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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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ABSTRACT

This paper discusses the issues associated with leakage in residential air distri-
bution systems, touching on the prevalence of duct leakage, the impacts of duct
leakage, and on the techniques available for sealing duct systems. The issues
examined in detail are: present techniques for measuring the leakage area of
ducts, existing data bases of duct leakage area measurements, the impacts of duct
leakage on space-conditioning energy consumption and peak demand, and the
ventilation impacts of duct leakage. The paper also includes a brief discussion of
techniques for sealing duct systems in the field. The results derived from duct
leakage area and driving pressure measurements indicate that in regions in which
distribution systems pass through unconditioned spaces, air infiltration rates will
typically double when the distribution fan is turned on, and that the average
annual air infiltration rate is increased by 30 to 70% due to the existence of the
distribution system. Estimates based upon a simplified analysis of leakage-
induced energy losses also indicate that peak electricity demands due to duct
leakage can be as high as 4 kW in Sacramento, California and West Palm Beach,
Florida, and that peak loads on the order of 1 to 2 kW are highly likely in these
locations. Both peak loads and annual energy impacts are found to be strongly
dependent on the location of the return duct, an attic return costing approxi-
mately 1500 kWh more energy than a crawlspace return in the two climates
examined.
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INTRODUCTION

Approximately 50% of the households in the U.S. have central warm air fur-
naces and air distribution ducts (DOE 1984), which transiates into approximately
1 million miles of residential ducts. Given their widespread use, and the fact that
they represent the vital link between houses and their space-conditioning plants,
the en;é"‘i""'g'y and comfort effectiveness of residential duct systems are regularly
revisited as a topic of study. Interested parties have included the Gas Research
Institute (Orlando 1980), researchers at the National Bureau of Standards and
Princeton University (Grot 1981), and Brookhaven National Laboratory (BNL
1984), as well as a special project committee of the American Society of Heating
Refrigerating and Air-Conditioning Engineers (SP43 1986), all of whom have
reached the same conclusion, that air distribution systems can have a significant
impact on residential heating and cooling. In addition, a number of recent stu-
dies have measured large changes in building ventilation due to air distribution
systém operation. Researchers at Oak Ridge National Laboratory, using tracer
gas decays, measured an average increase of 80% in the infiltration rate of 31
Tennessee houses due to air distribution system operation (Gammage 1986).
Similarly, researchers at the Florida Solar Energy Center (FSEC) measured a tri-
pling of infiltration rates with distribution system operation in nine Florida
houses. In a more detailed test in a single house, FSEC measured an infiltration-
rate doubling due to distribution-system operation with internal doors open, and
a further doubling of that rate obtained by closing the doors between rooms dur-
ing system operation (Cummings 1986). Both the infiltration rate increases in the
Tennessee houses and the initial doubling of the air change rate of the Florida
house were attributed to duct system leakage, whereas the second infiltration dou-
bling in the Florida house was attributed to system imbalances due to inadequate
return-air pathways, stemming from improper undercutting of internal doors.

Three potential inadequacies are usually identified with residential air distri-
bution systems: heat conduction through the duct surfaces, leakage between the
ducts and their surroundings, and improper balancing of supply and return flows.
Without minimizing the importance of conduction or imbalances not due.to leak-
age, it will be shown that air leakage alone has enormous impacts on residential
energy use and ventilation. This paper attempts to summarize the present state
of knowledge concerning air leakage in duct systems. The paper includes detailed
examinations of present techniques for measuring duct leakage area, existing data
bases of duct leakage area measurements, the impacts of duct leakage on space-
conditioning energy consumption and peak demand, and the ventilation impacts
of duct leakage. The paper also includes a brief discussion of techniques for seal-
ing duct systems in the field. '
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DUCT LEAKAGE

For ducts in heated spaces, leaks can cause pressure and temperature imbal-
ances between zones, whereas leaky ducts that pass through unconditioned zones
cause increased infiltration heat losses by pressurizing or depressurizing the entire
building. Furthermore, leaks from supply ducts to unconditioned zones waste
conditioned air during system operation, air which is at temperatures significantly
higher than room air in the winter, and enthalpies significantly lower than room
air in the summer.

To estimate the magnitude of duct system leakage, several studies that have
measured the leakage area from duct systems to unconditioned spaces can be
examined. These studies have measured leakage area to unconditioned spaces (as
opposed to conditioned spaces) for several reasons, including: 1) leakage to
unconditioned spaces has more important implications, 2) techniques for sealing
ducts in inaccessible places had not been well developed, and 3) unconditioned-
space leakage could be measured simply using the standard blower door used for
whole-house leakage measurements. The measured duct leakage results from
these studies are presented in terms of Effective Leakage Area (ELA) in Table 1.
As will be discussed below, ELA is probably not the most appropriate yardstick
for characterizing duct leakage area, however it is presently the standard yardst-
ick for building leakage area characterization (ASHRAE 1985, 1989).

Table 1: Measured Leakage of Residential Duct Systems to Unconditioned Spaces
Sample Sample | Effective Leakage Area |Mean Leakage Data
Houses Size |Mean Standard Fraction Source
9 Devia&ion
() {(em?) (em?) . (%)
California
Post-1980 26 | 186 155 21 (Modera 1986)
California (Modera 1986)
Garden Apts.| 55 191 77 34 (Diamond 1987)
b3
Oregon 12 136 80 11 (Robison 1988)
Miscellaneous 30 144 N/A 14 (Reinhold 1983)
' * %
Texas 40 | N/A N/A 14 (Caffey 1978)
L, Subset of raw data from this study.
Based upon leakage at 62 Pa.

The results in Table 1 indicate that duct system leakage area represents a
significant fraction of whole-house leakage area. As will be shown below, this
fraction is made even more significant by the large fan-induced pressures driving
air flow through the duct-system leaks. Table 1 also indicates that absolute duct

-3-
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leakage area is relatively uniform between samples, but that both the absolute
and fractional duct leakage are seemingly higher for the California houses.

As the results in Table 1 come from different studies using different measure- -

ment techniques, it is worth describing the techniques used in each study, includ-
ing the merits of each technique and the compatibility of the results from the
different techniques. In general, all of the techniques used to obtain the data in
Table 1 are based upon measurements very similar to those traditionally used to
measure the leakage of a building envelope, namely creating a steady pressure
differential across the building envelope and measuring the flow required to main-
tain that differential. All of the techniques treat the duct system as part of the
envelope, thereby measuring only the flow through duct leaks to or from the out-
side. As the duct system is meant to be at the same pressure as the interior of
the house, there shouldn’t be any measured flow through leaks between the ducts
and the house. This is the fundamental difference between these techniques and
the industry-standard leakage measurement procedures for high pressure duct
systems (SMACNA 1985). The standard procedure uses a separate fan to pressur-
ize the ducts but not the house, thereby measuring the total leakage of the duct
system, both to the house and to the outside. Although it would be ideal to
obtain data using both techniques, as this would provide a measure of the
internal/external leakage split, the author is not aware of any such studies.

The technique that applies to most of the data in Table 1 determines the
leakage of a duct system by subtracting the leakage determined with a standard
blower door test with the registers and returns sealed from that measured with all
returns and registers open. This technique, which was used in all the reported
studies except the Texas study, has flow uncertainty as its largest defect, as the
duct leakage flow rate is determined by subtraction of two relatively large flow
rates. The major advantages of this technique are the minimal additional equip-
ment requirements (relative to standard envelope leakage measurements), and the
relatively high accuracy with which the pressure difference across the ducts is
measured.

Two variations of a similar principle were used in the Texas study and in an
additional set of measurements made in the Oregon study, namely to reduce flow
measurement uncertainty by separately measuring the flow through the duct
leaks with a flow hood. In the Oregon study all registers and returns except one
were sealed, and the flow hood (a portable rectangular duct fitted with a cali-
brated bi-directional rotating-vane anemometer) was fitted to the unsealed regis-
ter. The blower door was then used to create pressure differentials across the
envelope of the building, and therefore across the duct leaks to the outside . The
Oregon study used a separate measurement of the pressure differential across the
ductwork at a single location deemed to be representative of the average pressure
drop across the duct leaks. This separate pressure measurement is needed
because of pressure drops across the flow hood and friction in the ductwork.

L]

It is assumed that a similar technique was used in the Texas study, however the details are not presented in the paper.
Also, the Texas study used a device called a ‘“‘Super-Sucker' rather than a standard blower door, and only included meas-
urements at one pressure differential (62 Pa).

“ A
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However, due to the likely non-uniformity of the leaks, the lows and the friction
in the ducts, the pressure distribution in the duct system is neither uniform nor
linearly variable. This non-uniformity of pressure differentials (which can be
interpreted as a pressure uncertainty), combined with the non-linearity of duct
leaks, is the major shortcoming of this measurement technique. This uncertainty
is likely to be highest with very leaky ducts (higher flow rates), implying that the
blower-door technique is probably better for leakier ducts, whereas the Oregon
technique is likely to be better for tighter duct systems.

As a point of comparison, the results obtained using both the blower-door and
flow-hood techniques in 11 houses from the Oreggn study were compared. In
these 11 houses the blower door gave 136+88 cm“, whereas the flow hood gave
131488 cm”, indicating no apparent bias between the two techniques. On the
other hand, an examination of the ratio of flow-hood to blower-door results for
these houses, assuming a log-normal distribution, yields an average ratio of 1.11,
and a geometric spread factor of 2.0. This geometric spread factor, which can be
interpreted as the factor by which 1.11 must be multiplied and divided by to
include 68% of all points, indicates that there is a very large scatter between the
results obtained with the two techniques.

The alternate Oregon technique has an important advantage over the other
techniques, in that it includes separate measurements of supply-side and return-
side leakage. By separating the return from the supply side with a plastic sheet
at the fan, the flow hood can be used to separately measure the supply and and
return flows. As will be shown below, the location of duct leaks has a significant
impact on their implications for ventilation and energy use. The measured split
between supply and return leakage is presented in Table 2.
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Table 2: Measured Split Between Return and Supply Leakzige Area in
Residential Duct Systems (to Unconditioned Spaces) '

Pressurization Depressurization
" "Sample Size 11 11 .
. I4
Average Supply Leakage '
Area, ELA (cm?) 43424 , 49+11 W/
Average Returq) Leakage
Area, ELA (cm*®) 75+65 93491
Average S*tipply Flow
Exponent (-) 0.80+.16 0.68+.08
Average F’{kiturn Flow
Exponent () 0.74+.15 0.644.08
Average Return/Supply
Ratio (% /%) 57/43 59/41
Average Return/Supply
Ratio (%/ %) ' 64/36
(Assuming Press on Supply,
Depress on Return)

Based upon a subset of raw flow-hood data from the Oregon study
**(Robison 1988). _
The exponent obtained in a power-law fit of the data. The flow -
behavior of the leaks'in the pressure range of interest is completely = -~ |
described by the ELA and flow exponent.

Several observations can be made based upon the results presented in Table 2.
First, it is clear that the returns contain a large fraction of the duct leakage.
Based upon the fact that returns usually have considerably less surface area
(joints, etc.) than the supply ducts, this result is unexpected. However, two possi-
ble explanations are: 1) that return ducts typically receive less attention during
construction due to the perception that they do not contain conditioned air, and
2) that return ducts normally contain the filter, which is typically not installed in
a very airtight manner. The second observation is that depressurization tests
seem to give consistently higher leakage values and consistently lower flow
exponents. Two possible explanations for the leakage difference between pressuri-
zation and depressurization are: 1) that a number of the leaks close on pressuri-
zation or open on depressurization (e.g., joints between rectangular ducts which

v,
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can flex open under depressurization), and 2) that there is some bias in the meas-
urement procedure, stemming, for example, from the fact that the flow direction
through a duct is likely to affect the appropriateness of the point chosen to meas-
ure the pressure differential. Either of these two effects could also explain the
observed bias between the exponents determined for pressurization and depressur-
ization.

As can be seen in the last two rows of Table 2, the use of pressurization data
to characterize supply-side leakage and depressurization data to characterize the
return-side leakage has a significant effect on the leakage split determined (Lam-
bert 1988). The choice of this methodology assumes that the first explanation for
the pressurization/depressurization bias is the accurate one. As will be seen
below, this split is an important parameter in determining the impacts of duct
leakage, and therefore resolution of this issue is needed to provide accurate
impact estimates.

VENTILATION IMPACTS OF DUCT LEAKAGE

The infiltration and ventilation impacts of duct system leakage are
significantly larger than those for building envelope leaks. This is due to the
larger pressure differentials driving the flow through duct leaks. These pressure
differentials, caused by the normal operation of the distribution-system fan, have
been characterized by pressure differential measurements in about a dozen houses.
These pressure differentials have been measured either with the static pressure
taps of pitot tubes inserted through holes drilled in the ducts (Oregon measure-
ments), or with a static pressure probe designed to be dragged through a duct
(California house). The results of pressure measurements made under normal
operation of the distribution fans in 11 Oregon houses are presented in Table 3.

Table 3: Measured Pressure Differentials Across Return anci
Supply Duct Walls During Normal Fan Operation

Location Mean Pressure Differential Standard Deviation
(Pa) | (Pa)

Supply

(Near Fan) 50 22

Supply _

(Mid-Duct) 25 17

Return

(Mid-Duct) 47 22

Based upon a subset of 11 houses from the Oregon study

(Robison 1988).
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The results in Table 3 indicate that the pressures across duct leaks are typi-
cally on the order of 40 Pa, approximately 10 times larger than the reference
pressure of 4 Pa for effective leakage area, which was chosen to be representative
of the wind-induced and stack-induced pressures driving infiltration through
building envelopes. '

" Based upon the magnitudes of supply and return duct leakage area in Tables
1 and 2, and on the pressures driving flow through these leaks (see Table 3), the
magnitude of duct leakage flows can be determined. By combining these flows Y
with a simplified model of natural infiltration, unbalanced mechanical ventilation, )
and balanced mechanical ventilation, the ventilation impacts of duct leakage can
then be estimated. Finally, using a reasonable estimate for the fractional on-time
of the distribution fan, estimates of the average annual ventilation impacts of
duct leakage can be made.

Building envelope infiltration, or duct system air flows while the system is not

operating, can be determined using the effective leakage area in an equation such
as (ASHRAE 1985): '

=1V 2L (1)
P
where
Q = flow rate (m3/s),
L = effective leakage area (m2),
AP = pressure difference across the leak (Pa), and
p = density of air (kg/m3).

To make an accurate determination of the flow through duct-system leaks during
system operation, because the pressure differential is significantly larger than 4
Pa, the assumption of square-root flow in equation 1 is no longer applicable.
Thus, not only the leakage area, but also the the flow exponent is needed to
determine the flow at operating pressures. Equation 2 presents the standard
power-law description of the flow through building leaks, substituting ELA for
the flow coefficient (Modera 1983):

/[ 2aP, "
0=1\/ 2Py [-Aé%] @)

P

AP,, =reference pressure differential for defining ELA (4 Pa).

To illustrate the importance of using a power-law flow model (qugation 2) rather
than an orifice ﬁoy model (Equation 1), the flow through 100 ecm” of duct leakage
at 40 Pa is 294 m”/h with the orifice model, versus 488 m”/h with the power-law
model (using average n = 0.72). Thus, in this typical situation, the orifice model

underpredicts the flow by 40%.
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To determine the impact of duct leakage on infiltration and ventilation, the
effect will be divided into two parts: 1) the contribution of duct leakage to the
total leakage of the building envelope (applicable when the system is not in opera-
tion), and 2) the interaction between natural infiltration and flows through duct
leaks under fan-induced pressure differentials. The first of these terms is rela-
tively straightforward to compute, as to first order the natural infiltration rate
scales directly with the leakage area. The second term requires an additional
piece of information, the return/supply leakage split, due to the fact that leakage
flows on the supply side tend to depressurize the house, whereas leakage flows on
the return side tend to pressurize the house. Equation 3, which is normally used
to analyze the interaction between natural infiltration and mechanical ventilation
systems, can be used to analyze the impacts of duct leakage air flows (Feustel
1986). To do so, the leakage flows must be divided into balanced and unbalanced
components, whereby:

Qvgnt = \/ Ql%fﬂd + Qo2tack + lenbalanccd + ‘Qbalanced (3)

where
Quent = total ventilation rate (m3 /s)
Quind = wind-induced ventilation rate (m3/s),
Qutack = stack-induced ventilation rate (m3/s),
Qbaiances = ventilation rate dug to balanced leakage in the

supply and return (m”/s), and
Qbatancea = ventilation rate du%to unbalanced leakage in the

supply and return (m®/s).

To get a more accurate estimate of the ventilation impacts of duct leakage, Equa-
tion 3 should be modified to account for the fact that if the return leakage flow is
comparable to the distribution fan flow, the supply leakage flow should be
corrected to account for the loss of fresh ventilation air before it gets into the

“house. Equation 4 incorporates this correction by adding one additional parame-

ter:
Qefoent = V QL+ Qaack + Qinbatanced + Qbatanced |1 — Pretnees 5/3mwamd (4)
where
Qupoee = effective ventilation rate (m3/s), and
@ fan = air flow rate through the distribution fan (m3/s).
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Table 4 contains estimates of the ventilation impacts of leakage in supply and
return ducts, using various assumptions for the split between supply and return
leakage. The choice of 0.5 air changes per hour (ach) as the natural infgtratiog
rate is based upon a national average specific infiltration rate of 0.27 m*/h cm”.
This climate statistic, which represents the average annual infiltration rate per
unit of envelope leakage area, was derived to characterize the driving forces for
natural infiltration in U.S. cities (Sherman 1986). Under these assumptions the
results in Table 4 correspond to assuming that 15% of the building leakage area
is located in the duct system, which is consistent with the measured fractions in
Table 1.

Table 4:. Estimated Impacts of Puct Leakage on Ventilation Rates

during Fan Operation
Qe ven ’
Leaka‘ge Qnum Quprlv Qaent Qeﬁvcnt Q_ﬁ—‘-
natural -

Configuration 3 3 Equation 3 | Equation 4] | Equation 4]

(m”/h)| (m”/h) (ach) (ach) (-)
100% of leaks
in return 800 0 1.9 1.9 3.8
100% of leaks
in supply 0 550 1.4 1.4 2.7

50% of nominal
leakage in supply 0 275 0.81 0.81 1.6
(airtight return)

50%/50% leakage
split 400 275 1.2 1.1 2.1

64%/36% leakage
split 510 200 1.3 1.2 2.4

Based upon 180 m? floor area houses, with 0.5 ach naturally induced
infiltration (i.e., V Q2. + @3.,=216m"/h) and 140 em?

of duct leakage, and using 30 Pa for the driving pressure in the supply
ducts, and 50 Pa in the return ducts.

| Based upon 1800 m3/h flow through distribution system fan.

The results in Table 4 indicate significant impacts of duct leakage on ventila-
tion rates during system operation, and also demonstrate the importance of know-
ing the location of the leaks. The first three configurations are mainly for illus-
trative purposes, the final two configurations being more likely. The second and
third configurations are meant to describe houses with zero-length sealed-cabinet

-10-
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returns, a system likely to be found in some houses. The second configuration
effectively assumes that the mean duct-system leakage values are applicable to all
duct systems independent of whether there is a return duct, whereas the third
configuration assumes that the measurements in Table 2 are only applicable to
houses with leaky returns, and that houses without return ducts have half the
total leakage of houses with returns. The actual situation is likely to be some-
where in between these two scenarios. The reader should note that although the
third configuration has half the leakage of the others, it still results in a 60% ven-
tilation rate increase. Finally, although the likely doubling of ventilation
presented in configurations 4 and 5 seems unbelievably high, it is consistent with
the increases observed in Tennessee and Florida (Gammage 1986; Cummings

1986).

To obtain estimates of the overall impacts of duct leakage on annual average
ventilation, the last three leakage configurations in Table 4 were applied to two
cities, Sacramento CA, and West Palm Beach FL, and the results are presented in
Table 5.

-11-
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Table 5: Estimated Impactf of Duct Leakage on Average Annual 4
Ventilation Rates
*¥ QC ven
Lea'ka'ge Quo—dut Qnaural Qeﬂunt -#
. Qno—ddct
Configuration Equation 4} - Equation 4}
(ach) (ach) : (ach) (<)
Sacramento
50%/50% leakage
Split 0.39 0.46 0.62 1.6
W Palm Beach
50%/50% Leakage
Split 0.44 0.52 0.68 | 1.5
Sacramento
64%/36% Leakage
Split 0.39 | 0.46 0.67 1.7
W Palm Beach
64%/36% Leakage :
Split 0.44 0.52 0.72 1.6
Sacramento
50% Supply-Only
[Leakage 0.39 0.42 0.52 1.3
W Palm Beach
50% Supply-Only
Leakage 0.44 0.48 0.57 1.3
bk
Based upon 180 m2 floor agea houses 3 'm2Table 4, 1§sing the same envelope
leakage values (i.e., 800 cm” or 4.4 em“/m®), 140 cm® of duct leakage, 30 Pa
for the driving pressure in the supply ducts, and 50 Pa in the return ducts.
Dk %
Assuming 30% average on-time of the distribution system, and no correlation
between system operation and natural infiltration.
| Based upon 1800 m3/h flow through distribution system fan.

The results in Table 5 indicate that the existence of normally leaky ducts in a
house typically increases the annual average ventilation rate by more than 50%,
and that even in the most conservative scenario the existence of the duct system
increases ventilation between 30% and 40%. '

-12-
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ENERGY AND PEAK LOAD IMPACTS OF DUCT LEAKAGE

Having determined the supply and return leakage flows, estimating the energy
and peak load impacts of duct systems requires additional knowledge about the
temperatures of the air being lost from the supply ducts and the air being drawn
into the return duct. At the level of detail presented in this report, the peak
(rather than the annual average) heating and cooling loads are easier to estimate
directly. Namely, picking an outdoor air temperature (and dewpoint for cooling),
as well as an attic air temperature for the peak hour, the additional load due to )
duct system leakage can be estimated directly assuming that the system is operat-
ing at capacity during that hour. For the heating season, the peak load can be
computed by using:

E= (Quut - Quo—dtct)( T — To.g)PCp + Qupply( Tnpply - T-’n)pcp - Qretsm( Trctum—apuce - Tost)Pcp

(5)
For the cooling season, the peak load can be computed by using:

E = (Qvent - Qno—dlct)(hott - ht'n) + Qupply(hin - hnpply) + Qretlm(hreum—upace - hout) (6)

Table 6 contains estimates of peak heating and cooling loads and demands due to
duct systems in Sacramento CA and West Palm Beach FL, based upon Equations
5 and 6, and assuming various duct leakage distributions and return locations.

\"5
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Estimated Increases in Peak Cgoling and Heating Loads and

Table 6:

Demands due to Duct Leakage
[ eakage Cooling Heating
Configuration |Load| Demand Load Resist. Heat-Pump

Demand Demand

(kW) (kW) (kW) (kW) (kW)
Sacramento
650%/50% crawl| 1.6 0.66 4.0 4.0 1.3
return
W Palm Beach | 3.7 1.5 3.3 3.3 1.1
50%/50% crawl.
return
Sacramento
50%/50% attic | 5.8 2.3 4.0 4.0 1.3
return
W Palm Beach | 8.4 3.4 3.3 3.3 1.1
PO%/ 50% attic :
return
W Palm Beach | 9.8 3.9 2.8 2.8 0.94
4% /36% attic
return
W Palm Beach | 2.6 1.0 2.9 2.9 0.96
50% supply-only]
leakage , )

bk

Based upon the houses and flows in Table 5 (ignoring density variations in
flows), using summer design dry-bulb and mean coincident wet-bulb, and
winter dry-bulb at 2.5% level from ASHRAE Handbook Chapter 24, assuming
65 °C peak summer attic temperature, 15 °C 90% RH cooling supply air, summer
indoor condition of 25/18.5°C DB/WB, summer crawlspace temperature 3°C
cooler than ambient, 45 °C heating supply air, winter indoor temperature of
21 °C, winter attic and crawlspace temperatures 3 °C warmer than ambient,
COP of 2.5 for cooling, COP of 3 for heat-pump heating, and 100% efficiency
for resistance heating. It should be noted that under peak heating conditions
the COP will probably be lower than 3, particularly if the capacity of the system|
is exceeded, causing electric resistance back-up to come on.

-14-
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The results in Table 6 indicate that the peak cooling demand and peak heat-
ing demand impacts of duct leakage are enormous. For the worst-case leakage
configuration in West Palm Beach the summer peak due to duct leakage is almost
4 kW, which, when multiplied by 500,000 residences, would be equivalent to 2
GW of peak generating capacity simply to meet the load due to duct leakage. It
should be noted however that most air-conditioners will not be sized to meet this
load, implying that the utility will not see all of this peak demand, but rather the
air conditioners will not be able to maintain comfort conditions. Similarly, for
these same 500,000 houses, the winter peak in Sacramento and West Palm Beach
would be between 1.5 and 2 GW for resistance heating, and around 0.5 GW for
heat-pump heating. Table 6 also shows a wide variability of duct leakage
impacts, indicating the importance of climate and return duct location. Looking
at climate first, it is clear that in the hot humid Florida climate the cooling peak
impacts are two to three times as large as those in the dry hot Sacramento cli-
mate. The effect of return duct location is equally severe, showing an approxi-
mate tripling of the summer peak demand when the return is located in the attic
compared to when it is located in the crawlspace.

Although an hourly simulation is an appropriate tool for determining the
annual energy impacts of duct system leakage, a rough estimate can be obtained
by making some broad simplifying assumptions about the operation of the distri-
bution system. Namely, knowing that the fractional on-time of the distribution
system is proportional to the load, if it is assumed that the losses from the distri-
bution system are also proportional to the load, then the total energy impact can
be estimated by: :

E = [( fractional on—time)?E,, dt (7)

where
En. =is the peak energy demand, as quoted in Table 6 (kW).

Splitting the year into heating, cooling and shoulder seasons, the number of heat-
ing and cooling hours can be determined from the peak cooling and heating loads,
the annual heating and cooling degree days, and an assumed seasonal load shape.
Table 7 contains estimates of the total annual energy impacts of duct leakage
made by with Equation 7 for the same scenarios as in Table 6, and assuming that
load shape is a half sinusoid for both seasons.
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Table 7: Estimated Inci‘ease in Annual Energy Consumption due to
Duct Leakage

Configuration Sacramento Consumption W Palm Beach Consumption
Heat Pump Resistance Heat Pump Resistance

(kWh) (kWh) (kWh) (kWh)

50%/50% crawl. 2300 6000 4000 4500

return

50%/50% attic 3400 7000 8900 9400

return

64%/36% attic 3500 7000 10100 . 10500

return

50% supply-only 2000 5000 2700 3200

leakage

*
Based upon the peak demands in Table 6, assuming sinusoidal variations:

of the load over heating and cooling seasons in Equation 7, using 1300
cooling hours and 2800 heating hours in Sacramento, and 4900 cooling
hours and 500 heating hours in West Palm Beach.

Not surprisingly, the results in Table 7 indicate significant energy impacts of
duct leakage, as well as a large range of impacts depending upon the assumed
leakage distribution. However, although the trends and the orders of magnitude
in Table 7 are probably correct, the numbers are based upon a rather simplified
model, and that hourly simulations which take into account building dynamics,
occupant behavior, and the operational characteristics of HVAC equipment,
should be performed.

DISCUSSION

Given the apparently large impacts of duct system leakage, two questions
arise: 1) Why has duct leakage received so little attention in the past? and 2)
What can be done to reduce duct leakage? As for the first of these questions,
there are a number of reasons, the principal reason being that the magnitude of
the problem had not been fully realized in the past. Also, the issue of distribution
systems in single-family residences is one that tends to fall between the cracks in
most building energy research programs; they are not usually considered as equip-
ment, nor are they really part of the building envelope. Thus, there has been lit-
tle directed responsibility in the building energy research community for under-
standing, measuring, and improving the airtightness of residential duct systems.
The duct manufacturing industry develops standards for designing airtight duct
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systems, however, manufacturers are not normally responsible for the quality of
installation, which most likely accounts for a large fraction of duct leakage. In
many respects the present situation is similar to that of building-envelope air-
tightness a decade ago.

As for the possibilities for reducing duct leakage, there are several, some of
which have received at least preliminary examination. Starting with taping, the
traditional procedure for sealing duct systems, there are several issues. The big-
gest advantage of this technique is that it uses off-the-shelf hardware (i.e., duct
tape), however there are two drawbacks to using such a technique. The first
drawback is the uncertainty about the longevity of the tape seals. The second
issue is that of the accessibility of ducts for taping, which, although less of an
issue in new construction, is an important issue in retrofit projects. This latter
issue was examined to a certain extent in the Oregon study, in which it was found
that only about 40% of the leaks could be sealed by taping (Lambert 1988).

One obvious alternative to taping which can provide access to the entire duct
system is an internal-access sealing technique. However, the technical alternatives
for internal sealing of duct systems generally involve more sophisticated technol-
ogy. To date the author has briefly examined one technology presently used to
immobilize dust inside duct systems. This technique involves fogging the duct
system with an air-suspended sealant which should deposit in the duct holes upon
exiting, similar in principle to pour-in sealant for automotive radiators. This
technology, although it has shown some promise in a preliminary laboratory
examination, is in need of further development and testing.

Another potential technique would be to modify existing technologies for per-
forming in-situ internal sealing of pipes. These technologies range from mechani-
cal carts that tape as they roll through gas pipelines (Smith 1983) to flexible plas-
tic liners that expand until they stick to pipe walls. However, both of these tech-
nologies would require significant modification to make them applicable to non-
circular ducts, elbows, tees, and ‘‘Y's”.

One additional set of alternatives involves robots that can somehow ‘“‘see”
holes in ducts and seal them, or that seal an entire duct section on command.
Such techniques could utilize existing video technology; however, the associated
sealing components would require considerable development, and cost reductions
for the video components are probably necessary.

On the policy side, there are several issues: prescriptive standards, perfor-
mance standards, and test standards. In commercial building high-pressure duct
systems, various standards already exist, however, analogous standards are virtu-
ally nonexistent for residential low-pressure systems. In general, as many of the
problems in residences are likely due to poor construction quality, prescriptive
standards may not be very effective. On the other hand, although performance
standards would be more effective, they could not be promulgated without gen-
erally accepted test standards, which do not exist at the present time. Also, per-
formance standards are generally not looked upon favorably by most builders,
which will create some resistance to their adoption. There is one data set in this
area worth noting (Lambert 1988), which shows a statistically significant
difference in duct leakage between houses built to meet the Model Conservation
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Standards (MCS) and a group of control houses in the Pacific Northwest.
Correcting for differences in floor area, the MCS houses seem to have approxi-
mately 50% of the duct leakage of the control houses.

CONCLUSIONS AND RECOMMENDATIONS

The primary conclusion to be drawn from this paper is that leakage in
residential air distribution systems is likely to have a large impact on energy con-
sumption, peak utility demands, and ventilation in a significant fraction of the
U.S. housing stock. The results obtained from duct leakage area and driving
pressure measurements indicate that in regions in which distribution systems pass
through unconditioned spaces, air infiltration rates will typically double when the
distribution fan is turned on, and that the average annual air infiltration rate is
increased by 30 to 709% due to the existence of the distribution system. Analyses
also indicate that peak electricity demands due to duct leakage can be as high as
4 kW in hot, humid climates (with return ducts containing 64% of the duct leak--
age area, and passing through the attic), and that peak loads on the order of 1 to
2 kW are likely in less extreme climates, or with less extreme return duct condi-
tions. Based upon a simplified analysis procedure, duct leakage in Sacramento
CA and West Palm Beach FL is calculated to cause 2000 to 10000 kWh//year
increases in annual energy consumption, results which should be applicable to
most of the sun belt states. Associated with these results are recommendations
for a more robust research effort in this area, the development of measurement
standards, and the subsequent development of prescriptive and/or performance
standards. :

The second major conclusion to be drawn from this paper is that the distribu-
tion of duct leakage between the supply and return sides can have significant
impacts on the implications of duct leakage. This result is highlighted by the
observation that return-side leakage represents a surprisingly large fraction of
total duct leakage. Both peak loads and annual energy impacts are found to be
strongly dependent on the location of the return duct, with an attic return costing
from 1000 to 5000 kWh more end-use energy than a crawlspace return. Based
upon these observations, research and measurement technique standardization in
this area should include (if not focus on) separating supply and return leakage.

Finally, there appear to be a number of duct sealing options worth examining
at the present time, in particular the internal-access sealing technologies. Efforts
in this area are likely to produce commercially cost-effective techniques which
would be usable in retrofit as well as new construction. One note of caution rela-
tive to such technologies is that if they are as effective as expected, the results
presented in this paper suggest that the ventilation implications of tight duct sys-
tems be carefully evaluated before implementing a wide-scale duct sealing policy.
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