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AN EXPERIMENTAL STUDY OF A FIBER 

ABSORBER-SUPPRESSOR MODIFIED TROMBE WALL 

ABSTRACT 

An experimental study has been conducted to ascertain the effects of 
introducing fiber bed absorbers on Trombe wall passive solar collectors. 
Two identical, Trombe wall passive solar units were constructed that in­
corporate the basic components of masonry collector-storage walls: glazings, 
masonry and thermal insulation. Both units were extensively instrumented 
with thermocouples and heat flux· transducers. Ambient temperature, relative 
humidity, wind speed and insolation are also measured.· In the first part of 
the study the two Trombe wall units were tested with a single glass cover. 
The thermal performance of both units were found to be virtually identical. 

In the second. part of the study a single cover Trombe wall unit was 
compared with a. double cover unit and the latter was found to have higher 
air gap and masonry wall temperatures and heat fluxes. In the final phas.e 
of the experiment, an absorbing, scattering and emitting fiberglass-like 
material was placed in the air gap of the single glazed wall. Tests were 
conducted to compare the solar-thermal performance, heat loss and gain 
characteristics between the units with and without the fiber absorber­
suppressor. This experiment showed that the fiber bed served to decouple 
the wall at night from its exterior environment and to reduce the heat 
losses. The modified Trombe wall with the fiber absorber-suppressor out­
performed the double glazed Trombe wall system by approximately ten percent 
gain in useable thermal energy. Also, the fiber bed eliminates one glazing 
thereby reducing system cost as well. 
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CHAPTER 1 

INTRODUCTION 

The ever growing need for cheap, clean and renewable energy sources 

is the cause of a great deal of interest being shown in the use of solar 

energy for the purpose of heating dwellings. At this point in time many 

designs exist in different configurations as reported by Shurchliffe 

(1975). 

These designs can be divided into· two broad classes; the so-called 

"active" and "passive" designs. Active designs use relatively sophisti-

cated equipment to absorb, transfer, release and/or store the energy and 

they tend to be expensive to install. Passive designs tend to be as 

simple as possible because the energy collection and storage functions 

are combined into a single, independent unit. 

Examples of passive solar heating designs can be found in the 
-. 

dwellings of some American indian Tribes in Southwest America. Balcomb 

(1979) mentions instances of structures constructed during the period 

1100-1400 A.D.· Cliff dwellers built under overhanging cliffs in canyons 

- an immediate benefit would be that the low winter sun would penetrate 

the overhanging caves and heat the thermal mass created by the building 

walls and the surrounding rock. The high summer sun would be shaded by 

the overhanging cliffs and energy loss by night radiation would maintain 

lower-than-ambient temperature. Some Pueblo Indian structures were de-

signed with thick walls and cupped to face the south so as to provide 

some element of natural solar collection. Bahadori (1979) provides de-

tails on sophisticated techniques of natural building cooling which 

evolved in Iran. 

1 
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Passive systems utilize natural heating based on the principle of 

the green house effect: the solar radiation which has a spectral dis-

tribution in the visible and near infra-red range of wavelengths between 

0.3 and.3 ~m can pass through a layer of glass or other suitable trans-

parent materials and is absorbed by an opaque surface. 

The heated receiving surface emits energy in the infra-red range, 

above 4 ~m. This radiation is stopped almost completely by the glass 

cover which is substantially opaque in this range. Consequently, the 

temperature of the glass increases and it radiates towards the receiving 

surface as well as the exterior and also loses some heat by convection. 

A substantial amount of thermal energy is trapped between the cover and 

the receiving surface. The amount of heat trapped can be increased by 

interposing a second glass cover. 

The ideal receiving surface is, of course, black. However, a sur-
-. 

face of rough concrete provides good absorptivity. Hence, the receiving 

surface may be a concrete wall. In this case, the received solar energy 

is transferred partly to the circulating air between the glass parti-

tion and the wall, and partly to the wall which warms up and serves as 

large thermal mass with a large time constant to average diurnal temp-

erature variations as well as a heat source for nocturnal heating. 

1.1 The Trombe Wall 

An effective utilization of this concept was in the Centre Nationale 

de la Recherche Scientifique (C.N.R.S.) solar houses in the village of 

Odeillo-Font-Romeu in the Pyrenees Mountains of Southern France. Felix 

Trombe perfected and popularized this passive system concept that is 

known as a Trombe or Trombe-Michel system and the collector-storage wall 
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as a Trombe Wall, In this system, the south facing vertical surfaces 

are used as solar collectors as in Figure 1. 

,~ -· 
) 

' 

l .. 
r·· 

Figure 1. The working priciple of Trombe system. 

The Trombe wall is erected directly behind a large expanse of 

double window glazing~ It is a massive floor-to-ceiling wall, usually 

of concrete, painted black or at least a dark color. It usually has 

a overhang to keep out the summer sun. The wall intercepts most of. 

the sunlight before it can come into the living area. By the end of 

l the day the wall can be tens of degrees above the room temperature with 

the near surface providing indirect heat to compensate for the thermal 

losses of the structure. 

If the Trombe wall is too thin, less than 0.2 m thick or too 

thick - over about 0.5 m - the phaselag· for propagation of heat to the 

interior is not optimal. If it is too thin, the wall heats up rapidly, 

increasing heat losses to the ambient and causing premature heating 

inside. The reverse is true if the wall is too thick. 

Vents provided at the top and bottom of the Trombe wall allow 

natural convection to speed the heat transfer to the iiving space from 

the front of the wall. The vents have to be closed at night to prevent 

a reverse thermosyphon effect from cooling the room. 
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1.2 Survey of Related Research 

A substantial quantity of experimental and analytical results have 

been produced to date relating to the Trombe wall passive solar system. 

A large part of the work has been done by groups of researchers at the 

C.N.R.S. in Odeillo, France, and at the Los Alamos Scientific Lab (LASL) 

in Los Alamos, New Mexico. 

Experimental data for specific test facilities in climate specific 

conditions exist for the thermal performance of Trombe wall systems as 

listed in the bibliography. These are quite useful from the design 

point of view - however, they are limited to specific building and 
; 

weather conditions. In the literature reviewed there does not exist 

any instance \vhere tests have been made on units with different glass 

covers and absorber surfaces, under the same weather conditions. 

Trombe and his co-workers (1976) made the first effective utiliza-
·, 

tion of the collector-storage wall concept in the C.N.R.S. solar houses 

in Odeillo, France. The wall thickness, however, was 0.60 min the 

prototype houses and was found to be too much to allow the temperature 

at the inner wall surface to peak when energy demand would be maximum. 

The phase difference was found to be from 14 to 16 hours. The perfor-

mance of the C.N.R.S. buildings have been monitored for a long period 

of time and their performance is well-known. Coarse estimates of free 

convection thermal energy delivery have been made using bulk velocity 

and temperature measurements in the wall inlet and outlet ducts. 

Casperson and Hocevar (1979) have conducted tests on a variable 

geometry Trombe wall system to investigate thermocirculation perfor-

mance characteristics. They obtained velocity and temperature profiles 

for va.rious air-gap widths. The Trombe wall system performance was 
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characterized by·collector efficiency·curves similar to those commonly 

used for flat-plate solar collectors. The instantaneous efficiency 

data was calculated based on experimentally determined convective heat 

transfer rates in the air gap, conductive heat fluxes in the masonry 

wall, and the insolation rates. 

Balcomb et al (1978) have obtained experimental data and have 

r·. developed approximate design procedures at the Los Alamos Scientific 

\ 
' Laboratory. Their procedure gives estimates of long-term solar heating 

fractions for a specific nominal design. 'This design method (often 

called the Solar Load Ratio method) is not general in nature and 

different correlations have to be used for each configuration and for 

each variation of a parameter. Corrections have to be estimated on 

the ba$is of parametric studies. The Solar Load Ratio method and 

the results of simulation studies cannot be used to evaluate short-term 
·. 

thermal behavior. 

The information available in the literature regarding analytical 

models of Trombe wall performance is limited - mainly because a truly 

representative mathematical model is complex. Several studies on 

thermal network models for the analysis of passively heated buildings 

exist. Though the.models agree with specific test results they do not 

j appear to be sophisticated enough to be generally applicable. Bilgen 
\ ... 

and Jeldres (1978) took a different approach by writing the energy 

I 
\. equation ror the glass covers, air gap and wall and used a semi-implicit 

finite difference method to obtain temperature profiles in the wall as 

a function of time. They were able to optimise the thickness of the 

wall for the conditions of the C.N.R.S. dwellings in Odeillo, France. 

The optimum wall thickness obtained was 0.40 m. 

j 
\._ 
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Akbari and Borgers (1979) have performed analytical development 

r 
work related specifically to the thermocirculation phenomena in the 

Trombe wall air gap. They have made a mathematical formulation of 

,. .. 
I 

the fluid mechanics and heat transfer processes in the air gap and 

have solved the governing differential equations numerically using 

finite difference techniques. Preliminary comparisons of laminar flow 

regimes with the data of Casperson and Hocevar (1979) appear to be 

satisfactory. 

r .. 

i 
1.3 Project Research 

I 

( 
The performance of the Trombe wall systems now in use suffer 

because of thermal radiation emitted by the outer wall which is lost 

to the cool night environment and also because of convection energy 

exchange in the space between the wall and the glass cover which is 

also eventually lost to the environment. 

The research reported here tests a new concept to reduce the outer 

wall heat transfer to the environment. This method involves the use of 

fibrous materials as both the solar collecting surface and free convec-

tion and infra-red radiative suppression systems. 

l 
The insulating and thermal radiation properties of fibrous ·materials 

I 
\ . have been studi.ed both theoretically and experimentally in references 

cited in the bibliography. In general, an insulation material can serve 

to decouple a system from its environment. A fibrous insulating material 

is generally considered as a collection of fibers of various orienta-

tions with the void spaces filled with a gas (usually air), 

The fiber bed or batt is usually treated as being bounded by two 

i 
(. 

impermeable boundaries separated by a bed thickness H, which, is usually 

\ 
l_ .. 
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much smaller than the length and width of the bed. Since the bed is 

thin, heat transfer is one-dimensional in nature. ·A more general case, 

as represented by the application of fiber batts in this project, is 

a batt \vi th a free or unbounded surface exposed to the environment. 

The mechanism of heat transfer in fibrous materials is quite complicated 
('. 

I since it involves the combined modes of solid and gas conduction, ra-
\ 

diation and convection. In addition, with the introduction of a free 

surface, the radiation exchange of the fibers within the bed and con-

( ···~ vection within the bed and the environment must be taken into account. 

Most existing·studies, analytical or experimental, have been 

primarily concerned with bounded fibrous beds. In this case, energy 

transfer is normal to the plane of the bounding surface. Davis (1972) 

has noted that the relative importance of the different modes of heat 

transfer depends on such factors as fiber geometry in the bed, fiber 
-. 

dimensions, void ratio and the temperature field within the bed. It 

is generally agreed that the solid fiber material serves to suppress 

radiation and convection. Studies by Davis (1972) and Davis and 

Birkebak (1972) indicate that the free convection and solid conduction 

are negligible and gas conduction is the dominant mechanism of heat 

\ .. transfer in fibrous insulating materials. Radiation is treated as a 

correction term on the gas conductivity at low and moderate temperatures. 

For batts with one free surface,the environmental radiation and 

! 
I. 

\ 
air temperatures significantly affect the temperature distribution within 

the bed and the surface temperature as well. Birkebak et al. (1982) 

have presented experimental and theoretical results based on the analysis 

\ 

L 
of Davis and Birkebak (1974), Ozil (1976), Ozil and Birkebak (1977) and 

1 
\_. 
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the experimental results of Ch€m (1979). The radiative and total heat 

fluxes through and in a fiber batt are functions of the solid material 

and surrounding gas thermal properties, the fiber orientation, the 

bounded surface, air and surrounding radiative temperature. The im-

portant dimensionless temperatures are 

6 

and the 

T 
6 = T = s 

0 

dimensionless 

* 
__ qr 

aT 4 
0 

Ts Ta 
6 = T a T 

0 0 

heat fluxes are 

* and 

T 
6 

e = T e ( 1) 
0 

( 2) 

In the above quantities T represents the absolute temperature in 

degrees Kelvin and the heat transfer per unit area is designated by q. 

Subscripts, o, s,_a, e, rand t represent bounded surface, free sur--. 
face, air, environment, radiative and total quantities, respectively. 

The experimental results presented by Birkebak et al. (1982) are 

compared using the model of Ozil (1976) and the extended model given in 

a paper by Birkebak et al. (1982). Details of the development of the 

Ozil method are found in the literature: Ozil (1976), Birkebak et al. 

(1982) and Enoch et al. (1982). Agreement between the theoretical model 

and the experimental results is quite good. Shown in Figure 2 are the 

effects of environmental radiation temperature and air temperature on 

the tree surface temperatures of a fiber batt. The extinction coeffi­

cient, S, of the sample is 8 cm-1. and the albedo, w, is plotted U.U, 

0.5 and 0.6. The free surface temperature in fiber batts with one free 

surface is very near the environmental temperature. The results seem 



,-----

<U 
L. 

:J -0 
L. 

<U 
a. 
E 
<U r-
<U 
u 
0 ...,_ 
L. 

:J 
_U) 

(/) 
(/) 

(1) 

c 
0 

(/) 

c 
<U 

E 
0 

Cl) 

co 

1.02 

1.0 

.98 

.96 

.94 

.92 

.90 

.88 

.96. 

.84 

.82 

. 80 

.78 

.76 

,---- -~---

T =3 8 4 K 0 . 
eA = .8o 

T0 =330 K 

eA = .9o 

w=O 

=.91 

.6-­

{3 = 8 em- I 

.72 .74.76 .78 .80.82 .84.86 .88 .90 .92 .94.96 .98 1.0 1.02 1.04 

e D i m en s i o n I e s s R ad i a·t i v e E n v i r o n m e n t a I T e m p e r a t u r e e 
Fig. 2 Effect of e and e on e 

e a s 

-
' 



,--
1 

I 

! 

r 
!__ 

I 

10 

to indicate that. fibrous materials are a good free conve.ction suppression 

system (for a 2.84 em thick fiberglass building insulation batt, a wall 

temperature of 330 K and an air environmental temperature of 255 K, 

the batt free surface temperature is 264 K, a temperature difference 

of only 9 K compared to 65 K without the batts). A fiber batt inter-· 

faced in the air gap between a Trombe wall and glazing system would 

result in the surface temperature of the batt being near the glazing 

temperature and environment temperature and therefore the free convec-

tion heat transfer would be greatly reduced. Figure 3 shows that the 

net thermal radiative flux is substantially affected by air and environ-

mental radiation temperatures. It is obvious from the_figure that a 

fibrous surface is a good radiation suppression system. The total 

energy leaving (or entering) the fibrous-bed will be made up of the 

radiative ,and convective heat transferred: 

* * * ( 3) 

The effects of ambient temperature and air temperature on the total 

* heat flux qt is seen in Figure 4. In addition to the theoretical argu-

ment for the use of fiber-batts as absorber surfaces, an experimental 

study by Ozil and Birkebak (1979) seems to indicate that flat plate 

air-type collectors with fiber bed absorbers are as efficient as 

collectors with conventional, solid absorber surfaces. 

1.4 Objective of the Present Study 

The primary aim of the present study is to provide experimental 

data needed to establish if the performance of Trombe wall passive 

solar systems can be improved by using fibrous materials as: 
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a. absorbing media, and 

b. convection and radiation suppressors. 

This thesis reports the design, construction and preliminary test-

ing of the test facility to meet the aforementioned objective. Two 

models of a Trombe wall were constructed and tested for various weather 
(-

i 
{ . ~ 

conditions to ensure that their performance was nearly identical. The 

walls were instrumented with thermocouples, heat-flow meters and ra-
r. 
I 

l . diation detectors. A data acquisition system was used to obtain the 

desired measurements. Environmental variables such as wind speed, 

ambient temperature and humidity were also measur_ed. After the initial 

comparison, one of the models was used as reference and was compared 

to the other modified wall. The following two modifications were made: 

a. Use of a double glass cover. 

b. Single glass cover with fiber batt absorber. 

The problems encountered at various phases of the project and 

techniques applied to overcome them are described. Some preliminary 

data for spring and summer months are presented. 

The experimental study was conducted in three phases: 

Phase I: Two Trombe wall test units were constructed and a single 

glass cover was used for both units. These two units were tested under 

the same weather conditions and pertinent data like temperatures, heat 

fluxes, solar flux and temperature profiles were collected. The data 

l. was reduced and analyzed to ensure that the two units had similar 

L 
performances. 

Phase II: One of the test units with a single glass cover was used as 

I 
the control unit and a double-paned glass cover was used on the other 

unit. Data was collected to compare the performance of the tHo units. 

[ __ 
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Phase III: The control unit used had a double cover and the test unit 

had a fiber batt absorber surface with a single glass cover. Hourly 

data was collected continuously over a forty-eight hour period and the 

thermal performance of both units was compared. 
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CHAPTER 2 

DESCRIPTION OF EXPERIMENTAL FACILITY 

Small passive-solar test-boxes are an useful tool in the thermal-

modelling of passively solar-heated building designs.· Theoretical 

considerations for t.he test-box thermal modelling of passive-solar 

building designs have been discussed in a paper by Grimmer (1979). 

Solar gains are proportional to the area of glazing and thermal loads 

are proportional to the area of walls, floor and ceiling. In other 

words, it is possible to construct physical thermal models of a parti-

cular passi ve·-solar design by normalizing appropriate thermal design 

parameters to the south-facing glazing area. Small test-boxes that 

incorporate the basic elements of passive solar design: glazings, 

thermal insulation and thermal storage capacity have been tested by 

Palmiter et al. (1978) and Grimmer et al. (1979). The test units have 

been found. to provide a reasonably good estimate of the performance' of 

passive solar designs that have a massive storage wall behind south-

facing glazing, and heavily insulated and relatively massless roof, 

floor and walls. Details of the const.ruction of the Trombe-,wall test-

units and the experimental equipment are described in this chapter. 

The ;;~pproaches used in this experiment· includes two Trombe wall 

passive-sola.r units, a constant temperature bath, type T thermocouples, 

heat flow sensors, a pyranometer, an anemometer, a ten-channel scanner 

and multimeter. The data acquisition system consisted of a low-level 

amplifier - measurement and control processor connected to a minicomputer. 

Figure 5 shows the general schematic diagram of the apparatus. 

15 
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2.1 Test Units 

The Trombe wall test units described here are located in the 

quadrangle of the College of Engineering, University of Kentucky at 

Lexington, Kentucky. The masonry wall side of both test units are 

oriented due South. The presence of buildings on all four sides of 

the units result in a slightly shorter period of exposure to solar 

radiation than if they had been situated on the roof. However, the 

relatively large mass of the units prevented a roof location from being 

used. Figure 6, shows photographs of the test units during the testing 

stage. 

In Figure 6(i) the test unit on the left is a conventional double 

glass cover Trombe wall unit and the one on the right has a single cover 

with a fiber-bed absorber (painted black). The thermocouple radiation 

shields and externally mounted pyranometer and anemometer can be seen. 

The photograph in Figure 6(ii) shows a side view of the set-up with the 

circulating bath and tubes. Figures 7(i). and (ii) show photographs of 

the rear view of units I and II respectively. The copper cooling plate, 

coolant tubes, linear amplifier, electronic ice-points, a ten channel 

scanner and a millivoltmeter can be seen. 

2 .1. 1 Structure of the Test Units 

The test units are basically a wood-frame structure supported on a 

metal frame on coasters to provide mobility. The outside dimensions of 

the passive-solar test units are 0.832 m long by 1.44 m deep by 1.873 m 

high. The interior box height is 1.667 m and width is 0.581 m. A plan 

view of the test unit is shown in Figure 8. 

The side walls consist of plywood surfaces with 0.10 m thick fiber-

glass building insulation material interposed between. The rear surface 
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Fig. 6(i) Front View of Trombe Wall Test Units 
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't 

Fig. 6(ii) Side View of Tromh~ Wall Test Units 
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Fig. 7(i) Rear View of Trombe Wall Unit 1 Fig. 7(ii) Rear View of Trombe Wall Unit 2 
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of the box is hinged to provide access to the interior and is also made 

of plywood with 0.1524 m thick building insulation. 

2.1.2 Masonry Wall 

The Trombe wall in the test units consist of two types of blocks. 

The topmost and bottommost rows of blocks are 0.194.x 0.194 x 0.397 m 

thick concrete bond beam blocks to provide vents for thermo-circulation. 

The rest of the blocks are 0.194 x 0.194 x 0. 397 m thick solid ·concrete 

blocks. The masonry wall is 0.581 m long, 1.667 m high and 0.397 m 

thick. The vents are 0.1524 m high and 0.0762 m wide and there are 

three in the top row and three in the bottom row. 

The blocks are made of hi.gh density concrete obtained directly .from 

the manufactur~r. · The density of the blocks is about 1432 Kg/m3 and 

the specific heat is about 670 J/Kg-K. Some of the important data on 

the Trombe wall test units are summarized in Table 1. The outer sur­

face of the Trombe wall was sprayed with two coatings of 3M Nextel(R) 

glarefree black paint. The paint pigment has a composition of 20.2% 

Carbon Black and 79.8% Silicon Dioxide and has an emissivity of 0.955. 

2.1.3 Glass Cover 

3.18 mm thick window glass was used in the cover units. An alumi-

num frame provided a seat for the glazings of which either one or two 

could be installed. Bead-type insulations strips were used on the 

aluminum frame and cover unit to prevent air infiltration. When double 

glazing was used the cover system consisted of two layers of 3.18 mm 

thick window glass separated hy a 1.27 em air spa.cc located 3.81 l:m in 

front of the masonry wall. When one glass cover was used, the air gap 

was approximately 5.08 em and when two glass covers were used the gap 

was reduced to 3. 81 em. In the test run with a fi.ber batt absorber,. 
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Table 1. Test Unit Data 

Wall Thickness 

Density of masonry 
block (p) 

Volume of wall 

Total mass 

Specific heat (C ) 
p 

Total Heat Capacity 

Absorber surface 
(Phase I, II) 

(Phase III) 

Glazing type 

Number of glazings 
Phase I 

Phase II 

Phase III 

Air gap 
Phase I 

Phase II 

Phase III 

Type of heating/cooling 

Thermostat setting 

Trombe Wall Unit I 

0.397 m 

3 14:12.0 Kg/m 

515.24 Kg 

670.0 J/Kg-K 

345.21 KJ/K 

Masonry wall coated 
with carbon black paint 

3.81 em thick 
Fiber Batt· 

3.175 nun thick 
window glass 

single 

single 

single 

5.08 em 

5.08 em 

1. 27 em 

Constant temperature 
hath 

295 K 

Trombe \Vall Unit II 

0.397 m 

3 1432.0 Kg/m 

3 0.36 m 

515.24 Kg 

670.0 J/Kg-K 

345.21 KJ/K 

Masonry wall coated 
with carbon black 

paint 

·Masonrf will coated 
with carbon ·pain·t 

3.175 nun thick 
window glass 

single 

double 

double 

5.08 em 

3.81 em 

3.81 em 

Constant temperature 
bath 

295 K 
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the air gap between the glass cover and the absorber was about 1. 27 em. 

2.1. 4 Cooling Plate 

A 0.578 m long by 1.73 m high copper plate is situated directly 

behind the interior surface of the masonry wall. 0.953 em O.D. copper 

tubing was soldered onto the 0.8 mill thick copper sheet as shown in 

Figure 9. Coolant fluid is circulated through the tubing from a con-

stant temperature bath so that the air space between the plate and the 

masonry wall is maintained at nearly an uniform temperature. 

2.1.5 Constant Temperature Bath 

· A Hotpack Refrigerated Bath circulator was used as the constant 

temperature bath in this experiment to maintain the interior of both 

test units at a specified temperature. The constant temperature bath 

was connected to the copper plates in the test units by heavily insu-

lated plastic tubes as indicated in Figure 5. The operating temperature, 
-. 

range for this bath is 253 K to 343 K. However, the coolant was gene-

rally kept at about 295 K to simulate room temperature in the test units. 

2.2 Instrumentation: 

Instrumentation in the test facility consisted of the following 

items: 

(i) 27 thermocouples installed in the concrete wall of unit I at 

27 locations. 

(ii) 19 thermocouples installed in the concrete wall of unit II at 

19 locations. 

(iii) 6 thermocouples on the inside surface of the glass cover of 

each test unit at 6 locations. 

(iv) 9 thermocouples in the air gap between cover and wall of each 

test unit at 9 locations. 
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(v) 6 thermocouples on the copper cooling plate at 6 locations in 

each test. unit. 

(vi) 4 thermocouples connected in series across the inlet and 

outlet of the copper cooling plate in each unit. 

(vii) 3 thermocouples located on wiring connectors on the copper 

plate in each Trombe wall test box. 

(viii) 2 foil heat flow meters installed in the concrete wall at 2 

locations in each test unit. 

(ix) 2 thermocouples located on the heat flow sensors in each test 

unit. 

(x) 1 thermocouple measuring ambient air temperature. 

(xi) 1 pyranometer mounted in the vertical plane on the south 

faci~g side of the test unit~. 

(xii) 1 anemometer mounted on a test unit to measure wind speed. 
-. 

2.2.1. Thermocouples 

All thermocouples used in this experiment were constructed of Omega 

Engineering, Inc. copper-constantan wire. Most of the thermocouples 

were made of 20 gage wire (0.813 mm diameter) which was covered with a 

double-jacketed, Teflon insulator. The exceptions were the thermocouples 

located on the glass cover which were made of 36 gage wire (0.127 mm 

diameter). Thermocouples used to measure ambient temperature, connector 

temperatures, masonry wall temperature profiles and heat flow sensor 

temperatures were made of 30 gage nylon-jacketed wire (0.254 mm diameter). 

Copper-constantan thermocouples (ANSI Symbol T) are suitable for 

applications where moisture is present and is recommended for low-

temperature work since the homogeneity of the component wires can be 

maintained better than other base metal wires. Therefore, errors due to 
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inhomogeneity of.wires in.zones of temperature gradients is greatly 

reduced. The time constant of beaded type.thermocouples made from 20' 

gage wire is about. 3 seconds, as obtained from the Omega Temperature 

~1easurement Handbook. The "Time Constant" or "Response Time" is de-

fined as the time required to reach 63.2% of an instantaneous tempera-

ture change. Response times of 30 gage and 36 gage beaded thermocouples 

are 0.45 and 0.15 seconds respectively. The relatively long time con-

stant of the 20 gage thermocouples was not a problem since temperature 

changes occurred slowly in all locations during the tests. 

The limits of error for the thermocouple wire used are + 1 C or 

+ 0.75% (whichever is greater) in the range 0 to 350 degrees Celsius. 

In the rarige -200 to 0 degrees Celsius the limits of error are + 0.5 C 

or ~ 0.8%, whichever is greater. The error in the measured temperatures 

can exceed the stated limits. This can occur if the thermocouple wires 

are exposed to large temperature gradients. A discussion of this con-

duction error phenomenon is presented in Appendix A. Omega-CJ 

electronic ice points were used with all the thermocouples to reference 

the thermocouple e.m.f.s to 0 degrees Celsius (273 K). The circuitry 

in the thermocouple reference junction was modified so it could be used 

simultaneously with a large number of thermocouples. The electronic ice 

points were calibrated regularly to compensate for battery aging. 

Thermocouples-Masonry Wall Surfaces 

The front and rear surfaces of the masonry wall had nine thermo-

t:ouples installed on each surface. The location of the thermocouples 

are shown in Figure 10. Grooves were chipped in the block at each 

location and the thermocouple junctions w·ere positioned flush with the 

surfaces. The thP.rmncouple wires were placed in the grooves and the 
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grooves were then filled with cement. The nine thermocouples on each 

surface were connected in series to form a thermopile reading the 

'average' temperature of the surface. The cold junctions of the thermo-

pile were placed in gold plated connectors which were in good thermal 

contact with the copper cooling plate near the rear surface of the wall. 

The thermopile, then, would read the temperature difference between the 

wall surface and the copper plate. Since the temperature of the 

connector would be known (from a thermocouple placed in the connector), 

the wall surface temperature would also be known. 

Thermocouples-Masonry Wall Block 

In one of the test units (to be called from now on test unit II) 

one block was "heavily" instrumented with thermocouples. The location 

of this block is shown on Figure 10.. Nine thermocouple junctions were 

installed in the interior of the block located along an axis running 
·, 

from the front surface of the block to the rear surface. The location 

of these thermocouples is shown in Figure 11 . At each location 10 em 

deep holes were drilled perpendicularly to the top. The thermocouples 

were positioned with the junctions at the bottom of these holes, and 

the holes were filled with cement. The thermocouple junction locations 

in the blocks are known to within + 2 mm's. 

Trombe wall unit I had a "lightly" instrumented block in a similar 

location with two thermocouples located at the center of the block. 

Lack of extra channels in the data acquisition system prevented more 

thermocouples frum Lt:.ing used. 

Thermocouples-Glass Cover 

Six thermocouples were attached to the inner glass cover surface, 

t.hat is, the surface closest to t.he masonry wall. The thermocouple 
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Fig. 11 Top View of a Heavily IristrunJented Block Showing the Location 
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junctions were placed adjacent to the glass surface and then glued in 

place. Small aluminum foil radiation shields were placed on the glass 

directly in front of the thermocouples so that the thermocouples indi-

cated the true glass temperature·. The thermocouples were connected in 

series and the cold junctions were placed in a connector with good 

thermal contact with the copper cooling plate in each Trombe wall test 

unit. When divided by the multiplication factor (in this case, six) 

the thermocouple would indicate the 'average' temperature difference 

between the glass cover and the copper plate, whose temperature was 

known. The locations of the thermocouples are shown in Figure 12. 

Thermocouples-Air Gap 

Nine thermocouples were located in the air gap about 2.5 em-in front 

of the masonry wall at locations approximately opposite the nine sur-

face thermocouples on the masonry wall. The thermocouples were sus-
., 

pended using fine nylon string and were shielded from direct radiation. 

A series connection was used for the thermocouples with the cold 

junctions situated in a connector bolted onto the copper cooling plate. 

The e.m.f. generated by the thermopile so formed, indicates the tempera-

ture difference between the air and the copper cooling plate, after 

taking into account the thermopile multiplication factor. 

Thermocouples-Copper Plate 

Six thermocouple junctions were glued onto the copper cooling plate 

in each Trombe wall test unit at locations shown in Fig. 9, using epoxy 

resin thermal glue and were connected in series. The cold junctions 

were located on a heat sink bolted to the copper plate itself. The 

temperature differences indicated by this thermopile were always negli-

gible. A thermocouple was located on the heat sink so that at all times 
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both the heat sink temperature and the copper cooling plate temperature 

(which were almost identical) were known. 

Four thermocouples were located in the coolant inlet tube and four 

more were located in the coolant outlet tube of each copper plate across 

the flow stream. Two pieces of metal gauze were placed next to the 

thermocouples to ensure fluid mixing. The four inlet and outlet thermo-

couples were connected in series so that the temperature difference 

across the inlet and outlet could be read, after taking into account 

the thermopile rnul tiplication factor. An individual thermocouple \qas 

located in the flow stream at the inlet to indicate the inlet coolant 

temperature. 

Thermocouple-Ambient Temperature 

One thermocouple was installed external to the test units. It 

extended about 5 ern from the East side of the test box and was shielded 

from direct beam radiation by an aluminum tubular shield painted black 

inside. This thermocouple provided an ambient air temperature measure-

rnent. 

Thermocouples-Connectors 

As mentioned before the cold junctions of the thermopiles on the 

glass covers, air gaps, masonry walls, coolant inlet-outlet tubes. and 

copper cooling plates were located in gold-plated connectors in thermal 

contact with the copper cooling plate of each Trornbe wall test unit. 

Then:: a1·e three :mch connectors in e<~c::-.h 1mi.t and individual thermocouples 

are located in each connector. Thus, the temperature of the connector 

is known enabling the thermopile readings to be converted to absolute 

temperature values. 
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2.2.2 Heat Flow Sensors 

Two RDF Corporation Micro-foil heat flow sensors were used to 

measure the total heat flux through a block in the masonry wall of each 

test unit. The location of this block is shown in Figure 10. The 

block is located approximately at the middle of the wall. The heat 

flow sensors contain a thermopile for high sensitivity, bi-directional 

heat flow measurements and an embedded ANSI Type T copper-constantan 

thermocouple for surface temperature measurement. They were attached 

with silicon heat transfer paste to the surfaces of the block. The 

calibration constants for these sensors are given in Chapter 3. 

As will be mentioned later, the data acquisition system has a 

resolution of 10 microvolts with an input gain of 500. This is not 

sufficient to read the heat-flow sensors accurately and therefore 

linear amplifiers were used. Four Omega Engineering, Inc. Offini-Arnp II 

amplifiers were connected to the heat-flow sensors (two for each wall). 

The amplifiers were used with a gain of 10 and noise was less than SO 

microvolts RMS in the output. The output was coupled directly to the 

data acquisition system. The amplifiers were calibrated frequently by 

zeroing them and by using a known millivolt source. 

2.2.3 Pyranometer 

An Eppley Model PSP precision pyranometer was used to measure the 

insolation rate. The instrument was mounted on the vertical plane near 

the top of the glass cover on the west side of one of the Trombe wall 

test units. In this position, the pyranometer extended beyond the 

roofline and, consequently, was not shaded by the roof. 

The pyranometer was temperature compensated in the range -20 to 

+ 40°C. The e.m.f. developed by the instrument is linearly proportional 
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to the radiation.intensity to within~ 0.5 percent up to an intensity 

of 700 W/m2. ·Pyranometers mounted in the vertical plane are subject to 

error because of convection effects within the bulb of the instruments. 

However, as will be discus~ed later, the error can be taken into account. 

2.2.4 Anemometer: 

An Aeolian Kinetics Company model WPA-10 cup type anemometer.was 

used to measure the average wind speed during·the test runs of the ex-

periment. The anemometer was mounted on a stub mast which was in turn 

mounted on top of one of the Trombe wall test units. 

The anemometer contains a reed switch which is activated at a 

rate proportional to the wind speed. The reed switch is connected to 

an Aeolian Kinetics Company model WP-1000 microprocessor system which 

computes and displays both the instantaneous wind speed and an e1verage 

wind speed over a specified period of time. 

2.3 Data Acquisition System 

A computer controlled data acquisition system was used for all 

three parts of this experiment. The heart of the system consisted of 

a Hewlett-Packard HP-1000 Series 'E' minicomputer with the following 

features: 

(a) 192 K bytes main memory 

(b) 16 Bit word length 

(c) FORTRAN IV compiler 

(d) 20 M byte disk for storage 

(e) CRT displays 

(f) Line printer. 

The minicomputer \vas connected by a HP-12050A Fiber Optic link to 

a Hewlett-Packard HP-2240A Measurement·and Control Processor (MACP). 
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The MACP was set.up to read 32 analog channels but during the course of 

the experiment 4 channels were found to be defective. Therefore 28 

channels of data were available. 

The HP-2240A ~~CP has the following features: 

(a) HP-22915A Low~Level Analog input cards (low-level amplifiers) 

(b) HP-22900A Analog to Digital Converter. 

·(c) Automatic temperature calibration. 

The MACP performs as an intelligent interface between the 

HP-1000 computer and the system of sensors. The HP-2240A ~~CP is 

microprogrammed to accept streams of commands from the controller (the 

HP-1000 computer) and then execute the commands in the real-time en-

vironment of the external system such as periodically gathering a group 

of measurements. The controller program specifies what the processor 

is to do; the processor perfo1~s the specified routines and returns 

any resulting data to the controller. 

- The input channel gain was set at 500 with a range of + 20 milli-

volts. In this range the accuracy of the system was ~ 0.5 percent 

full-scale. The HP-2240A has a 12 Bit A/D Converter plus a preamplifier 

gain of 500 to give a resolution of 10 microvolts. The input channels 

had offset potentiometers which were used frequently to calibrate the 

channels against a microvolt resolu~ion digital voltmeter by both 

zeroing and using known millivolt sources. 

Some of the data was not read automatically due to a limited number 

of channels being available. The nine thermocouples measuring the 

masonry wall temperature profile in the Trombe wall test unit II were 

read using a Dataplex 10 ten channel reed scanner connected to a 

HP-3467A Logging Multimeter. The multimeter has a sensitivity of 1 
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microvolt in the + 20 millivolt range used. The two thermocouples 

located at the middle of one of the blocks in test unit I was read 

with Fluke 8600A Digital Multimeter. 

All transducers were connected to the HP-2240A by shielded 

computer cable. The HP-2240 MACP was located close to the ex-

periment location to minimize noise problems but even a close loca-

tion necessitated use of fairly long cables (10m long). Considerable 

noise problems were encountered with the cables picking up line fre-

quency noise and acting as antennas. Many shielding configurations 

were tried before the standard deviation of the readings were brought 

down to acceptable values. Linear amplifiers were used to raise the 

• signal level of the heat flux sensors. The connecting cable shield 

was connected to the negative side of all transducers near the 

transducers and at the HP-2240A MACP. \fuile averaging the readings . 

for each channel, a suitable sample size was used to minimize standard 

deviation values. Even though grounding problems were encountered 

with the constant temperature bath switched on, standard deviation 

values of 0.01 were finally obtained with a signal level of about 1 mv. 

During Phase III of the experiment a 3.81 em thick layer of fibrous 

material was attached to the masonry wall front surface~ The air gap 

thermocouples would be measuring the temperature of the fiber bed 2.54 

em from the masonry wall surface. The true air gap temperature can be 

estimated by assuming a linear temperature profile in the fiber bed 

and then l:alcu.lating the air-gap temperature. 



CHAPTER 3 

_DATA ACQUISITION fu~D TEST PROCEDURE 

3.1 General 

r 
The experimental program was begun after some preliminary tests had 

been completed to test the instrumentation and the data acquisition pro-

cedure. These tests were performed indoors with high intensity lamps 

to simulate solar insolation. Tests were made on all the thermocouples 

and thermopiles to ensure that their electrical resistance was of the 

l . . same order for both Trombe wall test units. The coolant sub-system was 

tested for various ranges of operating temperatures. During the test 

( 

l 
runs proper the thermocouple electronic ice-points, heat flux sensor 

signal amplifiers and the low-level analog input cards were calibrated 

I . regularly to prevent drift. 

3.c Data Acquisition 

Table 2 shows the input channel descriptions to the data acquisi-

tion system. Since only twenty-eight channels were available on the 

HP-2240A measurement and control processor only the more important 
r 

) 
\ 

measurements were made automatically. 

t . 
As mentioned before, in Chapter 2, most of the temperature measure-

ments (the cover, air gap, front wall surface, interior wall surface 

and copper plate surface) were made with thermocouples connected in 

series to form thermopiles, rather than individual thermocouples, that 

sense the temperature difference between the surface and the cold 

junctions situated on the copper plate. This arrangement has the ad-

vantage of magnifying the signal by the number of couples in series 

(permits detection of very small temperature differences) and one 

37 
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Table 2. List of Instrumentation Used. 

Data Acquisition System 
Channel Numbers 

Device Description Wall # 1 Wall # 2 

Interior Cover Surface Thermopile 1 17 

Air Gap Thermopile 2 21 

Exterior Wall Surface Thermopile 3 22 

Interior Wali Surfice Thermopile 4 23 

Copper Cooling Plate Surface Thermopile 5 24 

Coolant Flow Differential Thermopile 6 25 

Coolant Inlet Temperature Thermocouple 7 26 

37-Pin Connector Temperature Thermocouple 8 27 

25-Pin Connector Temperature Thermocouple 9 

· 13-Pin Connector Temperature Thermocouple 10 

Exterior Wall Heat-Flux Sensor Thermocouple 11 28 

Interior Wall Heat-Flux Sensor Thermocouple 12 29 

Exterior Wall Heat-Flux Sensor 13 30 

Interior Wall Heat-Flux Sensor 14 31 

Pyranometer · 
• 

16 

Ambient Air Temperature Thermocouple 

The following measurements were made without using the computer-

controlled Data Acqui~ition Syste~: 

9 Masonry Wall Temperature Profile Thermut:uu!Jles (Wall It 2) 

2 Masonry Wall Temperature Profile Thermocouples (Wall # 1) 

Anemometer 
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observation gives the arithmetic mean of the temperature differences 

r 
sensed by the couples. Thus, for example, if nine thermocouples are 

situated on a surface, as on the masonry wall, with the cold junctions 

located in a connector on the copper cooling plate, the signal·measured 

when divided by nine, would indicate the average temperature difference 

1. 
between the connector and the surface. This is necessary because a 

vertical surface on a Trombe wall is not at an uniform temperature. 

Experimenters have noted that measurable temperature stratification 

, .. 
\ 

can occur due to shading effects. Therefore, either the wall has to 

( 
be divided into several zones in the vertical direction and the indivi-

dual zone temperatures measured, or the average temperature of the sur-

face has to be measured. The first method, of course, requires a 

larger number of input channels on the data acquisition system and, 

therefore, was not used. 
-. 

The HP-2240A Measurement and Control Processor was programmed to 

read each input channel 20 times sequentially and pass the results to 

the HP-1000 computer. There would be a time lag, of course, between 

reading the first channel and the last. However, the HP-2240A is ex-

tremely fast (for example, reading 32 channels 20 times each would 

take at most 690.mS to execute) and du:r:i.ng the time lag the expected 

variation in the input signals would be negligible because of the 

large thermal mass of the system. The pyranometer signal was read 

60 times over a period of 15 minutes (once every 15 seconds) and the 

av~rage reading for the period was computed. This value was used as 

the "instantaneous" reading at the end of the 15 minute period. This 

·procedure is necessary because pyranometer readings are proportional 

to the insolation (the solar radiation flux) which may fluctuate 

1 .. 
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considerably over short periods of time due to changing atmospheric 

conditions. Instantaneous values of the insolation may be quite mis-

leadin·g)so pseudo-instantaneous values are used instead. At the end 

r 
of each 15 minute period all the other channels are read 20 times and 

then the process repeats itself. The logic of the data acquisition 

procedure is shown.= in Figure 13 which shows a flow chart of the data 

acquisition program "DATAQ". The program itself is written in 

FORTRAN IV language and is listed in Appendix B. 

3.3 Test Procedure 

As mentioned before in Chapter 1, the experiment was divided in 

three phases. During Phase I both Trombe wall units were tested with 

a single glass cover system. Phase II of the experiment consisted of 

testing unit 1 with a single glass cover and unit 2 with a double cover. 

A single glass cover with a fiber batt absorber was used on unit 1 

during Phase III of the experiment. The performance of unit 1 was com-

pared to that of unit 2 which had a double glass cover and a convention-

al masonry wall absorber. Further tests were made after painting the 

fiber-batt absorber surface with a carbon-black paint. 

At this stage it must be noted that the weather conditions were 

not ideal during the course of the experiment. Trombe .walls should be 

tested during cold, clear winter days when the sun is low and the angle 

of incidence of beam radiation is low. However, by the time the pre-

( 
l. 

liminary tests were completed and the apparatus was ready to take data, 

summer had arrived. The effects of the high summer sun and high ambient 

temperatures are discussed in Chapter 5. Also, air passages from the 

l. 
glazing side to the room side of the storage walls were sealed to 

eliminate thermosyphoning and thus avoid problems in maintaining uniform 

L 
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STAR.T 
,, l>ATAQ." 

.Store 
system clock time. 

ITIME: Initialise JTIME =0. 

YES 

Integrate, average and store 
SFLUX for 15 minute period. 

\v'air 15 seconds 
(JTIME = JTIME+ 15) 

'R~9d solar flux 
SF LUX 

Call '' TROMB ~ to read each data channel 
20 times. average and compute stand~rd 

. aeviation 

C~ll subroutine "TEMPTN 
1o reduce raw data. 
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"room" temperature. 

Each test.run was made for two days at a time so that the units 

could be monitored continuously for 48 hours. The available disk 

f 
storage capacity limited the data acquisition period to about 48 

hours of data. The Trombe wall test units' were left exposed to the 

environment for about 24 hours and the constant temperature bath 

cooling loop was switched on so that the temperature of the copper 

cooling plate in each unit could reach steady-state. The data ac-

r 
quisition program was loaded into the memory of the computer and a 

data file was created on the disk prior to running the program. The 

program was initialised at 12:00 A.M. at the beginning of each 48-

hour period after switching on all electronic thermocouple ice-points 

and linear amplifiers. 

The anemometer readout was also initialised to zero as the data 
·, 

acquisition procedure was started. The program switched itself off 

at the end of each 48-hour period but the anemometer readout had to 

be switched off manually. As mentioned before in this chapter the 

insolation (solar flux) data was read every 15 seconds, and averaged 

for a 15 minute period. At the end of each 15 minute interval all 

other channels were read 20 times each. The averaged "instantaneous" 

data and standard deviations were stored by the control program in 

the data file on disk. The temperature profile data was read manually 

every hour using a nine-channel scanner and a millivoltmeter. The 

l.. 
milLivoltmeter was left !:;Witched on and was Z.P.r-ned prior to reading 

each set of data~ The average relative humidity for the test period 

was found by calling the Lexington Weather Forecast line. 
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CHAPTER 4 

DATA REDUCTION AND ANALYSIS 

The data reduction and analysis procedures described in this 

chapter have been incorporated in the data acquisition computer pro-

gram "DATAQ" listed in Appendix B. Data in raw form (all in the order 

of millivolts). is fed to "DATAQ" every 15 minutes during the test 

period and the program converts and stores the data in reduced form. 

The standard deviation of each data set is calculated as 

20 2 

r 
[ (x (i) - xavg) /GD) 

i=l 
Nmax 1 (4) 

where x(i) are the data (millivolts), x is the average of the data avg 

set, GD is the gain of the data acqu1sition system (500) and Nmax is 

the number of data points (20). The standard deviation is stored -.by 

"DATAQ" for all channels. 

4.1 Thermocouple Data 

As mentioned before, all thermocouples used in this experiment 

are A.N .S. I. type T copper-constantan thermocouples. .Many data points 

,.,ere taken from th€' N<~ti nna l Bureau of Standards Copper-Constantan 

Thermocouple Reference Tables and a least-squares polynomial fit was 

obtained through these data points. The program used was available 

on the IBM-370 Computer Statistical Software Package Library. The 

following sixth degree polynomial was obtained: 

-9 1 * -1 2 T = 9.172478 * 10 + 2.599973 * 10 xTR- 8.142306 10 xTR 

2 3 -3 4 -4 5 
+ 6.423569 * 10- ~R - 5. 212138 * 10 xTR + 3.199713 * 10 xTR 

-6 6 
- 9.425144 * 10 XTR + 273 (S) 

43 
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where T is the temperature in degrees Kelvin and xTR = xT/G0 ; where 

xTR is the red~ced thermocouple millivoltage, xT is the raw thermo­

couple millivoltage and G0 = 500 is the gain factor of the data 

acquisition system. 

4.2 Thermopile Data 

4.2.1 Cover Surface Thermopiles 

The raw millivolts read fromthe cover surface thermopiles were 

reduced to the corresponding temperatures as follows: 

(6) 

where xCR is the reduced cover thermopile millivoltage, xC is the raw 

millivoltage, GC = 6 is the gain factor of the thermopile, G0 = 500 

is the gain factor of the data acquisition system and x is the raw 
p 

millivolt reading of the thermocouple located on the cold-junction 
·, 

connector on the copper cooling plate. xCR is converted to TC' the 

cover temperature in degrees Kelvin by using equation (5) with xTR 

replaced by xCR. 

4.2.2 Air Gap, Exterior and Interior Wall Surface Thermopiles 

As in equation (6) 

xAR = xA/(GA * GD) + xp/G0 (7) 

xER = X /(G * GD) + xp/G0 E E (8) 

XIR = xi/ (GI * GD) + xp/G0 (9) 

where xAR' xER and x1R are the reduced air gap, exterior wall surface 

and interior wall surface thermopile millivoltages respectively. xA' 

xE and xR are·the corresponding raw quantities. GA = GE = G1 = 9 are 

the thermopile gains and G
0 

and xp are as defined before in equation (6). 
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The reduced millivolts are converted to temperatures TA' TE and T1 by 

using equation (5). 

4.2.3 Copper Cooling Plate and Coolant Flow Thermopiles 

The copper plate average temperature Tcp·iS obtained from equation 

(5) by using xCPR instead of xTR' where 

( 10) 

xCPR is the reduced millivoltage from the copper plate thermopile, xCP 

is the corresponding ·raw millivoltage and GCP = 6. The coolant outlet 

temperature, T , is obtained by adding the coolant differential thermo-
. . 0 

pile rnillivolta~e to the millivoltage reading from the copper-constantan 

thermocouple at the inlet and then using equation (5). 

(11) 

x0R - reduced millivoltage corresponding to outlet temperature. 

xCD - millivoltage of differential thermopile. 

GCD - gain of thermopile = 4. 

x1N- raw inlet thermopile reading (mV). 

4.3 Heat Flux Sensor Data 

·. 

Four RDF Corporation Micro-foilTM Heat Flux Sensors were used for 

heat flux measurements. The heat flux measurements were obtained as 

follows: 

(12) 

2 where k is the sensor multiplication factor (W/m /mV) as supplied by 

the manufacturer, Z is the temperature correction factor to be obtained 

below, GHF is the gain of the heat-flow sensor L::near amplifier (10) 

and G0 is, as before, 500. . q is the heat flux in W/m
2 

and ~F is the 

heat flux sensor reading in millivolts. 
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The temperature factor Z, is obtained from a second-degree poly-

nomial that results from a curve-fit of data supplied by the manufac-

turer. 

Z = 1.542994 - 2.524 x 10- 3 * THF + 2.0 *. 10-
6 * T~F (13) 

where, THF is the temperature of the heat-flux sensor in degrees 

Kelvin. THF is obtained from the reading of a thermocouple located 

in the heat-flux sensor. The following table lists the heat-flux 

sensor multiplication factors as supplied by RDF Corporation: 

Table 3. Heat Flux Sensor Multiplication Factors 

Description of Sensor Multiplication Factor k(W/m2 /mV) 

External Heat-Flow Sensor (Wall 1) 2.9557 X 102 

Internal Heat-Flow Sensor (Wall 1). 3.0589 X 102 

External Heat-Flow Sensor (Wall 2) 3.0738 X 102 

Inte1·nal Heat-Flmo~ Sensor (Wall 2) 3.03534 X 10 2 

4.4 Pyranometer Data 

The reduction of the pyranometer readings was very straight for-

ward. The calibration constant of the instrument, as supplied by the 

Eppley Laboratory, Inc. is 96.8054211 W/m2/mV. No temperature com-

pensation is necessary because .the pyranometer "is self-compensating 

in the range - 25 to 40°C. This calibration constant has been obtained 

with the pyranometer in a horizontal position. Norris (1974) has noted 

that the response characteristics of pyranometers in inclined positions 

are slightly different due to convection effects. The effect is quite 

pronounced when the pyranometer is mounted in the vertical plane, as 

in Trombe wall tests and must be accounted for. As shown in Figure 14, 

a precision Eppley pyranometer may read as much as 10% more than the 
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actual value of-insolation when mounted vertically. It is surprising 

that many researchers seem to ignore this important fact. A correc-

tion factor, CPY = 0.9, as recommended by Norris, is taken into 

account when evaluating the incident solar flux by using the follow-

ing calibration equation, 

IC = Mpy * Cpy * xpy/G0 
(14) 

where IC is the insolation (W/m2), ~Y = 96.8054211 W/m
2

/mV is the 

multiplication factor and xpy is the pyranometer output in millivolts. 

G
0 

= 500, as before. 

12r-----~----~~--.-----.---r--------------------------r-, 

0 

Inclination 

fi:,:ure 14. Eff.:cts of inclination of pyranom.:ters on calibration. Instruments are: 0, Eppl.:y 
ISO': 6.. Precision Eppley: X, Trickett-Norris (CSIRO); 0 Kipp. th.:rmopilc ;)xis indincJ; 
\7. Kipp, th.:cmopil.: axis horizontal. Adapted from Norris, Solar En.:rgy, 16, 53 (1974). 
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4.5 Anemometer Data 

The anemometer readout displays the total elapsed wind run and 

updates the reading continuously. The average wind speed, for each 

twenty-four hour period, is found by dividing the total wind run in 

kilometers by the number of hours the wind run has been accumulating. 
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CHAPTER 5 

. EXPERIMENTAL RESULTS AND DISCUSSION 

The major objective of the experiment was to establish that a 

Trombe wall passive solar collector with a fiber batt absorber had 

an improved performance when compared with a conventional Trombe wall. 

Toward meeting this goal, a set. of experiments was conducted to de-

termine the thermal performance of two identically constructed Trombe 

wall test boxes. In the first part of the experiment, both test units 

had a similar configuration of single glass covers. Data is presented 

to show that the thermal characteristics of thetest units are vir-

tually identical. 

In the second part of the experiment a single cover Trombe wall 

was compared with a double cover Trombe .wall. In the final part a 

single cover fiber-batt absorber Trombe wall unit was compared with 
·, 

a double cover unit. Hourly data like cover temperatures, air gap 

temperatures, wall surface temperatures and heat flux measurements 

are presented for all three parts of the experiment over a 48 hour 

period. These results are plotted together with the hourly insolation 

and ambient temperature values over 48 hour periods. In the actual 

experiment,data was collected over a large number of days but only six 

days of data are presented as representative of the large amount of 

data collected. The temperature profile within a double cover Trombe 

wall test ~ni~ is presented for a 24 hour period. 1he energy gain of 

the fiber absorber single cover Trombe \oJall is compared with that of 

a double cover unit. Top loss coefficients are calculated for all 

three configurations of the Trombe wall units. The significance of 

the results are discussed in this chapter. All the data presenteu 

49 
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in graphical form are also.tabulated in Appendix D. 

As mentioned before, the experiment was conducted over spring and 

summer months. The data presented in this chapter, therefore, is pre-

liminary in nature and the conclusions drawn from them should be con-

firmed by supporting data obtained through a heating season. However, 

certain trends are quite clear from the data and many interesting 

conclusions·can be drawn. Some information about the data collection 

periods like day numbers, relative humidity, wind speeds and weather 

conditions are presented in Table 4 below. 

Table 4. Some Information about Data Collection Periods 

Experiment Day of Year (1982) 

Phase I 113 (April 23) 

"114 (April 24) 

Phase II 174 (June 24) 

175 (June 25) 

Phase III 196 (July 15) 

lS,l7 (July 16) 

Relative 
Humidity(%) 

62% 

59% 

78% 

63% 

68% 

7n% 

5.1 Comparison of Two Identical Test Units 

Average 
Wind 

Velocity 
(m/s) 

1.8 

1.43 

2.86 

3.08 

3.34 

3.66 

Weather 
Conditions 

Intermittent 
Clouds 

Light Clouds 

Light Clouds 

Clear 

Light Clouds 

Hazy 

In the first part of the experiment the two Trombe wall units were 

compared with single glass covers on both-units. The 3.18 mm thick 

glass covers were installed 5.08 em in front of the masonry wall sur-

face. Rayleigh numbers obtained for this configuration were typicaily 

about 7 x 104 for the test period. The test period of this phase of 

the experiment was day 113 and 114 (April 23 and April 24, 1982). Day 
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113 was a cloudy day and day 114 had light clouds in the morning with 

clear sunshine. in the afternoon. Both days were chilly with minimum 

temperatures dropping to 275.2 K on day 114. Figures 15 through 19 

r- present thermal performance data like temperatures and masonry wall 

surface heat fluxes. The data is also tabulated in Table D.l in 

Appendix D. 

5.1.1 Cover Temperature Variation 

The temperatures. for the glass covers of test unit 1 and 2 are 

presented in Fig. 15. It can be seen that the cover temperatures 

are quite close for both test units (within 0.5 K of each othe~. 

The cover temperature of unit 1 seems to be slightly higher than that 

of unit 2 and this trend is observed in the air gap and front wall 

surface temperatures as well. The effects 'of clouds can be seen in 

day 113 when the insolation values vary considerably towards midday. 
·, 

Interestingly enough, the glass cover temperatures vary at the same 

time as the insolation showing the relatively low thermal time con-

stant of the glass cover. The ambient temperature also shows a simi-

I. lar trend. 

l· .. 
5.1.2 Air Gap Temperature Variation 

The air gap temperatures measured are almost identical for both 

I 

L single-cover Trombe wall units, as is evident from the curves in 

Figure 16. Like the cover temperatures, the air gap temperatures of 

test unit 1 are slightly higher than that of unit 2 (by a maximum of 

0.6 K). In day 113 the oscillation in the insolation curve has a 

marked effect on the air gap temperature curves. Nevertheless, both 

Trombe wall test units respond identically. 

1 ... 
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5.1.3 Masonry Wall Front Surface Temperature Variation 

Figure 17.shows the variation of the front masonry wall surface 

temperature with time. The trend is similar to the one observed in 

the air gap temperature.· The temperature of the masonry wall surface 

increases with increase in the incident solar flux and decreases as 

the solar flux decreases. A minimum is reached when the ambient 

I. 
temperature reaches a minimum, because losses to the environment are 

I 

l I maximum.at this time. This minimum is at 6:00AM on day 113 and 114. 

A maximum absorber surface temperature of about 320 K is reached at 

about 2:00 PM on day 114. However, rapid variations in the insolation, 

as on day 113, do not have such a marked effect on the wall surface 

temperatures as on the air gap temperatures, mainly because of the 

large thermal time constant of the masonry walls. Both test unit 1 

and 2 have very similar masonry wall surface temperature curves with 
·, 

the unit 1 curve being occasionally slightly higher than the unit 2 

curve, by a maximum of 0.5 K. 

5.1.4 Masonry Wall Interior Surface Temperature Variation 

Figure 18 shows a remarkably consistent behavior of the masonry 

I. 
wall interior surface temperatures of Trombe wall units 1.and 2. The 

temperatures in both units are very close together at all times of 

I 

L the test period with the interior surface ·temperature in unit 1 being 

sometimes slightly higher by about a rnaximum of 0.3 K. The curves 

exhibit a periodic behavior, reaching a maximum at about 11:00 PM and 

1 
l .. 

a minimum at about 12:00 in the afternoon. It cnn be ob~crvcd that 

the interior surface temperature lags the front wall surface tempera-

ture by about 10 hours. Similar figures for the phase lag have been 

observer:! in c:;tncliP.c:; for w::~ll thic::knP.c;ses c:lnse tn the one used in 

I._ 
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this experiment (Bilgen et al. (1978)). 

5 .1. 5 Masonry Wall Surface Heat Flux Variation 

The front wall surface and interior wall surface heat· fluxes are 

plotted together with the insolation and ambient temperature variations 

in Figure 19. The results are consistent with the trends observed for 

the front wall and interior wall surface temperatures. Heat flux is 

taken as positive into the wall at the front surface and positive out 

of the wall at the interior surface. The front wall heat flux follows 

the trend of the insolation very closely, as is evident in day 113. 

At night the heat flux is outward from the front surface towards the 

environment and during hours of significant isolation, heat flux is 

into the wall. The heat fl1u curve of test unit 1 is somewhat higher 

than the curve of unit 2 during hours of peak insolation. However, 

generally speaking,it may be concluded that test units 1 and 2 behave 
·. 

similarly under identical environmental conditions. 

The interior wall heat flux.curves look very similar to the in-

terior surface temp~rature curves in Figure 18, in fact, they have the 

same period and the maxima and minima occur at the same time. This is 

consistent with the fact that heat flux from the interior surface 

should be maximum and minimum when the interior surface temperature is 

maximum and minimum, assuming that the "room" temperature is held 

constant. The heat flux curves for units 1 and 2 are almost identical -

the maximum difference being about 2.9 W/m2 . This difference was due to 

the calibration of the heat fltix sensor and Nas later corrected for. 

5.2 Comparison of a Single Cover Test Unit with a Double Cover Unit 

The two Trombe wall test units were tested on days 174 and 175 

(June 24 and 25, 1982) starting from 12:00 AM on day 174. Both days 
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were fairly sunny with some cloud towards midday on day 174. The 

effects of this cloudiness can be seen in the plot of insolation in 

figures 20 through 24 where .the curve dips at 1400 hours. The peak 

·value of ~he insolation is 384.8 W/m2 at 1300 hours on day 174 which 

2 is quite a bit lower than the peak value of 555.8 W/m measured during 

Phase I of the experiment. The reason, of course, is that the zenith 

angle is smaller in June than in April. In other words, the sun is 

higher in the sky in June so that the insolation measured in the 

vertical plane is lower. 

Another observation that can be made is that the ambient curve 

lags the insolation curve by about 3 hours. Rayleigh numbers were in 

the order of 7 x 104 in the 5.08 em air gap in the single cover test 

unit and about 1 x 103 in the 3.81 em air gap for the double cover unit 

showing that the flow was well in the laminar region in both units ... 

Some of the data obtained in the test period is plotted in Figures 20 

through 24. The actual data is given in Table 0.2 in Appendix D. 

5.2.1 Cover Temperature Variation 

Trombe wall test unit 1 had a single glass cover placed 5.08 em in 

front of the masonry wall surfac~ and unit 2 had a double cover (with 

the glass panes 1.27 em apart) located 3.81 em in front of the wall 

surface. In unit 2 the inner surface temperature of the inner cover 

was measured and in unit 1 the inner surface temperature of the only 

cover surface was measured. Figure 20 shows the variation of these 

temperatures with time. As can be seen from the plot, the cover 

temperature of unit 2 is consistently higher than that of unit 1 - by 

about 3 K. This is probably because of two reasons. The air gap 

temperature in the double cover unit is higher than in the single cover 
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unit and also the cover in unit 1 is in direct interaction with the 

ambient unlike the inner cover in unit 2. 

5.2.2 Air Gap Temperature Variation 

Some interesting conclusions can be drawn from Figure 21 which 

shows the variation of the average air gap temperatures in the double 

cover and single cover units. As expected, over the 48 hour period, 

the air ga.p temperatures for the double cover unit are higher by as 

much as 2.6 K at night than that of the single cover unit. The im-

prov.ement is more apparent when the temperatures are dropping and at 

night-time and early morning when the temperatures are low. The double 

cover unit has a lower top loss coefficient, Ut 1 compared to the single 

cover unit, as will be shown later. The single cover unit loses more 

energy to the environment thus decreasing air gap and wall surface 

temperatures. This conclusion can also be drawn from the wall heat 
·, 

flux measurements. 

During midday, when the isolation is maximum, however, the air 

gap temperature is higher,by a maximum of 1.5 K, in the single cover 

unit for abou·t three hours. The explanation for this phenomenon lies 

in the fact that the transmittance of a double cover decreases more 

rapidly with increase in the angle of incidence of solar radiation than 

the transmittance of a single cover. In summer months the angle of 

incidence of beam radiation on vertical surfaces near solar noon is 

quite high. Thus~lower transmittance values are to be expected for 

double covP.rs. Jn winter, when the angle of incidence of solar radia-

tion is low and ambient temperatures are low, double cover Trombe wall 

units are expected to have appreciably higher air gap and wall surface 

temperatures than single cover units. 
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5.2.3 Masonry Wall Front Surface Temperature Variation 

The trend in the variation of the masonry wall absorber surface 

temperatures is similar to the variation in air gap temperatures, as 

can be seen in Figure 22. The double cover Trombe wall surface tern-

perature is consistently higher than the single cover Trombe wall 

surface temperature, except during hours of peak insolation. The 

difference in surface temperatures becomes more apparent as the ambient 

_temperature decreases to a minimum, proving that the use of a double 

cover improves thermal performance of a Trombe wall by cutting down on 

nighttime radiation losses to the environment. The double cover masonry 

\vall surface temperature is higher by as much as 3. 6 K. compared to the 

single cover wall temperature when the temperature curves reach a 

minimum value early in the morning at 7:00 AM. The explanation for 

higher wall surface temperature during midda)' for unit 1 (single cover) 
·. 

is the same as that for higher air gap temperature given in section 

5.2.2. During winter, the double cover test unit wall surface tempera-

tures should be considerably higher than the temperatures for the 

single cover unit. 

5.2.4 Masonry Wall Interior ·Surface Temperature Variation 

The interior masonry wall surface temperature variations can be 

seen in Figure 23. The periodic nature of the curves is similar to 

the interior surface temperature curves obtained in Phase I of the 

experiment with the maxima occurring at about 11:00 PM and minima 

occurring at about-12:00 in the afternoon. The phase lag of these 

curves compared with the front wall surface temperature curves is about 

9 to 10 hours. In other words, a temperature "wave" progresses from 

the f~ont surface of the wall to the rear surface in that time. The 
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superior performance of the double cover Trombe wall is more apparent 

in the valleys. of the curves where the double cover unit interior 

surface temperature is appreciably more than that of the single cover 

unit. When the curves reach a minima, the double cover unit tempera-

ture exceeds the single cover unit temperature by about 0.8 K. In 

keeping with the trend in the front wall temperature, the single cover 

Trombe wall interior surface temperature is slightly.higher than the 

corresponding double cover quantity near the maxima (by about 0.4 K). 

The performance of the double cover unit should be quite appreciably 

better in winter when losses to the environment play an important role 

in determining the interior wall surface. 

5.2.5 Masonry Wail Surface Heat Flux Variation 

The results obtained for the masonry wall surface heat flux· 

variations during the test period are consistent with the variations 
·., 

of the surface temperature, as is evident from Figure 24.which shows 

plots of both the front wall surface and interior surface heat ·fluxes. 

At the front surface, heat flux is positive for flow into the surface 

and at the interior wall surface heat flux is positive out of the 

surface. The front wall surface heat flux curves are in phase with 

the insolation curve - the heat fiux curves peak when the insolation 

is maximum. The front wall surface heat fluxes are negative between 

6:00 PM and 7:00AM in the morning showing that during this period the 

walls lose heat to the environment. Except at midday, the front wall 

heat flux of Trombe wall test unit 2 (double cover) is greater than the 

figures for unit 1 (single cover). This is consistent with the higher 

front wall surface temperatures for unit 2 observed in Figure 22 and 

shows that the thermal performance of a double cover unit is superior to 
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that of a single cover unit for most of the day. 

The interior wall surface heat flux curve, like the interior wall 

surface temperature, lags the insolation curve by about 10-12 hours. 

A phase lag of 10-12 hours is desirable because heating requirements 

for buildings are maximum during night and·early morning and one would 

want to obtain maximum interior wall surface temperature and heat flux 

during this time. The interior wall heat flux for unit 2 is consis­

tently higher than that of unit 1, by about 10 W/m2, showing that a 

double cover Trombe wall unit has a more desirable thermal performance 

compared to a single cover unit. 

5.3 Comparison of a Fiber Batt Absorber Test Unit with a Double Cover 

Unit 

The last part of the experiment was performed during days 196 and 

197 (July 15 and 16, 1982) with a double cover on test unit 2 and a 

single cover with a 3.81 em thick fiber bed absorber attached to the 

masonry wall surface in unit 1. Day 196 had intermittent cloud cover 

towards midday leading to oscillations in the·insolation curve observed 

in Figures 25 through 29. There were very few clouds in day 197 but 

some haziness existed in the atmosphere~ After collecting 48 hours of 

data the fiber batt absorber surface was painted with glarefree black 

paint, as mentioned before, and the experiment was run over a 24 hour 

period. However, the Trombe wall unit \'iith a black fiber absorber did 

HOl compare as favorably with the double cover unit as the unit with 

the clear fiber material. This is probably because painting the fiber 

batt black decreases the transmittance in the visible range. 

During the test period the maximum value of insolation obtained 

. was 411.9 W/m2 at 1:00 PM on day 196. Ambient temperatures were quite 
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high- the maximum being 310.2 Kat 5:00 PM on day 197 and the minimum 

was 294 K at 6:00 N--1 on day 196. Rayleigh numbers obtained in the air 

2 
gap of 1.27 em were typically in the order of 9.5 x 10 , which implies 

that the flow was laminar in the air gap. All the data used in ob-

taining plots 25 through 29 have been tabulated in Table D.3 in Appendix 

D. 

5.3.1 Cover Temperature Variation' 

Figure 25 presents the cover temperatures of unit 1 and 2 as a 

function of time during the test period. As in Phase II of the experi-

ment, in unit 1 the inner cover surface temperature was measured for 

the only cover and in unit 2 inner surface temperature of the inner 

cover was measured. It can be observed from the plot that the double 

surface temperature is higher than the single cover temperature for 

most of the test period except at midday when the solar insolation 
·, 

is maximum. At this time the single cover temperature exceeds the 

double cover temperature by as much as 3.3 K. This result is quite 

different from the one observed when an ordinary single cover unit was 

compared with a double cover unit where the cover temperature of the 

single cover unit was always less than that·of the double cover Trombe 

wall. At night the temperature of the single cover is as much as 4 K 

less than the double cover temperature because the single cover is in 

direct interaction with the enviro-nment. During midday, the air gap 

temperature of the fiber batt absorber unit is briefly quite appreciably 

higher than the air gap temperature of the double cover unit. Since 

the cover is in direct contact with the air in the air gap, at midday 

the single cover. has a higher temperature than the double cover. It is 

interesting to observe how the oscillations in the insolation curve in 
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day 196 affect the single cover surface temperature whereas the double 

cover surface seems to be affected not at all. This is because the 

air gap temperature in the fiber batt absorber Trombe wall unit is 

very sensitive to fluctuations in the insolation - as will be observed 

in the following section. 

5.3.2 Air Gap Temperature Variation 

As mentioned earlier the air gap temperature in unit 1 (the fiber 

batt absorber Trombe wall unit) is not really the air gap temperature 

but is the temperature 1.27 em deep in the fiber bed. During hours of 

appreciable insolation values we observe that this fiber batt tempera-

ture is considerably higher than the air gap temperature in unit 2, 

probably because of convection suppression within the bed. The inci-

dent solar radiation heats the fiber batt and since the batt serves as 

a convection and radiation suppressor (and since it's thermal conduc-
·. 

tivity is low) most of the thermal energy is used in heating the fiber 

batt locally. Thus, local batt temperatures rise considerably. This 

local temperature rise is understandably quite sensitive to variations 

in the insolation. curve as can be seen towards midday on day 196 in 

Figure 26. During nighttime the fiber batt acts as an infra-red radia~ 

tion reflector and the batt temperature is lower compared to the air 

gap temperature in unit 2. ·It is· expected that during sunshine hours 

in winter, when the insolation will attain higher values, the fiber 

batt interior will attain even higher temperature$. ·It may be possible 

to augment thermal energy delivery from the Trombe wall by filling the 

air gap with the fibrous material and arranging forced convection 

through the vents to take advantage of the high temperatures in the 

batt. 
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5.3.3 Masonry Wall Front Surface Temperature Variation 

The front wall temperatures for units 1 and 2 are plotted in 

Figure 27. It is seen that the double cover unit.performs better 

than the fiber batt absorber unit during daytime hours whereas at 

night the performance of the fiber batt absorber unit is superior 

in terms of higher wall surface temperatures. For example, at 2:00 

PM on day 197, the front wall temperature for the double cover unit 

"is 319 K whereas for the fiber batt absorber unit the corresponding 

temperature is 316 K. However, at 6:00AM on day 197, the double cover 

unit front ·i.,all temperature is 302.7 K \.,hereas the fiber bed absorber 

Trombe ~~~~ 11 front wall t~Jllperature is 304.8 K. This result is, of 

course, quite reasonable since during the day solar radiation is 

incident directly onto the masonry wall surface in the double cover 

unit whereas in the single cover unit the radiation has to pass through 

the fiber batt. Even though the fiber batt functions almost like a· 

glass cover in being more transparent in the visible range than in the 

infrared, less radiation penetrates through to the masonry wall surface .. 

Some of the radiation is absorbed, emitted and scattered within the 

fiber batt. However, at night, the fiber batt suppresses infra-red 

radiation emission from the masonry wall surface to the ambient. Heat 

loss from the Trombe wall front surface to the ambient is reduced con-

siderably - this conclusion will also be drawn in the discussion on the 

heat flux plots in section 5.3.5. 

The introduction of the fiber batt has the effect of increasing 

the thermal resistance for energy loss to the ambient. This is con-

firmed by the fact that the top loss coefficient; Ut, evaluated later 

in section 5.4 is lower for the fiber batt absorber Trombe wall test 



77 

unit than for the double cover unit under identical environmental con-

ditions. During winter months, when ambient temperatures are much 

lower, a fiber batt absorber Trombe wall unit should be clearly 

1-
superior to a double glass cover Trombe wall unit in terms of reduced 

energy losses. 

5.3.4 Masonry Wall Interior Surface Temperature Variation 

Figure 28 shows plots of the masonry wall interior surface tern-

perature as a function of time. As observed in the comparison of single 

and double cover walls, the interior surface temperature for both the 

double cover wall and the single cover fiber-batt absorber wall lags 

i 
I_ 

the front surface temperature by about 9 to 10 hours. The interior wall 

surface temperature for unit 1 (the fiber-batt absorber unit) is flatter 

than the corresponding curve for unit 2 leading to the conclusion that 

the addition of a fiber batt reduces the amplitude of the oscillation 

in the temperature due to an added thermal .resistance. The interior 

wall surface temperature curves for unit 1. and unit 2 exhibit a similar 

behavior as the front wall surface temperature curves, except about 10 

hours later. In other words, at noon, when the interior wall surface 

temperature curves are at a minimum, the unit 1 temperature curve ex-

ceeds the unit 2 curve by about 0.6 K. Near 11:00 PM, when the curves 

are at their maxima, the unit 2 (double cover unit) inner wall surface 

temperature curve is about 0.6 K higher than the unit 1 curve. In 

winter the improved energy loss characteristics of the fiber-batt ab-

sorber Trombe w<~ll should have a more pronounced effect on the interior 

wall surface temperature. 

5.3.5 Masonry Wall Surface Heat Flux Variation 

The front wall surface and interior wall surface heat fluxes for 

[_ 
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both the conventional double cover Trombe wall and the fiber-batt ab-

sorber single cover Trombe wall are plotted in Figure 29 together with 

the ambient temperature and the insolation. Both the double cover 

and the fiber-batt absorber Trombe wall front surface heat fluxes 

2 reach a maximum energy loss of -36.5 and -27.1 W/m at 10:00 PM on day 

197. The maximum energy gain for·the front wall surface is 140.1 W/m
2 

for the fiber-absorber unit and 169.9 W/m2 for the double cover unit 

at 1:00 PM on day 196. The results show that the front wall heat flux 

of the double cover Trombe wall is larger than that of the fiber ab-

sorber unit between 9:00 AM and 4:00 Pr.-1 in the daytime. This is con-

sistent with the higher front wall surface temperatures attained by 

the double cover Trombe wall test unit' in this time period. In the 

hours when significant solar radiation is incident on the Tr~mbe walls, 

the added thermal resistance introduced by the fiber-batt layer lowers 
·, 

the heat flux into the wall compared with the double cover unit. 

An opposite effect is noticed between 5:00 PM and 8:00 AM when both 

walls are losing energy to the environment. During this period the 

fiber-batt absorber Trombe wall loses less thermal energy with the 

maximum difference in loss rates being about 10 W/m2 less than the 

double cover Trombe wall. The· interior wall surface heat flux plots 

lead to the same conclusion but the difference in the magnitude of the 

heat fluxes is not so dramatic as in the front wall heat fluxes. The 

interior wall surface heat flux curves lag the front wall heat flux 

curves by about 11 hours. The maximum heat flux from the rear surface 

of the walls are 39.8 W/m2 and 36.9 W/m2 at 12:00 PM on day 197 for 

the double cover and fiber absorber Trombe wall units respectively. 

The minilllliW hA<'lt. fluxes of 25.3 W/m2 and 22.7 W/m
2 

for the fiber-absorber 
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and double cover Trombe wall unit interior wall surfaces are attained 

at 1:00 PM on day 196. The energy yield rate from the double cover 

Trombe wall unit walls surface interior is greater between 7:00 PM 

and 8:00 AM whereas the energy yield rate for the fiber absorber 

Trombe wall is greater between 9:00 AM and 6:00 PM. 

5.3.6 Comparison of Energy Gain for the Test Units 

One method to compare the performance of the fiber-batt absorber 

and double cover Trombe wall units is to compute the energy gains for 

the two walls over a period of time by integrating the front wall 

heat flux values plotted in Figure 29, as follows: 

Q = r qdt 
0 

(15) 

2 where Q is the net energy gain over the time period t in J/m ; q is the 

hourly average front wall surface heat flux W/m 2 and ~ is taken as 48 

hours. A Simpson quadrature rule was used to numerically integrate 

the heat flux values at hourly intervals over a 48 hour period. The 

results for test units 1 and 2 are plotted in Figure 30 and also tabu-

lated in Tahle 0.4 in Appendix D. 

It may be concluded from the plot that at the end of the 48 hour 

test period the fiber-batt absorber surface Trombe wall has a larger 

energy gain than the double cover unit (577.2 J/m2 versus 532.7 J/m2). 

It is also clear from Figure 30 that the double cover unit performs 

better during the time insolation values are near maximum and the 

fiber-batt unit performs better when the insolation is near zero. On 

the whole, the fiber-batt unit appears to be more efficient than the 

double cover unit. 
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5.4 Comparison of Top Loss Coefficients 

The top loss coefficient, Ut in W/m
2

, is calculated for the single 

cover, the doubie cover and the fiber-batt absorber Trombe wall test 

units during Phase II and III of the experiment. The procedure follow-

ed in making these computations is given in detail in Appendix C. 

The top-loss coefficient, Ut, is an indication of the energy loss 

through the front cover of a solar collector. Solar collector design 

is often an exercise in optimizati<:m the objective of which is to 

minimise ut without seriously decreasing the transmittance-absorptance 

of the cover-absorber surface system. The top-loss coefficients ob-

tained from the computations ann the corresponding Rayleigh numbers 

are tabulated in Table 5. The Rayleigh number indicates laminar.flow 

for natural convection in this geometry for Ra < 10
6

. As 

can be seen, the flow patterns in the Trombe wall channels were well 

in the laminar regime. 
.. 

5.4.1 Comparison of Single Cover Unit with Double Cover Unit 

From Table 5 it is clear that the double cover unit top loss co-

efficient is less than the single cover unit top loss coefficient by 

almost 40%. We would expect this in the light of the results obtained 

for the temperature and heat flux variations for Phase II of the ex-

periment discussed in section 5.2. The introduction of a second glass 

cover cuts down on the longl..rave radiation losses from the front absorb-

ing surface of the Trombe wall. 

5.4.2 Comparison of Single Cover Fiber-Batt Absorber Unit with Double 

Cover Unit 

The values of Ut listed for the fiber-batt absorber Trombe wall 

unit are about 18% less than the values obtained for the double cover 
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unit during Phase III of the experiment. The conclusion from this re-

sult reinforces the statement made earlier in this chapter that the 

introduction of a layer of fibrous material serves to reduce thermal 

energy losses to the environment. The energy loss through the front 

of a Trombe wall is the result of convection and radiation losses to 

the environment. In winter, when the difference between the absorber 

surface and ambient temperature (which is the driving potential for 

energy loss) is large, we would expect the fiber-batt absorber Trombe 

wall unit to perform considerably better than a conventional double 

cover unit . 

5.5 Temperature Profile Results 

In .Phase II of the exp
1
eriment temperature profiles in the heavily 

instrumented block located in the double cover Trombe wall unit,. were 

measured. The temperature pTofiles obtained are representative of 
·, 

profiles in the cross-section of the Trombe wall unit. Figure 31 

shows the temperature profiles obtained at different times in a 24 hour 

period. The data points have been tabulated in Table 0.5 in Appendix 

D. A temperature "wave" progresses from the front surface of the wall 

to the inside surface with time. Figure 32 shows a similar plot ob-

tained in an analytical study by Bilgen.and Jeldres (1978). In the 

case they studied, the wall thickness was 0.6 m as opposed to the 0.4 m 

thick wall used in this experiment. They also assumed that the inner 

wall surface could be held constant at one fixed temperature. In 

practice, of course, this would not be the case. However, qualitatively, 

it is clear that the general shape of the profiles in Figures 31 and 32 

are remarkably similar. 



CHAPTER 6 

r 
CONCLUSIONS 

The most important conclusion drawn from this set of experiments 

r is that a single cover Trombe wall passive solar collector, using a 

fiber-batt absorber surface is an attractive alternative to a more 

expensive, conventional double cover Trombe wall system. Data has been 

collected to compare the two systems over summer months. The results 

indicate that the fiber-absorber Trombe wall has a top-loss coefficient 
, ·-

! about 18% less than a conventional double-cover Trombe wall. Conse-

quently, superior front wall surface and interior wall surface tempera-

tures are attained during the night and day times respectiveiy. The 

total energy gain for the fiber-batt absorber Trombe wall unit has 

been found to be about 7% more than the double cover unit for a 48 hour 

heating and cooling cycle. Plots of the front wall heat flux and i_!J.-

terior wall surface heat flux show that even though the fiber absorber 

Trombe wall gains less energy during periods of exposure to solar ra-

diation, it's superior energy loss characteristics at night, compared 

with that of a double cover Trornbe wall, lead to a better performance. 

In the first set of experiments the two Trombe wall units had 

single glass covers installed and their thermal performance has been 

! compared. Their performance has been found to be very similar under 
<.' 

the same environmental conditions with all temperatures measured being 

within 0.6 K and heat fluxes agreeing to within 5% of each other. 

I During the second set of experiments a single cover Trombe wall unit 
,, 

was compared to a double cover unit and their performance has been 

evaluated. The double cover unit has been found to have a superior 

j. 
performance in terms of higher front wall and interior wall surface 
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temperatures, air gap temperatures and larger heat fluxes into the 

front wall surface and out of the rear wall surface. Energy losses 

to the environment have been found to be lower at night for the double 

cover unit. Temperature profile data has been obtained at different 

times of a 24 hour period and the profiles agree well with those ob-

tained by an analytical study by Bilgen and Jeldres (1978). 

Though this experiment indicates the effectiveness· of using double 

glass covers and single covers with fiber batt absorbers, it must be 

recalled ·that the data has been obtained over spring and summer months. 

According to theory, a double cover Trombe wall unit should perform 

even better compared to a single-cover unit during a heating season. 

Correspondingly, the merits of a single-cover fiber-batt absorber 

Trombe wall unit compared with a conventional double cover Trombe wall 

unit should be more apparent in winter. This, however, needs to be .. 
verified by obtaining data through winter months. 

L 



APPENDIX A 

ERROR ANALYSIS OF THE SYSTEM 

A.l Heat Flux Sensors 

r The heat flux sensors used in this experiment were RDF Corporation 

1 
\ •. 

j . 
L. 

micro-foil heat flow sensors as described in Chapter 2. The calibra-

tion equation for these sensors is 

q = k*Z*V (Al) 

where q is the heat flux measured in W/m2, k is the sensor multipli­

cation factor (W/m2/mV), Z is the temperature correction factor and 

V is the millivolt output of the sensor~ Equation (Al) can also be 

written as 

q = M*V (A2) 

where the multiplication factor M is obtained by combining k and Z. 

The temperature compensation factor, Z, is obtained from equation (~3) 

in Chapter 4 

-3 -6 2 Z = 1.542994 - 2.524x10 * THF + 2.0xl0 * THF (A3) 

where THF is the mean temperature of the heat flux sensors. Taking 

the natural log of both sides of the equation (Al) 

ln q = ln k + ln Z·+ ln v (A4) 

On differentiating Equation (A4) we obtain 

dq dV dZ 
-= -+ T q v (AS) 

where dq/q is the error percentage of the total heat flux measurement, 

and the terms dV/V and dZ/Z are the error percentage of the voltage 

measurement and temperature compensation factor estimation, respectively. 

As mentioned before, the accuracy of voltage measurement on the HP-

2240A MACP is + 10 microvolts. However, by using Omega Omni-Amp II 
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linear amplifiers with a gain of 10, the resolution is improved to + 1 

microvolt. The term dZ/Z can be calculated from Equation (A3) as 

follows 

3 -6 2 ln Z = ln (1.542994 - 2.524x10- * THF + 2.0x10 * THF ) (A6) 

After differentiating,we obtain 

df = (- 2.524x10- 3 
+ 4.0x10-

6
* THF) dTHF/1.542994 

-3 -6 2 
- 2.524x10 * THF + 2.0x10 *THF ) (A7) 

where-the accuracy of the temperature measurement, dTHF is~ 1.0 K. 

Once the mean temperature is calculated, the error in the heat flux 

measurement due to temperature can be calculated. 

Usually, the error percentage caused by temperature measurement·. 

is small, while the error due to voltage measurement is larger. The 

following three examples show the percentage error of the heat flux 

measurement caused by each factor. 

Ex. 1 THF = 325.56 K 

V = 73.34 J..lV 

% error caused by temperature measurement is 0.131% 

~ error caused by voltage measurement is 1.364% 

Total % error caused in the heat flux measurement is 1.495% 

Ex. 2 THF = 324.1 K 

V = 28.6 J..lV 

% error caused by temperature measurement is 0.132% 

% error caused by voltage measurement is 3.5% 

Total % error in the heat flux measurement is 3.63%. 
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EX:. 3 THF = 321.104 K 

V = 7. 73 llY 

%error caused by temperature measurement is 0.133% 

% error caused by voltage measurement is 12.94% 

Total % error in the heat flux measurement is 13.073% 

It is clear that the dominant error in the total heat flux mea-

surement is the voltage measurement. When the voltage was greater 

than 20 microvolts, the percentage error was less than 5%, which is 

acceptable. Most of the heat flux sensor readings were greater than 

20 microvolts .. 

A.2 Thermocouples 

In this expe~iment all thermocouples were made of copper-constantan 

wire with limits of error + 1 K. The calibration equation for copper-

constantan thermo.couples as written in Chapter 4 (Equation 5) is as 

follows 

T = 9.172478*10- 9 
+ 2.599973xlO!x 

+ 6.423569x10-~x3 - 5.212138x10-~x4 + 3.199713xl0-~x5 

-~ 6 9.425144x10. x + 273 

where T is the temperature in degrees K and x is the thermocouple 

voltage in millivolts. 

Taking the natural log of both sides, 

ln T = ln ( right hand side of Eqn. (A8)) 

differentiating, 

dT I -1 2 -..., 7 

1r = (2.599973*10 - 1.62846X + 1.927* X - 2.0848552*10 ~X~ 

+ 1.28*10- 3x4 - 5.6551*10- 5x5) dx/(r.h.s. of (ABU 

-. 

(A8) 

(A9) 
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where dT is the uncertainty in the temperature. due to voltage measure-

ment and dx is the error in voltage measurement = + 10 microvolts. 

The following two examples give an idea of the magnitude of the 

errors involved: 

Ex. 1 X = 2.131mV 

T = 325.695 K 

% error caused by voltage measurement is 0.071% (0.232 K) 

% error caused by thermocouple errors is 0.397% (1 K) 

Total erro.r = 0. 468%• (1. 232 K) . 

Ex. 2 x = 0.7105mV 

% er.r.or. caused by voltage measurement is 0.086% (0.25 K) 

% error caused by thermocouple errors is 0.344% (1 KJ 

Total error = 0.43% (1.25 K) 

It is clear that thermocouple errors dominate. For therrnopiles, 
·. 

however, the percent error will be lesser because of the fact that 

the voltage output of thermopiles is higher by a factor equal to the 

number of thermocouples connected in series. 

In the above analysis, it has been assumed that the thermocouple 

error is less than + 1· K. In some temperature measurements larger 

errors can occur when the thermocouple leads are exposed to large 

i temperature gradients. However, in this experiment, the temperature 
(. 

gradients were not large. In any case, error due to conduction in 

the thermocouple wire was almost identical in both test units and did 

not affect the comparison of results between units. 

A. 3 Pyranometer 

l As mentioned in Chapter 2 a Precision-Eppley pyranometer was used 

'· to measure the incident solar flux (insolation). The calibration error 

l. 
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is given as + 0.5% by the manufacturer. The calibration equation of 

the pyranometer.as obtained from Chapter 4 is 

I = M *C *x /G 
c PY PY PY D 

(AlO) 

where I is the solar insolation (W/m2), M is the multiplication 
c PY 

factor of the instrument, C is the correction factor, G0 is the 
PY 

data acquisition system gain and x is the output of the instrument 
PY 

in millivolts. 

Taking the natural logarithm of both sides and differentiating, 

we obtain 

di dx 

~--fL 
c PY 

di is the uncertainty in the solar insolation due to the uncertainty 
c 

dx + 10 microvolts, in voltage measurement. 
PY 

Ex. 1 x = 5.0 millivolts 
PY 

I = 435.625 W/m2 
c 

% error in the insolation rate due to the uncertainty 

is 0.2% 2 (0.87 W/m ) 

% error in the insolation rate due to calibration is 

0.5% (2.18W/m2) 

Total %error in the insolation rate 0.7% (3.05 W/m2) 

In other words, when the insolation is high, the calibration error 

dominates. 

Ex. 2 X = 0.5 mV 
PY .., 

I = 43.5625 W/m' 
c 

% error in the insolation 

% error in the insolation 

? 
0.5 % (0.22W/m~) 

rate due to dx = 2% (0. 87 W/m2) 
PY 

rate due to calibration = 



9~ 

. 2 
Total error in the insolation rate due= 2.5% (1.09W/m) 

Or, at lower insolation rates the error due to uncertainty in the 

voltage reading dominates. 
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APPENDIX B 

DATA ACQUISITION AND REDUCTJON PROGRAM "DATAQ" .. 

&D~1AQ T=00004 lS ON CR2Y793 USING 00076 BLKS R=OOOO 

0001 FTN4 
0002 
0003 c 
0(.1 04 c 
OUllS c 
0{J 06 c 
0007 c 
0008 c 
0009 c 
Q()j_O c 
IJ 0 J.<L . c 
0Ui2 c 
OOD c 
Olll.4 c 
on t ·:; c 
00i6 c 
00l.7 c 
ll 0 j, 8 c 
Olli9 c 
0020 c 
0 0 ;:~ i c 
0 IJ2~:: c 
oo~:~J c 
(J 02·~ c 
i.l 02';. c 
0026 c 
0 U2'l c 
0028 c 
oo;.:.!9 c 
0030 c 
00:51 c 
0032 c 
003:0 c 
0034 c 
0035 c 
0036 c 
0037 c 
0038 c 
0039 c 
0 01! 0 c 
ll 04 i c 
0 U.o~12 c 
0043 c 
0044 c 
ti i.1·1S c 
0 0-'!6 c 
004'? c 
0048 
0049 
00':>0 c 
0051 c 
oo·::;2 c 
OOSJ 
0054 8910 
nnss 
OliS6 
0057 B9ii 
llOS8 
0059 
0060 8912 
0061 
00b2 
0063 B9i3 
0064 
0065 c 
0066 c 
ll06'7 c 
0(168 iUUO 
006'7' c 
0070 c 
007~ c 
00'/:.. 
() 0'73 90 
00'/4 
0075 
00'76 
00'77 
00'/B 

PROGRAM DA1AQI3,50) 

lHIS PROGRAM PERFORMS 1HE FOLLOWING TASKS :: 
(J.) CGLECTS SULAR FLUX OAl'A EVERY iS SECONDS. 
(2) AVERAGES THE SOLAR FLUX DATA OVER iS MINUTES. 
(J) AFT~R AV~RAGING TH~ PYMANOMETEN UATA FOR 15 MINUTES 

CAllS DATA ACQUISITION ~NOGRAM "TROMB" WHICH 1AKES 
~8 CHANNELS OF DATA FMUM THE TMUMBE WALLS #1 & t2. 

(4) WHEN "TRUMB" lERMINATES "UATAQ" SCHEDULES ITSELF 
TO RUN AGAiN FOR TH~ N~XT lS MINUTES . 

THE SUBROUliNES CALLED BY "DATAQ" ARE:: 
"lNOMB": CULLECTS DA.rA FRUM TRUMBE WALLS. 

PROGRAM "lROMB" lN 1URN CALLS THE FOLLOWING SUBROUTINES: 
< i > "EI~IWR": LISTS Ei~RUI-i:-3, iF ANY .iH THE DAlo; ACLlUIS CTIOI'I 

r~·oc~::ss. ' · 
121 "TEMPT": CONVERlS THERMOCOUPLE MlLLlVOLTAGES 10 

'f'E;"li"ERo!\'i'IJRES. 
<3l "FlU:.".: S'fCJi~ES 'fHE DATA "IAI<EN BY ""IRDI·Hl" IN A D;1TA 

FILE NAMEO "DTRUMl", 

VARl~BlE' LIST FOR ~R0GRAM "DATAQ":: 
I il ":L'li:.N "- > NUMBER OF TrMES SULAR DATA IS TO BE COLLECTED 

< .(NPUTl. 
12l "IOFST"-) THE lNTERVAL lN SECONDS BETWEEN SUCCESIVE DATA 

COLLECTION NUNS AND HAS TO B~ NEGATIVE llNPUTl. 
13) "NMAX"-> SAMPLE SIZE FOR UATA COLLECTION IINPUT). 
14) "ICOUN"-/ LOOP CUUtfiTR. 
(5) "I11ME"-> ARRAY CUN1AINING 1HE TIME OF DAY. 
(6) "MACP" -> LUGIC~L UNIT NUMBER OF THE MEnSUREMENT AND 

CONTROL PROCESSOR. 
17) "GAIN" -> GAIN SETTING UN THE LOW L~VEL ANALOG INPUT 

i-:<Ut-.RD, 
(8) "SMULl"-> MUlllPLICATION ~ACTOR FOR PYRANUMET~R READING. 
(9) "VOLT"-> ARRAY US~O TO STO~E DAIA RETURNED FROM THE MA~P. 
liOl"COND" -> CONDITION COVE bUR DATA ACOUISI'f'ION ~~OCESS. ' 
(ii)"AVG" -) INSTANTANfUUS VALUE PYRANOriETER M£LLIVDLIAGE. 
(i2l"FlUX" -> INSTANTANEOUS VALUE OF SULAR FLUX <WATTS SQ.M> 
(iJ) "F" -) AVERAGE VALUE UF PYRANUMLT~R MlLLIVOLTAGE. 
li4l "H" -> AVERAGE VALUE U~ SOLAR bLUX IWA1TS/SQ.METERl 
liS) "R" -> STANDAND DEViATION U~ SOLAR FLUX READIN~S. 
116) "ITY" -> VAIUAHLE INIHC~,TING IF "DATAl.~" IS 1U BE RUN 

ONCE <IF ITYO il UR 1F IT !S 10 BE RUN CUNTlNOUSLYI ITY=i> 
117l CRRCT -> CORR~CTION FAClOR FOW VERTICAL PY~ANOMETER 

MOUNTING <CNRCT=U.9) 
lNTEGER JTIME<S> 1 IVOL1120l,CUND,KTIME15) 
REAL VULTI20l,A(b0l,B(60J,C(60) 

lHE VALUES UF ITER, lOFST, NMAX AND ITY ARE REAP IN. 

WRITEil B910) 
~URMAT<iX,' ITER 1 ) 

REi"oD\1 1 :«> ITER 
WI~ITE<l. 1 891il f'CJI~Mtor<~x,• IOFST ') 
NEAD<1 *> lOFST 
WI~ITE ( ~-, 8S'i2) 
~URI1AT(1X,' NMAX ') 
READI:l. 1 ll<) NMo~X 
WIHTE<l B91:5l 
f'ORMoO>oT< {X ' ITY ') 
I<E.ADii 1 :l<) '1 TY 

All ARRAYS AND CONSTANTS TU BE USED IN lHE CALCULATlDNS ARE lNITIAL 

i.CDUN=O 

1HE TIME AT WHICH CALCULATION S1ARTS IS STORED IN ARRAY JTlME. 

CAll EXEC<ii JTIME) 
MACP=31 I 

G~oiN=SOO. 
SMULf=96.8054211 
1 CDI.JN= I COUN + 1 
IF<ICUUN.CT.ITER) GO TO 100 
DO S L=l,NMAX 
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f 

r 

\ 
L 

l. 

0079 
0 0 I:! 0 
OOB1 
OOI:l2 
008:"3 
00i:;4 
0005 
0086 
0 OB'l 
OOB8 
OOB9 
0 0'?0 
OU9i 
0 0 <,:~:! 
0093 
OOY4 
0095 
U0'/6 
0 09'? 
0098 
0 0'19 
0 i 0 0 
010i 
ll1u2 
OiU3 
0104 
o i o·::; 
0 i(J6 
010'7 
Jil!::l 
Ot09 
ou.o 
Oii1 
0112 
O.i.i3 
Oi14 
OilS 
011.6 
Oli7 
0 i.1.8 
01 i '7' 
0120 
Ol.21 
0 i ;:.!~.? 
0123 
0124 
012S 
0126 
0 1;.:::·; 
0128 
0129 
0 i.:s u 
0131 
ou;.':! 
01:;:3 
0 i3i; 
01:5'3 
Ol.36 
OL:i7 
lli38 
OL::i'i 
'-'1 :.; !.1 
0 1 ·~ :t 
014;,:? 
u i:!.j 
0144 
I) 1 .; ·~· 
!)'1,41, 
0 ~ 4/' 
() l'~b 
(J14'? 
(: l ':; 1.) 

OLS.l 
0 tS;; 
() 1':;:; 
0 .i. '54 
01 ~:.,:, 
0156 
01 ':>'/ 
lliS8 

s 
c 
c c 
c 

c 
c 
c 

iS 

17 

r. 
c 
t: 
c 

31 

4t) 

'IS 

iO 

20 
30 
c 
c 
c 

c 
c 
c 
c 
100 

60 

c 
c 
I' 
c 
c 

c 
c 
c 
c 
c ,.. 
i: 
l.; 

IVOLT<U=O 
VOLl<L>=O, 
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lHE PRESENT liME IS WRITTEN TO lHE TERMINAL TU SHOW lHAT DATA lS 
BE:U~G TAI(Er~. 

CALL EXEC(i1,KTIME> 
WRITE<1,10liKTIKEI6-Il,I=i,Sl 

A COMMAND lS WRITTEN 10 TH~ MACP TO R~AD SOLAR FLUX DAl'A NMAX llMES 

CALL CLEAR(MACP,il 
WRITE ( i'li~CP 1 S) 
f- fJRMAT ( "fJN f ") 
WiHTi::IMACP ,17) 
HJF!MAT("AC i!"l 
WRITE<MACP!20lNMA~ 

1HE VALUES ARE REA» ~NOM THE MACP AND THE lNSOLATION AND STANDARD 
DEVIATIUN ARE C~LLULATED. 

READ(MACP~•> CONP,IIVOLTCil,I=i,NMAXl 
IF<CGNtl.Et.~.O> GO 1'0 3i 
WRITEI:1.,30l 
CPIL.L :::;~ IHJI~ 
s·1 OP i 
rorr..;L=u 0 u 
SW=t) ··) 
i>o :l::,· .r=t· rml=',x 
VOLT(J)=F(OATCIVOLT(J)l/GAIN 
TOTAL=TOTRL +VOLf<JJ 
AVG=TO.rAL/<FLOAf(NMAXll 
DO 4S J=i NMAX 
SW=SW+IUU[l<J> -AVGl**2 
SD=SQRfiSW/FLOATCNMAX-1)) 
f- LUX=A,IG:~SMUL'i 
A< I COlli·~ l =tWt; 
IH l COUN) =FLUX 
C<ICDUN),~3D 

, f-OR~er ~,i.X 1,''D81.;." ~ f.3~g~, "HOUR:", l:l ,2X, "MIN o: ", I3, 2X, "SEC o: ", 
o..ziJ~,':_,\; M.[LL-lYt:..Lo o }.J.,jJ 

1-0RMAT<"RP ",I2 "o1U i 16 ioWN i;NX 1 ") 

FORM,;f(iX,"CONDihGrl COf>E ii~fw:~n::s EHI-IOR"l 

"DATAQ" IS RESCHEDULED TO RUN AGAIN iS SECONDS LAJERo 

CALL EX~Cii2,0,2,0,IOFSTl 
GO ro 90 

-. 

AVERAGE VALUES FOR MILLIVOLTAGES, SOLAR ~LUX AND STANDARD D~VIAT10N 
ARE Cr.LCUL,; Tt::D. 

r:.=o.n 
G=O. IJ 
Q=O.U 
DO 60 I=1,ITER 
E:.=E+A(I) 
r.;;;l~+i:<( :() 
r~=C4+C <I) 
F=E/FLOAT (ITER) 
H=f:;./;=-!_Cii4 T ( 1·1 El~) 
f<=l4/FLu,;T I ITf~) 

SIJBI<OUflNE "TI\Ot·iB" lS CALLED TO lAKE DATA ~ROM DEVICES IN TROMBE 
tJ,;L;_S. 

( .. 1 T'"U.M"''' ·~ :1 ''TIMI:- N'1-·.,J ~ H _ ;_ . I' ..._. , 1· ) • . , 1. ) J . I - J. I t· f-i" 
IFCJ:TY.Hlotl (;(] IU lGtiu 
iJ., u::~ 
i:.N.I) 

SUBROUflN~ lHOMSCF,H,K,JTIM~,NMAX) 

SUB~OGTlN~ 1~0MB P~RFORMS fH£ ~OLL8W1~G lASKS WHEN ~ALLfD 
BY THI:: M!HN ~·i~IJ(;,<,.:,, .. ; "J)~,'j,.,i.~··:: 
(il COLLEClS 28 CHANN~LS U~ DATA FROM THE MEASU~~MENl ~ND 

CIJI~·I I{QL f-'I.:UC~~!;=>uH ,~,·;,;,>( r il'lt::S Ar~ll •"•'Jl·.rU11;t::U i'r-iO:::M. 
<21 REUUC~S 'iHE OATA ~NUM TH~ N~W ~UHM TO VARIOUS QUANfiTIES 

LiKE TEMPEHHiUK~S, H~nr ~LUXt::S ANU SOLAR FLUA~S. 



r 
01<59 c 
0160 c 
0161 c 
0.1.62 c 
0163 c 
0.1.64 c 
016'3 c 
0166 c 

r- 0167 c 
0168 c 
Oi69 c 
() 1'/ 0 c 
Oi71 c 
01/2 c 
0173 c 
u 1'/4 c 
0175 c 
u 1'/6 c t 
0 i 7'7 c 
0 1'/8 c 
0179 c 
0 if:! 0 c 
iJi.8i c 
0Hi2 c 
IJ1l:l3 c 
0 tt!4 c 
Ol.lil'il G 
O:LU6 c 
Gi87 c 
01U8 c 
0189 c 
() i .,, 0 c 
Oi9i c 
0~7'2 c 
01?·J c 
0 i'?'4 c 
0 i 'IS c 
tJl'>'o c 
Oi y·/ c 
0198 c 
0 i <;•9 c 
0200 c 
020i c 
0202 c 
021.13 c 
0204 c 
020S c 
0206 c 
0 2 (;"7 c 
0208 c 
0209 c 
0210 c 
02ii c 
0212 c 
02i3 
021-4 
02J.S 
0216 
ll2i.7 c 
Od.8 c 
021 <J c ! 
o2;.~o 
022i 
a~·:,~ 

'-'-'-
0CC:3 
02;~4 
022S 
02;~6 
OCC.7 
o2;~a 1 
0 ;.:!;.:!') 2 
o;.~3 o c 
0231 t: L 0 .,.,., 
~ .. ')r_ c 

022;3 c 
0~~-3 -'l c 
o2:ss 
0236 
0237 .iS 

-l 
I. 

0238 17 
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(~) STONES lHE REDUCED DATA AND lHE TIME UF EXECUTION IN A 
DATA FILE NAM~D "DTMOM1" BY CALLING SUBROUTINE "FILE". 

VARIABLE LIST FOM SUBROUTIN~ TROMB:: 
(i)NMAX-) SAM~LE SiZE OF DATA. 
C2lMACP-) LOGICAL UNIT NUMBER OF MEASUREMENT AND CONTROL 
PROCESSOR. , 
C31AVG -> ARRAY CONTAINING lHE RAW DATA CMJLLIVOLTSI READ 
FRUM THE MALP IAFTER EACH t:HANN~L IS AVERAGED> . 
C41XAVG-> ARRAY CONTAINING lHE REDUCED DATA <TEMPERATURES· 
H£AT FLUX~S AND SOLAR FLUXI . 
<S>SD ->ARRAY CONTAINlNG lHE'STANDARD DEVIATIDN CALCULATED 
DURING THE WEPEATED REAU!NG OF EACH CHANNEL. 
C61VOLl-> TWO DIMENSIONAL ARRAY INTO WHICH THE kAW DATA FROM 
THE MACP IS R~AD PRIUR lO UATA REDUCTION. 
17lGAIN-> THE G~IN SETTING UN THE LOW LEVEL ANALOG INPUl 
BOAI~D. 
181JTIME-> ARRAY lN WHICH lHE TIM~ OF UAY IS STORED. 
(9)COND -> CONUITION COU~ FON DAfA ACQUlSifiON PHUCESS. 
C1~)SMULT-> MULTIPLICATION ~ACTUN FOR ~YRANOMETER READlNG. 
CiliMULTF-> ANWAY CONTAfNlNG THE MULTIPLICATiuN ~ACTUH~ 
US~U lN CONV~RTING ·rHE lHERMUPILE READINGS. 
Cl2lHMULT-> ~MRAY CONfAiNfNG THE MULTIPLIC~TLON FnCTORS 
UStD lN cONVERTING THE HEATFLOW METER NEADINGS. 
llJ) Z -> r~M~~NATUN~ CUkNECTIUN ~ACTOR ~OK HEATFLOW 
ME'ii::RS. 

IT SHOULD BE NOTED THAT ALTHOUGH 32 CHANNELS ARE HEAD BY 
"TRUMB" THE Nt::~;U.U~CS f'ROi"' t;HANNt::L 1t-i5 i.B, 1'7' ;:, 20 Al-ii:·~ 
IGNURED ~ECAUS~ 'tHESE CHANNELS ARE DE~ECTIVE AND NO DEVICES 
ARE CONNECi'fD 10 THEM. 

CHANNEL LIS riNG:: 
WALL ~i WALL •2 UEVICE DESCRIPTION 

1 ., ,_ 
3 
4 
s 
6 
7 
8 
9 
10 
11 
12 
13 
14 
16 

i'/ 
2j, 
22 ., ., 
'-"' 24 
':) ,~· 
.... ::> 
26 
27 

2l3 
29 
:30 
31 

32 

INrERlUR GLASS SURFACE THERMOPILE 
AIR ~AP lHERMOPILE 
EXTE~IUR WALL SURFACE THERMOPILE 
INTERIOR WALL SURFACE THERMOPILE 
COPPER PLATE SURFACE THE~MUPILE 
COOLANT ~LOW DIFFERENTIAL THERMOPILE . 
COOLANT INLET T~MPENATURE THERMOCOUPLE 
37-PlN CONNECTOR lEMPERAlURE lHERMOCOUPLE 
25-P .LN CONNf.CTLik 'i'EMP E:lH\TUi\E THER MOCUIJP LE 
13-PIN CUNNECTON 1EMPERATUNE lHERMOCUUPLE 
EXT.::t<NI'oL WHLL HEATFUlW METER fHERMOCUtJPLE 
INTERNAL WALL HEATFLOW ME'fER lHERMUCOUPLE 
EXT~RNAL WALL SURFACE HEArFLUW METER 
INTERNAL WALL SURFACE HEATFLOW METER 
P YR AN011ETER 
AMBIEN·r AIR TEMPERATURE THERMOCOUPLE 

lNTEGER COND,ITIMEISI 1NAMEC3) 1VOLTCJ2 1 201 
R~AL AVG<32l,MULTF(121,HMULTI4I,XAVGC32J,SUC32l 
~~-fA ~IJLTF:_/6,: ,Y.t.'I:J.9: >e·..!.:!· ,,6. ,9. ,Y. )I. ,6. ,4,/ ,HMULT/ 

<!. ... 7s.s, ,::ln5.!·J?,30/.J1;j,Juj,~~·L· 

ARRAYS AND CONSTANTS lU BE USED lN THE COMPUTATIONS ARE INITIALISED 

MACP=1:1. 
G.;J:N=SOO. 
IJO 2 I=l,32 
AVGCil=O.O 
XAVGIII=O.O 
SUCil=l.I.O 
l.iO .1. J'o:l. NMAX 
IVOLT<I,Jl-=0 
CONT Hll.!lc: 
CONT!NUIO:: 

ANALOG INPUl BOARD li <CHANNELS .1. THROU~H 161 IS R~AD NMAX TIMES, 
THE CDNl!ITIDN CU!.lt: I~i EXo~M.CNt.li AND J'HE A'JERAt;E .:. . J'HE S r.~NDAfW 
DEVIATIUN UF EACH CHANNEL IS COMPUTED.· 

CALL CLEARCMACP,.I.I 
WRITE< MAC? i 5) 
F-ORMATC"!3N("I 
FOI'<MATC"AC,1! ") 



( 

l. 

I 
i, 

! 

0239 
0~~4 0 
fl241 
0'>4"> o243 
0244 
024S 
0''" 6 o247 
02<18 
0249 
02~i 0 
0251 
O'!>c:''!) 

'~ ::> 4-

0 ':>< .... 
'-=>..l 

02S4 
02':;:; 
n;~s6 
0257 
02SB 
02S9 
0260 
0261 
0~~62 
026:5 
0264 
O?ht) 
0266 
0~=6'/ 
0268 
u269 
02'/ (J 
02'7 l. 
0

, .... , 
~/~ 

u~·n 
02'14 
02'?5 
02'76 
027'7 
02'/8 
0279 
0260 
02Bi 
0282 
02B3 
02B4 
0285 
0286 
02B'7 
0288 
02B9 
0290 
0291 
02'?2 
02'i3 
0294 
02'i':"j 
0296 
0:.'!9'7 
029B 
02'/';> 
0300 
IJ3!Jt 
0302 
0 :so:> 
0304 
0305 
03.(16 
o::s 0'7 
o:1os 
030~J 
o:Ho 
0311 
o:~E! 
0313 
0314 
O.:Sl.S 
03l.6 
IJ3i '7 
u:HB 

20 

21 
') .... 
~.l 

26 

27 
c 
c 
c 
c 
c 

1 iii 

30 

.51 
33 

39 

38 

37 
c 
c 
c 
c 
c 

c 
c 
c 
c 

60 
c 
c 
c 
c 
~~ 
c 
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W~JTE<MeCP,29> ~M6X., " 
f'Qt<!'iATC l:ti<.1.1o;_Rf, ,.l~, ;AI,i,i,16;WN,1;NX!") 
Ri:.AD<MACP >!() <..ONu 
1F(COND.E6.u> GO TO 21 . 
UoLL t::RRUR 
STOP i 
l>D 23 J=t,NMAX 
I< Er~,l) <MAC I-';*> ( IVDL T C I, J > , !=1, i 6) 
DO 27 1"""1 16 
lDTAL=O.o' 
SWi=O.O 
DO 29 J=i NMAX 
,OTAL=TUTAL+FLOATCIVOLTCI J)l/GAIN. 
CONTINUf'.: ' 
AVG<I>=TOTAL/CFLOATCNMAX>> 
DO 26 J=i. , N<'1AX 
SW1=SW1+CFLOATCIVOLT<I,J))/GAIN-AVG<I>>~*2 
SD<I>=SQRTCSWl/FLOATCNMAX-ill 
(;QNTINUE 

ANALOG INPUl BOARD 12 (CHANNELS 17 THROUGH 32> IS READ AND IF THE 
CONUITION CODE lS GOOD, TH~ AVERAGE VALUE ~ STANDARD D~VIAfiUN 
UF EACH CHANNEL IS COMPUTEU. 

CALL CLEAR<MACP,ll 
lMHTE ( i'lACP, 15 > 
I.WTTFIM,.:.i''P 1,1,i\) 

FOI~i"'AT<"AC 2! ") 
WAil.EIMACP,J6> NMAX 
~URMATC"BI< 16·RP "I2 "·c;I 2 1 16·WN 1·NX!") 
REMl(MACP,:i:JCOND' ' ' ' ' ' ' ·' ' ' 
l~~Eo~~~ 5w.o> GU TO J1 
STOP 2 
DO 33 J=l.,NMAX 
i<l::c;ocMAC:P.~,:lt> ( II.'OLT< I ,J), I=i7 ,32> 
DO 37 !=1/,32 . 
lOTAL=O.O . 
SWi=IJ, 0 
DO 39 J=i NMAX . 
lUTAL=TOTAL+FLOATCIVOLl<I,J>>IGAIN 
CONTINUE · 
AVGCil=lOTAL/CFLOATCNMAX>> 
DO 3B J=i ~<MAX 
SWt=SW1+C~LOATCIVOLT<l,J))/GAIN-AVGCI)l**2 
SDCil=SQRTCSWi/~LOATCNMAX-ll) 
CONTINUE 

-. 

lHE NEXT PART OF THE PROGRAM CONVERTS THE lHERMOPILE MILLIVOLTS 
TO THE TWUE MILLIVOLTS BY DIVIDING BY rHE MULflPLICATION FACTORS 
AND THEN ADDING THE REFERENC~ MILLIVOLTS. 

AVGCl>=AVGill/MULTFCi) +AVGCY) 
AVGC2J=AVG(2)/MULTFC2) +AVGI8) 
AVGC3l=AVGCJJ/MULTFC3) +AVG(8) 
AVGC4l=AUGC4)/MULIFC4) +AVGI8) 
AVGCS)=AVGCS)/HULTFCS) +AUU(iQ) 
AVGC6l=AVGC6l/MULTF(6) +AVG(1) 
AVGli71~AVGli~l/MULrFC~) +AVGC2~) 
AVGC21l=AVG121)/MUL1FC8) +AVGC27) 
AVGC22l=AVGC22>/MULTFC9) +AVGC27) 
AVG<2JJ=AUGl23)/MULTFC10l +AV~C27l 
AVGC24l=AVGC24l/MULTFC11) +AVGI21> 
AVGC2Sl=AVGC2Sl/MULfFCi2) +AV~C26) 

N~XT ALL lHE THERMOCOUPLE VOLTAGES ARE CONVERTED TO lEMPERATURES 
<DEGREES KELVIN> HY CALLING lHE SU8RUUfiNE "TEMPf". 

vq 60_I=l~J2, . . . 
l~C.l.EQ.l.l.U~.I.EQ.14 .. UR.I.EQ.iS.OR.I.EQ.i6.0R.I.EQ.18, 

ii.OR. I. t::r~. 1'7. OR, l. EQ. ;;:o, UR. I. C:Q. 30, UIL I.E~. 31> GO TO 60 
CALL TEMPTCAUGCII,TK,l~) 
XAV(:; (I) =·II{ 
CONliNUE 

lHE HEAlFLUW METE2 00LTAGES ARE CONVERTED 10 HEAT FLUXES BY 
MUL.rlPLYING BY TH~ MUL.r£PL1CAf10N FACf~HS AND 8Y THE TEHPER~TURE 
CORRECTION ~ACTORS. lHE SULAN ~LUX <INSOLATION> IS ALSO CALCULATED 
AFTER COI<i~ECTIN~ 1-·1m VERTICAL 1-'YI<i'INUME l Eh: 1-'U~.l riUN. 



0319 
0320 
03;~1 
03:~;.:~ 
0323 
0~>2'1 
o3~~s 65 
0326 
0327 
0328 
o:,29 
Li330 
0331 67 
0332 c 

i 0333 c 
L 0~34 c 

o3:~s c 
0336 
l!337 c 
03:'\8 c 

I 033'1 c 
03·1 0 c 
0341. 
034;~ 
0343 
0344 c 
0345 c 
0346· 
034'i' c 
0348 c 
0349 c 
03':; 0 c 
u:5S1 
0352 5'7 
03'3J 
03S4 
03SS 
0356 
035'7 
0358 
0359 
0360 
0361 
iJ3.S2 
0363 
0364 58 
0365 70 
0366 
0367 59 
0368 71 
0369 
OZ70 (:,0 
0:571 72 
037~~ 
0373 61 
0374 73 
0375 
n:<ib 62 
0377 74 
0378 
o:f?'r 63 
0380 '/S 
0381 
03B2 64 
038:~ '76 
0384 
03DS 65 
0386 77 
0 ,jti'i' 
03BB 66 
O~t!'>' 78 
0390 
03'i 1 67 
0392 '/9 
039~ 80 
03'14 
03'15 
0396 c 
03'17 
03'/8 c 

SMULT=Y6.8054211 
CRI~CT=(J. 9 
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lJO 65 I=:t3 14 
AVGIIl~AVGIIl/:tO. 
Z=l.S42V94-2.524~-3*AVGCI-21+2.~-6*AVGII-2l1*2 
XAVGI!)=HMULTCI-i2JtZ*AVGIIl 
CCJNTINUE 
XAVGii6l=SMt.ILT*CRRCT*AVGC16l 
DO 6'/ 1=:30,31 
AVG<I>=AVGill/10. 
Z=1.S42Y94-~.S24E-3*AVGCI-2)+2.~-6*AVGII-~l**2 
XAVGIIl~HMULT<I-2/l*Z*AVG(!) 
CONTINUE 

lHE TIME AT lHE END OF THE CALCULATION RUN lS STORED lN THE 
AfH<AY I TIME. 

CALL EXEC111,1TIMEl 

lHE RAW AND NEDUCED DATA IS STORED IN A DATA FILE NAMED "DTROM1" 
BY CALLING THE ~UBROUTINE "FiLE". 

CALL FJLEIAVC,XAVG,ITlME,SD,F,H,R,JTIMEl 
I..:ETURN 
E:.ND 

SUEtRUUT:lNE ~HROI~ 

lHIS SUBROUTINE LISTS lHE TYPE UF ERROR ENCOUNTERED WHILE 
READING DATA FRUM YHE MACP IF IT IS CALL~D ~y THE MAIN PROGRAMS. 

WRITE131 S7l 
FORi·iATC "!h2") 
READC31,*lEi~E2,E3,E4 
IFIE2.EQ.il bO iO '.58 

l~~~~:~~:j~ gg TS %b 
1F<E2.EW.4> ~0 TO 61 
IFIE2.E~.St GO TO 62 
lF <E2.~Q.6) GO TO 63 
IFIE2.~Q.7> GO TO 64 
1FIE2.EQ.8> GO TO 65 
IFCE2.EW.9) GO TO 66 
l~CE2.EW.10l GO TO 67 
WIHTE I l., 70) E3 
~UI~MATC"CMD,It",I4 3X,"NOT I~ECOGNISED"l 
GO TO 80 ' 
WRITECi 71)~4 E3 
~ORMATC&PARAM~TER" iX 14 "IN CMD 1",1.4," INVALID") 
GO TO 80 ' ' ' 
WR J.TE( i '721~3 
~URMATC 1 BU~~ER OVERFLOW ON CMD *",141 
GO TO 80 
WRITE11 73lE:.4,E3 
~ORMATC'No RESPONSE FROM SLU'i0",14," ON CMD #" 1 14> 
GO TO 80 
WRITE(1 74lE4 E3 
FURMATC 1 READBACK ERROR FROM SLOT $",14," ON CMD 1",14> 
GO TD 80 
WRITE<1,7SI~4JE3 
1-UI~MAT('' u·,Litt IN SLOT ~",I4,"0UT 01'' RANGE, CMD #",14> 
Gll TO 80 
WRITE<i 761E:.3 E4 
~ORMATC 1 CMD 6• !4 "10 UNCALIBRATED CARD lN SLOT ~",14) 
GO TO 80 ' ' 
WI~ ITE< 1 1 '/'/11=.4 
I·ORMAT( 'NOISY READINGS l>UIUNG ANLG CALiri lN SLUl~" 1 14) 
GO ru 80 
WRITEC1 78lE4,F3 
FGRMATc 1• f:iLOT 'if" I4 "EMPTY Of< (;MD ii'" 1 I4," IMPROPER") 
GO TO 80 ' ' 
WIHTEii 791E4 
FnAMA.r(& SELF TEST ~NROR ~·, E4) 
CONTINUE 
RETLHIN 
E.ND 

SUBROUTINE lEMPTIX,TK,TFI 

·. 
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I 
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. 0399 c 
0400 c 
040.1. c 
04ll2 c 
040:5 c 
0 4 0 ·1 c 
o •l n ~:; 
0406 
040'/ 
0408 
040 '·t 
(1410 
0411 c 
0412 
0413 c 
04l.4 c 
O·HS C 
041.6 c 
04i'7 c 
0 ·'liD 
O-H9 
04;.:~ 0 
042i 
0 4;:.~;~ 
I) 42:~ s 
04;~4 
01125 
U4;26 
042'/' ~., 

04~":~B 
042'1' iS 
o4::.o 8 
043i 
0432 
0·13:3 i 0 
04:~14 
0435 
04:56 20 
0437 
04::~:;; 
0439 25 
0440 
04'! 1 
0442 26 
04'!:J 
044"1 
0445 27 
0446 
Qi~A'? 
0448 
04'!9 30 
0450 
0 4'::>1 
0452 3S 
04S::>. 
04•::;n 
04ss 
0456 36 
0157 
04'>8 
0 45'1 37. 
0460 
0461 
046~~ 
0463 40 
0-164 
04bS 
0·161:> 43 
0467 
0'168 
0469 
04~'0 
04'7t ·so 
0472 
11473 
0474 ss 
04'/S 
04'/6 
0 4 '7'/ 
04'713 

99 

lHIS SUB~OUliNE ACCEPTS MlLLIVOLTSIXI FROM CU-CN THERMOCOUPLE~ 
AND RETURNS TEMPERAfUNE TK IN DEGREES KELVIN AND TF IN DEGREES 
f-AHI~ENI·H~Il .. lHE FIT lS GOOD FIWM -40 TO 200 DE:GIH::ES C. WlTH 
UNCERrAINTY OF LE~S THAN ll.Ul D~~REES C.THE FIT !S THNUUGH A 
SIXTH DEGREE PULYNUMIAL. 

1K=9.i72478E-3+2S.99973*X-0.8142J06*X**2+0.06423569*X**3 
~-5.212iJ8E-3*X**4 +3.i99'l1JE-4*X**S -9.42Si44~-6*X**6 

1 K =TK +2'/3. 
TF=ITK-273.>*9/S +32. 
RETURN 
END 

SUBROUTINE ~ILEIAVG,XAVG,ITlME,SD,F,H,R,JllMEI 

1 HH> SUf.:ROUYINE Sl OHES THE DATA 1 ;~d<EN IN 1 HE Mr~IN PRUGI~AM 
IN A DArA FILE N~ri~O DTROMi.B~SIDES fHE DATA ITS~LF lHE 
liME AT WHICH THE MAIN PMUGRAM WAS CnLLED lS ALSO sfORED. 

INTEGER IBUF(601 ,NAME<31 ,IDCBI2':J6) ,ITJMEISI ,IBUf'"F<2561 
INTEGER JTii•1E<Sl 
REAL AV~(321 XAVGI321,SUCJ2) 
DATA NAM[/2H6T 2H~O 2HM1/ 
£:01 .. L qi>_~N_pvq 1'.H.:1R~NA~E_._2lo_~ ., 0 

, 
L;t~LL 1\I:.HDt C ... DLo,.LU~"•I"IJrF .... St,,LENJ 
lF<LEN.NE.-11 GO TO S ' 
IF<TF-RR.GE.O> CO ro iS 

~~ii~~fp 1/}Mi~E~~ROR ", n> 
s·ro::> _.. 
DO 8 J:=\,60 
ll:H.JF C I I c::.~H 
Ct~Li.. CUl!E 
WRITE ( I l:!UF 1 l, 0) 
FOtUiAT ( J. ;(, 1 i 5 ( ";t.") i 
CAL~ WRlTF!lDCB,IERN,lBUF,60) 
DO .:~0 I=1, ;:,0 
l£tl_ll". (I) =2H 
CALL CUll\:: 
WI~ITECIBUF 1 2SI ~DRMATCSX~'WALLOi & •2 WITH SINGLE COVER.") 
CALL WNLT~IIDCB,1ENR,IBUF,60) 
IJO 26 I=i 60 
IBUF<I)=;2(-j 
Ci~LL CCJl!:': 
WMITEIIBUF 271CJTIMEI6-II !=1 51 
FURMATCSX 1•sTART:::" 2X "tAY: 1• 13 2X "HOUR:" I3 2X "MIN .. :" 

~I3,2X,"SEC.:" IS 2X, 1'M.SEC.:" b>' ' ' ' ' ' 
CALL WRlTFClDCS,fERR,l~UF,601 1 

DO 30 I=i,60 
IBUFII>=;~H 
Ct-ti.L Ct:l.OE 
WRITE<IBUF JSIIITIME<6-II I=i Sl 
f-URMATISX "FINISH::" 2X "DAY: 1• 13,2X "HOUR.:",I3 2X,"MIN.:" 

~I3,2X,"St::C.:",IJ,2X.~M.SEC.:",i3> ' ' ' 
CALL WRITFilDCB,lEAR,lBUF,601 
Jj(J 36 1=1,60 
1BLJFII>=2H 
CAll COOE . . · 
WRITEIIBUF :57lF,H,R . 
~U~MATISX,t.SFLUX M.VOLT=" Fi0.6 2X "SFLUX=" F10.6,2X 

~~~~1TD.DE 1·),: 11 ,Fi0.b) 1 1 1 1 
. 

1 

CALL WRITFClDCB,IERR,lBUF,60> 
IJO .:p.J I=t 60 
ll:tUF <I> =2H 
CALL CO.DE 
WIUTE<THUF 4:;)) 
FORMAT!3X,~CHANNELI" :SX "MILLIVOLTS" 3X "QUANTITIES" 

MlX, "':)TJ). l!EV J. HT I UN",·-'*, "I~HAt~Nt:U~", <;x, 1'MJ:I~LI VOL.fS" ,.~,X, ' 
&"QUANTITIES" 1 SX,"STD.UEVI~fiON"I 
~ALL WM[TFIIUCB,IL~R,!BUF,bO~ 
IJO ·~dl I'"i 60 
IBUF I I)=;:~~ 
CALL COVE 
WlliH::<I.BlJI'",5S) 
&~~~~~!~~~!~:::::::-;*~~!~:::::::~~i:~~~!::::::::~~i:~----------" 
~sx ·-------------"! 

CA(L WAITFilDCB,IERR,lBUF,60l 
DO 6U !=1 1 60 



0479 60 
0480 

r 
04Bi 
0482 
048:"5 
0404 
0485 
04B6 
0487 
041'l8 
0489 62 
04?0 
0 4'/i 
0 4'1'2 
0493 
0494 90 
O•lY5 
04'.J6 
0497 
04'18 
0499 
0500 
0501 75 
0502 99 
0503 
0504 
osos 
0506 
0507 
05(.18 
0509 iOO 
OSJ.U 
OSi-1 
0512 
OS:\.3 
0514 
0'5.1.5 
0516 101 
OSi.'l 
0518 
Ll519 
os;~o 
0521 
0522 65 
0523 
OS2·-l 
0525 
o5;~6 

!. 0 

t ... 

I . 

I 

I 
·( 

l 

1 BUF <I) =;~H 
DO 65 I'=i I 16 
J=I+i6 

100 

1F<I.GT.i.AND.I.LT.9> GO TO 90 
IF<I.J:0(~.9.0R.I.EQ.iO> GO!'\) '19 
lF<I.G'l ,:\.O.t'IND.I.LT . .lS> GCl TO 100 
IFCI.t':f~.iS) GO ·m 65 
1F<I.EW.i6l GO TO 101 
CALL CODE 
WRITE<IBUF 62)1 AVG<I> XAVGCil SD<I> J AVG<Jl XAVGCJ) SD<J> 
FOJ~MAJ <:i.x)s)8x;:HF10.b 1 5X) .rs;tlX 1 3ddi.6 1 SX>~ 

1 

CALL WRIT~ClQCB,I~RR 1 l~UF 1 6Dl 
IF<lERH.GE.OI. GO TO aS ' 
W!HTEC:I. 75> 
GO TO 6S 
K=I·+-i9 
CALL t:i'IDE 
WRITECl~UF,62li,AVGIIILXAVGCI>,SD(l) 1 K,AVGCKl,XAVG<K>,SD<K> 
CALL W~lTFIIDCB 1EHN I~UF 1 601 
IF<IERR.GE.O> G6 TO ~5 · 
~~ rni, ~.,;'75, 
~URMAT<iX " FMP ERROR ",13) 
L=27 I 

C:AI..L CODE 
WRITEIIBUF 1 62ll,AVG<I>.XAVG<I>,SD<I>,L,AVG<L>,XAVGCL>,SD<L> 
CALL t.;IUTi-IIDC.I-.l;lERR,IBUF,bill 
lF!IERR.GE.O> GJ TO 65 - . 
WHITEii,75) 
J;O TO 6'; 
MI=I+1'7 
U\LL CU!..>t:: 
WRITECl~UF 1 62>I,AVG<I>,XAVG(I),SD<I>,MI,AVGCMI>,XAVG<MII,SDCMI) CALL WiJTFIIDCD,l~~RbiBUF,60) 
lFIIERR.GE.Ol GU TO S 
WRITE I 1 , 75) 
(;0 TO .SS 
N=I+i.6 
(;ALL COOE 
WRITECIBUF 1 62li,AVGCil~XAVG<I>,SD<I>,N,AVG<N>,XAVG<N>,SD<N> 
CALL WMITFIIDCB.I~RR,I~UF,601 
lF<IERR.GE.Ul GO TO 65 
WRIT[ ( i 1 75) 
C:ONTINUt:: 
CALL L:LOSECIDCB> 
F<ETURN 
END 
END$ 

.. 



APPENDIX C 

CALCULATION OF TOP LOSS COEFFICIENTS 

A.l Double Cover Trombe Wall Unit 

In the analysis of solar collectors it is useful to develop the 

concept of an overall loss coefficient U. In computing U we first 

have to find the top loss coefficient ut. The magnitude of ut gives 

an idea of the energy loss through the top cover (in the case of Trombe 

walls, the front)of a solar collector. 

Figure 33 shows the thermal network used for calculating Ut for a 

two-cover system. At some typical location on the absorber, where the 

temperature is Tb, the solar energy absorbed is .S. The energy loss 

through the top is the result of convection and radiation between 

parallel plates·. The energy transfer between the absorber at Tb and 

the first cover at Tel is 

where 

qloss,top 

Tb = Lemperature of Absorber Surface (K) 
Tel= temperature of Cover 1 (K) · 
Eb = emissivity of Absorber Surface (taken as 0.95) 
Ec = emissivity of Cover (taken as 0.88) 

(Cl) 

(C2) 

The convective heat transfer coefficient ~-cl is calculated as 

follows: 

h = Nu·k 
L 

101 

(C3) 
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Nu 1 + 1.44 [1 -
1708 J + 1 - (sin 1.8S)L 6 

= Ra cosS · ( Ra cosS 

+ [c Ra COS8 
) - 1 r 5830 

Ra ::; 
g8'6TL3 

Vet. 

Pr ::; vja. 

h = heat transfer coefficient (W/m2K) 
L = plate spacing (m) 
k = thermal conductivity (W/mK) 
g = gravitational constant (9.81 mfs2) 
S' =volumetric coefficient of expansion (8'=1/T) 
t.T = temperature difference between plates 
v = kinematic viscosity (m2/s) 
a = thermal diffusivity (m2/s) 
Nu = Nusselt number 
Ra = Rayleigh number 
Pr = Prandtl number 
8 = tilt angle 

1708 ) 

(C4) 

(C5) 

(C6) 

Equation (C4) has been obtained by Hollands et al. (1976) for free 

convection heat transfer between two plates inclined at an angle 8 

between 0 to 75°. The meaning of the+ exponent is that only 

positive values of the terms in the square brackets are to be used 

(i.e. zero is to be used if the term is negative). Duffie and Beckman 

(1980) recommend that for vertical surfaces the tilt angle be set to 

75°. The predictions for the Nusselt number so obtained will be 

reasonable or conservative. 

The resistance, R
3

, can then be expressed as 

1 R3 = -:------:----h + h b-el r,b-c2 
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A similar expression can be written for R2, the resistance between 

the cover plate~. The absorber surface and the first cover also inter-

act with the surroundings but the interaction of the absorber surface 

with the surroundings is not significant. The linearized radiative 

heat transfer coefficient for energy transfer between the ambient and 

the first cover is given by 

where 

h = r,cl-e 
Ec1Tc2° (Tel+ Te)(Te

2 
+ Tc1

2
) 

1 - Pel Pc2 

Eel = emissivity of cover 1 (taken as 0.88) 
'c2 = transmissivity of cover 2 (taken as 0.04) 
cr = Stefan-Boltzmann constant = 5.6997xlo-8 Wjm2K4 
Tel = temperature of cover 1 (K) 
Te = ambient temperature (K) 
Pel = reflectivity of cover 1 = 0.08 (P = 1-E-T) 
Pc2 reflectivity of cover 2 = 0.08 

The resistance, R
4

, is now 

1 
R4 = .,....h---

r,cl-e 

The thermal resistance to the surroundings R1 is defined as 

(C7) 

The heat transfer coefficient due to the wind, h . d' can be calculated wJ.n 

as reconunended by Duffie and Beckman (1980) 

h . d Ls, 8.6v0 · 6 

J (C8) = max 
wJ.n L0.4 

where 

v = wind velocity (m/s) 

L ... cube root of enclosure volwn~ (m) 
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The radiant heat transfer from top cover to ambient is 

h = r,c2-e 

+ T )(T 22 
e c 

- T ) 
e 

The net resistance, R , is then net 

The top loss coefficient is 

1 2 
Ut = -R- W/m ·K 

net 

A.2 Single Cover Trombe Unit 

(C9) 

(C10) 

From the thermal network in Figure 33 the net thermal resistance, 

R t' is computed as ne · · 

R = R
1 

+ R
2 net 

where 

1 
h + h b-e r,b-c 

R = 
1 h . d + h w1n r,c-a 

1 

The heat transfer coefficients are calculated as in the preceding 

section. 

1 
-R-

net 

A. 3 Single Cover wi 'th Fiber Absorber Trombe Unit 

The thermal net\>~ork for the fiber absorber Trombe wall unit is 

shown in Figure 33. Thermal resistances R
1 

and R2 are calculated 

as in 5ection A.2 using ·thc.fibcr absorber surface .temperature Tbf 
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instead of Tb. 

fiber batt. 

An additional resistance R
3 

appears because of the 

R R cond 
R3 

r = R +R cond r 

where R = thermal resistance due to radiation interchange. r 

R cond = thermal resistance due to conduction. 

Studies of heat transfer characteristics o.f fiber batts with one 

free surface show that gas conduction and radiation interchange are 

the dominant modes of heat transfer so natural convection effects may 

be neglected. 

The porosity of the fiber batt is very high, in the order 0.98, 

so solid conduction may be neglected and the thermal conductivity 

of the fiber batt may be taken as that of air. 

H 
R =-cond k 

a 

H = thickness of bed (0.0381 m) 

k = conductivity of air (W/mK) 
a 

In calculating the radiation resistance, R , an equation suggested 
r 

by uavis (1972) is used 

and 

where 

k = 
r 

4crT 3 
m 

cr ; Stefan-Boltzmann constant 
Tm = mean bed temperature = (Twall + Tbf) /2 
Tbf- fiber bed surface temperature (K) 

(Cll) 
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a 
3 

= extinction coefficient = 0.06 m-l 
= scattering parameter = 1.0 

The top loss coefficient is 

A.4 Computation. 

The heat transfer coefficients and top loss coefficients are 

calculated.at intervals of 1 hour using a computer program. The 

results have been presented in Chapter 5, Table 5. Polynomial 

approximations are used for property values like thermal diffusivity, 

a, kinematic viscosity, v, and thermal conductivity of.air, k . a 
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APPENDIX D 

. INDIVIDUAL DATA OF EXPERIMENTAL RESULTS 

Data Key for Tables Dl through D3 

SF LUX 

TAMB 

TGLSl 

TGLS2 

TAIRl 

TAIR2 

TFRONl 

TFRON2 

TINT! 

TINT2 

QFRONl 

QFRON2 

QBACKl 

QBACK2 

Insolation (solar flux) W/m2 

Ambient Temperature (K) 

Cover Temperature Test Unit 1 (K) 

Cover Temperature Test Unit 2 (K) 

Air Gap Temperature Test Unit 1 (K) 

Air Gap Temperature Test Unit 2 (K) 

Front Wall Surface Temperature Unit 1 (K) 

Front Wall Surface Temperature Unit 2 (K) 

Interior Wall Surface Temperature Unit 1 (K) 

Interior Wall Surface Temperature Unit 2 (K) 

Front Wall Surface Heat Flux, Unit 1 (W/m2) 

Front Wall Surface Heat Flux, Unit 2 (W/m2) 

Interior Wall Surface Heat Flux, Unit 1 (W/m2) 

Inte:rioT Wall Surface Heat Flux, Unit 2 (W/m2) 

Data Key for Table D4 

I 

Zl 

Z2 

Hour number 

Integration of Front Wall Heat Flux, Unit 1 (J/m2) 

Inte~ration of Front Wall Heat Flux, Unit 2 (J/m2) 

108 



Tiible D.l 

r---. ·- ••• ..J "'-- .. 

Data for Phase 

Unit 1 - Single Cover 

. - . . 

I of Experiment 

Unit 2 - Single Cover 

DATA FOR PHASE I OF EX PERI 14ENT (C014PARISION OF TWO IDENTICAL TR014BE WALL TEST 
DAY 113 --> RELATIVE HUMIDITY= 62 " AVERAGE WINO SPEED= 1eAO 14/S 
DAY 11~ --> RELATIVE HUMIDITY= 59 " AVERAGE WINO SPEED= 3.08 14/S 

.. ----~---·-· .. --.------ .. 
Tl14E SFLUX TA14B TGLS1 TGLS2 TAIR1 TAIR2 TFRON1 TFRON2 TINT1 fl NT2 CFRON1 

o.o o.o 281.0 283.8 26~.3 287.3 287.8 291.5 291.5 293.4 293.4 -63.6 
--···-·1.o ____ .o.o 280.7 283.6 284.0 287.2 .. 2 87.6 290.8 290.7 293.3 293.3 -83.7 

2.0 o.o 279.9 283.3 283.9 286.7 287.2 2 90. 1 290.2 293.3 293.2 -64.6 
3.o o.o 279.5 282.4 283.1 265.9 286.4 2 6 9. 5. 289.6 293.1 ' 293.0 -84.6 
4.0 o.o 279.0 262.0 282.5 285.4 285.8 288.9 288.9 292.9. 292.8 -83.~ 

5. 0 -'····- 0. 0. ... 276.7 .. 28 I. 7 282.2. 285.1 285.5 288.5 .. 288.5 .. 292.7 . 292.7 -83.2 
6.0 1.3 278.0 281.2 281.7 284.8 285.1 2 88. 1 288.1 292.4 292.4 -80.3 
7.0 s.o 279.6 281 .3 281.7 285e3 285.6 288.3 288.2 292o1 2 92. 1 -63e5· 
8.o 7'8.7 282.9 284.6 285.8 290o5 291.6 290.6 291.~ 291.7 291.7 -5.6' 

. 9 .o 22~.0 285.3 289.5 290.5 298.2 299.0 296.2 297.1 291.6 291.6 95.0 
1o.o 326o5 286.0 293.1 294.0 304.2 305.3 301.2 302.0 291 o6 291.6 154.5 
11.0 466.4 288.5 296.5 297.1 311.0 312.2 308.9 309.7 291.4 291.~ I 61 .2 
12.0 3:6.7 266.7 296.5 297.1 308.3 309.5 309.9 310.3 291.4 291.4 93.6 
13.0 443ol 292.5 301.2 301.5 319.1 318.7 315.9 315.9 291 .4 291.5 243.2 
14 .o 284.5 289.3 - 296.8 ·- 297~ 4 --· 307.4 '307.4 31 1. 2 "'311.0 291 ... 291.~ -54.5 
15.0 3'l8e 1 294.9 299.5 299.2 312.5 312.0 3A2.3 312.0 292.1 292.2 104.5 
16.0 100.4 293.2 294.8 294.6 30~.6 304.5 30'!.3 307.2 292.6 292.7 -23.6 
17.0 17.5 288.0 292.0 292.1 298.6 298.7 303.0 302.6 293.2 293.3 -78.2' 
1a.o 7.8 287.0 290.7"""290.8 296.2 296.2 300.7 300.3 293.6 293.6 -89.2 
19.0 2.8 285.0 289.0 2 69. 1 293.7 293.7 298o3 297.9 294.2 294.2 -99.3 
20.0 1.7 283 .s 287.4 287.4 291.8 291.8 2915.~ '·295. 8 294.6 294.6 . -99.6 

.. 21.0 o.o ... 282.4 285.9 286.1 290.3 290.3 294.7 294.2 294.8 294.6 -102.3 
22.0 o.o 281 .9 285.5 285.3 289.7 289.3 293.4 293.0 2?5.2 :· 295.0 ' -93.8 
23o0 o.o 281.4 284.0 284.3 288.5 288.3 292o3 292.0 295.0: 294. 8 .·. -9!5. 1 
24.0 o.o 279.6 283.6 283.4 287.8 287.3 291o4 290.9 295.3· 295.0 -95.0 
2So0 o.o 280.o 262.9 283.0 287.0 286.8 290.8 290.4 294.5 -94.1 

UNITS WITH SINGLE COVERS 

OFRON2 OBACK1 CBACK2 
-83.9 26.8 26.9 
:..54.0 ~6.6 2.6.9 
-84.5 26.8 26.9 
-84.5 25.5 2.5.6 
-83.4 24.9 25.2 
-82.7 23.6 23.8 
-80.4 22.0 21.9 
-64.1 20.4 20.6 
. -6.0 16.5 I 6. 5 

98.1 12.8 1 3.2 
157.2 11 • I 10.9 
166.6. e.3 9.0 

97 ·' Ae2 8.9 
2~3.6 8.9 9.3 
-53.7 -·-··9.6 9.9 
100.4 9.5 I Oo 0 
-22.3 11.9 llo 8 
-74.9 14.5 14.4 
-86o6 16.6 1 6. 3 
-93.8 19.7 1 8.9 
-95.1 22.7 21.6 
-97.5 2.4.3 23.9 
-91.0 25.8 25.0 
-92.9 25.8 25.2 

·-92.3 26.2 25.7 
-90o8 26.7 25.6 .. 294.7: 

26.0 o.o 276.3 28 •• 9 282.0 21\6.3 285.9 2e9o9 289.6 294.8 294.6 ·-95.5 .. : -92o9 I 27. 1 26o0 
27.0 o.o 277.7 281o4 28 1o 5 285.6 285.3 26'ile 3 288.9 294.6 294o3' -92.3 -89.7 27.1 25.8 
2a.o o.o 276.6 280.6 280.5 284.8 284.4 288.~ 288o0 294.2 ·, 293.9 .' -93.7 -91 o1 26.5 25.3 
29.0 o.o 276.5 280.4 2eo.5 284o5 284.3 .. 288.~ 287.7 293.8 ::293.6 -90.6 -88.4 24.8 .24.0 
30.0 o.o 275.2 279.5 279.4 283.9 283.2 287. 286.7 293.5 293.2 -89.6 -es.a 24.0 23.8 
31.0 4.3 278.5 280 •. 7 ·280.6 284.9 284.3 2A'1o 2 286.9 293.2 292.9 -72.0 -68.7 23.8 22.5 
32.0 61.8 281 .a 284.6 28 •• 9 290o4 290.0 290.() 290o0 292.9 292.6 :-12.1 -12ol 19.1 17.9 
33.0 ·219.2 284.5 290.1 ·--- 290.4 298.8 298.3 296.~ 295.8 292.6: 292.3 96o1 96e0 15.2 14o3 
34.0 358.6 285.6 295. 1 295.4 306.9 307.2 303o:S 303.3 292.4 292.0 177.7 177.5 12.4 I 1. 7 
35.0 454.6 287.3 298.6 .298. 4 314.1 313.8 3!.Co2 310.9 292.1 2 91.9 221·· 218.7 11 .3 10.2 
36.0 538.0 288.9 302.4 302.0 319.6 3l9o3 :'.19 6o9 316.6 292.1 291.7 245.2 2•0.4 10.5 9.0 

__ 37 .o __ 555. 8_. 291 .2 .... 304.7 __ .. 304o3 .... 322ol 321.8 ~!9uC 319.3 292.1 291o8 240.4 229o6 9.6 8.8 
38.0 •31.0 293.9 305.2 304.8 321.0 320.6 320. ~ 319.7 292o5 292. 1 174.1 165.8 '11. 3 9.9 
39.0 .:!03.2 295.9 303. l 302.8 316.0 315.6 3~6o9 316.4 292.9 292.6 85.7 80 •• 11." 10.4 
40.0 154.7 295.9 299.5 299.1 309.1 308.6 31 •• 7 311.3 293.6 293.4 -49.7 -44.0 13.7 11o8 

.. 4 l ~ 0 9o1 289.2 295.0 .... 294.8 301.3 300.9 305.7 .305.3 294.1 293.9 -94.0 -90.2 17.1\ 16.0 
42.0 5.6 288.7 293.6 293.5 299.1 298.7 303o3 302o9 294.6 294.4 -93.5 -69.2 20o6 19.0 
43o0. 2.5 288.0 292o1 291o8 296.6 296.2 300.~ 300.3 295.7 295.5 -101.5 -97.7 23.9 22.4 
44e0 1o6 '286.5 290.5 290.4 294.9 294.5 298o6 298.3 296.1 295.9 -97.0 -93.2 2.7.8 25.5 

, ___ 45o0 ___ OoO ... 285e2 289o1 289o0 293.4 29J.o ~c;:~ .. 0 !!96.6 296.5 296.3 ~100.2 -95.Q :!:0.6 28.2 
46.0 o.o 284.6 288.6 288.3 292.0 292. a a~ .. 5of) 295o6 297.0 296.8 -98.9 -93.9 31.6 29.2 
47.0 o.o 283o6 287.5 287.3 291.3 291 .o 294.8 294o5 297.0 296.6 -97.5 -92.2 33.3 30o7 
48.0 o.o 283.1 286.9 266.4 290.5 290o1 293.7 293.5 297 •• 297.1 -99.1 -93.6 34.3 3&.0 

...... 
0 
ID 
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Table 0.2 Data for Phase II of Experime~t 

Unit 1 - Single Cover Unit 2 - Double Cover 

DATA FOR PHASE I I OF EXPERIMENT 
.. 

fCOMPAAISION OF SINGLE COVEll T110MBE . UNIT DOUBLE . UNI Tl WALL WITH COVER 
DAY 174 --> RELAT l VE HUMIDl TY= 78 " AVERAGE llfiND SPEED= 2.86 M/S 
DAY 175 --~ . RELATIVE HUMIDITY;= 63 " AVERAGE WlNQ SPE€D= 3~0~ M/S 

-- .. --··--· ..... 
TIME SFLUI( TAI".B TGLS1 TGLS2 TAIR1 TA IR2 TFRON1 TFRON2 TlNTl Tl NT2 OFRON1 OFRC:N2 OBACK1 OBACK2 

o.o o.o 292.3 296.2 299.5 299o2 301.4. 301.7 304o9 299. 1 298.7 . -49.7. -43.1 34.1 .39. 6 
1o 0 o.o 291.3 295.3 290.7 298.3 300.8 3 oo. 8 304.3 .. 299 .2 298.9 -49.6 -43.7 33.9. 40o1 

-- 2.o· ···- o.o- 291 .o ···295.0 · 298.4" 298.1 . 3 00.2 300o3 303.6 299.5"" 299.1 ··-5o.o- -44.0 .31 •. 7····37.9 
3.o ·o.o 290.5 294.3 297.6 297.4 299.5 299.6 302.8 299 .a . 298.8 -50.7 -44o3 .. 28.4 .... 34. 6 
4.0 o.o 290 ol 293o4 296.8 296o5 298.9. 298.9 302o 2 . 296.3 296o5 -62.3 -55.7. 26o0 -· .32 .2 
s.o o.o 289.2 292.5 296.0 295.7 298.2 297.8 30 a. 5 297.4 297.7 -49.3 -42.7 22o9 ..... 28o9. 

--·-· 6. 0 ··- OoO- 286o4 291. 7 ... _295. 4 295.0 297.6 . 297.5 ··301.0 297 .o 297.3 -49.4 .. -:-42 ••. 20 ••.... _26.5" 
7.0 5.6 286.6 291.6 295.3 295.2 297.8 297.4 30 lo 0 296.4 296.8 -31.8 -25.5 20.6 25.4 
e.o a.e 290.7 292.8 296.1 297.0 299.0 298.4 301.5 . 295.3 295.9 -7.8 ·. -:-lo9 17o9 .. 24o.O 
9.0 95.3 292.0 294.3 298.6 300.8 302.8. 3 oo. 0 303o0 295.0 295.6 ... 12.6 18.7 17.6 22.9 .. 

-· lOoO .. l82ol.- 294o0 ··- 298. 7 ·'301.7 .. 304.8 305.8 303.2- 305.6 294.6 295.4 39.7 45o8 · .1 7. 1. : .22o6. 
11.0 237.3 ~96.6 300.8 304.3 308.7 309.2 305.8 307.5 294 .s 295.3 67.9 73 .6. l5o2 .. 2 I o.8 .. 
l2o0 333.3 300.2 304.8 308.6 315.4 315.3 "3llo8 312.4 .294.3 295o1 12 a. o 1 30.3 . 16o5 . 23.2 .... 
13o 0 384.8 300.5 Ji>7.7 311o3 319.4 318.3. 315.2 315o1 294.4 295.2 138.3 135.7 l7o0 .. 25.0 .... 
14. 0 ·-:. 2 9 4 ••. - 3 0 4. 4 lOBo 3 ·-··311.2 .. 320.6 .. 31 g. 7 317·1 316.6 294.5 295.2 152.9: 149o4.""' 18.2_·-·· 25.6. 0 
15.o 3:15.6 306.2 308o6 312o0 320.6 319.2 317.1 317.4 295.0 295.6 95.7 95 •. 8 ... .I 9 •. 6 .. . . 26 .• 2 
16.0 .2.31.9 jo6. o 307.2 310.8 314.9 315.3 3!5n3 316o0, )95.2 295.8 4o3 4o4 . 2 0 • 7: ..... 2 6. 5 
17.0 29.3 . 299o4 303.5 307.3 ·309.5 310.8 311.6 313o4 295.8 296.2 -26.6 ~ 13 o4 2.3.0 27o6 
t8.o····a5.6 "297.7 302.2 .. 305.6 30 l':o2 308.6. 309.4 311o J . 296.2 .. 296.6 -32.9 -,.26.9 ·· .. 25.3 ·'·_30.2. 
19.0 6.0 295.7 300.2 303.7 304.6 306.2 3 07o2 309.4 296 .J 296o7" -36.4 -.42.4 26oJ .... 3lo5 .. 
20.0 3.3 294.9 299oO 302o2 303.0 304.5 305.7 308.& 296.6 296.9 -57.3 -49;.7 27o0 . 35 o1 
2lo0 lo4 294.1 298o0 301o0 .301.5 303.! 30~o1 306.6 297 •. 1 297.3 -71.3 -56ol 28. 3. 36.3 
22.0 o.o 293.8 296.9 ···3oo.o 300o3 302ol :;102.7 305.5 297.7 297.6 ·-74 .o ~57 .9.· .3o.o .. 37.0 
23.0 o.o 292.4 295.8 299.0 299.2 301.0. 30 1o 7 304.4 297.8 297.6 -71.7 -56o6 29.4 36.1 
24o0 o.o 291.3 295o1 298.0 298.4 300.0. 300 •. 8 303.5 297.6 297.4 ~72.0 -57.2 27o7 ... 34 o7 .. 
25.0 o.o 290.6 294o1 297.1 297.5 299.2 3 oo. e 302.1 297.0 297.1 -73.4 -58.2 26.7 .. 31 .9 

--·26.0 . 0 .o ~ 289.5 ·····292.a· 296.3 296.3 298.4 299. a 301.9 296.5 296~8 -76o1 ·-:...60.3 .24 .6 . 31.4 
27.0 o.o 288.4 292.2 295.3 295.6 297.5 298 .. ~ 301o2 . 295 .a 296.2 .-72.8 -57.5 22.7 .. 28.9 
28.0 o.o 287.9 291.6 294.8 295.0 297. 1 ~97o7 300.6 295.5 296.0 -76.7 -65.0 20o8 .. 26.2. 
29.0 o.o 287.1 290.9 294.1 294.5 296.3 97.1 299.8 294.7 295.3 -BOot -:-65.9 18o4. . 24. e --· 30.0 ... 1.2 267o1 290.8 293.7 294. I "295.9 ~96.7 299.4 294.5 295.2 -80.6 -66 .a 17.4 23.8 
31.0 2.9 288.4 290.6 293.5 294.3 295o9 96o 4 299.1 293.9 294.6 -73.9 -58.9 16.4 .22.8. 
32.0 9.4 269.8 292.7 295o3 296.7 297o9 297o7 300 ol 293.5 294.2 -36.7 -29o5 15.4 22o5. 
33.0 26.7 291.5 294.9 297.6 299.8 3oo.8 299 •. 7 301o8 293o3 294.0 -2.1 -5.4 14.2 .20 .9 

-::·· 34.0 174.5 - 294.3 298.3 300o4-"304o0 304.3 . 302.5 303.9 .293o 1 293.8 -··1 7. 7 22o1 13.2 20·. 1 
35.0 248.9 294.4 300.7 303. 1 3Q8o3 307.9 305.4 306o2 293.4 293.9 ·53.2 54.7 .14. 1 . 1 g. 2 
36.0 :!26. 1 296.9 304.3 307.0 314.2 313.-1 3 ~ o. 0 309o9 .293. 1 294.2 98o6 92.9 14.9 20.6 
37.0 3166.6 298o1 307o1 31 o. 1 317o9 317.4 31~.¢ 313.5 294.0 294.5 12lo 4 115.4 15o9 ... 22.3 
38.0 .. ~47.3 300.0 308.0 3 1 I • 4 .. .3 2 1 • 2 319.3" 316o7 315.5 .. 295.0 295.4 . 114.9 . 109.0 .. 18o5 ""24ol.: 
39o0 322 o1 300.5 308.6 311.9 320.3 318.3 3ll'o0 316.5 295.8 296.1 85.5 81 ol 20o6 26. 1 
40.0 233.9 30f.o3 307.6 310.4 316.0 315o4 315.6 315o1 . . 296.0 296oJ 26.6 25.6 21.6 28.3 
4 l .o 64.2 304.9 306.2 308.9 312.6 313o1 31_3. 6 313o8 296.2 296o5 5.3 9.0 22o8 30.0 . ··.·· 42.0 ... .3.8 298.0 303oi 305.5 307.9 "308.4 310.1 311o0 296o6 296.8 -31.5 -37.5 25.3 32.0 
43.0 5o7 296.6 300o9 .303.9 305.2 306.4 3 07.6 30~·2 297.2 297.2 -54.4 -47.8 .30.5. . . 34 ol. 
••• o 2.9 . 297.0 299.9 303.6 303.6 305.8 306'. ~ 308.8 298.2 297.7 -70.9 -56.4. 29 •• . . 36.2. 
45.0 o.o 295.0 298.4 301o3 30lo9 303oZ 3.0'loJ 306.2 298 o1 297.6 -76.0 -61.0 29.0 34.5 

······46.o·-··~o.o 294o2 ·· 297ol 300.2 .. 300.5 302.t · 302oQ 305.3 298.0 297.6 -77o9 -6:So6." .. 27.2 :-· .... 35.3. 
47.0 o.o 293o4 296.2 299.3 299.5 301ol ::,o1.e 304o3 297 .a 297.5 -76.8 -62.6 26o9 31o.7. 
48.0 o.o 291.8 295.5 297.6 298.7 299 • .: 3 0 lo 0 302.8 297.5 297.3 -76.9 -62.7 27o5 30.4 



Table D.3 Data for Phase III of Experiment 

Unit 1 - ~~~gl_e _C()y~~ ~ _ _E~ber::-~?:!t ___ Ab _ _s9:r!?.~r ... __ ----- ···-··-- -·- -·-·-·-· .. -------·-·-· -- ..... --- -· - .. - -·- .. -
Unit 2 - Double Cover 

BATA FgR PHAS~ tl~ OF B~~1~I¥v~T6~C~MP~e~~lE~ OF ga~~~~ §OVlR TROMBE WALL UNIT WITH FIBER ABSORBER UNIT) 
AY 19 --> E IVE WIND .3 1415 

DAY 197 --> _RI;LATIVE HUMIDITY= 76 "- AVERAGE WIND SPEED:z Jo66 IVS 
··- ··- ···-···- .. .......... ······ 

TIME SF LUX TAMS TGLS1 TGL52 T A I R1 TA IR2 TFRON1 TFRON2 TINT1 TINT2 OFRON1 QFRON2 .OBACK1 .OBACK2 ·. 
o.o o.o 296.7 297.8 3 01. 8 3 0 1· 9 303.2 305.6 304_. 9 _299.9 300o6 -22.8 -J 3. 1. 29.5 33.5 
1.0 o.o .. 296.3 297.1 301.2 301 .3 302.7 3 0 5o 1 304.3 299.8 300.5 -23o3 .. -33.5 29 .4 .. _, __ 32.8 . ···--~ 
2.0 o.o 295.8 296.4 300.9 3oo.8 302.4 304.7 304.0 299.8 300.4 -23.6 . -33.6_. 29.4 .. 33.4 . 
3.0 o.o 295.0 295.9 300.1 3oo.3 30 I. 6 304.3. 303oz'. 299.7 3 00. 1 -23.9 -35o2 .. 29.4 32 •. 7 ... 
4.0 o.o 294.9 295.6 299.6 299.9 302.0 304.0 302.7 .299.6 299o9 -23.7 -35.3. 29.4 32.5 
5o0 o.o 294.2 295.5 299.4 299.7 300.8 303.8 302.3 299.5 299.7 -23.1. .. -34.5 29.3 ..... 32.3 :,_,.._,_ 
6.0 1o2 294.0 295.2 298.8 299~5 300.2 303.5 301.7 299.3. 299.4 

' 
-23.1 -34.6 29. 1 .3 I .2. 

7.0 3.1 294.5 295.6 299.0 300.4 300.6 30 3 •• 301.7 299.2 299.2 -15.0 -24.8 28.5 ... 29.6. 
8.o 31o0 296 •• 298.4 300.2 303.6 302.3 :i 04. 1 302.6 299.0 298.9 4 •• -1 .4 28.4 ... 28. 6 
9.0 104.4 297.9 . 301.4 302.1 308.4 . 305, I . 305.3 304.4 299.0 298.7 29.7 30.5 2 8. 4 --· 2 8. 3 

1o.o 183.3 300.9 305.8 305.4 313.4 309.2 307.0 307.2 298.9 298.6 54.2 60.9 28.3 ... 27.8 
11.0 256.1 303.1 309.9 306.6 318.5 312·9 306.8 309.9 298.9 298.5 79.9 96o4 28.0 26.0 
12.0 221.8 302.6 309.1 310.5 315.5 313.4 3·1Qo4 312.0. 298.8 . 298.4 48.3 69.1 26.8 .· . 24.7 
13.0 41 1.9 303.9 317.8 314.5 329.9 321.9 313.7 . 317.1 .. 298.8 298 •• 140.1. 169.9 25.3 _ ... 22.7 ...... 
14.0 215.3. 306.3 313.4 315.2 324.6 322.0 314.7 318.8 298.8 298.5 97.6 .130.3 25.7 .. 22. 9 ...... 
15.o 342.9 308.0 316.1 316. I 327.9 323.2 315.8 319.6 .. 296.9 296.7 103.5 . 1 31 .9 25.8 ... 23.3 ~ 
16.0 275.6 308.7 315.1 315.6 324.7 320.9 315.8 318.9 299.0 298.9 72.3 83.9 25.·6 .... 24.5 
17. 0. 167.1 308.9 31 o. 7 313.6 319.3 3 18.0 314.7 317.3 299.1 299.2 38.4 • 2.4 26.2 . 25.7 . 
18.0 8 1 .2 304.1 306.7 311.0 312.7 313.7 313.0 314.6 299.2 299.4 2. 7. -3.3 28.2 . 28.4 
19.0 44.1 302.7 304.5 308.6 309.7 310.9 311 •• 312.2 299.3 299.7 ·-8.8 -15.7 29.5 Jo. 4 
20.0 22.2 301.8 302.7 307.2 307.3 309.1 310.1 310 •. 6 ; 299.4 300o1 -17.9 --:25.4 30.4 ... 3 I. 2 
21.0 5.9 300.5 301.4 306.0 305.7 307.6 309.3 309.3 .:.299.5 .. 300.4 -23.3 .. -31-·4 31.2 3.2.6.' 
22.0 1o 0 299.2 300.2 304.7 304.5 306.3 308.3 308.0 299.6 300.5 -24.4 --:32.1 32.5. 34.6 . 
23.0 o.o 296.4 299.1 303.6 303.6 305.2 307.6 307.0 299.8 :. 300.6 -25.1 -33.4 34.4 36.3. 
24.0 o.o 297.8 298.6 302.8 30 3.1 304.3 307 .• 1 306,0 .. 299 .9 300.6 -24.8 -33.5 34.2. 35 •. 9 
25.0 o.o 297.3 298.2 302.5 302.6 304.0 306.4 305.7 300 o1 .. 300.8 -24 .9 .... -33o8 34.0 .: .. 35 •. 9 
26.0 o.o 296.3 .297.4 301.3 302.0 302.9 306.2 304. ~ . .299.8 300.2 -25.6 ;,.34.2 33.9 .... 36.2 
27.0 o.o 295.9 296.8 301.1 30 I. 5 302.6 305.8 304.4. 299.7 300.2. -25.6 -35o1. 33.7 .. 36. 5 .. -
28.0 o.o 295.4 296.4 300.5 30 1o 2 302.0 30!5.4 303.7 299.6 300.1 -25.4 -35.2 33.6 36.8 
29.0 o.o 295.0 296.3 299.9 300.8 301.4 305.0 303.0 299.5 299.9 -24.7 -35.6 33.4 35.8 ...... 
3o.o 1.0. 295.1 296.3 299.9 300.6 301. 1 ;}04.8 302.7 299.5 299.9 -24.2 -34.7 33.3. 35.5 . ... 
31.0 2.4 294 o1 295.8 299.3 300.9 30 I • 0 . 304.6 302.3 299.4 299.5 -20.2 .-28 .9 33 .I . 34.8 .. '• 

32.0 9.8 296.1 298.0 300.2 304.0 302.5 305. a :-, 303.1 299.4 299.2 -0.2 -5 ·1 32.9 .. 34 •. 2 
33.0 104.2 299.7 302.3 302.6 309.0 305.4 :;5 06.5 304.8 299.3 298.7 26.2 27.4 '32.9 -·-·-· 32 •. 1. '''"-~ 
34o0 166.2 301.5 305 .• 2 305.1 313.1 308.7 :;50 7. 8 307o1 299.3 298.6 47.2 53.3 .32. 8 . " 32.2 
35.0 257.5 303.6 310.5 309.3 319.7 313.6 310.~ 310.<;! 299.2 298.5 80.7 98.0 31.3 30.7 
36.0 331 .2 305.9 313.9 313.3 325.9 319.2 313.3 315.6 299.2 296.5 111.6 '40 .5 29.4 .29.4 
37.0 318.9 307.2 314.3 315.5 323.1 319.4 315.1) 317.8 299.3 298.6 64.6 70.9 28.5 25.8 ... ~ . -----"38.0 379.0 308.9 316.9 316.1 327.3 321.6 315.9 319.0 299.3 298.7 80.7. 7 3 o1. 28.4. 25. 1. 
39.0 224.4 310o2 '31 4. 9 315.2 326.7 321.8 31 6 • .3 318.9 299.4 298.8 91.0 114.6 28.5 .25.2. 
40.0 159.0 307.4 31 I • 1 313.4 317.5 316.6 314.4 .316.3 . 299.4 2'19. 1 29o1 29.2 .. 28.6. .25. 7. 
4 1 .o I 8.4 30 I •" 304.1 309.2 309 •. 0 31 1o.3 312. 1 312.8 299.5 299.4· -20.7 -28.3 .... 30.6 ··•#• 28.3 

-~~-· 

42.0 3.0 297.9 299.9 306.3 306.8 308.7 310.9 310.9 299.6 299.7 -23.2 -29.3 30.7 29.4. 
43.0 1.5. 2 298.8 302.5 306.4 309.0 309.1 310o6 310.4 299.6 299.6 -4.8 -9.9 . 31.3 . 30. 1 .... : 
44.0 3.3 298.2 300.7 ·305.1 305.8 301.0, 309.4 308.8 _299.7 3oo.o -21.7 -29.6 32o5 - 32 •. 4 
45.0 1. 3 2 97. 1 299.1 303.7 304.1 305.3 308.4 307.2 . 299.7 300.1 . -27.1 .. -36.5 33.5 34.3 
46.0 o.o 297.2 298.9 302.9 303.6 304.5 308.0 306.3 299.7 300.3 -26.3 -35.8 35.5. 36.5 
47.0 o.o 297.3 298.4 302.2 303. 1 303.8 30J:.3 305.5 299.8 300.3 -26.0 -35.5 35.7 38.4 
48.0 o.o 296.4 297.9 301.4 302.4 302.9 306.7 304.4 299.7 300.3 -26.0 -35 .7. 36.9. 39.6 
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Table 0.4 Compariso~ of Energy_ Gain for Phase III of Experiment 

PHASE Ill OF EXPERIMENT 

-~I..__ .u .· OERONl ------·· ...... OERON2. :..ZJ_ . u···· .. _ __z__g_ ... 
1 -22.8000 -33.1000 o.oooo o.oooo 
2 -23.3000 .-33.5000 -23~0500 ~33~3000 

. 3 ~23.6000 -33.6000 -~6.5000 -66.8500 ___ :4 _____ -23.9000 . -35.2000 ___ _:-_70.2500 ··-·· -101.2500 
5 -23.7000 -35.3000 -94.0500 -136.5000 
6 -23.1000 -34.5000 -tt7.4500 -171-.4000 
7 -23.1000 -3~.6000 -1~0.5500 -205~9500 

_: 8 ___ · _____ -15. 00 00 ---. ~24. 8000 _____ ~ __ 15_9.6000 _____ .-235.6500 .. 
9 4.4000 -1.4000 -164.9000 -248.7500 

10 29.7000 30.5000 -147.8500 -234~2000 
11 54.2000 60.9000 -105~9000 -188.5000 
12 ___ 79.9000 96.4000 -38.6500 -109.8500. 
13 48.3000 69.1000 _____ 25.2500·-----~ -27.1000 
14 140.1000 16~.9000 119.4500 9~.4000 
15 .97.6000 130~3000 _238.3000 ~42.5000 
16 103.5000 131.9000 338.8499 373.5999 
17 ···--· 72.3000--- 83e9000··--426e7498 481 o4998 
18 38.4000 42.4000 482.0996 544o6497 
19 2.7600 -3.3000 ~02e6494 56~e!995 
20 -8.8000 -15.7000 49g.5994 5~4•6995 
21 ·-·-·:..1 7 .9000·-------25.4000 ----486.-2493 53t:-"' 14-94 
22 .·-23.3000 -31~4006 ~65e6492 505o7493 
23 ~24.4000 . -32.1000 ~41.7991 --~73=9993 
24 -25.1000 . -33.4000 ~17.049! 44i .. 2493 

. 25 -24o 8000 . ~33. 5000 392 • 0989·-·..,-·:-407 ca 7991 
26 -24.9000 -33.8000 367.2488 374o1489 
27 ~25.6000 -34.2000 341.9988 . 340.1489 
28 -25.6000 -35.1000 316.3987 305e4988 
29-----:..:25.4000-----.:..:35.-2000 290.8987 2.70.3486 
30 -24.7000 -35.6000 265.8486 234.9486 
31 -24.2000 -34.7000 241.3986 199.7986 
32 -20.2000 --28.9000 219.1986 167.9987 
:33-----~ o.zooo ---------5.1000 ___ 208~-9986 150.9987 
34 26.2000 27.4000 221.9986 . ·162.1487 
35 47.2000 53.3000 ~~8.6985 ~02.4987 
36 80.7000 98.0000 322.6484 278.1484 
37 ------n i .6ooo 14o.5ooo ____ 418.7983--::_--397.3984 
38 64.6000 70.9000 506.8982 503.0984 
39 80.7000 73.1000 ~79.5481 575.0984 
40 91.0000 114.6000 . 665.3979 668.9482 

--4 t'~---29. 1000 ------- 29.2000-------725.44-78----- 74-0.8481 
42 .. -20.7000 -28~3000 . 729.64-77 741-.2981 
43 -23.2000 -29.3000 707.6975 712.4980 
4-4 . -4.8000 -9.9000 693.6975 692.8979 

---45 -----=21. 7ooo ----29.6o·oo ______ 6a0.447S ·-------673. 1479 
46 ·-27. 1000 -36.5000 656.0474 640.0979 
47 ~26.3000 -35.8000 629.3472 603o9478 
48 ~26.0000 -35.5000 603.1970 568.2976 
49 ---..:.:,26. 0000 ------::.35.70 00 577.1970 532 0 6975 
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Table D.S 
-

TE~PEQATU?E. PRCF[LC DATA FOQ DCUOLE COVER WALL 

r-wo:.., c·o--'rl-l'j r::; 60--"!P 1 .~ o--o-r-r>r5-:5o--rr:,-cscfo---r·r.i·z4·o_o ______ _ 
.·-··. 

o.oa ~01.ry1 301.80 313.61 3!9.66 313.08 304.87 
-----,;-2_.5'~ .-~o:~.·.;(; 3o2.f:.'• ::!09.29 315.')1 314.06 305.85 

:J • o c-s--J!D7S~1--3-o·2·~-s-~l--3cf6';6 2 :nz-:-2c1--3T 2;;-s·4--:3-ci6~-2· 4-.----_ -_-_ ·--
e.1o Jn3.7C 30?..<3 3•J4.81 309.51 311.04 .---3o6.4t--~.:.-
1o.~s 301.~6 30~.43 303.84 307.73 309.77 306.45·· 
13.73 304.04 302.~5 30~.g2 305.R7 308.12 J0~.1g 

---- 1 ~. En--jo-J-:-£is- 3 o z-;2·i--3TJt;a.5--3c3-;-5··:5--:rc>!:i·:-sa~~.Jo·s~- 4-;~;·------. --. ----:--
2 1 • ~ ~i .:n :: • 1 9 3 o 1 • ~~ 1 3 :1 c • 6 s 3 o 1 • 2 :. ·3 o 2 • 7 2 -- 3 o 3 • c; c · · 
::2.2.1 .. HJ2.l<L 30\J.75 299.72 300.lt~ 301.(7_ .. f.7302.63 ·-:' 
~4.03 101.~6 300.1'5 299.23 299.77 300.65 302.09 
:.: s. o~--2-J(l ;-.:;z;--2<;9. o-o--;:(:;~ a. 6u_2.9e:J~2-99-:-7--o:-:-.3oo .. ~-2·2---------t: 
----------------------------------------------------...... ::--.......... -....; ·:·:·.·: .. _ 

·: .. ::.;.,--- .· .... 

______ .__; ________________ -------~----· 

Data Key: 

XAXS 
TPOSOO 
TP0900 
TP1200 
TP1800 
TP2400 

Distance of thermocouple from front of wall. 
Temperature at·osoo hours (K) 
Temperature .at 0900 hours (K) 
Temperature at 1200 hours (K) 
Temperature at 1800 hours (K) 
Temperature at 2400 hours (K) 
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