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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 Irombe 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 phase
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. S . ‘

)

! DISCLAIMER

| This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commerclal product, provess, or service by Lrade naiic, tiadeinaik,
" manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
" mendation, or favoring by the United States Government or any agency thereof. The views

. and opinions of authorsexpressed herein do not necessarily state or reflect those of the
| United States Government of any agency thereof.




y

'

Acknowledgementé

The authors wish to thank the following agencies for their finiancial
support: the Department of Mechanical Engineering, University of Kentucky,
Appropriate Technology Program, U.S. Department of Energy, Grant No.

DE-FG44-80R410155 and the North Atlantic Treaty Organization, Grant No.

-~

1872. This report was prepared with the support of the U.S. Department of
Energy, Grant No. DE-FG44-80R410155. ‘However, any opinions, findings,
conclusions or recommendations expressed herein are those of the author(s)

and do not necessarily reflect the views of the DOE.

iii



e

i LIST OF TABLES

TABLE OF CONTENTS

! 4 ACKNOWLEDGEMENTS

LIST OF FIGURES

§~ | LIST OF SYMBOLS

, CHAPTER

{ | 1. INTRODUCfION

3 1.1 The Trombé Wall

i 1.2 Survey of Related Research
{ 1.3 Project Research

| 1.4

————— e

Objective of the Present Study

DESCRIPTION OF EXPERIMENTAL FACILITY

2.1

2.2

2.3

Test Units

2.1.1 Structure of the Test Units
2.1.2 Masonry Wall

2.1.3 Glass Cover

2.1.4 Cooling Plate

©2.1.5 Conétant Temperature Bath

Instrumentation

2.2.1 Thermocouples
2.2.2 Heat Flow Sensors
2.2.3 Pyranoheter

2.2.4 Anemometer

Data Acquisition System

iv

Page
iii

viii
ix

xi

10
15
17
17
21
21
23
23
23
25
33

33

34



——

DATA'ACQUISiTION AND TEST PROCEDURE

3.

3.

3.

DATA

4.

4.

4.

1
2

3

.1

2.

3

4

_General

ﬁata Acquisition

Test Procedure

REDUCTION AND ANALYSIS

Thermocouple Data

Thermopile Data

4.2.1 Cover Surface Thermopiles

4.2.2 Air Gap, Exterior and Interior Wall
Surface Thermopiles

4.2.3 Copper Cooling Plate and Coolant Flow
Thermopiles

Heat Flux Sensor Data

Pyranometer Data

4.5 Anemometer Data

EXPERIMENTAL RESULTS AND DISCUSSION

5.

5.

1

2

Comparison of Two Identical Test Units

5.1.1 Cover Temperature Variation

5.1.2 Air Gap Temperature Variation

5.1.3 MasonryWall-Front_Surfgce Temperature
Variation

5.1.4 Masonry Wall Interior Surface Temperature
Variatidn

5.1;5 Masonry Wall Surface Heat Flux Variation

Comparison of a Single Cover Test Unit with a

Double Cover Unit

5.2.1 Cover Temperature Variation

v

37

37

37

40

43

43

44
44

44

45

45
46
48
49
50
51
51

57

57

58

58.

59



l 5.2.2 Air Gap Temperature Variation
.5.2.3 Masonry Wall Front Surface Temperature
! , Variation

5.2.4 Masonry Wall Interior Surface Temperature

.~ ——

Variation
;‘ ‘ 5.2.5 Masonry Wall Surface Heat Flux Variation )
5.3 Comparison of a Fiber Batt Abs&rber fest Unit
with a Double Cover Unit
’ - ~ 5.3.1 Cover Temperature Variation
| 5.3.2 Air Gap Temperature Variation
5.3.3 Masonry Wall Front Surface Temperature
Variation
{ 5.3.4 Masonry Wall Interior Surface Temperature
‘ Variation
5.3.5 Masonry Wall Surface Heat Flux Variation
5.3.6 Comparison of Energy Gain for the Test
Units |
i 5.4 Comparison of Top-Loss Coefficients
5.4.1 Compafison of Single Cover Unit with
'Double Cover Unit
5.4.2 Comparisonvof Single Cover Fiber-Batt
Absorber Unit with Double Cover Unit
i | 5.5 Tcmpcrature Pfofile Results

. 6. CONCLUSIONS

APPENDIX
i A. ERROR ANALYSIS OF THE SYSTEM
B, DATA ACQUISITION AND REDUCTTION PROGRAM '"DATAQY

j | } vi

65

66
66

67

68
74
75
76
77
77

81
81

81

85

86

88

94



[

——

C. CALCULATION OF TOP LOSS COEFFICIENTS

D. INDIVIDUAL DATA OF EXPERIMENTAL RESULTS

BIBLIOGRAPHY

VITA

vii

101
108

114

117



PRSI
'
H

LIST OF TABLES

Table

1 Test Unit.Data..;.; ......................... .............
2 List of Instrumentation Used........... [P
3 Heat-flow Sensor.Multiplication FACLOTS . o v vreernnnnnenss

4 Some Information about Data Collector Periods............

5 Rayleigh Numbers and Top-Loss Coefficients for

Phase II and III of Experiment..........ceueevenennnnnnns |
D.1 Data for Phase I of Experiment.......c..cineinnnnnensnnn
D.2 Data for Phase II of Experiment...........ccvvumnunnn ;....
D.3 Data for Phase III of Experiment;l ................ PRI

D.4 Comparison of Energy Gaiﬁ for Phase III of Experiment....

D.5 Temperature Profile Data.........ovttuemmmoaninnnnnnnnnnn

viii

Page
22
38
46

50

112



S

LIST OF FIGURES

Figure ‘ ' Page
. 7/

1 The Working Principle of a Trombe System................. .3

2 Effect of Environmental Radiation Temperature and

Air Temperature on Fiber Batt Free Surface Temperature,

From Birkebak et al. (1982) .. ..t iiriieiieeneceroonnnnnns S
3 Effect of Environmental Radiation Temperature and Air

Temperature on Fiber Batt Net Radiative Flux

From Birkebak et.al. (1982)......cc.vevun.. e ieaee e 11
4 Effect of Environmental Radiation Temperature and

Air Temperature on Fiber Batt Free Surface Heat Elux.
' - From Birkebak et al. (1982) s iveiteiianie i aiaeeans 12
S- Schematic Diagram of the Apparatus.......... SRR 16
6(1) Front View of Trombe Wall Test Units..................... 18

(ii)Side View of Trombe Wall Test UnitS.......eevvernenneennnn : 18u

7(1) Rear View of Trombe Wall Test Unit 1...............0... ... 19
(ii)Rear View of Trombe Wall TeSt UNit Zuveeeerennrennennnnns 19
8 Plan View of a Trombe Wall Test Unit.............cc..u... 20
9 Front and Side Views of a Copper Cooling Plate:........... 24
10 Front and Sidé.views of a Trombe Wall Test Unit Showing

the Locations of Thermocouples and Heat Flux Sensors..... 27
11 Top View of a Heavily Instrumented Block Showing the

Location of Thermocouples.......ovviieinnnnnenennnnennn. 1Y
12 -Front View of a Glass Cover Showing the Locatiun of

Thermocouples.............. i ctaceee ettt e 31
13 Flow Chart of Data Acquisition Computer Program "DATAQ".. 41
14 Effect of Inclination of Pyranometer on Calibration...... 47

ix



Figure A ' . Page

15 Phase I Cover Surface Temperatures........... e, 52
16 Phase I Air GapATemperatures ............................. 53
17 Phase I Front Wall Sﬁrface Temperatures. ....v.ovieeeesesse 54
18 Phase I Interior Wall Surface Temperatures............... 55
19  Phase I Masonry Wall Surface Heat Fluxes................. 56
20 Phase II Cover Surface TemperatureS.........eeeeeeeeeanns 60
21  Phase II Air Gap TemperaturesS......ceeeeienrnnnnnanencens . 61
22 Phase II Front Wall Surface TemperatuTeS......c...eee..... 62
23  Phase II Interior Wall Surface Temperatufes ......... vev.. 63
24  Phase II Masonry Wall Surface Heat Fluxes........ EERERREE 64
25 Phase III Cover Surface TemperatureS...... ....eeeceevens 69
26 Phase III Air Gap TemperatureS......c.ctvrtevenacocnnnnns 70
27  Phase III Front Wall Surface Temperatures.....; .......... 71
28  Phase III Interior Wall Surface Temperatures............. 72‘
29 Phase III Masonry Wall Surface Heat Fluxes............... 73

'30 Energy Gains of Trombe Wall Duripg Phase III of the

Experiment...l ............................... eeeiaaaaeea 80
31 Temperature Profiles of a Double Cover Trombe Wall

at Different Times (EXperimental)........ceeeeeeveennenns 83
32  Temperature Profiles of a Double Cover Trombe Wall

at Different Times (Analytical). From Bilgen and

Jeldres (1978) ..t iiiiiiieeeennneenneeeecaseasoesoosannnns 84

33  Thermal Networks for Phase I, II and III of Experiment... 102



Nmax

Nu -

. Pr

LIST OF SYMBOLS

correction factor

acceleration due to gravity (9.81 m/sz)
gain factor |

heat transfer coefficient (W/m2 K)

thickness of fiber batt (cm)

insolation (w/mz)

thermal conductivity (W/mK), heat flux sensor multiplication
factor (W/mz/mV) |

Trombe wall air gap width (m)

multiplication factor of sensor

number of data in sample

Nusselt number defined by Eq. (C3)

Prandtl numbef

heat flux (W/m?)

dimensionless heat flux defined in Eq. (2)

energy gain per square meter of collector area (J/mz)
thermal resistance (m2°K/W)

Rayleigh number defined by Eq. (C5)

solar energy absorbed'per sqﬁare meter of collector area'(J/mz)
time (hours)

test period (hours)

absolute temperature (°K)

top loss coefficient (w/mZK)

wind velocity (m/s), voltage

reading of sensor in millivolts
heat flux sensor temperature correction factor

xi



e

—

——

a

avg

AR

bf

CD

cond

- CP

CPR

CR

ER

HF

IR

OR

%4

' SubscriEts

air

average

air gap related

air gap related reduced data
absorber surface related

fiber bed free surface related
convection related, cover related-
copper plate differential thermopile related
conduction

copper plate thermopile related
copper plate fhermopile related reduced Qata
cover related reduced data

environment

exteriof wall surface related

exterior wall surface related reduced data
heat flux sensor related

interior wall surface related

interior wall surface related reduced data
mean

bounded surface related

copper plate outlet reduced data

copper plate connector related

pyranometer related

radiative

free surface related

top, total

x1ii



P

————

o

T -thermocouple related

TR thermocouple related reduced data

Greek Aphabet

o thermal diffusivity (m’/s)

B collector tilt angle, extinction coefficient .
8' volumetric coefficient of expansion
A difference

€ _emissivity

8 dimensionless temperature

v kinematic viscosity (mz/s)

p reflectivity

o] - Stefan-Boltzmann constant

o scattering parameter

T transmissivity

w albedo

xiii



R —

[

i

CHAPTER 1
INTRODUCTION

The ever growing need for cheap, clean andArenewable energy sources
is the cause of a'g;eat deal of interest being shown in the use of solar
energy for the purpose of heating dwellings. At this point in time many
designs existvin 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 equipmenf to absdrb, transfer, ;élease and/or store thé energy and
they tend to be expensive to install. Passive designs ;end to be as
simple as possible because the enetgy»collection and storage functions
afe 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. Balgomb
(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 cupﬁed 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.
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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 thé visible and near infra-red range of wavelengths between
0.3 and. 3 um 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 um. This radiation is stopped almosf completely by the glass
cover which is substantially opaque in this range. Consequently,'the
temperature of the glass increases and it radiates towards the recei&ing
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 recé&ving
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 pbpularized 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, 1In this system, the south facing vertical surfaces .

are used as solar collectors as in Figure 1.
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Figure 1. The workingpriciple of Trombe system. i

The Trombe wall is erected directly behind a large expanse of
double window glazing;A 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 inﬁercepts most of
the sunlight before it can come into the living érea. By the end of
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 abﬁut 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 trﬁe if the wall is too thick.

Vents provided at the top and bottom of the Troﬁbe wall allow
natural convection to speed the heat transfer to the living 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 experimentél and analytical results have
been produced té 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 where 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 ho;ses
in Odeillo, France. The wall thickness, however, was 0.60 m in 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 enefgy delivery have been made using bulk velocity
and temperature measurements in the wall inlet and outlet ducts.

Casperson and Hocevar (1979) have conducted test; on a variable
geometry Trombe wall system to investigate thermocirculation perfor-
mance characteristics. They obtained velocity and temperature profiles

for various air-gap widths. The Trombe wall system performance was
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characterized by collector efficiency'curves siﬁilar to those commonly
used for flat—p}ate 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
developed approximate design procedures at the Los Alamos Scientific
Laboratory. Their procedure gives éstimates‘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 fo be used for each configuration and for
each variation of a parameter, Corrections have to be estimated on
the basis of parametric studiés. ‘The Solar Load Ratio methed and
the results of simulation studies cannot be used to evaluate sﬁort—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
appear to be sophisticated enough to be generally applicable. Biigen
and Jeldres (1978) took a different approach by writing the energy
equation for 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.
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Akbari and Borgers (1979) have performed analytical development
work related specifically to the thermocirculation phenomena in the
Tromﬁe wall air.gap. They have made a ma;hematical formulation of
the fluid mechanics and heat transfer processes in the air gép and
have solved the governing differential equations numerically using
finite difference techniques. Preliminary comfarisons of laminar flow
regimes with the data of Casperson and Hocevar (1979) appear to be
satisfactory.

1.3 Project Research

The performance of the Trombe wall systeﬁs 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 éhter
wall heat transfer to the environment. This method involves the use of
fibrous materials as both the soiar collecting surface and free convec-
tion and infra-red radiative suppression systems.

The insulating and thermal radiation properties of fibrous materials
have been studied 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

impermeable boundaries separated by a bed thickness H, which, is usually
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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 with a free or unbounded surface exposed to the»environment.
The mechanism of heat transfer in fibrous materials is quite complicated
since it involves the combined modes of solid and gas conduction, ra-
diation and convection. In addition, with the introduétion 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. 1In 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 temperéture field within the bed. f%

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 és a

correction term on the gas conductivity at low and moderate temperatures.
For batts with one free surface,the environmental radiation and

air teﬁperatures 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

of Davis and Birkebak (1974), Ozil (1976), Ozil and Birkebak (1977) and
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the experimental results of Chen (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 surféce, air and surrounding radiative temperature. The im-

portant dimensionless temperatures are

T T T
=T = 3 = 2 =<
8 =3, O =7, O =7, 6, =7 (1)
o o o o)
and the dimensionless heat fluxes are
* -9 * q
q. = L and 9 = t (2)
oT cTO“

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, T and tlrep¥esent 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 azil (1976) and the extended model given in
a paper by Birkebak et al. (1982). Details of the development of the

6211 method are found in the literature: 6211 (1976), Birkebak et al.

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

and the experimental results is quite good. Shown in Figuré 2 are the
effects of environmental radiation temperature and air temperature on
the tree surtace temperatures of a fiber batt. The extinction coeffi-
cient, B, of the sample is 8 cm-l and the albedo, w, is plotted 0.0,
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
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to indicate thet‘fibrous materials ére a good free convection suppression
system (for a 2.84 cm thick fiberglass building insulation batt, e‘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 witﬁout the batts). A fiber batt inter-
faced in the.air gap befween 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 suppfession system. The total

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

radiative and convective heat transferred:
= + ° . 3
. =q.+4q (3)

The effects of ambient temperature and air temperature en the total
heat flux q: is seen in Figure 4. 1In addition to the theoretical argu-
ment for the use of fiber-batts as absorber surfaces, an experimental
study by 0zil and Birkebak (1979) seems to indicate that flat plate
eir-type colleetors 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. convec?ion and radiation suppressors.

This thesis repofts 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
conditions to ensure that tﬁeir pefformance was nearly identical. “The
walls were instrumented with thérmocouples, heat-flow metefs and ra;
diation detectors. A data acquisition system was used to obtain the
desiréd measurements. Environmental variables such as wind speed,
ambient temperature and humidity were also measured. After the initial
comparison, oné 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 preliﬁinary
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 unaer'
the same weather conditions and pertinent data like temperatures, heat
fluxes, solar flux and temperature profiles were collected. The data
was reduced and analyzed to -ensure ;hat the two units had similar

performances.

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

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

unit. Data was collected to compare the performance of the two 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.



CHAPTER 2
DESCRIPTION OF EXPERIMENTAL FACILITY

Small pagsive-solar test-boxes are an useful tool in the thermal-
modelling of passively solar-heated building designs.  Theoretical
considerations for the test-box thermal modelling of passive-solar
building designs have been discussed in a paper'bx Grimmer (1979).
Solar gains are proportional'to the area of glézing and thermal loads
are proportional to the area of walls, floor and ceiling. In other
words, if is possible to construct physical thermal models of a partij
cular passive-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 ai. (1979). The test units have
been found to provide a reasonably good estiméte 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 construction of the Trombe-wall test-
units and the experimental equipment are described in this chapter.

The approaches used in this experiment includes two Trombe wall
passive-solar 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 tﬁe 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 glightly shorter period of exposure to solar
radiation than if they had been situated on the roof. However, thé
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 con?entional double
glass cover Trombe wall unit and the one on the right hés 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 witﬂ.the
circulating bath and tubes. Figures 7(i). énd (ii) show photographs of
the rear view of units I and II respectively. The copper cooling plate,
coolant tubes, iinear 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 interidr 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 ﬁ thick fiber-

glass building insulation material interposed between. The rear -surface
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Fig. 6(i)

Fig. 6(ii)

Side View of Tromhe Wall Test lnits
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Fig. 7(ii) Rear View of Trombe Wall Unit 2

Fig. 7(i) Rear View of Trombe Wall Unit 1
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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 high density concrete obtained directly .from

-the manufacturer. The density of the blocks is about 1432 Kg/m3 and

the specific heat is about 670 J/Kg-K. Some of the important déta 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. Thé 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 cove¥ 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 cm air spacc located 3.81 c¢m in
front of the masonry wall. When one glass cover was used, the air gap
was approximately 5.08 cm and when two glass covers were used the gap

was reduced to 3.81 cm. In the test run with a fiber batt absorber,
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Table 1. Test Unit Data

Wall Thickness

Density of masonty
block (p)

Volume of wall
Total mass

Specific heatr(Cp)
Totél Heat Capacity

Absorber surface
(Phase I, II)

(Phase III)
Glazing type
Number of glazings

Phase I

Phase II

Phase II1I

Air gap
Phase I

Phase II

Phase III.

Type of heating/cooling

Thermostat setting

Trombe Wall Unit I

0.397 m

1432.0 Kg/m3

0.36 m>
515.24 Kg
670.0 J/Kg-X

345.21 KJ/K

Masonry wall coated

with carbon black paint

3.81 cm thick
Fiber Batt"

3.175 mm thick
window glass
single

single

single

5.08 cm

5.08 cm

1.27 cm

Constant temperature

hath

295 K

Trombe Wall Unit II

0.397 m

1432.0 Kg/m®

0.36 m>
515.24 Kg
670.0 J/Kg-K
345.21 KJ/K
Masonry wall coated
with carbon black

paint

Masonry wall coated
with carbon paint '

3.175 mm thick
window glass
single

double

double

5.08 ¢cm
3.81 cm
3.81 cm

Constant temperature
bath

295 K
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the air'gap between the glass cover and the absorber was about 1.27 cm.

2.1.4 Cooling Plate

A 0.578 m iong by 1.73 m high copper plate is situated directly
behind the interior surface of the masonry wall. 0.953 cm O.D. copper
tubing was soldered onto the 0.8 mm thick copper sheet as shown in
Figure 9. Coolant fluid is circulated through the tubing from a con-
stant temperature bath so tﬁat 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 constént
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 indiéated in Figure S. The operating‘temperature
range for this bath is 253 K to 343 K. However, the coolant was géhe—
rally kept at about 295 K to simulate room temperéture 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 thermocoﬁples 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 thexrmocouples ldcated on wiring connectors oﬁ the copper
plate iﬁ 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
facing side of the test units. |
.(xiij 1 anemometer mounted on a teét unit to measure wind speed.

T

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'thé 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 tﬁe Omega Temperature
Measurement 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 bea&ed 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 tﬁe;mocouple wire used are + 1 C or
+ 0.75% (whichever is greater) in the range 0 to 350 degrees Celsius.
In the range -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 thé thermocouple wires
are exposed to large temperature gradients. A discussion of this éon—
duction error‘phendmenon 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-
couples installed on cach surface. The location of the thermocouples
are shown in Figure 10. Grooves were chipped in the block at éach
location and the thermocouple junctions were positioned flush with the

surfaces. The thermocouple 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 coéling 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" instiumented with thermocouples. The location
of this block is shown on Figure 10.. Nine thermocouﬁle junctions were
installed in the interior of the block located along an axié running
from the front surface of the block to the rear surface. The locagion
of these thermocouples is shown in Figure 11 . At each location 10 cm
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 ceﬁent. 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 fruw Leing used.

Thermocouples-Glass Cover

Six thermocouples were attached to the inner glass cover surface,

that is, the surface closest to the masonry wall. The thermocouple

.
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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 thaf 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 contéct'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 cmin front '
of the masonry wall at locations approximately opposite the nine sur-
face thermocouples on the masbnry wall. The thermocouples were sus-
pended using fine nylon string and were shielded from direct radiagion.

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 b; the thermopile so formed, indicates the tempera-
turé difference between the air and the copper cooling plate, after
taking into dccount 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
Tesin thermal giue 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 thié 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 ideﬁtical) 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 ne*t to the
thermocoupleé 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 accéunt
the thermopile multiplication factor.‘ An individual thermocouple was
located in the flow stream.at the inlef to indicate the inlet coolant
temperature.

Thermocouple-Ambient Temperature

One thermocouple was installed external to the test units. It
extended about 5 cm from the East side of the test box and Qas shielded
from direct beam radiation by an aluminum tubular shield painted biﬁck
inside. This thermocouple provided an amBient air temperature measure-
ment.

Thermocouples-Connectors

As mentioned before the cold junctions of the thermopiles on the

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

copper cooling plates were located in gpld—plated connectors in thermal
contact with the copper cooling plate of each Trombe wall test unit.
There are threc such connectors in each wnit and individual thermocouples
are located in each connector. Thus, the temperature of the connector
is known énabling 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 masonfy wall of each
test unit. The location of this block is shown in Figure 10. The
block is located appréximately at tﬁe middle of the wall. The heat
flow sensorsAcontain 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 gaiﬁ of 500. This is not
sufficient to read the heat-flow sensors accurately and therefore
linear amplifiers were used. Four Omega Engineering, Inc¢. Omni-Amp II
amplifiers.were connected to the heat-flow sensors (two for each wgll).
The amplifiers were used with a gain of 10 and noise was less than 50

microvolts RMS in the outpﬁt. 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/mz. Pyranometers mounted in the vertical plane are subject to
error bécause of convection effects within the bulb of the instruments.
However, as will be discussed later, the error can be taken into account.

2.2.4 Anemometer:

An Aeolian Kinetics Comﬁany 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 maét which was in turn
mounted on top of one of the Trombe wall test units.

The anemometer contains a reed switch which is agtivated at a
rate proportional to the wind speed. The reed switch is ;onnected to
an Aeolian Kinetics Company model WP-1000 microprocessor system which
computes and displays both the instantaneous wind speed and an average
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 displéys

-(f) Line printer.

The minicomputer was 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 dat; were available.

The HP-2240A MACP has the follbwing 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 MACP is
microprogrammed to accept streams of commands frqm the controller (the
HP-1000 computer) and then execute the commands in thelreal—time en-
Vironmgnt of the external system such as periodically gathering a group
of measurements. The controller program specifies what the processor
is to do; the processor performs the specified_routines and returns
any resulting data to the controller.

The input channel gaiﬁ was set at 500 with a range of 1.20 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 resolution digital voltmeter by both
zerding and using known millivolt sources.

Some of the data was not read aﬁtomatically 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 blocksvin test unit I was read
witﬁ Fluke 8600A Digital Multimeter.

All transducers were connected to the HP-2240A by shielded
computer cable. The HP;2240 MACP was locatéd close to the ex-
periment location to minimize noise problems but even a close loca-
tion necessitated use of fairly long cables (10 m 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 fhe readings were broughﬁ
down to acceptable values. Linear amplifiers were used to raise the
signal levei of the heat‘flux sensors. The connecting cable shield
was connected to the negative side of all transducers near the
transdﬁcers ana at the HP-2240A MACP. While 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 éboﬂt 1 mv.

During Phgse IIT of the experiment a 3.81 cm thick layer of fibrous
material was attached to the masonry-wall front surface. The air gap
thermocouples Qould-be measuring the femperature of the fiber'bed 2.54
cm 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 calculating the air-gap temperature.
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CHAPTER 3
'DATA ACQUISITION AND TEST PROCEDURE

3.1 General

The experimental program was begun after some preliminary tests had
been compléted to test the instrumentation and the data acquisition pro-
cedure. These tests were performed indoors with high iﬁtensity lamps
to simulate solar insolation. Tests were made on all the thermocouples
and thermopiles to eﬁsure that their electrical resistance was of the
same order for both Trombe wall test units. The coolant sub-system was
tested for various ranges of operating temperatufes. During the test
runs proper the thermocouple electronic ice-points, hegt flux sensor
signal amplifiers and -the low-level analog input cards were calibrated
regularly to prevent drift.

3.2 Data Acquisition

Table 2 shows the input channel descriptions to the data acquiéi—
tion system. Since only twenty-eight channels were available on the
HP-2240A measurement and control processor only the more important
measurements were made automatically.

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
sefies 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

Interior Cover Surface Thermopile

Air Gap Thermopile

Exterior Wall Surface Thermopile

Interior Wall Surfdce Thermopile

Copper Cooling Plate Surface Thermopile
Coolant Flow Differential Thermopile
Coolant Inlet Temperature Thermocouple
37-Pin Connector Temperature Thermocouple

25-Pin Connector Temperature Thermocouple

" 13-Pin Connector Temperature Thermocouple

Exteriof Wall Heat-Flux Sensor Thermocouple
Interior Wall Heat-Flux Sénsor Thermocouple
Exterior Wall Heat—Fiux Sensor

Interior Wall Heat-Flux Sensor

Pyranometer -

-

Ambient Air Temperature Thermocouple

Wall # 1

1

13

14 -

16

Wall # 2

17
21
22
23
24
- 25
.26

27

28
29
30

31

32

The following measurements were made without using the computer-

controlled Data Acquisition System:-

9 Masonry Wall Temperature Profile Thermucuuples (Wall # 2)

2 Masonry Wall Temperature Profile Thermocouples (Wall # 1)

Anemometer
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observation gives the arithmetic mean §f the temperature differences
sensed by ‘the couples. Thus, for examplé, if nine thermocouples are
situated on a Sﬁrface, 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
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. Thercfore, 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 programmedvio
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 during 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
average 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
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considerably over short periods of time due to changing atmospheric
conditions. Instantaneous values of the insolation may be quite mis-
leading, so pseu&o—instantaneous values are used instead. At the end
of each 15 minute period all the other channels are read 20 times and
then the process repeats itself. The logic of thevdata acquisition
procedure is shown.in Figure 13 which shows a flow chart of the data
acquisition program '"DATAQ". The program itself is writteq 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 1 both_Trombe wall unité were tested with
a single glass cover system. Phase II of the experimeﬁt 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 ﬁnit }
during Phase III of the experiment. The performance of unit 1 was Eom—
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.shduld-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-
liminary tests were completed and the apparatus was ready to take data,
summer had arrived. The éffects of the high summer sun and high ambient
temperatures are discussed in Chapter 5. Also, air passages from the

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

eliminate thermosyphoning and thus avoid problems in maintaining uniform
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Store
. system clock time,
| ITIME .Inihialise JTIME=0.

Y | |

Wait 15 seconds
(ITIME = JTIME + |5)

| Read solar flux
SFLUX

Integrate ,average and sfore
SFLUX for 15 minute perfod.

\

Call "TROMB" fo read each data channel
20 times, average and compule standard
. deviation .

Cali diaanosﬂc A
roufine” ERROR

Call subroutine "TEMPT"”
to reduce raw data.

i ' Y
Store all data by
calling “FILE"

Data
file full ?

Reschedule).
C DATAQ”

Fig. 13 Flow Chart of Data Acquisition Computer Program. "DATAQ"
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"room'' temperature.

Each test.Tun was made for two days at a time so that the units
could be monitofed continuously for 48 hours. The available disk
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 tﬁat the temperature of the copper
cooling plate in each unit could reach steady-state. The data ac-
quisition program was loaded into the memory of the computer and a
data file was created on the disk pribr 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 readouf 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 timés each. The éveraged ""instantaneous"
data and standard deviations were stored by the control progrém in
the data file on disk. The temperature profile data was read manually
every hour using a nine-channel scanner and a millivoltmeter. The
millivoltmeter was lcft switched on and was zerned 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 minutés during the test
period and the program converts and storés the data in reduced form.
The standard deviation of each data set ig calculated as

0 2 1
(x(1) - x,,)/6)° |2

N~ N

i=1

(4)

Nmax - 1

is the average of the data

where x(i) are the data (millivolts), Xavg

set, G, is the gain of the data acquisition system (500) and Nmax is

D
the number of data points (20). The sfandard 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. _Mény data points
were takén from the Natinnal Bureau of Standards Copper-Constantan
Thermocouple Reference Tables and a least-squares polynomial fit was
obtéined through these data ﬁoints. The program used was évailéble
on the IBM-370 Computer Statistical Software Package Library. The

following sixth degree polynomial was obtéined:

S, -9 1 -1.2
— %* * - *
T = 9.172478 * 1077 + 2.599973 * 10 x,, - 8.142306 * 10 “x7,
' x 1n-2.3  1n-3.4 % 1n-4.5
+6.423569 * 107 “xZp - 5.212138 * 10 Txpp + 3.199713 * 107 xpp
v 1n-6_6 .
- 9.425144 * 10 "x7p + 273 _ 5)
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= xT/GD; where

where T is the temperature in degrees Kelvin and X1R

X is the reduced thermocouple millivoltage, x.. is the raw thermo-

TR T

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

acquisition system,

4.2 Thermopile Data

4.2.1 Cover Surface Thermopiles

The raw millivolts read from the cover surface thermopiles were

reduced to the corresponding temperatures as follows:
= 6. o*
Xep = Xc/8c * Gp) + X,/ (Gp) (6)

where x., 1s the reduccd cover thermopile millivoltage, x. is the raw

CR C

millivoltage, GC = 6 is the gain factor of the thermopile, GD = 500
is the gain factor of the data acquisition system and xp is the raw
millivolt reading of the thermocouple located on the cold—jﬁnction
connector on- the copper cooling plate. xCR is converted to TC, tﬁe

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

replaced by XcR.

4.2.2 Air Gap, Exterior and Interior Wall Surface Thermopiles

As in equation (6)

Xar = Xa/ (G * Gp) + xp/GD' | (7

Xpp = xE/('GE * GD) + xp/GD ' . (8)

Xip = xI/(GI * Gp) + xé/GD | (9)
where X,n, Xpg and Xp 3re 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 = Gi = 9 are

the thermopile gains and'GD and xp are as defined before in equation (6).
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The reduced millivolts are converted to'temperatures TA’ TE and TI by
using equation (5).

4.2.3 Copper Cooling Plate and Coolant Flow Thermopiles

The copper plate average temperature T. . is obtained from equation

cp
(5) by using XcpR instead of XTR? where
= *
Xepr = Xcp/ (Ggp * Gp) + X,/6p (10)
XpR is the reduced millivoltage from the copper plate thermopile, Xep

is the corresponding raw millivoltage and GCP = 6. The coolant outlet
temperature, To’ is obtained by adding the coolant differential thermo-
pile millivoltage to the millivoltage reading from the copper-constantan

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

Xor = Xcp/ (6cp * 6p) * Xpy/Gp (1)
X5R ~ reduced.millivolt?ge corresponding to outlet temperature.
Xep ~ millivoltage of différential thermopile.l

GCD - gain of thermopile = 4.

Xy - Taw 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:

—_ * * *
q=k*Z*x./(Gyp * Gy (12

D
where k is the sensor multiplication factor (W/mz/mV) as supplied by
the manufacfurer, Z is the temperature correction factor to be obtained
below, GHF is the gain of the heat-flow sensor linear amplifier (10)

and GD is, as before, 500. .q is the heat flux in W/m2 and XuE is the

heat flux sensor reading in millivoles.
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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.

-6, .2
* *
Typ * 2.0 * 10 Tur (13)

7 = 1.542994 - 2.524 x 107> *

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

THF

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/mz/mV)
External Heat-Flow Sensor (Wall 1) . 2.9557 x 10°

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

External Heat-Flow Sensor (Wall 2) ‘ 3.0738 x 102

Internal Heat-Flow'Sensor (Wall 2) _ 3.03534 x 102

4.4 Pyranometer Data

The reduction of the pyranometer readings was very straightbfor-
ward. The calibration constant of the instrument, as supplied by the
Eppley Laboratory, Inc. is 96.8054211 W/mz/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 horizbntal 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
pronouncéd when the pyranometer is mounted in the vertical plane, as
in Trombe wall tests and must be accounted for. As shown in Figﬁre 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 faétor, CPY = 0.9, as recommended by Norris, 1is f;ken into
account when evaluating the incident solar flux by using the follow-
ing calibration equation,

I. =M, ,*C

*
c = Mpy * Cpy * Xpy/Gp (14)

where I_ is the insolation (W/m%), My, = 96.8054211 W/m%/mV is the

multiplication factor and x_,, is the pyranometer output in millivolts.

PY
GD = 500, as before.
12
J { | | |
8
10— . § ] i
8 -
6 3 _ —
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44— x —
8
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&
.‘9
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o
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Figure 14, Effects of inclination of pyranometers on calibration. Instruments are: O, Eppley
180°: A, Precision Eppley: .Y, Trickett-Norris (CSIRO): O Kipp. thermopile axis inclined:
V. Kipp, thermopile axis horizontal. Adapted from Norris, Solur Energy, 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 accumuléting.



CHAPTER 5

. EXPERIMENTAL RESULTS AND DISCUSSION

The major objective of the experiment was to estaﬁlish that a
Trombe wall passive solaf collector with a fiﬁer batt absorber had
an improved performance when compared with a conventional Trombe wail.v
Toward meeting this goal, a set of experimenté wa§ 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 glas§ covers. Data is presented

to show that the thermal characteristics of the test 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 fhree 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 presentéd as representative of the large amoﬁnt of
data collected. The temperature profile within a double cover Trombe
wall test ﬁnit is presehted for a 24 hour period. 'The energy gain of
the fiber absorber single cover Trombe wall is compared with that of
a double cover unit. Top loss coefficienté are calculated for all
three configurations of the Trombe wall units. The significance of
the results are discussed in this chapter. All the data presented

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

As mentioned before, the experiment was conducted over spring aﬁd
summér months. AThe 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 tren&s 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 Informaﬁion about Data Collection Periods

Experiment Day of Year (1982) Relative Average Weather
. Humidity (%) Wind Conditions
———— Velocity
(m/s)
- Phase I 113 (April 23) 62% 1.8 Intermittent
Clouds
114 (April 24) 59% 1.43 Light Clouds
Phase II 174 (June 24) 78% 2.86 Light Clouds
175 (June 25) 63% 3.08 Clear
Phase III 196 (July 15) ' 68% 3.34 Light Clouds
197 (July 16) 76% 3.66 Hazy

5.1 Comparison of Two Identical Test Units

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 cm in front of the masonry wall sur-
face. Rayleigh numbers obtained for this configuration were typically
about 7 x 104 for the test period. The test period of this phﬁse 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 mofning withA
clear sunshine in the afternoon. Both days were chilly with minimum
temperatures drépping to 275.2 K on day 114. figures 15 through 19
present thermal performance data like temperatures and masonry wall
surface heat fluxes. The data is also tabulated in Table D.1 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 other).
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 vélues vary_considerably towards m;dday.
Interestingly enough, the glass cover £emperatures vary at the samé
time as the insolation showing the relatively low thermal time con-
stant of the glass cover. The émbient temperature also shows a simi-
lar trend.

5.1.2 Air Gap Temperature Variation

The air gap temperatures measured are almost identical for both
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.
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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 witﬁ time. The trénd is similaf 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
thé solar flux decreases. A minimum is reached when the ambient
temperature reaches a minimum, because losses to the environment are
maximum at this time. This minimum is at 6:00 AM 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 i

curve, byla maximum of 0.5 K.

5.1.4 Masonry Wall Interior Surface Temperature Variation

Figure 18 shows a remarkably consistent behavior of the masonry
wall interior surface temperatures of Trombe wall uﬁitg 1. and 2. The
temperatures in both units are very close together at all times of
the test period with the interior surface ‘temperature in unit 1 being
sometimes slightly higher by about a maximum of 0.3 K. The curves
exhibit a periodic behavior, reaching a maximum at about 11:00 PM and
a minimum at about 12:00 in the aftcrnoon. It can bc observed that
the interior surface temperature lags the front wall surface tempera-
ture by about 10 hours. Similar-figures for the phase lag have been

nhserved in studies for wall thicknesses claose tn the one used in
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this experiment (Bilgen et al. (1978)).

5.1.5 Masonry Wall Surface Heat Flux Variation

The front wall sﬁrface and interior wéll 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 inéolation 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 flux 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 héat flux. curves look very similar to thelin—
terior surface temperature curves in Figure 18, in fact, they have the
same period and the maxima and minima occur at the same time. This is
consisteht with the fact that heat flux from the interior surface
should be maximum and minimum when the interior surface temperature 1is
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/mz. This difference was due to
the calibration of the heat flux sensor and was 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 the insolation is 384.8 W/m2 at 1300 hours on day 174 which

is quite a bit "lower than the peak value of 555.8 W/m2 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 §un is
ﬁigher in the sky iﬁ June so that the insolation measured in the
vertical plane is lower.

Another observation that can be made is that fhe ambient curve
lags the insolation curve by about 3 hours. Rayleigh numbers were in

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

~unit and about 1 x 103 in the 3.81 cm 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 D.2Z in Appendix D.

5.2.1 Cover Temperature Variation

Trombe wall test unit 1 had a single glass cover placed 5.08 cm in
front of the masonry wall surface and unit 2 had a double cover (with
the glass panes '1.27 cm apart) located 3.81 cm in front of the wall
surface. In unit 2 the inner surface temperature of the‘inﬁer 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

tewperature 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 gap 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-
provement 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 # lower top loss coefficient, U_, compared to the single

t)
cover unit, as will be shown later. The single cover unit loses more
energy to the environment thus decreasing air gap and wall surféce
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 about 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
quitc high. Thus,lower transmittance values are to be expected for
double covers. In 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 wail surface tem-
perature 1is 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
wall 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 midday for unit 1 (single cover)
is the same as that for higher air gap'temperature given in sectioﬁ'
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 front surface of the wall to the rear surface in that time. The
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superior performance of the double cover Trombé 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
&rombe wall interior sﬁrfaceAtempérature‘is slightly.higher than the
corresponding double cover quantity ﬁear 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 Wall Surface Heat Flux Variation

Thé results obtained for the masonry wall sﬁrface heat flux
variations during the test period are consistent with the variatioqs
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 sﬁrface 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 7:00 AM 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 fér 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 temperafure, lags the insolation curve by about 10-12 hours.
A phase lag of 10-12 hours is desirable beéause 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/mz, 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 cm thick fiber bed absorber attached to tge
masonry wall surface in unit 1. Day 196 had intermiftent 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 paintéd with glarefree black
paint, as mentioned before, and the experiment was run over a 24 hour
period. However, the Trombe wall unit with a black fiber absorber did
not 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 K at 5:00 PM on'day 197 and the minimum
was 294 K at 6:00 AM on day 196. Rayleigh numbers obtained in the air
gap of 1.27 cm Qere typically in the order of 9.5 x 102, 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 Appeﬁdix
D.

5.3.1 Cover Temperature Variation ~

Figure 25 presents thevcover 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 tehperature_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 tfor
most of the test period except at midday when the solar insolation
is maximum. At this time the single cover temperature exceeds the ‘
déuble 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 temperaturé of the
single cerr 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 environment. During midday, the air gap
temperature of the fiber batt absorber unit is briefly quite appreciably
higher than the air gap temperature of the doublc cover unit. Since
the cover is in direct céntact with the air in the air gap, ét 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 temperafure in the fiber batt absorber Trombe wall unit is
very sensitive to fluctuations in the insolation - as willlbe 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 cm 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 batf 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 héating the figer
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 temperatures. ‘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-témperature for the double cover unit

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

temperature is 316 K. However, at 6:00 AM on day 197, ﬁhe double cover
unit front wall temperature is 302.7 K whereas the fiber bed absorber
Trombe wall fraont wall temperature is 304.8 K. This result is, of
course, quite reasonable since during the day solar radiation 1is
iﬁcident directly onto the ﬁasonry wall surface in the double cover
unit wherecas 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
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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
superior to a double glass éqver 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 tem-
perature as a fuﬁction of time. As obgerved 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
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 interio;
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 wall 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
reach a maximum energy loss of -36.5 and -27.1 W/m2 at 10:00 PM on day
197. The maximum energy gain for the front wall surface is 140.1 W/m2

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 PM in the daytime. This is con-
sistent with the higher front wall surface tempéfatures attained by
the double cover Trombe wall test unit in this time period. In the
hours when significant solar radiation is incident on the Trombe walls,
the added thermal resistance introduced by the fiber-batt layer 1ders
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 magnituae of the
heat fluxes is not so dramatic as in the front wall heat fluxes. The
intefior wall surface heat flux curves lag the front wall heat fiux
curves»by about 11 hours. The maximum heat flux from the rear surface
of the walls are 39.8 W/mz'and 36.9‘W/m2 at 12:00 PM 6n day 197 for
the doubie cover and fiber absorber Trombe wall units reépectively.

The minimuin heat fluxes of 25.3 W/m2 and 22.7 w/m2 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- Jt qdt - (15)

o . S
where Q is the net energy gain over the time period t in J/mz; q is the
hourly average front wall surface heat flux W/m2 and t 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 D.4 in Appendix D.

It may be concluded from the plot that at the end of the 48 hour
test period the fiber-batt aﬁsorber surface Trombe wall has a larger
energy gain than the double cover unit (577.2 J/m2 versus 532.7 J/mz).
It is also clear from Figure 30 that the double cover unit performs
better during the time insolation valﬁes are near maximum and the
fiber-batt unit performs better when the insolation is near zero. On
the whole, the fiber-batt unit appéars to be more efficient than the

‘

double cover unit.
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S.4 Comparison of Top Loss Coefficients

The top lpss coefficient, Ut in W/m2, is calculated for the single
cover, the double cover and the fiber-batt absorber Trombe wall test
units during Phase II and III of the experiment. The procedufe 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 optimization 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 and the corresponding Rayleigh numbers

are tabulated in Table 5. The Rayleigh number indicatés laminar flow
for natural convection ‘inA this geometry ‘for Ra < 106. 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 reﬁults 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 longwave 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

——e

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
introductionAof.a layer of fibroué material serves to reduce thermal
energy losses to the environment. The energy loss ;hrough 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 experiment temperature profiles in the heavily
instrumented block located in the double cover Trombe wall unit, were
measured. The temperature profiles obtained are repreéentative of
profiles in the cross-section of the Trombe wall unit. Figure 31»u
shows the temperature profiles obtained at different times in a 24 hour
period. The data points have been tabulated in Table D.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 asgumed 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.
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CHAPTER 6

CONCLUSIONS

The most important conclusion drawn from this set of experiments
is that a single cover Trombe wall passive solar collecfor, 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 Troembe wa;l. Conse-
quently, superior front wall surface and interior wall surface tempera-

tures are attained during the night and day times respectively. The

" total energy gain for the fiber-batt absorber Trombe wall unit has

been found to be about 7% more than the double covér unit for a 48 hour
heating and cooling cycle. Plots of the front wall heat flux and in-
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 Trombe wall, lead to a better performance.
In the first set of experiments the two Trombe wall units had
single glass covers~instélled and their-thermal performance has been
compared. Their performance has beén 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.
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
performance in terms of higher front wall and interior wall surface

86



P .
s

———

- —

87

témperatures, air gap températures and larger heat fluxes into the
front wall surface and out of the rear wall surface. Energy losses

to the environménf have been found to be lower at nighf for the double
cover unit. Temperature profile déta 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 experiﬁent indicates the effectiveness: of using double
glass covers and single covers Qith 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 ﬁerform
even better compared to a single-cover unit during a heating season.
Correspondingiy, 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.
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APPENDIX A

ERROR ANALYSIS OF THE SYSTEM

A.1 Heat Flux Sensors

The heat flux sensors used in this experiment were RDF Corporation
micro-foil heat fléw sensors as described in Chapter 2. The calibra-
tion equation for these.sensors is

q = k*Z*V o A - (AL)
where q is the heat flux meaéured in W/mz, k is the sensor multipli-
cation factor (W/mz/mV), Z is the femperature correction factor and
V is the millivolt output of the sensor. Equation (Al) can also be
written as

q = M*V ' ' 7 (A2)
where the multiplication factor M is obtained by combining k. and Z.
The. temperature compensa;ion factor, Z, is obtained from équation (;3)

in Chapter 4

3, 6, » 2

T,. + 2.0x10" T (A3)

Z = 1.542994 - 2,524x10 HE HF

where THF is the mean temperature of the heat flux sensors. Taking
the natural log of both sides of the equation (Al)

Ing=1Ink+InZ+ 1InV . : | (A4)
On differentiating Equation (A4),We obtain

dq dv dz
—(-19-=—v—+_z- (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
In Z = In (1.542994 - 2.524x1077% Ty + 2.0x1077% T,.) (A6)
After differentiating,we obtain
dz _ -3 -6, '
S = (- 2.524x107° + 4.0x107 7% T,p) dTy,./1.542094
- 2.524x1073% T+ 2.0x10"%*1 %) (A7)
: HE T < HF

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 percentagé caused by tempera£ure measurement
is small, while the error due to voltage measurement is larggr. The
following three examples show the percentage error of the heat flux

measurement caused by each factor.

Ex. 1 T

HF 325.56 K

\' 73.34 v

error caused by temperature measurement is 0.131%

o

o9

error caused by voltage measurement is 1.364%

Total % error caused in the heat flux measurement is 1.495%

Ex. 2 T 324.1 K

HF

\Y

28.6 uv
% 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 T 321.104 K

it

HF

n

\' 7.73 Vv

0

% 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 voltagé was greater
than 20 microvolts, the pércentage 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 experiment all thermocouples were made of copper-constantan
wire with limits of error + 1 K. The calibration equation for copper-
constantan thermocouples as written in Chapter 4 (Equation 5) is as

follows

9

- 1 -
T = 9.172478*10 -~ + 2,599973x10*x - 8.142306x10 lxz

+ 6.423569x10" #x> - 5.212138x10 %x? + 3.199713x10 %>

9.425144x10"%° + 273 _ (A8)
where T is the temperature in degrees K and x is the thermocouple
voltage in millivolts.

Taking the natural log of both sides,

In T = In-( right hand side of Eqn. (A8))
differentiating,

dT 1n’ ;1
- = (2.599973*10 - 1.62846x + 1.927* x

2 2.3

2.0848552*10 “x

+ 1.28*107 3% - 5.6551*10“5x5) dx/(r.h.s. of (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 micrdvolts.

The following two examples give an idea of the magnitude of the
errors involved:

Ex. 1 X 2.131mV

1}

T = 325.695 K

o

error caused by voltage measurement is 0.071% (0.232 K)

o\

error caused by thermocouple errors is 0.397% (1 K)
Total error = 0.468% (1.232 K) .
Ex. 2 x = 0.7105mV
% error caused by voltage measurement is 0.086% (0.25 K)
% error caused by thermocouple errors is 6.344% (1 K)
Total error = 0.43% (1.25 K)

It is clear that thermocouple errors dominate. For thermopiles,
however, the percent error will be lesser because of the fact thatu
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
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

As mentioned in Chapter 2 a Precision-Eppley pyranometer was used

‘to measure the incident solar flux (insolation). The calibration error
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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
c Py PY PY

/GD | (A10)
where IC is the solar insolation (W/mz), Mpy is the multiplication
factor of the instrument, pr is the correction factor, GD is the
data acquisition system gain and xpy is the output of thevinstrument

in millivolts.

Taking the natural logarithm of both sides and differeﬁtiating,

we obtain
dI dx
- . PY
I X
¢ |24

dIC is the uncertainty in the solar insolation due to the uncertainty
dxpy = + 10 microvolts, in voltage measurement.

Ex. 1 5.0 millivolts

X
194

I

c 435.625 W/m2

1)

")

% error in the insolation rate due to the uncertainty
is 0.2% (0.87 W/m2)

[+)

% error in the insolation rate due to calibration is
0.5% (2.18 W/m%) ,
Total %4error in the insolation rate 0.7% (3.05 w/m2)

In other words, when the insolation is high, the calibration error

dominates.

0.5 mv

tm
!
()
»
I

"
43,5625 W/m”“

—
il

% error in the insolation rate due to dxpy = 2% (0.87tv/m2)

2

% error in the insolation rate due to calibration =

0.5 % (0.22W/m)
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. . . : 2
Total error in the insolation rate due = 2.5% (1.09 W/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 REDUCTION PROGRAM "DATAQ"

ADATAR T=00004 15 ON CH2Y793 USING 00076 ELKS R=0000
FTNA

=
=
=
P

2L S0 N0 U ifC

PROGRAM DATAR(3,S50)

=
™
™

I Sl o R el ol el G ATl el —ferg =)

1HIS THE LILDUING TASKS i
( Lui Y EVERY 14 SECONDS.
: DLAR FLUX DATA OVER 15 MINUTES. .
TER THE PYRARDMETER DATA FOR 15 MINUTES
CALLS DHTA ALQUlSITlON PROGRAM “TROMEB" WHICH 1AKES
28 CHANNELS OF DATA FRUM THE TROMBE walLLS #1 & #2,
(4) wHLN TR " TERMINATES "DAaTAG" SUHEDULES ITSELF
TO RUN AGAIN FUR THe NEXT 15 nIKUTES,

THE )UBrUUTIN& CALLED BY "DATAQ" ARE: :
ROME": CULLECTS DATA FRUIM TRUMEE WALLS,

SR Ty d =P T T Pl =T P = T Y = TS T ¥ P

c

1 C

0 C

0 [

0 C

0 c

1] C

0 C

0 €

u C

0 ¢

1] C

015 . C

0isd  C ,STRUMB" AN TURN CALLS THE FOLLOWING SUBRQUTINES:

1] g g rn:gﬁ;: LISTS ERRURS, IF ANY, IN THE DATA ACGUISTTION
] o .

? g g rouuan1q THERMOCUUPLE MILLLVOLTAGES 10

1 " .

0zt C TLE" STURES THE DATA TAKEN EY "ITROME" IN A DATA

3 2 g Fth NAntu “DYRUMI ™,
Gops C UthHPLh LIST FOR PROGRAM “DATAG"::
33%2' g (1) B;;) NUMBER OF TIMES SULAR DATA IS TO BE COLLECTED
guey C 2 OFST - THE INTERVAL 1IN SECONDS HETWEEN bUCCESIVt DATA
0028 C LOLILCTLON KUNS AND HAS 10 Bt NEGATIVE (LNPUT
0uz? C (3) YNMAX"-) SAMPLE SIZE FOR DATA CULLECTION \lNPUT).
0030 € (3) "1C0UN"=3 L.OOP COUNTER.
0U31 € (5) “ITIME“-) ARRAY CUNVAINING HE TIME OF DAY.
0032 C (&) "MACP® =3 LUGICAL UNLIT NUMEBER OF THE MEASUREMENT AND
0034 C _ CDNTkDL PROCESSAOR .
gggg g (7) AIN™ - GAIN SETTING ON THE LOW LEVEL ANALOG INPUY
0636 C (8) =) MULTIPLICATION FACTOR FOR PYRANUMETER READING.
0037 C (9} -5 BRRAY UZED 10 STORE LALA RETURNED FRUM THE MACP.
0038 ¢ (10 =) CONDITION CUDE FOR DATA ACOUISITION PROCESS,
0039 C (i1 -3 INSTANTANEDOS VALUE FYRAROMETER MEILLIVOL IAGE.
0020 C (12 -3 INSTANTANtuus VALLUE OF SULAR FLUX (WATTS SQ.M)
tnsi  C (313 -2 AVERAGE VALUE UF PYRANDPETER MILLIVULTAGE
oua2 ¢ (14 -~y & ¥ UF SOLAR FLUX (WATTS/SE.METER)
0043 ¢ (15 -3 87 DEVIATION UF SOLAR FLUX READINGS.
0044 C (16 -> véulaplt INDICATING IF "DATAR" IS5 1U EE RUN
0as € (IF ITY$ i) OR IF IT LS 10 BE RUN CUONTLINOUSLYC 3TY=1)
0046 C (179 T —-) COKRECTION FACTOR FOK VERTICAL PYRANOMETER
0047 € ITING (CRRCT=0.9)
0048 INTEGER J1[nc(5>,1u0L1(20),Lu JKTIMNE(S)
goqg . REAL VOLT(E0),a(b05,8607,0(00)

G
833% 8 THE VALUES UF ITER, 10FST, NMAX AND ITY ARE READ IN.

52
0655 WRITE(1,8910)
0054 8910 FURMAT(1X,? "ITER 7y
nnss READCL, %) "ITER -
0056 WRITE(L 8911)
0057 BRLL FORMAI(IX,? "IOFST _’)
0058 READ (L, %) 10FST
0059 WRITE(L,8912)
0060 8912 FURMAT(AX,? NMAX _?)
0661 READ (1, %) NMA
0063 WRITECL,B915)
0063 #4913 FORMAT(IX,? TY _*)
33?ﬁ : KEADCL, %) 1TY

e n )
0065 € ALLL ARRAYS AND CONSTANTS TU EE USED IN THE CALCULATIONS ARE INITIAL
vos7 € . -SED
%3@3 é“”” 1COUN=0

oY ;
83;0 8 THE TIME AT WHICH CALCULATION S1ARTS IS STORED IN ARRAY JTIHME.
ouvé . CALL EXEC(11,JTIME)
0073 90 MAGP =31
0074 GALIN=S00,
G075 ShUL. I=96.605424 1
00756 1COUN=TCOUN +1
0077 IFCICOUN.CT.ITERY GO TO 100
0078 DG S L=1,NMAX

24
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TVOLT (I)=0
5 VOLT(L) =0,
¢ THE PRESENT 1IME IS WRITTEN TO 1HE TERMINAL TU SHOW 1HAT DATA 1S
C BEING TAKEN.
5
LL EXEC(11,KTIME)
c WRITE(L,10)(RTINRE(L-I),I=1,5)
g A COMMAND 1S WRITTEN 10 THE MACP TO READ SOLAR FLUX DATA NMAX 11MES
CALL CLEAR(MACP, 1)
WRITE{MACP ,1%5)
s FORMAT (" SNT ™) -
WRITE (MACR ,17)
17 FORMAT C"AC, L1 ™)
. WRITE (MACE ) 20 NmAK A ,
» THE VALUES ARE READ FROM THE MACP AND THE 1NSOLATION AND STANDARD
8 DE UN ARE CALCULATED, :
RE ) COND, CIYOLT (1), =1, NMAX)
ir ) GOOIGT 24
WR
CoL
SC
31 ¥
Sid:
DO Ax
Jal TUIVOLTLT)) /GAIN
41 () +U0OL 1 CJ)
AY LOAT (HMAK))
. Ax
4s Sl (I) =avi)xa2
Sh Ou':lTk-‘hu-:X 1))
FLL g ]
ACT
B
Q C( . ) " -, le) " " ~; ~ "wee
N 1 ; :_,13¥Lx, HOUR: " ,13,2X, "MIN.:",13,2X, "5EC. .
20 F R 2, " AL, L, 16,4 WN, L3NX")
20 s Trrdatedha IRDICATES ERROR™)
g “DATAR" I5 KESCHEDULED TO RUN AGAIN 1% SECONDS LATER.
CAaLL EXiCi2,0,2,0,I0FST)
- G0 70 20
c AVERAGE VALUES FOR MILLIVOLTAGES, SOLAR FLUX AND STANDARD DEVIATION
g ARE CALCULATED.,
oo e=0.0
G=0.0
g=0.0
DO 60 I=4,ITER
E=E+a( 1)
Gel+i 1)
&0 g=Q+C (1)
F=£ /E1.08
_ i ey
i)
¢ )
i ﬁUERUUTth “TROME® 1S CALLED TO VAKE DATA FROM DEVICES IN TROMEE
[ Aalios, .
C
CAlbe TRONEG 4R, ITINE  NiteX)
;Fg: YLEQL 1 GO 10 Thad
S
C
” SUBKOUTLINE TROMNECF M, ), 5 TLHE, NRaX)
C
C SUBPOUTINE TRONE BERFURNS THE FOLLUMING 1ABKS WHEN CALLED

C BY THE M&aTH PRUGRAR “Limimid "

9 (1 LULIFle 28 UHANNELS OF DATA FROM THE M
¢

C

URIENENT AND

LUNIH L PRUCESSUR wriaX (IPES AND SVERAL
I i GaTd FRUM THE KealW Fukm T Wi 4 Ea
AiUKRS, HENT FLUXEYS AND SULAR FLUAES.,

(2)

LJ Kr ThMPl:
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(3) STONES YHE REDUCED DATA AND VYHE TIME UF EXECUTION IN A

0159 C
8160 € DATA FILE NAMED "DTROML" BY CALLING SUBROUTINE “EILE".
53 L,
0153 € VARTABLE L1ST FOR SUBROUTINE TROME:
0163 C (iNMAX=) SAanPILE SIZE UF DATA.
0163 G (2)hack-) LOGICAL GRTT NUMBER OF MEASUREMENT AND CONTROL
0165 © FROCESSOR
0166 G (3)A05 —) ARRAY CONTAINING 1HE RAW DATA (MILLIVALTS) READ
0167 € FROM THE MauP (AFTER EACH CHANMEL IS AVERAGED)
01568 € (4)XAUG-) &K Ry CONTAINING THE REDUCED DATA (TEMPERATURES:
0169 © HEAT FLUXES AMD SOLAR FLUX)
0170 © (SIS0 ARRAI CONTAINING VHE' STANDARD DEUVIATION CALCULATED
0171 G DURING _"tAH—__b READING UF EAUH CHANMREL ,
0172 € (6)00 _DIMENSIONAL ARRAY INTQ WHICH THE Rau DATA FROM
0173 C THE A EAD PRIUR 10 DATA REDUCT EOIN.
0173 C L AR T PR N S T NG "R RE " CGu CBVEL anALOG THPUT
017% € BOARD .
0175 O© (2)TTIME-) ARRAY_IN WHICH JHE TIME OF DAY IS STORED,
0i77 ¢ (9)COND => CONDITION CODE FOR DATA ACQUISIFINN PROCESS,
0172 ¢ (L0YSMULT=) MULTIPLICATIiON FACTUR FOR PYRANUMETER REMDING.
017¢ € (1 MULTF=> ARRAY CUNTAIALNG THE MULTIPLICATIUN FACTOR'
Q1D 0 UBED IN . ING THE THERMUPILE READINGS. )
0181 € {12 HMY NTHINING THE MULTIPLICAYION FACTORS
0182 ¢ USED HE HEATFLOW METER MEADINGS.
0ia3 ¢ {14) 7 URE CURKECTLUN FACTOR Fhw HEATFLOW
0igd C METERS.
0i8E  C
0iBa . [T _SHOULD KE NOTED THAT ALTHOUGH 32 CHANNELS ARE KEAD BY
6ig? ¢ "TROME® THE READINGS FROM LHANNEL $15,518,19 & 20 ARk
0148 € IGHURED HECAUSE HE CHANNELS ARE peeECtive ™At NO DEVICES
018 ¢ ARE CONHEGTED 10 VHEM
0i9si © CHANNEL LIS IING:
0172 ¢ WALL $1 WALL #2 DEVICE DESCRIPTION
l"/‘;'Jl N e mam ememamem wm et et et et v e e it - e . = T = — T —— — . ———————— —
0i?s C i 17 INFERIUR GLASS SURFACE THERMOPILE -
0i%s G ] 21 AIR GAP THERMOPILE
B1v6 G 3 2 - EXTERIUR WALL SURFALE THERMOPILE
0i%7 € 3 33 INTERIC 3
0198 © S 23 COF
015¢ € 5 as ¢oc
6200 C 7 36 cao
02¢i C a 37 37 R R NOCOUPLE
0202 € 9 = BG- THERMOGCIVIPLE
pz03 o 19 - 13 © YHERMOCOUPLE
0203 C 13 28 EXTE THERADCIXUPLE
0205 € i3 29 INTE THERMUCOUPLE
6205 © i3 30 EXTER HE UwW METER
0247 € 13 34 INTERNQL WAL BURFACE HEATECOW METER
0208 ¢ 16 = PYRANOMETER
0209 € z 32 ANKIENT AIR TEMPERATURE THERMOCOUPLE
21 ™ e et e e e TR . = 9 A (o o e o o o = 8 M i e e 1yt e T = e o e
0211 ©
0212 ©
0213 INTEGER COND,TITIME(S) , 1NAME(3),1V0LT( (32,20
0253 REAIL AUG(BZ),hULTF(lhs HmUlT\4$ XAUG (335,50 (32)
0215 DATA_MULTF7! 299 D9 R, A/, HHULTY
0218 4295.57, 305,59 305 sé 3058347
- 4
Uzig G ARRAYS AND LONSTANTS 10 RE USED 1N THE COMPUTATIONS ARE INITIALISED
<l -
0220
0EZ%
0353
{1223
0273
u22s
13,4
PP
0228 1
h58 2
X0 G
03%1 ¢ ANALOG INPUT EOARD #1 (CHANNELS 1 THROUGH 1o) IS READ Nnex TIMES,
0232 € THE CONDITION CUUE IS EXAMINED AND VHE AVERAGE A, IHE STANDARD
0233 ¢ DEVIATIUN UF EACH CHANNEL IS5 COMPUTED. -
02%% CALL LLFAR(HGFP 1)
0234 WRITE (MACP
02%7 15 FURMAT("?Nf"
0238 17 FORMAT C"AC, 1

.
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EB%%E%Tﬁgﬁ’fO)RQHAX[° AL,1,1,16;W
kS e Ao Al . N
READ(MACP %) _COND P TIAL LA LEUNL L RXET)
1FCCOND EQ.0) 80 TO 24
CALL £RRGR
STOP {
DO 23 J=1,NHMAX
KEAD (MACE ;%) (IVOILT(I,3),1=1,15)
D6 27 1=1)16
1OTAL=0.0
SWi={.0 ,
DO_29 J=1 NHAX
AOTAL=TUTAL+FLOAT CIVOLT (I, ) ) /GATIN
CONTINUE
AVG(TY=TOTAL/ (FLOAT (NMAX))
DO 25 J=i ,NAAX
SWi=SWi+(FLOATCIVOLT (T, J)) /GAIN-AVG (L) )42
SDOL)=5ART(SWL/FLOAT(NMAAX-1))
CONTINUE
ANALOG INPUY BOARD #2 (CHANNELS 17 THROUGH 32) IS READ AND IF THE
CONDLTION CODE I3 GAUD, THE AVERAGE UALUE & STANDARD DEVIATIUN
UF EACH CHANNEL IS COMPUTED.
CALL LlFAR(ﬁALP 1)
WRITE(MACP,
WRTTE( Mwi™P 1, 111)
|

n

RMAT (*AC,21")
TELHRACP ,30) NrinX
(RP LIRS AT,2,1,16UWN, L3NX ")

D
GU TO 34

-

oo
T30
o~Dm
rcrr.z:','q
<
i
ot
o

I

el :»a»:czu'c-r—o:

éIvOLT(l 3),I=47, 3”)

Z

J=1
}TAL+PIUAT(IUOLT(I 1)) /GAIN
=

TOTAL / (FLOAT (NMAX) )
=1, NrAX
1+ (
HAR

O
FOP

ﬁLUAT([UOLT(l JI)Y/GAIN-AVYG(I) ) xx2
(SU1/FLUAT(NAAX=1))

m oZzA=
St

ZCI CoEICCCoCECOMNCHDUNCR

m ¢

o
d-
Wil nuneerrpdbid 24—

pe 4
c
o
—
n

SrmmTmT

W
F.
R
1
C
S
D
b
D
y
]
D
7
[of
A
D
5
5
C
]
T
A
a
A

<<

+AVb\u)

'._._
STONINNW

P RN TN N I (I
Ui n' O NN
-

~ AT

rols

NEXT
(DEGRE

i
vr

ARE CONVERTED TO 1hNPERAYURFS
UBHUUIINE "TEMP 1™,

F'D

BY

LERLLG6.0R VI LEQ, LG,
JOR . I Eu.31) 30 10 60

[y

c

o
0 rl'

I

voLT T FLUXES BY
ULI’ H% TEMNPERGTURE
VE

LS50 CALCULATED

AC ONVERTED 1
i

C
N FRC T
U
R

i
<
R \NUhnltk
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APPENDIX C

CALCULATION OF TOP LOSS COEFFICIENTS

A.1 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 sho@s the thermal network used for calculating Ut for a
two-cover system. At some typical location on the absorber, where the

temperature 1s T the solar energy absorbed is .S. The energy loss

b)

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 TC is

1
} 90ss,top -~ Poec1 * Prboc1) (T - Teq) (C1)
where 2 2
(Tb + Tcl)(Tb + Tcl)
. . h_,b-c, = . (C2)
_ T 1 1 1
-+ = -1

| . %
: Ty = temperature of Absorber Surface (K)
. T.1= temperature of Cover 1 (K)'
? €y = emissivity of Absorber Surface (taken as 0.95)
}“. ‘ €. = emissivity of Cover (taken as 0.88)

\ The convective heat transfer coefficient hb-cl is calculated as

follows:

P
£
=

h = (C3)
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33 Thermal Networks
for Phase I, II
and III of
Experiment




Nu

Ra

Pr

where

-

§29<r>mocz ol =2
= —

™ 9
o}

Equation (C4) has been obtained by Hollands et al.

[ S | N [N VO [}
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. 1.6
1708 J7* . 1 - (sin 1.88) 1708
1+ '1.'44 [ " Ra cosS:[ ( Ra cos8 )
Ra cos o
[( S ) - 1} ()
g8'ATL® |
va ' (C5)
v/a A (C6)

heat transfer coefficient (W/mZK)
plate spacing (m)

thermal conductivity (W/mK)
gravitational constant (9.81 m/s2) °
volumetric coefficient of expansion (8'=1/T)
temperature difference between plates
kinematic viscosity (m2/s)

thermal diffusivity (m2/s)

Nusselt number

Rayleigh number

Prandtl number

tilt angle

(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
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A similar expression can be written for R,, the resistance between

2,

the cover plates. The absorber surface and the first cover also inter-

act .with

with the

the surroundings but the interaction of the absorber surface

surroundings is not significant. The linearized radiative

heat transfer coefficient for energy transfer between the ambient and

the first cover is given by

h =
r,cl-e 1 - Pe1 Pe2

where

€cl <

Te2
Te1

Pc1
Pec2

The

The heat

where

2 2
_ c1%c2’ (Tcl * Te)(Te * Tc1 )

€7

emissivity of cover 1 (taken as 0.88)

= transmissivity of cover 2 (taken as 0.04)

= Stefan-Boltzmann constant = 5.6997x10-8 W/m2Kk4
temperature of cover 1 (K)

ambient temperature (K)

reflectivity of cover 1 = 0.08 (p = 1-e-7T)
reflectivity of cover 2 0.08

1]
[

resistance, R4, is now

1

hr,cl—e

thermal resistance to the surroundings R, is defined as

1

hwind hr,c2-e

transfer coefficient due to the wind, hwind’ can be calculated

as recommended by Duffie and Beckman (1980)

- 0.6
) 8.6V
hing = Max LS: 0.4 } , (C8)

V = wind velocity (m/s)

L = cubc root of enclosure volume (m)
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The radiant heat transfer from top cover to ambient is

2 2
h - €c2¢ (Tc2 * Te)(TCZ * Te ) (C9)
r,c2-e (tr..-T) :
cs e’
The net resistance, R , 1s then
- net
N ‘_ (R1 + RZ)R4 .
net Rl + R2 + R4 3
The top loss coefficient is
U = W/m2 K | ©(C10)
t R v

net

A.2 Single Cover Trombe Unit

From the thermal network in Figure 33 the net theimal resistance,

Rnet,lls.computed as
Rnet - Rl * R2
where
1
R, = A
2 My thip
1
R1 = "

h . h
wind r,c-a
The heat transfer coefficients are calculated as in the preceding

section.

A.3 Single Cover with Fiber Absorber Trombe Unit

The thermal network for the fiber absorber Trombe wall unit is

shown in Figure 33. Thermal resistances R1 and R2 are calculated

as in section A.2 using the fibcr absorber surface temperature be
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instead of Tb. An additional resistance R3 appears because of the

fiber batt.

R_R
R = L cond -
3 R_+R
r cond
where Rr = thermal resistance due to radiation interchange.
RCond = thermal resistance due to conduction.

Studies of heat transfer characteristics of fiber batts with one
free surface show that gas conduction and radiation interchange are
the dominant modes of heat fransfer SO natpral 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

Roond = %

a
H = thickness of bed (0.0381 m)
ka = conductivity of air (W/mK)

In calculating the radiation resistance, Rr’ an equation suggested

by Davis (1972) 1is used

_ H
Rr Tk
T
and
40Tm3 )
k = : (C11)
T‘ —
g 3
where
g = StefaneBoltzmann constant

Tp = mean bed temperature = (Tya11 + Tbhf)/2
Tpy- fiber bed surface temperature (K)



p————

107

= extinction coefficient 06 n 1

= 0.
scattering parameter = 1.0

w al
|

il

The top loss coefficient is

A.4 Computation.

o~ e
[

The heat transfer coefficients and top loss coefficients‘aré
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,

@, kinematic viscosity, v, and thermal conductivity of.air, ka'



l APPENDIX D

‘INDiVIDUAL DATA OF EXPERIMENTAL RESULTS

—

Data Key for Tables D1 through D3

’ SFLUX Insolation (solar flux) W/m2

- TAMB Ambient Temperature (K)

I TGLS1 Cover Temperature Test Unit 1'(K)

i TGLS2 Cover Temperature Test Unit 2 (K)
TAIR1 Air Gap Temperature Test Unit 1 (X)

‘{ TAIR2 air Gap Temperature Test Unit 2 (K)
TFRON1 Front Wall Surface Temperature Unit 1 (K)

! ' TFRON2 Front Wall Surface Temperature Unit 2 (K)

’ TINT1 Interior Wall Surface Temperature Unit 1 (K)

| TINT2 Interior Wall Surface Temperature Unit 2 (K)

] i QFRON1 Front Wall Surface Heat Flux, Unit 1 (W/mz)
QFRON2 Front Wall Surface Heat Flux, Unit 2 (W/mz)

j QBACK1 Interior Wall Surface Heat Flux, Unit 1 (W/mz)

i QBACK2 Interior Wall Surface Heat Flux, Unit 2 (W/m2)

Data Key for Table D4

L I Hour number

l , Z1 Integration of Front Wall Heat Flux, Unit 1 (J/mz)
’ 2 Integration of Front Wall Heat Flux; Unit 2 (J/mz)

| | ‘ 108
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Table D.1 Data for Phase I of Experiment

Unit 1 - Single Cover . Unit 2 - Single Cover

"7 DAYA FOR PHASE I OF EXPERIMENT
DAY 113 —=> RELATIVE HUMIDITY
DAY 114 -=-> REULATIVE HUMIDITY

TIME SFLUX TAMB TGLS1 TGLS2 TAIRL TAIR2 TFRONI TFRON2 TINT1 TYINT2 OQFRONL QGFRON2 OBACKI QBACK?2

(COMPARISION OF TWO IDENTICAL TROMBE WALL TESY UNITS WITH SINGLE COVERS
62 X AVERAGE WIND SPEED= 1.80 M/S
§9 X AVERAGE WIND SPEED= 3.08 M/S

0.0 0.0 2Bl.0 283.8 284.3 287«3 287.8 291¢5 291¢5 293.4 293.4 ~83.6 =83,9 26.8 26,9
a0 0e0 . 280e7 . 283.6 . 284.0._ 2872 28Te6._ 290e8 290e7  293.3_ 293.3 =~83.7 -B4.0_  26.8 2649 _ _
2.0 7040 T279.9  283.3 283.9 28647 28742 290e1 2902  293.37 293,2 -84.6 ~B4.5 2648 26.9
3.0 0e0 279.5 282.4 283.1 285.9 286.4 289.5. 289.6 2931, 293.0 =-B4.6 ~84.5 25.%5 25,8

4.0 0.0 279.0 2B2.0 282.5 285.4 285.8 2B8.9 288.9 292.9. 292.8 =83.4 —-83.4 24,9 25.2
. 5S¢0 ... . 040, 278e7. 28le7 _ 282.2. 2B8S5el . 285.5 288.5. 288e5 _292¢7. 2927 ~83.2  =-82.7 _ 23.6 . 23.8 __  _
6.0 1e3 27840 28142 2B81+7 2834.8 285.1 28841 288e1 292¢4 292.4 -80.3 -80e4 ~ 22.0 219
7.0 8.0 279.6 281e3 28147 2BS5¢3 2B5.6 288¢3 288.2 292¢l 29241 =63,5- =64+l 20.4 2046
8.0 TB.T 282.9 284.6 285.8 290¢5 29146 290e8 2914 291e7 291e7 =5¢6"' - =640 1663 1645
o 940 _224.0 28543 _289.5 _290.5 _298e2  299.0 296e2 29Tel 2916 291.6 95,0 : 9841 __ 12.8 _ 13¢2  _ ___
100 " 32645 28640 293.1 294+0 304e2 305.3 301e2 3020 291¢6 291.6 154.5 157.2 111 10.9
11,0 466.4 288.5 296¢5 297¢1 31140 3122 308¢9 309¢7 291¢4 291e4 161.2 16646 8.3 9.0
1240 316e7 28667 29645 297.1 308.3 309.5 309¢9 3103 29144 291.4 93.6 971 8.2 8.9
1340 _843¢1__ 29245 _ 30142 _301e5_319¢1 31847 3159 3159 29884 291.5 243.,2 243.6 __. 8.9 9.3
14,0 728445 728943 T 29648 7 297.4 7 307e4 307¢4 311e2 ‘311.0 29te4 29144 =53.5 <-53,7 9.6 9.9
15.0 38841 294.9 2995 299.2 312¢5 312.0 312.3 312.0 292.1 292.2 104.5 100.4 9.5 10.0
1640 100.4 293.2 29448 294.8 304.6 308.5 30743 30762 2926 292¢7 <2346 =223 11.9 11.8
1740 ___17e5 .288.0 _292.0_ 29241  298.6 298.7  303.0 302.6 _293.2' 293¢3 =7Be2' =729 _18.5 14.4
18.0 Te8 287¢0 29047 "290¢8 296¢2 29642 ; 300e7 30043 29346 203.6 =89.2  ~B86.6 1646 1643
19.0 2.8 283.0 289.0 289¢1 293.7 293.7 298¢3 297¢9 29842 298.2 - -99.3 -93.8 19.7 18.9
20.0 17 283.5 287.4 287e4 29148 29148 29G6e3 '"295.8 298.6 294¢6 =99¢6 =95.1 22.T 2146
2140 ____. 0.0, 282.4_ 285.9  286el_ 290e3  290e3 _298¢7 294¢2 294¢8 | 298,6 ~102¢3 =67.5 __24.3 23,9 ' _
22.0 0.0 " 281¢9 2B5.5 " 285¢37 289.7  289.3 T 293¢4 293.0 295.2: 295.0 , =938 . =91.0 25.8 " 25.0
T 23.0 0.0 28le4 284.0 2B4¢3 288¢5 2BBe3 29203 2920 295.0. 293,8 ' =95.1 =92.9 25,8 25,2
24.0 0.0 279¢6 28346 2834 287¢8 287+3 291¢a4 290e9 295¢3: 29540 =95.0 '~92e3 262 25,7
. 2540 ' ___0e0_ 28040 . 282.9_ 28340 . 287+0 2868 _290.8_  290e4_ 298.7 298.5 =~08,1 ~90¢B __ 2647 _ 25.6 _ _
2640 0.0 27843 281.9  282.0 28643 285.9 280,99 289.6 294.8 294.6 ~98.5 7 -92,9 7 27.1 72640
27.0 00 277+7 2B1e84 281e5 2B5.6 285¢3 269:3 28849 29846 . 294.3: =92.3 —=B9.7 2T.1 25.8
28.0 0.0 276.6 280e6 280e5 284¢8 284¢4 288.6  288.0 294.2 ;293.9° -93,7 -—-91t.l 26,5 25.3
.. 290 0.0 27645 _ 280.4 280.5_ 284.5 286.3__288.8 287¢7 29348 :293.6  ~90.6 <~B8B8e4 _24.8  24.0 __
30.0 0.0 275.2 T279.5 279.4 283.9 283.2  287. 286.7 293.5 293.2 -89.6 -~85.8 24.0 23.8
31.0 4.3 27845 28047 280.6 284.,9 2B84,3 - 28702 - 28649 293.2 292.9 =72.0 ~68.7 23.8 22.5
32.0 618 28le8 284.6 2B4.9 290e4 290.0 29000 290e0 2929 292.6 .—12,1 -12e1 19.1 17.9
0 33,0__219¢2__284.5__290et_ 290.4_ 298.8 298.3 29603 295¢8 292.6  292.3 96el 960 _ 15.2 _ 14¢3
33407 35846 728546  295.1 295.4730649 3072 30303 303e3 29248 292.0 17747 1775 7 12¢4 T 1le?
35.0 454¢6 28743 298.6 .298.4 31441 313.8 32002 31049 292¢1 29129 221.4 218.7 11.3 1042
36.0 538¢0 28849 30244 302.0 319.6 319¢3 I16:9 3166 29241 291.7 245.2 240.4 10.5 9.0
37,0 _.S5548_. 291e2__ 304e7_ 3084¢3 . 322¢1 32148, 2194C __319¢3  292el. 29148 240¢4 229¢6 9.6 __ 8.8
38.0 43140 29349 7 305¢2777304¢8 32140 320e6 3200t T 319.7  292¢5 29241 174e1 1658 113 9.9
39.0 30342 295.9 303¢1 302.8 31640 315.6 38609 I16e4 292.9 292.6 85,7 E0.1 118 10.4
80,0 15447 295.9 299.5 299.1 3091 308.8 311e7 3113 293,86 293.4 =-49.7 =-44.0 13.7 11.8
4120 __ 94l . 289.2 _295.0_ 294.8 _301.3_ 300.9_ 30S5.7 _305.3 293.! 293.9 -94.0 -90.2 __17.8 16.0 _
42.0 Seb 28847 293.6 293.5 29941 29847 303¢3 3029 294.6 298.4 =93.5 =~89¢2  20+6  19.0
8340. 2¢5 288.0 29241 29148 296¢6 29642 30009 3003 295,77  295.5 -101e5 =—97.7 23.9 22,4
44.0 166 28645 290¢5 290¢4 294.9 294.5 20806 298+3 29641l 295.9 =97.,0 =93.2 27.8 25.5
4540 ___040_ 28542 _ 28941, 28940 29344 _292.0  2C83,0 296¢6 206,55 29643 ~100e2  ~05.0__ T0.6 __ 2Be2 __ _
46.0 0.0 " 288.6  288e6 288.3 7 29240 2921 28T 29506 29740 29648 —98¢9 ~-93.9 7 '31.6 77 29,2
47e0 . 0.0 283e6 287¢5 287e3 291¢3 29140 294.8 298,5 297.0 296.8 —97.8 -92.2 33.3 30.7
48.0 0.0 283.1 2B6e9 286.4 290+5 290e1 29347 293.5 297¢4 29Tt ~99.1 =93.6 34.3 31,0

60T



Table D.2 Data for Phase II of Experiment

Unit 1 - Single Cover Unit 2 - Double Cover

DATA FOR PHASE 11 'OF EXPERIMENT (COMPARISION OF SINGLE COVER TROMBE WALL UNIT WITH DOUBLE COVER UNIT)
DAY 174 —=> RELATIVE HUMIDITY= 78 X AVERAGE WIND SPEED= 2.86 M/S * } ) ] ] ]
DAY 175 —--> ~RELATIVE HUMIDITY= 63 X AVERAGE WIND SPEE

= 3,08 M/S

TIME SFLUX TAMB  TGLSI TGLS2 TAIR1 TAIR2 YFRON! TFRON2 TINT1 TINT2 OFRONlI QFRCN2 O8ACKI QBACK2
. 0.0 0.0 292.3 296e2 299.5 299.2 301.4- 301.7 304.9 29941 298.7 '-49.7. -43,1 . 34.1 _ 39,
1.0 0.0 29143 295.3 29847 298.3 30048 3008 3I04e3 299.,2 298.9 —-49.6_ =~43.7 . 33.9. 4041
T 240 777 060 7 29140 T295.0 T 29844 298.1 " 300.2  300e3 303.6 29945 29941 " ~50.0 " =44.0 T 31.7 7 37.9°
3.0 "0e0 . 290.5 2943 29T.6 297.4 299.5 299.6 302.8 299l. 29848 =~50.7 =-44.3 ..2B.4 . 34.6
4.0 0.0 29041 2934 296.8 29605 298.9. 298¢9 302¢2. 29843 298¢5 =62¢3 =55.7  26.0 . .32.2
5.0 0.0  289¢2 29245 29640 295.7 29842 2978 301e5, 2978 29747 =49.3 =42.7 _ 22.9. .. .28.9
TTT640 T T 0407 28844 291¢7 T295.4 295.0 29746 29745 "301.0 T 297.0 297.3 ~49.4 =82.47" 20.8 72645
7.0 5.6 28846 291e6 295.3 295,2 297.8 297.4 301¢0 . 29644 296.B ~=31.8 =25.,5 . 20.6 25.4
8.0 8.8 290.7 29248 29641  297.0 299.0 298+4 301e5 . 295.3 295.9 ~T4B8: =149 179 .. 2440
940 953 _ 292.0 _294.3298.6 30048 302.8. 30040 _ 30340 29540 29546 _ 12.6. . 18.7 1746  22.9..
TT 1040 18261 T 294.0 7 29847 30147 304¢8 30548 303+2 305.6 298.6 295¢4  39.7 AS5.8 17«1l 2246
. 11e0 237.3  296,6 300.8 304.3 30B8.7 30G.2 305.8 307.5 294.5 29543 067.9 73.6 . 1542 .. 2148..
120 333.3 300.2 304.8 308.6 315.4 31S5.3 3118 312.4 294.3 295,1 128.0 130+3. . 16.5 ..23.2
1340 _ 384.8 300.5 30747 311¢3 31944 318.3. 315:2 315.¢1. 29444 295,2 138.3 13547 1740 _.25.0
TT 1440729444 7 30444 73083 731142 T32046 "319.7 317e1 31646  294.5 T295,2 152.9° 149447 1842 7 25.6
1540 335.6  306+2 308.6 312.0 32046 319.2 31741 31748 295.0 295.6 95.7 95,8 . 1946 . . 26.2
1640 231.9° 306.0 307.2 310.8 314.9 315.3 31503 31640, 295.2 295.8 2.3 3.4 | 20.7....26.5
1740 . 29¢3 . 299.4 303e5 307+3 :309.5 3108 3116 313,84 29548 29642 ~26¢6 =13.4 . 23.0 . 2746
1840 T 1546 29747 302¢2  305.6 " 307.2 308.6 309.4 3113 20642 29646 =32.9 <2649, 25.3 . 30.2.
1940 640 2957 300.2 303.7 304.6 30642 30702 309.8 29643 29647 ~36.4 —42.4 . 2643, . 31.5.
2040 3.3 7729449 299.0 302.2 303.0 304.5 30547 308al . 29646 .296.9 -57¢3 -49:7 2740 . .35.1
2140 168  294e¢1l 29840 30140 301.5 303aL 30bocl 30646 297+1 - 297¢3 =7143 =-5641 2843 . 36.3
T 2240 7040 2934877 296.9 T300.0 300.3 302.1 30247 305.5 29747 297.6 =T4.0 =5749 . 3040... 37.0
23.0 0.0 292,48 295.8 299.0 299.2 301.0  301o7 304.4 297.8 29746 =Tie7 -5646 29.4  36al.
2440 0.0 291.3 295.1 298¢0 29844 300.0 300c8 303¢5 29746 2974 =7240 =572 27«7 ..34.7.
25,0 040 29046 29341  297.1  297.5 299.2 300eL . 302.7 2970 2974f =7348 =58,2 _ 26.7 31.9
2640 "7 040 128945 7292487 29643 29643 298.4 29941 30149  296e5 29648 =—76e1 "=60e3 . 24.6 . 3140
270, 0e0 28844 29242 29543 295.6 297¢5 29808 301¢2. . 2958 29642 .=7248 ~—57.5 . 22.7. . 28.9
28.0 0.0 287.9 291.6 294.8 295,0 297.1 397.7 300.6.°295.5 296.0 -78.7 -65.0 ' 20.8 .26.2.
29,0 040 287<1 _290.9 294¢1 294.5 296.3 397el 299.8. 29447 295.3 -BOal =65.,9 18.4. .24.8
T3040 7. 1.2 287417 290.8  293.7 ~294.1 ' 295.9 596.7 299.4. 294.5 295.2 -80.6 -66.8  17.4 . 23,8
3140 2.9 28B4 2906  293.5 29443 295.9 239604 299.1 293.9 294.6 =73.9 -58.9 . 16.4 . 22.8.
32.0 9.4 28948 292.7 2953 296.7 297.9 297c7 300.1 . 293¢5 294.2 =367 -29.5 15.4 225,
33.0 267 29145  294.9 297.6_ 299.8 300.8  299.7 301.8 2933 29440 _ =241 «Sed . 14,2 _ 2049
3440 "174.5 T 294.3 T 298¢3 300.4 7 304.0 304.3 " 302.5  303.9 293.1 ~ 29348 17.7  22e1 © 13.2 7201
1. 35,0 248.9 293.4 300e7 303.1 30843 307.9 305,84 306.2 29344 293.9 5342 5447 14el . . 19.2
36.0 22641 296.9 304,3 307.0 314.2 31340 3:0.0 309¢9 293.7 298.2 9846 9249 ° 1449 . 20.6
37.0 366.6 298.1 3071 310.1 317.9 317.4 316.4 313.5 293.,0 29445 1214 115,84 15.9 _ 22,3
38407 2473 300.0 308.0 31led 32142  319.3 31647  318.5 "295.,0 295.4 11449 109.0.. 1845 T 24.1..
3940  322¢1 30045 308e6 311.9 320.3 318.3 31700 316¢5 295.8 296a1 B5.5 Ble3 . 20.6 2641
4040 233.9 . 30€.3 307.6 310e4 316.0 31548 . 3156 3I18.1. 296.0 296¢3 2646 25.6 . 21.6 . 28.3
41,0 63,2 304.9 306e2 308.9 312.6 313.1 313.6 313.8 296.2 29645 5.3 9.0 | 22.8 30.0
""42¢0°7 13e8 298¢0 "303.1  305.5  307.9 308.8 310.1 311,0 29646 296.8 =31e5 =~37¢3 ~ 25.3 . 32.0
{4340, 5e7.. 29646 300¢9 .303.9 305+2 306e4 307.6 309.2 29Te2 297¢2 -54.4 -37.8 30.3 . 3a.1
46.0 . 249 .29T.0 299.9 303.6 303,56 305.8 306e. 30868  298e2 297.7 ~70.9 =56.4. 29.4 .. 36.2.
L4540 0.0 '295,0 29844 301.3 30149 303¢2 308¢3 306¢2 298¢l 207.6 =76.0 =6140  29.0 . 34.5
8640 "7 0e0 29842 29741 30042 30045 30248 302,90  305¢3 29B.0 297¢6 =77e9 ~63¢6. " 2742 7 35.3°
47.0 0.0 293484 296¢2 299¢3 29945 301el 3JO01eB 308e3 . 297,8 297¢5 =7648 =62¢6 . 2649 . 31.7
48.0 0.0 29148 295.5 297.6 29847 299.4 30140 30.4

30248 297 e85 297e3 <~76.9 =627 2749
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Table D.3 Data for Phase III of Experiment

Unit 1 - Single Cover, Fiber-Batt Absorber

Unit 2 - Double Cover :

DAY 197 --> RELAT(VE HUMIDI

TIME SFLUX TAMB  TGLS! TGLS2 TAIRL TAIR2
0.0 0.0 296e7 297.8 301.8 301.9 303.2
o 1e0.___ 040 296e3 29741 30142 _301e3 302.7
2.0 0.0  295.8 " 296.4 "300.9 T 300.8 302.4
3.0 0e0 295.0 295.9 300.1 30043 301.6
4.0 0.0 294.9 295.6 299.6 299.9 30240
540 . 0.0 __294.2_ 295.5_299.4 _299.7  300.8
6.0 142 7294.0 7 295.2 T 298.8 ~ 299.5  300.2
7.0 3.1 29445 295.6 299.0 300.4 300.6
8.0 31.0 29644 29B+4 300.2 303.6 302.3

. 940_ 104.4 ' 297.9 -301.4_302.1 __308.4 . 30S5.1
10,07 183¢3 7300¢9 30548 " 305.4 " 313.4 309.2
110 256.1 303el  309.9 308.6 318.5 31249
12.0 221¢8 302.6 309¢1 310.5 315.5 313.4
13,0 _411.9  _303.9 _317.8_318.5_ 329.9 321.9
14.0°7215.3 730643 " 313,47 315.2 7 324.6 322.0
1540 342.9 308.0 316.1 316.1 327.9  323.2
160 275.6 308.7 3151 315.6 324.7 320.9

17¢0 _167.1 _308.9 310.7 313.6 3193 318.0
18¢0 ~ 812 "304¢1 30647 31140 3127 313.7"
1940 4441 3027 .304.5 308.6 309.7 31049
20.0 22.2 . 301.8 302.7 307.2 307.3 309.1

. 28e0 . 5.9 300.5__30le4 30640 305.7 307.6.
2240 1.0 299,277 300e2 '304.7 308.5 306.3
23.0 0.0 296.4 299¢1 303.6 303.6 305.2
24.0 0.0 297.8 298.6 302.8 3031 30d.3

L 2540.___ 0,0 29743 _298.2, 302.5_ 30246 _ 304s0 _
26.0 0.0 29643 T.297.4 T 301.37 302.0 302.9
27.0 0.0 295¢9 29668 30lel 301e5 30246
28.0 0.0 295.4 296.4 30045 301.2 302.0
L .29e0 ___ 0.0 _295.0_ 29643 _ 299.9 300.8 30l.4
30.0 1.0.7°295.1 77 296.3° 299.9 300.6 301.1
31.0 2.4 29441 295.8 299.3 300.9 301.0
32.0 9.8 29641 298.0 300.2 30440 302.5

o 33.0_104¢2 _299.7__302.3_.302.6_ 309.0 _305.4 __
3440 T166+2 3015 7 305.2 30541 31341 308.7
35.0 257.5 303.6 310.5 309.3 319.7 313.6
36.0 331.2 305.9 313.9 313.3 325.9 319.2
_37e0__31849 _307.2__ 314.3_ 315.5__ 32341 319.4
38407737940 308977 316497 31641 7 327.3 321.6
39.0  224.4 310.2 314.9 315.2  326.7 321.8
4040 15940 307¢4 31lel 313.4 317.5 31646

. 41e0 __18.4_ 301.4 _304e1__309.,2  309.0. 3113
4240 3.0 297.9 T299.9 7306.3  306.8 30847
43.0 1542 298.8 302.5 306.4 309.0 309.1
4840 . 3.3 29842 30047 -305.1 305.8 307.0,
_____ 4540 1.3 297¢1 _299.1 _303.7._ 304.1  305.3
46.0 0.0 29742 ~298.9 T 302.9  303.6 304,.5
47.0 0.0 297.3 298.4 302.2 303.1 303.8
48.0 0.0 296.4 297.9 301l.4 302,64 302.9

Uu(ﬂuUUUUUUUUUUUUUUUUUUUUUUU'UUUUUUUHUQUU(AU-UU

TFRONI
30S.6

M E R EEEEE R R E R R R R e

OO0 = r e mremr 0000000000000 rmr e m e e000000
NWO P POV e WO WUHONCOROODRNPO WL~ SONDINNEROW

CNODOVOONPOVNNWONONSPNANOONSNDOO=LWs IS UWOONNSW

O G G Gt d g W e L
QO v vt e 4o gui o g o g 5 O
COONSINOODNNON
EEEEEXEEREEXE)

OOWARANRWORE=OON

TFRON2
304.9

304.3 .

304.0
30342
30247

Wl
[=Y-¥=1
[N ]
)
~o

SRUNDSONWOOD

TINT1
299.9
299.8

299.8
299.7

299.6

299 .5

T299.3 -

299.2
299 .0
299.0
298 .9

. 298.9
298.8
298.8

298.8
298.9

299.0

TINT2 QFRON1

30046
30045
300.4
300.1
299.9
299.7
299. 4
29942
29849
2987
298.6
29845

. 29844
29844
298.9 -

298.7
29849

299.2 .

299.4

29947

—-22.8
-23.3

-23.6

-23.9
-23.7

-23.1.

1 29.7

S4.2

79.9
48,3

14041

97.6
103.5
72.3

- o

=331 . 29.5
[ =33.5 2944, ..
~33.6. ., 29.4
=-3542,. 29.4 ..
-35.3. 29.4
-34.5 . 29.3.
-34.6 29.1
-24.8 28,5 ..
1.4 | 28.4 ...
30.5 _ 28.4
6049 28.3 .
9644 . 28.0
69.1 ... 26.8
69.9 _ 25.3
30.3 25.7
31.9 . 25.8
83.9 25.8
. 424 2662
~3e3 28,2
-15.7 2945
-25.4 30.4
“31e4 [ _ 31.2
-32.1 32.5
=-33.4 4.4
=335 34,2
-33,8 _ 34,0
=-J3442 33.9
~3%.1 33.7
-35.2 3346
-3S54.6 33.4
~34.7 33.3
-~2849 331
"5.1 32.9
27.4 _ 32.9
533 J2.8
98.0 31.3
140.5 29.4
709 28.85
731 2844
114,6. ... 28.8
29.2. 2846
=28.3 30.6
-29e3 30.7
=949 31.3
-29.6 32,5
_=36.5 __ 33.5
-35.8 35.5S.
=355 3547
-35.7, 6.9
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Table D.4 Comparison of Energy Gain for Phase III of Experiment

PHASE III OF EXPERIHENT

"577.1970

___L_, OFRONL ... ... _QFRON2 _ 2y ... . ... . . _Z2 .
1 ~22.8000 ~33.1000 0.0000 00000

2 -23.3000 .~33.5000 -23,0500 - =33.3000
.3 -23.6000 "+ =33.6000 ~46.5000 ~66.8500
A =22.9000 _ . —3542000____ =70e2500 . ~101+2500
s T -23.7000 -35.3000 -94.0500  -1326.5000

6  -23.1000 ~-34.5000 ~117.4500 =171 .4000
7 =23.1000 ~34.6000 ~140.5500 —205.9500
.8 _ _ _—1540000 _ .  —2448000___—~159«6000 __ ~235.6500
9 4.4000 —1.4000 1649000 =248.7500
10 2947000 30.5000 ~—147.8500 =-234.2000
11 54,2000 60.9000 —~105.9000 = -188.5000
12 799000 96.4000___ _ ~38¢85S00 __=109.8500
13~ - "as.3000 69.1000 25.2S00 . =27.1000
13 14041000 169.9000 119.4500 924000
15 .97+ 6000 130.3000 . 23843000 242.5000
16 103.5000 ___ 131.9000 __ 338.8499 _ 373.5999
17 7243000 8349000 426.7498 48104998
18 - 38.4000 42,4000 482.0996 544 ,6497
19 2.7000 -3.3000 502.649& S64 0 1995
20 —848000____—15.7000 ____896.5994 5§53 ,699S
21 Z17.9000 —25.4000 486.2493 53461494
22 . =2343000 ~31.4000 26546492 . . 50507293
23 -24.4000 ~32.1000 221479918 - 8739993
28 -25.1000 _._ —33.4000 £17.0891 441 c2493
25 -24,8000 =33.5000 392.0989 7407 « 7991
‘26 -24.,9000 -33.8000 367.2488 37401489
27 ~25.6000 -34.2000 341.9988 340.1489
28 =25.6000_ ___ —35.1000____ 3163987 ____305.4988
29 ~25.4000 ~35.,2000 290.8987 .. 270.3486
30 -24.7000 ~35.6000 265.8486 234.9486
31 -24.,2000 ~34.7000 241.3986 1997986
32 =2042000 ____.=28.9000_ 21941986 167 .9987
33" ~0.2000 ~5.1000 20849986 150.9987
34 26.2000 27.4000 221.9986 162414687
3s 47,2000 $3.3000 258.6985 202 .4987
36 _____80.7000 9840000 - 322.6484 ___ 278.148%
37 i11.6000 14045000 418.7983 . 397.3984
38 644 6000 70.9000 S06.8982 503.0984
39 80.7000 73.1000 S79.5481 575. 0984
_ 40 _91.0000 ____ 114.6000 . 6653979 __  668.9482
41 T2941000 25,2000 725.4478 740.8481
42 ~20.7000 ~-28.3000 729.6477 741 .2981
43 -23.2000 ~29.3000 707.697S 712.4980
44 —4.8000 _ ~9.9000___ _693.6975 _____692.8979
4s 22147000 T-29.6000 6804475 673.1479
46 ~27.1000 -36.5000 656.04748 640 .0979
a7 ~26¢3000 -35.8000 6£29.3472 603.9478
_ 48 ___ =26.0000_ ____=35.5000 603.1970 568 .2976
49 ~2640000 —35.7000 532.6975



Table D.5
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CFILE DATA FOR DGCUBLE COVER WALL

XAXS TO0LCO TPOS00 THO1200 TP1500 TP1800 TDZQOO
0.00 <3121 301.890 313.61 319.66 313.08 304.87
2.54 02,56 302,64  209.29 315.91  314.06 305.85 ,
500 3093033 302.58 30062 31226 J12.c4 306.24f
2.10 3IN3.7C 302.43 304.81 309.51 311.04 ."206.41" -
1045 AN .UH 302.43 302.84 30773 309.77 206445
13,73 306404 302,35 302.92  305.87_ 308.12 306.pgn_ L
1881 JJo5.489 302.21 301.85 363,59 305058 305.45 :
27415 323.19 301 .4t 3N0C.65 301.2% 302-?2f_303 SE’
L Z2.23 J02.1a 300475 299,72 300.14 301.17 27302.€3
Ja.93 371456 300e15  239.23  299.77  300.65 202.09 - -~
R 299.54 °99.'O 238 .60 298,74 -299.70 - 300.22
-Data Key: -
XAXS Distance of thermocouple from front of wall.
TPOS00 ~Temperature at 0500 hours (K)
TP0900  Temperature .at 0900 hours (K)
TP1200 Temperature at 1200 hours (K)
TP1800  Temperature at 1800 hours (K)
TP2400  Temperature at 2400 hours (X)
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