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ABSTRACT 

Michael Ronald Collins: Inward-Flowing Fraction of Absorbed Solar Radiation for 

Fenestration with Venetian Blinds. M.Sc. thesis, Queen's University at Kingston, 

November 1 997. 

A test apparatus and method for determining the inward-flowing fraction 

of absorbed solar energy was success&lly evaluated for use with any caiorimeter. 

Electrical heating of the shade layer can be used to caiculate fi under specific test 

conditions. Input powers of about 250 W per m2 of projected blind area produced precise 

results under al1 circurnstances. Lower power inputs resulted in increased data 

uncertainty. Results were dependent on the interior / exterior temperature gradient. 

Realistic test conditions would be advisable. Results indicate that the exterior air film 

coefficient did not have any significant effect on results. Wind speed should be 

controlled to accepted standard test conditions as dictated by the AS- HOF. 

A predictive model found in the literature was aiso evaluated. Measured 

and calculated radiative and convective heat transfer coefficients were input to the model 

and compared with test data. Results showed that the model was an excellent predictor 

of both inward-flowing fraction and solar heat gain. As such, calorimetric testing may be 

unnecessary if heat transfer coefficients can be detennined for al1 cases. Therefore, 

M e r  development in this area is needed. Particularly, convective heat transfer 

coefficients between the g las  and the interior air require closer analysis. 

More testing is required for various complex fenestration systems. This 

testing would include both inward-flowing fraction and heat transfer coefficient 

measurements. A major problem encountered during this analysis was the lack of 

rneasured inward-flowing fraction data. In addition, full validation of the model requires 

M e r  work, especially in regard to the effects of the interior I exterior temperature 

gradient. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

The determination of Solar Heat Gain (SHG) through fenestration systems is 

required to evaiuate the energy performance of buildings, estimate peak electrical loads, 

and assess occupant comfort in buildings. SHG is the energy which enters a room through 

directly transmitted solar radiation and the inward flow of absorbed solar radiation. In the 

past, calculation of SHG was undertaken using tables contained in Chapter 27 of the 

ASHRAE Handbook of Fundamentals [l]. %le these tables handle many systems 

adequately, the prediction of a Shading Coefficient (SC) or Solar Heat Gain Coefficient 

(SHGC) for new fenestration systems needs to be developed. 

The shading coefficient is defined as the ratio of solar radiant heat gain by a 

window to the solar radiant heat gain by a 3 mm thick pane of clear double strength glass 

under sumrner design conditions [l]. The SXC of the reference window is referred to as 

the Solar Heat Gain Factor (SHGF). Therefore 

SHG = (SC)(SHCIF) 

Total energy flux is then detennined by 

q = SHG - U ( A T )  



where q is the energy flux through a window, U is the window U-factor, and AT is the 

indoor air to outdoor air temperature difference. In the pas4 tabulated values of SC have 

provided reasonable estimations of solar and thermal energy transfer through fenestration 

systems. However, recent trends in thermal analysis have moved away frorn this method 

of analysis, and towards the SHGC method [2].  SHGC (designated "F') is defined as the 

ratio of SHG transmitted though a fenestration to the value of solar irradiation incident on 

its surface. It is usually quoted on a per unit area b a i s  under specified conditions of wind 

speed and direction, interior and extenor temperature, and solar radiation. It may be 

shown that, SHG is the product of SHGC and the intensity of the incident solar 

irradiation, 1, i.e., 

SHG= F . 1  (1.3) 

The SHGC of a particular fenestration can be calculated as the surn of solar energy 

transmitted by the system, plus the inward flow of solar energy absorbed in the system. 

Therefore 

F = r + N - a  (1 -4) 

where N = Inward-Flowing Fraction of absorbed solar radiation 

t= transmitted solar radiation 

a= absorbed solar radiation 

The rate of energy transfer through a fenestration is then calculated using Eq. (1 -2). 

Tables of SHG have also been produced for typical fenestration, and are contained 

in Chapter 27 of the AS= HOF [l]. Unfortunately, they are no longer adequate for a 

significant number of products currently w d  on residential and commercial buildings. In 

particular, fenestration with some type of internai shading intended for privacy, 

aesthetics, and sun control are not dealt with adequately [3]. 

The types of shading devices available are very diverse. On the interior of a 

window there can be drapes, roller shades, or venetian blinds. Venetian blinds can also be 

placed between glazings, or on the extenor face of a window. These glazing and shade 

systems, referred to as 'komplex fenestration," balance the desire to provide pnvacy and 



reduce surnmer cooling load, with the desire to maximize daylighting as a means to 

control lighting costs. Recent developments in window technology have also resuited in 

the availability of a wide range of new fenestration products. Spectrally selective 

glazings, low-e coatings and films, and tints are increasingly common in new energy 

efficient windows. The combination of these new products and shading devices have 

made the use of tabulated shading coefficients, or solar heat gain factors, impracticai. 

Recently, computer simulation [4,5] has been used to estimate the thermal and 

solar performance of fenestrations consisting of combinations of glazings. niese 

programs, however, were not designed to evaiuate shades or blinds combined with 

glazing assemblies. There are two reaçons why the effects of such devices cannot be 

analyzed effectively: (1) the complex geometry found in venetian blinds and pleated 

drapery creates directionally dependent optical properties which are not supported within 

these programs, and (2) air flow around the shading devices complicates the 

determination of the intenor convective heat transfer coefficient. 

A need exists for an evaluation technique capable of detennining SHG values for 

al1 systems including complex fenestration. Such a method should also be easily adapted 

into current simulation software. To aid in the development of such a technique, the 

behavior of the SHG in complex fenestration incorporating interior venetian blinds was 

investigated. A cnticai aspect of this endeavor is the characterization of the inward- 

flowing fiaction, N. 

1.2 Inward-Flowing Fraction 

The inward-flowing fraction (N) of absorbed solar radiation is the fraction of solar 

energy absorbed in a fenestration layer which enters the room either by radiation or 

convection. For each layer of the fenestration, N can be detemined based on the U-factor 

of the system, and the convective and radiative heat transfer coefficients found on and 

between the glazings [6].  For a single glazing, N is given by 



and for double glazing, excluding between glazing shades, 

where ho = the combined exterior radiative and convective heat transfer coefficient 

ha = the combined air space radiative and convective air film coefficient 

gl, g2 = the exterior and interior glazings, respectively 

With respect to a single shading layer, inward-flowing fraction is characterized as 

shown in Fig. 1-1. When solar radiation passes through a window and strikes an interna1 

shading device, some of the energy is transmitted through the device, some reflected 

(either into the room or back out of the window), and some is absorbed (Fig. 1-l(a)). 

Absorbed energy causes the temperature of the shading device to increase relative to its 

surroundings. This in tum causes convection and radiation to the room, and to other 

glazing layers (Fig. 1 - l (b)) [7]. 

Inward-flowing fraction for most fenestration systems is easily quantified. In 

systems excluding complex fenestration, each layer c m  transmit energy only to the layers 

or environments surrounding them. In addition, convective and radiative heat transfer to 

the room only occurs from the innermost layer. In complex fenestration, the open nature 

of the blind creates energy paths directly From the inner g l a s  surface to the room. 

Therefore, convective and radiative heat transfer to the room is fiom both the shade and 

the inner glazing. One thermal resistance network able to descnbe this system was 

developed by Farber et. ai. [8], and is shown in Fig. 1-2 and Appendix A. This network is 

more fully examined in later sections of the present analysis. 



Figure 1-1. Solar heat gain in a complex fenestration, with emphasis on the inward- 
flowing fraction of absorbed solar radiation. (A) shows the modes of heat 
flow throughout the system. (B) shows the direction of heat flow resulting 
from absorbed energy in the shade layer. 

Glass 1 Glass 2 Blind 

Figure 1-2. Thermal circuit for venetian blinds from Farber et. ai. [8]. The mode1 
assumes that the air temperature between the glass and the shade, and the 
intenor wail temperature, is the sarne as the room air temperature. R = l h .  



h analysis of this thermal network, proposed by Farber et- al. 181, was 

complicated by a lack of accurate test data, and a reliable predictor of convective heat 

transfer coefficients. They provide an equation for predicting convective heat transfer 

coefficients (Eq. A.20), however, they assurned convection fiom the i ~ e r  glazing coutd 

be represented as o c c h n g  fiom a simple planer surface, Le., without interference frorn 

the slats on the outer edge of the boundary layer. In addition, convective flow £iom the 

blind was calculated using the same equation, accounting only for the increase in total 

surface area. Other geometnc considerations are ignored. Such an analysis was 

undoubtedly imprecise. 

The convective flows associated with heat transmission through a blind located 

adjacent to a glazing were recently investigated by Matchin et. al. [9].  Their analysis, 

which was conducted for the case of an unheated blind, shows that the convective flows 

around the blind slats are highly cornplex (Fig. 1-3), and are dependent on slat angle. 

Figure 1-3. Effects of a venetian blind on the convective flow created by a heated planar 
surface [9]. 



1.3 Problem Definition 

Realizing the complexity of the problems associated with the determination of 

SHG for complex fenestration, a number of advanced calculation methods were proposed. 

However. with the exception of a new technique called "solar-thermal separation," 

described in Chapter 2, previous attempts at determining SHG in complex fenestration 

systems have included the inward-flowing fraction of the shading layer without actual 

investigation of its characteristics. None of these models have becorne widely used, in 

part due to the treatment if inward-fiowing Fraction. 

Recent tests, performed at Lawrence Berkeley Laboratory's Mobile Window 

Thermal Test Facility (MoWiTT) [IO], determined the inward-flowing fraction for a 

limited number of blind and glazing combinations. Results of these tests showed that the 

inward-flowing fraction of the shade appeared to be unaffected by the level of the 

irradiation on the system, and was only slightly dependent on the interior / exterior 

temperature gradient. In addition, the exterior air film coefficient seemed to have Iittle 

effect on the results. The independence of the inward-flowing fraction for the shade (N,) 

to environmental conditions would greatly simpli@ any proposed test procedure. 

However, the authors of the study indicate that the level of sensitivity of N' to these 

factors needed to be fully investigated if a simplified test method was to be developed. 

These recornrnendations fonn the basis for the current study, i.e., the 

determination of the magnitude of the eflects of the test conditions on the evaluation of 

inward-flowing fraction. Using techniques developed by Klems and Kelley [IO], these 

effects may be experimentally investigated. 

The general methodology used for this study followed that onginally used by 

Kierns in his efforts to develop solar-thermal separation. It is the first mode1 which makes 

use of accurate calorimetnc rneasurement of inward-flowing fraction for the shading layer 

[IO]. To complete his experimental work, Klems and Kelley [IO] used an electricaily 

heated venetian blind to determine inward-flowing fraction values. 



1.3.1 Objectives 

The activities undertaken in this study extend the work of Klems and Kelley [IO]. 

By conducting controlled experiments with an electrically heated blind (to simulate the 

effects of absorbed solar radiation), the magnitude of the inward-flowing fraction can be 

directly determined, and environmental effects can be gauged. The development of this 

expenment, and the effects of extemal variables on rneasured values of inward-flowing 

fraction, were the primary objectives of this study. 

A secondary objective of this siudy was to develop a model capable of predicting 

the inward-flowing fraction of a venetian blind. Additional instrumentation was used to 

detemine the convective and radiative heat transfer coefficients around the shade layer. 

This data, when used with a film resistance method of calculating inward-flowing 

fraction similar to that shown in Fig. 1-2, would Iead to a simplified model. Using this 

model, it may be possible to accurately predict inward-flowing fraction values for use in 

the solar-thermal separation method, thereby avoiding calorimetric testing. 

1.4 Methodology 

To complete the present study, it was divided into three phases consisting of 

background research, test setup and calibration, and experirnental testing and mode1 

development. 

Background research. This phase commenced with a literature search. Similar studies, 

performed to date, were exarnined in an effort to identiQ previous calorirnetric data, 

theory, and experimental procedures. In particular, results pertaining to the detemination 

of the inwardiflowing fraction of absorbed solar radiation for cornplex fenestration were 

reviewed. It was hoped that this information would provide an insight into the 

development of an empincal formulation, and provide baseline data and sarnple 

specifications for testing. The search also concentrated on the examination of calorimetric 



test procedures. Areas of interest included data acquisition and control, uncertainty 

analysis, calibration methods, and test conditions. With this knowledge, it was possible to 

develop a test specification, and identi@ areas requinng further development. 

Test setup and calibration. This phase consisted of apparatus development and 

calibration. Specifically, the Queen's solar calorimeter was modified in an effort to 

reduce the thermal mass and response time. In addition, the instrumentation and data 

acquisition systems were calibrated and installed. Since the calonmeter was never used 

prior to this anaiysis, a full systems' calibration was required. This included tests to 

determine overall accuracy, tirne constant, thermal mas, guard heater performance, 

intenor and exterior heat transfer coefficients, and identification of critical Ioss areas. 

This exercise also helped determine control and test parameters, including pump speeds, 

temperature settings, cooling requirements, extemal fan settings, and guard heater power 

requirements. 

Experimental testing and mode1 development. This phase focused on sample testing 

and mode1 development. Specificaily, an expenmental test program was formulated and 

analyzed based on a factorial design technique [ I l  ,121. The experïment was designed to 

calculate N' for a venetian blind, while focusing on the verification of the findings by 

Klems and Kelley [l O] concerning temperature, exterior air film coefficient, and absorbed 

solar irradiame dependency. Testing was conducted within this factorial design for a 

number of blind slat angles. These tests were also developed in a manner that allowed the 

examination of the intenor heat transfer coefficients. The methodology used for this study 

is shown schematically in Fig. 1-4. 
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Figure 1-4. Generai outline used for curent study. 



CHAPTER 2 

PREVIOUS WORK 

2.1 Corn plex Glazing Models 

The development of complex fenestration models is not a new endeavor. Since the 

early 19503, researchers have attempted to quanti& the effects of a shading layer on the 

solar and thermal performance of a window [3, 7, 8, 14-27]. These models, however, 

were developed for the purpose of detemining SHG. Inward-flowing fraction data which 

was either estimated or measured indirectly, was considered suitable as a model input. 

None of these past attempts produced an ideal model of SHG for complex 

fenestration [13]. The reason for this was largely twofold. Firstly, limitations in scope 

prevented the incorporation of other types of complex systems. As s h o w  in Table 2-1, 

sorne of the models were incapable of being used for other blind positions, and 

fenestration types, or for cases involving multiple glazings. Secondly, poor model 

assumptions limited a model's accuracy and applicability. Table 2-2 shows that many 

venetian blind models were limited by geometry, type of light, applicable siat and profile 

angles, and treatment of inward-flowing hction for the shading layer. 

The versatility of these models is important in determining their level of use. 

Thus, a single model that can be used on many types of complex fenestration, or for a 

range of conditions, would be more useful dian separate models for each case. The recent 

efforts of Klems et. al. [10,13,28-321 meets these objectives, but still requires 

experimentally derived values of inward-flowing fraction. 



Table 2-1. Scope of complex glazing models. 

Author 

- - -  

Shading Device 
Interior 1 Between 1 Extefior 1 Roller 1 Drapes 

Parmelee et. al. 
[14-161 
Jorden and Threlkeld 

Blinds 
X 

X 
P l  
Ozisik and Schutrum 
[3,17,20] 
Farber et. al. 
[8,221 
Owens 
P l  
Van Dyck and Konen 

[lO, 13,28-321 1 1 1 1 
Double glass used only in conjunction with bebveen glazing shading Iayers 

Blinds 

X 

P l  
Klerns et. ai. 

Table 2-2. Range of application of venetian blind models investigated. 

X 

X 

X 

Blinds 
X 

X 

X 

Shades 

X 

X 

X 

Author 

1 

Parmelee et. al. 
[14-161 
Ozisik and Schutrum 
1201 
Farber et. al. 
[8,22] 
Owens 
P 3  I 
Van Dyck and Konen 
1241 
Klerns et. al. 
[IO, 13,28-321 

X 

X 

X 

Blind 
Geometry 
Various 

Combinations 
Various 

Combinations 
Various 

Combinations 
Two 

Specific 
Various 

Combinat ions 
Various 

Combinations 

X 

X 

X 

Source 
Light 
Direct 
Diffke 
Direct 
Diffuse 
Direct 
Dimise 
Direct 

Direct 
Diffùse 
Direct 

Diffise 

X 

X 

X 

X X 

S lat 
AngIes 
0-90" 

3 0,45O 

0,30,4S0 

0145" 

0145,900 

AnY 

Profile 
Angles 
0-75" 

0-80" 

0-70" 

O" 

0-45" 

AnY 

Ns 

Experimentally 
Detemined Constant 

Based on F i h  
Coefficients 

Based on Film 
Coefficients 

1 

1 

Experimentally 
Detennined Constant 



In the context of this research, the last column of Table 2-2 shows the various 

ways in which inward-flowing fraction was ueated. Each method will be more aptly 

discussed on a model by model basis. In the following sections, rnodeis are divided into 

groups representing experimental methods, film resistance methods, and assurnptions 

conceming the nature of inward-flowing fraction. Note that the notation originally used 

by the authors may be modified to maintain consistency and avoid confusion. 

2.1.1 Experimental Methods 

Expenmental methods are those in which the researchers have attempted to 

directly or indirectly measure the inward-flowing fraction of a shading layer. Using 

calorimetnc methods, inward-flowing fraction was experimentally determined on a 

nurnber of occasions for many different shade types [3, 13-18]. 

The earliest model was developed by Pannelee et. al. [14-161. In an attempt to 

determine the effectiveness of interior and exterior slat-type sun shades for reducing heat 

gain through a single pane of sudit glazing. 

The first reference presents the mathematical analysis [14], and the second 

presents experimental venfication [15], of the fenestration system's optical properties. 

Expressions were obtained for the total heat gain and SC in ternis of the transrnittance and 

absorptance of the system, and an experîmentaily detemiined factor, n, used to account 

for the percent of absorbed solar energy that enters the room. 

where n = 0.75 for indoor shades, 0.05 for outdoor shades 

d. D = d i f i s e  and direct solar irradiation respectively 

sys = the fenestration system 

g, c = the giass used and common window g l a s  respectively 

The factor, n, was determined based on where the blind was situated in relation to the 

glazing. In a later work [16], tables of design data for use in predicting SC for venetian 



blinds and sun screens in combination with several types of single Bat glass are 

presented. A method of detemining the apparent optical properties of each layer, 

including radiation shape factors for the shade layer, is also described. 

Inward-flowing fraction was not dealt with directly in this case. Although the 

factor, n, may appear to be the inward-flowing Fraction, algebraic manipulation shows 

that it is not. The SHGC was found by multiplying the SC given in Eq. (2.1) by the SHG 

of the reference window, i-e., 

Combining t h i s  with Eqs. (1 -3) and (1 S), the inward-flowing fiaction of a shade is given 

by 

where the subscript s and ' denote the shade layer and the apparent properties of a layer as 

determined using a method described in reference [8], respectively. 

The scope of the investigation by Parmelee et. al. [14-161 was thorough. Test 

samples were specidly chosen to cover a broad range of cases including color, reflection 

characteristics, and geometry. A number of solar conditions were also investigated. The 

analysis included testing to determine the effects of diffise imdiance, and variable 

incident angle (changing profile and azimuth angles as defined in Fig. 2-1). They 

concluded that the value, n, was constant for d l  similar systems, and contended that 

under most situations, incidence angle could be accurately represented by profile angle. 

Parmelee et. al. [14-161 did point out that their analysis did not examine situations 

of high incidence or polarized light, and while n appeared constant for the single glazing 

and shade systems considered in their shidy, a constant value of n may not suitably 

represent the complexity of a multiple glazing and shade combination. 



A ~ l a t  Angle 

Figure 2-1. Definition of angles for defining the position of an irradiation source and t 
venetian blind geometry [14]. 

A similar investigation was performed by Ozisik and S c h u t m  [3, 171 with 

validation completed by Yellott [18]. In their analysis, they determined the SHG in single 

glazings with roller shades and drapes. An expenmentally determined value, b, was used 

to find the convective and radiative gain due to absorbed radiation in the shade layer. This 

factor was used to correlate the inward-flowing fraction of a seaied interior shading layer, 

(which is easily calculated using Eq. (1.7)) to that of an unsealed layer. Moore and 

Pennington [20] aiso presented an equation, proposed by Schutnun, for analyzing 

cornplex fenestration using drapery. This equation uses an experimentally determined 

value of N, for the drapery layer. Without further experimentation, the factor b and the 

constant used by Schutrum for N,, cannot be determined for venetian blinds, and 

therefore, will not be analyzed here. 

The most comprehensive analysis of a widely applicable mode1 has been 

presented by Klems et. al. [10,13,28-321 (the solar-thermal separation method). As stated, 

the method employed in the present analysis builds on this method. It is therefore 

discussed separately in Section 2.1.4. 



2.1.2 Film Resistance Methods 

Film resistance methods are those in which the researchers have attempted to 

estimate the convective and radiative heat transfer coefficients between fenestration 

layen, and apply them to a classical resistance analogy. Such analyses were well 

established for single and double glazings, and were previously described in Eqs. (1 -5) to 

(1 -7). The extension of this analysis to incorporate a shading layer is a difficult task that 

was largely avoided in the literature. 

Two research groups did attempt to calculate inward-flowing fraction based on 

the heat transfer coefficients present in a complex fenestration system [8 ,  20-221. In much 

the same way that inward-flowing fraction is handled for normal fenestration, both Ozisik 

and Schutrum [ZO], and Farber et. al. [8, 221 and Smith and Pennington [2 1 ] attempted to 

apply a film resistance method. 

The model developed by Ozisik and S c h u t m  attempted to determine SHG for 

the case where blinds were instailed between the glazings of a double glazed window 

[20]. Although th is  type of complex fenestration is outside the scope of the present 

analysis, its treatment of the shade layer provides insight into the developrnent of a 

mathematical solution. It was based on the calculated optical and thermal properties of 

each layer. Optical properties were determined using well established theory, while 

thermal properties were calculated fiom the heat balance equations under steady-state 

conditions. As with other models, the total SHG was then given as the sum of the 

transmitted solar energy, and some fraction of the energy absorbed by the fenestration. 

For between glass shades, the authors presented the equation 

where 



Cr, =- + 
ho ('cris + 'hr, ,  ) 

and h,,ls = convection / radiation air film coefficient between the shade and g l a s  
(estimated as 4.5 w / ~ ' K  in reference [20]) 

h,12 = radiation heat transfer coefficient from the interior to exterior glass 
(estimated as 1.7 wIm'K in reference [20]) 

It is important to note that the factors Gi presented in Eqs. (2.4a-d) are the 

summation of tilm resistances from t" layer to the extenor. These resistances were 

calculated in reference [20] using the network shown in Fig. 2-2. 

GIass 1 Blind Glass 2 

Figure 2-2. Thermal circuit for venetian blinds between glazings by Ozisik and S c h u t m  
1201. 



The inward-flowing fraction cm be determined using Eq. (2.3) or by 

Ozisik and S c h u t m  [20] appear to have produced a workable model. Unfomtnately, 

data for use in the equations was limited in scope and availability. Multiple geometries or 

different types of g la s  were never tested adequately, and ody three types of slats were 

tested at two different slat angles. However, their model results did agree with 

calorimetric data. This model was also validated experimentaily in a later paper by Smith 

and Pennington [21]. Such cases provide strong support for a resistance style model. 

Farber et. al. [8, 221 presented a mathematical denvation and experimental 

verification of a SHG model for a double glass barrier with shades or drapes. Based on 

the previously described models by Parmelee et. al. [14-161, and Ozisik and Schutrum 

[20], the authors attempted to expand the mathematical analysis to better incorporate: 

gains h m  diffuse sources; inward-flowing fraction of absorbed solar energy; complex 

geometries (such as blinds or pleated drapes); and multiple glazings. They expressed SC 

as 

where 

N = f (h,,h&9@4 ,hs,h~,fiC,,a,,~,ag,-,ag3.) (2.6a) 

and where ni and C',are the mass flow rate and specific heat of air respectively. System 

optical properties were determined using reference [8]. 

The energy balanced developed by Farber et. al. [8, 221 could easily be solved 

using matrix algebra. The actual systern equations, represented by the resistance analogy 

shown in Fig. 1-2, are outlined in Appendix A. The inward-flow of absorbed radiation for 

the entire system was one output of the matrix solution. N' was then determined by 



In addition, equations were provided for estimating radiative and convective heat transfer 

coefficients. Reference [16] was also cited for use in detennining radiation shape factors. 

Although this method was developed for analyzing double glazings with an 

intenor shade, it was easily rnodified to incorporate single glazings. Careful manipulation 

of heat transfer coeficients and optical properties was al1 that was required. 

Other analyses considered utilized a film resistance method. For example, Ozisik 

and Schutrum [3, 171 used a pseudo-film resistance method to determined the SHG in 

single glazings with roller shades and drapes. Using Eq. (1.7), they determined inward- 

flowing fraction for a sealed shade layer. Such cases represent the simplest of analyses. 

The complex fenesîration is treated as a triple glazing with an opaque layer. They then 

provided an experimentally determined correlation factor to associate this with the 

unsealed case. These models are not considered here. 

2.1.3 Assumed Values of Inward-Flowing Fraction 

Some of the more recent analyses 123-271 were produced under the assumption 

that the inward-flowing fraction was a constant. More specifically, al1 energy absorbed in 

the blind was assurned to remain within the room, Le., the inward-flowing fraction was 1. 

While this assumption may well cause only small errors for systems with excellent 

thermal performance, it has never been vdidated for use with poorly performing 

windows, such as single glazings. 

One such analysis, produced by Owens 1231, provided a mathematical analysis of 

blind performance. Using a matrix technique, Owens found the optical properties of the 

shading layer were based on the properties of the matenal. He then performed an energy 

balance to determine heat flow and absorption in each layer. Calculation of layer 

absorption was accomplished using the matrix formulation 



where Hl, 1 = ho + hi 

H i j  = hn-1 + hn 

Hm,, = hi-1 + hi for i = 2 to n-1 

Hipi-1 = -hi-l for i =2 to n 

Hi,i+l= -hi for i = 1 to n-1 

and i and n denote the th and the inner layer respectively, and ATi is the layer specific 

temperature rise. For between the glazings blinds, the inward-flowing fraction of the 

system c m  be calculated as 

fiom this, N, c m  then be found using Eqs. (1.6), (1-7), and (2.7). 

Although Eq. (2.9) is actually a film resistance method of determining Ns, Owens 

[23] changes his method of solving for N, for blinds situated on the inside of the window. 

By using the calculated effective absorption of each layer, and the film resistance method 

of determining Ngl and N'2, and Ns = 1, it was possible to accurately reproduce his data. 

This was the first of the models discussed here that was able to perform a wide 

specmim of analyses incorporating multiple glazings, coatings, and various types of 

shades. However, trying to deal with the complexity of the problem, Owens [23] 

oversimplified the anaiysis. For example, al1 properties were calculated at normal 

incidence, disregarding diffuse sources. Convective effects at the inside window surface 

were also considered to be inconsequential, Le., it was assumed that the system was 

dominated by the transmitted and reflected-through component of the direct solar 

radiation. 

Recently, Van Dyck and Konen [24] developed a mathematical method similar to 

some of the previous models. They performed the standard optical balance to determine 

effective transmittance and absorbed energy within each layer. Inward-flowing fiaction of 

the glazing was calculated then using Eq. (1.5). For the blind, they postulated that al1 

energy absorbed by any interior shading layer @lind, roller shade, or drape) will remain 



in the room. n iey  then produced the following equation for single glazings with intemal 

shading 

where p is the reflectivity, and 0.87 is the SHG of a reference glazing. McCluney [25] and 

McCluney and Mills [26] independently reproduced this model. 

This work was extended to give predictive equations for single glazings with other 

types of shading layers [27]. Thus, for any shading layer and single glazing combination, 

they propose 

where Table 2-3 shows the layer specific inputs for inward-flowing fraction. 

Table 2-3. Layer specific N values for use with Eq. (2.1 1). 

1 1 Exterior Shade 1 Interior Shade 1 

The intenor blind analysis was completed for single glazings only. The adaptation 

of such a model to a double glazing scenario would have to be completed to provide a 

reasonable range of application. 

2.1.4 Solar-Thermal Separation 

As previously mentioned, a new method was proposed by Klems et. al. [IO, 13, 

28-32] that attempts to calculate complex fenestration SHGC by a combination of 

calorimetric and first pnnciple methods. Assurning transmissivity and absorptance to be 

purely optical propenies, allowed them to be measured using a scanning radiometer. 

Similady, if Ns is considered to be purely a thermal property, then a calorimetric test 
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would sufice for any particular geometry, regardless of materiai properties. Accounting 

for the angular dependence of the opticai properties, Eq. (1 -3) becomes 

where B is the solar incident angle, and ( is the azimuth angle. 

To determine the inward-flowing fraction of a venetian blind, measurements were 

take at Lawrence Berkeley Laboratory's, MoWilT Facility (Fig. 2-3) [IO]. In this 

facility, two complex fenestration samples were placed in adjacent and identical 

calorimetric cells. In one, the blind was electrically heated to simulate solar absorptance. 

The increase in metered energy between the two cells could then be attributed to 

Q = N ; P  (2.13) 

where Q is the metered energy and P is the input power to the blind. 

Figure 2-3. The Mo W i n  test facility [ 1 O]. 

Solar-thermal separation has s h o w  great potentiai over previous models [13]. It 

is potentiaily applicable to al1 geometries, al1 shading devices, with al1 types and numbers 

of glazings, in any combination or order. Any system could be analyzed using this 

method. Also, using solar-thermal separation, the SHGC for a complex fenestration can 



be calculated for any orientation, irradiation direction, or surroundings, where the 

previously reviewed models o d y  quoted a single SHGC applicable over a range of profile 

angles. 

The mode1 by Klems et. ai [IO, 13, 28-32] seems to be the only mode1 capable of 

a full anaiysis of any system. Application of this approach could permit the accurate and 

repeatable characterization of optically complex fenestration systems, accounting for the 

spectral and directional dependent properties of individual fenestration components. 

Unfortunately, solar-thermal separation is still in its infancy, and an extensive program of 

testing is still necessary to build a data base of inward-flowing fraction and system 

optical properties. 

The experiments of Klems and Kelley [1 O], completed using MoWiTT, produced 

some interesting results. Inward-flowing fiaction measurements showed no significant 

change between values taken early and late in the day. Consequently, they found that 

there was no evidence that Irl, was temperature dependent. As such, it rnay not be 

necessary to induce a temperature differential during testing. They also found that while 

the intensity level and the incident angle of irradiation affected the absorption of solar 

energy in the blind, it did not affect where the absorbed energy went. It may therefore be 

unnecessary to irradiate the specimen during testing. Finally, it seemed that outdoor 

weather conditions had either no effect, or compensating effects on Ns. Klems and Kelley 

[IO] theorize that high afiemoon wind speeds (and consequently high exterior air film 

coefficients) would decrease Ns, but were offset by an increase in exterior temperature 

relative to room temperature. The opposite occurred early in the day when the 

temperature difference and wind speed were Iow. 

Combining these results, it would appear possible to perform an inward-flowing 

fraction test indoors with no temperature gradient, and no irradiation. In addition, because 

al1 power input is provided through the blind, only one window is needed. An identical 

control sample, such as the one descnbed in reference [IO], would not be necessary. 



2.2 Calorimetric Methods 

A calorimeter is an instrument for rneasurement of the total energy flow, 

independent of the energy type, through a defined sample. The concept of a fenestration 

calorimeter consists of an idealized closed control volume, a portion of which is formed 

by the fenestration sample. It is assumed that changes in the energy level inside the 

control volume and al1 energy flows across the control volume boundary can be 

determined, and therefore, the energy flow through the sample can also be determined 

1331. 

Calorirnetry and calonmetnc methods have long been suggested in the ASHRAE 

HOF [ l ]  as a method for determining the thermal and solar performance of fenestration 

systems. These methods rely on thermal measurernents to determine performance under 

realistic conditions. In the past, test facilities have ranged fkom large room style 

calorimeters designed to simulate actual fenestration and room interaction, to small sun 

tracking calorimeters. Test methods have included inducing temperature gradients, and 

the use of solar or artificial irradiation. 

Calorimetric instrumentation, calibration methods, uncertainty analyses, test 

conditions, and test methods are detailed in a number of sources [34-461. Solar 

Calorimetry and SHG measurement was descnbed by Parmelee et. al. [34]. Harrison et. 

al. [35-391 described the design and measurement of SHG and thermal performance of 

windows using artificial irradiation. Another paper described the uncertainty analysis of 

the same system [40]. Hot box tests are described in papers by Remekamp [41], Bowen 

[42], and Harrison and Barakat [43]. A number of window rating authonties have also put 

forward calorimetric methods and standards. These include the National Fenestration 

Rating Council [44], the Amencan Society of Testing Materials [45], and CANMET [46]. 

This selection of references is in no way complete. However, considering the 

volume of available documentation, and the fact that calorimetric testing of inward- 

flowing fraction is a new and unproved test procedure, an extensive literature review 

would not be productive in the context of this project. Instead, where applicable, these 

procedures will be referenced as they apply to the development and use of the test 

apparatus descnbed in Chapter 3. 
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CHAPTER 3 

APPARATUS AND PROCEDZTRES 

Testing was performed at the Solar Calorimetry Laboratory at Queen's University 

at Kingston. The principal apparatus was the solar calorimeter (Fig. 3-I), which was 

modified to perform inward-flowing fraction tests. A calibration -fer standard was 

aiso constructed to aid in heat transfer coefficient detemination. A description of this 

equipment, the theory behind their operation, and the test parameters are discussed in the 

following sections. 

Figure 3- 1 .  Queen's solar calonmeter. 



3.1 Queen's Solar Calorimeter 

Queen's Solar Calonmeter was constructed at Queen's University in 1995 for the 

purpose of SHG testing (Fig. 3-2). Final construction of the calorimeter was completed in 

1997 and included several modifications required for this project. 

Solar Absorber 
Panel 

Test 
Specimen \ 

A u  Flow 1 

Figure 3-2. Queen's solar calorimeter cross-section. 

The calorimeter incorporates many important systems. The active thermal guard, 

mask wall, liquid fiow Ioop, air circulation system, and DA systems are integral to its 

successfÛi operation. 

The walls of the solar calorimeter are designed to reduce heat loss through the use 

of an active thexmal guard. A series of individuaily controlled heaters, placed inside the 

calorimeter wd1, are controlled to activate when a temperature gradient is measured 

between the interior surface of the calonmeter and the heater. Ideally, by eliminating the 

temperature gradient across the wall, it should be possible to eliminate heat flux. 

A mask wall covers the calonmeter aperture. It is an insulated wall in which a test 

sarnple is installed (Fig. 3-2). 



Energy removai and metering in the cidorimeter is primarily accomplished using a 

liquid circulation loop, as shown in Fig. 3-3. It consisted of two connected flow loops. 

The interior loop consisted of an absorber plate, air to liquid heat exchanger, and 

circulating pump. This loop was designed to equalize the intenor temperature and to 

quickly absorb energy input to the calorimeter. From this loop, a second loop was used to 

rernove heated liquid, and replace it with cooler conditioned liquid. Energy metenng is 

accomplished in this loop with integral temperature and flow measurement devices. A 

constant displacement pump was used to circulate this fluid to a temperature conditioning 

bath. Warm water, removed fkom the calorimeter, was cooled by a chiller, and then 

conditioned in a temperature bath before being retumed. 

Heat Exchanger c 

EX- 100 
Chiller 

EXTERIOR 

Figure 3-3. Calonmeter flow-loop schematic. 

The absorber plate, Iocated in the calonmeter, is the primary energy absorption 

device within the calorimeter (Fig. 3-4). Essentially, it is a plate heat exchanger placed 

within the calorimeter to intercept solar radiation. It is constructed of copper fins 

c o ~ e c t e d  to copper pipes (which are part of  the flow loop), and is painted matte black to 

increase absorptivity. 
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A second compact heat exchanger was incorporated within the chamber to 

enhance air to liquid heat transfer and improve response time. Two fans circulate the air 

around the test ce11 and through the air to liquid heat exchanger. A baffle located behind 

the absorber plate ensures that the air flow is upwards through the heat exchanger, and 

does not short circuit through the absorber plate. 

Figure 3-4. The absorber plate installed in the calorimeter 

The metering loop contains al1 equipment necessary to meter removed energy 

fiom the calorimeter. Flow volume is metered using a Clorius Combimeter 1.5 FPNP, 

magnetic inductive flowmeter [47]. The flowmeter provides a puise output for each 0.107 

L of fluid. During testing, pulses are recorded and counted by the DA system over 

specified time intervals, dl, and the mass 80w rate of cooling Liquid is calculated as 



where p is the fluid density. Inlet and outlet temperature wells are located inside the test 

charnber. The inlet temperature well is located within the wall, and the outlet is just 

inside the calorimeter. Only the outlet temperature and the change in temperature was 

recorded. Fluid properties were carefully determined for the working fluid (30% 1 70% by 

volume propylene glycol and water). The Buid density and specific heat were calculated 

based on the average Buid temperature between the inlet and outlet. 

A constant temperature bath was used to condition the calorimeter flow. The 

temperature bath was an EXACAL 100 constant temperature bath circulator, equipped 

with an ENDOCAL 850 flow through cooler, and a DCR-1 digital controller / readout 

[48]. This setup is able to control frorn -50 to 150°C +/- 0.01"C and has a maximum 

cooling and heating capacity of 800 W. 

Control and data aquisition was provided by a Sciemeûics mode1 641 and mode1 

7000 [49] data aquisition system connected to a PC computer ninning the QMON [SOI 

prograrn (Fig. 3-5). 

Figure 3-5. Calorirneter data aquisition system. 

A detailed description of the calorimeter and its systems can be found in reference 

[5 11. Calibration details for the calorimeter c m  be found in Appendix B. 



3.2 Basis of Operation 

To calculate the energy input into a caiorirnrter due to SHG, careful 

metering of the input and output energy flows is required. This includes energy removed 

by the flow loop, energy added by any intemal fans and purnps, and losses through the 

calorimeter walls. The energy balance of the calorimeter can be seen in Fig. 3-6. 

Figure 3-6. Calorimeter energy balance for standard test procedures. 

In equation fom,  energy input is determined by 

where 

C QI, = Qbrit,g;ng + Qsm, + Qwi, + Q R t d  (3-3) 

The first term on the right hand side of Eq. (3.2) represents the energy removed 

fiom the calonmeter by the conditioning flow loop. Q f i w  is caiculated as 



where rh is the mass 80w rate, C, is the fluid specific heat, and Tin and Tout are the 

temperature of inward flow and outward flow respectively. 

The second and third terms on the right hand side of Eq. (3.2) represent the 

energy added to operate the intemal air circulating fans, and the purnp for the inner flow 

loop. It was understood that this power is expended within the calorimeter, and must 

therefore be monitored. By measwing the voltage and current entering the caionmeter 

(denoted as e), by using a voltage divider circuit, power is calculated as follows 

Q,iiPmp = V e  -1, (3 -5 )  

Total power input by these devices never accounted for more then 8 W. 

The losses expressed in Eq. (3.3) are accounted for in different ways. The easiest 

to examine were mask losses. Thermopiles were used to measure the temperature 

difference across sections of the mask wall. Combining this with its thermal resistance 

and surface area Amask allow the losses to be cdculated as 

In a similar manner, wall losses are estimated. The active thermal guard produces a small, 

but oscillating temperature gradient across the wall. In this case, the average temperature 

gradient over the course of the test was used in Eq. (3.6). It should be noted that the R- 

factor in this case was from the calorimeter interior to the guard heater (which is located 

in the middle of the wall). 

Seal and bridging losses were accounted for through calibration of the 

calorimeter. Seal losses occur at the mask wall and calorimeter junction. Bridging losses 

occur around the perimeter of the window sarnple, and are defined as the increase in heat 

transfer caused by the window and mask wall junction. These losses were incorporated 

into the data andysis spreadsheet based on the interior / extenor temperature difference. 



3.2.1 Inward-Flowing Fraction Test 

As shown in the previous section, energy flow in a typical window calorimeter 

may be estimated. A similar analysis may be used to estimate the losses occuning during 

the inward-flowing fraction test conducted under this study. Figure 3-7 shows a 

schematic of the energy balance for inward-flowing fraction tests. 

r 7  Control 

LQ, 
Figure 3-7. Calorimeter energy balance for inward-flowing fraction testing. 

In equation form, the energy balance is represented by 

= QJow - Q,m - QPum + Qow + C Qitm (3 -7) 

In this case, we consider Qinput, as expressed in Eq. (3.2), to be the blind input power P,. 

It is important to note the inclusion of the outward-flowing fî-action, Q ~ F F ,  of energy 

supplied to the blind. Heat transfer through the window now consisted of losses driven by 

the air to air temperature difference, and the outward-flowing fraction. If we break the 

power input to the blind into its inward and outward components, Eq. (3.7) becornes 



where (1-Ns)P, = Q~FF. It is also important to note that the losses through the 

specimen, Qspe, are determined from the air to air temperature difference, and not by the 

g l a s  surtàce temperatures. In this way, the outward-flowing fraction was not 

incorporated as a loss, while losses due to an air to air temperature difference was. Qve 

was estimated by 

Equation (3.8) becomes 

3.2.2 Test Uncertainty 

An uncertainty analysis was performed on the experirnental data based on the 

propagation of the estimated component uncertainties according to the method of Kline 

and McClintock [52]. Details of the method and the uncertainty analysis can be found in 

Appendix C. 

3.3 Heat Transfer Coefficient Determination 

To aid in detennining heat transfer coeflicients, both with and without an installed 

blind, a "calibration transfer standard" was built based on the Nationd Research Council 

Canada / Division of Building Research (NRCC 1 DBR) recommendations [42]. This 

consisted of a window specimen constructed using foam insulation as a core. 

Thennocouple sensors were placed in coincident locations on either side of the core, 

under the glas ,  to measure the temperature drop across the foam core. The calibration 



transfer standard is as shown in Fig. 3-8. With knowledge of the foam core's thermal 

conductivity [53], and by inducing a temperature gradient across it, intenor and extenor 

heat transfer coefficients, and heat flux through the core can be determined. Calibration is 

then accomplished by cornparison of the calculated heat flow through the calibration 

transfer standard with that determined from an energy balance on the calorimeter. 

61 m x 6 l  cm 
Calibration Transfer Standard 

Type T Thermocouple 
Soidered to Copper Shim 

Figure 3-8. Calibration transfer standard schematic [42]. 

From the data collected, QV was determimd from 

QV = 4- * A s p  = Asp - 'cor .'Tm, (3.12) 

where C is the conductance, and the subscript cor denotes the polystyrene core of the 

calibration specimen. The surface temperatures of the g l a s  were then determined by 

where TI, T2 = the interior and exterior surface temperatures of the specimen 

Tl : T2 '= the interior and exterior surface temperatures of the specimen core 



A goal of this study was to develop an empirical model. To assist in this task, 

sufficient instrumentation was installed to determine the heat transfer coefficients 

associated with each calculated Ns value. The data recorded from these sensors were 

subsequently used as input to the resistance model proposed by Farber et. al. [8]. 

The use of a calibration transfer standard was integrai to this analysis. It was 

decided that it be used for testing rather than a real window for three reasons: (1) the 

instrumentation present in the sample allowed easy determination of the glass surface 

temperatures, temperature distribution, and heat flux; (2) the calibration specimen has a 

comparabie R-factor (0.397 w/rn2~) to that of a real window (0.3 1-0.63 W / ~ ? K )  [l], 

and ( 3 )  optics were not being investigated so the presence of a foarn core should not be 

problem. 

3.3.1 Exterior Air Film Coefficient Determination 

Extemal air film coefficients were calculated in order to determine the operating 

parameters of the wind generator used for this study, and to provide data for the model. 

Using the values calculated frorn Eqs. (3.12) and (3.14), ho was determined as 

3.3.2 Heat Transfer Coefficient Determination for a Shading Layer 

The modifications in the model by Farber et. al. [SI, shown in Fig. 3-9, reflect the 

difference between a room and the calonmeter. Rather than assurning a uniform wall and 

air temperature, the model was changed to reflect the temperature difference between the 

absorber plate and the air, Le., the air and surrounding room were not assumed to have 

the same temperature. This would make calculated heat transfer coefficients more 

accurate for use in the predictive model given in Fig. 1-2. 



Glass 1 Glass 2 Blind 

Figure 3-9. Modified thermal circuit for calibration specimen with venetian blind in 
Queen's solar dorimeter. The model assumes that the air temperature 
between the glass and the shade is the same as the room air temperature. R = 
1 /Il. 

Radiative absorption factors were estimated using a radiation view factor add-in 

program for AUTOCADTH called RADCADTM [54]. Values were confïrmed using tables 

from Parmelee et. al. [16]. Estimated radiative absorption factors are shown in Table 3- 1. 

Results fiom the RADCADTM program have been included in Appendix A and Table 3- 1. 

Table 3-1. Estimated radiative interchange factors (FI  2) from Parmelee et. al. [16] and - 
RADCADTM. 

glas to 
blind 
glass to 
absorber 
blind to 
absorber 

Parmelee RADCAD iq& 
Siat 

O" 
Parmelee 1 RADCAD 

45" 
Pamielee 1 RADCAD Parmelee RADCAD kqk 



Radiative heat transfer coefficients were calculated using the equation 

where h,,d = radiative heat iransfer coefficient 

FI 2 = radiation interchange factor between surface 1 and 2 - 
O= Stephan-Boltzrnan constant 

Ei = Ernissivity (0.75 for the blind and 0.86 for glass) 

and where the temperatures of surfaces 1 and 2 were taken fiom data collected during 

each expenment. The heat flux dong these paths was then calculated as 

The determination of convective heat transfer coefficients was accomplished by 

performing an energy balance at the inner glas  surface, and at the blind surface. At the 

glass surface, Eq. (3.16) was used to calculate radiative flux, and Eq. (3.12) was used to 

calculate heat flow dirough the calibration specimen. The energy balance becomes 

Qcong~-ow = -Pmt,,o~-r - Qspe - Q m d . g ~ - a p  (3.18) 

where con is convective heat flux, and op is the absorber plate. The convective heat 

transfer coefficient is 

The energy balance at the shade is 

-Q Qmni-oir = P + Q m i , g z - s  d j - 0 ~  (3.20) 

Based on the surface area of the glass, the convective heat transfer coefficient is 



Temperatures given in Eq. (3.21) were measured during testing. Thermal resistances were 

caiculated using Eq. (1.4), and the system's R-factor becornes 

(3.22) 

Farber et. al. [8] assumed that the wall and room temperatures are the same. In 

this case, the network given in Fig. 3-9 reduces back to the mode1 shown in Fig. 1-2. The 

energy balance could then be solved using the rnatrix technique presented by Farber et. 

al. [8], using the experimentally determined heat transfer coefficients. A full description 

of this method can be found in reference [8] and Appendix A. 

3.4 Test Series 

The main intentions of the experimental test sequence were to measure the 

inward-flowing fraction of a venetian blind with respect to slat angle, and to quanti@ the 

effects of extemal variables. While geometric considerations, such as nominal distance 

fiom the window, were not examined due to time constraints, factors such as the level of 

absorbed irradiation, interna1 / extemal temperature difference, and external wind speed 

or external air film coefficient were analyzed. The test sequence was also intended to 

collect sufficient data for the determination of heat transfer coefficients between the inner 

glazing and the room. These coefficients were necessary for the development of an 

empirical model. 

During a test sequence, al1 three of these intentions could be Mlfilled 

simultaneously. Each test for variable dependency was performed at each of the desired 

slat angles. For every one of these tests, sufficient data was taken to allow the 

detemination of heat transfer coefficients around the shade layer. 



As previously stated, the test method for inward-flowing Fraction should be 

relatively simple when compared to other calorimetric tests. Klerns and Kelley [IO] 

conclude that N, does not appear to be dependent on temperature or level of absorbed 

irradiation. Parmelee et. al. [15] also made this observation during their tests. They stated 

that "Experirnental work showed that the increase of convection and radiation gain 

caused by the addition of an indoor shade to cornmon g l a s  was proportionai to the solar 

radiation absorbed by the combination". If this is indeed the case, there should be no need 

to have any temperature difference across the window, or to irradiate the specimen. 

Klems and Kelley [IO] also stated that wind conditions (ho) did not have a strong effect 

on b, and that it was possibly compensated for by other variables. One of the goals of 

this research, however, was to quanti@ the magnitude of how extemal factors (i-e., ho, 

AT, P) affected the inward-flowing fraction for a shading Iayer. The test senes described 

here were designed to test the effects of these assumptions. 

A factorial expenment [ I l ,  121 was chosen to examine these dependencies. 

Specifically, a face-centered central composite experimentai design was laid out to 

investigate the level of interaction between ho, AT, and P with Ns. Consequently, a series 

of tests was planned as shown in Fig. 3-10. Such an experiment can be used to examine 

any series of three variables that are expected to show linear or quadratic effects when 

they interact. This factorial design was chosen because it could show the interaction of 

external factors on inward-flowing fiaction with a minimum amount of testing. As stated 

by Klems and Kelley [IO], interactions were assumed to have little or no effect. Proof of 

this would lend validity to the test design. 

One additional modification was made to the test series. A single test sequence 

was run with the fan tumed off for each slat angle. The low external heat transfer 

coefficient created in this test allowed the effect of the exterior film resistance to become 

more pronounced. Table 3-2 lists the test conditions we used for each test sequence. Each 

set of tests was repeated for a series of shade angles. 

The various test conditions will be more fully described in the following sections. 



Figure 3-10. Test conditions for face-centered central composite expenment design [I l ,  
121. 

Table 3-2. Approximate test conditions used in factona1 experiment. 

Test #1 
Test #2 
Test #3 
Test #4 
Test #5 
Test #6 
Test #7 
Test #8 
Test #9 
Test #10 
Test #I l  
Test # 12 
Test # 1 3 
Test # 14 
Test #15 
Test # 1 6 

1 Blind Power (W) 1 ho (wh2K) 1 AT ( O C )  



3.4.1 Absorbed Irradiance Test 

To test the effects of absorbed irradiation, data was collected for three input 

power leveis (50, 125, 200 W) in accordance with the previously mentioned test method. 

Each power level represented a different arnount of absorbed solar energy. The low 

power level of 50 W is representative of a case corresponding to a reflective blind, 

whereas the maximum value of 200 W is representative of absorption in a darker, more 

absorptive blind. The power level of 200 W is representative of 800 Wlm' passing 

through two clear glazings of a 0.37 m2 window (the size of the test specimen). 

3.4.2 Temperature Gradient Test 

To test the dependence of the temperature gradient across the window assembly, 

the calorimeter intenor temperature was controlled to produce the desired temperature 

difference relative to the exterior temperature. W l e  it would be preferable to maintain 

room conditions within the calorimeter and cool the surroundings, the equipment being 

used did not have that capability. The maximum temperature difierence achievable was 

10 O C .  Tests were run at 0, 5, and 10 O C  temperature differences as shown in Table 3-2. 

3.4.3 Exterior Air Film Coefficient Test 

Klerns and Kelley [l O] noted that a change in extenor wind speed had little effect 

on the inward-flowing fraction, but suspected that there were compensating factors 

involved. It was expected that higher wind speeds will decrease the inward-flowing 

fraction by decreasing the thermal resistance to the environment. 

To test the effect of the exterior air film coefficient, two axial fans were 

positioned 4 meters in front of the mask wall to produce air flow parallel to the floor and 

perpendicular to the test sample surface. The extemal air-film coefficient could be 

measured directly by the CTS. The fan speed, and therefore the external film coefficient, 

was adjusted using the values shown in Tables 3-2 and C-7. 



Figure 3- 1 1 : The wind generator used during testing. 

3.5 Test Setup 

The following procedure was followed in setting up and conducting an inward- 

flowing fiaction test. 

The specimen was mounted as shown in Fig. 3-12. It was decided from the onset, 

that the installation of the specimen should be representative of an achial window 

installation [55].  In that regard, a simple plywood casing was put around the specimen 

both to protect the mask wall, and to partially simulate the h e .  A 25.4 mm square 

block braced the window from the exterior side. The entire unit was inserted into the 

mask wall, and shimmed to a tight fit. Any spaces were then filled with insulation, and 

the inner and outer seams were taped. Due to hardware limitations, only 4 thermocouples 

were monitored: two on each side of the specimen, with one set each at the center and 

edge. 



A standard aluminum blind with a typical slat geometry and white enarneled 

surface was chosen for the tests. Each slat was 2.54 cm wide and 60.96 cm long. 

Alurninum blinds were used because they were electrically conductive. Each blind slat 

was wired together in series to provide the maximum resistance possible. This resulted in 

a total resistance of about 0.40 ohms, 10% of which was due to the comecting wires. It 

was assurned that the heat produced by the resistance of these comecting wires would 

conduct back dong the blind slats, and thereby have linle effect on the overall results. 

Blind installation details are shown in Fig. 3-13. The blind was mounted 17 mm 

from the inner side of the window, as it would be in a real situation. The slat angle was 

set to the desired test angles of -45,  O 45, or 70". 

Temperature metering devices were placed in the following manner. Four 

thennocouples with radiation shields were dedicated to rneasuring air within the 

calorimeter. Each was placed at the center of a quadrant defined by the vertical and 

horizontal centerlines of the calonmeter. Two thermocouples were installed to meter the 

temperature of the absorber plate. Two more were placed on the blind to measure its 

temperature. The blind temperature was rnetered in locations corresponding to window 

temperature measurements. Mask temperatures were metered in coincident locations both 

inside and out at two locations dong the vertical centerline. One was above the sample, 

and one below. Extra thermocouples were added to measure the two external mask 

temperatures, and the ambient air temperature. The air sensing thermocouple was fitted 

with a radiation shield and was placed at a distance of 75 mm fkom the center of the 

window as per reference [45]. 

To run a test, the following procedure was followed. After starting the DA 

system, the wind generator was set to supply the required air velocity normal to the 

window surface. Next, the bath and cooling units were tumed on. Once the conditioning 

loop was controlling to the desired set point, the guard heaters, positive displacement 

purnp, and intemal power to the intemal fans and pump were staried. Finally, the blind 

power was tumed on and adjusted to the desired test level. 
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Figure 3-12. Calibration specimen installation details [55]  and photo of the installed 
calibration transfer standard. 

A 
Blind 

i /  
Nominal Distanc 

Figure 3- 13. Blind installation de ails [55]  and photo of the installed blind. 



Stability criterion was based both on accepted practice and calorimeter 

performance. Due to the relatively fast system response of the calonmeter (Appendix B), 

the long test periods typically associated with guarded hot box tests were not necessary. 

Thermal response tests showed ihat 5 time constants (or 99% of full response) was 

achieved in approxirnately 40 minutes. Once the system was given time to respond to a 

new set of test conditions, steady state conditions were determined based on solar heat 

gain tests using artificial irradiation [46]. In order to achieve steady state conditions, the 

heat transfer fluid was circulated through the absorber plate at the appropriate values for 

inlet temperature and flow rate until they remained constant within f 0.3 "C and t I 

WPC, respectively, for 15 minutes prior to each penod in which the data was taken, and 

for the 15 minutes in which data was collected. Based on this, tests were nin a minimum 

of 2 hours. 



CHAPTER 4 

EXPERIMENTAL RIESULTS 

As discussed in Chapter 3, tests were conducted over a range of conditions and 

blind geornetries. Data were collected to determine both the inward-flowing Fraction, and 

the heat transfer coefficients around the shading layer. An analysis of that data is 

contained in the following sections. 

4.1 Typical Test Results 

An example of the test results recorded over a time interval of 2 hours 

demonstrates the stability of recorded data and is helpfid in determining the performance 

of the test apparatus. It also aids in the visudization of what occurs during a test. 

Test #16 (1 25 W, 5 OC, 8 Wlrn*~)  for a 45" slat angle was chosen for this analysis. 

This test was chosen because it was mid-range in the temperature and blind power 

variables. The response of the system, in this case, c m  be seen in Figs. 4- 1 to 4-6. 

Accurate flow metering was important for this analysis. The stability of measured 

tlow and temperatures, and proof of steady-state conditions were essential in calculating 

reliable results. Figure 4-1 shows the transient response of metered flow variables and 

calculated energy removed by the flow loop. Note that to account for the digital nature of 

the pulse counter, flow rate has been calculated using the average of three time-steps. 



Time (s) 

Time (s) 

Time (s) 

Figure 4- 1.  Typical test response of flow variables, and cdculated energy removed by the 
flow loop for test #16 with a 45" slat angle. 



The stability of ail power sources was also a concem. Fluctuations in energy input 

to the calonmeter could slow the calonmeter response tirne, and cause inaccuracies in the 

data. Figures 4-2 and 4-3 show the measured power to the p m p  and fan, and to the blind 

respectively . 

Time (s) 

Figure 4-2. Power metering of pump and fan for test #16 with a 45' slat angle. 

Time (s) 

Figure 4-3. Power metenng of blind power for test #16 with a 45" slat angle. 



The success of the heaters in maintaining a negligible temperature gradient across 

the walls is integral to the reduction of losses. Figure 4-4 shows the response ûf just one 

heater (located at the center-back of the calorimeter). Ail other heaters performed with a 

sirnilar frequency and magnitude of temperature oscillation. 

Time (s) 

Figure 4-4. Thermal guard performance for test # 16 with a 45' slat angle. 

The stability of the blind temperature and the response of other temperatures in 

relation to a change in blind temperature was important to this analysis. Figs. 4-5 and 4-6 

show the response of the average intenor and exterior temperatures respectively. 

Complete test data was anaiyzed and sumrnarized, and presented as Appendix D. 
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Figure 4-5. Response of interior air and surface temperatures for test #16 with a 45' slat 
angle. 
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Figure 4-6. Response of extenor air and window temperatures for test #16 with a 45" slat 
angle. 



4.2 Steady-State Results 

Test results are presented in the context of the factorial experiment. Figure 4-7 

shows the results for the test series at each slat angle. Test conditions are described in 

Table 3-2. 

4 5  Slat Angle 
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O M  
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Figure 4-7. Complete results for al1 tests. Approximate test conditions are as s h o w  on 
mis. 



Table 4-1. Sumn~ary of Inward-Flowing Fraction test results for al1 slat angles. Result 
uncertainties are as indicated. 

Test Condition! 
P (W) 1 ha (W/m2K1 

Slat Ande 

4.2.1 Absorbed Irradiation Level Test Results 

Calculated inward-flowing fraction was plotted verses input power. A linear 

regression line, weighted with respect to measured uncertainty, was fit to the data in an 

effort to exhibit any trends. Figures 4-8 to 4-1 1 show these plots for each slat angle. 

Figure 4-12 is a compilation of al1 Ns data as it relates to power input. Error bars 

represent the magnitude of uncertainty in each variable. Uncertainty values were 

evaluated for each data point based on the analysis presented in Appendix C. 

Scatter and high uncertainty at the low power settings is clearly exhibited in these 

plots by the indicated uncertainty intervals. The effect is typical of al1 the measurements 

taken at low power levels, and is Iargely a result of uncertainties associated with the 

measurement of AT in the flow loop. 



Figure 4-8.Inward-flowing fraction resdts plotted verses level of absorbed irradiation for 
a -45" slat angle. 

Figure 4-9. Inward-flowing fraction resuits plotted verses level of absorbed irradiation 
for a O" slat angle. 



Figure 4-10. Inward-flowing fraction results plotted verses Ievel of absorbed inadiation 
for a 45" slat angle. 

Figure 4-1 1. Inward-flowing fraction results ploaed verses Ievel of absorbed irradiation 
for a 70" slat angle. 



Figure 4-12. Inward-flowing fraction results plotted verses level of absorbed irradiation 
for al1 slat angles. A -45" slat angle, O" slat angle, V 45" slat angle, . 70" 
slat angle. 

4.2.2 Temperature Gradient Test Results 

Calculated inward-flowing fraction was also plotted verses rhe interior / extenor 

temperature gradient in an attempt at determinhg any correlation between these 

variables. Figures 4-13 to 4- 16 show these plots for each slat angle. Figure 4-1 7 is a 

compilation of al1 Ns data a s  it relates to the temperature differential. 

A downward trend exists in the data for dl slat angles. This suggests the 

temperature dependency of inward-flowing fraction. Such dependency will be 

investigated in the next chapter. 



AT (OC) 

Figure 4- 1 3. Inward-flowing fraction results plotted verses temperature gradient for a -45" 
slat angle. 

Figure 4- 14. Inward-flowing fraction results plotted verses temperature gradient for a 0° 
slat angle. 



Figure 4-1 5. Inward-flowing fraction results plotted verses temperature gradient for a 45' 
slat angle. 

Figure 4-1 6. Inward-flowing fraction results plotted verses temperahue gradient for a 70" 
slat angle. 



Figure 4-1 7. Inward-flowing fraction results plotted verses temperature gradient for al1 
slat angles. A -45' slat angle, O" slat angle, V 45" slat angle, W 70" slat 
angle. 

4.2.3 Exterior Air Film Coefficient Test Results 

Calculated inward-flowing fraction was again plotted verses the exterior air film 

coefficient to view any correlation between these variables. Figures 4-1 8 to 4-2 1 show 

these plots for each slat angle. Figure 4-22 is a compilation of al1 N, data as it relates to 

the exterior air fiIm coefficient. 

Little effect is exhibited by these plots. While simple heat transfer theory would 

dictate a reduction in N' as ho increased, N' proves to be only slightly dependent on this 

variable. 



Figure 4- 18. Inward-flowing fraction resuits plotted verses extenor air film coefficient for 
a -45" slat angle. 

Figure 4-1 9. Inward-flowing fraction results plotted verses exterior air film coefficient for 
a O" slat angle. 



Figure 4-20. Inward-flowing fraction resdts plotted verses exterior air film coefficient for 
a 45" slat angle. 

Figure 4-2 1 .  Inward-flowing fraction results plotted verses exterior air film coefficient for 
a 70" slat angle. 



Figure 4-22. Inward-flowing fraction results plotted verses extenor air film coefficient for 
al1 slat angles. A -45" slat angle, O" slat angle, V 45" slat angle, W 70" slat 
angle. 

4.3 Interior Heat Transfer Coefficient Results 

The examination of intenor film coefficients was needed to produce approximate 

data for the deveiopment of a predictive model. Using the method described in Section 

3.3, radiative and convective heat transfer coefficients were deterrnined. 

Convective and radiative heat transfer coefficients are represented using Figs. 4- 

23 to 4-30. Al1 of these results were presented as a function of power input to the blind. 

Plots of convective and radiative heat transfer coefficients verses exterior air film 

coefficients or temperature gradients showed no clear trends between these variables. 

A regression has been performed on each heat transfer coefficient at each slat 

angle. Equations of fit can be found in Figs. 4-23 to 4-30. When considering convective 

heat transfer fiom the glas  to the air, however, plotted results generally showed little or 

no deviation from hg, = 0W/m2K. Accurate and repeatable measurement of this variable - 

may require equipment modification. 
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Figure 4-23. Cdculated radiative heat transfer coefficients for a -45" slat angle as a 
function of blind power. 
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Figure 4-24. Calculated radiative heat transfer coefficients for a O" slat angle as a function 
of blind power. 
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Figure 4-25. Calculated radiative heat transfer coefficients for a 45" slat angle as a 
fûnction of blind power. 

Figure 4-26. Calculated radiative heat transfer coefficients for a 70" slat angle as a 
fiuiction of blind power. 
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Figure 4-27. Caiculated convective heat transfer coefficients for a -45" slat angle as a 
function of blind power. 
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Figure 4-28. Caiculated convective heat transfer coefficients for a O" slat angle as a 
fûnction of blind power. 
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Figure 4-29. Calculated convective heat transfer coefficients for a 45" slat angle as a 
function of blind power. 

30.00 - [, h (gbss to air) ; 
I ' 
i 1 + h (bhd to air) : 

25.00 - ' 

Figure 4-30. Cdculated convective heat transfer coefficients for a 70" slat angle as a 
function of blind power. 



CHAPTER 5 

DISCUSSION OF RESULTS 

The test resdts presented in Chapter 4 were examined with respect to the various 

test parameters. The effects of the interior / exterior temperature gradient, outdoor air film 

coefficient, level of irradiation, and slat angle, and their interaction, were al1 quantified. 

In addition, calculated film coefficients were used as input into the mode1 presented by 

Farber et. al [8] in an effort to compare the model's success in predicting measured Ns 

data. The results of this analysis are contained in the following sections. 

5.1 Steady-State Results 

As stated in Section 3.4, a face-centered central composite factoriai experiment 

allows the results to be correlated using linear or quadratic regression. To find a predictor 

equation, a quadratic fit with interactions was used. A base equation was developed that 

included the quadratic effects of the four dependent variables (i.e., AT, ho, P, and slat 

angle), and the interactions between al1 combinations of two variables excluding the 

extenor air film coefficient. Also, the cosine of the slat angle was used to better represent 

the dependence of the natural convection heat transfer coefficient. Data was originally fit 

to the equation 



where the coefficients A-L are given in Table 5-1. 

Stepwise regression then aided in determining which variables were important. 

That is, after every data fit, the ratio of the coefficient magnitude relative to its standard 

error was exarnined. The variable producing the lowest ratio was then removed, and the 

equation was refit. The results of the stepwise regression have been presented in Tables 5- 

1 and 5-2. 

Table 5-1. Coefficients and standard error determined using stepwise regression of 
inward-flowing fraction data. 

At the second stage of the regression, the standard error of the fit reached its 

minimum (i.e., 0.034). The equation of best fit is therefore presented as 

A - Intercept 
B-AT 
C - h o  
D - P  
E - COS(@ 

F - A@ 
G - ho2 
H- pl 
I - cos2(@ 

J -  ATP 
K - ATcos(9 
L - PCOS(@ 

y Ns 

where the coefficients are listed in Table 5-1 under the column labeled Step 2. The fit is 

represented graphically in Fig. 5-1. It should be noted that this fit is oniy valid for power 

inputs between 150 and 500 w/m2, exterior film coefficients between 8 and 30 W / ~ ' K ,  

and temperature gradients between O and 10 OC, where the interior is the hot side. 

Note: Standard error values are shown in brackets. Bolded enû-ies represent the next variable removed by 
the stepwise regression process. Data reduced oniy to the lowest standard error for the entire fit. 

Step 1 
1.08533 (O. 147625) 
-0.05279 (0.005655) 
-0.002233 (0.003094) 
0.0023 55 (0.00052) 
-0.88554 (0.399956) 

0.00 1688 (0.00037) 
-5.2 x (837 x 10") 
-7.3 x lo4 (1.85 x IO") 
0.679 15 (0.257846) 
0.000105 (1.8 x 10") 
0.0 133 (0.005565) 
0.00079 ( 0.000379) 
(0.03454) 

Step 2 
I 

1 -092671 (O. 146297) 
-0.0529 1 (0.0056 19) 
-0.00408 (0.000854) 
0.002272 (0.000499) 
-0.85295 (0.394 196) 

0.00 17 17 (0.000365) 

-7 x 104(1.76 x IOa) 
0.6575 12 (0.25399) 
0.000 106 (1 -79 x IO-') 
0.0 13086 (0.005523) 
-0.00079 (0.000377) 
(0.034229) 



0.5 0.6 O. 7 0.8 0.9 1 

Meas ured Inward-Rowing Fraction 

Figure 5-1. Performance of the regression fit, given as Eq. (5.2), on inward-flowing 
fraction results. Variable coeffiicients are given in Table 5-1. Dotted lines 
represent the standard error of the data fit. 

Equation (5.2) is useful for detailed calculations when sufficient data is available 

for input. However, for quick estimations, a simpler forrn of Eq. (5.2) would be useful. 

We may continue to reduce the defining equation by stepwise regression. The resuits of 

this regression are found in Table 5-2. 

If we consider the quality of fit at each of the stages, and the ease of obtaining a 

given variable, it is possible to produce a predictor equation for inward-flowing fraction. 

One possibility would be the equation presented by step #8 in Table 5-2. The equation is 

N ,  = A + B - A T + c . ~ ,  +I .COS~(O)+J-AT-P (5.3) 

where the boundaries are the same as those described for Eq. (5.2). This equation 

combines easily determined variables, with an accurate predictor equation. Further 

reductions by stepwise regression results in an increasingly poor data fit. The fit of Eq. 

(5.3) is represented graphically in Fig. 5-2. 



Table 5-2. Coefficients and standard error determined using stepwise regression of 
inward-flo wing fraction data. 

A - Intercept 

C-ho  

D - P  

- 

Step 3 Step 4 Step 5 Step 6 Step 7 
1.15322 1. 109524 0.795557 0.869242 0.8750 1 
(O. 147743) (O. 15 1767) (0.032) (0.026925) (0.0234 1 5) 
-0.05257 -0.04409 -0.04489 -0.03993 -0.0405 

(0.26 173) (0.27 12 12) (0.0 15793) 
J- ATP 0.000 104 0.000 1 04 0.000 1 06 

(1.84 x IO-') (1.9 x IO-') (1.96 x  IO-^) 

Note: Standard error values are shown in brackets. Bolded entries reprc 

I 

(0.041517) 1 (0.041228) 
sent the next variable removed by 

the stepwise regression process. 

Table 5-2. continued. Coefficients and standard error determined using stepwise 
regression of inward-flowing fiaction data. 

Step 8 Step 9 Step 10 Step I I  ( Step 12 
0.852995 0.785589 0.8259 14 0.827 137 1 0.76 

values are s hown brackets. Bolded entries represent the next variable removed 
the stepwise regression process. 



Measured Inward-Flowing Fraction 

Figure 5-2. Performance of the regression fit, given as Eq. (5.3), on inward-flowing 
fraction results. Variable coefficients are given in Table 5-2. Dotted lines 
represent the standard error of the data fit- 

5.1.1 Effects of Slat Angle 

The inward-flowing hction was expected to follow some predictable trends when 

considering blind geometry. Radiative heat flow could be described and quantified by 

standard heat transfer theory. At O", the radiation exchange from the glass to the room 

would be maximum and from the blind to the glass and absorber at a minimum. As die 

slat angle was changed (either positively or negatively), the glass-to-room component of 

radiation would decrease, and the blind-to-glass and blind-to-room components would 

increase. However, the behavior of the convective heat fiow was unknown. The effects of 

eddies and entrained flows cannot be easily determined, making the prediction of 

convective flows diffrcult. The interaction of the radiative and convective heat flow was 

also unknown. 



Figure 5-3 shows the relation of inward-flowing fraction tests conducted using the 

sarne test conditions, but with different slat angles. It demonstrates that generally, a 

decrease in radiative transmission fiom the blind to the glass and the blind to the absorber 

resulted in an increase in the inward-flowing fraction. Analysis of Figs. 4-23 to 4-30 

provide an explanation for t h i s  effect. Calculated radiative heat transmission to the 

window was highly dependent on the slat angle. However, calculated convective heat 

transfer from the glass to the room was consistently small. If we consider an energy 

balance at the g l a s  surface (Eq. (3.18)) we see that the heat energy leaving the window 

by convection (QconVg2 air) is smail compared to other heat flow paths. The outward- - 
flowing fractioii (and therefore the inward-flowing fraction) is then proven to be highly 

dependent on the level of radiative heat transfer to the glass. In addition, caicuiated values 

of N' remain relatively constant for slat angles of -45", 4 5 O ,  and 70". In the context of SC 

determination, there may only be a small difference between -45" or 70" slat angles. 

#l #2 #3 #4 #5 #6 #7 #8 #9 # I O  #Il #12 #13 #14 #15 #16 

Test Number 

Figure 5-3. Cornparison of test results for al1 angles. Test conditions are described in 
Table 3-2. 



5.1.2 Absorbed Irradiation Effects 

Analysis of Figs. 4-8 to 4-13 indicate two trends conceming the effect of 

irradiation on measured values of inward-flowing fraction. Most importantly, as 

irradiation level is reduced, measurement uncertainty increases. This result is a 

characteristic of calorimetry in general. Small amounts of energy are difficult to 

accurately measure. Secondly, slight upward trending occurred in measured inward- 

flowing fraction values beiween Iow and high power inputs. 

The increase in inward-flowing fiaction with power level, however, is not 

confirmed by parametrîc analysis of Eq. (5.2). Figure 5-4 shows the relative change in N, 

between slat angle settings as the power level is varied. Inward-flowing fraction is stable 

over the entire range of power inputs. 

Figure 5-4. Effect of absorbed irradiation for ail slat angles by parametric analysis of Eq. 
(5.2). AT = O OC, ho = 20 w/rn2~. 



Results indicate that inward-flowing fraction tests should be performed with at 

Ieast 250 W per m' of projected blind area, to reduce the expenmental uncertainty to 

acceptable limits (i.e., t0.05). Under these conditions, decreased uncertainty is insured 

independently fiom the exterior air film coefficient or the intenor / exterior temperature 

gradient. In addition, because the irradiation Ievel caused no strong trends in the results, 

values of Ns caiculated at moderate power levels woiild be applicable to blinds irradiated 

at other power levels 

5.1.3 Temperature Gradient Effects 

At a O OC temperature gradient the data exhibits excellent precision. Conversely, 

scatter in the data at larger temperature differences is also apparent. Closer analysis 

shows that this scatter is pnmarily caused by data taken at low power input levels, and 

consequently, high uncertainties. Removal of these points fiom the data shows that the 

remaining points exhibit a high degree of precision. 

Data collected by Klems and Kelley [IO] showed no definable trend with respect 

to an interior / exterior temperature gradient. They stated that "there is no pronounced 

overall tendency for the difference (NAp, - (NJ, to be different fiom zero." However, 

their data also included changing exterior air film coefficients, irradiation levels, and 

dynarnic effects. The results of this study indicate that it was possible that any trends in 

their experiment were masked by compensating factors such as the exterior film 

coefficient or the intenor I exterior temperature gradient. 

Figures 4- 13 to 4- 1 7 show definite trending in caicuiated inward-flowing fraction 

results. In dl cases, N, was reduced as the temperature gradient was increased fiorn O to 

10 O C .  This effect is cofirmed by the pararneûic analysis as shown in Fig. 5-5. The 

inward-flowing fraction is reduced by increases in the temperature gradient. 

The reduction of N' could be explained by considering the surface temperature of 

the window in relation to other test ce11 temperatures. As the interior / exterior 

temperature gradient increased (Le., the test ce11 becomes w m e r  then the environrnent), 

the intenor surface temperature of the window becomes cooler relative to other interior 



temperatures. Under these circurnstances, radiative heat transfer to the window frorn the 

shade and absorber wi ll increase, while blind-to-absorber radiation and b l ind-to-air 

convection will remain relatively constant. In addition, convective heat transfer from the 

window remains relatively small (as shown in Figs. 4-23 to 4-33). Therefore, energy 

paths which contribute to the outward-flowing fraction increase while paths contributing 

to the inward-flowing Fraction remain constant, thereby causing a reduction in the overall 

inward-flowing fraction. 

- 
: 1 - 4 5  siat angle 

0.2 * i 
,,--0shtangle 

' 1 
0.1 i , . - - - - - - 45 slat angle 

1 

i 1-.,.,70slatangle 
0 ;  ' .- 

0.00 1-00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9-00 10.00 

A T 

Figure 5-5. Effect of temperature gradient for al1 slat angles by parametric analysis of Eq. 
(5.2). P = 200 W, ho = 20 w/rn2K 

It should be noted that a cool room relative to the environment was not 

investigated as a part of this study due to limitations with the test apparatus. The reversal 

of convective flow fiom the window, and large changes in the inner surface temperature 

of the window relative to test ce11 temperatures, may have a profound effect on the 

calculated value of N'. 
The results of this snidy indicate that the original assurnption that N, is 

independent of the interior / extenor temperature difference is not completely correct. It is 



therefore suggested that Ns tests be performed at a temperature consistent with natural 

conditions. For example, for a cooling load analysis, a worst case summer scenario 

should be used (Le., based on ASHRAE design conditions [l]). 

5.1.4 Exterior Air Film Coefficient Effects 

The extenor air film coefficient should have a predictable effect on calculated 

values of N,. An increase in ho would result ui a lower thermal resistance between the 

exterior glazing and the environment. In turn, this would increase the U-factor of the 

window and decrease the inward-flowing fraction of the blind. A lower exterior air film 

coefficient would have the opposite effect, and increase the inward-flowing fraction. 

Figures 4-18 to 4-22 show the effect of ho on results. The magnitude of ho in rehtion to 

the system U-factor is s h o w  by parametric analysis of Eq. (5.2) in Fig. 5-6. 

0.3 1 - -45 slat angle 

0.2 + - - - O slat angle 

0.1 + i - - - - 70 slat angle / 

Figure 5-6. Effect of exterior air film coefficient for al1 slat angles by parameûic analysis 
of Eq. (5.2). P = 200 W, AT = O OC .  



Klems and Kelley [IO] have stated that the extenor air film coefficient, while not 

being a strong factor, must still be considered. In this regard, they also raise the question 

of what extenor air film would be suitable for Ns determination. While the range of air 

film coefficients investigated were limited, they still represent the range of conditions 

found in nature. The eflect of this variable would suggest that ASHRAE standard design 

conditions (ho = 22.7 w / ~ ' K  summer and 34.0 w/rn2kC winter) [l]  would be as 

appropriate as any other condition. 

5.2 Interior Heat Transfer Coefficient Results 

Radiative heat transfer coefficients followed trends set by view factor input. As 

the slat angle approached O", glass-to-absorber heat transfer increased, and the blind-to- 

glass, and the blind-to-absorber heat transfer decreased. Table 5-3 shows a summary of 

calculated radiative heat transfer coefficients. These coefficients were detenined by 

performing a linear regression of the radiative heat transfer coefficients from each test 

series. 

Table 5-3. Calculated radiative heat transfer coefficients around the shading layer as a 
fûnction of blind input power. 

h (W/rn2K) 

Radiative heat transfer coefficients did not Vary significantly despite the fact that 

the glass-to-blind temperature difference did. This would suggest that the temperature 

SIat Angle 
-45" 1 0° I 45" I 70" 

glass to blind 
glass to absorber 
blind to absorber 

term of Eq. (3.17) also remains relatively unchanged between tests conducted at the sarne 

slat angle. Figures 5-7 and 5-8 show that this is the case. While the temperature 

differences between the glass and the blind were widely variable, the radiative heat 

transfer coefficient between the g l a s  and the blind, hgl, changed oniy slightly between 

O.O025P+4. 170 
0.310 
0.00 12P+4.477 

1 

tests. The implications of this may be significant when considenng complex fenestrations 

0.0020P+3.5 16 
0.0003P+ 1.134 
0.00 12P+3.623 

with single 

-76 - 

0.0024P+3.167 
0.0006P+1.696 
0.00 17P+3 .O66 

0.0028P+3.449 
0.0004P+1. 1 1 8 
0.00 19P+3.554 
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#1 #2 #3 #4 #5 #6 #7 #û #9 #10 #11 #12 #13 #14 #15 #16 

Test Number 

Figure 5-7. Blind to glazing temperature difference for dl tests. Test conditions are 
presented in Table 3-2. 

#1 #2 #3 #4 #5 #7 #8 #9 #10 #Il #12 #13 #14 #15 #16 

Test Number 

Figure 5-8. Blind to glazing radiative heat transfer coefficient for al1 tests. Test conditions 
are presented in Table 3-2. 



glazings. Radiative heat transfer coefficients calculated using a double glazing may be 

suitable for calculating inward-flowing fraction in single glazings with venetian blinds, 

even though the glass-to-blind temperature difference will change significantly. The use 

of these heat transfer coefficients in determining inward-flowing fraction for single 

glazings are examined in Section 5-33. 

As stated in Section 5.1.1, it was unknown how convective heat transfer 

coeficients would react to the test variables (Le., AT, ho, P, and slat angle). A summary 

of the convective heat transfer coefficients presented in Figs 4-27 to 4-30 is summarized 

in Table 5-4. 

Table 5-4. Calculated convective heat transfer coefficients around the shading layer as a 
function of blind input power. 

Convective heat transfer fiom the glass to the air remahed relatively small 

throughout each test senes. As shown in Figs. 4-27 to 4-30, calculated values of 

hcon,g2-air were appproximately zero for al1 blind slat angles. Whiie magnitude of this 

convective heat transfer coefficient is not surprising (the CTS was framed, and flow was 

further hampered by the proximity of the blind slats), the uncertainty in this caiculation 

was large. Such a result suggests a problem with the test apparatus and model. For hiture 

tests, an increase in the number of temperature measurements over the blind and CTS, 

would provide a more precise calculation. As well, the air temperature between the glass 

and the blind may not be the same as the ambient temperature as the model assumes it is. 

Convection fiom the blind acted in a much different manner than convection fkom 

J L 

h (w/m2K) 

glas  to air* 
blind to air 

50 W 
125 W 
200 W 

the glass. As stated in Section 5.1.2, convective flow was shown to be dependent on the 

blind input power. As power to the blind increased, so did the convective heat transfer 

coefficient. 

'measured convection fiom die g l a s  was too small to accurately measure with the experimental apparatus 

Slat Angle 
-45" 

O 
2.1 07P0 493 

14.50 
22.77 
28.71 

O" 
O 
3. 108P"'~~ 
12.86 
17.93 
2127 

45" 
O 
4. 156P0 3 '7  

14.36 
I9,20 
22.29 

70" 
I 

O 
2.83 1 PO"" 
14.30 
20.90 
25.38 



5.3 Modeling Results 

5.3.1 Cornparison of Previous Models 

An anaiysis of the performance of each model is conducive to this project. Such a 

comparison would show similarities between predicted Ns values, and the impact of N, 

on overall SC calculation. Appendix A contains a sample formulation using each model. 

The reader is referred to the original publications [8, 10, 13-16, 23-24, 28-32] for details 

on each method. 

Al1 models were developed using direct irradiation with no "straight through" 

trammittance through the shading layer. Profile and incident angles were not input into 

any of the models. While some did account for this, only direct normal solar incidence 

was used for this comparison. 

Models were developed using identical layer specific optical properties (Table 5- 

5) .  Glass optical properties have been obtained fiom the ASHRAE HOF [Il ,  while blind 

properties have been estimated. With the given materids, it was expected that a wide 

range of conditions could be investigated. 

Table 5-5. Layer specific optical data for use in model comparison. 

The apparent optical properties of each layer were detemiined using a simplified 

ray trace with limited inter-reflection, as described by Farber et. ai. [8]. Figure 5-9 

~ a y e r  
Absorptive BIind 
Reflective Blind 
Common Glass 

demonstrates this calculation. 

P 
0.15 
0.65 
0.07 

a 
0.80 
0.20 
0.16 

T 

0.05 
0.15 
0-77 



Glass I Giass 2 Blind 

Figure 5-9. Estimated system optical performance [g]. 

Apparent layer specific and system properties were then determined by 

OY = a s  . r,, 52(1 +P,, Ys) (5.8) 

Radiative and convective heat transfer coefficients were dso  used consistently 

through ail models. However, in the case of the mode1 by Farber et. al. [8] heat transfer 

coefficients were identified and used that could not easily be transferred to other models. 

In that case, original data was used. 

The results of this cornparison are presented as Table 5-6. Sample calculations of 

each method can be found in Appendix A. 



lable 3-6. cornpanson 01 mode1 calculation or shading coei3icrent, Sc, and inward- 
flowing fraction, Ns, for various fenestration and venetian blind 
cornbinations. Values in brackets represent K .  

Window Blind Shading Coefficient (IvJ 

Specifications Type Parmelee Farber et. al. Owens Van Dyck and Klerns et. al. 
et. al. [8], Pemington [23] Konen [24] [ 10,13,28-321 
[14-161 et. al. [22] 

Single Glazing Refl 0.39 0.36 (0.79) 0.37 (1) 0.40 (1) 0.35 (0.83) 
Blind (0.95) 

W/ Interior Absor 0.67 0.69 (0.82) 0.79 (1) 0.8 1 (1) 0.68 (0.83) 
Blind Blind (0.80) 
Double Glazing Refl NA 0.39 (0.83) 0.38 (1) NA 0.43 (0.86) 

Blind 
W/ Interior Absor N A  0.64 (0.89) 0.68(1) N A  0.66 (0.86) 
Blind Blind 
Heat Abs. / Refl NA 0.3 1 (0.76) 0.28 (1) NA 0.36 (0.86) 
Plate Blind 
W/ Interior Absor NA 
Blind 1 Blind 1 1 

The importance of inward-flowing fraction is clearly shown when the system has 

a highly absorbing imer layer. In the extreme case of a single glazings with an absorptive 

blind, SC proves to be highly dependent on Ns. Of these models, those which assume that 

Ns is equal to 1, predicted a much higher shading coefficient then experimental data fiom 

Klems and Kelley [l O]. Comparison of experimentai results from Klems and Kelley [l O] 

with those calculated using heat transfer coefficients fiom Farber et. al. [8] do, however, 

seem to agree. These results help to confirm the validity of the model presented by Farber 

et. al. [8]. 

5.3.2 Comparison of Mode1 with Test Resuits 

 tud dies where expenmental results are combined with sufficient data for model 

input do not exist in the literature. Key inputs such as exterior air film coefficient, system 

optical data, or geometric details were usually omitted fiom quoted results. Initial testing 

of the model was therefore directed towards predicting Ns as calculated using the 

calorimetnc results obtained during this study. 



Input data for the mode1 by Farber et. al. [8] was taken from a nurnber of sources. 

The optical data given in Table 5-5 was used for this analysis, and radiative and 

convective film coefficients were taken fiom Tables 5-3 and 5-4. The airspace air film 

coefficient was substituted with the U-factor of the calibration specimen. 

The analysis was conducted within the rnodel's ability. The model by Farber et. 

al. [8] was only able to calculate convective and radiative gain when no temperature 

gradient exists. As such, only tests I through 5 were modeled. Other variables were easily 

rnanipulated. The exterior air film coefficient was changed through direct input into the 

model. The power level was also easily represented. From the analysis, convective heat 

transfer fiom the blind to the air was shown to be directly effected by a change in power 

input. This coefficient was manipulated to reflect the desired level of irradiation. The 

results of this analysis are s h o w  in Figs. 5- 10 to 5- 13. 

#1 #3 #4 #5 

Test Number 

Figure 5-10. Calculated verses measured Ns values for -45" slat angle for two blinds. 
Mode1 input was taken fiom experiment results. 



#1 #2 #3 #4 #5 

Test Number 

Figure 5-1 1 .  Calculated verses measured N, values for 0" slat angle for two blinds. Model 
input was taken fiom experiment results. 

#2 #3 #4 

Test Number 

Figure 5-12. Calculated verses measured N, values for 45" slat angle for two blinds. 
Model input was taken fiom experiment results. 



. . 

a Farber e t  al. [8] w / absorptive blind 
0.20 4 

Farber e t  al. (81 w / refiective blind 

#2 #3 #4 #5 

Test Number 

Figure 5-13. Calculated verses measured N, values for 70" slat angle for two blinds. 
Mode1 input was taken fiom experiment results. 

The mode1 results correlate weil with measured data. If we consider only the 

reflective blind (which is sirnilar to the blind used in the experiment), we see that the 

mode1 was very effective in predicting the inward-flowing fraction. This is particularly 

true for tests 3, 4, and 5, where the calonmeter results had small uncertainties associated 

with them. 

The mode1 consistently predicted a higher inward-flowing fraction for an 

absorptive biind than for a reflective blind. However, increases were o d y  1% to 2% in 

magnitude. Such a result lends support to Klems and Kelleys [IO] assmption that 

inward-flowing fraction is unaffected by the blinds optical properties. Further 

experimentation with such a blind would be required to ver@ predicted values. 

5.3.3 Comparison of Mode1 with Other Experimental Data 

As previously noted in Section 5.3.2, cornparison between experimental data and 

modeled systems was a dificult process. However, experimental data taken using a real 

window was obtained From Klems and Kelley [IO] for comparative purposes. Data 

included any interior venetian blind regardless of slat angle, and interior shades which 



could be modeled as closed blinds. The current analysis covers enough angles to model 

his exact system with one exception: a -30" slat angle was compared to a -45" slat angle. 

Comparison using original data fiom Farber et. al. [8] was more difncult because of the 

few angles estimated. The results of this comparison are as shown in Table 5-7. 

Table 5-7. Comparison of experimental Ns results with results from the model by Farber 
et. al. [8] using original and measured heat transfer coefficients. 

estimated fiom -45" data 

System 

Double Glazing 
-45" Stat Angle 
Double Glazing 
Inside Shade' 
Single Glazing 
45" Slat Angle 

I 

Single Glazing 
-30" Slat Angle 
Single Glazing 
Closed Blind 

With the exception of a single glazing and blind set at a 45" slat angle, al1 

predicted Ns values were within the margin of error quoted by Klems and Kelley [IO]. If 

we consider double glazing and blind combinations, it can be seen that the model 

accurately predicts inward-flowing fraction for both of the situations analyzed. However, 

results for the single glazing and blind combinations were less successfûi. Modeled 

results for single glazings with blinds at 45" and closed blinds were higher then measured 

N, results. The other modeled case, a single glazing and blind at -30°, while accurate, 

represented the modeling of a blind at -45". The assumption presented in Section 5.2 (Le., 

the increased temperature difference between the g l a s  and the shade may not change the 

radiative heat tramfer coefficient between those two surfaces) may not be completely 

correct. Further analysis of heat transfer coefficients, focusing on the g l a s  temperature 

relative to other interior temperatures, rnay be necessary to refine this calculation. 

' for comparison with closed blind 

Klerns and KeIley 
[Io] 

0.86 f 0.06 

0.85 f 0.10 

0.69 + 0.05 

0.83 f 0.08 

0.72 f 0.07 

Farber et. al. [8] 
using experimentally 
determined radiative and 
convective film coefficients 
0.85 

0.82 

0.80 

0.8 1 

0.78 

Farber et. al. (81 
using original radiative and 
convective film coefficients 

0.90 

No Data 

0.86 

0.86 

No Data 



Inward-flowing fraction results modeled using heat transfer coefficients originally 

presented by Farber et. al. [8] were 7% larger then those predicted using experimentally 

determined heat transfer coefficients. M i l e  two of these cases remain within the margin 

of error presented by Klerns and Kelley [IO], they are both less accurate then results 

predicted using expenmentally determined heat transfer coefficients. The third case (a 

single glazing and blind at a 45' slat angle) was greatly over predicted when using the 

original data. Generally, the experimentally determined heat transfer coefficients are 

more accurate than those presented by Farber et. al. [8]. 



CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

An experirnentd apparatus and method was developed and validated for use in 

determining the inward-flowing fraction of absorbed solar energy in intenor venetian 

blinds. Inward-flowing fraction was also measured for a single blind set at various slat 

angles and a predictive equation was produced. Measurements takeii with the apparatus 

were exarnined to provide new input data for a resistance model capable of predicting Ns. 

The model was an excellent predictor of inward-flowing fraction for double glazings, and 

oniy slightly Iess successful when applied to single glazings. 

The results of this study M e r  indicate that: 

1) the level of absorbed irradiation appears to have a minimal effect on the 

calculated inward-flowing fraction other than to increase measurement accuracy. 

However, for modeling purposes, calculated convective heat transfer coefficients from 

the blind to the air did prove to be highly dependent on input power level, 

2) temperature was shown to have an influence on inward-flowing fraction. 

Increases in the interior / extenor temperature difference resulted in a modest reduction in 

inward-flowing fraction for al1 tests (i.e., Ns dropped by about 0.10 between O and 10 OC). 

However, these results are limited to the range investigated in this study, Le., O AT < 10 

OC. Values outside of this range need to be investigated, 



3) varying the exterior air film coefficient did not significantly effect the 

calculated inward-flowing fraction. The range of naturally occumng values of ho had 

only a small effect on the overall U-factor of the double glazing system studied. 

In addition to the above points, a model to predict Ns was successfully identified. 

Cornparison with experirnental data showed that the resistance model for a double glazing 

and shade combination was an excellent predictor of inward-flowing fraction when using 

measured heat transfer coeficients as input. The mode1 was only slightly less successfùl 

in predicting the inward-tlowing fraction for a single glazing and blind combination. 

6.2 Recomrnendations 

An indoor calonmetric test of inward-flowing fraction is feasible. Using the 

method descnbed in diis report, a properly installed window and blind combination, 

where the blind is electrically heated, can be used to determine N,. 

n i e  three variables examined by this experiment provided suficient data to 

recornmend calorimetric test conditions for the measurement of inward-flowing fraction. 

It is suggested that the following conditions be applied: 

1) a power Level of about 250 W per m2 of blind profile area is suggested as power 

Ievels below this contribute little to the SHG equation, 

2) testing should be conducted under realistic conditions, representative of summer 

and winter conditions depending on whether summer cooling or winter heating is being 

evaluated, 

3) standard ASHRAE exterior wind speeds of 3.4 m/s (summer) and 6.7 m/s (winter) 

would be acceptable for testing [l]. 

The present andysis was primarily aimed at the development and validation of a 

calorimetric test method. The use of Farber et. al. [8] in modeling was a secondary goal. 

Considering the success of this mode1 as a predictor, however, M e r  development in 

this area would be useful. A closer investigation of heat transfer coefficients is needed. 

Particularly, convective heat transfer from the g l a s  requires refinement. With this, an 

equipment modification is suggested. A method of controlling the temperature of the 

inner glazing would allow heat transfer coefficient exarnination for many systems. For 
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example, cooling of the imer glazing relative to the blind would simulate a single 

glazing. In this way, the effect of relative blind I glazing temperatures could be 

determined and applied to many systems. In addition, an analysis of the air temperature 

between the blind and the g l a s  may be useful. The assumption that this temperattue is 

the same as the arnbient temperature may be incorrect. 

In addition, more expenmental data is needed for model validation. Even though 

the model's effectiveness was dernonstrated during this project, there was a lack of usefùl 

data in the li terature to provide adequate proof of i ts usehlness. A full series of inward- 

flowing fraction tests conducted under natural conditions would provide this data and aid 

in exploring the versatility of the model. These tests should analyze multiple glazings, 

special films, and various biinds. This data will also be useful in forrning an N' database. 

Analysis of tilted glalings would be useful. Many solar calonmeters currently tilt 

in an effort to receive direct normal solar irradiation. There is no proof that a tilted 

cornplex fenestration has the same inward-flowing fraction as a vertical system. Such an 

analysis would look solely at film coefficients. 

A less intrusive method of heating the blind would be an asset to this analysis. 

The method used for this experirnent made changing the slat angle difficult to 

accornplish. In addition, the connecting wires not only may have affected convective heat 

transfer by their presence, but also may have served as their own heat sources. It is 

recommended that large copper spacers be used to electrically connect the slats. In this 

way, heat generation in this area would be minirnized. A large blind would have to be 

used to minimize the intrusive nature of the spacers and supporting structure. 
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APPENDIX A 
EMPWCAL MODEL DEVELOPMENT 



The models discussed in Chapter 2 cm be found in references [8, 10, 13-32]. 

However, because of the importance of the model by Farber et. al. [8], it would be 

prudent to discuss it in more detail. Section A. 1 is an excerpt fiom Appendix B of that 

reference. The text has been modified to reflect changes in figure and equation nurnbers, 

and units only. A formal description of the nomenclature can be found in reference [8]. 

Non-essential data has been omitted. 

The determination of radiative view factors is dso important to the analysis. 

Results of view factor determination using RADCADTM [54] can be found in Section A.2. 

A sample from each model [8, 10, 13-32] is provided in Section A.3. 

A.l Determination of Convection and Radiation Heat Gain from 
Double GIass and Venetian Blind Fenestrations [8] 

The following heat balance equations are denved for the schematic of Fig. A-1. 

eo = hO(T,, - T, )  (A. 1) 

Q, = h, (Tg, - Tg,) (A-2) 

= h2(Tg2 - T A I )  (A.3) 

(A.8) 

(A-9) 

(A. 1 0) 

(A. 1 1) 

(A. 12) 

(A. 13) 



Low Temperature 
Radiation Heat Gain 

onvection Currents 

Figure A-1. Heat Transfer Phenornenon for the Convection and Low Temperature 
Radiation Components of  the Total Heat Gain Through a Double GIass and 
Venetian Blind Fenestration [8]. 

An assumption is made in Eq. (A.7) that the log mean temperature difference may 

be simplified to the form shown in Eq. (A.7), in order to avoid logarithmic terms in the 

algebraic manipulations following. Assurning that d l  the Q tzrms, and al1 the temperature 

terms except Ts and Ti, are unknown, it is seen that there are ~ ~ c i e n t  independent 

equations in the above that these unknowns c m  be algebraicaily eliminated to yield an 

expression for convective and radiative gain (CR) as given in Eq. (A.7). However, by 

simple substitution for the Q terms, Eqs. (A. 1) to (A. 13) can be reduced to the following 

ho . Tg, + CR = ho - T, + I(ai, + a;, + a:) (A. 14) 

4 - Tg, - (WC, + h,)TA, = -WC, - ?; (A. 15) 

-hl -Tg, +(h, +hl +h3 +h,)T,, -4 -TA,  -h, * T ,  = h, .T + I-LY;,  (A. 16) 

(ho + h,)TgI -hl - Tg, = I .aiI +ho T,  (A. 1 7) 

(A. 1 9) 



where the unknowns are now Tgl, T~z. TA 1. 7"2. Ts and CR. Further reduction of these 

equations was considered unnecessary and too cornplex, since the six equations with their 

six unknowns could be more easily set up in thei: determinant form on a PC, where the 

sirnultaneous solution for CR would be both rapid and accurate. Cp,solar was calculated 

by setting I = 1 .O and To = Ti = 1.0. 

Absorptances of the individual baniers were calcuiated from the data of the 

graphs and tables in this paper and in the references and fkom Eqs. (A.4) to (A.6). 

Calculation of the heat transfer coefficients for convection and radiation was done from 

the following farniliar equations 

The assumptions made in the solution of these equations are 

1 : ho =22.7 w/rn2K this is at the request of ASHRAE TAC 2.5. 

2: FE-FA is as follows: 

The values of FE-FA were estimated for different slat angles by the use of Tables A-1 to 

A-8 of Reference [12], derived to establish the dif ise  radiation transmittance through a 

slat assembly as a function of slat angle and fraction of slat width irradiated. 

3: w = pAV 

A is considered one quarter the area of the glass; 

Vis considered 0.037 mis for natural convection; 

p is P/RT = 1.18 1 kg/m3 



4: The inside of the roorn is a blackbody at 27 O C .  

5: The shortness factor used in detennining convection fiom the venetian blind is 



A.2 RADCADTM Radiation Shape Factor Results 

RADCADTM [54] was used to calculate radiative shape factors used as mode1 

input. The entire calonmeter ce11 was modeled using this software. In the foilowing 

pages, each surface is referred to as MAM. MAIN.1 represents the glass. M A N 2  

represents the shade, and MAM.3 represents the absorber panel. 

O" Shade Angle 

Surface to Sudace A h  

MAlN.3, SPACE. 1 ,  7.7343 
MAm.2, MAiN.3, 0.5 1828 
MAM.2, MAM.4, 0.36080 
MAiN.2, MAN. 1 ,  0.60477 
MAiN.3, MAiN.4, 0.1696 1 
MAiN.3, M A N .  1, 0.29850 
~ ~ m . 4 ,  MAIN. 1 ,  0.10224 

MAIN2 to self, 1.1657 
MAiN.3 to seIf, 1 1.943 
MAiN.4 to self, 0.044540 

MAiN.3 to inactive surfaces, 0.36330 
C 
C Summary data 
C node area 
C 
C MAM.2 2.6560 
C MAiN.3 21.000 
C MAiN.4 0.68000 
C MAl3I.I 1.0000 

rays sum erniss %kept 



45" (-45") shade angle 

Surface to Surface AI F12 

-1, MAIN.3, SPACE. 1, 7.6608 
-3 - , MAiN.2, MAIN.3, 0.6 1957 
-3, MAiN.2, MAiN.4, 0.27986 
-4, MAiN.2, MAIN. 1, 0.68293 
- 5 ,  MAIN.3, MAiN.4, 0.2008 1 
-6, MAiN.3, MAIN. 1, 0.18593 
-7, MAiN.4, MAM.1, 0.12917 
C 
C M A N 2  to self, 0.84907 
C MAM.3 to self, 1 1.932 
C MAM.4 to self. 0.067864 
C 
C MAiN.3 to inactive surfaces, 0.40320 
C 
C Summary data 
C node area rays sum emiss %kept 
C 
C MAM.2 2.4183 10000 2.43 14 1.0000 100.54 
C MAiN.3 21 .O00 10000 20.599 1.0000 98.092 
C MAiN.4 0.68000 1 O000 0.6777 1 1 .O000 99.663 
C MAiN.1 1.0000 10000 0.99803 1.0000 99.803 

70" shade angle 

Surface to Surface A,Fn 

- 1, MAM.3, SPACE. 1, 7.6797 
-2, MAM.2, MAiN.3, 0.76656 
-3, MAIN.2, MAM.4, 0.27037 
-4, MAIN.2, MAIN. 1, 0.82564 
-5 ,  MAM.3, MAM.4, 0.19939 
-6, MAM.3, MAM. 1, 0.047943 
-7, MAM.4, MAM. 1, 0.12677 
C 
C MAIN2 to self, 0.63476 
C MAiN.3 to self, 1 1.886 
C MAiN.4 to self, 0.083436 
C 
C MAïN.3 to inactive surfaces, 0.35700 
C 
C Surnmary da& 
C node area rays sum emiss %kept 
C 
C MAM.2 2.4893 10000 2.4973 1.0000 100.32 
C MAM.3 2 1.000 10000 20.580 1.0000 97.998 
C MAiN.4 0.68000 10000 0.67996 1.0000 99.994 
C MAM. 1 1 .O000 10000 1.00003 1.0000 100.03 



A.3 Sample Mode1 Calculations 

Representing the calculation procedure for each model would be an extensive 

undertaking. tnstead, sarnple calculation sheets have been provided. If information is 

required about a specific model, it is suggested that the original publications be consulted. 

Models were developed using identical layer specific optical properties. System 

optical data was detennined using a ray trace with limited inter-reflection which was 

borrowed from Farber et. al. [8]. 

Where possible, film coefficients have been used consistently through al1 models. 

However, in the case of Farber et. al. [8], film coefficients were identified and used that 

could not easily be transferred to other models. In this case, original data was used. 

Al1 models were developed using direct solar irradiation with no straight through 

transmittance through the shading layer. Profile and incident angles were not input into 

any of the models. 



A.3.1 Double Glazing Models 

Farber et. al. [81 

Material Properties 

5 1 0.770 
% 0.770 
rs O. 150 

O. 160 

a~ O. I6O 
a, 0.200 
P.d 0.070 
pg2 0.070 
Ps 0.650 
alg I 0.2 16 
a'@ O. 185 
a's O. 124 
T~ 0.093 

0.340 
0.567 

Matrix Formulation 



Owens 1231 

Material Properties 
'el 0.770 

0.770 
=, O. 150 

O. 160 
O. 160 

as 0.200 
Ps 1 0.070 
k 0.070 
Ps 0.650 

SCSW 0.1 1 
SCLW 0.27 
SC 0.3 8 

Optical Properties 
0.1 I I  1 0.770 -0.955 

Matrix Formulation 
3 1.32 -8.60 0.00 
-8.60 17.50 -8.90 
0.00 -8.90 17.80 

Input Data 
h , 8.90 
h 8.60 
h , 22.72 
U 2.60 



Klems et. al. 110.13.28-321 

Material Properties Resu l ts 

=LI 1 0.770 SC 
k 0.770 F 
T, O. 150 %Y 

a, 1 O* 160 Na,, 
a~ 0.160 Na, 
cZ 0.200 N* 
h l  0.070 
pc  0.070 
Ps 0.650 
alB 1 0.216 

O. 185 
a ' s  O. 124 
T~ 0.093 
PEP 0.340 

0.567 



A.3.2 Single Glazings 

Material Properties 

5 1 o. 770 
5s O. 150 
an 1 O. 160 
a, 0.200 
PBI 0.070 
Ps 0.650 
a ' g  I. 0.240 
a', 0.161 
b 0.12 1 

Results 
SC 0.39 
F 0.34 

N q ,  0.22 
Na,, 0.07 
Nas O. 15 
N, 0.95 



Farber et. al. r81 

Matrix Formulation 



Owens (231 

Material Properties 

SCSW O. 14 
SCLW 0.23 
SC 0.37 

Input Data 
hi 8.90 
h e 22.72 
U 3 -72 

Optical Properties 
@O 1 .O0 Y 0  0.47 
a1 0.81 Y1 0.52 A'! 
a 2  O. 12 A'2 

Matrix Formulation 

I 3 1 6 2  
-8.90 17.80 



Van Dvck et. al. 1241 

Material Properties Resu tts 

1 0.770 SC 
T* O. 150 F 
as 1 0.160 Na*, 
a s  0.200 Na, l 
Ps 1 0.070 Na, 
P, 0.650 Ns 
alg I 0.240 
a ' s  0.161 
T, 0.121 

Klems et. al. [10,13,28-321 

Material Properties Resulis 

Tg 1 0.770 SC 
Ts 0.150 F 
CL, 1 O. 160 
a s  0.200 

Ns, 
Na,, 

PSI 0.070 N q  
Ps 0.650 N, 
a's I 0.240 
a', O. 16 1 

0.121 



APPENDIX B 
CALORIMETER CALIBRATION 



B.1 Component Calibration 

Full calibration was performed on d l  metered components of the calorimeter. 

Flow meters, thermocouples, and thermopiles were al1 analyzed. Voltage inputs into the 

DA system was also calibrated by the manufacturer. Calibration results have either been 

incorporated into data analysis spreadsheet, or directly within the QMON program. 

B.1.1 Thermocouple / Thermopile Cali bration 

Type T copper-constantan thermocouples were used to mesure temperatures in 

the system. Thermocouple correlation was based on data taken fiom the Omega 

temperature handbook [56]. To convert temperature into measured voltage (y), in mV, 

V=-0.0012+T(O.O38619+T(4.3656-10'~+T(-2.0671-10-~))) (B.1) 

To convert a voltage to a temperature measurement (T)  

T = -0.009 + V(25.8827 + V(-0.69646 + V(0.026 13))) (B -2) 

Thermopile voltage signals were calibrated in the form of gain amplifier 

corrections. For example: a voltage signal in the 8 mV range uses the 500 Gain amplifier. 

Caiibration showed that this amplifier gives a gain of 503.3. Therefore, al1 voltage signals 

oithis range have a slope of 0.9934. See the Sciemetrics calibration sheets, located in the 

Solar Laboratory, for details. 

Thermocouples were calibrated using a precision temperature bath. 

Thermocouples were electrically isolated and immersed in a propylene glycol filled test 

tube. This w+s then immersed into the temperature bath. The bath was controlled to 10, 

15, 17.5, 20, 22.5, 25, 30, 40, and 50 OC. Readings were recorded at 10 minute intervals 

after çteady-state was achieved. The data was fit using a third order poiynornial for the 

error in both temperature and voltage readings. Tables B-1 and B-la shows this data and 

Figs. B- 1 and B-2 show the data fit. 



Table B- 1 . Calibration data for thermocouples. 

20 9.95 0.000387 14.97 0.000587 17.47 0.000687 19.95 0.000787 22.46 0.000888 
1 

Ava. 9.96 0.000388 14.97 0.000587 17.46 0.000686 19.97 0.000787 22.45 0.000888 

Table B- l a. Calibration data for thermocouples (continued). 

b 

1 1 
12 
13 
14 
15 . 
16 
1 
18 
19 . 
20 

L 

Avg. 
Corr. 
Err. 

24.93 0.000988 29.92 0.00 1 193 39.93 0.00 1609 49.98 0.002035 
24.90 0.000987 29.9 1 0.00 1 192 39.93 0.00 1609 49.98 0.002035 
24.90 0.000987 29.9 1 0.00 1 193 39.93 0.00 1609 49.98 0.002035 
24.90 0.000987 29.9 1 0.00 1 193 39.93 0.00 1609 49.98 0.002035 
24.90 0.000987 29.91 0.00 1 193 39.93 0.00 1609 49.98 0.002035 
24.87 0.000986 29.90 0.00 1 192 39.93 0.00 1609 49.92 0.002033 
24.92 0.000988 29.90 0.00 1 192 39.93 0.00 1609 49.96 0.002035 
24.92 0.000988 29.90 0.00 1 192 39.93 0.00 1609 49.97 0.002035 
24.92 0.000988 29.94 0.001 194 39.93 0.00 1609 49.96 0.002035 
24.90 0.000987 29.90 0.00 1 192 39.93 0.001609 49.97 0.002035 
24.9 1 0.000987 29.9 1 0.00 1 192 39.93 0.00 1609 49.97 0.002035 
25.00 O.OOO99 1 30.00 0.001 196 40.00 0.00 1612 50.00 0.002036 
0.09 0.000004 0.09 0.000004 0.07 0.000003 0.03 0.000001 



Temperature (OC) 

Figure B-1. Plot of thermocouple temperature calibration. 

Voltage (V) 

Figure B-2. Plot of thermocouple voltage signal calibration. 

B A 2  Flowmeter Calibration 

The flow meter was caiibrated using a gmvimetnc method. For the calibration 

test, the flowmeter was connected to a constant head tank filled with 30%/70% by 

volume propylene glycol and water. This was the proposed working fluid of the 

calorirneter. h amount of fluid was collected in a bucket, and then weighed to determine 

the exact volume using density data. The flowmeter was also connected to the data 

aquisition system which recorded the pulse output. Table B-2 shows this data. Figure B-3 

shows the best fit. 



Table B-2. Calibration data for flowmeter. 

Volume (L) 

Test 

4 k  
5kg 
6kg 
7kg 

7.5 kg 
8kg 

(slow) 
8 k  

8.5kg 

4.000 
: V (L) = 0.1 O7 (UPulse) 

3.000; 

Pulses 

Mass (kg) 
4.028 
5.03 

6 .O3 7 
7.0 13 
7.529 
8 

8.023 
8.59 

Figure B-3. Plot of best fit volume rate equation for flowmeter. 

B.1.3 Pump / Fan Calibration 

Volume (L) 
3.9126 
4.8859 
5.8640 
6.8 120 
7.3 133 
7.7708 

7.793 1 
8.3439 

Power metenng in the interna1 pump and fan requires calibration only in the DA 

system. These calibrations were implemented using the systems gain amplifiers as 

discussed in Section B. 1.1. 

Puise 
36 
45 
54 
63 
68 
72 

73 
78 

Volume (fit) (L) 
3.879 
4.849 
5.8 19 
6.789 
7.328 
7.759 

7.867 
8.405 

Error (%) 

0.86 
0.76 
0.77 l 

0.34 
0-20 
O. 15 

0.0 1 
0.73 

L 



B. 1.4 Glycol Properties 

Glycol Properties were determined using the FluidfileTM prograrn. Density and 

specific heat data was taken for a range from O to 30 O C  using 30%/70% by volume 

propylene glycol and water. Table B-3 presents the data taken. Correlations are shown in 

Figs. B-4 and B-5. 

Table B-3. Temperature effects on 30%/70% propylene glycol and water. 

2 

' ~ e m ~  
O 

1 . 
2 

3 
1 

4 

5 

6 
I 

7 

8 

9 

10 

I I  

12 
I 

13 
I 

14 

15 

16 

17 

18 

19 

20 

2 1 

22 

23 

24 

25 
I 

26 
I 

2 7 

28 

29 

3 O 

p @g/m3) 1 C, (Wn<gK) lp (kg/m3) Fit Ic,, (KJkgK) Fit 
1037.40 3.793 1037.40 3.793 

1 03 7.05 3.796 1037.05 3.796 

1036.70 3.799 1036.70 3.799 

1036.34 3.802 1036.34 3.802 

1035.98 3.804 1035.98 3.804 

1035.61 3.807 1035.62 3.807 

1 03 5.24 3.810 1035.24 3.810 

1034.89 3.813 1034.87 3.813 

1034.48 3.815 1034.49 3.8 15 

1034. 10 3.8 18 1034. 10 3.818 

1033.71 3.821 1033.71 3.82 1 

1033.3 1 3.824 1033.3 1 3.824 

1032.9 1 3.826 1032.9 1 3 .826 

1032.50 3.829 1032.50 3 -829 

1032.09 3.832 1032.09 3.832 

IO3 1.67 3.835 103 1.67 3.835 

1 03 1.25 3.837 1 03 1.25 3.837 

1030.82 3.840 1030.82 3.840 

1030.3 8 3.843 1030.38 3.843 

1 029.95 3.846 1029.95 3.846 

1029.50 3.848 1029.50 3.848 

1029.05 3.85 1 1029.05 3.85 1 

1028.60 3.854 1028.60 3.854 

1028.14 3.857 1028.14 3.857 

. 1027.68 3.859 t 027.68 3.859 

1027.2 1 3.862 1027.21 3.862 

1026.74 3.865 1026.73 3.865 

1026.26 3.868 1026.25 3.868 

1025.77 3.870 1025.77 3.870 

1025.28 3.873 1025.28 3.873 

1024.79 3.876 1 024.79 3.876 



O 5 10 15 20 25 30 

Tern perature (OC) 

Figure B-4. Density-temperature relation in 30%/70% by volume propylene glycol and 
water. 

Specific Heat (KJIkgK) 

3.870 + Cp Fit 
3.860 - 

Temperature (OC) 

Figure B-5. Specific heat-temperature relation in 30%/70% by volume propylene glycol 
and water. 



B.2 Test Cell Calibration 

Calibration of the solar calorirneter was performed with the intent of determining 

running parameters, system performance, accuracy, and repeatability and reproducibility 

of results. A description and sumrnary of these tests are as s h o w  here. 

The calibration test method is the sarne as that descrïbed in Section 3.5 with some 

minor exceptions: 1) the mask wall was installed without any mounted specimen. In this 

form, the wail would be highly insdated, and the geometry would be simple. Losses 

through a planer surface are more easily and accurately quantified than through a more 

complex surface. 2) energy input was provided through a senes of heat lamps. Lamps 

were chosen because they would provide both radiative, and convective heat sources in 

the caionmeter. They were set to face the absorber panel so as to be representative of an 

irradiated sample scenario. By changing the bulbs, a test range of 50 to 600 W was easily 

achieved. It was felt that this range describes the range of absorbed energy found during 

testing. 

u 

Figure B-6. Calonmeter calibration energy balance. 



The error, E, in the system was determined by 

The calibration energy balance is shown in Fig. B-6. 

B.2.l Time Constant 

Initial tests were nin in order to determine the time constant or system response of 

the calorimeter. System response was needed to determine the time required to reach 

equilibnum for any given test. 

The time constant, r, is determined in the following manner. Thermal systerns 

generally have 1" order charactenstics. Common heat transfer theory for a 1" order 

system response [57] States that when the time after a step input equals the thermal time 

constant (q) the calculated energy will have reached 63.2% of its full reading. This is 

detemined by the equation 

Q -- - 1 - enp(- $1 
P m ,  

when t = r, 

In a similar manner, 5 time constants would be required to reach 99% of full reading. 

Two different step inputs (about 300 and 400 W) were used, each with a heat up 

and cool down calculation of time constant. Input power was metered and compared with 

calculated power. The time taken to reach 63.2% of full scale was then determined from 

the data. An example of data taken c m  be seen in Fig. B-7. 



- Qinput 
- - - -  Qtot 

1500.00 3500.00 5500.00 7500.00 9500.00 1 1500.00 l35OO.OO 15500.00 
-50 - 

Tirne (s) 

Figure B-7. Cdorimeter response to step input. 

The average time constant was calculated to be about 7.4 minutes for heating and 

cooling of the calonmeter. From this, 5 time constants would be about 37 minutes. 

Calculated time constants can be seen in Table B-4. 

Table B-4. Calculated calorimeter time constants. 



B.2.3 Zero Loss Analysis 

One ceries of tests was aimed at holding arnbient conditions within the 

calorimeter under a range of power inputs. Such an analysis will reduce the loss term to a 

negligible quantity, and aid in the verification of the other rnetered systems. n i e  range 

covered was 50, 100, 150,200,250,300, 350,400,500,550, and 600 W. 

Based on the calculated time constant, each test setting was given about 45 

minutes to reach steady state conditions. Data was then collected for an additional 75 

minutes. Visual inspection of the data was performed to identify any trends in the 

measurements. 

Figures B-8 and B-9 show the accuracy and calculated error and percent error of 

the results respectively. Al1 of the results conelate well with actual inputs. As expected, 

the absolute error increases as the power input increases while percent error remains 

within a 2% region. Tests show that results are centered about zero. 

Calculated Power (W) 

O f I 

O 100 200 300 400 500 600 

Input Power (W) 

Figure B-8. Cdorimeter test accuracy based on calibration data. 



Error O,% 

Input Power (W) 

Figure B-9. Error in calorimeter data based on calibration results. 

B.2.4 Loss Analysis 

Losses exist in three areas: wall, mask, and seal losses. Wall losses are perhaps 

the smallest concem of the three types. The active thermal guard reduces heat flow 

through the walls to a negligible quantity. The mask is highly insulated and geometrically 

simple. Losses through it are easily determined using basic heat transfer theory. Seal 

losses occur at the connection of the mask wall with the calorimeter wall. Due to the 

geometry and construction of this area, it is a Iegitimate concem when determining 

losses. The effects of thermal bridging and heating from the ends of the active thermal 

guard make this area a necessary point of analysis. 

Seal losses were estimated using the f i t e  element anaiysis software ALGOR 

[58]. Table B-5 gives the results of the Analysis. The coefficient S was defined as the heat 

loss per meter length of seal (4.9 m total), per degree change in temperature. It was 

determined by dividing calculated flux by the associated temperature difference. Loss 

was then calculated by 



Table B-S. Modeled seal losses within the calorimeter. 

A second test senes was performed in order to examine temperature induced 

losses in the calonmeter. This series was the same as the 'zero loss' analysis with one 

exception: the temperature differences across the calonmeter wdls were allowed to 

r 

Q (W/m) 

Increase. 

Figure B- 1 0 shows how error increased as the temperature difference increased. 

Cornparison of this data, with data taken frorn the first two test senes, suggests that 

calculated error is temperature driven. Where this loss is occurring is unknown. The error 

fit shown in Fig. B-10 was incorporated into the data analysis spreadsheet. 

x %Err 
-16.00 - 

, - Err (fi!) : 

Guard 
0.20 

Figure B- 10. Loss induced power measurement error. 

G uard 
0.50 



B.2.5 Air Film Coefficient Test Setup 

Interior and extenor air heat transfer coefficients are important variables in 

calorirneûic analysis. Intemal heat transfer coefficients are necessary as mode1 input in 

the determination of losses. Extemal values were calculated in order to determine the 

operating parameters of the wind generator. Fig. B-1 1 shows the basis of the following 

anal ysis. 

Gtass I G l a s  2 

Figure B- I l .  Thermal circuit for cdibration specimen. 

Qspe, as caicdated in Eq. (3.12), is equal to the Bow of heat to the interior surface 

of the specimen. Therefore 

Q, = Qd + Qcon 

and 

Qd = Fg2-a,, -6. Asp (C; - (B-8) 

Qcon = D*A,(T, - T , , I B  (-3.9) 

where D and B are caiibration constants. 

The radiant interchange factor was detennined using the calorimeter geometry, 

emissivities (estimated at 0.84 for glass, and 0.96 for the absorber plate), and a program 

developed at the National Research Council [59]. It was estimated that Fg2 ap Was - 

approximately equal to 0.826. 

- 123 - 



Using the values determined by the previous equations, ho, the interior film 

coefficient, h, and hco, can be deterrnined for a series of temperature gradients 

using 

(B. 10) 

(B. 12) 

For these tests, many systems did not need to be run or monitored. The active 

goard and ali associated metering equipment were not used. In addition, flow metering 

was not necessary. Tests were performed using only the absorber plate for intemal 

temperature control. Thennocouples metered the air temperature at six locations within 

the chamber. Two other thermocouples measured the absorber plate temperature. 

Initial testing was performed to determine the intemal heat transfer coefficient. 

This value is seen to be temperature dependent. Therefore, tests were performed over a 

number of temperature differentials. Ideal conditions would dictate that the interior of the 

calorimeter remain close to room temperature while the exterior air temperature was 

varied. The design of the caiorimeter, however, made interior temperature manipulation 

easier to accomplish. Tests were nui using a compromise of the two: room temperature 

was held in the calorimeter while an attempt was made to reduce the ambient 

temperature, interior temperature was increased relative tu arnbient conditions, and 

calorimeter temperature was increased while the ambient temperature was decreased. 

ï h e  results of the first test senes is shown in Fig. B- 12. The radiative heat transfer 

coefficient remained relatively constant at 5.092 W/m2K. The convective portion is 

calculated using Eq. (B.ll) where B and D were calculated to be 1.348 and 0.628 

respectively. The scatter in the low temperature region of the data was expected. The low 

temperature difference is directly responsible for high uncertainty in these numbers. 

- 124 - 



i 
M A A 

6.00 - t "A A A O hrad 
A{ 0 O s-o* - -& ------------ ---*------* --- 

" 00 hrad (fit) 
h, = 5.09 hcon 

4.00 - - - - - - - hcon (fit) 

AT (KI 

Figure B- 12. Internai radiative and convective heat transfer coefficient results. 

A senes of tests were run in order to provided some values of the extenor air film 

coefficients as they correlate with fan input power. This data was used to help determine 

fan settings during testing. Tests were run using a large interior / extenor temperature 

difference to increase data accuracy and stability. The room was lefi at room temperature, 

while the calonmeter was heated to 35 O C .  Table B-6 shows the approxirnate wind speed 

and air film coefficient as a huiction of input fan power. 

Table B-6. Generated wind speeds and exterior air film coefficients based of fan input 
power. 

L 

Fan Power 
Wind Speed (rn/s) 
Film Coeff. (w/rn21C) 

L 

20 Hz 
= 3 
20.73 

30 Hz 
= 5 
23 .O2 

40 Hz 
= 7 
27.52 





C.1 General Notes on Uncertainty 

Calcuiated results are ofien detennined from combinations of values obtained 

from expenmental measurements. Each pnmary measurement is subject to expenmental 

error, taking into account such factors as instrument accuracy, etc. The primary errors in 

each measurement must be combined to calculate the uncertainty in the final result. To 

increase the accuracy of the final result, it is necessary to reduce the error in each 

component to an acceptable value. 

Measurernent error may be defrned as the difference between the true value and 

the measured value of a quantity. The types of errors that occur in an expenment usually 

includes inaccurate readings, fixed errors or systematic errors, and random errors. Fixed 

errors will cause repeated readings to be in offset by a fixed amount. Random errors are 

created by electronic noise, or user interaction. The range of possible values the error 

might have is defined as the uncertainty of the measurement resuits [60]. 

Each measurernent can be defined as the best estimate of the value for the variable 

plus the uncertainty interval of the measurement. 

- 
Xi = Xi  + dq. (C.  1) 

where xi is the variable, xi is the best estimate of the variable, and dài is the uncertainty. 

Uncertainty analysis was accomplished using a method presented by Kline and 

McClintock [52]. Assurning a function of independent variables F ( x l , x 2 , q .  . . ), the 

uncertainty in F can be expressed as 



C.2 Inward-Flowing Fraction Uncertainty 

An analysis was performed on each component of the energy balance in order to 

detemine their uncertainties. This was then applied to the overall equation to find N' and 

the uncertainty associated with it. A complete example can be seen in Appendix D. 

For energy removed by the flow loop, we anzlyze the components of Eq. (C.3). 

The partial denvative of this equation with respect to each of its variables is given as 

Eqs. (C.3a-d). 

For energy added by the interna1 fans and pump, we consider Eq. (C.4). This 

equation represents the calculation of power using a voltage divider circuit. The partial 

derivative of this equation with respect to each of its variabies is given as Eqs. (C.4a-e). 



Loss anaiysis involves more basic equations. For energy transfer ihrough mask 

and the calonmeter walls, we analyze Eq. (CS). The partial denvative of this equation 

with respect to each of its variables is given as Eqs. (CSa-c). 

Loss through the seal is given by Eq. (C.6) with Eq. (C.6a) representing its partial 

derivative. 

Q,, = 0.098. AT 

The uncertainty of each variable and source 

given in Tabie C- 1. 

(C-6) 

(C .6a) 

fiom which each is estimated, are 

Al1 of these parts are then assembled to find the total uncertainty of the calculated 

inward-flowing fiaction. Eq. (C.7) gives base equation, with its partial derivatives given 

as Eqs. (C.7a-d). 



ON, - (QJ,,~ + 1 Q,om - QJm, - Q p m l p )  -- - (C .7d) 
ap, p,' 

The uncertainty of each variable in these equations has been calculated using Eq. (C.2) 

Table C- 1. Variable Uncertainties 

Source of Uncertainty Estimate 
Calibration results 

Estimated using data sheet 
Estimated using data sheet 
Thermopile anaiysis 
HP 3468A Digital Multimeter [6 11 
HP 3468A Digital Multimeter 
HP 3468A Digital Multimeter 
Caiibrated DA system accuracy 

Caiibrated DA system accuracy 
Estimated using M.02 m in measured dimensions 
Estimated based on knowledge of wall composition 

Variable 

&n 

& 
& 
SA T 

 RA 

ms 
WA 
WS 
& 

6R (rn2WW) 
' Thermopiles were calculated to 20.03 OC. [ncreased to M.10 OC to account for fluctuations and thema 
capaciiance. 

Uncertainty 
1.5% 
1% 
0.1% 
O. 1 0°C" 
0.0 16% + 2 counts 
0.0 16% + 2 counts 
0.0 17% + 5 counts 
0.1 % + 2 digits 
0.1 % + 2 digits 
0.03 m2 
5% 



APPENDIX D 
EXPERIMENTAL RESULTS 



D.1 Example Data Set 

Test # 16 for a 45" siat angle was exarnined in Section 4.1. The full data set 

wili be shown here. 

Input Data - Steady State Conditions 

Flow 
Tirne ATime Pulse APulse 

1956 
1961 
1967 
1972 
1978 
1983 
1988 
1 994 
1999 
2005 
201 1 
2016 
2022 
2027 
2033 
2038 
2044 
2049 
2055 
206 1 
2066 
207 1 
2077 
2082 

Average 

FIow 



Temperature 

in air 
in air 
in air 
in air 
abs 
a bs 
in rnask 
in mask 
blind 
blind 
out air 
out rnask 
out mask 
in win cen 
in win edg 
ot win cen 
ot win edg 

Them Temp Temp (cor) ATernp 

Average 





FLOW UNCERTAINTY 

Flow Uncertainty 
W~~~ = 6.20 
uncertainty 6.86% 

m = 1 -5 1 E-05 m3/s 

P ' 1 027.1 9 kg/m3 

Cp = 3862.97 JkgK 
AT = 1.51 "C 

+/- 1.5% = 2.26E-07 m3/s CaIibrated 
+/- 1% = 10.27 187 kg/m3 Data Sheet 

+/- 0.1% = 3.862973 JkgK Data Sheet 
+/- 0.03 O C  = 0.1 "C Thermopile Analysis 



LOSS UNCERTAINTY 

- - 

A = 3.40 i m' 

R = 1.27 ~ ' w W  

AT = 0.05 O C  

Loss Uncertainty 

uncertainty 4.71% 

+/- 0.03m2 = 0.03 rn' Measured 

+/- 5% = 0.0635 m2KW Measured 

1.98% 0.1 O C  Thermopile Analysis 

Qi, = AATR 

GQJ6A =ATR 

6QIJ6R = -AAT/R' 

6QIJ6AT = A/R 

WQ~W = ((6Q,J6A*w,J2+ (8Q&R*wd2 + ( ~ Q & ~ A T * w ~ ~ ) ~ ) ~ ~  

0.024239 
1 

0.06824 1 

-0.0 1909 

0.279685 

0.03 



POWER UNCERTAINTY 

Power Uncertainty 

uncertainty 3.76% 

RI = 200 1 W 

R2 = 12020 W 

rt= 0.010 W 

VI  = 3.492 V 

V, = 0.002795 V 

0.0 16% + 2 counts = 0.36 W HP 3468A Dig. Mult. 

0.016% + 2 counts = 2.16 W HP 3468A Dig. Mult. 

0.0 17% + 5 counts = 0.000002 W HP 3468A Dig. Mutt. 

if- 0.1% + 0.001 V= 0.004492 V CaIibrated 1 DA acc. 

+/- 0.1 % + 0.00000 1 V= 3.8E-06 V Calibrated / DA acc. 



TEST UNCERTAINTY 

90.28 W 1 6.86% 6.20 W Flow Analysis I 
1 

P = 6.80 W 1 3.76% 0.26 W Power Analysis 1 
3.64 W 1 4.80% 0.00 W Loss Analysis 1 

I 

121.31 W 1 1 .OO% 1.2 1 W Power Analysis 1 

Test Uncertainty 

uncertainty 7.19% 



FILM DATA 

air in 300.6 1 

air out 294.92 
absorber 300.15 
Ti' 307.02 

Tt 298.09 

Ur g-b Ur g-a U, b-a 

0.208 193 0.068 14 0.2 13966 



D.2 Data Result Summary 

-45" siat angle results 

Test P AT ho Ns Err hgZb hrg-ap hr5-q hgur 4 - a i r  

O" sIat angle result. 

Test P AT ho N s En hsZb hrG-ap hrs-ap hd-air hr-air 

1 44-09 -0.13 20.16 0.87 0.14 3.1 1 1.64 2.97 -0.64 13.39 
2 48.01 -0.25 15.46 0.87 0.17 3.1 1 1.64 2.97 -0.28 14.21 
3 121.18 0.94 17.44 0.86 0.07 3.32 1.69 3.1 1 -0.71 18-18 
4 193.89 0.49 15.19 0.84 0.05 3.46 1.73 3 . 2  -1.10 23.75 
5 189.82 0.05 19.12 0.83 0.05 3.45 1.73 3.22 -0.31 22.82 
6 46.82 6.02 21.00 0.76 0.10 3.29 1.73 3.15 -1.28 11.26 
7 122.63 5.15 22.50 0.85 0.07 3.43 1.75 3.23 -1.37 19.35 
8 120.29 3.87 23.06 0.81 0.07 3.45 1.75 3.25 -0.65 17.11 
9 115.22 3.92 35.35 0.80 0.07 3.43 1-75 3.23 -0.60 16.92 
10 197.11 5.22 19-69 0.82 0.04 3.66 1-81 3.41 -0.46 19.72 
1 1  47.07 11.07 15.60 0.73 0.19 3.44 1.81 3.33 -8.66 12.56 
12 47.43 10.19 22.47 0.64 0.18 3.44 1.81 3.32 -6.60 12.17 
13 123.10 10.21 19.52 0.79 0.07 3.61 1.85 3.43 -1.80 18.73 
14 197.17 10.37 16.27 0.83 0.05 3.78 1.88 3.53 -1.64 21.79 
15 202.61 9.85 22.56 0.78 0.04 3.81 1.88 3.56 -0.82 19.86 
16 114.97 5.40 6.80 0.81 0.06 3.56 1.78 3.33 0.18 13.12 



70" slat angle results 

Test 



IMAGE EVALUATION 
TEST TARGET (QA-3) 

APPLIED & IMAGE. lnc - = 1653 East Main Street - -. - - Rochester. NY 14609 USA -- -- - - Phone: 71 6/482-0300 -- -- - - Fa: 71 61288-5989 

0 1993. Applied Image. Inc.. All Rights Resenred 




