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Field Investigation of Duct System Performance in California 

Light Commercial Buildings 

Wm. Woody Delp, Nance E. Matson, Eric Tschudy, Mark P. Modera, and 
Richard C. Diamond 

Lawrence Berkeley National Laboratory 
Berkeley, California 

Synopsis 

This paper discusses field measurements of duct system performance in fifteen systems located in eight 

. northern California buildings. 

Abstract 

Light commercial buildings, one- and two-story with package roof-top HV AC units, make up approximately 

50% of the non-residential building stock in the U.S. Despite this fact little is known about the performance of 

these package roof-top units and their associated ductwork. These simple systems use similar duct materials 

and construction techniques as residential systems (which are known to be quite leaky). This paper discusses a 

study to characterize the buildings, quantify the duct leakage, and analyze the performance of the ductwork in 

these types of buildings. 

The study tested fifteen systems in eight different buildings located in northern California. All of these 

buildings had the ducts located in the cavity between the drop ceiling and the roof deck. In 50% of these 

buildings, this cavity was functionally outside both the building's air and thermal barriers. The effective 

leakage area of the ducts in this study was approximately 2.6 times that in residential buildings. 

This paper looks at the thermal analysis of the ducts, from the viewpoint of efficiency and thermal comfort. 

This includes the length of a cycle, and whether the fan is always on or if it cycles with the cooling equipment. 

66% of the systems had frequent on cycles of less than I 0 minutes, resulting in non-steady-state operation. 

1. Introduction 

Light commercial buildings, primarily one- and two-story buildings with individual HVAC package roof-top 

units serving floor areas less than I 0,000 ft2
. make up a significant portion (50%) of non-residential building 

stock in the U.S. and California. Commercial retail strip-malls are among the largest percentage of light 

commercial buildings. This stock also consists of offices, restaurants and professional buildings. 

First-cost dominates construction practices in these buildings. This potentially leads to short-cuts in 

construction practices and/or using lower grade materials. Often resulting in buildings which appear visually 

distressed five to ten years after they are built; moisture damage due to leaky roofs, and uncontrolled 

infiltration being the most common visual indicators of problems. The buildings use package roof-top units for 
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HV AC, and as with the buildings, if not to a greater degree, first-cost dominates, with the same potential 

problems of poor construction practice and/or lower grade materials. 

Slowly the industry, and research community, is acknowledging that duct-work in residential HVAC systems 

leak, sometimes by a very large amount. Roof-top units in commercial buildings use the same duct-work and 

installation techniques as residential systems (combinations of sheet-metal, duct-board, and flex-duct). 

Considering construction standards and practices, it would be a surprise if ducts in small commercial systems 

did not leak. The industry acknowledges that the ducts "may" leak, but since, in commercial buildings, the 

ducts are largely inside the building, there has been little interest in their performance, and in quantifying the 

extent of and the impact of duct leakage. While the ductwork may be physically inside the building, inside the 

ceiling cavity, this cavity is often outside the building's thermal and air barrier, thus ducts in many light­

commercial buildings are subject to the same loss mechanisms as residential ducts located in attics. 

1.1 Other Work 

Researchers have recently documented the leakage characteristics of residential ducts. This study uses data 

obtained at LBNL for various studies (Jump, et al., 1996). Other than anecdotal evidence, the only significant 

work in the area of small commercial systems is from the Florida Solar Energy Center (FSEC). FSEC looked 

at the entire building envelope in a study titled "Uncontrolled Air Flow in Non-Residential Buildings" 

(Cummings, et. al., 1996). Their primary concern was with uncontrolled flow across the building envelope, 

and they did envelope leakage studies in 70 light-commercial buildings. Since ducts often dominate building 

leakage, they also performed duct leakage measurements in 43 of these buildings. 

1.2 Goals 

The goals for this current study fell in three basic areas: characterization of the building and HV AC systems, 

measurement of duct leakage area, and measurement system and register flows. Characterization involved 

identifying HV AC unit sizes, occupied areas, and the location of the thermal and air barriers. The goals of duct 

leakage information were measurement of fan and register flows, along with direct leakage area measurements. 

The goals for this current study fell in three basic areas: building and HV AC system characterization, duct 

leakage, and duct thermal losses. Characterization involved identifying unit sizes, occupied areas, the location 

of the thermal and air barriers, and the system-fan and register flows. Duct leakage came from direct leakage 

area measurements. Single-day temperature monitoring yielded information on thermal losses. 

2. Methods 

Building selection consisted of buildings with package roof-top cooling systems, whose owners/occupants 

were willing to cooperate with the study. All ofthe buildings in this study were occupied, which meant 

working around the schedules of the occupants. This required the tests to be as non-obtrusive as possible, and 
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consisted of three distinct parts: walk-through characterization, leakage and flow measurements, and thermal 

measurements. 

2.1 Buildings 

There were eight buildings involved in the current study, three of which were LBNL office spaces. The 

remainder were: a Stockton area office building, an office space located in a Sacramento area industrial park, a 

shoe repair store located in a Sacramento area strip-mall, a health food store in Marin county, and a Marin 

county gymnastics facility. In total, we tested a total of fifteen HV AC systems in these eight buildings. 

2.2 Walk-Through Information 

A simple walk-through with the occupants yielded most of the characterization information. Major items of 

importance were the name plate information on the HV AC equipment, duct material and location, building 

thermal barrier, and building air barrier. Other items such as occupancy schedules, internal loads, etc. were 

obtained by filling out a questionnaire with the building occupants. Appendix A contains the questionnaire and 

the protocol for this study. 

2.3 Flow Measurements 

Fan-flow measurements were measured with the tracer-gas method outlined by Delp, et al. (Delp, et al. 1996). 

Due to the restrictions of working in an occupied building, register-air flows were measured using a flow hood 

only. 

2.4 Leakage Measurements 

This study measured effective leakage areas using a modified duct pressurization method, as shown in 

Appendix B. The method uses a single set-up to measure the combined leakage area of both the supply and 

return duct systems. By using the HVAC unit as a flow meter, it is possible to determine the breakdown of 

return and supply leakage. Leakage area calculations are proportional to the flow into the system. Therefore, 

uncertainties in leakage area are proportional to the uncertainties in measuring the flow into the system. Since 

the uncertainties in measuring the flow are within 5%, the same range applies to the leakage are values. 

2.5 Thermal Measurements 

This study used small, battery-operated self-contained temperature loggers for all the thermal measurements. 

These loggers have a resolution and accuracy of approximately 0.2°C, and store 1,800 data points. A collection 

interval of 12 seconds allows six hours of data storage. The loggers have a delayed start feature, allowing them 

to be left in place to start simultaneously at a pre-determined date. We collected the following temperatures: 

outside air, ceiling cavity, room, supply plenum, and at least one supply register. 
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3. Results 

Results are presented in four primary sections: building and HV AC characteristics, duct leakage area, thermal 

issues, and occupant interactions. 

3.1 Building and HVAC Characterization 

Figure I shows the floor area versus the unit size, for both the LBNL and the FSEC data sets. Since the FSEC 

data set is larger, whenever the appropriate data is available, we use it for comparison. The important point 

here is the floor area served by each unit. This figure shows that the California (LBNL) buildings are similar to 

those in Florida (FSEC). Light-commercial buildings frequently have a greater load density (ton/ft2
) than 

single-family residential homes, due to internal loads such as equipment, lights, and people. Unfortunately 

with most light-commercial buildings accurate load information is not available during design, and 

contractors/engineers resort to a rule-of-thumb approach to equipment selection, often resulting in oversized 

equipment. It is worth noting the values in the figures are installed capacities, and do not necessarily 

correspond to actual space loads. 
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..... 
0 2000 +Q 0 
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Figure 1. Floor area -vs- unit size: using the current LBNL and FSEC (Cummings, et al., 1996) 
commercial data along with residential (Jump, et al., 1996) summary information. The FSEC unit size is 

derived from the total installed capacity in the building divided by the number of units. 

Field Investigation of Duct System Performance in California Light Commercial Buildings 4 of 54 



LBNL-40102 

The fifteen systems had an average unit size of 3.9 tons, this compares with the FSEC data of 4.5 tons, and the 

residential of 2.9 tons. 

The average floor area served by each unit was 1,500 ft2 for the current study, 1,400 ft2 for the FSEC 

buildings, and 1,800 fe for the residential buildings. Since the area served by each unit is similar among all 

three data sets, the light commercial units are 30 to 50% larger than those found in single family residential 

houses. 

Figure 2 shows the total number of registers (supply and return) versus the unit size. Since FSEC data on the 

number of registers was not available, the comparison is only with the residential data set. lit both cases there 

is a widespread range in the number of registers for any given unit size, e.g., the number of registers found on a 

four-ton commercial unit ranged from 4 to 16. In general, the commercial units have fewer registers per ton 

than the residential units, because commercial spaces are usually open plan, with a few large rooms and fewer, 

but larger, registers. 
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Figure 2. Number of registers -vs- unit size: using the current LBNL commercial and 
.residential (Jump, et al., 1996) data. 

In order to understand the dynamics of duct losses, details of the building need to be addressed. Figure 3 

summarizes many of the characterization details pertaining to the buildings. Each of the buildings had a drop 

ceiling with the ducts run in the ceiling cavity. Because ofthis, two critical building details are the location of 
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the thermal and the air barrier. 25% of the buildings had insulation placed both at the roof deck and on top of 

the ceiling tiles. The remainder of the buildings were divided between roof-only and ceiling-only insulation. 

40% of the buildings had a directly vented ceiling cavity. In these buildings, the lay-in acoustical ceiling tiles 

formed the major air barrier. In 50% of the buildings the primary thermal barrier was at the ceiling tiles, which 

implies that the ducts are entirely outside the conditioned space. In 25% of the buildings the ceiling cavity 

acted like a buffer zone, with the temperature floating between the room and outside temperatures. With these 

buildings, the thermal barrier is in-between the roof and ceiling. In the remainder of the buildings the thermal 

barrier was at the roof, however even in these buildings, the ceiling cavity temperature was slightly higher than 

the room. 

Insulation Details Ceiling Cavity Thermal Barrier 

Figure 3. Building thermal and air barrier characterization for the current LBNL commercial 
buildings. 

Figure 4 summarizes HV AC unit characterization details. Duct material fell into two basic types: all metal 

trunk-and-branch, and flex-octopus. 60% of the systems had all metal ducts, while the remainder had some 

form of flex-octopus. There are two types of basic ductwork configurations found with the typical light­

commercial package roof-top unit: bottom discharge, and side discharge. Bottom-discharge eliminates 

ductwork exposed outside since it penetrates the roof directly under the unit. The typical side-discharge 

installation includes 90° elbows directly off the unit, ideally cutting down on the amount of duct exposed on 

the roof. Economics and local practice govern which method is used. Bottom discharge units require the use of 

a special curb to support the unit, while side discharge units typically use a field-fabricated platform for the 

unit. 33% of the HV AC units had bottom-discharge ductwork, while the remainder used a side-discharge 

arrangement. 

Air side economizers minimize cooling energy use when it is cooler outside than inside. 47% of the units had 

some sort of economizer; however, they were not checked for functionality. Only one unit had functioning 

minimum outside air (an intentional opening in the return duct directly to outside). All of the others either had 

no outside air provisions, or had the dampers permanently shut. 
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Duct Material Unit Discharge 

Economizer Minimum Outside Air 

Figure 4. Characterization of HV AC unit details for the current LBNL commercial buildings. 

Figure 5 shows system fan flow versus unit size. Fan flow is often used as an indicator of installation quality. 

The general rule-of-thumb is a flow of 400 cfm/ton. This corresponds to the rated flow, required to obtain the 
\ 

published efficiency ratings, for the HV AC system. When the flow drops below approximately 250 cfrn!ton, 

the coil operates with a temperature conducive to frost formation. Even in dry climates, flow rates this low 

impair system efficiency. Most of the units had adequate flow, which makes sense with units with few 

register.s, hence low pressure drop systems. Two systems had flows close to the 250 cfrnlton range. 
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Figure 5. Fan flow -vs- unit size for the current LBNL commercial buildings along with residential 
(Jump, et al., 1996) summary information. 

3.2 Leakage Area of the Duct Systems 

The main emphasis of the current study was to measure the leakage area of the ducts. There are several ways to 

compare the systems to each other, and to other data sets. The goal of comparison is to find a way to normalize 

the data, making direct comparison of different systems possible. 

Figure 6 shows the combined leakage area (ELA25) versus the unit size for both commercial data sets. The data 

have a large spread in values. A linear regression on the FSEC data only had a r2 of 0.29. The LBNL and the 

FSEC leakage values fall in the same general range for any given unit size. Normalizing leakage area with the 

unit size (cm2/ton) does not yield a constant due to the large spread in values. However, the residential and 

FSEC data sets had similar average values for leakage are per ton (cm2/ton), while the LBNL small 

commercial buildings had a 40% higher average value, due to outliers. 
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Figure 6. Combined leakage area (ELA25) -vs- unit size using the current LBNL and FSEC (Cummings, 
et al., 1996) commercial data along with residential (Jump, et al., 1996) summary information. 

Combined leakage area includes both supply and return leakage. The FSEC unit size is derived from the 
total installed capacity in the building divided by the number of units. 

Figure 7 shows the combined,leakagearea (ELA25) versus the floor area for both commercial data sets. Again, 

the data show a large spread in values. A linear regression on the FSEC data only had a r2 of 0.26. The LBNL 

data grouping is similar to, and slightly higher than, the FSEC data. It is common to present building envelope 

leakage results by normalizing leakage area with floor area (cm2/m2
). The average cm2/m2 in the LBNL data 

set was over 2.5 times that of the residential data, while the FSEC data was just over 2 times the residential. 

These data suggest that light-commercial duct systems leak air at a rate much greater than residential systems, 

for any given floor area. 
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Figure 7. Combined leakage area (ELA25) -vs- floor area using the current LBNL and FSEC 
(Cummings, et al., 1996) commercial data along with residential (Jump, et al., 1996) summary 

information. Combined leakage area includes both supply and return leakage. 

Figure 8 shows the combined leakage area (ELA25) versus the total number of number of registers for the 

LBNL and residential data sets (the number of registers was not available from FSEC). For the same number 

of registers the commercial buildings consistently have higher leakage areas. The average cm2/register among 

the LBNL data is 2.3 times that of the residential buildings. This makes sense, since the likely leakage site is at 

any connection, and as commercial buildings use larger ducts than residential, the larger connection sites have 

a greater potential for leakage. A linear regression on the LBNL data had a r2 of 0.80. This suggests that 

leakage area normalized by the number of registers can be used as a metric for identifying problematic 

systems. 
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Figure 8. Combined leakage area (ELA25) -vs- number of registers using the current LBNL, commercial 
and residential (Jump, et al., 1996) data. Combined leakage area includes both supply and return 

leakage. 

3.3 Thermal Issues 

Figure 9 shows typical temperature profiles for an office conference room over a six-hour period, and it 

illustrates several points concerning thermal issues. The change in temperature between the supply air plenum, 

down-stream of the coils, and the register affects system efficiency. It also impacts thermal comfort, the longer 

the duct the greater the temperature rise, which leads to uneven temperature distribution by the system. The 

figure illustrates this, as register 1 is closer to the plenum than register 2. The length of cycle duration also 

effects the temperature rise. Energy from the air stream cools the ducts until they reach a steady-state 

temperature. The figure shows that air temperature in this particular system never reached steady state, the 

longer the cycle the lower the temperature rise from the plenum. Finally, this figure shows that the fan does not 

cycle on and off with the cooling equipment. The cooling equipment shuts off at the bottom of each spike on 

the plot. The plenum and both registers continue to rise to approximately the same temperature before the 

beginning of the next cycle. This recovers the energy used to cool the ducts, but it also starts heating the room, 

as. the unit is on the roof in the sun. With the fan running, and the cooling equipment off, the unit acts as a heat 

exchanger heating the room below. For the 6 hour period represented in this figure, the hot air delivered during 

the off-cycle accounted for 33% of the total space cooling load. 
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Figure 9. Typical temperature data for 6 hours of operation 

3.3.1 Temperature Rise From Supply Plenum to Register 

As stated above, the temperature rise from the supply plenum to a supply register affects both system 

efficiency and thermal cornfort. In order for the temperature to rise after leaving the plenum, there needs to be 

a potential difference between the temperature in the plenum and the temperature of the ambient surroundings 

(i.e., it has to be hotter outside the duct than inside the duct). Figure I 0 shows the temperature rise from the 

supply plenum to the register plotted versus this temperature difference, between ambient and plenum. With 

the ducts located, in all cases, in the ceiling cavity, the ceiling cavity serves as the ambient temperature. All 

points represent conditions in the mid-afternoon(- 2 to 4 p.m.), and as close to a steady-state operation as 

possible. Systems that never reach steady-state are labeled as transient, and the temperatures are from the end 

of the longest on-time cycle available. The temperature rise ranged from 0.5°C to almost 6°C. Both extremes, 

high and low, occurred near the greatest potential difference; however, the temperature difference between 

ambient and the plenum alone does not correlate well with the temperature rise. 
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Figure 10. Temperature rise from supply plenum to register -vs- temperature difference between 
ambient and supply plenum using the current LBNL commercial data. All data taken in mid-afternoon, 

at the end of an on-cycle. 

The length of the duct impacts the temperature rise in addition to the ambient conditions. Figure 11 plots the 

temperature rise from the plenum versus the length of duct. Again the data shows a high degree of scatter. The 

longest duct has one of the lowest temperature rises, illustrating that the length does not properly correlate with 

the temperature rise. 

There are several factors not taken into account by either of these two previous attempts at correlating the 

temperature rise. Among these factors are, the effective temperature of the ambient, taking into account 

radiation effects, differing amounts of insulation on the ducts, different duct sizes, and finally, different air 

velocities within the duct. Unfortunately, not enough data was taken to easily compare the temperature rise 

from one system with another. 
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Figure 11. Temperature rise from supply plenum to register -vs- the length ofthe duct the from the 
supply plenum to register using the current LBNL commercial data. All data taken in mid-afternoon, at 

the end of an on-cycle. 

3.3.2 Cycle Duration 

Figure 9 showed that on-cycle time impacted the plenum to register temperature rise. The system shown in this 

figure had no period of steady operation with an average on-time of slightly over 5min. Figure I2 shows a 

typical temperature rise versus time. This figure is for a different system. It shows that the ducts effectively 

reached a steady-state condition in approximately ten minutes. This particular register was far from the plenum 

(24 m). Registers closer to the plenum reach steady-state operation sooner, leading to periods of uneven 

temperature distribution. 

66% of total number of systems tested operated a significant portion of the time with the on-time cycles less 

than I 0 minutes. 33% of total number of systems had no single on-cycle longer than I 0 minutes. This results in 

non-uniform (from register to register) and constantly changing temperatures (at all registers) in the 

distribution system, and the space, leading to thermal comfort issues. 

Field Investigation of Duct System Performance in California Light Commercial Buildings I4 of 54 



0 

Gym 

Length of Duct from 
Plenum to Register= 24m 

Start of Cycle 
-2:30pm 

i .,. ·,··,· i. i .,. ·,· r i.,. ··r i. i .,..'" ·,· i. i ., ·,· ·,· i. i ·,· .,. i. i .,. ·,· ·,· i ·;·,- ·,· r i ·; ·,·~ 
0 2 4 6 8 10 12 14 16 18 20 

Time Into On-Cycle 

LBNL-40102 

Figure 12. Typical temperature rise from supply plenum to register -vs- time after start of on-cycle. Plot 
is for a single cycle for a single system. 

3.3.3 Fan Operation 

Figure 13 shows two hours of temperature data for two different systems. With one of the systems, the store, 

the fan cycles with the compressor. While the other system, the gym, regardless of whether or not the 

compressor is on, the fan stays on all of the time. Keeping the fan on serves two functions (I) maintains air 

movement and (2) (assuming provisions exist) provides outside air. During the off-cycle, in the store, the 

plenum temperature rises dramatically, while the register temperature approaches the room temperature. At the 

beginning of the on-cycle the plenum temperature is more than 15°C higher than the register temperature. This 

is because the fan is off, and the unit and plenum are on the roof, the effective temperature, including solar­

radiation, warms the air in the plenum and unit considerably. In the gym, the fan stays on during the equipment 

off-cycle, and both the plenum and register temperatures warm approximately the same before the beginning 

of the next on-cycle, approaching and slightly exceeding the room temperature. 
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Figure 13. Two systems: in the store the fan cycles with cooling equipment, and in the gym the fan stays 
on all the time. 

3.3.4 Conduction Losses 

The basic definition of the conduction effectiveness concerns the fraction of the capacity lost. In the simplest 

terms, neglecting any leakage, the term is simply (1) 

( ) 
(T,eg (t)- T,oom (t)) £ t = _ __, ___ ;__ __ 

s (Tplenum (t)- T,oom (t)) 

Where: 

£ s (t) : Conduction effectiveness at time t 

T,.eg (t): Register temperature at time t 

T,.oom (t) : Room temperature at time t 

Tplenum ( t) : Supply plenum temperature at time t 

Equation (I) yields an instantaneous value for effectiveness at any given time t. It includes both conduction 

and impacts of thermal cycling. By summing each of the quantities in the above equation one arrives at a 

cumulative effectiveness for any given timet' (2) 

(1) 
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- r ( T,eg (t)- T,oom (t) )dt 
ts (t') = -

1
=.0__;__ ____ ...;___ 

fo ( Tplenum (f) - T,oom (f) )dt 
(2) 

Where: 

Cumulative conduction effectiveness up to timet' 

The cumulative effectiveness in equation {2) gives us a running total of the ratio of the energy delivered at the 

register to the potential at the plenum. The uses of the above formulations have subtle differences between the 

fan cycles with unit and fan-on constant cases. 

3.3.4.1 Fan Cycles with Unit 

Figure 14 shows a single cycle for a case where the fan cycles with the cooling unit (fan on/off case). The 

building is the same store shown in Figure 13. This cycle was the first of the day, and both the plenum and 

register temperatures started off high. The instantaneous and cumulative effectiveness started low since the 

ducts were warm and had to be cooled. An important point here is the fact that the cumulative lagged behind 

the instantaneous effectiveness; at the end of the on-cycle, the instantaneous was over 90% while the 

cumulative was around 80%. The difference between the two effectiveness values is a consequence of the 

energy stored in the ducts as a fraction of the energy supplied to the plenum. Nothing was known about the 

flow out of the registers after the fan shut off, as a result, what happens to this stored energy is not clear from 

this information. The overall analysis for the fan-off cases only includes on-cycle information. 
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Figure 14. Analysis of an individual cycle with a fan on/otT case. 

Figure 15 shows the cumulative effectiveness versus time for all four of the cycles captured in the store. With 

each consecutive cycle th~ ducts start off a little cooler. This accounts for the fact that the effectiveness starts 

at a higher value for each consecutive cycle. The final three cycles end near the same value (-85%); however, 

due to the short on-times they have not reached a steady-state. 
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Figure 15. Cumulative supply effectiveness (£.) -vs- time for four different cycles in a fan on/off case. 

3.3.4.2 Fan Stays On 

Figure 16 shows three hours of temperature information for a fan-always-on case. This is the same gym in 

Figure 13, only with different time and temperature scales. The length of the off-cycle is important since after 

a period of time, during the off-cycle, the system starts heating the space instead of cooling it. Once the system 

starts heating the space, the concept of instantaneous effectiveness is meaningless, and we need to redefine 

cumulative effectiveness (2). 

If we define the point in time just when the system starts heating the room (Tplenum = T room) as t*, cumulative 

effectiveness becomes after time t*: 

Es(t')l = ~~·(T,eg (t)- T,oom(t) )dt 
r'>r* ~rr (T~( )-T----'( -))d 

J
0 

plenum t - room t t 

From the time the compressor shuts off to t* the system recovers the energy stored in the ducts and coiL 

(3) 
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Figure 16. Three hour temperature data for a fan-always-on case. 

Figure 17 shows a single cycle with a short compressor on-time for the fan-always-on gym case. The start of 

the cycle was around I :37pm, the compressor shut off approximately 6 minutes later, and t* was reached about 

15 minutes after the start of the cycle. When the compressor shut, off the system had not reached "steady­

state" as shown by the rapidly increasing instantaneous effectiveness. Once the compressor shut off, the 

cumulative effectiveness increases representing a regain of the energy stored in the system. This peaks upon 

reaching t*, after which the effectiveness decreases, because the system is now heating the space. The 

cumulative effectiveness was 73% when the compressor shut off, peaked at 89%, and then fell off to 58%. 
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Figure 17. Analysis of an individual short on-time cycle with a fan-always-on. case. 

Figure 18 shows a single long on-time cycle for the fan-always-on gym case .. The start of the cycle was around 

2:30pm; this time the compressor shut off approximately 37 minutes later, and t* was reached about 54 

minutes after the start of the cycle. The system reached a steady-state value after approximately 10 minutes of 

operation, as indicated by the instantaneous effectiveness leveling out at approximately 94%. The cumulative 

effectiveness when the compressor shut off was approximately 89%, and it peaked at 92%, and the fell down 

to slightly under 90% by the end of the cycle. The energy recovered in the long cycle is a much smaller 

percentage of the energy supplied over the longer on-time cycle. 
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Figure 18. Analysis of an individual long on-time cycle with a fan-always-on case. 

Figure 19 shows the cumulative effectiveness versus time for three cycles of varying on-time duration in the 

gym. The circles represent when the compressor shut off, after which the system entered into an energy 

recovery mode (i.e., recovering the energy stored in the equipment coils, and ducts). In each of the cases, the 

effectiveness peaked when the system started heating the room. With each case this peak was close to the 

steady-state instantaneous effectiveness of94%. The longer the off-cycle, the lower the effectiveness was for 

the individual cycle. This is because of the increased heating time due to long off-cycles with the fan on 

constantly. 
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Figure 19. Cumulative Es -vs- time for three cycles of different on-time duration in a fan-always-on case 

3.4 Occupant Interactions 

The fan was on constantly in the gym analyzed in section 3.3.4.2 because the occupants were not aware of how 

to operate the system. The thermostat had a switch labeled FAN/ON, and they thought for the unit to work it 

must be in the ON position. However, it is common to leave the fan on constantly in buildings where the 

system provides some outside air to the space for indoor air quality issues. 

Figure 20 shows temperature data for two apparently identical systems, serving opposite sides of a hallway, 

east and west, in an LBNL office setting. One short-cycles, the west side, and the other, the east side, does not. 

Each side of the hallway had similar internal loads, roughly the same numbers of desks, computers, and 

people. Investigation revealed that the occupants in the east zone were controlling the load by opening the 

large sliding windows, while the windows were shut in the other zone. The load served by the east system was 

three times that served by the west system. 
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Figure 20. Two identical systems serving ''mirror-image" offices located across the hall from each other. 

Figure 21 shows temperature data for a shoe repair shop and the occupant solution to "ventilation" control. A 

shoe repair shop uses a lot of volatile chemicals. The occupants said that they open a window to control odors. 

Looking at the two days of operation, one day the system ran at very nearly steady-state, while the other day 

this did not happen until after 3pm. The occupants are probably controlling the load, as in the office in Figure 

20, rather than strictly odor control. 
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Figure 21. Operator control for "ventilation" purposes 

4. Summary and Conclusions 

In these buildings visited, repeated observations suggested problems a result of first-cost economics during 

construction: torn and missing external duct wrap, poor workmanship around duct take-offs and fittings, 

disconnected ducts, and improperly installed duct mastic. Where there was ceiling tile insulation, installation 

was, at best, very uneven. Visual indicators alone are not good at identifying poor systems. While systems that 

appeared poor usually had high ELA25 's, the systems with the highest ELA25 looked, upon initial inspection, 

like good systems. 

When the fan cycles with the cooling equipment, they both shut off at the same time. From the viewpoint of 

recovering energy stored in the ducts; thermal analysis suggests there is an optimum time tQ, shut off the 

system fan following the cooling equipment. This is not always possible since the fans are left on in many of 

these systems for ventilation requirements. 

This study did not attempt to quantify the amount of outside air entering each building. However, observations 

made during the characterization phase ofthis project suggests the buildings visited in this study will have 

very low quantities of outside air. 

For the set of light-commercial buildings visited in this study, the following can be said: 
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0 Light Commercial ductwork leaks: at a rate over twice that of residential systems 

0 Duct systems are outside the direct conditioned space 

0 The primary air barrier is often located at the drop ceiling: this is effectively NO barrier 

0 With the fan on and the compressor off, the system eventually acts as a heater to the space 

LBNL-40102 

A relatively small data set forms the basis for these conclusions; additional data is needed to better 

characterize this large stock of buildings. Thermal measurements require additional, and more complete, data 

in order to fully understand the differences between the fan on/off and fan-always-on cases, as well as energy 

recovery mechanisms in the fan on/off case. We have plans to continue with the same characterization and 

leakage measurement work by testing additional systems, while getting more complete thermal data. 
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Appendix A: Protocol 

1.0 lp.troduction and Checklists 

2.0 Building Characteristics and Occupant Information 

2.1 Store/Office:--------------

2.l.l.Address: 

2.1.2.Building function: 

2.1.3.Contact Person: 

2.2 Floor Area. _____ ; Number of Floors __ ;% Conditioned. __ _ 

2.3 Year built: Space/Building Retrofits(?): 

2.4 How long have you been in the space? _____ _ 

2.5 Blueprints available: Are they "As-Built" _____ _ 

2.5.l.ls the building use according to the design? ______ _ 

2.6 Components to cooling load (people, fenestration, equipment, etc ... ) 

2.6.l.Normal Occupancy People: Peak Occupancy ____ People 

2.6.2.1nternal Equipment: (High, medium, low; list anything large) 

2.7 Building Schedule (occupancy, equipment): 

2. 7 .!.Occupation time ____ weekday _____ weekend 
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2.7 .2.Hours of HV AC equipment operation _____ _ 

2.7.3.Any unusual equipment loads (times of operation) 

2.8 Occupants opinion of the condition of the HV AC Equipment (Excellent/Good/ 
Fair/Poor) 

2.8.l.Age of HV AC Equipment Retrofits(?) ____ _ 

2.8.2.Any problem zones (hot/cold, ventilation)? 

2.8.3.Who is responsible for the HVAC equipment? (Building Owner/Manage­
ment, Occupant) 

2.8.4.Does the HVAC equipment receive regular or seasonal maintenance? 

2.8.5.Any recent repairs/problems 

2.9 Construction 

2.9.1.Exterior walls: stud-frame, block, metal, stucco, wood facing, 
other ____ _ 

2.9.2.Wall insulation: Thickness __ Type ___ R-__ , Ceiling/Roof 
insulation: Thickness Type R-__ Location? 

2.9.3.Ceiling Construction drop, hard plaster, none? Height Above 
Floor Height of Ceiling Plenum/Cavity ____ _ 

2.9.4.Roof construction: tar, metal, rubber, built-up, other ____ Color? 

2.9.5.Exterior Doors Number ____ Operation (Normally open, automatic, 
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normally closed, emergency exit, loading) 

2.10 Shielding description (trees, shrubs, neighboring businesses etc.) 

2.1 0.1.Ground Level (effecting Infiltration!ExfiltrationN entilation) 

LBNL-40102 

2.1 0.2.Roof Level (architectural fences, parapet walls, etc ... effecting equipment 
operation) 

2.11 Has the building ever received an energy audit? _____ _ 

2.12 Any obvious infiltration/exfiltration leakage paths? 

2.13 Adjacent Spaces (Stores or Offices) under the same roof? How are they isolated? 
Thermally and air barrier? 

3.0 Sketches and Photographs 

3.1 Sketch building and ducts in figure Figure 1 and Figure 2 

3.2 Take Enough Photographs of the following to understand later 

0 Building Exterior 

0 Building Interior 

0 Typical Register 

0 Typical Duct Layout 

0 HV AC Equipment Layout 

0 Ceiling Layout 

0 Ceiling Plenum/Cavity 
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FIGURE I. Building Layout 

Notes 
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FIGURE 2. HV AC Equipment/Ductwork Layout 
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4.0 Equipment Characteristics 
4.1 Task of equipment (space heating, comfort cooling, ventilation, etc ... ) 

4.2 Number of HV AC systems ____ _ 

4.2.l.Sizes 

4.2.2.1f multiple systems how are the building spaces separated & controlled? 

4.3 Researchers opinion of the Condition of Equipment (Ex~ellent/Good/Fair/Poor) 

4.4 Location of filters, frequency of changes, were they inspected: 

4.4.1.Size of filters, filter material, maintenance schedule 

4.5 Controls 

4.5 .l.Method (on-off, continuous fan, night operation, etc ... ) 

4.5.2.Manufacturer _______ _ 

4.5.3.Connected to an EMS 

4.5.4.Accessibility of controls for future work (override, locking covers) 

4.6 Equipment Name Plate Information 

4.6.l.Manufacturer ______ _ 

4.6.2.Model ________ _ 

4.6.3.Capacity _______ _ 

4.6.4.Electrical _______ V --~-Ph 

4.7 Can coil be isolated in the event of duct aerosol sealing? 
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4.8 Location of Equipment? 

4.9 distribution system characteristics 

4.9.l.Ducted or Free Return 

4.10 Fill In Table 1 and Table 2 

Table 1: Air Distribution System Summary 

supply supply return return 
ducts plenum ducts plenum 

material a 

R- value 

thickness 

conditionb 

Location 

LBNL-40102 

air handler 

a. duct construction: sheet metal square, sheet metal spiral, aluminum spiral, flat aluminum, fiberglass, flex­
ible plastic with metal spiral, other 

b. Quality of connections: Loose, duct taped, mastic, etc ... 

Table 2: Air distribution system characteristics 

Length In 
dimensions 

system piece length (ft.) conditioned 
(in x in) 

damage/Notes 
Space 

supply plenum 

sdl 

sd2 
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Table 2: Air distribution system characteristics 

Length In 
dimensions 

system piece length (ft.) conditioned 
(in x in) 

damage/Notes 
Space 

sd3 

sd4 

sd5 

sd6 

sd7 

sd8 

sd9 

sdlO 

return plenum 

rdl 

rd2 

rd3 

rd4 

FIGURE 3.Distribution system Identification Sketch 
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5.0 Measurements 

5.1 Building and Plenum (Ceiling) Pressures 

0 Install tubing in a representative section of the ceiling cavity and hook up to 
a channel on the hand-held pressure gauge (space is reference), if possible 
leave tubing in place for 5.4. 

0 Install anther tube to outside hooked up to the other channel (space is 
reference). This tube should be shielded from wind. 

0 Take ten 5 second average readings each for space and ceiling pressures with 
the HV AC system on, and 10 more with it off. 

0 Record the inside and ·outside temperatures, along with other weather 
conditions (wind, rain, etc ... ) 

Table 3: Building Pressures 

L1P (Pa) Fan On L1P (Pa) Fan Off 

5 sec Avgs Space a Ceilingb Space a Ceilingb 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 . 
Avg 

Std Dev 

TOUt' oc = Tin, oc = 

Weather Wind: Calm Light Moderate/Gusty Strong; Direction: N E S W 

a. @space= Poutside- Pspace 
b. @ceiling= Pceiling" Pspace 
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Wind: Calm Light Moderate/Gusty Strong; Direction: N E S W 

5.2 Temperatures of Space, Ceiling & OA 

LBNL-40102 

0 Make sure system has been operating for some time (test only has meaning 
when the space/system are operating "near steady-state") 

0 Using hand-held thermometer measure the space temperature in 4locations, 
the ceiling plenum, and outside air temperature. 

0 Using a surface mount thermistor and the hand held probe record the unit/ 
duct surface temperature. 

0 Note the time of each measurement, and any unusual conditions 

Table 4: Temperatures of Space and Surroundings 

Temperature 
Time Notes ec) 

Space 1 

Space 2 

Space 3 

Space 4 

Ceiling Plenum 

Outside Air 

Unit/Duct Surface 

Cloud Cover: None, Light Haze, High Thin Clouds, Partly Cloudy, Full Overcast 
Notes: 

5.3 Monitored Measurements 

0 Prepare and launch Hobo© temperature loggers 
- Supply Plenum 
- Space/Room 
- Ceiling Plenum 
- Outside Air 
-Unit/Duct surface 
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5.4 Supply and Return Register Flows 

0 Make sure system is on and operating 
0 Assemble computer/suitcase install a thermistor in the supply plenum, and 

any other convenient locations. 
0 Set the computers clock to match the watch used during the rest of the 

measurements, start data collection. 
0 Assemble flow hood with appropriate sized hood and record at each register 

- Flow hood measurement (Pa) 
- Temperature at register and time taken 
- Static pressure at register (pressure pan) 

0 Leave computer/suitcase running until ready to leave 
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Table 5: Register Flows, Temperatures, and Pressures 

location Flowa (Pa) Flow (cfm) Temp. COC) Time 
Pressure Pan 

(Pa) 

Supply Plenum ---------- ----------

srl 

sr2 

sr3 

sr4 

sr5 

sr6 

sr7 

sr8 

sr9 

srlO 

srll 

sr12 

sr13 

sr14 

sum ---------- ---------- ----------

Return Plenum ---------- ----------

rrl 

rr2 

rr3 

rr4 

sum ---------- ---------- ----------

OA Inlet 

a. Pressure from flow hood 
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5.5 Pressure Across Ceiling Plenum 

d If necessary reinstall tubing in ceiling plenum and hook up to a channel on 
the hand-held pressure gauge (space is reference), if possible leave tubing 
in place for 5.4. 

0 Assemble and install a blower door frame in an exterior door. 

0 Install anther tube to outside hooked up to the other channel (space is 
reference). This tube should be shielded from wind. 

0 Take a series of pressurization numbers recording both the pressure across the 
space and the ceiling plenum with the HV AC system on. 

0 Do the same with the HV AC systein off 

Table 6: Ceiling Plenum Pressure Data 

Tout• oc = Tin• oc = 

M' Spacea M' Ceiling0 M'fan 
test Pa Pa Pa 

pressurization 
system on 

pressurization 
system off 

a. L1P space = P outside - P space 
b. M'ceiling = Pceiling- Pspace 

Wind: Calm Light Moderate/Gusty Strong; Direction: N E S W 
Notes: (general weather conditions: cloud cover, etc ... ) 

flow flow 
nng cfm 
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5.6 Fan Flow 

0 Sum register flows from Table 5 on page 39 
0 Perform one of the following tests 

- 5.6.1 Duct Blaster/Blower Door 
- 5.6.2 Tracer Gas 

5.6.l.Duct Blaster/Blower Door 

LBNL-40102 

0 Install a piece oftubing in the supply plenum and record ten 5 second average 
readings, this will yield the average normal supply plenum pressure 

0 Tum off HV AC unit, open access door to the fan compartment, and isolate 
return air stream with cardboard and tape. 

0 Mount the Duct Blaster/Blower door to the door of the fan compartment, 
using adapter ring cardboard and tape. 

0 Tum the fan on HV AC unit back on, and by adjusting the Duct Blaster/ 
Blower door obtain a reading corresponding to the average normal 
operating supply plenum pressure, along with points on either side of the 
normal pressure. 

0 Make sure the flows make sense 

Table 7: Fan Flow using Duct Blaster/Blower Door 

5 sec Supply Supply Fan~P Ring Flow 
Avgs Plenum Plenum 

(Pa) (Pa) 
1 
2 
3 
4 
5 
6 
7 Notes: 
8 
9 
10 

Average 
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5.6.2.Tracer Gas 

0 Bring in analyzer and plug in 2 hours before it is needed. 
0 Instal hard tubing in a return register. 
0 Instal analyzer probe in a supply register. 

LBNL-40102 

0 Hook up mass flow controller and SF6 bottle just before needing. 
0 Record zero of mass flow controller, and set to desired number. 
0 mfc cc/min = cfm 1.7 ( 5to 7 ppm I 60) 
0 Start injection (record start time) take concentration readings every 15 

seconds until concentration starts leveling off. 
0 Stop injection (record stop time) continue taking readings every 15 seconds 

for 3 more minutes. 
0 Repeat with slightly different mfc setting 
0 Analyze data before taking down the equipment 

Table 8: Tracer Gas Data (Run 1) 

Time Voltage 
Time 
(cont) 

Voltage 
(cont) 

Mass Flow Controller Zero ____ (V) 
Mass Flow Controller Injection (V) 
Injection Start Time ______ _ 
Injection Stop Time ______ _ 

Time 
(cont) 

Voltage 
(cont) 
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Table 9: Tracer Gas Data (Run 2) 

Time Voltage 
Time 
(cont) 

Mass Flow Controller (V) 

Voltage 
(cont) 

Mass Flow Controller Injection (V) 
Injection Start ______ _ 
Injection Stop _____ _ 
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Voltage 
(cont) 
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5.7 ELA Tests 

0 Tum off HV AC system 
0 Seal all supply registers and all but one return register 
0 Install the duct blaster in the unsealed return register 

LBNL-40102 

0 Re-Install (if removed) tubing in the supply plenum, and install tubing in a 
return location. (space is the reference for the measurements) 

0 Take a series of pressurization measurements for the combined results 
0 Remove all of the supply covers 
0 Take a series of pressurization measurements with the supplies open 

Table 10: Ela Data 

Test AP Supply ilPRetum Fan ilP Ring Flow 

Closed 

Test AP Supply APRetum Fan ilP Ring Flow 
Open 
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Equipment List 

general support 

0 lab notebook 

0 2 vellum sketch pads 

0 calculator 

0 5 pens and 2 pencils 

0 6 extension cords 

0 3 power strips 

0 wood 

0 Cardboard 

0 2 step ladders 

0 6ft. A-frame ladder 

0 tall ladder 

0 ductape (3 rolls) 

0 painters tape (3 rolls of wide) 

0 mastic or flue tape for repairing holes 

0 cordless drill 

bits 

0 digital voltmeter 

probes 

0 tool box with 

pliers, 2 

needle nose pliers 

thin needle nose pliers 

2 flat blade screwdrivers 

2 phillips screwdrivers 

hammer 

25' tape measure 
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assorted allen wrenches (1/32" to 3/4") 

5 permanent color markers 

5 colors of electrician's tape 

3 crescent wrenches 

socket wrenches 

general measurement equipment 

0 computer 

0 diskettes 

electrical power measurement 

0 current meter 

pressure equipment 

0 stiff tubing (10 pieces) 

0 flexible tubing (100') 

0 5 pressure sensors w/transformers 

calibrations for pressure sensors 

0 15 pressure sensor extension cables 

0 2 pitot tubes 

0 4 static pressure devices 

solar measurements 

0 1 solar sensor 

0 2 cables for solar sensor (same as thermistors) 

LBNL-40102 
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ductblaster, flowhood and blower door equipment 

0 2 hand held pressure sensors 

0 flow hood 

0 duct blaster 

0 duct blaster/flow hood connection 

0 2 blower doors 

2 blower door fans 

2 blower door frames 

0 stiff tubing 

0 flexible tubing 

0 spare cardboard 

precut for sealing registers 

miscellaneous 

temperature equipment 

0 4 thermistors 

0 4 surface temperature sensors 

0 thermal grease 

0 hand held thermistor adaptor 

total fan flow equipment 

Photo Logs 

0 gas tank 

0 regulator and copper tubing 

0 mass flow controller 

0 gas analyzer 

0 stiff tubing (30') 

0 adaptor between thermistor type cable and banana cable 
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Table 11: Photo Log for First Roll 

Photo# Roll Photo# Roll 

1 20 

2 21 

3 22 

4 23 

5 24 

6 25 

7 26 

8 27 

9 28 

10 29 

11 30 

12 31 

13 32 

14 33 

15 34 

16 35 

17 36 

18 37 

19 38 

#1 in log = # __ in printing (fill in after film is developed) 
/' 
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Table 12: Photo Log for Second Roll 

Photo# Roll Photo# Roll 

1 20 

2 21 

3 22 

4 23 

5 24 

6 25 

7 26 

8 27 

9 28 

10 29 

11 30 

12 31 

13 32 

14 33 

15 34 

~ 

16 35 

17 36 

18 37 

19 38 

#I in log = # __ in printing (fill in after film is developed) 
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Appendix B: ELA Measurements 

Bl. Direct Duct Pressurization ELA Measurements 

The two methods outlined here are direct duct pressurization methods, without any concern on pressurizing the 

space to an equal pressure of the ducts. That is each method will measure leakage regardless of whether it is 

inside or outside the building's air barrier. 

Bl.l Standard Combined Duct pressurization 

Figure B 1 shows an arrangement of a typical roof-top package HV AC unit with the ductwork located in the 

ceiling cavity. This particular system is a side discharge unit with four supply and two return registers. 

Building Shell 
~ Supply Register 
= Return Register 
.:::;: Shell Leakage 

Figure Bl. Schematic of typical roof-top unit. 

Figure B2 shows the set-up for a combined (supply and return side) ELA test. The work crew seals all supply 

registers, and all but one of the returns. The unsealed return should be the largest return closest to the return 

plenum. This ensures negligible pressure drop due to the flow from the fan, In this return the crew installs a 

calibrated fan. 
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Sealed Registers 

I 

Figure B2. Typical set-up for a duct pressurization test. 

In the above set-up, with all registers sealed, all the air blown in by the fan leaves through leaks in the 

ductwork and the cabinet of the unit. Any given flow through the fan, and out of the leaks, corresponds to a 

particular pressure in the ducts. A unique functional relationship exists between the pressure in the ducts and 

the flow through the leaks. 

Q = j(Pressure in Ducts) (1) 

A power-law usually expresses this functional relationship. 

(2) 

Since the fan is a calibrated, Q is known, and so is the pressure. By using several data points (Q and M) one 

can solve for C and n. For very small holes n is approximately 0.6 to 0.65, for very large holes it is 0.5. 

We are after a single number for comparing one system with another, some sort of "effective leakage area." 

The "effective leakage area" corresponds loosely to an equivalent flow across a certain size orifice plate. 

Looking at the orifice equation 

(3) 

The flow coefficient (C) in equation (2) can be combined for the area in equation (3) to yield the "area" ofthe 

leaks 

(4) 

There are several problems with the above formulation. The main one is that in a real duct system nothing is 

known about the size, shape, or distribution of the leaks, all of which are required to determine CD. To 

overcome this, along with the other problems CD is assumed to be unity, and a reference pressure is chosen to 

come up with an effective leakage area at that reference pressure. 

ELAe = C · ~ p /2 · ~(n-1/2 ) (5) 

For duct systems the reference pressure in (5) is usually 25Pa. 
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BI.2 Modified Combined Duct Pressurization 

From a testing point of view, if the flow through the calibrated fan is small with respect to the system flow, the 

pressure for the data points in (2) will be the same every where in the system. It does not matter where you 

read the pressure. In fact the standard method assumes the pressure is the same everywhere in the system. As 

the flow increases the pressure drop is no longer negligible, and the location of the pressure reading is 

important. We measured pressure differences between the supply and return plenums of 10 or more pascals. 

These pressure differences necessitated a modified method. This modified method uses two pressures, the 

pressure in the supply plenum and that in the return plenum. 

The modified method accounts for leakage out of each the supply and return side of the system. The flow 

through the calibrated fan equals the flow out the return and supply leaks (6). 

QCalibrated Fan = QReturn Leaks + QSupply Leaks (6) 

The problem is we only know the flow through the calibrated fan, and not the breakdown of what part of this 

flow leaks out the return and what part leaks out the supply. If we replace the unit with a calibrated flow meter 

we have (7). 

QCalibrated Fan = QReturn Leaks + QFlow Meter (7) 

Now the following (8) works 

QFlow Meter = QSupply Leaks (8) 

Figure B3 shows just such an idealized set-up with the unit replaced with a flow meter. 

Figure B3. Idealized Set-up for the first part of the test. 

The obvious problem is we can not replace the unit with a flow meter. We need to use the resistance of the unit 

and calibrate it as a flow meter. If we express (7) with the same power-law expression as (2) we have (9). 

Q = C M,nRcrum + C M,nun;1 

Calibated Fan Return (Return Plenum-Space) unit (Return Plenum-Supply Plenum) (9) 
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By taking several data points it is possible to simultaneously solve for all four unknowns Crerum• Cunir• nrerurm 

and nunir· Uncovering the supply registers yields additional data, since equations (7) and (9) are both valid with 

the supplies covered or not. Figure B4 shows the set up with uncovered supply registers. 

~p 

Figure B4. Idealized Set-up for the second part of the test. 

After calibrating the unit equation (8) becomes 

Q - C /1P.nsupply 
unit - Supply (Supply Plenum-Space) 

Obviously, solving for Csuppty and nsupply only uses the data with the registers covered. Once Crerurm Csupptp 

nrerum• and nsuppty are know equation (5) converts these quantities into ELA values. 

B2. Protocol 

1) All registers, except a large return are sealed 

2) The calibrated fan is installed in the large return 

3) Pressure taps are installed in the supply and return plenums, the set-up should look like Figure B5. 

(10) 

4) Four or more data points are to be taken in this configuration (flow through the fan, and pressures in 

the plenums) TEST I 

5) Remove all of the supply register covers so the set-up resembles Figure B6 

6) Take additional data points TEST II 

7) Using data from TEST I and II and eq(9) solve for Crerurm Cunir• nrerurm and nunir 

8) Using data from TEST I and eq(lO) solve for Csuppty and nsuppty 

Note: Large and/or very leaky systems require calibrated fans installed in multiple return registers. 
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Figure B5. Typical set-up for the first part of the test. 

11P. 
(Return Plenum - Space) 

11P. 
(Supply Plenum - Space) 

Figure B6. Typical set-up for the second part of the test. 
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