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ABSTRACT

Hot water coils are common in commercial building HVAC systems. Nevertheless, their design,
installation, and control are frequently sub-optimal, with respect to maximizing heat exchange
effectiveness and air temperature setpoint control. For example, conditions on-site sometimes
lead to coils being installed in parallel flow instead of counter flow configuration, and
temperature stratification in the leaving air can lead to control issues. Additionally, low hot water
supply temperatures (HWST) of ~120°F (49°C) are becoming more common with the rise of
heat pump and efficiency retrofits. As hot water systems are typically designed for high HWST
(160 - 1809F, 71 - 829C), lower waterside “delta T"” temperature differences (HWST — HWRT)
would occur using low HWST in retrofits of conventional hot water heating systems. If buildings
retain existing coils for the low-HWST systems common to efficiency retrofits, they will be unable
to maintain the same design heat capacity without replacing terminal units. This creates
challenges for retrofit projects throughout the industry, and low-HWST designs also present
challenges to new construction. We present the background, methods, and findings of an
experiment conducted in 2022 at the Price Industries Laboratory in Winnipeg, Canada. In this
experiment, we tested multiple VAV HW reheat terminal units across a range of test factors,
including VAV box sizes and number of coil rows. The performance of each coil setup was
compared at both high and low HWSTSs, and at multiple damper positions. We also performed
several additional tests to determine the best solutions to common field installation and
operation issues and to gauge the impact of varying coil insulation. In addition to tests we ran
with stock-manufactured coils, we also ran several tests using coils of our own custom designs,
focusing on symmetry and limited circuit count. The intent of these tests was to better
understand the factors in VAV HW reheat systems that may be overlooked in typical system
design and coil selection processes, especially as parameters such as HWST and water side
temperature differences begin to change. Understanding these factors is important to the design
and operation of these systems as sub-optimal performance in the terminal unit systems has
cascading effects both for retro-fitted low-HWST systems and existing boiler systems. Overall,
the results from this experiment serve to inform recommended changes to VAV terminal unit
design, selection, and control to improve whole-building performance.

Keywords: VAV, reheat, coils, hot water, temperature stratification, low HWST, damper
position, coil circuiting, sensors, controls
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EXECUTIVE SUMMARY

This paper presents the background, methods, and results of an experiment we conducted in
2022 to test the performance of variable air volume (VAV) hot water reheat systems under
various conditions. Based on our results, we present several recommendations to change
industry standards, equipment design, and common installation and operation practices
associated with VAV reheat systems.

Background

Multiple factors impacting the performance of conventional VAV HW reheat systems are often
overlooked in standard rating methods and design practices. These include losses in the
distribution system, temperature stratification downstream of the reheat coil, and the impact
of damper position on coil capacity.

Industry-standard testing methods used to select coil types and sizes do not consider factors
such as the presence of dampers and provide no guidance for the optimal mounting location
of the controlling discharge air temperature sensor in the plenum. This limits modeling
accuracy and information available to designers selecting coils and designing controls for
systems with high airflow and static pressure variability. In buildings undergoing retrofits that
seek to lower the HWST (as is common in many electrification retrofits), waterside
temperature differences will decrease if existing heating system components are left in place,
and coil heating capacity decreases substantially. To maintain design heating capacity,
designers need to choose between increasing the size of the system components (which would
be prohibitively expensive), or selecting and installing coils selected for low HWST (which is
rarely feasible from a first cost perspective and for which standard modeling methods overlook
various real-world performance factors), or adding supplemental heating capacity, or reducing
heating loads. Without somehow addressing this issue, electrification and major efficiency
retrofit projects are often infeasible.

Experiment and Objectives

The experiment we conducted aimed to explore the performance of coils operating under real-
world conditions that standard rating methods and design practices do not currently account
for. To do this, we tested multiple VAV HW reheat terminal units across a range of test factors,
such as box size and number of coil rows, damper positions, and HWST. The objectives are to:

1. Determine the impact of damper position.

2. Determine the extent and impact of discharge air temperature stratification.
3. Determine the level of heat loss that occurs through uninsulated components.
4. Recommend improved selection methods and controls.

5. Highlight solutions to common field installation challenges.

We conducted the experiment using a mock-up VAV reheat system with several different coil
types and box sizes. We also varied the hot water supply temperature (HWST) and damper
position as we took the measurements needed to support the experiment goals.



Results and Recommendations
Our results and associated recommendations are as follows:

Results

1.

2.

Coil heating capacity decreases as the damper closes (while air and water flow are held
constant).

Discharge air temperature and air velocity are considerably stratified within the outlet
duct. This effect tends to worsen as the damper closes.

With the valve train, associated supply and return piping, and coil housing uninsulated,
heat losses can be as large as 750 BTU/hr (220 W), which is equivalent to losses
resulting from 15 ft (4.6 m) of uninsulated 34" pipe at 160°F (71°C).

When installing a left-handed coil in a right-handed orientation, connecting the HWS
piping at the bottom of the coil (parallel flow) can result in capacity losses up to 10%
relative to installing the HWS piping at the top of the coil (counter flow).

In zone control systems that keep hot water flowing through coils while their respective
zones are unoccupied and airflow is shut off, heat losses of 2.1 kBTU/hr (0.61 kW) at
160°F HWST and 1.3 kBTU/hr (0.38 kW) at 120°F HWST are possible. This represents
about 7% of design capacity in both cases.

Using coils with custom-designed circuiting, we observed capacity to increase in these
coils relative to their stock design counterparts

Recommendations

1.

Designers should ensure static pressure reset sequences are implemented and
operating well in VAV reheat systems to minimize heating capacity losses at more
closed damper positions.

Designers should mount single-point DAT sensors as close to the centerline of the duct
as possible, as far from the coil as possible.

Designers and builders in new construction projects should insulate all valves, pipes,
coil components and housing, while in retrofits, these should be insulated at the same
time as other VAV box measures.

Any applicable guidance (e.g. from manufacturer documents, energy codes, etc.)
should incorporate the requirement for installers to maintain counter flow in all coil
installations. Distributors should also stock both left- and right-handed coils to provide
the proper coil for any field condition.

For all buildings using zone-based occupancy controls, designers should ensure that
both airside and waterside controls are employed to avoid energy losses during
unoccupied hours.

Coil manufacturers should allocate additional resources to re-designing typical coil
circuiting for increased performance and ease of installation.

Designers can rely on coil selection software to estimate capacities at low design water
temperatures more commonly encountered when designing for all-electric HVAC
systems (i.e., generating heating hot water using a heat pump)



CHAPTER 1: Introduction

Background

Multiple factors impacting the performance of conventional VAV HW reheat systems are often
overlooked in standard rating methods and design practices. These include losses in the
distribution system, temperature stratification downstream of the reheat coil, and the impact
of damper position on coil capacity. One case study found that just 21% of input gas energy in
a large commercial building was converted into useful reheat energy, with distribution losses
alone accounting for 44% of boiler heat output. Multiple case studies in similar buildings have
also found that VAV systems typically operate at low-load conditions (Arens et al., 2015;
Raftery et al., 2018). These low-load conditions cause distribution losses to represent a higher
proportion of energy losses than would otherwise be the case in high-load conditions.

Industry-standard testing methods such as ASHRAE Standard 33 and AHRI 410 are used to
select coil types and sizes for rated full-load conditions. However, these standards do not
consider factors such as the impact of partially-closed damper positions, which is the most
common operating condition for heating coils in VAV terminal units. The standards do not
specify the use of dampers in the test at all, as they aim to test fully uniform flow across the
coil. Similarly, no standard design guidance exists for the optimal mounting location of the
controlling discharge air temperature sensor in the plenum. This limits modeling accuracy and
information available to designers selecting coils and designing controls for systems with high
airflow and static pressure variability. In buildings undergoing retrofits that seek to lower the
HWST from 160-180°F (71 — 82°C) to 120°F (49°C), waterside temperature differences will
decrease if existing piping, coils, and pumps are left in place, and coil heating capacity
decreases substantially. To maintain design heating capacity, designers need to choose
between increasing the size of the pumps and piping (which would be prohibitively expensive
even if it is feasible to meet the required capacity needs), or selecting and installing coils
selected for low HWST (which is rarely feasible from a first cost perspective outside of gut
renovations, and for which standard modeling methods overlook various real-world
performance factors), or adding supplemental heating capacity, or reducing heating loads.
Without somehow addressing this issue, electrification and major efficiency retrofit projects
are often infeasible.

Objectives

The experiment we conducted aimed to explore the performance of coils operating under real-
world conditions that standard rating methods and design practices do not currently account
for. To do this, we tested multiple VAV HW reheat terminal units across a range of test factors,
such as box size and number of coil rows, damper positions, and HWST. The objectives are to:

1. Determine the impact of damper position on heating capacity in typical
operating conditions.

2. Determine the extent and impact of temperature stratification downstream
of the reheat coil.



3. Determine the level of heat loss that occurs through uninsulated
components such as the coil frame, manifolds, tube bends, and valve train relative
to fully insulated components.

4. Recommend improved selection methods and controls that account for real-
world conditions.

5. Highlight solutions to common field installation challenges that optimize coil
performance.



CHAPTER 2: Method

Testing Apparatus and Lab Facilities

The test apparatus consisted of an inlet duct, typical VAV box, hot water coil, and outlet
plenum equipped with sensors and air mixers. The apparatus was contained within a
psychrometric chamber with connections to variable flow supply and return fans. The majority
of tests were run with a “blow-through” configuration, in which the inlet duct was connected
to the discharge of the supply fan, which blew air through the duct and coil assembly into the
ambient air of the chamber. Design heating airflow for each box size, as dictated by Guideline
36, was maintained based on flow cross readings at the box inlet. The inlet air temperature
was maintained at 57°F (14°C) based on RTD readings at the box inlet. A minority of tests
were run with “draw-through” arrangement, in which the intake of the supply fan was
connected to the plenum discharge and the inlet duct was open to ambient air maintained at a
constant 579F (14°C). Design airflows in this configuration were maintained based on readings
from a nozzle bank downstream of the plenum discharge. In both configurations, one to three
25-point thermocouple arrays were installed in the discharge plenum to measure discharge air
temperature stratification. We found negligible differences for coil capacity and discharge air
temperature results between the “blow-through” and “draw-through” configurations. The
“blow-through” configuration was selected as the dominant method as it directly reflects real-
world operating conditions, and due to the positive pressure difference, ensures that any
leakage will be to the room from the box, instead of vice versa (which could potentially affect
temperature stratification readings).

A variable speed pump supplied hot water to the coil. The water supply was routed through
one of two flowmeters located outside the psychrometric chamber, with one flow meter
reserved for high flow conditions (6-60 gpm, 23-230 Lpm) and the other reserved for low flow
conditions (1 - 12 gpm 4-45 Lpm). The lengths and sizes of the ducts, as well as the operating
parameters used in each were determined based on published best practices (Steve Taylor,
2015; Steve Taylor & Jeff Stein, 2004). Unlike the differing airside configurations, neither the
fluid side configurations nor the duct size selection methods were changed throughout the
experiment. Error! Reference source not found. shows a diagram and photo of the testing
apparatus in the “blow-through” configuration.



Figure 1: Testing Apparatus
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Sensors and Data Acquisition

We mounted three 5x5 thermocouple grids at even spacing down the length of the outlet
plenum to measure temperature stratification in the airstream. To measure air speed
stratification, we took velocity traverses at a point fifteen inches (15”) downstream of the coil
using a hotwire anemometer. We selected measurement points in each air speed traverse and
thermocouple grid using the log-Tchebycheff method for duct traverses, as indicated in
ASHRAE Standard 41.2. We used ten RTD temperature sensors throughout the test apparatus.
One RTD was inserted into a forced air psychrometer to measure the ambient air entering the
inlet duct. Four RTDs were mounted at the end of the outlet plenum and averaged together to
measure the discharge air temperature (DAT). This averaged DAT was used to calculate
airside coil capacity. One RTD was mounted further downstream of the four averaging RTDs to
monitor DAT and provide a value against which to check the average DAT used in calculations.
The final four RTDs were in-well sensors that measured waterside temperatures. We used the
water flow meters and air flow meter, along with the respective temperature differences, to
calculate the waterside and airside heat transfer. Throughout the paper we report waterside
capacity, unless otherwise noted.

Testing Procedure

We followed the ASHRAE Standard 33 test procedure with one primary difference: we tested
the coil in an actual VAV box, including the damper and related flow disturbance, rather than
the much more uniform flow conditions required by the test standard. For our procedure, we
ran each test by allowing the system to reach steady state, then averaged data collected over
fifteen (15) minutes in 1-minute intervals.

Variable Testing Factors

We ran each test with a unique combination of box size, number of coil rows, and HWST. We
ran 108 tests in total with the following factors: HWST (120 °F n=62, 160 °F n=46), box size
(12" n=59, 8" n=31, 12" oversize n=9, 8" oversize n=9), coil rows (1-row n=29, 2-row n=52,
3-row n=27). We chose operating factors such as air and water flow based on the HWST, box
size, and coil rows to maintain a leaving air temperature of 90°F (320C).

10



For a select few tests, we varied other factors to isolate the impact of certain conditions: coil
and valve train insulation (fully insulated vs. uninsulated), damper rotation (clockwise vs.
counter-clockwise), and piping orientation for an inverted left-hand coil (HWS connected at the
top vs. bottom of the coil). We also ran two tests with airflow turned off to measure heat loss
from the coil when the valves are open even if the air handlers are off (which sometimes
occurs in practice). Note that for each category above, the factors were not tested in every
possible combination (i.e. the tests were not a full factorial) as some combinations would yield
unrealistic selections for typical VAV box applications (e.g. single-row coils in oversize boxes,
3-row coils with high HWST).

11



CHAPTER 3: Results & Discussion

Impact of Damper Position

For each coil and box size pairing, we ran tests with 120 °F (49°C) and 160 °F (71°C) HWST
(except for tests with 3-row coils, which only ran at 120 °F). At each level of HWST, we
modulated the damper position at three (3) to four (4) levels from 100% open to 27% open,
with airflow held constant for each box and coil combination as measured by either the flow
cross (as in a real system) or a more accurate nozzle bank measurement. The only varying
factor was static pressure (and damper position) while airflow, water flow, and supply
temperatures remained constant, reflecting real-world operation of pressure independent
VAVs. We collected waterside heat transfer data at each damper position to examine the
change in coil capacity and to compare the measured capacities against the rated capacities
obtained from AHRI 410 certified manufacturer’s modelling software (Error! Reference
source not found.a). The propagated instrument uncertainty in the measured capacities was
median 1.1% (0.9% Q1, 2.0% Q3), while the median percent difference of the measured
capacities vs. those obtained from the AHRI 410 certified modelling software was -1.9% (-
8.3% Q1, 1.1% Q3) (Figure 2b).

Figure 2: Damper Position Capacity Effects
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Impact of damper on coil capacity (Figure 2a, left); Capacity measurement uncertainty and
accuracy vs. capacity obtained via AHRI 410 (Figure 2b, right)

Considering that airflow was held constant as the damper closed for each test, these results
show that capacity reliably decreases as the damper closes due to the flow disturbance it
causes. Across all tests, the median loss of capacity at the 37% damper position was 5.4%
(4.7% Q1, 12.5% Q3), at 27% it was 13.4% (10.7% Q1, 16.4% Q3). This effect highlights for
the first time the suboptimal performance of VAV boxes with coils at high static pressures, as
the coil could provide up to 20% less heat than it was potentially designed for (e.g. boxes
close to the air handler with high static pressure). For VAV reheat systems, this requires
buildings to use higher airside and waterside flow rates than necessary to meet setpoints, or
risk having insufficient capacity to meet setpoint. Many zones operate with partially closed
damper positions during heating in practice, in part due to their location in the ductwork
relative to air handler, but also due to unnecessarily high duct static pressure being
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maintained due to the lack of a functioning duct static pressure reset logic. We recommend
including duct static pressure reset sequences according to ASHRAE Guideline 36, including a
very low lower setpoint limit (e.g. 0.1 in. wc). This will reduce the leakage, fan energy
consumption and the negative effect of damper position on coil capacity, at least as much as
possible without making physical modifications (e.g., installing balancing dampers).

Temperature and Velocity Stratification

We measured temperature stratification in the plenum with three 5x5 thermocouple arrays
placed throughout the length of the plenum in each test. We also measured velocity
stratification by taking a 5x5-point velocity traverse near the most upstream thermocouple grid
at each damper position and airflow pairing.

3 shows three heatmaps representing the difference between each thermocouple’s measured
temperature and the average temperature at each thermocouple’s respective measurement
plane for one representative test (12” box, 2-row coil, 160°F HWST, 37% open damper).

Figure 3: Temperature Stratification Heatmap
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note two points have been removed from Grid A due to faulty data acquisition for the associated
sensors.

Based on these heatmaps, we can see that the coolest temperatures tend to occur at the top
edge of the plenum while the warmest temperatures occur at the bottom. This effect is further
illustrated by an examination of the difference in average temperatures between the side
edges of the duct (columns) compared to the difference between the top and bottom edges
(rows). For the majority of tests, the difference in temperatures between the top and bottom
of the duct were higher than those for the sides of the duct (see Figure 4a). Temperatures
closest to the average tend to occur in the nine (9) center points of the duct. The low
temperatures occurring at the top of the duct can be attributed to a combination of the water
in the coil being at its coldest in this area (due to it being in line with the coil return) and the
higher velocity air passing over this part of the coil (due to the damper position) potentially
partly bypassing the fins and flowing through a gap between the fins and the coil frame
caused by the weight of the coil. The airside factors contributing to discharge air temperature
stratification are therefore suspected to be a dual effect of the higher air velocities occurring at
more closed damper positions as well as the gap between the coil frame and fins caused by
the weight of the coil. More tests will need to be run targeting the coil frame gap to determine
the severity of its impact on temperature stratification.
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For each of the four damper positions, we calculated the absolute value of the difference
between the measured temperature at each point and the average temperature for each
point’s grid. We then plotted these differences in box plots, separating by damper position and
HWST. Figure 4b and 4c shows the distributions of these differences for all thermocouple
points as well as the center nine (9) points.

Figure 4: Temperature Stratification Box Plots
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We can see from Figure 4b and c that damper position has a substantial impact on
temperature stratification, with the 27% open damper position resulting in substantially more
stratification than more open damper settings, especially at low HWST. We also performed
velocity traverses for 41 tests and a similar distribution occurred in velocity stratification
measurements. The least amount of stratification occurs at the 100% damper position and
with higher velocities occurring increasingly toward the top of the plenum as the damper
closed, as expected. The average percentage of deviation from the average velocity across all
tests rose from 19% for the 100% damper position up to 39% for the 27% damper position.
Considering this degree of stratification together with the damper-dependent capacity losses
shown in the results above, we show that as the damper closes, both temperature and velocity
stratification increases, and coil capacity decreases, linking these two issues together.

One solution to address the issue of temperature stratification and the resulting variability in
temperature readings is to install an averaging temperature sensor! in place of a conventional
single-point sensor. Figure 5a and 5b show the absolute differences from the average
temperature likely to be measured by a single-point sensor installed near the center of the
plenum vs. a 12" averaging sensor installed along the horizontal centerline of the plenum.

! there are products which average 4 thermistors on a rigid straight probe of length appropriate for a VAV box application.
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Figure 5: Expected Sensor Readings
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sensor (Figure 5b, bottom) (both figures grouped by box size)

We can see from Figure 5a and b that for the vast majority of box sizes and damper positions,
an averaging sensor installed along the horizontal centerline of the plenum provides readings
consistently closer to the average temperature than a single-point sensor located at the center
of the plenum.

Based on these findings, we can see that the readings of a discharge temperature sensor in
the plenum are subject to substantial variation based on its mounting location and the
modulations of the damper. While an averaging temperature sensor would best address this
issue, it may be cost-prohibitive on more budget-constrained retrofit projects. If using a
single-point discharge air temperature sensor, we recommend placing it as close to the
centerline of the duct as possible, as far from the coil as possible. Additionally, since
stratification was typically worst at the top and bottom of the duct, we recommend designers
and installers to use duct taps at the sides of the plenum instead of at the top and bottom
wherever possible, as the latter will yield a larger difference in air temperatures delivered to
each tap.

Impact of Damper Orientation

Dampers in VAV reheat systems mostly often open from the top (i.e. the top of the damper
moves in the direction of the airflow as it opens, towards the return water outlet of the coil).
To isolate the impact of the damper orientation on DAT stratification and coil capacity, we ran
tests at the four damper positions with the VAV box inverted such that the damper would open
from the bottom (i.e. the bottom of the damper moves in the direction of the airflow as it
opens). We compared temperature stratification for the typical and flipped damper
orientations. The results showed that at each damper position, the flipped damper orientation
caused less temperature stratification, with the mean deviation from each grid’s average
temperature being about 2°F lower than in the same tests ran with the typical damper
position. In other words, a single point DAT sensor in the same position would have measured
a temperature that is more representative of the true average if the damper is flipped in this
one comparison. Additionally, we saw that at more closed damper positions, the flipped
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damper caused smaller capacity losses with capacity up to 6% higher when the damper was
flipped. For these tests, the maximum uncertainty in capacity measurements was 5.3%. Given
that the highest capacity increase was less than 1% higher than the maximum uncertainty, we
do not believe the results are conclusive enough to be actionable without further investigation
and repeat tests on other box and coil combinations.

Impact of Insulation

We ran four tests for which we removed the insulation around the coil housing, tube bends,
and HWS/R headers. We then repeated these four tests under identical conditions with the coll
insulation applied. Comparing the waterside heat transfer for the insulated vs. uninsulated
cases, we found that an uninsulated coil showed about 200 BTU/hr (59 W) heat loss. For
context, 200 BTU/hr (59 W) is the equivalent rate of heat loss for a 4-foot length of
uninsulated 34" copper pipe at 160°F (71°C) under the same ambient conditions as tested.
This is relatively small loss when normalized by the capacity of each coil as it is approximately
1% of the coil heating capacity. We also ran three tests for which we left the coil housing,
tube bends, and headers uninsulated, as well as control valves and strainers and 10 feet (3 m)
of uninsulated 34" pipe, which is typical of how these systems are commonly installed in the
field. We repeated these three tests under identical conditions with the piping, valve body,
strainers, headers, coil housing, and tube bends insulated. We found that across these three
tests, the maximum heat loss was approximately 750 BTU/hr (220 W) (equivalent to 15 ft (4.6
m) of uninsulated 34" pipe at 160°F (71°C), or 5% of insulated capacity).

Though the heat losses of these tests appear small at the level of a single terminal unit,
especially when normalized against the coil’'s maximum heating capacity, consider them at the
whole-building level. The losses will accumulate and the rejected heat enters the return
plenum, increasing cooling loads during summer months. For example, a 100k ft2 (9,300 m2)
building with 100 boxes, half of which are reheating, would experience the equivalent heat
loss of 750 feet (229 m) of uninsulated piping, or 38 kBTU/hr (11 kW) of continuous
unnecessary load on the chiller. In other words, these losses from uninsulated piping would
both make up a substantial loss of heat to unconditioned space and unnecessarily add to
cooling loads when heat is lost to the return plenum. We therefore recommend that coil and
valve train insulation be applied in new construction projects and that in retrofit projects, coil
insulation should be applied along with other VAV box measures (e.g. repairs, box
replacement, etc.).

Field Installation and Operation Methods

A common challenge encountered in the field is when site conditions and supply constraints
force installers to install right-handed coils in a left-handed orientation (or vice-versa). One of
two solutions to this challenge is typically employed. The first, incorrect, solution is to connect
the HWS piping at the bottom of the coil as usual, resulting in parallel flow of water through
the coil. The other, correct, solution is to connect the HWS piping at the top of the cail,
resulting in counter flow through the coil. Through discussions with various designers,
manufacturers, and contractors, we have found that connecting the HWS at the bottom of the
coil is the most common method used as installers have typically been trained to ‘always
supply from the bottom’. The justification for supplying from the bottom (as opposed to piping

16



for counterflow) is grounded in speculation that water flowing from top to bottom will result in
trapped air bubbles that negatively impact water flow and heat transfer. However, we have
found through the same conversations that there is no known data or reasonable theory to
support these claims.

To demonstrate the impact of using one method over the other, we ran two tests with the
HWS connected at the bottom of the coil in one and at the top of the coil in the other, but
otherwise the tests were identical (12" box, 3-row coil, 120°F HWST). The measured
waterside heat transfer for both tests shows that connecting the HWS piping at the bottom of
the inverted coil (i.e. parallel flow) reduced capacity by 2.5 MBH (0.73 MW) (10%) compared
to counter flow. This decrease in capacity is significant enough to justify the use of the counter
flow piping method even when a coil with the incorrect handing is encountered as best
practice in coil installation. We therefore recommend that this method be codified required
installation practice in applicable energy codes.

We also ran two tests in which we shut off airflow and only kept water flowing through the
coil. We ran one test with 160°F (71°C) and the other with 120°F (499C) HWST. This was to
simulate zone control systems which are commonly operated with hot water continuously
flowing through the coil even while the zone is unoccupied and the air handlers are off (i.e.
there is no forced air flow through the coil). For the 160°F (71°C) HWST test, the coil capacity
was about 2.1 kBTU/hr (0.61 kW) while for the 120°F (49°C) HWST test, it was about 1.3
kBTU/hr (0.38 kW). Both of these measured capacities represent about 7% of their respective
design capacities as determined by the AHRI 410 certified modeling software. This would
represent a significant loss of heating energy on a whole building level in buildings employing
this type of airside zone control with poor or overridden waterside controls. We therefore
recommend that buildings using zone control systems ensure that the airside controls are
coupled with waterside controls at each terminal unit and that VAV box coil valves do not
operate unless both the heat plant and air handler are operating.

Impact of Coil Circuiting

We designed four custom coils which we tested as part of the same experiments. Each custom
design focused on changing the circuiting from their typical counterparts, to either enable
more symmetrical heat distribution (decrease stratification) and left/right symmetry (for
avoiding installation issues) or enable higher hot water temperature changes (increase
capacity through higher waterside temperature differences (“delta T”) at low HWST). We
present a sketch of our designs in Figure 6.
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Figure 6: Custom Coil Designs
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Our results showed that these custom coils lost capacity at similar rates to their typical
counterparts as the damper closed. However, the total capacity of the custom coils was mostly
higher than or nearly identical to that of their typical counterparts. As we maintained identical
air and water flow through the coils, we saw an identical trend of increasing waterside
temperature difference (i.e. higher waterside “Delta T”). The total capacity of the custom coils
was higher than typical coils particularly at 120°F HWST (Figure 7) at least in this limited set
of three comparisons.

Figure 7: Custom Coil Capacities
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Change in total capacity with damper position. Grouped by HWST and number of coil rows.

We also collected results on discharge air temperature stratification for the custom coils. We
expected the coils with symmetrical circuiting (Custom R2.2, Custom R3.2) to slightly improve
stratification. However, our results showed that the only condition for which stratification was
meaningfully reduced by the custom coils was at 120°F (49°C) HWST with a 2-row cail.
Otherwise, these coils did not make any discernible impact on stratification during the tests we
ran, with stratification even slightly increasing for some tests (Figure 8). While the custom
coils did not impact temperature stratification, our results show, once again (see Figure 4b),
that stratification tends to increase with more closed damper positions. This suggests that
damper position, more so than other aspects of coil design, is a strong driver of temperature
stratification in VAV HW reheat systems.
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Figure 8: Custom Coil Temperature Stratification
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Discharge air temperature stratification typical vs. custom coils. Grouped by HWST and number of
coil rows.

Though stratification is not markedly improved by the custom coils, our results indicate that
increases in coil capacity can be attained with a simple change in circuiting alone. The use of
symmetrical circuiting (Custom R2.2, Custom R3.2) provides the additional benefit of
preventing performance deficits due to field installation errors with single-handed coils (see
previous section on field installation methods) while also providing increased capacities and
waterside temperature drops at low HWST. This performance benefit will allow buildings
pursuing design HWST decreases (i.e. 160°F (71°C) to 120°F (49°C)) to limit the increases in
pumping energy and/or forego costly pipe size increases that would otherwise be required if
the coil design were to remain unchanged. We therefore recommend that coil manufacturers
allocate additional resources to exploring and potentially improving coil circuiting designs for
terminal unit hot water heating coils. While our own custom designs were shown to have
improved performance relative to the typical coils, our results represent only a brief
examination of the issue. This warrants further investigation into whether more optimal
circuiting designs than typical can be realized.
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CHAPTER 4: Conclusions

Our results reveal that damper position significantly impacts leaving air temperature
stratification and coil capacity when airflow through the coil remains constant. We additionally
showed that at 100% open damper positions, predictions from coil selection software are
accurate even at lower than design HWST. Our results measured the losses from the
uninsulated valve train, piping, and coil frame and bends, and measured the losses from coils
without forced airflow through the VAV box. Based on our results, we recommend:

1.

Designers should use static pressure reset sequences in VAV reheat systems to
minimize capacity losses at more closed damper positions (in addition to fan energy
savings). For boxes close to air handlers, consider installing manual balancing
dampers to reduce the static pressure that the VAV box damper must decrease
when it limits airflow to the design heating airflow setpoint.

Designers should mount single-point DAT sensors as close to the centerline of the
duct as possible, as far from the coil as possible.

Designers and builders in new construction projects should insulate all valves, pipes,
coil components and housing, while in retro-fits, these should be insulated at the
same time as other VAV box measures.

Any applicable guidance (e.g. from manufacturer documents, energy codes, etc.)
should incorporate the requirement for installers to maintain counter flow in all coil
installations, even where site conditions prevent installation in the originally-
designed handedness. Distributors could play a role in preventing on-site installation
errors by stocking both left- and right-handed coils to provide the proper coil for any
field condition.

For all buildings using zone-based occupancy controls, designers should ensure that
both airside and waterside controls are employed to avoid energy losses during
unoccupied hours.

Coil manufacturers should allocate additional resources to re-designing typical coil
circuiting, with a focus on symmetry to avoid performance deficits due to incorrect
field installation and/or limited circuits to increase waterside temperature differences
for low HWST.

Designers can rely on coil selection software to estimate capacities at low design
water temperatures, both for new construction and in retrofit applications.
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APPENDIX A:
Discharge Air Temperature Stratification Box
Plots

Notes:

e Temperature stratification by box size, coil rows, and HWST.
e Temperature differences shown are in absolute units.
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APPENDIX B:
Discharge Air Temperature Stratification
Heatmaps

Notes:

Each heatmap shows the average percent difference between the average temperature
measured in the plenum and the point temperature averaged for each thermocouple
couple position averaged across all three thermocouple grids.

Test ID nomenclature is as follows: [test order #]:[box size (in.)]:[coil rows]:[HWST
(°F)]:[damper % open]

o TestID 100:12:2:120:59% therefore indicates the 100t test in the
experiment, ran with a 12” box, a 2-row coil, at 120°F HWST, with the
damper 59% open.

Damper was flipped for test order # 035 — 038.

The inverted 3-row left-handed coil was used in test order # 018 (HWS connected at
top of coil) and test order # 019 (HWS connected at bottom of coil).

Custom coils were used in test order # 090 — 107.

1-circuit 2-row coil: test order # 090 — 095.

o 2-circuit 2-row coil: test order # 096 — 101.

o 1-circuit 3-row coil: test order # 102 — 104.

o 2-circuit 3-row coil: test order # 105 — 107.
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Temperature Stratification, Test ID 103:12:3:120:58%
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Temperature Stratification, Test ID 095:12:2:160:37%
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Temperature Stratification, Test ID 087:12:2:160:100%
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Temperature Stratification, Test ID 065:12 0S:2:120:37%
Avg. Temp. = 86 degF

1 1.2 -0.8 -35 % Diff. from Average Temp
5

:4 13 24 41 1

i1 2.2 3) 53 4

Row

Column

Temperature Stratification, Test ID 070:8 0S:2:160:58%
Avg. Temp. = 90 degF

Column

% Diff. from Average Temp.
]

5

Temperature Stratification, Test ID 068:12 0S:3:120:37%

Avg. Temp. = 88 degF

4 47 -28

2+ 23 -39

EE 2.1 03 -4

e 36 12 --0.1

o 38 25 2 43
I

% Diff. from Average Temp.

.6

Temperature Stratification, Test ID 066:12 0S:3:120:100%

Avg. Temp. = 88 degF

Row

1

'
o
N

!
o
o

1 -02 -03
4 07 -04

Column

% Diff. from Average Temp.

Temperature Stratification, Test ID 064:12 0S:2:120:59%

Avg. Temp. = 90 degF

1 3.8 -01

:q 45 47

07 47 27

Column

% Diff. from Average Temp.




Temperature Stratification, Test ID 063:12 0S:2:120:100%

Avg. Temp. = 89 degF

% Diff. from Average Temp.

Column

Temperature Stratification, Test ID 061:12 0S:2:160:59%

Avg. Temp. = 92 degF

-7.2

% Diff. from Average Temp.
T

10

-1.2

- 16 75 -55
1 21 45 47 “
" Cﬂl)l(.lmn ' ’

Temperature Stratification, Test ID 059:8:3:120:27%
Avg. Temp. = 87 degF

=N
.1/.39 31 08 09 -21
3.4 12 12 42 3 02 ’
4 36 38 24 4 15 .
! “ Cnl):lmn ' ’

Temperature Stratification, Test ID 057:8:3:120:59%
Avg. Temp. = 87 degF

:{ 02 [-13 05 -01 -05 -z
i1 14 0 1 1 1.6 °
o
=1 09 06 07 24 ’

Column

Row

Row

Row

Row

Temperature Stratification, Test ID 062:12 0S:2:160:37%
Avg. Temp. = 87 degF

1 31 0.6 -3.8 % Diff. from Average Temp.
24 3.2 4 54 16 .
i1 3.9 S 72 49
-10
4 44 63 71 43 -76
i1 45 46 54 09 57
v w x v :
Column
Temperature Stratification, Test ID 060:12 0S:2:160:100%
Avg. Temp. = 91 degF
1= % Diff. from Average Temp.
)
2
5
7 0
4 B 35 -05 Bk . s
L - 3 12 07
v w x v
Column
Temperature Stratification, Test ID 058:8:3:120:37%
Avg. Temp. = 87 degF
— R
24 -28 -31 -0.2 0 -2.4 25
403 -13 32 23 -03 v
25
Il - = o
i1 39 32 21 42 o
v w x v :
Column

Temperature Stratification, Test ID 056:8:3:120:100%
Avg. Temp. = 87 degF

% Diff. from Average Temp.

Column



Temperature Stratification, Test ID 052:8:2:120:27%
Avg. Temp. = 84 degF

z4 <02 -13 -13 15 -2.1

Row

Column

Temperature Stratification, Test ID 050:8:2:120:59%
Avg. Temp. = 86 degF

Column

Temperature Stratification, Test ID 046:8:2:160:37%
Avg. Temp. = 87 degF

Column

Temperature Stratification, Test ID 044:8:2:160:100%
Avg. Temp. = 87 degF

Row

Column

% Diff. from Average Temp.
Pl

25
0.0
-25
-5.0

-1.5

% Diff. from Average Temp.

- :

25

0.0

-25

-5.0

% Diff. from Average Temp.

% Diff. from Average Temp.
]

Temperature Stratification, Test ID 051:8:2:120:37%
Avg. Temp. = 85 degF

=4 0.2

-1.5

1.7 07

Column

Temperature Stratification, Test ID 047:8:2:160:27%
Avg. Temp. = 85 degF

Column

Temperature Stratification, Test ID 045:8:2:160:59%
Avg. Temp. = 87 degF

Column

Temperature Stratification, Test ID 042:8:1:120:27%

Avg. Temp. = 76.92 degF

-03 09 14 0

(41 05 13 22 19 14
4 16 24 26 29 28

i1 09 02 04 09 03

T T T T T
A w X Y z

Column

% Diff. from Average Temp.
B

25

oo

25

50

-75

% Diff. from Average Temp.

% Diff. from Average Temp.

% Diff. from Average Temp.
25

ao

25

-5.0



Row

Row

Row

Row

Temperature Stratification, Test ID 041:8:1:120:37%
Avg. Temp. = 75.92 degF

| T
:qf=832 | -05 18 13 -23
i1 -03 16 3 2.1 0
a1 12 3 33 3.1 2
59 23 25 27 23 22

v w Cnim v z

Temperature Stratification, Test ID 039:8:1:120:100%
Avg. Temp. = 77 degF

| B B
:4 17 -03 -11 08 038
i1 1.3 -0.1 0 16 28
4 18 03 02
s 13 -03 -01 24

s e

Temperature Stratification, Test ID 037:8:1:160:37%
Avg. Temp. = 88 degF

I & |

413 19 2 26 16

4 09 31 36 25 1.1

4 06 27 34 25 0

4 22 04 11 01 -24
v M Cnim 7 :

Temperature Stratification, Test ID 035:8:1:160:100%
Avg. Temp. = 89.92 degF

L B B
:4 06 03 17 11 12
i1 28 -05 A1 21

<4 28 -05 -09 33

s 1.7 09 -1.3 1.5

Column

% Diff. from Average Temp.

25
0.0
-25

=50

% Diff. from Average Temp.

ISD

25

0.0

-2.5
-50

% Diff. from Average Temp.

25
00
<25
-5.0

-5

% Diff. from Average Temp.

.3

4

."|

Temperature Stratification, Test ID 040:8:1:120:59%
Avg. Temp. = 77.92 degF

T T T T T
A w X Y z

Column

Temperature Stratification, Test ID 038:8:1:160:27%
Avg. Temp. = 87 degF

L N
:4 04 12 15 42 -01
2132 38 47 5 43
4 39 42 44 48 43
4 12 16 09 07 0.1
v w Coim v :

Temperature Stratification, Test ID 036:8:1:160:59%
Avg. Temp. = 90 degF

Column

Temperature Stratification, Test ID 034:8:1:160:27%
Avg. Temp. = 87.92 degF

| B
;4 2 06 13 09 -15
g4 19 27 38 29 18
4 35 45 46 45 39
431 3 27 32 27
v w Coim v :

% Diff. from Average Temp.

s -

% Diff. from Average Temp.

% Diff. from Average Temp.

% Diff. from Average Temp.
4



Temperature Stratification, Test ID 033:8:1:160:37%
Avg. Temp. = 86.92 degF

21 48 -09 25 17 43
i1 01 29 49 36 -03
i1 24 5 55 49 27

1 4 44 45 41 34

Temperature Stratification, Test ID 031:8:1:160:100%
Avg. Temp. = 89 degF

:4 22 -04 -21 08 05
1129 01 -02 26 43
1 33 05 05

Column

Temperature Stratification, Test ID 026:12:2:120:37%
Avg. Temp. = 89.92 degF

| B
;1 34 05 23 11 47
24 09 43 42 38 -27
33 - 4 - 1.4
4 4 41 386 54 5

LT

Temperature Stratification, Test ID 024:12:2:120:100%
Avg. Temp. = 90 degF

:9 13 03 01 02 17
i1 1 04 06 06 19
118 03 03 09 2

s 1.7 1 1.2

T T T T T
X

Column

% Diff. from Average Temp.
5

% Diff. from Average Temp.

.5

' )

% Diff. from Average Temp.

5

% Diff. from Average Temp.
25

00

25

Temperature Stratification, Test ID 032:8:1:160:59%
Avg. Temp. = 89.92 degF

Column

Temperature Stratification, Test ID 027:12:2:120:27%

Avg. Temp. = 87 degF

1-_

zq -09 2 36 16 -51
g7 27 46 53 46 -17
1 38 45 5 5 1.2
1 33 26 33 3 2.6

S

Temperature Stratification, Test ID 025:12:2:120:59%
Avg. Temp. = 90 degF

-0.8 | -32

21 28 12

Column

Temperature Stratification, Test ID 023:12:2:160:27%
Avg. Temp. = 91 degF

48

g1 4 72 89 75 -44
1 67 84 91 85 05
1 68 63 69 59 44

v w Coim Y :

% Diff. from Average Temp.

% Diff. from Average Temp.
5

% Diff. from Average Temp.

B
I.S

% Diff. from Average Temp.



Row

Row

Row

Row

Temperature Stratification, Test ID 022:12:2:160:37%

Avg. Temp. = 93 degF

4 14 66 59 53 -54
4 6.1 76 1.4
5 = 8.1

BRI

Temperature Stratification, Test ID 020:12:2:160:100%

Avg. Temp. = 92 degF

:{ 14 04 05 11 13
123 08 09 12 46
4 5 14 01 03 13

! " CDl):Imn ' ’

Temperature Stratification, Test ID 018:12:3:120:100%
Avg. Temp. = 89 degF

| B B
:4 13 06 05 06 16
1 09 06 09 09 19
4 15 08 09 16
s 02 06 09 14

v w Cnim Y :

Temperature Stratification, Test ID 016:12:3:120:37%
Avg. Temp. = 89 degF

1 13 43 32 37 04
s 44 22 08 32 6.2

Column

% Diff. from Average Temp.
=R

% Diff. from Average Temp.

% Diff. from Average Temp.
25

0.0

-5.0

% Diff. from Average Temp.
8

Row

Row

Row

Row

Temperature Stratification, Test ID 021:12:2:160:58%
Avg. Temp. = 93 degF

-33 -43 -09 -25

17 2.2 19 21 29 -28
4 5.9
5 =
Y w x v :
Column
Temperature Stratification, Test ID 019:12:3:120:100%
Avg. Temp. = 86 degF
LB B
:4 12 04 04 03 13
1 06 04 08 038 1.6
919 09 1 1.6
9 08 11 13 16
Y w x v :
Column

Temperature Stratification, Test ID 017:12:3:120:27%
Avg. Temp. = 88 degF

02 -3 -56 -49

39 42

Column

Temperature Stratification, Test ID 015:12:3:120:59%
Avg. Temp. = 89 degF

z:q1 02 05 -02 -11 [-35

i1 25 17 14 15 06

4-- 39 21 43 -

i1 1.8 28 06 02 38
s e

% Diff. from Average Temp.

% Diff. from Average Temp.

ao

-50

% Diff. from Average Temp.
N

5

0

% Diff. from Average Temp.

- -



Temperature Stratification, Test ID 014:12:3:120:100%

Avg. Temp. = 89.92 degF

2-- 1 09 09 07

i1 28 08 07 06 1
4 3 09 06 07 13
4 01 04 -01 -19 04
BRI
Temperature Stratification, Test ID 003:12:1:160:37%
Avg. Temp. = 87,92 dagF
. 12 52 36
g4 24 42 55 47 -18
{35 38 35 43 19
4 2 04 07 17 27
v M Cnl)lljrnn v :

Temperature Stratification, Test ID 001:12:1:160:100%
Avg. Temp. = 88 degF

Column

% Diff. from Average Temp.

2

% Diff. from Average Temp.
5

% Diff. from Average Temp.
4

Row

Row

Temperature Stratification, Test ID 004:12:1:160:58%

Avg. Temp. = 89.92 degF

1 25 28 44 34 32
a 3
BTN
Temperature Stratification, Test ID 002:12:1:160:27%
- -
=4 -09 23 34 26 -18
1122 25 26 23 05
1 24 16 14 2 23
s 18 -03 02 09 23
BEENEEE

% Diff. from Average Temp.

% Diff. from Average Temp.
3



APPENDIX C:
Velocity Traverse Measurements Box Plots

Notes:

e Data reflects traverses taken for 35 total tests (data removed for tests in which the

damper was flipped as that his atypical).

e A 25-point point traverse was taken for each test, with locations of points selected
following the Log-Tchebycheff method in accordance with current NEBB standards.
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APPENDIX D:
Velocity Traverse Measurements Heatmaps

Notes:

e Data reflects traverses taken for 39 total tests (includes tests for which the damper was
flipped).
o Damper was flipped for Test IDs 28:8:1:358:100%, 29:8:1:358:59%,
30:8:1:358:37%, and 31:8:1:358:27%
e Test ID nomenclature is as follows: [traverse order #]:[box size (in.)]:[coil
rows]:[CFM]:[damper % open]
o Test ID 17:8:1:358:59% therefore indicates the 17t traverse taken, ran with
an 8” box, a 1-row coil, at 358 cfm, with the damper 59% open.
o Note that this nomenclature is NOT the same as that used for the heatmaps in

Appendix 2.
» j.e. the 17™ traverse taken did not correspond to the 17t test in the
experiment.
Velocity Stratification, Test ID 43:80S:3:358:37% Velocity Stratification, Test ID 42:80S:3:358:59%
Avg. Vel. = 316.24 fpm Avg. Vel. = 285.8 fpm
1 255 872 897 844 116 % Diff. from Average Vel 1 55 724 812 755 11.2 % Diff. from Average Vel
°4 9.2 439 746 -23 -532 " °4 -28 231 552 -124 -51 P

Row
1
Row
1

-20.9 205 423 -2908 -73.8 287 129 201 72 -594

{ 38 -364 183 -7TA7 -782 { 412 -354 68 -456 -58.1

{ 276 02 559 -462 -636 ‘ | 64 23 264 -219 -162

" CO.im T T 7 Ccllm v :

Velocity Stratification, Test ID 41:80S5:3:358:100% Velocity Stratification, Test ID 40:80S:2:358:37%

pvg Vel =297 88 fom v Vel = 33636 fpm

1 -3 202 474 336 14 % Diff. from Average Vel 1 59.1 108.1 1474 -33.1 -67.3 % Diff. from Average Vel
{194 6 118 -9 513 | 329 754 -17.4 -828 -842 o
54352 3 121 -97 651 | 5.4 472 40 174 839 -86.9 “

{ 248 33 84 -104 557 { 466 174 296 816 -81.9 U
{339 397 407 363 104 | 311 662 228 -435 -786

T T T T T T T T T T
M . z v X ¥ z
Column Column



Row

Row

Row

S

Velocity Stratification, Test ID 39:808:2:358:59%
Avg. Vel. = 303.12 fpm

1 646 871 1319 -37.3 -88.1
1 188 937 108 -835 -87.8
1 128 593 534 -449 -858
1 -113 -5 191 -36 -80.2
1 181 349 372 -122 -69.6
e
Velocity Stratification, Test ID 37:1205:3:780:37%
Avg. Vel. = 326.56 fom
1 497 752 479 -51.9 -795
1 497 715 556 -406 -813
4 393 409 908 -51 -78.9
1 375 56 0.7 -46.1 -86.5
51 -9.1 525 -81 -449 -85
e
Velocity Stratification, Test ID 35:1205:3:780:100%
Aug. Vel. = 326.84 fom
1254 38 527 -12 -80.1
1 242 163 441 -152 -859
1 202 276 254 -29 -88.1
+1 285 273 123 -20.1 -853
51 349 395 23 -09 -336
e
Velocity Stratification, Test ID 33:1205:2:780:59%
Aug. Vel. = 334.16 fom
1100.2 106.5 72.1 -48.8 -83.2
1 649 712 218 -548 -829
1 571 646 46 -58.4 -88.9
1 182 212 -144 -58.4 -88.9
51 -9 757 119 -61.4 -82
e

% Diff. from Average Vel

100

50

-50

% Diff. from Average Vel

50

% Diff. from Average Vel
50

% Diff. from Average Vel
100

50

-50

Row

Row

Row

Velocity Stratification, Test ID 38:805:2:358:100%
Avg. Vel. = 285.04 fpm

1 2 464 685 129 -522
4 -142 322 322 -546 -858
4 2 495 369 -58 -88.1
1 125 427 349 -458 -84.1
s 376 749 43 227 -227
IR
Velocity Stratification, Test ID 36:120S:3:780:59%
1 418 175 526 -426 -86.5
:4 346 553 442 -429 -853
1 226 514 535 -39 -528
1 145 19 -78 -33.6 -483
s 121 514 91 -38.1 -37.8
BRI
Velocity Stratification, Test ID 34:120S:2:780:37%
11123 113 1109 146 -541
:4 516 596 294 -519 -79.7
1 47 337 -478 -81.1 -73.9
1 395 424 -71 -76.1 -62
59 269 971 -238 -845 -722
IR
Velocity Stratification, Test ID 32:120S:2:780:100%
1 73 682 435 -6.1 -564
=4 216 381 198 -476 -79
1 246 417 222 -63.7 -704
1 32 466 152 -454 -811
59 274 478 374 -22 -415

Column

% Diff. from Average Vel.

40

40

-80

% Diff. from Average Vel.
50

-50

% Diff. from Average Vel.

100

50

-50

% Diff. from Average Vel

40

-40

-80



Row

Row

Row

Velocity Stratification, Test ID 31:8:1:358:27%
Avg. Vel. = 653.92 fpm

4 -543 151 584 179 44
;4 674 -485 -287 -408 282
4 667 -57.6 185 -18 548
1 664 -664 63 642 965
1 576 -60.4 272 1162 985
R
Velocity Stratification, Test ID 29:8:1:358:59%
Ava. Vel. = 476.2 fom
4 -744 385 57 -171 -13
241826 -299 -82 -122 348
4 872 -465 233 132 56.2
4 75 -614 548 495 697
1 -324 268 709 869 86.1
R
Velocity Stratification, Test ID 27:8:3:358:27%
Avg. Vel = 4376 fom
4 -404 42 1329 1783 49
24 <10 -207 33 08 -337
4 17 11 15 23 -109
1 -495 -438 -8.8 -43.8 -349
4 474 214 355 37 -479
R
Velocity Stratification, Test ID 25:8:3:358:59%
Avg. Vel = 415.72 fpm
'1-305 -185 294 -23 -15.1
:4/-442 04 162 03 -117
{257 04 99 -11 63
1218 55 1 22 61
‘1 19 268 285 347 176

T
v

T
X

Column

% Diff. from Average Vel

100

50

-50

% Diff. from Average Vel

50

% Diff. from Average Vel

150

100

50

0

% Diff. from Average Vel

20

-20

-40

Row

Row

Row

Velocity Stratification, Test ID 30:8:1:358:37%
Avg. Vel. = 561.72 fpm

4 -496 -482 -11.3 -47.3 168
:4 694 -713 -434 -208 51.1
4 802 -47.7 -112 99 794
1 692 -85 615 342 103.1
4 646 111 939 1056 958
IR
Velocity Stratification, Test ID 28:8:1:358:100%
Avg. Vel. = 445.2 fom
4 -305 -105 269 227 118
4608 225 251 218 1.1
4 757 214 247 236 -16
1 -57.9 432 285 244 -54
1 -165 302 545 405 106
IR
Velocity Stratification, Test ID 26:8:3:358:37%
Avg. Vel. = 412,86 fom
4271 164 615 72 -174
>4 -189 267 238 54 -193
4 94 163 73 -6 -26
1 -404 247 05 22 -145
1232 95 327 109 -244
IR
Velocity Stratification, Test ID 24:8:3:358:100%
Avg. Vel. = 437,68 fom
1-406 -159 407 -14.3 -22.1
24 4641 77 22 -91 -15
4 39 38 29 29 -3.1
1187 37 05 -11 -54
4 241 458 54 442 369
IR

% Diff. from Average Vel.
100

50

% Diff. from Average Vel.
50

25

0

25

50

-15

% Diff. from Average Vel.

25

-25

% Diff. from Average Vel
50

25

-25



Row

Row

Row

Velocity Stratification, Test ID 23:8:2:358:27%
Avg. Vel. = 393 fpm

4 -67.7 -109 758 687 499
:4 646 -295 588 55 249
4 72 321 81 84 186
1-824 -501 -11.7 201 303
1 -802 -62.6 611 344 499
R
Velocity Stratification, Test ID 21:8:2:358:59%
Avg. Vel. = 423 fom
4747 161 456 30.7 383
24 270 -395 251 428 11.1
4 52 38 246 279 217
1 437 -194 128 26 123
i1 232 59 338 66 05
R
Velocity Stratification, Test ID 19:8:1:358:27%
Avg.Vel. = 478,84 fom
4 -236 7.8 117.8 1153 100.3
:4 -524 -405 761 489 585
4 582 -434 -142 -11.7 673
1 662 -495 215 -165 263
1 676 -53 -29 -422 -29
R
Velocity Stratification, Test ID 17:8:1:358:59%
Avg.Vel. = 44072 om
'1-433 17 797 634 534
©4 -868 -59.4 595 513 61.1
1-859 -188 232 207 457
1814 317 3 72 321
4180 74 132 29 -3.1
R

% Diff. from Average Vel

40

-40

-80

% Diff. from Average Vel

25

0

25

% Diff. from Average Vel

100

50

-50

% Diff. from Average Vel

40

40

-80

Row

Row

Row

Velocity Stratification, Test ID 22:8:2:358:37%
Avg. Vel. = 408.96 fpm

4 -606 -188 64.8 597 494
24736 -85 372 523 20.1
{856 -22 144 12 213
1-834 264 -15 12 294
1 672 -59 487 22 318
IR
Velocity Stratification, Test ID 20:8:2:358:100%
Avg. Vel. = 431.12 fom
4 -353 -165 157 148 09
24/ .78 297 62 102 0
4 615 153 127 195 14.1
1 645 39 157 225 185
1 -309 324 38 44 317
IR
Velocity Stratification, Test ID 18:8:1:358:37%
Avg. Vel. = 463.92 fom
4 -364 255 105 714 938
:4 -588 -291 567 218 858
{636 36 -82 2 662
1 698 -569 -185 -1.7 392
1 756 664 -315 -23 8.2
IR
Velocity Stratification, Test ID 16:8:1:358:100%
Avg. Vel. = 455.2 fpm
41-405 216 25 193 -104
:4 627 -308 279 134 -154
4 744 -126 246 131 -4.4
1 -52.8 -238 265 182 -33
1 43 47 61 487 232

Column

% Diff. from Average Vel.

40

-40

% Diff. from Average Vel.

25

0

-25

50

-15

% Diff. from Average Vel.
100

50

-50

% Diff. from Average Vel

50

25

0

25

50



Row

Row

Row

S

Velocity Stratification, Test ID 15:12:3:780:37%
Avg. Vel. = 466.32 fpm

1-153 -273 -314 -16 19
1 41 89 617 323 -01
1 265 -134 625 -198 224
+1 -451 -50.5 38.3 -40.4 -524
51 -19.6 276 499 87 -20
e
Velocity Stratification, Test ID 13:12:3:780:100%
Avg. Vel. = 447.84 fom
1-181 -2 -15 58 -158
1 23 -87 -53 -69 -22.1
1-136 -26 -1.1 23 -1186
1 =65 32 41 2 -4.4
1199 311 317 271 15
e
Velocity Stratification, Test ID 11:12:3:780:37%
Aug. Vel. = 398.36 fom
1182 19 -19.9 -239 -74
1 182 248 34 24 -222
1313 62 172 -292 -204
1 376 04 1.7 -37 -45
s1 7.9 431 554 -26.4 -553
e
Velocity Stratification, Test ID 09:12:3:780:100%
Aug. Vel. = 401.6 fom
1 -14 25 -19 -124 -422
1243 78 -238 -56 -599
1 133 118 -44 -31 -273
+7 228 178 -31 7.1 -29
s 474 566 297 61 -554

Column

% Diff. from Average Vel
60

30

-30

% Diff. from Average Vel
30

20

% Diff. from Average Vel
50

25

0

-25

-50

% Diff. from Average Vel

30

-30

Row

Row

Row

Velocity Stratification, Test ID 14:12:3:780:59%
Avg. Vel. = 460.8 fpm

1273 -54 -78 2 -1386
4 -195 39 272 81 -219
1 -13 46 398 66 -14.1
+7 -225 -151 309 -10.2 -334
59 5.7 328 83 37 -145
SR
Velocity Stratification, Test ID 12:12:3:780:27%
1 404 532 -266 10 225
4 247 546 36 204 14
1 247 18 153 -50.3 -27.7
+1 201 -156 -204 -51.1 -38.9
1-148 466 -1.5 -45.8 -62.6
IR
Velocity Stratification, Test ID 10:12:3:780:59%
41 182 118 -26 -23.6 -39.8
4 156 169 -23 -54 -415
4 4 212 118 -71 -16.2
1 146 116 37 -183 -2586
71 392 336 384 -13.7 -446
IR
Velocity Stratification, Test ID 08:12:2:780:27%
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