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FOREWORD

THE SOLERAS PROGRAM: A UNIQUE EFFORT
IN COOPERATIVE SOLAR ENERGY RESEARCH

In October 1977, Saudi Arabia and the United States signed a Program Agreement for Cooperation
in the Field of Solar Energy. The Program, named SOLERAS, is the first of its kind in purpose, funding,
organization, and results. It is based on the respective commitments of the United States and Saudi
Arabia to advance the development of solar energy as a viable cost-competitive energy alternative,
by combining the technical and other unique resources of each country. SOLERAS has made signifi-
cant progress in demonstrating the effectiveness of solar energy—progress that would have been
difficult for either country to achieve on its own.

SOLERAS is sponsored by the government agencies responsible for energy research and develop-
ment in each country: the Saudi Arabian National Center for Science and Technology (SANCST) and
the United States Department of Energy. The Program is under the auspices of the United States-
Saudi Arabian Joint Commission on Economic Cooperation, formed in 1974 by the Saudi Arabian
Ministry of Finance and National Economy and the United States Department of the Treasury.

Aithough SOLERAS is only one of more than 30 such projects under the direction of the Joint Com-
mission, it is the only one that is funded by both countries. All other projects are funded completely by
Saudi Arabia. This jointly funded program is evidence, therefore, that both countries recognize the
mutually beneficial results expected to be generated by the cooperative research projects under-
taken by SOLERAS.

The administration of SOLERAS also reflects the philosophy of cooperation underlying this unique
Program. Senior officials from SANCST, the Ministry of Finance and National Economy, the U.S.
Department of Energy, and the U.S. Department of the Treasury comprise an eight-member Ex-
ecutive Board which governs all aspects of the SOLERAS Program. The Board establishes the goals,
objectives, and policies of SOLERAS and oversees the technical and financial management of the
projects undertaken to implement those goals and objectives.

A four-member Project Selection Committee, with two members from each government, assists
the Executive Board in selecting and evaluating projects. Its members combine their technical exper-
tise and experience in renewable energy technologies and demonstration projects to review pro-
posals, designs, plans, reports, operations, and data for the various projects.

The daily technical and administrative management of the SOLERAS projects is the responsibility
of Midwest Research [nstitute, an independent, not-for-profit research organization, which has been
designated as the SOLERAS Operating Agent. MRI utilizes technical and managerial personnel from
both countries in fulfilling its responsibility for implementing the decisions of the Executive Board and
in managing the individual technical projects. This includes contracting with various companies and
research organizations in both countries to design and install state-of-the-art solar systems.
SOLERAS program offices are located at MRI’'s Kansas City, Missouri, headquarters, and in Riyadh
and Yanbu, Saudi Arabia.

SOLERAS has initiated several major research projects: converting solar energy into electricity for
everyday use by the inhabitants of several rural villages; testing solar energy as a source for space
cooling and water treatment; developing agricultural systems using solar energy to control the entire
growing environment; undertaking fundamental photovoltaic and solar thermal research; establishing
high technology laboratories for advanced solar research at Saudi Arabian universities; and sponsor-
ing basic solar energy research in universities in the United States.

In addition, SOLERAS has contributed to the dissemination of scientific and technical solar infor-
mation through its sponsorship of technology workshops, short courses, and the publication of
technical reports. These have provided an important means of informing the scientific research com-
munity about the solar energy technologies developed under SOLERAS and other relevant projects
throughout the world.
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1.0 INTRODUCTION

The objectives of the SOLERAS program are to foster the
development of solar energy technology for the mutual benefit of
the two countries, to stimulate the development of solar
industries, and to facilitate the transfer between the two
countries of technology developed under the agreement. To
achieve these objectives, SOLERAS projects are carried out in
accordance with a technical plan which covers a diverse set of
technologies and applications. The plan is intended to allow
participation by a large group of industrial, academic, and
research institutions in both countries, and to overlap the
interests of many agencies of both governments. To provide
guidelines for project planning and selection, four major program
areas have been designated. The four program areas are:

. Urban Solar Applications

. Rural/Agricultural Solar Applications

. Industrial Solar Applications
Resource Development Activities

Within the area of Urban Solar Applications, SOLERAS aimed to
assist and enhance the research capabilities of universities in
the area of solar energy technology. Solar Cooling Laboratory
Research Projects have been proposed to be conducted at four
Saudi universities to accomplish this goal. The projects were
divided into three phases: Phase 1, to prepare the design of the
proposed project; Phase 2, for installation of the system; and
Phase 3, for operation of the system.

As part of this program, an agreement was signed in January,
1981, between King Faisal University and the Saudi Arabian
National Center for Science and Technology (SANCST), acting on
behalf of SOLERAS, for the university to prepare a preliminary
design of the proposed solar cooling research laboratory. In
response to that agreement, the university submitted the design
for a passively cooled house to be constructed on the campus of
King Faisal University in Dammam. In the summer of 1984, a
partnership was established between King Faisal University (KFU)
and the University of Arizona Environmental Research Laboratory
(ERL), wherein ERL would provide engineering support for KFU's
architectural work. The preliminary design was subsequently
developed, refined, and specified so that construction could
proceed. It resulted in funding for Phase 2 through December,
1985.



2.0 KING FAISAL UNIVERSITY
PASSIVE SOLAR COOLING PROJECT

VOLUME SUMMARY

Four preliminary passive solar dwelling design concepts were
developed at King Faisal University based upon previously
established climatic design criteria (Report 82-1), and an
identification of applicable passive cooling strategies was made.
These were quantitatively compared for their thermal performance
based upon a computer program (Report 82-2). The selected concept
was optimized and preliminary construction drawings and details
were submitted for review by SOLERAS (Report 83-3).

This report, prepared by King Faisal University and the
University of Arizona Energy Research Laboratory, deals with the
further refinement and development of the design concept and
improvements of the performance of the selected passive elements.
The final design has been detailed for actual construction and
monitoring at the King Faisal University Dammam campus. This
report also addresses the comparative evaluation of the previous

design concepts utilizing more rigorous computer simulation
methods.

The report was prepared in three volumes: Design Review Report,
Data Acquisition Plan, and Experimental Plan. Separate volumes
of appendices provide data to support the research.

Volume 1: Design Review Report

The proposed passive solar cooling project is a two-story house
with a total floor area of 265 square meters, including walls,
but excluding the garage and terrace. The length to width ratio
of the main building, excluding garage, is 1.45:1, with longer
sides oriented predominantly north and south. There are no
openings on the east and west walls. The internal layout of the
house is based upon considerations of the local climate as well
as the Saudi cultural requirement of privacy, with a folding door
allowing the male visitor's area (majlis) to be visually cut off
from the rest of the house. There are three bedrooms on the
second floor, one bathroom downstairs and two upstairs, an
outside patio, upstairs balconies, and an aluminum louver-shaded
roof area. The garage, which further protects the west wall,
will house most of the monitoring equipment for the facility.

The objective has been to keep the house as conventional in
construction as possible. The walls are load-bearing cavity
walls with inner and outer skins of 10 cm and 20 cm respectively.
The 10 cm cavity is filled with polystyrene insulation; thus, the
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walls have an overall thickness of 40 cm. All structural
elements are fabricated of reinforced concrete.

The primary passive cooling features are ventilation, high mass,
and a wind tower. There is a backup air-conditioning system,
which will be monitored to ascertain cooling needs. Landscaping
is proposed as a means of controlling dust, rather than as a
significant source of shade.

The final King Faisal Passive Cooling Experimental Facility
design was evaluated by three different computer models. Two of
the codes utilize finite difference calculation techniques, and
the other utilizes conduction transfer function techniques. The
three codes are: The Building Loads Analysis and System
Thermodynamics (BLAST), conduction transfer functions; MICROPAS,
finite difference; and ERL PASSCOOL, finite difference.

Section III of the Design Review Report presents in detail the
computer simulation procedures and results.

Section IV of the report analyzes ventilation/wind tower
strategies for all areas of the house. The proposed design is
based on the use of five distinct ventilation strategies: c¢ross-
ventilation, both conventional and innovative; wind tower/"wind-
driven" mode (given sufficient wind speeds); wind tower/"density-
driven" mode (under calm or no wind conditions), powered by
density differences between evaporatively cooled (heavier) air in
the upper part of the tower and warmer (lighter) ambient air in
the lower part of the tower; "mixed mode," employing a
combination of cross-ventilation air for "upwind" rooms and wind
tower air for "downwind" rooms; and ceiling fans, to achieve air
movement when windows are closed and for heating season
destratification. The strategies are developed in a ventilation
zoning program and the design of the wind tower.

Section V describes the solar water heating system designed for
the house. Section VI discusses the multi-zone heat pump
selected as a backup air-conditioning system. Section VII is
devoted to a baseline comparison of the final design with five
other proposed designs. Section VIII sets forth a two-fold
research approach to landscaping and lists recommended plant
species.

Volume 2: Data Acquisition Plan

The data acquisition plan provides for a sensor field capable of
measuring ambient weather and conditions, comfort conditions,
heat flow, cooling effectiveness, power usage, and water usage.
The data acquisition system comprises the HP 3497A programmable
scanner, IBM PC/XT data acquisition computer, IBM PC/XT analysis
computer, IBM PC display computer, SOLA power conditioner, Optima

vii



cabinets, and appropriate software to be collected, the
instruments selected, and the sensor plan. It also discusses
calibration of instruments and equipment specifications.

Volume 3: Experimental Plan

Thirty experiments are proposed to measure the essential passive
cooling features of the structure with regard to variables that
affect comfort; i.e. the dry-bulb temperature, the wet-bulb
temperature, the mean radiant temperature, and the air velocity.
The experiments are summarized in Table X.D.1.

viii



Table X.D.l. Summary of Experiments

Exp. No. Description

1 RECONFIGURABLE WALLS/DRUM LOUVER TESTS: To determine the
effectiveness of a drum-louver type of inlet/outlet device
in directing, maintaining and controlling wind-driven
cross-ventilation,

2 RECNFIGURABLE WALLS, DOUBLE-HUNG WINDOWS PLUS DEFLECIOR
LOUVER TESTS: To determine the effectiveness of deflector
louvers when used in conjunction with standard double~hung
windows, in directing, maintaining and controlling wind-
driven cross-ventilation.

3  WING-WALL TESTS: To determine the effectiveness of wing-
walls in directing, maintaining and controlling wind-driven
cross-ventilation,

4 CHEVRON LOUVER TESTS: To determine the effectiveness of a
“chevron” louver type inlet/outlet device in creating po-
tential wind-driven cross-ventilation through two adjacent
single~orientation rooms.

5 LOUVERED TRANSOMS & DOORS TEST: To determine the effec-
tiveness of fixed louver-transomed doorways plus louvered
folding doors as inlet/outlet devices in creating potential
wind—-driven cross-ventilation through two adjacent single-
orientation rooms. )

6 WIND TOWER DUCTED-SUPPLY VENTILATION/INLET ALTERNATE
#1/YEAR 1: To determine the effectiveness of a 3-sided
wind tower in maintaining wind-driven air movement and
thermal comfort in the occupied zone.

7 WIND TOWER DIRECT-SUPPLY VENTILATION/INLET ALTERNATE
$#1/YEAR 1: To determine the effectiveness of a 3-sided
wind tower in maintaining wind-driven air movement and
thermal comfort in the occupied zone.

8 WIND TOWER DUCTED-SUPPLY EVAPORATIVE COOLING MODE/INLET
ALTERNATE #1/YEAR 1: To determine the effectiveness of a
3-sided wind tower in maintaining wind-driven air movement
and thermal comfort in the occupied zone.

9 WIND TOWER DIRECT-SUPPLY EVAPORATIVE COOLING MODE/INLET
ALTERNATE #1/YEAR l: To determine the effectiveness of a
3-sided wind tower in maintaining wind-driven air movement

-and thermal comfort in the occupied zone.

ix



10

11

12

13

14

15

16

17

18

19

20-

WIND TOWER DUCTED-SUPPLY VENTILATION/INLET ALTERNATE
$2/YEAR 2: To determine the effectiveness of a 2-sided
wind tower in maintaining wind-driven air movement and
thermal comfort in the occupied zone,

WIND TOWER DIRECT-SUPPLY VENTILATION/INLET ALTERNATE
#2/YEAR 2: To determine the effectiveness of a 2-sided
wind tower in maintaining wind-driven air movement and
thermal comfort in the occupied zone.

WIND TOWER DUCTED-SUPPLY 2-STAGE EVAPORATIVE COOLING
MODE/INLET ALTERNATE #2/YEAR 2: To determine the
effectiveness of a wind tower in maintaining wind-driven
2-stage evaporative cooling and thermal comfort in the
occupied zone,

WIND TOWER DIRECT-SUPPLY 2-STAGE EVAPORATIVE COOLING
MODE/INLET ALTERNATE #2/YEAR 2: To determine the
effectiveness of a wind tower in maintaining wind—driven
2-stage evaporative cooling and thermal comfort in the
occupied zone.

BUILDING LOSS COEFFICIENT: This experiment determines the
Building loss coefficient. This is the building envelope
transmission and infiltration loss coefficient not in-
cluding the passive apertures.

OVERALL LOSS COEFFICIENT: This experiment determines the
Overall loss coefficient (L). Simltaneously the infil-
tration rate should be measured (see Exp. 16)

AIR INFILTRATION: Measurement of the air infiltration
rate utilizing a tracer gas technique (SF6).

BASELINE THERMAL PERFORMANCE (as built): This experiment
establishes the baseline thermal performance of the
building during the overheated period (i.e. air condi-
tioning required). :

AIR FLOA RATE MEASUREMENTS: Measure the volumetric air

flow rate for discharge vents, circulation fans, appliance
exhaust fans, etc..

PASSIVE SOLAR BATCH TYPE WATER HEATER OOLLECTOR EFFICIENCY
PERFORMANCE (#2): This experiment determines the Batch

type water heater collector efficiency utilizing the
"drain down" method.

PASSIVE SOLAR BATCH TYPE WATER HEATFR COLLECTOR EFFICIENCY
PERFORMANCE (#2): This experiment determines the Batch
type water heater collector efficiency utilizing the BTU
meter method.



21

22

23

24

25

26

27

28

29

30

ENERGY STORAGE EFFICIENCY OF THE SOLAR WATER HEATERS: To
determine the 24-hour heat loss rate of the batch type
solar water heating system.

THE EFFECT OF CHANGING THE THERMOSTAT SETPOINT ON

ENERGY OONSUMPTION: The objective of the experiment is to
study the effect of changing the thermostat on energy
consumption of the HVAC system,

DUTY CYCLING OF AIR CONDITIONING EQUIPMENT, OPTIMUM
START-STOP & BUILDING TIME OONSTANT: To evaluate the
energy savings realized by shutting off the cooling system
for 10-15 minutes every hour.

ROOM TEMPERATURE RESPONSE TO A SUDDEN HEAT DISTURBANCE
INPUT: The objective of the experiment is to study the
reaction of the control system to a sudden application of
load (i.e. people,. lights, etc).

OFF-PEAK COOLING: The objective is to compare energy
requirements, energy cost, comfort levels of off-peak
cooling to full-day cooling.

DE-RATED AIR CONDITIONING CAPACITY: The objective is to
run the air conditioning equipment at a reduced capacity
to determine if the cooling energy requirement will be
reduced.

WINDOW FIIMS: The objective is to compare the HVAC energy
consumption of the building with and without reflective
window films.

THE EFFECT OF COOLING THERMOSTAT HYSTERESIS (N REQUIRED
COOLING ENERGY: To evaluate the cooling system energy
requirements with different amounts of hysteresis on the
cooling thermostat.

ROOM TEMPERATURE RESPONSE OF BUILDING WITH SYSTEM OFF
("FLOAT TEMPERATURE"): To determine the steady-state

. temperature response of the building with no cooling

provided.

EFFECTS OF LOUVERED ROOF SHADING: To determine the
effectiveness of the louvered roof shading system for
both building load reduction and increased comfort of
the roof terrace.

xi
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The Kingdom of Saudi Arabia and the United States of America have an
Agreement of Cooperation in the field of Solar Energy (SOLERAS) under the
auspices of the United States—Saudi Arabian Joint Commission on Economic
Cooperation. Under the SOLERAS Agreement, the Saudi Arabian National Center for
Science and Technology (SANCST) was authorized and has awarded a research
contract to the King Faisal University (K.F.U.) which, in part, includes the
design and construction of a house utilizing passive solar cooling for research
purposes.

Also, under the SOLERAS Agreement, Midwest Research Institute (MRI) the operating
Agent for SOLERAS was authorized to issue contracts as required, to support the
research work that was being performed by the K.F.U. MRI SOLERAS has consequently
assisted the K.F.U. research efforts by arranging support in areas of specialized
consultancy from The University of Arizona, Envirormental Research Laboratory
(ERL) , U.S.A. The Saudi Engineering Group (SEG), Al-Khobar, Saudi Arabia was
similarly contracted for the preparation of construction documents. During all the
ERL and SEG activities, members of the K.F.U. research team continued to be fully
involved, A K.F.U. team member visited ERL early in this phase to coordinate the
K.F.U. and ERL efforts.

In addition K.F.U. team members were actively involved with SEG in Al-Khobar, Saudi
Arabia.
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SUMMARY

Four preliminary passive solar dwelling design concepts were developed based upon
previously established climatic design criteria (Report 82-1) and an identification
of applicable passive cooling strategies was made. These were quantitatively
compared for their thermal performance based upon a computer program (Report 82-2).
The selected concept was optimized and preliminary construction drawings and
details were submitted for review by SOLERAS (Report 83-3),

This report deals with the further refinement and development of the design concept
and improvements of the performance of the selected passive elements, The final
design has been detailed for actual construction and monitoring at the King Faisal
University University Dammam Campus. In addition this report addresses the
comparative evaluation of the previous design concepts utilizing more rigorous
computer simulation methods.
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I.

INTRODUCTION

The following design review report is a joint effort between the King
Faisal University Research Design Team and the researchers at the
University of Arizona, Environmental Research Laboratory. The report
reviews the passive cooling facility final design as to the
appropriateness of the passive cooling design and analyzes the passive
cooling camponents and performance of the passive cooling devices
(ventilation, high mass and wind tower). Extensive computer simulations
and modeling were employed.

In addition to the design review and analysis this report also provides
the design specifications for the backup heating and air-conditioning
system and the domestic solar hot water system,

Five previous design concepts that were evaluated in KFU Report 82-2
"Peliminary Design Concepts and Final Design" were simulated and load
analysis performed utilizing the BLAST computer simulation program. BLAST
is a program developed by the U.S. Army for building loads analysis and is
a widely accepted program.

A. PROJECT GOALS

This project has been conceived with the very clear objective of
demonstrating to the academic and professional community the potential
for an integrated energy-conscious approach applicable to the
contemporary middle class Saudi family in the Kingdom of Saudi Arabia
and, in particular, the areas of the Eastern Region,

B. RESEARCH OBJECTIVES

The overall objective of the current project is to investigate the
effectiveness of applicable passive cooling design techniques for
utilization in domestic buildings in the hot-arid maritime desert
climate of the coastal areas of the Eastern Province.

C. RESEARCH METHODOLOGY

The current research has been carried out by the faculty of the
College of Architecture and Planning of the King Faisal University.
In an architectural educational institution it is imperative that the
development of a design process itself be given sufficient importance
as one of the research objectives.,

The process adopted may be categorized in the following manner:

1. Climatic data collection and analysis leading to the establishment
of preliminary climatic design criteria.
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2, Identification and refinement of the appropriate passive solar
cooling strategies applicable in the selected climatic region.

3., Identification and definition of essential socio—cultural
requirements (i.e. privacy) of a middle income contemporary Saudi
family in detached urban dwellings.

4, Evolution of different preliminary design concepts based upon the
similar climatic design criteria established earlier and
incorporating selected passive solar cooling strategies.

5. Quantitative comparison of the preliminary design concepts through
computer simulations of their thermal performance, followed by the
selection of a design concept for further development.

6. Development and detailing of the selected design through
preliminary construction drawings.

7. Review and refinement of various design details of passive cooling
techniques in the proposed design.

8. Completion of final working drawings and construction documents.

9. Definition and development of a Data Acquisition System (DAS) to
be incorporated in the house for complete monitoring of its
thermal performance.

10. Selection of a definitive multi-zone, thermal performance
simulation computer program for analysis of the building's
performance,

1l. Construction of the house, installation and checkout of data
acquisition system.

12, A continuous program of monitoring, experimentation, and analysis.
This feedback may be used to verify and develop the computer
thermal performance simulation program as well as to further
modify various elements in the house in order to improve the
performance.

13. The constructed house will serve as a passive solar laboratory for
the K.F.U. to conduct various other related studies and research
outside the current funding arrangements,

Activities 1 to 6 have been previously accomplished in the three
previous reports (82-1, 82-2, and 83-3)., This report addresses
activities 7 to 10.

PASSIVE COOLING SYSTEMS
In terms of overall cooling needs it was observed that different

strategies such as cross ventilation, induced ventilation, evaporative
cooling and refrigeration, would be needed during different times of
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the day. Because of the extreme humidity in the Dammam area,
air-conditioning during some parts of the year is necessary to achieve
desirable indoor comfort conditions,

Landscaping is also considered as a means of controlling dust, and
Ccreating a more congenial microclimate around the building., Trees may
be utilized to shade wall surfaces; however, the building should be,
and is designed to be, energy efficient without this shading.

Several techniques are utilized in the building to reduce the heat
gain. First is orientation: the north-south orientation, and the
windowless east and west walls, are essential elements to a passively
cooled house, The structure is super insulated throughout with 10 cm
foam insulation.

The preliminary research on the local climate indicated that
ventilation could be used to achieve comfort during significant times
of the year. As will be seen in later sections, when ventilation is
coupled with high-mass construction a significant improvement results.
Most 'of the rooms have been provided, where possible, with
cross-ventilation possibilities through the use of large operable
windows and flow through wall/door louvers. The south facing windows
are provided with external shading devices to block the direct solar
gain during the cooling periods. In addition, a wind tower orientated
to the prevailing winds is incorporated into the overall ventilation
scheme, Wind towers have been used effectively in traditional houses
for a number of years in some areas of the Arabian Gulf, Provisions
for filtration of the dust and evaporative cooling of the air have
been incorporated into the wind tower design, To further reduce the
impact of solar radiation on the vulnerable roof surface, most of the
roof area of the house is shaded by a louver system which allows for
the use of the roof as a living area, and provides protection from the
sun. The inclination of the louver support system will allow the
future installation of solar collectors (PV or thermal) for a possible
active solar powered air—conditioning system.

THE PASSIVE SOLAR COOLING HOUSE
l. Plans

The house, as planned, is double story, with a total floor area of
265 square meters, including walls, but excluding the garage and
terrace. The length to width ratio of the main building block,
excluding the garage, is 1.45 : 1, with the longer sides
orientated North and South, There are no openings on the East and
West walls., The West wall is further protected by the garage.

The internal layout of the house is based upon considerations of
the local climate, as well as Saudi cultural requirement of
privacy. The entry to the house is centrally located on the south
side. From the entrance hallway, direct access is obtained to the
male visitor's living room ("Majlis") on the left side. A folding
door links the formal living room with the dining room which, in
turn, is linked to the kitchen. It is thus possible for the
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family to use the rest of the house by isolating the mle
visitor's area. The family and female visitor's living room is
located towards the east, and is also conveniently close to the
kitchen, because families often take their informal meals in the
family living area. A toilet is provided at the ground floor in
the neutral zone, so that it can be used by both visitors and the
family. An outside family patio is provided to the north of the
family living room with access to the kitchen.,

The first floor comprises the sleeping area, which consists of
three bedrooms. The master bedroom is provided with an attached
bath, while the other two bedrooms share one bath, located in the
hallway in front of the staircase. Laundry facilities are also
located in the same area, with access to a balcony on the north of
the children's bedroom. Vertical circulation is provided by a
centrally located staircase.

Elevations and Cross Sections

The east and west elevations have no openings—the openings are
concentrated on the north and south exposures. The end walls on
the north project 60 cm, and 120 cm on the south. The south
projections provide for some azimuthal shading, and the north
projections, when coupled with other devices, can help augment the
cross ventilation effects. The sloping roof of the staircase
incorporates a Batch, or "Breadbox"-type passive solar water
heater, sized to meet 87% of the annual demand for hot water.
Section V provides details of this system., This water is supplied
from an underground storage tank.

The east and west walls over the main house support a lightweight
aluminium louver roof shading system. The slope of the roof was
determined based upon the future possibility of incorporating
active solar collectors for electricity (PV), or thermal, for
air-conditioning. Architecturally the rising mass of the
centrally placed wind tower is the dominant feature.

Construction

The objective has been to keep the house as conventional in
construction as possible. The walls are load bearing cavity walls
with inner and outer skins of 10 cm and 20 cm, respectively. The
10 cm cavity is filled with polystyrene insulation. The walls
thus have an overall thickness of 40 cm. The insulation is
continued through all walls and roof. All structural
elements—foundations, floor slabs, beams and lintels—are
fabricated of reinforced concrete. The upper part of the wind
tower and roof shading louver system is metal frame,

Electricity
The house is liberally provided with lighting and power outlets.,

All the points and sockets and other electrical outlets are on a
number of branch circuits. Each circuit has an individual
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watt-hour meter to enable monitoring of the power consumption of
various components., All of the main equipment is located in the
garage for easy access and control. The garage is planned to
house most of the monitoring equipment which shall be used in the
building.

Water

Water is supplied by gravity from the main water tower on the
University campus to an underground water reservoir located at the
NE corner of the house, From here the water is then distributed
to the kitchen, bathrooms and other points where it is required.
Hot water is supplied from the batch type solar water heater
system located over the staircase.

Sewage

The University temporary campus does not have a sewage system.
The house will, therefore, have to be provided with its own septic
tank and sockage pit to be located on the leeward side of the
house (SW corner of the plot).

Air-conditioning

The air-conditioning system is intended mainly as a backup system
for those periods of the year when passive cooling systems do not
fulfill the oooling requirement. It is separately monitored to
enable an assessment of the energy needs of the system as it is
used. Section VI details the design of the HVAC system,
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ARCHITECTURAL REVIEW

A,

INTRODUCTION

The plans for the most recent version of the revised final design by
the King Faisal University research team were reviewed jointly by the
KFU research team and the ERL staff in relationship to their
appropriateness for studying passive cooling strategies in Saudi
Arabia, and specifically in the Dammam area. Strategies that were
reviewed included the use of cross ventilation, the wind tower and its
placement, window locations and shading, and the roof pond. In
addition, the basic plan of the building was reviewed for
compatibility with testing the passive cooling strategies,

In tems of overall cooling needs, it was observed that different
strategies for ventilation, evaporative oooling and refrigeration
would be needed during different periods of the cooling season, and
even during different times of the day. Because of the extreme
humidity in Dammam, air conditioning was considered essential. Thus
the main goal for the design of the house was to reduce the cooling
load as much as possible, given budget constraints.

Placement of the building on the site was studied. The major factors
are wind and solar orientation, Since ventilation would only be
useful during a small percentage of the year, it was decided to weight
the orientation decision slightly more toward cooling reduction needs.
However, it was also pointed out that if there was a desire to capture
the winds for ventilation, appropriate orientation would be essential.,
Landscaping was also discussed, primarily as a means of ocontrolling
dust, rather than reducing heat loads on the building.

Since the design of the building was fairly well established before
the review started, few major changes were made in the floor plan, It
was observed that only the rooms on the east side were particularly
well-suited for cross-ventilation studies. On the west side, a
bathroom and ventilation shaft reduced the possibilities for
cross-ventilation on the ground floor. The ventilation shaft was
removed and replaced by a mechanical ventilation system for the
bathroom. On the first floor, increased ventilation was achieved by
providing for air flow beneath the closets., This will be discussed
further in the ventilation section,

Configuration of the windows was also discussed. Various
recommendations are made in the ventilation section of this report,
and in the building heating and cooling load evaluation, The use of
removable and reconfigurable wall ©panels was discussed and
recommended.

Placement of the wind tower near the center of the house was approved.
However, it was suggested that the wind tower be enlarged., This
caused minor modifications in the plan. Duct systems and ventilation
strategies for air distribution from the wind tower will be discussed
further in the wind tower section,



A roof pond was shown in the plans over the garage. Much research has
already been done on roof ponds and much remains to be done for them
to work properly. Because of the predominance of overcast skies, hazy
conditions, and humidity in the KFU location, the roof pond would be
ineffective for cooling during most of the year. Thus it was decided
that this cooling strategy be dropped. (The garage will be used to
house the data acquisiton system.,) A major report on roof pond
systems was recently campleted by ETEC, Rockwell International, Canoga
Park, California, with Walt Ingle as the principal investigator,

Further details resulting from the architectural review may be found
in the specific report sections for other related tasks.
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ANALYSIS OF FINAL DESIGN

A,

B.

INTRODUCTION

The final King Faisal Passive Cooling Experimental Facility design was
evaluated by three different computer codes, Two of the codes utilize
finite difference calculation techniques and the other utilizes
conduction transfer function techniques. The three codes are:

1., The Building Loads Analysis and System Thermodynamics (BLAST) (1)

U.S. Army Construction Engineering Research Laboratory
Conduction Transfer Functions

2, MICROPAS

Advanced Energy Group
Finite Difference

3. ERL PASSCOOL

Environmental Research Laboratory
Finite Difference

All three simulations show good agreement for peak cooling and total
cooling, All the simulations are based upon the building model
developed for the BLAST simulations; however, the weather for the
MICROPAS simulation was for El1 Centro, Ca., as the weather there
closely approximates the weather in Dammam, Saudi Arabia.

The MICROPAS analysis was conducted for MRI SCLERAS by J, Mark
Hannifan, Consultant to MRI, Advanced Energy Group.

COMPUTER SIMULATIONS/HEAT-COOL LOAD ANALYSIS USING BLAST
1. General Description of BIAST

The Building Loads Analysis and System Thermodynamics (BLAST) (1)
program is a comprehensive set of subprograms for predicting
energy consumption and energy systems performance and cost in
buildings. There are three major subprograms (see Fig, III.B.l):

a. The Space Load Predicting Subprogram computes hourly space

loads in a building or zone based on user input and weather
data.

b, The Air Distribution System Simulation Subprogram uses the
computed space loads, weather data, and user inputs describing
the building air-handling system to calculate hot water,
steam, gas, chilled water, and electric demands.
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The Central Plant Simulation Subprogram uses weather data,
results of air distribution system simulation, and user input
describing the central plant to simulate boilers, chillers,
onsite power generating equipment and solar energy systems,
and computes monthly and annual fuel and electrical power
camsumption,

The program was developed by the U. S. Amy Construction
Engineering Research Laboratory (CERL), The source code was
written in FORTRAN and can be run on the University of Arizona
Cyber 175 computer system, The current version is version 3.0
which was released in 1981.

Rpart from its comprehensiveness, the BLAST program differs in
four key respects from similar programs used in the past.

A.

b.

Ce

d.

The BLAST program uses extremely rigorous and detailed
algorithms to ocompute loads, simulate fan systems, and
simulate boiler and chiller plants,

The program has its own user-oriented input language and is
accompanied by a library which contains the properties of all
materials, wall, roof, and floor sections listed in the ASHRAE
"Handbook of Fundamentals",

The program execution time is brief enough to allow many
alternatives to be studied economically.

The program is not proprietary and is, therefore, open to
inspection by its users and those who rely on its results.

While BLAST provides valuable assistance in performing
calculations required to design heating, ventilating and
air-conditioning systems and select equipment, it is most
useful as a tool to evaluate design alternatives. Through an
iterative process of changing the design and evaluating the
results, it is possible to optimize both the building design
and the energy system design; however, the analysis procedure
is not automatic and considerable judgement, intuition, and
analysis by the designer are still required.

The next section considers the specific application of the
BLAST program in the analysis of the proposed design for the
Passive Solar Cooling Project at the King Faisal University in
Dammam, Saudi Arabia. In this case the building design is
essentially complete, but some options can be studied and the
system design can be expedited through the use of BLAST.

Blast Input and Output

In order to perform a BLAST simulation, it is first necessary to
prepare an input deck including;

a.

The job control cards required for BLAST to run at a
particular installation,

10



b.

Ce

d.

e,

For
a.
b.
Ce
For

a.

b.

Ce

d.

a.

b,

Ce

The lead input: This includes information to control the
simulation and specify the output format.

The building description: A detailed geometrical description
of the building along with information about temperature
control, infiltration, and internal load.

Fan system description: (only required for system
simulation).

Central plant description: (only required for central plant

simulation, e.g., when the air system requires chilled water
from an external source).

For building load analysis, only the first three are required,
Specific instructions for setting up input decks are contained
in the BLAST Version 2.0 User's Manual, as updated by the
Version 3.0 User's Manual.

any BLAST simulation, the output consists of:

A printout of the entire input deck

A series of several default reports

Any of several optional reports

a building load run, the default reports include:

Control schedules —~ shows schematically the control schedule
used for heating and cooling.

General schedules ~ shows the schedules used for internal load
and infiltration in the format shown in Fig. III.B.2.

Description of Zone report - gives data on all surfaces
bordering each zone, including U-values, areas, geometric
information, and surface type (from BLAST library).

Zone Group ﬁLoads report ~ gives the total and peak heating and
cooling loads for the period of the simulation,

optional reports include:

Zone Loads report - gives hourly loads with separate listings
for latent, electric and infiltration loads. This report was
helpful in analyzing diurnal trends.

Zone report - gives a geometrical description of the zones
described using Cartesian coordinates, along with a simplified
plant view of the zones., This was very helpful in verifying
the building descriptions,

Walls report - gives detailed information on the wall
construction of each zone, including the conduction transfer

11
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3.

functions used to define the time dependent thermal
conductivity of the surfaces.

d. Shade report - gives information in which areas are shaded or
sunlit, This was used to help verify the simplifications made
to the building shading devices,

For a system simulation run, there are several other default
and optional reports which are available. These include a
System Energy Use Summary, a Loads Not Met Summary, a
Component Loads Summary, and a System Description report.
These can be seen in the attached one year simulation in

Appendix III.
cimulati ¢ Final Desicn Using ELAST

The building under study represents a compromise of several design
features, influenced by factors such as local weather conditions,
accepted religious and social customs, cost, aesthetics, and local
building codes. This is reflected in the blueprints and reports
received from King Faisal University which were used to generate
the BLAST building description., The intention of the BLAST
analysis is not to significantly alter the basic design as
presented, but to investigate the relative effects of different
wall construction, window construction, building orientation and
shading effects on the building loads, and to aid in the design
and selection of a heating and cooling system,

In simulating this building (designated Bldg. F, as explained
later), there were some simplifications and assumptions required
for the building description. The first step was to separate the
building into zones, based on which areas would be controlled by a
single thermostat., It was decided to simulate three zones:

Zone 1 - Ground floor
Zone 2 - First floor
Zone 3 - Garage

(Note: A ten zone analysis was performed for the system analysis
as discussed below). Each of the 2zones had to be described
separately. The garage was simulated as a data room and was
assumed to be air-—conditioned. The 2zoning of the three zone
building is shown on Figure III.B.3.

The most significant assumption involved the internal load due to
people, lights, and equipment in the building. The building is
intended to serve as a laboratory, but for the purpose of this
analysis it was assumed to be a typical Saudi residence for a
family of nine people. Based on conservative estimates, and on
discussions regarding the 1living patterns of the typical Saudi
family, the following maximum values were used:

15
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MAXIMUM VALUES FOR INTERNAL LOAD
ZONE 1 ZONE 2 ZONE 3

PEOPLE 9 9 3
LIGHTS (KW) 2.0 1.5 0.5
EQUIPMENT (KW) 4,0 0.2 1.0

The hourly load schedules which were assumed for the different
zones are listed below, and the hourly profiles are shown in
Figure III,B.2.

INTERNAL LOAD SCHEDULE NAME

ZONE 1 ZONE 2 ZONE 3
PEOPLE Z10CCupP 220CCUP LABOCCUP
LIGHTS Z1LIGHTS Z2LIGHTS LABOCCUP
EQUIPMENT Z1EQUIP Z2BQUIP LABEQUIP

The internal load adds to the zone cooling load, and shifts the
time at which the peak cooling occurs based on the particular zone
load profile.

In describing the building envelope, several simplifications were
required. The louvers on the windows could not be sloped, so they
were treated as horizontal overhangs of dimensions which would
give equivalent shading throughout the year. The sloping vertical
wings of the house were treated as rectangular wings of nearly
equivalent dimensions, using a different size for ground floor and
first floor. The windows were simulated as double-pane windows
with mediumweave drapes on the inside, Infiltration was
determined by using the ASHRAE crack method, assuming a relatively
tight window construction with relatively tight doors. The
infiltration rate is assumed constant throughout the day, and this
is represented by a schedule with the same format as an internal
load schedule,

In order to describe the construction materials as accurately as
posible, a new BLAST Library was created specifically for this
project. Walls, windows, roofs, ceilings, floors, and doors are
described in the library using ASHRAE data, Also included are
data on location, weather, internal load schedules, and
temperature control schemes. A printout of the library can be
found in Appendix III.

The weather data contained in the library play an important role
in the BLAST simulations, and considerable effort was made to try
and characterize the Dammam weather as accurately as possible.
Data from several sources were used including KFU report 82-1, the
ASHRAE “"Handbook of Fundamentals", a Dhahran weather station, and
a NOAA weather tape from a U, S. Air Force base in Dhahran. These
data were reduced into a design summer day, a design winter day,
and an average day for each month of the year. It was also
possible to run the simulation using the weather tape directly, as
will be discussed below.

17



For the baseline building load analysis, a relatively simple
deadband temperature control scheme was assumed, with heating
below 21 deg. C, and cooling above 23 deg. C. Different control
temperatures were studied to determine the relationship between
load and setpoint, and this will be discussed below.

The wind tower operation was not considered in any of the BLAST
simulations. The program does have the capability to include
ventilation, but for the simulations performed for this report,
the wind tower was assumed to be sealed and no building
ventilation was accounted for.

The above discussion covers the description of the "base case"
building which serves as the standard from which comparisons may
be made for other design options. The next section gives results
of some of the optimization studies, for the building envelope and
the system design.

Simulation Result 3 ion F ati
Building Envel i Const ti
The following comparisons are based on the total cooling and peak

cooling requirements on the summer design day. The summer design
day is included in the BLAST library and is defined as:

DATE - July 17

HIGH TEMP - 43,9 deg C (ASHRAE 1% design value)
LOW TEMP - 30.9 deg C (based on mean daily range)
WET BUIB - 28.9 deg C (coincident with HIGH TEMP)
WIND SPEED - 5.4 m/sec.

WIND DIR - 330 degrees

CLEARNESS NO, - 0.9 (assumed using ASHRAE guidelines)

Heating is not considered in these comparisons since the internal
load of the house generally precludes any heating requirements,
Simulation runs were made with and without internal load, and the
results were similar, Note that the results given below and on
Tables III.B.l. - IIXI.B.3. refer to the base case with no internal
load, except as noted.

Walls: The base case assumed that the 200 mm concrete block was
filled with sand, and that a 100 mm concrete block wall was
included under the stucco surface layer., Two comparisons were
made here, First, the base case was ocompared with unfilled
concrete block. The results showed that it was not worth the
added cost to fill the block. Both the peak cooling and total
cooling increased only 0.5% on the summer design day with the
unfilled 200 mm block, The second comparison involved removal of
the 100 mm concrete block layer from the exterior walls, Here the
results showed a slight decrease in thermal performance from
removal of the 100 mm layer. The total cooling increased 0.6% and
the peak cooling increased 2.0%. This consideration alone does
not justify the 100 mm layer, but there may be other reasons for
including it in the design.

18



Wall Total Feak Remar ks
U Value Cooling Cooling
{(W/ m2°l) (KWH/day) {KW)
Base Case 0.304 164.0 7.74
Very slight
200 mm Block 0.307 165.0 7.78 increase in
unfilled cooling load.
Feak cooling
100 mm Block O0.316 165.0 7.90 slightly
omi tted higher.

Table III.B.1

1o

Wall Optimization




Wall Total Feak Remarks
U Value Cooling Cooling
{(W/m2 () {kWH/day} (KW
Clear glass,
Base Case 3.14 i64.0 7.74 double pane,
drapes inside
Venitian blind
Klos Windows 3.04 166.0 7.86 between panes,
unfilled no drapes,
clear glass
104 reduction
Reflective 3.14 148. 0 &.77 total cooling.
film 12%4 reduction
peak cooling.
4% reduction
Heat absorbing 3.04 166.0 7.86 total cooling.

glass

94 reduction
peak cooling.

Window fArea Effects

Window Total Feak Remarks
Area Cooling Cooling
{m2) {(KWH/davy) (kW)

Window area

Base Case 38.8 258.3 14.6 is 1474 of
floor area.
9% reduction

Window area 19.1 234,.7 13.4 total cooling.

reduced =~ S04

8% reduction
peak cooling.

Note:

without the data room zone.
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Table III.B.2 Window Optimization

Window area effects was performed with internal loads and




Building Total Feal Remarks
Orientation Cooling Cooling
{(deq) {KWH/davy) {(KW)
Building
0% N 164.0 7.74 aligned with
+ront door 8.
15°% NNE 168.0 7.84
30° NE 177.5 8.72
Optimum for
15 @ NNuW 166.0 8.53 ventilations
1074 increase
peak cooling.
6% increase
30 ° NW 173.3 ?.50 total cooling.
23% increase
peak cooling.

Table 111I.B.3

Optimum Orientation of

21
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In both of these cases, the design change resulted in a higher
U-value for the wall, but in a transient analysis of the building
loads, there is still enough mass in the walls to minimize the
effect of a slight increase in thermal conductance. The results
of the wall studies are shown on Table III,B,l.

Windows: The base case window condition was assumed to be a
double-pane clear sheet glass with louvers on the outside and
drapes on the inside. This configuration effectively eliminates
direct solar gain in the summer, and greatly reduces it in the
winter. This also results in the lowest cost situation among all

the window options, Three basic comparison studies were done for
windows.

The first was a comparison of the base case condition with a Klos
window design, consisting of a double-pane window with a 100 mm
air gap and venetian blinds in between. The Klos windows showed a
slightly higher cooling load (1-2%). The U-value was slightly
lower for Klos, but the solar gain was apparently a little higher.
The net result was similar thermal performance. The choice must
be based on functional and cost considerations.

Next, various treatments were considered, including heat-absorbing
glass and reflective glass., These designs had the same U-values,
but different transmissivities from the base case,. Window
treatments were considered for the Klos design, also. The results
showed that the optimum configuration had reflective treatments on
the north and south windows. The results can be seen more clearly
on Table III.B.2.

The third window study involved the relative window area of the
building. The window area of the base case was determined to be
14% of the floor area of the house. For comparison, the window
area was cut in half. The results showed a decrease of 8% in
total cooling, and 9% in peak cooling on the summer design day.
It can be deduced that a reduction in window area to 10% of the
floor area would result in about a 5% reduction in cooling load.
This benefit must be weighed against any possible detriment to
ventilation, or daylighting in the house.

Building orientation: Due to the unique wind situation of the
Dammam area (i.e., hot, dry winds from the northwest and sea
breezes from the northeast), comparisons were made with different
building orientations. The base case building was facing directly
north, and comparisons were made at 15 and 30 degrees on either
side of north to see the effects on thermal performance, The
optimum wind orientation was assumed to be 15-20 degrees to the
west of north, At this orientation the total cooling increased
only slightly, but the peak cooling increased by 10% over the base
case, This thermal trade—off must be weighed against any
potential ventilation improvements at this orientation. The
results of the building orientation comparisons are shown on Table
III.B.3. ’
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5.

Shading: The various shading features of the house were also
studied. The original design had a steep north-facing louvered
roof above the roof terrace, which had virtually no effect on the
building loads, although it might be useful as a windscreen if the
terrace were occupied. The south—-facing louvered roof is much
more effective in shading the sun, but its net effect on building
load is less than 1%. The triangular—shaped wings of the building
have some small shading effect, although it is probably not their
primary function. But the window louvers are one shading feature
which is quite important. Since heating in the winter may only be
a problem during a relatively brief period, these 1louvers should
be adjusted to exclude direct sunlight during all but the coldest
months of the year.

Appendix III contains samples of the printed output from two
summer design day simulations. The first is the base case
including the optional Walls, Zone, and Zone Loads reports., The
Walls and Zone reports are shown only for example in this case.
The second is a comparison run with all of the windows changed to
reflective windows. The optional Zone Loads report along with the
default Zone Group Loads report can be used for comparing the
loads between the base case and reflective windows. This is an
example of the method used in this design optimization study.

Heati 1 Cooling Syst .

Prior to the system design, it is instructive to look at some
general considerations relating to the thermal performance of
buildings in general. In any heating and cooling system, the
control temperature setpoint plays an important role in
determining energy use, For the base case, an average room
temperature of 22 deg C was assumed. For the base case, a 21 - 23
deg C deadband control scheme was simulated to provide oooling
when the room is above 23 deg C, and heating when the room is
below 21 deg C. As mentioned above, cooling is the most critical
consideration, so0 the summer design day is used as a point of
reference to design the cooling system, For peak cooling and
total cooling there is an inverse relationship between load and
control temperature setpoint. In the range of 20 — 25 deg C, the
peak cooling was found to drop 0.7 KW for each 1 deg C rise in
cooling setpoint, The total cooling dropped 16 KWH/day for each 1
deg C rise in setpoint, This information might be ueful in
estimating the effects of different setpoints on the cooling load.

Another consideration is the "float" temperature, or the interior
temperature of the house without any heating or cooling, Two
BLAST simulations were performed for the summer design condition,
one with internal load, and one without. The "float" temperatures
were found to be 33 - 36 deg C without internal load, and 36 — 40
deg C with internal load. The diurnal variation of temperature
inside the house was very small, on the order of 1 deg C for the
case with no internal load., But the time of the peak is also
important. Without internal load the peak temperature occurred at
17:00, but with internal load the peak occurred at 21:00 to 22:00.
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6.

This points out the effect of the internal 1load on the peak
cooling load.

To provide maximum accuracy in sizing the system, the BLAST
program was used to simulate the house with ten zones, instead of
only three. The same building description data was used, but the
internal loads were distributed appropriately throughout the
individual zones. The most significant observation from the
system simulation was that the total system load was 20 - 30
percent higher than the space lcad due to the latent component.
Several types of systems can be simulated in BLAST, but most are
used only in larger commercial buildings. Simulations of Bldg F
were performed for both a fan—-coil and a DX packaged unit with
similar results. The attached one year simulation was run with a
two-zone DX system (garage excluded) to give an approximation of
the annual energy requirements of the house, if it were used as a
residence. Details of the system design and selection have been
discussed separately, and will not be covered here.

. Simulati ith 1957 ber T

The BLAST program can be run with weather input from a weather
tape., Several common formats are acceptable including SOLMET,
NOAS, and TMY. For this project, a NOAA TDF-1440 tape was
obtained from a U, S, Air Force Weather Station in Dhahran. The
tape contains hourly data from 1949 to 1962, but some of the data
seems unreliable., The year 1957 was selected because the tape had
a full 8760 hours of data. Monthly and daily reports of this data
are contained in the Appendix, along with a sample hourly report
for 1 January. Inspection of the weather data shows that much of
the data 1looks good, but there are some very suspicious
temperature readings, and the hourly wind data are not complete.
Other years on the tape were inspected, but the results were the
same, It is unfortunate that these incongruities exist, however,
the weather tape is still useful.

The results of a one year simulation with the 1957 weather tape
data were compared with the results of a run using 12 monthly
average days, and the weather tape total cooling load was 8.4%
higher. This agreement is reasonable in light of the very high
temperatures periodically recorded on the tape. But for
comparisons on a monthly or annual basis, the monthly average data
are sufficient, and the peak loads will not be unrealistically
extreme,

A one year simulation is included in Appendix III to give an
example of the output format for a weather tape run, and to give
an estimate of the annual energy requirements of the house if it
were used as a residence., The building is simulated as a three
zone building, but only two zones are cooled; the garage is not
conditioned. Due to the problem with the weather data, the "peak"
values should be disregarded, as well as the "DXUNIT CAP EXCEEDED"
warning messages which are erroneously generated due to high
ambient temperatures.
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C. PASSCOOL: COMPUTER MODEL FOR THERMAL SIMULATION OF HIGH-MASS BUILDINGS

1.

INTRODUCTION

PASSCOOL, an in-house computer model, was written in APL (1) for
use on an IBM Personal Computer. APL was used because of the ease
of matrix manipulation with this language, especially important in
programs involving the solution of transient heat flow problems by
finite difference methods which require the manipulation of 1large
matrices.

The primary reference used in writing the program was the widely
available 1977 ASHRAE Handbook (2). The units in the ASHRAE
Handbook are based on the British system, which is also employed
in the program.

The program is similar to one prepared for the Electric Power
Research Institute (EPRI) (3) to study the effect of thermal
mass in residences on peak power demand., That program was
verified against experimental results, as illustrated in Figqure
I11.C.1.

PASSCOOL is similar to the ERL/EPRI program in that the
Crank-Nicolson method (4) is used to determine heat fluxes
associated with massive walls; however, the present program also
computes humidity, PMV  (2) (Predicted Mean JYote—a method
of indicating thermal comfort conditions), and the performance of
composite walls and slabs. The program can also be used to
determine the performance of low-mass structures with either
refrigeration, evaporative cooling, or heating. The ASHRAE (2)
method for computing solar heat gain is incorporated in the
program, It is limited in that it does not compute shading
effects on walls by building components or external objects; to
allow for these effects the user must estimate appropriate values
for the absorptivity of the various surfaces., It also does not
allow for condensation of moisture on windows or walls if their
temperatures should fall below the dew-point temperature. While
most of the program is written in general terms, applicable to any
building in any location, the portions of the program relating to
wind tower performance and natural ventilation are specific to the
KFU building design.

The method of computing heat storage and temperatures in the

building used in the program is explained in the following
sections.
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ENERGY STORAGE IN MASSIVE WALLS

Determination of energy storage and temperature gradients within
massive masonry walls generally follows the Crank-Nicolson finite
difference method described by Myers (4), modified to allow for
solar radiation and low-mass insulation on the wall surfaces. An
exterior mass wall is used to describe the method of analysis
which follows; however, the method can also be applied on interior
walls or the floor slab with obvious modifications. Referring to
Figure III.C.2, the wall is considered to be divided into interior
sections of thickness "ax", with two half-sections of thicknesses
"sx/2" at the inside and outside surfaces. At the interior and
exterior wall surfaces are two layers of low-mass insulation,
having resistances R; and Re, (ft2)(hr)(9F)/Btu, and
surface heat transfer coefficients h; and ho,
Btu/(£t2) (hr) (°F), which combine both convective and long-wave
radiative components (2). The exterior wall may also receive
solar radiation, Iy, Btu/(ft2)(hr) of which the fraction
absorbed is given by the wall absorptivity, oy, Using the

sol-air temperature" method (2), heat transfer to the exterior
wall surface <can be simplified by replacing the outside
temperature and solar radiation with an effective temperature,
te, OF, as:

awlt + ho(ty = tg) = hp(te — tg)

te = ta + aylt/hg
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where tg is the surface temperature of the insulation., Further
simplification is possible by combining the surface heat transfer
coefficients with the low-mass resistances as:

1/0(1/hj) + Ryl (ITIC-2)

[
n

Ue

1/[(1/hg) + Rgl (I1IC-3)

If either of the layers of insulation have appreciable heat
capacity, then the wall must be treated as a composite high-mass
wall.

A heat balance around the first half-section of the inside of the
mass wall is:

Uj(ty - to) = pCp(Ax/2)dty/d6 + (k/bX) (kg ~ t4) (I1IC-4)

where o , and k are the density, specific heat, and thermal
conductivity of the wall material. 6 is time,

A balance around the next section is:
(k/ax) (g = t]) = oCp(ax)dty/de + (k/ax) (t] = tp) (IIIC-5)

Balances around succeeding sections are similar to Eq. IIIC-5
until the last section is reached:

pCp( ax/2)dty/do + (k/6X) (Epg = ty) = Uglty = tg) (I1IC-6)

The balance around any interior slab "j", similar to slice "1",
Eq. IIIC-5 can be rewritten as:

dtj/do = (k/oCppx?) [(t4-1 = t§) = (&5 = t44)] (I1IC-7)

1f £l is the temperature at time 6;, and t?_z is the
tempe;ature of the slab at 65, where 69 - 87 =46, the
change in temperature by the Crank-Nicolson method (3) is given
by:

6 S
dat. ats | 2
8 9 1 AB
52 = 51 + 7 51 +d63 (1IIC-8)
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'.}‘hat_is, the average value of the derivative is used to move ahead
in time. If p = (k/oC,)(26/4%x2), where the group k/p is

the thermal diffusitivity, BEgs., IIIC~7 and IIIC-8 can rewritten
as:

% 62 62 01 01 03
- (p/ 2)tj—1 + (1+p)tj - (p/2)tj+1 = (p/2)tj_1 + (1-p)ty + (p/2)tj+1 (111C-9)

- s - . 8
Similarly, if H; = UjAx/k, He = Uetx/kK, ti = %(tj_l + tgz), and
te = Litg! + £22), then By. ITIC-4 can be written:

[1+p(+B;)]tg? - pti2 = 2pHiE; + [1 - p(L + Bpltgl +pl  (1rI0-10)
and Eq. IIIC-6 becowmes:
6 ’ 62 61 6

2 1 -
“Ptn-1 + [1 + p(l4He)ltp = ptp-1 + [1 - P(1 + He)lty + 2pHete (IIIC-11)

The system of equations can be written in matrix form as:

[l + p(l + Hi)] - P 0 0 Y X 0 to
0 - p/2 l + p - p/2 0 XX t2 =
0 LX) 0 - P/2 l+ P ‘-p/2 tn_l
(ITIC-12)
t
B 0
0 0 /2 1-p p/2 0 e | [E32
oo ee e eve cve oo vee cee oo oetlo
S
e |
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If n=x./rx, where x. is the total wall thickness, ft,, the
dimensions of the maErix on the LHS of Eq. IIIC-12 are
(n + 1)x(n + 1) while those of the RHS are (n + 1)x(n + 3). The
solution temperature vector at 6o contains n + 1 elements, while
the input temperature vector at 67 contains n + 3 elements, i.e.
the temperatures of the wall interior plus the average values of
the inside temperature and the exterior sol-air temperature.

In the computer program, the product of the inverse of the ILHS
matrix and RHS matrix, which are conformable, is computed once and
stored as a "constant™ matrix for the wall, which is multiplied by

succeeding temperature vectors to step through the total period of
the run.,

Composite walls are treated similar to the single slab model. For
example, take the case of a composite wall consisting of inner and
exterior slabs of different high mass materials, separated by low
mass insulation having a resistance R, The inner slab
variables are:

Pi = (ki/piCpi) (06/2x%;2)

HBy; = 8x3/Rkj  Note:Rg #0
while the outer slab variables become:

Po = (ko/poCpo) (16/20%02)

Heo = 4%0/Rcko

A6 is the same for these expressions; however, sx, k, o and
may differ, Then a balance around the last section of the inher
slab gives:

62 B2 62
= Pitpl + [1 + pj(1 + Bgj) Ity - piHgito =

% % %
Pitpy + [1 = pj(1 + Hgj)tp + piHcitey

Similarly, a balance around the first section of the outer slab

is:
92 62 62
“PoHeotn + [1 + pol(l + Hp)ltg — Pot] =
61 )

a 1
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Wall type 1 2 . 3 4 5
Thickness, X 0.0833 0.1250 0.1667 0.3333 0.4167
FT

Therm.cond., k 0.7575 0.7575 0.7575 0.7575 0.7575
BTU/FT/HR/DEG F

Therm,.diff., 0.0271 0.0271 0.0271 0.0271 0.0271
SQ FI/HR

AX 0.0417 0.0625 0.0833 0.1667 0.2083
FT

Wall type 6 7 8 9 10
Thickness, X 0.5000 0.6667 0.3333 0.3333 0.6667
FT

Therm.cond., k 0.7575 0.7575 0.0200 0.4180 0.6310
BTU/FT/HR/DEG F

Therm.diff., 0.0271 0.0271 0.0383 0.0208 0.0380
SQ FI/HR

X 0.1667 0.1667 0.1667 0.1667 0.1667
FT

Note: Nos. 1-7 are concrete, No. 8 is styrofoam, Nos. 9&10 are hollow concrete

where t,y and tj, refer to the inner slab and t, and t;

refer to t}\e outer slab The matrices in (IIIC—lZS) are mod1f1ed
by inserting the constants from (IIIC-13) and (IIIC-14) and
replacing p by the appropriate values of Po and pj. Any
nmtbethog of slabs may be connected to form a canp051te wall by this
me

Thermal properties for various slabs are stored within the
canputer program in a wall properties matrix, shown in table
III.C.1. The thermal properties used in preparing this matrix are
from the BLAST reference library. The programmer selects the wall
type, or in the case of a composite wall the slab types and
intermediate R values, and specifies the wall absorptivity, area,
and orientation.

Table III.C.l

WALL PROPERTIES

block, and No. 11 is roof insulation.
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3.

4.

ENERGY STORAGE IN FLOOR

If the floor slab is insulated underneath, or rests on low
conductivity material, the treatment is similar to a massive wall
with the exterior heat transfer coefficient equal to zero.

If heat transfer into the soil underneath the floor slab is
significant, the slab-soil combination can be treated as a
composite wall.

The effect of a carpet on the floor can be estimated by assigning a
thermal resistance value to the carpet, similar to Rj. The
effect of furniture on the floor requires further research, but may
be estimated by either increasing the thermal resistance of the
carpet or reducing the area of the floor below its true value in
proportion to the area covered by the furniture,

HEAT TRANSFER THROUGH LOW-MASS WALLS AND CEILINGS

Low-mass walls, such as frame walls insulated with mineral or glass
fiber, and ceilings, may be assigned a single total resistance
term, Ry, (hr) (sq. ft.) (°F)/Btu:

Ry = 1/hy + IR + 1/hy

where IR is the sum of the resistances of wall components, e.ge.
siding, wallboard, air spaces, etc. Resistances for different wall
types have been camputed and are available in a number of reference
texts (2). In the computer program, the resistance term used is
the total resistance, less the film or surface resistances, or IR
in BEq. IIIC-15, so that single values of h; and h, are used for

all surfaces to reduce data input. Where different values are
desired for the surface coefficients, R may be adjusted by a(1/h).

Typical R values for low-mass walls without surface coefficients
are 4 for uninsulated frame walls, 11.4 for frame walls insulated
with R-11 blanket, and 17 for well-insulated frame walls.

Heat transfer by convection and long-wave radiation through windows
may be treated similarly, and it is particularly important that the
input R factor to the computer be calculated properly from the
usual overall heat transfer coefficient and not include surface
resistances:

Ryindow = (1/Uyindow = 1/ho = 1/hj

For a single—glazed window, R will be the thermal resistance of the

glass pane alone (= 0,03); while for a double~glazed window
R 2 0.6.
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6.

Low-mass roofs are treated in a similar manner to low-mass walls,
with R values ranging from 4 to 30. Since the roof and ceiling
areas may differ, the R value for the computer program should be
calculated based on the ceiling area; that is, heat transfer
through the roof to the interior should be expressed as:

- where U, = 1/(:R + 1/hj + Ac/Achy)

To remove the surface coefficients from the tabulated values of
roof resistance, subtract 1/hj + Ao/A h,. In many tables

of R values, the total resistances are gased on the exterior roof
area, so it may be necessary to first multiply by A./A., where

A. is the ceiling area, sq. ft., and A, is the roof area.

Also, as recommended by the ASHRAE Handbook, (2), the sol-air
temperature, Bg.I1Ic-1, is reduced for the roof equation by the
amount «Ar/h,, where ¢ is the emittance, and Ar is the difference
between the long-wave radiation on the roof from the sky and
surroundings, and the radiation emitted by a blackbody at outdoor
a.igF temperature, Btu/(ft2) (hr). The value of this term is about
_7 .

SHADING CQOEFFICIENTS

Solar radiation through the windows can be conveniently calculated
using the shading coefficient (SC) and solar heat gain factor
method as explained in the ASHRAE gquide (2). The shading
coefficient is defined as the ratio of the solar heat gain through
a glazing system under a specific set of conditions to the solar
gain through a single layer of double-strength sheet glass under
the same conditions. Typical values for shading coefficients are
1.0 for a single—glazed unshaded window, 0.88 for double~glazed
insulating windows, 0.55 for light—colored venetian blinds behind a
single-glazed window and 0.45 for 1light drapes behind a
double-glazed insulating glass window.

INFILTRATION

Infiltration may be estimated by various techniques described in
the literature (2). One of the more common methods of describing
this quantity is in terms of the "number of air changes per hour"
(No), or an air flow exchange rate equal to the number of times
per hour a volume of air contained in the house interior is
exchanged with outside air. The computer program requires that
this quantity be expressed in temms of pounds of air per hour
exchanged, or m, = NoVyrfa, where Vg is the volume of the

house, cu. ft., and o5 is the density of air, lb/cu. ft.
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7. INTERIOR TEMPERATURE

The interior house temperature is assumed to be that of the air and
interior furnishings; that is, the area of interior furnishings and
the rate of heat exchange between them and the air is assumed to be
very large. If % = (mC,)1,, Or the sum of the products of

the mass and heat capa i\t.‘y of furnishings and air in the house,
then the rate of change of the interior temperature (t;) is:

(MCo) pdtj/do = [IUA(te — ti)lim + [ZUiA(to = ti)lehm (I1IC-19)
+ 2[2UiA(to~ ti)lihm + [UiA(to — ti)lflr + MaCpalta — ti) + 10

The subscripts lm refer to low-mass walls, windows, and roofs; with
U being the overall heat transfer coefficient, A the area, and t
the effective or "sol-air" temperature for each surface, %he
subscripts ehm refer to exterior high-mass interior walls, with
U; as defined in Eq. IIIC-2 and ty as shown in Figure IIIC,2,

'I'fll subscripts ihm refer to high-mass interior walls; this group
must be multiplied by two, to account for each surface of the wall
exposed to interior air. The subscripts flr refer to the floor.
The group m,C,, is the product of the infiltration air flow
rate and the t capacity of air; while 1Q is the sum of the solar
heat input through windows and the rate of internal heat generation
by occupants, electrical appliances, etc. When air conditioning is
employed, the sensible heat removed is included as a negative term
in Q. This expression assumes that solar radiation through the
windows is absorbed by the interior mass, and not the floor, walls,
or ceilings directly; also, direct, long—wave radiation exchange
between walls, ceiling, and floor is not included; and the interior
geometry of the house is not specified.

Eq. IIIC-17 may be used in an integrated form over a period ap ,
where the temperatures and coefficients can be considered constant
by using average values., If

[ZUA(t - t41)10 = [ZUA(te — t4]) I1m + [ZUjA(to = ti1) lehm (IIIC-20)

+ 2[103A(to - £51) 1ipm + [UjAlto = £51) Jf1r + MaCpalta = ti1)
and
[TWAlg = [sUA]yp + [2UjAlehy + 2[2UjAlihm + [UiAlf1r + MaCpa (IIIC-21)

where tij is the interior air temperature at the beginning of the
time in%.erval A8 o then
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8.

At = tj9 - t47 = {[ZUA(t - t47)]o + 20Q}
{1~ EXP - [zURA]p0/(mCp)p} /[ UR],

When air conditioning is used to maintain some upper set-point
temperature, Bg. IIIC-22 can be solved for :Q with t;, equal to
the set-point to determine the air conditioning requirea.

In evaluating expressions IIIC-20 and IIIC-22, the exterior air
temperatures and "sol-air® temperatures are usually known over the
period 46, while the interior mass-wall temperatures are not. As
an approximation, the interior mass—wall temperatures from the
preceding time interval may be used; for this reason 49 should be
kept small.

AN

INTERIOR TEMPERATURE WITH EVAPORATIVE COOLING OR NATURAL
VENTILATION

The house interior can be cooled by ventilation with air from the
outside or an evaporative cooler at an entering temperate of t..,
A number of different models for this type of cooling have
studied, most of which specify the path of ventilation air through
the structure. The model used in PASSCOOL is probably the most
straightforward:

yCpq (ty2 = ty) = EUA(te = t1)l1n + B UjA(t, = t5)leny
+ 2[FUA(t, - )] jpy + [UsA(to — ti)Ig1 +2Q — (mCp)pdtj/de

The program assumes that infiltration is negligible during the
ventilation mode, and that no refrigeration or heating occurs. The
integrated form of Eqg. IIIC-23 is:

ati = {[ZUA(t - tj1)]o + MyCpalty — ti1) +20Q}

{1 - EXP - [iyCpy + (:UA)o] [46/(nCp)n]}/iCpa + € UA)o]

Evaporative coolers are rated according to their saturation
efficiency n (5):

n o= (g - ty)/(tg - &) = (Wy = Wy)/(Wy — Wa)

= (1 - EXP - Ny,)
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9.

where t; is the outside air dry bulb temperature, t,; is the
outside 2ir wet bulb temperature, W, is the water vapor content
of ventilation air 1eav1ng the evaporative cooler, W. a is the
vapor content of outside air, and W,; is the vapor content of air
saturated at the wet bulb temperature, 1b water/lb dry air.

is the number of transfer units provided by the evaporative cooling
media; this can often be provided by the manufacturer of the cooler
as a function of air and water flow rates.

HUMIDITY RELATIONSHIPS

Some knowledge of the humidity in the house interior is necessary
to evaluate comfort conditions. PASSCOCL: evaluates the changes in
humidity due to occupants or interior latent heat load, Q,
infiltration, ventilation or evaporative cooling, and
refrigeration. It does not calculate moisture changes due to
condensation or evaporation from windows, walls, etc., and does not
consider sorption of moisture by fabrics or furnishings,

If = V.., = mass of air enclosed in the house, then the
mmsture addlgign due to the latent heat load is:

Mi/do = Q1/ map

where » is the heat of vaporization of water, Btu/lb,

while the change due to infiltration is:

;i /do = (Mg/map) (Wa ~ Wy)

Moisture change due to refrigerative air-conditioning uses the
sensible heat ratio method (6), in which the sensible heat ratio
(Spr) is calculated based on the refrigerating coil surface
temperature (t.), and enthalpy (i), as:

Spr = Cpa (t5 = to)/(i3 - o)

where i; is enthalpy of interior air, Btu/lb dry air. Once the
sensible heat removed (Qz) by the air oconditioner has been
determined, as prev1ously expla.med, the moisture change due to the
air conditioner is determined as:

Mi/de = (1 ~ Spr)Qs/ A Shr
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For the closed house, the integrated expression combining latent
heat gain, infiltration, and air conditioning is:

M = {(W3 - Wi1) + [Q1 = (1 - Shr)Qs/Shr]/mMan) } (1-EXP-fia06/Map) (IIIC-3(

This expression is also used for the ventilation or evaporative
cooling case, with Qg = 0, Wy = Wy and my, = M.

10. BUILDING SIMULATION USING REFRIGERATIVE AIR CONDITIONING: JULY-OCT

During the months July through October the use of natural
ventilation or evaporative cooling to provide comfortable interior
conditions is marginal at best., Hence the building must be closed
and cooled by refrigerative air conditioning, Table IIIC-2 shows
the requirements for a 23°C interior set-point using a 6-ton air
conditioner, and a 25°C set-point with an undersized (4-ton) air
conditioner,

There is no advantage in using PASSQOOL for calculating the
performance of the 239C, 6-ton unit case; since the air
conditioner can maintain the 239C set-point, the interior air
temperature does not fluctuate, and a computer program based on
steady-state heat transfer could compute the results in a shorter
time, PASSOOOL does predict the beneficial effect of the
building's mass when a slightly undersized air conditioning unit is
used in the 250C 4-ton case. The combination of the 4-ton air
conditioner/high-mass building is able to maintain comfortable
conditions with reduced power requirements. For 1-2 hours in the
evening the 25°C set-point is slightly exceeded as indicated in
Table III.C.2.
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Table III.C.2
Air Conditioning Requirements
King Faisal University Solar Laboratory
MONTH

JUNE JULY AUG SEPT ocT CASE

G_ton A'Co un.it' 23OC:

RKwh/day refrigeration req'd. 266 312 302 284 223 366
Percent latent load 13 17 20 25 27 27
Extreme PMV value -0.4 -0,38 -0,38 -0,37 -0,37 -0,34

RKwh/day refrigeration req'd. 240 285 275 256 193 334
Percent latent load 14 18 21 26 28 29
Extreme PMV value 0.18 0.23 0.24 0.28 0.33 0.43
Maximum interior temperature 25.1 25.3 25.3 25,2 25 26
Note: For building case F, unfilled block. Temperature and wind velocities

based on 1981 Dhahran monthly averages (Kingdom of Saudi Arabia, Ministry
of Defense & Aviation, General Directorate of Meteorology). Solar radiation
evaluated based on the ASHRAE method, clearness number = 1, for the 2lst

of each month., The base case is the 1% ASHRAE summer design temperature
with solar radiation values for June 21.
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D. COMPUTER SIMULATION/HEAT-COOL LOAD ANALYSIS USING MICROPAS (1)
1. Description

Building F is the building as described by ERL in the BLAST
camputer simulation, The building input file consisted of R18
walls, RI8 roof deck, double—glazed windows with exterior fixed
shading and internal drapery shading, internal massive walls and
floors, internal gains via hourly profiles, thermostat setting at
69.8 F/73.4 F, 0.1 average air changes per hour, ventilation via
an economizer, an air-to—air heat exchanger, and a heat pump with
2,5 COP heating and a 12,0 EER cooling rating. Duct gains in the
cooling mode were assumed to be 5%, latent loads were 30% of the
sensible loads, and El1 Centro, California historical hourly
weather was used in lieu of Dammam data.

A second simulation was conducted with the same building file with
the exception that the thermostat deadband has been changed to
69.8/78.0 F, Table III.D.l gives the results of these runs.

Run Description KWH-LOAD (KBTU) PEAK LOAD (KBTUH)
# HIG. aG. HIG. CG,

1 Building F ZONE 1 "UP" —_— 7135 (85615)
"Base" ZONE 2 "DWN" —_— 5667 (68126)
w/73F STAT ZONE 2 "GARAGE" —— 4433 (53200)

N O W
.

U N

N W

OO&

* e o

= 00 >

TOTAL 17245 (206941)

2 Building F ZONE 1 "UP" _— 5030 (60363) 7.7 38.8
"Base" ZONE 2 "DWN" —_— 3276 (39312) — 27.1
w/78F STAT ZONE 2 "GARAGE" —— 3651 (43807) 1.3 19.4

TOTAL 12957 (143482)

Table III.D.1 KFU Building Loads (MICROPAS)
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2.

Results

a.

e,

f.

g.

Heating is of little concern due to the predominance for
cooling requirements year round. Any design emphasis on
passive solar heating should be minimal.

Cooling from direct natural ventilation will not be possible
during most of the non-winter months. Ventilation does
provide cooling benefits during "shoulder" months, with a
mechanical cooling reduction potential of nearly 10% during
those months. Ventilation coupled with evaporative effects

will 1likely extend the natural cooling potential of the
building.

A thermostat setting of 78F saves significant cooling energy
relative to a 73F setting.

Heat exchangers, even with 80% recovery efficiencies,
aggravate the cooling requirement of the building but are

necessary to ensure indoor air quality (approximately 0.4
ach) .

Internal heat generation is significant due to the high
occupancy profile assumed.

Tonnage requirements of cooling equipment is approximately 6.0
tons for the building with a 73.4F thermostat setting,
excluding the garage space. The tonnage requirements for the
building with a 78F thermostat setting is 5.5 tons, excluding
the garage. These tonnage requirements are expected to be
slightly overestimated relative to BLAST simulations because
of the differing weather data bases. El Centro's peak summer
design temperature is 121F, compared to a design temperature
for Dammam of 111F, For comparison with BLAST runs using
Dammam weather, the above tonnages should be reduced by
approximately 9-10%, thus yielding tonnage requirements of 5.5
tons and 5.0 tons for the building with 73.4F and 78F
thermostat settings, respectively.

Given the dynamic weather differences indicated below, the
energy requirements (gross operational loads) of the BLAST
runs should actually be higher than those generated by
MICROPAS using E1 Centro weather. It would appear that by
comparing the monthly average temperatures of the two data
bases that the Micropas calculations will underestimate summer
cooling energy requirements by approximately 5-10% relative to
BLAST runs using Dammam weather. The following table III.D.2
summarizes these differences.

40



3.

El Centro (MICROPAS) Dammam (BLAST)

Jan 53 62
Feb 58 64
Mar 64 69
Apr 71 79
May 78 88
Jun 85 95
Jul 92 96
Aug 92 96
Sep 86 92
Oct 75 84
Nov 63 74
Dec 56 64
Avg. 73 80
Peak HTG 29 45
Peak CIG 121 111

Table III.D.2 Monthly Average Temperatures (F)

Initial Recommendations for Thermal Improvement

Qe

b.

Window areas are substantial (nearly 14% glass to floor
ratio). Consideration should be given to downsizing window
area or eliminating non-essential window area in the building.
Glass removal from the south will have no detrimental heating
effect yet provide a cooling benefit,

The thermal integrity of the windows that are installed should
be much higher than those assumed in the initial computer
simulations (R values of 1.8). Window products currently
available yield R values in the 4.0 range (using reflective
films - note this is one of the experiments to be conducted,
multiple layers, etc.) and they should be considered.

41



ITI.B. REFERENCES

1.

D. C. Hlttle, U. S. Army Constructlon Engmeermg Research Laboratory,

Bmgnam June 1979.

III.C. REFERENCES

1.

2.

3.

5.

6.

IBM Madrid Scientific Center. 1983, APL, version 1,00, 1st Ed.
International Business Machine Corp., Boca Raton, Florida 33432

American Society of BHeating, Refrigerating, and Air Conditioning
Engineers, Inc. ASHRAE Handbook Product Directory, 1977
Fundamentals. New York, New York: ASHRAE, 1978, pp. 8.24, 25.4,
22.,12-22.,25, 26.9-26.27, and 21.1-21,11.

Peck, J. F., Thompson, T, L., and Kessler, H. J. 1983, Off-Peak
Power Use in Solar Homes: Performance, Monitoring, and Analysis of
Periodic Heating and Cooling in High-Mass Homes. Final Report, EPRI
Research Project 1191-7, Prepared by the Environmental Research
Laboratory, University of Arizona, Tucson, for the Electric Power
Research Institute, Palo Alto, California.

Glen E. Meyers. i i
New York: McGraw-Hill Book Company, 1971, pp. 274-293.

Hollands, K. G. T., "Analysis and Design of Evaporative Cooler Pads,"
MeCho and Chan. mgo TranS. mo 55—720 NOV. 1970.

American Society of Heating, Refrigerating and Air Conditioning
Engineers, 1Inc. ASHRAE Handbook and Product Director, 1979
Equipment. New York, N.Y.: ASHRAE, 1979, pp. 6.1-6.20.

III.D. REFERENCES

1.

Correspondence, J. Mark Hannifan, Advanced Energy Group, Kansas City,
MO, June 1984,

42



Iv.

VENTILATION/WIND TOWER ANALYSIS AND STRATEGIES

A,

OVERALL CONSIDERATIONS

From a review of the ventilation aspects of the most recent version of
the revised final design, a series of proposed design changes have
been developed. These changes are reflected in the drawings and
specifications for the building. In formulating these changes, major
modifications to the plan-form of the revised final design have been
avoided. Two minor but necessary design modifications have been made:

1. Changing the rectangular wind tower (Gl1/U11) from its initial
rectangular shape to a square on plan, which in turn required
shifting the north wall of the building 50 cm toward the north;
and

2, Enlarging the garage/data system/display room (Gl), a change based
on a change in the building's space requirements, which calls for
adding office functions and a public-relations/display area. One
change did not, however, require any change in the building's
external perimeter: replacement of the ventilation air shaft
(G10/U10) for the ground floor bathroom (G9) by mechanical
ventilation, allowing G9 to shift westward, in turn improving
cross—-ventilation possibilities through G2 and G8.

A major consideration embodied in the proposed design relates to
developing the correct orientation for wind, both for inlet windows on
the upwind side of the building, and for inlet openings at the top of
the wind tower. The direction of the local wind was first analyzed
with respect to thermal comfort strategies throughout the year (Table
IV.A.l). During those periods of the year when the Fanger Comfort
Equations indicate that ventilation (air movement) is sufficient to
provide thermal comfort during at least some hours of the day or
night, the locally-prevailing wind direction varies from WNW
(292,59 to NNE (22.5 ©), lying within a 90° quadrant or "wind
wedge", centered on NWW (337.5°). This suggests that an optimum
facade orientation to capture the wind, i.e., optimum from the
ventilation standpoint only, would be 337.5°, This result was then
compared with that obtained from the computerized (BLAST) 1load
analysis, which indicates that an upwind facade orientation of N.
(360°) is the preferred orientation from the overall heat-load
standpoint. It seems that a north-facing (360°) inlet facade
orientation, at least as regards ventilation, is nearly as good as the
optimum orientation of 337.5°, The orientation shown in the
drawings, with the "inlet facade" facing north, i.e.,, with the major
axis of the building aligned east-west, is probably the most
favorable, when both load and ventilation factors are considered.

Ventilation requirements form an important consideration in the design
of landscaping for the project site. Any landscape feature, including
screen walls and plant materials, should be located sufficiently far
from the perimeter of the buildings, and its height sufficiently
controlled, to ensure that it does not constitute an obstruction to
the free access of wind to the building,

43



k4%

Table IV.A.1 Wind/comfort analysis for "ventilation-critical™ months in Dammam (Based on 1981 Dhahran Airport Data). Data in last column
indicates velocities required for comfort based on outdoor shade conditions, i.e., without building envelope effect.

Average wind speed Average wind Air movement velocity required
at 7.5 meters height speed (in nysec.) to maintain thermal comfort
from wind directions (listed only when
Average up to 90° either At center- At center- ventilation alone is
Wind side of "average line of ground 1line of upper effective; based on
Direction wind direction” floor windows floor windows Fanger Comfort Equations)
Month Hour Rnots M/Sec M/Sec M/Sec M/Sec
March 0300  318% MW 7.7 4.0 2.8 3.4 -
0906  313°%= W 10.1 5.2 3.6 4.4 0.1
1500 353% N 11.5 5.9 4.2 5.0 0.5
2100  005°= N 6.5 3.3 2.3 2.8 0.1
April 0300  336%= NWW 8.9 4.6 3.2 3.9 0.1
0900 352°= N 13.8 7.1 5.0 6.1 -
1500  038%= NNE 12.8 6.6 4.6 5.6 -
2100  028% NNE 8.1 4.2 2,9 3.6 0.3 or 0.5
May 0300  330°= MW 8.1 4.2 2.9 3.6 0.5
0900  342% NW 11.8 6.1 4.3 5.2 -
1500 009°= N 13.2 6.8 4.8 5.8 -
2100  358%= N 7.3 3.8 2.6 3.2 -
October 0300  327%= W 5.2 2.7 1.9 2.3 0.1, 0.3, or 0.5
0900 342%= W 7.4 3.8 2.7 3.2 -
1500  058%= NE 9.7 5.0 3.5 4.3 -
2100  032°% MNE 5.0 2.6 1.8 2.2 -
November 0300  301% MW 7.7 4.0 2.8 3.4 0.1
0900  285% MWW 10.4 5.3 3.8 4.6 -
1500 358%= N 13.4 6.9 4.8 5.9 -
2100  326% N#-N 8.0 4.1 2.9 3.5 0.1 or 0.3
December 0300  288%= W 7.0 3.6 2.5 3.1 -
0900  293%= W 8.4 4.3 3.0 3.7 -
1500 352%= N 9.3 4.8 3.4 4.1 0.1, 0.3 or 0.5
2100  342°= MW 5.9 3.0 2.1 2.6 -

Note: To obtain "Average wind direction® (six-hourly-by-month) shown above, a "prevailing” wind direction for each month was
first derived by inspection from monthly tables of "Number of Hours of Occurrence of Concurent Surface Wind Speed and
Direction® (Dhahran Table 3), using "total™ values from those tables summarizing wind direction data for each month,
Then, using that "prevailing" direction as a “"centerpoint", surface wind direction data for each six-hourly interval for
each day from monthly tables of "Daily & Monthly Climatological Surface Data® (Dhahran Table 2) was scanned, recorded
and totalled for all wind directions up to 90° on either side of the "prevailing" direction. The mean or average
direction calculated from this total (dividing the total by the number of observations involved) is shown above as
"average wind direction" for each of the six "ventilation—critical®™ months. To derive "Average wind speed” shown above;
the wind speed corresponding to each wind direction entering into the above calculation of "Average wind direction" was
also recorded, totalled, averaged, and shown above as "Average wind speed" in both knots and meters/second.



In regards to the design of the building itself, perhaps the most
fundamental ventilation consideration taken into account has been to
ensure the provision of both inlet (positive pressure) and outlet
(negative pressure) openings for each naturally-ventilated space in
the building. Another major factor in formulating the proposed design
has been the importance of selecting airflow inlets (including
operating portions of windows and supply openings from the wind tower)
to maximize air velocities throughout the habitable zones of the

building.

Two broad approaches have been taken to achieve this result, First,
whenever possible, inlets have been selected to maximize the
proportion of room areas which are covered on plan by the main jet
of airflow entering the room. This desirable result is most readily
obtained through the use of horizontally-shaped inlet openings,
proportioned to provide an aspect ratio (height: width) of
approximately 1:5 [Refs. 1 and 2]. Second, wherever possmle, inlets
have been selected to maximize the amount of air reachmg the
"occupied zone®™ of rooms in section. The "occupied zone" typically
extends from 45 cm to 180 cm above finished floor level to accommodate
most standing, seated and reclining postures., Maximizing air movement
in the "occupied zone" is most readily obtained using two general
approaches:

1. Locating the horizontal center line of inlet openings whenever
possible at the horizontal center line of the "occupied zone",
i.e., about 130 cm above finished floor level;

2. Adding deflector vanes to inlet openings, adjustable to direct air
upwards or downwards into the "occupied zone", especially critical
for those inlets which cannot be located at the center of the
®occupied zone" [Ref. 3].

Five of the major spaces in the revised final design constitute single
orientation rooms, that is, rooms with only one outside wall, thus
lacking conventional cross-ventilation. Two of these rooms face
toward the prevailing wind; three face away from the wind, In
proposing solutions to the difficult problem of ventilating these
single orientation spaces, three approaches have been taken:

1, Por rooms with windward exposure, the use of "wing walls",
consisting of perpendicular projections located at one vertical
edge of each of two openings (See Figs. IV.A.1, IV.A.2 and IV.A.3)
a system which under even slightly oblique wind directions creates
positive pressure over one window, negative pressure over the
other, thus achieving effective cross-ventilation of the room over
a range of up to 1400 in wind direction [Ref. 4].
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B.

2, The use (as both inlets and outlets) of 1louvered transoms,
louvered doors (Fig. IV.A.4) and banks of acoustic louvers (Fig.
IV.A.,5) as interior partitioning devices to facilitate
conventional cross—-ventilation through the building.

3. The use of the wind tower in its wind-driven mode to provide an
air supply for rooms facing away from the wind,

Another problem which required consideration as part of the
ventilation design is the presence, in Dammam, of intermittent dust
storms, a particular feature of the Eastern Kingdom's climate. Among
the approaches proposed for dealing with this problem are:

1. Adequate seals and gaskets for all doors and operable window
sections.

2, Adequately sealed fixed glazing sections.

3. Use of the wind tower in the wind-driven evaporative cooling mode,
which should precipitate out most dust particles from the incoming
air by means of fog/spray action.

Still another design influence we have taken into account is the need
to minimize smoke and odors, especially in spaces where they may be a
problem (kitchen, bathrooms). The approach to this problem includes:

1. Use of standard mechanical extract ventilation.

2, Specification of barometric dampers, to prevent backflow from
smoke— and odor—generating spaces back into the wind tower and
then into the rest of the building (dampers may be either the
cloth or the aluminum type; cloth dampers [See Appendix IV] are
quieter, more economical, and offer substantially less resistance
to air flow).

OPERATIONAL MODES

The proposed design is based on the use of five distinct ventilation
strategies. The recommended uses of these strategies vary depending
on the specific needs of the various ventilation zones within the
building. These five strategies are as follows:

1, Cross-ventilation, both conventional and innovative (Figs. IV.B.1l
and IV.B.2).

2, Wind tower/"wind-driven" mode (given sufficient wind speeds) (Fig.
IV'B.3 arld IV.B.4) L

3. Wind tower/"density-driven" mode, (under calm or no wind
conditions), powered by density differences between evaporatively
cooled (heavier) air in the upper part of the tower, and warmer
(lighter) ambient air in the lower part of the tower (Fig.
IV. Bo3) .
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C.

4, "Mixed mode", employing a combination of cross-ventilation air for
"upwind® rooms and wind tower air for "downwind" roams (Fig.
IV.B.5).

5. Ceiling fans, to achieve air movement when windows are closed
against either afternoon heat or dust stomms, and to achieve
heating season destratification (Fig. IV.B.7).

In addition to these five modes of reducing effective temperatures in
the building with air movement, two operational modes capable of
reducing dry bulb temperatures have also been introduced:

1. Wind tower/evaporative cooling mode, utilizing a water fog or
spray plus the prevailing wind as the driving force (Figs. IV.B.3,
IV.B.5 and IV.B.6).

2, Multi-zone heat pump, to provide complete air conditioning to each
space of the building.

VENTILATION ZONING PROGRAM

The following section is intended to outline an operational program
for the application of the various ventilation strategies described in
the preceding section of this report.

For ventilation purposes, each floor of the building has been divided
into six distinct operational zones (see Figs. IV.C.l and IV.C.2) as
follows:

Zone (1): An upwind, single—orientation zone (G2, G3, & Ul);

Zone (2): A downwind, single-orientation zone (G8 & U9);
Zone (3): A cross-ventilated, double—-orientation zone (G5 & U6);
Zone (4): A tower air zone (G4, G6, G7, U4, U5, U7 & U8);
Zone (5): A mechanically-ventilated zone (G9, U2, U3 & U4); and
Zone (6): A permanently air—conditioned zone (Gl).

Zone (1)

Although it faces the prevailing “wedge® of wind directions, Zone (1)
is essentially composed of single-orientation spaces (G2, G3, & Ul),
i.e., spaces with windows on one side only. Therefore, the use of
*wing walls" is proposed (see preceding section) as the primary
ventilation mechanism in Zone (1). The correct mode of operation of
windows equipped with such “wing walls" is to open operable windows
(a) on the side toward the prevailing (oblique) wind, plus (b) those
on the side away from the wind, keeping (c) any windows between the
wing walls closed. The resulting pressure-difference between upwind

and downwind windows effectively creates cross—-ventilation of the
room,
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It is possible to also create conventional cross-ventilation in G2 and
Ul. In G2, this can be done whenever the folding doors between G2 and
G8 are open or shut, since it is proposed to equip both layers of
downwind folding doors with louvered transoms plus louvered
door-panels (Fig. IV.A.4). In Ul, cross-ventilation is created by
opening the vertical control louvers located on either side of the
fixed chevron louver-bank between Ul and U9 (see Fig., IV.A.5). The
success of these strategies relies, of course, on keeping open all
operable upwind openings in G2 and Ul, and all downwind openings in G8
and U9, Should downwind windows in G8 or U9 remain closed,
ventilation in G2 and Ul must rely solely on the "wing wall"
mechanism, Projected air movement velocities (IV.C.l.) indicate that
either the "wing wall" or cross-ventilation strategies are sufficient,
during these portions of the year ("ventilation-critical"™ periods)
when ventilation (air movement) alone is effective to ensure thermal
comfort.

Zone (2)

This zone, containing two rooms, G8 and U9, is characterized by a
downwind location in the building, This "downwind" position of Zone
(2) is in turn responsible for the fact that it lacks any direct
access to the prevailing wind., Air movement in such downwind Zzones
can (at least potentially) be created through the use of two
alternative modes of operation: "borrowed” cross-ventilation, or
tower air. In the case of G8, the first of these alternative modes,
"borrowed”™ cross-ventilation, must rely on air which first passes
through G2, then through the west end of G7, then into G8, either
through two large louver—transomed doorways, or through two layers of
folding doors hung in those doorways, equipped with louvered panels.
Analysis of projected air movement velocities (IV.C.l,) shows that
sufficient air movement will be available in G8, at least during
"ventilation-critical® periods of the year, only when both sets of
folding louvered doors between G2 and G8, all operable upwind openings
in G2, and all downwind openings in G9 are open., This in turn
indicates that with folding doors closed, as they will be whenever
male guests are present, the louvered openings between G2 and G8 are
responsible for enough airflow resistance to prevent adequate
cross-ventilation conditions to prevail within G8, though all windows
in G2 and G9 remain open, Under these conditions, adequate
ventilation in G8 must rely on tower air alone.

In U9, cross—-ventilation must also rely on "borrowed" air, which first
passes through Ul, then through a bank of fixed acoustical louvers
(Fig, IV.A.5), then out into U9, Assuming all operable upwind
openings in Ul, all control louvers on either side of the acoustical
louver bank between Ul and U9, and all downwind openings in U9 are
kept open, projected air movement velocities (IV.C.l.) show that this
cross-ventilation strategy will be unable to provide sufficient
airflow during "ventilation-critical™ periods of the year. Adequate
ventilation in U9 therefore must rely on tower air. Considering both
G8 and U9, it seems clear that for most of the time adequate
ventilation in Zone (2) is forced to depend on air from the wind
tower, operating in either its wind-driven or density-driven modes.
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Zone (3)

This 2zone contains two rooms, G5 and U6, both characterized by a
conventional cross-ventilated plan, i.e., with windows located in
opposite walls of each room., Under normal circumstances, i.e., with
good access for wind to the upwind facade, air movement in such
doubly-oriented spaces would be readily created by means of
conventional cross-ventilation, In the case of Zone (3), however,
during approximately 60% of the "ventilation—critical® period of the
year, the wind is from the NW or NNW (Table 1IV.A.l). Under those
conditions, G3/U3 will throw a "wind shadow" on G5/U6. Only during
approximately 40% of the "ventilation-critical" period of the year is
the wind from the N or NNE, Thus only for a relatively modest
proportion of the "ventilation—critical™ time will G5/U6 enjoy
unobstructed access for wind.

Based on this analysis, it is recommended that G5/U6 be relocated as
far north as possible in order to minimize the effect of G3/U3 in
casting a "wind shadow"™ on G5/U6, under prevailing NW or NNW wind
directions (Table IV.A.l). Since Zone (3) is the only part of the
building which will have nearly ideal air movement conditions
(cross—-ventilation plus good wind access) for even a portion of the
year, this zone is particularly suitable for the purpose of
ventilation experiments., For this reason, the north and south walls
of G5 and U6 have been designated as "reconfigurable," which will make
it possible to alternate several different types of operable sections
(both inlets and outlets) in these rooms (See Experiments 1 and 2).

Without an extensive program of wind tunnel testing, no data exist for
predicting the airflow behavior of G5/U6 under N4 wind direction
conditions, that is, when in the "wind shadow" of G3/U3. The air
movement projections for G5/U6 (Table IV.C.l) are therefore confined
to N and NE wind conditions only. Assuming that all operable inlets
and outlets in G5 and U6 are kept open, these projections show that
conventional cross-ventilation in this space will be sufficient to

provide comfort conditions throughout the "ventilation-critical"
periods of the year.

Zone (4)

This 2zone consists of seven rooms, three on the ground floor and four
on the upper floor, None of these spaces can be conventionally
cross-ventilated. The reason for this is two-fold: (a) the zone is
characterized by a purely downwind location in the building, thus
lacking any direct access to the prevailing wind, and (b) the zone is
located downwind of spaces such as the kitchen or upstairs bathroams
through which ventilation air cannot as a practical matter be
"borrowed". Adequate air movement in Zone (4) must, therefore, either
(a) rely on tower air directly (as in G7 or U8), (b) rely on tower air
indirectly (as in G4, G6, U4, US & U7, which depend on "spill-over"
tower air from adjacent rooms) or (c) rely on the use of ceiling fans
installed in the recommended locations (See Fig. IV.B.5). The group
of rooms which rely on "spill-over" tower air fortunately consists of
roams normally utilized in a short-term basis only, and therefore
somewhat more modest levels of ventilation air are not critical.
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Table 1V.C.1 Predicted Maximum Average Air Movement Velocity (in M/Sec) Available in Principal Rooms at 114 am.

above finished floor elevation (on plan).
strategies which produce outright discomfort or borderline comfort conditions.

Underlined numbers indicate configurations or

Zone 1 Zone 2 Zone 3
G2 & G3 Ul G8 U9 G5 [1]3)
Doors Doors Doors Closet Closet Closet Doors Doors Closet Louvers All all
Closed Closed Closed Louvers Louvers Louvers Closed Open and Operable Operable Operable
Closed Closed Closed Windows Open Windows Windows
. . Open Open
No With No No With No
Wing Wing Wing Wing Wing Wing
Walls Walls Walls Walls Walls Walls
WD: WD: WD: WD: WD: WD: WD: WD: WD: WD: WD: WD: WD:
NE or NE or NE or NE or NE or NE or NE or NE or NE or N NE N NE
N NW NW NW NN N NW NW .
Month Hour 34.6 35.8 44.6 15.7 35.8 34,0 8.6 27.4 6.4 32.0 43.24 32.0 43.4
March 0300 - - - - - - - - - - - - -
0900 1.2 1.3 1.6 0.7 1.6 1.5 0.3 1.0 0.3 1.2 1.6 1.4 1.9
1500 1.5 1.5 1.9 0.8 1.8 1.7 0.4 1.2 0.3 1.3 1.8 1.6 2.2
2100 0.8 0.8 1.0 0.4 1.0 2.0 0.2 0.6 0.2 0.7 1.0 0.9 1.2
April 0300 1.1 1.1 1.4 0.6 1.4 1.3 0.3 0.9 0.2 1.0 1.4 1.2 1.7
0900 - - - - - - - - - - - - -
1500 - - - - - - - - - - - - -
2100 1.0 1.0 1.3 0.6 1.3 1.2 0.2 0.8 0.2 0.9 1.3 1.2 1.6
May 0300 1.0 1.0 1.3 0.6 1.3 1.2 0.2 0.8 0.2 0.9 1.3 1.2 1.6
0900 - - - - - - - - - - - - -
1500 - - - - - - - - - - - - -
2100 - - - - - - - - - - - - -
October 0300 0.7 0.7 0.8 0.4 0.8 0.8 0.2 0.5 201 0.6 0.8 0.7 1.0
0900 - - - - - - - - - - - - -
1500 - - - - - - - - - - - - -
2100 - - - - - - - - - = - - -
November 0300 1.0 1.0 1.2 0.5 1.2 1.2 0.2 0.8 0.2 0.9 1.2 1.4 1.5
0900 - - - - - - - - - - - - -
1500 - - - - - - - - - - - - -
2100 1.0 1.0 1.3 0.5 1.3 1.2 0.2 0.8 0.2 0.9 1.3 1.1 1.5
December 0300 - - - - - - - - - - - - -
0900 - - - - - - - - - - - - -
1500 1.2 1.2 1.5 0.6 1.5 1.4 0.3 0.9 0.3 1.8 1.6 1.3 1.8
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D.

Barometric "backdraft" dampers are specified between tower supply
ducts or inlets and three spaces (G3, U2 & U3), in order to avoid
unwanted redistribution of smoke or odors into outlet spaces of the
building.

Zone (5)

This zone consists of four spaces (G9, U2, U3 and U4) which together
make up the building's mechanically-ventilated zone. Three of these
spaces are toilet roams and the last is a laundry room, all of which
require reliable extract ventilation to remove moisture and odors.
These rooms are therefore all to be mechanically-ventilated by means
of ducted exhaust fans.

Zone (6)

This zone consists of one room (Gl), the garage/data systems/display
room, which constitutes the building's only exclusively
air-conditioned zone. Air-conditioning is a necessity here for the
proper functioning of the room's computer installations, and can be
deemed useful as well with respect to its display room/public
relations functions.

WIND TOWER DESIGN
1. Tower and inlet sizing

The wind tower was analyzed utilizing a computer simulation
program developed at ERL for this purpose. The design case was
chosen based upon calm wind conditions and a wet bulb depression
of 11C. The day selected from the weather data is April 26, 1981.
The driving force therefore was only the evaporative downdraft
effect., The tower was modeled with a cross—sectional area of
220cm x 220cm  (48400cm2) and a height of 17.22m. The gross
outlet area to each floor was varied from .1 to .8 times the
cross—-sectional area of the tower and .5 was selected as optimal.
Thus the outlet areas to each floor level are 24200cm2, The
following air flows were calculated for this case:
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2,

Tower Outlet Time
Air Flows
(CFM) 3 9 15 21 Mean

Total 5083 956T {11427 9172 8579

Upper Fevel 1942 3654 4366 3504 3278

Lower Level 3141 5910 7061 35488 5301

Table IV.D.l Wind Tower Outlet Air Flows

Tables IV,D.2 and IV.D.3 give the sizes required for the supply air
duct/registers from the wind tower to each air-conditioning/venti-
lation 2zone., Figure IV.D.l details the ducts necessary to supply
air from the wind tower to rooms U9, U6, U2, U3, G8 and G5. These
rooms cannot be directly supplied from the tower.

Tower Construction

The wind tower should be constructed of solid poured reinforced
concrete to the roof level, with extension segments of the tower
fabricated from welded steel tubing (see details on blueprint).
Details for tower outlets, sizes and shapes can be found in the
ventilation section. The upper reconfigurable tower segments
should be easily removable for experments, The top section will
be used to capture the wind (different geometries and operable
configurations will be evaluated in experiments), and the
extension section will house the evaporative cooling equipment
(when installed for experiments) and an operable shut~off damper
(see Fig. IV.D.2). The top section will have fixed
(non-barometric) operable dampers on the north face and operable
barometric dampers on the east and west face. All openings should
have 2cm x 2cm hardware cloth screens on them to keep birds out,
the Celdek demisters and/or evaporative pads may be adequate to
filter out dust and insects. Figure 1IV.D.2 details the
construction of these two removable segments.
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Room Load Tower Rect. Supply Elevation above
Code fraction |CFM Dimensions{cm) {Brill {cm2) |Finished Floor
From G11 1 S910 24200cm?
611>G62 .13 769 18 »x 180 3146cm2 80cm
611>63 =35 2048 47 x 180 8470cm?2 80cm
G11>611° - 37 2187 S50 x 180 8954cm2 270cm
611*>G68 - 20 1182 S0 x 99 4840cm?2 270cm
6117 >65S -17 1005 50 x 82 4114cm2 270cm
611>67,4.6 - 13 898 20 x 180 F6Z0cm2 80cm
NOTE: 1. Total tower CFM based upon no wind {(calm) condition

and an evaporative cooling tower.
2. Total tower CFM to this floor: 5910 CFM 3 09:00 on Apr 24,1981
3. For calculation procedure see text on wind tower design.

4. Elevation above Finished Floor refers to required vertical
dimensions between finnished floor and the bottom (sill) of

supply/inlet grill.

Table IV.D.2 Wind Tower Supply Qir Duct/Inlet Schedule — Ground Floor
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Room Load Tower Rect. Supply Elevation above
Code fraction [CFM Dimensions{cm) |Grill {cm?) |Finished Floor
From Uil 1 34654 24200cm?

Utisu1 .18 13 24 x 180 4356cm2 80cm
1111’ - 42 1498 56 x 180 10164cm? 23%cm
Ur1°>ue .18 458 56 » 78 4356cm? 23%9cm
U1t1?>ué6 =23 840 56 x 99 5566cme 239cm
ui=uz° .14 1242 26 ® 130 338Bcm2 269cm

uz2° >u2 -7 1242 41 » 41 14694cm2 269cm

uz? >u3 -7 1242 41 »x 41 1694cm2 26%cm
U11>04%8 -24 1242 44 » 180 8228cm2 80cm

NOTE: 1. Total tower CFM based upon no wind {(calm) condition
and an evaporative cooling tower.
2. Total tower CFM to this floor: 3654 CFM @ 09:00 on Apr 26,1981
3. For calculation procedure see text on wind tower design.
4. Elevation above Finished Floor refers to required vertical
dimensions between finnished floor and the bottom (sill) of
supply/inlet grill.

Table IV.D.3F Wind Tower Supply Air Duct/Inlet Schedule — First Floor
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E.

VENTILATION AND WIND TOWER PERFORMANCE

Cross-ventilation due to the wind at velocity V,, ft/sec, through the open north

windows ( : sq.ft.), assuming negligible resistance to flow through the house
interior, alr:gn out “the o{:en south wi.ngows (r BAug) is given by (1):

4=V V (Cupn—Cupe)/L( £ Caha) =2 + (= Capyg) 2] (TVE-1)

where q is the ventilation rate, ft3/sec, and : Cghy is the summation of the
products of discharge coefficients for the north (n) and south (s) windows. The
discharge coefficient is tabulated in reference (1) for various cases, and is
approximately 0.63 when the window area is small relative to the wall area. An
expression for Cy obtf}fed by fitting the data in reference (1), is:

Cq = [2,5-1.5(Ay/Aya11) 2" (dimensionless) is the wind pressure
coefficient:

Cip = B/(° aW?/29¢) (TVE-2)

w{xere P is the static pressure on the surface, lb/ft2, ra is the density of
air, lb/ft3, and g, is the Newton's law conversion factor,

32.2 1by—ft/1bs sec?. is generally positive on windward surfaces and
negative on leeward surfates, Tabulations of are available in the literature

for a wide variety of cases (2), (3). In this analysis the wind is assumed to

come from the north, ng, and are the pressure coefficients for the north
and south walls of the bhilding, respectively.

Calculation of the performance of the wind tower is more complicated because the
driving force for ventilation combines wind pressure and a reverse stack effect
vwhen the evaporative cooler is operating, and there are outlets from the tower at
two levels, For ventilation only, two equations are required; for ventilation with
evaporative oooling a third equation is required describing the performance of the
evaporative cooler under varying air flows. Variation of wind velocity and wind
pressure ooefficients with elevation will not be considered here; however, methods
are described in the literature for treating this effect (1), (2), (3).
Below the evaporative cooler, the tower operation is assumed to be isothermal,

The general form of the equation describing flow through the tower and building is:

b Gup(PaVy?/29c) + (9/9c)Z8e = (0¢Ve2/29¢) IK (IVE-3)
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where Acqép is the difference between the wind pressure coefficients at the tower
et and” window outlets; g is acceleration due to gravity, ft/sec?; 7 is the

-eight from the bottom of the evaporative cooler to the outlet, ft; ap is the

difference in air density between the inside of the tower and outside air,

1b/ft3; oy is the density of air in the tower; Vi is the velocity of air in

the tower between the evaporative cooler and first outlet, ft/sec; and : K is the

sum of the pressure loss coefficients between the tower inlet and building window
outlets.

For the upper section of the tower and building, : K consists of coefficients for
the following: inlet (4) (contraction, louvers, screen, turning) the evaporative
cooler (5), friction (4), branching flow (6), the mist eliminator (%), the
tower outlet to the house, and the windows (l). Resistance to flow inside the
house is taken as zero.

Two types of evaporative coolers were considered, the pad type and the spray type.
Celdekqy (5), a rigid corrugated cellulose material, which is manufactured in
rectangular blocks and is self-supporting, was selected as the pad-type cooler. It
would be mounted at an angle in the tower, or in a vee arrangement, to increase its
face area and reduce pressure drop. The mist eliminator, to remove water droplets
from air entering the house, was assumed to be Celdekqyq, or a similar material,

and pressure drop data for Celdekqy was used to estimate the mist eliminator

loss. FPor the spray type cooler, the air side pressure drop was taken as zero.
There are a large variety of spray nozzles available; those producing fine droplets
provide very high saturation efficiencies, however, the fine droplets are often
difficult for the mist eliminators to remove. In computer runs, the model
employing a Celdek type evaporative cooler was tested first; if it was unable to
produce comfortable conditions in the house, the program was changed to simulate a
spray and the effectiveness required to provide comfortable conditions determined,

without specifying the type of spray.
The equation for flow between the tower and first outlet is:

8Cup(paVy?/29c) + (9/gc) Zy 20 = ( ¢ ¢Vi2/29c)

{3:12 + (4E7,/n) + (5.87xp/rp?) + (5/4) {1.8[(1-F)/ry]2 - 0.368F}
(inlet) (friction) (cooler) (branch)

+ [(1-F) /1) 2{5.87% (ry/tmanu) 2 + [2.5 = 1.5(ry/ny) 21}
(mist eliminator) (outlet)

+ [(1-F)/Caryp] 2} (IVE-4)
(windows)

where Z; is the distance from the tower inlet to upper outlet, ft; fy is the
Janning friction factor for the upper section; Dy, is the hydraulic diameter of
the tower (4 x Area ¥ perimeter), ft; x; is the packing thickness in the
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evaporative cooler (normally 0.5 f£ft); x; is the mist eliminator (normally 1/3
ft); and n,; is the number of outlet ports at the take-off point (normally 3).
refers to the ratio of area to the tower cross-section; r, the ratio of the
total upper outlet area to the tower cross—sectional area; In, of the packing

face area in the cooler; rg,, of the mist eliminator area; and ry,,, of the
second story windows. F is the fraction of total airflow into the boggom outlet.

For flow through the lower outlet, : K consists of coefficients for the inlet,
evaporative cooler, upper section friction and branch, lower section friction,
turning, mist eliminator, outlet, and windows., The equation is:

A Gup(°aVw/29¢c) 2 + (9/9c) 2180 = (PeVi2/29c)

(3:12 + (4f,2,/Dp) + [4 £1(21-20)FY/Dp] + (5.87xp/rp?)
(inlet) (friction) (cooler)

+ (5/4) (1.36 F2 ~ 0.72F - 0.64) + (5/4) [1.8(F/r1)2-0.368F2/r]]
(branch) (turn)

+ (F/r1)2{5,87xq(r1/rmny) 2 + [2.5-1.5(r1/n1)21}

(mist eliminator) (outlet)

+ (E/Cq ry1)2) (IVE-5)

(windows)

where Z; is the distance from the tower inlet to lower outlet, ft; f; is the
friction factor for the lower section; ny is the number of lower outlet ports
(usually 3); r; is the ratio of total lower outlet area to the tower
cross-section; and r,; is the ratio of first floor window area to the tower
cross-section, The window area used is that on the leeward side of the house.

To evaluate the 4e terms in these equations, the saturation effectiveness for
wetted Celdekqy is:
n = 1—EXP(—18.3xp0.872/vp0.346) (IVE-6)

where V, ig the velocity of air through the packing face, ft/sec, With equation
IVE-6 ana the equation relating to temperatures and humidities from Section

IIIC, the density difference (4¢) can be evaluated by either the perfect gas
equation or those from ASHRAE,

Equat.:iong; IVE-4,_ IVE-5, and IVE-6 are solved by iteration, and the total
ventilation rate is q = Viay, where At is the tower cross—sectional area.
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“his analysis holds for a closed stairwell; computation of flow between the two
loors through the stairwell would require a fourth equation.

BUILDING SIMULATION USING VENTILATION ONLY: NOV-APRIL

Simulation of building performance was carried out using PASSCOOL coupled with
programs for ventilation/wind tower performance on an IBM Personal Computer, using
monthly average Dhahran weather data for 1981. Data were available for four hours
daily: 03, 09, 15, and 21; the monthly average data were interpolated to a 24-hour
basis by fitting with smooth curves having the same beginning (0 hrs) and end-point
(24 hrs). Wind velocity data were restricted to those winds from the E-N-W
(90-360-270 deq) general direction. Solar radiation values were camputed using
ASHRAE techniques for clear days, 26.4 degrees north latitude.

Both ventilation and evaporative cooling employed the wind tower with air
exhausting through the south windows. Heat rejection from the building is required
throughout the year, .mcludmg the winter months. During the months Nov-April the
heat rejection rate is oontrolled by varymg the period and amount the south
windows are open. The air flow path chosen, i.e., through the tower—into the
house—out the windows, could also allow dust filters to be installed over the
tower-house vents; while a dust filter design has not been selected at the present
time, both the evaporative oooler and mist eliminator air flow resistances were
present during the ventilation camputer runs, which could be considered an
allowance for a filter resistance.

During periods when the building was closed or unventilated, ceiling fans were
considered to be present capable of providing room air circulation velocities of
from 0 to 0.2 mps.

Ventilation rates and periods for providing comfortable interior conditions during
Nov-April were determined by trial using the camputer model; other operational
modes than those presented may also provide comfort.

Operation for the months Dec,, Jan., and Feb., is somewhat similar; it is only
necessary to reject heat for several hours in the afternoon by ventilation with a
small (5%) window opening. The mass of the building and internal heat generation
allow the building to "float" through the remaining period under comfortable
conditions. A PMV between +0.5 and -0.5 is considered comfortable.

November and March operation are also similar. Outdoor temperatures are somewhat
low at night, and somewhat high during the day, for ventilation, so the building is
ventilated during the morning and evening (40% window opening) and allowed to float
during the remaining periods.

During April, it is necessary to ventilate throughout the night (40% window
opening) and allow the closed house to float during the day and early evening.

On the graphs (Figures IV.E.l through IV.E.6) showing tower air flow, the available

air flow to the house is shown for the entire 24-hour period; in evaluation of the
building performance, only the indicated (actual) portions were used.
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BUILDING SIMULATION USING EVAPORATIVE COOLING: MAY-OCT

During May and June (Figures IV.E.7 and 1IV.E.8) comfortable conditions can be
maintained by evaporative ocooling using Celdek, although performance of Celdek
becomes marginal in June., During May evaporative cooling is operated for the major
part of the day; however, the cooler can be turned off from 11 a.m, to 5 p.m, and
the building allowed to "float" during that period. In June the evaporative cooler
is operated for the entire 24~-hour period; comfort conditions are marginal from
4 p.m, to 10 p.m., with a PMV of approximately, + 0.5.

Comfort conditions in June are improved if the Celdek evaporative cooler is
replaced by a spray-type unit having an 85% efficiency, as shown in Figure IV.E.9,
The efficiency of the spray is considered constant during the day, while that of
the Celdek cooler is a function of air velocity, as explained earlier, The higher

efficiency of the spray unit provides a slightly lower air temperature and greater.
comfort.,

It is very difficult to provide comfortable conditions in July, August and
September (Figures IV.E.10, 11, 12) with evaporative cooling. Celdek is inadequate
and spray efficiencies of from 90 to 98% are required, as well as supplemental air
circulation. In all other cases involving evaporative cooling or ventilation, air
movement inside the building has been provided by the wind tower, except when the
building was closed during "float"™ periods. During July-Sept. conditions are so
extreme that internal fans would need to be operated during evaporative cooling,
producing room air velocities of 0.5 mps. The combination of high spray
efficiencies and supplemental air circulation produces PMV's within the + 0.5
comfort range; however, humidities inside the house sometimes approach saturation,
so the occupants would probably experience a damp sensation at times, even though
the predicted PMV's, as calculated, appear acceptable, Two-stage evaporative
coolers are capable of providing air at the outdoor wet-bulb temperature (100%
apparent efficiency), but at a lower absolute moisture level, and should be much
more satisfactory than the very efficient single—-stage evaporative cooler model
used here, Research at the KFU laboratory should include the design of a two-stage
evaporative cooler/wind tower.,

Simulated October performance for the building and wind tower are shown in Figures
IV.E.13 and 14, for Celdek and spray evaporative cooling. October performance is
similar to June; Celdek is inadequate and a 90% efficient spray, higher than in
June, is required. In the latter case supplemental air circulation from ceiling
fans is also required (0.2 mps).

Figure IV.E.15 is included to illustrate the operational flexibility allowed by the
mass of the building, and the effects of reducing the thermal mass on comfort. In
Figure IV.E.15, the building is evaporatively cooled with Celdek from 8 p.m. to
7 a.m. and allowed to float during the day. Case one is the KFU laboratory
building (F) with all of the thermal mass present; the highest PMV was 0.35
occurring near the end of the float period. Case two is the KFU design with the
mass of the interior walls and floor slabs omitted, but the high-mass exterior
walls included; the highest PMV was 0.72, outside the comfort range with a maximum
temperature of 81.5°, 1In case three the internal walls and floor slabs are
present, but the exterior block walls have been replaced by a low-mass wall having
the same R value; the highest PMV was 0.5 with an internal temperature of 79.6°,
Case four is a hypothetical zero thermal mass KFU building with the inter’
furnishings and air constituting the only thermal mass present; the building wou. .
be quite uncomfortable in the afternoon, with a PMV of 4.1 and a maximum
temperature of 104.4°F,
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V.

DOMESTIC SOLAR WATER SYSTEM

A,

B,

SYSTEM DESCRIPTION

Water is supplied to the system from a 4000~liter storage tank which
is filled daily by a local delivery service. The water is pressurized
by a pump, and the pressure is stored in a 310-liter hydro-pneumatic
tank. A pressure switch on the _tank turns the pump on when the
pressure falls below 20 psi (1.4 kg/cmz). This switch turns the
pump off when the pressure reaches 40 psi (2.8 kg/cm4)., The storage
tank is equipped with a low-water safety switch that turns off the
pump when - the tank is almost empty providing protection for the pump.
This system will supply 120 liters to the house before the pump will
turn on. The design was based on a maximum flow rate of 76 liters per
minute (20 gallons per minute).

COMPUTER MODELS

Two basic types of domestic solar hot water heating systems were
considered for this project. Camputer simulations were used to
analyze the performance of each type. A typical active flat-plate
type oollector was simulated with Version 4 of a commercially
available program called F-CHART. The program found this type of
system would perform satisfactorily, however, the initial and
operating costs would be higher.

The second type of system considered was the passive Batch or Breadbox
type system. Since a commercial program is not available for this
type of system, a computer simulation model was developed by ERL to
analyze the performance. The source code for this program is enclosed
in Appendix V. The mathematical model uses an hourly energy balance
on the system to determine the collector (tank) temperature. Dammam
weather data are used to calculate the energy losses. A daily hot
water usage of 630 liters was used which would be sufficient for nine
people. Variable inputs to the program include: collector
specifications, insolation (I), usage load profile (Flow), supply
temperature, and hot water setpoint, Outputs from the program
include: useful energy gained or lost, auxillary energy (Quax) needed
to raise water temperature to the setpoint, fraction of the domestic
hot water supplied by solar (FDHW), and the output temperature of each
collector in the system (tank).

An hour-by-hour simulation was run for one day per month for a year to
find the annual performance of the system, An annual simulation was
run for three sizes of systems: four, five and six collectors. The
fraction of hot water supplied by solar for these three system sizes
are: .79, .87 and .92, respectively. For more details see the
computer output tables titled "Thermal Performance" Tables V.B.l
through V.B.3. Appendix V contains the hour-by-hour calculations,
Five collectors are being recommended because they would provide over
90% of the hot water demand during seven months of the year, and would
supply 58% of the hot water during December, which is the lowest solar
fraction of the year.
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The Batch type heaters are recommended due to their high reliability,
low maintenance and long life.

SYSTEM SPECIFICATIONS

Five Batch type solar collectors plumbed in series will provide 87% of
the annual domestic hot water for nine people. A 310 1liter gas or
electric fired hot water heater provides a backup source of heated
water in cloudy weather. The three-way diverting valve can remove
this water heater from the system during the summer months when backup
is not necessary. This saves energy since it can then be turned off.
A tempering valve is required to prevent scalding, since the solar hot
water can be 950C at certain times of the day. A pressure relief
valve is connected to the feed line of the lowest collector. Although
it would work almost anywhere in the system, it is located at the low
point in the system so it can be used as a drain valve. Performance
efficiency tests on this system may require draining the collectors.
In this event, the relief valve can be replaced with a hose bib to
accommodate draining the system. CAUTION: DAMAGE TO THE COLLECTORS
MAY RESULT FROM OVERHEATING OF AN UNCOVERED, EMPTY COLLECTOR. ALWAYS
COVER (COLLECTORS WHEN THEY ARE DRAINED DURING DAYLIGHT HOURS.
Eliminating a drain valve in the system's plumbing is a safety
precaution to prevent the system from being accidently drained. This
is recommended by the manufacturer.

A circulation pump is not required or recommended for a system of this
type. Circulating hot water around the house will cool the water and
reduce the performance of the system., If it is desirable to circulate
heated water around the house either to conserve water or have hot
water more rapidly, it should be installed as per Figure V.B.l. The
punp is to be located between the hot water supply (after the
tempering valve), and a tee between the fourth and fifth collector.
This will allow only the hottest water to be circulated through the
house, and will prevent the hottest water from being moved to tanks
one through four, where it would in inaccessible, This is very
important for proper system performance.

A BTU meter is located between the fifth tank and the three-way
diverting valve., It is connected by wire to a temperature sensor on
the cold supply line into the collectors. The BTU meter has a turbine
flow meter and two temperature sensors, which will electronically
calculate the BTU's. It will be very useful in the experiments
involving this system's performance and efficiency.

Table V.B.4 and Figure V.B.l1 detail the system specifications and
layout. See Appendix V for details of the system.

The advantage of this system is that it is completely passive and
requires no motorized components, and no electronic differential
controllers. Maintenance will be very low or non—existent, The
tempering valve is the only device in the system that may require
cleaning, if the water is high in minerals or salts. (For this reason
it must be accessible,) This system requires no freeze protection
even if night temperatures fall below 0°C,
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ERL Solar Hot Water Heater analvsis Frogsram X Uafﬁ: Q7 =021

Location: Dammam., Saudi Arabia * Lattitude: 26.3° % Longitude S0¢

No. of collectors: 4 ( 89,46 t2) X Collector Tvpe: Breadbos X Slopes 209
Hot Water Setpoint: 120,00 F

THERMAL. FERFORMANCE

Mo Itot Tava Tsuply HWlaoad Oteat Oln‘q Craust FDHW
(BT (F) (F) (BTLH (BTLH (RTLH

Jan  4,2TE+06 65.460 465.60 2.1BE+0D6  2.11E+06 1.

Feb 4.36E+06 &5.97 65.97 2.0ZE+06 2.61E+08 G,05E+05 4.

S

Mar 4.78E+06 76.55 76.55 1.74E+0& 2.I9E406  T.I7E40S TE+OS 0,69
Apr  4.47E+04 82.92 BI.92 1.4TE+06 2.468E+046 8. 38E+0S LASE+OS 0,83
May 4.45E+06 92.22 92.22 1.11E+06 2,67E+06 8.74E+05 1 14E405 Q.90
Jun  4.19E+04 95,07 95,07 9.465E+05 3I,3I5E+06 1.0ZE+08  2.56E+04 0,97
Jul 4.38E+06 94,77 94,77 1.01E+046 3IUS0E+06 1. 08E+06 3.13E+04 .97
Aug  4.50E+06 91.32 91,32 1.15E+046 3. 40E+04 1.11E+06 6.36E+04 0,94
Sep 4.45E+0&4 B8B.40 88.40 1.22E+06 3I.SLE+06 1.10E+0&6 B.03E+04 0,97
Oct  4.50E+06 82.25 2,25 1.S1E+06  ZLISE+0S6  QU7IE40T 2L 1TE+0OS
Nov  4.04E+06 70.85 70.85 1.90E+0&6 2,.83E+0& B8.70E+05 5,13E+
Dec A4.01E+06 56.52 56.32 2.S4E+06 2.40E+06 7.39E+05 1.321E+06 .48
YR S.23E+07  80.21 B80.21 1.BBE+07  3.49E+07 1.08E+07 4,.93E+06 Q.77

Table V.B.1

ERL Solar Hot Water Heater Analysis Frogram ¥ Date: 07-07-1983

Location: Dammam., Saudi Arabia X Lattitude: 26.3° % Longitude S0°

No. of collectors: 6 ( 134.4 ft2) x Collector Tyoe: Breadbox X Slope: 20°
Hot Water Setpoint: 120,00 F

THERMAL PERFORMANCE

Mo Itot Tavg Tsuply HWload tot Qloss Bau FDHL
(BTLH F) (F) (BTLH (BTW (BTLD {BTU)
Jan b.34E+06 65.60 65,60 2.18E+06 IL1T7E+06  1.3IE+06 b 4R2E+05 O
Feb &.53E+06 65.97 65.97 2.02E+06 3,.72E+06  1.64E+06 2.51E+05 0,88
Mar 7.17E406 76.55 76.55 1.74E+04 I SBE+06 CSOE+Qs 1LT70E+0S O,.90
Apr &, 70E+06 2.92 82.92 1.43E+06 4 02E+04 1 E8E+06 2. 49E+04 O.98
May 6.67E+046 92,22 92.22 1.11E+0& 4,00 1.68E+046  O.00E+0D 1,00
Jun  4.29E+086  95.07 95,07 .65E+05 5,6 2.10E+06 O, UHE+UU 1.00
Jul  6.57E+06 94,77 94.77 1.01E+06 S.qu+né 2.20E+Dé
Aug 6.76E+06 91.32 921.32 1.15E+06 S.41E+04 2.26E+06
Sep 6.68E+06 8B.40 88.40 1.22E+06 S.34E+046 2.2TE+0L O NS 0
Oct 4.75E+046 82.25 BR2.25 1.51E+06 4.7ZE+06 1.98E+06 8.84E+03 0.99
Nov  6.0ZE+0&6 70.83 70.85 1.90E+06 4.24E+06 1.77E+06 1.42E+05
Dec &.01E+08 56.52 56.52 2.54E+06 3I.60E+06 1.50E+04
YR 7.83E+07 80.21 B80.21 1.8BE+07 5S.2ZE+07 Z.19E+07 2.07E+06 Q.92

Table V.B.2

ERL Solar Hot Water Heater Analysis Frooram ¥ Date: 07-02-1984

; . =
Location: Dammam, Saudi Arabia ¥ lLattitude: 26.3°% ¥ Longitude 50

No. of collectors: 5 ( 112 £t2) % Collector Type: Ereadbosx % Slope: 20°
Hot Water Setpoint: 120,00 F
THERMAL., FPERFORMAMCE
Mo Itot Tavg Tsuply HWlead Gtot Qloss ?g#a) FDHUE
(BT (F) (F) (BT (BT (BT

2U1BE+0L . 64E+06  P.6ZE40OS  B.76E+00 [t}
Feb 5.4SE+06 &5.97 &5.97 2.02E+06 3.27E+Q§ }.{9E+?6 é 4{5:3: g.;?
Mar S.97E+06 76.55 76.95 1.74E+06 ‘.99F+nn 1.0O9E+0& 3. nE+) A-éﬂ
fApr S.59E+06 B82.92 82.92 1. 43E+D46 3. E*?é i-?;F+BZ 6.9;
May S.36E+06 92.?2 92,22 1. 11E+06 T 14&+Ub 3.2 e 5.06
Jur 5. 24E+08 95,07 95.07 F.65 E+0S 4, 19E+06 U.U0é+”“ 1'66
Jul S.47E+046 94,77 94.77  1.01E+06 -u¢8E+?ﬁ g.?gn 66 1'60
Aua  S.63E+06  91.32 4. SOE+0& L. “?E““b Q. aEIO 1.0
Gep S.57E+04 88.40 . . 4, 45E+0& 1.62E+96 0. O0E+OOD %.".
6ét 5. 67E+04 82,25 BR.25 1.J1E+Ué JI.94E+0D4A 1.43E+9§ ?.%?&+?i 9.32
Ndv 5. 05E+06 70.85 70.85 1.90E+06 I.5IE+06 1.?8E+?a Q.QLE+QJ ?.mq
Dec S5.01E+046 56.52 %6.92 2.94E+06 OE+0d  1.09E+06  1.06E+046 0,708

YR b.S4E+07 BO.21 80.2% 1.88E+07  4,36E+07  1.S9E+07  I.2GE+0E6 0.87

Jan 5.29E+06 65.60 65.60

Table V.B.3
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Table V.B.4. DOMESTIC SO0LAR WATER SYSTEM SPECIFICATIONS

BATCH TYPE S0LAR COLLECTOR: CORNELL 480, or equivalent.

Capacity: 158 liters

Area: 2.0m net

Dimensions: Length-18%cm, Width—-118cm, Height-50cm
Tank: Glass lined steel

Selective Coating: x=.97, €=.10

Double Glazed: Low iron tempered glass

Insulation: Polyisocyanate, 5-10cm

Test Pressure: 150psi (10.35 kg/cm®)

FUMP: PACO, Model 1070 type 1 impeller no. 204 or equivalent.

Performance: 4.3m>/hr 3 27 meter head
Fower: 2hp

Suction: 1 inch (2.54 cm)

Discharge: 1% inches {3 cm)
Construction: All bronze

REM: 3500

HYDRO-PNEUMATIC TANK: A. 0. SMITH V-2460 or equivalent.

Total Volume: 321 liters

System Connection: 1% inch (3 cm)

Drawdown @ 20-40 psi (1.4 ~ 2.8 kg/cm®): 118 liters
Maximum FPressure: 100 psi (7 kg/cm=)

STORAGE TANEK:

Capacity: 4000 liters

Construction: Steel

Fill: Lockable

Connections: 1% inch (3 cm), one at bottom and one at top
Manhole: access

TEMFERING VALVE: Watts #31-3/4 or equivalent

Connections: 3/4 inch (1.9 cm)

DIVERTING VALVE: AMERICAN BRAND or equivalent

Construction: Brass
Type: 3 — way

FRESSURE RELIEF VALVE:

Setpaint: 75 psi (5.3 kg/cm=)
Connection: 3/4 inch (1.9 cm)
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ACKUF HOT WATER HEATER:

Fuel: Gas or Electric
Capacity: 310 liters
Insulation: .0833 BTUH/ft2F (R12)

CHECK VALVE:

Type: spring
Connectigns: 1% inches (3 cm)

PRESSURE SWITCH:

On @ 20 psi (1.4 kg/cm®)
Off @ 40 psi (2.8 kg/cm™®)

FIPE SPECIFICATIOns:

Overflow and vent: 1 inch (2.5 cm) or larger galvanized, sch 40
Storage Tank to pump: 1 inch (2.5 cm) or larger galvanized, sch 40
Unions on both sides of pump
Pump to pressurized tank: 1% in (3 cm) galvanized. sch 40
Pressurized tank to house: 1% in (3 cm) galvanized, sch 40
Cold Water System in House: 3/4 in (1.2 cm) or larger type L copper
Hot Water System in House: 3/4 in (1.9 cm) or larger type L copper
{insulated with at leat 4% in (1.3 cm) closed—-cell type)
Connections to/from and between collectors: 374 in (1.9 cm) type L
copper, high temperature solder 95/5 {(tin/antimony). No
valves or connections (tees or unions) permitted between
collectors. Insulated with 374 in (1.9 cm) thick closed-cell foam

tvype.

97



86

Insulate
Hot Pipes

310 Liter
Electric
; Heatex

Hot Uater

Supply
(2.54 cm)

3-Way Diverting

Pyronometer

= Themocwples [ ]

Type Solar water Heater
160 Liters Each

Use Only 95/5 {Tin/Antirony)
— Soldar Hhen Connecting Water Heaters Note:

£
N !

All above ground plumbing
. Pressure Relief Valve in water supply area
75 PSI shall be galvanized

Not To Scale

Low Water Alarm
& Pump Cut-off Tank Fill (lockable)

.Es: Y—St.rainer Screened Vent
: . Gate valves
Pressu:re switch ’1 Cate Valve
| :‘ Spring Type nanhole

All Plpe Inside House
Must Be Type . Copper

Check valve Gage

; i 000 L1ter
\ Ulnlons / ',‘ storage Tank
Pump | /
Single : Overflow —1

230 Volt

\Fire Hydrant Drain Valve

. Ti
3.8 cn. Supply Pipe Elapsted Time fMeter
SCH 40 PVC (underground only)

Fig. V.B.1 PASSIVE SOLAR DOMESTIC WATER SYSTEM



VI.

RECOMMENDED BACK-UP ATR CONDITIONING EQUIPMENT

INTRODUCTION

Three types of air conditioning systems were considered for this project:
chilled water, central ducted air, and the multi-zone heat pump system.
The zone loads as calculated by BLAST can be found in Table VI.A.1l and the
building HVAC zone layout can be seen in Figures VI.A.l & VI.A,2,

A,

B.

C.

CHILLED WATER SYSTEM
The chilled water system would have the following disadvantages:

1. The compressor/condenser unit would be less efficient due to the
use of heat exchangers, and frequent on/off cycling when operating
at reduced loads.

2. The smallest unit we could locate was a 10-ton (120,000 BTUH) unit
and it did not match the design requirements of 5 to 6 tons.

3. The system requires a circulation pump which is therefore more
canplex and expensive both to operate, and on a first—cost basis.

DUCTED CENTRAL AIR

A ducted central air system is another possibility but has the
disadvantage of requiring the installation of air ducts. The ducts
would require several drop ceilings and could interfere with the
operation of the wind tower. Air ducts add expense to the system and
could hinder the performance of the downdraft cooling tower air
distribution system, For optimum performance the system should also
have return air ducts which are bulky and add to the cost and
camplexity. Routing of both the supply and return ducts would be
difficult given the need for ducts to distribute the tower air.

Included in this report is a duct design and routing which specifies
duct sizes and air flow rates to each zone. The air could be returned
fron each zone through registers mounted in the door to that zone.
Another method for return air is to shorten the doors by 5cm, and 1let
the air pass under the door. The air could then return to the
roof-mounted fan by either the wind tower shaft or a return duct
installed in the duct chase., Figures VI.B.l and VI.B.,2 show the duct
routing and Tables VI.B.1-VI.B.3 give the duct and grill sizes.

MULTI-ZONE HEAT PUMP

A multi-zone heat pump was selected for the backup system for the
following reasons:

1. No duct work is required,

2, Excellent zone controllability. Each zone has its own thermostat.
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Zone|] Room Peak Peak Supply Air
# Code |lLoad {(Kw) |Load (BTUH) CFM
1 |68 2.28 7787 312
2 |65 2.03 6941 278
3 |63 4.03 13754 551
4 162 1.51 5163 207
S (uz,3 1.07 3654 141
6 (G4,6,7 3.68 12548 483
7 iul 1.44 4932 190
8 jue 1.46 4975 192
9 {uUs 1.88 6428 248
10 |61 J.72 13385 545
TOT 23.31 79565 3147

Table VI.A.1
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Line CFM Rect. dimensions(in)] Outlet 6rill{in)

A>B 1709 13 = 17

B>C 1002 13 » 13

c>c* 141 5.5 x 5.5 5.5 » 7

C>D 861 11 = 11

D>F 601 10 » 10

F>F~ 260 5.9 » 10 5.5 » 16

F>>6 310 8 x 9 8 » 12.5

D>E 291 6 » 10 & x 16

B>H 707 13 » 9 5.9 x 7

H>H? o514 ? u 9 9w 17

H? > 193 b x 7 6 v 10.5
NOTE: 1. Two return openings each of 8.3" x 8.5".

2.
3.

Use dampers to balance the system.
Use doors with louvers for return air.

Table VI.B.1 HVAC Duct Schedule - Ground Floor
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Line CFM Rect. dimensions(in) | Outlet Grill (in)
from fan 2878 18 ¢ 19

A>B 1169 ? % 19

B>H 308 ? x 8

H>H? 41 4 »x 3.5 4 x 3.5
H? >1 287 7 % 8

I>1° 45 4 x 3.5 4 x 3.5
1°>3 222 b x 7

J>J° 45 4 v 3.5 4 x 3.5
J7 >K 177 & x 7 6 % 11
B>C 861 9 x 14

C>D 372 ? x 8

D>D? 141 5.5 ¥ 5.5 5.5 % 7
D*E 231 7 u 7 7 % 10.5
C>F 487 g x99

F>F* 310 8 x 9 8 % 12.5
F?>6 179 b n 7 & x 11

NOTE: 1. Two return openings each of 7" »x 7",
2. Use dampers to balance the system.
3. Use doors with louvers for return air.

Table VI.B.2 HVAC Duct Schedule — First Floor
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Feak|Coil DX Condensing Unit

Coil {Energy Fan
HVAC}Room j}load|Use FPeak Elec Elec Energy{Fower {Fan
ZonejZones| (Kw) | {(kwH) |Demand {(Kw) {Use (KwH) {Kw) |[HP
1 11,2,3112.41210.5 3.25 &0.7 0.66 {2/3
4,6
2 19.,6,7) 8.91182.0 2.70 50.5 0.44 |1/2
8.9

SYSTEM SFPECIFICATIONS:

HVAC Zone 1:
Derated Equipment:
Heat Pump: 13.75kw (46928BTUH. =4tons)
Fan: 2/3HP 31590 CFM

HVAC Zone 2:
Derated Equipment:
Heat PFPump: 10.0Kw (34130BTUH, =3tons)
Fan: 1/2HP 91060 CFM

HVAC Zone 3:
Derated Equipment:
Heat Pump: 4.35Kw (14872BTUH, =1.25tons)
Fan: 1/4HP

Table VI.B.3 Two Zone Heat FPump System
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3.

4.

The same equipment is used for heating, which eliminates the need
for a separate heating system.

Higher overall system efficiencies are achieved due to the
variable capacity of the system, and there are no losses due to
air ducts or water type heat exchangers.

5. The system lends itself to camputer control which has unlimited
possibilities for automatic setback, thermostat hysteresis
experiments, and independent zone control,

6. More reliability due to having four independent systems rather
than one.

Other considerations for multi-zone heat pump systems are:
* Insulated small diameter tubing must be installed in or on the
walls. The maximum length run to an air handler is 14 meters and
a maximum vertical lift of 6.1 meters.
* This is a new type of system which is not yet widely used,
Figures VI.C.l1 and VI.C.2 show the placement of the equipment in
the building.
Using zone 1 as the ground floor and zone 2 as the first floor the
sensible and latent breakdown of the system loads is as follows in
Table VI,C.l.
The total peak coil loads (Table VI.C.3) are obtained by applying
the SHF to the values in Table VI.A.l.
Zone} Feak Sensible Feak Latent Total System |SHF

# System Load {(Kw) |System Load {(Kw) l!Peak Load {(kKw)

1 9.4 3.0 12.4 .76

2 6.3 2.6 8.9 .71

Note: This table does not include the garage (Gl)

Table VI.C.1 Sensible Heat Factor
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Zone| Room |Peak Coil |Peak Coil Derated Equip{DX Unit No
# Code |Load {(Kw) |lLoad (BTUH) |Size (BTUH) x| (Daiken)
1 |68 2.28 7787 B&52 22
2 |65 2.03 6941 7712 22
3 |63 4_.03 13734 15282 35,22 )
4 |62 1.51 51463 9737 22
5 |uz2,3 1.07 3654 4061 22
b |64,6,7 3.68 12548 13942 28,28
7 jul 1.44 4932 5479 22
8 ju9 1.46 4975 =528 22
9 (uUs 1.88 6428 71432 28
10 |61 3.92 13385 14872 35
TOT 23.31 79565 88407

Note: This equipment was sized by derating the units by 90%
corresponding to an ambient of 41.6C (107F). See page 15 of
the service manual. Heating values are on pages 2 &3 of the
service manual and should be derated by 15%. {(The manuals
can be found in Appendix VI)

X Derated equipment size (BTUH) was obtained by increasing
the peak coil load by 11%. Hence equipment can be selected
directly from the tables on pages 2%3 of the service manual.
Derated equipment total without zone #10 (73535BTUH,

6. 1tons).

Table VI.C.3 DX S5plit Coil Multi-Zone Heat Pump Equipment
Schedule
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Outdoor { Indoor { Zone| Room [Cooling Output {Heating Output
Unit Unit # Code [Capacity (BTUH) |Capacity (BTUH)
M4 22 4 G2 S350 5400
22 S uz,3 5550 5400
22 7 ui 5550 5400
22 8 ue S550 5400
28 9 us 7100 &800
M4 22,35 3 G3 15300 14500
28,28 b us,s5,7 13900 14000
Ga,6,7
M3 22 1 &8 155 8040
22 2 GS 2155 8040
M2 35 10 161 17080 16080

Table V1.C.4 Derated Equipment Schedule
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VII.

BASELINE COMPARISON OF FINAL DESIGN WITH FIVE OTHER PROPOSED DESIGNS

A.

B.

METHODOLOGY

The final design (Bldg F) was compared with five other designs
including the original concepts A, B, C and D, and the original “final
design" (Bldg E). The purpose was to compare the thermal performance
of the different designs using the same construction materials, with
no consideration of ventilation or heating and cooling systems.
Internal load and infiltration were considered, but the same values
were used for each building.

The building total cooling and peak cooling load were used as the
parameters for comparison, and the total cooling per square meter and
per cubic meter were also compared. Monthly average weather data were
used to calculate the loads on an average day of the month, and
monthly totals were calculated from the daily results., Tables VII.A.l
through VII.A.4 and Figures VII.,A.1 through VII.A.4 show these
results.

The six buildings were simulated with the BLAST program following the
procedure developed previously in the design optimization study of
Bldg F. Each building was modeled basically as a two-zone house plus
a garage in some cases. The loads for the garage were not figured
into the final results since some designs had attached garages and
others did not. The building descriptions for each of the other five
buildings were developed fraom the drawings and information furnished
by KFU, including Report Number 82-2 “Preliminary Design Concepts and
Final Design® and some additional blueprints, pictures and other
information.

The development of the input decks closely followed that of Bldg F,
and the same values were used for internal load and infiltration. In
some cases assumptions or simplifications were required, but an effort
was made to maintain uniformity by making similar assumptions for all
of the buildings under study. The base case walls, windows, roofs,
ceilings, floors and doors were specified for all of the buildings.
Each building was assumed to be north facing except for Concept A
which was simulated facing as shown on the drawings. Shading in each
case was treated similarly. The wind towers were assumed inoperative
and were assumed to have no effect on the building load, except for
possible shading effects, The printed output from these camparison
runs is in Appendix VII,

RESULTS OF ANALYSIS

The results of Tables VII.A.4-VII.A,7 and Figures VII.A.1-VII.A.4 can
be compared to the previous results of KFU Report Number 82-2. There
are some differences but the general trends are the same. The
original study did not consider building floor area or building volume
when comparing heating and cooling loads. In addition, it seemed to
give the impression that Concept D performed significantly better than
Concepts A, B, and C. In the BLAST comparison, however, when the
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Design Concepts

Mo A B c D E F

Jan 4.03 3.99 4.12 .83 &6.78 4.10
Feb 4.67 4.31 4.64 4.29 b.62 4,21
Mar 5.75 5.76 S.21 5.74 &6.77 5. 60
Apr 8.02 8.50 8.06 7.93 b.24 8.02
May 10.35 11.46 10.30 10.23 2.40 10.357
Jun 12.29 13.38 12.10 11.69 11.02 12.14
Jul 12.54 13.57 12.30 11.89 11.24 12.41
Aug 12.35 13.29 12.14 12.18 11.13 12.68
Sep 11.20 12.42 11.11 11.13 10.22 11.47
Oct 7.3 10.14 9.27 9.22 11.00 .45
Nov &.80 7.50 b.96 b.72 9.95 7.09
Dec 4.350 4.87 4.69 4.24 7.64 4.462
Max 12.54 13.57 12.30 12.18 11.24 12.468

Feak

Table VII.A.1

King Faisal University Design Comparison

Peak Coocling
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Design Concepts {(Kwh/month)

Mo A B c D E F
Jan 1011 1516 1173 245 1837 1264
Feb 1137 1274 1240 1131 1765 1088
Mar 2118 2089 21446 2070 24464 1928
Apr 3726 39460 34651 3558 3645 3635
May 5480 6129 5367 52&7 5382 3549
Jun &6745 7611 6519 6502 6687 6860
Jul 7124 8007 6868 6867 7084 292
Aug &934 7762 6701 6730 7037 7107
Sep 5887 4588 5724 5739 6351 5970
Oct 4644 5189 4565 4347 5509 446468
Nov 2864 3585 2904 2739 3822 3125
Dec 1408 2056 1495 1253 2245 14687
Max| 42078 S59766 48355 47288 53828 S0173
Peak

Table VII.A.2 King Faisal University Design Comparison

Total Cooling (Kwh/month)
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Design Concepts (Kwh/m2)

Mo A B C D E F
Jan 4.93 6.40 4.42 4.57 7.29 4.55
Feb 5.54 5.38 4.66 S5.46 7.00 3.92
Mar 10.33 a.83 8.07 10.00 .77 &6.93
Apr 18.18 16.73 13.73 17.78 14.46 13.10
May 26.73 25.90 20.18 25.44 21.36 20.00
Jun 32.90 32.15 24 .31 31.41 26.54 24.73
Jul 34.75 33.83 25.82 33.17 Z28.11 26.29
Aug 33.82 32.79 25.19 32.50 27.92 25.62
Sep 28.70 27.83 21.52 27.73 25.20 21.52
Oct 22,65 21.92 17.17 21.97 21.846 16.83
Nov 13.97 15.15 10.92 13.23 15.17 11.26
Dec 6.87 8.49 5.62 6.05 8.90 &.08
Flr

Areal| 2035.00 236.70 266.00 206.70 251.84 277.40
(m2)

Year

Tot 239.40 235. 460 181.80 228.70 213.60 180.70
/m2

Table VII.A.3 King Faisal University Design Comparison
Cooling Load/Floor Area {(Kwh/m2)
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Design Concepts {(Kwh/m3)

Mo A B C D E F
Jan 1.73 1.94 1.47 1.69 2.39 1.47
Feb 1.94 1.63 1.55 2.03 2.30 1.27
Mar 3.62 2.467 2.69 3.71 3.21 2.24
Apr 6.37 5.07 4.57 &.37 4.75 4,23
May 9.38 7.85 &.73 9.44 7.01 &6.45
Jun 11.54 ?.75 8.17 11.635 8.71 7.97
Jul 12.19 10.25 8. 40 12.30 .23 8.48
Aug 11.87 7.94 8. 40 12.06 9?.16 8.26
Sep 10.07 8.44 7.17 10.28 8.27 6.74
Oct 7.95 b.64 5.72 8.15 7.17 5.43
Nov 4.90 4.59 3.64 4_.91 4.98 3.63
Dec 2.41 2.63 1.87 2.25 2.92 1.96
Vol -
ume 584.30 781.00 798.00 558.12 767.60 859.90
{m3)
Year
Tot 83.97 71.40 &0.58 84.84 70.10 58.33
/m3

Table VII.A.4 King Faisal University Design Comparison
Cooling Load/Internal Volume (Kwh/m3)
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buildings are compared only on the basis of total cooling and peak
cooling, no one building shows dramatically better performance than
all of the others. Also, by considering the building floor area and
volume, differences in building size can be accounted for. And with
this consideration, the final design (Bldg F) performs better than the
other designs, with Concept C a close second.

g(reom ge results of the comparison, several general observations can
made.

1. The buildings with less relative window area performed better.

2, Buildings with a lower surface-to-volume ratio (i.e., buildings
which were more cubical in shape) seemed to perform better.

3. A larger building will have a higher cooling load than a smaller
building.

Other conclusions may be drawn from the data in Tables VII.A.4-VIIA,7.
For a more detailed discussion of the method used in simulating the six
buildings, refer back to the previous section on the three-zone house
which was modeled for design optimization.
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T1II. LANDSCAPING
A. ANALYSIS AND STRATEGIES

Landscaping and microclimate effects on human comfort and building
performance have been discussed by Deering, Parker, and others. The
application of these techniques in Saudia Arabia is possible, but the
design strategies must be suited to the rigors of the enviromnment.
The arid condition, prevailing winds, nature of the water supply, and
lack of organics and presence of salt in the soil, place testing the
microclimatic effects of landscaping on a level of importance equal to
the need for expanding the information on plant materials suitable for
the Arabian desert condition. These considerations are recognized in
the conclusion remarks on landscaping in the passive cooling project
. proposal (82-1). p. 67.

Water is the most critical element. The testing of microclimate
effects on architecture and human comfort is dependent on water.
Water quality, soil characteristics, and exposure, limit plant species
variability and thus limit the strategies available for microclimate
manipulation, With the goal of improving the energy efficiency of the
structure, envirommentally appropriate landscape strategies must be
tested. We must quantitatively determine the effectiveness of
landscape design strategies for improving energy efficiency and for
providing human comfort, but not at the expense of costly support
systems for the developing landscape, therefore plant screening goes
hand in hand with landscape strategy assessment. The passive cooling
project and site provides a unique opportunity to experiment with the
environmental appropriateness of both plant materials and landscape
techniques, in order to provide both quantitative and qualitative
measures of the effectiveness of landscaping and the capability of
various plant materials to accommodate this need.

A two—-fold research approach is recommended:

1. A horticultural screening program for landscape plants to test
growth rate, salt and wind tolerance, water and maintenance needs,
and disease resistence of both natives and newly introduced plant
materials, particularly halophytic species.

2. A plan for testing the influences of landscape on architecture,
both elements and exposure and human comfort including:

* Leaf shading and air enclosure effects on mass

* Shade densities of various tree species

Human comfort measurements of small-scale exterior landscaped spaces
* Leaf surface reflectance of various species and plant types

* Small-scale wind flow control experiments
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B.

Specific designs of horticultural screening program and landscape
strategy assignment follows.

A landscape analysis and experimental plan could be developed for The
King Faisal Passive Cooling Facility, which would prove to be
invaluable in developing and fostering the use of low water use and
salt-tolerant environmental plants for the Dammam area. A similar
plan was developed in oollaberation with ERL horticulturists and
scientists for Al Batin in Saudi Arabia. This plan could form the
basis for sound scientific research in this area. Appendix VIII
contains a preliminary draft of the Al Batin Plan.

LANDSCAPING DESIGN

An attempt has been made to shade west walls, and as much paving as
possible. Grass, shrubs and groundocovers have been used adjacent to
the house to keep the heat from bare ground surfaces from radiating
toward the house as well as to produce more livable outdoor
temperatures., They have also been used to increase the evaporative
cooling during dry oonditions - though not to interfere with the
breezes during humid weather.

Enclosure of the garden areas by walls is most important, not only as
protection against wind and dust, but to contain the newly developed
microclimate and the cool body of air produced by the trees, grass,
ground cover and vines.

The front walls were designed with screens in them to permit air flow
between the garden areas and the outside.

The front yard has been divided into two gardens — the entrance garden
and the more private family garden of the walkway.

A terrace located on the north-east corner of the house will be usable
in the summer afternoons, although it could be usable all day if it
were covered,

The large grass area to the rear (N. side) would be suitale for
children's play, but also serves to produce a cool body of air close
to the house. The area is sufficiently large for the development of a
swimming pool if desired in the future.

Space is available on the north-west side for a vegetable garden, and
a few fruit trees are included in the landscape plan. The front
entrance drive is of perforated ooncrete material, similar to the
product "grass-crete", which allows grass to grow through. It would
support the weight of any family car. The use of this material should
materially reduce the amount of heat absorption and resulting
radiation. The part of the driveway intended to provide turning space
for the car when it backs out of the garage is covered with a 1light
structure, This area can thus double up as a temporary parking space
either for a visitor's car or for the resident's car during the day.
It will also serve as parking during monitoring activity while garage
is not available., A side entrance on the west of the property has
been included to provide a suitable entrance for service,
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All plants selected for the project have been found growing in the
vicinity of the project. They have been found growing successfully
where saline soil conditions are high and many of them require only

moderate amounts of water.

Certain species have been selected because of their tolerance to the
strong prevailing north-west winds. Landscaping details, and a
complete description of the plant material used in the landscaping
scheme are given in the construction drawings, however, a cumulative
list is given below for general reference:

Ireeg:
Scientifi

Albizzia Lebec
Azadirachta Indica
Citrus - Lemon

Citrus - Tangerine
Delonix Regia
Eucalyptus Camaldulensis
Ficus Carica

Ficus Microcarpa Nitida
Ficus Religiosa

Olea Europae
Parkinsonia Aculeata
Phoenix Dactylifera
Pistacia Chinensis
Pithecolobium Dulce
Plumeria Obtusa
Prosopis Juliflora
Terminalia Catappa
Zizyphus Spina—Cristi

Shrubs:

Atriplex Halimus
Caesalpina Pulcherima (Red)
Caesalpina Pulcherima (Yellow)
Callistemon Viminalis
Carissa Grandiflora

Prostrata
Catharanthus Roseus (White)
Catharanthus Roseus (Pink)
Clerodendron Indica
Dodonea Viscosa
Hisbiscus Rosa-Sinensis (Pink)
Hisbiscus Rosa-Sinensis (Red)
Hisbiscus Rose—-Sinensis (Yellow)
Lantana Camara (Orange)
Lantana Camera (Pink)
Lawsonia Inermis
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Common Name

Siris

Neem

Lemon

Tangerine
Poinciana

Red Gum

Edible Fig

Indian Laurel Fig
Bo—Tree

Common Olive
Jerusalem Thorn
Date Palm
Chinese Pistache
Madras Thorn
Plumeria
Mesquite

Indain Almond, Loz
Sidr Tree

Salt Buh
Dwarf Ponciana
" [}
Weéping Bottle Brush
Prostrate Natal Plum

Madagascar Periwinkle
L] L]

Clerddendron
Hopseed Bush
Hibiscus

']

d
Lantana

1]

Henna



Leucophylllum Frutescens
Malvaviscus Arboreus

Nerium Olender (Single Pink)
Nerium Olender (Single White)
Nerium Olender Dwarf

Punica Granatum

Tecoma Stans

Tecamaria Capensis

Thevetia Nerifolia

Vitex Agnus—-Castus

Xylosma Congestum Compacta

Vines

Antiginon Leptopus
Bougainville Glabra (White)
Bougainville Glabra (Orange)
Bougainville Glabra (Pink)
Ficus Pumila

Ipomea Horsfallei

Jasminum Species

Vitis Vinifera (Seedless)

Ground Cover
Asparagus Sprengeri (40 am 0.C.)
0.C.)

Ipomea Pes—Caprea (50 cm O.C.
Paspalum Paspaloides (20.5 cm 0.C.)
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Texas Ranger
Turk's Cap
Oleander

']

L]
Pomegrantae
Yellow Trumpet Flower
Cape Honeysuckle
Yellow Oleander

Chaste Tree
Xylosma

Coral Vine
Bougainville
L]

'
o

Creepihg Fig

Clematis Red Morning Glory

Jasmine
Grape

Asparagus Fern
Soilbind Morning Glory
Qatif Grass



CONCLUSION

The current phase of this project deals with a detailed fine-tuning of the
architectural design in relation to its appropriateness for testing the
chosen passive techniques. The cooling strategies in turn were also
reviewed with the objective of further refinement in their application.
These have subsequently been incorporated in the construction drawings and
documents for the actual construction of this experimental house at K.F.U.
Campus.

The next phase, if approved by the SOLERAS, will comprise the construction
activity, data acquisition system, fabrication, testing and installation,
and monitoring the thermal response of the house under the current Joint
United States -~ Saudi Arabian Program for Cooperation in the field of
Solar Energy, scheduled to last up to 31 December 1985.

It would, however, be essential to continue monitoring and analysis of the
acquired data if any meaningful conclusions are to be derived from this
experiment. It was therefore, hoped that the King Faisal University would
be able to continue the monitoring activity through a Saudi graduate
assistant and another member of K.F,U. faculty who were required to work
closely with the ERL, University of Arizona, during the designing,
fabrication and installation of Data Acquisition System, The K.F.U.
research team strongly recommends that K.F.U. retain the Environmental
Research Laboratory as overall consultants for the specialized research
activity beyond the current SOLERAS program.

Apart from providing detailed information.regarding the effectiveness of
chosen passive cooling techniques, the project has been conceived with the
objectives of encouraging and initiating further research in various
aspects of solar cooling and energy saving technologies by providing a
full-scale test facility. Furthermore, by having a real family 1live in
the house at a later date, the interaction of the occupants with the house
can be another area of study.
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IX.

DATA ACQUISITION PLAN

A,

B.

INTRODUCTICN

The data acquisition plan developed provides for a sensor field

capable of measuring all parameters required for the understanding of
the operation of systems to be tested at the facility. On the basis
of this plan components of the data system were specified, storage
system and data analysis/correction methods specified. The
computer-based data Acquisition System (DAS) specified is capable of
controlling the experiments to be performed.

The data system will consist of three computers and a Data Acquisition
System (DAS). Sensors will be directly connected to the DAS, A
camplete plan and specifications are developed in later sections.
Provisions are provided for routing instrumentation wires from room to
room., Due to the nature of the laboratory many of the sensors will be
portable, thus necessitating surface wiring. All wires required for
sensor installation will be supplied and installed by KFU and its
subcontractors and is not the responsibility of the building
contractor, The wiring is all low-voltage (millivolt range) and
therefore pose no risks, At scheduled times, instrumentated
construction elements will need to be put in place by the building
contractor., These elements will be detailed and instructions given as
to the installation procedure in a later section. The following
sections detail where and how these sensors will be installed.

DATA CATHEGORIES AND INSTRUMENTS
1. Ambient Weather and Conditions

a. Measure the ambient dry bulb and wet bulb temperatures, the
sky radiation, the total insolation on a horizontal surface,
and the diffuse radiation on a horizontal surface. The wind
velocity and direction at various points and the earth
temperatures in an open area will be measured,

b. Instruments
i, Dry bulb temperature, wet bulb temperature,

One dry and one wet type T thermocouple inside two,
aspirated concentric white radiation shields will measure
these temperatures.

Air will be drawn across the thermocouple at 600 feet per
minute, The wet bulb thermocouple will be kept wet by
capillary action ina wick in a oonstant level water
reservoir. This equipment will be made at ERL using our
standard design for aspirated, radiation shielded
temperature sensing stations.
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2.

This apparatus will be enclosed in a standard white,
wooden louvered NOAA approved enclosure.

ii, Effective sky temperature

An Eppley PIR pyrgeometer will be used to measure the long
wavelength (4-50 um) radiation emitted to the sky. The
effective sky temperature will be calculated from this
measurement.,

iii, 1Insolation on a horizontal surface.

An Eppley PSP pyranometer will be used to measure the
total insolation, while an Eppley 8-48 pyranometer in an
Eppley SBS shadow band will measure the diffuse radiation.

iv. Wind velocity

Three R.M. Young Gill propellor/vane integral wind
velocity and direction sensors will be mounted on a 10 m
tower located approximately 44 m north of the structure to
avoid wind shadowing. The propellor/vane sensors will be
located at three different heights corresponding to the
center lines of each floor level and tower opening. These
instruments sense a wind at .2 -4 n/s. The 540° wind
direction sensors will be used to improve the readability
of the data.

v. Earth temperature and moisture
Soil Test Inc., MC 373 soil moisture cells will be used.

Earth temperatures will be measured with type T
thermocouples placed according to the plan.

Comfort Conditions

de

b.

Measurements

The dry and wet bulb temperatures, the globe thermometer
temperature and the air velocity will be measured at 2-5
locations in each structure. The mean radiant temperature
will be calculated from the globe thermometer temperature, and
from the air velocity. The dry bulb temperature will be
measured from floor to ceiling in 60 cm increments where
stratification is a factor.

Instruments
i. Dry and wet bulb temperature
The equipment described in Section B.l.b.i will be used,

without the NOAA enclosure. It will be built at ERL and
will be shielded from radiation and aspirated.
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ii. Globe thermometer temperature

A type T thermocouple at the center of a 15.24 cm copper
sphere coated with "Nextel™ brand paint (emissivity=.98)
will be used.

iii., Air velocity

In fan driven options, the air velocities will be measured
for standard operating conditions, which will be entered
into the data acquisition system, An Environmental
Instruments Incorporated cmni~directional "thick film" air
flow meter will be used (+2% full-scale accuracy, 0-1,
0-10. and 0-50 m/s ranges).

For natural draft options, the air velocity will be
continuously monitored with the same type instrument,
which will record velocities of 0-5 meters per second
(0-1000 feet/minute) at +.1 m/s or +20.0 fpm accuracy.

3. Heat Flow Measurements

de

b.

Measurements

The heat entering and leaving typical wall sections will be
measured with heat flow plates (heat flux meters). The
temperature gradients in the walls will be measured with
thermocouples at 5-8 points in typical wall sections. The
thermal capacity and conductivity of typical wall materials
can be calculated from such data. The insolation entering
each typical window will be measured.

The soil temperature gradients around the structure and under
the structure will be measured.

The insolation entering typical windows will be measured in a
vertical plane.

Instruments

i. Heat flux meters —— Hy-Cal #BI-7 or BI-6

ii, Temperature sensors —— type T thermocouples will be used
iii. window insolation —— Li-Cor #LI 200B pyranameters will be

used

iv, Earth temperatures, soil moisture levels — these will be

measured as in B.l.b.V.
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4.

5.

6.

Cooling Effectivenesg Measurements

-

b.

Meagurements

The input and output dry bulb temperatures (and wet bulb where
evaporation or condensation occurs) of sources of coolth will
be measured. The airflow rates will be measured where

required.
Instruments

i. Aspirated, radiation shielded, dry and wet hulb
temperature instruments as described in Section B.l.b.i
will be used.

ii. Envirommental Instruments Inc, air flow meters will be

used as described in Section 2.b.iii. Typical velocities
will be measured in fan-driven systems, while natural
draft systems will be oconstantly monitored.

Power Usage

Qe

b.

Measurements

The power used to drive fan—driven systems will be recorded
independently of the power used which adds to the heat lcad of
the building.

Instrument

Westinghouse watt-hour meters (or equal) will be used. R/S
Electronic Watt transducers will be connected to the DAS to
monitor power in real time. (See Appendix IX for details).

Water Usage

a.

be

Measurements

The water usage of all cooling devices using evaporation will
be measured and manually entered into the data acquisition
system,

Instrument
"Recorall® Badger #15 water meters, sensitive to low-flow
conditions down to 1/8 gallon per minute will be used, The

data will be entered manually into the data acquisition
system,

129



C.

DATA ACQUISITION EQUIPMENT

1.

3.

General Description

A HP #3497A programmable scanner will measure the output voltages
of the sensors and direct the information to the appropriate data
location in the IBM PC/XT data acquisition computer, which is
initially used to record the data.

An IBM PC/XT will be used to process the data and produce graphs.
These two camputers will be connected via a Local Area Network
(LAN) to a third display IBM PC computer. (See Appendix IX for
details on the LAN)., The overall system design can be seen in
Figure IX.C.l.

The HP 3497A Programmable Scanner

This equipment will have a battery-powered back-up clock to allow
useful data to be collected after a short power failure. It will
have 688 channels. 30 channels will be able to switch 24 volts at
1 ampere if control functions are desired.

The IBM PC/XT Acquisition Computer

This uwnit will have 256 bytes of RAM, and will convert sensor
output data to the desired units., It will also allow the
verification of data as it is produced. It has a CRT and a dot
matrix printer. (See Appendix IX for details).

The IBM PC/XT Data Analysis Computer

This unit will process the data by calculating comfort parameters
infiltration, daily and weekly averages, and mixima/minima for
rapid scanning of the data. It will have a printer with graphics
capability, a terminal for data transmission, and be networked.

Data will be stored online on an integral 10 M Byte Winchester
hard disk.

A Tallgrass streaming magnetic tape system will be used for
long-term, backup and archival storage. (See Appendix IX). A
second tape system will be installed at ERL to provide for media
transfer of data.

The IBM PC Display Computer

In order to provide for visitor interaction and information
dissemination, an IBM PC with Color Graphics monitor will be
linked via IBM's Local Area Network (LAN) with the other two IBM
computers, Visitors will be able to call up data from the data
base by simple menu-driven commands.
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Fig. IX. €. 1 DATA ACQUISITION SYSTEM
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D.

6., SOLA Power Conditioner

SOLA Power Conditioner will supply regulated and faltered power to
all the elcetronics hardware in order to prevent system failures,
due to line power fluctuations (see Appendix IX for details).

7. OPTIMA Equipment Rack
All of the electronics hardware and thermocouple/millivolt
interface patch panels will be mounted in 19-inch metal cabinets.
Figure IX.C.2 shows the layout of these cabinets.

8. Software

Software will be developed suitable for data acquisition analysis,
graphics and ocontrol. The programs will be written in a
high-level language such as C, Fortran, Basic or Pascal.

INSTRUMENTATION SELECTION

1. INTRODUCTION

The purpose of the Passive Cooling Experimental Facility is to
acquire data and perform experiments regarding different passive
cooling techniques and strategies, In order to adequately explain
the cooling techniques employed, sufficient instrumentation and
data logging equipment needs to be installed.

Sensors are selected based on their accuracy, cost effectiveness,
and ability to calibrate consistently and with ease, This section
decribes the sensors and instrumentation and the basis for their
selection, installation, verification and calibration,

Installation and calibration details are provided for certain

selected critical sensors, i.e. heat flux meters, pyrgeometers,
etc,

The following list summarizes the critical sensors and instruments
selected.

Heat Flux: Hy-Cal Engineering BI-7 thermoelectric sensors.

Temperature (wet and dry bulb): Copper—constantan thermocouples,
Hewlett Packard reference junction.

Pyranometers: Eppley PSP, LICOR photovoltaic pyranometers and
Eppley Shadow Band 8-48 pyranometer,

Infrared Radiometer: Eppley PIR pyrgeometer.

Anbient Wind Velocity: Gill Propeller Vane Anemometer by R. M. °
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Fig. Ix. C. 2 Data Acquisition Rack
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2.

Air Flow: EII Air Flow Meters

Infiltration: SFg gas chromatography

Sensor and Instrument Selection

de

Dry Bulb Temperature

i.

ii.

iii,

Utilization

Temperature sensors are utilized to measure the thermal
performance of the structure. They are distributed
throughout the structure. Temperature measurements are
used in the heat balance calculations and to measure the
relative effectiveness of the passive systems,
Temperature sensor locations can be seen in Figures
IX.E.3-IXQE.9.

Accuracy Requirements

The primary purpose of the temperature sensors is to
determine how effective the passive features are and to
help verify performance models. The accuracy required
would only need to be + 1 to 20F, The order of
magnitude of the heat flux due to temperature differences
is about 10 BTU/hr. sq. ft. and thus a 1 or 2°F error
would only yield an absolute error of less than 10%.

Selected Sensors

Electric thermometers are adapted to automatic recording.
Basically there are two main types of electrical
transducers, self-generating and non—self-generating. The
self-generating transducers produce an electric current as
a function of temperature. The non-self—-generating
transducers require the application of an external signal
in order to detect a change in property. Thermocouples
are examples of the former, while resistance elements,
thermistors and RTD's are examples of the latter.

Three types of sensors fall within this accuracy range:
Thermistors, Resistance Temperature Devices (RID) and
Thermocouples. Since there are about 500 (including
backups) temperature sensor locations, cost was the
driving element in this decision.

Thermistors are semiconductors of ceramic materials made
from sintering mixtures of oxides of manganese, nickle,
cobalt, copper, iron, and uranium. Thermistors have very
large negative temperature coefficients; each temperature
increase of 19C will increase the resistance 5%.

Thermistor resistance change with temperature is much
larger than for resistance thermometers, however the
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change is quite nonlinear. Thermistors can be calibrated
to measure temperature to within + 0.1°F, and can,
with suitable bridge networks, yield outputs of 0-5 volts,
thus eliminating the need for instrumentation with
microvolt resolution. The self-heating errors in a
thermistor can be quite large because of the large
temperature coefficient. Thus they require frequent
calibration. Thermistors are relatively expensive in
camparison to thermocouples.

RID's are resistance temperature devices which change
resistance with temperature. The electrical resistance of
most materials varies with temperature. This
characteristic is utilized to measure temperatures with
resistance thermometers made from a variety of materials.
Given a known resistance-temperature relationship and
appropriate reocording equipment, temperatures can be
Getermined to a high degree of precision. These devices
exhibit good 1long-term stability and linear output;
however, they are expensive and fragile.

Thermocouples have won a permanent role as temperature
sensors for numerous industrial applications. Their
favorable characteristics include acceptable accuracy,
suitabilty over a wide range of temperatures, adequate
thermal response, ruggedness, high reliabilty, low cost,
ease of installation and compatibilty with most measuring
and recording systems.

Based upon cost and desired accuracy thermocouples were chosen
for the temperature transducers for this project. The
required accuracy of + 1 to 2OF falls well within the
error of type T copper constantan thermocouples., In order to
avoid detailed and time consuming calibration of each sensor,
enough wire should be acquired from the same lot number to
assure consistency of the calibration,

b. Wet Bulb Temperature
i. Utilization

In order to measure the humidity, and in turn to calculate
the Fanger PMV comfort index, the wet bulb temperatures
need to be measured. The temperature transducers to be
utilized are the same as for dry bulb temperature
measurements,

The temperature transducer (thermocouple) is enclosed in a
capillary sock and then placed in an aspirated and
shielded device of ERL design.

Calculations are then made to determine the humidity and
other psychrometric properties.

135



ii,

iii.

Accuracy Requirements

The accuracy required for this sensor is the same as for
the dry bulb temperature sensors.

Selected Sensors

Considerations for selection of sensors is the same as for
the dry bulb temperature sensors.,

Cc. Radiant Temperature

i.

ii.

iii.

Utilization

In order to calculate the Fanger PMV comfort index, the
Mean Radiant Temperature needs to be measured. The
temperature transducers to be utilized are the same as for
the measurement of dry bulb temperatures. The Mean
Radiant Temperature is derived from the Globe Temperature
(the device utilized to measure the radiant temperature).

The temperature transducer (thermocouple) is enclosed in a
six inch copper sphere that is painted flat black (Dupont
Nextel flat black paint) with absorptivity and emissivity
of about .95, nearly a black body receiver.

Accuracy Requirements

The accuracy required of this sensor is the same as for
the dry bulb temperature sensors.

Selected Sensors

Consideration for selection of sensors is the same as for
the dry bulb sensors.

d. Heat Flux Meters

i.

ii.

Utilization

The heat flux meters are utilized to measure the heat flow
in and out of the structure, They are used in conjunction
with the temperature and insolation sensors to arrive at a
general heat balance for the structure.

Accuracy Requirements
The accuracy required from this instrument is similar to
the accuracy required of the pyrgeometer and pyranometers.

The accuracy should be about 1 to 2% full scale, with a
range of 0 to 10 BTU/hr. sq. ft.
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iii,

Selected Sensor

All heat flux meters utilize a thermopile type
arrangement, The differences arise in the accuracy,
consistency of calibration, size and ocost. Two
manufacturer's devices were considered: HY-CAL
Engineering BI series, and International Thermal
Instrument Company.

HY-CALL BI series Heat Flux Meters have a t+ 2% accuracy,
and exhibit fairly oconsistent calibration. They are
factory calibrated prior to delivery. The BI series is a
very sensitive instrument and is suitable for low
temperatures (-50 to 2009F). In addition, the devices
measure heat flow uniformly in both directions. They cost
about $260.

International Thermal Instrument Campany (ITI) devices are
not as accurate (+ 3%) and cost about $180.

Based upon the cost, desired accuracy and oonsistency of
calibration, the HY-CAL BI series heat flux meter was chosen,

e. Pyranometer

i.

ii.

iii.

Utilization

The pyranometers will be utilized to measure solar
insolation incident upon horizontal and vertical surfaces.
These measurements will aid in determining the heat gains
due to fenestration for each structure. Several
instruments are required in order to fully assess the
solar heat gains to the structures.,

Accuracy Requirements

The primary purpose of the project is to determine how
well certain passive features work. When dealing with
solar insolation, the flux is on the order of 300 BTU/hr.
sq. ft. maximum, and thus an error of 1% is about 3
BTU/hr. sg. ft. The order of magnitude of heat flux due
to passive design features is about 10 BTU/hr. sq. ft.,
thus an instrument with only 1% accuracy is marginally
acceptable, and in practice, unachievable. The most that
can be expected is about 3%. This would yield an error of
about 9 BTU/hr. sq. ft. Thus, better than 50% of the heat
gain/loss could be due to instrument error.

Selected Sensors

Two different types of pyranometers were considered,
thermopile and photovoltaic.

The Eppley Precision Spectral Pyranometer is of the
thermopile type and utilizes a multijunction
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copper—constantan plated thermopile. The thermal
transducer is blackened with optical black lacquer and is
shielded from the weather with two removable concentric
hemispheres. The instrument has a sensitivity of 9 micro
volts/watt.

This instrument is a very accurate and stable
commercially-available sensor. The calibration of this
instrument can be maintained at about 1%. Cost is $1400,

Another Eppley thermopile pyranometer considered was the
Eppley Black and White pyranometer Model 8-48, This
pyranometer is a development of the well-known Eppley 10
and 50 junction 180° pyreheliameter., The detector is a
differential thermopile with the hot-junction receivers
blackened and the cold junction receivers whitened. The
linearity, cosine response, response time and spectral
response are not quite as good as that of the Eppley PSP,
but they are adequate for the measurements required. The
cost of the Eppley Black and White is about $850,

The LICOR Photovoltaic pyranometer is not nearly as
accurate as the Eppley PSP pyranameter; however, it is
considerably less expensive, This type of sensor utilizes
a photodiode. The response of the silicon photodiode does
not cause serious errors provided it is used only for
solar radiation and not under conditions of altered
spectral distribution. The relative spectral response of
the silicon photodiode does not extend uniformly over the
full solar radiation range. The changes in the spectral
distribution of the incident 1light, coupled with the
non-uniform spectral response, can cause errors in the
photodiode output.

The LICOR LI-200SB pyranometer has been calibrated against
an Eppley Precision Pyranometer, Under full sun
conditions at solar noon, the uncertainty of the
calibration was 5%, When the error of the PSP is taken
into account, the absolute error of the LICOR sensor is
about 6%, While this is an extremelv high error in
relation to the desired accuracy, it is acceptable for the
measurements required. The cost of these sensors is about
$165, considerably less than the Eppley PSP.

Based upon cost and accuracy, the Eppley PSP was chosen to
measure the site horizontal insolation and the LICOR's were
chosen to measure the insolation of specific surfaces (i.e.
windows) of the structure. In addition to these instruments,
the Eppley Model 8-48 Black and White Pyranometer was chosen
for use with the Eppley Shadow Band Stand Model SBS to measure
diffuse insolation,
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f.

Infrared Radiometer

i,

ii.

iii,

Utilization

This sensor is utilized for continuous measurement of net
radiative heat exchange between the sky and surface. In
particular, the radiation exchange between the roof and
the night sky are measured in order to detemmine the heat
exchange ability of the roof.

Accuracy Requirements

The net radiation errors should be small in comparison to
typical nocturnal radiative heat fluxes and other heat
transfer rates. This goal is exceedingly difficult to
attain because typical radiative heat transfer rates are
of the order of 100 BTU/hr, sq. ft. from a roof surface.
An error of 1% in the irradience would give a 1 BTU/hr,
sq. ft. error and would result in a 10% error in the net
radiation rate.

Most sensors surveyed had a greater than 1% error, Even
those with 1% error could only achieve this accuracy under
ideal conditions and at radiation rates in excess of 10

BTU/hr. sq. ft.
Selected Sensor
There were two basic types of instruments to select from:

Funk type radiometers utilize thermopiles which contain
about 250 thermal junctions bonded with two blackened
plates. Hemispherically formed windshields made from
polyethylene are used on both sides to reduce the thermal
convection term. This type of sensor, when operated with
both windows, yields a net radiation. When operated with
only one window, it gives the sky irradience. This type
of instrument is very accurate, but requires careful
maintenance, In addition, the polyethylene windows
degrade with ultraviolet light and thus the calibration is
not very stable. Cost is about $1300,

The Eppley pyrgeameter also utilizes a thermopile. The
thermopile is protected by a silicon dome with an
interference filter and a temperature compensation
circuit. The output voltage is proportional to the
irradiance incident from the sky, not the net radiation.
These instruments in practice are generally accurate to
within 2% of the received irradience, however they are not
accurate in daylight due to heating of the silicon dome.
Cost is about $1300.

Based on «cost, accuracy, calibration and ease of
maintenance, the Eppley PIR was selected.
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Wind Velocity

i.

ii,

iii,

Utilization

The wind velocity is required in order to determine
convective heat transfer losses and gains to the structure
and also to determine infiltration rates,

Accuracy Requirements

A sensitivity analysis indicates that a wind speed
accuracy of 1 m/s is required in order to verify any heat
transfer algorithms. In addition, the Fanger PMV comfort
index requires the air velocity. Several comfort stations
are to be monitored. The PMV correlation falls apart at
air velocities greater than 5 m/s.

Selected Sensors

Two types of wind sensors were considered, hot wire/film
and tachometer type. The following sensors were
evaluated:

Tachometer type drives are rugged and reliable units that
require little maintenance and are easily calibrated. The
Gill Propeller Vane anemometer by R. M., Young has an
azimuth range of 0-540° and a threshold sensitivity of
0.1 to 0.2 m/s, well within the accuracy required. The
output signal from the generator is analog. The signal is
linearized by the power supply translator. Cost including
translator is about $2500.

The hot film type anemometers are more sensitive than the
tachometer drive units and have lower ranges. The
Envirormental Instruments, Inc. (EII) 300 series hot film
anemometer was evaluated. This sensor utilizes a
temperature compensated hot film probe. The accuracy is
about 2% full scale., These sensors are only wind speed
sensors and do not yield the velocity direction vector,

The 0-5 m/s scale is accurate to within + 0.1 m/s. The
cost of the EII sensors including power supplies and
electronics is about $750.

It was decided to place three wind speed and direction
stations at three heights (2,5 m, 5 m, and 10 m) at the north
side of the site, Gill Propeller Vane anemometers are to be
used.

Additionally, where lower air flow measurements and greater
accuracy are required, the EII meters were chosen. These
sensors are to be placed at selected comfort stations to
measure the air velocity for use in the Fanger PMV
calculations and ventilation studies.
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E.

h.

Infiltration Method

i.

iii,

Utilization

Air infiltration measurements are necessary in order to
arrive at a thermal balance for the structures and also to
assess the effectivenes of different building techniques.

Due to the continuing experiments in progress the method
of measurement should have as little impact as possible.
It is hoped that the infiltration measurements will be as
accurate as the other measurements; however, allowing for
the variance in weather conditions, it would not be
practical to assume the measurements will be.

There are two general means of detemmining infiltration,
pressure differential and tracer gas. It is decided to
utilize the SFg tracer gas technigue to determine the
quasi-static infiltration rate for the structure, and to
use the Sherman and Grimsrud Method in conjunction with
the computerized data acquisition system,

Tracer Gas Method

The tracer gas technique has reasonably well-defined
limits of error. This method was chosen due to the
availability of a gas chromatograph here at the
Envirommental Research Lab. See Appendix IX,

Pressure Differential Method

This method, as implemented, would utilize the Sherman and
Grimsrud methodology. The data required for this is
collected on an hourly basis by the data system, See
Appendix IX.

DETAILED SENSOR PLAN

The data system layout and wire chases should follow the plan layout
on Figures IX.E.l - IX.E.9, The wire chases, both vertical and
horizontal provide penetrations from room to room and from the inside
to out,

1. Miscellaneous Outside Locations

de

b,

Wind

Three R.M. Young Propellor Vane units mounted on a 10 meter
Rohn tilting tower connected with three Belden 8449 cables.
Units to be mounted on extenesion arms at 2.,5m, 5m and 10m
heights (see Figure IX.E.2 & IX,E.1l0)

Ambient Dry and Wet Bulb Temperatures
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Fig. IX. E. 1 Sections Plan
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C.

d.

(=%

One standard ERL Dry bulb and Wet bulb Temperature radiation
shielded, aspirated instrument (see Fiqure IX.E.1l1) and one
WEATHERTronics Relative Humidity Probe Model 5120 (see
Appendix IX) and one WEATHERTronics Solid-State Analog Output
Barometer (see Appendix IX) in a NOAA approved enclosure is
required and is connected to the Data Room with two
thermocouple wires, 2 Belden shielded cables and one AC
powerline, This station is located with the wind sensing tower
(see Figure IX.E,10).

Open Area Earth Temperatures

Seven thermocouples (20 gauge type T) at approximately 1.0 cm
below the surface, and at intervals of 10 cm, 20 cm, 30 cm, 60
cm, 1 meter and approximately 2 meters per Figure IX.E.3 will
be installed at the wind sensing tower location (see Figure
IXOEOZ & IX.E.].Z).

Open Area Soil Moisture

Seven soil moisture sensors (Soil Test Inc, MC 373) to be
installed at the same location as the Open Area Earth
Temperatures (see Figure IX.E.2 & IX.E.12).

Roof Mounted Solar and Thermal Radiation Instruments

i. One Eppley PSP Pyranometer, one shilded 2 conductor 20
gauge oconductor required to be mounted on roof according
to the plan on Figure IX.E.5 & IX.E.6

ii. One Eppley Shadow Band and one Eppley 8-48 Pyranometer,
one shilded 2 conductor 20 gauge conductor required to be

mounted on roof according to the plan on Figure IX.E.5 &
Ix.E.G

iii. One Eppley PIR Pyrgeometer (sky radiation), one shielded 2

conductor 20 gauge conductor required to be mounted on
roof according to the plan on Figure IX.E.5 & IX,E.6

ive One Li-Cor pyranometer will be installed in the plane of
the of the solar collectors.

2, Comfort Measurement

-

Six floor to ceiling comfort measurement stations with
continuous air velocity measurement (EII Air Velocity Sensors
Model 300) will be placed per the sensor plan on Figures

IX.E.3 - IX.E.5. (see Figure IX.E.13 for details of this
station).

Each of these stations will measure:

6 Dry Bulb Temperature (0.61 m increments)
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1 Wet Bulb Temperature (0.61 m above finished floor)
1 Globe Thermometer (0.61 m above finished floor)
1 Air Velocity Sensor (0.61 m above finished floor)

b. Four floor to ceiling comfort stations without air velocity
measurement will be located per the plan, See Figure IX.E.l4
for details of the Comfort Sensing Stations (CSS).

Each of these stations will measure:

5 Dry Bulb Temperature (0.6l m increments)

1 Wet Bulb Temperature (0.61 m above finished floor)
1 Globe Thermometer (0.61 m above finished floor)

c. Two single point CSS stations with air velocity measurements
will be located on the roof terrace as per the plan (see
Figure IX.E.1l5 for details).

Each of these stations will measure:
1 Dry Bulb Temperature (0.61 m above finished floor)
1 Wet Bulb Temperature (0.61 m above finished floor)

d. Three ERL aspirated wet/dry bulb stations will be installed at
three locations in the stairwell, At one location on the
stairwell air velocity will be measured.

e. The Globe thermometer and the naturally aspirated dry bulb

temperature sensing stations details can be found on Figure
IX.E.16.

Building Shell Heat Flow and Thermocouple Sensors

At 34 different locations throughout the building instrumentated
concrete blocks would need to be installed, these block sets (1~
100 mm and 1- 200 mm ) will be pre-wired by KFU and ERL and
supplied to the contractor at the time it is required.
Approximately one hour additional time would be required per block
for installation., Each instrumentated wall element will consist of
an exterior surface thermocouple, thermocouples every 2 inches
through the wall, interior surface thermocouple, naturally
aspirated thermocouple and a heat flux meter.

a. Mass wall heat flow plates and thermocouple rakes
i. Eighteen instrumentated wall segments containing 9
thermocouples and one heat flux sensor will be installed

in the walls as indicated in Figures IX.E.3 - IX.E.,5.
These elements will be installed in the lower part of the
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4,

5.

6.

wall at approximately 0.61 m above finished floor (see
Figure IX.E.17 for details of the wall elements). The
thermocouples will be installed in the webs of the block.

ii., Sixteen instrumentated wall segments containing 7
thermocouples will be installed in the walls as indicated
in Fiqures IX.,E.3 - IX.E.5. These elements will be
installed in the upper part of the wall at approximately 2
m above finished floor (see Figure IX.E.18 for details of
the wall elements). The thermocouples will be installed
in the hollow cores of the block.

Figure IX.E.19 illustrates the typical heat flux
installation and Fiqure IX.,E.20 illustrates the typical
surface thermocouple installation.

b. Floor and ceiling surface temperature sensors with heat flux
meters and adjacent temperature sensors.

At twelve CSS loctions as indicted in fiqures IX.E.3 - IX.E.5
heat flux meters will be installed on the floor surface (see
Figure IX.E.10 for details) in addition surface mounted
thermocouples will be installed on both floor and ceiling at
these locations (see Figure IX.E.20 for installation details).

Earth Temperature Thermocouples

Two vertical earth arrays as shown on Figure IX.E.3 below the
Comfort Sensing Stations on the ground floor (see Figure IX.E.21
for details).

At 2 locations in the building (ground level) earth probes will be
installed. The probes will require a hole to be drilled to a
depth of 244cm and a pre-fabricated thermocouple probe installed
and then backfilled. The wires should be brought to the surface
and extend through the concrete slab.

These sensors will be installed by KFU and ERL staff and will not
require any time from the contractor. The sensors will be placed
prior to pouring concrete and just after the forms are set.

Window Insolation

Sixteen Li~Cor pyranometers will be installed in the center of the
windows as indicated on Figures IX.E.3 thru IX.E.4. One Li-Cor
will be installed in the plane of the window outside the window,
facing outside, and the other will be installed inside., The
mounting hardware will be oconfigured so as to cast a minimal
shadow (see Figure IX,.E.22 for mounting details).

Coolth Output

a. Evaporative cooling, ventilation
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To DAS

Cut Groove ( approx. 3 mm
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uUsing a Portiand Cement-Acrylic
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Fig. IX. E. 20 Surface Temperature Thermocouple Installation
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Interior

PLAN SECTION

Note: Locate Pyranometer 30 cm. From Glass
and at the Mid-Point of A Single Pane Of Glass.

Fig. IX. E. 22  TYPICAL LI-COR PYRANOMETER INSTALLATION
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7.

8.

9.

b.

The dry and wet bulb temperature of air leaving the
evaporative cooling tower will be measured utilizing ERL
aspirated temperature stations. The air velocity will also be
measured at these points, Eight air velocity measurement
points will be actively sampled and six temperature points as
detailed in Figures IX.E.3 - IX.E.5, Air velocity
measurements will be taken by semi-portable EII air velocity
sensors as required by the experimental plan. Eight sensors
are required for these experiments, These eight sensors will
be relocated from the tower inlets and comfort sensing
stations that are not part of the experiment. A total of 17
EII air velocity sensors are required.

Refrigerated air

During periods of AC use the supply and return air wet and dry
bulb temperatures from each fan coil unit will be measured
with ERL aspirated temperature stations. These sensors will be
moved from their location at the wind tower inlets to the fan
coil units.

Typical air flows will be measured and entered into the DaS,

Electrical Power Usage

Ae.

b.

Watt-hour meters

Watt-hour meters will be installed on every major power draw,
such as AC units, pumps and fans, Individual totalizing
watt-hour meters will be installed on each AC condenser unit
and on the domestic water pump.

Watt transducers

For remote access and integration into the overall data base
remote watt transducers will be installed on the AC condensers
and will be integrated into the DAS (see Appendix IX for
details).

Water Usage

The water used to operate each mode of cooling using water will be
measured with a Recorall #15 totalizing flow meter, read manually
and entered into the DAS. The water usage will be for the
evaporative cooling tower mode, both with Celdek and spray system.

Miscellaneous Measurements

a.

Solar Domestic Hot Water System Performance

Eight thermocouples to be installed on the hot water system
piping per Figure IX,E.23, These sensors will be clamped to
the pipe.
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b. BTU Meter

One BTU meter (Appendix IX) will be installed in the hot water
line of the solar collectors.

10. Wiring Chases

In order to route the sensor wiring to the data room 8 cm conduit
chases need to be installed at ceiling height connecting the rooms
together see Figqure IX.E.24 for details. A vertical wire chase
will need to be installed connecting the ground floor to the first
floor. This chase can be located in the ground floor bathroom. The
chase should be 20cm diameter conduit (see Fig. 1X.E.24). A 20 cm
wire chase will need to be installed connecting the garage to the
ground floor bathroom at ceiling height. All the wiring will be
routed at ceiling height or in the drop ceiling where possible. A
20 cm wire chase will need to be routed from the ground floor
bathroom to the closet ceiling on the first floor (see fig. 193).
Wire chases will be terminated with a panel box as indicated on
the drawings.

An 8 cm conduit will need to be installed on the roof of the main
house., This will provide a wiring chase for the wires from the
solar instruments which will be mounted on the roof. This should
be installed by the contractor, See Figures IX.E.3 - IX.,E.5 for
the location of the solar sensors.

Wind speed and direction sensors will be intalled on a tower on
the North side of the building, a 5 cm conduit will need to be
installed connecting the sensors to the data room/garage. The
conduit should be buried, See Figure IX.E.2 for the location of
the wind sensor tower.

11. Power Requirements

The data system will require 115/120 VAC single phase power. At
least a 30 amp branch circuit is required with a GFI. In addition
the entire building should be positively grounded with a lighting
arrestor. At positions indicated on fiqures IX.E.3 - IX.,E.5,
ceiling height 115/120 VAC duplex outlets will need to be mounted.

F. CALIBRATION OF INSTRUMENTS

1. Ambient Weather Instruments

a. Dry and wet bulb temperature., These temperatures will be
checked periodically with a mercury thermometer calibrated
with a calorimeter thermometer accurate to .2°F,

b. The Eppley PIR pyrgeometer used as the basis for calculating
the effective sky radiation temperature will be calibrated

each year by Eppley Laboratories, in accordance with their
specifications,
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2.

3.

4.

C.

d.

€.

The Eppley PSP pyranometer will be calibrated by Eppley
Laboratories each year.

The wind velocity measuring instruments will be checked
periodically against an EII anemometer calibrated by EII.

The wind direction will be checked periodically with a
campass, corrected for the magnetic declination.

Two thermocouples will be used at each point to measure earth
temperatures, One set will be connected to the data logger.
Once a month, the earth temperature at each point will be
checked with the other set of thermocouples, using a portable
millivolt meter.

Comfort Station Instruments

a.

b.

C.

The wet and dry bulb temperatures will be checked weeklv as in
section IV A-1,

A globe thermaometer with a mercury bulb thermometer calibrated
against a calorimeter thermometer will be used to check each
globe thermometer periodically.

An Environmental Instruments Inc. (EII) anemometer used to
measure fan driven air velocities will be calibrited annually
by the factory.

Single range EII meters used to measure natural draft air
velocities will be checked periodically against the multirange
EIT anemometer mentioned above.

Heat Flow Measurements

a,

Ce

Heat flux meters will be calibrated by the factory. On a
frequent basis standard heat flux meters used only for
calibration and painted the same color as the wall will be
thermally connected to the wall with transistor heat sink

compound and compared with the heat flux meter permanently
affixed to the wall.

Dual thermocouples will be installed at each wall location,
and the spare set checked monthly against the set wused for
data logging.

The LiCor pyranometer in each window will be compared
periodically to an identical sensor used for error detection
only.

Wind Instruments

Cooling Effectiveness Measuring Instruments

The airflow measuring instruments and the thermocouples will be
checked as described previously.
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6.

The watt transducers will be checked against the installed
watt-hour meters.

G. DATA ACQUISITION SYSTEM SPECIFICATION

1.

Camputers for Data Acquisition System:

The system consists of three computers, one unit is used to
collect the data and control the home based on this data., The
second unit is used to analyze the data, format it for archival
storage, and develop analytical models. The final unit is located
in a public demonstration area and is used to display information
for visitors.

The data collection and control computer and the analysis computer
are set up exactly the same so that if the controlling computer
fails for hardware reasons, the analysis unit can be exchanged.
The data acquisition is set up to use the RS-232 serial
commmications to allow the sytem to switch from one to the other.
(See Appendix IX for manufacturers' specifications)

a. COMPUTERS: Data collection/control and analysis

Qty Description

2 IBM XT PC Mainframe with 10 megabyte hard disk,
256K memory, keyboard, IBM disk drive
controller, 2 1/2 height drives.

2 IBM graphics card

2 AST Megaplus I/O card: 2 serial ports, printer
port 256K RAM, clock

2 IBM Cluster terminal controller card

2 Software

1 Cable

2 Amdek Model 300A amber monitor and cables

2 OKIDATA u92 printer and cable spare print

ribbons, box of paper

1 IBM SNA communications package, synchronous
serial card and support software

2 Tape drive system for backup and media transfer

of data TALIGRASS or equiv. 10 megabyte tape
system (1 unit to be located at ERL~UofA site )
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b. COMPUTER: Demonstration:

g

Description

IBM PC with 256K RAM, 2 disk drives

IBM graphics card

AST Megaplus I/0 card: 2 serial ports, printer
IBM Cluster terminal controller card

Software

Cable

IBM Color monitor and cable

H o b b

c. COMPUTERS: Software

Qty Description

3 DOS 2.11 Operating system

3 IBM BASIC Programming language IBM Campiled
BASIC

3 FORTRAN Campiler

Oty Description

1 Line conditioner system 2000 VA unit, SOLA or
equivalent.

2. Data Acquisition System

The data acquisition system is based on a Hewlet Packard HP-3497A
system, This system contains a 5-1/2 digit voltmeter and an
intelligent controller system. A series of input/output cards are
added to support mv inputs, thermocouples, digital inputs and
digital outputs.
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d.

b.

Qty Description
1 3497A Mainframe
1 3497A DVM
1 Option 232 RS-232 I/0
Option 231 Time
Option 316 120 VAC, 60 HZ
Option 910 Documentation
3 Option 298 3498A Epander box and cable
4 Option 908 Rack mounting kit
25 Option 020 20 Thermocouple Input Relay
multiplexor
7 Option 010 20 Relay multiplexor
2 Option 110 16 Channel digital output
1 Option 050 16 Channel digital input
1 50 HZ crystal to install in DVM to convert to 50
HZ power. Part #0410-1225
EQUIPMENT CABINET: Accent Vertical Cabinet -  Scientific

Atlanta OPTIMA Division

Qty Description
1 A2-701930 Double bay cabinet module,
double wide rack, 75 inches tall,
30 inches deep. Includes top, bases,
two exterior side panels, front
decorative trim
Color: Black bezel and base, Light charcoal
panels, top panel, corner members
5 P-7 7" panel
2 P-10 10" panel
1 P-17 17" panel
1 P-24 24" panel
Color: All panels are white
2 R-081930 Drawer units
2 HV—-68 Leveling feet
6 SA-30 Support Angels
1 PO-0848 Power outlet strip
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C. MISCELLANEOUS:

Qty Description
4 Panels to mount female thermocouple jacks.
Omega 19" Jack panel #19MJP-4-120-T
(Copper—constantan)
2 Panels to mount female millivolt jacks.
Omega 19" Jack panel #19MJP-3-90-U
(Copper)
1 Panels to mount female millivolt jacks.
Omega 19" Jack panel #19MJP-2-60-U
(Copper)
1 Panels to mount female millivolt jacks.

Omega 19" Jack panel #19MJP-2-32-K
(Chromel-Alumel) -

480 Omega Type T Miniature Panel Jacks (to be
mounted in above panels) MRJ-T-F
150 Omega Type U Miniature Panel Jacks (to be
mounted in above panels) MPJ-U-F
32 Omega Type K Miniature Panel Jacks (to be
mounted in above panels) MRJ-K-F
40 Omega Type T Miniature Panel Jacks -~ spares
40 Omega Type U Miniature Panel Jacks - spares
10 Omega Type K Miniature Panel Jacks — spares
600 Omega Type T Miniature Plug - NMP-T-M
225 Omega Type U Miniature Plug - NMP-U-M
40 Omega Type K Miniature Plug - NMP-K-M
20 Omega Type T Miniature connectors - pair (MF)
NMP-T-MF
10 Omega Type U Miniature connectors - pair (MF)
NMP-U-MF
5 Omega Type K Miniature connectors - pair (MF)
NMP-K-MF
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3. Weather Measurements:

The wind measurement equipment consists of instruments to measure
wind speed and direction, temperature, atmospheric pressure, and
relative humidity. The equipment is mounted on a 10m tower and

requires power supplies and electronics to linearize the analog
signals.,

a. WIND: R.M. Young Company Wind Sensors

Qty Description

3 Model No. 35003 Gill Propeller Vane

1 Model No. 23403 Power supply translator -
three control modules (50HZ)

3 Model No, 16106 Retractable Mounting Arm - 6 ft
Model No., 27230 Calibrating unit - 1800 RPM
Model No. 17221 Vane Angle Fixture - AZ

S

Model No, 08261 Sensor mounted azimuth
protractor

800ft 9 conductor AWG 20 shielded cable
(R.M. Young)

b. RELATIVE HUMIDITY and BAROMETRIC PRESSURE: WEATHERtronics

oty Description

1 WEATHERtronics Model No. 5131 Relative
Humidity Probe

1 WEATHERtronics Model No. 5139 Modular
Humidity Translator and Power Supply.

1 Model No, 7155 Solid state analog
output barometer

1 WEATHERtronics Model No. 1715 Signal
conditioning module

400ft 9 conductor AWG 20 shielded cable
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C. MISCELLANEOUS:

Qty Description

1l WEATHERtronics Instrument Shelter
Weather Service Type

1 33' Rohn Model 25G gquyed tower designed for
Zone B wind loading per E.I.A. Standard RS-222-C

4, Sensors and Instruments:

Several different types of sensors as detailed in previous
sections will need to be installed throughout the building. The
majority of these sensors are temperature measurement devices.
Thermocouples were chosen to provide these measurements. It is
extremely important to acquire the thermocouple wire from the same
lot number so as to assure consistency of calibration.

a. TEMPERATURE MEASUREMENT: Type T Thermocouples

Qty Description

7000£t Omega Cat No. EXPP-T-20 Extension grade
copper/constantan AWG No, 20.

2000ft Omega Cat No. 24TX20PP 24 conductor extension
copper/constantan cable AWG No. 20,

3000£ft Omega Cat No. EXTT-T-24 Extension grade
copper/constantan AWG No. 24.

b. AIR VELOCITY MEASUREMENT: Environmental Instruments Inc.

Oty Description

17 EII 300 Series Model 302 Omnidirectional
Precision Air Flow Sensor.

1 AC to DC Power Supply 110/220 VAC/50/60 Hz to
run 17 units
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d.

e,

RADIATION MEASUREMENTS:

Qty Description

1 Eppley Precision Pyranometer Model PSP
to measure total horizontal insolation.

1 Eppley Black and White Pyranometer Model 8-48
to be used with shadowband for measurement of
diffuse insolation.

1 Eppley Shadowband fixture.

1 Eppley Precision Infared Radiometer
(Pyrgeometer) Model PIR.

20 Li~-Cor Model 200SB Pyranometers with
cal-connectors.,

HEAT FLUX MEASUREMENT:

oty Description

30 HY-CAL Engineering BI-7 SENSABLE Heat Flow
Transducers.

PONER MEASUREMENTS:

Qty Description

5 110/220 VAC Watthour meters
5 Current Transformer — Square D 2N500

5 Rochester Instrument Systems PCE-15 Watt
Transducers No, P-2-BO-C5-X1-F50-WO-Z0-A2
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f. SOIL MOISTURE SENSORS:

Qty Description

5 Soil Moisture Sensors — Soiltest MC-371 Soil
Cells

5 Soiltest MC-313 Soil Cell Calibration Box

g. WATER USAGE:

oty Description

3 Recorall Totalizing Water Meter Model 15
Badger Water Meter Co. or equivalent.

5. Miscellaneous Hardware

Oty Description

3 Recorall Model 15, Badger water meters
10 24VAC Switching Relay
100ft 2" PVC Pipe
20ft 1 1/2" PVC Pipe
130ft 1" PVC Pipe
13 1" PVC Caps
6 1" PVC 90x Elbow
20ft 2" Copper Pipe
20£t 1 1/2" Copper Pipe
20ft 1/2" Copper Pipe
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6.

22
250ft

10

10

10

13

13
5000ft
2000£ft
400£ft

Dayton 2C782 15cfm blower

16/3 SJ Wire

6" Copper Ball

Bolts 3/8" x 3"

Terminal Strips

Super Glue Tubes

Epoxy Glue (Ross 179)

Belden No. 8759, 1 pair, AWG 20 shielded wire
Belden No. 8778, 6 pair, AWG 20 shielded wire

PANDUIT Plastic Wiring Duct
Cable Ties

Solder
Paint

Miscellaneous hardware

Portable Equipment

In order to perform measurements, experiments, calibrations and
checkouts independently of the installed DAS the following
handheld portable instrumentation is required:

oty Description
1l Multimeter (HP-3468A) or equivalent
Autoringing Multimeter
1 Omega Temperature Logger Model OM-202-10MP5
10 channel
1 Li-Cor Portable Pyranometer Model LI-175
or equivalent
1 EITI portable Air Flow meter EII Model 310
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7.

Tool Kit

It is essential to have a well supplied tool kit and power tools
for the laboratory. These tools will facilitate the installation
of sensors, reconfiguration of experiments and repairs.

Qty Description
1 7 Drawer mobile tool cart (Dayton 6X310 or
equivalent.
1 24x8,5x9.5 inch portable tool box (Dayton

2W211 or equivalent.
Trouble lights
Flash lights

Solder gun

N NN

Soldering irons

3/8" Electric Drill

-

3/4 hp Electric router
Electric Sabre saw
Electric circular saw
4 1/2" Electric grinder

Portable vise

I = T = I =

7 Piece combination wrench set: 3/8 - 3/4"
10 Gloves
Screw Drivers:  STUBxLength

3/16"x6"
3/16"x4"
1/4"x6"
5/16"x6"
3/8"x8"

o

Screw Driver: Phillips
1 #1

1 #2
1 #3
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#4
STUBBY #2
Self Holding Screwdriver
Chalk Line & blue chalk
Level Torpedo
Level (24")
Nut Drivers:
3/16"
1/4"
5/16"
11/32"
3/8"
7/16"
1/2"
Keyhole saw
Cambination square
Carpenters square
Measuring tapes: 100' - 16' - 12°
Rule (6' inside read)
Utility knife & blades
Awl
Hacksaw & blades
Tubing cutters: 1/8 x 1 1/8
Pliers: Longnose: 6" - 4"
Channel Locks: 6" — 9" - 12"
General Purpose: 6"
Oblique 8" Klein D 248-8 plastic
dipped
Lineman's
Needlenose
Aviation snips: Left, Right & Center
Rasp: half round

Files: Flat - round - square & taper
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8.

[

Center punch

Trimmers: 6" - 8"

Putty knife

Broad knife

3/8" Socket Drive

Drill sets: 1/16 - 1/2 & #1-60
1/4 - 9/32 masonry bits
1/4" - 1 1/2" wood bits

Hammers

Wire Brushes

Wire strippers

Hole saw set

W M O ON N R NN

Extension cords: 25' - 50' -~ 100"

DAS Computer Software

Software must be developed for the Data Acquisition System. The
following software elements must be developed:

Data Collection

Data Checking

Data Archiving

Data Analysis

Graphics

Communications — Networking
Setpoint controls

This software development will require approximately 500
man-hours.

In addition a sophisticated level of software must be developed
for the HVAC control experiments proposed in Chapter X. This
software while as yet undefined should require at least another
200-300 man-hours.

Specific software required for data analysis as specified in the
experimental plan would be in addition to the simple analysis
programs of the DAS, These specialized analysis programs would be
stand-alone programs geared for the solution of specific problems.
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H,

INSTALILATION TIMING AND PROCEDURES

It is expected that all the sensors and electronic hardware necessary
for this phase will be initially set up and verified at the
Environmental Research Laboratory prior to shipment to King Faisal
University. This effort is covered in another document. Specialized
fixtures, earth arrays, comfort sensing stations and wall thermocouple
rakes will also be fabricated at ERL prior to the construction phase.

In order to assure the timely installation of the Data Acquisition
System a Timing Plan needs to be developed. The following plan
outlines the necessary steps and procedures required to install, check
out and initialize the data system.

The DAS consists of three basic subsystems: Sensors, Multi—channel

Analog/Digital Multiplexer, Computer. Each of these subsystems must
be installed in a certain order.

The sensors should be installed according to the following timing
plan:

1. Construction Phase

In order to interface KFU/ERL research and technical staff with
the contractor the following Construction Alert Document is
provided. This alerts the contractor to the necessary sensor
installation timing. (Note the time required is for actual site
installation and not for the shop fabrication of the sensor
fixtures or attachments.)

During the construction phase certain activities will occur;
first: the wall rake sensors will be installed into the masonry
units and then the units will be installed into the building,
Concurrent activities may occur.

CONSTRUCTION ALERT, SENSOR INSTALLATION

a. After site preparation, before slab poured

Install one vertical earth array per instrument plan. (See
Figure IX.H.l)

Time required: 8 hours

b. After ground floor exterior walls are 60 cm high above
finished floor

Install 10 thermocouple rakes in the walls per instrument
plan. (See Figure IX.H.2)

Time required: 30 hours
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2.

C.

e,

g.

After ground floor exterior walls are 180 cm high above
finished floor

Install 10 thermocouple rakes in the walls per instrument
plan. (See Figure IX,.H.2)

Time required: 30 hours

After first floor exterior walls are 60 cm high above finished
floor

Install 8 thermocouple rakes in the walls per instrument plan.
(See Figure IX.H.2)

Time required: 24 hours

After first floor exterior walls are 180 cm high above
finished floor ‘

Install 8 thermocouple rakes in the walls per instrument plan.
(See Figure IX.H.2)

Time required: 24 hours
After completion of building envelope

Install remaining sensors and wiring per instrument plan
including pulling wires and installation of plastic wiring
duct.

Time required: 400 hours
After completion of building sensor installation

Install exterior weather station sensors on 10 meter Rohn
tower and in weather station enclosure, pull wires to data
room,

Time required: 80 hours

After Construction

This phase of the installation can be performed during the final
finishing stages of the building construction.

a.

After sensors installed

Check out wiring
Wire equipment racks

Time required: 950 hours
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C.

d.

(=1

f.

(Note: Part of this time required will be for pre-wiring the
equipmgnt racks at ERL prior to shipment to KFU, In addition
a preliminary wiring and system check will be performed.)
After DAS is wired

Install computer equipment and check out

Time required: 120 hours.

After DAS hardware installation

Install and check out Data Acquisition System Software (To be
supplied by ERL).

Time required: 40 hours

After DAS software installed

Perform a complete channel verification of all sensors

Time required: 100 hours

After channel verification

Perform insitu calibration of those sensors which can be
physically accessed. (Note: prior to shipment of
instrumentation from ERL to KFU all sensors will be calibrated
in the laboratory.)

Time required: 200 hours

After calibration

System is ready for data collection.

A total of 2006 hours is required to install and check out the

Data Acquisition System at KFU. This time reflects only the
time required for actual installation.
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Earth temperature arrays ready for installation

Digging hole for earth temperature array
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X,

EXPERIMENTAL PLAN

A,

B.

C.

CRITERIA FOR PLAN DEVELOPMENT
The criteria used in development of this plan are the following:

l. The plan shall specify a schedule for testing the selected set of
cooling options which permits the evaluation of the maximum number
of systems during the summer season of the first year of
operations.

2. The plan shall emphasize cooling options in order of their
anticipated ability to produce interior comfort improvements and
the 1likelihood that each option will be utilized in new
construction and/or retrofit applications.

3. The plan shall address the ability of the proposed experiments to
definitively characterize the cooling potential of each option
selected for testing.

THE STRUCTURE

It is very difficult or even impossible to test comfort enhancement
techniques such as mass, and sources of coolth such as ventilation and
evaporation in just one reconfigurable structure. However, the
building structure proposed will allow the performance of a large
number of passive cooling techniques to be evaluated and
characterized. The essential features of the structure are:

1. High-mass interior and exterior walls suitable for testing cooling
techniques that can only be used at night, or that perform best at
night,

2. Elevated terraces/porch to test the effect of roof deck shading
and ventilations,

3. Cross-ventilation of rooms can be tested due to window shapes and
size,

4, Wind tower cooling and ventilation.

5. Effects of window treatments (i.e., reflective fJ.]ms) be tested in
controlled zones.

6. High-mass and active refrigeration system suitable for testing
various thermostat control strategies.

CHARACTERIZING THE COOLING POTENTIAL OF EACH OPTION
The fundamental measurements made in each structure will be the
variables which affect comfort, that is the dry-bulb temperature, the

wet-bulb temperature, the mean radiant temperature (the globe
thermometer temperature as modified by the air velocity), and the air
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D.

velocity. These will be used to calculate the Fanger Predicted Mean
Vote (PMV) (Appendix X) at various locations. The fraction of the
time that each comfort category is attained during each test will be
calculated.

The ambient weather data to be measured are the dry-bulb temperature,
wet-bulb temperature, solar radiation on a horizontal plane, effective
sky radiation temperature and wind velocity. Additionally, the earth
temperature in an open area will be measured at various depths. These
climate variables are the primary limits of the three fundamental

passive sources of passive cooling available to this structure, which
are:

Ventilation - Dry-bulb temperature
Nocturnal Radiation - Effective sky radiation temperature
Evaporation — Wet-bulb temperature

By comparing the principal climate variables with the comfort in the
structures the upper limits of effectiveness for the various passive
cooling processes can be detemined.

Additionally, input temperatures, output temperatures, and airflow
rates will be measured for various sources of coolth, These
measurements can be used to determine the cooling output of various
cooling methods.

As the weather becomes more severe during the summer, tests of the
more powerful methods of passive cooling will be initiated as the
comfort provided by less powerful methods deteriorates., Thus we will
systematically determine the most severe climate conditions where each
of the passive cooling options, including their numerous combinations
and permutations with comfort enhancement techniques, will perform
adequately.

These tests will also be used to verify computer models. Measuring
all the heat flowing in and out of various building components will be
difficult. The number of such measurements will have practical
limitations, particularly in regard to windows. Heat flux plates and
temperature sensors will be placed on and in main wall areas, so that
heat flow, thermal capacitance, and thermal conductivity can be
determined. Additionally, low cost pyranometers will be placed
adjacent to typical windows to measure the insolation passing through
the windows.

EXPERTMENTAL PLAN IMPLEMENTATION

The following section deals with the implementation of the
experimental plan, In order to fully utilize the experimental
facility a detailed set of experiments have been developed to evaluate
and quantify the passive cooling potential of the facility. This plan
encompasses not only the experiments but the timing, manpower
requirements and specialized equipment needed to assure the successful
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outcome of each experiment. The Experimental Time Line on Figure
X.D.1 gives the timing for each experiment, It is expected that the
facility will be operational in June of 1985 and the first experiments
will begin in June. Due to the uncertainty of SOLERAS involvement
past Dec., 198 an alternative source of funding would need to be
established. The experimental plan presented assumes the possibility
of some form of continued support. There are a number of experiments

which would require at least two years to properly quantify the
results.

Table X.D.l presents a summary of each experiment objective and
expected results. There is no significance to the experiment
numbering system. Soame experiments are baseline experiments which are
necessary in order to characterize the building thermal envelope.
These experiments are similar to those suggested by the document in
Appendix X "Performance Evaluation of Passive/Hybrid Solar Heating and
Cooling — System Performance Evaluation at the Class A Level".

Table X.D.2 gives the manpower required for each experiment for the
operational phase and analysis phase. This manpower requirement is
categorized by profession: Architect, Engineer, Computer Specialist,
etc. It has been assumed that this manpower will be available as
required.

As can be seen from Table X.D.2 there is a requirement for at least
1400 hours of architect time, 1700 hours of engineer time, 700 hours
of computer specialist time, and 800 hours of technician time in order
for this plan to work.

Table X.D.3 details the specialized equipment that is required for
each experiment. This equipment is over and above the installed DAS,
Most of the equipment, such as the wind tower will need to be
fabricated locally.
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Table X.D.l. Summary of Experiments

Exp. No. Description

1 RECONFIGURABLE WALLS/DRUM LOUVER TESTS: To determine the
effectiveness of a drum-louver type of inlet/outlet device
in directing, maintaining and controlling wind-driven
cross-ventilation,

2 RECONFIGURABLE WALLS, DOUBLE-HUNG WINDOWS PLUS DEFLECTOR
LOUVER TESTS: To determine the effectiveness of deflector
louvers when used in conjunction with standard double-hung
windows, in directing, maintaining and controlling wind-
driven cross~ventilation,

3 WINGWALL TESTS: To determine the effectiveness of wing—
walls in directing, maintaining and controlling wind—-driven
cross-ventilation.

4 CHEVRON LOUVER TESTS: To determine the effectiveness of a
“chevron* louver type inlet/outlet device in creating po-
tential wind-driven cross-ventilation through two adjacent
single-orientation rooms.

5 LOUVERED TRANSOMS & DOORS TEST: To determine the effec-
tiveness of fixed louver-transomed doorways plus louvered
folding doors as inlet/outlet devices in creating potential
wind-driven cross—ventilation through two adjacent single-
orientation rooms.

6 WIND TOWER DUCTED-SUPPLY VENTILATION/INLET ALTERNATE
#1/YEAR 1: To determine the effectiveness of a 3-sided
wind tower in maintaining wind-driven air movement and
thermal comfort in the occupied zone.

7 WIND TOWER DIRECT-SUPPLY VENTILATION/INLET ALTERNATE
$#1/YEAR 1: To determine the effectiveness of a 3-sided
wind tower in maintaining wind-driven air movement and
thermal comfort in the occupied zone.

8 WIND TOWER DUCTED-SUPPLY EVAPORATIVE COOLING MODE/INLET
ALTERNATE #1/YEAR 1: To determine the effectiveness of a
3-sided wind tower in maintaining wind-driven air movement
and thermal comfort in the occupied zone.

9 WIND TOWER DIRECT-SUPPLY EVAPORATIVE COOLING MODE/INLET
ALTERNATE #1/YEAR 1: To determine the effectiveness of a
3-sided wind tower in maintaining wind-driven air movement
and thermal comfort in the occupied zone.
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10

11

12

13

14

15

16

17

18

19

20

WIND TOWER DUCTED-SUPPLY VENTILATION/INLET ALTERNATE
#2/YEAR 2: To determine the effectiveness of a 2-sided
wind tower in maintaining wind-driven air movement and
thermal comfort in the occupied zone.

WIND TOWER DIRECT-SUPPLY VENTILATION/INLET ALTERNATE
#2/YEAR 2: To determine the effectiveness of a 2-sided
wind tower in maintaining wind-driven air movement and
thermal comfort in the occupied zone.

WIND TOWER DUCTED-SUPPLY 2-STAGE EVAPORATIVE COOLING
MODE/INLET ALTERNATE #2/YEAR 2: To determine the
effectiveness of a wind tower in maintaining wind-driven
2-stage evaporative cooling and thermal comfort in the
occupied zone.

WIND TOWER DIRECT-SUPPLY 2-STAGE EVAPORATIVE COOLING
MODE/INLET ALTERNATE #2/YEAR 2: To determine the
effectiveness of a wind tower in maintaining wind-driven
2-stage evaporative cooling and thermal comfort in the
occupied zone.

BUILDING LOSS COEFFICIENT: This experiment determines the
Building loss coefficient. This is the building envelope
transmission and infiltration loss coefficient not im—
cluding the passive apertures.

OVERALL LOSS COEFFICIENT: This experiment determines the
Overall loss coefficient (L). Simultaneously the infil-
tration rate should be measured (see Exp. 16)

ATR INFILTRATION: Measurement of the air infiltration
rate utilizing a tracer gas technique (SF6).

BASELINE THERMAL PERFORMANCE (as built): This experiment
establishes the baseline thermal performance of the
building during the overheated period (i.e. air condi-
tioning required).

AIR FLON RATE MEASUREMENTS: Measure the volumetric air
flow rate for discharge vents, circulation fans, appliance
exhaust fans, etc..

PASSIVE SOLAR BATCH TYPE WATER HEATER COLLECTOR EFFICIENCY
PERFORMANCE (#2): This experiment determines the Batch
type water heater collector efficiency utilizing the
“drain down* method.

PASSIVE SOLAR BATCH TYPE WATER HEATER COLLECTOR EFFICIENCY
PERFORMANCE (#2): This experiment determines the Batch
type water heater collector efficiency utilizing the BTU
meter method.
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21

22

23

24

26

27

28

29

30

ENERGY STORAGE EFFICIENCY OF THE SOLAR WATER HEATERS: To
determine the 24-hour heat loss rate of the batch type
solar water heating system.

THE EFFECT OF CHANGING THE THERMOSTAT SETPOINT ON

ENERGY CONSUMPTION: The objective of the experiment is to
study the effect of changing the thermostat on energy
consumption of the HVAC system.

DUTY CYCLING OF AIR CONDITIONING EQUIPMENT, OPTIMUM
START-STOP & BUILDING TIME CQONSTANT: To evaluate the
energy savings realized by shutting off the cooling system
for 10-15 minutes every hour.

ROOM TEMPERATURE RESPONSE TO A SUDDEN HEAT DISTURBANCE
INPUT: The objective of the experiment is to study the
reaction of the control system to a sudden application of
load (i.e. people, lights, etc).

OFF-PEAK COOLING: The objective is to compare energy
requirements, energy cost, comfort levels of off-peak
cooling to full-day cooling.

DE-RATED AIR CONDITIONING CAPACITY: The objective is to
run the air conditioning equipment at a reduced capacity
to determine if the cooling energy requirement will be
reduced.

WINDOW FIILMS: The objective is to compare the HVAC energy

consumption of the building with and without reflective
window films.

THE EFFECT OF COOLING THERMOSTAT HYSTERESIS ON REQUIRED
COOLING ENERGY: To evaluate the cooling system energy
requirements with different amounts of hysteresis on the
cooling thermostat.

ROOM TEMPERATURE RESPONSE OF BUILDING WITH SYSTEM OFF
("FLOAT TEMPERATURE"): To determine the steady-state
temperature response of the building with no cooling
provided.

EFFECTS OF LOUVERED ROOF SHADING: To determine the
effectiveness of the louvered roof shading system for
both building load reduction and increased comfort of
the roof terrace.
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Exp Manpower Reguirements

No. Operations Analvysis
Arch{Eng |[Comp|Tech| |Arch|Eng {Comp|]Tech
1 24 12 18 24 &4 40 20 2
2 24 12 i8 24 &4 40 1 2
3 24 24 36 4 64 40 i 2
4 24 12 18 24 &4 40 20 2
S 24 12 i8 24 &4 40 20 2
& 24 12 18 30 &4 40 20 2
7 24 12 i8 30 &4 40 20 2
8 24 12 18 48 &4 40 20 2
4 24 12 ig 48 &4 40 20 2
10 24 12 18 24 &4 40 20 2
11 24 12 18 24 &4 40 20 2
12 24 12 18 32 &4 40 20 2
13 24 12 i8 32 &4 40 20 2
14 0 O 0 O 0 i O O
15 8 24 2 24 2 a 2 O
16 12 24 0 2 10 40 S 40
17 20 20 S 10 20 80 S 40
i8 10 24 0 24 Q 8 O 0
19 10 20 2 80 10 40 S 2
20 15 50 2 2 S 40 pa 2
21 2 S 1 3 1 15 1 2
22 S 10 5 15 10 60 20 10
23 1 3 a8 20 2 35 ] 2
24 1 2 i 8 2 40 1 2
25 4 10 2 12 5 40 4 2
24 4 10 1 50 20} 100 20 2
27 4 12 12 30 30 1060 40 2
28 20 =0 10 10 20 S0 20 10
29 S 10 2 2 S &0 10 2
30 10 30 2 30 4 24 16 O
TOT{ 443) 472 307) &90 97812461 4546] 106
NOTE: These times do not include preparation

of final reports and other documents
suitable for public disemination.
addition the above times do not reflect
any significant software or model
devel gpment.

In

Table X.D.2 Manpower Requirements
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Exp No. @ty Specialized Equipment/Supplies
1 S Adjustable stands (50 cm to 175 cm)
28 Standard Revol ve—-0-Vent units
8 Non-standard {(1é6in) Revolve-0-Vent units
3dz one minute white smoke candles
2 & Sets of adjustable aluminum window wind
deflectors.
37 2 Sets of window wing walls.
89 20m2 CelDek Pads
i Fog Spray System: Candidates: Air system
High Fressure
Ultra Sonic
10%11 1 Alternate 2 sided wind tower
12%13 1 Two stage evaporative cooling system:
Cooling Tower
Low pressure drop heat exchanger
{Considerable design effort required)
14-16 8 Electric heaters (1 Kwe)
Sul fur-Hexifluride tracer gas and sample
containers
11 SFé& gas )
20 50.0 ml syringes — for injecting SFé6 into
building
&0 5.0 ml syringes — for taking samples
1 Column for gas chromagraph
Gas Chromatograph — {(equipment and analysis
available at ERL)
19820 1 Drain valve
1 20 liter graduated, insulated container
1 Hose, Zcm » 10m
S Plywood/foam covers for solar collectors
2328 1 HVAC computer control system
Software: (considerable effort required to
develaope the control algorithims and
integrate them into the overall DAS
software.)
&00m Control wiring
10 Solenoids/switching relays {(one per coil unit)
27 400m2 Reflective films for windows

Table X.D.3.

Specialized Equipment/Supplies

196




DETAILED EXPERMENTS
FOR THE
KING FAISAL UNIVERSITY
PASSIVE COOLING EXFERIMENTAL FACILITY
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EXPERIMENTAL: PLAN
KING FAISAL UNIVERSITY
PASSIVE SOLAR COOLING PROJECT

Experiment No,: ____ 1
Staxt Date: ____ Time: ____  StopDate: ____ Time:
Name of Experiment: Reconfigurable Walls/Drum Louver Tests

Duration (months, davs, hours): January through April; November & December
(3 days in each of 6 months)

Objectives:

To determine the effectiveness of a drum—louver (Revolv-O-Vent) type
type of inlet/outlet device in directing, maintaining and controlling wind-
driven cross-ventilation (air movement) within the occupied zone (approxi-
mately 45 to 180 cm, above finished floor) of a typical residential-scale
double-orientation room (windows on both sides). Two different types of
drum-louver configurations have been suggested, allowing a more thorough
exploration of these types of devices.

Experimental Procedure (how to achi biectives) :

a. Install two different types of drum louvers (Fig. X.J.l) in the
reconfigurable window walls of G5 & U6: small-scale type in the ground
floor room, large—scale type in the upper floor room.

b, Close wind tower air supply inlets in G5 & U6.

Cc. Observe, and record photographically (Polaroid flash photos) indoor
airflow pattern using white smoke candles as flow tracers.

d. Measure air velocities, at 3 different heights and at 5 different
points on plan in G5 & U6, (Fig. X.J.2) with all drum louvers fully
open., Measure at lowest height (53 cm.) for 24 hours; at middle height
(114 cm.) for 24 hours; then at top height (175 cm.) for 24 hours. To
ensure comparability of data, the same start/stop times should be used
for each 24-hour period.

e. Make simultaneous measurements of outdoor wind speed and wind
direction, together with indoor dry bulb temperature, wet bulb
temperature and radiant (globe) temperature.

f. Reduce data to assess resulting comfort levels achieved in each room,
during the "“ventilation-critical® months of the year, and with the two
different types of drum louvers.

g. Experiments should be run in coordination with local weather forecasts,

to avoid acquiring data during "atypical® weather conditions, e.qg.,
during the passage of exceptional frontal systems, etc. Attempt to ru
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this experiment, insofar as possible, under NE wind direction
conditions.

. Install fixed glazing above drum louver stacks (immediately below
window heads). Glazing to measure 64.4 cm. high above "small-scale" stack
(G5) and 60 cm. high above "large-scale® stack (U6).

Other operable openings (doors, louvers etc):

a. "Small-scale" configuraticn in G5: Fourteen 4 1/2" (11.4 cm.) wide
Revolv-O-Vent (Howmet Aluminum Co.) units each 6'-4 3/4"™ (195 cm.)
long, stacked 7 high starting at finished floor level.,

b. "Large-scale" configuration in U6: Four 16" (41.5 cm,) wide
Revolv—-O-Vent (Howmet Aluminum Co.) units each 6'-4 3/4" (195 cm.)
long, stacked 2 high starting at finished floor level.

Drum louver units can be utilized with or without integral insect
screens, Use of screens will reduce average air movement velocity levels.

Two points: at 5.3 m. height (= centerline of upper floor windows) and

at 2.425 m. height (= centerline of ground floor windows), at a location 150

feet (approx. 45 meters) directly north of the north facade of the building.
Wind Direction:

Two points, same as above.
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Dry Bulb Temperature:
One point, at center of room, 45 cm. above finished floor.

Wet Bulb Temperature:
One point, at center of room, 45 cm. above finished floor.

Five points: see Fiqure X.J.2 for locations and heights.,
Radiant T I (incl. globe 1 ture) :
One point, at the center of room, 45 cm. above finished floor.

Five stands to support air velocity sensors: adjustable to heights of
from 50 to 175 cm. above finished floor. 28 standard (4 1/2") Revolv-O-Vent
(Howmet Aluminum Co.) units; 8 nonstandard (16") Revolv-O-Vent units,
refabricated from standard 4 1/2" units. Station #3 (at center of room) also
supports other required instrumentation ("comfort station®). 3 dozen 1
minute white smoke candles.

For "Small-scale®™ configuration (drum louvers only): two sets of 14
standard (4 1/2") Revol-O-Vent units, at approximately $130.00 per section =
$1820.00 x 2 = $3640.00 plus cost of frame and upper glazed sections.

For "Large-scale" configuration (drum louvers only): two sets (one per
wall) of 4 standard (4 1/2") Revolv-O-Vent units, approximately 4 x $130.00
= $520.00 x 2 = $1040.00 plus cost of refabrication to large scale units
(approximately $1600.00) plus cost of frame and upper glazed sections. Four
1 minute white smoke candles: $18.50 per dozen x 3 dozen = $55.50.

Labor:
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Engineer:

Supervision: 2 hours per month x 6 months = 12 hours
Architect:

Supervision and smoke tests: 4 hours per month x 6 months = 24 hours
Technician:

Experiment set-ups [monthly installation and teardown of air wvelocity
sensor grid plus two sensor-height chgnges per month]: 1 hour per day x 2
days per month x 6 months (installation and teardown) plus 1 hour per day
x 2 changes per month x 6 months (height changes) = 24 hours.

Reconfiguration [one change of window wall components]: 8 hours per
day x 3 days = 24 hours.

Computer Analyst/Programmer:

3 hours per month x 6 months = 18 hours.

Analvsis of Experipental Results:

Correlate air velocity measurements over the period of the experiment
with outdoor wind speed and direction at the same level above ground as the
respective indoor measurements., Correlations should take the form of speed
ratios or velocity coefficients, grouped by wind direction sectors
(sector width = 22.5°). These results should then be averaged over the
period of the experiment, to obtain average speed ratios for each wind
sector, and for each confiquration at each floor of the building. In
addition, average air velocity in the form of m/sec. results should be used

to calculate average hourly PMV's (comfort levels) for these two rooms, for
the period of the experiment,

5 days (= 40 hours)
8 days (= 64 hours)
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Technician:

30 minutes per day x 3 days = 1.5 hours
Computer Apalyst/Programmer:

20 hours

Computer Requirements:
Data reduction, data analysis and computer modeling.
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EXPERIMENTAL PLAN
KING FAISAL UNIVERSITY
PASSIVE SOLAR COOLING PROJECT

Experiment No: ____ 2
Statepates . Times = StopDate: ___ Time:

Name of Experiment: Reconfigurable Walls, Double-Hung Windows plus
Deflector Louver Tests

Location: G5 & U6

Duration (months, days, hours): January through April; November & December
(3 days in each of 6 months)

obiectives:

To determine the effectiveness of deflector louvers when used in
conjunction with standard double-hung windows, in directing, maintaining and
controlling wind-driven cross-ventilation (air movement) and maintaining
thermal comfort within the occupied zone (approx. 45 to 180 cm. above
finished floor level) of a typical residential-scale double—orientation room
(windows on both sides).

Experimental Procedure (how to achi biectives) :

a. Install deflector louver arrays on outrigger frames, in front of lower
half of double~hung windows on north side of rooms G5 & U6 (similar to
installation shown in Figs. IV,A.l1 &IV.A.2 except without the wing
walls).

b. Close wind tower air supply inlets in G5 &U6.

c. Install air velocity, dry bulb, wet bulb and radiant temperature
sensors in rooms G5 & U6 per schedule shown below.

d. Adjust angle of adjustable deflector louvers for maximum air velocity
reading at grid station 3 (at center of room). Record angle of
adjustment.

e. Observe and record (Polaroid flash photos) indoor airflow pattern using
white smoke candles as flow tracers.

f. With lower half of double-hung windows open, measure air velocities at
three different heights and at 5 different points on plan (53, 114, &
175 cm. above finished floor level) in G5 & U6, (Fig. X.J.2). Record
velocity at lowest height (53 cm.) for 24 hours, at middle height (114
cm,) for 24 hours, and at top height (175 cm.) for 24 hours. The three
24-hour periods should be consecutive, with one hour allowed for sensor
height-change. To ensure comparability of data, the same start/stop
times should be used for each 24-hour period.

g. Simultaneously record outdoor wind speed and wind direction, together
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with indoor dry bulb temperature,, wet bulb temperature and radiant
(globe) temperature.

h. Reduce data to assess resulting comfort levels achieved in each room
during the "ventilation—-critical” months of the year.

i. Experiments should be run in coordination with local weather forecasts
to avoid acquiring data during highly “atypical® weather conditions,
e.g., to avoid measurements, if possible, during the passage of
exceptional frontal weather systems.

Install deflector-louver arrays, utilizing outrigger frames (see Fig.
9) for support devices, to lower half of double-hung windows of G5 & U6.

Other operable openings (doors. louvers etc):

Adjust angle of deflector-louvers to maximize air velocity at grid
station 3 (center of room).

Two points: 5.3 m, height (= centerline of upper floor windows) and
2.425 m, height (= centerline of ground floor windows) at a location 150 feet
(approx. 45 meters) N of the north facade of the building.

Wind Di : ons
Two points; same as above.
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Dry Bulb Temperature:
One point, at center of room, 45 cm, above finished floor,
Wet Bulb Temperature:

One point, at center of room, 45 cm. above finished floor.

Five points: see Fig. X.J.2 for locations and height.
Radiant Temperature (incl. globe temperature):

One point, at the center of room, 45 cm, above finished floor.
Flow:
Power:

Five stands to support air velocity sensors, and other required
instrumentation (see Experiment 1). 6 sets of adjustable aluminum
deflector-louvers, (each louver 15 cm. wide by 90 cm. long typ.) supported by
aluminum outrigger frames, attachable to window walls of G5 & U6, White
smoke candles (see Experiment 1).

D intion:
Cost:

Set of adjustable deflector-louvers with outrigger support frames:
approximately $350 per set x 3 sets = $1,050.00

Labor:
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Supervision: 2 hours per month x 6 months = 12 hours
Architect:

Supervision and smoke tests: 4 hours per month x 6 months = 24
hours

Technician:

Experiment set-up [initial set-up of deflector-louvers; monthly
installation and teardown of velocity sensor grid plus 2 sensors
height-changes per month]: 1 hour per day x 2 days per month x 6 months
(installation and teardown) plus 1 hour per day x 2 changes per month x 6
months (height changes) = 24 hours.

Computer Analyst/Programmer:

3 hours per month x 6 months = 18 hours,

Correlate air velocity measurements over the period of the experiment
with outdoor wind speed and direction gt the same level above ground as the
respective indoor measuements, Correlations should take the fom of speed
ratios or velocity coefficients, grouped by wind direction sectors (sector
width = 22.5°). These results should then be averaged over the period of
the experiment, to obtain average speed ratios for each wind sector, and for
each configuration at each floor of the building. In addition, average air
velocity in the fom of m/sec. results should be used to calculate average
hourly PMW'S (comfort levels) for these two roams, for the period of the
experiment,

Engineer:
5 days (= 40 hours)
Axchitect:
8 days (= 64 hours)
Technician:
30 minutes per day x 3 days = 1.5 hours
Computer Analyst/Programmer :
Data reduction, data analysis and computer modeling.
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EXPERIMENTAL PLAN
KING FAISAL UNIVERSITY
PASSIVE SOLAR COOLING PROJECT

Exper iment No,: 3
Start Date: ____ Time: StopDate: ______ Time: _____
Name of Experiment: Wing Wall Tests
Location: G2 & U1
Duration (months, davs, hours): January through April; November & December
N (6 days in each of 6 months)
Objectives:

To determine the effectiveness of wing-walls in maintaining wind-driven
cross-ventilation (air movement) within the occupied zone (approx. 45 to 180
cm., above furnished floor) of a typical residential-scale single—orientation
room (windows on one side only). Two different wing-wall widths have been
suggested for testing. This allows a more thorough investigation of the
potential of this device.

Experimental Procedure (how to achi biectives) :

a. Install 65 cm. wide wing-walls in window wall of G2 and 130 cm. wide
wing-walls in window wall of Ul. Install air velocity sensor grid.

b. Adjust angle of adjustable deflector louvers (Fig. IV.A.l) for maximum
reading of air velocity at grid station 5 (at center of room). Record
angle of adjustment.

c. Close wind tower air supply inlets in G2 & Ul.

d. Observe and record photographically (Polaroid flash photos) indoor
airflow pattern using white smoke candles as flow tracers.

e. With lower half of double-hung windows only in panels a, b, e & £ open
(see Figs. IV.A.l) and with windows in panels c & d closed, measure air
velocities at 3 different heights and at 5 different points on plan (
53, 114 & 175 cm.) in G2 & U1, (Fig. X.J.3). Record velocity at lowest
height (53 cm.) for 24 hours, at middle height (114 cm.) for 24 hours,
and at top height (175 cm.) for 24 hours. To ensure comparability of
data, the same start/stop times should be used for each 24-hour period.

f. Simultaneously record outdoor wind speed and wind direction, together
with indoor dry bulb temperature, wet bulb temperature and radiant
(globe) temperature.

d. Reduce data to assess resulting comfort levels achieved in each room
during the "ventilation—critical®™ months of the year, using each of the
two different widths of wing walls, and under varying wind direction
conditions.
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h. Remove wing walls from G2 and Ul. Readjust angle of deflector-louvers,
if necessary, to maximize air velocity readings at grid station 5
(center of room). Record new angle of adjustment, if adjustment is

necessary.
i. Repeat steps c) through e) above for new "no wind walls" configuration.

- j. Experiments should be run in coordination with local weather forecasts,
to avoid acquiring data during "atypical® weather conditions, e.g.,
avoid measurements, if possible, during the passage of exceptional
frontal weather systems.

Attach 65 cm. wide wing walls to window wall of G2, and 130 cm. wide
wing walls to window wall of Ul using diagonal aluminum diaphragm-braces (as
shown in Figs. IV.A.l & IV.A.2)

Other operable openings (doors, louvers etc,):

Adjust angle of external deflector-louvers to maximize air velocity at
grid station 3 (center of room).

Two points: 5.3 m. height (=centerline of upper floor windows) and
2.425 c. height (=centerline of round floor windows), at a location 150 feet
(approx. 45 meters) directly N of the north facade of the building.

Wind Direction:
Two points; same as above.
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One point, at center of room, 45 cm. above finished floor.
Wet Bulb Temperature:
One point, at center of room, 45 cm, above finished floor.

Five points: see Fig. X.J.3 for locations,
Radiant T I (incl. globe i I s
One point, at the enter of room, 45 cm. above finished floor.

Five stands to support air velocity sensors and other required
instrumentation (see Experiment 1)

One set (two) or 65 am. wide x 210 cm. high foam—filled sheet
aluminum wing walls with aluminum diaphragm braced. 65 cm. wing walls
approximately $250,00 per set.

One set (two) of 130 cm. wide x 210 cm. high foam—filled sheet aluminum

wing walls with aluminum diaphragn braces. 130 cm. wing walls approximately
$300.00 per set. White smoke candles (see Experiment 1).

213



Manpover requirements (hours):
Engineer:
Supervision: 2 hours per month x 6 months = 12 hours
Architect:
Supervision and smoke tests: 4 hours per month x 6 months = 24
hours
Technician:

Experiment set-up [initial set-up of deflector louvers; monthly
installation and teardown of velocity sensor—grid plus 5 sensor height
changes per month]: 1 hour per day x 2 days per month x 6 months
(installation and teardown) plus 1 hour per day x 5 changes per month x 6
months (height changes) = 42 hours. Reconfiguration [one removal of wing
walls]: 8 hours per day x 1/2 day = 4 hours.

Computer Analyst/Programmer :

6 hours per month x 6 months = 36 hours.

Correlate air velocity measurements over the period of the experiment
with outdoor wind speed and direction at the same level above ground as the
respective indoor measurements, Correlations should take the form of speed
ratios or velocity coefficients, grouped by wind direction sector (sector
width = 22.5%). These results should then be averaged over the period of
the experiment, to obtain average speed ratios for each wind sector, and for
each configuration at each floor of the building. In addition, average air
velocity in the form of m/sec. results should be used to calculate average
hourly PMV's (comfort levels) for these two rooms, for the period of the
experiment.

Engineer:

5 days (= 40 hours)
Architect:

8 days (= 64 hours)
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Technician:
30 minutes per day x 3 days = 1.5 hours
Conputer Analyst/Programmer:

20 hours

Computer Requirements:
Data reduction, data analysis and computer modeling.
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EXPERIMENTAL PLAN
FING FAISAL UNIVERSITY
PASSIVE SOLAR COOLING PROJECT
Experiment No.: ____ 4
Start Date: ____ Time: StopDate: __ Time: _____
Name of Experiment: Chevron Louver Tests
Iocation: Ul & U9

Duration (months, days, hours): January through April; November & December
(3 days in each of 6 months)

obiectives:

To determine the effectiveness of a "chevron® louver type inlet/outlet
device in creating potential wind-driven cross-ventilation (air movement)
through two adjacent single-orientation (windows in one wall only)
residential-scale rooms (one upwind, one dowrwind); to measure the
effectiveness of such a device in providing an adequate outlet for air
movement within the occupied zone (approx. 45 to 180 cm. above finished
floor) of the windward or upwind room; and to measure the effectiveness of
such a device in directing and maintaining a sufficient level of "borrowed"
air movement within the occupied zone of the leeward or dowrwind room.

Exverimental I sure (how to achi biectives) :

a, Open fully vertical control louvers on both sides of chevron
louver-bank beneath the closet between roams Ul & U9.

b. Install air velocity sensor grid and other instruments in Ul & U9.
c. Close wind tower supply inlets in Ul and U9,

d. Observe and record photographically (Polaroid flash photos) indoor
airflow pattern using white smoke candles as flow tracers.

e, Open lower half of all double-hung windows in Ul and U9.

f. Measure air velocity in Ul and 9 at 5 different points on plan (see
Fig. X.J.4) and at 3 different heights, with all operable window
sections in both roams fully open. Measure at lowest height (53 cm.)
for 24 hours; at middle height (114 am.) for 24 hours; then at top
height (175 cm.) for 24 hours. To ensure camparability of data, the
same start/stop times should be used for each 24-hour period.

g. Make simultaneous measurements of outdoor wind speed and wind direction

together with indoor dry bulb temperature, wet bulb temperature and
radiant (globe) temperature,

h. Reduce data to assess resulting comfort levels achieved in each room,
during the "ventilatiom-critical® months of the year.
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i. Experiments to run in coordination with local weather.forecasts s tO .
avoid acquiring data during “atypical" weather conditions, e.g., during
the passage of exceptional frontal systems, etc.

Two points; 5.3 m. height (= centerline of upper floor windows) and
2,425 m, height (= centerline of ground floor windows), at a location 150
feet (approx. 45 meters) north of the north facade of the building.

Wind Direction:

Two points; same as above.

One point, at center of room, 45 cm. above finished floor.
HWet Bulb Temperature:

One point, at center of room, 45 cm. above finished floor.
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Air Velocity:
Five points; see Figure X.J.4. for locations.
Radiant Temperature, (incl. globe temperature):
One point, at the center of room, 45 cm. above finished floor.

Five stands to support air veloctiy sensors and other required
instrumentation (see Experiment 1).
White smoke candles (see Experiment 1).

Engineer:
Supervision: 2 hours per month x 6 months = 12 hours
Architect:
Supervision and smoke tests: 4 hours per month x 6 months = 24
hours
Technician:

Experiment set-ups [monthly installation and teardown of air
velocity sensor grid plus two sensor-height changes per month]: 1 hour
per day x 2 days per month x 6 months (height changes) = 24 hours.

Computer Analyst/Programmer:

3 hours per month x 6 months = 18 hours.

lvsis of Exveri ] Jts:
. iption l 1vsis i l Lished) :
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Correlate air velocity measurements over the period of the experiment
with outdoor wind speed and direction gt the same level above ground as the
respective indoor measurements., Correlations should take the form of speed
ratios or velocity coefficients, grouped by wind direction sector (sector
width = 22.5°) . These results should then be averaged over the period of
the experiment, to obtain average speed ratios for each wind sector. In
addition, average air velocity in the form of m/sec., results should be used

to calculate average hourly PMV's (comfort levels) for these two roams, for
the period of the experiment.

Manpower requirements (hours:
Engineer:
5 days (= 40 hours)
Architect:
8 days (= 64 hours)
Technician:

30 minutes per day x 3 days = 1.5 hours
Computer Analyst/Programmer:
20 hours

Computer Requirements:

Data reduction, data analysis and computer modeling.
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EXPERIMENTAL: PLAN
KING FAISAL UNIVERSITY
PASSIVE SOLAR COOLING PRQJECT

Experiment No,: ____ 5
Start Date: ______ Time: ______ Stop Date:
Name of Experiment: Louvered Transoms & Doors Test
Location: G2 & G8

Duration (months, days, hours): January through April; November & December
(3 days in each of 6 months)

Time: __

Objectives:

To determine the effectiveness of fixed louver—transomed doorways plus
louvered folding doors as inlet/outlet devices in creating potential wind-
driven cross-ventilation (air movement) through two adjacent single-
orientation (windows in one wall only) residential-scale rooms (one upwind,
one dowrwind); to measure the effectiveness of such devices in providing
an adequate outlet for air movement within the occupied zone (approx. 45 to
180 cm. above finished floor) of the windward or upwind room; and to measure
the effectiveness of such devices in directing and maintaining a sufficient

level of "borrowed" air movement within the occupied zone of the leeward or
downwind room.

a. Close both sets of folding louvered doors between G2 & G8 (see Fig.
IV.A.4). Install air velocity sensor grid and other instruments in G2
& G8,

b. Close wind tower supply inlets in G2 & G8.

c. Observe and recorf photographically (Polaroid flash photos) indoor
airflow pattern using white smoke candles as flow tracers.

d. Keep lower half of all double-hung windows in G2 & G8 open throughout
this experiment.

e. Measure air velocities in G2 & G8 at 5 different points on plan (see
Fig. X.J.5) at a height of 114 cm, above finished floor for 24 hours.

f. Make simultaneous measurements of outdoor wind speed and wind direction

together with indoor dry bulb temperatue, wet bulb temperature and
radiant (globe) temperature.

d. Reduce data to assess resulting comfort levels achieved in each room,

during the "ventilation—-critical®™ months of the year, with louvered
doors closed.
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i.
Je
k.
1.

Open the set of folding doors located on south side of G2, leaving the
set of folding doors located on north side of G8 closed.

Repeat steps c) through e) above.

Open both sets of folding doors between G2 & G8 completely.

Repeat steps c) through e) above.

Experiments should be run in coordination with local weather forecasts,

to avoid acquiring data during "atypical® weather conditions, e.qg.,
during the passage of exceptional frontal systems, etc.

Two points; 5.3 m. height (= centerline of upper floor windows) and
2,425 m. height (= centerline of ground floor windows), at a location 150
feet (approx. 45 meters) directly north of the north facade of bulding.

Wind Direction:

Two points; same as above,
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Dry Bulb Temperatue:

One point, at center of room, 45 cm, above finished floor.
Wet Bulb Temperature:

One point, at center of room, 45 cm. aove finished floor.
Heat Flux:
Light:
Air Velocity:

Five points; see Figure X.J.5 for locations.
Radiant T I (incl. globe i ¥

One point, at the center of room, 45 cm., above finished floor.

Five stands to support air velocity sensors and other required
instrumentation (see Experiment 1), White smoke candles (see Experiment 1).

D iotion:

Supervision: 2 hours per month x 6 months = 12 hours
Architect:
Supervision: 4 hours per month x 6 months = 24 hours
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Technician:
Experiment set-ups [monthly installation and teardown of air

velocity sensor grid]: 1 hour per day x 2 days per month x 6 months
(installation and teardown) = 12 hours.

Reconfiguration [two changes of falding door configuration]: 15
minutes per day x 2 days = .5 hours.

Computer Analyst/Programmer:

3 hours per month x 6 months = 18 hours.

Correlate air velocity measurements over the period of the experiment
with outdoor wind speed and direction gt the same level above ground as the
respective indoor measurements, Correlations should take the fom of speed
ratios or velocity coefficients, grouped by wind direction sector (sector
width = 22.5°). These results should then be averaged over the period of
the experiment, to obtain average speed ratios for each wind sector, and
for each configuration of the folding doors. In addition, average air
velocity in the fom of m/sec., results should be used to calculate hourly
PW's (comfort levels) for these two roams, for the period of the experiment.

Engineer:
5 days (= 40 hours)
Architect:
8 days (= 64 hours)
Technician:
30 minutes per day x 3 days = 1.5 hours
Computer Analyst/Programmer:
20 hours

Computer Requirements:
Data reduction, data analysis and computer modeling.
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EXPERIMENTAL PLAN
KING FAISAL UNIVERSITY
PASSIVE SOLAR COOLING PROJECT

Experiment No,: 6
Start Date: ____ Time: Stop Date: Time:
Name of Experiment: Wind Tower Ducted-Supply Ventilation/Inlet Alternate
$#1/Year 1

Location: G8 & U9

Duration (months, davs, hours): January through April, November & December
(6 days in each of 6 months)

obiectives:

To determine the effectiveness of a 3-sided wind tower in maintaining
wind-driven air movement and thermal comfort in the occupied zone (approx.
45 to 180 cm, above finished floor) of two typical residential-scale,
single-orientation (windows in one wall only) rooms, which receive tower
air supply through a duct system.

. | hi biectives) :
a. Install Wind Tower Inlet Alternate §#1 (Fig. X.J.6)

b, Install air velocity sensor grid and other required instrumentation in
G8 & U9,

c. Close all operable windows in G8 & U9,

d. Observe and record (Polaroid flash photos) indoor airflow pattern using
white smoke candles as flow tracers.

e. Adjust louvers on north side of wind tower inlet, plus wind tower
extractors (at connection to the supply ducts on both floors) plus
deflector vanes at tower air supply inlets in G8 & U9, to maximize air
velocity reading at grid station 3 (at center of room). Record all
angles of adjustment.

f. Measure air velocities in G8 & U9 at 5 different points on plan (Fig.
X.J.7) and at 3 different heights. Measure at lowest height (53 cm.)
for 48 hours; at middle height (114 an.) for 48 hours; and at top
height (175 cm.) for 48 hours. To ensure comparability of data, the
same start/stop times should be used for each 48-hour period.

g. Make simultaneous measurements of outdoor wind speed and wind direction

together with indoor dry bulb temperature, wet bulb temperature and
radiant (globe) temperature.
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h. Reduce data to assess resulting comfort levels achieved in each room,
during the "ventilation-critical"™ months of the year.

i. Experiments to run in coordination with local weather forecasts, to
avoid acquiring data during "atypical®™ weather conditions, e.g., during
the passage of exceptional frontal systems, etc.

Install steel-framed inlet alternate #1 at top of concrete section of
wind tower.

Two points; 5.3 m. height (= centerline of upper floor windows) and
2,425 m. height (= centerline of ground floor windows), at a location 150
feet (approx 45 meters) directly north of the north facade of the building.

Hind Di : o
Two points, same as above.

One point, at center of room, 45 cm. above finished floor.
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Wet Bulb Temperature:

One point, at center of room, 45 cm. above finished floor.

Five points; see Figure X.J.7 for locations and heights.
Radiant T ! (incl. globe i ture) :
One point, at the center of room, 45 cm., above finished floor,

Five stands to support air velocity sensors and other required
instrumentation: (see Experiment 1).
White smoke candles (see Experiment 1).

Engineer:
Supervision: 2 hours per month x 6 months = 12 hours

Architect:

Supervision and smoke tests: 4 hours per month x 6 months = 24 hours

Technician:
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EXPERIMENTAL PLAN
KING FAISAL UNIVERSITY
PASSIVE SOLAR COOLING PROJECT

Experiment No.:

—_—

Start Date: _____ Time: Stop Date: Tipe:
Name of Experiment: Wind Tower Direct-Supply Ventilation/Inlet Alternate
#1/Year 1

Location: G2 & Ul

Duration (months, days, hours): January through April; November & December
(6 days in each of 6 months)

Obiectives:

To determine the effectiveness of a 3-sided wind tower in maintaining
wind-driven air movement and thermal comfort in the occupied zone (approx. 45
to 180 cm., above finished floor) of two typical residential-scale, single-
orientation (windows in one wall only) rooms, and which receive tower air
supply directly from the tower.

) b piectives) :
a. Install Wind Tower Inlet Alternate #1 (Fig. X.J.6)

b. Install air velocity sensor grid and other required instrumentation in
G2 & Ul.

c. Close all operable windows in G2 & Ul.

d. Adjust louvers on north side of wind tower inlet, plus wind tower
extractors (at connection to the supply ducts on both floors) plus
deflector vanes at tower air supply inlets in G2 & Ul, to maximize air
velocity readings at grid station 3 (at center of room). Record all
angles of adjustment.

e. Observe and record (Polaroid flash photos) indoor airflow pattern using
white smoke candles as flow tracres.

f. Measure air velocities in G2 & Ul at 5 different points on plan (Fig.
X.J.8) and at 3 different heights, Measure at lowest height (53 cm.)
for 48 hours; at middle height (114 cm.) for 48 hours; and at top
height (175 cm.) for 48 hours. To ensure comparability of data, the
same start/stop times should be used for each 48-hour period.

g. Make simultaneous measurements of outdoor wind speed and wind direction
together with indoor dry, bulb temperature, wet bulb temperature and
radiant (globe) temperature,

h. Reduce data to assess resulting comfort levels achieved in each room,
during the “ventilation—critical® months of the year.
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Experiment set-ups [initial adjustments, monthly installation and
teardown of air velocity sensor grid plus two sensor-height changes per
month]: 6 hours (initial adjustments); 1 hour per day x 2 days per month x
6 months (installation and teardown) plus 1 hour per day x 2 changes per
month x 6 months (height changes) = 30 hours,

Computer Analyst/Prodrammer :

3 hours per month x 6 months = 18 hours,

Correlate air velocity measurements over the period of the experiment
with outdoor wind speed and direction at the same level above ground as the
respective indoor measuements, Correlations should take the formm of speed
ratios or velocity coefficients, grouped by wind direction sector (sector
width = 22,5%). These results should then be averaged over the period of
the experiment, to obtain average speed ratios for each wind sector, and for
each configuration at each floor of the building. In addition, average air
velocity in the fom of my/sec. results should be used to calculate average
hourly PMV's (comfort levels) for these two roams, for the period of the
experiment,

Engineer:
5 days (= 40 hours)
Architect:
8 days (= 64 hours)
Technician:
30 minutes per day x 3 days = 1.5 hours.
Computer Analyst/Programmer:
20 hours
Computer Requirements:
Data reduction, data analysis and computer modeling.
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i. Experiments to run in coordination with local weather forecasts, to
avoid acquiring data during “atypical* weather conditions, e.g., during
the passage of exceptional frontal systems, etc.

Steel-framed Inlet Alternate #1 at top of concrete
section of wind tower, as used in Experiment 6.

Two points: 5.3 m. height (=centerline of upper floor windows) and
2.425 m, height (= centerline of ground floor windows), at a location 150
feet (approx. 45 meters) directly north of the north facade of the building.

Hind Direction:

Two points; same as above,

One point, at center of room, 45 cm. above finished floor.
Wet Bulb Temperature:
One point, at center of room, 45 cm. above finished floor,
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Five points; see Figure X.J.8 for locations.
Radiant T I (incl. globe i ! ):
One point, at the center of room, 45 cm. above finished floor.

Five stands to support air velocity sensors and other required
instrumentation: (see Experiment 1).
White smoke candles (see Experiment 1).

Supervision: 2 hours per month x 6 months = 12 hours.
Architect:

Supervision and smoke tests: 4 hours per month x 6 months = 24 hours
Technician:

Experiment set-ups [initial adjustments; monthly installation and

teardown of air velocity sensor grid] plus two sensor-height changes per
month: 6 hours (initial adjustments); 1 hour per day x 2 days per month x 6

months (installation and teardown) plus 1 hour per day x 2 changes per month
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X 6 months (height changes) = 30 hours.

Computer Analyst/Programmer:
3 hours per month x 6 months = 18 hours.

Correlate air velocity measurements over the period of the experiment
with outdoor wind speed and direction at the same level above ground as the
respective indoor measurements. Correlations should take the form of speed
ratios or velocity coefficients, grouped by wind direction sectors (sector
width = 22.5°9), These results should then be averaged over the period of
the experiment, to obtain average speed ratios for each wind sector. In
addition, average air velocity in the form of m/sec. results should be used
to calculate average hourly PMV's (comfort levels) for these two rooms, for
the period of the experiment.

Manpower requirements (hours):
Engineer:
5 days (= 40 hours)
Architect:
8 days (= 64 hours)
Technician:
30 minutes per day x 3 days = 1.5 hours.
Computer Analyst/Prodrammer:
20 hours
Computer Reguirements:
Data reduction, data analysis and computer modeling.
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EXPFRIMENTAL PLAN
KING FAISAL UNIVERSITY
PASSIVE SOLAR COOLING PROJECT

Experiment No.: ___ 8

Start Date: ___ Time: Stop Date: Time:

Name of Experiment: Wind Tower Ducted-Supply Evaporative Cooling Mode/
Inlet Alternate #1/Year 1

Location: G8 & U9

Duration (months, days, hours): May, June and October (30/29 days in each
of 3 months)

biectives:

To determine the effectiveness of a 3-sided wind tower in maintaining
wind-driven evaporative cooling and thermal comfort in the occupied zone
(aprox, 45 to 180 cm. above finished floor) of two typical residential-
scale, single-orientation (windows in one wall only) rooms, and which receive
tower air supply through a duct system,

Experimental Procedure (how to achi biectives) :

a. Maintain Wind Tower Inlet Alternate #1 in place, (Fig. X.J.6) as used
in Experiments 6 & 7.

b. Install Celdek (as wetted medium at top of tower, and as demisters
behind each supply inlet (Fig. IV.B.6)

c. Install air velocity sensor grid and other required instrumentation in
G8 & U9,

d. Close all operable windows in G8 & U9.

e. Adjust louvers on north side of wind tower inlet, plus wind tower
extractors (at connection to the supply ducts on both floors) plus
deflector vanes at tower air supply inlets in G8 & U9, to maximize air
velocity readings at grid station 3 (at center of room). Record all
angles of adjustment.

f. Observe and record (Polaroid flash photos) indoor airflow using white
smoke candles as flow tracers.

g. Measure air velocities in G8 & U9 at 5 different points on plan (Fig.
X.J.7) and at 3 different heights. Measure at lowest height (53 cm.)
for 7 days; at middle height (114 am.) for 7 days; and at top height
(175 cam,) for 7 days. To ensure comparability of data, the same
start/stop times should be used for each 48-hour period.

h. Make simultaneous measurements of outdoor wind speed and wind directior
together with indoor dry bulb temperature, wet bulb temperature and
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radiant (globe) temperature inside G8 & U9.

i. Reduce data to assess resulting comfort levels achieved in each room
during the "evaporative-cooling critical" months of the year.

j. At end of second month (June), remove Celdek wetted medium unit at top
of wind tower, and replace with fog nozzles (if nozzles are not already
installed).

k. Repeat steps c) through h), while operating fog nozzle system.

1. At end of this experiment, remove all Celdek pads, both wetted media
and demisters.

m. Experiments should be run in coordination with local weather forecasts,
to avoid acquiring data during "atypical"™ weather conditions, e.qg.,
during the passage of exceptional frontal systems, etc.

Maintain steel-framed inlet alternate #1 (see Fig., X.J.6) at top of
concrete section of wind tower, as used in Experiments 6 and 7.

Two points; 5.3 m. height (= centerline of upper floor windows) and
2.425 m. height (= centerline of ground floor windows), at a location 150
feet (approx. 45 meters) directly north of the north facade of the building.

Wind Direction:

Two points; same as above.
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One point, at center of roam, 45 am. above finished floor,
Wet Bulb Temperature:
One point, at center of room, 45 an. above finished floor,

Five points; see Figure X.J.7 for locations.,
Radiant Temperature (incl, globe temperature):
One point, at the center of room, 45 am, above finished floor.

a. Five stands to support air velocity sensors and other required
instrumentation: (see Experiment 1).

b. Celdek pads, used both as the first of two alternative wetted media
near the top of the wind tower; and as demisters located just behind
each tower air supply inlet (demisters used only in evaporative cooling
modes) .

c. Fog Nozzle system, as the second alternative wetted medium system,
near the top of the wind tower.

d. White smoke candles (see Experiment 1).

ntion:

The Fog Nozzle system will be developed fram existing technoloqgy
specifically for Experiments 8, 9, 12 & 13.
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The Celdek wetted media system will be developed fram existing
technology specifically for Experiments 8, 9, 12 & 13,

Cost:

Fog Nozzle system: approximately $8,000 in materials.
Celdek wetted media system: approximately $2,000 in materials.

Labor:

Fog Nozzle system: approximately $8,000 (design and fabriction).
Celdek wetted media system: approximately $2,000 (design and
fabrication).

This experiment is to run concurrently with Experiment 9.

Manpower requirements (hours):
Engineer:
Supervision: 2 hours per month x 6 months = 12 hours
Architect:
Supervision and smoke tests: 4 hours per month x 6 months = 24
hours
Technician:

Experiment set-ups [initial set up; monthly installation and
teardown of air velocity sensor grid plus two sensor-height changes per
month]: 6 hours (initial set-up) plus 1 hour per day x 2 days per month x
6 months (installation and teardown) plus 1 hour per day x 2 changes per
month x 6 months (height changes) = 40 hours.

Reconfiguration [one change of Celdek for Fog Nozzles]: 8 hours per
day x 1 day = 8 hours.

Computer Analyst/Proqrammer:

3 hours per month x 6 months = 18 hours,

Correlate air velocity measurements over the period of the experiment
with outdoor wind speed and direction gt the same level above ground as the
respective indoor measurements, Correlations should take the fom of speed
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ratios or velocity coefficients, grouped by wind direction sector (sector
width = 22.5°) ., These results should then be averaged over the period of
the experiment, to obtain average speed ratios for each wind sector, and for
each configuration at each floor of the building. In addition, average air
velocity in the fom of m/sec. results should be used to calculate average
hourly PMV's (comfort lewvels) for these two roams, for the period of the
experiment,

Engineer:
5 days (= 40 hours)
Axchitect:
8 days (= 64 hours)
Technician:
30 minutes per day x 3 days = 1.5 hours.
Computer Analyst/Programmer:
20 hours.
Computer Requirements:
Data reduction, data analysis and computer modeling.
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EXPERIMENTAL PLAN
KING FAISAL UNIVERSITY
PASSIVE SOLAR COOLING PROJECT

Experiment No.: ____ 9
Start Date: _____ Time: Stop Date: Time:

Name of Experiment: Wind Tower Direct-Supply Evaporative Cooling Mode
Inlet Alternate #1/Year 1

Iocation: G2 & Ul

Duration (months, davs, hours): May, June & October (18 days in each of
3 months)

Gbiectives:

To determine the effectiveness of a 3—-sided wind tower in maintaining
wind-driven evaporative cooling and thermal comfort in the occupied zone
(approx. 45 to 180 cm. above finished floor) of two typical residential-
scale, single-orientation (windows on one wall only) rooms, and which
receive tower air supply through a duct system.

Exverimental Procedure (how to achi biectives) :

a, Maintain Wind Tower Inlet Alternate #1 in place (Fig. X.J.6 ) as used
in Experiments 6, 7 & 8.

b. Maintain Celdek (as wetted medium at top of tower, and as demisters
behind each supply inlet (Fig. IV.B.6)

c. Install air velocity sensor grid and other required instrumentation in
G2 & U1,

d. Close all operable windows in G2 & Ul.

e. Adjust louvers on north side of wind tower inlet, plus wind tower
extractors (at connection to the supply ducts on both floors) plus
deflector vanes at tower air supply inlets in G2 & Ul, to maximize air
velocity readings at grid station 3 (at center of room). Record all
angles of adjustment.

f. Observe and record (Polaroid flash photos) indoor airflow pattern using
white smoke candles as flow tracers.

d. Measure air velocities in G2 & Ul at 5 different points on plan (Fig.
X.J.8) and at 3 different heights. Measure at lowest height (53 cm.)
for 7 days; at middle height (114 cm.) for 7 days; and at top height
(175 cm,) for 7 days. To ensure comparability of data, the same
start/stop times should be used for each 48-hour period.

h. Make simultaneous measurements of outdoor wind speed and wind direction
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i.

Je

k.
1.

together with indoor dry bulb temperature, wet bulb temperature and
radiant (globe) temperature, inside G2 & Ul.

Reduce data to assess resulting comfort levels achieved in each room,
during the "evaporative cooling critical® months of the year.

At end of second month (June), remove Celdek wetted medium unit at top
of wind tower, and replace with fog nozzles (if nozzles are not already
installed).

Repeat steps ¢) through h), while operating fog nozzle system,

At end of this experiment, remove all Celdek pads, both wetted media
and demisters.

Experiments to run in coordination with local weather forecasts, to
avoid aocguiring data during "atypical" weather conditions, e.g., during
the passage of exceptional frontal systems, etc,

Maintain steel-framed inlet alternate #1 at top of concrete section of
wind tower, as used in Experiments 6, 7, and 8.

Two points; 5.3 m. height (= centerline of upper floor windows) and
2,425 m, height (= centerline of ground floor windows), at a location 150
feet (approx 45 meters) directly north of the north facade of the building.

Wind Direction:
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Two points; same as above.

One point, at center of room, 45 cm. above finished floor.

¥Wet Bulb Temperature:
One point, at center of room, 45 cm, above finished floor.

Five points; see Figure X.J.8 for locations.
Radiant Temperature (incl. globe temperature):
One point, at center of room, 45 cm. above finished floor,

a. Five stands to support air velocity sensors and other required
instrumentation: see Experiment 1.

b. Celdek "pads", used both as the first of two alternative wetted media
near the top of the wind tower; and as demisters located just behind
each tower air supply inlet (demisters used only in evaporative cooling
modes) .

C. A Fog Nozzle system, as the second alternative wetted medium system,
near the top of the wind tower.

d. White smoke candles (see Experiment 1).

I {otions
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The Fog Nozzle system will be developed from existing technology
specifically for Experiments 8, 9, 12 & 13.

The Celdek wetted media system will be developed from existing
technology specifically for Experiments 8, 9, 12 &l3.

Cogts

Fog Nozzle System: approximately $5,000 in materials.
Celdek wetted media system: approximately $2,000 in materials.

Labor:

Fog Nozzle System: approximately $5,000 (design and fabrication).
Celdek wetted media system: approximately $2,000 (design and
fabrication).

This experiment is to run concurrently with Experiment 8.

Manpower requirements (hours):
Engineer:
Supervision: 2 hours per month x 6 months = 12 hours.
Architect:
Supervision and smoke tests: 4 hours per month x 6 months = 24
hours.
mechnician:

Experiment set-ups [initial set up; monthly installation and
teardown of air velocity sensor grid plus two sensor-height changes per
month]: 16 hours (initial set up) plus 1 hour per day x 2 days per month
x 6 months (installation and teardown) plus 1 hour per day x 2 changes per
month x 6 months (height changes) = 40 hours.

Reconfiguration [One change of Celdek for Fog Nozzles]: 8 hours
per day x 1 day = 8 hours,

Computer Analyst/Programmer:
3 hours per month x 6 months = 18 hours.



Correlate air velocity measurements over the period of the experiment
with outdoor wind speed and direction at the same level above ground as the
respective indoor measurements, Correlations should take the form of speed
ratios or velocity coefficients, grouped by wind direction sectors (sector
width = 22,5°), These results should then be averaged over the period of
the experiment, to obtain average speed ratios for each wind sector, and for
each configuration at each floor of the building, In addition, average air
velocity in the fom of m/sec. results should be used to calculate average
hourly PMV's (comfort levels) for these two roams, for the period of the
experiment.,

Manpower requirements (hours):
Engineer:
5 days (= 40 hours)
Architect:
8 days (= 64 hours)
Technician:

30 minutes per day x 3 days = 1.5 hours
Computer Analyst/Proorammer:
20 hours
Computer Requirements:
Data reduction, data analysis and computer modeling.
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EXPERIMENTAL PLAN
KING FAISAL UNIVERSITY
PASSIVE SOLAR COOLING PROJECT
Experiment No.: ___10__
Start Date: __ Time: _____ Stop Date: Time:

Name of Experiment: Wind Tower Ducted-Supply Ventilation/Inlet
Alternate #2/Year 2

Iocation: G8 & U9

Duration (months, days, hours): January through April, November &
December (6 days in each of 6 months)

biectives:

To determine the effectiveness of a 2-sided wind tower in maintaining
wind-driven air movement and thermal comfort in the occupied zone (approx.
45 to 180 am. above finished floor) of two typical residential-scale,
single-orientation (windows one wall only) rooms, and which receive tower air
supply through a duct system,

a. Remove Wind Tower Inlet Alternate #1, and Install Wind Tower Inlet
Alternate #2 (Fig. X.J.9 & X.J. 10).

b. Install air velocity sensor grid and other required instrumentation in
G8 & U9,

c. Close all operable windows in G8 & U9,

d. Adjust louvers on north side of wind tower inlet, plus wind tower
extractors (at connection to the supply ducts on both floors) plus
deflector vanes at tower air supply inlets in G8 & U9, to maximize air
velocity reading at grid station 3 (at center of room). Record all
angles of adjustment.

e. Observe and record (Polaroid flash photos) indoor airflow pattern using
white smoke candles as flow tracers.

f. Measure air velocities in G8 & U9 at 5 different points on plan (Fig.
X.J.7) and at 3 different heights, Measure at lowest height (53 cm.)
for 7 days; at middle height (114 am.) for 7 days; and at top height
(175 am.) for 7 days. To ensure comparability of data, the same
start/stop times should be used for each 7-day period.

d. Make simultaneous measurements of outdoor wind speed and wind direction

together with indoor dry bulb temperature, wet bulb temperature and
radiant (globe) temperature.
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h. Reduce data to assess resulting comfort levels achieved in each room,
during the "ventilation—critical"™ months of the year.

i. Experiments should be run in coordination with local weather forecasts,
to avoid acquiring data during "“atypical®™ weather conditions, e.g.,
during the passage of exceptional frontal systems, etc.

Install steel-framed Inlet Alternate #2 (see Fig. XII.10.0) at top of
concrete section of wind tower.

Two points: 5.3 m. height (= centerline of upper floor windows) and
2.425 m. height (= centerline of ground floor windows), at a location 150
feet (approx. 45 meters) directly north of the north facade of the building.

Wind Direction:

Two points: same as above.

One point, at center of room, 45 cm. above finished floor,
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¥Wet Bulb Temperature:
One point, at center of room, 45 am. above finished floor.

Five points; see Figure X.J.7 for locations.
Radiant T I (incl. globe t ture) :
One point, at center of room, 45 cm. above finished floor.

Five stands to support air velocity sensors and other required
instrumentation: (see Experiment 1).

White smoke candles (see Experiment 1).

This experiment is to run concurrently with Experiment 11.

Manpower requirements (hours):
Engineer:
Supervision: 2 hours per month x 6 months = 12 hours.
Architect:
Supervision: 4 hours per month x 6 months = 24 hours.
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Technician:
Experiment set-ups [initial set up; monthly installation and

teardown of air velocity sensor grid plus two sensor-height changes per

month]: 16 hours (initial set up) plus 1 hour per day x 2 days per month

x 6 months (installation and teardown) plus 1 hour per day x 2 days per
month x 6 months (height changes) = 24 hours.

Computer Analyst/Programmer:
3 hours per month x 6 months = 18 hours,

Analvsis of E imental Results:
L ipti } ] Jysis is to ] lished) :

Correlate air velocity measurements over the period of the experiment
with outdoor wind speed and direction at the same level above ground as
the respective indoor measurements. Correlations should take the form of
speed ratios or velocity coefficients, grouped by wind direction sectors
(sector width = 22,5%) . These results should then be averaged over the
period of the experiment, to obtain average speed ratios for each wind
sector, and for each configuration at each floor of the building. In
addition, average air velocity in the form of m/sec. results should be used

to calculate average hourly PMV's (comfort levels) for these two rooms, for
the period of the experiment.

Engineer:
5 days (= 40 hours)
Architect:
8 days (= 64 hours)
Technician:
30 minutes per day x 3 days = 1.5 hours
Computer Analyst/Programmer:
20 hours
Camputer Requirements:
Data reduction, data analysis and computer modeling.
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EXPERIMENTAL PLAN
KING FAISAL UNIVERSITY
PASSIVE SOLAR COOLING PROJECT

Experiment No.: 11
Start Date: __ Time: ____ Start Date: ___ Time:
Name of Experiment: Wind Tower Direct-Supply Ventilation/Inlet
Alt. #2/Year 2

Location: G2 & Ul

Duration (months, days hours): January through April; November & December
(6 days in each of 6 months)

Objectives:

To determine the effectiveness of a 2-sided wind tower in maintaining
wind-driven air movement and thermal comfort in the occupied zone (approx.
45 to 180 cm. above finished floor) of two typical residential-scale, single-
orientation (windows in one wall only) rooms, and which receive tower air
supply directly from the tower.

. ni biectives) :
a. Maintain Wind Tower Inlet Alternate #2 (Fig. X.J.9 & X.J.10).

b. Install air velocity sensor grid and other required instrumentation in
G2 & Ul.

c. Close all operable windows in G2 & Ul.

d. Adjust louvers on north side of wind tower inlet, plus the wind tower
extractors (at connection to the supply ducts on both floors) plus
the deflector vanes at tower air supply inlets in G2 & Ul, to maximize
air velocity reading at grid station 3 (at center of room). Record all
angles of adjustment.

e. Observe and record (Polaroid flash photos) indoor airflow pattern using
white smoke candles as flow tracers.

f. Measure air velocities in G2 & Ul at 5 different points on plan (Fig.
X.J.8) and at 3 different heights. Measure at lowest height (53 cm.)
for 6 days; at middle height (114 cm.) for 6 days; and at top height
(175 cm.) for 6 days. To ensure comparability of data, the same
start/stop times should be used for each 6-day period.

g. Make simultaneous measurements of outdoor wind speed and wind direction
together with indoor dry bulb temperature, wet bulb temperature and
radiant (globe) temperature.

h. Reduce data to assess resulting comfort levels aachieved in each room,
during the "ventilation-critical®” months of the year.
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i.

Experiments to run in coordination with local weather forecasts, to .
avoid acquiring data during "atypical" weather conditions, e.g., during
the passage of exceptional frontal systems, etc.

Maintain Steel-Framed Inlet Alternate #2 (see Fig., XII,.10.l) at top of

concrete sections of wind tower, as used in Experiment 10,

Two points:
2.425 m. height (=centerline of ground floor windows), at a location 150
feet (approx 45 meters) directly north of the north facade of the building.

Wind Direction:

Two points; same as above.

One point, at center of room, 45 cm.
Wet Bulb Temperature:

One point, at center of room, 45 cm.
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5.3 m. height (=centerline of upper floor windows) and

above finished floor.

above finished floor.



Five points; see Figure X.J.8 for locations.,
Radiant T I (incl. globe | ! ):
One point, at the center of room, 45 cm. above finished floor.

Five stands to support air velocity sensors and other required
instrumentation: (see Experiment 1).

D it ions

Concurrent Experiments:
This experiment is to run concurrently with Experiment 10.
Manpower requirements (hours):
Engineer:
Supervision: 2 hours per month x 6 months = 12 hours
Architect:

Supervision and smoke tests: 4 hours per month x 6 months = 24
hours
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Technician:
Experiment set-ups [monthly installation and teardown of air
velocity sensor grid] plus two sensor-height changes per month: 1 hour
per day x 2 days per month x 6 months (installation and teardown) plus 1
hour per day x 2 changes per month x 6 months (height changes) = 24 hours.
Computer Analyst/Programmer:

3 hours per month x 6 months = 18 hours.

Analvsis of E imental Results:
L iption (} t] lvsis is to | lished) :
Correlate air velocity measurements over the period of the experiment
with outdoor wind speed and direction at the same level above ground as
the respective indoor measurements, Correlations should take the form of
speed ratios or velocity coefficients, grouped by wind direction sectors
(sector width = 22.5°) ., These results should then be averaged over the
period of the experiment, to obtain average speed ratios for each wind
sector. In addition, average air velocity in the form of m/sec. results
should be used to calculate average hourly PMV's (comfort levels) for these
two roams, for the period of the experiment.
Manpower requirements (hours):
Engineer:
5 days (= 40 hours)
Architect:
8 days (= 64 hours)
Technician:
30 minutes per day x 3 days = 1.5 hours
Computer Analyst/Programmer :
20 hours
Conputer Requirements:
Data reduction, data analysis and computer modeling.
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EXPERIMENTAL PLAN
KING FAISAL UNIVERSITY
PASSIVE SOLAR COOLING PROJECT
Experiment No.: 12_
Start Date: ___ __ Time: Stop Date: Line:

Name of Experiment: Wind Tower Ducted-Supply 2-Stage Evaporative Cooling
Mode/Inlet Alternate #2/Year 2

Location: G8 & U9

Duration (months, days, hours): May, June, and October (30/31 days in
each of 4 months)

Objectives:

To determine the effectiveness of a wind tower in maintaining wind-
driven 2-stage evaporative cooling and thermal comfort in the occupied zone
(approx. 45 to 180 cm. above finished floor) of two typical residnetial-
scale single-orientation (windows one wall only) rooms, and which receive
tower air supply through a duct system when using a two-sided wind tower
inlet ("Wind Tower Inlet Alternate #2) and comparing results with those
ocbtained with the three-sided type of tower inlet ( utilized in Experiments
6, 7, 8 and 9).

a. Maintain Wind Tower Inlet Alternate #2 (Fig. X.J.9 & X.J.1l0).

b. Install Celdek (as wetted medium at top of tower, and as demisters
behind each supply inlet (Fig. IV.B.6).

¢. Install air velocity sensor grid and other required instrumentation in
G8 & U9.

d. Close all operable windows in G8 & U9.

e. Adjust louvers of wind tower inlet, plus wind tower extractors (at
connection to the supply ducts on both floors) plus deflector vanes
at tower air supply inlets in G8 & U9, to maximize air velocity reading
at grid station 3 (at center of room). Record all angles of
adjustment.

f. Observe and record (Polaroid flash photos) indoor airflow pattern using
white smoke candles as flow tracers.

g. Measure air velocities in G8 & U9 at 5 different points on plan (Fig.
X.J.7) and at 3 different heights. Measure at lowest height (53 cm.)
for 2 months; at middle height (114 cm.) for 2 months; and at top
height (175 am.) for 2 months. To ensure camparability of data, the
same start/stop times should be used for each 2-month period.
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i.

m.

Make simultaneous measurements of outdoor wind speed and wind direction
together with indoor dry bulb temperature, wet bulb temperature and
radiant (globe) temperature, inside G8 & U9.

Reduce data to assess resulting comfort levels achieved in each room,
during the "evaporative cooling—critical® months of the year.

At end of second month (June), remove Celdek wetted medium unit at top
of wind tower, and replace with fog nozzles (if nozzles are not already
installed).

Repeat steps c) through h), while operating fog nozzle system,

At end of this experiment, remove all Celdek pads both wetted media
and demisters.

Experiment should be run in coordination with local weather forecasts,
to avoid acquiring data during "atypical" weather conditions, e.g.,
during the passage of exceptional frontal systems, etc.

Maintain Steel-Framed Inlet Alternate #2 (see Fig. XII.1l0.l) at top of
concrete section of wind tower, as used in Experiments 10 and 11.

Two points: 5.3 m, height (= centerline of upper floor windows) and
2.425 m. height (= centerline of ground floor windows), at a location 150
feet (approx. 45 meters) directly north of the north facade of the building.
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Earth Temperature:
Dry Bulb Temperature:

One point, at center of room, 45 cm. above finished floor.
Wet Bulb Temperature:

One point, at center of room, 45 cm. above finished floor.

Air Velocity:

Five points; see Figure X.J.7 for locations.

a. Five stands to support air velocity sensors and other required
instrumentation (see Experiment 1).

b. "Celdek® pads; used both as the first of two alternative wetted media
near the top of the wind tower; and as demisters located just behind
each tower air supply inlet (used only in evaporative cooling modes) .

c. A fog nozzle system, as the second alternative wetted medium system,
near the top of the wind tower.

d. A two—-stage evaporative cooling system.

e. White smoke candles (see Experiment 1).
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L iotion:
The fog nozzle system will be developed fram existing technology
specifically for Experiments 12 & 13,

The two-stage evaporative cooling system contains the following
camponents: A first stage, consisting of a low pressure-drop, low-friction
heat exchanger, located near the top of the tower in a steel-framed tower
expansion section, to be designed and developed fram existing technology
specifically for experiments 12 & 13, plus a second stage, located directly
beneath the first stage, utilizing the "Celdek" or fog nozzle systems
discussed above as wetted media,

Lost:
Fog Nozzle System: approximately $8,000 in materials

First stage of 2-stge Evaporative Cooling System: approximately
$5,000 in materials.

Labor:
Fog Nozzle System: approximately $8,000 (design and fabrication)

First stage of 2-stage Evaporative Cooling System: approximately
$12,000 (design and fabrication).

This experiment is to run concurrently with Experiment 13,
Manpower requirements (hours):

Supervision: 2 hours per month x 6 months = 12 hours

Supervision: 4 hours per month x 6 months = 24 hours

Experiment set-ups [monthly installation and teardown of air
velocity sensor grid plus two sensor-height changes per month]: 1 hour
per day x 2 days per month x 6 months (installation and teardown) plus 1
hour per day x 2 changes per month x 6 months (height changes) = 24 hours.

Reconfiguration [one change of Celdek for Fog Nozzles]: 8 hours
per day x 1 day = 8 hours.
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Computer Analyst/Programmer:

3 hours per month x 6 months = 18 hours.

Correlate air velocity measurements over the period of the experiment
with outdoor wind speed and direction

at the same level above ground as
the respective indoor measurements, Correlations should take the form of

speed ratios or velocity coefficients, grouped by wind direction sectors
(sector width = 22.5%), These results should then be averaged over the
period of the experiment, to obtain average speed ratios for each wind
sector, and for each configuration at each floor of the building. In
addition, average air velocity in the fom of m/sec. results should be used

to calculate average hourly PMV's (comfort lewvels) for these two rooms, for
the period of the experiment.

Engineer:
5 days (= 40 hours)
Architect
8 days (= 64 hours)
Technici
30 minutes per day x 3 days = 1.5 hours

Computer Analyst/Programmer:

20 hours
Computer Requirements:

Data reduction, data analysis and computer modeling.
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EXPFRIMENTAL PLAN
KING FAISAL UNIVERSITY
PASSIVE SOLAR COOLING PROJECT
Experiment No: 13
Start Date: ______ Tipe: Stop Date: Lime:

Name of Experiment: WwWind Tower Direct-Supply 2-stage Evaporative
Cooling Mode/Inlet Alternate #2/Year 2

Location: G2 & U1

Duration (months, days, hours): May, June & October (30/31 days in each
of 4 months)

Objectives:

To determine the effectiveness of a wind tower in maintaining wind-
driven 2-stage evaporative cooling and thermal comfort in the occupied zone
(approx. 45 to 180 cm. above finished floor) of two typical residential-
scale, single-orientation (windows one wall only) rooms, and which receive
tower air supply directly from the wind tower when using a two-sided wind
tower inlet ("Wind Tower Inlet Alternate #2") and comparing results with
those obtained with the three—sided type of tower inlet (utilized in
Experiments 6, 7, 8 and 9).

i | hi piectives) :
a., Maintain Wind Tower Inlet Alternate #2 (Fig. X.J.9 & X.J.10).

b. Install Celdek (as wetted medium at top of tower, and as demisters
behind each supply inlet (Fig. IV.B.6).

c. Install air velocity sensor grid and other required instrumentation in
G2 & Ul,

d. Close all operable windows in G2 & Ul.

e. Adjust louvers of wind tower inlet plus wind tower extractors (at
connection to the supply ducts on both floors) plus deflector vanes
at tower air supply inlets in G2 & Ul, to maximize air velocity reading
at grid station 3 (at center of room). Record all angles of
adjustment.

f. Observe and record (Polaroid flash photos) indoor airflow pattern using
vhite smoke candles as flow tracers.

g. Measure air velocities in GB & U9 at 5 different points on plan (Fig.
X.J.8) and at 3 different heights. Measure at lowest height (53 cm,)
for 2 months; at middle height (114 am.) for 2 months; and at top
height (175 cm.) for 2 months. To ensure comparability of data, the
same start/stop times should be used for each 2-month period.

265



i.

ke

1.

m.

Make simultaneous measurements of outdoor wind speed and wind direction
together with indoor dry bulb temperature, wet bulb temperature and
radiant (globe) temperature, inside G8 & U9.

Reduce data to assess resulting comfort levels achieved in each room,
during the "evaporative cooling—critical” months of the year.

At end of second month (June), remove Celdek wetted medium unit at top
of wind tower, and replace with fog nozzles (if nozzles are not already
installed).

Repeat steps c) through h), in July and October, while operating fog
nozzle system.

At end of this experiment, remove gll Celdek pads, both wetted media
and demisters.

Experiments should be run in coordination with local weather forecasts,
to avoid acquiring data during "atypical™ weather conditions, e.qg.,
during the passage of exceptional frontal systems, etc.

Maintain Steel-Framed Inlet Alternate #2 (see Fig. XII.1l0.l) top of
concrete section of wind tower, as used in Experiments 10,11 and 12,

Two points: 5.3 m, height (= centerline of upper floor windows) and
2.425 hm, height (= centerline of ground floor windows), at a location 150
geet (approx. 45 meters) directly north of the north facade of the building.
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Wind Direction:

Two points; same as above.

kv Radiation:
Earth Temperature:
Dry Bulb Temperature:

One point, at center of room, 45 cm. above finished floor.

Wet Bulb Tenperature:

One point, at center of

room, 45 cm, above finished floor.

Five points; see Figure X.J.8 for locations.

Radiant T I lincl. globe t ture) :

One point, at center of

a. Five stands to support air velocity sensors and other required

room, 45 cm. above finished floor.

instrumentation (see Experiment 1).

b. "Celdek" pads, used both as the first of two alternative wetted media
near the top of the wind tower; and as demisters located just behind
each tower air supply inlet (used only in evaporative cooling modes) .

c. A fog nozzle system,

as the second alternative wetted medium system,

near the top of the wind tower.

d. A two-stage evaporative cooling system.

e. White smoke candles (see Experiment 1).
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L {ption:

The fog nozzle system will be developed from existing technology
sepcifically for Experiments 12 & 13.

The two—-stage evaporative cooling system contains the following
camponents: A first stage consisting of a low pressure-drop low-friction
heat exchanger, located near the top of the tower in a steel-framed tower
expansion section, to be designed and developed from existing technology
specifically for experiments 12 & 13, plus second stage, located directly

beneath the first stage, utilizing the "Celdek"™ or fog nozzle system
discussed above as wetted media.

Cogt:
Fog Nozzle System: approximately $5,000 in materials,

First Stage of 2-stage Evaporative Cooling System: approximately
$5,000 in materials.

Labor:
Fog Nozzle System: approximately $5,000 (design and fabrication.

First Stage of 2-stage Evaporative Cooling System: approximately
$8,000 (design and fabrication).

Concurrent Experiments:
This experiment is to be run concurrently with Experiment 12.

Manpower requirements (hours):
Engineer:
Supervision: 2 hours per month x 6 months = 12 hours.
Architect:
Supervision: 4 hours per month x 6 months = 24 hours,
Technician:

Experiment set-ups [monthly installation and teardown of air
velocity sensor grid plus two sensor-height changes per month]: 1 hour
per day x 2 days per month x 6 months (installation and teardown) plus 1
hour per day x 2 changes per month x 6 months (height changes) = 24 hours.

Reconfiguration [one change of Celdek for Fog Nozzles]: 8 hours
per day x 1 day = 8 hours,
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Computer Analyst/Prodranmer:

3 hours per month x 6 months = 18 hours,

Analvsis of E imental Results:
L ioti 1} ] lysis is to } lished) :

Correlate air velocity measurements over the period of the experiment
with outdoor wind speed and direction gt the same level above ground as
the respective indoor measurements. Correlations should take the form of
speed ratios or velocity coefficients, grouped by wind direction sectors
(sector width = 22.5%). These results should then be averaged over the
period of the experiment, to obtain average speed ratios for each wind
sector, and for each configuration at each floor of the building. In
addition, average air velocity in the form of m/sec. results should be used

to calculate average hourly PMV's (comfort levels) for these two rooms, for
the period of the experiment.

Engineer:
5 days (= 40 hours)
Architect:
8 days (= 64 hours)
Technician:
30 minutes per day x 3 days = 1.5 hours
Computer Apalyst/Programmer:
20 hours
Camputer Requirements:
Data reduction, data anlaysis and computer modeling.
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EXPFRIMENTAL PLAN
KING FAISAL UNIVERSITY
PASSIVE SOLAR COOLING PROJECT
Exper iment No,: 14
Start Date: _______ Time: Stop Date: Time:
Name of Experiment: Building Loss Coefficient Determination

Iocation: Entire Building
Duration (months, davs., hours): 72 hours (mid-winter)

Determine the building overall heat transfer loss coefficient for the
building.

The overall loss coefficient, L, should be measured by electric
coheating at least at the beginning of the monitoring period (mid-winter)
with simultaneous measurement of infiltration, I, using a tracer gas
technique.

For electric coheating measurement of loss coefficient, the building
furnace is shut off, circulating fans left running and heating temporarily
assumed by thermostatically, metered portable electric convection heaters
distributed throughout the house. The building should be unoccupied, with
as little light and appliance gain as possile and have been held at a
constant temperature for several days to reduce thermal storage effects.
The tests should be performed on a night whose temperature is at least 14C
lower than the interior temperature and fairly constant.

Determine the building loss coefficient (or envelope transmission and
infiltration loss coefficient not including passive apertures). (see
Appendix X for more details).

HVAC system off,
Circulation fan on.

Windows: All closed
Other operable openings (doors, louvers etc): All closed
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Relative Humidity: 1 data point at weather station
Wind Speed: 6 data points from weather towers

¥Wind Direction: 6 data points from weather towers

Dry Bulb Temperature: All temperature sensing stations

Power: Electric heaters
Bressure:

Thermostatically controlled and metered portable electric convection
heaters. (8 Kwe) (8 unit heaters €1 Kwe/unit)

Description:

Heaters should be thermostatically controlled, separately metered and
distributed throughout the building.

Cogt: $500

Labor: Installation performed in Experiment 15
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Experiment 15, Overall Loss Coefficient
Experiment 16, Infiltration measurement with tracer gas.

Manpower Requirements (hours):

Description (how tl lvsis is to | )ished) ;

Based upon the inside and outside temperatures, wind velocity and
electric power consumption of the heaters determine the overall loss
coefficient., L = (total metered energy)/(Tinside - Toutside)

Manpower requirements (hours):

Engineer: 1 man hour

Computer Requirements: data reduction and calculations
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EXPERIMENTAL: PLAN
KING FAISAL UNIVESITY
PASSIVE SOLAR COOLING PROJECT
Experiment No.: _15
Start Date: ______ Time: Stop Date: Iipe: ______
Name of Experiment: Overall Loss Coefficient Determination

Location: Entire Building
Duration (months, days, hours)
obiectives:
Determine the overall heat transfer loss coefficient for the building.
The overall loss coefficient, L, should be measured by electric
coheating at least at the beginning of the monitoring period (mid-winter)

with simultaneous measurement of infiltration, I, using a tracer gas
technique.

72 hours (mid-winter)

For electric coheating measurement of loss coefficient, the building
furnace is shut off, circulating fans left running and heating temporarily
assumed by thermostatically, metered portable electric convection heaters
distributed throughout the house. The building should be unoccupied, with
as little light and appliance gain as possible and have been held at a
constant temperature for several days to reduce thermal storage effects.
The tests should be performed on a night whose temperature is at least 14C
lower than the interior temperature and fairly constant. (see Appendix X
for more details).

Configuration:

All closed.,

HVAC heat off
Circulation fan on

Windows: All closed
Other operable openings (doors, louvers, etc): All closed
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Relative Humidity: 1 data point at weather station
Hind Speed: 6 data points from weather towers

Wind Direction: 6 data points from weather towers

Skv Radiation:

Earth Temperature:

Dry Bulb Temperature: All temperature sensing stations

Thermostatically controlled and metered portable electric convection
heaters., (8 Kwe) (8 unit heaters @1 Kwe/unit)

Description:

Heaters should be thermostatically controlled, separately metered and
distributed throughout the building.

Cost: $500
Labor: 10 man hours for installation

Experiment 14, Building Loss Coefficient
Experiment 16, Infiltration measurement with tracer gas
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Manpower requirements (hours):
Engineer: 24 hours
Architect: 8 hours
Technician: 24 hours

Descriotion (how & 1ysis ] l liched) :

Based upon the inside and outside tempertures, wind velocity and
electric power consumption of the heaters determine the overall loss
coefficient. L = (total metered energy)/(Tinside — Toutside).

Computer Analvst/Programmer: 2 hours
Computer Requirements: data reduction and calculations.
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EXPERIMENTAL PLAN
KING FAISAL UNIVERSITY
PASSIVE SOLAR COOLING PROJECT
Experiment No,: 16

Start Date: ___ Time: Stop Date: __ Time: __

Name of Experiment: Air Infiltration

Iocation: Entire Building

Duration (months, davs, hours): 72 hours (mid-winter)
Objectives:

Determine the air infiltration rate of the building utilizing tracer
gas dilution techniques (see Appendix X).

Appendix X contains detailed step by step procedures for this
experiment, (see Appendix X for details).

HVAC heat off
Circulation fan on

Hindows: All closed
Other operable openings (doors, louvers etc): All closed

Barometric Pressure: Measure atmospheric
Relative Humidity: 1 data point at weather towers
Hind Speed: 6 data points from weather towers

Wind Direction: 6 data points from weather towers
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Dry Bulb Temperature: All temperature sensing stations

Flow:
Power: Electric heaters

1 liter SF6 gas
50 ml syringes - for injecting SF6 into building
5 ml syringes — for taking samples

plastic valves to seal syringes

column for gas chromagraph

Gas Chromatograph (available at ERL)

Experiment 14, Building Loss Coefficient
Experiment 15, Overall Loss Coefficient

Engineer: 24 hours
Architect: 12 hours
Technician: 2 hours
Computer Analyst/Programmer:
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Concentrations of SF6 in the air sample will be analyzed by gas
chroatography using an electron capture detector. According to the ASTM
Standard, the gas analyzer needs to be calibrated—either by the
manufacturer or by using standard mixtures of at least two different
concentrations. Fram the results the air infiltration rate can be
calculated utilizing least squares regression techniques. This analysis can
be performed at the ERL Fleischman Laboratory utilizing the gas
chramatograph equipment.

Manpower requirements (hours):

Engineer: 40 hours

Architect: 10 hours

Technician: Lab Technician: 40 hours

Computer Analyst/Programmer: 5 hours

Computer Requirements: data reduction and calculations
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EXPERIMENTAL PLAN
KING FAISAL UNIVERSITY

PASSIVE SOLAR COOLING PROJECT

Experiment No.: 17
Start Date: _ Time: Stop Date: ___ Time: ______
Name of Experiment: Baseline Thermal Performance
Iocation: Entire Building
Duration (months, davs., hours): 2 months (July and August)
Objectives:

To determine the baseline, to operate in the as designed mode for the
backup AC system. Adjust thermostat to the 15C setpoint and allow the AC to

track the temperture setpoint. Isolate the building from all uncontrollable
external influences.

HVAC system on
Circulation fan on

Kindows: All closed

Barometric Pressure: Measured
Relative Humidity: 1 data point at weather station
Wind Speed: 3 data points from weather towers

Wind Direction: 3 data points from weather towers
Sky Radiatijon: Measured
Earth Temperature:
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All temperature sensing stations

|

All stations
Heat Flux: All stations

Light: All windows

Air Velocity: All stations

Flow:

Power: Electric heaters

Computer Analyst/Programmer: 5 hours

Calculate the Fanger thermal comfort index (PMV) from collected data.
Calculate energy required to maintain the thermal comfort and store for
future reference for other experiments., Determine HVAC system performance

and compare measured loads to loads calculated by BLAST, CALPAS or MICROPAS,
and ERL PASSCOOL.

Manpovwer requirements (hours):
Engineer: 80 hours
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Architect: 20 hours
Technician: 2 hours
Computer Analyst/Programmer: 80 hours
Computer Requirements: data reduction and calculations
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EXPERIMENTAL PLAN
KING FAISAL UNIVERSITY

PASSIVE SOLAR COOLING PROJECT

Experiment No.: 18
Start Date: ______ Time: Stop Date:
Name of Experiment: Air Flow Rate Measurements
Location: Entire Building
Qbjectives:

To determine the volumetric air flow rates of all powered ventilation
and circulation fans.

Experimental Procedure (how to achi biectives) :

Utilizing a portable air velocity instrument measure the volumetric air
flow rate of all sourcs of powered ventilation and circulation. Where
necessary perform traverses across the flow path.

HVAC system on as required
Circulation fans on as required

KWindows: All closed
Other operable openings (doors, louvers etc): All closed

Relative Humidity: 1 data point at weather station
Wind Speed: 3 data points from weather towers

Wind Direction: 3 data points from weather towers
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Sky Radiation: Measured

Earth Temperature:
Dry Bulb Temperature: All temperature sensing stations
Wet Bulb Temperature: All stations

Heat Flux: All stations
Light: All windows

Air Velocity: All stations

Flow:
Power: Electric heaters

Engineer: 24 hours
Architect: 10 hours
Technician: 24 hours

Develop volumetric air flow curves for all powered ventilation and
circulation equipment inorder to determine heat loss/gain due to powered
ventilation equipment and also to establish the baseline air velocity due to
circulation fans suitable for incorporation in Fanger PMV analysis.

Manpower requirements (hours):
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EXPERIMENTAL PLAN
KING FAISAL UNIVERSITY
PASSIVE SOLAR COOLING PROJECT
Experiment No.: 19
Start Date: ______ Time: Stop Date: Lime:
Name of Experiment: Passive Solar Batch Type Water Heater Collection

Efficiency Performance (#1)

Duration (months, days, hours): 12 hours

The objective is to determine the collection efficiency of the passive
batch type solar water heating system for a 10 hour period. This is a
difficult task due to the 160 liter storage tanks in each sealed collector.
Because of the difficulties involved, standard efficiency tests for batch
type units have not yet been devised. This will require ERL to design their
own efficiency tests.

Two methods will be discussed to accomplish this objective,

Exoer imental Proceduze (how to achi biectives) :

The collection efficiency can be measured by emptying and refilling the
system early in the morning with water of a known temperature, or the
collectors can be covered for several days prior to the experiment, Then by
running several liters of water through the collectors, the initial
temperature can be determined for each collector by using the thermocouple
located between each one. In the evening of the same day, the system can be
drained to measure the temperature and thus the days energy gain on the
array of collectors. This would be accomplished by closing the supply
valve, to prevent the system from refilling with water. A correction is
necessary with this method because a few liters of water would remain in
each tank and be a source of error. If the drained volume were accurately
measured, the amount left in each tank could be calculated, and a
correction applied.
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Wind Speed: Both sensors
Wind Direction: Both sensors
Sky Radiation: Total solar in plane of roof

Drv Bulb Temperature: 8 locations in Solar Domestic Water System
¥Wet Bulb Temperature: Ambient -

Pressure: Water supply pressure

Equipment/Apparatus:
Replace pressure relief valve with a drain valve; certified
thermometer (or calibrated thermometer); graduated, insulated, catchment
device (20 liter capacity).

2 cm, hose x 10 m
5 - plywood or canvas covers for the collectors.,
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Description: Collectors should be covered 4 days prior to experiment.

Cost: $200
Labor: Technician, 4 hours

Collectors should be covered 4 days prior to experiment, unless they
are drained and refilled with water of a known temperature during the early
morning before the experiment is run.

Concurrent Experiments:

Any of the HVAC experiments can be run concurrently with this one.
Manpowvier requirements (hours):

Engineer: 4 hours/test x 5 tests = 20 hours
Architect: 2 hours/test x 5 tests = 10 hours

Technician: 16 hours x 5 tests = 80 hours
Conputer Analyst/Programmer: 2 hours

Analvais of Experimental lts:
Description (how ti lvsis is to} lished) :

Campare available solar insolation with energy collected and correct
for water left in the system. Derive efficiency. Efficiency should vary as
a function of ambient temperature and solar insolation. This experiment
could be run 4 or 5 times under varying conditions to determine this
relationship.

Manpower requirements (hours):

Engineer: 5 tests x 8 hours = 40 hours

Architect: 40 hours

JTechnician: 5 hours

Computer Analyst/Programmer:

Computer Requirements: Data reduction

287



EXPERIMENTAL PLAN
KING FAISAL UNIVERSITY
PASSIVE SOLAR COOLING PRQJECT
Experiment No.: 20
Stop Date: Time:
Name of Experiment: Passive Solar Batch Type Water Heater Collection

Start Date: ____ Time:

Efficiency Performance (#2)

The objective is to determine the efficiency of the Passive Batch Type
Solar Water Heating System for a 10 hour collection period. This is a
difficult task due to the 160 liter storage tanks in each sealed collector.
Because of the difficulties involved, standard efficiency tests for batch
type units have not yet been devised. This will require ERL to design their
own efficiency tests.

Two methods will be discussed to accomplish this objective,

Exverimental Procedure (how to achi biectives) s

A BTU meter or a flow meter connected to the data acquisition system
can be used to measure the useful energy collected by the system., The
BTU meter has a multi-wing turbine flow meter and two temperature probes.
The flow rate and temperature change is converted electronically into BIU's,

At the end of the solar day, 800 liters or more of water would be drawn
from the system. Meter readings will indicate the BTU's taken out of the
storage tanks. The efficiency can then be determined by comparing this to
the insolation for that day. Although this procedure does not require
draining the system, the collectors should be covered for four days prior to
the experiment and the initial collector temperatures noted. If collectors
cannot be covered during the 4 days prior to the test, then drain the system
and refill with water of a known temperature before beginning the
experiment,
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Other operable openings (doors. louvers etc):

Shut all hot water valves tightly. (kitchen, bathrooms, washing
machine, etc.)

Other (please specify):

Three way diverting valve near backup hot water heater set to bypass
the water heater. Water heater turned off.

Wind Speed: Both locations
¥Wind Direction: Both locations
Sky Radiation: Total solar radiation in plane of collectors

8 locations in solar domestic water system

Dxy Bulb Temperature:
Wet Bulb Temperature: Ambient

Totalizing flow meter in domestic hot water system.

Pressure:
Water system pressure (above main pump)
BTU Meter: Read hourly

Specialized Equioment Requireds
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Equipment/Apparatus: 5 covers for solar collectors

Description: Collectors should be covered 3 days prior to experiment,
The system can be drained through the relief valve if necessary.

Cost: $100 - covers
$440 - BTU meter

Labor: Technician - 3 hours

Collectors should be covered 3 days prior to experiment, unless they
are drained and refilled with water of a known temperature during the early
morning before the experiment is run.

Concurrent Experiments:
Any HVAC type experiment can run concurrently with this experiment.
Manpower requirements (hours):

Engineer: 10 hours/test x 5 tests = 50 hours

15 hours

Architect: 3 hours/test x 5 tests
Technician: 2 hours

Campare available solar insolation with energy collected and correct
for water left in the system., Derive efficiency. Efficiency should vary as
a function of ambient temperature and solar insolation. This experiment
should be run 4 or 5 times under varying conditions to determine this
relationship.

Manpower requirements (hours):
Engineer: 5 tests x 5 hours

25 hours
Architect: 5 tests x 1 hour = 5 hours
Technician: 2 hours

Computer Analyst/Programmer: 5 hours
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EXPERIMENTAL PLAN
KING FAISAL UNIVERSITY
PASSIVE SOLAR COOLING PROJECT

Experiment No.: 21

Start Date: _ Time: Stop Date: Time:
Name of Experiment: Energy Storage Efficiency of the Solar Water Heaters
Location:
Duration (months, days, hours): 24 hours
biectives:

To determine the 24 hour heat loss rate of the batch type solar water
heating system. This will be useful to predict how much hot water will be

available in the morning, or during cloudy periods, and also to verify the
computer program written to simulate this system,

Experimental Procedure (how to achi biectives) :

Once the collection efficiency is known, the useful daily enerqgy gain
can be calculated by knowing the insolation. By using one of the methods
described in experiment #1 or #2, the remaining enerqgy level of the storage
system can be determined for the following morning. The efficiency of the
storage depends upon the ambient temperature and the previous days
insolation. This test should be done both during the winter and the summer,
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HWind Speed: Both locations

Wind Direction: Both locations

Sky Radiation: Total solar in plane of collectors
Earth Tenperature:
Dry Bulb Temperature
Wet Bulb Temperature
Heat EFlux:

Light:

Air Velocity:
Radiant Temperature (incl. globe temperature):
Flow: Hot water system

Power:

Pressure: Water system pressure

BTU Meter: Read hourly

8 locations in the solar water heating system,

Ambient

Architect: 2 hours
Technician: 3 hours
Computer Analyst/Programmer: 1 hour
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Engineer: 15 hours/experiment

Architect: 1 hour

Technician: 2 hours

Camputer Analyst/Programmer: 1 hour
Camputer Requirements: Data reduction
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EXPERIMENTAL PLAN
KING FAISAL UNIVERSITY
PASSIVE SOLAR COOLING PROJECT
Experiment No,: 22,
Start Dates . . Time: Stop Date: Time:

Name of Experiment: The Effect of Changing the Thermostrat Set Point on
Energy Consumption.

Duration (months. davs: hours): 20 days
Cbedctives:

The object of the experiment is to study the effect of changing the
thermostat set temperature on energy consumption by the HVAC system,

The thermostat set temperture is to be increased and the energy
consumption by the HVAC equipment is to be measured and compared to the
normal operating set point,

The same thing can be done by using a night set back.

Thermostats set progressively from 68 to 78 in 2° increments. Run
building at each setting for at least 4 days.

Windows: Shut
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in 1 locati f 1)
Barometric Pressure:

Belative Humidity: Each room and outside ambient
Wind Speed: Hourly

Wind Direction: Hourly

Sky_Radiation: Total insolation

Earth Temperature: All locations

Dry Bulb Temperature: Each room and outside ambient
Vet Bulb Temperature: Each room and outside ambient
Heat Flux: All sensors

Equipment/Apparatus: None

Concurrent Experiments: Solar hot water system

Engineer: 10 hours
Architect: 5 hours
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Technician: 3 hours/experiment x 5 = 15 hours
Computer Apalyst/Programmer: 5 hours

Compare energy usage for the various setpoints by normalizing the data
to the load.

Engineer: 60 hours
Architect: 10 hours
Technician: 10 hours
Camputer Analyst/Programmer
Computer Requirements: Data reduction

20 hours
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EXPERIMENTAL PLAN
KING FAISAL UNIVERSITY
PASSIVE SOLAR COOLING PROJECT

Experiment No.: 23

Start pate: . Time: Stop Date: .. Tige: __

Neme of Experiment: Duty Cylcing of Air-Conditioning Equipment, Optimum
Start-Stop & Building Time Constant

Location:
Duration (months, days, hours): 10 days
biectives:

To evaluate the enerqgy savings realized by shutting off the cooling
system for 10-15 minutes every bhour (is this practical in a house?).
Evaluate any changes in comfort.

Also could investigate optimm start-stop.

Duty cycling is done in commercial buildings to keep peak loads lower,
which can lower electric costs, depending on the rate structure.

Exoer 15 jure (how to achi biectives) :

Connect the air-conditioning systems to a timing device that will turn
off some or all of the four units periodically each hour. Record enerqy
consumption during the test and discuss the rate structure with the local
utility to see if such a strateqy could benefit the user or the power

Windows shut, wind tower shut
No internal loads
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Relative Humidity: Each room and outside ambient
Wind Speed: Hourly

¥ind Direction: Hourly

Sky Radiation: Total solar insolation

Earth Temperature: All locations

Dry Bulb Temperature: Each room and outside ambient
Wet Bulb Temperature: Each room and outside ambient
Heat Flux: All sensors

All locations

A timer to control thermostats or a computer program if the system is

computer controlled.
] iption:

Room thermostats can be wired in series with a timer to lock out the
AC system during an off duty cycle, or the computer can open a relay instead

of using an additional timer.
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Copcurrent Experiments:

Operate building AC system in the duty-cycle mode for at least 48
hours; a week would be better.

Manpower Requirements (hours):
Engineer: 3 hours
Architect: 1 hour
Technician: 20 hours

8 hours - (more if a control program

has not yet been written).

Determine the amount by which the cooling energy cost could be reduced
by duty cycling. Determine the effect this has on the comfort of the
occupants by the PMV method.

Manpower Requirements . (hours):

Engineer: 35 hours

Architect: 2 hours

Technician: 2 hours

Conputer Analyst/Programmer: 5 hours

Computer Beguirements: Data reduction
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EXPERIMENTAL PLAN
KING FAISAL UNIVERSITY
PASSIVE SOLAR COOLING PROJECT
Experiment No.: 24
Start Date: . Time: Stop Date: Lime:

Name of Experiment: Room Temperature Response to a Sudden Heat
Disturbance Input

Location:
Duration. (mopths, davs, bours):
Objectives:

The objective of the experiment is to study the reaction of the control
system to a sudden application of load. This sudden disturbance input might
be people, lights, change in outside conditions, etc. The temperature in
the room will change also (float).

A sudden heat disturbance can be applied using portable electric
heaters, The temperature in the room is to be measured at different time
intervals and a plot of temperature versus time can be obtained., Also, the

power consumption of the HVAC system can be measured and compared to normal
operation conditions.

Air-conditioner on auto thermostat

¥Windows: Closed




Barometric Pressure:

Relative Humidity: Each room and ambient

¥Wind Speed: Hourly

Wind Directiop: Hourly

Sky . Radiation: Hourly

Earth Tepperature:

Dry.Bulb Temperature: Hourly at each temperature station,
Wet . Bulb Tenperature: Hourly at each temperature station.
Heat Flux: Each location

Light: Hourly at each temperature station

Air Velocity: Hourly at each temperature station

Hourly

Description: The electric heaters will be used to apply a sudden and
controlled load to the HVAC system.,

labor:

Concurrent. Experiments: Solar hot water heating system
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Cogputer, Analyst/Progragmer: 1 hour

Use PMV method to evaluate comfort levels before, during and after the
disturbance. Determine building response.
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EXPERIMENTAL PLAN
KING FAISAL UNIVERSITY
PASSIVE SOLAR COOLING PROJECT

Experiment No. 25

Start Date: . Time: Stop Date:
Name of Experiment: Off Peak Cooling

Time: __ . .

The objective is to compare energy requirements, energy cost, and
comfort levels of off peak cooling to full day cooling. Off peak cooling is
the practice of running the cooling equipment only during the evening and
nighttime (5 p.m. until 8 a.m.). Many utilities offer reduced rates for
usage during these hours, because it reduces their peak generating capacity
and increases their base load.

This strategy is feasible in a high mass building because it has a high
thermal storage capacity, and will attenuate temperature swings. Ceiling
fans may be used during afternoon hours to increase comfort and enhance
convection from the cool walls.

_ bi biectives) :

Run AC equipment at full capacity (all units) only during the hours of 5
p.m. until 8 a.m, Thermostats may need to be set a few degrees below normal
controll setpoint. Monitor the energy consumption during an experimental
period of at least 5 days. ‘

Unoccupied Building.
No internal loads.

All air conditioners turned off during the hours of 8 a.m. to 5 p.m,
Hindows:

Closed
Other operable openings (doors, louvers etc):

Wind tower dampers closed
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Relative Humidity: Ambient and each zone
Wind Speed: Both locations

Hind Directign: Both locations

Sky Radiation: Total solar

Earth Temperature: All sensors

Dry Bulb Temperature: Ambient and each zone
HWet Bulb Temperature:

Heat Flux:

Light:

Air Velocity:

Each zone
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Manpower requirements (hours):
Engineer: 10 hours
Architect: 4 hours
Technician: 12 hours
Computer Analyst/Programmer: 2 hours

Analvsis of E imental lts:
L ioti ' ¢ lvsis is ol lished:
Compare cooling energy consumption of controll period to off peak
cooling period. The energy consumption must be normalized to the climatic

load conditions. Energy comparisons should then be made on a KW per BTU
basis.

Manpower requirements (hours):
Engineer: 40 hours
Architect: 5 hours
Technician: 2 hours
Computer Analyst/Programmer: 4 hours
Computer Requirements: Data reduction
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EXPERIMENTAL: PLAN
KING FAISAL UNIVERSITY
PASSIVE SOLAR COOLING PROJECT
Experiment No. 26,
Start Date: . Time: Stop Date:

Name of Experiment: Derated AC Capacity

Lime: . ..

The objective is to run the air conditioning equipment at a reduced
capacity to determine if the cooling energy requirement will be reduced.
Reducing the capacity will cause the air conditioning equipment to run
longer but at a lower electrical enerqgy input. Cooling efficiency should be
increased due to less cycling, and the high mass of the the building will
prevent large temperatures savings. Another objective is to determine the
proper amount of derating to cause the compressors to run 24 hours per day;
and keep the building within the comfort range.

Derating the total building cooling capacity can be accamplished by
selectively turning off various fan-coil units throughout the building. The
cooling enerqgy is to be measured for a period of at least 5 days, for
various amounts of derating (5 tons, 4 tons, 3 tons), and comparing this to
a time period of equal length when the system was running at full capacity
(6 tons).

All ceiling fans and other air circulating equipment on. Various
individual fan coil units turned off (one in kitchen, one in main entry,
etc.) Thermostats at the same setting as during the full capacity controll
segment of this experiment,

Hindows: Closed
Other operable openings (doors, louvers etc):
Wind tower dampers shut
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Relative Humidity: FEach location

¥ind Speed: Both locations

Wind Direction: Both locations

Sky Badiation: Total solar

Earth Temperature: All locations

Dry Bulb Temperature: Ambient and each zone
¥Wet Bulb Temperature: Ambient and each zone
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Concurrent. Experiments:

Manpower requirements . (bours):
Engineer: 10 hours
Architect: 4 hours

Technician: 10 hours x 5 experiments = 50 hours

Compare enerqy consumption of each derating to the control run., This
must be normalized using the ambient temperatures and solar gain. The wind
speed should also be used to determine infiltration. Comparisons between
the various load deratings should be made on a KW per BTU basis.

Manpower requirements (hours) :

Engineer: 20 hours/run x 5 = 100 hours

Achitect: 20 hours

JTechnician: 2 hours

Canputer Apalyst/Programmer: 4 hours/run x 5 = 20 hours

Computer Requirements: Data reduction
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EXPERIMENTAL PLAN
KING FAISAL UNIVERSITY
PASSIVE SOLAR COOLING PROJECT

Experiment No.: 27

Start Date: __ Time: StopDate: __ Time: ____
Name of Experiment: Window Film
Location:
Duration (months, davs, hours): 2 years
Objectives:

The objective is to compare the HVAC enerqy consumption of the building
with and without reflective window films. The building would first be
operated for a year without window films, noting the enerqy usage for both

the heating and cooling season. Then during the second year add a reflective
film and compare the buildings energy consumption to the first year.

Experinental Procedure (how £ achi biect ives:

Seasonal energy consumption will be acquired for a year both before and
after the window films are applied. Due to changes in weather from year to
year, a direct comparison of enerqy consumption will not be accurate. The
data will need to be normalized using average ambient temperature, and total
solar radiation,

The window films are applied to the inside surface of the glass.
conaifuration:

The building should be operated for a period of four weeks during both
the winter and summer without opening any windows, or using the wind tower.

HVAC system turned on and set to a fixed temperature for that season.
If adjustable differential thermostats are in use, it is important to record
the differential and not change it at any time during the experiment.
Hindowg: Closed
Other operable openings (doors, louvers etc):
Wind tower damper closed
Other (please specify):
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Stat £ i ; s . :

Internal loads (lights, appliances, people) should be kept to a
minimum which requires an unoccupied building. An accurate log of lights,
appliances, occupants, etc., needs to be kept.

Relative Humidity: Ambient, each zone of building
¥Wind Speed: Both locations

Hind Direction: Both locations

Sky Radiation: Total solar

Dry Bulb Tenmperature: Ambient, each zone of building

Wet Bulb Temperature: Ambient, each zone of building

Heat Flux:

Light: Solar gain at each window

Air Velacity: Each zone of building,

Radiant Temperature (incl. globe temperature): Each zone of building
Eloys

Power: Air conditioning and heating enerqgy consumed

Pressure:

Specialized Equi t Required:
Equipment/Apparatus: Reflective window films applied to each window.

Description: The applied window films should have the following
Optical Properites:

Solar Energy
Directly Tranmitted L2 * » [ ] L] * L ] L ] L] L ] . 19%
RefleCted. [ ] L] L L ] L] L] . L L] L ) L . L ] * L ] L] 50%
mmrmd * v * L ) - ® L L ] L L] * * L * L ] [ L ] 31%
Total Solar Energy Rejected. « ¢« ¢« ¢« « « . 75%
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Visible Light Transmitted. « « ¢« « « « « o 24%

aniSSiVity L] * L] . 1 ] * L L] * L 2 . . Ll 1 . .27
Total U Value

Median .76 B'IU/hr/ftg/oF 3.7 Kcal/hr/nn:zz/Oc

Design .84 BTU/hr/ftz/oF 4,1 Kcal/hr/m=/°C

Surmer .85 BTU/hr/ft“/°F  4.15 Kcal.hr/m~/°C

Cost: $3.00/square foot installed x 150 square feet = $450
Labor:

Computer Analyst/Programmer: 12 hours

D ioti Q . lvsis is to ) lished) :
Unless climatic conditions are very close to the same for the
experimental period during each year; the data must be normalized by using

the average ambient temperature and the total solar radiation which would
affect the heating and cooling loads.

Manpower requirements (hours):

Engineer: 100 hours

Architect: 30 hours

Technician: 2 hours

Camputer Analyst/Programmer: 40 hours
Computer Requirements: Data reduction
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EXPERIMENTAL PLAN
KING FAISAL UNIVERSITY
PASSIVE SOLAR COOLING PROJECT
Experiment No.: 28
Start Time: _____ Time: Stop Date: Time:

Name of Experiment: The Effect of Cooling Thermostat Hysteresis on
Required Cooling Energy

Location: Entire building
Duration (months, days, hours): 5 days at each of 5 different settings
biective:

To evaluate the cooling system energy requirements with different
amounts of hysteresis on the cooling thermostat.

Experimental Procedure (how to achi biectives) :

This experiment is based on having a thermostat (or other means of
control such as a differential controller) which allows variation of the
hysteresis (i.e., the temperature difference below the cooling setpoint to
which the system will cool the space before shutting off). The system
should be operated for a period of several days at each setting, with
hysteresis values of 0°F, 1°F, 2°F, 3°F, and 4°F. The total
cooling energy consumption, system on-off times, and selected other
parameters should be recorded and analyzed. It is expected that the system
will perform better at higher values.

System in normal cooling operation, with hysteresis adjusted
accordingly. All doors and windows shut with wind tower sealed off. No
internal Load, (lights, water heater, appliances, people, etc.).

QOther operable gpenings (doors, louvers etc): Doors closed.
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Relative Humidity: Indoor and outdoor

Hind Speed: Both locations

Wind Direction: Both locations

Sky Radiation: Total solar

Earth Temperature: Probes under building

Dry Bulb Temperature: Indoor and outdoor, possibly coil temperatures
Wet Bulb Temperature: Indoor and outdoor

Heat Flux:

Light:

Air Velocity: All zones

Radiant Temperature (incl. globe temperature): All indoor sensors
EFlaw:

Power: Hourly readings of cooling system power and total energy
requirements for duration of experiment

Pressure:

¢ Continuously monitored and
recorded on strip chart or mag tape

May require a special thermostat or suitable control device which will
allow adjustment of the hysteresis. Computer control would be the most
ideal for this experiment.

I iotion:
Cost: 10 controllable differential thermostats @ $150 each = $1,500,.

Technician: 5 hours/setting x 5 settings = 25 hours
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Engineer:
Supervision: 2 hours per day x 5 days x 5 settings = 50 hours
Architect: 20 hours
Technician: 10 hours
Computer Analyst/Programmer: 2 hours per/setting 2 x 5 = 10 hours

Analvsis of Exverimental lts:
. iotion (how ti lvsis is to ] lished) :

Campare the energy use over a fixed period of time for each hysteresis
setting, and develop a relationship. Consideration should be given to:

- thermal time lag associated with high building mass

- system operation at part-load

- sacrifice in comfort by allowing up to 4°F variation in room temp

- benefit in morning daylight hours (“6-12 noon) if building is cooled
up to 4°F below set point before the external load gets too

high. The system should stay off considerably longer, and when it
cames on it should operate more efficiently at a higher load.

Manpower requirements (hours):
Engineer: 50 hours
Architect: 20 hours
Technician: 10 hours
Computer Analyst/Programmer: 20 hours

Computer Reqguirements: Data reduction, data analysis and computer
modeling,
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EXPERIMENTAL PLAN
KING FAISAL UNIVERSITY
PASSIVE SCOLAR COCLING PROJECT
Experiment No, : 29
Start Date:s ______ Time: Stop Date: Time:

Name of Experiment: Room Temperature Response of Building With System
Off ("Float Temperature")

Location: Entire building
Duration (months, davs, hours): 10 days in summer
dbiectives:

To determine the steady-state temperature response of the building with
no cooling provided. This includes:

1. Time of occurrence of peak room temperature for each room
2, Magnitude of peak temperature for each romm

3. Plot of temperature versus time for each room

Monitor and record room temperatures, and other desired data, at least
hourly while system is off. Building should have windows, doors and wind
tower closed, with no internal load.

Windows, doors and wind tower closed.

AC system off for several days before experiment to allow building to
reach equilibrium,

No internal load.




Weather conditions: total solar insolation, wind speed and
direction, ambient temperature,

Curtains
Landscaping (shade, ground reflectivity)
Color of building exterior and roof

Month of the year (earth temperatures vary seasonally)

Relative Humidity: Hourly. Each room and outside ambient.
Wind Speed: Hourly

Wind Direction: Hourly

Sky Radiation: Total solar insolation

Earth Temperature: All locations

Dry Bulb Temperature: Hourly. Each room and outside ambient.
Wet Bulb Temperature: Hourly. Each room and oustide ambient,
Heat Flux: All locations

All locations
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Concurrent Experiments: Solar Water Heaters

Note the time of occurrence of peak loads for each roam and try to
characterize the "time lag"™ of the building.

Note if there are any significant differences between roams and try to
explain the differences.

Look for a very flat profile (i.e., very little difference in high and
low temperature during the day).

Manpower Requirenents (hours):

Engineer: 60 hours

Architect: 5 hours

Technician: 2 hours

Computer Analyst/Programmer: 10 hours
Caomputer Requirements: Data reduction
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EXPERIMENTAL PLAN
KING FAISAL UNIVERSITY

PASSIVE SOLAR COOLING PROJECT

Experiment No.: 30
Start Date: _ _ Time: Stop Date: Tipe: _____
Name of Experiment: Effects of Louvered Roof Shading
Location: Entire Building
Duration (months, davs, hours): 4 months (July and August — 1985 & 1986)
Objectives:

To determine the thermal and comfort effects of the louvered roof
ghade.

Experimental B jure (how to achi biectives) :

Measure the thermal comfort (Fanger PMV) of the terrace area both with
the roof shade and without. In addition calculate and measure the building
performance both with the roof shade and without. During July and August
1985, with the roof shade installed, and in July and August 1986, with roof
shade removed.

HVAC system on as required
Circulation fans on as required

Hindows: All closed

Relative Humidity: 1 data point at weather station
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Wind Speed: 3 data points from weather towers

Wind Direction: 3 data points from weather towers

Sky Radiation: Measured

Earth Temperature:

Dry Bulb Temperature: All temperature sensing stations
Wet Bulb Temperature: All stations

Heat Flux: All stations

Light: All windows

Air Velocity: All stations

Radiant Temperature (incl. globe temperature):

..

Power: Electric heaters

Computer Analyst/Programmer: 2 hours
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Descriotion (how i lysis is to | Lished) :

Calculate the Fanger PMV comfort index for the roof terrace areas,
determine the energy performance of the building, both with and without roof
shade.

Engineer: 24 hours

Computer Analyst/Programmer: 16
Computer Requirements: data reduction and calculations
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