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This report was prepared as an account of work sponsored by an agency of the
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assumes any legal liability or 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 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. The views and opinions of authors expressed herein do not
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Abstract

Air conditioner cooling coils typically provide both sensible cooling and moisture removal. Data
from a limited number of field studies (Khattar et al. 1985; Henderson and Rengarajan 1996;
Henderson 1998) have demonstrated that the moisture removal capacity of a cooling coil
degrades at part-load conditions — especially when the supply fan operates continuously while
the cooling coil cycles on and off. Degradation occurs because moisture that condenses on the
coil surfaces during the cooling cycle evaporates back into air stream when the coil is off. This
degradation affects the ability of cooling equipment to maintain proper indoor humidity levels
and may negatively impact indoor air quality.

This report summarizes the results of a comprehensive project to better understand and quantify
the moisture removal (dehumidification) performance of cooling coils at part-load conditions. A
review of the open literature was initially conducted to learn from previous research on this
topic. Detailed performance measurements were then collected for eight cooling coils in a
controlled laboratory setting to understand the impact of coil geometry and operating conditions
on transient moisture condensation and evaporation by the coils. Measurements of cooling coil
dehumidification performance and space humidity levels were also collected at seven field test
sites. Finally, an existing engineering model to predict dehumidification performance
degradation for single-stage cooling equipment at part-load conditions (Henderson and
Rengarajan 1996) was enhanced to include a broader range of fan control strategies and an
improved theoretical basis for modeling off-cycle moisture evaporation from cooling coils. The
improved model was validated with the laboratory measurements, and this report provides
guidance for users regarding proper model inputs. The model is suitable for use in computerized
calculation procedures such as hourly or sub-hourly building energy simulation programs (e.g.,
DOE’s EnergyPlus building energy simulation program, http://www.energyplus.gov ).
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1 Introduction

Data from a limited number of field studies (Khattar et al. 1985; Henderson and Rengarajan
1996; Henderson 1998) have demonstrated that the moisture removal capacity of a cooling coil
degrades at part-load conditions — especially when the supply fan operates continuously.
Degradation occurs because moisture that condenses on the coil surfaces during the cooling
cycle evaporates back into air stream when the coil is off (see Figure 1-1). As a result, a cooling
coil that cycles on and off in response to a thermostat signal will have less net moisture removal
as the system spends more time with the coil deactivated.

Measured Cooling Coil Performance @ Rated Conditions
10\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\
Supply Air Fan
Operated Continuously -

ON Cycle
Moisture
Removal

OFF Cycle
Moisture
Evaporation
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Figure 1-1. On-Cycle Condensation and Off-Cycle Evaporation of Moisture from a
Cooling Coil (Henderson 1990)

Understanding the moisture-removal performance of cooling equipment over the range of
expected operating conditions is critical to predicting the indoor humidity levels that result when
meeting cooling and dehumidification loads in real building applications. While most systems
can maintain adequate humidity levels at full load or design conditions if sized properly, indoor
humidity can often drift above the generally accepted limit of 60% RH at part load. Most current
analysis tools and building simulation models do not account for these part-load effects.
Therefore, equipment manufacturers and HVAC system designers do not have the tools they
need to evaluate the impacts of their design choices.
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The objective of this project was to better understand and quantify the moisture removal
(dehumidification) performance of cooling coils at part-load conditions. The project addressed
the following specific issues:

- Moisture retention characteristics of modern cooling coils
- Moisture evaporation rate from deactivated cooling coils
e constant and variable air volume applications
e single-speed and multiple-speed compressors
- Impacts of coil geometry and operating conditions on moisture retention and evaporation
- The role that building and air conditioner controls play in latent cooling capacity
degradation
- Resulting moisture removal capacity of systems at part-load conditions and the impact
this part-load performance has on space humidity levels

This project included four major tasks: 1) Literature review, 2) Detailed cooling coil
measurements in the laboratory, 3) Field measurements of coil dehumidification performance
and resulting indoor humidity levels, and 4) Development and validation of methods to predict
latent part-load degradation. The end product is an improved mathematical model to account for
latent part-load degradation which can help design professionals more confidently predict the
energy consumption, indoor humidity impacts, and life-cycle costs of their design choices.

A comprehensive review of the open literature was completed at the beginning of the project.
This included locating and analyzing existing data sets to quantify the amount of moisture
removal degradation at part-load conditions. Information was also sought regarding
measurements of cooling coil transient moisture removal at startup, models for transient mass
and heat transfer by cooling coils, and modeling or experimental studies of moisture retention on
cooling coils. Furthermore, information was sought regarding transient evaporation studies or
models that considered a declining amount of moisture on a surface. Major findings from the
literature review are summarized in Section 2 of this report.

Detailed measurements of coil performance were also collected in a controlled laboratory setting
to understand the impact of coil geometry and operating conditions on transient moisture
condensation and evaporation by the coil. A total of eight coils were tested: seven direct
expansion coils and one chilled water coil. More than forty (40) steady-state and cycling tests
were performed on each coil. A description of the coils, test facility and experimental setup, tests
performed on each coil, and the test results are summarized in Section 3.

Another task involved collecting field measurements of cooling coil dehumidification
performance and space humidity conditions. Seven field test sites were recruited to participate in
this project and a total of eight cooling coils were monitored. Cooling coil types included
residential and commercial direct expansion (DX) systems, and commercial chilled water coils.
The residential systems included single-stage constant air volume systems, as well as single-
stage and two-stage systems with a variable-speed supply air fan. The commercial DX system
was a typical two-stage rooftop packaged unit, and the chilled water coils included one constant-
air-volume system and one variable-air-volume system. Section 4 of this report describes the test
sites, instrumentation, and analysis and discussion of the measured data.
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The field and laboratory data were used to refine and validate a mathematical model that can be
used to predict the degradation in cooling coil dehumidification performance for a wide range of
operating conditions. The model is suitable for use in computerized calculation procedures such
as hourly building energy simulation models (e.g., DOE’s EnergyPlus building energy
simulation program, http://www.energyplus.gov). Model development and validation with
laboratory test data collected as part of this project are presented in Section 5. Section 6
summarizes and compares the field and laboratory test findings, and provides guidance on best
practices for equipment manufacturers and design professionals. Section 7 provides conclusions
and recommendations for further work.



http://www.energyplus.gov/

2 Literature Review

A comprehensive review of the open literature was completed at the beginning of this project.
The primary focus was to collect information on the following relevant topics:

Measurements of cooling coil transient moisture removal at startup

Models for transient mass and heat transfer by cooling coils

Modeling and experimental studies of moisture retention on cooling coils

Transient evaporation studies or models that consider a declining amount of moisture on
a surface

More than forty technical papers, research reports, journal articles, and standards were collected
as part of this effort. Pertinent information obtained from these documents is summarized below
in Section 2.1.

In addition to the review of existing technical literature, existing sets of field measurements were
located and analyzed in hopes of quantifying the amount of moisture removal degradation at
part-load conditions for these sites. The data were also analyzed to determine if the amount of
moisture retention on the cooling coils could be estimated. A summary of the analysis results is
provided in Section 2.2.

Another aspect of this task was to investigate the impacts of fan overrun on the test and rating
procedure for determining seasonal energy efficiency ratio (SEER) (Federal Register 2005, ARI
2005). The appropriate ARI test standard procedures were analyzed along with reports from
previous studies. Laboratory tests on a single coil were performed as part of this project to
provide additional information, and the results of this investigation are summarized in Section
2.3.

Finally, manufacturer’s product information was reviewed to support the laboratory and field
testing tasks associated with this project. Specifically, manufacturer’s product data were
collected and analyzed to provide guidance for selecting the direct expansion cooling coils to be
tested in the laboratory as part of this project. Manufacturer’s data were also collected to
understand the operation of currently-available residential products with variable-speed air
handlers for improved dehumidification performance, and to assist with selecting equipment to
be monitored at two of the field test sites. The results of the manufacturer’s data review are
provided in Section 2.4 below.

2.1 Summary of Technical Documents

A comprehensive review of the open literature was completed at the beginning of the project.
Information was sought regarding moisture removal during cooling coil startup, models for
transient mass and heat transfer by cooling coils, and modeling or experimental studies of
moisture retention on cooling coils. Furthermore, information was sought regarding transient
evaporation studies or models that considered a declining amount of moisture on a surface.
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A total of 46 technical papers, research reports, journal articles, and standards were collected as
part of this effort. A complete listing of the collected documents is provided in Appendix A.
While these documents pertained to the topics of interest in a general sense, only a few provided
information that was directly applicable to this project. The following sections describe the
applicable information and its implications for the project.

2.1.1 Transient Moisture Removal by Cooling Coils at Startup

Katipamula and O’Neal (1991) performed a literature review and laboratory tests related to the
transient dehumidification performance of residential direct-expansion heat pumps when
operating in cooling mode. A summary of their work is provided in Appendix B. The project
focused on quantifying part-load performance losses for the case when the cooling coil and
supply air fan cycle on and off in tandem (AUTO fan mode). For buildings located in hot and
humid climates, the authors note that the dehumidification capabilities of a heat pump are
important in achieving and maintaining comfort in the conditioned space. They also note that
since heat pumps operate at a part-load condition for many hours of the year, understanding their
dehumidification response is essential to quantifying both comfort and efficiency.

The authors drew a number of conclusions from the literature that they reviewed:

1. The performance losses due to transient effects can be as much as 20 percent.
It takes 6-15 minutes to achieve steady state performance after compressor start-up.

3. The transient response is affected by the number of on-off cycles and percent compressor
on-time during each on-off cycle.

4. The mass of the heat exchangers (indoor and outdoor coils) affects transient losses.

5. The off-cycle migration of refrigerant from the condenser to the evaporator causes
significant losses in capacity.

6. The relationship between cooling load factor (CLF) and part-load factor (PLF) is
nonlinear.

7. Compressor power is relatively unaffected due to part-load operation.

8. The transient performance is independent of outdoor temperature.

The authors noted that much of the research on heat pump transient losses had been confined to
the heating mode of operation. For the cooling mode, the research had focused on quantifying
the effects of heat exchanger mass, the impact of off-cycle refrigerant migration on transient
sensible capacity, and the effects of cycling (percent on-time and cycling rate) on cooling
performance. The authors indicated that transient dehumidification performance had not been
addressed thus far. Therefore, they completed a series of laboratory tests to characterize the
transient dehumidification response of a nominal 3-ton (10.5 kW) air-to-air heat pump by
varying percent on-time, thermostat cycling rate, indoor dry-bulb temperature and indoor
humidity while keeping outdoor dry-bulb temperature and air flow rates constant. As mentioned
previously, all tests were performed with the compressor and supply air fan cycling on and off in
tandem (AUTO fan mode).



The test results highlighted several trends, including:

1. For nearly all tests, moisture was added to the supply air stream immediately after
compressor start-up, and dehumidification of the air began after 60 to 150 seconds of
compressor operation depending on the entering air conditions.

2. The heat pump’s latent cooling (dehumidification) capacity took 3 to 15 minutes to reach
steady state after compressor startup. The time required for latent capacity to reach steady
state increased as the number of on/off cycles per hour increased, and the time to reach
steady state also increased as inlet air humidity levels decreased (at a constant inlet air
temperature).

3. The loss in latent capacity was greater than the loss in sensible capacity as the
compressor runtime was decreased and as the number of on/off cycles per hour increased.
So oversized equipment, which is commonly installed, will cycle on/off more often
which will negatively impact dehumidification performance.

Finally, the authors developed a relationship for normalized sensible and latent cooling capacity
as a function of percent compressor on-time and inlet air relative humidity. While the form of the
correlation was consistent with previous models, the authors note that the model coefficients will
vary from system to system. The resulting “effective” sensible heat ratio (sensible capacity
divided by sensible plus latent capacity) based on their correlation evaluated at 50% RH inlet air
conditions is shown in Figure 2-1 below. The difference between the SHR calculated by the
normalized capacity correlations and the measured steady-state SHR is due to the correlation
coefficients being the best fit of the measured data (i.e., the normalized correlations do not
evaluate to exactly 1.0 for 50% RH with percent on-time of 1.0).

The results in Figure 2-1 are similar to those found by Khattar et al. (1987) through field
measurements. Khattar also showed a modest amount of degradation in dehumidification
performance (i.e., increase in sensible heat ratio) with lower compressor runtime fractions when
the supply air fan cycles on/off with the compressor. Khattar went on to show that the amount of
latent degradation is substantially greater when the supply air fan operates continuously while
the compressor cycles on/off to meet the thermostat set point temperature. See Section 2.1.3 for
further discussion of the Khattar study.
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Figure 2-1. Effective Sensible Heat Ratio Versus Compressor Percent On-time

2.1.2 Modeling and Experimental Studies of Moisture Retention on Cooling Coils

Jacobi et al. completed a series of laboratory studies measuring moisture retention on cooling
coils (Korte and Jacobi 1997, Yin and Jacobi 2000, Kim and Jacobi 2000). A summary of their
results is presented here, with additional details provided in Appendix C.

The researchers developed experimental techniques to dynamically measure condensate
accumulation on cooling coil surfaces. Initial experiments used a load cell for these
measurements. However, later experiments used a calibrated balance to directly weigh the coil
during each test.

A wide range of heat exchanger geometries was evaluated, including variations in fin spacing,
fin type (plain, wavy, slit), and number of coil tube rows in the direction of air flow. The impacts
of coil coatings (corrosion resistant and hydrophilic) were also investigated. The tests were
performed at relatively hot and humid enter air conditions of 95°F (35°C) dry-bulb temperature
and 75°F (23.9°C) dew point temperature. A glycol-water mixture was circulated through the
coil tubes, with the coil inlet fluid temperature maintained between 32-38°F (0-3.3°C) which
assured the air-side coil surfaces were fully wetted. These studies did not look at other entering
air/fluid conditions since they were primarily focused on coil geometry and surface issues.

Figure 2-2 shows moisture retention on the cooling coil as a function of time for three plain fin-
and-tube heat exchangers with different fin spacing. In all cases moisture retention on the air-
side coil surfaces grows steadily after cold fluid begins flowing through the heat exchanger
tubes, with the maximum amount of moisture retention increasing with greater fin densities. For

2-4



the case of 12 fins per inch (2.12 mm fin spacing), the measurements detected an “overshoot” of
moisture retention. This implies that a certain amount of moisture builds up before it begins
shedding off the coil. Moisture retention on the coil eventually settles out to a slightly lower
steady-state value. This moisture “overshoot” was not observed for the closer fin densities that
were tested (i.e., 16 fpi and 20 fpi). Coils with wavy and louvered fins were tested over the same
range of fin spacing but did not exhibit this “overshoot” effect.
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Figure 2-2. Real-time Moisture Retention for Plain Fin-and-tube Heat Exchangers (Yin
and Jacobi 2000)

The studies also showed that hydrophilic coil coatings significantly reduce moisture retention
(Figure 2-3). These coatings increase surface wettability and reduce the thickness of condensed
moisture droplets. Not only can the coatings decrease moisture retention but they can also
significantly reduce the air-side pressure drop leading to reduced fan power requirements. The
wettability of hydrophilic coatings tends to degrade over time, however, and research on
improving their long-term performance continues (Hong and Webb 2001, Yamazaki et al. 2000).
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The authors presented most of their results in terms of mass of retained moisture (maximum at
steady-state conditions) per unit area of air-side coil surface (i.e., grams/m’, or Ib/ft*). The test
results indicate the following:

1. With a coil face velocity of 2 m/sec (394 ft/min), which is typical for commercial and
residential air conditioners, moisture retention varied from approximately 70-120
grams/m” (0.014-0.025 1b/ft*) depending on number of coil rows, fin type, fin spacing and
coil coating (if any).

2. Fin enhancements (i.e., wavy or slit versus plain) increase moisture retention, on the

order of 10-20 grams/m” (0.002-0.004 1b/ft%) for the coils that were tested.

Moisture retention increases as fin density increases (i.e., fin spacing decreases).

4. While total moisture retention increases with the number of coil tube rows, moisture

retention per unit of surface area decreases slightly. This is due to air velocity-driven

sweeping of the moisture. Deeper coils with more tube rows have longer fin lengths,
allowing more time for moisture droplets to reach their maximum size which causes them
to be shed from the coil.

Surface coatings decrease moisture retention.

6. Moisture retention tends to decrease slightly or remain constant with increasing air flow.
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2.1.3 Field Measurements of Latent Capacity Degradation at Part-Load
Conditions

Of the literature review documents located as part of this project, field testing performed by
Khattar et al. in 1983 was the earliest effort to begin quantifying the latent capacity degradation
of direct expansion (DX) cooling equipment under part-load conditions (Khattar et al. 1985,
Khattar et al. 1987). Like Katipamula and O’Neal, Khattar observed that latent capacity took
longer to reach steady state after compressor startup than sensible capacity (Figure 2-4). In
addition, a series of tests were performed on a small packaged air conditioner (29,600 Btu/h,
8.67 kW) to determine the impact of supply air fan operation mode on dehumidification
performance. The fan was operated in the AUTO mode (fan cycles on/off with compressor) and
ON mode (fan runs continuously while compressor cycles on/off to meet thermostat set point
temperature). The test results, shown in Figure 2-5, were expressed in terms of moisture removal
per unit of electricity consumed. These results show a modest degradation in moisture removal
capacity with fan AUTO mode (similar to Katipamula and O’Neal), with a much greater
degradation for fan ON mode. One item to note, however, is that the test points shown in Figure
2-5 were collect at different entering air relative humidity conditions. Adjusting for differences

in inlet air humidity would change the results somewhat, but not the overall trend (see Appendix
D).
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Figure 2-4. Air-conditioner Transient Performance During Start-up
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One of the major objectives of the literature review was to collect information that would be
useful for developing and validating models and approaches to quantify latent capacity
degradation at part-load conditions. A first-generation model was previously developed by
Henderson and Rengarajan (1996) to predict latent capacity degradation with continuous supply
air fan operation. Model inputs include the amount of moisture retained by the coil under normal
operation (i.e., fully wetted) and the initial rate of moisture evaporation from the cooling coil
when the compressor turns off. Appendix D summarizes the efforts to extract these model inputs
from the Khattar field study, primarily using Figure 2-6. For the cooling coil that was tested, the
amount of moisture retained on the coil was estimated at 0.63 Ib (0.29 kg), or about 0.26 1b per
ton of total cooling capacity (0.033 kg/kW).
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Henderson (1998) also collected field test data on the part-load dehumidification performance of
a 3-ton (10.5 kW) water-to-air heat pump with fan ON mode. The collected information was
used to validate the Henderson and Rengarajan first-generation mathematical model for latent
degradation. Figure 2-7 compares the measured trend in sensible heat ratio with the results of the
latent degradation model. Based on field measurements, the amount of moisture retained on the
cooling coil was estimated at 2.1 Ib (0.95 kg), or about 0.7 Ib per ton of total cooling capacity
(0.09 kg/kW). This amount of retained moisture was noticeably higher than the retained moisture

for the Khattar field test unit.
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2.1.4 Transient Moisture Evaporation from a Wetted Surface

When a wet cooling coil is deactivated while the supply air fan continues to operate, the retained
moisture on the coil begins to evaporate into the air stream. One aspect of the literature review
was to try to locate information related to transient evaporation studies or models that considered
a declining amount of moisture on a surface. Unfortunately, information on this specific subject
was not found. However, studies on evaporative cooling were located and they proved to be
useful for this project.

The original latent degradation model developed by Henderson and Rengarajan (1996)
considered linear decay, exponential decay, and constant moisture evaporation rates. Laboratory
measurements (Henderson 1990) had indicated that a linear or exponential decay of moisture
evaporation rate over time was more appropriate. However, the choice of moisture evaporation
profile was not based on engineering equations for the process of interest.

In many ways, the process of moisture evaporation from a wet cooling coil after the coil is turned
off is analogous to a direct evaporative cooler. The exception is the amount of moisture on the
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wet cooling coil decreases over time as air flow continues over the coil, as opposed to a direct
evaporative cooler where the moisture on the media is replenished to maintain the desired
cooling effect.

Stabat et al. (2001) reviewed both principal and simulation models for indirect and direct
evaporative cooling systems. Their goal was to identify a simplified pre-design tool to evaluate
the feasibility of evaporative cooling systems, and a more detailed design tool to estimate annual
water and energy consumption. As part of their review of existing models, the authors derived an
equation for the “saturation effectiveness” of a direct evaporative cooler:

-NTU

n=l-e
where:

) . T .—T @, 4 — O
n = saturation effectiveness = 2% 1% _ _odv L&

—Tia @; b — @i gy

i,wb

NTU = % =Number of transfer units

Ma

Todb = Outlet air dry-bulb temperature
Tigb = Inlet air dry-bulb temperature

Tiwo = Inlet air wet-bulb temperature

Wodp = Outlet air humidity ratio

wigp = Inlet air humidity ratio

wiwp = Inlet air humidity ratio at saturated conditions based on T
rha = air mass flow rate

s = constant

This equation, along with other assumptions, was used to develop a model for transient moisture
evaporation from a cooling coil. The improved moisture evaporation model was subsequently
integrated into the original latent capacity degradation model from Henderson and Rengarajan.
See Section 5 of this report for more details regarding this model development effort.

2.2 Analysis of Existing Data Sets of Field Measurements

In addition to reviewing and summarizing technical documents, the literature review effort also
involved locating and analyzing existing data sets of field measurements that may be relevant to
this study. Specifically, the authors of this report had collected data at field test sites for other
purposes, but it was anticipated that the type and quality of data collected would provide
pertinent information. The existing data sets that were analyzed are summarized below:

1. Constant-air-volume chilled water cooling coil in a Florida commercial building

2. Residential water-to-air, direct expansion heat pumps at 12 North Carolina sites
3. Two commercial direct expansion packaged units in Texas
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Details regarding the analysis of these data sets are provided in Appendix E. The goal was to
quantify the amount of moisture removal degradation at part-load conditions for these sites. In
addition, efforts were made to estimate moisture retention on the direct expansion cooling coils
by measuring the delay time between compressor startup and the first measurement of
condensate removal (“condensate delay time”) starting from a dry coil.

The analysis of residential heat pump data provided the most useful information. In fact, one of
these twelve sites was used by Henderson (1998) to validate the original latent degradation
model (Figure 2-7), so analysis primarily focused on the other 11 homes. Condensate delay times
were computed for several of the test sites, and the trends in delay time with varying inlet air
conditions were similar to those seen from the laboratory and field tests completed as part of this
project. Graphs of “effective” sensible heat ratio as a function of runtime fraction were generated
for two of the sites, and the degradation in dehumidification performance at reduced runtime
fractions was similar to that shown in Figure 2-7.

2.3 Impacts of Fan Overrun on Seasonal Energy Efficiency Ratio

One well-known aspect of the SEER test procedure is the potential to improve the SEER of the
unit using fan overrun strategies. Because of the test procedure details, keeping the fan on for a
short period after the compressor cycles off can increase the cyclic EER determined at dry coil
conditions (Test D) and decrease the degradation coefficient (Cp), thereby increasing the
calculated SEER. The literature cited in this section universally implies that this type of fan delay
would hurt the latent performance of the unit at part-load conditions.

To evaluate the impact of fan overrun, a direct expansion cooling coil (coil 2, see Section 3) was
tested in accordance with the DOE test procedures that are given in Appendix C of ARI 210/240-
2005 (ARI 2005). The focus was on Tests C and D, which operate the coil at “dry coil”
conditions to determine the efficiency degradation at cyclic conditions'. Historically these tests
have been completed at dry coil conditions to make the test more manageable and repeatable.
Work at the National Institute of Standards and Technology (NIST) had shown that transient
measurements of humidity (or wet bulb) were difficult and that a cyclic test at dry-coil
conditions yielded the same result as at wet-coil conditions (Kelly and Parken 1978). The
laboratory instrumentation available in this study made it possible to accurately measure
transient performance at wet-coil conditions.

The details of the laboratory testing related to Test D of the SEER Test Procedure are given in
Appendix F. As expected, adding a 90-second fan delay resulted in a slightly lower calculated
value of Cp, at dry-coil conditions (80°F [26.7°C] inlet air dry-bulb temperature, 58°F [14.4°C]
inlet air wet-bulb temperature). The cyclic EER increases because the integration time for
delivered capacity is also increased by 90 seconds. The additional 90 seconds of off-cycle
sensible capacity appear to be provided by coil thermal mass as well as by evaporating the
modest amounts of moisture that collected on the coil (some moisture likely formed even at these
dry entering air conditions).

' The procedures for Tests C and D call for entering air with low enough moisture content so no condensate forms
on the indoor coil (57°F [13.9°C] or lower wet-bulb temperature is recommended). The FSEC test facility was able
to achieve 58°F [14.4°C] entering air wet-bulb temperature.
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Analogous cyclic testing at wet-coil conditions demonstrated that there is no real gain in cyclic
efficiency at actual operating conditions due to a 90-second fan overrun. A cyclic test similar to
Test D, but at wet-coil conditions (80°F [26.7°C] inlet air dry-bulb, 60.4°F [15.8°C] inlet air dew
point), indicated that the Gross EER of the system (not accounting for supply fan power and
heat) changed by less than 1% with the fan delay. When the impact of the supply fan power and
heat is accounted for, the fan delay actually decreased the Net EER by 4%. Table 2-1
summarizes the impact of a 90-second fan delay on gross and net efficiency for this test coil.

Table 2-1. Impact of Fan Overrun on Actual Operating Efficiency

Gross EER Net EER
(Btu/Wh) (Btu/Wh)
Cycling (AUTO) Fan 11.15 9.47
90 sec Fan Overrun 11.09 (-1%) 9.10 (-4%)
Notes: Gross EER = (Qsensible + Qcondensate)
Unit Power
Net EER = (Qsensible + Qcondensate — Qfanheat)
(Unit Power + Fan Power)

Not only does the fan delay not result in an actual efficiency benefit, it also severely degrades the
latent capacity of the unit (see Appendix F). At wet-coil conditions with 6 minutes of compressor
on-time and 24 minutes off-time (i.e., 20% compressor runtime), the cyclic latent capacity
provided by the unit (measured as condensate removal after 3 repetitions of the test) decreased
by 44% with a 90-second fan delay after the compressor cycled off. So the fan delay, often added
by manufacturers to slightly improve the calculated SEER, actually resulted in a small efficiency
loss for the coil tested here (-4%) and significantly degraded the latent capacity of the unit
(-44%) at 20% compressor runtime. In general, we speculate that the impacts of fan delay on
efficiency for other coils will be small (£5%) but the degradation in latent capacity will be
significant (20% to 50%).

2.4 Review of Manufacturer’s Product Information

Manufacturer’s product information was reviewed to understand the geometric details of cooling
coils used in currently-available equipment. Characteristics for direct-expansion cooling coils
were compiled for more than 500 residential and commercial air-conditioning products from four
major U.S. equipment manufacturers. This information was analyzed to guide the selection of
coils to be tested in the laboratory (see Section 3). The goal was to determine the range of
common coil geometries and variations by equipment type.

The cooling coil information was analyzed in a number of different ways, with details provided
in Appendix G. One portion of the analysis focused on cooling coils in both residential and
commercial packaged equipment (as of 2002). Another part of the analysis considered
information for all coils for which data were collected (packaged units, air handlers, and
evaporator coils). Considering the information for all cooling coils, the typical evaporator coil is
3-rows deep and has just over 14 fins per inch. The evaporator face area for all coils averaged
1.23 ft* per nominal rated ton (0.033 m*/kW) and the total amount of evaporator surface area
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averaged 103.6 ft*/ton (2.74 m*/kW). Coil geometry variations by equipment type are shown in

Table 2-2.

Table 2-2. Variations in Coil Geometry by Equipment Type

Evaporator Evaporator Evaporator Evaporator
Face Area Fin Surface RoF\)/vs ) Fin Spacing
(ft’/ton) Area (ft’/ton) (fpi)
Residential
Packaged 1.41 113.5 2.8 14.9
Commercial
Packaged 1.15 101.3 3.1 14.6
All coils 1.23 103.6 3.0 14.3

Note: Fin surface area is gross fin area: coil face area (ft*) x coil depth (in) x fin spacing (fpi) x 2

Figure 2-8 shows the frequency distribution for number of coil rows by equipment type. The
frequency distribution for fin spacing by system type is shown in Figure 2-9, indicating most
direct expansion cooling coils have 12 — 16 fins per inch (4.7 — 6.3 fins/cm). These figures show
that there are some coil geometry differences based on equipment type, and the analysis also
showed that there are some variations based on coil size as well.
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Figure 2-8. Frequency Distribution for Number of Coil Rows
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Figure 2-9. Frequency Distribution for Coil Fin Spacing

In addition to collecting information on cooling coil characteristics, another area of interest was
new variable-speed residential equipment with improved dehumidification performance which is
being heavily marketed in humid climates like the southeastern U.S. Several equipment
manufacturers have implemented supply fan control schemes intended to limit latent capacity
degradation or enhance steady-state latent capacity. Fan delays as well as brief operating periods
at lower fan speeds are often used to enhance latent capacity. Manufacturer’s data were collected
to understand the operation of these new residential products, and a summary of the enhanced
fan control schemes being used is listed in Table 2-3. The collected information was also used to
assist with selecting equipment to be monitored at two field test sites (see Section 4).



Table 2-3. Enhanced Fan Control Schemes for Improved Dehumidification

Soft Start Dehumidify | Off-Cycle Delay . .
Manufacturer Time & Elow | Time & Elow | Time & Flow Humidistat Option Comments
Trane 1 minute at Upto 7.5 3 minutes at 50% | 80% of full flow when Without humidistat (Comfort-R™ enhanced mode), air
50% full air minutes at full air flow humidistat enabled handler ramps up to 100% full flow after 8.5 minutes.
flow 80% full air Cooling is terminated when thermostat set point is
flow reached, at which time the compressor is turned off
and the fan operates at 50% flow for 3 minutes.
Goodman Time not NA Time not given, Reduced air flow when Standard fan operation, with ramp up and ramp down,
given, stepped to 50% humidistat enabled (exact | is primarily targeted toward avoiding warm or cold air
ramp full air flow percentage not given) “blasts” at start-up and modest efficiency gains at shut
down. An optional humidistat can be installed to
reduce air flow and improve dehumidification.
Carrier Standard | 30 seconds 150 seconds at | None Standard humidistat Thermostat controls compressor operation. Humidistat
(ENH mode) with no 70% full flow | (for “added reduces flow to 80% simply limits the maximum air flow to 80%.
airflow comfort”)
Carrier Max run time | Depends on Thermidistat™ allows Superdehumidify limits maximum air flow to 80% to
Thermidistat™ in this mode is | settings, “None” | overcooling based on limit overcooling. The manufacturer suggests
(Cool to 10 minutes suggested for dehumidify signal by up to | removing the 90 second off-cycle fan delay for
Dehumidify, or ON, 10 maximum 1.7°C (3°F). RH set point is | maximum dehumidification performance. If fan is set
Superdehumidify) minutes OFF. | dehumidification | reset 2% up for every 0.6°C | to continuous, the fan signal is removed for 5 minutes
(1°F) of overcooling. after the compressor turns off.
Lennox 30 seconds at | Upto 7.5 30 seconds at EfficiencyPlus™ control Compressor operation controlled by thermostat unless
50% full flow | minutes at 50% flow indicates degree of EfficiencyPlus™ humidistat is installed.
80% full flow deviation from RH set point
with lights. Varies indoor
blower speed and
compressor speed (if
applicable), but control
details not given
Nordyne None in De- 10 minutes at | Not given Standard humidistat Air handler settings provide two soft start and off-
Hum mode 75% flow reduces airflow by cycle delay options for “energy efficiency and

unspecified amount

comfort”. De-Hum setting provides reduced flow for
up to 10 minutes to improve dehumidification.

Source: Manufacturer’s published technical literature (circa 2001, 2002)
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3 Laboratory Testing

Detailed measurements of cooling coil performance were collected in a controlled laboratory
setting to understand the impact of coil geometry and operating conditions on transient moisture
condensation and evaporation by the coils. A total of eight coils were tested: seven direct-
expansion coils and one chilled-water coil. More than forty (40) steady state and cycling tests
were performed on each coil. This section describes the test facility and experimental setup,
detailed measurements that were made, tests performed on each coil, and the test results.

3.1 Testing Facility and Experimental Setup

An existing laboratory facility was used to collect detailed measurements on the part-load
dehumidification performance of selected direct-expansion (DX) and chilled water (CW) cooling
coils. The facility contains two psychrometric chambers that were used to maintain various air
conditions (dry-bulb temperature and humidity levels) while testing coil performance. Both
chambers were utilized to test the direct expansion coils (indoor coil in one chamber and the air-
cooled condensing unit in the adjacent outdoor chamber), while only one chamber was required
for testing the chilled water coil. The control room set up and outdoor test chamber are shown in
Figure 3-1 and Figure 3-2 below. The condenser section shown below in the outdoor test
chamber utilizes a variable-speed scroll compressor that was used for testing all DX coils
selected for this project.

Figure 3-1. Control Room Figure 3-2. Outdoor Test Chamber

The indoor test chamber is shown in Figure 3-3 with coil 1 installed for testing. The figure shows
the air handler’s vertical flow configuration in the left pane and the air flow measurement station
and electric steamer in the right pane. Each air handler or coil was installed after completion of
the entire series of tests for the previous coil. All coils except coils 4 and 8 were configured as
shown in Figure 3-3 with the supply air fan included in the coil cabinet.
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Figure 3-3. Indoor Test Chamber

A total of seven direct-expansion coils and one chilled-water coil were tested in the laboratory
facility. The DX coils were selected to represent the range of common coil geometries based on
manufacturer’s product information (see Section 2.4). The chilled water coil was selected as a
common configuration yet different from the two chilled water coils being monitored as part of
the field tests. Each coil was installed within the indoor chamber of the test facility. The
characteristics of the tested coils are provided in Table 3-1 below.

Table 3-1. Description of Lab-Tested Cooling Coils

Fin Cooling | Fin Surface
Coil | Configuration | Type Description, expansion device | Rows | Spacing | Capacity Area
(fpi) | (ton/kW) | (f*/m?)
| Vert %IflU’ Fan| x| Slanted coil with plain fins, orifice | 3 13 |29/102 |2438/22.7
Vert. AHU, Fan A-coil with lanced sine-wave fins,
2 Off DX TXV 3 15.5 24/84 |237.8/22.1
Vert. AHU, Fan A-coil with lanced sine-wave fins,
3 Off DX TXV (Coil 2 with low air flow) 3 15.5 1.4/49 |237.8/22.1
4 Horiz. Casing, DX Ve;rtwal coil with wavy fins, ) 14 18/63 | 1374/1238
No Fan orifice
5 | Vvert %Igj »Fan| e | Slanted coil with wavy fins, orifice | 4 12 | 23/81 |162.7/15.1
6 |Vert ‘gfIfU’ Fan| by | A-coil with wavy fins, TXV 3 13 | 1.6/60 |231.1/215
Vert. AHU, Fan A-coil with wavy fins, TXV (Coil
7 Off DX 6 with high air flow) 3 13 20/7.0 |231.1/21.5
3 Horiz. Casing, CW Vert1ca} coil Wlth wavy fins, no 4 10 15/53 | 1575/ 146
No Fan expansion device

Notes: Additional information for each coil is provided in Appendix H.
AHU = air handling unit, TXV = thermostatic expansion valve
Fin surface area is gross fin area: coil face area (ft*) x coil depth (in) x fin spacing (fpi) x 2

3-2




Schematic representations of the vertical and horizontal airflow test configurations are shown in
Figure 3-4 and Figure 3-5 below. Coils 1 through 3 and 5 through 7 were air handler assemblies
that were tested in the vertical configuration shown in Figure 3-4. Each air handler included a fan
(though the fan was not operated in every case). Coils 4 and 8 were stand alone cased coils tested
with horizontal airflow as shown in Figure 3-5. All coils were tested using a booster fan to
overcome the pressure drop of the airflow measurement station and to control the airflow rate
through the unit.
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Figure 3-4. Schematic of Vertical Flow Test Configuration
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Figure 3-5. Schematic of Horizontal Flow Test Configuration
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The test facility is capable of testing air-conditioning systems with cooling capacities up to 3
tons (10.5 kW) while maintaining constant temperature and humidity conditions as specified in
ASHRAE Standard 37 (ASHRAE 1988). The instrumentation used in the lab is schematically
shown in Figure 3-6. The instrumentation and room controls were configured to allow for
transient testing of air conditioner performance. The controls in the indoor test chamber were
programmed to maintain constant space conditions using proportional and integral control of
multiple heaters and an electric steamer as the cooling coil cycled on and off. Outdoor test
chamber temperature was maintained using a chilled water coil and a variable-speed fan, and a
heater was used to trim the chamber temperature when the DX condenser cycled off. To
minimize deviations in chamber conditions when the cooling coil cycled on or off, control
signals to the heaters, steamer, and other control equipment were adjusted immediately prior to
these transition periods in anticipation of the rapid change in loads.
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Figure 3-6. Schematic of Psychrometric Chambers/Coil Testing Apparatus at FSEC

3.2 Instrumentation and Monitored Variables

The test facility contains a dedicated laboratory-grade data acquisition and control system. The
facility is fully instrumented to monitor and maintain the desired conditions required for each
test. Additional instrumentation is used to measure the performance of the air-conditioning
system being tested. For this project, the system performance measurements were collected at
15-second intervals. The measured data were continuously transferred to a mainframe computer
system for processing, storage, and analysis.
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Table 3-2 below describes the monitored variables and instrumentation used to evaluate the
performance of the DX coils. Dry-bulb temperature measurements were made using type-T
thermocouples with an accuracy of + 1°F. Chilled mirror hygrometers with an accuracy of

+ 0.36°F were used to measure the dewpoint temperature of air entering and leaving the cooling
coil. Air flow measurements were made by measuring pressure drop across an ASME MFC-3M-
1984 orifice plate. Air-side pressure measurements were made using differential pressure
transducers with accuracies of = 1.0% of full scale (£0.025 in WC). Refrigerant pressures were
monitored using pressure transducers with + 0.13% full-scale accuracy (£ 0.325 psi). Electrical
energy consumption was measured using + 0.5% watt-hour transducers. Condensate removal
was monitored using a rain-gauge tipping bucket calibrated at 0.0087 lbs/tip.

Table 3-2. Data Points for Monitoring DX Cooling Coils

Description

Instrumentation

Coil entering air dew point temperature

Chilled mirror hygrometer with sampling pump

Coil entering air dry-bulb temperature

Type-T thermocouple array

Supply air dew point temperature

Chilled mirror hygrometer with sampling pump

Supply air dry-bulb temperature

Type-T thermocouple array

Supply air fan power

Watt-hour transducer

Air volume flow rate across coil

Calibrated orifice plate, pressure transducer

Refrigerant pressure at coil outlet (compressor
suction)

Pressure transducer

Refrigerant temperature at coil outlet

Surface-mounted type-T thermocouple

Refrigerant pressure at expansion device inlet
(condenser outlet)

Pressure transducer

Refrigerant temperature at expansion device inlet

Surface-mounted type-T thermocouple

Liquid refrigerant flow rate

Turbine flow meter

Compressor power

Watt-hour transducer

Compressor speed

Control voltage to inverter

Condensate removal rate

Calibrated rain gauge (tipping bucket)

Evaporator coil tube temperature (3 places)

Surface-mounted type-T thermocouples

Cooling coil air-side pressure drop

Pressure transducer

Condenser entering air temperature

Type-T thermocouple

Condenser leaving air temperature

Type-T thermocouple

The monitored variables and instrumentation for the chilled water coil tests are shown in Table
3-3 below. Many of the data points are identical to those monitored for the DX coils. However,
measurements of chilled water flow rate and coil inlet/outlet water temperatures were added
while the DX refrigerant system variables were omitted. Chilled water flow rate through the test
coil was measured using a positive displacement flow meter with an accuracy of 1.5% of reading
and a resolution of 1 pulse per 0.01 gallon.
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Table 3-3. Data Points for Monitoring the Chilled Water Cooling Coil

Description

Instrumentation

Coil entering air dew point temperature

Chilled mirror hygrometer with sampling pump

Coil entering air dry-bulb temperature

Type-T thermocouple array

Supply air dew point temperature

Chilled mirror hygrometer with sampling pump

Supply air dry-bulb temperature

Type-T thermocouple array

Air volume flow rate across coil

Calibrated orifice plate, pressure transducer

Cooling coil water flow rate

Positive displacement flow meter

Cooling coil water inlet temperature

Type-T thermocouple (metal-sheathed insertion probe)

Cooling coil water outlet temperature

Type-T thermocouple (metal-sheathed insertion probe)

Condensate removal rate

Calibrated rain gauge (tipping bucket)

Cooling coil tube temperature (3 places)

Surface-mounted type-T thermocouples

Cooling coil air-side pressure drop

Pressure transducer

Chilled water pump speed

Control voltage to inverter

As previously described, condensate removal was monitored using a rain-gauge tipping bucket
calibrated at approximately 0.0087 1bs/tip. However, the calibration of the tipping bucket varies
with flow rate. To accurately measure condensate at varying flow rates, the tipping bucket was
calibrated at 3 discrete flow rates and a calibration curve fit was used during analysis. The
calibration data and calibration multiplier for the initial tipping bucket are shown in Table 3-4
and Figure 3-7, respectively. The tipping bucket was replaced twice over the testing period
(before testing coil 5 and coil 7) and similar calibrations were performed and calibration curve

fits used during the subsequent analyses.

Table 3-4. Tipping Bucket Calibration Data

S?'rinn?e!e No of tips M\?\?;}tjerf ‘ M(lljg';[[?gl)er Fla\é\llﬁ ré)lte (tips/min)
(hr) (Ib)

0.20778 120 0.9714 0.0081 4.675 9.63

0.08833 110 0.9716 0.0088 11 20.75

0.05972 103 0.9716 0.0094 16.27 28.74
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Figure 3-7. Tipping Bucket Calibration Multiplier

Additional measurements were collected during the tests to identify control issues associated
with the test procedures for each coil. These measurements included monitoring the control
voltage sent to the heater and steamer load centers, the temperature of the chilled water holding
tank, and the control voltage sent to the air flow booster fan. This additional information was
collected and stored at the same 15-second interval as the test coil data points denoted in Table
3-2 and Table 3-3 above.

3.3 Description of Tests

A series of steady-state and cyclic tests were performed on each coil. Table 3-5 summarizes the
steady-state tests that were performed. For each of these tests, the coil was turned off for a long
period of time (typically 45-60 minutes, or longer in some cases) with continuous air flow across
the coil at the prescribed flow rate. This was done to completely dry off the cooling coil. Then,
the cooling coil was turned on for a similar length of time (> 45 minutes) to reach steady-state
conditions. The coil was then turned off for a long period until measurements indicated the coil
was completely dry again. For some of the low humidity tests, the compressor on time exceeded
4 hours.

These tests were performed for a combination of two entering air dry-bulb temperatures, three
entering air humidity levels, and four air flow rates (tests 3 through 24 in Table 3-5). These tests
were performed primarily to quantify the amount of moisture retention by each coil, and to
determine the moisture evaporation rates from the coil over time once coil operation was
terminated. Test 25 involved operating at an air flow rate of approximately 400 cfm/ton (0.054
m’/s*kW) when the coil was on, then decreasing the airflow rate by 50% during periods when the
coil was off. This test was performed to assess the impact of this change on moisture evaporation
from the coil since various manufacturers are now using this control strategy for continuous fan
operation (fan ON mode).
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Steady-state tests 1 and 2 operated the cooling coil at significantly different temperatures than
were measured during the baseline tests (3 and 4). The different coil temperatures were achieved
by adjusting the compressor speed of the variable-speed condensing unit (for coils 1 through 7)
or adjusting the entering water temperature (for coil 8). These tests were performed to determine
if coil temperature impacted the amount of moisture retained or the rate and profile of moisture
evaporation from the coil.

Table 3-5. Summary of Steady-State Test Conditions Corresponding to Each Run or Test

Test Number
Air Elow Rate Entering Coil Conditions (dry bulb/wet bulb, dew point temperatures)
80/67°F, | 80/72°F, | 80/62°F, | 75/68°F, | 75/63°F, | 75/58°F,
60°F dp 68°F dp 50°F dp 64°F dp 56°F dp | 45°Fdp
400 cfm/ton 4 (or 3) 5 6 7 8 9
300 cfm/ton 10 11 12 13 14 15
200 cfm/ton 16 17 18 19 20 21
450 cfm/ton 22 23 24
400-200 cfm/ton 25
(ON & OFF)
400 cfm/ton with low 1
coil temperature
400 cfm/ton with high )
coil temperature

Note: Test 1 and 2 sought to operate the coil at a 3-5°F higher and a 3-5°F lower coil temperature compared to the
baseline (tests 3 and 4). For coil 1 a lower suction was not possible, so a 2™ higher coil temperature was tested
(see Figure 3-28). See Appendix H for the specific temperatures used for each coil.

In addition to steady-state tests, a series of quasi-steady cyclic tests were performed on each coil
with differing lengths of coil on and off times (Table 3-6). As shown by Figure 3-8, the lengths
of the on and off times were selected to correspond with the NEMA thermostat curve with a
maximum cycle rate (Ny,x) of 3 cycles/hour at 50% duty cycle (NEMA 1990). The tests were
conducted with the fan continuously providing air flow over the cooling coil (CONST) and also
with the fan cycling on and off in tandem with the cooling coil (AUTO). Each test was repeated
multiple times to reach quasi-steady state conditions. Some additional cyclic tests were also
completed for two of the coils with various fan delay control strategies (see Section 3.5).
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Table 3-6. Cyclic Test Conditions

CIE),IA\II\SIT AFLATNO Number of ON OFF Runtime | Cycle
Times Test Time Time Fraction Rate

Test Number Repeated | (minutes) | (minutes) ) (cycles/h)
31 41 2 45 45 0.500 0.667
32 42 3 30 6 0.833 1.667
33 43 3 16 7.25 0.688 2.581
34 44 3 10 10 0.500 3.000
35 45 3-5 7 17.5 0.286 2.449
46 3-5 5.5 55 0.091 0.992

Notes: All tests performed with 80°F db/60.4°F dp inlet air and 400 cfm/ton air flow. Tests 45 and 46
were repeated up to 5 times for coils 5 — 8.

43
45

42

Cycle Rate (cycles/h)
2

46

0] \ \ \ \
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Runtime Fraction (-)

Figure 3-8. Cyclic Tests Shown on NEMA Thermostat Curve (Nmax=3)

For coil 1, the cyclic tests shown in Table 3-6 were performed at a single nominal entering air
condition (80°F [26.7°C] inlet air dry-bulb, 60.4°F [15.8°C] dew point) and air flow rate (400
cfim/ton [0.054 m*/sskW1). For the seven other coils, the cyclic tests were performed at nominal
conditions as well as other operating conditions in the constant fan mode:

3-9



e Tests 51-55, inlet air conditions of 75°F dry bulb/64°F dewpoint (23.9°C/17.8°C) with air
flow at 400 cfin/ton (0.054 m*/sskW),

e Tests 61-65, inlet air conditions of 75°F dry bulb/56°F dewpoint (23.9°C/13.3°C) with air
flow at 400 cfim/ton (0.054 m’/sskW),

e Tests 71-75, original inlet air conditions (80°F dry bulb/60.4°F dewpoint
[26.7°C/15.8°C]) but at a reduced air flow rate of 300 cfm/ton (0.041 m*/sskW).

The quasi-steady cyclic tests were performed to determine the overall degradation in
dehumidification performance at various coil cycling rates. This information was used to validate
mathematical models to predict latent capacity degradation over a wide range of operating
conditions. Model development and validation are described further in Section 5.

3.4 Test Results

The eight cooling coils were subjected to the battery of tests described in Section 3.3. In most
cases a given test series was repeated several times until operating conditions and test stability
were maintained. The test results were summarized, plotted, and analyzed in a number of
different ways. The full set of standardized results for each coil is provided in Appendix H. The
following sections show typical test results and the standard data analyses that were performed
for each coil. The results for the first test coil (coil 1) are shown to serve as an example, with
results for all test coils also shown in some cases to show variations among the coils.

3.4.1 Steady-State Tests

Steady-State Performance

Accurate measurement of coil dehumidification was of critical importance for the laboratory
tests, and two methods were used to measure dehumidification performance. First, a calibrated
rain-gauge tipping bucket was used to measure the volume of condensed water exiting the coil’s
drain pan. Measured condensate flow multiplied by the latent heat of condensation for water
(1060 Btu/lb, 2466 kJ/kg) yielded the latent cooling rate. The second method used the measured
psychrometric conditions of air entering and leaving the coil along with measured air flow rate
across the coil to calculate the coil’s dehumidification (latent cooling) rate. Moist air properties
were computed using the psychrometric routines from the ASHRAE Secondary Toolkit
(Brandemuehl 1993) and the hourly barometric pressure readings from nearby Melbourne
International Airport. The results of the two methods were plotted against each other for all tests
when the coil reached steady-state operating conditions. The resulting plot for coil 1, shown in
Figure 3-9, indicates relatively good agreement between the two methods, although some
deviation occurs at low latent removal rates. The numbers shown in Figure 3-9 represent the test
run numbers as specified in Table 3-5. Figure 3-10 shows similar agreement between the two
methods for all test coils. The solid lines in Figure 3-10 denote + 15% difference between the
two calculation methods.
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The steady-state sensible heat ratio (SHR) was also calculated and plotted versus entering air
relative humidity and air flow rate across the cooling coil. The temperature and humidity of air
entering and leaving the cooling coil, along with the measured air flow, were used to calculate
the sensible heat ratio. SHR is the sensible cooling capacity divided by the total (sensible plus
latent) cooling capacity of the coil. Figure 3-11 for coil 1 shows that the sensible heat ratio
decreases as the relative humidity entering the coil increases. The figure also shows that SHR
tends to decrease as air flow across the cooling coil decreases. All tested coils exhibited these
same general trends.
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Typical Transient Performance

For each steady-state coil test denoted in Table 3-5, the measured cooling capacity of the coil
was calculated and plotted versus time for each coil on/off cycle. The sensible (QS) and latent
(QL) capacity of the coil were calculated based on the measured entering and leaving air
conditions and air flow rate. Latent capacity was also calculated based on measured condensate
removal (QC) and the latent heat of condensation for water. The resulting plot for coil 1, run 4 is
shown in Figure 3-12.
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Figure 3-12. Laboratory Test Data for a Typical Test Run

Starting with a dry coil, Figure 3-12 shows that psychrometric sensible and latent capacity rise to
their steady-state values within 15 minutes after the cooling cycle begins for this test coil at these
test conditions. However, there is a lag before enough moisture builds up on the coil for
condensate to begin flowing from the drain pan, a delay of 13.5 minutes for the coil 1 test shown
in Figure 3-12. This condensate “delay time” is an indicator of the amount of moisture retained
on the cooling coil. Condensate delay time is relatively easy to measure at field test sites, and
may be used to estimate coil moisture retention if detailed psychrometric or condensate
measurements are not available.

The cooling coil is operated for a long period of time to assure steady-state operation has been
achieved (45 minutes in Figure 3-12). At this point the latent capacity calculated from
psychrometric properties of moist air and the measured airflow (8.9 MBtu/h [2.6 kW]) is
approximately equal to the latent capacity determined from the condensate flow rate (8.0 MBtu/h
[2.3 kW]). The compressor is then turned off and the fan continues to operate until the coil is
completely dry (time = 90 minutes in Figure 3-12).

At the beginning of the compressor off cycle (time = 45 minutes), sensible capacity continues to
be delivered due to continuous fan operation but capacity quickly drops as the system makes the
transition to an evaporative cooler. The transition takes about 1 to 2 minutes after the compressor
stops operating while refrigerant migration inside the coil and system subsides. Starting at the
transition point identified in Figure 3-12 as “gamma” (11.7 MBtu/h [3.4 kW]), the sensible
cooling is approximately equal to the latent energy associated with moisture addition. Integrating
the latent (or sensible) capacity over the off cycle provides an indication of the amount of
moisture that is retained on the coil surfaces. In this case, starting the integration after a one-
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minute delay and continuing to the designated integration point, a moisture mass of about 2 lbs
[0.9 kg] is retained on the coil based on sensible capacity (slightly higher when integrating latent
capacity which is harder to measure precisely). The designated integration point is selected as the

point at which the supply air dew point temperature first reaches the average terminal value
(defined as the average for the last 1.5 minutes of the off cycle). Dividing the moisture mass

(based on the integrated off-cycle sensible capacity) by the steady-state latent capacity indicates
that ty. 1S 16.4 minutes in this case, which is fairly close to the measured condensate delay time
of 13.5 minutes. The parameter t. is used in the latent degradation model developed by
Henderson and Rengarajan (1996), which is described further in Section 5.
Table 3-7 summarizes the measured moisture retention, condensate delay time, and the
calculated value of ty, for all tested coils. Moisture retention varied from approximately 8 to 12
Ibs per 1,000 ft* (39 to 59 g/m?) of fin area. The one exception was coil 4 which held nearly 14

Ibs per 1,000 ft* (68 g/m?) of fin area. The condensate delay time varied from 12 minutes to 34

minutes for the lab test coils at nominal conditions. Similar variations were observed for the

model parameter tye.

Table 3-7. Comparing Measured Performance Parameters for the Lab-Tested Cooling

Coils
Fin . Cond
. Retained
Capacity | Surface Moisture Mass Dglay twet
Area Time
(tons) (ft9) (Ib)  (Ib/kft®) | (min) | (min)

Coil 1
(Slanted coil, 3 row, 13 fpi, plain fins, orifice) 2.9 2438 21 8.6 13.5 165
Coil 2
(A-coil, 3 rows, 15.5 fpi, lanced sine-wave fins, 2.4 237.8 2.0 8.4 16.3 17.0
TXV)
Coil 3 (Coil 2 with low air flow)
(A-coil, 3 rows, 15.5 fpi, lanced sine-wave fins, 1.4 237.8 2.0 8.4 32.5 29.0
TXV)
Coil 4
(vertical coil, 2 rows, 14 fpi, wavy fins, orifice) 1.8 1374 1.9 13.8 235 18.5
Coil 5
(slanted coil, 4 rows, 12 fpi, wavy fins, orifice) 23 162.7 1.4 8.6 1.5 9.5
Coil 6
(A-coil, 3 rows, 13 fpi, wavy fins, TXV) 1.6 231.1 2.7 11.7 34.0 33.0
Coil 7 (Coil 6 with high air flow)
(A-coil, 3 rows, 13 fpi, wavy fins, TXV) 2.0 231.1 2.7 11.7 27.0 27.0
Coil 8
(vertical chilled-water coil, 4 rows, 10 fpi, wavy 1.5 157.5 1.4 8.9 26.5 25.0

fins, 46°F entering water temp.)

Notes: 1-  Cooling capacity includes sensible and latent cooling at nominal conditions. Nominal conditions
correspond to ASHRAE Test A test point.
2-  Fin surface area is gross fin area: coil face area (ft’) x coil depth (in) x fin spacing (fpi) x 2
3-  Condensate delay time and ty; are average for all tests at nominal conditions (tests 3 and 4).
4- Retained moisture based on off-cycle integration of sensible capacity at nominal conditions (test 4).
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Part-Load Latent Capacity Parameters

As described above, integrating the latent and sensible measurements during the compressor off
cycle provides an indication of moisture retention by the cooling coil. If it is assumed that the
coil acts as an evaporative cooler, the sensible and latent capacities during the compressor off
cycle should be equal. To check this assumption, off-cycle integrated sensible and latent
capacities were calculated for each steady state test, converted to mass using the latent heat of
condensation, and plotted against each other. This was done for all eight test coils, and the
resulting plot for coil 1 is shown in Figure 3-13. For coil 1, the integrated latent capacity
significantly exceeded the integrated sensible capacity for several test cases. Further
investigation showed these deviations occurred at high inlet air dew point temperatures. Results
for the other seven coils showed good overall agreement between the two methods for all tests
with no bias at high inlet humidity conditions. Since we expect that off-cycle latent and sensible
capacity should sum to zero, we have selected the integrated off-cycle sensible capacity as the
most reliable indication of moisture held on the cooling coil.
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Figure 3-13. Comparing Stored Moisture Mass Calculated by Integrating Sensible and
Latent Off-Cycle Capacity (Integrated with a 1-minute Delay), Coil 1

As mentioned previously, the model parameter ty. is the moisture retained on the cooling coil
times the enthalpy of condensation for water (1060 Btu/lb, 2466 kJ/kg) divided by the steady-
state latent capacity of the cooling coil. The parameter should physically correspond to the time
it takes for moisture to first fall from the coil (ignoring startup delays and other effects). Figure
3-14 compares the calculated ty.; (determined by integrating sensible capacity during the off-
cycle and then dividing by the steady-state psychrometric latent capacity during the on-cycle) to
the condensate delay time for all the test runs. There is relatively good agreement between these
two values for coil 1 at short to moderate delay times, but the difference between them increases
significantly at longer delay times (because as coil inlet air conditions get drier the integration
error to find ty.e gets larger, or because the coil is only partially wetted at the lower inlet air dew
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point temperatures). In theory the condensate delay time would always be greater than or equal
to twer (due to startup losses), so the trend seen for coil 1 was unexpected.
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Figure 3-14. Comparing “twet” (Calculated with Off-Cycle Sensible and Steady State
Latent) to the Condensate Delay Time, Coil 1

Figure 3-15 shows the same comparison of ty. versus condensate delay time for all eight test
coils. In general, all coils except coil 1 and coil 4 exhibited the expected trend of condensate
delay time being greater than or equal to ty.. For a few of the coils, a few unexpected or “stray”
condensate pulses were recorded near the start of coil operation for a couple of the runs. These
outlier points (condensate delay times < 4 minutes) are circled on the plot. The tipping bucket
measurements for coil 4 started to “stick” or respond slowly (impacting delay times), and the
sensor was subsequently replaced for the remaining coils.
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Tests for all Coils
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Figure 3-15. Comparing “twet” (Calculated with Off-Cycle Sensible and Steady State
Latent) to the Condensate Delay Time, All Coils

Figure 3-16 shows the impact of entering air dew point temperature on measured condensate
delay time. As expected, the figure shows that the delay time increases as entering air humidity
levels decrease (all coils showed this trend). Different symbols are shown on the plot for the 1*
and 2" cycles in each test sequence. For coil 1, the delay time was slightly higher for the first
cycle when the fin surfaces were totally dry. For the o cycle, the coil apparently may have had
better wetability than it did for the 1* cycle. However, this trend was not consistent for all of the
test coils. For certain coils, there was virtually no difference between the values calculated for
the 1* and 2™ cycles.
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Figure 3-16. Impact of Dew Point and Coil Wettedness on Condensate Delay Time, Coil 1

Figure 3-17 shows that the initial off-cycle moisture evaporation rate varies with wet-bulb
depression. As expected, the evaporation rate increases as the entering air wet-bulb depression
increases (i.e., entering air dry-bulb temperature minus wet-bulb temperature) and as air flow
rates increase.

The latent degradation model developed by Henderson and Rengarajan (1996) used the
following simple evaporative cooler model to predict the moisture evaporation rate at off-design
conditions:

o —q (DB-WB)
evap evap_o (80—67)

where qevap o 1S the evaporation rate at the nominal entering air conditions of 80°F dry bulb (DB)
and 67°F wet bulb (WB). This simple model is shown as the lines in Figure 3-17. For each air
flow rate, the line is based on the nominal test results at 80°F DB/67°F WB extended to pass
through zero. The measured data show essentially the same slope as the theoretical lines. The
notable exceptions are the points with higher airflow and drier entering conditions (e.g., runs 6, 9
and 24). These runs have a much lower initial moisture evaporation rate because the entering air
dew point temperature was close to the cooling coil temperature, so the fin surfaces were not
fully wetted. The smaller wetted surface area reduces the initial moisture evaporation rate. The
results for the other six DX coils were similar to those shown here for coil 1. The results for the
chilled water coil (coil 8) showed more deviation from the theoretical trends (because the entire
surface was rarely fully wetted).
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Figure 3-17. Measured Variation of Initial Evaporation Rate with Wet-Bulb Depression,
Coil 1

Stabat et al. (2001) reviewed the theoretical performance of direct evaporative coolers and
showed that the saturation effectiveness of an evaporative cooler is:

—-NTU

Newp = 1-e where NTU = K/cfm"? for an air-water mixture.

The line shown on Figure 3-18 is the best fit for the equation above to the measured data for coil
1. The resulting constant K was 5.76, which is equivalent to an NTU of 1.40 at 1,200 cfm. The
resulting K constants and NTU values for all eight coils are used later for model validation (see
Section 5.2). While there is considerable scatter due to the experimental uncertainty of predicting

the initial off-cycle moisture evaporation rate, the slope of the line is still fairly representative of
the overall trend (this was true for all eight test coils).
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Figure 3-19 compares the measured initial off-cycle moisture evaporation rate for each coil 1 test
to the predicted initial evaporation rate using the effectiveness model above. The model and
measured data generally agree when presented in this form (i.e., the overall agreement visually
appears better than in Figure 3-18 above). Again, the variation that occurs for runs 6, 9, and 24
was due to partial coil dryout. The results for the other six DX coils were very similar to those
shown here for coil 1. The results for the chilled water coil (coil 8) were similar but showed
greater variations for more tests (see Appendix H).
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Figure 3-19. Comparing Measured and Predicted Initial Moisture Evaporation Rates

Figure 3-20 shows the impact of entering air humidity and air flow rate on the amount of
moisture retained on cooling coil 1. At higher entering dew point temperatures, the moisture
holding capacity of the coil approaches the equilibrium value (approximately 2 Ibs [0.9 kg] for
coil 1). The greater scatter and magnitude at lower dew points may be due to the fact that
integration of the off-cycle evaporation rate includes the error associated with integrating the
“tail” of the profile. Also, the lower retained moisture values for runs 6, 9 and 24 are due to
partial coil dryout at the lower entering air dew point conditions.

The trends shown in Figure 3-20 for coil 1 were not consistent with the results for the other coils.
Figure 3-21 and Figure 3-22 show the impact of entering air humidity on moisture retention for
all test coils with airflow of 400 cfim/ton (0.054 m’/s*kW) and 300 cfin/ton (0.034 m’/sskW),
respectively. Some coils (e.g., coil 5) show a slight decrease in moisture retention with
increasing inlet air dew point temperature, while others show either very little variation (coil 4)
or a slight increase (e.g., coil 2 and coil 3). The chilled water coil (coil 8) showed the greatest
dependence of retained moisture on entering air dew point temperature. This strong impact of
dew point temperature implies that the chilled water coil is not fully wetted until very high inlet
air dew points are reached, which makes sense given that the water temperature continuously
increases as it travels through the coil (i.e., temperature glide). In contrast a large portion of the
DX coil is at or near the saturated suction temperature.
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Figure 3-22. Variation of Retained Moisture with Dew Point at 300 cfm/ton, All Coils

Figure 3-23 shows a 10-20% decrease in the amount of retained moisture on coil 1 with higher
air flow rates. The same general trend was seen for the other coils as shown in Figure 3-24,
although the percentage decrease varied by coil. The one exception was coil 4 which showed a
modest increase in retained moisture with higher air flow rates. Coil 4 had significant refrigerant
distribution problems which may have contributed to this unexpected trend.
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Another way to detect the amount of retained moisture is to measure the static air-side pressure
drop across the cooling coil. The difference between the pressure drop across the coil under wet
and dry conditions can provide an indication of the amount of retained moisture (the wet coil
pressure drop is measured at steady-state conditions while the dry coil pressure drop is taken as
the average pressure drop during the last part of the off cycle). Figure 3-25 shows the variation of
the wet-dry pressure difference for coil 1 with various entering air dew point temperatures at
multiple air flow rates. Comparing the values for each air flow rate generally shows a trend of
pressure drops reaching a plateau once the humidity of the entering air is sufficiently high to
fully wet the coil.

The variation of wet-dry pressure difference with entering air dew point temperature was similar
for most of the other test coils. Notable exceptions were coil 4 which showed virtually no
variation, and coil 5 which showed a slight decrease in wet-dry pressure difference over the
range of inlet air dew point temperatures. The results for coil 8, the chilled water coil, showed
that moisture retention was a very strong function of the entering air dew point temperature,
pa3rticu1arly at the higher air flow rates of 400 cfm/ton (0.054 m’/sskW) and 450 cfm/ton (0.061
m’/s*kW).
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Figure 3-25. Variation of Wet-Dry Pressure Drop with Entering Conditions and Air Flow
Rate for Coil 1

Figure 3-26 confirms that the wet-dry pressure drop is nearly a linear function of air flow rate,
which implies laminar flow in the wetted cooling coil. The trend shown here for coil 1 was seen
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for all test coils. The impact of air flow on wet-dry pressure drop was greatest for the 4-row
chilled water coil (coil 8).
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Figure 3-26. Trend of Wet-Dry Pressure Drop with Flow at Nominal Entering Conditions
of 80°F, 60.4°F dew point for Coil 1

The series of plots in Figure 3-27 were developed using the results from runs 1-3 to determine
the impact of coil temperature (saturated suction temperature for the DX coils and water inlet
temperature for the chilled water coil) on latent cooling performance and moisture retention. All
tests were run at the same nominal air flow (400 cfm/ton, 0.054 m*/s*kW) and entering air
conditions (80°F [26.7°C] dry bulb, 60.4°F [15.8°C] dew point). The plots in Figure 3-27 for
steady-state sensible heat ratio and steady-state latent capacity show the expected trend of
increased dehumidification performance with a colder coil. This trend was consistent for all test
coils, as shown in Figure 3-28 and Figure 3-29.

In Figure 3-27, the trends for coil 1 related to moisture retention on the coil and wet-dry pressure
drop both confirm that more moisture is retained when this coil is colder (i.e., lower saturated
suction temperature). However, this trend was not consistent for all test coils. Figure 3-30 shows
the variation of moisture retention with coil temperature for all test coils. While coils 1, 3, 6, 7
and 8 showed the expected trend of reduced moisture retention with warmer coil temperature,
coils 4 and 5 showed the opposite trend and coil 2 showed no clear trend at all. The reason for
the unexpected results is not known.

Figure 3-31 shows the relationship between wet-dry pressure drop and the amount of retained
moisture for the different coil temperatures. The results generally show that the increase in
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moisture mass is corroborated by the increase in air-side pressure drop. Figure 3-32 attempts to
normalize the trends. Generally the coils with fewer fins per inch and more rows (e.g., coil 8 and

coil 5) tend to show more static pressure variation on a percentage basis.
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Figure 3-27. Trend of Various Parameters with Saturated Suction Temperature for Coil 1
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Tests for all Coils: Runs 1-3
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Figure 3-28. Trend of Steady-State Sensible Heat Ratio with Coil Temperature for All Coils
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Figure 3-30. Variation in Moisture Retention with Coil Temperature, All Coils
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Figure 3-32. Normalized Wet-Dry Pressure Drop with Normalized Moisture Mass, All
Coils

One of the laboratory tests (run 25) maintained the airflow at 400 cfim per ton (0.054 m’/sskW)
during the coil on cycle, but decreased the airflow to 200 cfm per ton (0.027 m*/sskW) during the
coil off cycle. This test was completed to check the assumption that the off-cycle evaporation
process should be the same regardless of what happened during the previous on cycle. Figure
3-33 and Figure 3-34 compare the off-cycle sensible cooling capacity for run 25 to the off-cycle
sensible capacity for run 16, which maintained 200 cfm per ton for the entire on/off cycle.

The plots show that while the initial evaporation rates (indicated by the sensible cooling
provided) are similar, the shape of the curve and the total amount of moisture evaporated are
different. Run 16, which ran at 200 cfm per ton during the on cycle, typically accumulated more
moisture on the coil. As a result the evaporation rate for run 16 remains higher in the middle of
the evaporation process than run 25. The amount of moisture on the coil for run 25 is in better
agreement with the nominal M, (which was also determined at 400 cfm per ton during the on and
off cycle) than the amount of retained moisture for run 16. The one exception was coil 4 (Figure
3-33) which showed very similar results for both runs. These results are consistent with results
shown in Figure 3-24 that show more moisture typically accumulates on a coil at lower airflow
rates.
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Figure 3-34. Off-Cycle Sensible Capacity for Runs 16 and 25: Coils 5-8

3.4.2 Cyclic Tests

In addition to the steady-state tests, a series of quasi-steady cyclic tests was also completed to
quantify the overall part-load degradation of latent capacity. As explained previously in Section
3.3 these tests were completed for each coil with differing lengths of coil on and off times, which
were selected to correspond with the NEMA thermostat curve with a maximum cycle rate of 3
cycles per hour at 50% duty cycle (NEMA 1990). The test results were used to validate latent
degradation engineering models (see Section 5.5).

The series of cyclic tests was performed on coil 1 with nominal air flow (400 cfm/ton, 0.054
m’/s*kW) and nominal entering air conditions (80°F [26.7°C] dry-bulb, 60.4°F [15.8°C] dew
point). The tests were conducted with the fan continuously providing air flow over the cooling
coil (CONST) and also with the fan cycling on and off in tandem with the cooling coil (AUTO).
Each test was repeated multiple times to reach quasi-steady state conditions (Table 3-6).
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For coils 2 through 8, these same tests described above were conducted and additional tests were
performed at other operating conditions with continuous fan operation:

e Tests 51-55, inlet air conditions of 75°F dry bulb/64°F dewpoint (23.9°C/17.8°C) with air
flow at 400 cfin/ton (0.054 m*/sskW),

e Tests 61-65, inlet air conditions of 75°F dry bulb/56°F dewpoint (23.9°C/13.3°C) with air
flow at 400 cfim/ton (0.054 m’/sskW),

e Tests 71-75, original inlet air conditions (80°F dry bulb/60.4°F dewpoint
[26.7°C/15.8°C]) but at a reduced air flow rate of 300 cfm/ton (0.041 m*/sskW).

The additional tests provided data that allowed the engineering models to be validated over a
wider range of operating conditions.

Figure 3-35 shows the net impact of part-load operation on the dehumidification performance of
coil 1 with continuous supply air fan operation. The “effective” sensible heat ratio is plotted as a
function of cooling coil runtime fraction. The delivered sensible capacity is obtained using the
integrated dry-bulb temperature difference across the cooling coil and air flow rate for the entire
on/off cycle, while the latent capacity is obtained by measuring the moisture removed at the
condensate drain (measured using the rain gauge tipping bucket). The sensible heat ratio is the
delivered sensible capacity divided by the total (sensible plus latent) capacity for the on/off
cycle. As mentioned previously, each test was repeated several times to reach quasi-steady state
conditions, and the symbols in the figure denote the test results for each cycle (repetition) for a
given coil runtime fraction. Note that the results for the 2" and 3™ cycle for each runtime
fraction show good agreement, indicating quasi-steady state had been reached.

The results for these tests were used to validate latent degradation engineering models. Figure
3-35 shows the results for various models (solid and dotted lines), which are in good agreement
with the measured data (diamond, star and triangle symbols). The engineering models and the
model validation efforts are thoroughly discussed in Section 5.

Figure 3-36 shows that some latent degradation can be detected in the AUTO fan mode as well
(i.e., when the supply air flow across the cooling coil starts and stops with compressor
operation). The sensible heat ratio is again plotted as a function of coil runtime fraction, and the
sensible and latent capacity for the entire coil on/off cycle are calculated in the same way as they
were for Figure 3-35. In Figure 3-36, the symbols again represent the test results for each on/off
cycle for a given coil runtime fraction and the results for the 2™ and 3™ cycle show good
agreement. The lines in Figure 3-36 do not represent the engineering models, but are simply lines
drawn point-to-point for the 2™ and 3™ cycle to allow the trend to be more easily observed. The
development and validation of a new engineering model to account for latent performance
degradation with AUTO fan operation are summarized in Sections 5.4 and 5.5.2, respectively.
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3.5 Cyclic Tests with Fan Delay

In addition to the standardized tests performed on all coils as described in Section 3.4, additional
tests were performed on two of the coils with alternate fan control schemes implemented. A
series of cyclic tests was performed on coil 2 to help assess the impact of fan overrun (fan
operation for 90 seconds after the cooling coil turns off) on latent removal. The test results are
presented below. A detailed analysis of how fan overrun strategies affect the SEER calculation
procedure is also given in Appendix F. A model for predicting the impact of fan overrun on part-
load dehumidification performance is described later in Section 5.4.

Test data were also collected for coil 8 with a type of fan delay scheme that shuts the fan off for
a fixed period immediately after a cooling cycle. This type of fan shutdown is often claimed to
allow the moisture on the coil to “drain down” before fan operation resumes. Data for this series
of tests are presented in Section 3.5.2, and a model for predicting the impact of this fan delay
scheme is described in Section 5.4.

3.5.1 Fan Overrun Delay

Figure 3-37 shows test data for the 31 quasi-steady cycle for coil 2 with the compressor running
for 6 minutes and off for 24 minutes (20% runtime fraction). This test is similar to Test D? that is
required for the SEER test procedure (ARI 2005) except coil 2 is wet (Test D specifies dry-coil
conditions). In this case the fan cycles on and off with the compressor (AUTO fan). Figure 3-38
shows similar data for a cycle where the fan ran for an additional 1.5 minutes after the end of the
cooling cycle. The condensate collected over an on-off cycle was 0.578 1bs with no fan overrun
delay (Figure 3-37) and 0.322 Ib with a 1.5-minute fan overrun delay (Figure 3-38). So the fan
delay degraded the effective latent capacity of the unit by 44%. Clearly even a modest fan
overrun delay degrades latent removal at these conditions.

* This test was slightly different from Test D in that dampers were not installed on both sides of the coil to
absolutely stop air flow through the coil during the off-cycle. Instead, a sheet metal cover was placed over the return
air opening during the off-cycle to minimize (or stop) air flow.

3-35



COIL2_TEST_SEER2A 12/17/02 12:00:08 Cycle #3 (Comp ON time: 6.0 minutes)
T T T ‘ T T T

1.5hz, 77.7 psi, 1038 cfm

‘ 79.8F, 60.4Fdp, 516% ‘ time (minutes)

25
B Latent: 0.639 6.4 ]
20— —
: Condensate: 0.578 1.2 :
E Total Pwr: 0.280 _
< 15— —
2 _
2 ¢
s _
N _
g L i
Qo
[]
O 10{— —
3 1 Psychrometric 7
- It Latent 1
[/ .
5 ‘\ _|
‘ _
Condensate 4\ .Compressor 8
‘ Il Power 7
AT 4 ]
0‘\ L I I | “c" L
0 20

40

Figure 3-37. Test Results for Coil 2 with NO Fan Overrun Delay (AUTO Fan)

COIL2_TEST_SEER2A 12/17/02 13:30:10 Cycle #6 (Comp ON time: 6.0 minutes)
T T T ‘ T T T

80.2F, 60.4F dp, 50.8% time (minutes)
1.5hz, 77.7 psi, 1047 cfm

Figure 3-38. Test Results for Coil 2 with 1.5-minute Fan Overrun Delay

3-36

25
2 Latent: 0.437 3.5 1
20— —
b Condensate: 0.322 0.6 :
Al Total Pwr: 0.292 _
< 15(— ]
2 _
2 ¢
s ,
2z .
& L _
g
O 10} —
- Psychrometric |
1 Latent _
5 _|
i Condensate N _
| /& Compressor i
A T f
ol i L |
0 20



3.5.2 “Drain-Down” Fan Delay

Tests were also performed to study the impact of a fan “drain-down cycle”. This control strategy
turns the fan off for a fixed interval (a few minutes) immediately after a cooling cycle to drain
moisture from the coil. Fan operation is restarted after the fixed interval, presumably with little
or no penalty to dehumidification performance. Many of the laboratory tests performed on coils
1-7 did not indicate a large amount of moisture draining from the cooling coil during the off
cycle with AUTO fan operation, so a series of tests was performed on coil 8 to directly measure
the impacts of a “drain-down cycle”.

For coil 8, the quasi-steady cyclic tests with AUTO fan operation (Table 3-6, runs 41-46) were
rerun with coil drain-down periods lasting 2, 5 and 10 minutes after the cooling coil was turned
off. The supply air fan restarted after this drain-down period and ran until the end of the off
cycle. The measured sensible and latent cooling capacity of coil 8 for a typical test with 5-minute
drain-down period is shown in Figure 3-39.
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Figure 3-39. Test Results for Coil 8 with Drain-Down Cycle (5 minutes)

Figure 3-40 shows the net impact of coil drain-down (fan delay) on part-load dehumidification
performance. The “effective” sensible heat ratio is plotted as a function of coil runtime fraction,
with the symbols representing the test results and the lines representing the results from the latent
degradation model developed as part of this project. See Section 5.5.3 for more details regarding
validation of the new model with data collected from these tests on coil 8.
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The green “+” symbols in Figure 3-40 represent the results for true AUTO fan control with no
fan operation when the cooling coil is off. For this case, the SHR remains basically unchanged
near (.82 for all coil runtime fractions that were tested. The red diamond symbols represent the
test results with continuous fan operation (no fan delay). The blue “*”” and aqua “A” symbols
show the impact of 2-minute and 5-minute coil drain-down periods, which show only minor
improvement in dehumidification performance over the constant fan operation case (no fan
delay). For the 10-minute fan delay, the cooling coil “off” time for runtime fractions from 0.5 to
1.0 was less than or equal to 10 minutes (Table 3-6, runs 42-44). For these cases, the fan
remained off for the entire period when the cooling coil was off, yielding the same results as the
true AUTO fan case (green “+” symbols). With the 10-minute delay for coil runtime fractions of
0.29 and 0.09, the coil provided no net dehumidification over the complete on/off cycle (SHR =

1.
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Figure 3-40. Measured Latent Degradation for Coil 8 “Drain-Down Cycle” Tests

These results indicate that reasonable fan drain-down periods of 2 to 5 minutes yield only modest
improvement in part-load dehumidification performance compared to continuous fan operation.
However, the improvement is not caused by additional moisture draining from the coil while the
fan is off, but is simply a result of the fan running for less time when the coil is off (thereby
evaporating less moisture from the wet coil). Section 5.5.3 will confirm this point by comparing
the test data to a theoretical model that only accounts for the reduced moisture evaporation from
the wet cooling coil due to shorter fan runtimes during the coil off cycle.
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Figure 3-41 and Figure 3-42 illustrate this point in a different way by comparing the net
condensate removal (QC _tot) with various drain-down delay times. The graphs are for two
different coil runtime fractions (0.5 and 0.688). In some cases a “surge” of condensate is

apparent when the fan restarts during the coil off cycle (e.g., the case of the 5-minute delay).
However, the most prevalent reason for the loss of latent capacity is because fan operation during
the coil off cycle evaporates moisture from the wet coil, and it takes more time for moisture to
buildup and fall from the coil during the subsequent cooling cycle. For the AUTO fan case, there
is little to no off-cycle evaporation because the fan is off. Therefore, moisture starts to fall from
the coil almost immediately at the beginning of the cooling cycle. As the fan is on for longer

portions of the coil off cycle, less and less condensate is removed by the system.
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3.6 Impact of Oil on New Coils

Most of the coils tested in the laboratory were purchased new and installed in the laboratory
facility for testing. Several other researchers (e.g., Korte and Jacobi 1997) have observed that the
performance of a new cooling coil is affected by the light coating of machine oil that is left on
the fin and tube surfaces during manufacturing. This section presents measured performance data
that was collected immediately after coil installation, but prior to conducting the steady-state and

cyclic tests described in Sections 3.4 and 3.5.

3.6.1 Experiences with Coil 2

The first new coil tested in the lab was coil 2. A change in coil performance was observed over
the course of the initial testing period, apparently related to oil remaining on the exterior surfaces

of the coil due to the manufacturing process.

Table 3-8, Figure 3-43, and Figure 3-44 show that the trend of various parameters across the

20

initial part of the test period. While the steady-state sensible and latent capacities remained
roughly the same for this initial period, ty., the condensate delay time, and the amount of

moisture retained on the coil all changed substantially. The most rapid change occurs during the
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first few days of testing. The initial values of ty.: are 50-60% of the ultimate values after the
surface oil had been washed off of the fins by multiple operating cycles.

Table 3-8. Change in Performance for Coil 2

Run 3 Run 4 Run 4a Run 3a
10/14/02| 10/18/02| 10/29/02| 11/6/02
Sensible Capacity (MBtu/h) 21.3 21.8 21.6 21.8
Latent Capacity (MBtu/h) 7.8 7.2 7.6 7.8
Latent Capacity Based on
Condensate (MBtu/h) 73 6.9 / 74
Moisture Retention on Coil (Ib) 1.67 2.14 2.32 2.51
twet (Minutes) 13.7 18.8 19.4 20.6
Copdensate Delay Time 9.7 14.8 17 18
(minutes)
Peak Evaporation Rate (MBtu/h) 10.7 11.2 11.5 11.9
Gamma 1.37 1.54 1.51 1.52

Notes: Moisture retention on coil and twet based on integrated sensible capacity during
the coil off cycle.
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Figure 3-43. Change in Steady-State Coil Performance for Initial Tests with Coil 2
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3.6.2 Tracking Performance for Other “New” Coils

In order to more carefully track the change in performance for a new coil, a procedure was
established for the subsequent testing that ran a new coil through a series of on-off tests at wet
coil conditions (i.e., steady state test 3, Table 3-5). The coil was repeatedly run for 20 to 30
cycles with the coil on for 120 minutes and off until the coil was dry. Figure 3-45, Figure 3-46
and Figure 3-47 show the changes in moisture retention over time for coils 4, 5 and 8§,
respectively. Tests were also run for coil 6, but a refrigerant leak in the middle of these tests
invalidated the series. Similar to coil 2, no perceptible changes in steady-state performance could
be detected for these 3 coils. However, the moisture holding capacity of the coil did noticeably

change as the coil was “washed” by continued operation.
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Figure 3-45. Change in Moisture Retention for Initial Tests with Coil 4

The results for coil 4 were somewhat surprising in that amount of moisture retained on the coil
decreased as time progressed. The other coils were similar to coil 2 in that the mass of water
increased with time. Less consistent trends are apparent with the wet coil pressure drop. Table
3-9 summarizes the change in moisture retention as the initial oil coating washes away.

Table 3-9. Change in Moisture Retention for All Coils

Ratio of Initial Moisture Mass to Final Mass
Coil 2 0.67
Coil 4 1.50
Coil 5 0.89
Coil 6 0.66
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4 Field Testing

The field testing portion of this project involved monitoring the performance of residential and
commercial cooling systems to understand the degradation of latent (dehumidification) capacity
at part-load conditions. Field measurements were also collected to understand the impact of
supply air fan operation on indoor humidity levels. Eight cooling systems were monitored at
seven field test sites. The systems included residential split direct expansion (DX) equipment
(single-stage and two-stage condensing units), a commercial rooftop unit, and chilled water coils
in both constant air volume and variable air volume applications. This section summarizes the
test sites and monitored data. Details regarding each site are provided in Appendix I.

The monitored data collected from the field sites generally support the laboratory test results
(Section 3). Degradation of moisture removal performance occurred with continuous supply air
fan operation for both DX and chilled water coils. In addition, systems operating with AUTO fan
control (supply air fan cycles on and off in tandem with the cooling coil) showed some degree of
moisture removal degradation, although to a lesser extent than for continuous fan operation.

A brief description of the field test locations and cooling system types are documented in Section
4.1. Instrumentation used to monitor system performance is described in Section 4.2. One-time
measurements were recorded while on site to install the monitoring equipment, and the results
are discussed in Section 4.3. Information about each coil and system was carefully documented,
and an example of the collected information is provided in Section 4.4. Analysis and discussion
of the measured data are provided in Section 4.5.

4.1 Description of Field Test Sites

Table 4-1 below describes the field test sites selected for this project. The sites were chosen to
cover a range of climates and applications. Four test sites involved monitoring residences with
split DX systems. A commercial rooftop packaged unit (DX) serving a large retail store was
monitored at another site. Two test sites were selected to monitor the performance of chilled
water coils: a variable-air-volume air handler serving an office building and a constant-air-
volume air handler serving a laboratory building. The sites were located in four eastern states,
ranging from Florida to Connecticut.

The systems were monitored under normal operation as selected by the building owner. This
included operating parameters such as unit scheduling, set points and fan control. If the supply
air fan typically operated in the AUTO mode (fan cycles on/off in tandem with the cooling coil),
the building operators were asked to operate the supply air fan continuously for one or two
weeks to also capture data with that mode of fan operation. If a system had multiple fan control
options, building operators were asked to operate the fan in each mode for several weeks to
monitor the impacts of the various fan control strategies.

A basic description of each field test coil is shown in Table 4-2. Detailed information was
documented for the coils at each field test site (e.g., manufacturer’s name, model number, coil
face area, coil depth, fin spacing, etc.), and this information is located in Appendix I. This
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information was needed to assess and compare the moisture retention characteristics of the field-
tested cooling coils with those tested in the laboratory (Section 3). Documentation of coil and
system information is described further in Section 4.4.

The test sites and cooling systems were extensively photographed to document site conditions
and installation characteristics. For example, Figure 4-1 and Figure 4-2 show the residential
direct-expansion unit for site 1 (2nd floor unit) and the commercial chilled-water air handler for
site 7.

Table 4-1. Field Test Sites

Site

Site Description

System Description

Residence in
Herndon, Virginia

Two single-stage split DX systems (2.5-ton and 3-ton) with upflow air

handling units (AHUs) and inverted A-coils.

Residence in
Merritt Island, Florida

3-ton, two-stage split DX unit with variable-speed air handler. Air

handler is an upflow A-coil design.

Residence in
Danbury, Connecticut

4-ton, single-stage DX coil for a geothermal water-to-air heat pump. Air

handler is a conventional A-coil design.

Retail store in
Brookline, Massachusetts

10-ton, two-stage rooftop package DX coil with natural gas heater. DX

coil used face-split design.

Residence in
Cocoa, Florida

3.5-ton, single-stage DX unit with variable-speed air handler. Air

handler is a conventional upflow A-coil design.

Cocoa, Florida

AHU with 6-row chilled water coil. Variable-air-volume system.

Laboratory building in AHU with 6-row chilled water coil. Constant air volume application
Cocoa, Florida with 2-way modulating water valve.
Office building in

Table 4-2. Field Site Coil Descriptions

. Nominal .
Fin Coolin Fin Surface
Site | Type Description, expansion device Rows | Spacing e Area
(fpi) | CAPACIY | g2 oy
(ton / kW)
| DX 1* floor, inverted A-coil with wavy fins, fixed orifice 3 11 3.0/10.5 | 241.5/224
2" floor, inverted A-coil with wavy fins, fixed orifice 3 11 25/88 | 241.5/22.4
2 | DX [A-coil with wavy fins, TXV 4 14 3.0/10.5 | 446.3/41.5
3 | DX |A-coil with wavy fins, fixed orifice 4 14 4.0/14.1 | 469.5/43.6
4 | DX 2-§tage vertical slab coil with straight fins, face-split 3 13 10.0/352 | 762.3/70.8
coil, TXV
5 DX [A-coil with sine-wave lanced fins, hard shut-off TXV 3 15.5 35/12.3 | 508.1/47.2
6 | cw Verjucal slab coil with wavy fins, no expansion 6 12 29/101 | 499.6/46.4
device, 2-way modulating valve
7 | cw VetTlcal slab coil with gtralght fins, no expansion 6 1 70/245 |1008.7/93.7
device, 2-way modulating valve

Notes: Additional information for each coil is provided in Appendix I
Fin surface area is gross fin area: coil face area (ft) x coil depth (in) x fin spacing (fpi) x 2
DX = direct expansion, CW = chilled water, TXV = thermostatic expansion valve
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Figure 4-1. Residential Air Handler (Site 1, 2™
Floor Unit)

S

Figure 4-2. Commercial Air Handler (Site 7)

4.2 Instrumentation

A data logger was installed at each site and programmed to scan each channel at 5-second or 10-
second intervals (varied by site). Analog channels were averaged and other points were summed
over one-minute logging intervals. Event records were also recorded each time the supply air fan
or compressor turned on or off and when condensate removal first began (i.e., the tipping bucket
produces its first pulse). For certain field test sites, the data were also logged at 15-minute
intervals so that a continuous record of overall performance was available.

The instrumentation used at each site was selected to quantify the parameters of interest for each
situation. One of the most important measurements was the amount of condensate removed by
the cooling coil. The operating parameters that drive steady-state latent removal performance,
such as the psychrometric conditions (temperature and humidity) of air entering the cooling coil
and the coil temperature itself, were also measured. Leaving psychrometric conditions were
monitored to understand the mode and rate of moisture evaporation from a deactivated cooling
coil. The parameters measured are listed in Table 4-3. The general locations of the data
collection points are shown in Figure 4-3 for DX systems and in Figure 4-4 for chilled water
systems. For DX systems, additional monitoring points are listed in Table 4-3, such as coil
suction pressure, suction temperature, and compressor power. For DX systems with variable
speed fan motors, fan speed and supply air velocity were also measured. For chilled water
systems, the water flow rate through the coil was determined by measuring the pressure drop
across a circuit-setter and converting to flow rate using manufacturer’s data for pressure drop
versus water flow rate. The temperature of the entering and leaving water was also measured for
chilled water coils.
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Table 4-3. Data Points for Field Monitoring

Point |Point I Eng.
Type |Name Description Units Sensor Type
Analog |TAM Temperature of mixed air entering coil °F Type-T thermocouple
Analog |RHM RH of mixed air entering coil %RH  |Humidity transducer
Analog | TAS Temperature of supply air leaving coil °F Type-T thermocouple
Analog |RHS RH of supply air leaving coil %RH  |Humidity transducer
Analog |DPC Eg’lli[ ic air-side pressure drop across the in H,O |Pressure transducer
Analog I TAO Outdoor air temperature °F Type-T thermocouple or RTD
Count |FC Condensate flow rate Ib Calibrated rain gauge (tipping
bucket)
Count |WF Supply air fan energy (except site 4) kWh Watt-hour transducer
Digital |SF Supply fan status minutes |Current switch
Additional Data Points for DX Coils (sites 1 through 5)
Analog | TSUC Evaporator/compressor suction op Type-T thermocouple
temperature
Analog |PSUC Evaporator/compressor suction pressure | psi Pressure transducer
Digital |SCx Coil/compressor status #x (x=1, 2...) minutes |Current status switch
Count |WU AC condenser unit energy (except site 4 KWh Wati-hour transducer
was total RTU energy)
Analog |IB Fan current amps Current transducer
Analog | TLIQ Liquid refrigerant temp (before exp. op Type-T thermocouple
valve)
st
Analog | TEVAP Evaporator temp (1™ U-bend after exp. oF Type-T thermocouple
valve)
Additional Data Points for DX Coils with Variable Speed Fans (sites 2 and 5)
Analog |VF Fan Speed (site 2 only) rpm Photo tachometer
Analog |[FA Supply Air Velocity fpm Pitot tube
Analog |RHO RH of outdoor air %RH  |Humidity transducer
Additional Data Points for Chilled Water Coils (sites 6 and 7)
Analog |TCWE  |Chilled water temperature entering coil ~ |°F Type-T thermocouple
Analog |TCWL |Chilled water temperature leaving coil °F Type-T thermocouple
Transducer measuring pressure
Analog |[DPCW | Chilled water flow rate gpm drop across water flow circuit-
setter
Analog [SVALV | Valve position/signal, CW valve % Voltage divider
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4.3 One-Time and Auxiliary Measurements

In addition to the continuously monitored data, one-time measurements of various other
parameters were collected to aid in the data analysis and potentially assist in developing and
validating the engineering models being developed as part of this project (Section 5). These
measurements were also used to confirm and enhance the continuously recorded data. The
specific number of one-time measurements was dependent on system type and physical
constraints at each field site. Table 4-4 lists the one-time measurements including air flow,
measurements of supply duct stratification, and static air pressure before and after the cooling
coil.

Table 4-4. One-Time Measurements

Point Description Instrument Notes
Name
FAL Air flow by multi-point velocity Apemometer or Equal arca method
traverse pitot tube
FA? Air flow using electric heater Measure power | Current transducer and hand-
elements & coil AT held temperature probe
To, Supply air stratification (T & Handheld T/RH
Rho RH) probe Equal area method
Ti, Rhi Mixed air stratification (T & Handheld T/RH Equal arca method
RH) probe
Dpin Static Pressure, Entering Coil Pressure Existing sensor or hand-held
transducer probe
Dpout | Static Pressure, Leaving Coil Pressure Existing sensor or hand-held
transducer probe

Air flow measurements were used with continuous readings of air conditions (T & RH) entering
and leaving the cooling coil to determine the total, latent and sensible capacity as well as the
sensible heat ratio (SHR). Temperature and humidity stratification measurements confirmed that
the cooling systems were operating as expected.

At some of the sites, battery-powered data loggers were deployed to measure air temperature and
relative humidity in the conditioned zone itself. These measurements were compared to the air
conditions entering the cooling coil to detect any major differences. These measurements were
also used to determine the impact of part-load latent degradation on space humidity levels. The
sensors were calibrated with more accurate instruments, and these portable data loggers were
time synchronized to the main data logger at the site. For site 5, zone temperature and humidity
levels were measured by sensors connected directly to the main data logger for this site (i.e.,
battery-powered loggers were not used for this site).
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4.4 Documentation of Coil and System Information

For each test site, the following information was documented for each monitored cooling system.

Digital photographs were also taken to document sensor locations as applicable.

An example of the information documented at each field test site is shown in Table 4-5 and
Table 4-6 for site 1. Complete descriptions for each field test site are provided in Appendix .

Air conditioner manufacturer and model number
Nominal cooling capacity and heating type

Other nameplate data for each system component
Design data from mechanical drawings when available
Cooling coil specifications (e.g. # of rows, fin spacing, coil face area, coil dimensions)
Air handler dip switch settings that are set by the installer which impact the air handler
operation and control sequences (sites 2 and 5 only, DX coils with variable-speed AHUs)
e General layout of the duct system and location of the AC components in the building

Table 4-5. Indoor Coil Geometry for Unit 1 (Upstairs) at Field Site 1

Coil Type “V” coil (inverted
“A” coil)

Coil Face Area | 542.9 sq. in.
574.9 sq. in. w/o
blockage

Number of 3x18

TOWS X

Tubes/row

Fin spacing 11 fpi

Tubing Va4

diameter

Coil depth 2.75in

Exp device orifice

Notes:

Small sheet metal “L” bracket at
bottom of coil partially blocks air
flow around a portion of the lower
right side coil. This appears to be
the same coil as Unit #2, with
smaller angle between the coil

sides.

Hs.zsin.gﬂ

18.25in deep
542.9375 in?

14.00in.

15.75in.

T Direction of Air Flow




Table 4-6. Nameplate Data for Cooling System at Field Site 1

Unit and Location | Size/Type | System Model Number Comments
2.5-ton S?lriltdensmg York EIFDO30B06A | Single-stage
Unit 1 — Upstairs Heat Air Handlin
Pump Unit a & | York (unknown) Constant air volume
Condensing .
Unit 2 — 1* Floor 3.0-ton Unit York EIFD036S06B Single-stage
and Basement Heat Air Handling
Pump Unit York G/HC036SB Constant air volume

4.5 Analysis of Collected Data

The field-monitored data were used to quantify the part-load latent (moisture) removal
performance of these systems. The data were also used, along with the laboratory test results
(Section 3), to develop and validate engineering models to predict latent degradation at part-load
conditions (Section 5). The following sections describe the types of data analyses that were
performed. Detailed analysis results for each field site are provided in Appendix I.

4.5.1 Verification of Latent Capacity Measurements

Accurate measurement of coil dehumidification was of primary importance for the field tests,
and two methods were used to measure dehumidification performance. First, a calibrated rain-
gauge tipping bucket was used to measure the volume of condensed water exiting the coil’s drain
pan. Measured condensate flow multiplied by the latent heat of condensation for water yielded
the latent cooling rate. The second method used the measured psychrometric conditions of air
entering and leaving the cooling coil along with the measured air flow rate (one-time
measurement for most sites, or continuous measurements for sites 2, 5 and 7) to calculate the
coil’s dehumidification (latent cooling) rate. The results of these two methods were plotted
against each other for all monitored coils for periods when the coil was at steady-state conditions
(e.g., after 15-30 minutes of compressor runtime for DX systems).

Figure 4-5 shows the results of these calculations for the 2" floor unit at field site 1. The data
shown in the figure were collected at times when there were at least 30 minutes of continuous
compressor operation. This data was limited to periods where the entering air temperature was
greater than 73°F and the relative humidity was between 48% and 52%. The figure shows fairly
good agreement between the latent capacity calculation methods. The trend of slightly higher
psychrometric-based latent capacity compared to condensate removal is consistent with what
was observed for many of the other field test sites. Comparison of the two calculation methods
was made for each of the field test sites with results shown in Appendix 1.




Psychrometric Latent (MBtu/h)
T

o _
i Second Floor Unit

0 | | | | | | | | | | L | L L L
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Condensate Latent (MBtu/h)

Figure 4-5. Comparison of Latent Capacity Calculated From Psychrometric State Points
and Condensate Removal Rates, Site 1

4.5.2 Analysis of Field Measurements

Time to First Condensate Pulse

One key indication of the coil’s moisture-holding capacity is the time it takes for condensate to
first fall from the coil and exit the unit through the condensate drain line (Figure 4-6). This time
to first condensate pulse, along with the steady-state latent capacity of the coil, can be used to
estimate the moisture-holding capacity of the cooling coil. This time delay is similar to the
parameter ty.; from the latent degradation model developed by Henderson and Rengarajan
(1996), which is described further in Section 5.
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Figure 4-6. Monitoring Condensate Delay Time at Site 1

The time to first condensate pulse was monitored at all field test sites. However the major
challenge in obtaining meaningful information was finding time periods where the coil was dry
prior to the start of a cooling cycle, and having the coil remain in continuous operation until
condensed moisture began to exit the drain pan. For sites 1 through 4, the following criteria were
applied to filter the measured data for meaningful values of time to first condensate pulse:

e No condensate pulses in the previous 2 hours before compressor startup (dry coil at start),

e Compressor was continuously on at least until the first condensate pulse occurred,

¢ First measured condensate pulse was followed by at least one other condensate pulse (to
confirm that the first pulse wasn’t a stray measurement).

Using these criteria, only a single value (approximately 16 minutes) was located for the two DX
units at site 1, and no values were obtained for site 3. For sites 2 and 4, applying these criteria to
the measured data yielded a sufficient number of data points to correlate the time to first
condensate pulse to the dew point temperature of air entering the coil (Figure 4-7 and Figure
4-8). For both sites, the condensate delay time decreases as the dew point temperature of the
entering air increases. This trend is consistent with data collected in the laboratory (Figure 3-16).
Note that the time to first condensate pulse for sites 2 and 4 were quite different. At a nominal
entering air dew point temperature of 60-61°F (15.6-16.1°C), the condensate delay time was
around 10 minutes for site 4 whereas it was 4-to-5 times longer (40-50 minutes) for the coil at
site 2 (with this two-stage unit operating at first stage).
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For site 5, a single test was performed to measure the time to first condensate pulse. The test
started with a completely dry cooling coil. Based on this one test, the condensate delay time for
the coil at this site was approximately 35 minutes.

For the chilled water coils at sites 6 and 7, the chilled water control valve is not controlled in an
on/off fashion like the DX coils (sites 1 through 5). Instead, chilled water flow rate through the
coil is varied based on the measured space temperature in relation to the set point temperature.
Therefore, specific tests were conducted to measure condensate delay time for these coils. The
chilled water control valve was fully opened for a period of time to produce a fully-wetted coil.
Then, water flow through the coil was stopped (using an isolation valve) for several hours while
the supply air fan continued to operate. Once the moisture on the cooling coil had been fully
evaporated into the supply air stream, the chilled water isolation valve was reopened to provide
full flow through the cooling coil and measurements were collected until condensate removal
was detected by the tipping bucket mechanism. The air flow rate across the coil for the variable-
air-volume system (site 7) was fixed at its design value for this test, while the air flow across the
coil for the constant-air-volume system (site 6) remained at its normal value.

This test sequence was conducted twice for each chilled water coil. For site 6, the time to first
condensate pulse varied from 21 to 30 minutes. The variation was caused by a difference in inlet
air humidity level and water flow rate between the two tests. For site 7, the time to first
condensate pulse was 15 to 16 minutes for both tests (similar operating conditions for both tests).

Measurement of Off-Cycle Moisture Evaporation Rate to Estimate Coil Moisture Retention

Moisture retention on the coil was also estimated for some of the field test sites by integrating
the sensible capacity delivered by the cooling coil during the coil off cycle. This method of
estimating coil moisture retention was also used during lab testing (Figure 3-12) since lab
measurements indicated that the coil operates as an evaporative cooler during the coil off cycle
with latent capacity approximately equal to sensible capacity. When available, collected field
data were screened to provide information regarding off-cycle moisture evaporation after the
compressor operated for a sufficient time to yield a fully-wetted coil surface.

For example, the first floor unit for site 1 was operated in the constant fan mode for an extended
period of time. Figure 4-9 shows the off-cycle sensible capacity for several “wetted” cycles
during times when the compressor had just stopped operating, and one or more condensate
pulses had occurred during the last 10 minutes of compressor operation. The plot includes
symbols (*) at 2 minutes after compressor shutdown, which is about the time that refrigerant
dynamics have subsided and sensible capacity is then driven by the moisture evaporation
process. The shape of the sensible evaporation curve is similar to the evaporation curves found
for other field test sites and for coils tested in the laboratory (e.g., Figure 3-33 and Figure 3-34).

For the curves in Figure 4-9, the initial evaporation rate is approximately 10 MBtu/h two minutes
after the compressor is turned off. Figure 4-10 clearly shows that the off-cycle evaporation rate is
a function of the wet-bulb depression (i.e., entering air dry-bulb temperature minus the entering
air wet-bulb temperature). The line in Figure 4-10 shows the theoretical trend of moisture
evaporation projected to zero evaporation at no wet-bulb depression, with the measured data
showing good agreement with this theoretical trend. Integration of the sensible off-cycle capacity
in Figure 4-9 yields an estimate of coil moisture retention of approximately 1.9 pounds.
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Similar data were collected and analyzed for several other sites. For example, the off-cycle
moisture evaporation rate versus time for the cooling coil at site 2 is shown in Figure 4-11.
Integrating the off-cycle evaporation rate for this coil (beginning 4 minutes after compressor
shutdown) yields an estimated 5.6 pounds of moisture retained on this coil. This amount of
moisture retention is significantly larger than the estimated moisture retention for the coil at site
1 (Figure 4-9). This difference is primarily due to the fact that the site 2 coil has 85% more
finned surface area than the site 1 (downstairs unit) coil.
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Figure 4-11. Trend of Sensible Capacity for Several “Wetted” Off Cycles, Site 2

As described previously, the chilled water coils at sites 6 and 7 were not controlled in an on/off
fashion like the DX coils. Instead, chilled water flow through the coil was varied based on the
difference between the measured space temperature and the set point temperature. Therefore,
specific tests were conducted to measure off-cycle sensible capacity in order to estimate moisture
retention on the cooling coil. The space set point temperature was reduced and the coil operated
with full chilled water flow to yield a fully-wetted coil, then water flow was stopped while the
fan continued to operate until the moisture on the coil was completed evaporated back into the
supply air stream. The air flow rate across the coil for the variable-air-volume system (site 7)
was fixed at its design value for this test, while the air flow across the coil for the constant-air-
volume system (site 6) remained at its normal value. Integrating the off-cycle sensible capacity
and dividing by the heat of vaporization for water resulted in moisture retention estimates of
approximately 3.4 pounds and 7.5 pounds for the coils at sites 6 and 7, respectively.

Estimates of moisture retention parameters based on measured data for all field-tested coils are

shown in Table 4-7. The moisture performance characteristics (i.e., retained moisture mass and
condensate delay time) were determined from actual operating conditions as opposed to a
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reference set of test conditions as was done for the coils tested in the laboratory (Table 3-7). As
the laboratory tests indicated, the moisture retention characteristics of cooling coils vary with
operating conditions, particularly chilled water coils. Therefore, direct comparison of these
estimated values should be done with caution but can be used for general trend comparisons with
the laboratory test results (see Section 6). No moisture performance characteristics could be
estimated for the coil at site 3 due to insufficient data.

Table 4-7. Comparing Measured Performance Parameters for the Field-Tested Cooling Coils

Fin

Capacitv | Surface Retained Condensate
pacity Moisture Mass | Delay Time
Area

(tons) (ft?) (Ib)  (Ib/kft?) (min)
Site 1, Second Floor
(Inverted A-coil, 3 row, 13 fpi, orifice) 2:3 2415 na na 15.2
Site 1, First Floor
(Inverted A-coil, 3 rows, 13 fpi, orifice) 30 2415 1.9 8.0 16:4
Site 2, First stage
(A=coil, 3 rows, 14 fpi, TXV) 1.5 446.3 5.6 12.5 40-50
Site 4
(Vertical slab coil, 3 rows, 13 fpi, TXV) 10.0 762.3 37 74 8-12
Site 5
(A-coil, 3 rows, 15.5 fpi, lanced sine-wave 3.5 508.1 5.2 10.2 35
fins, hard shut-off TXV)
Site 6
(Vertical slab chilled-water coil, 6 rows, 12 2.9 499.6 34 6.8 21-30
fpi, wavy fins, 46°F entering water temp.)
Site 7
(Vertical slab chilled-water coil, 6 rows, 11 7.2 1008.7 7.5 7.4 15-16
fpi, straight fins, 46°F entering water temp.)

Notes: 1-

Cooling capacity is the nominal rated capacity (sites 1-5) or the design cooling capacity (sites 6-7).
2- Surface area is gross fin area: coil face area (ft®) x coil depth (in) x fin spacing (fpi) x 2

3- Retained moisture and condensate delay time are estimated from field measurements. See Appendix |

for details.
4- na = not available from measured data.
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Thermostat Cycling Rate

One input to the latent capacity degradation model by Henderson and Rengarajan (1996, Section
5.1), and the improved degradation model developed as part of this project (Section 5.3), is the
maximum thermostat cycling rate. Thermostat behavior for single-stage AC systems (on/off
control) is expected to follow a parabolic trend with runtime fraction corresponding with the
NEMA thermostat curve (NEMA 1990) as shown in Figure 4-12 and Figure 4-13 below. The
single-parameter parabolic curve is defined as:

N = 4Npax X-(1-X)

where Ny, 1s the peak cycling rate which occurs at a runtime fraction (X) of 0.5. Most
residential and small commercial systems have a value of Ny,.x around 3 cycles/hour. For the first
floor and second floor AC units at field site 1 (Figure 4-12 and Figure 4-13), the values of Nyax
calculated from the average N for X in the range of 0.48-0.52 are 2.9 and 3.5 cycles/hour,
respectively. In each case the measured data were determined from 1-minute records by
calculating the exact length of each total on/off cycle (t.yc) as well as the compressor runtime
(ton).- Then for each cycle the runtime fraction (X = ton/teyc) and the cycle rate (N = 1/t,c) were
determined. The shape of these curves is representative of the curve used for testing cooling coils
in the laboratory where a peak cycling rate of 3.0 was used (see Section 3). The degree of scatter
for the first floor AC unit is most likely due to user thermostat adjustment, thermostat setup and
setback, and any built-in control delays in the AC unit.

The peak cycling rates, Ny, for the coils at site 1 were similar to those seen for other DX coil
test sites (the on/off cycling rate was not applicable to chilled water coil sites 6 and 7). Npax
generally ranged from 2.4 to 3.5 cycles/hour. The notable exception was the rooftop packaged
unit at site 4 (Figure 4-14). For this 2-stage system, the peak cycling rate for the 2™ stage
compressor was only 0.9 cycles/hour. The time clock controls for this unit were causing very
long coil operating times with very little on/off cycling for the 2™ stage compressor.
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Figure 4-12. Thermostat Cycling Curve for 2nd Floor AC Unit at Site 1
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Figure 4-13. Thermostat Cycling Curve for 1st Floor AC Unit at Site 1
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Figure 4-14. Thermostat Cycling for 2" Stage Compressor Operation at Site 4

45.3 Part-Load Sensible Heat Ratio

The moisture removal capacity of a cooling coil is reduced at part-load conditions. Figure 4-15
shows the net impact of part-load operation on the dehumidification performance of the 1** floor
unit at site 1. The “effective” sensible heat ratio is plotted as a function of cooling coil runtime
fraction (RTF). The delivered sensible capacity is obtained using the integrated dry-bulb
temperature difference across the cooling coil and air flow rate for the entire on/off cycle, while
the latent capacity is obtained by measuring the moisture removed at the condensate drain
(measured using the rain gauge tipping bucket). The sensible heat ratio is the delivered sensible
capacity divided by the total (sensible plus latent) capacity for the on/off cycle. The data used to
generate Figure 4-15 was restricted to times when the hourly average entering air conditions
were 71-74°F (21.7-23.3°C) and 48-52% relative humidity.

Figure 4-15 shows resulting degradation in part-load dehumidification performance with the fan
operated continuously and with the fan cycling on/off in tandem with the cooling coil (AUTO
fan). Consistent with laboratory test results (Section 3.4.2), continuous supply air fan operation
significantly degraded dehumidification capacity (i.e., increased sensible heat ratio) as coil
runtime fraction decreased. For this coil, below approximately 60% runtime fraction the unit
provided no net dehumidification to the conditioned space (SHR = 1). Similar trends were seen
with for all single-stage DX coils tested with constant fan operation (both the field and
laboratory tests associated with this project). The line in Figure 4-15 shows the results for the
latent degradation model developed by Henderson and Rengarajan (1996), with good agreement
between the model and the measured data. In this case the parameters for the model were
determined using measured data from the site (see Appendix I).
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Latent degradation at part-load operation is also common when the fan is configured to operate
in tandem with the compressor (AUTO fan mode operation), although the degradation is less
severe than when the fan operates continuously. Data collected at site 1 with AUTO fan control
(Figure 4-15) shows a marked increase in sensible heat ratio as the compressor/fan runtime
fraction decreases. This latent degradation at lower coil runtime fractions was also seen for other
field test sites and in laboratory tests, although to a lesser extent that the degradation seen for this
system.

| Steady State SHR=0.85 _____________________________________ O ___N

<

Sensible Heat Ratio (-)

<&

< Auto Fan Mode

o o Constant Fan Mode (08/18/02 to 09/04/02)
(Model: twet=15 min, gamma=2.2, Nmax=3)

\ \ \ \
0.0 0.2 0.4 0.6 0.8 1.0
Runtime Fraction

Figure 4-15. Measured Latent Degradation for 1% Floor AC Unit at Site 1

Figure 4-16 shows the sensible heat ratio versus compressor runtime fraction for the two-stage
commercial rooftop unit at site 4. Data are only included in the plot for periods when the hourly
average entering air conditions were 70-75°F (21.1-23.9°C) and 45-55% relative humidity. Both
the RTF and SHR are averaged on an hourly basis. The runtime fraction in this case is
summation of the runtime fraction for compressor 1 (SC1) and the runtime fraction for
compressor 2 (SC2) divided by 2.

There is little to no degradation at runtime fractions above 0.5, since compressor 1 is running
continuously at these conditions. The lack of degradation seen for the o stage compressor is
also influenced by the abnormally low cycle rate for this cooling stage (Figure 4-14). Only a
mild amount of degradation is apparent as compressor 1 cycles on and off (for RTFs below 0.5),
even with continuous fan operation.
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Figure 4-16. Measured Latent Degradation for Site 4 (DB: 70-75°F, RH: 45-55%)

Figure 4-17 shows the sensible heat ratio versus compressor runtime fraction for the two-stage
residential unit with variable-speed air handler at site 2. With AUTO fan control, there was little

to no latent degradation during 2™ stage operation (runtime fraction 0.5 to 1.0). However

significant degradation was seen during 1% stage operation (runtime fraction 0 to 0.5) when the
1* stage compressor was cycling on and off in tandem with the fan. There was insufficient data

available at these same operating conditions to generate comparable results for constant fan

mode.
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Figure 4-17. Measured Latent Degradation for Site 2 (RH: 50-55%b)

4.5.4 Impact of Supply Air Fan Control on Indoor Humidity Levels

Section 4.5.3 above discussed the impacts of two common fan control modes (constant fan mode
and AUTO fan mode) on the dehumidification performance of cooling coils at part-load
conditions. The measured field data indicated varying degrees of latent capacity
(dehumidification) degradation at part-load conditions depending on the fan control mode.
Reduced dehumidification performance can impact indoor humidity conditions, which may lead
to occupant discomfort, indoor air quality problems, and increased energy use. Measurements of
indoor humidity levels from the field test sites were therefore analyzed to determine the impacts
due to various fan control strategies that are commonly used.

Figure 4-18 shows indoor versus outdoor humidity levels for site 1 (1* floor unit) with constant
fan and AUTO fan operating modes. The plotted data points represent daily average values of
absolute humidity levels for days with cooling coil activity. Results from this study and others
indicate that continuous fan operation causes greater degradation in latent cooling
(dehumidification) capacity at part-load conditions than AUTO fan operation, with the
expectation of higher indoor humidity levels for the constant fan case. Figure 4-18, however,
shows only a modest tendency toward higher indoor humidity levels with constant fan mode
compared to AUTO fan mode. This can be partially explained by Figure 4-15, which shows that
this cooling coil has significant latent capacity degradation with AUTO fan control mode, not too
different from the degradation seen for constant fan mode. As explained previously, the latent
degradation for this coil with AUTO fan operation was greater than we have seen for other coils.
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In addition, this multi-story residence was conditioned by two cooling systems, so the operation
of the other system (2“d floor unit) may have impacted the air conditions on the 1* floor of the
residence.
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Figure 4-18. Daily Humidity Ratios for AUTO vs Constant Fan Modes at Site 1

Figure 4-19 and Figure 4-20 show the same plot of indoor versus outdoor humidity levels for site
2 and site 3, respectively. For these sites, constant fan mode definitely caused higher indoor
humidity levels when compared to AUTO fan mode at similar outdoor humidity levels. For site
2, indoor humidity levels were consistently 10-20 grains/lb (0.0014-0.0028 kg/kg) lower with
AUTO fan mode. With indoor temperatures near 78°F for this site, these absolute humidity level
reductions due to AUTO fan mode are equivalent to approximately 8-15% reduction in relative
humidity.
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As explained previously (Section 2.4), one area of interest for this project was new residential
equipment with variable-speed supply air fan capabilities that can be used to improve
dehumidification performance. This equipment is being heavily marketed in humid climates like
the southeastern U.S. Several equipment manufacturers have implemented supply fan control
schemes intended to limit latent capacity degradation or enhance steady-state latent capacity. Fan
delays as well as brief operating periods at lower fan speeds are often used to enhance latent
capacity. As part of the literature review portion of this project, manufacturer’s data were
collected to understand the operation of these new residential products, and a summary of the
enhanced fan control schemes being used is listed in Table 2-3. This information was also used
to select the equipment to be monitored at site 2 and site 5. Site 2 has a two-stage heat pump with
variable-speed supply air fan, while site 5 has a single-stage unit with a variable-speed fan.
Indoor humidity levels were monitored at these two sites to assess the benefits of the various
supply fan control schemes provided by the manufacturer’s of these units.

In addition to the conventional constant fan and AUTO fan control modes, the air handlers at
sites 2 and 5 also had an “enhanced” dehumidification mode where fan speed was reduced at the
beginning of each cooling cycle. The fan speed was eventually ramped up to the nominal value
as the cooling cycle continued. Figure 4-21 shows the enhanced fan control used for stage 1
cooling at site 2. The fan initially operates at 50% flow for 1 minute after the 1* stage
compressor starts. The air flow ramps up to 80% flow for the next 7.5 minutes, and up to 100%
flow thereafter. When the 1% stage compressor turns off, the fan stays at 100% flow for three
minutes before ramping off’. Note that 1% stage cooling represents approximately 50% of the
maximum cooling ca(IJJacity of this unit, so 100% flow for 1* stage cooling is about 50% of the
air flow rate when 2" stage cooling is active.

Figure 4-22 shows how the unit at site 2 switches up to (and back from) o stage cooling. Both
compressors are off for 1 minute before the 2™ stage compressor is enabled. During the 1-minute
break, the fan ramps up (or down) to the required speed without any enhanced mode delays.

Indoor humidity levels for site 2 were monitored with this enhanced dehumidification mode and
compared to humidity readings with AUTO fan control, and the results are shown in Figure 4-23.
The plotted data points represent daily average values of absolute humidity levels for days with
cooling coil activity. The results in Figure 4-23 indicate that the enhanced fan control provided
little difference in indoor humidity levels for this site. The unit at site 5 had a slightly different
enhanced fan control strategy, but it too provided only a modest difference in indoor humidity
levels compared to conventional AUTO fan control (see Appendix I5).

One theory for the modest humidity impact at site 2 with enhanced fan control was that two-
stage compressor operation already provides sufficient humidity control so that enhanced fan
control provides little additional benefit. To test this hypothesis, the unit controls at site 2 were
set to operate the system as a single-stage unit (in high stage) with enhanced fan control as well
as regular (AUTO) fan control. The indoor humidity levels provided by these control modes
were compared to the enhanced fan control with two-stage cooling operation. Figure 4-25 shows
that the same indoor humidity was maintained for all three of these control options.

3 It is possible that the design engineers had intended a reduction to 50% flow during this period. The
manufacturer’s literature indicated 50% flow during this shutdown period, and this was seen when this unit was
briefly reconfigured to operate as a single-stage unit.
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One unexpected finding at site 2 was the difference in coil operating temperatures during 1** and
2nd stage operation. As shown in Figure 4-25, the unit at site 2 has a slightly lower saturated
suction temperature during 2™ stage operation than during 1 stage operation. This lower coil
temperature yields slightly better dehumidification performance (lower steady-state sensible heat
ratio) during 2" stage operation. If 1% stage operation had provided better dehumidification than
2nd stage operation, we would have seen better overall dehumidification with this two-stage unit.
However, the dehumidification penalty expected with shorter compressor runtimes when the
system was configured as a single-stage unit was apparently negated by the improved ond stage
dehumidification performance.
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Figure 4-25. Details of a 2" Stage Cycle for Site 2 (Enhanced Mode)
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5 Model Development and Validation

This section develops and validates algorithms and engineering models to predict the part-load
latent performance of cooling coils in various applications and configurations. This section also
provides guidance on how to apply these latent degradation models for a wide variety of systems.

5.1 Original LHR Model from Henderson and Rengarajan

Henderson and Rengarajan (1996) developed a simple engineering model to predict the variation
of latent capacity with cooling load fraction or runtime for a cycling air conditioner. The model
was developed to predict how the latent heat ratio (LHR)* varies with runtime fraction (X) for a
single-stage coil that has continuous supply air fan operation. Subsection 5.1.1 below
summarizes the details of the calculation procedure from the original paper (for the case of linear
decrease in moisture evaporation rate). The model requires the normalized parameters given in
Table 5-1 as inputs to describe the characteristics of a cooling system. Figure 5-1 shows the
graphical representation of these parameters.

Table 5-1. Normalized Model Inputs for 1996 LHR Model

Model

Tnput Description

The nominal time after cooling startup when moisture starts to drain from the
Twet condensate pan. Defined as the maximum moisture holding capacity of the cooling
coil (M,) divided by the steady-state latent removal capacity (Qr): twet = Mo/QL.

The ratio of the initial off-cycle evaporation rate (Q.) and the steady-state latent

¥ removal capacity (Qr): v = Q/QL.

N The maximum thermostat cycling rate. Typically 3 cycles per hour for most cooling
MaX | systems. Npax mostly depends on the dynamic characteristics of the thermostat.
T Time constant of latent capacity at startup. Typically 30 to 90 seconds.

The original LHR model was derived based on the following assumptions:

1. For a given cooling coil system all surfaces in the condensate removal path have a fixed
capacity to hold water (M,). These surfaces include the cooling coil fins and tubes, the
condensate pan, and the condensate drain. Once a fixed mass of water M, has collected
on the surfaces, additional condensate drains from the unit as cooling continues. Only
condensate that drains from the unit is considered to be "removed" from the air.

2. Condensate removal always begins once the surfaces have collected a mass of water M,,
irregardless of the initial mass of water on the surfaces. Hysteresis effects that might be

* LHR is one minus the sensible heat ratio (1-SHR). SHR and LHR are sometimes used interchangeably in this
section.
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caused by previous wetting, surface tension, or dirty coil surfaces are assumed to be
negligible.

3. The instantaneous latent capacity of a cooling system at startup is described by a first-
order, exponential response with a time constant T . The time constant 7 is the same for
total, sensible and latent capacity at startup.

4. The evaporation process is adiabatic, or sensible cooling provided during the off cycle is
equal to the energy associated with moisture addition to the air stream. Thermal

capacitance effects of the coil are neglected.

The sections that follow will evaluate many of these underlying assumptions.
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Figure 5-1. Graphical Representation of LHR Model Parameters

The original model assumed three possible modes of moisture evaporation from the coil during
the off cycle:

1. moisture evaporation rate decreases linearly with time,
2. moisture evaporation rate is constant with time,
3. moisture evaporation rate decreases exponentially with time.



Figure 5-2 shows these three possible modes of moisture evaporation. In all cases the initial
amount of moisture on the coil is assumed to be M, (or Miyitia if the full amount of moisture has
not yet built up on the coil). These evaporation models were fairly crude approximations of
observations from previous laboratory tests. Section 5.2 develops more sophisticated models to
predict moisture evaporation.
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Figure 5-2. Three Possible Modes of Off-Cycle Moisture Evaporation

5.1.1 Summary of Original LHR Calculation Procedure

This subsection summarizes the calculation procedure for the latent heat ratio (LHR) part-load
model described in Henderson and Rengarajan (1996). The variables are defined at the end of
this subsection.

Use equations 5-1 and 5-2 to find X from CLF (if CLF is an independent variable):

CLF

X= PLF(CLF) -1

where PLF is determined by successive substitution from equation 5-2.



4rNnm(l_-lCLF/Pl_Fi )
PLFi+1=1'47Nmax(1'CLF/PLFi ) 1-e (5-2)

Use equations 5-3 and 5-4 to calculate t,, and tys given X:

on=ﬂ (5'3)
4N (1-X)
3600
off — 5-4
"TUN X (5-4)

max

Use a cooling coil performance map to calculate steady-state latent capacity as a function of the
entering conditions Q(DB,WB). Then use equations 5-5 and 5-6 to correct tye; and y to the
actual operating conditions:

QL rated
wet — Lwetrate — 5-5
Twet = twet, tdQL(DB,WB) (5-5)
( DB _WB) Q L rated (5_6)

7=V (DR —WB,,.,) Q,(DB,WB)

rated

Use equation 5-7 (assuming a linear decay evaporation model) to solve for t,, time after startup
when moisture starts to drain from the unit. t, must be determined by successive substitution.

y - 2t
j+ T we
=t {— M -t(e -1, ty S/ (5-7)
4tWSI
Use equation 5-8 and LHR; to calculate the part-load LHR:
LHR ton -t
—_— | on [o] |+ (5_8)

LHRss (1, +7z(e s -1))

Equation 5-8 assumes that t, >> t which is nearly always true with constant fan operation. A more
exact formulation of this equation that would apply when t, = 7 is:

ton

to. 4
LHR _[ton-to+7(e- —€™)|
LHRss (t0n+r(e't%-1))

(5-9)
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Equation 5-9 was not given in Henderson and Rengaragan (1996) since it is usually not required for
cases with constant supply air fan operation. However, some of the special fan control cases in the
section below will require this more exact formulation.

Variables

DB - Dry-bulb temperature entering cooling coil (°F)

WB - Wet-bulb temperature entering cooling coil (°F)

LHR - Latent heat ratio at part load (-)

LHRgs - Latent heat ratio at steady-state conditions ( Q. /(Qs+QL) )

Mo - Energy of maximum condensate holding capacity of cooling coil (Btu)
Qe - Initial evaporation rate (Btu/h)

Q. - Steady-state latent capacity of cooling coil (Btu/h)

Qs - Steady-state sensible capacity of cooling coil (Btu/h)

t - Time (s)

to - Time after coil startup when moisture begins to drain from the unit (s)
toif - Duration of cooling coil off cycle (s)

ton - Duration of cooling coil on cycle (s)

et - Nominal time until moisture begins to drain from the unit, M,/Q_ (s)
T - Time constant of cooling coil response at startup (s)

4 - Ratio of initial evaporation rate and steady-state capacity Qe /Qy (-)
Nmax - Maximum cycling rate (cycles/h)

X - Runtime fraction (-)

CLF - Cooling load fraction: ratio of load and capacity (-)

PLF - Part load factor: ratio of part load and steady state efficiency (-)

5.2 Better Predictions of Off-Cycle Moisture Evaporation

A weak point in the original LHR degradation model from Henderson and Rengarajan (1996)
was how moisture evaporated from the coil during the off cycle. This section derives a more
sophisticated model to predict off-cycle evaporation and compares it to laboratory test data.

5.2.1 Deriving a Model for Transient Moisture Evaporation

Cooling Coil as an Evaporative Cooler

There is good evidence (see Figure 3-12) that a cooling coil quickly becomes an evaporative
cooler during the off cycle. For an evaporative cooler the evaporation rate can be defined as:

_ 1.08-cfm-(DB-WB)-7,,,
Aoy = 1060

(Ib/h) (5-10)

Stabat et al. (2001) reviewed the theoretical performance of direct evaporative coolers and
showed that the saturation effectiveness of an evaporative cooler is:

Mowp =1-e " -) (5-11)
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where NTU is the number of transfer units based on the mass transfer. They went on to show that
for an air-water mixture below 50°C, the NTU can be expressed in the form:

K-A

When the coil first turns off, its fully wetted surface (A,) holds a fixed amount of moisture (M,).
However, as the water evaporates we can assume that the wetted surface area shrinks in
proportion to the amount of moisture remaining on the coil, or:

A= MM A (ft%) (5-13)

(0]
Mass Balance

Based on a mass balance, the rate of moisture evaporation must equal the change in moisture on
the coil:

dd_'\:' - q, (Ib/h) (5-14)

Combining equations 5-10 through 5-14 results in a differential equation of the form:

dd_'\t": Bo(1—e™) (Ib/h) (5-15)
where
ﬂ:—1.08-cfm~(DB—WB) od e K~A002:NTU0
1060 M, -cfm™ M,

Rearranging and integrating equation 5-15 results in:

t 1 % d™m
dt=—- | —— (5-16)
e fiv

From the CRC Math handbook, this integral has the following solution:

t:%+a—1ﬁ-1n(1—e”’M){%+$~ln(l—em5)} (5-17)
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where the constant term in square brackets is also referred to as t, below. M is the amount of
moisture on the coil at the beginning of the off cycle. Rearranging equation 5-17 to express the
moisture mass (M) remaining on the coil as function of time:

1 ap(ts
M :E-ln(e AL 1) (Ib) (5-18a)

or rearranging to get rid of t,, by using the term in brackets from equation 5-17 as an exponent of
e’

eaﬂto — eaMs (l_e—aMs ) — (eaMS _1)
equation 5-18a becomes:

1
M= Z‘ln(e“’)‘ (€™ 1) +1) (Ib) (5-18b)

Recalling the definition of (eyp given by equation 5-15, the evaporation rate can be expressed as:

~In(e®?.(e"™Ms —_1)+1
Qo = = - (1—e7 ™70 (Ib/h) (5-192)

or rearranging yields:

ea,b’t .(eaMs _1) J
(Ib/h) (5-19b)

qup :_ﬂ(eaﬂ .(eaMs _1)+1

Resulting Moisture Evaporation Trends

Figure 5-3 and Figure 5-4 below show the resulting trends of the evaporation rate and remaining
moisture mass using the parameters below for a hypothetical 3-ton coil:

Total coil fin area (A,) = 300 ft*

cfm = 1200 cfm

Nominal neyp =0.918 (NTU = 2.5) at 1200 cfm
Moisture mass (M,) = 3.5 lbs

The thin lines on each plot show the trend for the coil at the nominal air flow of 1200 cfm (400
cfm/ton). The thicker line shows the impact of decreasing the airflow to 900 cfm (300 cfm/ton).

These evaporation trends are more consistent with the field and laboratory observations from
FSEC (Henderson 1990; Henderson 1998; Khattar et al. 1985) and by others (Shen et al. 2004).
The initial evaporation rates increase at drier entering conditions and as the off-cycle airflow
increases. At certain operating conditions, such as humid entering air with lower airflow, the
trends become nearly linear — at least partially justifying the initial assumption of linear
evaporation in the original LHR model. The next section compares the moisture evaporation
model to measured laboratory data for various coils.
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Figure 5-3. Off-Cycle Moisture Evaporation Rate for Various Conditions
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Figure 5-4. Moisture Mass Remaining on the Coil for Various Conditions
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5.2.2 Validation of the Transient Moisture Evaporation Model

The moisture evaporation rate trends — as measured by the off-cycle sensible cooling — are
shown for all 8 of the laboratory-tested coils in Figure 5-5 through Figure 5-28. Each figure
corresponds to one air flow rate (expressed as cfm per ton) and shows the various entering air
conditions. For each plot the measured data are shown with symbols. The moisture evaporation
model derived above is shown on each plot as a thick line with the color corresponding to each
set of measured points. Table 5-2 lists the model parameters that were used in each case. These
values were determined from the laboratory tests for each coil (see the coil test summaries given
in Section 3 and Appendix H). The plot also includes a “thin line” corresponding to each test run.
This thin line corresponds to the evaporation model using parameters that are determined using
only the test results for each specific run. Generally there are only modest differences between
the thin line with test run specific parameters and the thick line, which uses average model
parameters (from Table 5-2) for all the runs for a given coil.

Table 5-2. Average Parameters Used for Moisture Evaporation Model Inputs

Nominal NTU Factor x Moisture Mass
Capacity Factor Area (My)
(tons) (K) (K-Ao) °
Coil 1 2.9 0.024 5.76 2.1
Coil 2 2.4 0.030 7.23 2.0
Coil 3
(Coil 2 with low flow) 1.4 0.032 7.60 2.0
Coil 4 1.8 0.029 4.00 1.9
Coil 5 2.3 0.032 5.17 1.4
Coil 6 1.6 0.043 9.99 2.7
Coil 7
(Coil 6 with high flow) 2 0.039 9.00 27
Coil 8 1.5 0.036 5.64 1.4

Notes: K is the constant in the NTU equation: NTU, =K-A, /cfm®2.
The actual cfm is the nominal capacity (tons) x the cfm/ton value.
Then use a = NTU, /M, and 3 = -1.08-cfm-(DB-WB)/1060 with
equation 5-19b converted to MBtu/h.

Generally there is good agreement between the moisture evaporation model and measured data.
Agreement is better for lower air flows and more humid conditions since the evaporation process
is slower and the instruments are better able to follow the dynamics of the process. Conversely,
tests with lower humidity and high air flow show the most deviation from the measured trends
because the thermocouples cannot respond fast enough. The match is always poor for the first 1-
2 minutes of the off-cycle since refrigerant dynamics and the thermal capacitance of the coils can
affect the measured sensible cooling.

The model generally explains the overall changes in moisture evaporation from the cooling coil
with airflow and entering humidity. The initial moisture evaporation rate changes by nearly a
factor of three as operating conditions change from 80°F dry bulb and 50°F dew point at 400
cfm/ton (Run 6) to 75°F dry bulb and 64°F dew point at 200 cfm/ton (Run 19).
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Figure 5-5. Comparing Measured and Modeled Evaporation Rates: Coil 1, 400 cfm/ton
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Figure 5-6. Comparing Measured and Modeled Evaporation Rates: Coil 1, 300 cfm/ton
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caill (200 cfm/ton)
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Figure 5-7. Comparing Measured and Modeled Evaporation Rates: Coil 1, 200 cfm/ton
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Figure 5-8. Comparing Measured and Modeled Evaporation Rates: Coil 2, 400 cfm/ton
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Figure 5-9. Comparing Measured and Modeled Evaporation Rates: Coil 2, 300 cfm/ton
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Figure 5-10. Comparing Measured and Modeled Evaporation Rates: Coil 2, 200 cfm/ton
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Figure 5-11. Comparing Measured and Modeled Evaporation Rates: Coil 3, 400 cfm/ton
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Figure 5-12. Comparing Measured and Modeled Evaporation Rates: Coil 3, 300 cfm/ton



cail3 (200 cfm/ton)
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Figure 5-13. Comparing Measured and Modeled Evaporation Rates: Coil 3, 200 cfm/ton
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Figure 5-14. Comparing Measured and Modeled Evaporation Rates: Coil 4, 400 cfm/ton
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Figure 5-15. Comparing Measured and Modeled Evaporation Rates: Coil 4, 300 cfm/ton
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Figure 5-16. Comparing Measured and Modeled Evaporation Rates: Coil 4, 200 cfm/ton
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Figure 5-17. Comparing Measured and Modeled Evaporation Rates: Coil 5, 400 cfm/ton

coil5 (300 cfrm/ton)
‘ T T T ‘ T

20 o
r Run 10: 80F / 60Fdp 7
i * % Run 11: 80F / 68Fdp ]
) o o Run 12: 80F / 50Fdp ,
15 A o Run 13: 75F / 64Fdp —

X x  Run 15: 75F / 45Fdp

Sensible Capacity (MBtu/h)

-5 \ \ ! !
0 20 40 60 80 100
Time (min)

Figure 5-18. Comparing Measured and Modeled Evaporation Rates: Coil 5, 300 cfm/ton

5-16



cail5 (200 cfm/ton)
‘ T T T ‘ T

15 Lo
F + + Run 16: 80F / 60Fdp 8
- x ¥ Run 17: 80F / 68Fdp e
3 Run 18: 80F / 50Fdp 4
A 4o Run 19: 75F / 64Fdp 8
10— ]

X % Run 21: 75F / 45Fdp 8

Sensible Capacity (MBtu/h)

-5 \ \ | |
0] 20 40 60 80 100
Time (min)

Figure 5-19. Comparing Measured and Modeled Evaporation Rates: Coil 5, 200 cfm/ton
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Figure 5-20. Comparing Measured and Modeled Evaporation Rates: Coil 6, 400 cfm/ton
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Figure 5-21. Comparing Measured and Modeled Evaporation Rates: Coil 6, 300 cfm/ton
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Figure 5-22. Comparing Measured and Modeled Evaporation Rates: Coil 6, 200 cfm/ton
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Figure 5-23. Comparing Measured and Modeled Evaporation Rates: Coil 7, 400 cfm/ton
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Figure 5-24. Comparing Measured and Modeled Evaporation Rates: Coil 7, 300 cfm/ton
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Figure 5-25. Comparing Measured and Modeled Evaporation Rates: Coil 7, 200 cfm/ton
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Figure 5-26. Comparing Measured and Modeled Evaporation Rates: Coil 8, 400 cfm/ton
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Figure 5-27. Comparing Measured and Modeled Evaporation Rates: Coil 8, 300 cfm/ton
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Figure 5-28. Comparing Measured and Modeled Evaporation Rates: Coil 8, 200 cfm/ton
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5.3 An Improved Latent Degradation Model

With the more realistic moisture evaporation model given by equation 5-19b available, it is
possible to develop a more refined LHR degradation function similar to that developed
previously by Henderson and Rengarajan (1996). As in the original model, a quasi-steady
moisture balance can be used to solve for the value of t, - the time when the mass of moisture on
the coil reaches M, and condensate starts to drain from the unit. Figure 5-29 illustrates this
concept.

(+) = moisture removal
' ' ' T

Mi |\/li

Latent Capacity

tOﬂ toff

A
v
A
v

(-) = moisture addition
0 20 40

TIME (minutes)
Figure 5-29. Example of a Quasi-Steady ON/OFF Cycle

(o)}
o

M; is the amount of moisture on the coil at compressor or cooling coil startup. M is the amount
of moisture on the coil at the end of the on cycle or the beginning of the off cycle. My must be
less than or equal to M, as long as t,, < t, and equal to M, if t,, > t,. Adopting equation 5-18b,
we can express M; as:

M, = (é) ln(e“ﬂ ot . (e“Ms —1)+1) (5-20)

and for the compressor on cycle:

—ton/ T
Ms:Mi—i_QL(ton—i_T'(et _1)) (5-21)
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These equations can be simplified and made dimensionless with the following terms:

f=M g M M Ty, —am,
M, M

Also, if we define:

_ 1060-M, _ Moisture _ Mass
P 1.08-cfm-(DB-WB) Evap _Potential
then aﬂz—[NTUOJ and t, =—[M°j
t, Y;;

Equations 5-20 and 5-21 can then be rearranged to be in terms of the fractions f instead of M:

1 —NTU, t, /t NTU.-f
f. =| ——— |Inle oL (@ s =) +1 -
i (NTUJH( ( ) ) (5-22)

and

fo=1f+ L (ton +r(e - 1)) (5-23)
twet

Equation 5-22 can be substituted into equation 5-23. The result is equation 5-24 which can be

solved by successive substitution to find f;. f; is limited to be less than or equal to 1. Then, f; can

be found with equation 5-22 and equation 5-23 can be rearranged to find t, as shown below in

equation 5-25 (replacing f; with 1 and to, with t,).

1 “NTUy g [ty /A NTU, - f 1 /7
fo=| ——|lnle """ =D+ 1)+ — it +T-(eT T -1 ;
; [NTUOJ ( ( ) ) (tw](on ( )) (5-24)

t =(1-f)t, —7z-("" =1) (5-25)

0 wet

The same procedures from Henderson and Rengarajan (1996) are then used to find the LHR ratio
with t, (i.e., using either equation 5-8 or 5-9).

Figure 5-30 shows the new LHR function as blue symbols and compares it to the original
degradation function with linear evaporation. While the two functions use different parameters,
the same basic coil characteristics were used in each case. Table 5-3 below lists the assumed coil
parameters and calculated values for each model parameter.
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Table 5-3. Model Parameters Used to Compare Original and New LHR Models

Steady State: Qr =36 MBtu/h, Q.= 9 MBtu/h, SHR=0.75
cfm = 1200, WB depression = 13°F
Moisture Mass: M, =2.41bs, A, =300 ft?
Evaporation: NTU, = 2.2, NTU, = K-A,/cfm"*
Newp = 1-¢™ 7 =0.887
Cycling: Nmax = 3 cycles/h, T =60 sec
Calculated Values: twet = 3600-M,-1.06/Qr = 1018 sec
t, = 3600-M,-1060/(1.08-cfm WBepress) = 544 sec
v = 1.08-cfm* WBepress Mevp/ (QL:1000) = 1.66

0.95—

i Henderson and Rengarajan
0.90— Model (1996)

0.85—

Sensible Heat Ratio (-)

0.80[—

0.75 \ \ \ \
0.0 0.2 0.4 0.6 0.8 1.0
Runtime Fraction (-)

Figure 5-30. Comparing the New and Original LHR Models

The expression for evaporation rate in equation 5-19b can now be rearranged in terms of NTU,
and ty:

qevp = QL

twet eiNTUOt/tP .(eNTUOMs/Mo _1)
: (Ib/h) (5-26)

t, | e Mol (@MU MMo 1) 4]
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The conversion between the original model parameters (ty and y) and the new parameters (t,
and NTU,) can be completed with the equations listed below:

,_ G _1.08:cfm-(DB-WB) | .,
Q, 1060 -Q,
[ M, . 1.08-cfm- (DB -WB) (1—e )
Q, 1060-M, 627

where qg; = initial moisture evaporation rate from a fully-wetted coil (same as Qe in Section 5.1.1
above).

Therefore, t, is defined as:

te _
t, = 7t(1—e ) (s) (5-28)

and
NTU o~ — 1n(1 ~Newp ) ) (5-29)

Because of the extra degree of freedom in the new model formulation — i.e., the moisture mass
on the coil at the beginning of the off cycle is now a variable instead of constant — the new model
has one extra parameter. Therefore, while t, is essentially a function of the other parameters,
NTU, must be determined from experimental data with equation 5-29 above.

Many of the plots in Section 3 and Section 5.5 compare the laboratory test data to both the
original LHR degradation model as well as the new model developed in this section.

5.4 Modeling Latent Capacity Degradation for Off-Cycle Fan Control
Strategies

Many air-conditioning systems use supply air fan control strategies during the off cycle other
than constant fan operation. Possible off-cycle fan control strategies include:

1. Turn off the fan when cooling is not provided (i.e., AUTO fan),

2. Keep the fan on for a fixed interval after cooling and then turn the fan off for the
remainder of the coil off cycle (Fan Overrun Strategy),

3. Turn the fan off for a fixed interval after cooling and then activate the fan for the
remainder of the coil off cycle (“Coil Drain-Down” Strategy),

4. Decrease the airflow during all or part of the coil off cycle.
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5.4.1 A Simple Model to Consider Supply Air Fan Delays

When the supply air fan does not run for part of the coil off cycle, the simplest approach is to
assume that no moisture evaporation occurs when the fan is off. So the value of tos, which
corresponds to the time during the coil off cycle when the fan is on, is adjusted. Equation 5-4
becomes:

| 3600

toff - m - tdelay—dralin (5'30)
| 3600

toff - m = Ydelay—overrun (5'31)

Equation 5-30 applies when the fan shuts down for a fixed interval (tgelay-drain) after a cooling
cycle; this is commonly referred to as a drain-down cycle. Equation 5-31 applies when the fan
stays on for a fixed interval (tgelay-overrun) after a cooling cycle, then shuts down for the rest of the
off cycle.

The fan delay concepts can be applied to either the original LHR degradation model or the new
degradation model derived above.

5.4.2 A General Model to Consider Two Types of Off-Cycle Fan Operation

The most general way to consider the various fan control strategies can all be considered by
breaking the off cycle into separate intervals and repeating the quasi-steady moisture balance
above. Figure 5-31 shows this concept graphically. The figure is similar to Figure 5-29, which
had assumed a single, uniform off-cycle interval.
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Figure 5-31. Moisture Balance Concept with Two Off-Cycle Intervals

The moisture balance still iterates in order to equate the moisture fraction on the coil at the
beginning and end of the overall cycle, similar to equations 5-22 and 5-23 above. For
simplification, equation 5-22 is expressed in functional form as:

f.=F ,(t,f.,t NTU,..) (5-31)

off » "'so>*p>»

where f{' is the fraction of moisture on the coil at the intermediate point between the two off-
cycle intervals. fg' is determined by:

fy=F (s, f, 1, NTUC,..) (5-32)
where t'orf , 'y and NTU'; are all evaluated at the flow rate and conditions (DB, WB)
corresponding to off-cycle interval #1. t"« , t, and NTU, are evaluated at the flow rate and
conditions associated with off-cycle interval #2. Of course the parameters tye, M, and t are also

required by these equations, though these values are only a function of the on-cycle performance
of the cooling coil and are not affected by changes during the off cycle.
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The calculation procedure again requires iterations by successive substitution and starts with an
initial guess of f;, then equations 5-32, 5-31 and 5-23 are evaluated to provide a new estimate for
fs. Iterations continue until fs converges.

5.4.3 Demonstrating the Utility of the New LHR Models

The models developed above can consider a number of fan control scenarios. Figure 5-32 shows
the impact of a brief fan shutdown after a cooling cycle — often referred to as a drain-down cycle.
Latent degradation trends are shown for delays (tgclay-drain) Of 2 to 10 minutes (using the base
parameters from Table 5-3). The line and symbols represent the time delays with the different
models. The line represents the original 1996 LHR degradation model with delay times added.
The symbols add the delay model to the new LHR degradation model derived above (Section
5.3). The two models are in very close agreement.

6 min 2 min
1.00 ‘ ‘ ‘ ‘ : | TN T

0.95

0.90

No delay |
(continuous fan) |

0.85 \ ]

Sensible Heat Ratio (-)

0.80 % _|

8 min
0.75 \ \ ‘ ‘ ! ‘ Py |

0.0 0.2 0.4 0.6 0.8 1.0
Runtime Fraction (-)

Figure 5-32. Impact of a Brief Fan Shutdown: 2, 4, 6, 8 and 10 minutes

Figure 5-33 shows the impact of changing the values of NTU, and t, to correspond to lower air
flow rates during the entire coil off cycle. The plot shows the impact of reducing the off-cycle
flow to be 2, 10, 100, 1000, and 10000 times less than the on-cycle airflow. Flow reductions
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greater than 100 are representative of the AUTO fan mode, where some small amount of airflow
across the coil is driven by natural convection even though the fan is off. Cutting the off-cycle
airflow in half has only a modest impact compared to constant fan operation. Even at the lowest
off-cycle flow rates, the SHR still approaches 1 at very small coil runtime fractions. This occurs
because the off-cycle length is more than 4 hrs at a runtime fraction of 0.02 — enough time for
even a modest evaporation rate to remove all the moisture from the coil.
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[ ‘\ \ 2x less |
X \
- ! _ |
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el \ flow X i
\ X
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= | X ]
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) \ |
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|
I
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0.80| ' 10%% \ —
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10%x ﬁ S~ %’WW* R i
0.75 A dS5005000000d OO UUROrTwvworvrve:-t T
0.0 0.2 0.4 0.6 0.8 1.0

Runtime Fraction (-)

Figure 5-33. Predicting Latent Degradation for Lower Off-Cycle Airflow Rates

The trends shown in Figure 5-33 are not fully consistent with our measured observations of a coil
in the AUTO fan mode — i.e., we have never observed SHRs asymptotically approaching 1 at
low coil runtime fractions (however 0.09 was the lowest runtime fraction tested). An alternate
way to consider the AUTO fan mode might be to think of the off cycle as a brief period of
thermosyphon-induced airflow that eventually subsides. This alternate concept is shown in
Figure 5-34 using the two off-cycle interval approach described in Section 5.4.2. The lines on the
plot assume off-cycle flows are 10 and 100 times lower than the on-cycle flow for brief periods
of 5, 10 and 15 minutes after the cooling cycle ends. After these brief low airflow periods, the
flow is assumed to fully stop for the remainder of the coil off cycle.
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Figure 5-34. Predicting Latent Degradation for a Brief Period of Low Off-Cycle Airflow

Figure 5-35 shows the impact of a fan overrun strategy that keeps the fan on at the same airflow
rate for a fixed length of time after the cooling on cycle. The overrun delays (tdclay-overrun) Shown
on the plot are for 0.5, 1.5, and 3 minutes. In each case the thicker line is for the simple model
that added a fan delay (and assumes no evaporation for the remainder of the off-cycle when the
fan is off). The thinner lines associated with each time delay use the two off-cycle interval model
and assume that the 2™ interval in the off-cycle when the fan is off has a very small airflow (10%,
10°, and 10" times less are shown on the plot). As expected the two models converge at very
small off-cycle flow rates.
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Figure 5-35. Predicting Latent Degradation with Fan Overrun Delay

Some manufacturers implement fan delays that maintain 50% of full flow for a brief period (see
Table 2-3). Figure 5-36 shows the impact of reducing airflow during the fan delay. The reduced
air flow during the fan delay does, in part, mitigate the latent degradation.
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Figure 5-36. Predicting Latent Degradation with a Fan Overrun Delay and Reduced Off-
Cycle Airflow

5.5 Validation of LHR Degradation Models

5.5.1 Validating Constant Fan Operation

The laboratory tests for each coil included a set of quasi-steady tests with continuous supply air
fan operation at several cycling rates that corresponded to a maximum cycle rate (Nyax) of 3
cycles/hr. The series of quasi-steady tests also included an initial run to estimate the model
parameters tyet, ¥, Mo, €tc.

Figure 5-37 through Figure 5-46 compare the measured laboratory data (symbols) to the various
LHR degradation models. The original LHR model is shown as a black solid line (assuming
linear decay for the off-cycle moisture evaporation rate) and a black dotted line (assuming
exponential decay for the off-cycle moisture evaporation rate). The values of tye and y used in
each case are given in the table associated with each figure. These values were calculated using
the data associated with each test run.
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The new LHR degradation model (from Section 5.2) requires the parameters t, and NTU. These
parameter values were calculated based on two different assumptions.

Option 1. (Solid pink line) The values were calculated using measured data from the initial test
in the series (i.e., run specific parameters). In this case the parameters were determined using:

1060-M, _ Moisture _ Mass
Pl 1.08-cfm-(DB—-WB) Evap Potential

t

NTU, =—In(l -

Uevp _ measured )

Option 2. (Dotted pink line) The values were calculated using the average properties of the coil
based on many tests. In this case the NTU is based on a curve fit of the results for all the runs
for that coil. The parameters were determined using:

NTU _ Kcurvefit
2™ cfm®?

— tw_et(l _ efNTUZ)
v

t

p2

Overall the LHR degradation models are in good agreement with the measured data at the
various operating conditions (when considering the measured test results for the 27 3 and 4™
cycles when quasi-steady state had been reached). While the new LHR degradation model does
incorporate a more accurate prediction of off-cycle moisture evaporation, it still predicts similar
LHR variation as the original LHR model. The more accurate off-cycle prediction of moisture
evaporation rate does not result in a substantial improvement since the time to evaporate
moisture from the coil is similar in both cases.

Coil 8, the chilled water coil, demonstrated the most deviation between the model and measured
data. The larger differences in this case may be due to the confounding influence of the added
coil mass of the chilled water system. The additional mass of the coil may confound our
experimental procedures which use off-cycle sensible capacity to determine the mass of moisture
on the coil. Similarly, the water temperature glide through the chilled water coil — which affects
if the coil fins are fully wetted — may also have had an impact on the results for this coil.
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(black lines)
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15.0

1.48

7.4

1.29 7.7 1.40

80/60

17.3

1.50

9.2

1.60 9.7 1.83

80/60

29.6

1.81

14.3

2.06 14.4 2.12
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Note: Air flow rate is 400 cfm/ton
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Figure 5-37. Comparing LHR Model to Lab Data: Coils 1-4, 80°F db, 60°F dp
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(black lines)

New Model

Run-Specific Parameters

(solid pink line)

New Model
Averaged Parameters
(dotted pink line)
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Figure 5-38. Comparing LHR Model to Lab Data: Coils 5-8, 80°F db, 60°F dp

5-35



New Model New Model
Original Model |Run-Specific Parameters | Averaged Parameters
(black lines) (solid pink line) (dotted pink line)

Condition twet tpl NTU, tpz NTU>
Coil | (°F db, °Fdp) | (min) v (min) () (min) ()

2 75/64 11.2 0.49 19.6 1.88 19.3 1.83

3 75/64 21.3 0.59 34.1 3.08 31.9 2.12

4 75/64 9.6 0.47 15.4 1.42 13.3 1.07

Note: Air flow rate is 400 cfm/ton
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Figure 5-39. Comparing LHR Model to Lab Data: Coils 2-4, 75°F db, 64°F dp
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New Model New Model
Original Model |Run-Specific Parameters | Averaged Parameters
(black lines) (solid pink line) (dotted pink line)

Condition twet tpl NTU, tpz NTU>
(°F db, °Fdp) | (min) Y (min) () (min) ()

75/64 5.5 0.40 10.2 1.35 10.1 1.32

75/64 17.6 0.55 294 2.49 29.7 2.58

75/64 15.4 0.58 26.8 na 24.3 2.37

8

75/64 15.8 0.68 19.7 1.87 18.2 1.50

Notes: Air flow rate is 400 cfm/ton. na — indicates effectiveness greater than 1 so NTU; was invalid.
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Figure 5-40. Comparing LHR Model to Lab Data: Coils 5-8, 75°F db, 64°F dp
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(solid pink line)

New Model
Averaged Parameters
(dotted pink line)
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(black lines)
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3
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Note: Air flow rate is 400 cfm/ton
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Comparing LHR Model to Lab Data: Coils 2-4, 75°F db, 56°F dp
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Original Model
(black lines)

New Model
Run-Specific Parameters
(solid pink line)

New Model
Averaged Parameters
(dotted pink line)

Condition
(°F db, °F dp)

twet

(min) v

tor NTU,
(min) ()

T2
(min)

NTU,
()

5 75/56 12.7 1.12

8.3 1.31

8.3

1.32

6 75/56 37.8 1.91

17.2 2.01

18.3

2.57

7 75/56 334 1.74

16.6 2.08

17.4

2.37

8 75/56 46.0 4.45

6.9 1.13

8.0

1.50

Note: Air flow rate is 400 cfm/ton
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Figure 5-42. Comparing LHR Model to Lab Data: Coils 5-8, 75°F db, 56°F dp
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Original Model

New Model
Run-Specific Parameters

New Model
Averaged Parameters

(black lines) (solid pink line) (dotted pink line)
Condition twet tpl NTU, tpz NTU>
Coil | (°F db, °Fdp) | (min) v (min) () (min) ()
2 80/60 16.9 0.97 10.9 1.78 14.9 1.94
3 80/60 28.7 1.23 16.2 2.29 20.8 2.23
4 80/60 15.2 0.73 10.7 1.13 14.1 1.13
Note: Air flow rate is 300 cfm/ton
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Figure 5-43. Comparing LHR Model to Lab Data: Coils 2-4, 300 cfm/ton
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New Model New Model
Original Model |Run-Specific Parameters | Averaged Parameters
(black lines) (solid pink line) (dotted pink line)
Condition twet tpl NTU, tpz NTU>
Coil | (°F db, °Fdp) | (min) v (min) () (min) ()
5 80/60 11.9 0.77 8.6 1.42 11.6 1.40
6 80/60 27.6 1.07 17.8 2.47 24.1 2.73
7 80/60 24.2 1.08 15.6 2.37 20.6 2.50
8 80/60 29.3 1.77 11.5 2.57 13.2 1.59
Note: Air flow rate is 300 cfm/ton
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Figure 5-44. Comparing LHR Model to Lab Data: Coils 5-8, 300 cfm/ton

5.5.2 Validating the AUTO Fan Mode

Runtime Fraction (-)

Quasi-steady cyclic data were also collected with the fan cycling on and off with the cooling coil
for all eight test coils. These results are shown in Figure 5-45 and Figure 5-46 for nominal
operating conditions (80°F db, 60°F dp, 400 cfm/ton). For the test points with very low runtime
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fraction we found that additional cycles were required to achieve quasi-steady conditions (i.e.,
cycle n+1 yields the same result as cycle n). Lines in these figures are simply drawn from point-
to-point for the final cycles at each coil/fan runtime fraction to allow easier viewing of the
general trends (i.e., they are not model predictions). For all coils except coil 2, some amount of
SHR degradation was detected. Figure 5-33 and Figure 5-34 in Section 5.4.3 presented two
possible ways to consider moisture evaporation when the fan is off during the coil off cycle:

e Scenario 1. A tiny amount of airflow through the coil when the fan is off (e.g., 100 times
less flow than the on-cycle airflow) causes moisture to evaporate from the coil,

e Scenario 2. A tiny amount of airflow occurs only for a brief period at the beginning of the
off cycle because the system is cold; after a brief period, the system warms and all
airflow stops.

The observed trends from the lab testing seem to imply a mix of these two possible scenarios.
Coils 1, 2 and 5 show a nearly linear trend that is consistent with Scenario 2 (flow for a brief
period). In contrast, coils 3, 4, 6, 7 and 8 show trends (the SHR approaching 1 at very low
runtime fractions) that are consistent with Scenario 1.
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Figure 5-45. Measured LHR Degradation: Coils 1-4, AUTO Fan at Nominal Conditions

5-42



Auto Fan Cyclic Tests for COILS Auto Fan Cyclic Tests for COIL6
—— —

1.0 100[ T ]

° o 1stCycle [ o o 1st Cycle ]

2 2 3rd Cycle 095 L a 2~ 3rd Cycle N

x 5th Cycle [ x x 5th Cycle ]

° 2 ool ]

§ i § 0.90— —

g 3 [ N 4

T I L \ o -

= o8 B 2 \\ ]

2 2 0.85— N\ |

o} 5 L 4

n 0 \ ]

— 0.80[— —

p— = . X i \g\ 4

r _ ° b |  Steady State SHR= 0.776 (based on condensate) . ]

_ Steady State SHR = 0680 (based omdondensate) — [ PRSI A S T 1

S RS S S B o7l . o0y ]

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 08 1.0
Runtime Fraction (-) Runtime Fraction (-)
Auto Fan Cyclic Tests for COIL7 Auto Fan Cyclic Tests for COIL8
10 L e e e B A 100 — T T T T T T

° o 1stCycle E ° o 1st Cycle -

a a  3rd Cycle 7 : a & 3rd Cycle :

x  5th Cycle 0.95[— x x  5th Cycle -

s = i

T s 7

@ 14 L i
5 g

T ) £ 090~ n

o 2 r q
2 2

2} @ B
2 2

3 53 4
12} 0

0.85— —

|  Steady State SHR? .816 (based on condensate) © i

[ L A ——— g.é__,._.—ﬂ””””;

. S RS S S R ool . . .oy
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Runtime Fraction (-) Runtime Fraction (-)

Figure 5-46. Measured LHR Degradation: Coils 5-8, AUTO Fan at Nominal Conditions

The laboratory setup and instrumentation were not able to measure very low airflow rates such as
might be expected with the fan off. For coil 8, we did use a handheld hot-wire anemometer in an
attempt to sense any airflow with the fan off. The hot wire probe was not able to consistently
detect airflow, but about 1 of 20 readings did detect a flow of 20-40 fpm. If we average all the
readings the implied velocity would be 1-2 fpm, or about 250-500 times less than the on-cycle
airflow. This equates to 2-4 cfm. During the same period the orifice flow meter indicated a
pressure drop of 0.002 inches, which implies 44 cfm. Both of these airflow readings are well
below the threshold of each instrument, though probably provide an order of magnitude
indication of off-cycle airflow.

Figure 5-47 compares the laboratory data for coil 8 to the new LHR model assuming that the off-

cycle airflow is 250 times less than the on-cycle flow over the entire coil off cycle (Scenario 1).
The model is in fairly good agreement with the 4™ and 5™ cycles of the measured data.
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Figure 5-47. Comparing LHR Model to Lab Data: Coil 8, AUTO Fan

5.5.3 Validating the LHR Degradation Model for Fan Drain-Down Delays

A special case of fan delay is when the fan turns off for a fixed interval right after a cooling cycle
ends. This type of delay is often called a “drain-down cycle” because of the misguided belief that
water drains from the coil when the fan is off for a few minutes. Section 5.4.1 derived a model to
handle this type of fan delay. The model inherently assumes that moisture drain down does not
occur, but instead that moisture remains on the coil until the fan is activated again. This model
assumption is largely supported by the lab testing results.

Figure 5-48 compares the measured LHR degradation trends (symbols) to the theoretical model
developed in Section 5.4.1 (lines). The LHR degradation model is in good agreement with the
data, confirming the assumption that little-to-no moisture is removed from the coil during the
brief fan shutdown period.

5-44



Impact of Fan Delay
‘ I ~ T ‘ T

2 | T

1.00 - \ % \ \
| | \ No Fan Delay i
\ (continuous fan)
L o \ |
0.95 2-min —
L Delay \ i
T L | . .
i) \
IS i - )
4 i 10-min | _
b | Delay ]
£ 0.90 \
[} - 0\ i
B - ¥\ ’
o \
U) [ ¥ \ 7
0.85 \ —
L \ T
-  Steady State SHR = 0.823 (based on'condensate) .
r==""=="="=""""—_"AINM"MoOO¥ran -~ -~ -~ - -~ - - - 5 |
L OJ -
O
0.80 \ \ . \ \
0.0 0.2 0.4 0.6 0.8 1.0

Runtime Fraction (-)

Figure 5-48. Comparing LHR Model to Lab Data: Coil 8, “Drain-Down Delays”

5.6 Recommended Model Parameters for Various Cooling Systems

The latent degradation of a cooling coil at part-load conditions depends on several aspects of
cooling system performance that are generally not provided by equipment manufacturers or
available in the literature. Therefore, we have developed the set of guidelines below in Table 5-4
to help users intelligently select model parameters for a given cooling system based on a minimal
amount of knowledge. We assume that that the following basic information is available:

e Total cooling capacity and sensible heat ratio (SHR),
e Airflow rate,
e Coil face area, fins spacing, and coil depth (to find total fin area).

It is generally better to determine the information above at the actual operating conditions of
interest. Alternatively, the calculations described in the sections above — along with a steady-
state cooling performance map — can also be used to correct rated model parameters to the proper
values at different operating conditions. These corrections for operating conditions would apply
to Qr, twer, and t,.
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Table 5-4. Guidelines to Determine Parameters for the LHR Degradation Models

Parameter Equation Form Suggested Value Observed Range of
Values
Latent Capacity QL= Q- SHR SHR near 0.75 at 0.5-1.0 depending on
(Qr, Btu/h) - ! nominal conditions actual operating conditions
Total Fin Area A, = 2 - (face area, ft°) - 2 2
(Ao, ftz) (fpi) - (depth, in) Approx. 100 ft" per ton | 50-150 ft” per ton
. K1=81b
Moisture Mass |\ " 1.4 11000 per 1000 ft’ K1 = 7-14 Ib per 1000 f
(M,, 1b) o condit
(at nominal conditions)
Evaporation NTU, = (K2-A,)/cfm®® | K2 =0.03 K2 = 0.024-0.043
NTU,
tyer (S€C) tuer = 3600-(Mo-1060)/Q;
t,= 3600- (M,:1060)
tp (sec) 1.08-cfm:(DB-WB)
y = (1.08-cfm-(DB-WB))-(1-e ™)
Y QL1060

Note: nominal conditions are 80°F dry-bulb temperature, 60°F dewpoint temperature, 400 cfm/ton.

The guidelines above assume that the moisture holding capacity of the coil does not change with
operating conditions. In fact the data shown in the laboratory section did imply some variation
with airflow. To account for this variation with airflow, we have developed the simple
relationship shown in Figure 5-49. This linear adjustment factor approximately accounts for the
variation shown from the lab-tested coils.
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Figure 5-49. Variation of Coil Retained Moisture Mass with Airflow
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5.7 Part-Load Latent Performance for Modulating and Staged DX
Systems

The improved latent degradation model described in Section 5.3 is primarily applicable to direct
expansion (DX) cooling coils that cycle on and off to meet cooling requirements. However, some
DX cooling systems modulate compressor capacity to meet the cooling load. Section 5.7.1 below
presents a method for modeling part-load dehumidification performance for these capacity-
modulated systems that relies on a steady-state DX coil performance model instead of the
improved “cyclic” latent degradation model developed as part of this project.

Another method for varying DX equipment capacity is to provide multiple stages of compressor
capacity and more than one refrigeration circuit. Several common coil circuiting arrangements
are used, and both coil circuiting and compressor staging impact part-load dehumidification
performance. Section 5.7.2 describes these issues and identifies the circuiting arrangement that
provides the best dehumidification performance.

Finally, there are multi-stage cycling DX systems whose performance is best modeled using a
combination of steady-state and cyclic models. Section 5.7.3 describes the mix of latent
degradation modeling techniques that must be employed for these types of systems.

5.7.1 Part-Load Latent Performance for Modulating DX Coils

Some direct expansion (DX) air-conditioning systems modulate compressor capacity in response
to the cooling load instead of cycling a single compressor on and off. These systems can use
multiple compressors, a compressor with unloaders, or a variable-speed compressor to modulate
refrigerant flow to a single-circuit cooling coil (see Section 5.7.2 for coils with multiple
refrigerant circuits). Since less refrigerant flow is sent to the cooling coil during part-load
conditions, this method of capacity control causes the coil surface to get warmer at part load. As
a result, the apparatus dew point of the coil increases.

One way to emulate the part-load latent performance of these systems is to apply the apparatus
dew point (ADP) / Bypass Factor (BF) approach developed by Henderson, Rengarajan and
Shirey (1992) to predict the sensible and latent performance at different inlet air conditions. This
steady-state AC coil model is also given in the ASHRAE Secondary Toolkit as DXDOE
(Brandemuehl 1993) and in the EnergyPlus Engineering Manual (EnergyPlus Development
Team 2005). The model combines empirical predictions of total capacity with the ADP/BF
calculations to find the mix of sensible and latent capacity. The model first determines the BF
and ADP corresponding to design or rated conditions. At other operating conditions, the BF and
the enthalpy difference (Ah) across the coil (which are known) are used to solve for the new
operating ADP. The ADP is determined by knowing the enthalpy corresponding to the point
where the process line intersects with the saturation line on the psychrometric chart. The ADP
can be found using the relationship between the saturation temperature and enthalpy for moist
air, or by iteration using psychrometric functions for moist air properties. Once the ADP is
determined, the SHR of the coil can be calculated as well. The model depends on the definition
of BF, which is only a function of air flow rate (and not entering air conditions).
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For the case of a modulating coil, the total capacity and enthalpy difference (Ah) decrease in
proportion to compressor capacity:

Ah=LF - Ah,

where Ah, is the enthalpy difference across the coil at full load conditions and LF is the loading
fraction of the compressors. The calculations use the reduced Ah with BF to find the new ADP at
each capacity level. Figure 5-50 shows how the process line for a typical DX cooling coil
changes as the compressor loading decreases. At 50% loading, the coil only provides sensible
cooling. At 75% compressor loading the SHR has dropped to 0.855. At full load the SHR
decreases further to 0.736. As the compressor loading decreases, the ADP of the coil warms from
55°F at full load to more than 61°F at 50% load.

Figure 5-51 shows trends of SHR with compressor loading factor for a typical DX cooling coil.
With the compressors fully loaded, the SHR of the coil is 0.736 at nominal conditions of 80°F
dry-bulb temperature and 51% RH (67°F wet-bulb temperature). The SHR of the coil reaches 1.0
when the compressor capacity drops below 60% in this case. Figure 5-51 also shows the SHR
trend for entering air conditions of 75°F and 50% RH. The fully-loaded SHR is just under 0.79
for this operating condition. The latent capacity approaches zero when the compressor loading
drops to 65%.
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Figure 5-50. Impact of Compressor Loading on Cooling Coil Process Line
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Figure 5-51. Variation of SHR with Compressor Loading for a Modulated Coil

5.7.2 Considering the Impact of Cooling Coil Circuiting and Staging

Many cooling systems have multiple stages of compressor capacity and more than one
refrigeration circuit. Usually a compressor is dedicated to a specific refrigeration circuit or
section in a cooling coil. The part-load latent performance of a cooling coil depends on both the
compressor staging as well as how the coil is circuited. Figure 5-52 shows the three basic coil
circuiting arrangements (assuming 2 equal stages of capacity):

Face-Split Coils. This arrangement breaks the coil into sections vertically, mimicking the
performance of two single-stage cooling units operating in parallel. When circuit 1 is on
(usually the bottom of the coil), approximately half of the total cooling capacity is
applied to half of the air flow. This results in an SHR for stage 1 that is roughly
equivalent to the SHR for full-load operation (i.e., stages 1 and 2 are operating).

Row-Split Coils. This arrangement breaks the coil into sections horizontally, mimicking
the performance of two single-stage cooling units operating in series. When circuit 1 is
on, approximately half of the total cooling capacity is applied to the full air flow. This
results in an SHR for stage 1 that is higher than the SHR for full-load operation.

Intertwined Coils. This arrangement breaks the coil into small sections, mimicking the
performance of a single coil with modulating refrigerant flow. When circuit 1 is on, each
section of the coil can effectively use the fins of neighboring sections of the coil that are
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unused. This arrangement can result in performance that approaches a single refrigerant
circuit with modulating refrigerant flow (as discussed in Section 5.7.1).

=ON
Stage
Stage Stage i
12 N
Stage
2
Stage
1
T Stage
2
Face Split Row Split “Intertwined”

Figure 5-52. Cooling Coil Circuiting Options

The face split arrangement offers the best dehumidification performance at part-load conditions.
The first-stage coil typically provides similar steady-state dehumidification performance (i.e.,
SHR) as the fully-operating coil since both air flow and refrigeration capacity decrease at
roughly the same rate. In fact, part-load (first stage) dehumidification performance usually
improves since the airflow through the active coil section is slightly reduced because air can
more easily flow through the inactive, dry sections of the coil. Table 5-5 shows the calculated
supply air dew point for a hypothetical 10-ton system that is face split using the steady-state coil
model from Henderson, Rengarajan and Shirey (1992). Table 5-6 gives the operating conditions
for the same system at 50% capacity but with a row-split coil.

The supply air conditions are 57.4°F dry bulb (db) and 54°F dewpoint (dp) for the 10-ton system
at full load (see top section of each table). For the face split coil at 50% capacity, the air
conditions leaving the cooling coil are 56.2°F db and 53.3°F dp (Table 5-5). When this air is
mixed with bypassed air entering the unit the supply conditions for the entire system become
66.5°F db and 56.7°F dp. In contrast, Table 5-6 shows that the supply air conditions for the row-
split case at 50% capacity are slightly cooler but more humid at 64.1°F db and 57.0°F dp
(compared to the “system” supply air conditions for the face-split coil in Table 5-5). The
intertwined coil — which is assumed to approach the performance of a single coil with modulated
refrigerant flow — has very poor dehumidification performance (Table 5-7). Using the calculation
method for a modulated coil described in Section 5.7.1 above, the supply conditions are 62.4°F
db and 59°F dp when the intertwined coil is operating at 50% capacity.
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Table 5-5. Part-Load Performance for a “Face Split” Coll

10-ton unit, 4000 cfm, 75DB/65WB entering air

(~60%RH), 95°F outdoors

100% Capacity (100% airflow)

Coil Condition Wet
Total Capacity (10%3 Btu/h) 112.98
Sensible Capacity (10™3 Btu/h) 75.90 Supply Air
Latent Capacity (10”3 Btu/h) 37.08 DB = 57.4°F
Sensible heat Ratio (SHR) 0.672 w = 0.0895 1b/1b
Apparatus Dew Point (ADP) 53.3 DP = 54.0°F
Bypass Factor (BF) 0.195
50% Capacity (45% of full airflow)
Coil Condition Wet
Total Capacity (10”3 Btu/h) 55.26
Sensible Capacity (1073 Btu/h) 36.51
Latent Capacity (10”3 Btu/h) 18.75 COIL 1 Supply Air
Sensible heat Ratio (SHR) 0.661 DB = 56.2°F
Apparatus Dew Point (ADP) 52.7 w = 0.0871 1b/1b
Bypass Factor (BF) 0.163 DP = 53.3°F

Mixed Conditions (full airflow)

(55% entering + 45% supply conditions)

Sensible heat Ratio (SHR)

0.661

SYSTEM Supply Air
DB = 66.5°F
w = 0.0991 1b/1b
DP = 56.7°F

Table 5-6. Part-Load Performance for a “Row Split” Coil

10-ton unit, 4000 cfm, 75DB/65WB entering air

(~60%RH), 95°F outdoors

100% Capacity (100% airflow)
Coil Condition
Total Capacity (10”73 Btu/h)
Sensible Capacity (10°3 Btu/h)
Latent Capacity (1073 Btu/h)
Sensible heat Ratio (SHR)
)
)

Apparatus Dew Point (ADP
Bypass Factor (BF

Wet
112.98
75.90
37.08
0.672
53.3
0.195

Supply Air
DB = 57.4°F
w = 0.0895 1b/1b
DP = 54.0°F

50% Capacity with COIL 1 (100% airflow)

Coil Condition

Total Capacity (10”3 Btu/h)
Sensible Capacity (10"3 Btu/h)
Latent Capacity (10%3 Btu/h)
Sensible heat Ratio (SHR)
Apparatus Dew Point (ADP)
Bypass Factor (BF)

Wet
64.12
46.96
17.16
0.732

55.6
0.442

Supply Air
DB = 64.1°F
w = 0.0999 1b/1b
DP = 57.0°F
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Table 5-7. Part-Load Performance for an “Intertwined” Coil

10-ton unit, 4000 cfm, 75DB/65WB entering air (~60%RH), 95°F outdoors

100% Capacity (100% airflow)

Coil Condition Wet
Total Capacity (1073 Btu/h) 112.98 Supply Air
Sensible Capacity (10"3 Btu/h) 75.90 DB = 57.4°F
Latent Capacity (10”3 Btu/h) 37.08 w = 0.0895 1b/1b
Sensible heat Ratio (SHR) 0.672 DP = 54.0°F
Apparatus Dew Point (ADP) 53.3
Bypass Factor (BF) 0.195
50% Capacity Intertwined/Modulated COIL (100% airflow)
Coil Condition Wet Supply Air
Total Capacity (1073 Btu/h) 56.49 DB = 62.4°F
Sensible Capacity (1073 Btu/h) 54.29 w = 0.1078 1b/1b
Latent Capacity (10"3 Btu/h) 2.20 DP = 59.0°F
Sensible heat Ratio (SHR) 0.961 .
Apparatus Dew Point (ADP) 59.5
Bypass Factor (BF) 0.195
Comp Loading Factor (LF) 0.500

Table 5-8 summarizes the performance of the face-split, row-split and intertwined coil
arrangements. The best part-load dehumidification performance is provided by the face-split coil
(SHR=0.66). The row-split coil has slightly less latent capacity (SHR=0.73). The intertwined
coil — which is assumed to approach a single-circuit coil with modulated refrigerant flow —
provides nearly no latent capacity (SHR=0.96).

Table 5-8. Comparison of Dehumidification Performance for Different Coil Arrangements

Supply Supply .
Temperature | Dew Point HSezrgsllqt;Ite}o
(°F) (°F)
Full Load 57.4 54.0 0.67
50% Capacity — Face Split 66.5 56.7 0.66
50% Capacity — Row Split 64.1 57.0 0.73
50% Capacity — Intertwined/Modulated 62.4 59.0 0.96

5.7.3 Approaches for Modeling Multi-Stage, Cycling DX Systems

Many cooling systems are a relatively complex mix of both cycling and modulating systems.
One example is a residential two-stage system. This system usually has a single refrigerant
circuit that is served by multiple or modulating compressors. The unit effectively modulates
between its capacity stages to meet the load. In the case of most residential systems, the supply
fan also modulates with capacity stages to ensure that good dehumidification is provided at each
stage. At very low loads, the unit cycles between the lowest cooling stage and off to meet the
cooling load.
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In these cases, a mix of latent degradation modeling techniques must be employed:

1. The unit effectively functions like a cycling system at low-load conditions, so the part-
load latent degradation calculation methods summarized in Section 5.3 are used. The
model parameters must be calculated using the steady-state performance and other
physical characteristics for the low-stage cooling system.

2. Once modulation between capacity stages starts to occur, then empirical or semi-
empirical methods to predict steady-state performance must be applied (such as the
calculation approaches described in Sections 5.7.1 and 5.7.2). In time steps with mixed
operation, some method of proportioning the amount of operation at each stage must be
applied.

The mixed approach to applying part-load latent degradation is similar to what is required for
part-load efficiency calculations.

For multi-stage commercial DX systems with face-split coils with dedicated compressors, the
part-load latent degradation calculations summarized in Section 5.3 can be applied as if the two
coil sections are separate cooling systems (e.g., installed in parallel each with their own runtime
fraction).
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5.8 Latent Degradation with Modulating Chilled Water Coils

The data shown for coil 8 in Section 5.5 demonstrates that a chilled water coil that cycles on and
off (using a quick-acting two-way water valve) behaves the same at part-load conditions as a
cycling DX coil and compressor. However, most chilled water coils are applied with modulating
valves that reduce the water flow through the coil when less cooling is required. When the
chilled water flow is modulated the latent capacity of the coil decreases faster than the sensible
cooling capacity. As a result, the SHR of a modulating chilled water coil changes at part-load
conditions.

Figure 5-53 and Figure 5-55 show the measured trends of SHR and total cooling capacity with
chilled water flow rate. The detailed chilled water coil model CCDET’ from the ASHRAE
Secondary Toolkit (Brandemuehl 1993) was also used to model the performance of coil 8. These
performance trends are shown in Figure 5-54 and Figure 5-56. The CCDET model inputs
included the geometric data for this coil given in Appendix H and the fluid properties of the
chilled water loop (21% propylene glycol). While the magnitude of the SHR and capacity
predicted by CCDET are in some cases quite different from the measured data, the overall
performance variations with water flow are consistent with the laboratory measurements.

Figure 5-57 shows how the measured SHR changes with cooling load instead of water flow rate.
Figure 5-58 shows the same data from the CCDET model. This set of plots, normalized for the
capacity differences between the coils, shows similar trends for the measured data and CCDET
predictions. This cursory comparison of measured performance data to one model implies that
detailed chilled water coil models that endeavor to accurately predict mixed wet-dry performance
at steady-state conditions can reasonably predict the loss of latent capacity at lower chilled water
flow rates.

> Other similarly detailed chilled water coil models include the model by Elmahdy and Mitalas (1977), a slightly
modified version of which is used in EnergyPlus, as well as the Type 56 chilled water model used in TRNSY'S
(Braun 1988).
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6 Summary of Findings

This section summarizes and compares the key findings from laboratory and field testing
conducted as part of this project, and also discusses how the results can be applied to design,
install and operate cooling systems with better part-load dehumidification performance.

6.1 Summary of Laboratory and Field Test Findings

The laboratory data collected as part of this study provided the most definitive and credible
results related to the details of coil dehumidification performance as well as how part-load
performance can be modeled. The laboratory results were more definitive because
instrumentation accuracy and precision were much better and operating conditions were more
carefully controlled than at the field test sites. All of the model validation efforts in Section 5
were completed using laboratory data. However, the field data were also able to corroborate
many of the laboratory findings. Figure 6-1 below compares the measured moisture retention
values from the laboratory and field testing. The laboratory testing found moisture retention
values of 8 to 14 Ib per thousand square feet of gross fin surface area®. The majority of the lab-
tested coils were closer to 8 Ibs per thousand square feet. The moisture-holding capacity of the
coils at the field test sites are determined by various means that were often less accurate.
However, the resulting moisture retention rates were still close to the laboratory-determined
values.

Another fundamental measure of coil performance is the constant k that is related to the NTU
associated with the performance of the coil as an evaporative cooler during the off cycle (see
Sections 3.4 and 5.2). Figure 6-2 compares the k factor values determined from laboratory and
field testing. The k factor should, in theory, depend on the thermo-physical properties of air and
water near 40-60°F, as well as the properties related to surface tension of water on the fin
material. Since the coils all use similar fin materials and operate at similar temperatures, the
calculated k factors were very similar for all lab-tested coils, ranging from 0.024 to 0.043.
Attempts to determine the k factor from some field test sites resulted in k factors of similar order,
but with significant variations. The differences between the field and lab tests in this case
primarily resulted from the inability to find periods with consistent and meaningful operating
conditions in the field. For instance, the two-stage cooling unit at field site 2 typically cycled
from 1* stage to off (instead of from 2nd stage to off). Therefore, the coil was not fully wetted at
the beginning of the off cycle and the measured evaporation rate was lower than would have
been expected at laboratory test conditions.

® Gross fin surface area is based on simple fin area calculations and ignores the area corrections associated with tube
voids and fin collars, as described in Section 3.
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While the field data yielded less accurate measurements of coil performance details, it did
provide realistic feedback on the net impacts of latent degradation in real buildings. The field
testing from site 1 and other sites demonstrated that latent degradation was also a significant
issue with the AUTO fan mode (supply air fan cycles on/off in tandem with the cooling coil).
Since AUTO fan degradation strongly depends on the magnitude of off-cycle airflows, the coil
and duct arrangements of a given system appear to have a significant impact on the rate of latent
degradation.

For many of the field sites, we were able to determine the necessary model parameters to
develop a part-load curve to predict latent degradation for the cooling unit (see Section 4). In all
cases the latent degradation model was shown to match the measured latent degradation trend.
This confirmation of the latent degradation model with field data provided further confidence
that the model is valid for a wide range of operating conditions and coil configurations.

Field test data also demonstrated the impact of latent degradation on space humidity levels in a
building. We were also able to evaluate the net impacts of enhanced control approaches that have
been developed by several equipment manufacturers. At several sites, tests were run with the
various enhanced control features both enabled and disabled. These different control periods
were compared at similar outdoor humidity conditions to discern the impact of the control
change on indoor humidity. Generally we found no observable impact of these enhanced control
modes on space humidity levels. The only control change observed to significantly impact space
humidity levels was the difference between the AUTO and continuous fan modes. The results
from the laboratory testing and the model development efforts have generally corroborated the
performance trends we have observed in the field.

6.2 Best Practices to Mitigate Latent Capacity Degradation

6.2.1 The Importance of Proper Equipment Sizing

The field and laboratory results presented in this report clearly indicate the importance of
equipment sizing. Single-stage cooling units that operate at less than 50% of full load with
continuous fan operation were typically shown to provide no latent capacity. Similarly, single-
circuit DX systems with modulating compressors and chilled water coils lose most of their
dehumidification capacity below 50-60% loading.

Clearly, engineers and designers can mitigate the negative impact of latent degradation by
ensuring equipment is not significantly oversized compared to the expected cooling loads in a
building application. Oversizing AC equipment increases the amount of time spent at part load
and results in higher space humidity levels. Carefully sizing equipment to match the cooling load
requirements results in better humidity control and higher system efficiency since part-load
losses are minimized. These impacts can be quantified by using the latent degradation models
developed in this report with building simulation tools such as EnergyPlus.



6.2.2 The Importance of Capacity Staging and Coil Circuiting

Multiple stages of cooling capacity can greatly mitigate the impact of latent degradation at part
load. Field measurements for a 10-ton [35 kW] packaged rooftop in a retail application (field test
site 4) showed that having two stages of cooling capacity (with face split coil) significantly
reduced the impact of latent degradation. The SHR of the cooling coil was maintained near the
full-load level even at 1*' stage operation because the cooling coil was face split (i.e., compressor
1 serving the bottom half of the coil). In this application, the system spent many hours with the
first stage operating continuously. As a result, humidity control was reasonably maintained in
this commercial application even with continuous supply fan operation. In contrast, a single-
stage rooftop would have resulted in extremely poor space humidity control in this application
since the compressor would have operated for all but a few hours of the year at less than a 50%
runtime fraction.

A multi-stage cooling unit with a row-split coil (i.e., compressor 1 serving the entering rows of
the cooling coil) or an intertwined coil (i.e., compressor 1 effectively serving the entire coil area)
would have resulted in less latent capacity at part load and in poorer humidity control. While
these coil circuiting arrangements can result in improved part-load efficiency, they clearly result
in poorer dehumidification performance at part load.

6.2.3 The Importance of Coil Temperature Control

Cooling systems provide good part-load dehumidification when the coil is always maintained at
cold conditions (i.e., below the dewpoint temperature of the entering air). The residential two-
stage unit at field test site 2 reduced the supply airflow for first stage of cooling capacity, though
the coil suction temperature actually increased slightly at this condition. Better dehumidification
performance would have been realized if the airflow rate had been slightly less than 50% flow at
50% capacity. Manufacturers have considerable flexibility with variable-speed supply blowers
available for residential equipment. Strategies that persistently maintain lower airflows and
supply air temperatures for low stage can improve latent performance. While many
manufacturers reduce airflows for a few minutes at the beginning of an operating cycle, the long
operating cycles typical of low-stage operation reduce the efficacy of this approach. Equipment
manufacturers may be concerned that consistently lower airflow rates will lead to coil freeze up
or duct sweating. One possible answer may be to use simple refrigerant line temperature
switches to sense when the risk of freezeup or sweating is high.

Modulated chilled water coils in large commercial systems also experience latent degradation at
part-load conditions. Field testing of a constant-air-volume chilled water coil in a Florida
commercial building (field test site 6) confirmed the expected drop in latent capacity as the water
flow rate through the chilled water coil modulates to match the load requirements while the air
flow rate remains at the design value. In constant-air-volume applications where improved
humidity control is important, designers should consider controlling cooling capacity by
bypassing air around the coil. The air bypass method clearly provides better humidity control at
part load compared to systems that modulate capacity by varying the chilled water flow rate.



Chilled water coils in variable air volume (VAV) systems (field test site 7) typically provide
good dehumidification at part-load conditions since they are consistently controlled to a cold
discharge air temperature. Chilled water temperature reset strategies, which are often
implemented in VAV systems to improve energy efficiency, eliminate or reduce this natural
advantage that VAV systems provide.

6.2.4 The Impact of Off-Cycle Moisture Evaporation from the Cooling Coil

Operation in the AUTO fan mode, with the fan cycling on and off with the compressor, nearly
always improves the dehumidification performance of a cooling system. However, continuous
fan operation is often required to provide ventilation, filtration, uniform mixing of the space,
and/or constant sound levels.

Strategies to minimize moisture evaporation from the coil during the off cycle improve
dehumidification performance. Off-cycle evaporation from the coil can be reduced by:

e turning off the fan for all or part of the off cycle,
e using lower supply airflow rates during the off cycle,
e bypassing air around the coil during the off cycle.

All of these strategies can improve dehumidification performance. The models developed and
presented in Section 5 can be used to quantify the impacts of these strategies.

Many equipment manufacturers use fan delay strategies ostensibly to extract additional cooling
from a coil at the end of an operating cycle. These strategies are used in residential applications
where AUTO fan control is the norm. While this strategy may (or may not) slightly improve the
energy efficiency of a system, our findings demonstrate that it clearly degrades the latent
removal capacity of a system. Measured data showed a 44% reduction in net condensate removal
at a runtime fraction of 20% with only a 90-second fan delay. The measured increase in gross
cooling efficiency with the fan delay was about 1%. Fan delay strategies have a significant
negative impact on dehumidification capacity and should be avoided in any application where
high humidity is a concern.



7 Conclusions and Recommendations
7.1 Conclusions

The latent capacity of a cooling coil degrades at part-load conditions. This degradation is most
significant when the supply air fan operates continuously with a single-stage cooling coil.
However, some degradation also occurs with modulated and multi-stage cooling systems as well.
Continuous supply air fan operation is used in nearly all commercial buildings to provide the
outdoor air ventilation requirements prescribed by ANSI/ASHRAE Standard 62.1 (ASHRAE
2004a) and to provide air circulation for occupant comfort. Continuous fan operation is also
becoming more prevalent for residential applications for a variety of reasons, including central
air filtration (e.g., UV lamps or high-efficiency air filters) and new recommendations for whole-
building ventilation with outdoor air (ASHRAE 2004b). The impact of latent capacity
degradation must be considered in these circumstances.

The results from this research project confirm and quantify the impact equipment oversizing has
on humidity control. Whether operating with continuous fan operation, as is common in
commercial applications, or in the AUTO fan mode, as most residential systems do,
dehumidification performance degrades at part-load conditions. Oversizing air-conditioning
equipment increases the time spent at part load and results in higher space humidity levels.
Carefully sizing equipment to match the cooling load requirements results in better humidity
control and higher system efficiency since part-load losses are minimized.

Modulated chilled water coils also experience latent degradation at part-load conditions. Field
testing of a constant air volume chilled water coil in a Florida commercial building confirmed
the expected drop in latent capacity as the water flow rate through the chilled water coil
modulates to match the sensible cooling load requirements. In constant air volume applications
where improved humidity control is important, designers should consider controlling cooling
capacity by bypassing air around the coil. The air bypass method clearly provides better
humidity control at part load compared to systems that modulate capacity by varying the chilled
water flow rate. Variable air volume systems also provide good dehumidification when
controlled to an appropriate discharge air temperature.

AUTO fan control, where the supply air fan cycles on and off with the cooling coil, nearly
always improves the dehumidification performance of a cooling system. However, continuous
fan operation is often required as noted above. Strategies are available to minimize moisture
evaporation during the coil off cycle and improve dehumidification performance. These
strategies include turning off the fan for all or part of the coil off cycle, using lower supply
airflow rates during the coil off cycle, and/or bypassing air around the coil during the off cycle.
The improved latent degradation model developed as part of this project can be used to quantify
the impacts of these strategies on dehumidification performance. The latent degradation model
can also be incorporated into dynamic building energy simulation programs (e.g., DOE’s
EnergyPlus program), providing a tool for evaluating the implications of equipment design and
operating strategies on indoor humidity levels during part-load operation.



Multiple stages of cooling capacity can greatly mitigate the impact of latent degradation at part
load. For example, field measurements of a 10-ton (35kW) rooftop packaged unit showed that
having two stages of cooling capacity significantly reduced the impact of latent degradation even
with continuous supply air fan operation. This two-stage cooling system had a single cooling coil
with two independent refrigerant circuits and a single compressor for each circuit. The cooling
coil was configured in the face-split arrangement, with the bottom half of the coil served by
compressor 1 (1% stage cooling) and the top half of the coil served by compressor 2 (2™ stage of
cooling). This combination of multiple cooling stages and coil circuiting yielded good part-load
dehumidification performance.

Smaller residential equipment can also benefit from multiple stages of cooling capacity. For
these systems, the cooling coil is typically composed of a single refrigerant circuit. Therefore,
the key to good part-load dehumidification performance for this type of system is to properly
vary the supply air fan speed with cooling capacity to maintain cold coil temperatures at each
stage of cooling. Air flow will likely need to be reduced in greater proportion than total cooling
capacity to keep coil temperatures low at part load (e.g., 50% reduction in total cooling capacity
may require a 55-60% reduction in airflow rate).

Many equipment manufacturers use fan delay strategies to extract additional cooling from a coil
at the end of a cooling cycle. These strategies are used in residential applications where AUTO
fan control is the norm. While this strategy may (or may not) slightly improve the energy
efficiency of a system, our findings demonstrate that it clearly degrades the latent removal
capacity of a system. Fan delay strategies have a significant negative impact on dehumidification
capacity and should be avoided in any application where high humidity is a concern. Equipment
manufacturers almost always provide a means to disable this fan delay strategy (described in the
installation documents).

Residential equipment with variable-speed supply air fans are being offered by several
equipment manufacturers. In addition to reduced fan energy consumption, these supply air fans
give manufacturers the flexibility to vary fan speed to improve performance under various
operating conditions. Several equipment manufacturers have implemented supply fan control
schemes intended to limit latent capacity degradation or enhance steady-state dehumidification.
These schemes include a combination of reduced air flow rate at the beginning of the cooling
cycle, and sometimes also include a fan delay (i.e., continued fan operation for a brief period
after the compressor turns off). Field measurements collected during this project for two such
systems indicated little-to-no reduction in indoor humidity levels with these “enhanced
dehumidification” control strategies compared to conventional AUTO fan control. Fan delay
(overrun) is included as part of this control scheme by some manufacturers, and this aspect of the
control should be eliminated since project results clearly indicate that this degrades
dehumidification performance.

Some manufacturers are also providing supply air fan controls where fan operation is stopped for
a fixed interval right after the cooling coils ends, with fan operation restarted after the fixed
interval. This type of fan delay is often called a “drain-down cycle” because of the misguided
belief that water drains from the coil when the fan is off for a few minutes. Project results



indicate that reasonable fan drain-down periods of 2 to 5 minutes yield only modest
improvement in part-load dehumidification performance compared to continuous fan operation.

7.2 Recommendations for Further Work

The results from this project and previous research have led to a good understanding of the
dehumidification (latent cooling) performance of single-stage DX cooling coils at part-load
conditions. An existing engineering model to predict latent capacity degradation at part load was
enhanced as part of this project to include a broader range of fan control strategies and an
improved theoretical basis for modeling off-cycle moisture evaporation from the cooling coil.
The improved model was validated with laboratory measurements, and this project has yielded
better guidance for users regarding proper inputs for the model.

The majority of laboratory and field tests to date regarding part-load dehumidification
performance of cooling coils have focused on single-stage DX cooling equipment, which is
typically used in residential and light commercial applications. As part of this project, testing
was expanded to include one two-stage rooftop packaged unit (field site) and three chilled water
coils (two field sites and one lab test coil). While this expansion has provided better insight into
the part-load dehumidification performance of these commercial systems, further study is clearly
warranted for these equipment types. Two-stage DX rooftop packaged units are used extensively
in commercial and institutional applications, making this equipment a particularly high priority
for future work. The improved latent degradation model developed as part of this project may be
able to properly model part-load latent performance for 2-stage constant air volume DX
equipment, but additional laboratory and field testing is needed to validate the model predictions
and to provide users with guidance for model inputs specific to this type of equipment.

Another recommendation is to implement the improved latent degradation model in various
analysis tools, including DOE’s state-of-the-art EnergyPlus™ building energy simulation
program. The original latent degradation model by Henderson and Rengarajan (1996) was
implemented in EnergyPlus in 2003 by the Florida Solar Energy Center (FSEC). Therefore, the
improved model developed as part of this project should be relatively easy to incorporate in
EnergyPlus. In addition, the guidance developed during this project for selecting proper model
inputs should be included as part of the EnergyPlus user documentation. FSEC is part of DOE’s
EnergyPlus development team, and updating EnergyPlus with this latest latent degradation
model will be proposed to the DOE Analysis Tools Technology Development Manager for
consideration in FY2007.

Once EnergyPlus has been updated with the improved latent degradation model, the next
important step would be to use EnergyPlus to demonstrate the ramifications of fan controls on
indoor humidity levels and energy consumption. A series of simulations should be completed to
demonstrate both good and bad practices so building professionals and owners/operators better
understand the impacts of different fan control strategies. In many cases building designers and
owner/operators are unable to perform part-load analyses, or don’t realize the importance of
doing so. Publications containing these simulation results will raise overall awareness of this
critical aspect of system performance, and provide some general guidance on “do’s and don’ts”



regarding fan controls. With the benefit of this guidance, part-load analysis for a specific
application can be more focused on viable solutions.

Another important follow up to this project would be to partner with HVAC equipment
manufacturers to develop equipment designs and control algorithms that mitigate the impacts of
part-load latent degradation, and/or improve the overall dehumidification performance of
systems for applications where it is required. A critical first step would be to conduct a thorough
market evaluation. For example EnergyPlus, with the updated latent degradation model, could be
used as part of an extensive simulation study to determine the impact of part-load latent
degradation on indoor humidity levels and energy use for a variety of commercial and residential
applications across a range of geographic locations. Prototypical buildings can be modeled with
conventional HVAC systems as well as systems that use enhanced control techniques and/or
other system improvements to increase dehumidification performance. The results of the market
evaluation would clearly identify which HVAC markets have the greatest issue with high
humidity control, and the extent to which commercially-available enhanced control techniques
can improve indoor humidity control and occupant comfort. HVAC equipment designers will
benefit by better understanding the limitations and benefits of technologies and control strategies
already available in the marketplace, and the results will identify markets for equipment
manufacturers where further humidity enhancements are required.

Following the market evaluation, it is important to assist industry partners in evaluating and
incorporating new enhanced dehumidification strategies in their products. This project identified
several control strategies that are currently used to enhance dehumidification, and field test
results showed that some strategies were more effective than others. One way to assist industry
partners would be to work with them to systematically assess the efficacy of various control
strategies using laboratory testing and computer simulations. Laboratory tests could be
performed to determine the impact of various control scenarios on coil dehumidification
performance, and the updated latent-degradation engineering model resulting from this project
could be used to assess the impact of the control strategies on indoor humidity levels in various
building applications. Depending on the laboratory test results, this may require further updates
or enhancements to the latent-degradation engineering model. Any model improvements could
be incorporated into EnergyPlus, and ultimately make their way into the wide array of
mainstream energy analysis and load sizing software tools that will be used by hundreds of
engineers and designers throughout the industry.
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Transient Dehumidification Characteristics of a Heat Pump in Cooling Mode
Srinivas Katipamula and Dennis L. O’ Ned

Journal of Solar Energy Engineering, Transactions of the ASVIE
Volume 113, November 1991, pp 264 — 271

This paper summarizes a literature review and laboratory test results related to transient performance of
residential heat pumps when operating in the cooling mode.

The literature review discusses research results from the late 1970s through 1991 that describe the
magnitude of transient losses as well as the probable causes. Severa studies note that the magnitude of
the performance degradation is a function of the percent on-time (i.e., the compressor run time divided by
the total cycle time) and the compressor cycling rate (cycles per hour). A field study by Parken et d.*
found that

Lo
Qus y Qoe ®
Qs Qe

where the quantities Q_and QS are the latent and sensible steady-state cooling capacities, and Q),.and

Q. arethelatent and sensible cooling done over a complete on-off cycle. This relationship indicates that

cycling losses do not affect the latent and sensible performance in the same proportion. However, the
authors could not quantify the latent (dehumidification) performance in the field since they were only
measuring the dry-bulb temperature change across the cooling coil.

The authors draw a number of conclusions from their literature review:

1)  Thelosses due to transient effects can be as much as 20 percent.

2) It takes 6-15 minutes to achieve steady state performance after compressor start-up.

3) Thetransient responseis affected by the number of on-off cycles and percent on-time during each
on-off cycle.

4)  The mass of the heat exchangers (indoor and outdoor coils) affects transient |osses.

5  The off-cycle migration of refrigerant from the condenser to the evaporator causes significant losses
in capacity.

6)  The relationship between cooling load factor (CLF) and part-load factor (PLF) is nonlinear.

7)  Compressor power is relatively unaffected due to part-load operation.

8)  Thetransient performance is independent of outdoor temperature.

The authors note that much of the research on heat pump transient losses has been confined to the heating
mode of operation. For the cooling mode, the research has focused on quantifying the effects of heat
exchanger mass, off-cycle phenomena on the transient sensible capacity, and effects of cycling (percent
on-time and cycling rate) on the cooling performance of the unit. The authors indicate that transient
dehumidification performance has not been addressed thus far.

The paper notes that a number of variables affect the transient performance of residentia heat pumps: (i)
percent on-time of the compressor, (ii) thermostat cycling rate, (iii) indoor dry-bulb temperature, (iv)
outdoor dry-bulb temperature, and (v) indoor relative humidity. The authors devised a series of |aboratory
tests to characterize the transient dehumidification response of a nominal 3-ton (10.6 kW) heat pump by
varying percent on-time, thermostat cycling rate, indoor dry-bulb temperature and indoor humidity while
keeping outdoor dry-bulb temperature and air flow rates constant. The physical characteristics of the heat
pump are described in Table B-1.

! Parken, W.H., Didion, D.A., Wojuechowski, P.H., and Chein, L., 1985, “Field Performance of Three Residential
Heat Pumpsin the Cooling Mode,” NBSIR 85-3107, NBS, Washington, D.C.
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TableB-1. Characteristicsof the 3-ton (10.6 kW) Air-to-Air Heat Pump Test Unit

Characteristic Outdoor Caill Indoor Coil
shape horse shoe, vertical vertical
number of rows two rows, four circuits four rows, four circuits
refrigerant tubing 3/8” (0.95 cm) diameter copper 3/8” (0.95 cm) diameter copper
fin spacing 20 fing/inch (7.9 fing/cm) 12 fing/inch (4.7 fing'cm)
fin type Wavy wavy
ref. tubing passes 30 17
coil face area 17.5ft* (1.62 nT) 3.75 ft* (0.35 n)
rated flow 1900 cfm (53.8 m’/min) 1250 cfm (35.4 m’/min)

Note: Katipamula® indicates the expansion deviceis a bleed-type TXV

The heat pump was instrumented to measure numerous air-side and refrigerant-side performance
parameters. During the transient tests, the data were collected at a scan rate of 7 seconds at compressor
start-up and the scan rate was gradually increased to 30 seconds after five minutes of compressor
operation.

The heat pump was first tested under both steady-state and cycling conditions as recommended by the
Department of Energy (DOE)® —tests A through D. For al tests, the air flow rate across the indoor coil
remained constant at 1,200 cfm (34 n/min). For the steady-state test, the air entered the cooling coil at a
dry-bulb temperature of 80°F (26.7°C) and 50% relative humidity and the air entered the outdoor coil at
95% (35°C). For the cycling tests, the cooling coil entering dry-bulb temperature was varied between
72 (22.2°C) and 80% (26.7°C) and the humidity was varied between 20 and 67% RH. The percent on-
time of the compressor and supply air fan was varied at three discrete levels for the cycling tests: 20, 50
and 80 percent over a broad range of cycling rates (0.8 to 10 cycles per hour).

Figure B-1 shows the normalized capacity of the system (integrated actual cooling delivered divided by
the steady-state capacity) at various cycling rates and percent on-times. At high percent on-times and
relatively low cycle rates, the cycling losses were quite low resulting in normalized capacities above 0.9.
The cycling losses increase as percent on-time decreases and also as the cycling rate increases. Note that
the degradation in normalized latent capacity is aways greater than for the normalized sensible capacity.

Figures B-2 and B-3 show the moisture removal response of the system at various inlet air humidity
conditions for two different percent on-times (80% and 20%). It is noted that the moisture removal is
negative for the first 60 to 90 seconds after compressor and fan operation begin. Thisis due to the
moisture left on the coil from the previous compressor cycle. When compressor and supply air fan
operation begin, the coil temperature is above the dew point temperature of the air, and moisture left on
the coil from the previous compressor cycle begins to evaporate back into the supply air stream. While
thistrend is similar for the 80% and 20% on-time cases, the moisture removal rate becomes positive
earlier with the lower percent on-time. The authors attribute this to the low on-time (7 minutes) for the
20% on-time case which did not alow the system to reach steady state operation; hence, the moisture
accumulation on the coil was less for the 20% on-time case (7 minutes of compressor/fan operation)
versus the 80% on-time case (27 minutes of compressor/fan operation). Although not stated in the paper,
7 minutes of compressor operation at 20% on-time and 27 minutes at 80% on-time yields a cycling rate of
about 1.75 cycles per hour and a maximum cycling rate of about 2.73 cycles per hour (at 50% on-time)
when the following thermostat cycling equations are used:

2 Katipamula, S. 1989. A study of the transient behavior during start-up of residential heat pumps. PhD Dissertation,
Department of Mechanical Engineering, Office of the Graduate College of Texas A&M University.

3 ARI Standard 210/240, “Standard for Unitary Air-Conditioning and Air-Source Heat Pump Equipment”, Air-
Conditioning and Refrigeration Institute, Arlington, VA.
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1
N = 4t,, (1- X) @

N=4N_, X (1- X)

3
where
Nmax = maximum cycling rate (at on-time of 50%)
N = actual cycling rate
ton = COMpressor on-time
X = percent on-time, ratio of the time AC is ON to the time for a complete ON & OFF cycle

Figures B-4 and B-5 show the normalized latent and sensible capacities at various inlet air relative
humidity levels and system on-times. The normalized capacities increase linearly with an increase in inlet
air relative humidity (at a constant inlet air dry-bulb temperature) for a given percent on-time. The solid
lines shown in the figures represernt the best linear curve fit through the data points. Note that the slope of
the lines increases as percent on-time decreases. The trends for normalized latent (Figure B-4) and
sensible (Figure B-5) capacities are similar, but the dopes of the lines for normalized sensible capacity
are smaller than those for latent. Thus, system cycling degrades the net delivered latent capacity more
than the net sensible capacity for any set of operating conditions, and the difference increases with lower
system on-times and lower inlet air relative humidity (at a constant inlet air dry-bulb temperature).
Unfortunately, the authors do not provide the actua cycling rates or the maximum cycling rate for the
data shown in Figures B-4 and B-5.
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The change in normalized sensible and latent capacities at a constant 50% inlet relative humidity for a
range of inlet air dry-bulb temperatures and at two levels of percent on-time (50% and 80%) are shown in
Figures B-6 and B-7. The normalized latent capacity decreased with decreasing inlet air temperature. On
the other hand, there was very little change in normalized sensible capacity at various inlet air
temperatures for a given percent on-time. In both cases the normalized capacity decreases with a decrease
in percent on-time for the same inlet air conditions.

The change in normalized sensible and latent capacities at a constant entering air dewpoint temperature
(58°F or 14.4°C) for arange of inlet air dry-bulb temperatures and at two levels of percent on-time (50%
and 80%) are shown in Figures B-8 and B-9. There was adight increase in normalized latent capacity
with increase in inlet air temperature a 50% on-time and 80% on-time (Figure B-8). In contragt, the
normalized sensible capacity decreased dightly at 80% on-time and increased dightly at 50% on-time
with increasing inlet air temperature. Based on the test dita used to devel op these figures, the authors note
that the time at which dehumidification began increased with an increase in inlet air temperature. At
22.2°C (72°F) inlet air temperature dehumidification began 60 seconds after system startup, whereas it
took 120 seconds at 26.7°C (80°F).
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Finally, the authors developed an empirical correlation for normalized capacity as a function of percent
on-time and inlet air relative humidity. The measured data suggested the capacity varies exponentialy
with percent on-time and linearly with inlet air relative humidity. The regression model is shown below in
equation 4 and the regression constants (a and 3) which provide the best fit of the measured data are
provided in Table B-2.

Cap,, =1.- € P +p " rh~ e® P “)

where
pon = percent on-time
rhy = inlet air relative humidity

TableB-2. Regression Congtants

Capacity a 3
Latent 1.391 1121
Senshle 2779 1.343

The normalized capacity predicted by equation 4 was compared to the measured data. While curve-fit
statistics were not provided, a graphical comparison indicated good agreement of predicted versus actual
for normalized latent capacity, and also good agreement for normalized sensible capacity except at the
lower end of the measured values (normalized sensible capacity near 0.7). The authors note that aand 3
are system constants and may vary from system to system.

For almost all tests, moisture was added to the supply air stream at start-up and dehumidification began
60 to 150 seconds after start-up depending on inlet air conditions. The authors conclude that, if the unit
operates for less than 2 minutes, it will add moisture to the air rather than remove it. Using equation 5
bel ow, the maximum thermostat cycling rate (Nma) a 50% on-time would have to be greater than 7.5
cycles per hour to have aminimum on-time of less than 2 minutes. Henderson et al.* found maximum
cycling rates ranging from 0.15 to 4.1 for a sample of 30 homesin Central Florida. With N, Of 4.1, the
minimum on-time from equation 5 would be 3.7 minutes.

=60 ©)
Nmax B %4, ton,min)

* Henderson, Jr., H.1., Raustad, R., and Rengarajan, K. 1991. Measuring thermostat and air conditioner performance
in Florida homes. FSEC-RR-24-91. Cocoa, FL: Florida Solar Energy Center.

B-6



0.86
Katapamula/O'Neal Normalized Capacity Correlations, 50% RH (1991)
@ Steady-State SHR (measured)

0.85
o
I
9
-% 0.84
o
5
T
@ 0.83 )]
2
2 5
)
(7]

0.82

0.81 T T T T ?

0 0.2 0.4 0.6 0.8 1
Percent on-time (pon)

FigureB-10. Effective Sensible Heat Ratio Versus Percent On-Time

Figure B-10 manipulates the data provided in the Katipamula and O’ Neal paper and plotsit in a different
format. The data points are for 80°F/50%RH inlet air and 95°F outdoor air. The steady-state sensible and
latent capacities for this condition are from Katipamula (1989)°.

® Katipamula, S. 1989. A study of the transient behavior during start-up of residential heat pumps. PhD Dissertation,
Department of Mechanical Engineering, Office of the Graduate College of Texas A&M University.
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APPENDIX C

Summary of Cooling Coil Moisture Retention Studies (Jacobi et al.)



Condensate Retention Testing at the University of Illinois

1997 Study

Section 3 of Korte and Jacobi (1997) takes measurements of the moisture retained on cooling
coils. The measurements looked at both transient and steady state readings. A load cell was
used to take transient readings of moisture retained on the coil. The steady state readings were
made by removing and weighing the coil on ascale. The coil was arranged horizontally so that
air flow was downward through the coil (in the same direction as gravity). The transient and
steady state readings were found to agree very well. The original reason to take transient
readings was to investigate whether any pulsating behavior could be detected. But moisture was
found to asymptotically reach a constant value (in the 2000 study they changed the measurement
procedure and did detect overshoot). The time to reach steady state was typically 600-800
seconds at various velocities for the 4 fpi coil. For the 8 fpi coil the time to steady state is 600-
1000 seconds.
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The amount of moisture that can be retained on the coil was found to change after severa wet-
dry cycles. The wettability of the coil changed as the factory-applied oil coating wore off. After
severd test cycles, the 4 and 8 fpi coils were found to have the same moisture holding capacity
per total area. This was because the water droplets became flatter so that less fin-to-fin bridging

occurred.

Thefirst 4 & 8 fpi coils showed that more condensate was retained at lower velocities. The other
coils showed the opposite behavior: more moisture retained at higher velocity. The range of the

velocities considered ranged from 300 to 2000 fpm (1.5 to 10 m/s).




Other findings shown in the figures below:

Less moisture retained for closer fin spacings (fig 3-10).
Less velocity-dependence at closer fin spacings (fig 3-10)
Hydrophilic coatings (e.g. Hycor) also reduce velocity dependence (fig 3-12)
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2000 Study

In 2000 the University of Illinois completed further testing on moisture retention. Kim and
Jacobi (2000) looked at dlit fin coils while Yin and Jacobi (2000) evaluated wavy-louvered fins.
Both tests also re-examined the moisture retention characteristics of plain fin coils as well. They
developed a new apparatus to measure the transient moisture collection on the coil (this
apparatus did not require the drag forces to be separated from the condensate weight). In this test
setup airflow through the coil was horizontal with condensate draining downward from the coil.
The new apparatus was able to detect an initial “overshoot” in the mass of moisture retained on
the cail. The overshoot implies that a certain quantity of moisture must first build up on adry
coil before the formed droplets start to fall from the fin surfaces. At that point, surface tension
forces, gravitational forces, and velocity/shear forces are in balance and a quas-steady state
condition is eventually reached. The moisture on the coil ultimately settles out to a dlightly lower
steady state value. The steady-state measurements were still confirmed by removing the coil and
weighing the condensate.
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Figure 3.1 Real-time retention plot for a plain-fin-and-tube heat exchanger with
a fin spacing of 2.12 mm exposed to various face velocities
Inlet Condition T, ~ 34°C, dewpoint;, ~23.9°C, Tref,, ~ 2.8°C
From Yin and Jacobi 2000 (12 fpi coil, 180-380 fpm)




The “overshoot” effect was only observed for coils with 12 fpi or less; the figure below shows
that no overshot occurs for greater fin dengities.
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Figure 3.2 Real-time retention plot for plain-fin-and-tube heat exchangers
with fin spacings of 1.27, 1.59, and 2.12 mm exposed to a fixed face velocity
Inlet Condition T, ~ 34°C, dewpoint;, ~23.9°C, Tref;, ~ 2.8°C

From Yin and Jacobi 2000 (12, 16, & 20 fpi)

The testing of plain fins showed that the mass of moisture retention did increase for greater fin
densities from 12 to 20 fpi (the opposite trend was found in 1997). The different pattern may
have been due to the coil configuration. Moisture retention rates were typically 80-120 gr/nt

(0.0164-0.0245 Ib/ft?) for plain fins. Wavy fins retain about 10-20% more water than plain fins.
More water is retained because less sweeping takes place.

All testing was completed at 93°F & 75°F dp (56% rh & 131 gr/Ib) entering air conditions with
the entering fluid at 37°F (34°C, 24°C dp, 2.8°C fluid). These conditions are typical of outdoor
air on avery humid day. These studies did not look at other entering conditions since they were
primarily focused on coil geometry and surface issues.
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Results from Kim and Jacobi (2000) also show that a coil with more rows retains less moisture
(per unit surface area) since more droplets are removed by velocity-driven sweeping of
condensate. Figure 3.5 below compares coated and uncoated fins with either 2 or 3 rows.

The 2000 studies both found that velocity had little or no impact on moisture retention, though
the velocity range was limited to 200-400 fpm (0.9 to 2 m/s). Figure 3.5 from Kim and Jacobi
(2000) did show a mild decrease in retention with higher velocities.
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Table C-1. Summary Table for Plain Fin Coils from All Studies

Reference Coil Details Moisture Retention
@ 2 m/s[394 fpm]

Korte & Jacobi HX 4 (coated w/ Mount Holly Gold) 70 g/nt

(1997) 2 row coil, 10 fpi

HX 5 (coated w/ Mount Holly Gold) | 65 g/nf
2 row coil, 12 fpi

Yin & Jacobi 12 fpi, 2 row 80-90 g/nt
(2000) 16 fpi, 2 row 105-120 g/nt
20 fpi, 2 row 115-125 g/nt
Kim & Jacobi 17 fpi, 2 row, uncoated 95-140 g/nf
(2000) 17 fpi, 3 row, uncoated 80-120 g/n?

The studies also showed the following trends in coil moisture retention:
Impact of wavy fin: 10-20 g/nf increase
Impact of more rows (2 > 3rows): 15-25 g/nt decrease
Impact of hydrophilic coating: 5-40 g/nT decrease

Impact of less airflow (394 > 98 fpm): 20 g/n? increase, though it's highly variable
(some tests show little change or a dlight decrease with decreasing airflow)
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2003 Study

A more recent summary modeling study by El Sherbini and Jacobi (2003) developed more
accurate models for moisture retention on a cooling coil. They also reviewed the previous work
and made the following observations about previous work at their facility:

At lower velocities and closer fin spacing there is more potential for condensate bridging
—and as aresult more condensate retention, (p. 1)

They generally stated that the Yin and Jacobi testing found very little impact of velocity
on condensate retention (in spite of some graphs we have pulled out above that seem to
show the opposite).

The model they developed could be used to predict the fin spacing where bridging would first
occur. They found that coils with fin spacing closer than 10-11 fpi are likely to have bridging
(and their model would in theory under predict condensate retention at this point).
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Figure 5.3 Critical fin spacing, beyvond which condensate bridging cannot occur, as a function of the advancing
contact angle
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Concern about total fin area calculations

Korte & Jacobi (1997) was the only report to provide coil geometric data and also imply what
the total coil areawas (in table 3.3). The figure below compares our calculated area which we
calculated as:

Total area grossfin area — tube hole area + exposed tube area

Our calculations are typically 4-6% greater than the values implied by the report. If we used just
the gross fin area (ignoring tube voids and exposed tube areas in the calculations) the calculated
gross area is 11-15% greater than the implied area from the report.
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As aresult, we can not be totally certain how to calculate total areas for our coils, when we apply
these retained condensate values to coil geometries. However, the good news is that the
uncertainty in reported condensate values is +10% while the difference in the area calculations is
smaller at approximately 5%.




APPENDIX D

Summary of Khattar Field Study (K hattar et al. 1987)



The plot below is Figure 4 from Khattar et al.® which shows the transient performance of the AC
coil in FSEC' s PV House (located at the old FSEC site in Cape Canaveral. FSEC relocated to
Cocoain 1995). The nomina performance of this unit was 29.6 MBtu/h with an SHR of 0.78.
Khattar reported that the data for this graph corresponded to operating conditions of 80°F
db/68.9°F wb (57.4% RH) air entering the cooling coil and an outdoor air dry-bulb temperature
of 82°F. The steady state SHR at this condition was 0.63.

One problem with this plot was the obvious offset of the total and sensible data above zero. If we
offset the “zero point” to +0.05, then the total capacity approaches zero and the sensible and
latent sum to zero during the off cycle. This offset is shown on the plot below with a dotted line.
The red and green lines over-laid on the original figure now show the adjusted latent capacity
during the on cycle (red) and during the off cycle (green).

1.2
4 -+——=- Total Capacity
1 ~—— Sens. Capacity
i -+o——o- Latent Capacity
“w 0.8
= -
2 0.6
a.
b ,
Q
a 0.4
Ll
N 7 0.35
= 0.2 Moisture Removal
=
o
g 0 //‘/////////'// j&‘ o000 OGO L] L N ) o0 0 —."..%.ero
» VW‘”F Line
7 . ’,\N
-0.2 Moisture Addition __ " ¥
) Comp. On Comp. Off
B e e e N
0 200 400 600 800 1000 1200

TIME AFTER START (SECONDS)

Figure D-1. Moisture Removal and Addition Under Fan ON Operating Mode

The relative heights of these adjusted o+ and off-cycle profiles were used to find gamma, a
parameter used in the first-generation latent degradation model developed by Henderson and
Rengargjan’:

gamma = /0.35 =0.6

6 Khattar, M.K., M.V. Swami, and N. Ramanan. 1987. Another Aspect of Duty Cycling: Effects on Indoor
Humidity. ASHRAE TransactionsVol. 93, Part 1, pp. 1678-1687.

" Henderson, H.1., Jr., and K. Rengarajan. 1996. A Model to Predict the Latent Capacity of Air Conditioners and
Heat Pumps at Part-Load Conditions with Constant Fan Operation. ASHRAE Transactions Vol. 102, Part 1, pp.
266-274.
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Similarly the area under the off-cycle latent capacity (the area under the green triangle) was
estimated graphically using the height and duration times one half:

Off-cycle Area= 0.21x600secx Y2 =63

Therefore, to graphically find tye, we divide the area by the steady-state latent capacity during
the on cycle (0.35) to find the time in seconds:

twee ~ 63/ 0.35 =180 - 200 seconds

Khattar does not provide the absolute value of the latent capacity for the transient testing from
Figure 4. However, if we use the DOE_AC function with the nominal rating conditions of 30
MBtu/h and 0.78 SHR, and apply the reported operating conditions of 80°F db/68.9°F wb
entering the cooling coil and 82°F outdoor dry-bulb temperature, we predict:

Total capacity: 32.6 MBtu/h
Latent capacity: 11.4 MBtu/h
SHR: 0.65

Since the predicted SHR is close the value of 0.63 reported by Khattar, we can have reasonable
confidence that the latent capacity predicted by DOE_AC is representative. Based on the latent
capacity of 11.4 MBtu/h, we can calculate the following values:

Moisture Mass: 200 seconds x 11.4 MBtu/h / 1.060 MBtu/lb = 0.597 Ibs
3600 seconds’h

Initial

Evaporation Rate: 0.6 x 11.4 MBtu/h = 6.8 MBtu/h

The evaporator coil on the Bard unit salvaged from the PV House (which is assumed to be
similar to the original unit tested by Khattar) has a face area of 1.1 ft?/ton. The coil is 2.5 inches
deep with 10.5 fins per inch. So the coil surface area (144.4 ft%) is modest compared to typical
AC units that we are testing in the laboratory. The modest fin area at least partialy explains why
the mass of moisture held on the fins is relatively low in this case. However, the normalized
moisture mass is still only 4 Ibs per 1,000 ft? of fin area, or about half of what we have seen for
other coilsin the lab.

The data from Table 2 in Khattar are summarized below. The data points were taken by
recording the average values collected over one-week periods. The runtime fraction was
increased by lowering the thermostat. Therefore, the operating conditions were not held constant
in each case.
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Table D-1. Summary of Khattar Data

Runti.me Oper.a;ing CONST Fan AUTO Fan L atent
Fraction Conditions Moisture Moisture Degradation
(CONST (CONST Removal Removal Eraction
Fan) Fan) (Ib/kWh) (Ib/kWh)
0.25 80°F & 65% 0.62 1.65 0.376
0.34 77°F & 70% 0.87 1.64 0.530
0.60 76°F & 70% 1.34 1.65 0.812
0.80 T1°F & 75% 1.72 1.72 1.000

The latent degradation fraction was determined by dividing the Ib/kWh vaue from the constant
fan tests by the values from the auto fan tests. Taking the ratio of values at least partialy corrects
for the different operating conditions. However, while the space temperatures were the same for
each row in the table, the space humidity was typically 10% lower in auto fan mode.

Figure D-2 below compares the measured data to the model. It attempts to develop a separate
LHR curve for each data point / test condition to compensate for the variations in tye and
gamma. These values were adjusted in each case using the DOE_AC function to predict steady
state latent capacity and SHR at each set of conditions. Then gamma and t,e Were calculated
using:

thvee = 0.597 Ibs x 1.06 MBtu/lb
Qls
gamma= 6.8 MBtu/hx (DB —WB)
QLs (80-68.9)
SHR = 1 — (1-SHRy) x FLHR(twet, gamma,...)

where QL and SHRg are determined with DOE_AC with the conditions from each point (i.e.,
DB & WB).

Using these relations to correct back to nomina conditions of 80°F db, 67°F wb, and 95°F
outdoors, the values of twe and gammaat ARI conditions become:

twet: 323 seconds
gamma: 1.13
Steady State: 7.0 MBtu/h latent, SHR = 0.759

Figures D-2 and D-3 plot each data point and the theoretical curve corresponding to the
conditions associated with that point. DOE_AC predicts a steady state SHR of 0.50-0.55 for the
cool, humid operating conditions. The model significantly deviates from the data points for low
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runtime fractions. The humid conditions significantly increase QL and reduce the evaporation
rate.

Figure D-3 arbitrarily increases the mass of moisture on the coil by 50% and shows that this
change brings the theoretical curves more in line with measured data. The reasons for deviations
between the model and the data could be due to the inaccuracies of the graphical integration
techniques above. There is aso uncertainty associated with the conversion of Khattar’s data into
a LHR ratio since the entering conditions in the auto and constant fan modes were not exactly
equivalent — especialy at lower runtime fractions when space humidity levels could be different
by 10% RH.
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APPENDIX E

Analysis of Existing Data Sets of Field M easur ements



Constant-Air-Volume Chilled Water Coil in a Florida Commercial Building
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Cocoa Beach Country Club
15-minute Data
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All the data (with the AHU fan on):
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Data near design conditions (entering air temp 78-82°F, CW<60°F, entering RH 55-75%):
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The latent capacity can be calculated by using psychrometric air-side measurements and also by
measured condensate pulses. The two methods agree best at higher capacities. All the datais
shown.

100 T T T T T T T T T T T T I +| T T
80— ]
= L _
=2
m
s L _
Q - .
E 60— + =
o ++ ++ +
S B + + n a
> | + = 4 -+ i
+-
o + #+
g 40 #m_tk_t#?_ + —
S +
8 I 4 BgrtaTeb £ .
g - 1 f&l‘ o .
= L + + + + .
| _-||+—|- -F|_|'_
20— + £ —
L ¥ -I'H'H:._ |
- ++ 4-i__H_++ -
L 1 _
O il =+ 1 + | 1 1 1 | 1 1 1 | 1 1 1

d_Y_/ 20 40 60 80 100

Delay Time Latent Capacity - Condensate (MBtuh)

and Other
Part load
effects?

E-5



The 1- minute data shows no real variation in static pressure at startup, so that’s not so useful.

20

15}

10T

20

15}

10t

07/01/00 ( 76.7F , 72.4%)

Air-side DT

Valve Voltage

07/03/00 (77.3F , 80.9%)

o~
al

0
a

20}

20f
15}

10}

07/02/00 ( 75.8F , 76.5%)

07/04/00 (77.7F , 81.3%)

:35

15}

10f

:35




07/01/00
20f T Tewor
Air-side DT
15} ]
10} .
Valve Voltage ]
5f ;
0 ) . ]
0 :0 :50
4. 5 6:

07/03/00

09/11/00
20p ' ]
15F .
10} .
5f .
of_, .
:0 :0 ‘50
4. 5: 6:
09/13/00
20: o ]
15F .
10f .
5f .
of_. .
:0 :0 ‘50
4. 5: 6:

07/02/00
15[ o

151

10f

o
o

09/12/00

20

151

10|

o

o
o

_09/14/00

‘50

20

15|

10¢

‘50




Residential Water-to-Air, Direct Expansion Heat Pumpsat 12 North Carolina Sites
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Condensate Time Delay

This section calculates the time after compressor startup until the condensate pulse is detected by
the condensate pump (see Figure E-1). This delay time is another indication of a coil’s moisture
holding capacity and the parameter t,¢ in the latent degradation model. We have looked at the
data from 12 residential water-source heat pump sitesin North Carolina (site 1 was the system
used in Henderson 1998). The 15- minute data includes the exact time when the compressor turns
on but the precise time of the condensate pulse is not known, since it could have occurred and at
any time during the 15 minute recording interval (therefore we only know the time delay within
+7.5 minutes). Figure E-1 illustrates this concept.

Delay Time

(£ 7.5 minutes)

compressor

time

Figure E-1. Delay Timefor First Condensate Pulse from the Evaporator Coil

We reviewed the data set for all 12 sites and found the occurrences listed in Table E-1 where the
compressor had been off for an extended time (i.e., severa hours) and then came on. Therefore,
we have a fair confidence that the coil was starting up fully dry under these conditions®. Figure
E-2 shows the data from one occurrence at Site 1 on 3/27/97.

8 However we are less certain about the amount water initially in the condensate pump sump. Therefore, we can not
precisely be sure that the first pump cycle corresponds to exactly 0.5 Ib of water falling from the drain pan.
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Table E-1. Occurrences where the Evaporator Coail is Starting from Dry Conditions

. 1— Entering air conditions measured at the time of compressor startup

Site| Fan Date Time of Delay |Entering’|Entering’| Change
Control Compressor | Time |Air Temp| Air RH | inFan
Mode Startup | (minutes) (F) (%) Speed
1 | AUTO | 12/25/97 | 15:33:21 49.2 70.0 45.1 off-med
1 | CONST | 02/19/97 | 22:18:06 49.4 72.0 37.8 | low-med
1 | CONST | 02/22/97 | 14:09:34 12.9 73.6 48.6 | low-med
1 | CONST | 02/27/97 | 20:48:46 18.7 73.3 47.1 low-med
1 | CONST | 03/27/97 | 15:36:38 45,9 71.6 42.2 | low-med
2 | AUTO | 05/19/97 | 14:05:20 302.2 81.6 48.1 off-med
3 | AUTO | 03/29/97 | 14:08.40 88.8 705 46.9 off-med
3 AUTO | 05/18/97 | 17:57:20 55.2 79.2 41.2 off-med
3 | AUTO | 05/30/97 | 20:03:40 63.8 74.1 53.1 off-med
3 | AUTO | 06/15/97 | 18:29:35 52.9 78.6 44.2 off-med
3 | AUTO | 06/20/97 | 15:33:35 18.9 76.8 449 off-med
3 | AUTO | 06/25/97 | 15:30:45 21.7 76.9 475 off-med
3 | AUTO | 07/10/97 6:08:30 14.0 76.9 56.7 off-med
3 | AUTO | 09/08/97 | 14:00:50 66.7 77.3 45.0 off-med
3 | AUTO | 09/16/97 | 5:59:45 22.8 76.3 56.7 off-med
3 | AUTO | 092197 | 12:23:30 29.0 76.0 52.7 off-med
3 | AUTO | 10/04/97 | 11:47:15 50.2 71.0 51.4 off-med
6 | CONST | 05/19/97 | 16:32:40 49.8 80.4 478 | low-med
8 | AUTO | 05/15/97 9:43:09 24.4 70.9 60.9 off-med
8 | AUTO | 03/03/97 | 16:26:11 26.3 72.6 61.5 off-med
9 | CONST | 06/23/97 | 16:56:50 55.7 74.3 57.6 | low-med
11 | AUTO | 09/23/97 | 19:48:58 185 725 69.5 off-med
Notes:

2-Site 2 had avery long delay time that could not be explained. So it was excluded.

ok

PR VR

Site 1 3/27/97 Delay = 45.9 min
— T T T T T T T

Ly

PR S 2

Compressor

Condensate

145

15.0

155

16.0

16.5

[uy
~

.0

Figure E-2. Data Demonstrating Delay Time from Site 1 on 3/27/97
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Figure E-3 shows that the delay time is dependent on the entering conditions. Data from each site
isidentified by its number. The variables best able to predict the variation in latent capacity
appear to be the humidity ratio and wet bulb temperature. At less humid conditions, the delay
time approaches 100 minutes. The delay is longer since less moisture forms on the evaporator
coil and it takes longer for the coil’s holding capacity (M,) to be reached. Near design conditions
(i.e., an entering wet bulb of 67°F) the delay time approaches 20 minutes, which is close to value
of 12 minutes determined for Site 1 in (Henderson 1998). Table E-2 shows that the cooling coils
at the sites all have similar characteristics (in terms of number of rows, face velocity, etc.).

AUTO AUTO

100} '3' ' ' ' ' ' 1 100:',’"""""""""_
g sof 1 8 eof ]
g 3 3 ] é 3 3 ]
£ 60 7] £ 60[ 7]
o 33 3 ] e 13 33 ]
= 40r 3 7 = 40r1 3 7
> o . > ]
= 3 8 s g8 8 3 ]
g 20f 3° 3 11 . e 20f 11 $ ]

O- 1 ] O 1 1 1 1
40 60 80 70 72 74 76 78 80

Relative Humidity (%0) Temperature (F)
AUTO AUTO

100 ' ] o0 T ]
% sof 1 § eof .
2 1 33 ] g B ]
E 60 3 ] E eof 3 .
e P13 g pr 3 3 :
= 40 3 ] = 40 3 ]
3 [ 8 83 ] 3 8 ]
8 20f 397 Hu 1 8 200 3 ¥ By
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Humidity Ratio (gr/Ib) Wet Bulb (F)

Figure E-3. TheVariation in Delay Time with Entering Conditions (Various Sites, AUTO
Fan Mode)

Figure E-4 and Figure E-5 show the same variation in time delay for Sites 1 and 3 individually.
Since the plots focus on moisture buildup at startup, the differences between the AUTO and
CONST fan mode should be small. The data for Site 3 shows that at design conditions, the delay
time approaches 10-15 minutes. The data for Site 1 also shows a strong trend and a minimum
delay near 10 minutes. Though, conditions are cooler than design conditions.
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Table E-2. Characteristics of Cooling Coils

Supply Face
Unit Coil Face | Noof Air Velocity
Model | Area(ft®) | Rows | (scfm) |  (fpm)
Site 1 ATV034 3.8 3 1,291 344
Site 2 ATHO16 2.6 3 891 339
Site 3 ATV022 3.3 3 1,257 377
Site 4
Site5
Site 6 ATHO034 3.8 3 1,288 343
Site 7
Site 8 ATHO034 3.8 3 1,290 344
Site 9 ATV045 4.9 3 1,148 236
Site 10 ATV057 5.6 3 1,417 255
Site 11 ATHO046 4.9 3 1,456 300
Site 12 ATHO057 5.6 3 1,708 307
Average: 316
Site #3 AUTO Site #3 AUTO
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Figure E-4. TheVariation in Delay Time with Entering Conditions (Site 3, AUTO Fan

Mode)
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Site 9
Latent Capacity Degradation Trends

This water-source heat pump ran in the constant fan mode from June 12, 1997 through August
24, 1997 when the cooling loads were largest. The occupants set the cooling set point very low at
this site. The temperature entering the coil was around 72°F. Figure E-6 shows that the steady-
state SHR of the cooling coil was dependent on the entering relative humidity. The steady-state
SHR was very high at this site. High condenser 1oop temperatures alone do rot seem to explain
the high SHRs. The low space temperature may have also caused the higher than expected SHRs.

The heat pump is a Waterfurnace ATV 045 with 28"x 25" three-row coil. The face area is 4.9 ft?
for this nominally 4-ton system. The supply air flow during the cooling mode is 1,288 cfm (face
velocity is 343 fpm).

Site #9
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Figure E-6. The Trend of Steady State SHR with Entering Relative Humidity
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Figure E-7 shows the trend of effective SHR with runtime fraction. Most of the data are for an
SHR of 1. It is not clear what causes the lack of latent capacity.
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FigureE-7. TheTrend of SHR with Runtime Fraction at Various Entering Relative
Humidity Levels
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Site 12
Latent Capacity Degradation Trends

This water-source heat pump ran in the constant fan mode for more than 6 months from May
through December 1997. We focused our analysis on data from June through October when the
cooling loads were largest. The occupants set the cooling set point very low at this site. The
temperature entering the coil was consistently 70-72°F. Figure E-8 shows that the steady-state
SHR of the cooling coil was dependent on the entering relative humidity.

The heat pump is a Waterfurnace ATHO57 with 20”x 40" three-row coil. This unit has atwo
speed compressor and ECM fan motor. The face areais 5.6 ft? for this nominally 5-ton system.
The supply air flow during the cooling mode is 1,708 cfm (face velocity is 307 fpm).
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Figure E-8. The Trend of Steady State SHR with Entering Relative Humidity
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Figure E-9 shows the trend of effective SHR with runtime fraction. The trends of SHR depend
on the entering humidity for this system. While the latent degradation trends make sense at
higher humidity levels (i.e., 55-65% and 65-75%), the trend is essentially flat at the lower
humidity level (45-55%).
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Figure E-9. The Trend of SHR with Runtime Fraction at Various Entering Relative
Humidity Levels

Thereason for the flatter trend may be due to the varying air flow with this system. The medium
speed air flow of 1,708 cfm is used for the cooling during the on-cycle. However, the low speed
air flow of 785 cfm, which is used during the off-cycle, would reduce the evaporation rate. This
may explain why the latent capacity degradation is lower.

However, it is not fully clear why this would have more impact at drier conditions.
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Two commercial direct expansion packaged unitsin Texas
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Condensate Time Delay — Unitary Rooftop Unit

This section calculates the time after compressor startup until the condensate pulse is detected by
the condensate pump on a pair of Carrier unitary rooftop units in Houston, TX. The 5-minute
data includes the exact time when the compressor turns on but the precise time of the condensate
pulse is not known, since it could have occurred and at any time during the 5-minute recording
interval (therefore we only know the time delay within £2.5 minutes).

The airflow for the 25-ton unit was determined using the air enthalpy and condensate removal
method. This method provided an airflow of 8,250 SCFM, or a normalized airflow of 330
SCFM/ton. Normalized indoor fan power for this unit was 0.67 watt/SCFM.

Airflow measurements for the 27.5-ton unit were inconclusive. Airflow for this unit was

estimated using the normalized fan power for the 25-ton unit and the measured fan power. This
estimate yields an airflow of 11,000 SCFM, or a normalized airflow of 400 SCFM/ton.

Table E-3. Characteristics of Cooling Coils

Unit Cail Face | Noof | Fin Spacing/| Supply Air | Face Velocity

M odel Area (ft®) | Rows |Tube Diameter (scfm) (fpm)
Unit 1 50DJ-030 234 4 15FP, ¥2’ Dia 11,000 470
Unit 2 50DJ-028 23.4 4 15FPI, ¥ Dia 8,250 352

Both units operated under atime-clock control, with separate operating patterns for weekends
and weekdays. Condensate delay was calculated using data for the first two hours of startup each
morning, under the assumption that the coil was sufficiently dry after being shutdown all night.
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. Test Unit #1 - Carrier 50DJ-030 — 27.5 Ton
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Figure E-10. Test Unit #1 Operating Patterns
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Figure E-11. Test Unit #2 Operating Patterns
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Figure E-12. Sample Condensate Delay Data for Carrier 50DJ-030
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Figure E-13. Condensate Delay Variation with Return Conditionsfor Carrier 50DJ-030
Average Delay Time: 1,066 seconds (17.8 minutes)
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Carrier 50DJ-028 - 06/27/01
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Figure E-14. Sample Condensate Delay Data for Carrier 50DJ-028
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Figure E-15. Condensate Delay Variation with Return Conditions for Carrier 50DJ-028
Average Delay Time: 522 seconds (8.7 minutes)
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APPENDIX F

I mpacts of Fan Overrun on Seasonal Energy Efficiency Ratio (SEER)



Running the supply air fan for a period after the compressor turns off may decrease the
degradation coefficient (Cd) and in turn increase the resulting Seasonal Energy Efficiency Ratio
(SEER). To acertain extert, this small efficiency gain may be an artifact of the test procedure
details for Tests C and D that are described in “ Appendix M” of the Federal Rating Procedures
and are included as part of ARI Standard 210/240-94. The text from Section 4.1.1.2 is quoted
below:

....During thislast cycle, which isreferred to asthe test cycle, the indoor and outdoor test room ambient
conditions shall remain within the tolerances specified in A4.1.3 during the cyclic dry-coil tests, all air
moving equipment on the condenser side shall cycle” on” and “ off” when the compressor cycles*” on”
and “ off” . Theindoor air moving equipment shall also cycle“ off” as governed by any automatic
controls normally installed with the unit. This last requirement applies to units having an indoor fan
time delay. Units not supplied with an indoor fan time delay shall have the indoor air moving equipment
cycle”on” and “ off” asthe compressor cycles“on” and “ off”.

While supply fan overrun strategies may produce alower value of Cd —and as aresult a higher
SEER — we have evidence that this control approach negatively impacts the dehumidification
performance of the unit. Furthermore we suspect that this control strategy does not actually
increase seasonal erergy efficiency in actual applications but is an artifact of the test procedure
details.

The cyclic test procedure developed by NIST was specified to use “dry coil” conditions because
of the difficulty of accurately measuring transient wet bulb temperatures. Kelly and Parken
(1978) reported that the ratio of cyclic to steady state efficiency was similar at wet and dry coil
conditions. Therefore, the dry test was conceived to require only thermocouple grids to measure
the transient response of air conditioner cooling capacity. In order to eliminate cumulative
impact of small errorsin the temperature difference, the procedure only integrates the
temperature difference when the fan operates. The equations to find the sensible capacity are:

60" V' Cpa’ G

cyc, dry = —mm——————————
R Wi
and
(timeindoorfanoff )
G= 0 [Tai(t) - Taz(t)] dt
(timeindoorfanon)
where:
vV = indoor air flow rate (cfm)
Coa = specific heat of air (Btu/lb-F)
Vn' = specific volume of air (ft%/Ib)
W, = humidity ratio (1b/lb)

Qaqc oy = total cooling over acycle consisting of one compressor “off” period & one compressor “on” period (Btu)
Ta(t)  =dry-bulb temperature of air entering the indoor coil (F) at time (t)
Ta2(t) =dry-bulb temperature of air leaving the indoor coil (F) at time (t)

Since the sensible capacity integration is only during fan operation, extending fan operation also
extends the integration period and tends to increase the cyclic sensible capacity. Fan power is




small for a short interval, so the result is often to increase the cyclic EER. The laboratory data
presented in the next section illustrates this concept.

SEER Cyclic Testing Results

Table F-1 summarizes the measurements and cal culations for finding the degradation coefficient
as per the federal test procedures and ARI 210/240. These tests were completed in the
Laboratory at FSEC on Coil 2 in December 2002. Sheetmetal was manually placed over the
return air entrance when the fan was off in an effort to mimic the damper arrangement specified
in ARI 210/240. The test approach for a given set of entering conditions was to:

1. Run one cycle (Test #1) with the compressor on for 60 minutes to determine the steady
state capacity and EER.

2. Run three 30-minute cycles with the compressor off for 24 minutes and on for 6 minutes.
The supply fan cycles on and off with the compressor. For the third cycle (Test #3)
integrate the required cyclic capacity and power readings.

3. Run three 30-minute cycles with the compressor off for 24 minutes and on for 6 minutes.
The supply fan remains on for 90 seconds after compressor stops. For the third cycle
(Test #6) integrate the required cyclic capacity and power readings.

4. Run three 30-minute cycles with the compressor off for 24 minutes and on for 6 minutes.
The supply fan remains on continuously. For the third cycle (Test #9) integrate the
required cyclic capacity and power readings.

At dry coil conditions, the steady state results from Test #1 correspond to Test C conditions. The
integrated cyclic results from Tests #3 and #6 correspond to Test D. The resultsin Table F-1
show that the calculated Cd for this system is 0.065 with no fan delay. Figure F-1 graphically
shows this data.

The gross EER for the system at Test B conditions, excluding the indoor blower effects, is 12.36
Btu/Wh (see Table F-2). If we take away the fan heat and add in the fan power assuming that the
supply fan uses the default 0.365 Watts per cfm, then the net EER at Test B conditions is 10.26
Btu/Wh. Applying the Cd calculation, the SEER of the system becomes 9.92 Btu/Wh.

If the fan operates for another 90 seconds after the compressor stops, then the cyclic sensible
capacity integrated over 7.5 minutes (instead of 6 minutes) increases dightly and the resulting
value of Cd decreases dightly to 0.062 (see Table F-1 and Figure F-2). The SEER with fan
overrun controls becomes 9.94.

Table F-1. Summary of Conventional Test C and Test D M easurements and Calculationsto Find Cd

Test C (dry steady state) Test D (dry cylic)
Cyclic
Steady-State Sensible Cyclic
Sensible NET| Steady State] Steady-State NET Unit & Fan Part Load
Capacity Unit & Fan NET EER Capacity Power Cyclic NET Cooling Load Fraction Degradation
(Mbtu/h) Power (kW) (Btu/Wh) (MBtu) (kWh) EER (Btu/Wh) | Fraction (CLF) (PLF) Coefficient (Cd)
[4]= [8]= [91= [10] = [11=
(1] [2] +[3] [1]/((2]+[3]) (5] [6] + (7] [5] / ([61+{7]) [5] / ([1]x0.5) [8] /4] (A-[101)/(1-[9])
[Dry Coil Test - No Fan Delay 24.8 2.735 9.07 2.289 0.267 8.58 0.18 0.95 0.065
|Dry Coil Test - w/ 90 sec delay 24.8 2.735 9.07 2.373 0.275 8.61 0.19 0.95 0.062
Notes 1. [5] is the sensible capacity integrated only when the fan is on

2. The compressor power [6] is integrated over the entire 30 minute interval, the fan power [7] is only integrated when the fai
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Figure F-1. Integrated Sensible Capacity for Dry Coil Cyclic Test — No Fan Overrun
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Figure F-2. Integrated Sensible Capacity for Dry Coil Cyclic Test —with 90 sec Fan Overrun
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Wet Coil Test Procedure to Find Cd

Several researchers have also completed cyclic tests in the lab at wet coil conditions (Henderson
1990; Shen et al. 2004). Both papers demonstrated that the Cd calculated at wet conditions was
generally the same as the value calculated with the dry coil tests — as had been reported by Kelly
and Parken (1978). In these cases the laboratory instrumentation was able to measure the
transient latent capacity. Both datasets demonstrate that an alternate method to find Cd at wet
coil conditions would be possible without the added expense of transient humidity
measurements. Table F-2 shows the steady state test results at Test B conditions and completes a
modified cyclic test at wet coil conditions with the fan running continuously. Basing all
calculations on gross capacity and EER, asimilar valve of Cd is determined. In this case the
sensible capacity is integrated over the entire 30- minute interval. Since the sensible capacity
over the entire interval is equivalent to total capacity, the need for transient humidity
measurements is eliminated. The value of 0.057 calculated for Cd with this approach is very
similar to value of 0.065 calculated by the traditional dry coil method.

Test B (wet steady

state)

"Modified Test D" (wet cyclic)

Table F-2. Alternative Wet Coil M easurements and Calculationsto Find Cd

Cyclic
Steady-State Sensible
Total GROSS| Steady Statd Steady-State NET Cyclic Part Load
Capacity Unit Power | GROSS EER | Capacity |[Unit Power] Cyclic Gross | Cooling Load Fraction Degradation
(MBtu/h) (kW) (Btu/Wh) (MBtu) (kWh) EER (Btu/Wh) | Fraction (CLF) (PLF) Coefficient (Cd)

[1*]

2]

[4=
[4=111/12]

(54

(61

(8 =
(57161

[o1=
[5%]/ ([1]x0.5)

[10]=
[8]/14]

[1=
(A-[100)/(1-[9]))

[wet Coil Test

30.4

2.463

12.36

2.875

0.244

11.78

0.19

0.95

0.057

Is the Efficiency Benefit of Fan Overrun Real?

Notes

1. The SHR of the coil (based on gross capacity) is 0.75

2. [1%] is the steady-state total capacity (sensible and latent) of the cooling coil w/o fan heat

3. [5%] is the integrated sensble capacity of the coil over the the 30 minute interval with the fan operating continuously
The sensible and total capacity are equivalent over the interval since there is no net condensate removal

At actual wet cail cyclic conditions, the fan overrun strategy clearly decreases the latent capacity
of the cooling coil. Figure F-3 and Figure F-4 illustrate this point. Both graphs show the sensible
and latent capacity for the third cycle of cyclic operation at wet coil conditions. The condensate
removed by the coil is also shown. The total condensate removed over the cycle with the fan
cycling off (Figure F-3) is equivaent to 0.578 MBtu (0.545 Ibs). With the fan remaining on for
an additional 90 seconds (Figure F-4), the total cordensate removed drops by 44% to 0.322
MBtu (0.304 Ibs). The impact is especially strong because the value of twet for this coail is
greater than 6 minutes.
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COIL2 TEST SEER2A 12/17/02 12:00:08 Cycle #3 (Comp ON time: 6.0 minutes)
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Figure F-3. Cyclic Sensible and Latent Capacity for Cyclic Test —Fan Cycleswith Compr essor
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Whileit is clear that latent capacity degrades, perhaps there is still an efficiency benefit? To test
this assumption we determined the cyclic capacity and EER by adding the integrated sensible
capacity (when the fan operated) and condensate to get total capacity. We then calculated the
EER on agross and net basis. The results in Table F-3 show that the EER on a gross basis
dropped dightly when the 90 second fan overrun strategy was used. This small impact makes
sense because fan operation should in theory adiabatically convert latent capacity into sensible
cooling. Whenthe additional fan power and fan heat is considered, the Net EER of the system
actually decreases by 4%.

Table F-3. Impact of Fan Control on Gross and Net Efficiency

Gross EER (Btu/Wh) Net EER
(Btu/Wh)
Cycling Fan 11.15 9.47
90 sec Fan Overrun 11.09 (-1%) 9.10 (-4%)
Notes: Gross EER = (Qsensible + Qcondensate)
Unit Power

Net EER = (Qsensible + Qcondensate — Fan Heat)
(Unit Power + Fan Power)

Summary

This analysis demonstrates that the fan overrun strategy — which can result in a modest increase
in the calculated SEER — actually degrades both latent capacity and part load efficiency. The
SEER boost is an artifact of the calculation and test procedures to determine the cyclic sensible
capacity. In readlity, the gross coil efficiency is not affected by the additional fan operation: it
simply changes moisture on the coil into sensible cooling. After considering the additional fan
power, the Net efficiency actually decreases slightly.
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APPENDIX G

Analysisof Manufacturer’sEvaporator Specifications



Equipment specifications from several manufacturers were entering into a data base for analysis
(more than 500 entries). Data were entered for packaged and split systems, air handlers and
evaporator coils.

For most equipment, basic information about the evaporator coil was available. This information
typically included coil face area, number of rows and fin spacing. For this data we could
calculate the total fin area of the coil using the equation below. The equation assumes that the
evaporator row spacing was 1 inch.

Tota Area (ft?) = 2 x (Face Area) x (fpi) x (rows)

Figure G-1 shows that SEER has only awegk relationship to normalized face area for residential
equipment. The total evaporator fin area (which includes the impact of rows and fins) does
demonstrate a sightly more noticeable trend. On average, these residential evaporators had 1.4
ft of face area and 113.5 ft* of total fin area per nominal ton, with about 15 fpi and slightly less
than 3 rows.
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Figure G-1. Variation of (residential) SEER with evaporator coil characteristics
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Figure G-2 shows the same data for commercia packaged units that are rated according to EER.
A more consistent trend of EER with evaporator size is apparent for these units. Compared to
residential units, the face area and total fin area of the evaporator are slightly lower (this
probably reflects the greater premium placed on keeping unit size/ volume smaller for
commercia rooftop units).
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Figure G-2. Variation of (commercial) EER with evaporator coil characteristics

The normalized evaporator face area and total fin area are plotted against unit sizein Figure G-3.
The data are for packaged systems as well as air handlers and evaporator coils (though the larger
units are mostly packaged systems). Not surprisingly, evaporator size is highly variable for
smaller systems, but becomes more predictable at large sizes.

Evaporator | Evaporator | Evaporator | Evaporator
FaceArea | Total Area Rows(-) | Fin Spacing
(ft3/ton) (ft3/ton) (fpi)
Residential 141 1135 2.8 14.9
Packaged
Commercial 1.15 101.3 31 14.6
Packaged
All units 1.23 103.6 3.0 14.3
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Figure G-3. Variation of coil size with unit tons (packaged units, air handlers, evap coils)

Jacobi and his co-workers completed a series of laboratory measurements of the amount of
moisture that could be retained on a coil. They looked at severa factors including fin type,
velocity, etc. The typical range of moisture retention was from 50-120 gram per nt of fin face
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area. While not all the details for each coil are not known in this case, the plot below assumes
that all the coils can hold 74 grams/n? (or 0.015 Ib/ft?). Based on this, the average evaporator
holds about 1.5-2 Ibs of water per nominal ton. The moisture holding capacity of the unit from
Henderson (1998) is included on the plot for reference. This value (about 2.1 Ibs for a 3 ton unit)
istowards the low end of the range.
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Figure G-4. Predicted moistureretention on evaporator coils (based on Jacobi et al)
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Summary of Laboratory Data for Coil 1
November 2005

13 fpi, conventional flat fin

Manufacturer:
Model number:
Nominal size:

Baseline Size and Airflow (Test 4):

Cail type:

Carrier (circa 1990)

40QV 036300

3 tons

2.9tons/ 1180 cfm
danted coil, 3 rows, 13 fpi
3 circuits

Coil dimensions: 3.75 ft? face area
18-5/8inx 29in
Cail thickness: 25in
Tube diameter: 3/8in OD auminum
Tube spacing, within row (vert): lin
Tube spacing, row-to-row (horiz):  7/8in
Expansion device: fixed orifice
Unit supply fan: on
Compressor power: inverter
Appendix H H1-1 Cail 1



Tablel. Summary of Steady State Test Conditions Corresponding to Each Run or Test

Entering Coil Conditions
80/67°F | 80/72°F | 80/62°F | 75/68°F | 75/63°F | 75/58°F
60°Fdp | 68°Fdp | 50°Fdp | 64°F dp | 56°F dp | 45°F dp
400 cfm/ton #a(or3) | # 46 47 43 49
300 cimton #10 #11 #12 #13 #14 #15
200 cimvtan #16 #17 #18 #19 420 w01
450 cimiton 422 43 424,
400-200 cfm/ton
(ON & OFF) #25
Med suction (46°F) #1
High suction (50°F) s

Notes: Tests4-25 all at nominal suction of 44°F (set at nominal conditions of test #3/4). This coil used afixed
orifice expansion device, with nominal superheat of 12— 13°F set during Test 4. The orifice setting established
during Test 4 was not changed for the remaining tests. The Table 1 test points denote the target testing conditions.
Drier test conditions with dew points below 50°F (such as Tests #9, #15, and #21) could not be achieved. In these
cases, entering conditions were typically held near 50°F dp. For each test, the compressor is ON for 45-60 minutes
and then the compressor is OFF for 45-60 minutes. The supply air fan runs continuously for all tests (when the
compressor is both ON and OFF).

Steady State Perfor mance

The nominal performance characteristics for this coil (based on steady-state conditions from Run
#4 below) are:

Total Capacity: 34.2 MBtu/h (2.9 tons)
Sensible Capacity: 25.3 MBtu/h

Latent Capacity (condensate): 8.9 MBtu/h

Sensible Heat Ratio: 0.74

Latent capacity can be calculated two ways. 1) using dew point readings and air flow, and 2) the
condensate flow rate. Figure 1 compares the latent capacity calculated these two ways. The
number of each data point corresponds to the run or test number listed in Table 1. In generd,
condensate readings resulted in a dightly higher capacity (except at very low latent capacities).

Figure 2 shows the trend of steady-state sensible heat ratio (SHR) with relative humidity and
airflow rate. The sensible and latent cooling capacities used to calculate SHR in Figure 2 are
based on airflow measurements and the psychrometric conditions entering and leaving the
cooling coil. This performance map istypical for acooling coil (i.e., SHR is mostly a function
of the entering relative humidity, with some dependence on the air flow rate).
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Typical Transient Performance

Figure 3 shows the typical transient performance of the cooling coil at nominal conditions (i.e.,
for Cycle 2 of Run #4). The compressor runs for 45 minutes and is off for 45 minutes. The
supply fan and booster fan remain on during the entire test. The booster is an external fan used to
overcome air pressure drop due to instrumentation and assist with maintaining the desired air
flow rate. A portion of the moisture removed by the coil during the compressor on cycle
evaporates back into the air stream during the off cycle. During the off cycle the coil actsasan
evaporative cooler, so the sensible capacity is nearly equa to the absolute value of the latent
capacity (i.e., the sum of latent and sensible is zero).

If we integrate the off cycle sensible capacity (after allowing a 1- minute off-cycle delay to
account for refrigerant movement and other transient effects), we can determine the energy
associated with the moisture retained on the coil. To minimize the integration of any
measurement errors, the off-cycle integration stops at the time labeled “Integration Pt.” on the
plot. This point corresponds to the time when the temperature and dew point differences across
the coil have first reached the terminal values (i.e., the averages from the end of the off-cycle). In
this case the integration indicates that the sensible cooling is equivalent to 2.05 lbs of moisture
being retained on the coil. The integrated latent capacity — which is harder to measure precisely —
equals 2.26 lbs.

The value “twet” from Henderson and Rengargjan (1996) can then be calculated by dividing the
retained moisture mass (expressed as Btu, or mass x 1060 Btu/Ib) and the steady state
psychrometric latent capacity (QL = 8.0 MBtu/h). The values of twet based on integrated
sensible and latent off-cycle capacity are 16.4 and 18.0 minutes, respectively. These values of
twet are similar but not identical to the measured delay of 13.5 minutes for the first condensate
pulse to fall from the drain pan. The value of gamma (1.47), which isthe initia off-cycle
moisture evaporation rate divided by the steady-state psychrometric latent capacity, uses the off-
cycle moisture evaporation rate determined from sensible capacity (i.e., 11.7 MBtu/h) once the
refrigerant flow rate has reached zero (and al coil heat and mass transfer with the air stream is
assumed to be adiabatic). The off-cycle sensible capacity also shows a clear change in the decay
trend at thispoint. For this unit it took about 2.0 minutes for refrigerant flow to settle to zero.
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Part Load L atent Capacity Parameters

The amount of moisture held on the cooing coil (and drain pan) can be calculated by integrating
the off-cycle capacity from the coil (and dividing by the heat of vaporization, 1060 Btu/lb, to get
the moisture mass). The integration is delayed for the first minute of the off-cycle so that the
overshoot response of the chilled dew point hygrometers does not skew the results of the
integration®. The integration terminates once steady state conditions are reached for the off cycle.
If we assume the coil acts as an evaporative cooler, sensible and latent capecity should be equal.
Figure 4 compares the off-cycle integrated latent and sensible capacity calculated for each run.
In this case, the integrated latent capacity significantly exceeds the integrated sensible capacity
for several test cases. As Figure5 shows, the two tend to match for test conditions near nominal
dew point conditions (60°F). At higher dew points the integrated off-cycle latent capacity is
much higher. We believe thisis a systematic error with the delta dew point measurements at off-
design conditions.

Since we expect that off-cycle latent and sensible capacity should sum to zero, we have selected
the integrated off-cycle sensible capacity as the most consistent and believable indication of the
moisture mass held on the cooling coil (and drain pan).
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Figure4. Comparing Stored Moisture Mass Calculated by Integrating Sensible and L atent Off-
Cycle Capacity (Integrated with a 1 minute delay)

! The 1-minute delay causes the estimate of moisture mass to be low by as much as 0.18 Ibs (or 9%).
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Tests for: COIL1
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Figure 5. Variation of Off-Cycle Sensible-L atent Difference with Entering Dew Point

The parameter “twet” is the moisture mass held on the cooling coil times the enthalpy of
vaporization (1060 Btu/lb) divided by the steady-state latent capacity of the cooling coil. The
parameter should physically correspond to the time it takes for moisture to first fall from the coil
(ignoring startup delays and other effects). Figure 6 compares the calculated “twet” (determined
from integrating sensible capacity during the off-cycle and then dividing by the steady-state
psychrometric latent capacity during the on-cycle) to the condensate delay time for all the test
runs. There is relatively good agreement between these two values, but the difference between
them increases at longer condensate delay times (because as coil inlet air conditions get drier the
integration error to find twet is larger, or because the coil isonly partially wetted at lower inlet
air dew point temperatures).

Figure 7 shows the condensate delay time is a function of the entering air dew point temperature
as would be expected. Different symbols are shown on the plot for the 1% and 2" cyclesin each
test sequence. The delay time was dightly higher for the first cycle when the fin surfaces were
totally dry. For the 2" cycle, the coil apparently may have had better wetability than it did for
the 1% cycle.
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Figure 8 shows the initial off-cycle moisture evaporation rate varies with wet bulb depression.
As expected, the evaporation rate is highest when the entering air has a larger wet bulb
depression (i.e., has alower relative humidity) and higher air flow rate.

The model developed by Henderson and Rengargjan (1996) used the following simple
evaporative cooler model to predict the moisture evaporation rate at off-design conditions:

Qevap = Qevap 0 x (DB-WB)
(80-67)

where Qevap o is the evaporation rate at the nominal entering air conditions of 80°F dry bulb
(DB) and 67°F wet bulb (WB). This simple moddl is shown as the linesin Figure 8. For each air
flow rate, the line is based on the nominal test results at 80°F DB/67°F WB extended to pass
through zero. The measured data show essentially the same slope as the theoretical lines. The
notable exceptions are the points with higher airflow and drier entering conditions (e.g., Runs #6,
#9 and #24). These runs have a much lower initial moisture evaporation rate because the entering
air dew point temperature was close to the cooling coil temperature, so the fin surfaces were not
fully wetted. The smaller wetted surface area reduces the initial moisture evaporation rate.

Tests for COIL1
14 T T T I T T T I T T T I

Theoretical Trend with
Wet Bulb Depression

+ + 400 cfm/ton

Initial Off-Cycle Evaporation Rate (MBtu/h)

A
- ¥ 300 cfm/ton
: ¢ 200 cfm/ton
2 —
0 i 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
8 10 12 14 16 18

Wet Bulb Depression (F) at beginning of off-cycle

Figure 8. Measured Variation of Initial Evaporation Rate with Wet Bulb Depression
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Stabat et al. (2001) reviewed the theoretical performance of direct evaporative coolers and
showed that the saturation effectiveness of an evaporative cooler is:

h, =1-e "V where NTU = K/cfm®? for an air-water mixture.

The line shown on Figure9 is the best fit for the equation above to the measured data. The
resulting constant K was 5.76, which is equivalent to an NTU of 1.40 at 1,200 cfm. While there
is considerable scatter due to the experimental uncertainty of predicting the initial off-cycle
moisture evaporation rate, the sope of the lineis still fairly representative of the overall trend.

Tests for COIL1

1-0 T T T T I
416 s

O i 2 +7 N
g o ¥
o 08— x11 _
g +8
3 F x4% =
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[ i +3 |
§ +1
®
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‘5 ¥
n | + |
3 0.6
£ L _

0.4 EFF=1-exp(-5.762/cfm"0.2) NTU = 1.40 at 400 cfm/ton . .

600 800 1000 1200 1400

Off-cycle Airflow (cfm)

Figure 9. Evapor ative Effectiveness ver sus Airflow

Figure 10 compares the measured initial off-cycle moisture evaporation rate for each test to the
predicted initial evaporation rate using the effectiveness model above. The model and measured
data generally agree when presented in this form (i.e., the overall agreement visually appears
better than in Figure 9 above). Again, the variation that occurs for Tests #6, #9, and #24 was due
to partial coil dryout, as mentioned above.
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Tests for COIL1
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Figure 10. Comparing Measured and Predicted Initial Moisture Evapor ation Rates

One question of interest is whether the amount of moisture retained on the cooling coil isa
function of air flow or entering air conditions. Figures 11 and 12 show how the retained moisture
varies with these conditions. At higher dew points (Figure 11), the high condensate flow rate has
the effect of causing the amount of retained moisture to approach equilibrium. The greater scatter
and magnitude at lower dew points may be due to the fact that integration of the off-cycle
evaporation rate includes the error associated with integrating the “tail” of the profile. Also, the
lower retained moisture values for Test #6, #9 and #24 are due to partial coil dryout at the lower
entering air dewpoint conditions.

Figure 12 does show a 10-20% decrease in the amount of retained moisture on the cooling coil
with higher air flow rates.
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Tests for COIL1
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Figure 11. Variation of Retained Moisture (based on Off-Cycle Sensible) with Flow and Dew Point
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Figure 12. Variation of Retained Moisture with Air Flow at Nominal Entering Conditions of 80°F,
60.4°F dew point
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Another way to detect the amount of retained moisture is to measure the static air-side pressure
drop across the cooling coil. The difference between the pressure drop across the coil under wet
and dry conditions should provide an indication of the amount of retained moisture (the wet coil
pressure drop is measured at steady-state conditions while the dry coil pressure drop is taken as
the average pressure drop during the last part of the off-cycle). Figure 13 shows the variation of
the wet-dry pressure difference with various entering air dew point temperatures at multiple air
flow rates. Comparing the values for each air flow rate generally shows atrend of pressure drops
reaching a plateau once the humidity of the entering air is sufficiertly high to fully wet the cail.
At agiven air flow rate, the pressure drop does not increase substantialy with dew points above
60°F.

Tests for COIL1
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Figure 13. Variation of Wet-Dry Pressure Drop with Entering Conditions and Air Flow Rate

Figure 14 confirms that the wet-dry pressure drop is mostly afunction of air flow rate. The linear
trend also implies laminar flow in the wetted cooling coil.
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Tests for COIL1
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Figure 14. Trend of Wet-Dry Pressure Drop with Flow at Nominal Entering Conditions of 80°F,
60.4°F dew point

The series of plotsin Figure 15 show the impact of coil suction temperature on performance. The
plots for moisture on coil and wet-dry pressure drop both confirm that more moisture is retained
when the coil is colder (i.e., lower saturated suction temperature).
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Overall Latent Degradation Trends

Several quasi-steady cyclic tests were also completed in the laboratory to quantify the overall
part-1oad degradation of latent capacity. Table 2 lists the cycling test runs. These conditions
correspond to a conventional thermostat with a maximum cycle rate of 3 cycles per hour (at 50%
runtime).

Table2. Cyclic Test Conditions

CONST | AUTO Number of ON OFF Runtime| Cycle
FAN FAN Times Test Time Time | Fraction Rate
Run Repeated |(minutes)| (minutes) ) (cycles/h)

31 41 2 45 45 0.500 0.667
32 42 3 30 6 0.833 1.667
33 43 3 16 7.25 0.688 2581
A a4 3 10 10 0.500 3.000
35 45 3 7 175 0.286 2.449
46 3 55 55 0.091 0.992

Note: All tests performed with 80°F db/60.4°F dp inlet air and 400 cfm/ton air flow.

Figures 16 and 17 show the net impact of part-1oad system operation based on cyclic tests
completed in the lab.

Figure 16 is for the constant fan mode (continuous air flow over the cooling coil while the coil
cycles on/off). The measured data compare well to the model from Henderson and Rengaragjan
(1996) with the following model parameters obtained from the test sequence (twet = 15.0
minutes, gamma = 1.48, Nmax = 3, tau = 20 seconds). These parameters were taken from the 2"
occurrence of Test #31 which was completed as part of the suite of cycling tests listed in Table 2.
The latent time constant (tau) of 20 seconds comes from qualitative observation of the coil’s
response time. The black solid line corresponds to the linear off-cycle evaporation model
(Henderson and Rengaragjan 1996). The black dotted line assumes an off-cycle evaporation trend
that corresponds to an exponential decay.

The purple line is the new part load LHR mode that uses the more realistic moisture evaporation
model from Stabat et al. (2001) and also allows for variable amounts of moisture on the coil at
the end of the on cycle. The parameters NTU and tp were determined from the specific measured
data from each test (the purple solid line) as well as the average NTU and tp from al the data
(the purple dotted line), including Figure 9 above. For this coil the two trends were the same.
The parameter tp is defined in the improved model development section of this report.

For this coil the black dotted line in Figure 16, which corresponds to the standard model with
exponential decay in the off cycle, best matches the measured data. In genera the data
corresponding to the 2" and 3% repetition of each test, once quasi-steady conditions had been
reached, showed the best agreement with the models.

Figure 17 shows that some latent degradation can be detected in the AUTO fan mode as well
(i.e., when the supply air flow across the cooling coil starts and stops with compressor
operation). The 2" and 3" repetition (cycle) show good agreement with each other.
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The tests were completed over a period of 6-7 weeks. Figure 18 shows some evidence of avery
modest change in suction pressure and superheat that might imply some loss of charge over the
period. However, the suction pressure only dropped by about 1 psig over the 6-week period.

Summary of Test§ 3,4, 25, 31. & 41 for CQILl

=) 77'05_ A E
o 76.5F =
£ E E
) 76.0:_ —
7 755E% —=
(] = 3
a 75.05— 3% _E
S 745F —
B = 44 3
S 74.0F 3;@ =
?» 735E . 3

12 19 26 2 16 23

August September

20 ]
~—~ - 4 -
T F Superheat 3] Sx E
o 15p5 4 3
2 C * 7
® 10 -
= C . .
s F Subcooling 3
3 B 3 E
0:§ 40 3@ 4% ]

12 19 26 2 16 23

August September

Figure 18. Long-term Variation in Suction Pressure, Superheat and Subcooling

Refer ences

Henderson, H., and K. Rengargjan. 1996. A model to predict the latent capacity of air

conditioners and heat pumps at part-load conditions with constant fan operation. ASHRAE

Transactions 102(1): 266-274.

Stabat, P., Marchio, D. and M. Orphelin. 2001. Pre-Design and Design Tools for Evaporative

Cooling. ASHRAE Transactions 107 (1): 501-510.

Appendix H

H1-18

Coail 1



COIL 1 Test Runs

Inlet] Test Comp

Start| Sequence| Run/Test|Inlet DB| DewPt| Air Flow| Duration| Runtime

File Nam¢g Date Time] No. No. (F) (F) (cfm) (min) (min)

Coill Test 1l.out 10/7/2002] 10:31:56 1 1 79.9 60.3 1180.3 119.8 60
Coill Test 1.out 10/7/2002] 12:31:56 2 1 79.9 60.4 1173.5 119.8 60
Coill Test 1.out 10/7/2002] 14:31:56 3 1 79.@ 60.4 11711 120.3 60
Coill Test 2.out 10/4/2002]  9:33:57 1 2 79.9 60.4 1187.5 119.7 60
Coill Test 2.out 10/4/2002] 11:33:55 2 2 79.9 60.4 1176.8 119.8 60
ICoill_Test 2.out 10/4/2002] 13:33:55 3 2 79.9 60.4] 11698 120! 60
Coill Test 3b.out 9/20/2002| 7:28:13 1 3 79.3 59.7 1186.6 119.8 60
Coill Test 3b.out 9/20/2002|  9:28:13 2 3 79.9 60.4 1175.4 119.7 60
Coill Test 3b.out 9/20/2002| 11:28:12 3 3 79.9 60.3 1172.5 120 60
Coill Test 4b 10b 16b 22b.out 8/30/2002|  7:42:04 1 4 79.9 60.2 1188.2 89.7 45
Coill Test 4b 10b 16b 22b.out 8/30/2002] 9:12:03 2 4 80 60.4 1178.6 89.7 45
Coill Test 4b 10b 16b 22b.out 8/30/2002| 10:42:02 3 10 79.9J 60.4 892.6 89.8 45
ICoill_Test 4b_10b _16b 22b.out 8/30/2002] 12:12:02 4 16 80 60.4] 646.6 89.8 45
ICoill Test 4b 10b 16b 22b.out 8/30/2002] 13:42:02 5 22 80 60.4] 1303.1 89.8 45
Coill Test 4a 10a 16a 22a 25a.out 8/15/2002| 15:25:22 6 25 79.6 60.4 1168.6 89.8 45
Coill Test 5a,11a,17a,23a.out 8/19/2002| 8:42:28 1 5 79.5 64.7 1186.7 89.7 45
Coill Test 5a,11a,17a,23a.out 8/19/2002| 10:12:27 2 5 80.1 67.9 1175.8 89.7| 45
Coill Test 5a,11a,17a,23a.out 8/19/2002| 11:42:26 3 11 80.2] 68.4 893.4 89.8 45
Coill Test 5a,11a,17a,23a.out 8/19/2002| 13:12:26 4 17 80.3] 68.1 647.3 89.8 45
ICoill_Test 5a.lla.l7a.23a.0ut 8/19/2002] 14:42:26 5 23 80 68.6] 1301.6 89.8 45
Caill Test 6b _12b 18b 24b.out 9/19/2002]  9:30:09 1 6 17 50.3 1186.9 89.7 45
Coill Test 6b 12b 18b 24b.out 9/19/2002| 11:00:08 2 6 77.3 50.7 1176.3 89.7 45
Coill Test 6b 12b 18b 24b.out 9/19/2002| 12:30:07 3 12 78.6 50.6 888.1 89.7 45
Coill Test 6b 12b 18b 24b.out 9/19/2002| 14:00:06 4 18 79.9| 50.6 667.2 89.7 45
Coill Test 6b 12b 18b 24b.out 9/19/2002| 15:30:04 5 24 77.1 51.6 1335.1 89.7 45
Coill Test 7a,13a,19a.out 8/20/2002| 10:30:23 1 7 75.1 62.3 1180.8 89.7 45
Coill_Test_7a,13a,19a.out 8/20/2002| 12:00:22 2 7 75.2) 64.6] 1168.5 89.7] 45
ICoill_Test_7a,13a.19a.out 8/20/2002] 13:30:20 3 13 75.3 64.5) 890.1 89.7 45
Coill Test 7a,13a,19a.out 8/20/2002] 15:00:17 4 19 75.4 64.6] 648.3 89.7 45
Coill Test 8b 14b 20b.out 9/5/2002]  7:58:04 1 8 74.9| 56 1185.5 89.8 45
Coill Test 8b 14b 20b.out 9/5/2002]  9:28:04 2 8 75 56.1 1183.2 89.7 45
Coill Test 8b 14b 20b.out 9/5/2002] 10:58:03 3 14 75 56.1 895 89.7 45
Coill Test 8b 14b 20b.out 9/5/2002] 12:28:03 4 20 75 56.1] 646.7 89.7 45
Coill Test 9a,15a,21a.out 8/26/2002| 9:02:45 1 9 73.6 48 1185.5 89.7| 45
Caill Test 9a.15a.21a.out 8/26/20021 10:32:44 2 9 74 48.6 11775 89.8] 45
Coill_Test_9a.15a.21a.out 8/26/2002] 12:02:44 3 15 73.9 46.3 892.6 89.8 45
Coill Test 9a,15a,21a.out 8/26/2002| 13:32:45 4 21 75 45.7| 646.6 89.7| 45
Coill Test Cycling.out 9/3/2002] 8:39:14 1 31 80 60.4 1185.2 89.8 45
Coill Test Cycling.out 9/3/2002] 10:09:14 2 31 79.9 60.4 1175.7 89.8 45
Coill Test Cycling.out 9/3/2002] 11:39:14 3 32 80 60.4 1170.5 35.8 30
Coill Test Cycling.out 9/3/2002] 12:15:14 4 32 79.9J 60.4 1171.4 35.8 30
Coill_Test Cycling.out 9/3/2002| 12:51:14 5 32 79.9 60.3 1171.2 35.8 30
Caill Test Cycling.out 9/3/2002] 13:27:14 6 33 79.9 60.4 11719 23 16
Coill Test Cycling.out 9/3/2002] 13:50:28 7 33 79.9 60.4 1172.6 23 16
Coill Test Cycling.out 9/3/2002] 14:13:43 8 33 79.9 60.4 1171.6 23 16
Coill Test Cycling.out 9/3/2002] 14:36:58 9 34 80 60.3] 1174.3 19.7] 10
Coill Test Cycling.out 9/3/2002] 14:56:58 10 34 80 60.4 1173.9 19.7 10
Coill Test Cycling.out 9/3/2002] 15:16:57 11 34 80.2 60.4] 1171.4 19.8] 10
Coill_Test_Cycling.out 9/3/2002] 15:36:57 12 35 80.3 60.3 1174.7 24.3 7
i ing.out 9/3/2002] 16:01:27 13 35 80.5) 60,4 11782 24.2 7
Coill Test Cycling.out 9/3/2002] 16:25:56 14 35 80.5} 60.4 1176.1 24.3 7
Coill Test Cycling auto a.out 9/25/2002| 8:11:54 1 41 78.9 59.7] 1190.1 89.8 45
Coill Test Cycling auto a.out 9/25/2002] 9:41:54 2 41 79.8 60.4] 1186.2 89.7| 45
Coill Test Cycling auto a.out 9/25/2002] 11:11:53 3 42 79.8 60.4] 1183.3 35.8 30
Coill Test Cycling auto a.out 9/25/2002] 11:47:53 4 42 79.7 60.4 1180.5 35.8 30
Coill Test Cycling auto a.out 9/25/2002] 12:23:53 5 42 79.7] 60.3] 1178.8 35.8 30
Coill_Test Cycling_auto_a.out 9/25/2002] 12:59:53 6 43 79.5 60.2 11771 23 16
Caill Test Cycling auto a.out 9/25/2002] 13:23:08 7 43 79.5 60.3 1176.3 23 16
Coill Test Cycling auto a.out 9/25/2002] 13:46:23 8 43 79.6) 60.4] 1179 23 16
Coill Test Cycling auto a.out 9/25/2002] 14:09:38 9 44 79.4 60.3] 1175.1 19.8] 10
Coill Test Cycling auto a.out 9/25/2002] 14:29:38 10 a4 79.4 60.1] 1176.9 19.8 10
Coill Test Cycling auto a.out 9/25/2002] 14:49:38 11 44 79.3 60.2] 1176.9 19.8] 10
Coill Test Cycling auto2.out 9/30/2002] 12:29:52 3 45 79.3 60.5 1183.7 24.3 7
Coill_Test_Cycling_auto2.out 9/30/2002| 12:54:22 4 45 79.3 60.3] 1177.7 24.3 7
ICoill_Test Cycling_auto2.out 9/30/2002] 13:18:52 5 45 79.41 60.3] 1181.4 24.3 Z
Coill Test Cycling auto2.out 9/30/2002| 13:43:22 6 46 79.4 59.9 1179.1 60.3 5.5
Coill Test Cycling auto2.out 9/30/2002| 14:43:52 7 46 79.4 60.4 1185.2 60.3 55
Coill Test Cycling auto2.out 9/30/2002| 15:44:22 8 46 79.4 60.4 1182.1 60.3 5.5

Appendix H H1-19 Coil 1



APPENDIX H2

Summary of Laboratory Data for Coail 2



Summary of Laboratory Data for Coil 2
November 2005

15.5 fpi, lanced sine wave fin

Manufacturer & Model number: Carrier FK4CNFO02000AGAA

Nominal size: 13- 3tons

Baseline Size and Airflow (Test 4): 2.4tons/ 970 cfm

Cail type: “A” cail, 3 rows, 15.5 fpi (aluminum fins)
Coil dimensions: 3.41 ft? total finned face area

(face area = 3.46 ft* per manufacturers literature)
2dabs @ (13 7/8inx 17 11/16 in)

3.2 ft? finned face area exposed to air flow
2dabs @ (13 3/8inx 17 Y4in)

Coil thickness: 2Y4in
Tube diameter: 3/8 in OD copper
Tube spacing: 1 in within row (vert); % in row-to-row (horiz)
Expansion device: TXV (6-8°F superheat)
Unit supply fan: off
Compressor power: 60 hz, direct
55/8 Feeds
b_otto_m left
Feeds top left ((:(l;gig; T
circuit (next
warmest T)
Feeds top
right circuit
Feeds
bottom right -
circuit View of post-TXV
— 1Yy —> (Warmfd - distributor
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Table1l. Summary of Steady State Test Conditions Corresponding or Each Run or Test

Entering Coil Conditions

80/67°F | 80/72°F | 80/62°F | 75/68°F | 75/63°F | 75/58°F

60°Fdp | 68°Fdp | 50°Fdp | 64°Fdp | 56°F dp | 45°F dp
400 cfmiton #a(or3) | # 46 47 43 49
300 cimton #10 #11 #12 #13 #14 #15
200 cimvton #16 7 #18 #19 420 41
450 cim/ton 422 43 424,
400-200 cfm/ton
(ON & OFF) #25
Low suction (41°F) #1
High suction (51°F) s

Notes: Tests4-25 all at nominal suction of 45 °F (set at nominal conditions of test #3/4). A thermal expansion
device was used, with nominal superheat of 6-8°F set during Test 4. The refrigerant charge established during
Test 4 was not changed for the remaining tests. The Table 1 test points denote the target testing conditions.

Drier test conditions with dew points below 50°F (such as Tests #9, #15, and #21) could not be achieved. In
these cases, entering conditions were typically held near 50°F dp. For each test, the compressor is ON for 45-90
minutes and then the compressor is OFF for 45-60 minutes. The booster fan runs continuously for all tests (when
the compressor is both ON and OFF).

Steady State Perfor mance

The nomina performance characteristics for this coil (based on steady-state conditions from Run
#4 below) are:

Total Capacity: 28.5 MBtu/h (2.4 tons)
Sensible Capacity: 21.8 MBtu/h

Latent Capacity (condensate): 6.7 MBtu/h

Sensible Hesat Ratio: 0.77

Latent capacity can be calculated two ways. 1) using dew point readings and air flow, and 2) the
condensate flow rate. Figure 1 compares the latent capacity calculated these two ways. The
number of each data point corresponds to the test number listed in Table 1. In genera, the
condensate readings resulted in a dightly lower capacity.

Figure 2 shows the trend of steady-state sensible heat ratio (SHR) with relative humidity and
airflow rate. The cooling capacities used to calculate SHR in Figure 2 are based on airflow
measurements and the psychrometric conditions entering and leaving the cooling coil. This
performance map is typical of a cooling coil (i.e., SHR is mostly afunction of the entering
relative humidity, with some dependence on the air flow rate).
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Typical Transient Performance

Figure 3 shows the typical transient performance of the cooling coil at nominal conditions (i.e.,
for Cycle 2 of Run #4). The compressor runs for 45 minutes and is off for 45 minutes. The
booster fan remains on during the entire test (separate external fan used to maintain the desired
air flow rate across the cooling coil). A portion of the moisture removed by the coil during the
compressor on cycle evaporates back into the air stream during the off cycle. During the off
cycle the coil acts as an evaporative cooler, so the sensible capacity is nearly equal to the
absolute value of the latent capacity (i.e., the sum of latent and sensible is zero).

If we integrate the off cycle sensible capacity (after allowing for a 1-minute off-cycle delay to
account for refrigerant movement and other transient effects), we can determine the energy
associated with the moisture retained on the coil. To minimize the integration of any
measurement errors, the off-cycle integration stops at the time labeled “Integration Pt.” on the
plot. This point corresponds to the time when the temperature and dew point differences across
the coil have first reached the terminal values (i.e., the averages from the end of the off-cycle).

In this case the integration indicates that the sensible cooling is equivalent to 1.98 Ibs of moisture
being retained on the coil. The integrated latent capacity — which is harder to measure precisely
—equals 1.97 Ibs.

The value “twet” from Henderson and Rengargjan (1996) can then be calculated by dividing the
retained moisture mass (expressed as Btu; mass x 1060 Btu/Ib) and the steady state
psychrometric latent capacity (QL=7.4 MBtu/h). The values of twet based on integrated sensible
and latent off-cycle capacity are 17.0 and 16.9 minutes respectively. These values of twet are
similar but not identical to the measured delay of 16.3 minutes for the first condensate pulse to
fall from the drain pan. The value of gamma (1.60), which is the initia off- cycle moisture
evaporation rate divided by the steady-state psychrometric latent capacity, uses the off-cycle
moisture evaporation rate (11.9 MBtu/h) once the saturated coil temperature is within 1°F of the
entering air wet-bulb temperature. At this point where gamma is determined, it is assumed that
all coil heat and mass transfer with the air stream is adiabatic (the refrigerant flow could not be
used as anindicator of this point for this coil since it used a TXV that totally shut off refrigerant
flow during the off cycle). The off-cycle sensible capacity also shows a change in the decay
trend at this point. In this case it took about 1.5 minutes for coil temperature to approach the wet
bulb within the specified tolerance.
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Part L oad L atent Capacity Parameters

The amount of moisture held on the cooling coil (and drain pan) can be calculated by integrating
the off-cycle capacity from the coil (and dividing by the heat of vaporization, 1060 Btu/lb, to get
the moisture mass). The integration is delayed for the first minute of the off-cycle so that the
overshoot resporse of the chilled mirror dew point hygrometers does not skew the results of the
integration®. The integration terminates once steady state conditions are reached for the off cycle.
If we assume the coil acts as an evaporative cooler, sensible and latent capacity should be equal.
Figure 4 compares the off-cycle integrated latent and sensible capacity calculated for each run.

In this case the integrated sensible capacity is about the same as the integrated latent capacity.
Figure 5 shows that the bias is not a function of dew point as was observed from tests of Coil 1.

Since we expect that off-cycle latent and sensible capacity should sum to zero, we have selected

the integrated off-cycle sensible capacity as the most consistent and believable indication of the
moisture mass held on the cooling coil (and drain pan).
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! The 1-minute delay causes the estimate of moisture mass to be low by as much as 0.19 |bs (or 9%).
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The parameter “twet” is the moisture mass held on the cooling coil times the enthalpy of
vaporization (1060 Btu/lb) divided by the steady-state latent capacity of the cooling coil. The
parameter should physically correspond to the time it takes for moisture to first fall from the coil
(ignoring startup delays and other effects). Figure 6 compares the calculated “twet” (determined
from integrating sensible capacity during the off-cycle and then dividing by the steady-state
psychrometric latent capacity during the on-cycle) to the condensate delay time for al the test
runs. There is relatively good agreement between these two values.

Figure 7aand 7b show that both twet and the condensate delay time are a function of the entering
air dew point temperature. Figure 7b uses different symbols to show the 1% and 2" cyclesin
each test sequence with flow rate of 400 cfm/ton for all tests. The delay time was sometimes
higher for the first cycle when the fin surfaces were totally dry. For the 2" cycle, the coil may
have had better wetability than it did for the 1% cycle in some cases.
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Figure 8 shows the initial off-cycle moisture evaporation rate varies with wet bulb depression.
As expected, the evaporation rate is highest when the entering air has a larger wet bulb
depression (i.e., has a lower relative humidity) and a higher airflow rate.

The model developed by Henderson and Rengargjan (1996) used the following ssmple
evaporative cooler model to predict the moisture evaporation rate at off-design conditions:

Qevap = Qevap 0 x (DB -WB)
(80-67)

where Qevap_o is the evaporation rate at the nominal entering air conditions of 80°F dry bulb
(DB) and 67°F wet bulb (WB). This simple model is shown as the lines in Figure 8. For each
airflow rate, the line is based on the nominal test results at 80°F DB/67°F WB extended to pass
through zero. The measured data show essentially the same slope as the theoretical lines. The
notable exceptions are the points with higher airflow and drier entering conditions. Specifically,
Tests #6, #9, and #24 deviate significantly from the lines. These runs have a much lower initial
moisture evaporation rate because the entering air dew point temperature was close to the
cooling coil temperature, so the fin surfaces were not fully wetted (as shown in Figure 4 above).
The smaller wetted surface area reduces the initial moisture evaporation rate.

Tests for COIL2
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Figure 8. Measured Variation of Initial Evaporation Rate with Wet Bulb Depression
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Stabat et al. (2001) reviewed the theoretical performance of direct evaporative coolers and
showed that the saturation effectiveness of an evaporative cooler is:

h, =1- " where NTU = K/cfm®? for an air-water mixture.

The line shown on Figure 9 is the best fit of the equation above to the measured data. The
resulting constant K was 7.23, which isequivalent to an NTU of 1.83 at 1,000 cfm. While there
is considerable scatter due to the experimental uncertainty of predicting the initial off-cycle
moisture evaporation rate, the slope of the lineis still representative of the overall trend.
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Figure 10 compares the measured initial off-cycle moisture evaporation rate for each test to the
predicted initial evaporation rate using the effectiveness model above. The model and measured
data generally agree when presented in this form (i.e., the overall agreement visualy appears
better than in Figure 9 above). Again, the variation that occurs for Tests #6, #9, and #24 was due
to partia coil dryout, as mentioned above.
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Figure 11 and Figure 12 below evaluate whether the amount of moisture retained on the cooling
coil isafunction of air flow or entering air conditions. At higher dew points (Figure 11) the
moisture holding capacity of the coil approaches the equilibrium value. At lower dew points the
moisture holding capacity is dightly less, especially for Tests #6, #9, and #24. For these tests,
portions of the cooling coil were not fully wetted, since the coil surfaces were warmer than the
entering air dew point temperature. For the other test conditions, where the coil surfaces were
fully wetted, the amount of retained moisture on the cooling coil ranges from 2.0 to 2.7 |bs.

Figure 12 shows a 10-20% decrease in the amount of retained moisture with higher air flow
rates. This variation of retained moisture with air flow rate for Coil 2 is similar to that seen for
Coil 1.
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Another way to detect the amount of retained moisture is to measure the static air-side pressure
drop across the cooling coil. The difference between the pressure drop across the coil under wet
and dry conditions should provide an indication of the amount of retained moisture (the wet coil
pressure drop is measured at steady-state conditions while the dry coil pressure drop is taken as
the average pressure drop during the last part of the off-cycle). Figure 13 shows the variation of
the wet-dry pressure difference with various entering humidity conditions at multiple air flow
rates. Comparing the values for each air flow rate generally shows atrend of pressure drops
reaching a plateau once the humidity of the entering air is sufficiently high to fully wet the coil.
For air flow rates of 200 cfm/ton and 300 cfm/ton, the wet-dry pressure difference remained
fairly constant for the range of entering air dew point temperatures that were tested, indicating a
fully wetted coil. The wet-dry pressure drops for Tests #6, #9, and #24 are all significantly lower
than expected, again confirming that less moisture was retained on the cooling coil at these
drier/higher air flow conditions.
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Figure 13. Variation of Wet-Dry Pressure Drop with Entering Conditionsand Air Flow Rate

Figure 14 confirms that the wet-dry pressure drop is a linear function of air flow rate, which
implies laminar flow in the wetted cooling coil.
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The series of plotsin Figure 15 show the impact of coil suction temperature on performance. The
steady-state performance of the system shows the expected trends of lower SHR and greater
latent capacity at lower coil temperatures (i.e., lower saturated suction temperatures). However,
both the mass of moisture on the coil and the wet-dry pressure drop imply that less moisture was
retained on the coil for Test 3. It is not clear what caused this unexpected resullt.

The graph of fan power versus saturated suction temperature in Figure 15 is not relevant since
the AHU fan was turned off during all tests. For this cooling coil, an external booster fan was
used to obtain the desired air flow rate for each test.
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Overall Latent Degradation Trends

Severa quasi-steady cyclic tests were a'so completed in the laboratory to quantify the overall
part-1oad degradation of latent capacity. Table 2 lists the cycling test runs. These corditions
correspond to a conventional thermostat with a maximum cycle rate of 3 cycles per hour (at 50%
runtime).

Table 2. Cyclic Test Conditions

CONST AUTO Number of ON OFF Runtime| Cycle
FAN! FAN? TimesTest | Time Time |Fraction| Rate
Run Repeated |(minutes)| (minutes) ) (cycles/h)
31 41 2 45 45 0.500 0.667
32 42 3 30 6 0.833 1.667
33 43 3 16 7.25 0.688 2.581
K71 44 3 10 10 0.500 3.000
35 45 3 7 175 0.286 2.449
46 3 55 55 0.091 0.992

Notes: ‘Constant fan tests performed at 80°F db/60.4°F dp inlet air with 400 cfm/ton (runs 31-35)
and 300 cfm/ton (runs 71-75) air flow. Tests also conducted at 75°F db/56°F dp (runs 61-
65) and 75°F db/64°F dp (runs 51-55) inlet air with 400 cfm/ton air flow.
2Auto fan tests performed at 80°F db/60.4°F dp inlet air with 400 cfm/ton air flow.

Figure 16 through Figure 19 show the net impact of part-load system operation based on cyclic
tests completed in the lab. All of these tests are in the constant fan mode (continuous air flow
over the cooling coil while the coil cycles on/off), but at various entering air and flow rate
conditions:

Nominal: 80°F & 60.4°F dew pt. with 400 cfm/ton (Figure 16)
Humid: 75°F & 64°F dew pt. with 400 cfm/ton (Figure 17)

Dry: 75°F & 56°F dew pt. with 400 cfm/ton (Figure 18)

Low Flow: 80°F & 60.4°F dew pt. with 300 cfm/ton (Figure 19)

The measured data generally compare well to the model from Henderson and Rengarajan (1996)
using the model parameters shown on each plot. These parameters were aways taken from the
2" occurrence of the first test in each sequence (i.e., Tests #31, 51, 61 and 71), which were
completed as part of the suite of cycling tests listed in Table 2 for the constant fan mode. The
latent time constant (tau) of 20 seconds was selected based on qualitative observations of the
coil’ s response time. The solid black line corresponds to the linear off-cycle evaporation model.
The black dotted line assumes an off-cycle evaporation trend that corresponds to an exponential
decay. The purple line is the new part load LHR model that uses the more realistic evaporation
model from Stabat et al. (2001) and also allows for variable amounts of moisture on the coil at
the end of the on cycle. The parameters NTU and tp were determined from the specific measured
data from each test sequence (the purple solid line) as well as the average NTU and tp from all
the data (the purple dotted line), including Figure 9 above. The parameter tp is defined in the
improved model development section of this report.

In general the measured data corresponding to the later repetitions of each test (i.e., 2" and 3™
cycle) showed the best agreement with the models, since quasi-steady conditions had been
achieved.
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Figure19. Comparing Measured L atent Degradation to the LHR Models: 300 cfm/ton, 80°F / 60.4°Fdp
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Figure 20 shows very little latent degradation can be detected in the AUTO fan mode (i.e., the
supply air flow across the cooling coil starts and stops with compressor operation) for Coil 2.

The other coils have shown more variation. The 2" and 3" repetition (cycle) show good

agreement with each other.

Auto Fan Cyclic Tests for COIL2
1.0 T T T ! T T T ! T T T ! T T T ! T T T
s
T ° o 1stCycle
o
s N A 3rd Cycle N
T
o
2
[%2]
c
)
9 0.8 —
3
| Steady State SHR :}‘2.747 (based on gondensate) a B
<
] ] 1 | 1 1 ] ] ] 1 | 1 1 ] ] 1 ] ]
0.0 0.2 0.4 0.6 0.8

Runtime Fraction (-)

Figure 20. Measured AUTO Fan Latent Degradation

The tests were completed over a period of 6-7 weeks. Figure 21 shows little evidence of a

1.0

change in suction pressure, subcooling or superheat over the test period. This implies that no

significant loss of refrigerant charge occurred over the test period.
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Summary of Tests 3, 4, 25, 31 & 41 for COIL2
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Figure21l. Long-Term Variation in Suction Pressure, Superheat and Subcooling
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COIL 2 Test Runs

Inlet] Test Comp

Start| Sequence| Run/Test|Inlet DB| DewPt| Air Flow| Duration| Runtime

File Namg Date Time No. No. (F) (F) (cfm) (min) (min)

Coil2 Test 1.out 12/6/2002]  9:43:49 1 1 79.9 60.2 984.1 118.5 58.5
Coil2 Test 1.out 12/6/2002| 11:42:34 2 1 79.9 60.4 981.2 119.8 59.7
Coil2 Test 1.out 12/6/2002| 13:42:34 3 1 79.9 60.4 981.1 149.5 89.7
Coil2 Test 2.out 12/5/2002]  9:10:07 1 2 80 60.4 980.2 119 58.5
Coil2_Test 2.out 12/5/2002| 11:09:21 2 2 80 60.4 973.1 119.8 59.3
ICoil2_Test_2.out 12/5/20021 13:09:21 3 2 80 60.4] 967.5 155 95.3
Coil2 Test 3b.out 12/11/2002] 16:04:07 1 3 80.1 59.9 977.8 119.7 60
Coil2_Test 3b.out 12/11/2002] 18:04:05 2 3 80 60.4 976.8 119.7 60
Coil2 Test 3b.out 12/11/2002] 20:04:04 3 3 80 60.4 976.2 149.7 90
Coil2 Test 4b 10b 16b 22b 25b.out 11/14/2002]  8:37:58 1 4 79.6 60.2 972.9 89.7 45
Coil2 Test 4b 10b 16b 22b 25b.out 11/14/2002] 10:07:57 2 4 79.9| 60.4 967.3 89.8 45
Coil2 Test 4b 10b 16b 22b 25b.out 11/14/2002] 11:37:57 3 10 80 60.4 713.9 89.8 45
|ICoil2_Test_4b_10b_16b_22b_25b.out 11/14/200 13:07:57 4 16 799 60.3] 4702 104.8 45
Coil2_Test 4b 10b 16b 22b 25b.out 11/14/2002] 14:52:58 5 22 79.9 60.4] 1037.8 89.8 45
Coil2 Test 4b 10b 16b 22b 25b.out 11/14/2002] 16:22:59 6 25 80 60.4 962.3 104.5 45
Coil2 Test 5b 11b 17b 23b.out 11/20/2002]  7:49:25 1 5 80.1 65.8 968.3 89.8 45
Coil2 Test 5b 11b 17b 23b.out 11/20/2002] 9:19:26 2 5 80.2 68.6 965.3 89.8 45
Coil2 Test 5b 11b 17b 23b.out 11/20/2002] 10:49:26 3 11 80.2 68.6 709.7 119.7 60
Coil2 Test 5b 11b 17b 23b.out 11/20/2002] 12:49:26 4 17 80.3 68.2 482.9 134.7 60
ICoil2_Test 5b 11b 17b 23b.out 11/20/20021 15:04:26 5 23 80.2 68.3 1030.1 135! 60
Coil2_Test 6b_12b _18b 24b.out 12/10/200 17:37:14 1 6 80.1) 50.9 957.8 134.7 90
Coil2 Test 6b 12b 18b 24b.out 12/10/2002] 19:52:14 2 6 80 50.5 960.6 134.7 90
Coil2 Test 6b 12b 18b 24b.out 12/10/2002] 22:07:13 3 12 80 50.5 712.6 134.8 90
Coil2 Test 6b 12b 18b 24b.out 12/11/2002] 0:22:14 4 18 80.1 50.5 469.2 134.7 90
Coil2 Test 6b 12b 18b 24b.out 12/11/2002) 2:37:14 5 24 80.1 50.5 1039.8 134.7 90
Coil2 Test 7b 13b 19b.out 11/15/2002]  7:20:16 1 7 75.2 62.9 965.6 119.7 60
Coil2_Test_7b_13b_19b.out 11/15/2002f  9:20:16 2 7 75.3 64.7 960.1 119.7 60
Coil2_Test 7b _13b 19b.out 11/15/2002f 11:20:15 3 13 75.3 64.7 705.6 119.8 60
Coil2 Test 7b 13b 19b.out 11/15/2002f 13:20:16 4 19 75.4 64.4] A77.7 139.7] 60
Coil2 Test 8 14 20.out 10/23/2002]  7:29:56 1 8 75.2 56.1 969.5 89.8 45
Coil2 Test 8 14 20.out 10/23/2002]  8:59:56 2 8 75.2 56.1 961 89.8 45
Coil2 Test 8 14 20.out 10/23/2002] 10:29:56 3 14 75.2 56 708.2 89.8 45
Coil2 Test 8 14 20.out 10/23/2002] 11:59:56 4 20 75.3 56 459.1 104.8 45
Coil2 Test 9c 15c 2i1c.out 12/11/2002] 4:52:14 1 9 75.4 49.5 963.7 134.7 90
Cail2_Test 9¢c 15¢ 2i1c.out 12/11/200 7.07:14 2 9 75.2 49.5 962.6 1347 20
|Caoil2_Test 9¢_15c 21c.out 12/11/200 9:22:13 3 15 75.2) 49.5 7141 134.8 90
Coil2 Test 9c 15c¢ 2ic.out 12/11/2002| 11:37:14 4 21 75.4 49.5 471.7 135 90
Coil2 Test Cycling Constant.out 10/24/2002] 7:49:55 1 31 80.1 60.1] 964.5 89.7| 45
Coil2 Test Cycling Constant.out 10/24/2002] 9:19:54 2 31 80.1 60.4 959.6 89.8 45
Coil2 Test Cycling Constant.out 10/24/2002] 10:49:54 3 32 80.1 60.4 955.6 35.8 30
Coil2 Test Cycling Constant.out 10/24/2002] 11:25:54 4 32 80.3 60.4 949.4 35.8 30
Coil2_Test Cycling_Constant.out 10/24/2002] 12:01:54 5 32 80.2 60.4 947.1 35.8 30
Cail2_Test_Cycling_Constant.out 10/24/2002] 12:37:54 6 33 80.5) 60.3 951 23 16
Coil2 Test Cycling Constant.out 10/24/2002] 13:01:09 7 33 80.5 60.4 947.7 23 16
Coil2 Test Cycling Constant.out 10/24/2002| 13:24:24 8 33 80.4 60.4] 947.4 23 16
Coil2 Test Cycling Constant.out 10/24/2002] 13:47:39 9 34 80.6 60.4 946.3 19.8 10
Coil2 Test Cycling Constant.out 10/24/2002| 14:07:39 10 34 80.6) 60.4 944.3 19.8 10
Coil2 Test Cycling Constant.out 10/24/2002] 14:27:39 11 34 80.5 60.3 946.2 19.8 10
Coil2_Test_Cycling_Constant.out 10/24/2002| 14:47:39 12 35 80.7 60.4] 947.3 24.3 7
Coil2_Test_Cycling_Constant.out 10/24/200 15:12:09 13 35 80.4] 60.3] 942.6 24.3 7
Coil2 Test Cycling Constant.out 10/24/2002] 15:36:39 14 35 80.5 60.2 946.8 24.3 7
Coil2_Test Cycling auto.out 10/25/2002]  7:20:07 1 41 79.9 60.3] 964.3 89.7| 45
Coil2 Test Cycling auto.out 10/25/2002]  8:50:06 2 41 79.9 60.4 959.1 89.7 45
Coil2_Test Cycling auto.out 10/25/2002] 10:20:05 3 42 79.9 60.3 953.4 35.8 30
Coil2 Test Cycling auto.out 10/25/2002] 10:56:05 4 42 80.1 60.4 950.1 35.8 30
Coil2_Test Cycling auto.out 10/25/2002] 11:32:05 5 42 80.1 60.3] 948.3 35.8 30
Coil2_Test_Cycling_auto.out 10/25/2002f 12:08:05 6 43 80.2 60.3 946.8 23 16
i ing_auto.out 10/25/2002f 12:31:19 7 43 80.2 60.3 9431 23 16
Coil2 Test Cycling auto.out 10/25/2002] 12:54:33 8 43 80.1 60.2 944 23 16
Coil2_Test Cycling auto.out 10/25/2002] 13:17:48 9 44 80.2 60.3] 935.5 19.7] 10
Coil2 Test Cycling auto.out 10/25/2002] 13:37:47 10 44 80.1 60.3 936.1 19.7 10
Coil2_Test Cycling auto.out 10/25/2002] 13:57:46 11 44 79.9 60.3] 939.1 19.8 10
Coil2 Test Cycling auto2.out 10/28/2002] 16:07:20 3 45 79.5 60.2 936.7 24.3 7
Coil2_Test_Cycling_auto2.out 10/28/2002| 16:31:50 4 45 79.6) 60.2] 933.3 24.3 7
Coil2_Test Cycling auto2.out 10/28/2002] 16:56:20 5 45 79.6 60.2 932.8 24.2) 7
Coil2 Test Cycling auto2.out 10/28/2002| 17:20:49 6 46 79.6) 60.1] 930.8 60.2 5.5
Coil2 Test Cycling auto2.out 10/28/2002] 18:21:17 7 46 79.4 60.3 930.2 60.3 5.5
Coil2 Test Cycling auto2.out 10/28/2002] 19:21:47 8 46 79.4 60.1 938.4 60.3 5.5
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COIL 2 Test Runs (cont)

Inlet] Test Comp

Start| Sequence| Run/Test|Inlet DB| DewPt| Air Flow| Duration| Runtime

File Namg Date| Time| No. No. (F) (F) (cfm) (min) (min)

Coil2 Test Cycling Constant 75 64.out 11/7/2002| 8:06:52 1 51 75.3 64 965.1 89.7 45
Coil2 Test Cycling Constant 75 64.out 11/7/2002] 9:36:51 2 51 75.3 64.7] 962.2 89.8 45
Coil2 Test Cycling Constant 75 64.out 11/7/2002] 11:06:51 3 52 75.4 64.7 962.4 35.8 30
Coil2 Test Cycling Constant 75 64.out 11/7/2002] 11:42:51 4 52 75.5 64.7] 961.1 35.8 30
Coil2 Test Cycling Constant 75 64.out 11/7/2002| 12:18:51 5 52 75.4 64.6 958.8 35.7 30
Coil2_Test_Cycling_Constant_75_64.out 11/7/2002] 12:54:50 6 53 75.6) 64.6] 959.6 23 16
il2_Test ing_¢ t_75_64.out 11/7/2002] 13:18:05 7 53 75.7 64.6 961.7 23 16
Coil2 Test Cycling Constant 75 64.out 11/7/2002] 13:41:19 8 53 75.7] 64.6] 957.9 23 16
Coil2 Test Cycling Constant 75 64.out 11/7/2002| 14:04:33 9 54 75.8 64.6 959 19.8 10
Coil2 Test Cycling Constant 75 64.out 11/7/2002] 14:24:33 10 54 75.8 64.6] 960.2 19.8 10
Coil2 Test Cycling Constant 75 64.out 11/7/2002| 14:44:33 11 54 75.8 64.6 958.4 19.7 10
Coil2 Test Cycling Constant 75 64.out 11/7/2002] 15:04:32 12 55 75.9 64.6] 958.2 24.3 7
Coil2 Test Cycling Constant 75 64.out 11/7/2002] 15:29:02 13 55 76 64.6 966.4 24.3 7
ICoil2_Test_Cvcling_Constant 75 _64.out 11/7/20021 15:53:32 14 55 75.9 64.6 962.8 24.2 7
Cail2_Test_Cycling Constant 75 56.out 11/8/200 8:22:21 1 61 75.1] 56 9722 89,7 45
Coil2 Test Cycling Constant 75 56.out 11/8/2002] 9:52:20 2 61 75.1 56.1 965.7 89.8 45
Coil2 Test Cycling Constant 75 56.out 11/8/2002] 11:22:20 3 62 75.2 56.1 960.2 35.8 30
Coil2 Test Cycling Constant 75 56.out 11/8/2002] 11:58:20 4 62 75.2) 56.1 954.5 35.8 30
Coil2 Test Cycling Constant 75 56.out 11/8/2002] 12:34:20 5 62 75.2 56.1 952.6 35.8 30
Coil2 Test Cycling Constant 75 56.out 11/8/2002] 13:10:20 6 63 75.3 56.1 953.5 23 16
Coil2 Test Cycling Constant 75 56.out 11/8/2002] 13:33:35 7 63 75.3 56.1 954.1 23 16
ICoil2_Test Cyvcling Constant 75 _56.out 11/8/20021 13:56:50 8 63 75.3 56.1 9531 23 16
Coil2_Test_Cycling_Constant 75_56.out 11/8/200 14:20:05 9 64 75.4] 56.1] 952.8 19.8 10
Coil2 Test Cycling Constant 75 56.out 11/8/2002| 14:40:05 10 64 75.3 56 952.8 19.8 10
Coil2 Test Cycling Constant 75 56.out 11/8/2002] 15:00:05 11 64 75.4 56 954.3 19.8 10
Coil2 Test Cycling Constant 75 56.out 11/8/2002| 15:20:05 12 65 75.5 56.1 956.1 24.3 7
Coil2 Test Cycling Constant 75 56.out 11/8/2002] 15:44:35 13 65 75.7] 56.1 956.2 24.3 7
Coil2 Test Cycling Constant 75 56.out 11/8/2002| 16:09:05 14 65 75.8 56.2 957.3 24.3 7
Coil2 Test Cycling Constant 300.out 12/10/2002] 8:54:04 1 71 80.6) 59.8 725.2 89.8 45
ICail2_Test_Cycling_Constant_300.out 12/10/20021 10:24:04 2 71 80.1 60.3 722.8 89.7 45
i ing_Constant 300.out 12/10/2002f 11:54:03 3 72 80.1 60.3 723 35.8 30
Coil2 Test Cycling Constant 300.out 12/10/2002] 12:30:03 4 72 80.2 60.3 722 35.8 30
Coil2 Test Cycling Constant 300.out 12/10/2002] 13:06:03 5 72 80.2 60.4] 720.2 35.8 30
Coil2 Test Cycling Constant 300.out 12/10/2002] 13:42:03 6 73 80.3 60.3 720.3 23 16
Coil2 Test Cycling Constant 300.out 12/10/2002] 14:05:18 7 73 80.1] 60.3 720.2 23 16
Coil2 Test Cycling Constant 300.out 12/10/2002] 14:28:33 8 73 80.3 60.4 719.4 23 16
Coil2 Test Cycling Constant 300.out 12/10/2002] 14:51:48 9 74 80.3 60.4] 720.4 19.8 10
ICail2_Test Cycling Constant 300.out 12/10/2002] 15:11:48 10 74 80.1] 60.4 7208 19.8 10
il2_Test | ing_Constant 300.out 12/10/2002f 15:31:48 11 74 80.2 60.3 7213 19.8 10
Coil2 _Test Cycling Constant 300.out 12/10/2002] 15:51:48 12 75 80.4 60.3 721.7 24.3 7
Coil2 Test Cycling Constant 300.out 12/10/2002| 16:16:18 13 75 80.3 60 722.3 24.3 7
Coil2 _Test Cycling Constant 300.out 12/10/2002] 16:40:48 14 75 80.5 60.3 724.3 24.2 7
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Summary of Laboratory Data for Coil 3 (same physical coil as Coil 2)

November 2005

15.5 fpi, lanced sine wave fin
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Manufacturer & Mode number:
Nominal size:

Baseline Size and Airflow (Test 4):
Cail type:

Coil dimensions:

Coil thickness:
Tube diameter:
Tube spacing:
Expansion device:
Unit supply fan:
Compressor power:

Carrier FK4ACNFO02000AGAA

1%- 3tons

1.4 tons/ 585 cfm

“A” cail, 3 rows, 15.5 fpi (aluminum fins)
3.41 ft? total finned face area

(face area = 3.46 ft? per manufacturers literature)
2dabs @ (13 7/8inx 17 11/16 in)

3.2 ft? finned face area exposed to air flow
2dabs @ (13 3/8inx 17 Y4in)

2Y4in

3/8 in OD copper

1 in within row (vert); % in row-to-row (horiz)
TXV (5-6°F superheat)

off

60 hz, direct

55/8”

t— 11ypy —»

Feeds
bottom left
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circuit (next
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Feeds top
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circuit View of post-TXV
(warmest distributor
measured T)
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Table1l. Summary of Steady State Test Conditions Corresponding or Each Run or Test

Entering Coil Conditions

80/67°F | 80/72°F | 80/62°F | 75/68°F | 75/63°F | 75/58°F

60°Fdp | 68°Fdp | 50°Fdp | 64°Fdp | 56°F dp | 45°F dp
400 cfm/ton #a(or3) | # 46 47 43 49
300 cimton #10 #11 #12 #13 #14 #15
200 cimvton #16 7 #18 #19 420 41
450 cim/ton 422 43 424,
400-200 cfm/ton
(ON & OFF) #25
Low suction (48°F) #1
High suction (56°F) s

Notes: Tests4-25 all at nominal suction of 51°F (set at nominal conditions of test #3/4). A thermal expansion
device was used, with nominal superheat of 5-6°F. The refrigerant charge established during Test 4 was not changed
for the remaining tests. The Table 1 test points denote the target testing conditions. Drier test conditions with dew
points below 50°F (such as Tests #9, #15, and #21) could not be achieved. In these cases, entering conditions were
typically held near 50°F dp. For each test, the compressor is ON for 90-180 minutes and then the compressor is OFF
for 60-180 minutes. The booster fan runs continuously for all tests (when the compressor is both ON and OFF).

Steady State Perfor mance

The nomina performance characteristics for this coil (based on steady-state conditions from Run
#4 below) are:

Total Capacity: 16.7 MBtu/h (1.4 tons)
Sensible Capacity: 12.9 MBtu/h

Latent Capacity (condensate): 3.8 MBtu/h

Sensible Hesat Ratio: 0.77

Latent capacity can be calculated two ways. 1) using dew point readings and air flow, and 2) the
condensate flow rate. Figure 1 compares the latent capacity calculated these two ways. The
number of each data point corresponds to the test number listed in Table 1. In general, the
condensate readings resulted in a dightly lower capacity.

Figure 2 shows the trend of steady-state sensible heat ratio (SHR) with relative humidity and
airflow rate. The cooling capacities used to calculate SHR in Figure 2 are based on airflow
measurements and the psychrometric conditions entering and leaving the cooling coil. This
performance map is typica of a cooling cail (i.e., SHR is mostly a function of the entering
relative humidity, with some dependence on the air flow rate).

Appendix H H3-2 Coil 3



Tests for: COIL3

10 T T T I T T T I T T T I T T T I T T T
L 023 » _
~ | o —
= L _
s | o7 017 i
g T 013 1
S e %1 o19 _
e | ol i
3
S - 010016 =
-8 B 0%0 n
@]
g 4r- oﬁg ]
8 L _
o L o8 622 |
7 2
& L |
L 5 4
<
L 9 _
569 i
0 1224, . ! . . . ! . . . ! . . . ] . . .
0 2 4 6 8 10

Steady State Psych Latent (MBtu/h)
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Typical Transient Performance

Figure 3 shows the typical transient performance of the cooling coil at nominal conditions (i.e.,
for Cycle 2 of Run #4). The compressor runs for 90 minutes and is off for 90 minutes®. The
booster fan remains on during the entire test (separate external fan used to maintain the desired
air flow rate across the cooling coil). A portion of the moisture removed by the coil during the
compressor on cycle evaporates back into the air stream during the off cycle. During the off
cycle the coil acts as an evaporative cooler, so the sensible capacity is nearly equal to the
absolute value of the latent capacity (i.e., the sum of latent and sensible is zero).

If we integrate the off cycle sensible capacity (after allowing for a 1-minute off-cycle delay to
account for refrigerant movement and other transient effects), we can determine the energy
associated with the moisture retained on the coil. To minimize the integration of any
measurement errors, the off-cycle integration stops at the time labeled “Integration Pt.” on the
plot. This point corresponds to the time when the temperature and dew point differences across
the coil have first reached the terminal values (i.e., the averages from the end of the off-cycle).

In this case the integration indicates that the sensible cooling is equivalent to 2.00 Ibs of moisture
being retained on the coil. The integrated latent capacity — which is harder to measure precisely
—equals 2.02 Ibs. These values are nearly the same as was recorded for coil 2 (aswould be
expected, since coil 3 was the same physical coil as coil 2 but operating at alower cooling

capacity).

The value “twet” from Henderson and Rengaragjan (1996) can then be calculated by dividing the
retained moisture mass (expressed as Btu; mass x 1060 Btu/Ib) and the steady state
psychrometric latent capacity (QL=4.4 MBtu/h). Figure 3 shows that the values of twet based on
integrated sensible and latent off-cycle capacity are 29.1 and 29.5 minutes respectively. These
values of twet are similar to the measured delay of 32.5 minutes for the first condensate pulse to
fall from the drain pan. The value of gamma (1.73), which is the initia off-cycle moisture
evaporation rate divided by the steady-state psychrometric latent capacity, uses the off-cycle
moisture evaporation rate (7.6 MBtu/h) once the saturated coil temperature is within 1°F of the
entering air wet-bulb temperature. At this point where gammais determined, it is assumed that
all coil heat and mass transfer with the air stream is adiabatic (the refrigerant flow could not be
used as the indicator for this point for this coil sinceit used a TXV that totally shut off
refrigerant flow during the off cycle). The off-cycle sensible capacity also shows a change in the
decay trend at this point. In this case it took about 1 minute for coil temperature to approach the
wet bulb within the specified tolerance.

! The runtime was increased from 45 minutes for the previous coil tests to ensure steady state was achieved during
the on cycle and full moisture evaporation occurred during the off cycle.
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COIL3 TEST 4B 10B_16B 22B 25B 03/26/03 12:12:49 Cycle #2 (Comp ON time: 90.0 minutes)
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Figure 3. Example Plots of Detailed Data for Coil 3
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Part L oad L atent Capacity Parameters

The amount of moisture held on the cooing coil (and drain pan) can be calculated by integrating
the off-cycle capacity from the coil (and dividing by the heat of vaporization, 1060 Btu/lb, to get
the moisture mass). The integration is delayed for the first minute of the off-cycle so that the
overshoot response of the chilled dew point hygrometers does not skew the results of the
integratior?. The integration terminates once steady state conditions are reached for the off
cycle. If we assume the coil acts as an evaporative cooler, then sensible and latent capacity
should be equal. Figure 4 compares the off-cycle integrated latent and sensible capacity
calculated for each run. A systematic bias is evident: the integrated sensible capacity is typically
greater than the latent capacity. Figure 5 shows that the biasis not a function of dew point as
was observed from tests of Coil 1.

Since we expect that off-cycle latent and sensible capacity should sum to zero, we have selected
the integrated off-cycle sensible capacity as the most consistent and believable indication of the
moi sture mass held on the cooling coil (and drain pan).

Tests for: COIL3
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Figure 4. Comparing Stored Moisture Mass Calculated by Integrating Sensible and L atent Off-
Cycle Capacity (Integrated with a 1 minute delay)

2The 1-minute delay causes the estimate of moisture mass to be low by as much as 0.12 Ibs (or 6%).

Appendix H H3-6 Coil 3



Tests for: COIL3

04 T T T T T T T T | T T T | T T T T
) o5
: | 1 -
= & RE &23
2 0276 J11 7
@

o

(.J"J. }90%5 i
E F10& 8 %ﬁﬁ < »19 i
5| N
o 16
[%]
G 001N gig ....................... |
5 b
£ L i

-0.2 . . . . | . . . . | . . : . | . . . .

50 55 60 65 70

Entering Dew Paint (F)

Figure5. Variation of Off-Cycle Sensible-L atent Difference with Entering Dew Point

The parameter “twet” is the moisture mass held on the cooling coil times the enthalpy of
vaporization (1060 Btu/lb) divided by the steady-state latent capacity of the cooling coil. The
parameter should physically correspond to the time it takes for moisture to first fall from the coil
(ignoring startup delays and other effects). Figure 6 compares the calculated “twet” (determined
from integrating sensible capacity during the off-cycle and then dividing by the steady-state
psychrometric latent capacity during the on-cycle) to the condensate delay time for all test runs.
There is relatively good agreement between these two values, with the exception of Tests #2, #9
and #24, which have either drier entering conditions, warmer coil temperatures, or higher air
flows.

Figure 7aand 7b show that both twet and the condensate delay time are afunction of the entering
air dew point temperature. Figure 7b uses different symbols to show the 1% and 2" cyclesin
each test sequence with flow rate of 400 cfm/ton for all tests. The delay time was generally the
same for the first and second cycles for this coil.
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Figure 6. Comparing “twet” (calculated with off-cycle sensible and steady state latent) to the
Condensate Delay Time
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Figure 7b. Impact of Dew Point and Coil Wettedness on Condensate Delay Time
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Figure 8 shows the initial off-cycle moisture evaporation rate varies with wet bulb depression.
As expected, the evaporation rate is highest when the entering air has a larger wet bulb
depression (i.e., has a lower relative humidity) and a higher airflow rate.

The model developed by Henderson and Rengarajan (1996) used the following smple
evaporative cooler model to predict the moisture evaporation rate at off-design conditions:

Qevap = Qevap 0 x (DB -WB)
(80-67)

where Qevap_o is the evaporation rate at the nominal entering air conditions of 80°F dry bulb
(DB) and 67°F wet bulb (WB). This simple model is shown as the lines in Figure 8. For each
air flow rate, the line is based on the nominal test results at 80°F DB/67°F WB extended to pass
through zero. The measured data show essentially the same slope as the theoretical lines. The
notable exceptions are the points with higher air flow and drier entering air conditions.
Specifically, Tests #6 and #24 deviate significantly from the line. These runs have a much lower
initial moisture evaporation rate because the entering air dew point temperature was close to the
cooling coil temperature, so that the fin surfaces were not fully wetted. The smaller wetted
surface area reduces the initial moisture evaporation rate.

Tests for COIL3
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Figure 8. Measured Variation of Initial Evaporation Rate with Wet Bulb Depression
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Stabat et al. (2001) reviewed the theoretical performance of direct evaporative coolers and
showed that the saturation effectiveness of an evaporative cooler is:

h. =1-e "V where NTU = K/cfm®? for an air-water mixture.

The line shown on Figure 9 is the best fit of the equation above to the measured data. The
resulting constant K was 7.6°, which is equivalent to an NTU of 2.12 at 600 cfm. While thereis
considerable scatter due to the experimental uncertainty of predicting the initial off-cycle
moisture evaporation rate, the slope of the line is still fairly representative of the overall trend.

Tests for COIL3
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Figure 9. Evapor ative Effectivenessversus Airflow

Figure 10 compares the measured initial off-cycle moisture evaporation rate for each test to the
predicted initial evaporation rate using the effectiveness model above. The model and measured
data generally agree when presented in this form (i.e., the overall agreement visually appears
better than in Figure 9 above). Again, the variation that occurs for Tests #6 and #24 was due to
partial coil dryout, as mentioned above.

3 For Coil #2, which was the same physical coil, K=7.23 which isin good agreement with the value of 7.6 calcul ated
here.
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Figure 10. Comparing Measured and Predicted Initial Moistur e Evapor ation Rates

Figure 11 and Figure 12 below evaluate whether the amount of moisture retained on the cooling
coil isafunction of air flow or entering air conditions. At higher dew points (Figure 11) the

moi sture holding capacity of the coil approaches the equilibrium value. At lower dew points the
moisture holding capacity is less, especialy for Tests #6, #9, and #24. For these tests, parts of
the coil were not fully wetted because the coil surfaces were warmer than the entering air dew
point temperature. For the other test conditions, where the coil surfaces were fully wetted, the
amount of retained moisture on the cooling coil ranges from 1.5to 2.8 |bs.

Figure 12 shows a 10-15% decrease in the amount of retained moisture with higher air flow
rates. The variation of retained moisture with air flow rate for Coil 3 was similar to that seen for
Coil 1 (except for Tests #1 and #3).
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Figure 11. Variation of Retained Moisture (based on Off-Cycle Sensible) with Flow and Dew Point
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Figure 12. Variation of Retained Moisturewith Air Flow at Nominal Entering Conditions of 80°F,
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Another way to detect the amount of retained moisture is to measure the static air-sde pressure
drop across the cooling coil. The difference between the pressure drop across the coil under wet
and dry conditions should provide an indication of the amount of retained moisture (the wet coil
pressure drop is measured at steady-state conditions while the dry coil pressure drop is taken as
the average pressure drop during the last part of the off-cycle). Figure 13 shows the variation of
the wet-dry pressure difference with various entering humidity conditiors at multiple air flow
rates. Comparing the values for each air flow rate generally shows atrend of pressure drops
reaching a plateau once the humidity of the entering air is sufficiently high to fully wet the coil.
For air flow rates of 200 cfm/ton and 300 cfm/ton, the wet-dry pressure difference remained
fairly constant for the range of entering air dew point temperatures that were tested, indicating a
fully wetted coil. The wet-dry pressure drops for Tests #6, #9 and #24 are al significantly lower
than expected, again confirming that less moisture was retained on the cooling coil at these
drier/higher air flow conditions.
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Figure 13. Variation of Wet-Dry Pressure Drop with Entering Conditionsand Air Flow Rate

Figure 14 confirms that the wet-dry pressure drop is alinear function of air flow rate, which
implies laminar flow in the wetted cooling coil.
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Figure 14. Trend of Wet-Dry Pressure Drop with Flow a Nominal Entering Conditions of 80°F,

60.4°F dew point

The series of plotsin Figure 15 show the impact of coil suction temperature on performance. The
steady- state performance of the system shows the expected trends of lower SHR and greater
latent capacity at lower coil temperatures (i.e., lower saturated suction temperatures). In
addition, the plots for moisture on coil and wet-dry pressure drop show that more moisture is

retained when the coil is colder.

The graph of fan power versus saturated suction temperature in Figure 15 is not relevant in this
case since the AHU fan was turned off during al tests. For this cooling coil, an externa booster
fan was used to obtain the desired air flow rate for each test.
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Summary of Tests 1-3 for COIL3
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Overall Latent Degradation Trends

Severa quasi-steady cyclic tests were a'so completed in the laboratory to quantify the overall
part-1oad degradation of latent capacity. Table 2 lists the cycling test runs. These conditions
correspond to a conventional thermostat with a maximum cycle rate of 3 cycles per hour (at 50%
runtime).

Table 2. Cyclic Test Conditions

CONST | AUTO Number of ON OFF Runtime| Cycle

FAN* FAN? Times Test Time Time |Fraction| Rate
Run Repeated |(minutes)| (minutes) ) (cycles/h)

31 41 2 45 45 0.500 0.667
32 42 3 30 6 0.833 1.667
33 43 3 16 7.25 0.688 2.581
34 44 3 10 10 0.500 3.000
35 45 3 7 175 0.286 2.449
46 3 55 55 0.091 0.992

Notes: ‘Constant fan tests performed at 80°F db/60.4°F dp inlet air with 400 cfm/ton (runs 31-35)

and 300 cfm/ton (runs 71-75) air flow. Tests also conducted at 75°F db/56°F dp (runs 61-
65) and 75°F db/64°F dp (runs 51-55) inlet air with 400 cfm/ton air flow.
2Auto fan tests performed at 80°F db/60.4°F dp inlet air with 400 cfmy/ton air flow.

Figure 16 through Figure 19 show the net impact of part-load unit operation based on cyclic tests
completed inthe lab. All of these tests are in the constant fan mode (continuous air flow over the
cooling coil while the coil cycles on/off), but at various entering air and flow rate conditions:

Nominal: 80°F & 60.4°F dew pt. with 400 cfm/ton (Figure 16)
Humid: 75°F & 64°F dew pt. with 400 cfm/ton (Figure 17)

Dry: 75°F & 56°F dew pt. with 400 cfm/ton (Figure 18)

Low Flow: 80°F & 60.4°F dew pt. with 300 cfm/ton (Figure 19)

The measured data generally compare well to the model from Henderson and Rengargjan (1996)
using the model parameters shown on each plot. These parameters were aways taken from the
2" occurrence of the first test in each sequence (i.e., Tests #31, 51, 61 and 71), which were
completed as part of the suite of cycling tests listed in Table 2 for the constant fan mode. The
latent time constant (tau) of 20 seconds was selected based on qualitative observations of the
coil’ s response time. The solid black line corresponds to the linear off-cycle evaporation model.
The black dotted line assumes anoff-cycle evaporation trend that corresponds to an exponential
decay. The purple line is the new part load LHR model that uses the more realistic evaporation
model from Stabat et al. (2001) and aso allows for variable amounts of moisture on the coil at
the end of the on cycle. The parameters NTU and tp were determined from the specific measured
data from each test sequence (the purple solid line) as well as the average NTU and tp from all
the data (the purple dotted line), including Figure 9 above. The parameter tp is defined in the
improved model development section of this report.

The measured data corresponding to the 2" and 3" repetition (cycle) of each test showed the best
agreement with the models, since quas-steady conditions had been achieved.
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Constant Fan Cyclic Tests for COIL3 (80db, 60dp)
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