shown in figs. 5.4 

through 5.6). This indicates that the convective heat traasfer is not affected by the 



radiation, 



Figure 5.4 Comparisons of velocity profile and temperame distribution at 
Y=U4 for indoor pane glass surface 



Figure 5.5 Comparisons of velocity profile and temperature distribution at 
Y=UZ for indoor pane glass surface 





Finally, comparisons of the Local and overall heat transfer coefficients between this 

work and the published work of Ostrach (1952) and Curcija and Goss (1993) are given in 

fig 5.7 and table 5.2 respectively. The local and integrated heat transfer coefficients of  

Ostrach (1952) are calculated using the following equations: 

and 

where Y is non-dimensional distance from the top of the indoor pane of glass and, Nu, and 

Nu, are defined by eqs. (1 -6) and (1 3, respectively. 

In the present study, the value of h ( n  was calculated from non-dimensional heat 

flux, q',, on the isothermal d a c e  of the indoor glass pane, using the following equation: 

and the integrated heat transfer coefficient, hi or hi, is calculated as follows: 

where Y, = LIW. 

It can be seen fiom fig. 5.7 that the local heat transfer coefficient for NRD case 



compares very well with those of Ostrach (1952) and Curcija and Goss (1993). 

Results indicate, for the RD case, that although convection and radiation occur 

simultaneously, they are almost independent with each o&er. This can be proven by the 

fact that the difference in corresponding values of hr between these two cases is a constant 

value of 4.S84 which is defined as radiative heat transfer coefficient calculated by FTDAP, 

hi,. The comparisons of integrated convective heat transfer coefficients, hi=, in table 5.2 

again show excellent agreement between this work and the published work of Ostrach 

(1952) and Curcija and Goss (1993). Comparisons of average heat transfer coeficients, 

h,, h,, and hi, from this work with the typical values used by the well known computer 

programs WINDOWS .I, VISION and ISOWIN04 also indicate that the values predicted 

by FIDAP are reasonable and acceptable. A value of 7.708 for the overall heat transfer 

coeficient, hi, will be used as a convective boundary condition on the indoor surface of an 

IGU system in the following modeling. 

tt. 

Figure 5.7 Comparison of local heat trans6er coefficient 



Table 5-2 Comparison of integrated heat Cransfer coefficient 
- 

I Method 11 

hi,- convective heat transftr cocficicnt NA,- not avdabk 
b- radiative heat trader cocfficimt F I I L  calcuiatui by FIDAP 
hi=&,+hi, CaI- calculated using cquationr 

h 
'Wfm2Q 

k 

h= Se & 2 + ~ : ~ o + ~ I )  (rW=720c) 

*-This value will be used as boundary conditions on the indoor surticts of IGU systems 

5.3 LAMINAR NATURAL CONVECTION IN AN IGU CAVLTY 

The combined heat transfer through an IGU with a between-the-panes venetian 

blind is a complex, highly non-linear process and the accuracy with which this process is 

solved will significantly affect the accuracy of  the whole model. For the purpose of 

validating the basic finite element model, numerical simulation of natural convection in an 

IGU cavity was performed first 

As discussed in chapter 1, over the past eighty years, numerous studies have been 

conducted either analytically, numerically or experimentally for natural convection in 

rectangular cavities with isothermal vertical d i e s  and adiabatic horizontal surfaces as 

shown in fig. 5.8, in which the dimensionless cpmtities in parentheses are defined by eq. 

(2.13). In the present study, a constant value of aspect ratio A=lO is adopted and four 

Grashofnumbem, Grw = 4x104, 6x1 ', 8x1 ' and 10' arebvestigated. 

P-ot 
work 

3.124 

Ostrach . 

(1952) 

3.09 

wwo0W.l 

3-41 

hit 

hi 

The results of the present numerical simulation are compared to appropriate results 

Curcijaand 
-(m3) 

3.13 

NA- 

N k  

NA- 

N A  

rsOWM04 

3-6 

4.52 

7.93 

-on 

3.04 

4-4 

8.0 

4.49 

753 

4584 W) 
4.9 l (cal) 

7.708 



to verify the model. 

Figure 5.8 2-D laminar natural convection in a r&gular cavity 

Gr = g p ~ m / v ~  = f ( A 0  ; ( A T  = Th-TJ 

5.3.1 Nodes and Mesh Development 

Again, eq. (4.1) is used to estimate the thickness of thermal and velocity boundary 

layers. The smallest size of the boundary layers for Gr, = lo5 is 0.1089. As previously 

discussed, a n o n d o r m  mesh with high density near the cavity boundaries was 

employed. The generated finite element mesh is given in fig. 5.10 which shows that there 

are at least two fidl elements (X1=0.0373428, X2=0.0492741, and &0.0650175) 

contained within the velocity and temperature boundary layers as estimated by equation 

(4.1). To confirm the suitability ofthe grid spacing, a h e r  mesh for this calculation was 

tested, which demonstrated that the average running time increased about 3 times and the 



overall accuracy improved Less than 0.1%. 

Figure 5 -9 2-D finite element mesh for laminar natuial convection in an 
IGU cavity 

5.3.2 Comparisons of Results 

The dimensionless heat £lux can be evaluated by calculating the temperature 

gradients at the integration point of the elements bounding the hot wall or cold wall, which 

is given by, 

The Nusselt number is defined as, 



where h = q / A  T, therefore 

which means that in this case, the Nusselt number and dimensionless heat flux are 

equivalent 

Results from the numerical prediction are reported in terms of contour plots ofthe 

stream fimction and temperature, local heat flux (Nusselt number) dong the hot wall and 

average (integrated over the vertical hot wall) Nusselt number. The effect of Grashof 

number, Grw, on the isotherms and streamlines are shown in fig. 5.10. As expected, for all 

cases, the flow is skew-symmetric about the cavity mid-point Even at the relatively low 

Grashof number of 4x1 4, the isotherms in the central region tend toward the horizontal, 

indicating that the flow is in the transitional regime which is characterized by the presence 

of the boundary layer on the vertical d a c e t  but only to the point where the two boundary 

layers have merged together. As Grashof number is increased, the flow regime changes 

from a transition flow to a boundaty layer regime, in which two boundary layers grow in 

the temperature field, one growing up the hot wall and the other growing down the cold 

wall. In the central region, however, the isotherms have extended past the horizontal, 

indicating that the transport of energy must be purely by convection. A f.urther increase in 

the Grashof number caused the distortion of the isotherms in the central region to become 

more severe. 

The effect of local heat flux distribution along the hot wall was also investigated. 

Local Nusselt numbers oclrring along the hot wall, for various values of Grashof 

number, are plotted in fig. 5.11. These results show an excellent agreement with the work 



of Ramanan and Korpela (1989). Both results show the wld fluid sweeping across the 

bottom of the cavity, picking up heat The local Nusselt number near this comer was found 

to be the largest, which is to be expected since as this represents the region ofthe greatest 

temperature gradient As the fluid rises up the hot wall, its temperature rises and the heat 

transfer rate decreases continuously with height For Grw = 10' there is a smd bulge in 

the local Nusselt number near the bottom. A small dip in Nusselt number near the top end 

can also be seen, 

The flow evidently changes its character in the ends as the Grashof number is 

increased to this value. This has also been observed by Laurit and Desrayaud (see 

Ramanan and Korpela 1989). 

Finally, a comparison of integrated heat flux (Nusselt number) with the available 

results is s u m m a k d  in table 5.3. Again as can be seen from the results, the present study 

compares quite well with the other results for the range of Grashof numbers considered in 

this work. 





Figure 5.11 Comparison of 1ocalNusseIt number along the hot wall (A=LO. 

Gr, = 4x104, 6xl0~,8xl0', lo5, with Grw increasingfrom 

left to right). 

Table 5.3 Comparison of the average Nusselt number for an IGU cavity 

Raithby and Wong (1 98 1) 
(numerical coirelatim) I 

Ramman and Korpela (1989) 
(numerid) 

23.12 

Korpela et a1 (1982) 
(numerical) 

Present w o k  

25.99 

22.00 
( ~ 3 . 9 ~  lo4) 

23.09 

28.11 

2550 
(-6.4 4x lo4) 

25.85 

29.75 

N A  

27.89 

N A  

29.47 



5.4 COMBINED HEXT TRANSFER THROUGH I(;U SYSTEMS WITH 

FNTERNAL VENETIAN BLINDS 

Based on the validated models for combined heat trausfer on an indoor &ass pane 

and natural convection in an IGU cavity, a model was developed for the combined heat 

transfer through an entire IGU system with a between-the-panes venetian blind. Fig. 5.12 

gives the geometry and the problem's computational domain Seven cases were 

considered in this study and are summarized in the following table: 

Table 5.4 Summary of cases investigated in this study 

17 - ( - Between-the-panes I 75" I included 

Radiation 

Not included 

included 

included 

included 

included 

I I Positive Lower Angle - indoor side up I I 

Lower Angle 

0" 

45" 

-4S0 

Case 

1 

2 

3 

Between-the-panes 

II Negative Louver Angle - outdoor side up I I 

Venetian Blhd 

No 

No 

Between-the-panes 

The venetian blind modeled consists of 19 louvers and was located in the center of 

-75" 

the IGU cavity. The aspect ratio (A=UV) of the IGU cavity was set to 10 and the 

4 

5 

included 

following geometric dimensions were assumed: 

Between-the-panes 

Between-the-panes 

L, - the thickness of spacer, L,=25.4 m (1.0 in.) 

a - the louver width and pitch, ~ 2 5 . 4  mm (1.0 in.) 



f, - the thickness of glass pane, 1,=3.0 mm 

tb - the thickness of blind louveq t b 4 S  mm 

The air flow in the IGU cavity and the heat conduction in the solid portion are 

governed by equations (2.14) and (220) respectively. Radiative heat transfer was 

considered through the boundary condition. The dimensionless variables are still defined 

by eq. (2.13), in which the length scale W=0.05 m, and A T = T,. = 294K (2I0C). 

Figure 5.12 A sketch ofthe IGU system with a between-the-panes venetian blind 



5.4.1 Boundary Conditions and Mated Properties 

The assumed non-dimensional boundary conditions are: 

(1) Hydrodynamic boundary conditions: 

On all d i d  surfaces, including the surfaces of the blind blades, a no slip velocity 

boundary condition is applied, i.e., U=V=O on all solid surfaces. 

(2) Thermal boundary conditions: 

a) Convective boundaries (indoor and outdoor surfaces): 

-K ,@ = h'i(O - 8 3  for indoor surface 
s 

-K,g) = h'O(O-OO) for outdoor surface 
s 

where the dimensionless heat transfer coefficients, hi and h,, are defined as: 

and hi = 7.708 w/m2 - K, (as determined in Section 52) ,  and h, = 23 w/m2 + K 

b) Convective and radiative boundaries: 

On all surfaces of the IGU cavity, including the &aces d the blind blades, a 

convective and radiative boundary condition defined by eq. (2.25) is applied 

C) insulated horizontal surfaces: 

On the horizontal ends ofthe computational domain, i.e., at Y4.O and Y=11.016 



respectively, the adiabatic boundary condition defined in eq. (2.22) is applid 

The materials selected and their properties are tabulated in the fdowing Table. 

Table 5.5 Mhterials and their properties 

Element 

w 
kse, = kii,-a where klin = 0.41 W/m - K d e d  

=s 

linear conductance (Wright and Sullivan 1989). 

Glass panes 

Spacers 

Blind louvers 

II 2) Emissivity of seaI, r,, . was taken h m  Wright and 

I I Sullivan (1995) 

Note: 1) ksd was calculated using the following equation: 

CIear glass 

cormgated-ship 

Aluminum with coatings 

5.4.2 Mesh Development 

The mesh for cases 1 and 2 was generated first. A coarser mesh was used to 

perform a p r e l i i a r y  numerical study in order to obtain the average temperatures on each 

vertical surface of the IGU cavity, which were found to be 2 and 13OC respectivelyY The 

thermophysid properties of air were evaluated at the average of these values, 7.5OC. The 

resulting Groshof number used to evaluated the boundary Layer thickness was then 

obtained, i-e., Gr, = ge A l7Pd /v2 = 2.4783 x l d  . The non-dimensional boundary layer 

thickness calculated from eq. (4.1) was found to be 0.08667. The final mesh was shown in 

fig 5.13(a) for cases 1 and 2. The size of the first line of elements &om the vertical 

surfaces of the IGU cavity is 0.0573, which satisfies the constraint that at Least one node is 

located within the boundary layers. 

0.84 

0.827 

1 

0.88 

0.80 

0-45 169 



Based on the generated mesh for cases 1 and 2, the meshes for the subsequent 

cases were developed. For all the cases considered, a finer, non-&om mesh was 

employed in the region between the cavity surfaces and the louver tips where the gradient 

of the flow variables were expected to be great A coarser, d o r m  mesh was used in the 

center region of the IGU cavity Several runs were repeated using finer meshes, -with no 

appreciable difference in the internal flow field and heat nansfer resuits Examples of 

finite element meshes for cases 3,4, and 6 are shown in fig. 5-13. 

Figure 5.13 Examples of finite element meshes generated for combined heat 
transfer through IGU systems 



5.4.3 Results and Discussions 

As mentioned before, the numerical study examined the eff- of the internal 

venetian blinds on the flow fields and combined heat transfer rates through IGU systems. 

Solutions were obtained for ail 7 cases described in table 5.4- The numerical results are 

presented in terms of temperature contoun, velocity vector plots, focal heat flux and 

temperature distributions along the indoor surface, and the overall heat transfer 

coefficients. 

Temperature contours and velocity vector plots for cases 2 through 7 are given in 

fig 5.14 and fig. 5.15. The effects of blind lowers on the local heat flux and temperature 

distributions along indoor surfaces are presented in figs 5.16 and 5-17 respectively. It may 

be seen fiom these figures that the louvers reduce the local heat flux and increase the local 

temperature in the central portions of the indoor d a c e .  The larger blade angle 

(approaching the closed position) produces lower local heat fluxes and higher local 

temperatures. In addition, although the average heat transfer rates are about the same 

(shown in table 5.6), the local heat transfer distributions are quite different for positive and 

negative blade angles (figs. 5.16 @) and (c)). Near the lower end, the local heat flux is 

higher for negative blade angles than for positive blade angles. In the upper region, 

however, the local heat flux is lower for negative blade angles than for positive blade 

angles. This can be explained by the fact that with the negative blade angle, the lowest 

blade and the bottom wall (spacer) form a "nozzle" which accelerates the flow, impinging 

on the indoor surface. This larger flow velacity will result in larger local heat transfer 

coefficient and therefore the higher local heat flux. Alternatively, if the blade angle is 

positive, the lowest blade and the bottom wall (spacer) will form a "di;gUser" which slows 

down flow. 

Finally, table 5.6 shows the effects of louver angles on the average heat transfer 

rate and the calculated overal1 heat transfer coefficient, namely, U-value. The U-values 



calculated from experimental measurement of Garnet et al. (1995) are also given in the 

same table. As can be seen that by using between-thepanes venetian blinds, the 

numerically predicted U-value is reduced for all the cases where the louver angles are 

different This indicates that the thermal performance ofwindows with between-the-panes 

venetian blinds is improved. Since the lowers block the direct exchange of long wave 

radiation between the panes, as the blind closes the U-values decrease. However the way 

in which the blind closes (indoor side up or outdoor side up) seems not to iduence the 

overall results significantly, which does not agree with the experimental results. It can be 

seen fkom the experimental results that the U-values for positive angles are consistently 

lower than the corresponding values for negative aagies. The reason for this is probably 

due to the different geometry of the cross section of the louver. A rectangular cross section 

of the louver is adopted in the numerical prediction while a lower with a curved top side 

is used in the experimental study. It is interesting to note that although the experimental 

results show the same tread that the U-values decrease with increasing Louver angles, the 

experimental study also shows that when the lowers are in the open positions (9 = 0°), 

the U-value is even greater than that for case 2. This difference between the experimental 

study and this work can be explained as follows: the gap between the louver-tip and the 

vertical Surfaces of the IGU cavity is much smaller (1.524 mm in the experimental study) 

than that used in this work (12.3 m), therefore the effkct of the lower conduction is more 

significant in the measurement, resulting in a consistently higher experimental U-value for 

the same lower angle. However, as blind closes, i.e., the gap increases, the difrence of 

the U-values between the experimental work and present numerical study decreases. 







(a) 

- 
r 
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- 
Figure 5-16 Local heat flux distributions on indoor pane surface for three cases 

corresponding to (a) blade angle 8 = 0°, 4S0, 7S0, and no blind 
cases, (b) €3 = 4S0 and -45O, and (c) e = 75" and -7S0 



Temperature distributions on indoor surfaces for three cases 
corresponding to (a) blade angle 8 = 0°, 4S0, 75O, and no 
blind cases, (b) 9 = 4S0 and 4S0 ,  and (c) 0 = 7S0 and -75' 



Table 5.6 htegrated heat transfer rate and U-value as a h c t i o n  ofblind angle 

I 

Case 

1 

2 

3 

4 

- 

q(w/nl) 

35-736 

59,148 

53,941 

52808 

Bhde Angk 

- 
- 
0" 

I 
I 45" 

U-vdue ( w/mZ - B) 
. 

Present work 

1 -702 

2817 

2569 

2515 

5 52645 

~ & e t  (w5) 
NA 

2789 

3,065 

2579 

-45" 2507 

6 

7 

2712 

2279 

2264 

2221 

2358 

75" 

-75" 

47-869 

47,549 



CHAPTER 6 

CONCLUSIONS AND RECOMMENDAmONS 

6.1 CONCLUSIONS 

The numerical modeling of 2-D heat transfer through fenestration systems 

conducted in this study consists of the following two major parts: (A) modeling of natural 

convection from an isothermal vertical flat plate adjacent to a venetian blind; and @) 

modeling of combined conductive, convective and radiative heat transfer through an IGU 

system with an internal venetian blind. Conclusions are presented for each of the above 

cases. 

Numerical Modeling of Naburrl Convection Over an IsothermaJ Vertical Flat 

Plate Adjacent to a Venetian Blind 

A numerical model for 2-D natural convection fkom an isothermal flat plate 

adjacent to a venetian blind has been developed. It was found that, in general, the 

flow pattern is strongly influenced by the presence of a nearby venetian blind. 

The blade-to-plate spacing d has a strong effect on the flow and heat traosfer. The 

smaller d is, the stronger the effect of the blind. When the blind is located far 



enough away fiom the d a c e ,  there is almost no effect 

( 3 )  For the same blade-to-plate spacing cl, the flow structure varies with the louver 

angle 8. In the horizontal position (€Ma), the flow is seen to be mostly disturbed. 

As the blind rotates towards the closed orientation 0-e., 8=90°), the disturbance 

decreases. 

(4) There is little difference in the performance between negative angles (e.g. 0 4 5 " )  

and positive angles (e-g., 8=+4S0) when the blind is located far away from the 

surface (&2 cm). At a small blade-to-plate spacing d (e-g., c H 5  mm), however, a 

strong effect of the orientation was observed. The average heat transfer coefficient 

for the negative angle case is 13% lower than that for the corresponding positive 

angle. 

6.1.2 Numerid Modeling of Combined Heat Transfer Through an IGU System 

With a Betweemthe -panes Venetian Blind 

(1) A model has been developed for the simulation of combined heat transfer through 

an IGU system with an internal blind. The results indicated that the thermal 

pefiormaoce of an IGU system can be improved by using a venetian blind 

(2) For the single pane case, the radiation does not affect the flow pattern. It only 

slightly increases the indoor d a c e  temperature and does not alter the temperatwe 

gradient near the indoor surface. The convective heat transfer is, therefore, not 

affected by the radiation. 

(3) For the IGU system, louver angle affects the thermal performance- As a blind 

closes, it blocks more d&ct exchange of long-wave radiation between panes, 

reducing heat transfer. 



(4) Although the distributions of local heat transfer and temperature along the glass 

pane for positive and negative lower angles are different, the overall U-values for 

the two cases are very close. 

For the single pane case, the heat conduction of louvers should be considered in 

simulations conducted in the ftture This can be accomplished based on the present 

study with some modifications. Experimental studies indicate that the conduction 

may offset the convection suppression and these effects should be fkther 

investigated 

For the IGU system, the effect of the gap between a vertical surface of an IGU 

cavity and blade tip on thermal performance should be studied. This can also be 

accomplished by modifying the input files. 

The effects of solar radiation striking the surface of- the blind should also be 

considered in the b e .  
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APPENDIX A. THE PENALTY FUNCTION METHOD 

A common technique, used to reduce the number of UnkIlowns. and also the 

number of governing equations from the original problem, consists of weakehng the 

incompressibility constraint and is called the Penalty Function Method (PFM)- In the 

PFM, the continuity equation (2. Ma) is modified to: 

where E is called the penalty parameter. 

This statement is equivalent to replacing the original incompressible fluid with a 

slightly compressible one. If  the value of the penalty parameter, E, is small enough, the 

Loss of overall accuracy compared to the solution of the full system of governing equations 

will be insignificant, while the overall numerical solution complexity is reduced. 

Applying the Galerkin's Method to the modified continuity equation (Al), we 

obtain: 

Hence 

Upon evaluation of equations (3.17b) and (3. Vc),  the pressure term is replaced by 

11s 



the expression eom equation (A3) and the matrix equation (3.18) becomes: 

where the coefficient matrices are the same as those in equation (3 -19) and 

as 

(A41 

M, is defined 



APPENDIX B. INPUT AND OUTPUT FILES FOR THE FLOW OVER 

AN ISO'THERMAL VERTICAL FLAT PLATE AJACENT TO A 

VENETIAN BLIND (8=4S0 and &2.5cm) 

*TITLE 
NATURAL CONVECTION WITH BLINDS (8=45O, d=2Scm) 
*FIMESH(IMAX=S,JMAX=l9) 
EXPI 
11501933 
EXPJ 
191317212529333741454953576165697381 
POINT 
1 1  110-0. 
2 1 2 1 0,0254 
3 1 3 1 0-0.3033 
4 1 4 1 0.0-6363 
5 1 5 1 0.0.9693 
6 2 6 10. 1.3023 
7 1 7  10. 1,6353 
8 1 8 1 0. 1.9683 
9 1 9  10-2.3013 
10 1 10 1 0.2.6343 
11 1 11 10.2.9673 
12 112 10.3-3003 
13 1 13 1 0.3-6333 
14 1 14 1 0.3.9663 
15 1 15 10-4.2993 
16 1 16 1 0.4-6323 
17 1 17 1 0.4.9653 
18 1 18 1 0.525 
19 1 19 1 0. 5.504 
20 2 1 1 02104 0. 
21 2 2 1 02104 0.254 
22 2 3 1 0.2104 0.3033 
23 2 4 1 02104 0.6363 
24 2 5 1 0.2104 0.9693 
25 2 6 1 0.2104 1.3023 
26 2 7 1 0.2104 1.6353 





73 5 16 1 1-4-8677 
74 5 17 1 1,52007 
75 5 18 1 1-5-25 
76 5 19 1 1.5.504 
LINE 
/vertical line 
1203-3 
221 3-3 
10 29 3 . 3  
18 37 3.3  
19 38 3.3 
20 39 
21 40 
29 48 
37 56 
38 57 
39 58 
40 59 
48 67 
56 75 
57 76 
/horizontal line 
12 
2 3 
3 4 
4 5 
5 6 
6 7 
7 8 
8 9 
9 10 
10 11 
11 12 
12 13 
13 14 
14 IS 
15 16 
16 17 
17 18 
18 19 
21 22 
22 23 
23 24 
24 25 
25 26 
26 27 



27 28 
28 29 
29 30 
30 31 
31 32 
32 33 
33 34 
34 35 
35 36 
36 37 
40 41 
41 42 
42 43 
43 44 
44 45 
45 46 
46 47 
47 48 
48 49 
49 50 
50 51 
51 52 
52 53 
53 54 
54 55 
55 56 
58 59 
59 60 
60 61 
61 62 
62 63 
63 64 
64 65 
65 66 
66 67 
67 68 
68 69 
69 70 
70 71 
71 72 
72 73 
73 74 
74 75 
75 76 
SURFACE 
1 76 





18 19 
END 
*PROBLEM~ONLINEAR,TSTRONGLY) 
*mCuTION(festart) 
*SOLUTION(s.s~=lO,acc~. 5 )  
/STRATEGY(S. S .=2) 
*POSTPROCESS 
*NODES(FIMESH) 
*ELEMENTS(QUADRILATERAL,NODES=9~SEF) 
*ELEMENTS(PLOT,NODES=3,FIMESH) 
*ELEMENTS(PLOT,NODES=3,FMESH) 
*ELEMENTS(PLOT,NODES=3fME~ 
*ELEMENTS(PLOTSNODES=3,FMESH) 
*ELEMENTS(PLOT,NODES=3,FlMESH) 
*ELEMENTS(PLOTSNoDES=3,FIMESH) 
*DENSlTY(CONSTANT=lO98- 1803) 
*PRESSUREQENALTY=L E-8,DISCONTINUOUS) 
* SPECIFICHEAT(CONSTANT=O.7I 10) 
/BODYFORCE(CONSTANT) 
/* -1.0. 
* printout(n0ne) 
*RENUMBERPROFILE) 
*END 

2 OUTPUT FILE 

PPPPPPPPP 
PPPPPPPPPP 
PP PPP 
PP PP 
PP PPP 
PPPPPPPPPP 
PPDPPPPPP 
PP 
PP 
PP 
PP 
PP 

SsSSsSSS 
sssSSssSSs 

SSS 
ss 
SSS 
S S S S W  

5ssssSSs 
55 
55 
sss 

SSSSSSSSSS 
SSSSSSSS 



NUZIB6R OF N m u  mms 
NUZIBER OF Emmars 
NULIBER OF ELDfR4T CROUPS 
NUWBER OF FACES 
NUMBER OF ElLTERHAt FACES 
NUnBsR OF S r m w A L  sn;ss 
m R Y  FOR -ON 

MTllBASO EIL6 (130) - ~ L S  c r m a  

"' SOU3TIClH COHVERte) M 6 ITERATIONS 

F L U X  C A L C U L A T I O N S  



LISf OF CROUPS: 
2 

SIDE 

4 

4 

4 

4 

4 

mmu 
x 
Y 

NORMCt 
x 
Y 

NOmmL 
X 
r 

ARCW 
I. 
Y 
X 
Y 

HOrin.Af, 
X 
Y 

N o m  
X 
Y 

N O a m L  
X 
Y 

ARCW 
X 
Y 
X 
Y 

H O ~  
X 
Y 

HORnAL 
X 
Y 

N o m  
X 
Y 

AACW 
X 
Y 
X 
Y 

NO= 
X 
Y 

tfom 
x 
Y 

NO- 
X 
Y 

S I N  
x 
Y 
x 
Y 

NomNa 
x 
Y 

NORMAL 
X 
Y 

NORnaL 
x 
Y 

m c w  
x 
Y 
x 
Y 



L61 4 DIFNSKV6 NO- 
X 
Y 

C O N V E m  NOIUIAt 
X 
Y 

mAL H o r n  
x 
Y 

CM)RDIpaTE ARC LH 
X 
Y 

NORMAL VU: x 
Y 

193 4 DIFFUSIVE NO- 
X 
Y 

~ C T X V E  N o m  
x 
Y 

TOmL NORIVU. 
X 
Y 

O O Q R D ~  ARC IX 
X 
Y 

U0K)RIRL VM: X 
Y 



Y 
TOTAL NORMAL 

X 
Y 

COOmINars ARC UJ 
x 
Y 

NORKAL V6C X 
Y 

257 4 DIFFUSIVE N O W  
x 
Y 

CONVECPmE NO- 
X 
Y 

TOTAL NORtIAL 
x 
Y 

(DORDINA!CE ARC W 
X 
Y 

NORlIAL VEC X 
Y 

273 4 DfFFUSSVE NO- 
X 
Y 

carvscrm N o m  
X 
Y 

m!rAL NO- 
X 
Y 

OM)RDL?WK ARC W 
X 
Y 

NORMAL VEC X 
Y 

289 4 DlFmSm NO- 
X 
Y 

~~ No- 
X 
Y 

tOtAL NOIURt 
X 
Y 

C O O R D ~  ARC W 
X 
Y 

NORMAL VEC X 
Y 

305 4 DIFFUSIVE NO- 
S 
Y 

canrscrnrs WRIRL 
x 
Y 

raUL NO- 
It 
Y 

m O R D m  ARC LN 
x 



NORKAL 
X 
Y 

NORLCAL 
X 
Y 

H0Rm-L 
X 
Y 

ARC LN 
x 
Y 
X 
Y 

NORLRt 
x 
Y 

NORWAL 
x 
Y 

NO- 
X 
Y 

ARCW 
x 
Y 
x 
Y 



NORlRt 
X 
Y 

NORMAL 
X 
Y 

NORMAt 
X 
Y 

ARCW 
X 
Y 
K 
Y 



NORnAr. 
x 
Y 

No- 
X 
Y 

Nom 
X 
Y 

ARC LN 
x 
Y 
X 
Y 



T O T A L  S I D E  L h N G T I :  0 - 4 9 9 6 0 0 0 S + 0 1  

N O D A L  - C O O B D f H A T h  P L O T  



POINT tX000mINATE) - - - - - - - ,  - , , , , , , , , , (WX'lT(1))4-000OEtOO 

mINT (Y OOORDINATE) . - - . - - - - - - - - , - - - - , (WKNT(Z)J4,ff526+01 

POINT [Z CbbRDINATE) . . - - . - - , , , , , , , - - - , (POX'lT(3) j10~0000Et00 

V6CTOR [X -1 . - , - . , - - , , , , , , - , , , (~R( l ) IO. lOOOEtOL 

VWXOR [Y -) + . , - - - - - - - - - . , - - . , L ~ R < 2 l I O , 0 0 0 0 ~ t O O  

VECTOR [Z -1 - . - - . - - . - , . , - - - - - , L ~ R ( 3 ) = 0 ~ 0 0 0 0 6 t O 0  

KEnnrINC; LINK : POINT : 0-0000Et00 02752Ht01 O.O0006+00 
DIRECPION : L-0000 0,0000 0.0000 

HA?XkEM STORAX ( m R  WORDS) REQDfRED EOR EXEMION - 1288425 



N O D A L  - C O O R D I N A T E  P L O T  

LINK DEFINITION 





SYLIBoLELKi - , . . * . . . . . . . . . - - . - - . - - -  (-1 - 0 

I-L , P m  SMBOL AT FIRST sT5P d n Y  
= 0 , PIDT SYMBOLS M EhCE TIHE SEIiP 
- 1 ,  P m ~ L A r ~ T m m Q n Y  
- 2 ,  mSYneOLSPLmmDAT;rMQI- 








