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SUMMARY

Three classes of portable infrared devices can be used for building diagnosis:
thermal imagers, spot radiometers, and line scanners. None of these devices used
by itself can produce an absolute measurement of temperature, but some devices or
systems will produce differential measurements of temperature. Each class and
production model of infrared device has certain advantages and limitations. Their
uses overlap.

Much of the recent development in thermal imagery has occurred with accesso-
ries manufactured specifically for these imagers. Some thermal imagers are mul-
tiple-component systems, with a view finder or monitor. Some require cooling. Like
all infrared imagers, they work on the principle of converting thermal energy that
reaches a sensor into an electrical signal, which is then displayed as shadings of light.

Spot radiometers are cheaper, less sophisticated devices than thermal imagers. A
spot radiometer does not produce an image of the surface, and since the area
"viewed" by the device increases with the distance from the surface to the instru-
ment, the size of the target at each distance must be calculated.

Only one portable line scanner is manufactured and sold in the United States.
There are, however, mounted airborne line scanners also in current use. The unique
quality of some portable line scanners is that they feature a composite thermal/
visual display that enables the operator to view a scene and obtain an image of that
scene with a line of temperature distribution superimposed on it.

All portable imaging systems/devices can be used for energy audits, for quality
control inspection of insulation installation, and nondestructive detection (but not
confirmation) of moisture in walls and built-up roof systems. In most cases, the
imagers can be used for interior or exterior inspections, although there are instances
in which only one is possible.

Procedures for the use of thermal systems or devices have been and continue to
be developed through ASHRAE and ASTM. ASHRAE Standard 101 -1981 describes
most of the infrared sensing devices currently available from commercial sources
and the accompanying procedures. For wood-frame cavity walls, the ASTM-
proposed procedure describes the use of thermal imaging devices for quality control
inspection of new insulation.

Two techniques other than infrared thermography are used for nondestructive
inspection of built-up roofing systems to detect moisture intrusion under the
membrane: nuclear meters and capacitance sensors. The nuclear meter requires a
grid system to be marked on the roof to identify the measurement location. The
capacitance sensor uses either a grid or continuous strip reading to locate moisture.
The resolution depends on the fineness of the grid. The number of measurements
goes up as the square of grid frequency. Since it is only possible to make measure-
ments at specific locations with these instruments, an inspection will take considera-
bly longer using one of them than with a thermal imager, and some areas of moisture
may be overlooked. However, they can be used during daylight hours when
operations are considerably less difficult.

In other areas, recent advances in technology have made it possible to automati-
cally measure the air leakage in buildings with tracer gas releases. The three tracer
gas methods are dilution, constant concentration, and constant flow. The tracer di-

vii



lution nethod is versatile and the simplest to use of the three. With the u!e of air
sample bags, tracer dilution does not require highly skilled techniques.

Tracer gas methods are highly dependent upon the weather conditions at the time
the tracer is released. Fan pressurization and depressurization can measure building
tightness independent of weather conditions, but the larger the building, the more
cumbersome the fan method becomes. The fan method can enhance observation of
air leakage paths with infrared thermography.

Infrasonic apparatus have been used experimentally for characterizing air leaks
in small buildings.

Other air leakage methods employ commercial smoke tracer devices that provide
smoke at a well-defined location so a stream of smoke will follow the leakage path,
giving visual evidence.

Heat flux transducers (HFTs) are wafer-like sensors that, when placed on
building walls or roofs with temperature sensors, can provide a field measurement
of R-value. A data acquisition system typically must accumulate differences in tem-
perature and heat fluxes for 48 hours in 40'F (4.5°C) or colder weather.

It is desirable to combine thermal imagery with multiple HFT/temperature
measurenent to map and quantify the thermal resistance of a building enclosure.

Portable "alorimeters are relatively new developments for evaluating the thermal
performant,. of walls. They should be used in conjunction with thermal imagers.

There are m'.ny measuring devices used for HVAC system evaluations. These
devices measure surface and air temperatures, ambient humidity, air velocity,
volume, and pressure. A relatively recent development is the combining of many of
these measuring devices into an energy management and control system (EMCS).
The EMCS is a centralized energy management system that employs an off-the-shelf
mini or microcomputer system. This serves to control functions at multiple loca-
tions, for HVAC, lighting, and boiler systems. To control a certain system, the EMCS
must be able to monitor various functions. This monitoring can be considered a part
of the diagnostic process since it usually provides a display of data that relate to
building system performance.

Energy metering is an important part of energy management and control. Many
different types of meters are available to measure the flow of liquids, gases, steam,
and electricity. The choice of which meters to use and where to locate them depends
on how the data will be used and how the energy system is designed.

Stack gas analyzers are available in both portable and fixed types and are useful
in maintaining high-efficiency condensation in boilers and furnaces.

Thermal imagers can safely detect hot electrical equipment, such as transformers,
insulators, or connections. The chief advantage of a thermal imager is that it can be
used remotely and rather quickly to monitor the temperatures of an electrical system
without disrupting normal system operation.

One of the most widely used devices for conducting an energy audit of a
building's illumination system is the light meter. This device consists of a photocell,
appropriate filters, and a meter to register the lighting level. Selenium and cadmium
sufide cells are commonly used in a typical light meter. A microcomputer can
process the results of a walk-through lighting audit on-site immediately by sending
the data over telephone lines to a central computer.

Indoor air quality has recently become a major concern of professionals respon-
sible for the design, operation, and maintenance of large buildings, especially those
that are energy efficient. With the introduction of potentially toxic chemical com-
pounds into furnishings, construction materials, and insulation for the residential
market, concern has become even more widespread. To obtain some measurement
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of indoor air quality to determine maximum acceptable concentration levels of pol-

lutants, a number of both passive and active monitoring devices have been devel-

oped. These devices can be used to monitor concentration levels of carbon monox-

ide, formaldehyde, fibrous aerosols, nitrogen dioxide, ozone, radon, and sulfur di-

oxide. These measuring devices range widely in cost.
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Reference Guide for Building Diagnostics
Equipment and Techniques

CHARLES M. MCKENNA AND RICHARD H. MUNIS

INTRODUCTION be generally applicable to all building types. Read-
ers may wish to use the information presented here

The energy crisis of the 1970s fostered a sudden, to better define their problems and to select reason-
urgent need for energy conservation measures and, able solutions. Sections on building enclosures;
as a result, the field of building diagnostics was heating, ventilating, and air conditioning; light-
greatly stimulated. Traditional building codes had ing/illumination; electrical systems; and indoor
been centered on the health, safety, and welfare of air quality provide information on the different
the occupant, but with the iapid upsurge in energy- aspects of energy system diagnostics, which should
saving needs, traditional demands were often aid analysis of existing facilities as well a- new
overlooked. Recently, the urgent need for energy construction.
savings has subsided, although conservation needs Cost figures are in 1986 dollars unless otherwise
have not. Often conservation has been accomplished noted.
at the expense of occupant welfare, creating a whole Where possible, manufacturers of equipment
new set of problems. As a result, the array of are listed so that, as the diagnostic approach be-
energy-efficiency diagnostic equipment and tech- comes better defined for the reader's specific appli-
niques has been augmented by other equipment cation, more detailed information can be obtained
for measuring health and safety factors such as air than can be presented here. The manufacturers
quality, lighting, and noise pollution. This guide is listed for each item give the reader a start in obtain-
intended to help the facilities engineer provide ing more information and are not intended to be
environmentally sound energy conservation. exhaustive. Readers will eventually develop a more

There are many ways to effect energy conserva- complete file of data applicable to their specific
tion. This guide attempts to present information on areas of concern.
diagnostic equipment and techniques that should
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Chapter 1. Noncontact Temperature Measurement/
Thermal Pattern Recognition

THERMAL IMAGERS All thermal imagers operate on the same basic
principle. An optical system transparent to thermal

Measurement and analysis energy focuses this energy onto a sensor that con-
Infrared technology is used to observe and rec- verts it into electrical energy. This electrical signal

ord surface temperature variations. Differences in is process,,d to produce a display on a monitor in
the thermal resistance or the thermal storage capac- the form of a "heat picture" image of the obje,., on
ity of a building enclosure system (walls, roof) which the infrared device is focused. Depending
produce variations of temperature ov, i the sur- on the type of imager, the monitor screen displays
faces, as does the leakage of cold or warm air varying intensities of grays, reds, or greens. In the
through the enclosure sy stem. fhese variations can conventional mode of imager operation, the lighter
be located and recorded to determine the position images depict higher surface temperatures and the
and size of insulation defects, thermal bridges, air darker images, lower surface temperatures. Inte,-
leaks, and moisture damage. mediate tones indicate temperatures between tbe

Thermal radiation emitted by any object (e.g. two extremes.
building surface) can be used to form an image of The image on the screen can be recorded with a
that object and to determine its temperature. The Polaroid or 35-mm camera or on video or digital
amount of radiation from a surface depends on the tape. If the image is video-taped, the video image
temperature oi that surface and its composition, c,.n be photographed. Photographs of heat images
color, and texture. An infrared radiation sensing are known as thermograms.
device can be used to

" Record an image and measure the tempera- Cooled sensors
ture of the surface. Two types of cooling techniques are used in

* Record only the image of the surface. single and multiple component imagers: cryogenic
" Measure the temperature of the surface. and thermoelectric. Liquid nitrogen and high-pres-
Infrared sensing devices that image and/or sure argon gas are used as cryostat coolants in both

measure surface temperature can determine only multiple- and single-component imaging systems,
relative temperature differences across the surface. while thermoelectric coolers (h-at pumps) are
If the actual temperature of the complete surface is currently used in only a few systems.
to be determined, it is necessary first to find the The portable systems that utilize cryogenic
actual temperatur2 at one point on the surface. If cooling have the advantage of drawing only a
that is noL possible, then i. surface spectral emit- relatively small amount of power from their batter-
tance (often available in certain literature) and the ies; however, this is balanced by the requirement
calibration data of the infrared device must i-e that these systems need Dewar flasks, cylinders,
known. compressors, or other storage and that the sensor

Three classes of portable infrared devices are cryostats require periodic refilling. Thermoelectric
used for building diagnosis: imagers, spot radi- coolers do not require l'Jky reservoirs or periodic
ometers, and line scanners. refilling and are so reliable that a failure is usually

Imagers can be separated into two distinct cate- defined as a loss of a few degrees in cooling over a
gories: cooled and uncooled. Both types of imagers long time period.
can be further divided into

" Multiple-component systems (composed of a Uncooled sensors
separate scanner and monitor) that provide Pyroelectric vidicon systems (thermal television
the operator with a thermal image of a surface cameras) require no cryogenic cooling. The sensors
on a TV-type monitor, and in these s) stems respond only to changes in radi-

" A single-component system that must be ance so that radiation from a target must be modu-
hand-held to obtain an image of a surface lated to produce a thermal image. In lieu of me-
through a viewfinder/monitor provided on chanical modulation of the image, panning the
the device. camera produces changes in the radiation emanat-

Within these two classes there are imagers that ing from a target, which in turn produces an image.
record an image and measure the temperature of A stationary camera also produces an image if
the sample and those that display the image of the there is target movement in the scene.
surface.
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More important to building diagnostics and pre- It is also difficult to specify an accuracy for those
ventive maintenance are the types of recording imaging systems that measure surface tempera-
available for documentation. Not all systems can tures. Since almost all infrared systems and sensing
record thermal images on photographs, video, or devices require an independent reference tempera-
digital tape. ture (e.g. blackbody, contact thermometer) with

The techniqLes by which apparent temperature which to derive a complete and absolute tempera-
differences are measured vary somewhat among ture map of a surface, the precision of the measure-
these systems. Themostimportantpointtoremem- ment depends upon the reference temperature
ber is that no thermal imaging system or device can source as well as the infrared system/sensing device
be used to make an actual temperature measure- and can only be as good as the stated precision of
ment of a surface without a reliable radiation cali- the temperature reference source. The lack of a
bration source (which produces a reference tem- linear relationship between the electrical output
perature). This reference temperature can be estab- signal of the sensor and the operator marker set-
lished through tings over a wide range of temperatures makes it

" A contact measurement of the surface, difficult to specify the accuracy of temperature
" Placement of a reference radiation tempera- differences measured with an imaging device. The

ture source in the field of view, or accuracy of these measurements depends upon the
* A radiation measurement using a calibrated application and the device and can vary from a few

spot radiometer. percent to approximately 15%.
The second and third choices above require

knowledge of the spectral emittance of the surface. Advantages
Whether a measurement of apparent tempera- Thermal imagers are noncontact devices used to

ture differences or just a documentation of thermal monitor the temperature of remote surfaces.
patterns is required, a parameter known as the Both types of imagers may be operated by one
Miniimum Resolvable Temperature Difference person, and can be either carried or vehicle-
(MRTD) is significant in determining if an infrared mounted. Most imagers can utilize either video or
sensing device at a critical distance from a target of photographic processes. Because of the two-di-
a certain size can resolve and measure its tempera- mensional monitor image presented, identification
ture. The MRTD of any infrared sensing device is of the exact target area surveyed is relatively easy.
established through a standardized measurement Most imagers also have a fairly large field of view
procedure. Since not all devices have an estab- at short distances from the target and will develop
lished MRTD, a valid comparison among all those an image in real time. Some imagers can quickly
in use is not currently possible. However, the dif- measure discrete surface temperature differences.
ference in inherent image resolution between any In all, anomalous reflections from a target are rela-
two devices, e.g. single-component and multiple- tively easy to discern from real temperature vari-
component, can be attributed to the MRTD of each ations of the target.
device. Some imagers have self-contained systems that

need no additional coolant. One of the chief advan-
Accuracy tages of uncooled detector imagers is that they can

Some imaging systems do not have the capacity be operated in a horizontal or vertical position.
for measuring surface temperatures. The data that
are obtained with these systems are qualitative and Limitations
subject to intr "pretation. The only quantitative data An imager used for ground-based surveys can-
that can be generated h-, si"h a system are the not easily be adapted for simultaneous display of
percentages of blacL-white/c,-lor contrasts dis- visual and thermal images. Some systems cannot
played/recorded w ,e system. For example, a measure discrete temperature differences. The cost
black-white the . age of an insulated wall of an imaging system is greater than that of other
shows a cer ain _.tage of that wall character- noncontact radiation-sensing devices. Liquid-
ized by gray ton,.s ranr e. :rom black to white. The cooled imagers require a mirror for vertical view-
area of each gray tc .an be determined and ing. Uncooled imagers require change in or inter-
related to the . nount of insulation in the actual ruption of target radiation.
wall. It is Ltifficult to specify the accuracy of this
procedure because those areas are of various sizes New technology/developments
and shapes and are subject to qualitative interpre- The basic technology in cooled detector imaging
tation. No baseline tests to determine accuracy systems/devices hasbeen evolvingduring the past
have been conducted at this time. 15 years. Much of the development of new technol-
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ogy has been associated with accessories that are referencesurfacetemperaturecannotbedetermined
sold with those systems/devices. Development of by other methods, then the instrument operator
new technology for uncooled detector imaging must estimate the emittance of the surface and set
systems/devices has occurred during the past 10 the dial to that value.
years. One of the most recent developments in Several variations on the basic radiometer de-
uncooled systems/devices is the capacity to meas- sign are in current use. The use of microprocessor
ure apparent surface temperatures. technology, selectable emissivities, and sighting

scopes for defining object size are all found in
Purchasing information radiometers used in building diagnostics.
Cost

Depending upon the characteristics of each of Accuracy
the infrared systems/sensing devices and optional Typical accuracy is ±3% or better.
equipment that can be ordered with each the cost
will range from $11,000 to approximately $90,000. Advantages

Spot radiometers do not need cooling. They can
Manufacturers be used to monitor temperatures in inaccessible

AGA Corp., 550 County Ave., Secaucus, N.J. locations, thus avoi.;'ng dismantling or destruc-
07094, (201) 867-5390; Inframetrics, 12 Oak Park tive testing of the building. They are less expensive
Drive, Bedford, Mass. 01730, (617)275-8990; Hughes and more portable than line scanners and imaging
Aircraft Co., Industrial Products Div., M/S 514, systems and, unlike imaging systems, can be cali-
6155 El Camino Real, Carlsbad, Calif. 92008, (619) brated in temperature and radiosity.
931-3617; FUR Systems Inc., 16505 S.W. 72nd Ave.,
Portland, Ore. 97224, (503) 684-3731. Limitations

Since an image is not provided, pinpointing an
exact location can be difficult, and although the

SPOT RADIOMETERS display is calibrated in degrees, actual temperature
is not measured directly. The field view is often

Measurement and analysis limited by the distance from the target, and anoma-
A spot radiometer is a relatively light-weight, lous reflections from the target are difficult to sepa-

compact, hand-held device (often manufactured rate from real temperature variations. In addition,
with a pistol grip). A measurement is made by some instruments are sensitive to large ambient
pointing the device at a surface and depressing the temperature fluctuations.
on-off switch. The radiometer senses both the ra-
diation from the surface and the reflected radiation New technology/developments
from surrounding surfaces. The device incorpo- The most recent developments in the fabrication
rates either a temperature-indicating display (meter of spot radiometers include the use of microproces-
or ctigital) in degrees Celsius or Fahrenheit or a sor technology, state-of-the-art optical and sight-
radiosity display in Btu/ft2 /hr or W/in.2  ing systems, LCD displays, and automatic internal

A typical range of temperature resolutions for calibration reference.
spot radiometers is ±0.1 to 1.5°F with a response
time of approximately 2 sec. The target size Purchasing information
"viewed" by the device increases with increasing Cost
distance from the surface to the instrument (a 3-in. The cost of typical spot radiometers is between
increase for every 4 ft of distance to the target is $750 and $2000.
typical, although this ratio varies for different in-
struments). 'lamufacturrs

A temperature-indicating spot radiometer is Wahl Instruments, Inc., 5750 Hannum Ave.,
calibrated by pointing it at a reference surface of Culver City, Calif. 90231, (800) 421-2853 or (213)
known temperature and emittance and adjusting 641-6931; Raytek, 1201 Shaffer Rd., Santa Cruz,
the device until it indicates the known temperature Calif. 95060, (800) 227-8074 or (408) 458-1110; Mi-
of the surface. If the emitance of the test surface is cron Instrument Co., 445 West Main St., Wyckoff,
equal to that of the reference surface, the radiome- N.J. 07481, (800) 631-0176 or (201) 891-7330.
ter will bt measuring actual temperatures. If a
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PORTABLE LINE SCANNERS Manufacturers
Pyrometer Instrument Co., Inc., 234 Industrial

Measurement and analysis Parkway, Northvale, N.J. 07647, (201) 768-2000;
A line scanner is a portable infrared scanning Wahl Instruments, Inc., 5750 Hannum Ave., Cul-

instrument that is pointed at atarget and allows the ver City, Calif. 90231, (800) 421-2853 or (213) 641-
operator to see a thermal line scan, which may or 6931; Mitchel Instrument Co., 1570 Cherokee St.,
may not be superimposed upon a visual image of San Marcos, Calif. 92069, (619) 744-2690.
the target. This line scan represents the tempera-
ture distribution along a single line on the target.
The composite display enables the operator to lo- DETAILED PROCEDURE
cate and analyze thermal characteristics of a target FOR NONCONTACT
surface. Unlike some scanners, the line scanner THERMAL INSPECTIONS
sensor operates without cryogenic cooling. A line
scanner can be hand-held ortripod-mounted. When All portable imaging systems have at letst one
records are reqtired, a photographic recording factor in common: they can be used for energy
accessory is available. Measurements can be made audits, electrical and mechanical inspections, insu-
over various selectable temperature scans. Some lation installation inspections, and nondestructive
thermal imaging systems also include a line scan- tests to determine the presence of moisture in walls
ner capability. and built-up roof membranes. In each category,

however, tte system would be used somewhat
Accuracy differently.

The accuracy of the portable line scanner is
difficult to assess for some of the same reasons as Energy audits
for imaging systems. Interior inspections

For this procedure a portable imaging system is
Advantages used to record and document thermal patterns re-

The line scanner can be used to obtain a tempera- lated to air leakage, radiation, conduction, and con-
ture distribution of the target image on a lineal vection. Evaluation of the thermal imagery is quali-
plane for remote locations. The scanner creates a tative most of the time, but there have been recent
composite thermal/visual display and the opera- attempts to conduct quantitative analyses.
tor views the image of a scene with lines of tem- The objective of an energy audit conducted from
perature distribution superimposed. The scanner the interior of a building is to document and ana-
can be positioned either horizontally or vertically, lyze all heat losses from the building enclosure
and the sensor does not need cooling, system for the purpose of recommending cost-

Only one photograph of the surface is required effective retrofit procedures. Interior energy audits
for a single-line temperature distribution analysis. of large buildings can be time-consuming if only

one system is used and the complete building en-
Limitations closure system must be inspected.

Unlike thermal imaging systems, which require ASHRAE draft standard 101-1981 specifies that
one scan of a surface (e.g. building wall), many
scans (and a photograph) must be used for line "a thermal imaging system used to assess heat
scanners, and actual temperatures cannot be meas- loss characteristics of a building shall provide
ured directly. Videotape recording is not available sufficiently specific and detailed data to permit
with the line scanner. Line scanners are only slightly recognition of the presence or absence of insula-
less costly than two-dimensional imaging systems. tion and air infiltration. This category of survey

includes three levels of measurement: Class A,
Class B and Class C. The Class A survey identi-

New technology/developments ties the probable cause of a heat-loss anomaly,
Currently only one basic type of portable line such asdistinguishingbetween insulation voids

scanner is being manufactured. No known major and air infiltration, as well as providing infor-
technological developments/changes are being mation to estimate the R-value of the structural
made to this device, component observed. The Class B survey only

provides an indication of gross thermal anoma-
Purchasing information lies with limited information on probable cause,
Cost while the Class C survey provides for locating

The cost of portable line scanners is approxi- gross thermal anomalies with no significant
mately $9,000 to $13,000. information on probable cause."
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According to the ASHRAE standard, the survey interior photographs should also be taken to orient
must fulfill three basic requirements, depending characteristics of areas properly within the survey.
on the class of survey used:

1. For Class A surveys, the thermal imaging Table . Recorded measurements
system should provide and document spe- - able_1._ ecordedmasurement
cific data to permit recognition of the prob- Date
able cause of the heat-loss anomaly, i.e. air Time of day
infiltration or insulation void. To accomplish Indoor air temperature

this, the imager must resolve anomalies 4 x 4 Outdoor air temperature

cm in size or smaller when the temperature Wind speed

difference between the anomaly and its back- Wind direction
Surface finish and materials

ground is equivalent to or less than the inte- Description of building construction

rior surface temperature difference between Window glazing
an R-10 and an R-15 surface. Furthermore, the Surface orientation

data should be suitable for calculation of the Other factors that might affect data

Temperature Index.
2. For Class B surveys, the thermal iging The ASHRAE standard specifies the following

system should provide and document spe-
cific data to permit the location of gross heat- survey conditions:
loss anomalies with limited information on 1. A relatively stable condition of heat transfer

probable cause. To accomplish this, the inager should prevail.

must resolve anomalies 16 x 16 cm or smaller 2. Class A surveys should only be conducted

when the temperature difference between the after it is obvious that any solar radiation

anomaly and its background is equivalent to absorbed during the day has dissipated. This

or less than the interior surface temperature is critical because of the calculation of ap-

difference between an R-5 and an R-15 sur- proximate R-value.

face. 3. Class B and Class C surveys should be con-
3. For Class C surveys, the thermal imaging ducted only to detect anomalies. They may be

system should provide and document spe- performed any time during the day when

cific data to permit location of the gross ther- there is no solar radiation on the walls, as long

mal anomalies with no significant informa- as the minimum indooi-outdoor tempera-
tion on probable cause. To accomplish this, ture differences in Tables 2 and 3 exist for a

the imager must resolve anomalies 16 x 16 cm minimum of 2 hours prior to the survey.
in size or smaller when the temperature dif-
ference between the anomaly and its back- Table 2. Class B survey
ground is equivalent to or less than the inte- Required min. resol-
rior surface temperature difference between vable temp. difference Inside to outside
an R-2 and an R-10 surface. @ 0.13 cycles/cm air temp. difference

For all survey classes, the thermal imaging sys- ('C) ('F) (10 (F)

tem should be capable of producing thermal data 0.4 0.7 8 14
on hard-copy records that document the findings 0.6 1.1 12 22
for future reference. 0.8 1.4 20 36

The ASHRAE standard specifies that surface
and air temperature thermometers, smoke pencils,
and air velocity probes may be used in conjunction Table 3. Class C survey
with the thermal imaging system to record survey
conditions. The measurements to be recorded are Required min. resol-
described in Table 1. vable temp. difference Inside to outside

The building's thermal anomalies should be re- @ 0.13 cycles/em air temp. difference
corded as thermograms, supported by the data ('C (F) ('C) (F)
necessary to identify the extent of the anomalies
within the thermogram. These data may take the 1.0 1.8 7 13

form of drawings, photographs, or video tapes. 1.2 2.0 8 14
Equipment with photographic capabilities should 1.4 2.5 9 16
record such characteristics. For Class A surveys, 1.6 3.2 11 20
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4. Environmental factors should be noted, in- Qualitative pattern recognition analysis of ther-
cluding date, time of day, wind speed, pre- mal images has been and will continue to be the
cipitation, and site factors such as shading, primary means of providing data for audits of both
sun loading, and convective and radiative residential and nonresidential buildings. Recently
sources. there has been a trend in the development of proce-

5. Approximately 1 hour before the start of the dures to obtain actual temperatures from those
survey, preparation should include elimina- imaging systems that have that potential. While
tion of thermal artifacts to the extent practical most of this effort is in the primary stage, it is
by turning off heat, moving furniture away anticipated that within the next few years enough
from the walls, opening cabinet doors, open- progress will have been made to consider the
ing inside doors, drawing curtains to expose measurement of actual surface temperatures of
the walls, and taking pictures off walls. buildings as routine.

6. The equipment designation and serial num-
ber should be recorded. Exterior inspections

7. Temperature measurements should be made Most exterior surveys of buildings using imagers
of indoor (Class A only) and outdoor air. are conducted with hand-held devices or cart-

8. Data should be recorded with each ther- mounted systems. With the rapid advance of tech-
mogram to allow reference to some form of nology, many diagnosticians are using direct video
calibrated gray scale to indicate the relation- data-recording techniques while others are using
ship between contrast and temperature dif- photographic records or simply written notes based
ference. on thermal data and visual observations.

9. If the survey is used to characterize theappar- In the past, diagnosticians considered the best
ent thermal resistance, the inside surface temperature conditions to be satisfied with an as-
temperature of outside walls should be re- large-as-possible temperature difference between
corded to compute the temperature index, inside and outside. Such conditi, is imply that the

Within the past two years, the Task Force on outside temperature should be very low while the
Infrared Inspections, Section 7.1, operating under inside temperature remains at ambient. Recent tests
ASTM Subcommittee C16.30, Thermal Measure- by Public Works Canada of the minimum resolv-
ments, has developed a draft procedure for the able temperature difference of various imaging
thermographic inspection of insulation installa- systems indicate that detectors used in these sys-
tions in building enclosure cavities in wood frame tems become less sensitive as the ambient tempera-
buildings. While the procedure has been devel- ture is decreased from 59 to -22°F (+15 to -30'C).
oped specifically for insulation inspections it could The minimum temperature difference considered
also be used for that part of an energy audit that to be acceptable for exterior surveys depends upon
does not deal with identifiying air leakages. The whether a high- or low-resolution imager is being
specifics of this procedure are described below used. If a high-resolution system is used, a tem-
under Quality Control Insulation Inspections. perature difference of approximately 14.5 to 180F (8

Interior inspections have certain advantages and to 10'C) is required for observable contrast in the
limitations depending upon the size and location thermal image. A low-resolution imager usually
of the building, time of day, and the meteorological requires an 18 to 27°F (10 to 15°C) temperature
conditions prevailing at the time of the inspection, difference for an observable contrast.
Inspections of large buildings will require progres- A compromise must be made between the spa-
sively more time. This is the major limitation of an tial and thermal resolution of the imaging system
interior survey, but it could be minimized by the and the time required to complete the survey. An
use of more than one imaging system and operator. attempt should be made to include as much as

The advantages are that: solar loading of the possible of the exterior surface of the enclosure
exterior surface of the building enclosure does not system without violating the minimum resolvable
bring an immediate end to the survey, wind scrub- temperature difference specifications of the par-
bing of the exterior does not have a direct effect on ticular system being used.
the degradation of the thermal image, and mete- The sensitivity of the imaging system should be
orological conditions (precipitation, temperature, adjusted to give the lowest minimum resolvable
wind chill) do not reduce the productivity of the temperature difference that keeps the image from
imaging system operator. In addition, natural bar- being saturated to black or white. The thermal
riers (e.g. trees, shrubs, water, steep slopes) do not image from the screen can then be recorded manu-
interfere with the operator's mobility, ally, photographically, or with video tape. To indi-
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cate the relationship between contrast and tern- ings. it is used in conjunction with a thermal imag-
perature differences, data should be recorded to ing system coupled to an optical system that pro-
allow reference to a calibrated gray scale or to two duces a thermal image superimposed on a visual
surface reference measurements. image. This technique has the distinct advantage of

One distinct advantage of an exterior survey of being able to provide a correlation between ther-
a large building is that it can be conducted in much mal anomalies observed in the thermal image and
less time than an interior survey. Where time is of the precise location of those anomalies on the build-
the essence and only one imaging system is avail- ing enclosure system.
able, an exterior survey can be conducted to iden-
tify and document quickly most thermal anomalies
within the building enclosure system. QUALITY CONTROL

Another advantage is that objects (furniture, INSULATION INSPECTIONS-
etc.) behind the walls of the building enclosure sys- INTERIOR AND EXTERIOR
tem do not have to be moved as long as there is
recognition of those objects at the time of the sur- Most of the procedures for conducting a quality
vey. control inspection are described in Chapter 6,

One disadvantage of an exterior survey is the Energy Metering. The procedures are identical for
problem of solar loading of the building enclosure energy audits and quality control inspections with
system. Only a few minutes after the sun hits the regard to determining whether a new or retrofit
building, heat is absorbed and an imager can no insulation installation is done according to specifi-
longer distinguish between the incident solar ra- cations, job contract, proposals, standard installa-
diation and the outgoing thermal radiation. There- tion practice, or applicable codes and standards.
fore, an exterior survey should be made at times of Other thermal anomalies that are observed during
minimum solar heating of the enclosure system. If the process of an energy audit may require proce-
the enclosure system has already been heated, then dures not covered in a quality control inspection.
for walls it is usually necessary to wait for at least The Task Force on Infrared Inspections, Section 7.1,
3 hours after sunset to avoid solar storage affecting operating under ASTM Subcommittee C16.30, has
the solar decay (or build-up) process before the prepared a draft "Practice on Thermographic In-
diagnostic survey is begun. For roofs, 2 hours after spection of Insulation Installations in Envelope
sunset in the summer and 1 hour in the winter is Cavities in Wood Frame Buildings" that specifies
usually an adequate waiting time. procedures that are applicable to inspections of

Another disadvantage is the problem of wind quality control insulation installations. Unlike
scrubbing of the building surface. The wind re- ASHRAE Standard 101-1981, the ASTM-proposed
duces the overall thermal image contrast by elimi- practice deals with the operator's level of knowl-
nating the surface temperature differences that edge. It states that "a trained thermographic opera-
depict thermal anomalies in the building enclosure tor and data evaluator shall have knowledge and
system. At the present time there is no general competence in principles of infrared theory, air
agreement as to what value of wind velocity is movement, moisture migration, heat transfer, and
considered excessive for observable image con- a basic understanding of building enclosure theory
trast. Even though ASHRAE Standard 101-1981 in order to apply techniques to diagnose defects in
indicates that this phenomenon is wavelength- building envelope systems."
dependent and limiting at wind velocities over 15 According to the proposed practice the follow-
mi/hr(24 km/hr), PublicWorks Canada has docu- ing environmental conditions are preferred for
mented instances of observable thermal image thermographic inspections:
contrast obtained with wind velocities exceeding • Minimum temperature difference of 10'C
15 mi/hr. between interior and exterior ambient for a

Exterior surveys are also hindered by the envi- period of 8 hours prior to the inspection.
ronment immediately adjacent to a building (e.g. * No direct solar radiation on the surfaces for
trees, shrubs, fences, water, other structures, slop- the previous 3 hours for wood frame with
ing landscapes). Any of these objects may be lo- siding and the previous 8 hours for masonry
cated in such a manner as to hinder the mobility of and masonry veneer construction.
the equipment operator or prevent him or her from * For exterior surveys, wind speed should be
getting an unobstructed view of section(s) of the less than 15 mi/hr (24 km/hr) and the wall
building enclosure system. should not be wet.

Public Works Canada has used a helicopter to Although it is recommended that the above con-
conduct exterior surveys of large multistorey build- ditions prevail at the time of inspections, it is recog-
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nized that inspections can be performed under humidity should also be recorded for each level of
other conditions if sufficient knowledge is used in the house. Unheated spaces should be noted and
taking and interpreting the thermal images. For the interior temperature recorded. If certain rooms
example, a wall exposed to direct solar radiation have temperatures differing by more than 40 F or
will experience a temperature reversal-the studs 2°C from the temperature of the corresponding
and voids will appear warm and the insulated rooms on another level, those temperatures should
section cold on interior inspections. An exterior be reported.
inspection will show the studs warmer than the As mentioned in a previous section, not all sur-
irsulated sections. faces are accessible for inspection from the exterior

On many veneer surfaces, interior surveys are and interior. Ideally, all movable obstacles block-
technically possible 1 or 2 hours after sunrise. ing the view of the surface should be moved, and if

The proposed practice states that, to evaluate the they are in contact with the surface, they should be
structure for installation of insulation, certain pre- moved at least 1 hour before inspection.
liminary data should be collected, if possible: The heating system should be left off unless

1. A sketch or record of each type of anticipated turning it off will cause more than a 41F or 21C
wall cross section, noting the age of the con- change in temperature. Operation of the Ileating
struction, i.e. construction drawings and system could mask existing thermal anomalies. In
anticipated thermal pattern. contrast with the ASHRAE standard, the proposed

2. Additions or modifications to the structure. ASTM practice is specific with regard to on-site
3. Locations that the insulation contractor was equipment check and settings:

contracted to insulate, the type of insulation 1. Verify that the system meets MRTD require-
(if known), and the anticipated R-value. ments for the temperature gradient through

4. Difficulties encountered by the insulation the wall.
contractor. 2. Instrument gain or contrast should be set to

5. Thermal anomalies noted by the owner/oc- allow the operator to distinguish a stud in the
cupant. image from the wall around it. The bright-

6. Type(s) of existing insulation(s). ness or level control should be set so that
7. Type(s) of exterior and interior surface finish- anomalies or their reference areas are not in

ing materials that might produce unwanted saturation (maximum brightness or white) or
reflections. in suppression (minimumn brightness or black)

8. Orientation of exterior walls. on the display.
9. Potential paths of air leakage into cavities. 3. Verify proper operation of the recording sys-

10. Extraneous heat sources mounted on or close tem (if any).
to the walls. 4. Produce a hard copy of the thermal image of

11. Time the building is used. the wall.
With regard to information on the outdoor en- Similarly, the specifics of the inspection are out-

vironment, the practice states that the meteorologi- lined in the ASTM practice:
cal conditions that prevail during the inspection 1. A complete quality control inspection of the
can greatly affect the thermal image. In conducting building may consist of both an exterior and
an inspection, the following locally measured inte- interior inspection of all surfaces that should
rior and exterior environmental conditions should have been insulated.
be recorded: 2. Inspections should be made of all surfaces

1. Exterior ambient temperature (on site). that can be viewed with an angle of less than
2. Wind speed. 300 from normal to the surface. Inspections
3. Wind direction. should be made from several angles to detect
4. Cloudiness. the presence of reflected radiation.
5. Relative humidity. 3. For an interior inspection, scans should be
6. Precipitation for the previous 12 hours. made from a position that allows a view of at
7. Maximum and minimum exterior ambient least two horizontal and one vertical stud

temperatures for the 24-hour period prior to space.
the inspection. 4. For an exterior inspection, scans should be

8. Cloud-cover estimates for a period of 12 hours made from a position that allows a view of at
prior to the inspection, least six horizontal and three vertical stud

Inside the building, the air temperature should spaces.
be measured in each room on each level and in the 5. Hard copies of each anomaly with a notation
basement to an accuracy of 1F or 0.50C. Relative of the location of all building characteristics
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(e.g. windows, doors, and vents) should be * Continuity and uniformity of the constant
made. The quality of the hard copy should be temperature region over the surface.
based on the need for calculations of areas The type of defect can usually be determined by
with insufficient insulation or for identifica- calculations, ancillary measurements, experience,
tion of cavities with varied defects. or by comparing the actual thermal image with

The primary purpose of the quality control in- reference thermal images for structures with known
spection is to provide precise physical location insulation defects. Such determinations should be
information to allow for corrective retrofit. substantiated in the report.

It is not possible to provide a detailed interpre- The ASTM practice specifies that the report on a
tation of thermal patterns without some under- quality control inspection should contain, at a
standinp of the construction of the building. If there minimum, the items listed below:
are air spaces between the inspected surface and 1. A brief description of the construction fea-
the insulation, it should be determined whether tures of the building. (This information should
there are heat sources in the cavity and the compo- be based on drawings or other construction
sition of the wall enclosing the cavity. In compari- documents when available.)
son with the studs, locations without insulation 2. The types of surface materials used and their
appear colder in interior inspections and warmer estimated spectral band emittance.
in exterior inspections. Air leakage between the 3. The orientation of the building with respect
insulation and the surface may cause a thermal to the points of the compass and a description
pattern similar to a location without insulation, of the surrounding buildings, vegetation,
The interpretation of the thermal image or other landscape, and microclimate.
hard copy allows determination of the following: 4. Equipment specifications, including model

" Total area and location where there is no and serial number and any critical settings
insulation. used during the measurement.

" Total area and location where there is full 5. The date and hour of the inspection.
insulation. 6. Outside air temperatures observed in the

" Total area and location where there is only course of the 24 hours before and during the
existing insulation (for those applications inspection.
where insulation is being added). 7. Information about the solar radiation ob-

* Location of cavities with improperly fitted served in the course of the 12 hours before
insulation, or shrinkage, and during the inspection.

* Location and extent of air leakage or moisture 8. Precipitation, direction, and velocity of the
damage. wind during the inspection.

Irregularities in the insulation and air tightness 9. Inside air temperature and air temperature
of a building will provide various apparent surface drop across the enclosure.
temperature patterns. Certain types of defects have 10. Any other important factor influencing the
characteristic shapes in a thermal image. In evalu- results.
ating thermal patterns, the following characteris- 11. Sketches/photographs of the building show-
tics are considered: ing the positions of the thermal images.

" Relative uniformity of the thermal pattern. 12. Thermal images with indications of their
" Contours and characteristic shapes of the respective positions, and with comments on

thermal patterns, their appearance.
* Irregular pattern shapes with uneven bounda- 13. Results of the analysis dealing with the type

ries and large temperature variations pro- and extent of each defect that has been ob-
duced by air leakage in the building enclo- served.
sure. 14. Results of supplementary measurements and

" Regular and well-defined pattern shapes inspections.
produced by missing insulation. 15. Estimate of the total area and location where

" M-,tled and diffused patterns produced by there is no insulation.
moisture in the structure where temperature 16. Estimate of the total area and location where
variations are not extreme within the pattern, there is full insulation.

" Measured difference between the tempera- 17. Estimate of the total area and location where
ture at a location on the wall with full insula- there is only existing insulation (for those ap-
tion and the temperatureof theselected colder plications where insulation is being added).
or warmer region.
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18. Names of members of the inspection team During warm or hot months, under conditions
and the team leader. of intense solar radiation, the roof acts as a large

thermal collector. Any insulation laden with mois-
ture absorbs this radiation and acts as a heat sink.

NONDESTRUCTIVE After sunset, especially on a clear night when there
SUBSURFACE is good radiant cooling of the surface, the moist
MOISTURE TESTS areas tend to hold their heat, forming warm zones.

The amount of thermal energy stored by a roof is
Thermal imagers directly related to its construction and the volume

Using visual means to detect moisture within of moisture trapped within it.
the insulation of built-up roofing systems and then The period in which the inspection must be done
cutting into the membrane for verification has begins after sunset when the wet insulation areas
provided a useful but localized view of moisture- remain or become warmer than the dry areas, pro-
damaged roofs. Experience has indicated that this viding a detectable temperature differential. As the
procedure often leads to misinterpretation of roof- roof cools through the night, the temperatures of
ing problems. the wet and dry insulation areas tend to equalize.

The development of roof inspection techniques During the inspection, thermal anomalies may
that use thermal imagers has provided a means of appear. Because these anomalies may be associ-
quickly detecting and accurately mapping subsur- ated with phenomena other than wet insulation
face roof moisture and plays a significant role in (e.g. interiorheat sources, light fixtures, steampipes,
nondestructive testing of roof assemblies. Due to heavy gravel, etc.), they must be verified by taking
the portability of imaging equipment, surveys can roof cores or by other means.
be performed by walking the roof or by scanning The use of thermal imagers for mapping subsur-
from the air. The method selected depends on the face roof moisture has one very significant advan-
construction of the roof assembly, climatic condi- tage. Since these imagers can be used to quickly
tions, the size of the roof, the nunber of roofs being pinpoint the presence of subsurface moisture in
surveyed, the problems, and the information de- insulated roof systems, only those locations that
sired. The best time to survey a roof is during the are suspect need be considered for maintenance
night. Certain problems can also be investigated action. This means that the "guesswork" of at-
from the interior, and good results have been ob- tempting to locate suspect subsurface moisture
tained using this technique with adverse weather over large roof areas has been virtually eliminated
conditions. Information can be stored on video from the process of visual inspections. Once mois-
tape or film, depending on the future use of the ture has been confirmed in the suspect locations,
information. the cost of reroofing will be limited to those specific

Although wet insulation is usually depicted as a areas. Before the advent of the use of thermal im-
bright area on the viewing screen of a thermal aging techniques there was no way to quickly "see"
imager, not all brightness can be attributed to en- the presence of subsurface moisture. Now that
trapped moisture. Exhaust from roof-mounted fans these techniques are readily available it is possible
or heaters suspended below the roof, changes in to quickly and precisely assess where maintenance
construction, and repairs on areas that have been action is required. The potential annual cost sav-
reroofed often resemble entrapped moisture on the ings with this diagnostic technique can be
thermal image. enormous.

The technique of thermal imaging senses vari- There are several limitations to the use of ther-
ations in surface temperature and only senses the mal imagers for roof subsurface moisture inspec-
effect of moisture as it relates to the surface tem- tions. Proper interpretation of the thermal requires
perature of the membrane. All materials between a thorough understanding of both infrared theory/
the interior and exterior of a building, including the applications and roof construction. The equipment
ceiling and air spaces, are considered part of the must be capable of detecting relatively small tem-
roof assembly, and all influence the thermal per- perature differentials that may occur with damp
formance of the roof. insulation or under less than optimal conditions. It

Moisture reduces the insulation's effectiveness must render an image with sufficient clarity and
and increases its conductivity. At night, during contrast to provide useful and readable informa-
cool or cold months, this moisture can be depicted tion throughout the entire inspection period. The
in a thermal image as warm zones on the roof's imager must be portable enough to permit the
surface. operator's access to all areas of the roof to be in-
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spected. Uninsulated roofs do not, in general, re- image interpretation cannot absolutely guarantee
tain sufficient quantities of moisture for a long the presence of subsurface moisture, other means
enough time to permit infrared inspections, of verification must be used. Roof cuts are the most

Environmental conditions must be near optimal reliable. The use of thermal imaging techniques
to !ocate interply moisture. Since felt plies are highly must be considered quasi-nondestructive until such
porous, interply moisture is a transitory state and time as a nondestructive verification technique is
may be more readily and economically located by developed.
visual examination. Therefore, the use of instru- The use of thermal imaging techniques for sub-
mented inspection to locate interply moisture is of surface moisture inspections of roofs is a recent
questionable value, development. There have been no known recent

Lightweight concrete decks may be inspected, significant advances in inspection techniques.
but care must be used in interpreting the data.
These systems are poured in place and often retain Spot radiometers
a significant moisture content, so the data may Theoretically a spot radiometer can be used in
appear to indicate unacceptable moisture contents every application in which an imaging system is
throughout the entire roof. Inspections of this type used, but from a practical perspective it would be
of system are more difficult because the boundaries difficult to justify its substitution in every instance
of the wet areas are indistinct and extensive verifi- because of the basic and significant difference in
cation is necessary. the characteristics of each device. Due to the local-

Thick layers of insulation may mask the thermal ized measuring capability of the spot radiometer,
loading effect on moisture retained in the lower ASHRAE Standard 101-1981 recommends that it
layers and prevent its accurate location. Any ther- be used for (1) interior measurements of wall seg-
mal insulator placed over a layer of wet insulation ments to detect the presence of thermal anomalies
makes moisture detection more difficult. and (2) to determine the apparent range of thermal

An aluminized surface reduces the energy rera- resistance of a building component utilizing the
diated from the roof and increases the energy due Temperature Index or similar technique. The stan-
to reflectance. Therefore, it may be impossible to dard does not recommend the use of the spot
inspect a newly aluminized roof surface until the radiometer for exclusive use in conducting surveys
surface reflections have been reduced through of total wall sections or for complete building sur-
oxidation or other contamination. veys for identifying all insulation voids and air

A surface with heavy gravel above the insula- leakage paths.
tion will retain sufficient heat to prevent the detec- The ASHRAE standard has established two
tion of temperature differentials due to the mois- classes of interior measurements. The Class A mea-
ture content of the insulation, making it difficult if surement is used to locate the presence of thermal
not impossible to survey. Anything on the building anomalies and to determine the local range of ap-
interior or exterior that significantly affects the roof parent thermal resistance (R-value) of a building
surface temperature may make accurate inspection component, while the Class B measurement is used
results impossible to obtain, only to detect the presence of thermal anomalies.

When a roof inspection depends upon tempera- For Class A measurements, the standard stipu-
ture differentials generated by solar radiation, a lates that:
roof shadowed by clouds, trees, or building appur- * A spot radiometer be calibrated with a black-
tenances may not receive sufficient solar energy to body reference with a temperature accuracy
permit an inspection. The roof must be free from within ±0.5'F (0.3*C).
surface moisture or snow during the inspection. If 9 Indoor ambient and outdoor air temperature
the roof surface is wet the day of the inspection, the be determined within an accuracy of ±0.50F
sun's energy will be spent drying the surface in- (0.30C).
stead of warming the wet insulation. Inspection of e Outdoor air temperature be measured with a
the surface may be difficult. conventional thermometer.

Winds in excess of 15 mi/hr (24 km/hr) will 9 Indoor ambient temperature be measured
significantly increase the convective cooling effect with a spot radiometer by pointing it at an
on a roof and will cause the wet and dry areas to object that has an ernittance similar to the
rapidly reach the same temperature. This effect exterior wall and thermally insulated from it.
shortens the time of inspection. 9 Spot checks to determine the range of appar-

Although an infrared inspection of a roof is ent thermal resistance be conducted no sooner
generally regarded as a nondestructive test, verifi- than 3 hours after sunset.
cation of the results may not be. Since thermal
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• The heating system be turned off 1 hour be- radiometer (nonimaging and nonscanning) create
fore measurement. additional problems for the operator, however.

• Curtains and drape, be pulled closed. One problem is the increased time required to
* Measurements not Se made on reflective conduct a complete energy audit, quality control

surfaces, insulation installation inspection, or electrical/
For Class B measurements, the standard states mechanical inspection. The other problem is the

that: rapidly expanding field of view that occurs with
" The indoor/outdoor ambient air tempera- increasing distance from the surface being meas-

ture difference must exceed the appropriate ured without benefit of an image that can be moni-
value for a period of at least 2 hours before tored. Without the benefit of an imaging capability,
any measurement. it would be almost impossible to use a spot radi-

* Spot checks in no case should be made when ometer in any application requiring pattern recog-
the indoor/outdoor air temperature differ- nition (e.g. subsurface moisture tests of roofs and
ence is less than 18'F (10°C). walls). Therefore, its use must be restricted to those

" Exterior to interior surface measurements of applications that require extremely localized sur-
building components exposed to solar load- face temperature measurements.
ing must exceed the appropriate values. The advantage of using a spot radiometer is that

" The heating system must be turned off 1 hour for extremely localized surface temperature meas-
before measurement. urements, it can be used to quickly measure them

In actual use the spot radiometer is panned and infer a range of R-values for that particular
across a wall section slowly to allow for the instru- locale.
ment response time. Any significant temperature
changes are noted by the operator. Portable line scanners

The following data are recorded: The use of portable line scanners is not unlike
Date that of a thermal imaging system. The significant
Time of day difference is that an imaging system automatically
Indoor ambient temperature produces a thermal image of an object through a
Outdoor air temperature combination of optical and electronic components,
Wind speed while a portable line scanner produces a surface
Wind direction temperature profile superimposed on a visual
Weather conditions image. A complete temperature map of a surface
Surface finish and materials can only be made by manually scanning (moving
Description of building construction the scanner up or down to produce temperature
Window glazing "lines" that are superimposed on the visual image
Surface orientation of the surface being observed).
Other factors that might affect data At the time the ASHRAE standard was being
Range of apparent thermal resistance drafted, no portable line scanners were being sold,
Apparent outdoor/indoor temperature so the standard does not cover the use of such a

difference. device.
When making Class A measurements using the Because the line scanner is not an imaging de-

temperature index method,the range of apparent vice, the time limitations for large-scale surveying
thermal resistance is determined using the proce- would be similar to the limitations of a spot radi-
dure given in Section 3 of the appendix of the ometer. However, because a visual image can be
ASHRAE standard. When spot checks are con- produced, use of the line scanner generally has the
ducted to determine the existence of cavity insula- advantage of taking less time to correlate a thermal
tion, certain criteria are applied to determine if in anomaly (once it is located) with its precise physi-
fact that insulation is present: the wall is insulated cal location.
if the apparent surface temperature between studs For certain applications of electrical inspection,
is greater than the apparent temperature of the a portable line scanner has the advantage of not
studs and uninsulated if the apparent stud tem- being affected by spurious electromagnetic fields
perature is less. produced by the electrical equipment itself. This

Virtually all of the same advantages and limita- means that if the components to be inspected are
tions of interior and exterior inspections are expe- obstructed by other components, objects, or equip-
rienced by operators of spot radiometers and imag- ment, an operator can move in close with the line
ing systems. The additional limitations of a spot scanner to get an unobstructed view.
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Chapter 2. Noncontact Electromagnetic Measurements

NUCLEAR METER concentrations in the material. A grid system must
be laid on the roof and readings must be made at

Measurement and analysis each grid intersection. This procedure slows down
As early as 1941, a paper in Oil and Gas Journal the survey, but provides an accurate map, since

described the basic process used in the nuclear each reading is referenced to a position on the roof
meter. The instrument was developed for use in surface.
petroleum exploration and consisted of a neutron
source and an ionization chamber. New technology/developments

The nuclear method for determining the mois- None.
ture content of a material is based on the principle
of measuring the slowing of neutrons emitted into Purchasing information
the material from a fast-neutron source. The colli- Cost
sion of the fast neutrons with hydrogen atoms in The instrument costs from $2800 to $5500 and
the material slows those neutrons. The number of can be used for several years without extensive
slow neutrons is detected by a counter tube and maintenance.
electronically counted. The slow neutron count is
proportional to the amount of water in the material. Manufacturers

The nuclear meter has been used successfully to Campbell Pacific Nuclear, 130 South Buchanan
delineate entrapped moisture on a large number of Circle, Pacheco, Calif. 94553, (415) 228-9770; Sea-
built-up roofs. The meter is reasonably simple to man Nuclear Corp., 3846 W. Wisconsin Ave., Mil-
use, requiring only the meter and a calibration waukee, Wisc. 53208, (414)762-5100; Troxler Elec-
block. Theworkcan bedoneby twopeoplewhoare tronic Labs, Inc., P.O. Box 12057, Cornwallis Rd.,
trained in the use of the instrument. An average of Research Triangle Park, N.C. 27709, (919) -49-8661.
400 readings (approximatelv 32,500 ft" or 3020 m2

of roof area) can be surveyed per day.
CAPACITANCE SENSOR

Accuracy
The accuracy of the nuclear meter has not been Measurement and analysis

determined for roof measurements. The dielectric constant for a roof containing
moisture is significantly different than for a dry

Advantages roof. For example, water has a dielectric constant of
Nuclear meters can be used to detect entrapped about 80, while dry roofing materials have a dielec-

roof moisture. The number of backscattered slow tric constant of approximately 4. This extreme dif-
neutrons received (compared to a reference stan- ference enables the use of an electronic capacitance
dard) is directly related to the number of hydrogen sensor to detect moisture in both insulation and
atoms present in the entire roof cross section under membrane.
the meter from the surface to the deck. A reference Moisture readings taken from the capacitance
grid system provides an accurate location of en- system are plotted on a drawing of the roof to create
trapped moisture at the expense of increasing the a three-dimensional representation of moisture
time required to complete the job. The nuclear content.
meter can also be used to check out and verify
suspect locations found with an infrared scanner. Accuracy
Use of a nuclear meter provides contact with the Information on the accuracy of the capacitance
roof during daylight hours, when visual inspection sensor is not available.
of the roof materials can be made.

Advantages
Limitations The sensor can detect moisture in both mem-

The means of detecting entrapped moisture is brane and insulation.
direct in that the meter responds to hydrogen ion
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Limitations Purchasing information
The sensors cannot give quantitative results. A Cost

grid has to be laid on the roof, increasing survey $275 to $4200.
time.

Manufacturers
New technology/developments A-Tech, P.O. Box 5576, Madison, Wisc. 53705,

None. (608) 831-5333; Tramex/United, 1300 Shoshone St.,
P.O. Box 4246, Denver, Colo. 80204, (303) 892-0400.
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Chapter 3. Contact Heat Flow Measurements

HEAT FLUX TRANSDUCERS HFT and the surface can cause errors from 2 to 10%
because of convection. A layer of gel toothpaste or

Measurement and analysis similar substance behind the HFT can improve
A heat flux transducer (HFT) iF a thin wafer, thermal contact. Thermocouple leads should be

either circular or rectangular in shape. The wafer attached to the surface for a foot or so behind the
contains an embedded thermopile (a series of pairs junction to ensure that the measurement repre
of thermocouple junctions placed ..cross the wa- sents the surface temperature.
fer), which produces a signal proportional to the Thermocoupie junctions are mounted under
rate of heat flow passing through the wafer. masking tape to the inside and outside surface of

The constant that relates the output to the heat the building component. The junctions should
flow rate is called the sensitivity of the device ideally be covered with the same paint that was
(expressed in millivolts per Btu/(hr/ft2)), which is used on the wall, to match the absorptance and
a slight function of its average temperature. emittance of the measuring location with that of the

ASTM (1985a) specifies the procedure outlined surface, but masking tape usu.,lly provides an
here more fully; s-e also ASTM (19b5b) and Flan- adequate match. Thermocouple leads should be
ders (1987). run at least a couple of feet along the surface to

The output signals from heat flow sensors can be minimize heat conductance along them.
read out at any interval using data loggers, strip-
chart recorders, or analog integrators. Any readout Accuracy
device must have sufficient sensitivity to resolve a When the HFT technique has been used in field
signal at its lowest level, and laboratory studies to determine the thermal

Manufacturer's calibrations of HFTs are seldom resistance of walls and roofs and when the compo-
valid for use on buildings. Because HFTs distort the sition of the wall was known accurately, the agree-
heat flow ILhev are intended to measure, a change of ment between measured thermal resistance and
materials, temp ratures, orotherfactorsmaychange the corresponding predicted thermal resistance
the conversion :actor significantly. Calibration of using steady-state heat transfer theory has agreed
HFTs should therefore duplicate the material and to within 6%. For the calculated values, heat trans-
thermal surroundings in which they are to be used. fer coefficients from eingineering handbooks are
If the sensor is to be permanently embedded in the used. Without a third means of verification, such as
construction, then the calibration should represent drilling an inspection hole, it cannot always be
the materials on either side of the sensor. If the HFT determined whether the difference between meas-
is to be surface-mounted, then the calibration must urement and theory is due to the use of incorrect
occur in an apparatus that simulates this. In either values of the material properties or to inaccuracies
case, the temperatures and heat flux during cali- associated with the measurement.
bration should approximate the average tempera-
ture and heat flux that the sensor is likely to en- Advantages
counter. ASTM (1985b) describes these require- In attempting to assess the thermal performance
ments in greater detail. of building components, it is necessary to leter-

When HFTs and thermocouples are to be sur- mine the quantity of heat passing through that
face-mounted, masking tape usually provides good component in a given period of time. The result of
attachment, smoothes over the sensor to avoid this measurement, together with interior/exterior
disrupting air movement, and provides adequate surface temperature data taken over a period of
matching of infrared absorptivity. The match of time, canbe used tocalculate the thermal resistance
absorptivity is important so that the sensor will (R-value) of the component.
absorb heat in a mannersimilar to its surroundings. An HFT produces . quantitative value.
Surface-mounted HFTs should be on indoor sur- The most important advantage of using HFTs
faces only because they are strong!' influenced by for measurement and analysis is that they produce
solar radiation. Curtains should be drawn to pre- a signal output that is related to the hea: flow
vent the sun from shining on measured surfaces. through that particular location. The addition of
Gaps (f r-"re than 0.5 mm (0.02 in.) between the contact temperature sensors to the inside and out-
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sidesurfaces allows the thermal resistance (R-value) relatively small and spatially nonuniform. Mul-
of the building component at those specific loca- tiple HFTs can usually determine the area-aver-
tions to be calculated. aged heat flow.

The Lawrence Berkeley Laboratory has devel-
Limitations oped an HFT, based on ac resistance thermometry,

Since an HFT is a contact transducer, it must be that accurately measures average heat flows over
mounted securely to ensure the accuracy of the large areas. They have built several moderate-sized
measurements. Thermography is recommended to (0.09 m2 or 1.0 ft 2 ) prototypes and are planning
assure that sensor sites are appropriate. Once the larger units (0.7 m2 or 7.5 ft2 ).
sensor is placed, the results obtained are only The same techniques can be used to construct
applicable to that one spot. larger HFTs, and average heat flows over large

An HFT with a relatively small thickness can areas may be measured with comparable sensitiv-
have a fluctuating signal. This may require averag- ity by piecing together HFTs of a convenient size.
ing. Their work has exposed no fundamental difficulty,

Sincethesensorcontactsthesurface, heatflowat and the major difficulties are expected to be in
that location is perturbed. If the heat flow is only in protecting the wires in large units from strains and
one dimension (i.e. through the surface), the sensor in developing a convenient method of calibration.
should be measuring the actual flow rate. How- A lower sensitivity could beattained by improving
ever, if the heat flow is multidimensional (i.e. along the design of the amplifier.
and through the surface), the sensor will not be The most recent development in the use of HFTs
measuring the actual flow rate. is that of combining their use with a thermal imager

It takes approximately 2 hours to set up 20 heat- to determine the proper placement of the sensor to
flow sensors (HFTs). avoid locations (framing members, insulation voids)

Since careful calibration, detailed measurement not required for monitoring.
preparation, and proper data interpretation are
necessary, qualified technicians are needed to carry Cost
out this procedure. Field personnel should be The cost of a heat flow sensor depends upon its
experienced with proper low-level electrical meas- size. The approximate cost of most small to me-
urementtechniquesandshouldalsohaveanunder- dium size sensors is in the range of $100 to $300.
standingoftheffundamentalsofbuildingheattrans- Larger sensors will cost more. The total cost of a
fer. If the dynamic response of a building compo- system (sensor and readout device) to monitor one
nent is to be determined, graduate-level training in location would be approximately $1,000.
mathematics is required.

A minimum temperature difference between
inside and outside air temperatures must be main- PORTABLE CALORIMETER
tained for an HFT to respond with a measurable
and usable output signal. Spurious voltage sources Recently, the Building Research Division of the
can induce fluctuations in the ineasu'ements; NationalResearchCouncilofCanada(BRD/NRCC)
however, integration can be used to average out developed a portable calorimeter (guarded hot
many of the fluctuations. box) for measuring on-site heat transmission

Mounting an HFT onto the exterior surface of a through building components.
building component should be avoided since the The calorimeter is a five-sided insulated box, the
sensitivitv of the device will change with the changes open side of which is sealed against the building
in the outside air temperature. component on the hot side. An electric heater lo-

To obtain a representative R-value at any loca- cated inside the box is thermostatically controlled
tion, the sensor should remain at that location for at so that the temperature is equal to the indoor
least one diurnal cycle (24 hr), depending upon the temperature of the building enclosure. Since the
thickness of the construction. Building enclosure reverse heat loss through the box and the loss
systems consisting of masonry walls may require where the box edge contacts the surface are essen-
measurement over a period of many days. tially zero, the metered energy supplied to the

electric heater is essentially equal to the heat trans-
New technology/developments mission through the building component. This

In studying the performance of building enclo- technique has the advantages that the measure-
sures to improve their energy efficiency, it is some- ment provides a minimum disturbance to the heat
times necessary to measure heat flows that are transmission and a sufficiently large measured
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surface is considered to be more representative of are available describing training requirements;
the total performance of the building component however, they should be equivalent to those de-
than the smaller surface measured by an HFT. The scribed for HFTs.
accuracy of the technique is about 5%.

Before a calorimeter box measurement of a build-
ing component, a representative measuring site ENVELOPE THERMAL
should be selected. While thermal anomalies need TESTING UNIT
to be located, there is usually more interest in the
performance of a building component in areas free The envelope thermal testing unit (ETTU) was
of defects, unless the purpose is to measure the developed by the Lawrence Berkeley Laboratory to
effect of thermal anomalies on the enclosure per- evaluate the on-site transient thermal performance
formance. of walls. It consists of two "blankets" that are at-

The calorimeter box is sealed to the measure- tached to opposite sides of a wall and through
ment site. It is very important that a good seal be which the heat flux to the opposite wall surfaces
provided along the edge to prevent convective can be controlled. This unit was designed to over-
exchange between the calorimeter and the room come some of the difficulties in using HFTs and
air. calorimeters for the on-site evaluation of building

Themeasurement periods given inTable4 should components. Unlike those devices, the ETIlU con-
ensure accuracy to within 5% in determining the trols variation in heat flow and not temperature.
thermal resistance, R. The term "blankets" is used because the units

cover the test wall section and are slightly flexible
so that they can be made to conform to slight

Table 4. Required measurement irregularities on the wall surfaces. Placing the blan-
periods for various building corn- kets in thermal contact with the wall eliminates
ponents. complications associated wilh air film and consid-

Measurement time erably reduces the bulk of the unit.
Component (days) Each blanket consists of a pair of large electric

heaters separated by an insulating layer in which is
Built-up roof, concrete deck 6 embedded an array of temperature sensors. Each
Built-up roof, steel deck 0.5 heater is designed to provide a heat output that is
Wood-frame cavity walls 1h0
Masonry walls 1-5 uniform over the whole area. A microprocessor-
Metal curtain walls > 0.5 controlled data acquisition system determines a

planned variation in heat flow and records the
wall's response.

Calorimeter box measurements should be car- After calibration of the unit, the thermal resis-
ried out only during periods when the outdoor and tance of a building component can be determined
indoor temperature difference is greater than 10'F within ±5%.
(6C). Solar radiation on walls in winter may fre- This technique can be used where accurate de-
quently produce temperature differences less than termination of the thermal characteristics of the
10'F. During the measurement, the indoor tem- building enclosure are required. Its accuracy makes
perature should be thermostatically controlled at a it suitable for verifying thermal specifications in
constant level to minimize differences in the tem- new and retrofit buildings. Since it requires the
perature between the calorimeter box and the room. application of both an exterior and interior blanket,
Solar radiation and conditioned air from supply it may be difficult to use on the upper stories of tall
vents should not contact the calorimeter box. buildings and cannot be used in below-grade ap-

The methods for interpreting HFT data are also plications. This technique should be applicable to
applicable to data produced by this technique. both cold and warm climates. Where possible it
However, the results are applicable to larger areas should be used after a thermographic survey.
of the building components. The ETTU is limited in potential to being a re-

This technique has been used only by the Na- search tool. It involves complex control circuits
tional Research Council of Canada. They have and, since it adds heat to the construction differ-
constructed 10 portable calorimeters and private ently from the ambient conditions, it has serious
contractors have constructed portable calorimeters problerm- with causing lateral h eal flow and conse-
using the NRCC specification. Thecost of construc- quent spurious measurements.
tion is estimated to be from $800 to $1000. No data
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Chapter 4. Building Enclosure System Evaluation-
Air Leakage Measurement

DECAY (TRACER GAS) 2. A sampling network, consisting of tubing,
tubing junctions, a pump, and an aspirator,

Measurement and analysis that is used to draw samples from remote
The leakage of air into and out of a building is locations, blend them, and bring the blended

one of the major components of heat loss. Although sample to a convenient place for analysis.
recent advances in instrumentation have made it 3. Syringes.
possible to measure the air leakage rate of a build- 4. Fans capable of circulating air throughout
ing automatically, the techniques to obtain these the building; the building's air-handling
data are both expensive and time-consuming. In system can also be used.
attempting to assess the air leakage characteristics 5. Meteorology stations that record wind speed
of a bailding, four questions must be answered: and direction and outside temperature.

* What are the measured air leakage rates 6. An indoor temperature monitor.
under various climatic conditions and usage Automated equipment developed by research-
patterns? ers at the National Bureau of Standards (NBS) and

a How tight is the building after retrofit meas- Princeton University has been used in the United
ures are applied? States since 1974. These system use an electron-

* Where are the leakage paths? capture gas chromatograph that measures SF6 in
* What is the severity of each leakage path? the parts-per-trillion (ppt) range. The unit pumps
Air leakage is the uncontrolled passage of air air through an aluminum oxide column that sepa-

into or out of a building. It can be measured under rates SF, from oxygen (02), which also captures
natural conditions by mixing indoor air with a electrons. The gases then pass through a detector
tracer gas, that is, a gas not normally found in either containing a radioactive source of electrons. The
outdoor or indoor air (such as sulfur hexafluoride) decrease in the current established by the source is
or by measuring the excess (indoors over outdoors) measured and converted into arbitrary concentra-
of a naturally produced component (CO2, CO, or tion units. The column is flushed with argon (Ar) or
radon). nitrogen (N2) between samples, depending on the

The infiltration rate of a building is usually type of detector.
determined by the tracer-gas dilution method. This Although exact SF b concentrations are not cru-
method is very versatile and the simplest of the cial to the method, it is important to calibrate the
tracer-gas measurement systems. It can be used for apparatus to ensure that operation is in the linear
short- and long-term measurements, and the meas- range. A linear response with a current correspond-
uring equipment may be located on site or the ing to a polential of 70V or higher indicates proper
samples may be collected in air bags and analyzed detector operation. Earlier versions of these sys-
off site. tems used mechanical sequencing timers to control

The tracer-gas technique for measuring build- sampling and injection and recorded the output on
ing air leakage consists of injecting a quantity of a chart recorder. The latest version consists of a
tracer gas such as sulfur hexafluoride (SF6 ) in such microcomputer with two 5-1/4-in. dual-sided
a manner that it is well mixed and then measuring floppy disk drives, a real-time clock, a CRT termi-
the rate c fdecay of this gas. nal, an electron-capture-detector gas chromato-

After assuring that the initial quantity of gas is graph, a 10-port sampling manifold, five injection
well mixed, concentration measurements are made units, and interfaces for both analog and digital
at 5- to 15-minute intervals. The air leakage rate is data.
then determined by a graph of the SF, concentra- A less expensive method for obtaining these
tion decay vs. time. The following instrumentation data consists of using concentration monitoring
is used for these measurements: equipment placed in the building and analyzing air

1. A tracer gas monitor calibrated by the manu- sample bags filled at intervals of I to 2 hours.
facturer or on site with mixtures of at least Testing a dwelling includes the following steps:
two different concentrations used in the range 1. Injection of SF-A quantity of SF, is injected
of the test. into the dwelling so that the initial concen-
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tration is 100 to 150 parts/billion (ppb) or carbon monoxide, smoke, formaldehyde, or other
approximately 10 to 15 mL per 1000 m 3 of contaminants, or to excessive relative humidity,
living space. The gas is injected into each heat, or insufficient air movement.
room in a quantity approximately propor- Failure to achieve specified building ventilation
tional to the volume of the room. rates indicates a potential for employee complaints

2. Mixing of Tracer Gas-From 1/2 hour to 1 of symptoms and of contamination by such pollut-
hour is allowed for proper mixing of the gas. ants as radon daughters, which cause no com-
If the dwelling is heated by a forced air plaints. Ventilation may be more adequate in some

system, the fan can be turned on to assist in parts of a building than in others. Insufficient air
the mixing; however, convection currents movement may occur even when ventilation is
will mix the tracer gas on each floor of the adequate; however, an excessively low airexchang'
dwelling if the doors between rooms are rate is prima facie evidence of poor air ,quality.
open.

3. Filling Air-Sample Bags-After adequate Accuracy
mixing of the tracer gas, one sample bag is Errors in tracer gasconcentration measurements
filled (using a small pump) with air from arc ipproximately 2.5'/. This is negligible in com-
each floor of the living space. The air-sample parison with the usual scatter caused by wind
bags must be filled slowly to ensure the gusts, changing temperatures, and furnace cycling.
collection of representative saniples.

4. Dissipation of Tracer Ga--One or 2 hours is Advantages
allowed for the tracer gas to dissipate. The Tracer gas methods are an important aid in

mechanical system is left in its normal oper- determining the rate of air leakage or ventilation
atin 6 mode during this time. adequacy. The error rate is lower than with other

. Filling Air-Sample Bags (Repeat)-The pro- air leakage measurement methods that rely on
cedure in the third step is repeated with a wind gusts, changing temperatures, and HVAC
second sample bag of air from each floor of system cooling.
the dwelling. Tracer gas can be used for both short- and long-

6. Shipping Sample Bags to Analysis Center- term measurement throughout the year. The injec-
The sample bags are shipped to a center for tion and measurement may be done either manu-
analysis and measurement of the tracer gas ally or automatically, and a single detector can be
concentration. The air infiltration rate is then used for a number of measurements.
computed. With the air bag sampling method, operators

According to some experts, a tracer gas should need not be highly trained, and the measurement
have the following attributes: and analysis can be done either on or off site, which

* Its content in the air must be relatively small, gives the method great flexibility.
and there must be no source of it in the

building. Limitations
" It must be possible to accurately detect a low Only long-term average results representing

concentration of the gas. different climatic conditions are useful for com-
" Its density must be as near as possible to that parison with other buildings.

of air. Since most leakage occurs on the windward and
* It must not react with the constituents of air leeward faces of a building, poor construction may

or be adsorbed onto the surfaces of walls, be missed by the tracer gas test. Tight control must

furniture, clothes, etc. be kept on the density of the tracer gas and the
" The gas must not be harmful to building location of the detector, or spurious infiltration

occupants. rates-high or low-could be registered. More-
* It must not be flammable. over, the method will not provide the precise loca-
* The gas must be easy to handle, easily avail- tion of air leakage paths.

able, and inexpensive. Uniform tracer gas distribution will be difficult
Another purpose of air leakage tests is to meas- to obtain in large buildings and those partitioned

ure whether ventilation is adequate. There have into many rooms, unless they have a central air
been numerous complaints in office buildings in handling system.
both the U.S. and Canada of symptoms related to The cost may be very high and operation may
insufficient clean air supply: headaches, nausea, require highly trained technicians unless the air
fatigue, and respiratory symptoms. These com- bag sampling modification is incorporated.
plaints may be due to excessive concentrations of
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New technology/developments of 15 ppb SF6 is generally maintained, the amount
None. of tracer gas used during a test is very small.

The NRCC apparatus has been functioning for
Cost several years and is now available as a commer-

The chromatograph-detector unit is compact, cialy packaged unit. This unit can hold SF6 concen-
simple to operate,and costs approximately $6000 to trations in a house constant to within 4% over 15-
$8000. It is portable. but tanks of cF and Ar or N, minute intervals and 2% over a 1-hour interval.
must be transported along with it. An attachment is Kumar et al. (1979), in a report on t vvo ILut,

available so 10 sites may be automatically sampled claim that agreement between constant concentra-
almost simultaneously. tion and tracer decay methods was better than 2%.

The complete automatic system costs approxi- To achieve thorough mixing in these houses, the
mately $20,000 and must be specially assembled. It furnace fan was operated continuously.
has been used in air infiltration studies in large
buildings. Danish Institute of Technology method

The automated system of the Danish Institute of
Technology is microcomputer-based. It has many

CONSTANT CONCENTRATION similarities to the British Gas Corporation system.
(TRACER GAS) Injection of N20 is essentially continuous. Small

fans are located near the N2 0 injection port in each
Measurement and analysis room to promote rapid mixing. Ten solenoid valves

This method is similar to the decay method control injection and another 10 control sampling
except that the time intervals between tracer injec- to the infrared detector. The design also provides a
tions are shorter. All constant concentration injec- tank of N20 gas at 48 ppm to periodically check the
tion techniques now in use utilize automated sys- design value of 50 ±2 ppm N20 concentrations
tems. within the home. Temperature and humidity sen-

sors are being added to further increase accuracy.
British Gas Corporation method Metal tubes near door hinges are used to pro-

The British Gas Corporation air infiltration unit vide sampling paths so that door operation is
is based upon a microprocessor and rapid sample unaffected. The N20 injection orifices for each room
analysis. Gas is released to maintain constant con- are carefully designed and calibrated. The system
centration in each room of a house. Rooms are can operate for up to 6 days unattended. Records
monitored in sequence for 6 seconds each, an injec- are maintained on floppy disks, with a viewing
tion valve is opened, and the duration of injection screen provided to check on-site operation.
is recorded.

The two most recent concentrations are used to Swedish National Testing Institute method
vary the amount of N20 injected prior to the next The automatic measurement method of the
sampling with the concentration maintained at 50 Swedish National Testing Institute is similar to the
± 2 parts/million (ppm). Each of the injection lines Danish one. The short response time of the N20
is calibrated before the test so that the injection is analyzer allows collection of a large number of
suitable for each room. samples. An arrangement of 10 tubes to the ana-

This method has been used for almost 2 years lyzer allows 9 air samples and one fresh air purge.
with up to 12 rooms measured simultaneously. Six The fresh air must be raised to room temperature to
houses have been analyzed with an accuracy of avoid analysis problems. The pumping system
±10%. moves the samples to the analyzer through plastic

tubes within the house. When operated from a van,
National Research Council special tubing is used to insulate the nine plastic
of Canada (NRCC) method tubes. Measurements are made at set intervals and

In this method, concentration is measured every used by the microprocessor to calculate air ex-
2 or 2-1/2 minutes. Fixed amounts of SF 6 car. be change rates for each room.
injected up to 90 times over the next interval, with
the intervals spaced as closely as 0.9 seconds apart. Advantages
The tracer gas concentration is measured by the Measurements may be taken over a long period,
same alectron-capture gas chromatography unit and there is a task-observable response to weather
described for the tracer decay method. Since a level changes. In addition, since the gas injection rate is
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directly proportional to the infiltration rate, data injecting tracer gas into the space or filled by sam-
analysis is more direct. With this method, infiltra- pling the mixture of tracer gas and room air in the
tion rates of building spaces that have separate air space. The concentration is determined after the
supply systems can be measured. Large air change pump is emptied or filled.
rates can be generated with a measurement accu-
racy of 5 to 10%. Accuracy

Information on the accuracy of the con-
T imitations stant flow method is not availaHe.

Systems that use electron-capture gas chroma-
tography have a major weakness in that with heavy Advantages
usage the column and detector require consider- This method permits continuous measurements
able maintenance, cleaning, and calibration. The of the ventilation rate. No complex instrumenta-
switching valve also requires maintenance. In tion feedback loops are required to maintain con-
addition, with these systems, zero drift of the de- stant concentration, and inconvenience to building
tector is a continuing problem. occupants is minimized.

In all systems of this type, measurement is al-
ways a response to a previous tracer concentration, Limitations
since the mixing of air and gas is not instantaneous. The infiltration rate may drop considerably

The measurement system must always be auto- during changing weather conditions, causing the
mated, and no precise air path leakages can be concentration to rise beyond the limit of the detec-
identified. tor.

The technique must be automated to achieve

CONSTANT FLOW maximum efficiency.
(TRACER GAS) The method does not provide a precise location

of individual air leakage paths.
Measurement and analysis

The constant flow method was developed at the New technology/developments
Lawrence Berkeley Laboratory (LBL) to provide None.
automated infiltration measurements in a test space
at 30-minute intervals. The instrumentation origi- Cost
nally used N20 with an infrared analyzer, but Cost information is not available.
because of exposure limits it was modified to use
SF6.

The system was designed to permit researchers FAN PRESSURIZATION
to examine the effects of weather and mechanical
systems on infiltration. The instrumentation con- Measurement and analysis
tains a microcomputer that Fan pressurization is used to measure the tight-

" Controls the injection rate of tracer gas ness of a building enclosure system independent of
" Selects the sampling port weather conditions. The building is pressurized or
" Processes and records weather and system depressurized by a fan, and the air flow is meas-

data ured. Buildings can be compared by generating the
" Calculates and records average infiltration air leakage at a standardized pressure difference. A

values, and fan mounted in an airtight assembly is placed
* Computes a new injection rate based on the either in a window or doorway, and measurements

previously calculated infiltration rate to keep are made in minutes. Inadequate mixing is not
the concentration within a particular range. nearly as important a factor in fan measurements as

The average infiltration monitor, developed at it is in tracer gas measurements. To minimize na tu-
LBL, permits simple unattended measurement of ral pressure differences and to obtain measurable
the long-term infiltration rate of a building. The flow rates, large pressure differences are usu 1llV
monitor minimizes both inconveniences to build- required. Use of a large fan or a number of smaller
ing components and the technical skills required to fans simultaneously may be required in medium-
install the system. It consists of an injector and the size buildings.
sampler, each of which contains a small solenoid Tests are conducted as follows:
pump that is pulsed at a rate controlled by an 1. Observe the condition of the building, in-
internal timer. Each pump is either emptied by cluding windows, doors, walls, roof, and
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floors. Measure and record the wind speed Advantages
and outdoor and indoor temperatures. The fan pressurization method is simple and can

2. Place theair-moving apparatus near thestruc- be used to compare air leakage rates of buildings at
ture and connect the duct or blower door various times (e.g. before and after retrofit). The
assembly to the building enclosure, using a effectiveness of retrofit measures applied one at a
window, door, or vent opening. Seal or tape time can be assessed.
openings to prevent leakage. No reference to wind and outside air tempera-

3. Calibrate the fan to obtain air flow rates if no ture is required for data analysis.
other flow meters will be used. This method can be used In conjunction with

4. Measure flow rates at pressure differences infrared thermography to locate leakage paths
from 10 to 70 Pa at 10-Pa increments, precisely.

5. Calculate the airflow rates.
A uniform pressure is maintained in the build- Limitations

ing that is within 20% of the indoor-outdoor pres- Under some circumstances the pressure differ-
suredifference. The maximum variation fromstack ences generated are so great that the leakage paths
or wind effect should be no more than 10% of the may be quite different from those that occur under
pressure difference. Tests are usually not made normal conditions.
when wind speeds are above 9 mi/h (15 km/h). It is difficult to isolate one pressurized space

The thermal stack effect is usually disregarded from an adjoining space, and it is difficult to pres-
for one-story buildings. For two or more stories the surize adjoining spaces to maintain a uniform
stack effect usually results in a pressure difference pressure difference.
of approximately 0.056 Pa/°F (or 0.1 Pa/°C) per
story. At a temperature difference of 36°F (20'C), New technology/developments
the stack effect in a 10-story building results in a Pressure differences induced by fans are so large
pressure difference of approximately 20 Pa. An that wind has little effect by comparison. An alter-
alternative technique uses the air handling system native pressurization technique that uses pressures
of thebuilding to pressurize it; however, this method close to naturally occurring ones is the infrasonic or
cannot be used to measure permeabilities of indi- alternating pressure (ac) fan method. A piston inside
vidual components such as windows or doors. the building or mounted in a wall alternately causes

The following instrumentation is required: air to leak in and out. If the frequency is low
1. Fan, blower, or blower door assembly, ca- enough, there is little compression and decompres-

pable of establishing indoor-outdoor pres- sion. The frequency provides a means of distin-
sure differences in the range 10-70 Pa. guishing induced from natural pressurization; the

2. Manometer or pressure indicator capable of latter can be electronically filtered. This method
measuring pressure differences to within 2.5 has not been widely used and it may prove as
Pa. difficult to apply to large buildings as the fan

3. Air flow or velocity measuring system ca- pressurization test. For more on the ac method, see
pable of measuring flow to within 6% of its Sherman et al. (1981).
average value. The instrument should be Infrasonic methods may be helpful in simulat-
calibrated according to the manufacturer's ing natural conditions since they produce lower
instructions or in a calibrating wind tunnel. pressure differences than fans, but their relation-

4. Wind speed measuring device accurate to I ship to natural conditions has not yet been deter-
km/h or 0.3 m/s (60 ft/min). mined.

5. Temperature measuring device accurate to
20F (C). Purchasing information

6. Air flow regulating system, e.g., a damper or Cost
variable motor speed control that will regu- From $2500 to $10,000.
late and maintain air flow within specific
limits. Mantfacturers

7. Ductwork able to accommodate both pres- Manufacturers include:Infiltec, DivisionofSaum
surization and depressurization. Enterprises, Inc., P.O. Box 1533, Falls Church, Va.

22041, (703) 820-7696; Retrotec USA, Inc., 6215
Accuracy Morenci Trail, Indianapolis, Ind. 46268, (317) 297-

ASTM estimates the uncertainty of the measure- 1927.
merits to be approximately 10%.
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INFRASONIC SYSTEM New technology/developments
Sound is generated by a number of sources: tape

Measurement and analysis player/ speaker system, siren, horn, bells, etc. There
In the frequency range 0.1-7 Hz, small buildings are numerous sound detection systems, including

are characterized by one acoustic capacitance and a doctor's stethoscope and a small microphone
one nonlinear leakage resistance. Infrasonic appa- attached to earphones with appropriate electron-
ratus comprising a motor-driven source of known ics. Both allow local sensing to pinpoint the leak.
output, a pressure pickup, and a signal processor One approach that has proven effective is a tape
are used to measure air leakige. recording of white noise and a rising-falling tone.

The infrasonic system is composed of a portable The white noise sound is useful outside where
source and a pressure sensor that are set up inside other noise generation may prove objectionable.
the building. The fixed displacement source alter-
nately compresses and rarifies the air above a Cost
movable piston. The bottom of the piston supplies Not yet available commercially.
an alternating volume of air to the enclosed space.
The piston has a peak-to-peak displacement of only SMOKE TRACERS
1.5 in. (3.81 cm), making its action more like a
bellows. Measurement and analysis

The pressure sensor has a very thin plastic Commercial smoke tracer units are available.
membrane across its opening. As the pressure and These units provide smoke at a well-defined loca-
the space vary (due to the source), the membrane tion so that in the presence of an air leakage site a
deflection is measured with an optical instrument, stream of smoke extends to or from the opening.

The infrasonic system generates a very low fre- Smoke tracer techniques employ both pressuri-
quency (approx. 1 Hz) of known magnitude. The zation and depressurization of the building. Build-
source frequency is applied to the building interior, ing depressurization/pressurization is effected by
and the alternating component of inside pressure is a fan, blower, blower door assembly, or the me-
a function of the type and size of leakage paths. chanical ventilating system of the building that can

The pressure variations that must be detected be used to move air through the conditioned space
are such that the sensor must be able to resolve 0.1 at flow rates so that leakage sites will flow air to
to 0.01 Pa. To prevent normal barometric pressure meet the depressurization/ pressurization require-
fluctuations from interfering with the measure- ment. The system is normally adjusted to provide
ments, the sensor chamber is provided with a very steady air flow rates during the leak-site detection
small slow leak. procedure.

The signal from the sensor is processed before it
is passed to a chart recorder. The system also uses Accuracy
a sharp cut-off filter to attenuate ordinary acoustic Not applicable.
noise above 7 Hz.

Advantages
Accuracy Smoke tracers are easy to use. Visual sighting of

When compared with a blower door system, the smoke flow provides instant analysis of leakage
air leakage data agree within 200%. sites.

Advantages Limitations
Setup time is minimal since no pressure taps or Smoke tracers give no quantitative information.

through-the-wall vents are required. In addition, the building may have to be evacuated
before the procedure, and smoke moving through

Limitations the enclosure system in a twisted path may be
The accuracy of the infrasonic system is low. absorbed in the insulation or other materials.

Poor agreement is due to wind gusts and instru-
ment calibration. New technology/developments

Calculations of air leakage from an infrasonic None.
test requires using the building volume and the
measured frequency response curve. Cost

From $100 to $10,000.
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Chapter 5. HVAC System Evaluation

Temperature Measurements

LIQUID-IN-GLASS THERMOMETERS THERMOCOUPLES

Measurement and analysis Measurement and analysis
Any device that indicates temperature is a ther- When two wires made of dissimilar metals are

mometer; however, in common usage the term joined, a thermocouple junction is formed. A volt-
signifies the ordinary liquid-in-glass indicating age, whichdepends upon thermaterials of thewires
device. Mercury-filled thermometers have a useful and the temperature of the junction, exists between
range from -40'F or 0°C (the freezing point of the wires. When the wires are joined at two points,
mercury) to approximately 1000'F or 540'C (the a circuit is formed. If one junction is kept at a
softening point of glass). Thermometers are usu- temperature different from the other, an electric
ally calibrated during manufacture at the freezing current flows through the circuit. This phenome-
and boiling points of water, and the space between non is used for temperature measurements in
those points is evenly divided by scale divisions, thermocouple systems: the reference junction is
Liquid-in-glass thermometers are calibrated for kept at a constant known temperature, while the
either full or partial immersion. If a thermometer is other is at the point where the temperature meas-
calibrated at full immersion and used at partial urement is required. Advances in solid-state cir-
immersion, a correction factor must be applied to cuitry have made digital readout devices possible,
account for the temperature difference between the made both as a straight millivolt or microvolt meter
two. and as a packaged thermocouple readout. The

latter instrument only requires attachment of a
Accuracy thermocouple of proper composition to provide

The probable error for etched-stem liquid-in- direct meter reading of temperature. Accuracies
glass thermometers is ±1 scale division, approaching or even surpassing those of the com-

monly used potentiometers can be attained, de-
Limitations pending on the quality of the instrument.

A thermometer used to measure gas tempera- The choice of materials for the thermocouple
tures can be significantly affected by radiation wire is determined by the temperature to be meas-
from the surrounding environment; therefore, it is ured, the protection from corrosion, and the preci-
necessary to minimize these radiation effects by sion and service required. In general, copper vs
shielding. All thermometers must come in contact constantan is suitable for temperatures up to 700'F
with the medium that they are measuring; their (370'C), iron vs constantan up to 1500'F (815'C),
limitations are similar to those that measure sur- and chromel vs alumel up to 2200°F (1205'C).
face temperature. They can measure actual tem- If they are to be used in heated air or gases,
perature without complex corrections for the char- thermocouples are often shielded, as are thermome-
acteristics of the medium; however, the measure- ters, and aspirated thermocouples are sometime
ment is only valid for that single location, used.

Thermocouples can indicate oi .ecord tempera-
New technology/developments tures at remote points and temperatures may be

None. obtained from within thin materials, narrow spaces,
or otherwise inaccessible locations.

Cost A series arrangement of thermocouples, often
Liquid-in-glass thermometers can usually be called a thermopile, can have extreme sensitivity

purchased for a few dollars eachin smalllotsorless and is useful in detecting very small changes and
in larger quantities. differences in temperature. The thermocouple is
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particularly useful in determining a surface tern- entire thermometer coil must be exposed to the
perature and may be attached to a metal surface in temperature to be measured.
one of several ways. For temporary arrangements, Thermistors (semiconductor compounds) are a
couples may be attached by means of tape, adhe- special class of resistance thermometers that ex-
sive, or a putty-like material. To minimize the hibit large changes in resistance with temperature,
possibility of error due to heat conduction along usuallydecreasingwith temperature increase.Small
the wires, a surface thermocouple should be made formed shapes of compound, selected fora particu-
of fine wires that are held in contact with the lar application and temperature range, are made
surface for an inch or so from the junction. The and heat-cured. The thermistor element is con-
wires must be insulated except at the junction. nected by lead wires to a digital ohmmeter or

special Wheatstone bridge for readout. Thermis-
Accuracy tors can be purchased with a known temperature

The degree of accuracy depends on the choice of vs resistance curve or as uncalibrated units.
materials used for the thermocouple wire, which in
turn is dept ndent upon the temperature to be Accuracy
measured. Generally for temperatures up to 2200'F In the range of -320 to 1800'F (-196 to 982'C) the
(1205'C) the accuracy can vary from 0.1 to 15'F accuracy of a resistance thermometer ranges be-
(0.05 to 8'C). For temperatures from 500 to 3000'F tween 0.02 to 5°F (0.01 to 2.8°C). When measuring
(260-1650'C) the accuracy can vary from 0.1 to 5°F gas temperatures its accuracy is affected by radia-
(0.05 to 2.80C). tion from surrounding surfaces.

The thermocouple material used for standardiz-
ing other thermocouple measurements is accurate Advantages
but expensive and requires expensive measliring Compared to the thermocouple, the resistance
devices. Other materials are less accurate and are thermometer does not require a cold junction, and
subject to oxidation, it can be scaled for more accurate measurements. It

gives best results when used to measure steady or
Advantages/limitations slowly changing temperatures. Of all usable met-

Since thermocouples are used in the probes of als, platinum best meets the requirements of ther-
surface temperature measuring thermometers, the mometry because it can be highly refined, resists
advantages and limitations discussed in that sec- contanination, and is mechanically and electri-
tion are also applicable here. cally stable. The relationship between temperature

and resistance is nearly linear, and drift and error
New technology/developments with age and use are negligible. Production units

Thermocouple assemblies feature quick-discon- can be closely matched in calibration.
nect plugs, miniature all-purpose heads, very-high-
temperature probes, extremely flexible probes for
bending around inaccessible comers, and very thin- New technology/developments
diameter, low thermal inertia, fast-responsethermo- A major advance has been the development of
couples that are used for measurements in gas flow thin-film sensing elements for platinum resistance
systems. thermometers that combines the precision measur-

ing capability of platinum with the rapid response
Cost time of a thermocouple.

A typical cost for a thermocouple assembly is
$100 or less. This does not include the cost of the Cost
measuring device. Depending upon the material used in the sens-

ing element the cost of a resistance thermometer
can be up to and slightly over $100. Thermistors are

RESISTANCE THERMOMETERS available at $10 and up.

Measurement and analysis
Resistance thermometers depend for their op- GLOBE THERMOMETER

eration upon the increase in resistance of a sensing
element (usually metal) with an increase in tem- Measurement and analysis
perature. Their temperature range parallels that of The radiant temperature in conditioned spaces
thermocouples, although readings tend to be un- must be measured to determine comfort levels, as
stable above 950°F (510'C). For accurate results the well as operation of electronic instrumentation.
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A globe thermometer is commonly used to LIQUID CRYSTAL DISPLAY
measure mean radiant temperature (MRT). This (LCD) THERMOMETERS
instrument consists of a 6-in.-diameter hollow cop-
per sphere coated with flat black paint; it has a Measurement and analysis
temperature probe at its center. The temperature in As the temperature changes, these heat-sensi-
the globe at equilibrium is the result of a balance tive indicators turn color through a chemical reac-
between the heat gained or lost by radiation and tion. They can be used to measure both air and
the loss or gain by convection, surface temperatures.

A two-sphere radiometer may also be used to
measure MRT. This instrument uses two spheres Accuracy
approximately 2 in. in diameter; one is gold-plated Accuracy of a typical single-temperature rating
and the other is black. The two spheres are heated is within 1% of that rating.
electrically to the same temperature, eliminating
differences in convection. The difference in energy Advantages
to maintain temperature equilibrium is measured, LCDs are low cost and they adhere to most
and the MRT of the space can be calculated. surfaces.

Accuracy Limitations
The accuracy would be determined in general LCDs are capable of measuring localized tem-

by the type of temperature probe used in the sphere. peratures only; remote temperatures cannot be
measured.

Limitations The user must be close to the LCD to observe the
The time constant is long, approximately 10-15 temperature change.

minutes. Correction for air temperature and local
air speed must be made to determine temperatures New technology/developments
accurately. None.

New technology/developments Cost
The plane radiant thermometer is an electronic Depending upon quantity, the cost varies from

device that determines the radiant temperature in less than a dollar to less than $10.
one (or two opposite) direction(s).

Several commercial devices have recently be-
come available.

Cost
No cost data are available.
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Humidity Measurements

PSYCHROMETER humidity increases. They are temperature-depend-
ent and difficult to use at subfreezing tempera-

Measurement and analysis tures. They require a moderate amount of mainte-
Any instrument capable of measuring the nance. The wick must be kept clean and the wet

humidity or psychrometric state of the air is a bulb should have distilled water.
hygrometer. A psychrometer is a particular kind of
hygrometer that consists of two temperature sen- New technology/developments
sors, one of which has a cloth wick applied to it. The None.
wick is wetted with distilled water and ventilated
with air moving at a sufficient rate, relative to the Cost
instrument. Experiments have shown that the Psychrometers cost up to $100, depending on
evaporative cooling produces a wet-bulb tempera- the degree of accuracy.
ture approximately equal to the thermodynamic
wet-bulb temperature. The difference between the
dry-bulb temperature and the wet-bulb tempera- DEWPOINT HYGROMETER
ture is called the wet-bulb depression. In the sling
psychrometer, two thermometers are mounted side Measurement and analysis
by side in a frame fitted with a handle by which the In the most common form of these instruments,
device can be whirled through the air. The motion means are provi: -d for cooling and observing the
is continued until the thermometer readings be- temperature of a zarface exposed to the air. The
come steady. In the ventilated aspirated psychrome- highest temperature at which condensation occurs
ter, the thermometers remain stationary and a small on the surface is taken as the dewpoint temperature
fan or blower or a syringe is used to move the air of the air. This temperature may be used with
across the thermometer bulbs. charts and tables to determine the relative humid-

Other temperature sensors, such as thermo- ity of the air. A bright surface or metallic mirror is
couples and thermistors, are also used and can be usually used with various methods to cool it, in-
adapted to record temperatures or for use where a cluding evaporation of a refrigerant or a stream of
small instrument is required. air passed through dry ice. In some systems, the

Charts and tables are available that show the presence of condensation is detected visually.
relation between the temperatures and humidity. Thermoelectric cooling is used in automated sys-
Data are usually based on a barometric pressure tems with photoelectric cells to detect the presence
equal to one standard atmosphere. A correction of a moisture deposit and to accurately control the
must be included for variations in barometric pres- mirror at the dewpoint temperature. In automated
sure. systems, the dewpoint temperature is displayed on

For air temperatures below 0°C (32°F), the water a dial, and provision is usually made for recording.
on the wick may either freeze or supercool; its state An instrument in which the temperature varies
must be known and the correct table or chart used, with the ambient dewpoint temperature is desig-
since the wet-bulb temperature for ice is different nated as a heated electrical hygrometer. This de-
than it is for water. vice usually consists of a substrate covered by

glass-fiber fabric, with a spiral winding for elec-
Accuracy trodes. The surface is covered with a salt solution,

In the range from 0 to 500'F (-17.8 to 260°C) the usually lithium chloride. When in operation, the
accuracy is 0.3 to 3% of the relative humidity. flow of electrical current through the salt film heats

the sensor. The resistance characteristics of the salt
Advantages are such that a balance is reached with the salt and

Psychrometers are used as a standard for hu- its critical moisture content corresponding to a
midity measurement. saturated solution. The temperature of the sensor

then adjusts automatically so that the water vapor
Limitations pressure of the salt film is equal to that of the

Psychrometers are sensitive to air moving across ambient air.
the thermometer bulbs. The accuracy decreases as
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Accuracy Limitations
Range Accuracy No organic material has been found that can be

(depression (depression relied upon to consistently reproduce its action
Type °F/ 0C) °F/°C) over an extended period of time, and the responses

may be significantly affected by exposure to ex-
Condensation (-180)-200/(-118)-93 0.2-2/0.1-1 tremes of humidity. These devices require initial
Salt-phase 0-160/(-18)-71 1-2/0.5--1 calibration and frequent recalibration or setting,

transition especially when going from one humidity extreme
to another.

Limitations New technology/developments
The condensation or chilled mirror hygrometer None.

is delicate, expensive, and must remain clean in
order to provide accurate readings. Some difficulty Cost
can be expected with the supercooling effect. When No cost data are available.
lithium chloride is used in the salt-phase-transi-
tion-type hygrometer, it cannot be used to measure
relative humidity below approximately 15%, and it ELECTRICAL IMPEDANCE
has an upper dewpoint temperature limit of about HYGROMETER
160°F (710 C).

Measurement and analysis
New technology/developments Any substance absorbs or gives up moisture

None. with changing relative humidity and exhibits cor-
responding changes in its electrical impedance.

Cost The sensor in this type of hygrometer consists of
No cost data are available, dual electrodes on a substrate. It is coated with a

film, usually containing a salt, in a binder to form

an electrical connection between the windings.
DIMENSIONAL-CHANGE Means are provided to determine the resistance of
HYGROMETER the film. The relation of sensor resistance to humid-

ity is represented by graphs. Since the sensor dis-
Measurement and analysis plays a sensitivity to temperature, these graphs

Many organic materials change in dimension consist of a series of curves, each one being suitable
with changes in humidity; this action has been used for a given temperature.
in a number of simple and effective humidity indi-
cators, recorders, and controllers. Motion caused Accuracy
by changes in dimension through a linkage causes In the range from -40 to 150'F (-40 to 66°C), the
a pointer to move across an indicating dial, moves accuracy varies from 1.5 to 31 rh.
a pen across a recording chart, or actuates a pneu-
matic or electric control mechanism. Advantages

Organic materials commonly employed are An electrical impedance hygrometer is suscep-
human hair and animal membrane, animal horn, tible to excessive humidities and to a variety of
and wood. Other organic-based material like pa- vapors. It should be calibrated periodically.
per, nylon, and Dacron are also used.

Limitations
Accuracy This type of hygrometer displays a high sensi-

In the iemperature range between -40 to 150'F tivity to humidity change.
(-40 to 66°C) and the full humidity range from
0-100% relative, a typical accuracy for a dimen- New Technology/Developments
sional-change hygrometer is 3% relative humidity. None.

Advantages Cost
Dimensional-change hygrometers can read di- No cost data are available.

rectly in relative humidity, and they are simple and
inexpensive in comparison with most other types.
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ELECTROLYTIC hY(GROMErER quantity of air. For precise laboratory wor,, pow-
erful desiccants, such as phosphorus pentoxide

Measurement and analysis and magnesium perchlorate, are used for the ex-
Air is commonly passed through a tube, where traction process, while for some purposes calcium

the moisture is absorbed by a desiccant and electro- chloride nr silica gel may be satisfactory. Freezing
lyzed. The air flow is regulated, commonly at 100 the water vapor out of a measured . ream of iir

cc/mm STP. The electrical current required for with solid carbon dioxide and weighing the ice is a
electrolysis can be related to the humidity level, similar operation.
The instrument is commonly designed for use with A commercial system for continuous measure-
moisture-air ratio, in the range of I to 1000 ppm, ment of huihiidity uses piezoelectric crystals coated
but can be obtained for use with higher humidities. with an absorbent material that reach.s a moisture

content that is dependent on the ambient humidity.
Accuracy The natural frequency of the crystal varies with the

In the range from -100 to -,5°F (-73 to -20.5 0C) mass of coating and the moisture.
depression, the accuracy is 3% of the scale range.

Accuracy
Limitations 0.1 to 2%.

Tne use of electrolytic hygrometers is ordinarilv
limited to low humidities. Limitations

Speciai equipment and extreme care are required

New technology/developments for high accuracy.
None.

New technology/developments

Cost None.
No cost data are available.

Cost
No cost data are available.

GRAVIMETRIC HYGROMETER

Measurement and analysis
The humidity level can be measured k, extract-

ing and wei_hing the water vapor in a known
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Velocity Measurements

ANEMOMETERS used as a resistance-thermontic h lclelt X-, '..L11
temperature may be determined accuratl '.

Measurement and analysis The hot-wire anemometer is a, gencral-purp,,

Heating and air-conditioning engineers are called instrument for air flow i ea.tremen.nt,< [Iv,'ical

upon to measure the flow of air more often than applications are:
that of other gases. Usually the air is measured at or * Troubleshooting ard the ba '. tg Of heit-
near atmospheric pressure. Under this condition, ing, ventilating, and air-conditionin, svs-
air can be treated substantially as an incompress- terns by measuring duct air velocitie.
ible fluid. 0 Monitoring outdoor air m1Vemetit,

A detecting vane anemometer consists of a piv- * Flow measurement,; for perfuriwan e tetts
oted vane enclosed in a case. Air exerts a pressure on ventilation fans
on the vane as it passes through the instrument, * Velocity profiles in large du 4 t,
and the movemert of the vane is resisted by a * Calibration of other air floVw meter,.
spring and a magnet. The instrument gives instan- The anemometer can be conveniently used to
taneous readings of directional velocities. With measure the total mass flow of air in a pipe or duct.
fluctuating velocities, it is necessary to average It is usually necessary to tai'e measurements at

swings of the needle. various points in the duct to determine a velocity
The propeller or revolving-vane anemometer profile. Then the best placement of the sensor can

consists of a wind-driven wheel connected through be made to achieve the desired rela tionshi p of ma-s
a gear train to a set of recording dials that read the flow rate and velocitv.
linear feet of air passing in a measured length of A hot-wire anemometer systeiml conists of a
time. Each instrument requires individual calibra- hot-wire sensor, an electronic module containing a

tion. At low velocities the friction drag of the mecha- power supply, amplifiers, and feeuback circuits,
nism is considerable. To compensate for this, a gear and a suitable data recorder. A voltmeter and an

train that overspeeds is commonly used. electronic filter are often used in turbulence stud-

A cup anemometer is almost universally used ies.
for measuring wind speeds. It consists of three or Sensors for anemometer systet us art ile in
four hemispherical cups mounted radially from a a wide assortment of types and size,. A typii al hot-
vertical shaft. Wind from any point of the compass wire sensor is I to 2 mm long, ; microns in diame-
will cause the cups and shaft to rotate. The instru- ter, and made of platinum-coated tungsten. The

ment is so constructed that wind speeds may be sensor completes one arim ot a Wheatstone bridge
recorded or indicated electrically at some remote circuit and is heated to a temperatmuc significantly
point, higher than the fluid temperature. The clectricad

Measurement of low air velocities (0-100 ft/ power supplied by the anemometer to tht hot-
min, or0-31 m/min)is particularly difficult for the wire, and dissipatcd into, the flid, is ,lated to the
instruments described above. The flow pattern is instantaneous velocity of the fluid over the wire.
very unstable, causing the turbulence level to be of Two basic types ot ane.mometer systemas 'ai
the same order of magnitude as the velocity, Useful used: constant current and c,,ntaixt temper ,1trC.

data can be obtained with any of several instru- In the constant current anemn'w'ler, the electrical
ments, if they are maintained in calibration and the current supplied to the sensor is kept ,osn -t and

user understands their operation and limitations. aity temperature change is a measure oit ai lu,. In

Several types of thermal anemometers (directional the constant temperature_ am ce mom neter, the temn-

and nondirectional) are applicable to this range, perature of the hot-wire sensor is kept constant and
but their accuracy is questionable at the lower end. the electrical energy needed to hold this tempera-

If a suitable sensing element is heated electri- ture constant is a measure of ,ir flow. For either
cally at a fixed rate and exposed to an air stream, its system, the voitage drop acro,,s the wivre is oropor-

temperature is determined by how fast the air tional to the instantaneous flid ,elocitv ovC'er the

stream is conducting heat away from it. Therefore, wire. The relationship between sensor olt, drop
its temperature is a measure of air velocity. In the and fluid velocity must be carefullv determined by
hot-wire anemometer, a very thin heated wire is calibration. The calibration process should be con-
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ducted in a suitable device (e.g. miniature wind * The small-diameter probe with flexible con-
tunnel, water tunnel), using the fluid of interest at nection to instrument body.
the temperature of interest. All anemometers need periodic calibration.

The useful frequency response of an anemome-
ter system can be as high as 45 kHz. A hot-wire New technology/developments
anemometer is capable of measuring very rapid Devices have been developed that are compact
velocity fluctuations. enough to fit in a shirt pocket, have retractable self-

The heated-thermocouple anemometer is cali- stowing probes, are ultra-low-powered (AAA cells),
brated to give velocity in terms of the differential and extremely rugged.
voltage between heated and unheated thermojunc-
tions exposed to an air stream. Purchasing information

In the heated-bulb anemometer, a heating wire Cost
is wound around a mercury-in-glass thermometer, $150 to $2200.
and the temperature difference between this ther-
mometer and a similar unheated one serves as an Manufacturers
index of air speed. Manufacturers include: Alnor Instrument Co.,

7555 North Linder Ave., Skokie, 111. 60077, (312)
Accuracy 647-7866; Kurz Instrument, Inc., P.O. Drawer 849,

Range Accuracy Carmel Valley, Calif. 93924, (800) 424-7356 or (408)
Anemometer (ft/min) (mi/min) (%) 659-3421.

Deflecting vane 30-24,000 9.2-7385 5
Revolving vane 100-3000 30.8-923 5-20 PITOT TUBE
Heated

thermocouple 10-2000 3.1-615 3-20 Measurement and analysis
Hot-wire 1-1000 0.3-308 1-20 The Pitot tube, used in conjunction with a ma-
Heated bulb <60,000 <18,460 1-10 nometer, provides a simple method of determining

the air velocity at a point in a flow field.
The type of manometer to be used with a Pitot

Limitations tube depends upon the magnitude of the velocity
Anemometer Limitations pressure being measured and the accuracy desired.

At velocities greater than 1500 ft/min (460 m/
Deflecting vane Large 1/2-3/4 in. diameter min), a draft gauge is usually satisfactory. If the

probe. Tubes connecting sen- Pitot tube is being used to measure low air veloci-
sor head to body are some- ties, a precision manometer is essential.
what awkward. Many forms of Pitot tubes have been used and

calibrated. To meet special conditions, different
Revolving vane Subject to error with varia- sized Pitot tubes that are geometrically similar to

tions in velocities with space the standard tube can be used.
or time; easily damaged.

Accuracy
Heated Accuracy of some types not - -Range

thermocouple good at lower end of range. Instrument (ft/min) (/min) Accuracy
Steady-state measurements - . - - -

only. Micromanometer 180-10,000 55-3077 1-5%
... . Draft gauges 600-10,000 185-3077

A hot-wire anemometer is a sophisticated, Manometer 10,000 up 3077 up
-omplex, delicate, and costly instrument. The prin-
cipal advantages of hot-wire anemometer systems
are: Limitations

* High-frequency response suitable for tran- To obtain a velocity profile across a duct, a
sient velocity and turbulence measurements traverse of many readings must be taken. Pulsating

• The ability to measure accurately very low ,:- disturbed flow in a duct will result in erroneous
velocities in gases and liquids readings; therefore a Pitot tube must be located

* The availability of specialized sensors and sufficiently far from the source of disturbance to
accessories avoid those errors. This method is inapplicable in
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many cases because of its lack of precision at low New technology/developments
velocities or the impracticability of taking traverses An infrared radiation-absorbing tracer gas tech-
where many test runs are in prospect. nique using nitrous oxide (N 0) and a thermal

imaging sysLt~ut ILd Eeen devefoped by the Archi-
New technology/developments tectural and Building Sciences Division of Public

None. Works Canada (PWC) to illustrate patterns of air
flow from air-conditioning supply diffusers. Air

Cost flow patterns are recorded in real time on video
No cost data are available, tape with an infrared camera and N20.

A typical diffuser test setup contains a screen
that is heated and located some distance behind the

AIRBORNE TRACERS diffuser. The space partitioning arrangement is not
changed from that found in actual practice, and the

See also Chapter 4, Air Leakage Measurement. thermographic scanner is located at as high an
elevation as is practicable. N20 is then introduced

Measurement and analysis into the diffuser air stream where it appears to the
Tracer techniques are suited to making velocity scanner as a smoke-like image. The images can be

measurements in an open space. Typical tracers enhancedby the useof a computer; thebackground
include smoke, feathers, pieces of lint, and radioac- may or may not be removed during this process to
tive and nonradioactive gases. Measurements are provide a clear image of the exact path of the tracer.
made by timing the rate of movement of the tracers The PWC data indicate that some types of air
or by monitoring the change in their concentration diffusers provide good penetration of supply air
level. into the work area under almost any conditions.

Smoke is very useful in studying air movements These diffusers, however, are generally considered
and can be obtained from titanium tetrachloride or to be less desirable because they create strong
by mixing potassium chlorate and powdered sugar downdrafts of cooled air and cause discomfort. The
and firing the mixture with a match. Titanium "draftless" diffusers, on the other hand, are af-
tetrachloride smoke can be easily handled in a fected by furniture layouts and diffuser flow rates.
small pistol-like ejector. Smoke tubes, candles, and When air flow rates are high there is good penetra-
bombs are available for studying airflow patterns. tion of supply air in variable air volume systems.
Gas tracers are a useful method for studying com- When air flow rates are decreased according to
plex ventilation problems. lower cooling requirements, up to 90% of supply

air does not reach the occupant.
Accuracy

The accuracy of airborne tracers is from 10 to Cost
20% over a range of 5 to 50ft/min (1.5 to 15 m/min). From $20 to $5000.

Advantages/limitations
See Chapter 4, Air Leakage Measurement.
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Volume Measurements

VENTURI, NOZZLE, AND gas meters, which employ leather bellows, and wet
ORIFICF F! OW MFTERS test meters, which use a water displacement prin-

ciple. The Thomas meter has been used in the
Measurement and analysis laboratory to measure high gas flow rates with a

Air volune in HVAC systems may be deter- small pressure drop. The gas is heated and the
mined by several methods. Some methods require temperature rise is measured by two resistance
in-place sensors, others may be performed in in- thermometer grids. Knowing the heat input and
stalled systems. Unlike balance measurements, temperature rise, the flow is calculated as the quan-
which are often made at terminal units, some vol- tity of gas that will remove the equivalent heat at
unme measurements may be required in system the same temperature rise.
ducts for optimal load management or for perform-
ance analysis. Accuracy

Gas and liquid mass or volume flow rates are Instrument Accuracv
most olten determined bv measuring the pressure
differenceacrosan orifice, nozzle, or Venturi tube. Displacement meter 0.1-2% up to 1000 ft3 /min

,;., (depending on type).
The orifice is more easity changed than the nozzle
or Venturi tube and is less affected by a change of Gasometer 0.5-1.0%
the Reynolds number. The nozzle is often preferred
to the orifice because of its relative freedom from Thomas meter 1% o ver any range.
the influence of approach conditions and the accu-
rate predictability of its coefficient. The Venturi
tube is in essence a n07Zle followed by an expand- Limitations
ing recovery section to reduce the net pressure Some displacement meters require calibration
drop. and are used in applications where relatively small

The flow meters are usually used to measure volume flows at high pressure drops occur. Gas-
fluid flow througLh pipes, ducts, and plenums. ometers are used in short duration tests and for

calibrating other flow methods. The Thomas meter
Accuracy is used primarily to measure the flow of gases and

The accuracy is 1%. abve a Reynolds number of can usually only be justified where high accuracy
5000. requires an elaborate setup.

Limitations New technology/developments
The accU racy is affected hy approach conditions. None.

New technology/developments Purchasing information
N n'. Cost

$100 to $2000.
Purchasing information
(ost Mamifacturers

Fro 5! 3I,)(I t, $!()0), See Chapter 6, Energy MeterinS.

10il ll1i[ Il II ')>

'-'IC( Ct1' r I; , t/ Nctc ill. ROTAMETER

Measurement and analysis
DISP1.ACEMENT N'FTERS The rotameter is used for permanent installa-

tions where high precision, ruggedness, and ease
Measu rement and analysis of operation are important. Its most frequent use is

ivi,mv types of displa. ement meters are avail- in the measurement of liquids or gases in small-
ablt to mn_.ure li11id or ga, flow. Two types are diameter pipes. For ducts or pipes over 6 in. in
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diameter, the expense of this meter may not be The speed oft the rotor i- nik,miotd by ,an exter-
warranted. In large systems, however, the meter nallv mounted pickttt asewhlv lw, types of
might be placed in a bypass line and used in con- pickoff , are I,.,' I m t,t t i10 a1dI radi ,t reI uencv.
junction with an orifice. Since the output t '.j.,uv (it the turbine flow

In its most common form, the rotameter consists meter is proportional to fh ,w rat, every pt'ls- from
of afloatthatis free to move vertically ina transpar- the meter is equivalent t .' k1r,. , i vt1.me ,f fluid
ent tapered tube. The fluid enters at the narrow that has pc-ssed through it; ,Iddilw rhee pulses
bottom end of the tube and moves upward, passing yields total volti etric low
through the annulus formed between the float and
the inside wall of the tube. At any particular rate of Acctracy
flow, the float assumes a definite position in the Accuracy is oI.;'; lver .,nv rarge of flow.
tube, its location indicated by means of a calibrated
scale on the tube. Advantages

This type of flow meter is usually furnished in Some meters may be used in bidirectioinal 'iow
standard sizes calibrated by the manufacturer for applications.
specific fluids. Its compactness, reliability, and ease
of installation are particularly advantageous when New technology/developments
many measurements of the same type are to be None.
made.

Purchasing information
Accuracy Cost

Accuracy is 1 lc over any range of measure- From S2000 to $1500.
mer ts.

Mt urt}t ti rers
Advantages See C/r;'h'i 0 Fnb"., i \ 1)Xte, jn.'.

The rotameter is compact, reliable, and rela-
tively easy to install.

POSITIVE DISPLACEMENT
Limitations METERS

The instrument must be calibrated for each
specific fluid by the manufacturer. Measurement and analysis

Many types of positive displacement meters are
New technology/developments available for measuring total liquid or gas flow

None. rates. In this type of meter, the fluid flows into
compartments of definite size. As the compart-

Purchasing information ments are filled, they are rotated so that the fluid
Cost discharges from the meter. The rate of flow through

From $300 to $3000. the meter is equal to the product of the size of the
compartments, the number of compartments, and

Manufacturers the rateof rotation of the rotor. Mostt)f these meters
See Chapter 6, Er,'gy Metering. have a mechanical register that is ca:libated to

show total flow.
Novel and more sophisticated positive displace-

TURBINE FLOW METERS ment flow meters have become commercially avail-
able. These meters use a metering gear pump (or a

Measurement and analysis special blower), a transducer that senses the pres-
Turbine flow meters are volumetric sensing sure difference across the pump, and a feedback

meters that have a magnetic turbine rotor sus- system that controls the speed of the pump and
pended in the flow stream in a nonmagnetic meter maintains a zero pressure drop across the pump.
body. The fluid stream exerts a force on the blades
of the rotor, setting it in motion and converting the Accuracy
linear velocity of the fluid to an equivalent angular Using positi ce displscelnnt meters, with elec-
velocity. The rotational speed of the turbine is pro- tromechanical feedbaL k, fluid flow rates from 0 10
portional to the fluid velocity and to the volume to 150 gal/min (0.40 to 56S Iminm) have been ineas-
rate of flow of the fluid. ured with accuracies t better t, t VI ( Because
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of the zero pressure drop across the meter, accurate Purchasing information
measurements near the boiling point of liquids can Cost
be made. From $500 to $2500.

New technology/developments Manufacturers
None. See Chapter 6, Energy Metering.
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Chapter 6. Energy Metering

ENERGY MANAGEMENT Providing information
OBJECTIVES for usage centers

Where energy use responsibility is tied to pay-
Energy management includes energy metering. ment and comes out of each usage unit's annual

The type of energy metering system that is required budget, where there is consumer accountability,
depends on the functions the metering must serve the energy meter provides the information neces-
to meet the energy management system needs. For sarv to allow local usage units to monitor, control,
instance, if the only need for energy metering is for and assess their own energy conservation ineas-
billing on a facility-wide basis, then only a centrally ures.
located metering system is needed at the heating
plant or substation. On the other hand, if energy Monitoring energy use to determine
usage is to be paid for by many different users equipment malfunction
within a facility, then each energy accountability Some equipment malfunctions are not obvious
unit needs a metering system so that the informa- and are often detected through observing energy
tion needed for user-motivated conservation and usage over a period of time. Inefficiencies due to
billing is generated. equipment malfunction often go undetected for

Energy conservation is often most effectively months unless increased energy usage is meas-
pursued if a small user group-an individual, a ured, observed, and investigated. Ideally it should
family or a small office-is metered and billed for never be necessary to find out about malfunctions
the energy it uses and there is direct feedback to the this way because preventive maintenance should
individuals who control the energy use. At the keep equipment operating so that this does not
other end of the spectrum, if metering is facility- occur. However, many facilities are not able to
wide and large numbers of users are contributing sustain an effective preventive maintenance pro-
to a very large total energy consumption, individu- grain, and malfunctions do occur.
als or small unit users have little feedback on the
effectiveness of their conservation measures, and Monitoring energy to measure
often the tendency is for individuals to become conservation effectiveness
insensitive to energy use and the need for conser- The effect of conservation measures on energy
vation. use can be observed with the information gained

Energy metering is expensive. So is energy use. from energy metering. This allows the energy
A balance must be reached so that the metering that manager to compare predicted energy savings with
is installed produces savings in energy use equal to actual energy saved. By substantiating the cost-
or greater than the cost of installing and operating effectiveness of energy conservation measures, the
meters. Utility companies install meters on each energy manager builds a data base for the facility
user unit, whether it be a family, an office, or a that makes future predictions more accurate and
factory, because the information is needed for bill- new programs easier to sell.
ing purposes, and the cost of metering is built into
the cost of service to the customer. But for a large Monitoring energy to measure
facility that either generates its own energy or the impact of new users
distributes purchased energy to many user groups When new systems are installed, new depart-
within it, the situation appears differently. Bills are ments added, new managers put in place, or new
not usually sent out to each user group. Instead, the operating procedures adopted, the energy moni-
cost of energy is totalled and all users share equally. toring system can help the energy manager evalu-
In this system, individual user group energy use is ate the impact of these changes. Energy use re-
not known, so inappropriate or wasteful energy quirements can then be planned more effectively.
use is difficult to pinpoint and correct.

Energy usemeters provide information that may Long- versus short-term
be used in several ways to help reduce energy energy monitoring
usage, as described below. Where energy is being billed to user groups,

long-term energy monitoring is required In this
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way energy use is totaled in the form of kilowatt- watt-hour is a unit of electrical energy. The kilo-
hours, pounds of steam, Btus, or gallons of oil and watt is a unit of electrical power, but the rate of use
is used to allocate the cost of energy to the users. of electrical energy is measured in kilowatt-hours
However, if the user is very large and subunits are per unit time. In alternating (ac) currents the meas-
not to be held directly accountable for their usage ure of electrical power and energy is complicated
or billed for it, then subunit system efficiency can by a factor known as power factor. Normally one
often be monitored with short-term energy meters thinks of electrical power, the kilowatt, as El, a
that are installed temporarily in the energy line to product of the voltage E and the current I. Because
monitor energy use for a day, a week, a month, or of what is called reactance in an ac circuit, caused
whatever length of time is required to accommo- by motors, transformers, and otherelectricalequip-
date the energy manager's needs. ment, the current gets o,,.t of phase with the volt-

From these considerations, it can be seen that the age. If one takes the product of El in an ac circuit,
energy manager must decide what overall energy one will obtain the apparent power of the system.
management strategy is to be employed before The apparent power is always equal to or greater
deciding on energy metering equipment. than the real power of the system. The real power

is the product of the voltage and that component of
the current that is in phase with the voltage. This is

OPERATION AND USE computed by taking the product of the voltage E,
OF ENERGY METERS the current I, and the cosine of the angle of phase lag

or lead, which is always equal to or less than 1.
Energy supplied in the form of gas or liquid, By themselves, meters do little good. To be use-

such as steam, air, water, or oil, is usually measured ful, they must be read, maintained, and their infor-
by a device that measuresthevolumeofmaterialas mation organized for use. Many meters are now
it flows through pipes from its source to its point of available with both direct readout capability ,as
use. The volume measurement may be direct, as in well as with a signal input to a digital processor for
the case of a steam condensate meter, which takes use in automatic data processing. This means that
all the condensate passing through it and measures they may be ordered for use in a strictly manual
its volume, or calculated, based on the measure- operation, or for a highly automated system with
ment of pressure or velocity in a pipe of known central control, monitoring, and data processing.
dimensions and flow characteristics, as in the case
of a turbine meter in a hot water or steam line.

The volume flow measured or computed is then METER TYPES AND
converted to mass flow, usually in terms of pounds THEIR CHARACTERISTICS
or kilograms. This conversion is simple for liquids
and for gases at constant known conditions of There are many different types of meters, each
temperature and pressure. For gases with varying with its own special application advantages. None
conditions, however, temperature and pressure is perfect, and each choice represents a compro-
need to be monitored to convert accurately the mise involving cost, performance, and complexity.
meters' volumetric readings to mass flow and fi- The following discussion is meant to introduce the
nally to energy flow. reader to some of the more general characteristics

The usable energy stored in a nonfuel gas or of various types of meters. As the facility engineer
liquid depends on its beginning and ending tem- investigates the facility's own special requirements
perature and its phase change characteristics. For and begins the process of obtaining detailed speci-
instance, if the temperature of 1 lb of water drops fications and installation, operating, and mainte-
I°F, it gives off I Btu (British thermal unit) of nance information from manufacturers and users
energy. On the other hand, if 1 lb of steam changes in the field, it will become much more clear what
phase and condenses to water with no temperature type of meter best meets the requirements of a
change, it gives off approximately 1000 Btu. Thus, particular application.
to find the energy flow of a gas or liquid, one needs
,o determine the beginning and ending tempera- Condensate meter
tures and, if a phase change (gas to liquid or liquid This meter measures the volume of steam con-
to solid) is involved in the process, the phase change densate. It consists of a drum designed to rotate as
characteristics of the material, the condensate flows through it. Because it is

Electrical metering is available to measure both mounted in the condensate line, installation does
kilowatt-hours and kilowatt demand. The kilo- not need to interrupt service. It is regarded by users
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as reliable, relatively simple to install, easy to main- downstream from the turbine. It does not sample
tain, and accurate (±0.5 to 1.0%). Accuracy is main- the full stream flow. The turbine blades are delicate
tained at all flow rates from zero to the maximum and may be damaged by trash in the flow or by
rated. The cost of equipment and installation run frequent startup. Turbine bearings may fail. Accu-
between $300 and $3000. racy is approximately ±1% of reading. The cost of

Manufacturers include the Cadillac Meter equipment and installation is $2000 to $6000.
Company, P.O. Box 1175, Port Townsend, Wash. Manufacturers include Engineering Measure-
98368, (206) 385-5500. ments Co., 600 Diagonal Highway, Longmont, Colo.

80501, (303) 651-0550, and Electronic Flo-Meters
Differential pressure--orifice plate Inc., P.O. Box 38269, Dallas, Texas 75238, (214) 349-

This meter is used for gas, liquid, or steam and is 1982.
the most common type of steam meter used in
direct line metering. It is mounted directly in the Vortex shedding
line, which must be shut down for installation or The vortex shedding meter creates a disturbance
replacement. Because it is mounted directly in the in the flow and uses a sensor to measure the fre-
line and gets its pressure differential by restricting quency of fluctuations in pressure produced by
the flow, it produces a large unrecovered pressure vortexes that occur at a rate proportional to the rate
drop in the line. This in itself can be a costly oper- of flow. These pressure fluctuations are measured
ating factor and should be assessed. Accuracy is ±1 and translated to flow rate. The vortex shedding
to 1.5% of maximum flow, and the meter is good meter can be used in steam, liquid, or gas. Accuracy
down to flow rates only as low as 25% of maximum is reported to be ±1% of reading. The turndown
(turndown ratio of 4:1) or 10% (turndown ratio of ratio is from 8:1 to 30:1. Insertion models are under
10:1) with a span adjustment. The cost of equip- development. The cost of equipment and installa-
ment and installation run between $2500and $5500. tion is estimated at between $1500 and $6000.

Manufacturers include the American Meter Co., Manufacturers include: Eastech Inc., 26 West
Division of Singer, 1350 Philmont Ave., Philadel- Highland Ave., Atlantic Island, N.H. 07716, (201)
phia, Pa. 19116, (215) 673-2100. 291-3500; Fischer & Porter Co., County Line Road,

Warminster, Pa. 18974, (215) 674-6000; Fisher
Differential pressure- Control Co., 205 South Center St., P.O. Box 190,
averaging Pitot tube Maishaltown, Iowa 50158, (515) 754-3011.

This meter may be used for gas, liquid, or steam.
It may be installed either permanently or as an Target
insertion type. As an insertion, it permits checking This meter may require a straight run of pipe for
line flow periodically and using the same meter to 20 diameters upstream and 10 diameters down-
check different lines of the same size. It does not stream. It produces a low pressure drop and its
sample the full stream flow. Dirty flow may clog turndown ratio is 10:1. It is used in difficult service
probe openings. Its useful pressure range is about applications such as viscous or dirty flow and for
2-10 in. of water with an accuracy estimated at ±1% steam. Its accuracy is ±0.5% of full scale. The esti-
of full scale. The turndown ratio is about 4:1 or up mated cost of equipment and installation is $1500
to 12:1 with a span adjustment. Line pressure drop to $3000.
due to the meter is low. The cost of equipment and Manufacturers include Hersey Products Inc.,
installation is $2000 to $6000. P.O. Box 4585, Spartanburg, S.C. 29305, (803) 578-

Manufacturers include Annubar, Ellison Instru- 1005.
ment Division, Dieterich Standard Corporation,
Boulder, Colo. 80302, (303) 449-9000. Rotary shunt

The rotary shunt meter diverts part of the flow
Turbine-insertion type through a turbine. The rotation of the turbine is

This meter may be used for gas, liquid, or steam. picked up magnetically and its rotational speed is
It may be permanently or temporarily mounted. proportional to the rate of flow. It is used for steam,
One size will measure several pipe sizes. Relatively air, or gas. Its turndown ratio is 10:1 to 60:1 and its
simple maintenance may be required on the tur- accuracy is +2% of reading. The estimated cost of
bine every 1 or 1-1/2 years. The turndown ratio equipment and installation is $1800 to $6000.
runs from 10:1 to 50:1. Flow straightness may be Manufacturers irclude: Cadillac Meter Corn-
necessary, requiring straight pipe approximately pany, P.O. Box 1175, Port Townsend, Wash. 98368,
10 pipe diameters upstream and 4 diameters (206) 385-5500 or (800) 426-5611; Kent Process
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Control, P.O. Box 6494, Edison, N.J. 08818, (201) Manufacturers include: Kent Meter Sales, Inc.,
225-1717; BIF, 1600 Division Rd., West Warwick, 903 N.E. Osceola, Ocala, Fla. 32670, (904) 732-4670;
R.I. 02910, (401) 885-1000. Engineering Measurements Co., 600 Diagonal

Highway, Longmont, Colo. 80501, (303) 651-0550;
Condensate return-run-time Electronic Flo-Meters, Inc., P.O. Box 38269, Dallas,
totalizer on condensate pump Texas 75238, (214) 349-1982.

This is similar to the condensate meter in that it
measures steam flow by measuring the conden- Gas meters
sate, but it simply times the run time of the conden- There are several gas meters in addition to the
sate pump. It requires that there be a condensate types cited above, including diaphragm, positive
pump and that the flow characteristics of the pump displacement, full-flow turbine, and orifice meters.
be known (or measured in the system). Its accuracy These meters operate with an accuracy of approxi-
is ±1% of reading and the estimated cost of equip- mately ±1% of capacity. Turndown ratios vary
mentandinstallationisbetween$300to$1500.This from 3:1 to 1000:1 depending on type and condi-
system would probably be facility-installed by tions. The estimated cost of equipment and instal-
purchasing a condensate pump (if needed) and a lation is from $100 to $3000.
run-time totalizer. Manufacturers include: American Meter Co.,

Division of Singer, 1350 Philmont Ave., Philadel-
Positive displacement phia, Pa. 19116, (215) 673-2100; Rockwell Interna-
water meters tional, Measurement and Control Division, 400 N.

These meters are positive displacement meters Lexington Ave., Pittsburgh, Pa. 15208, (412) 247-
that use a magnetic pickup. They are made for hot, 3000; Sprague Meter Co., 35 South Ave., Bridge-
warm, and cold water measurements including port, Conn. 06601, (203) 333-4172.
boiler feed, condensate, and similar services. The
accuracy is approximately 1% of reading. The esti- Electric meters
mated cost of equipment and installation is be- Electric meters measure kilowatt-hours, a unit of
tween $300 and $3000. electrical energy. The industry-standard watt-hour

Manufacturers include: Kent Meter Sales, Inc., meters, often referred to as wattmeters, take the
903 N.E. Osceola, Ocala, Fla. 32670, (904) 732-4670; power factor into account and measure real energy
Neptune Water M -ter Co., Box 458, Tallassee, Ala. used. These meters totalize the electrical energy
39078, (205) 283-6555; Hersey Products Inc., Hersey used and show their results on readout dials. They
MeasurementCo., P.O. Box 4585,150 Venture Blvd., may be equipped with a digital impulse generator
Spartanburg, S. C. 29305, (802) 574-8960. for demand metering and for information process-

ing and central readout. Their accuracy is approxi-
Turbine water meter mately 0.25% of readings. These meters are ex-

This water meter is often used for larger sized tremely reliable, with maintenance intervals of
pipes and flows. It consists of a turbine-driven approximately 15 years. The estimated cost of
shaft and a magnetic pickup. Accuracy is approxi- equipment and installation is between $300 and
mately +2% of reading. The estimated cost for $3000.
equipment and installation is $300 to $6000. Manufacturers include: General Electric, Meter

Manufacturers include: Kent Meter Sales, Inc., Business Department, 130 Main St., Somersworth,
903 N.E. Osceola, Ocala, Fla. 32670, (904) 732-4670; N.H. 03878, (603) 692-2100; Westinghouse Electric
Hersey Products Inc., Hersey Measurement Co., Corp., 2728 North Boulevard, Raleigh, N.C. 27611,
P.O. Box 4585, 150 Venture Blvd., Spartanburg, S. (919) 834-5271; Landis and Gyr Metering Inc., P.O.
C. 29305, (802) 574-8960. Box 7180, Lafayette, Ind. 47903, (317) 742-1001.

Oil meters Analog power meters
Several types of oil meters are available for high Analog watt transducers with both induction

temperature, high viscosity, multiviscosity flows, coil and Hall effect pickups are ava 'lable. These are
and a wide range of flow rates. Turndown ratios watt meters that provide a dc cu.rent or voltage
run from approximately 15:1 at an accuracy of ±1% output proportional to an ac power input and are
to 100:1 at ±2%. These include oscillating piston corrected for power factor. They are totally electric
and turbine meters. The estimated cost of equip- and, unlike industry-standard watt-hour meters,

ment and installation is $100 to $2000. have no moving parts. They can interface with an
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energy management system microprocessor via an Btu meters
analog-to-digital converter, which should be lo- This category is meant to include both simple
cated as close to the transducer as possible. De- and complex integrated systems that employ me-
mand power readings are taken by sampling the ters, electronics, and sometimes special equipment
wattage output from the transducer at 1-second that allows the system to be moved from building
intervals, and averaging over a 15-minute period, to building. Some of these systems use microcom-
If the induction coil pickup type is used and it uses puters and some use simple analog devices. They
a split ferro-magnetic core sensor, it can be used on are often designed to read out in terms of Btus of
existing conductors without breaking into the line. energy use. The cost can vary from $500 to $15,000
Accuracy of these meters is about 1% of reading. and up, depending on the type and application.
The estimated cost of equipment and installation is This category is included to provide some refer-
$300 to $1000. ence to the electronic side of energy metering.

Manufacturers include: Yokogawa Corp. of Manufacturers include: Foxboro/Adec Inc., 1421
America, 2 Dart Rd., Shenandoah, Ga. 30265, (404) E. Pomona St., Santa Ana, Calif. 92705, (714) 540-
253-7000; Crompton Instruments, 2763 Old Hig- 8863; Engineering Measurements Co., 600 Diago-
gins Rd., Elkgrove Village, Ill. 60007, (312) 593- nal Highway, Longmont, Colo. 80501, (303) 651-
1107; Weschler Co., 4000 Northwest 121st Ave., 0550; American Meter Co., Division of Singer, 1350
Coral Springs, Fla. 33065, (305) 755-7111. Philmont Ave., Philadelphia, Pa. 19116, (215) 673-

2100.
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Chapter 7. Stack Gas Analysis

The efficiency of furnaces and boilers is deter- 625 Alpha Drivc P2ittsburgh, Pa. 15238, (412) 963-
mined through stack gas analysis. Both portable 2000, is the only L .S. producer of the Orsat "dum-
and fixed equipment is available. Portable analyz- bell" system.
ers are used primarily for spot checks in small Electronic analyzers have the advantage of being
furnaces and boilers where the firing rate is fixed. easier to operate than the Orsat system and, as a
They are often used to check the efficiency of result, might be considered more accurate, although
combustion, to show what changes might be made in skilled hands the Orsat system has the capability
to improve efficiency, and to check the result of of roughly equivalent accuracy. The portable elec-
changes after they are made. Fixed analyzers, on tronic stack gas analysis measures the stack gas
the other hand, are usually used in large boilers or parameters and uses a microprocessor to make its
process combustion systems where the firing rate calculations. It has a digital readout. Two types are
may be variable or the process is so critical that available. One is for individual readouts and ranges
precise control of conditions is required. Fixed in cost from $400 to $700. The other is designed to
analyzers are used both to provide the operator measure continuously over a short period, say 15
with continuous information on combustion sys- minutes, to allow continuous monitoring of effi-
tem performance and to control the combustion ciency while adjustments are made and conditions
process itself. Changing conditions in fuel heating change in an industrial boiler. The cost of these
value, viscosity, and temperature, along with vari- systems ranges from $1800 to $3000.
ations in ambient air temperature and humidity, Manufacturers include the Bacharach Instrument
result in continuous changes in combustion condi- Co. of Pittsburgh, Pa. (412) 963-2000; Teledyne
tions. These changes along with changing load Corp. of San Gabriel, Calif. (213) 283-7181; and
conditions often make continuous monitoring and Lynn Products Co. of Lynn, Mass. (617) 593-2500.
control cost-effective.

FIXED EQUIPMENT
PORTABLE EQUIPMENT

The two basic types of fixed systems for stack gas
There are two commonly used types of portable analysis are in-situ and extractive. Both use a zirco-

stack gas analysis systems. One is the Orsat nium oxide cell coated on both sides with porous
"dumbell" system and the other is an electronic platinum. One side of the cell is exposed to air and
analyzer. Both show approximately equivalent the other to the stack gas. When heated to about
accuracies. Accuracy on overall combustion effi- 1200'F (650'C) the cell causes oxygen molecules
ciency is not usually given by the manufacturers coming in contact with the platinum to pick up four
because there are too many factors in the computa- extra electrons, and when there is a difference in the
tion of efficiency. However, the 02 (oxygen) meas- oxygen partial pressures between the two sides of
urement accuracy is about ±0.5% 02 for both sys- the cell, there is a flow of oxygen molecules from
tems. If the reading were 3% 02, a tolerance of the high-.to the low-pressure side. Because these
+0.5% 02 would be ±17% measurement error. For molecules are ionized, a voltage difference be-
this reason, it is usually recommended that several tween the two sides is established that is propor-
Orsat readings be taken and averaged. tional to the difference in oxygen partial pressure

The Orsat "dumbell" system uses chemical CO 2  between the air and the flue gas. From this voltage
or 0, analysis, stack gas temperature probe, and a difference, the oxygen content of the flue gas is
srnoke tester or CO measurement depending on calculated.
whether the fuel is oil or gas. With the information An excellent booklet, Flue Gas Measurement-A
derived from this analysis, the efficiency of the Guide to Maximizing Combustion Efficiency. is avail-
combustion and heat exchange process can be able from Ametek, Thermox Instruments Division,
determined. Some skill and experience is required 150 Freeport Rd., Pittsburgh, Pa. 15238.
to take the measurements and make the calcula-
tions necessary to determine combustion efficiency. In-situ systems

Costs for complete combustion analysis kits run The in-situ system utilizes a probe with a small
from $250 to $500. The Bacharach Instrument Co., zirconium oxide cell that includes a filter for the
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stack gas and a supply of clean dry instrument air the stack. This system permits its use with stack gas
supplied through the probe. Maximum stack gas temperatures up to 3200°F (1760'C) and, because
temperature allowable for the in-situ analyzer is the cell is larger and produces a stronger signal, the
about I 100'F (593°C), which permits its use in most electronics of the system may be located farther
boiler/furnace applications. Exceptions would be away than is possible with the in-situ system. In
special-process applications where very high stack addition, extraction system analyzers are available
gas temperatures may be required. that can measure carbon monoxide and hydroger

The life expectancy of an in-situ zirconium oxide combustibles.
cell is from 1 to 5 years, depending on the corrosive- Calibration requirements are about the same for
ness of thestackgas constituents. Calibrationshould in-situ and extraction systems. The accuracy of the
be done every 1 or 2 months on a general-purpose extraction systems is ±2% of the measured value. It
boiler and as often as every week if used on a is perhaps more important that the repeatability of
critical process. All in-situ probes should employ readings for an extraction system can be excellent,
flame arrestors so that, in the event of a burner with variations between readings of less than 1%,
malfunction producing a fuel/air mixture in the whereas the in-situ system readings, because of the
stack, the heated zirconium oxide cell will not varying flue gas conditions, can show variations
cause an explosion. Accuracy of the in-situ system up to 5 or 6%.
is about ±6% of the reading. The cost of an in-situ The cost of an extractive 02 analyzer varies from
system is $2700 to $4000. about $3000 to $7000. The cost of an extractive 0 2

Electronics connections to the in-situ probe are plus combustibles (CO and H2 ) analyzer varies
limited to a maximum of about 20 ft. from $4000 to $8000.

Manufacturers of in-situ and extraction analyz-
Extraction systems ers include Thermox Instruments Division of Ame-

Although the principles of operation of the in- tek, Westinghouse Combustion Controls Division,
situ and extraction analyzers are the same, the Bailey Division of Babcock and Wilcox, and Cleve-
extraction system extracts a stack gas sample and land Controls.
removes it to a large zirconium oxide cell outside
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Chapter 8. Energy Management and Control Systems (EMCS)

Energy management and control systems sors as they might a thermostat. The control
(EMCSs) can be used for both energy and mainte- function remains in the EMCS and is adjust-
nance management. Most EMCSs employ off-the- able only from the central or local control
shelf minicomputer/microcomputers, instrumen- console.
tation, and equipment configured into a network 3. Demand Limiting-The EMCS selectively
with control monitoring functions at multiple loca- shuts down users of electricity to keep total
tions for heating, ventilating, air conditioning, momentary electric usage from exceeding a
process equipment, lighting, chillers, and boilers. pre-established peak above which the facility

The capacity of an EMCS to effect energy savings will be assessed a rate penalty by the utility.
and optimize energy use will depend on the num- 4. Monitoring and Alarming-The EMCS
ber, type, and location of sensing and control points monitors space temperatures and equipment
as well as on the type of equipment and controls operation and alarms the central control
being managed. operator when preset values are exceeded or

Many energy-usingsvstemsin our current build- critical equipment fails. This saves energy
ing inventory were originally designed and oper- when a failed system would tend to increase
ated with little concern for energy conservation, temperatures or cause systems to run unnec-
EMCSs were extensively employed in the late 1970s essarily.
as a means of reducing energy usage in fundamen- 5. Monitoring Motor Run Time-The EMCS
tally inefficient systems. In many cases these EMCSs monitors and records run time on electric
were able to assist in reducing energy costs by as motors. This can provide information neces-
much as 40%. They accomplished this in several sary to determine potential cost savings and
ways: payback for replacing existing motors with

1. Duty Cycling-The EMCS starts and stops new high-efficiency motors.
HVAC equipment based on a preset schedule 6. Controlling Motor Stop/Start Times-The
to reduce unnecessary run times on electric EMCS avoids too close stop/start cycling,
motors that drive blowers, chillers, and which can significantly reduce motor life.
pumps, and on other energy-consuming This would result in maintenance cost sav-
HVAC equipment. ings.

2. Central Sensor Temperature Control and One of the most difficult problems in attempting
Night Set-Back-The EMCS turns an HVAC to make existing HVAC equipment energy-effi-
system on or off to satisfy a centrally located cient is that the controls used, particularly the most
sensor positioned to provide approximately prevalent pneumatic controls, are not precise, are
average temperatures in the area the system difficult if not impossible to keep calibrated, and
serves. This removes control from the hands consequently are prone to out-of-balance opera-
of individual users who may not observe the tion. Most controls in existing buildings were de-
required maximum heating or minimum air- signed when energy costs were very low and when
conditioning temperature established by the HVAC systems were designed to heat and cool at
government or agency in control. The EMCS the same time. During times of relatively low-cost
can usually be programmed to use different energy, reheating cooled air to get proper room
temperatures for night or long-term shut- temperature was common. Today, except where
down. In cold regions, to avoid freeze-ups, it significant dehumidification is required, reheat
is important to place sensors for long-term systems are seldom used. As energy conservation
shutdown (where 45°F or 50°F might be used became important, some of the greatest savings
to save energy) in locations expected to be the were realized as a result of changing the operation
coldest. This is often difficult, as the coldest of building HVAC systems to keep them from
location in a building depends on wind speed reheating previously cooled air-from heating and
and direction. More than one sensor is often cooling at the same time. This required a finer
used for this type of low-temperature control, control function, however, which most controls
and the system is designed to respond to the and most systems were not able to provide. As a
sensor exhibiting the lowest temperature. result, much time and effort has gone in to adjusting
Building occupants cannot adjust these sen- and maintaining controls; even with increased
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maintenance, complex buildings modified in op- energy costing is used outside the government, 1-
eration to be energy-conserving often do not func- to 3-year energy paybacks on equipment are usu-
tion very well, at least not to the satisfaction of ally required. In nongovernment retrofit, where
many of the users. Thus, the ability of EMCS to energy payback is most often used, a short 1- to 3-
provide both energy savings and user satisfaction year payback predominates. Thus the dev'elop-
depends a great deal on the HVAC equipment, the ment of accurate HVAC controls has been slow.
system control design, the way the EMCS is inte- To employ an EMCS successfullv, the facility
grated into the system, and the types of sensors and engineer may wish to consider the following steps:
controls the EMCS integrates. 1. Identify and understand the important en-

The heart of an EMCS is a digital computer fed ergy-using systems within the facility. Coin-
by analog sensors that control certain HVAC sys- plex buildings and the major energy user,,
tem functions. The quality of the information avail- within them must be identified.
able to the energy manager is a function of sensor 2. Evaluate the existing controls and determine
accuracy and reliability, sensor location, and the their characteristics and capabilities, since an
choice of measured system parameters. The ability EMCS is limited by local controls on energy-
to minimize energy use while still providing user using equipment. Determine the ability of
comfort and utility depends on the quality of infor- existing controls to maintain calibration.
mation fed to the EMCS, the inherent ability of the 3. Consider what is needed to upgrade control
HVAC system to modulate its energy usage, and and HVAC equipment components to pro-
the characteristics of the EMCS-HVAC control link- vide satisfactory control and operation and to
ages. provide a system that integrates well with

Both the sensing and the control portions of an candidate EMCSs.
EMCS are crucial to its ability to help the energy 4. Determine what information is needed to
manager conserve energy. At the present time most monitor and manage energy use.
EMCSs do not employ energy-flow sensing. They 5. Determine the number, location, and type of

measure temperature and sometimes pressure but sensing devices needed to provide the neces-
almost never flow. Thus, a current EMCS will not sary information.
give an energy manager all that is required to 6. Estimate the growth potential of individual
measure actual energy consumption. The energy buildings and the potential for new facilities.
manager can use the EMCS to reduce energy usage Identify potential changes and estimate add i-
by controlling blower run times, assuring against tional servicing points that might bc required
over-temperature operation, and employing other over the next 10 years.
techniques made available by having an EMCS 7. Investigate EMCS candidates to determine
monitor energy-related system parameters. The which types fit the needs of the fi cilith. Pro-
manager knows that if temperature in a heated vide potential EMCS suppliers with your
building is reduced 5°F, or increased 5°F in an air- detailed needs and work with EMCS manu-
conditioned building, the building energy usage facturer specifications to optimize system
will drop. At present, however, most EMCSs will utility. Verify that the EMCS has the capacity
not actually monitor the energy flow, and the to monitor all sensing points and enough
manager only receives this information indirectly room for anticipated expansion. Keep in mind
by reading steam or electric meters ur waiting for the need for flexibility and the possibility of
the utility bill. incorporating new components as technol-

HVAC control technology is gradually chang- ogy changes. Energy managers usually find
ing. The development of digital controls is under- out a great deal more about their equipment
way and some have been used by innovative users after the EMCS has been installed: as more is
of complex systems. Several manufacturers are understood, more is seen that may need to be
producing or are about to produce direct digital changed, so system flexibility is important.
control (DDC) systems. DDC systems promise 8. For large or complex installations, it is very
accuracy and reliability. Resistance to their devel- useful 'o simulate equipment operation on
opment has been due both to inertia on the part of the EMCS. This allows the EMCS manager to
the large control manufacturers and to cost. Often program the characteristics of various HVAC
first costiswhat controls building equipment deci- systems and see what result a change in
sions. Life-cycle costs, which would include energy operating parameters will have in system
use, are more often talked about than used, both operation. Without the simulation c,&pability,
inside and outside the governmcnt, and when the EMCS manager will have to make changes
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using the HVAC systems and then watch the several were to release new DDC equipment in
results. What can take days and significant 1986. The cost of DDC equipment is likely to come
amounts of energy using the actual HVAC down as usage increases.
systems in real time takes only a few minutes The cost of EMCSs varies widely depending on
with simulated runs. size and complexity.

9. Consider a distributed vs a centralized EMCS. An extensive list of EMCS suppliers can be found
A large facility with several complex energy- in Energy User News (1986). An updated version of
using buildings may prefer a distributed this list is included below.
control system. Distributed processing allows
for varying amounts of programming and List of EMCS Suppliers
spot monitoring at the distributed field loca- (Updated by Energy User News in 1988)
tions. The heart of the distributed control
conceptistheintelligentfieldinterfacedevice Aegis Energy Systems, 607 Airport Blvd.,
or "smart FID" ("smart" because each device Doylestown, Pa. 18901
can continue performing energy-management AET Systems, 77 Accord Park Drive, P. 0. Box C,
functions if the central unit or any FID in the Norwell, Mass. 02061
network fails). As distributed control becomes Alerton Technologies, Inc., 1525 131st Ave. N.E.,
better developed, it allows the use of more Bellevue, Wash. 98005
units networked together with the ability to American Auto-Matrix, 1 Technology Drive, Ex-
exchange information between controllers port, Pa. 15632
without going through the central computer. Anderson Cornelius Co., 6750 Shady Oak Road,

Although EMCS was originally used as a central Eden Prairie, Minn. 55344
monitoring system with limited control functions, Andover Controls Corp., York and Haverhill
its use as a controller is now expanding signifi- Streets, Andover, Mass. 01810
cantly. The new digital control technology initiated Automated Logic Corp., 1283 Kennestone Circle,
by EMCS has placed increased emphasis on direct Marietta, Ga. 30066
digital control (DDC). These controls combine a Barber-Colman Co., 1354 Clifford Ave., Loves Park,
microprocessor with sensors and electric actuators 111. 61132
and represent a new controls technology alterna- Barrington Systems, 1160 Industrial Road, San
tive to the old pneumatic thermostats, receiver/ Carlos, Calif. 94070
controllers, and activators. DDC has several ad- Cetek Systems Inc., 1701 Junction Court, San Jose,
vantages over the old pneumatic controls: Calif. 95112

" It creates more accurate and sophisticated Computer Controls Corp., 54 Industrial Way,
control. Wilmington, Mass. 01887

" It reduces maintenance due to fewer parts, Control Pak Corp., 23840 Industrial Park Drive,
greatly reduced calibration requirements, and Farmington Hills, Mich. 48024
the avoidance of a complex compressor- Control Systems International, P. 0. Box 59469,
driven pneumatic system that is prone to Dallas, Texas 75229
compressor oil contamination. EIL Instruments Inc., 10 Loveton Circle, Sparks,

" Lower building life-cycle cost. Md. 21152
" The ability to communicate directly with the Electronic Systems USA, 1014 East Broadway,

EMCS. Louisville, Ky. 40204
The last item above opens the door to using the Encon Systems Inc., 502-F Van Dell Way, Campbell,

EMCS with DDC as an energy-flow measuring Calif. 95008
device since, if the flow characteristics of water, Enercon Data Corp., 7464 West 78th St., Minneapo-
steam, or air duct valves and dampers used for lis, Minn. 55435
heating or cooling are known and are part of the Functional Devices Inc., 310 South Union St., Rus-
EMCS algorithms, the DDC can provide feedback siaville, Ind. 46979
to the EMCS on valve or damper position and flow General Electric Co., Wiring Device Dept., 225
temperature, velocity, and pressure to provide Service Ave., Warwick, R. I. 02886
energy flow information for use in allocating en- Honeywell Ccmmercial Buildings Group, Hon-
ergy use to specific areas. eywell Inc., Honeywell Plaza, Minneapolis,

As of 1986, DDC had a higher initial cost than Minn. 55408
pneumatic systems and was relatively new in the Honeywell Building Controls Division, 1985
marketplace, with a limited number of suppliers. Douglas Drive N., Golden Valley, Minn. 55422-
However, the number of suppliers is increasing; 3992
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Honeywell Building Controls Division, Albuquer- Robertshaw Controls Co., Control Systems Div., P.
que Systems, Honeywell Inc., 8500 Bluewater 0. Box 27606, Richmond, Va. 23261
N. W., Albuquerque, N. M. 87105 Sachs Energy Management Systems Inc., P. 0. Box

HSQ Technology, 1435 Huntington Ave., South 96, St. Louis, Mo. 63166
San Francisco, Calif. 94083-2248 Scientific Atlanta, 4300 Northeast Expressway,

Hypertek Inc., Salem Industrial Park, P. O. Box 137, Atlanta, Ga. 30340
Route 22 East, Whitehouse, N. J. 08888 Solid State Systems Inc., 1300 Shiloh Road, N.W.,

IBMCorp., Dept. 805,1133 Westchester Ave., White Kennesaw, Ga. 30144
Plains, N.Y. 10604 Solidyne Corp., 1202 Carnegie St., Rolling Mead-

IDMA/Climatron Inc., 1041 S. Placentia Ave., ows, Il. 60008
Fullerton, Calif. 92631 Staefa Control System Inc., 8515 Miraslini Drive,

Intermatic Inc., Intermatic Plaza, Spring Grove, Ill. San Diego, Calif. 92126
60081 TJ Controls Inc., 406 North Union St., Bryan, Ohio

Jade Controls, P. O. Box 271, Montclair, Calif. 91763 43506
Johnson Controls Inc., 507 East Michigan St., Mil- Tork, I Grove St., Mt. Vernon, N.Y. 10550

waukee, Wisc. 53202 Towne Applied Technology, Inc., 685 Howard St.,
Lumenite Electronic Co., 2331 North 17th Ave., Buffalo, N.Y. 14026

Franklin Park, Ill. 60131 The Trane Co., 5301 East River Road, Minneapolis,
Landix & Gyr Powers, 1000 Deerfield Pkwy., Buf- Minn. 55421

falo Grove, N.Y. 60015 Triangle Microsystems Inc., 2716 Discovery Drive,
MicroControlSystems Inc.,6589 North Sidney Place, Raleigh, N.C. 27604

Milwaukee, Wisc. 53209 Tropic-Kool Engineering Corp., 129000 Automo-
Novar Controls Corp., 24 Brown St., Barberton, bile Blvd., Clearwater, Fla. 33520

Ohio 44203
Paragon Electric Co. Inc., 606 Parkway Blvd., P. 0. This list includes all firms known to Energy User

Box 28, Two Rivers, Wisc. 54241 News at the time of publication. It should not be
Powerline Communications Inc., 123 Industrial construed as complete. This list of energy manage-

Ave., Williston, Vt. 05495 ment system suppliers includes only companies
Robertshaw Controls Co., Integrated Systems Div., that put their names on the equipment they sell. It

3000 D South Highland Drive, Las Vegas, does not include distributors or dealers.
Nev. 89109
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Chapter 9. Lighting System Evaluation

MEASUREMENT AND ANALYSIS light (lighting fixtures). They can also be used to
measure the actual illumination in situations where

One of the most widely used devices for meas- the measurement would be preferable to the calcu -
uring light is the selenium cell. Coupled with a lated value (e.g. reduced illumination due to soiled
microammeter, corrected filters, and multirange bulbs).
switches, this cell is used in hand-held light meters Multipoint lighting analysis is required for a
and other more precise instruments. For multi- true picture of light levels. This requiles a grectt
range use in precision meters, different cell heads deal of time, or multiple sensors if many tests are to
areused. Cadmiumsulfide photocells, in which the be run. Measurement of equivalent sphere illulmi-
resistance varies with the illumination, are also nation, one ,neasure of lighting effectiveness, re-
used in light meters. quires a special overlay for the light meter and a

The small survey-type meters do not have the computer analysis of the data. Light-measuring
accuracyoflab-oratory meters, andreadingsshould equipment can be expensive, depending on accu-
be considered approximate, although they may be racy and complexity.
quite consistent for a given condition. Their range Using measured bright levels, it is possible to
is usually from about 5 to 5000 footcandles. Preci- get a more accurate level of lighting availability
sion low-level meters have cell heads with ranges than using the technique of adding the total electri-
down to 0 to 2 footcandles. cal input (watts) to all the lighting fixtures in a

If light meters are used to measure the number space and dividing by the illuminated area of the
of lumens per square foot leaving a surface, foot space. The measured light levels take into consid-
lamberts (brightness) instead of footcandles (illu- eration the availability of natural light as well as the
mination) are being measured. Light meters can be actual light levels incident upon individual work
used to measure brightness, but electronic bright- surfaces (tables, desks, computer terminals, etc.).
ness meters containing a phototube, amplifier, and
microammeter can read brightness more directly.
Typical ranges are from 0.0001 to 100x10 6 foot LIMITATIONS
lamberts on a single meter.

Light meters that incorporate a spherical dif- Measuring light levels is more time-consuming
fuser can be used to measure incident light on a than a walk-through audit based on calculations.

surface. For a reflected light measurement the meter
is pointed toward the subject without the diffuser NEW TECHNOLOGY/DEVELOPMENTS
over the photo cell. Usually light meters are used in
walk-through type lighting audits of a building Light meters are available that incorporate a
where both natural light from windows and artifi- memory for storing light values, instantaneous
cial illumination from lighting fixtures can be readings, programmable exposure changes, a
measured. The measured light levels are then spherical diffuser for incident footcandle readings,
compared with standardized levels and recom- and various other accessories.
mendations are made with respect to effective cost Using a portable computer terminal, results of a
reduction. walk-through lighting audit can be processed on-

site by keying all data in to a central computer over

ACCURACY telephone lines. Such data includes but is not lim-
ited to heating and air-conditioning costs, type of

Not available. fuel, number of lamps, mounting height of lamps,
lamp life and usage, maintenance and installation
costs, and lighted areas.

ADVANTAGES
COST

Light meters can be used to measure the com-
bined illumination in a space that results from Depending upon complexity, the cost can range
natural light (windows) as well as from artificial from $25 to $200.
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Chapter 10. Electrical System Evaluation-Meters (Volt, Amp, Watt, Ohm)

MEASUREMENT AND ANALYSIS ACCURACY

Over a period of about 150 years many persons Electrical instruments may be calibra ted against
have contributed to the art of measuring electrical the primary standards of the quantity measured.
quantities, such as volts, amperes, and ohms. However, most are calibrated against secondary
Through most of this period of history the principal standards whose calibrations are traceable to the
effort of making instruments react to electricity primary standards. All primary standards in the
was aimed at the perfection of pointer-deflecting United States are established and maintained by
instruments. In these, the deflection angle of the the National Bureau of Standards.
pointer is proportional to the value of the electrical Alternating current voltmeters and ammeters
quantity measured. The name "analog instruments" are usually calibrated against electrodynamic volt-
has been coined to distinguish these instruments meters and ammeters that have been calibrated on
from a completely different type in which the value direct current and have a known accuracy on alter-
of the quantity measured is displayed in numerals. nating current. The finest analog instruments are
These newer instruments are called digital instru- rated to be accurate to within ±0.1c of full scale.
ments. Digital electrical instruments owe their Digital instruments can be made 50 to 100 times
existence to the ability of electronic devices to more accurate.
create electrical pulses, perform rapid switching
operations, produce precisely predictable time
functions of voltage, make voltage comparisons, ADVANTAGES/LIMITATIONS
amplify, and perform the fundamental operations
of addition, multiplication, differentiation, and The comparative rate of change of the quantity
integration. The distinction between analog and measured can be judged more easily when observ-
digital instruments is perhaps less significant than ing the motion of a pointer on an analog meter than
the basic approach to electrical measurements. Just a change in the value of a digital readout. Analog
as we weigh objects against a standard weight on a instruments are preferred when a visual indication
calibrated spring, so we can measure electrical of rate is important.
quantities such as voltage or current by balancing Analog instruments are relatively simple in
the torque they produce in an eiectromagnetic construction and can be made to perform under
system against a calibrated spring, or we can ba' very unfavorable environmental conditions, but
ance the electrical quantity itself against a standaru they contain moving parts.
value of that quantity, as in a potentiometric sys- Digital instruments are relatively complex and
tem. made of parts and components whose reaction to

Styling of analog instruments has produced a environmental conditions varies. However, digital
multiple-range, tabletop instrument that contains instruments can be made without moving parts.
a permanent-magnet, moving-coil mechanism with Diagnostic electrical measuring meters are rela-
a variety of circuits and transducers for measuring tively inexpensive and extensive training is not
many electrical functions in one modular housing. required for their proper use.
With a permanent-magnet, moving-coil mecha-
nism, this instrument measures direct current and
voltage; with a moving iron vane mechanism, it NEW TECHNOLOGY/DEVELOPMENTS
measures alternating current and voltage.

A digital voltmeter converts the analog input Meters are being manufactured that will com-
into digital logic and displays it in decimal form. municate diretly with a computer. The use of
Solid-state electronics perform many functions at thermal scanning techniques to determine the
nigh speed and with great accuracy. Digital instru- temperature rise in an electrical conductor is a
nments use electrical and electronic means to con- relatively recent development and is worth de-
vert electrical quantities into digital outputs and scribing in detail.
readings. Almost always the input quantity is a Failure mechanisms in current-carrying equip-
voltage, since other quantities are easily converted ment usually develop as a result of overheating,
into voltage before they are processed by the in- caused by high-resistance connections of circuit
strument. conductors. Overheating causes the deterioration
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of electrical and mechanical components as well as thermal data and the visual scene. Notes are taken
the insulation. Factors that contribute to the forma- to record the information necessary to identify the
tion of high-resistance connections include loose location and describe the nature of the problem.
connections, improper equipment design and in- These notes are used later in the preparation of a
stallation, vibration, expansion and contraction of written report.
circuit parts due to load cycling, deterioration of There are some failure mechanisms inherent in
mechanical components, and oxidation of conduct- current-carrying equipment that are indicated by
ing surfaces. Overheating of high-resistance con- "cold spots." As mentioned earlier, some electrical
nections is a self-compounding problem. The tern- devices normally operate much hotter than ambi-
perature increases with the resistance of the con- ent temperature. If these are observed to be operat-
nection. The greater the temperature rise the more ing at ambient or colder than normal temperatures,
pronounced the effects of forces that further in- a problem is indicated. There are failure mecha-
crease the resistance. The problem becomes pro- nisms other than high-resistance connections that
gressively worse until a failure causes a short cir- show up as hot spots. A severely unbalanced con-
cuit that damages or destroys the device. Using a dition could cause the failure of a motor, generator,
thermal imager the resistance of circuit connec- or transformer. Unbalanced currents in a three-
tions can be checked by evaluating the thermal phase system can also be detected. The tempera-
image of the device's terminals. Temperature dif- ture of the conductors that are carrying more cur-
ferences between various locations in a terminal rent will behigher than those carrying less current.
can be measured with a differtntial-temperature- In this situation, the imager will indicate two phases
measuring imager. Note that if the imager does not that are operating at equally higher temperatures
have thecapacity to measure temperature differen- than the third phase. This indication of an unbal-
tials, only qualitative comparisons (intensity dif- anced current can be confirmed by measuring the
ferences of bright locations) can be obtained, currents flowing in each phase with a clamp-on

The basic method in the inspection of electrical/ ammeter.
mechanical components is to observe the thermal A good electrical connection is characterized by
operating characteristics of the equipment to dis- very low resistance. A low-resistance ohmmeter
cern if any abnormalities exist. Anv abnormalities can be used to measure the resistance of circuit
can be analyzed to determine the severity and the connections, but the circuit must be de-energized.
cause of the problem. Three comparisons can be It would be very time-consuming to measure the
made with a thermal imager to observe the operat- resistance of every connection in an electrical sys-
ing characteristics of an electrical device: parts of tem, and it is usually difficult to schedule a power
the device can bc 1_.:f,,ied with itself, with an shutdown for that purpose.
adjacent device, or with the ambient air tempera- A quantitative thermal imager can be used for
ture. Each comparison provides a different refer- remote and rapid monitoring of the relative appar-
ence for obtaining an overview of the operating ent temperatures of all conducting/insulating
conditions. The speed at which the inspection is surfaces without disrupting normal system opera-
performed will depend on several factors, includ- tions. With this information, priorities can be as-
ing the complexity of the electrical/mechanical signed to the repairs that are needed.
equipment, the operator's skill and technique in Note that a nonquantitative imager can only be
operating the thermal imager, and the number and used to make a qualitative comparison (extremely
nature of the problems that are detected. Simple hot, hot, warm, not hot) between two or more
distribution equipment can usually be inspected in conducting/insulating surfaces.
a few seconds; more complex apparatus may take If true temperatures are required of a conduct-
several minutes. Since some circuit components ing/insulating surface, then system calibration
normally operate hotter than ambient tempera- curves and surface emittances are required. This
ture, thermal patterns can be very complex. Expe- procedure requires somewhat more time and effort
rience and knowledge of electrical equipment and than that required for differential measurements.
distribution systems are very important to the re-
sults of an inspection.

When a problem is detected, a more detailed COST
summary is done to pinpoint the location and to
analyze the nature of the problem. Photographs Depending upon the accuracy desired, the cost
and thermograms are taken to record both the can range from $25 to several hundred dollars.
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Chapter 11. Indoor Air Quality Measurements

CARBON MONOXIDE measurements, there is no guarantee that a single
(CO) MONITOR measurement is representative of normal furnace,

stove, or other combustion activities. For average
Measurement and analysis measurements, the diffusion characteristics of CO

Although long-term health effects from expo- through silica gr-, beads are not adequately defined
sure to low levels of CO are suspected, exposure to to make quantitative measurements.
high levels of CO for a shorter period of time can
cause more serious immediate health problems, New technology/developments
including death. Typically, CO levels high enough None.
to cause "short-term" health effects are generated
by a blocked combustion flue, a faulty or poorly Cost
tuned combustion source, or a car with its engine Active: From $1700 to $2500.
on in a garage. There are several commercially Passive: From $700 to $1400.
available continuous real-time monitors that can Potassium pallado sulfite (PPS) beads for pas-
reliably measure CO levels through an electro- sive sampling cost $1.50 per tube in lots of 1000.
chemical oxidation/diffusion process. Indoor CO
problems can be detected by turning on the com-
bustion sources for a specified time interval and FIBROUS AEROSOL MONITOR
measuring the CO levels.

An alternative to monitoring the continuous CO Measurement and analysis
concentration is to measure the average CO levels Sample air passes through a chamber and enters
over a longer period of time. From the long-term a sensing region illuminated- with a He-Ne laser.
CO concentrations it should be possible to identify The light scattered out of the laser beam by the
a residence that has high intermittent CO levels. In oscillating fibrous aerosols is detected by a photo-
general, a home with a higher average CO concen- multiplier tube.
tration will have high CO peaks. One approach is to
use a passive monitor that requires no external Accuracy
power and usually measures an integrated pollut- The accuracy is equal to reproducibility when
ant concentration over a period of 24 hours to 7 the monitor is calibrated for specific fibers.
days. One passive technique available is to expose
a tube of silica gel beads impregnated with potas- Advantages
sium pallado sulfite (PPS), which changes color The monitor can operate unattended for an
from yellow to brown in the presence of CO. indefinite period of time. It may be operated off a

battery pack and has recorder output. A standard
Accuracy membrane filter permits concurrent collection of

Active: From ±1 to ±15%. fiber samples.
Passive: From ±2 to ±5%.

Limitations
Advantages The monitor requires occasional cleaning of the

No training is required for either the active )r optics.
passive sampling operation. The real-time monitor
data do not require laboratory analysis, and the New technology/developments
results can be made available immediately. None.

Limitations Cost
The field reliability and accuracy of PPS indica- $12,000 to $13,000 with battery pack and digital-

tors for spot or average measurements in a large- to-analog interface.
scale audit have not been established. For spot
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FORMALDEHYDE (HCHO) Accuracy
MONITORS The accuracy is equal to the reproducibility for

specific aerosols.
Measurement and analysis

The principle of operation of the active formal- Advantages
dehydeanalyzer is that sample air is drawn through The particulate monitor can be operated over a
a solution that contains a fixed quantity of sodium humidity rang,: ;n'm 0 to 95%. No training is re-
sulfite. After the addition of pararosaniline the quired for sampling.
intensity of the color in the yellow part of the
spectrum is measured. New technology/developments

Passive formaldehyde monitors operate by a None.
process where the formaldehyde diffuses into the
monitor and is collected by a sorption process. Cost
They can be left unattended from 2 hours to ap- Passive
proximately I week. The shelf life of these devices Approximately $2000 without a recorder.
ranges from a few weeks to approximately 1 year,
depending on whether or not they have been pre- Active
viously exposed to 5ormaldehyde. From $6500 to 8000 without a recorder.

Accuracy
Active: ±3%. PARTICULATE SAMPLER/IMPACTOR
Passive: ±13 to +25%.

Measurement and analysis
Advantages and limitations Air is accelerated through nozzles or slots de-
Active signed to pass or reject particles of various sizes.

98% collection efficiency. Can be used over a The particles are then collected and analyzed.
range of 5 to 95% relative humidity. No training is
required for sampling. Accuracy

Accuracy is specified at certain flow rates and
Passive pressure drops and varies between ±3% and ±10%.

Requires no power and no specialized training.
It provides low accuracy and low reproducibility, Advantages/limitations
but it is inexpensive. Laboratory analysis must be The instrument will sample any ambient par-
used to obtain quantitative results. ticulate concentration. Training is required.

New technology/developments
None. P.'RTICULATE ANALYZER

Cost Measurement and analysis
Active The sample air stream is passed through an

$5000 to $6000. impactor to remove nonrespirable particles. The
particles that exit the impactor are precipitated

Passive onto an oscillatory quartz crystal sensor. The change
From $7 to $35 depending on lot size and analy- in frequency of the sensor is proportional to the

sis requirements. particulate mass that has collected there.

Accuracy
PARTICULATE MONITOR The accuracy is ±10%-0.01 mg/n 3 .
(ACTIVE/PASSIVE)

Advantages
Measurement and analysis The particulate analyzer provides relatively high

A pulsed infrared laser, in combination with a collection efficiency. No training is required for
detector, senses the forward light scattered by the sampling.
particulate matter. In the passive device the air
flows freely, while the active device uses a pump to Limitations
pull the air through the sensing volume. Annual calibration is recommended and main-
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tenance is required. Changes in relative humidity pling period the collector substrate is analyzed to
during a measurement can cause error. Some par- obtain a quantitative value for the time-weighted
ticles (e.g. dry diesel exhaust) are not sensed accu- average concentration. The NO2 filter badge basi-
rately. cally uses the same principle of operation as the

Palmes tube.
New technology/developments

None. Accuracy
The instrument accuracy is from ±18 to ±20c4.

Cost
From $5000 to $17,000, depending upon the Advantages

model. No training is required for sampling, and no
maintenance is required.

NITROGEN DIOXIDE (NO2) New technology/developments
ANALYZERS (ACTIVE) None.

Measurement and analysis Cost
The principle of operation of one analyzer is Device Amount

based on a chemiluminescent reaction with ozone Dosimeter Approx. $1.00 ea. in lots of
that is detected by a photomultiplier tube. Another 260 or more
analyzer uses a dye-forming reagent to continu- Palmes tube $8.00 to $10.00 each
ously absorb the sample air. The intensity of the Filter badge $11.65 each
dye is measured at a specific wavelength in the
yellow spectrum to obtain the NO 2 concentration.

Accuracy OZONE METER
Instrument accuracy is dependent upon the

accuracy of the calibration source. Measurement and analysis
The basic principle of operation is the photom-

Advantages etric detection of the flameless reaction of ethylene
Training is not required. Both analyzers can be gas with ozone.

used over a wide range of humidity (5-95%).
Accuracy

New technology/developments Not available.
None.

Limitations
Cost Training is recommended.

Chemiluminescent: $7300 (without recorder and
battery pack). New technology/developments

Chemistry/colorimetry: $5800. None.

Cost
NITROGEN DIOXIDE (NO 2) The cost is about $6000 to $7000.
SAMPLERS (PASSIVE)

Measurement and analysis RADON COLLECTOR (PASSIVE)
The basic principle of operation in three com-

mercially available devices is diffusion/sorption. Measurement and analysis
In the dosimeter the collection relies upon molecu- Ambient radon diffuses into a chamber where
lar diffusion to deliver sample air to a liquid sorb- the subsequent disintegration of particles is elec-
ent solution at a constant rate. After exposure tie trostatically focused onto a dosimeter chip. Each
sorbent is analyzed in a laboratory spectrophotome- particle striking the chip creates defects that can be
ter. In the Palmes tube the cap is removed during related to the integrated radon concentration. The
sampling and NO, diffuses to a collector at a rate instrument is based upon the passive environ-
determined by .. w :ube geometry and ambient mental radon monitor.
NO2 concentration. At the termination of the sam-
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Accuracy Cost
Not available. Approximately $8000 with optional accessories.

Advantages
The passive radon collector can operate up to 1 RADON GAS MONITOR (ACTIVE)

year unattended, and it can operate over a wide
range of ambient temperatures and humidity. No Measurement and Analysis
training is required for sampling. The active radon monitor has three measuring

ranges and selectable sampling intervals. It con-
New technology/developments tains a sample chamber, solid-state detectors, and

None. a microprocessor to control operation. Ambient air
is drawn through a prefilter that collects daughter

Cost products of two radon isotopes. Air enters a sample
$600 (includes batteries). chamber and the decay particles are deposited on a

solid-state detector. The decay particles are ana-
lyzed to discriminate between the two radon iso-

RADON MONITOR (ACTIVE) topes. Daughter products captured on the prefilter
are also analyzed. All information is stored in

Measurement and analysis memory.
Radon daughters are collected on a filter and

particle activity is measured with a detector. A Accuracy
microprocessor counts and stores detector pulses. The accuracy is ±10%.

Accuracy
Typical accuracy is ±5%. Advantages

It is usable over a wide ambient temperature
Limitations and humidity range. No field calibration or train-

The active radon collector requires some main- ing is required.
tenance. No training is required for sampling.

New technology/developments
New technology/developments A humidity sensor has been incorporated to

None. monitor the relative humidity level of the prefil-
tered ambient air.

Cost
$2000 to $3000, depending upon the model. Cost

Approximately $35,000.

RADON/RADON DAUGHTER
DETECTOR (ACTIVE) RADON DAUGHTER

ANALYZER (ACTIVE)
Measurement and analysis

A known volume of sample air is drawn through Measurement and analysis
a filter and a gas scintillation cell. Radon daughter The analyzer contains a filter for the incoming
products collect in the filter while the gas cell sample air. A computer that plugs into the analyzer
retains a sample of radon, automatically computes the radium concentration.

Sample air is drawn through a filter for 2 minutes
Accuracy while alpha and bta particle backgrounds are

Not available. measured simultar • )usly. The sample deposit on
the filter is transported to the detector where all

Advantages counts are registered for 2 minutes.
The instrument is usable over a wide ambient

temperature range. Accuracy
Not available.

New technology/developments
None.
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Advantages ing ranges and can provide a continuous sampling
The instrument is usable over a wide range of rate. Audible and visual alarms are optional fea-

ambient temperatures and humidity levels do not tures.
affect its operation. No warmup time is required.
Radium levels are automatically calculated. No 4.ccuracy
training is required for sampling. The accuracy is ±2% of full scale.

Limitations Features
Periodic maintenance is required. Requires three different types of battery (total of

7 units).
New technology/developments

None. New technology/developments
None.

Cost
$17,000. Cost

$1700 to $1900, depending upon the model.

RADON TRACK DETECTOR
(PASSIVE) SULFUR DIOXIDE (SO 2)

ANALYZER II (ACTIVE)
Measurement and analysis

The passive radon track detector is a card of Measurement and analysis
negligible weight that integrates radon exposure. The unit contains an electrochemical cell, a dig-
Alpha particles from radon in the air penetrate the itizer, and a separate data reader. SO 2 diffuses into
detector and cause damage tracks. The tracks are an electrochemical cell that produces a signal pro-
chemically etched at the end of the exposure inter- portional to SO 2 concentration. The signal is digit-
val and counted. Average exposure is proportional ized and stored.
to the counted tracks per unit area.

Accuracy
Accuracy Accuracy is ±2% of reading plus one least sig-

The accuracy is ±1-3%. nificant digit.

Advantages Advantages
The instrument is usable over a wide range of This analyzer uses one long-life 9V battery. It is

ambient temperatures and humidities. It provides usable over a wide humidity range.
good reproducibility. No calibration or mainte-
nance is required, and it is simple to use. No train- Limitations
ing is required for sampling. The instrument requires maintenance.

New technology/developments New technology/developments
None. The latest model features an LCD display in-

stead of data logging.
Cost

$16 to $66 depending upon lot size and sensitiv- Cost
ity required. $1100 to $1200.

SULFUR DIOXIDE (SO) SULFUR DIOXIDE (SO 2)
ANALYZER I (ACTIVE? ANALYZER III (ACTIVE)

Measurement and analysis Measurement and analysis
This instrument contains a sensing electrode The analyzer samples 250 mL/min continu-

that generates an electric current through an electro- ously. Sample air is drawn through distilled water.
chemical reaction. The analyzer has three measur- The absorbed sample reacts with pararosaniline
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and formaldehyde to form a pararosaniline methyl Limitations
sulfuric acid. The intensity of this acid is measured Monthly maintenance is required.
in the yellow spectrum.

New technology/developments
Accuracy None.

Not available.
Cost

Advantages $5700 with optional accessory.
No training is required for sampling.

60



BIBLIOGRAPHY Change Rate and Infiltration Measuremeuts (C.M.
Hunt, .C. King and H.R. Trechsel, Eds.). Philadel-

Adams, J.W., M.H. Sherman and R.C. Sonder- phia, T i.: American Society for Testing and Mate-
egger (1981) Dynamic measurement of wall ther- rials, tpecial Technical Publication 719, p. 73-88.
malperformance. In Proceedingsof DOE/ASTM Con- Condon, P.E., W.L. Carroll and R.C. Sonderegger
ference, Thermal Insulations, Materials, and Systems (1981) A new measurement strategy for in situ test-
for Energy Conservation in the '80's. December, Clear- ing of wall thermal performance. In Proceedings of
water, Florida. the ASHRAE/DOE/ORNL Conference, Thermal Per-
American Society of Heating, Refrigerating and forma,ice of Exterior Envelopes of Buildings. Atlanta,
Air-Conditioning Engineers, Inc. (ASHRAE) Ga.: American Society of Heating, Refrigerating
(1981) Ventilation for acceptable indoor air quality, and Air-Conditioning Engineers, Inc., Publication
Atlanta, Ga.: ASHRAE Standard 62-1981. SP-28.
American Society for Testing and Materials Condon, P.E., D.T. Grimsrud, M.H. Sherman and
(ASTM) (1980) Standard practice for measuring air R.C. Kamerud (1980) An automated controlled-
leakage rate by the tracer dilution method. Phila- flow air infiltration measurement system. In Build-
delphia, Pa.: ASTM Standard E-741-80. ing Air Change Rate and Infiltration Measurements
ASTM (1985a) Standard practice for in-situ mea- (C.M. Hunt, J.C. King and H.R. Trechsel, Eds.).
surements of heat flux in industrial thermal insula- Philadelphia, Pa.: American Society for Testing
tion using heat flux transducers. Philadelphia, Pa.: and Materials, Special Technical Publication 719, p.
ATMS Standard C-1041-85. 60-72.
ASTM (1985b) Standard practice for in-sita meas- Courville, G.E. (Chairman) (1981) Assessment of
urement of heat flux and temperature on building Building Diagnostics. DOE Diagnostics Task Group,
envelope components. Philadelphia, Pa.: ASTM Oak Ridge National Laboratory, U.S. Department
Standard C-1046-85. of Energy, Oak Ridge, Tennessee.
ASTM (1987) Standard test method for determin- Dumont, R.S. (1981) Personal communication.
ing air leakage rate by fan pressurization. Philadel- National Research Council Canada, Division of
phia, Pa.: ASTM Standard E779-87. Building Research, Saskatoon, Saskatchewan.
Arumi, F.N. (1978) Thermal inertia in architectural Energy Users News (1986), 11(8): February 24.
walls. DOE Report. Austin: University of Texas. Etheridge, D.W. (1980) Experimental techniques
Bassett, M.R., C.Y. Shaw and R.G. Evans (1981) for ventilation research. In Proceedings of the First
An appraisal of the sulfur hexafluoride decay tech- Air Infiltration Center (AIC) Conference: Air Itfiltra-
nique for measuring air infiltration rates in build- tion and Measuring Techniques, Oct. 6-8. Bracknell,
ings. ASHRAE Transaciions, 87(2). UK: AIC, p. 45-71.
Blomsterberg, A.K., M.H. Sherman and D.T. Etheridge, D.W., and D.K. Alexander (1980) The
Grimsrud (1981) A model correlating air tightness British Gas multi-cell model for calculating venti-
and air infiltration in houses. In Proceedings of the lation. ASHRAE Transactions, 86(2): 808-821.
ASHRAE/DOE/ORNL Conference, Thermal Perform- Flanders, S.N. (1980) Time constraints on measur-
ance of the Exterior Envelopes of Buildings. Atlanta, ing R-values. USA Cold Regions Research and En-
Ga.: American Society of Heating, Refrigerating gineering Laboratory, CRREL Report 80-15.
and Air-Conditioning Engineers, Inc., Publication Flanders, S. N. (1987) A procedure for measuring
SP-28, p. 122-137. building R-values with tlermography and heat
Brown, W.C., and G.D. Schulyer (1981) A calo- flux sensors. USA Cold Regions Research and En-
rimeter for measuring heat flow through walls. In gineering Laboratory, CRREL Special Report 87-6.
Proceedings of the ASHRAEIDOE/ORNL Conference, Flanders, S.N. and S.J. Marshall (1981) Measuring
Thermal Performance of the Exterior Envelopes of building R-values for large areas. In Proceedings (f
Buildings. Atlanta, Ga.: American Society of Heat- Photo-Optical Instrumentation Engineers, vol. 254.
ing, Refrigerating and Air-Conditioning Engineers, Grimsrud, D.T., M.H. Sherman,J.E. Janssen, A.N.
Inc., Publication SP-28. Pearman and D.T. Harrje (1980) An intercompari-
Burch,D.M., A.G. Contrerasand S.J.Treado (1979) son of tracer gas used for air infiltration measure-
The use of low-moisture-permeability insulation ments. ASHRAE Transactions, 86(1):258- 266.
as an exterior retrofit system-A condensation Grot, R.A. (1979) A Low-Cost Method for Measuring
study. ASHRAE Transactions, 85(2). Air Infiltration Rates in a Large Sample of Dwellings.
Card, W.H., A. Sallman, R.W. Graham and E.E. Washington, D.C.: Center for Building Technol-
Drucker (1980) Infrasonic measurement of build- ogy, National Bureau of Standards.
ing leakage: A progress report. In Building Air

61



Grot, R.A.(1980) A low-cost method for measuring Howard, J.S. (1966) Building Science, 1:251-257.
air infiltration rates in a large ,arnpleof dwellings. Hunt, C.M. (1980) Air infiltration: A review of
In Building Air Change Rate anid lnfiltration Measure- some existing measurement techniques and data.
ments (C.M. Hunt, J.C. King and H.R. Trechsel, In Building Air Change Rate and li' fi: ratioll Measure-
Eds.). Philadelphia, Pa.: American Society forTest- nients (C.M. Hunt, J.C. King and H.R. Trechsel,
ing and Miterials, Special Technical Publication Eds.). Philadelphia, Pa.: American Society for Test-
719, p. ':--59. ing and Maferials, Special Technical Publication
Grot, R.A. and R.E. Clark (I9S )l) Air leakage char- 719. p. 3-2.0.
acteristics and weatherization tchniques for low- Hunt, C.M. and D.M. Burch (1975) ASHRAE
income housing. In Proceedings of the ASPIRAE/ Transactions, 81(1):186-201.
DOE/ORNL Conference, Thermal Per form, :1ce of the Hunt, C.M. and S.J. Treado (1976) A prototype
Exterior Envelopes of Btildings. Atlanta, Ga.: Ameri- semi-automated system for measuring air infiltra-
can Society of Heating, Refrigerating and Air- tion in buildings using sulfur hexafluoride as a
Conditioning Engineers, Inc., Publication SP-28, p. tracer. Washington, D.C.: National Bureau of Stan-
178-194. dards Technical Note 878.
Grot, R.A., C.M. Hunt and D. Harrje (1980) Tracer Klems, J.H. and D. Di Bartolomeo (1982) Large-
gas automated equipment for complex building ,rea high-sensitivity heat-flow sensor. Rezuic' of

studies. In Proceedins of the First. ir Infiltration Cen- Scientific lnstrumientation, 53(10).
ter (AIC) Conference: Air Infiltration and Measuring Kronvall, J. (1978) Testing of houses for air leakage
Techniques, Oct. 6-8. Bracknefl, UK: AIC, p. 103-128. using a pressure method. ASHRAE Transactions,
Grot, R.A., D.M. Burch and S.B. Silberstein (1982) 84(1): 72-79.
Diagnostic Procedures for Verfiing the Thernial Integ- Kronvall, J. (1980) Airtighltness-imeasurements
rity of Building Envelopes. Washington, D.C.: Center and measurement methods. Stockholm: Swedish
for Building Technology, National Bureau of Stan- Council for Building Research Publication No. ISBN
dards. 91-540-3201-6.
Hammerstein, S. and B. Petterson (1981)Testingof Kul ar, R., A.D. Ireson and H.W. Orr (1979) An
Retrofits in Building. Stockholm: Swedish Council automated air infiltration measuring system using
for Building Research. SF tracer gas in constant concentration and decay
Harrje, D.T. and R.A. Grot (1977) Automated air methods. ASHRAE Transactions, 85(2): 385-395.
infiltration measurements and implications for Kusuda, T. (1976) Control of ventilation to con-
energy conservation. In Energy use management, serve energy while maintaining acceptable indoor
Proceedings of the International Conference, Vol. 1. air quality. ASHRAE Transactions, 82(1):1169-1182.
New York: Pergamon Press, p. 458-464. Lagus, P.L. (1980) Air leakage measurements by
Harrje, D.T. and R.A. Grot (1978) Instrumentation the tracer dilution method-a review. In Building
for monitoring energy usage in buildings at Twin Air Change Rate and Infiltration Measurements (C.M.
Rivers. Energy and Buildings, 1(3): 293-299. Hunt, J.C. King and H.R. Trechsel, Fds.). Philadel-
Harrie, D.T., C.M. Hunt, S.J. Treado and N. Malik phia, Pa.: American Society for Testing and Mate-
(1975) Automated instrumentation for building air rials, Special Technical Publication 719, p. 36-49.
infiltration measurement. Princeton University Ma, W.Y.L. (1967) The averaging pressure tubes
Center for Environmental Studies Report 13. flowmeter for the measurement of the rate of air-
Hartmann, P. and H. Muhlebach (1980) Auto- flow in ventilating ducts and for the balancing of
matic measurements of air change rates (decay airflow circuits in ventilating systems. Institute of
method) in a small residential building without Heating and Ventiating Engineers.
any forced-air heating system. In Proceedings of the Mahaffey, J.A. (no date) Electrical power and steam
First Air Infiltration Center (AIC) Co ;ference: Air consumption metering techniques. Georgia Insti-
Infiltration and Measuring Techniques Oct. 6-8. Brack- tute of Technology Engineering Experiment Sta-
nell, UK: AIC, p. 87-101. tion, Technical Report for Project A-2891-000.
Hill, J.E., W.B. May, Jr., T.E. Richtmyer, J. Elder, McNally, T. (1981) Personal communication. Taas-
R.L. Tibbott, G.T.Yonemura, C.M. Hunt and P.T. trup, Denmark: Institute of Technology, Building
Chen (1981) Performance of the Norris Cotton Department.
Federal Office Building foi the first 3 years of op- National Institute for Occupational Safety and
eration. Washington, D.C.: National Bureau of Health (NIOSH) (1981) In Proteedings oft/' Confer-

Standards report, Building Science Series 133. ence on Occupational Health Issues Affectin)g Clericai/
Honma, H. (1975) Ventilation of dwellings and its Se retarial Personnel, Cinmcinmati, Juli 21-24. Cincin-
disturbances. Stockholm7 FAIBO Grafiska. nati: NIOSH.

62



NCEL (1985) Steam flow meters in Navy shore Shaw, C.Y., D.M. Sander and G.T. Tamura (1973)
facilities. August. Techdata Sheet 85-20. Air leakage measurements of the exterior walls of
Nylund, P.O. (1980a) Tightness and its testing in tall buildings. ASHRAE Transactions, 79(2): 40-48.
single and terraced houses. In Proceedings of the Sherman, M.H. (1980) Air infiltration in buildings.
First Air Infiltration Center (AIC) Conference: Air In- Berkeley, Cal.: Lawrence Berkeley Laboratory Re-
filtration and Meas-tring Techniques, Oct. 6-8. Brack- port No. LBL-10712.
nell, UK: AIC, p. 157-170. Sherman, M.H. and D.T. Grimsrud (1980) Infiltra-
Nylund, P.O. (1980b) The application of recip- tion pressurization correlations: simplified phys-
rocity in tightness testing. In Proceedings of the First ical modeling. ASHRAE Transactions, 86(2): 778-807.
Air Infiltration Center (AIC) Conference: Air Infiltra- Sherman, M.H., D.T. Grimsrud, P.E. Condon and
tion and Measuring Techniques, Oct. 6-8. Bracknell, B.V. Smith (1980) Air Infiltration Measurement
lIK: AIC, p. 143-155. Techniques. In Proceedings of the First Air Infiltration
Penman, J.M. (1980) An experimental determina- Center (AIC) Conference. Air Infiltration and Measz:r-
tion of ventilation rate in occupied rooms using at- ing Techniques, Oct, 6-8. Bracknell, UK: AIC, p. 9-44.
mospheric carbon dioxide concentration. Building Sherman, M.H., D.T. Grimsrud, and R.C. Sonder-
and Environment, 15:45-47. egger "1981) The low pressure leakage function of
Pettersson, B.andB.Axen(1980)Thermography- a building. In Proceedings of the ASHRAE/DOE/
Testing of the thermal insulation and airtightness ORNL Conference, Thermal Performance of the Exte-
of buildings. Swedish Council for Building Re- rior Envelopes of Buildings. Atlanta, Ga.: American
search Publication No. 6702005. Society of Heating, Refrigerating and Air Condi-
Sandberg, M. (1980) What is ventilation efficiency? tioning Engineers, Inc., Publication SP-28, p. 94-121.
Stockholm: National Swedish Insititute for Build- Sherman, M.H., R-C. SondereggerandJ.W. Adams
ing Research. (1982) The determination of the dynamic perform-
Sandberg, M. and A. Svensson (1980) Measure- ance of walls. Submitted for presentation at
ments of ventilation efficiency by using the tracer ASHRAE winter meeting.
gas technique. Stockholm: National Swedish Insti- Silberstein, S. (1980) Air leakage measurements of
tute for Building Research. an unpartitioned mobile home. Washington, D.C.:
Sepsy, C., M.F. McBride, R.S. Blancett and C.D. National Bureau of Standards, Interagency Report
Jones (1978) Fuel utilization in residences. Palo 80-2105.
Alto, Calif.: Electric Power Research Institute, Re- Sinden, F.W. (1978a) Wind, temperat'-re and natu-
port No. EA-894. ral ventilation-theoretical considerations. Energy
Shaw, C.Y. (1979) A method for predicting air and Buildings, 1(3): 275-280.
infiltration rates for a tall building surrounded by Sinden, F.W. (1978b) Multichamber theory of air
lowerstructures of uniform height. ASHRAE Trans- infiltration. "Thermal Insulation and Airtightness of
actions, 85(1): 72--84. Buildings,"Building and Environment, 13: 21.
Shaw, C.Y. (1 980a) Methods for conducting small- Spengler, J.D., C.D. Hollowell, D.J. Moschan-
scale pressurization tests and air leakage data of dreas, and P.O. Fanger, Eds. (1982) Indoor air
multi-story apartment buildings. ASHRAE Trans- pollution. In Proceedings of symposium held at Uni-
actions, 86(1): 241-250. versity of Massachusetts, Amherst, Mass., Oct. 12-16,
Shaw, C.Y. (1980b) Wind and temperature induced 1981. Elmsford, N.Y.: Pergamon Press.
pressure differentials and an equivalent pressure Stewart, M.B., T.R. Jacob, and J.G. Winston (1981)
difference model for predicting air infiltration in Analysis of infiltration by tracer gas technique,
schools. ASHRAE Transactions, 86(1): 268-279. pressurization tests, and infrared scans. In Proceed-
Shaw, C.Y. (1981) A correlation between air infil- ings of the ASHRAE/DOE/ORNL Conference, Ther-
tration and -ir tightness for houses in a developed mal Performance of the Exterior Envelopes of Buildings.
residential art-. ASHRAE Transactions, 87(2). Atlanta, Ga.: American Society of Heating, Refrig-
Shaw, C.Y. and L. Jones (1979) Air tightness and erating and Air-Conditioning Engineers, Inc., Pub-
air infiltration of school buildings. ASHRAE Trans- lication SP-28, p. 138-148.
actions, 85(1): 85--95. Tamura, G.T. (1979) The calculation of house infil-
Shaw, C.Y. and G.T. Tamura (1977) The calcula- tration rates. ASHRAE Transactions, 85(1): 58-71.
tion of air infiltration rates caused by wind and Tamura, G.T. (1980) Carbon dioxide measurement
stack action for tall buildings. ASHRAE Transactions, in open-classroom school with outside air-supply
83(2): 145-158. damper cl"sed to conserve energy. Ottawa: Na-

tional Res, -h Council Canada, Publication 169.

63



Tamura, G.T. and C.Y. Shaw (1976) Studies on Warren, P.R. and B.C. Webb (1980) The relation-
exterior wall air tightness and air infiltration of tall ship between tracer gas and pressurization tech-

buildings. ASHRAE Transactions, 82(1): 122-134. niques in dwellings. In Proceedings of the First Air

Treado, S.J. (1980) Thermal Resistance Measure- Infiltration Center (AIC) Conference: Air Infiltration

ments of a Built-Up Roof System. NBSIR 80-2100. and Measuring Techniques, Oct. 6-8. Bracknell, UK:
Washington, D.C.: National Bureau of Standards. AIC, p. 245-276

64 * u.S. GOVERfSWfNT PRI~p(,, orrict: 1989 600-057/02044


