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TSI Comments for the 2013 Title 24 Energy Code

RECD.JAN 3.0 2012

Subject: TSI Incorporated Concerns & Comments with regard to proposals outlined 1o the 2073
standards update pre-rulemaking document to Title 24 energy standards in Appendix RA3 -
Residential Field Verification and Diagnostic Test Protocols. The document can be found in the
following link http://www .energy.ca.gov/title24/2013standards/prerulemaking/documents/2011-
11-07_workshop/review/Draft_Language/Staff Proposed_Draft_Language-Appendices/RA-3.pdf

Concern: Proposed removal of flow hoods for use in measurement of supply and/or return flow
in residential settings, based on conclusions published by researchers lain S. Walker, Ph. D. and
Craig P. Wray, P. Eng. (and others) in LBNL publications 45959, 47382 and 51551.

TSI Comments: TSI contends that the basis for removal of flow hoods and exclusive
endorsement of “powered” flow hoods as an accepted airflow measurement technique in section
RA3.3.2.1.2 is made on the basis of an incomplete reading and analysis of available data. We
have shown below why TSI’s commercial capture hoods (a.k.a. flow hoods) when used correctly
perform within accepted standards for most if not all residential flow measurement applications.

TSI Recommendation: Include capture hoods with flow conditioning/diffuser screen as an
acceptable method to measure airflow in residential HVAC applications.

To prove that some “Commercial Capture Hoods” perform acceptably well to qualify for most
residential flow measurement applications, two sources will be cited:

1) ASHRAE Publication KC-03-1-2 entitled “Evaluation of Flow Capture Techniques for
Measuring HVAC Grille Airflows” authored by lain S. Walker, Ph. D. and Craig P.
Wray, P. Eng;

2) Datataken at the LBNL “Multi-Branch [Residential] Laboratory Test Apparatus” by
Charlie Wright, Staff Mechanical Engineer, TSI, Inc. as assisted and witnessed by Iain S.
Walker, Ph. D. and Craig P. Wray, P. Eng. using TSI’s Model 8373 “Commercial
Capture Hoods” equipped with a standard accessory Flow Conditioning Screen. (June
2001)

Drawing from these two resources, we will clearly demonstrate that the TST Models 8371/8373
AccuBalance Capture Hoods — when used with the available accessory Flow Conditioning Screen
(TSI p/n 1080165) — perform well enough to qualify for five of the six “Accuracy Requirements
for Residential Flow Hood Applications” identified by the LBNL researchers Walker and Wray.



Reference Claim TSI Comment
ASHRAE publication “The results in Table 2 show that TSI agrees that diffuser
KC-03-1-2 - Page 6, the flow hood ... ... error was screen (Conditioning screen)
paragraph 2 reduced to less than 10% when the | can significantly improve
diffuser screen was used.” accuracy to within
acceptable levels
ASHRAE publication “The tests on the multi-branch TSI agrees with the

KC-03-1-2 - Page 8,
paragraph 4, sub-head
“Flow Hood 1, Round
One.”

system were performed with the
diffuser screen in place... For the
11 grilles of the multi-branch
system, the mean error was 0.5 L/s
(1 cfm, 1%) and the RMS error was
2.5 L/s (5 cfm/ 5%). These results
show how the use of the diffuser
screen combined with careful
placement can give good results for
this flow hood .” ... “These results
show that the diffuser screen makes
the flow hood less sensitive to
placement over the grille and
improves accuracy.”

statement — this should be a
good basis for including flow
hoods with a conditioning
screen/diffuser screen as an
acceptable air flow
measurement technique

ASHRAE publication
KC-03-1-2 - Page 9,
paragraph containing
sub-head “Flow Hoods
1 through 5, Round
Twe”, sentence 2:

“The diffuser screen used with
Flow Hood 1 is again shown to
have significant benefits,
particularly for individual grille
measurements.”

TSI concurs with claim

ASHRAE publication
KC-03-1-2 - Table 5,
page 9, titled “Multi-
Branch Test Results
for Commercial Flow
Hoods

Examination of data in table
5 relating to “Hood 1 +
diffuser screen” shows
measurements at each of the
11 diffusers. Errors for these

.measurements range from a

minimum of 0% to a
maximum of 8.2% of
reading. Please note that all
errors are less than 8.5% of
reading.

ASHRAE publication
KC-03-1-2 - Table 5,
page 9, titled “Multi-
Branch Test Results
for Commercial Flow
Hoods

Tabulated data for “Hood 1 +
diffuser screen” shows
“Mean Difference” = -3%
and “RMS Difference” =
5%.

Reference

Claim

TSI Comment

ASHRAE publication
KC-03-1-2 - Page 11,

“Using the single value of k =
0.055 results in bias errors less than

if true for this technique,
must also be true for




paragraph 3 under the
sub-heading “Supply
Basket Hoods”,
sentences 2 and 3:

3% and RMS errors of about 10%.
These results indicate that using a
single value for k gives reasonable
results for most flow hood
applications.”

“Commercial Capture
Hoods” (bias error -3%,
RMS error 5%). And if, as
authors indicate, “but even
Jor that (duct leakage
estimates) fest, the 5% bias
is very close to being
acceptable”, then surely the
“Hood 1 + diffuser screen”
must be even more
acceptable, because it has
demonstrated a smaller bias
error (-3% of reading)

ASHRAE publication
KC-03-1-2 - Page 12,
paragraph containing
sub-head “Bag Filling”
in section entitled
“FIELD
EVALUATION OF
NEW TECHNIQUES”
Sentences 2 and 3

L

“Compared to the reference flow
hood , the bias was -5% and the
RMS uncertainty was 11%. These
results indicate. .. the results of bag
testing can be used for almost all
grille airflow diagnostics, with the
exception of the requirement for
duct leakage estimates (but even
Jor that test, the 5% bias is very
close to being acceptable).”

If authors’ claim is true for
this technique, must also be
true for “Commercial
Capture Hoods” (bias error -
3%, RMS error 5%). And if,
as authors indicate, “but
even for that (duct leakage
estimates) fest, the 5% bias
is very close to being
acceptable”, then how much
more must the “Hood 1 +
diffuser screen” be very
close to being acceptable for
that measurement, because it
has demonstrated a smaller
bias error (-3% of reading).

From the above we can clearly conclude that using a flow hood with a flow conditioning/diffuser
screen gives results that are acceptable for airflow measurement in residential HVAC applications

Additionally, the data in the Appendices from the June 2001 measurements performed at LBNL
clearly demonstrate the suitability of the Accubalance 8371/8373 for residential HVAC airflow

measurement

Conclusion and Recommendation:

Based upon the clear evidence presented above TSI would strongly recommend inclusion of flow
hood with conditioner/diffuser screen as a recognized airflow measurement technique under Title
24 rules.



Appendices

Appendix 1

From the ASHRAE publication KC-03-1-2, we quote or cite the following:

a)

b)

c)

d)

e)

Table 1. (page 2)

TSI comment: If it can be proven that a “Commercial Capture Hood” demonstrates
measurement accuracy capability within +/- 10% (when compared to the “Active flow
hood " utilized by the LBNL researchers), then that “Commercial Capture Hood”
qualifies to be used for 5 of the 6 Applications identified in Table 1 — that is, all
applications except “Determining duct leakage”.

Page 6, paragraph 2 under the sub-head “Flow Hood 17, sentences I and 2:

“The results in Table 2 show that the flow hood ... ... error was reduced to less than 10%
when the diffuser screen was used.”

Page 8, paragraph containing the sub-head “Flow Hood 1, Round One.”

“The tests on the multi-branch system were performed with the diffuser screen in place...
For the 11 grilles of the multi-branch system, the mean error was 0.5 L/s (1 cfm, 1%) and
the RMS error was 2.5 L/s (5 cfim/ 5%). These results show how the use of the diffuser
screen combined with careful placement can give good results for this flow hood .” ...
“These results show that the diffuser screen makes the flow hood less sensitive to
placement over the grille and improves accuracy.”

Page 9, paragraph containing sub-head “Flow Hoods 1 through S, Round Two”,
sentence 2:

*“The diffuser screen used with Flow Hood 1 is again shown to have significant benefits,
particularly for individual grille measurements.”

Table 5, page 9, Entitled “Multi-Branch Test Results for Commercial Flow Hoods "
Examination of data in table 5 relating to “Hood 1 + diffuser screen” shows
measurements at each of the 11 diffusers. Errors for these measurements range from a
minimum of 0% to a maximum of 8.2% of reading. Please note that all errors are less
than 10% of reading.

Table 5, page 9. Further observations:

Tabulated data for “Hood 1 + diffuser screen” shows ‘“Mean Difference” = -3% and
“RMS Difference” = 5%.



g)

h)

Page 11, paragraph 3 under the sub-heading “Supply Basket Hoods”, sentences 2 and 3:

“Using the single value of k = 0.055 results in bias errors less than 3% and RMS errors of
about 10%. These results indicate that using a single value for k gives reasonable
results for most flow hood applications.” (bold added for emphasis)

TSI comment: “bias errors” here are akin to “Mean Difference” in Table 5. Note that
errors on the same scale or larger here are characterized as being “reasonable results for
most flow hood applications”. If true for the “Supply Basket Hoods”, must also be true
for “Commercial Capture Hoods”.

Page 12, paragraph containing sub-head “Bag Filling” in section entitled “FIELD
EVALUATION OF NEW TECHNIQUES” Sentences 2 and 3

“Compared to the reference flow hood , the bias was -5% and the RMS uncertainty was
11%. These results indicate... the results of bag testing can be used for almeost all grille
airflow diagnestics, with the exception of the requirement for duct leakage estimates
(but even for that test, the 5% bias is very close to being acceptable).” (bold and italics
added for emphasis)

TSI comment: Note here that the authors claim that -5% bias and 11% RMS error
(uncertainty) indicate that this method “can be used for almost all grille airflow
diagnostics”. Again, if true for this technique, must also be true for “Commercial
Capture Hoods” (bias error -3%, RMS error 5%). And if, as authors indicate, “but even
Jor that (duct leakage estimates) test, the 5% bias is very close to being acceptable”, then
how much more must the “Hood 1 + diffuser screen” be very close to being acceptable
for that measurement, because it has demonstrated a smaller bias error (-3% of reading).




Appendix 2

From data taken at the LBNL “Multi-Branch [Residential] Laboratory Test Apparatus” by Charlie
Wright, Staff Mechanical Engineer, TSI, Inc. as assisted and witnessed by Iain S. Walker, Ph. D.
and Craig P. Wray, P. Eng. using two different “Commercial Capture Hoods”. This test system is
described by Walker and Wray on page 5 of the ASHRAE paper. The description is briefly
excerpted here: “The multi-branch laboratory tests used a full-scale duct system that is
representative of many residential duct systems. It has a single return and eleven supply grilles,
with a total flow of about 564 L/s (1,200 cfm)... All the grilles are the same size (400 mm x 190
mm, 15.5 in. x 7.5 in.)... The reference flow for each grille was determined using the active flow
hood .”

Data was taken in June, 2001 on this same system using the same “active hood” as the reference
flow standard. Tables A and B below tabulate the results of tests using a TSI Model 8373
AccuBalance Capture Hood equipped with the Flow Conditioning Screen (called a “diffuser
screen” in the LBNL literature).




Table A

Testing for effect of centering/uncentering of Hood on Diffuser

Multi-Branch Test Results for AccuBalance + Flow Conditioning Screen

Error [%] Error [%] Error [%]
Diffuser Diffuser
Reference Diffuser Diffuser Centered Diffuser Diffuser Centered
Flow Centered In Corner Along Edge Centered In Corner Along Edge
Flow
System LBNL Powered | AccuBalance | AccuBalance | AccuBalance | AccuBalance | AccuBalance | AccuBalance
Supply Capture Hood w/Screen w/Screen w/Screen w/Screen w/Screen w/Screen
Boot
# [cfm] [efm] [cfm] [cfm] {% of flow}] [% of flow}] [% of flow]
1 145 138.5 141.3 141.7 -4.5 -2.6 -2.3
2 63 68 67 67.3 7.9 6.3 6.8
3 47 49.5 493 49.5 5.3 4.9 5.3
6 150 151.3 145.5 149 0.9 -3.0 -0.7
7 99 107.5 108.5 105.4 8.6 9.6 6.5
8 165 158.8 166.2 168.4 -3.8 0.7 2.1

Notice at all flows and all alignment/misalignment (centering) conditions, errors are less than
10% of reference flow and less than 7% when the hood is centered along the edge.




Table B

Multi-Branch Test Results for AccuBalance + Flow Conditioning Screen
All eleven diffusers tested with Hood Centered on diffuser

Error [ %]
Reference Diffuser Diffuser
Flow Centered Centered
Flow
System LBNL Powered AccuBalance AccuBalance
Supply Capture Hood w/Screen w/Screen
Boot
# ~ [cfm] [cfm] [% of flow]
| 145 138.5 -4.5
2 63 68 7.9
3 47 49.5 53
4 136 134.2 -1.3
5 86 88.4 2.8
6 150 151.3 0.9
7 99 107.5 8.6
8 165 158.8 -3.8
9 99 105.2 6.3
10 138 135.6 -1.7
11 81 86.4 6.7
Total: 1209 1223.4 1.2
9& 11
Captured Together 180 185.8 3.2

Note: “Diffuser Centered” data repeated from Table A for diffusers 1, 2, 3, 6, 7, and 8.

Further note: All errors are 8.6% or less of reference flow measurement, including the Total flow
and including the unusual case where diffusers 9 and 11 were measured simultaneously (this was
possible because of their physical proximity to each other).




Table C
Single-Branch Results, AccuBalance + Flow Conditioning Screen

Supply Boot #2, No Grille
Error [%] Error [%] Error [%]
Reference Reference Reference Diffuser Diffuser
Flow Diffuser Flow Diffuser Flow Centered Diffuser Diffuser Centered
Centered In Corner Along Edge Centered In Corner Along Edge
(Brandt AccuBalance (Brandt AccuBalance (Brandt AccuBalance | AccuBalance | AccuBalance AccuBalance
Nozzle) w/Screen Nozzle) w/Screen Nozzle) w/Screen w/Screen w/Screen w/Screen
[c¢fm] [cfm] [cfm] [cfm] [cfm] [cfm] [% of flow] [% of flow] [% of flow]
107.7 115 111.0 120 112.3 121 6.7 8.1 7.8
107.7 113 111.0 118 111.8 119 4.9 6.3 6.5
107.7 119 111.0 117 10.5* 5.4
111.5 118 5.8

*Notice that one reading exceeds 10% error by the smallest of margins (one cfm).

TSI Comment: “No Grille” is not a normal measurement condition in the field. In other
words, the only measurement by the AccuBalance + Flow Conditioning Screen that is in

error by more than 10% is on a measurement not normally encountered in the field.




Supply Boot #2, Grille Flow Facing “Front”, Edges Sealed, Fully Open

Table D
Single-Branch Results, AccuBalance + Flow Conditioning Screen

Error [%] Error [%] Error [%]
Reference Reference Reference Diffuser Diffuser
Flow Diffuser Flow Diffuser Flow Centered Diffuser Diffuser Centered
Centered In Corner Along Edge Centered In Corner Along Edge
(Brandt AccuBalance (Brandt AccuBalance (Brandt AccuBalance | AccuBalance | AccuBalance AccuBalance
Nozzle) w/Screen Nozzle) w/Screen Nozzle) w/Screen w/Screen w/Screen w/Screen
[efm] [cfm] [efm] [cfm] [cfm] [cfm] [% of flow) [% of flow] [% of flow]
107.0 107 104.1 107 105.7 108 0.0 2.8 2.2
106.7 107 104.3 111 105.7 106 0.3 6.4 0.3
106.7 109 104.3 104 105.7 110 2.2 -0.3 4.1
104.3 110 54
Accuracy of all flows within 6.5%
Figure A: Laboratory Results for TSI AccuBalance
w/standard accessory Flow Conditioning Screen
(Graphical presentation of data from Tables A through D
and including LBNL data from ASHRAE paper KC-03-1-2)
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Summary: TSI AccuBalance + Flow Conditioning Screen tested in a wide variety of
measurement conditions (range of flow rates, different hood-to-diffuser centering , with and
without grille). 55 of 56 data points agreed with flow standard within 10%. Comparison to
other capture hoods tested in similar conditions (see graphs below, taken from LBNL publication
#47382) demonstrates the clear superiority of the TSI AccuBalance + Flow Conditioning Screen



and its ability to perform within +/-10% of LBNL’s flow standard. This proves its capability to
be used for 5 of the 6 Residential Flow Measurement Applications identified by LBNL.

Therefore, all commercial capture hoods must not be disallowed for use in complying with
Title 24 residential air flow measurement requirements.
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Figure 8. Standard flow hood 13 laboratory test results



KC-03-1-2

Evaluation of Flow Capture Techniques
for Measuring HVAC Grille Airflows

lain S. Walker, Ph.D.
Member ASHRAE

ABSTRACT

This paper discusses the accuracy of commercially avail-
able flow hoods for residential applications. Results of labo-
ratory and field tests indicate these hoods can be inadequate
to measure airflows in residential systems, and there can be
large measurement discrepancies between different flow
hoods. The errors are due to poor calibrations, sensitivity of the
hoods to grille airflow non-uniformities, and flow changes
from added flow resistance. It is possible to obtain reasonable
results using some flow hoods if the field tests are carefully
done, the grilles are appropriate, and grille location does not
restrict flow hood placement. We also evaluated several simple
flow capture techniques for measuring grille airflows that
could be adopted by the HVAC industry and homeowners as
simple diagnostics. These simple technigues can be as accu-
rate as commercially available devices. Our test results also
show that current calibration procedures for flow hoods do not
account for field application problems. As a result, agencies
need to develop a new standard for flow hood calibration,
along with a new measurement standard to address field use
of flow capture techniques.

INTRODUCTION

For many years, the HVAC industry has used flow hoods
to measure grille airflows in nonresidential buildings, usually
as part of a testing and balancing procedure; residential HVAC
systems very rarely have been tested (usually by the research
community). This is primarily because of their sensitivity to
flow non-uniformities and the difficulty in accounting for
insertion losses on multiple low-pressure branch systems.
Now, utility programs, weatherization programs, and codes
and standards such as California’s Title 24 are beginning to

Craig P. Wray, P.Eng.
Member ASHRAE

consider the need to commission residential HVAC systems.
Such efforts include using flow hoods to determine if individ-
ual rooms are getting correct airflow and to estimate total air-
handler airflow and duct air leakage.

A few studies have evaluated flow hood measurement
uncertainty in commercial applications (Choat 1999); they
found that flow hoods are poor at measuring commercial grille
flows. Previous studies at a national laboratory (Walker et al.
2001; Wray et al. 2002) examined the uncertainty associated
with using flow hoods to measure residential grille airflows.
The results showed that some commercially available hoods
can be inadequate for measuring flows in residential systems,
and that active flow hoods equipped with measurement
devices that are insensitive to grille airflow pattemns give reli-
able and consistent results.

This paper compiles the results of recent studies that eval-
uated additional commercially available flow capture devices
as well as several noncommercialized techniques. We evalu-
ated the various devices and measurement techniques under
both laboratory and field conditions, using both single- and
multiple-branch system tests. The laboratory tests enabled us
to examine detailed performance characteristics and sensitiv-
ity to various measurement technique issues, such as the crit-
ical centering of flow capture devices over grilles. In
particular, the single-branch laboratory tests allowed us to
compare the flow capture measurements to very precise
airflow references. These single-branch tests are similar to the
methods used by manufacturers to calibrate their flow hoods.
The multi-branch tests in the laboratory and field allowed us
to study the insertion loss effects on flow hood performance.
Insertion losses occur when the flow resistance of a capture
device significantly changes the flow through an individual
grille. Residential systems are particularly sensitive to this

Iain Walker and Craig Wray are with the Lawrence Berkeley National Laboratory, Berkeley, Calif.
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TABLE 1
Summary of Accuracy Requirements for
Residential Flow Hood Applications

Required Minimum

Application Accuracy
Identifying large leaks/disconnected ducts +50%
Identifying room to room pressure +25%
imbalances
Ensuring room load and comfort +20%
requirements are met
Determining air-handler flow for cooling +10%
equipment performance estimation
Determining overall system flow +10%
imbalances
Determining duct leakage +3%

issue because grilles are placed at the end of short branches
(with correspondingly low pressure drops) such that the extra
flow resistance of the capture device reduces the airflow
through the grille being measured and redirects some of the
airflow to other grilles in the system. Our tests of the multi-
branch systems used an active flow hood as a reference. The
active hood has been shown to be accurate for a broad range
of applications in previous studies (Walker et al. 2001; Wray
et al. 2002).

In addition to evaluating the performance of the capture
techniques for measuring residential grille airflows, we also
carried out some field measurements on commercial grilles.
We had speculated in our previous studies that many of the
failings of commercially available devices would be reduced
when they are used for commercial systems because the grilles
on those systems are usually larger (they fill the whole cross
section of the flow capture device) and some have more
uniform flow due to the presence of perforated plate diffusers
on the grilles. To provide some baseline data on the ability of
the commercially available flow hoods to measure airflows for
commercial grilles, we used several of these devices to
measure supply airflows at several grilles in a large commer-
cial building, using the active flow hood as the reference.

When evaluating the accuracy of the flow hoods we need
to keep in mind that there is a range of potential applications
for flow hoods requiring different levels of accuracy. Table 1
summarizes typical accuracy requirements for different resi-
dential diagnostic applications. Walker et al. (2001) describes
these accuracy requirements in more detail.

TESTED FLOW CAPTURE TECHNIQUES

Commercially Available Capture Devices

A total of eight commercially available flow capture
devices for measuring grille airflows were tested in this study.
Most use some sort of built-in time averaging to reduce the
influence of flow and pressure fluctuations. A typical averag-

ASHRAE Transactions: Symposia

ing period is on the order of five to ten seconds. The devices
that we tested can be split into three broad classifications.

Standard flow hoods use a fabric hood that is fixed to a
rigid frame that fits over the grille. The fabric hood directs the
flow over a velocity or pressure-drop sensing element. Most of
these devices have built-in electronic signal processing and
information displays that include the ability to perform time
averaging, temperature compensation, and variable insertion
loss correction. However, some use analog gauges to display
the flow, have no temperature compensation, and have a fixed
insertion loss correction. We evaluated five different flow
hoods in these studies.

Active flow hoods use a flow capture device connected to
a calibrated fan-flow meter. A length of plastic flex duct and
a flow straightener placed between the flow capture device and
the fan-flow meter make this device insensitive to non-
uniform flows at the grille. Adjusting the fan of the calibrated
fan-flow meter until there is no pressure difference between
the room and the hood compensates for the flow resistance of
the capture hood, flexible duct, and flowmeter. This pressure
balancing procedure ensures that placing the flow hood over
the grille does not reduce the flow out of the grille.

In this study, the pressure inside the hood was measured
using a soaker hose (normally used to water plants) sewn to the
perimeter of the flow capture hood about halfway along its
length. This hose has many small holes that effectively aver-
age pressures over the whole length of the hose and therefore
over a large fraction of the hood wall. Laboratory tests using
several hood pressure measurement techniques have shown
that the precise method and location of hood pressure
measurement is not critical; the test results showed a spread of
less than 2%. However, all the results presented here used the
soaker hose for consistency and because it resulted in the least
bias on our full-scale duct system laboratory.

The device is not commercially available as a complete
package; however, many practitioners have the fan-flow meter
device used in these tests. Because laboratory results (Walker
etal. 2001; Wray et al. 2002) showed this flow hood to be very
accurate, it was used as the reference flow hood for the multi-
branch laboratory and field studies.

Flow horns use a formed rigid glass fiber housing to
capture the flow and direct the airflow over a thermal anemom-
eter. The housing cross section varies from rectangular at the
entry to round at the exit where the anemometer is mounted.
These flow horns came with anemometers that are specially
calibrated for use with these particular flow horns. They were,
therefore, able to provide measurements directly in airflow
(rather than just a velocity). There are also flow horns from
other manufacturers (that we did not test) that use vane
anemometers in the throat of similar rigid flow capture
devices.
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(a) Side holes and tube (connected to the inside soaker hose)

Figure 1 Supply basket hood.

Alternative Flow Capture Techniques

Because previous studies (Walker et al. 2001; Wray et al.
2002; Sherman and Walker 2002) found that many existing
measurement techniques and devices performed poorly when
measuring residential grilles, we examined two alternative
flow capture techniques. Another reason for considering alter-
native techniques is that the residential HVAC industry needs
simpler and less expensive measurement methods in order for
diagnostics to become more widespread. Therefore, the tech-
niques we considered were focused on reducing the cost and
complexity of diagnostic testing. Furthermore, inspired by the
CMHC (2002) approach to having homeowners perform
simple self-evaluations of their houses (particularly of their
heating and cooling systems), we selected techniques that
could easily be performed by a homeowner using rudimentary
equipment and skills. We hope that providing homeowners
with these sorts of tools will enable them to make better-
informed choices about their HVAC systems.

“Basket” Hood. The basket hood uses a calibrated flow
resistance to measure the flow through HVAC system grilles.
Specifically, this hood measures the airflow by a pressure drop
through a set of calibrated holes in the sides of the basket.
There are commercially available flow resistance devices that
use the same principle for measuring exhaust fan airflows, but
we did not test them in this study.

We found that normal household laundry baskets tend to
have uniform holes and are well-suited to this application.
However, most laundry baskets have too many holes (and
therefore too little flow resistance) for a pressure difference
between the basket and the room to be measured reliably.
Therefore, we systematically covered the holes in the sides of
the basket. We optimized the position of the holes for the type
of grilles (supply or return), because we found that holes too
close to the flow entry have increased sensitivity to flow non-
uniformity. The number and size of the holes have also been
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(b) Diffuser screen

optimized to produce a reasonably accurate pressure signal
while minimizing the backpressure effects.

Basket hoods of different size were developed for
supplies and returns because return grilles are often bigger
than supply grilles and because many systems have fewer
returns than supplies, resulting in bigger airflows for each
return. Returns are also easier to measure because the flow into
the measuring device does not have the flow nonuniformities
common to supply grilles.

The basket hoods that we developed incorporate two
innovations to further reduce flow nonuniformity effects:

1. A‘*soaker” hose is fixed on the inside back of the basket and
senses the static pressure inside the basket. This hose effec-
tively averages pressures over a large fraction of the basket
bottom.

2. A mesh screen is inserted in the entry of the basket and acts
as a diffuser screen to reduce flow nonuniformities.

Figure 1 is an illustration of one of our prototype basket
flow hoods. For use on commercial grilles, we added a
commercially available flow capture hood to the inlet of the
basket.

Because the flow resistance of the baskets was unknown,
we calibrated them using a high-accuracy (£0.5%) flow
nozzle. The specifications required to measure the pressure
difference with sufficient accuracy (0.1 Pa precision and time-
averaging facility) require a relatively expensive pressure
sensor (about $500). Because of this requirement, we expect
that this flow technique is more appropriate for HVAC or
weatherization contractors rather than homeowners. We tested
atotal of five supply hoods and a single return hood, each with
a different number of open holes (from 4 to 48 holes). Two
different baskets were used: a blue basket with three hole
configurations and a white basket with two hole configura-
tions. The basket/hole combinations are labeled in increasing
number of holes: blue 4, white 8, blue 16, white 24, blue 48.
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Figure 2 A clear bag before a measurement and a blue bag at the end of a measurement.

Bag Filling. If only a rough estimate of grille flows is
required, filling a bag to estimate flows is a very inexpensive
and simple alternative to expensive commercially available
flow hoods. For example, CMHC (2002) explains how to use
an empty garbage bag to measure grille flows, in language
suitable for homeowners. The measurement principle is very
simple. A garbage bag is placed over the grille and the time
required to fill the bag is measured using a stopwatch. Because
the volume of the bag is known, we can determine the flow by
dividing the volume by the time. This method is particularly
applicable to homeowner diagnostics because no expensive
equipment (such as the pressure sensor for the basket hood) is
needed. It also has the advantage that it gives a direct volu-
metric flow without relying on flow measurement techniques
that only sample part of the flow or assume a degree of flow
uniformity as with almost all of the other techniques. In addi-
tion, as a demonstration of high or low flow to homeowners (or
builders/HVAC contractors), the bag filling has a direct visual
element that is very appealing.

Originally, bags were used as a way of quickly checking
for HVAC system problems that did not require a flow to be
measured to better than about 30% accuracy. One of our aims
in this study is to quantify the uncertainties associated with
this method and to find ways to improve the measurement
accuracy through simple techniques. After some experimen-
tation, we implemented two improvements to the method to
make the measurements more accurate and more repeatable.
One improvement was adding a wood frame to the bag open-
ing. This wood frame ensured that the bag kept its shape and
gave a flat surface for easier edge sealing. The other improve-
ment was adopting a measurement technique that helped to
ensure consistent timing. Specifically, the user empties the bag
and then places a sheet of cardboard over the bag opening,
between the wood frame and the grille (as shown in Figure 2).
This assembly is placed close to the grille without blocking the
flow. The cardboard is then rapidly pulled away, and the frame
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Figure 3 Single-branch grille airflow measurement
apparatus.

of the bag opening is pressed around the grille. The use of the
cardboard sheet introduces a rapid bag opening, and the sound
of the wood frame contacting the surfaces around the grille
gives a consistent audible stimulus to begin timing. For most
airflows, the bag “pops” into its final shape (as illustrated in
Figure 2), but for lower flows it is less easy to determine when
the bag is “full.” We also used a wire frame (made from coat
hangers) and tested it on a range of entry shapes. The same
calibration technique was used for the bags as for the baskets.
A total of five bags were tested of different sizes and plastic
film thickness.

OVERVIEW OF LABORATORY TEST APPARATUSES

Single-Branch Laboratory Test Apparatus

Figure 3 shows a schematic of the laboratory test appara-
tus that represents a “single branch” system in which all flow
passes through the reference nozzle and the flow hood. The

383

‘IvHSY Aq painguisig pamiuad si Bupomiau Jo uonanposdal Jayuny ON CAjUO 3SN S!EEHRSUSI| 10 Z10Z-Uer-8L uo JUBUAA SaleyD of pasusdy (eusiew pajubuidon



Figure 4 Examples of grilles used for single-branch calibration test apparatus: (a) one-way, (b) two-way, (c) three-way, and

(d) four-way throws.

reference nozzle combines a flow straightener, a nozzle, and a
pitot-averaging-array to form a flow meter that has an accu-
racy of £0.5% of the flow reading. We used an adjustable fan
to produce a range of typical residential grille flows through
the apparatus: 25 to 120 L/s (53 to 250 c¢fm) for supplies and
up to 1,000 L/s (2,000 cfm) for returns. We changed the flow
pattern entering the hoods by varying hood lateral placement
relative to the grille (center, corner, and center edge) and by
using different grille styles (Figure 4), different grille damper
settings, and different boot types.

Multi-Branch Laboratory Test Apparatus

The multi-branch laboratory tests used a full-scale duct
system that is representative of many residential duct systems.
It has a single return and eleven supply grilles, with a total flow
of about 564 L/s (1,200 cfm). The ducts are constructed from
standard insulated flex duct with duct board splitter boxes at
the duct branches. The ducts are suspended below a plywood
deck (as if in a crawl space). Abushakra et al. (2002) describe
more details about this apparatus. All the grilles are the same
size (400 mm x 190 mm, 15.5 in. x 7.5 in.); an example is
shown in Figure 5. These grilles have a much more uniform
and nondirectional flow than those shown in Figure 4 because
of the design of the grille. This means that the majority of
differences between different flow measurement techniques
can be attributed to poor centering over the grille and to inser-
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Figure 5 Example supply grille of multi-branch duct
system.

tion loss issues rather than the highly directional inhomoge-
neous flow from the grilles in Figure 4. The reference flow for
each grille was determined using the active flow hood. Due to
small changes in duct and splitter box location as the various
experiments were carried out in the facility, we found that the
flows through a couple of the grilles changed by a few percent.
Because the flow hoods were tested over a period of a year on
this system, we measured the reference flows before each set
of flow hood measurements to ensure that we accounted for
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these small changes. In addition, a large flow nozzle was used
to continuously monitor the total flow for the system in all
experiments. This continuous monitoring showed that inser-
tion losses had no measurable (within the +0.5% accuracy of
the flow nozzle) effect on the total flow. This indicates that
flow reduction through the grille being measured appears at
other grilles in the system.

LABORATORY TEST RESULTS FOR
COMMERCIALLY AVAILABLE DEVICES

Single-Branch Laboratory Test Results
for Commercially Available Devices

Flow Horn 1. This small flow horn has a rectangular
opening (318 mm x 124 mm, 12.5 in. x 4.8 in.) that fits over
the grille and directs the flow over an anemometer placed in
the center of a 100 mm (4 in.) diameter round exit opening. On
the single-branch system, the flow horn reduced the flow from
52 L/sto 33 L/s (110 cfmto 69 cfin) for the open duct without
a grille and from 52 L/s to 38 L/s (111 c¢fm to 81 c¢fm) for a
system with a grille in place. This 30% to 40% reduction in
measured flow illustrates the large flow resistance provided by
the flow horn. The indicated flow horn readings were 49 L/s
and 42.5 L/s (103 cfm and 90 cfmm) for these two cases. This
result indicates that the flow horn does not attempt to measure
the actual flow through the flow horn but has been calibrated
to attempt to estimate the flow without the horn in place (i.e.,
the calibration attempts to account for insertion losses).
However, the flow horn still underestimates the airflow by 7%
to 10%, probably because the device it was calibrated on had
a different pressure-flow relationship than the one we are
using and because of the flow nonuniformities generated by
the boot and grille.

It should be noted that attempts to account for insertion
losses though calibration only work if the flow being studied
has the same pressure-flow relationship as the calibration
facility. In particular, calibrations are typically performed on
single-branch systems in which all the flow is forced to go
through every element of the system. In multi-branch systems
(essentially all heating and cooling systems), the flow resis-
tance added to one branch redirects the flow through other
branches in the system. This results in much larger flow
changes through the grille being measured and the calibration
would not be able to account for this effect. Flow Horn 1 was
used on a couple of grilles on the multi-branch system and the
underpredictions of flow were so large (on the order of 50%)
that no further multi-branch tests were performed. We
concluded that this device is unsuitable for measuring airflows
in multi-branch systems.

Flow Hood 1. This flow hood was tested on the single-
branch system with no grille, a residential grille (the one-way-
throw grille in Figure 4), and acommercial 610 mm x 610 mm
(2 ft x 2 ft) grille with its own diffuser (3/16 in. holes, 1/4 in.
on center). Three flow hood locations over the grille were
examined with the grille: centered, in the corner, and in the
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center of one edge of the flow hood. In addition, a diffuser
screen inserted into the flow capture hood was evaluated to
examine its ability to reduce sensitivity to placement issues.
The diffuser screen is a piece of woven material that covers the
inlet of the flow hood. Lastly, tests were repeated with the
edges of the flow hood taped to the surface around the grille
to remove leakage/bypass effects. Each case was repeated
between two and five times to determine repeatability effects
represented by a calculation of RMS. For the commercial
system grille only individual measurements were made,
except for the nominal 150 L/s (320 cfin) flow rate where the
test was done twice. Note that the reference measurements
were made with the flow hood in place so the single-branch
results do not include flow reduction due to the insertion
losses.

The results in Table 2 show that the flow hood over-
predicted the flow for the residential grilles and underpre-
dicted for the commercial gnlle. In particular, with corner
placement for the no-grille case, the standard operating
method overpredicted by almost 50%; this error was reduced
to less than 10% when the diffuser screen was used. Although
itis not normal practice to have no grille, the no-grille tests are
an indictor of sensitivity to nonuniform flows entering the
flow hood. The small difference between the mean difference
and RMS difference in each case indicates that these results
are biases rather than repeatability errors.

Flow Hood 2. This flow meter has two different hood
sizes: small (410 mm x 410 mm, 16 in. x 16 in.) and large (610
mm x 610 mm, 24 in. x 24 in.). The manufacturer recommends
using the hood that most closely matches the grille size. This
device also has a set of vents that are intended to be opened to
extend the measurement range to higher flows. The grille used
for these tests has vanes to direct the air. Therefore, we first
tested the flow hood with it placed so that the air was directed
toward the side of the flow hood nearest the grille, and then we
tested the hood with it placed so that the air was directed
toward the side of the flow hood farthest from the grille. The
one-way-throw grille in Figure 4 was used with its damper
vanes in the fully open position. As with Flow Hood 1, the tests
were repeated several times to examine repeatability issues,
and this flow hood was tested in some cases with a diffuser
screen. Note that the reference measurements were made with
the flow hood in place, so the single-branch results do not
include flow reduction due to the insertion losses.

The results summarized in Table 3 show that the mean
and RMS differences are within 0.5 L/s (I cfm) of each
other. This is because the experimental results gave consis-
tent biases with little sample-to-sample variation, indicating
good repeatability. The remaining single-branch tests with
the vents open had unstable readings, so in Table 4 an
approximate range of readings is given rather than an RMS
value. With the vents closed, the diffuser screen approxi-
mately halved the measurement errors from about 7% to
3.5%. Including the results in Table 4, with the vents open
and a higher flow rate, the diffuser screen improved the
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TABLE 2
Flow Hood 1, Single-Branch Results
Reference Flow Mean Difference RMS Difference
Grille Flow Hood Location L/s (cfm) L/s (cfm) L/s (cfm)
No grille Centered 52 (110) 5(11) 7(15)
Comner 53(112) 23 (49) 23 (49)
Centered Edge 53(113) 8 (18) 9(19)
No grille Centered, with diffuser screen 51(108) 4(8) 4(8)
Corner, with diffuser screen 52 (it 3(7) 3(D)
Centered Edge, with diffuser 53(112) 4(8) 4(8)
screen
Residential grille Centered 50 (107) 1 (1) 1(1)
(da'ﬂﬂzif’iilﬁge“)’ Comer 49 (104) 2 (4) 2(5)
Centered Edge 50 (106) 1(2) 1(3)
Commercial grille, Centered 52 (110) -1(=2) —
2ftx2 R Centered 150 (320) 8 (-17) _
Centered 149 (318) —-11(-24) —
Centered, 148 (315) -2 (-5 —
edges sealed
Centered, 75 (159) ~1 (1) —
edges sealed
TABLE 3
Flow Hood 2, Single-Branch Resulits
Reference Flow (Mean Difference| RMS Difference
Flow Hood Location Direction Hood Size Vents L/s (cfm) L/s (cfm) L/s (cfm)
Centered Directed to near panel large closed 51 (109) -2(-5) 2(5)
Corner 51 (109) -4 (-10) 4 (10)
Centered Edge 51(109) -3 (-7) 3(7)
Centered, with screen Directed to near panel large closed 51(109) -1(-2) 1(2)
Corner, with screen 51(109) -3 (-6) 3(6)
Centered Edge, with screen 51(109) -2 (-3) —!
Centered, with screen Directed to near panel large open 123 (262) -4 (-9) 4(9)
Corner, with screen 118 (250) 1(2) 1(2)
Centered Edge, with screen 118 (251) -12 (<25)? 12 (25)

! No RMS—singlc reading
2 Edge placement had visible fluttering of the flow capture hood fabric

measurements, with the exception of the centered edge case,
where the diffuser screen-equipped flow hood significantly
underpredicted the airflow. In this case, there was visible
fluttering of the flow hood material, indicating significantly
nonuniform flow inside the flow hood. Repeating the tests
with the smaller hood gave similar results, with the diffuser
screen giving reduced biases and variability: with the air
directed to the near panel, the errors were reduced from 22%
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to 3%, and with the air directed to the far panel, from 14% to
2.5%.

Multi-Branch Laboratory Test Results
for Commercially Available Devices

The multi-branch laboratory system was used on two
separate occasions. In the first round of testing, three flow
capture devices were evaluated and, in some cases, not all
grilles were tested due to time limitations. In the second round
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TABLE 4
Flow Hood 2, Single-Branch Results (Cases with Unstable Readings)
Reference Flow | Mean Difference Variability
Flow Hood Location Direction Hood Size | Vents L/s (cfm) L/s (cfm) L/s (¢fm)

Center Directed to near panel large open 119 (253) 5(10) 9 (20)

Comer 117 (248) 9 (20) 7(14)

Centered Edge 116 (249) 3(6) 10 (20)
Center Directed to near panel small open 122 (259) 21 (45) 9 (20)

Corner 118 (250) 31(65) 10 (20)

Centered Edge 118 (250) 21 (45) 9 (20)
Center, with screen Directed to near panel small open 119 (252) -2 (-3) 2(6)
Comer, with screen 111 (237) 8(17) 3(6)
Centered Edge, with screen 113 (240) 6(12) 4(8)

Center Directed to far panel small open 118 (251) 23 (49) 11 (24)

Comer 119 (253) -2(3) 5(10)
Centered Edge 119 (253) -5(=11) 4 (8)
Center, with screen Directed to far panel small open 117 (249) 4 (—8) 3(6)
Comer, with screen 115 (244) 4 (-8) 4 (8)
Centered Edge, with screen 115 (245) -2 (-3) 3(6)

of testing, five flow hoods were evaluated, including Flow
Hoods 1 and 2 from the first round. These two retested hoods
were the same model and manufacturer as in the first round but
had different production numbers. In the following test results,
the mean difference is an indicator of the bias of the flow hood;
the RMS difference indicates how well an individual grille is
measured. The fractions (%) are the average of the individual
fractional errors, not the average or RMS divided by the aver-
age grille flow. In most cases, these different methods of calcu-
lating fractional differences are extremely close for these data.

Flow Horn 2, Round One. This flow horn is consider-
ably larger than Flow Hom 1, with an inlet of 610 mm x 220
mm (24 in. x 8.5 in.) and a round exit with a 200 mm (8 in.)
diameter. Flow Horn 2 was used to measure the flows on the
multi-branch system only. The air-handler flow was continu-
ously monitored during the tests and there was no measur-
able change in total system flow when this flow horn was
placed over a grille (< 0.5 L/s out of 548 L/s, < 1 ¢fm out of
1,160 cfm). Each grille was measured with the flow homn
centered over the grille and then with the grille at the corner
of the flow horn inlet. In each case, the flow measurements
were averaged for ten seconds, and five separate ten-second
averages were recorded. These multiple measurements
showed that the repeatability for this instrument was good,
with standard deviations of about 1% to 2% of flow (0.5 L/s
to 1 L/s, 1 to 2 cfm) for the five readings at each register.
Compared to the reference active flow hood, this flow hood
showed a bias of -3 L/s (-6 cfm) and an RMS difference of 5
L/s (10 cfm). Expressed as fractions of individual grille flow,
these correspond to about —6% and 10% of grille flow.
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The comparison of the flows measured with the flow hood
centered over the grille and with the grille in the corner of the
inlet showed a mean difference of 0.7 L/s (2 cfm), with the
corner placement giving higher readings. The RMS difference
between the two placements was 4 L/s (8 cfm), or about 8% of
measured flow. These results show that although placement of
the flow horn is not critical for total flows, its placement for
determining individual grille flows has a significant effect.

Flow Hood 1, Round One. The tests on the multi-branch
system were performed with the diffuser screen in place and
with the flow hood located in three different positions: care-
fully centered over each grille, with the grille in one corner,
and with the grille in the center of one edge of the flow hood.
For the 11 grilles of the multi-branch system, the mean error
was 0.5 L/s (1 c¢fm, 1%) and the RMS error was 2.5 L/s (5 cfm,
5%). These results show how the use of a diffuser screen
combined with careful placement can give good results for this
flow hood. Further tests were performed on four grilles of the
multi-branch system with and without the diffuser screen in
place. The mean error with the screen was —0.5 L/s (-1 cfm,
—1%); without the screen, the mean error was 7 L/s (14 c¢fm,
14%). Similarly, the RMS errors increased from 2 L/s (4 cfm,
4%) to 8 L/s (17 ¢fm, 17%) when the diffuser screen was
removed. These results that show that the diffuser screen
makes the flow hood less sensitive to placement over the grille
and improves accuracy.

Flow Hood 2, Round One. Flow hood 2 has two capture
hoods of different sizes that are selected based on the size
of the register being measured. The larger hood is sized to
fit over commercial registers while the smaller hood is recom-
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mended for use on residential registers. In this round of
testing, Flow Hood 2 was used on only four grilles. Using
the smaller hood, the flows were underpredicted by 1.5 L/
s (4 cfm, 4%), with an RMS error of 4 L/s (9 cfm, 9%).
These tests were repeated using a diffuser screen and the
underpredictions were significantly increased to 6 L/s (13
cfm, 13%), with an RMS error increased to 7 L/s (15 c¢fm,
15%). In the future, it may be possible to reduce the diffuser
screen-induced biases through recalibration (note that Flow
Hood 1 used a different calibration when the diffuser screen
was in place). With the large hood it overpredicted the flows
for the four grilles tested by 0.5 L/s (1 cfm, 1%), with an
RMS error of 2 L/s (5 cfm, 5%).

Flow Hoods 1 through 5, Round Two. The test results
for this second round of testing are summarized in Table 5.
The biases range from 1% to 9% and the RMS errors from
3% to 11%. The diffuser screen used with Flow Hood 1 is
again shown to have significant benefits, particularly for indi-
vidual grille measurements. In all cases, these flow hoods
have lower biases than RMS errors, indicating that they some-
times overpredict and other times underpredict for an indi-
vidual grille.

The effect of flow hood position was evaluated by
measuring the flows with the grilles centered and then located
in one corner of the flow hood. Although the grilles in this
system provide a fairly uniform exit flow, this test should still
give an indication of flow hood positioning sensitivity. This is
a critical issue in residential testing because the furniture and
other house fittings (including intersections of walls, floors,
and ceilings) often prevent proper centering of a flow hood.
The results showed that the differences between a properly
centered flow hood and a noncentered one are about 2% to 5%.
Although these are not particularly large errors, in several
cases, the majority of the difference was due to significant
variations for just a few of the eleven grilles. This indicates that
it is more critical to have good centering if one is interested in
individual grille flow measurements.

FIELD EVALUATION OF COMMERCIALLY
AVAILABLE FLOW HOODS ON COMMERCIAL
GRILLES

In previous studies (Walker et al. 2001; Wray et al. 2002),
commercially available flow hoods were field tested on a resi-
dential system. The results of those tests showed considerable
differences between different flow hoods. In the current study,

TABLE 5
Muiti-Branch Test Results for Commercial Flow Hoods
Hood 1 + diffuser
Reference Hood 1 screen Hood 2 (small hood) Hood 3 Hood 4 Hood 5§
Grille L/s (¢fm) | L/s (cfm) L/s (cfm) L/s (¢fm) L/s (cfm) L/s (cfm) L/s (cfm)
1 67 (143) 71 (150) 63 (133) 63 (135) 69 (147) 63 (135) 63 (133)
2 28 (59) 34(72) 30 (64) 27 (57) 29 (61) 27 (58) 26 (55)
3 21 (44) 24 (52) 22 (46) 20 (42) ! 16 (35) 17 (36)
4 61(129) 61 (129) 56 (120) 55(116) 62 (131) 56 (120) 56 (119)
5 39 (83) 45 (96) 40 (85) 36 (76) 41 (88) 38 (80) 38 (80)
6 102 (218) | 102 (218) 99 (211) 89 (190) 102 (218) 118 (250) 101 (215)
7 39 (83) 44 (93) 40 (86) 36 (76) 39 (82) 39 (84) 37(79)
8 72 (153) 72 (154) 70 (148) 64 (137) 71 (152) 68 (144) 67 (143)
9 47 (99) 51 (108) 45 (96) 43 (91) 49 (104) 44 (94) 45 (96)
10 63 (133) 67 (143) 58 (123) 56 (120) 63 (133) 63 (134) 57 (127)
11 37(79) 39 (84) 37(79) 34 (72) 37(79) 35(74) 35(74)
Mean Difference — 3(7) -1.5(-3) -5 (~10) 1(2) —0.5(-1) -3(-6)
[6%] [-3%] [-9%] [2%] [-1%] [-6%]
RMS Difference — 4(8) 3(6) 6(12) 1.53) 5(11) 3N
[11%] [5%] [9%] [3%] [9%] [8%]
Corner to center differences
Mean Difference — 24 —0.5(1) 1(2) 1.5(3) =051 00
[3%] [1%] [2%] [(2%] [1%] [0%]
RMS Difference — 3(7) 1.5(3) 1 (2) 3(6) 4(9) 1 (2)
[5%)] [2%] [2%] [4%] [5%] [2%]

! Flow Hood 3 could not read below 50 cfm.
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BLE
Summary of Field Test Resuits for Comme-lrz}ally A(irailable Flow Hoods on Commercial Grilles
Flow Hood Bias Error, L/s (cfm) Bias Error,% RMS Error, L/s (cfm) RMS Error,%
1 1(3) | 2(4) 2
2 -14 (-29) -11 17 (36) 11
3 6(12) 4 7(15) 5
4 -9 (-20) -11 10 (21) 14
5 37 -2 6 (12) 4

we wanted to see if the same differences are also present when
testing commercial grilles. We carried out field tests on four
different multi-branch subsections of a large VAV system,
using one supply grille on each section (there were two to five
grilles for any one subsection). We selected four grilles to
cover a range of nominal grille airflows from 50 to 200 L/s
(100 to 400 cfm). The grilles were all 2 ft square, four-way
throw, with a perforated face (3/16 in. holes, 1/4 in. on center).
The VAV system was set to provide constant flow during the
test period (supply air handler at full flow, all VAV box
primary air dampers wide open, system set to full recircula-
tion). On each grille, all five hoods were used in sequence with
2 ft x 2 ft capture hoods to measure the flows. The reference
flow for each grille was measured using the active hood.
Manufacturer’s instructions for hood operation were followed
in each case (e.g., the use of relief vents or low-flow plates).
We found that it was essential to follow instructions properly
because it was easy to use the wrong operating mode and get
large errors (e.g., we found an error of 38% by using incorrect
vent modes for one of the flow hoods).

The results of these field tests are summarized in Table 6.
Overall Flow Hood 1 had the best performance with bias and
RMS errors less than 2%. This RMS difference is close to the
accuracy of the active flow hood itself, which shows that for
this grille type, Flow Hood 1 can give the same results as our
reference device within the uncertainty specification of the
reference. Flow Hoods 3 and 5 were a little worse, with RMS
errors approaching 5%. Flow Hoods 2 and 4 exhibited signif-
icant biases and underpredicted flows by more than 10%.

LABORATORY TEST RESULTS
FOR NEW TECHNIQUES

Single-Branch Laboratory Test Results
for New Techniques

Basket Hood. For the basket hoods, the grille type
(including a no-grille configuration) only changes the results
by about 1% for the three baskets with the smallest open areas.
For the other two more open baskets, one had an accuracy of
+3% for one-, two-, and three-way grilles and underpredicted
the flow by about 5% for the four-way grille that introduces
swirl into the flow. These errors were reduced to less than 1%
if a honeycomb flow straightener was added to the entry of the
basket. The other more open basket had similar results for one
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and two-way grilles (< 3% error) but gave errors of about 10%
for three- and four-way grilles.

Because these basket hoods are essentially a set of sharp-
edged holes in parallel, we investigated the possibility of using
the open hole area in a standard orifice equation. In practice,
many potential users will not have access to calibration facil-
ities, but they will be able to measure the area of the holes. In
that case, if we can provide a recommended value of orifice
coefficient, then a basket with any size hole can be used with-
out needing individual basket calibrations. We measured the
open hole area for all the basket hoods. Then, a nommalized
calibration coefficient was calculated by dividing the calibra-
tion results by the open area. We found that using a single
value of orifice coefficient of 0.7 gave only a 2% bias averaged
over all five baskets. However, for individual baskets the errors
are larger, with an RMS error due to using a fixed value of
orifice coefficient of 10%. This result indicates that using a
fixed orifice coefficient of 0.7 will produce acceptable results
for most potential applications.

The return basket hood was tested on the single return of
the multi-branch system, essentially making it a single return
branch test. The test results showed that the insertion losses
were about 0.5% (about the same as the accuracy of the refer-
ence measurements) and the errors due to noncentering of the
flow hood were about 1%. Typical retumn basket hood pressure
drops are about 5 Pa, and additional testing needs to be
performed on systems with multiple large returns to see if
these insertion losses produce significant errors.

Bag Filling. We calibrated the bags that we tested using
the single-branch system without a grille to determine the
effective volume and the time exponent. As with the basket
hoods, the single-branch tests of the bags were also used to
assess the sensitivity of the bags to different grilles. We tested
five different sized bags using this procedure. The first two
bags were commercially available garbage bags that we had in
our laboratory. The other three bags were purchased from a
hardware store. Because we have the original packaging for
these latter three bags, we know the nominal volume claimed
by the manufacturer. If bags are to be used by a wide range of
people who do not have access to calibration facilities, then we
need to know the accuracy of measured airflows if the user
relies upon information they are likely to have, i.e., the nomi-
nal volume (V) based on package labeling. Assuming a time (7)
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exponent of —1 allows us to use Equation 1 to determine the air

flow ().

o= (1)

We found that the calibrated bag volume for Bag 3 seemed
to be significantly larger than the nominal volume. However,
it was difficult to determine how much larger the effective
volume was with this bag, because the material of the bag was
too lightweight to obtain uniform bag filling. This led to the
bag folding over onto itself, and the bag would only partially
fill, resulting in additional uncertainty about its calibration.
Bags 4 and 5 were constructed from a heavier gauge of plastic
film and did not have this problem. For Bag 5, the calibrated
volume was very close to the nominal value (within 2.5%); for
Bag 4, the difference was 12.5%. At a typical register flow of
about 50 L/s (100 cfm) using the nominal volume and fixed
time exponent of —1 led to overpredictions of 5% and 10%,
respectively, for bags 4 and 5.

We also tested all five bags with the various grilles shown
in Figure 4. For the one-way-throw grille, the results were
within 5% of the calibration. However, for the three-way-
throw grille at higher flows (>50 L/s, 100 cfm), the errors
increase to about 10% for Bags 1 and 2. The problem is that
the bags inflate only on one side so that they never fully fill up,
and it is difficult to visually determine when the bags are full
with this highly directional grille flow. We performed addi-
tional tests with the grille dampers inclined at large angle and
found the same problem.

Because the wooden frame for the bag entry is unlikely to
be used by homeowners, we also tested Bag 1 with a wire
frame made from a coat hanger (as recommended in the
CMHC literature referenced earlier). We experimented by
bending the coat hanger into different opening shapes to see if
the results were affected by opening shape. This is important
for a couple of reasons: first, users may not be able to create
auniform opening and we need to know how much uncertainty
this creates, and second, some grilles in houses are odd shapes
and the flexibility of the frame is then useful because it allows
the user to completely cover each grille. We tested eight open-
ing shapes, using three different grilles: the two-, three-, and
four-way-throw grilles shown in Figure 4. We found that for
the two-way grille, the results are not very sensitive to the
shape of the bag opening. However, for the three-way grille,
there are significant differences (>5%), probably due to the
more nonuniform flow directions exiting this grille.

Multi-Branch Laboratory Test Results
for New Techniques

Supply Basket Hoods. We found that the basket hoods
significantly underpredicted the multi-branch system flows
due to insertion losses: typically by about 20% for a 5 Pa
basket pressure difference to 60% at higher pressures. We
examined two potential correction methods for accounting for
these insertion losses: single-point and two-point. The single-
point correction is empirical and is based on measurements on
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the multi-branch laboratory system, as well as on tests in three
houses from a previous study (Sherman and Walker 2002).
The two-point correction uses two baskets of different flow
resistances combined with analytical and empirical correction
terms. A total of 88 grille flows from eight houses and the
multi-branch laboratory apparatus were used to determine the
correction factors. Not all grilles were tested with all the
baskets; therefore, different subsets of these 88 measurements
were used for each correction evaluation.

The single-point correction uses Equation 1, with the
value of k£ determined from the field and laboratory measure-
ments.

Qcorrecl = Qcalibralion(l +kAP) (2)
where
Oeorrect = true flow measured using the reference flow
meter and
O aiitration flow rate calculated using the hood calibration.

The value of & ranged from 0.03 to 0.09 depending on
which of the five tested baskets was being evaluated and
whether the honeycomb flow straightener had been used.
Using a single value of £ = 0.055 results in bias errors less than
3% and RMS errors of about a 10%. These results indicate that
using a single value for & gives reasonable results for most flow
hood applications. The results also showed that this single-
point correction works most reliably for flow hoods that have
low flow resistance. For example, restricting the application of
Equation 2 to a single low-flow resistance flow meter resulted
in a value of & = 0.045, with a bias less than 1%.

Sherman and Walker (2002) gave the details of how to
develop the functional form required for multi-point extrapo-
lation. This relationship was developed for a two-branch
system and analysis for more branches tends to add complex-
ity without improving flow estimates because of the additional
unknowns that each branch brings to the analysis. The two-
point testing was only investigated in detail for a subset of 34
of the grilles. Equation 3 includes empirical velocity pressure
corrections and is used to calculate the corrected flow based on
the two flowmeter flows and pressures: the subscript /o refers
to low flow resistance (so high flow and low pressure differ-
ence) and i is for high flow resistances.

(Qlo _ th)(A‘plo _ '(rZA‘PIo)O.5

0.5
(AP, — kAP, ) ™ — (AP, — kAP )

Qcorrecled = Qlo+ 05 (3)

Using Equation 3 with the two-point correction factor, 45,
equal to 0.67 (determined by trial and error to minimize
biases) reduced biases to —0.1% and the RMS errors to 7%
(i.e., about the same improvement as the simple linear empir-
ical relationship). The reason for this is a combination of
random uncertainty in the measurements and the variation in
individual branch flow resistance for each grille that cannot be
easily taken into account.
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Bag Filling. Bags | and 2 were tested on each of the 11
multi-branch laboratory system grilles three times in order to
study both the accuracy compared to the reference flow hood
and the repeatability of the results. The bias is less than 1% for
Bag 2 and only 4% for Bag 1. This indicates that these bags
have sufficient accuracy for all applications using the sum of
grille flows (total fan flow and duct leakage). The RMS errors
are a little larger at 5% to 7% but are still accurate enough for
any diagnostic requiring individual grille measurements to be
known. The repeatability uncertainties averaged about 3% for
these two bags on this system. These good results (compared
to the errors found earlier looking at highly directed flows out
of individual grilles) are partly due to the relatively uniform
flow out of the grilles used for the multi-branch testing.

FIELD EVALUATION OF NEW TECHNIQUES

Commercial Supply Basket Hood. We field-tested the
commercial supply basket hood on 11 grilles in three small
commercial building systems. The reference flow hood for the
grille flows was the same active flow hood used for the resi-
dential field tests. Our test results showed that basket hood
errors were mostly biases: they tend to underpredict the flows,
with a mean difference of —12% (31 L/s (66 cfm) and an RMS
difference of 15% (40 L/s (85 cfm). In addition, the underpre-
diction is greater (up to 25% (78 L/s (167 cfm))) at higher flow
rates, when the backpressure of the flow hood is highest
(almost 30 Pa for the biggest underprediction). This indicates
that the underprediction is due to the extrapolation of the
measured flows to the flow without the flowmeter in place.
The same two-point velocity pressure correction technique
used for residential grilles (Equation 3) was applied to the
commercial measurements. Using a two-point correction
factor, k5, equal to 0.1, reduced the bias error to —1 cfim (2%)
and the RMS uncertainty to 49 c¢fm (11%).

Return Basket Hood. The retum basket hood was cali-
brated on the multi-branch laboratory system using that
system’s high-accuracy flow nozzle. It was then field tested on
five residential and three small commercial buildings. An
active flow hood was used as the reference for these tests. The
average difference over all these systems was only —-0.2% and
the RMS difference was 2%. This RMS difference is close to
the accuracy of the active flow hood itself, which shows that
the return basket hood gives the same results as our reference
device within the uncertainty specification of the reference.

Bag Filling. Bag | was used on 30 grilles in three
houses. Compared to the reference flow hood, the bias was
—5% and the RMS uncertainty was 11%. These results indi-
cate that although the bag filling method appears crude, the
results of bag testing can be used for almost all grille
airflow diagnostics, with the exception of the requirement
for duct leakage estimates (but even for that test, the 5%
bias is very close to being acceptable). We found that the
largest errors are for grilles whose flows are lower than
about 20 L/s (40 cfm). At these small flows, the influence
of leakage around the edge of the bag is increased because
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it takes a long time to fill the bag, and the small backpres-
sure required to fill the bag becomes more significant at the
low-flow grilles.

Because the bag filling tests require an individual to inter-
pret when the bag filling starts and stops, we need to look at
variability from user to user. Five people (including research-
ers, a homeowner, and their son—none of whom had any
previous experience with this measurement technique)
measured the same grille in a house three times. Each person
was given simple instructions on how to perform the testing
and observed an experienced researcher perform the test. The
results were that the five averaged flows were in a narrow
range between 61 and 64 cfm. Compared to the reference flow
measurement, there was an RMS error of only 2.4 c¢fm (4%).

DISCUSSION

Based on our test results, flows measured using commer-
cially available flow hoods can vary widely, with some devices
performing much better than others. The poor devices exhib-
ited enough sensitivity to placement over the grilles and the
extremes of flow nonuniformity that their applications are
severely limited. Flow Hom [ in particular produced such
large backpressure that it was essentially useless for any
branched system. All the tested flow hoods had good repeat-
ability (less than 5% varnability) if well centered over the
grille. In general, the results showed that most of the errors are
biases rather than random errors. The diffuser screen reduced
sensitivity to placement and flow direction. The diffuser
screen is particularly useful in removing the extreme (on the
order of 50%) errors and reducing them below 10% for some
individual grille measurements. Finally, testing on a small
number of commercial grilles shows less variability than for
residential applications, mostly because the flow hood size
matches the grille size (meaning the hood is well centered) and
the tested grilles had built-in diffusers. However, there was
still a significant range of biases from 1% to 10% depending
on the individual flow hood, with two of the five being signif-
icantly worse than the others. These results indicate that there
is the potential for flow hoods to be accurate enough for a wide
range of residential HVAC system diagnostic applications, as
long as they are well designed to account for the issues of
centering and nonuniform flow, and they do not introduce
large backpressures. Combined with the observed range of
performance on commercial grilles, this implies that standards
are needed to ensure consistent and realistic calibration and
testing of flow hoods.

The basket hood combines sufficient accuracy for most
applications while being cheap and easy to use. The develop-
ment of the basket hoods has shown that it is important to
balance the need to have hoods that introduce small flow resis-
tances with the precision limits of measuring pressures.
Extrapolation errors from the intrinsic flow resistance can be
effectively reduced by simple empirical correction factors that
result in biases of about 3% and RMS errors of about 10%. Qur
experience showed that extrapolation should be limited to
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about a 20% change in flow for best results. There is a small
added uncertainty (< 5%) if we simply measure the hole size
and assume an orifice coefficient of 0.7 and use a standard
orifice equation rather than specifically calibrating individual
devices.

Bag filling is a good method to measure the flows for situ-
ations where the necessary accuracy does not have to be better
than 10%. The test results showed that the volume indicated by
the manufacturer can be used, rather than a sophisticated cali-
bration, and only introduces an additional error of about § to
10%.

All these results are based on a limited set of measure-
ments. Future work needs to expand on these evaluations, in
particular by performing more field testing of basket hoods
and bag filling to confirm their potential as alternative
measurement techniques.
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DISCUSSION

Andrew P. Nolfo, Technical Director, National Environ-
mental Balancing Bureau, Gaithersburg, Md.: (1) Why
didn’t you purchase a larger “skirt” from the manufacturer to
measure the return grille? Two foot by six foot skirts are avail-
able. (2) Flow hoods are typically “corrected” daily by TAB
firms doing commercial work. The proper method is to pitot
traverse a long straight row of duct and then compare the
results to the flow hood reading. The “factor” is then applied
to all readings. This is standard protocol. Your readings with
flow hoods were never “corrected.” You utilized the hood
reading as a true reading. Your methods are incorrect. Thus,
your percentage accuracy of flow hoods is inaccurate.

Iain Walker: (1) Getting the right size skirt to fit over return
grilles is a great idea. However, many residential return grilles
have dimensions that are incompatible with the available
skirts. The commenter gives an ideal example of this problem
because large return grilles often have both a length and width
greater than two feet, so even a two foot by six foot skirt is not
the answer. (2) In most duct systems (particularly residential),
there is rarely a long enough duct section to perform a pitot-
static tube traverse, and even if you could find such a section,
the difficulty of accessing the duct makes the traverse a prac-
tical impossibility. Other problems with the traverse method
arise for flexible ducts that do not have solid walls to measure
the pitot-static tube insertion depth into the flow or to hold the
pitot-static tube in place during measurements. Also, except in
a few commercial systems, every register has a unique
upstream duct arrangement, meaning that every single register
needs an upstream traverse—in which case you would not
need to use a flow hood because all of the flows would be
measured with the traverse (this was the case for all of the resi-
dential and commercial systems we tested). Even if a traverse
could be done, this does not solve the problem that positioning
over the register changes the flow hood reading. For these
reasons, flow hood users need to be able to use the readings
given directly by the flow hoods (we followed all of the manu-
facturers directions regarding flow hood use), and that is what
we evaluated in our study. The whole point of the study was to
show how flow hood readings can sometimes be good and
other times not.
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