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ABSTRACT

Effects of Inlet Conditions on Diffuser
Outlet Performance

by
Zaccary A. Poots
Dr. Douglas Reynolds, Examination Committee Chair
Professor of Mechanical Engineering
University of Nevada, Las Vegas
Building air distribution terminal system designers and system installers require
accurate quantitative information on the performance of the installed system to achieve
optimum efficiency and levels of human comfort. This requires field installation
adjustment values from published ideal pressure loss, air distribution and sound
generation installation performance. This study documents the air output performance of
different installation configurations of six types of ceiling diffusers and compares the
results to performance when installed according to ANSI/ASHRAE Standard 70-2006. A
diffuser inlet supply plenum was designed for optimum flow and used to acquire a
baseline set of data covering the six types of diffusers at different inlet neck sizes and
inlet airflow rates. Full scale laboratory testing of typical field installation variations was
completed for the same conditions with variations in damper installation, duct approach
angle, duct type, duct vertical height above the diffuser and duct branch to main supply
duct installation. A set of simple algorithms were developed that can be used to easily
predict how an inlet configuration would affect the performance of a wide variety of

installation conditions.
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CHAPTER 1
INTRODUCTION

It is widely known that under typical field conditions ceiling diffusers and other air
outlets are typically installed with inlet conditions significantly different from those
specified in Standard 70 resulting in performance differences from manufacturer
published performance data. Diffusers often have a flexible duct or a direct elbow duct
connection. The air duct running to the diffuser may have a hard radius or an angled
entrance into the device, and many have an air-balancing device at or near the diffuser
inlet. These inlet conditions can dramatically change the performance of outlets
compared to data obtained following Standard 70.

The primary information sources for VAV duct design are ASHRAE’s HVAC
Applications Handbook [1], California Energy Commission’s (CEC) Advanced Variable Air
Volume Design Guide [2], and the ASHRAE Handbook of Fundamentals. [3] Information
available covering the performance of the air distribution system section from the VAV box
to the diffuser includes duct design issues, performance issues, and installation problems. A
recent article in HVAC&R Research by Landsberger covers energy and acoustic performance
effects of installation variations. [4] Since the mid 1950’s, detailed measurements of
acceptable mean diffuser velocity speeds and air temperatures in occupied spaces have been
available to designers for ventilation spaces. [5]

Dynamics of air movement can have an effect on the air distribution system performance.
Supply air traveling within ductwork develops considerable momentum. When the supply-air
duct empties its air into the air-conditioned space, this momentum is utilized to help mix the
supply air with the room air. How air is delivered and removed from a space is known as

room air distribution. [6] This helps to ensure homogeneous or isothermal temperature and



air movement throughout the occupied zone of the conditioned space. This is accomplished
by understanding the manipulation of an outlet’s throw, drop and spread characteristics.
Throw of air is the horizontal and vertical distance a supply-air jet travels before reaching a
specified air velocity value after leaving the outlet. The drop of air is the vertical distance the
jet travels at its lower edge before reaching the end throw value. The spread of air indicates
the divergence of the air-stream after leaving the outlet. This knowledge leads into the
description of the flow as it propagates away from the diffuser into the four zones of
expansion. [7] These zones of expansion play a major roll in the analysis of the supplemental
data recorded during this project.

Installation variations that can result in significant performance variation from ASHRAE
Standard 70 installation predominantly concern the length and type of the duct branch, how
duct turns are accomplished and how the duct approaches the diffuser. Without sufficient
length to develop a uniform flow profile, the flow in duct branches too close to the VAV
terminal or in a previous branch being non-uniform, an increase in pressure loss is often the
result. If elbows and junctions, such as those made to avoid obstructions in the path of the
duct work, are not constructed with minimal friction effects, pressure loss and
aerodynamically generated noise will increase. [1] Round flexible ducts can serve as
transmitters of breakout sound and also be effective attenuators of upstream sound
sources. [1]

The duct approach to the diffuser is also very important, since detrimental effects of
improper duct approach cannot be corrected by the diffuser itself. Accepted guidance states
that the velocity of the air stream should be as uniform as possible over the entire outlet
connection to the duct and must be perpendicular to the outlet face. However, few outlets are

installed in this manner. [1,3] Flexible duct connections at the inlet of the diffuser can



increase pressure drop and non-uniform air distribution from the diffuser outlet. [1] An
elbow, transition or damper too close to the diffuser inlet, can result in highly directional
airflow, increased sound level and increased pressure drop across the outlet of standard
diffusers. [1]

Each diffuser manufacturer has published sound levels, for a given diffuser and flow rate,
under ideal conditions, per ASHRAE Standard 70. However, duct connections encountered in
the field result in significantly different and usually higher sound levels for the same airflow
rate. One can assume a 5 point increase in NC for typical field installations compared to
published data. [8] For example, an offset of the flexible duct connection between the
diffuser and the supply duct can increase the sound power level as much as 12 to 15 dB. [1]
A recent laboratory investigation found that a ninety degree elbow from a horizontal duct run
to the diffuser, with minimal vertical run, on average increases diffuser sound levels by 6 dB,
while a hard turn in the duct run, even several feet from the diffuser, added 4 dB to the sound
level. [4] Also, diffusers with a perforated face have been seen to have a higher sound
distortion with poor inlet conditions than diffusers with large open cones.

The magnitude of the sound and performance effects associated with installation
variations will also depend on variations out of the control of the installer such as
variable flow rates. Diffusers are designed to optimally distribute the air at some
particular load condition and air volume, but in a typical VAV type installation, air
volume rate will vary. Consequently, diffuser throw, room airflow velocity and sound
levels can be significantly different from that specified design point. [1]

This research, funded by ASHRAE, Inc. under project 1335-RP, identified
quantitative data on the performance differences between ASHRAE Standard 70 baseline

data and typical field installations for ceiling diffusers. This data can provide the HVAC



design engineer the information necessary to predict diffuser performance in a wide
variety of field installations. The engineer can use the data from this project to adjust
installations to achieve the best performance possible in a given situation. The results can
lead directly to improved system designs with likely benefits to energy efficiency,
occupant comfort and worker productivity.

This report is organized into four chapters covering the step-by-step process taken to
determine the quantitative differences between Standard 70 data and typical field
installations that take into account different inlet conditions. Chapter 2 covers the design
of a diffuser supply air inlet plenum that substantially exceeds Standard 70 requirements
and gives a method for efficient supply plenum design for any throw room. Chapter 3
covers Standard 70 testing using the optimized plenum, where the baseline data for the
output measures (throw, sound and pressure data) were recorded and analyzed for each
type of ceiling diffuser. In Chapter 4, the baseline data was compared to data from field
condition testing for a number of different diffuser inlet combinations. Predictive
algorithms for each output measure based on diffuser inlet conditions were developed.
Chapter 5 covers a comparison of the baseline Standard 70 output measures against data
from a close coupling setup. Finally, conclusions are made and recommendations given

to better improve further testing and real world installations.



CHAPTER 2
DIFFUSER SUPPLY PLENUM OPTIMIZATION

An outlet diffuser airflow supply plenum design was experimentally optimized to
minimize spatial variation in airflow velocity at the inlet of the test diffuser. Standard 70
specifies a maximum variation of 10 percent. Variation achieved was a standard
deviation of 2.6 percent, which gives a maximum variation of 5.2 percent for over ninety-
seven percent of the inlet area. To achieve minimal variation in airflow velocity, four test
parameters were varied. There were three for the flow equalization device and one for
plenum air supply inlet configuration. To minimize airflow velocity variation across a
wide spectrum of user conditions, testing was completed across two user selectable
conditions, inlet diameter and volume flow rate. Main effect and interaction results were
analyzed using analysis of variation. This design gives specific build guidance towards

achieving the best plenum performance.

2.1 Background

ANSI/ASHRAE Standard 70-2006 is the accepted method of testing the performance
of air outlets. [9] The standard defines laboratory methods of testing air outlets used to
terminate ducted and non-ducted systems for distribution and return of building air. For
air outlet testing, the standard describes two methods of testing, ducted and plenum. The
ducted method can be considered an ideal installation with a long, vertical rigid duct
leading to the diffuser. The plenum method is a laboratory simulation of an ideal
installation, with the diffuser inlet connected to a large plenum with ideally stagnant air.

The plenum method is often the method of choice because it allows for quick change-out



of diffusers with different inlet shapes and sizes, and a smaller requirement for vertical
space above the ceiling in the test facility.

The standard specifies that construction of the plenum should provide uniform and
unidirectional air velocities such that the velocity profile at the entrance plane of the test
device must be within 10 percent at any location. The standard also notes that since
practical considerations will limit the shape and volume of the plenum, equalization
devices may be required to accomplish the flow uniformity but does not specify the
equalization device construction or placement in the plenum. Also, the designer is left to
decide the volume, shape and supply air inlet configuration of the plenum. Thus, the
design of the plenum and accompanying flow equalization device has become an art

based on knowledge of the physics of airflow and experience in test device design.

2.2 Objective

The objective of this experiment was to design and build a plenum that could be used
to characterize diffuser performance, as well as, develop guidance for other designs with
similar flow objectives. The goal for that objective was that the performance of the
plenum should not only meet Standard 70 specifications but come as close as possible to
ideal. The main quality measure was the level of uniformity of airflow at the entrance of
the test diffusers. A secondary objective was to develop and perfect the test methods for
measuring diffuser throw and sound generation for the laboratory and the design of
experimental methods used to test for parameter and noise variation effects. These testing
and experimental design methods were to be used for all the following tests performed in

this project. [10]



2.3 Methodology

The one output measure was the airflow velocity across the plane of the diffuser inlet.
The quality characteristic derived from this measure was the variation in airflow velocity
across the plane. To meet the experiment objectives economically, a Taguchi designed
fractional factorial experiment was developed using the four test parameters most likely
to be used for similar use plenums and that would be most likely to affect the output.
Other parameters were held constant during the experiment. To cover the standard range
of test airflow rates and diffuser inlet diameters, testing was performed near the two
extremes of airflows reported in published performance data for two different inlet
diameters.
2.3.1 Experimental Design

The ideal energy transformation is for air to flow into the plenum and exit at the inlet
to the diffuser with a uniform vertical velocity and zero horizontal velocity. Thus, any
variations from ideal would be variations in either direction or airspeed across the plane
of the diffuser inlet. The variations of interest would be large enough and across enough
of the inlet plane to cause some variation in diffuser performance from ideal conditions.
Considering a circular diffuser inlet, a variation in flow velocity that would likely result
in a significant variation in diffuser output velocity would cover an angle of at least 90
degrees. This assumes that less extensive variations would tend to diffuse into the flow
and not be detectable in the output flow. Therefore, an angular frequency of two cycles
for a rotation around the inlet or 1/m (one cycle per 180 degrees) was used. That required
four samples around the inlet plane. These measurements were taken equally spaced,

approximately 1.5 inches inside of the circumference. Across the radius, a variation in



flow velocity that would likely result in a significant variation in diffuser output velocity,
would be a difference in velocity between the center and any velocity near the edge.
Therefore, a maximum spatial frequency of 1 (one cycle per diameter) was used requiring
a long any diameter line that traced the circumference of the inlet diameter and had a
center point along with two points, each near opposite ends of the circumference. Thus,
in total, five measurements were made in the inlet plane for each test run. From these
measurements a standard deviation for each run condition was determined.

In product optimization, noise conditions are conditions that are not controlled by the
designer but are set by the product user or result from external factors not controlled by
either the designer or user. The noise conditions considered that could affect the output
were the diffuser inlet size and the volume airflow rate. Tests were conducted with the
volume airflow rate at a low and high level that corresponds to the typical low and high
levels reported in the diffuser performance specifications. Thus, for an 8-inch diameter
inlet, low flow was 200 cfm, high was 800 cfm, and for a 12-inch diameter inlet, low was
400 cfm, high was 1200 cfm.

Test conditions are parameters that the designer can adjust to obtain optimum
performance. For the plenum, three parameters determined the design of the flow
equalization device in the plenum between the top inlet to the plenum and the inlet to the
diffuser. The flow equalization device tested was a circular perforated plate. The flow
equalization device parameters were the distance from the plenum inlet, the size of the
flow equalization disk, and the percentage of open area (due to perforation dimension and
quantity) of the disk. A forth parameter was the ratio of flow from the top to the flow

from two inlets on the sides of the plenum. A list of the test parameters and noise



conditions is shown in Table 1. A picture of the plenum exterior showing the inlet
configuration is shown in Figure 1. The plenum has dimensions of 72 inches long by 41
inches high by 45 inches wide. The top inlet duct has a 12-inch diameter, the two side
inlet ducts are 10-inches in diameter. An 18-inch outlet transition piece is placed between
all ducts and the plenum wall. The different types of flow equalization disks and their
sizes are shown in Figure 2.

Obviously, there are many more parameters in the plenum design that could affect the
inlet velocity variation. Among them are plenum size (three dimensions), diameter of
plenum flow inlet ducts, number of plenum flow inlet ducts, design of the inlet cone
attached to the diffuser inlet, and length of straight duct between the diffuser inlet and the
inlet cone. Based on logical argument, a designer can generally assume that increases in
any of those parameters would not result in significant degradation of the results
presented here, and could result in some improvement. In this experiment a small plenum
with relatively small diameter plenum inlet ducts, one to three plenum inlet ducts, and
minimum straight duct between the diffuser inlet and the inlet cone were used, thus
providing an economical value for these parameters while still designing to exceeding

Standard 70 requirements.



Table 1. Test Parameter and Noise Condition List for Test Array.

Parameter Low State Mid State High State
1. Inlet air All from center | Center and side Center inlet
configuration inlet inlets open partially closed
2. Distance of flow

equalization to center 4 inches 8 inches 12 inches
inlet

3. Size of flow 8 inches 12 inches 18 inches
equalization disk diameter diameter diameter
4. Open area of flow

equalization disk 50 percent 40 percent 13 percent
Noise Condition Low State High State
13 Diffuser inlet 8 inches 12 inches
diameter

2. Volume flow rate Low High

Figure 1. Picture of the test plenum.
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Figure 2. Pictures of the different types (left) and the different sizes (right) of the flow
equalization disks.

The diffuser inlet condition used for the experiment was a round inlet formed by the back
of a standard perforated diffuser with a short inlet cone attached to the diffuser as shown
in Figure 3. The inlet cone is expected to create a smooth transition of the airflow from
zero velocity to the velocity of the diffuser inlet. The core outer diameters were 14 inches

for the 8-inch inlet, 16 inches for the 10-inch inlet, and 18 inches for the 12-inch inlet.
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Figure 3. Diffuser inlet configuration.

2.3.2 Laboratory Instrumentation

All tests for this project were run under steady-state isothermal conditions. Plenum
volume airflow was set using a variable frequency drive fan motor and measured with an
Ebtron precision airflow/temperature meter in the supply duct with an installed airflow
accuracy of £3 percent of reading and a repeatability of +£0.25 percent of reading. Since
the output of concern is airspeed variation, the absolute value of the volume airflow (a
noise condition) is not critical so long as it is close to the noise condition. In these tests,
volume airflow within 5 percent of the noise condition level was considered acceptable.
Each of the five measurements, shown in Figure 4, for a test run were an average of
measurements taken every two seconds over at least one minute. Points one through four
were taken approximately 1.5 inches from the edge of the diffuser inlet walls. Airspeed
measurements were taken using a TSI VelociCalc Plus Multi-parameter Ventilation

Meter with a published accuracy of £3 percent of reading, examples given in Figure 5.
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Measurements taken for this experiment are used for comparison and not for absolute
values. The replication variation (from one test to another) of the instrument is

anticipated to be less than 1.3 percent.

Figure 4. Diffuser inlet variation testing configuration.

Figure 5. Actual test configuration using TSI Ventilation Meter.
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2.3.3 Noise Experiment

Prior to performing the optimization experiment, a ‘noise experiment’ was performed,
where the plenum test parameters are set at a nominal level and the noise factors are
varied from high to low to determine the effect of noise levels on the output variation.
The noise factors for this test were diffuser inlet size and volume flow rate. The nominal
design configuration had all four test parameters set at a mid-state. For the noise test, a
full factorial test was performed where all four combinations of diffuser inlet size and
volume flow rate were tested. Airspeed data was taken at the five measurement points
previously described. The five individual airspeed measurements were normalized to the
average of the five measurements. A signal-to-noise ratio (S/N) was calculated for each

test run using the formula,

S/N = -10log;o s ,

where s is the sample standard deviation in non-dimensional form of a fraction of mean
airspeed.

Signal-to-noise is a standard parameter used for determining the level of output
variation due to parameters in the test matrix, in this case the two noise conditions. The
higher the signal-to-noise ratio, the smaller the output variation due to noise. The results
are shown in Figure 6. From the results it was determined that variation increases
significantly with size of inlet and slightly with increased airflow. The goal of the
parameter experiment is to determine the parameter levels that achieve the lowest airflow

velocity variation under all the noise conditions. Figure 6 shows that certain levels of the
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noise conditions result in greater average variation in the noise experiment and would be
expected to cause similar effects in the parameter design experiment. As a result, to
create a robust design where output is less sensitive to noise effects, parameter
optimization testing should include those levels of the noise conditions. Therefore, the
noise condition for the optimization testing was high and low airflow with all test runs at

the largest diffuser inlet diameter.

Flow_Rate_Level Diameter [in]

34 1

331

321

31 1

Mean of SN ratios

30

Figure 6. Signal to noise ratio results of the noise experiment.

2.3.4 Optimization Experiment
A Taguchi Orthogonal Array was used to test the system for all the parameter
variations and the noise condition of the two airflow rates. The L9 array, shown in Table

2, was chosen for this experiment. The array required nine tests and has the ability to
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evaluate the main effects of four parameters at three levels. The array is balanced by
choosing parameter levels such that any condition of any parameter is tested with an
equal number of high and low conditions of the other parameters. This testing method
reduces interaction effects in the average output and exposes all parameters to the

different levels of the other parameters.

Table 2. Test Array with One 4-Level Parameter, Four 3-Level Parameters And One
Noise Parameter at 2 Levels.

Noise Condition
Parameters Level
Flow Flow Low High
Inlet Equalizer Flow Equalizer Flow Flow
Test No. | Configuration | Distance [in] | Restriction | Diameter [in] | 400cfm | 1200cfm

1 1 4 1 8
2 1 8 2 12
3 1 12 3 18
4 2 4 2 18
5 2 8 3 8
6 2 12 1 12
7 3 4 3 12
8 3 8 1 18
9 3 12 2 8

Similar to the noise experiment, the five airspeed measurements were normalized to the
average of the five measurements for each noise condition and a signal-to-noise ratio

(S/N) was calculated for each run from the ten normalized airspeed measurements.

2.4 Results

The information used to analyze the optimization experiment included the main

effects on airspeed variation from each of the four parameters, the interaction between
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parameters in airspeed variation and the statistical significance of the main effects of each
parameter.
2.4.1 Optimization Experiment

Plots of the main effects for the optimization experiment are shown in Figure 7. The

plots show the signal-to-noise ratio at the three different levels of each parameter.
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Figure 7. Main effects plots for the optimization test.

These results show that inlet flow condition 3 (flow primarily from the side inlets), flow
equalizer position 3 (18 inches from the top plenum inlet), flow equalizer disk size 3 (18
inch diameter disk), and flow equalizer open area 3 (most restrictive) produced the
highest signal-to-noise ratio, which should equate to the configuration with the lowest

flow velocity variation which is the signal in this case. In other words, this configuration
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is predicted to have the least variation in output across the inlet area and at the two test
airflow rates.

The significance of the main effects were calculated using an analysis of variatiance.
The results are shown in Table 3 (Note that only two to three digits are significant). The
adjusted sum of the squares (Adj SS) shows how much of the total variation was due to
the corresponding factor. For example, inlet configuration had an adjusted sum of the
squares of 0.000740, the total sequential sum of the squares (Seq SS) was 0.00282, thus
the fraction of the variation due to inlet configuration was 0.00074/0.00282 or roughly
0.26 or 26 percent. The F-statistic shows the ratio of variation due to that factor and the
variation due to noise when taking into account degrees of freedom. The higher the more
significant. The P-value shows the significance of the factor variation in terms of the
probability that this variation could be due to random sampling. Normally, a confidence
level of 95 percent, or P-value of less than 0.05 or 5 percent is needed to consider results
significant. For inlet configuration, the P-value shows a 0.7 percent chance that the
variation was due to random sampling (a 99 percent confidence level). The summary of
this analysis shows that the variation measured for inlet configuration, flow equalization
distance and flow equalization diameter were significant and the variation measured for
flow restriction was marginally significant. This gives valuable information on the levels

of confidence that should be given to the results.
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Table 3. Analysis of variation of standard deviations for the optimization test.

Source DF Adj SS Adj MS F P
Inlet Configuration 2 0.0007396 | 0.0003698 | 9.24 | 0.007
Flow Equalizer Dist [in] 2 0.0006198 | 0.0003099 | 7.74 | 0.011
Flow Restriction 2 0.0003064 | 0.0001532 | 3.83 | 0.063
Flow Equalizer Diameter [in]| 2 0.0008012 | 0.0004006 | 10.01 | 0.005
Error 9 0.0003602 | 0.0000400

Total 17 | 0.00028237

Before going with these levels, the interaction plots were checked to determine if
there were any strong interactions that would indicate any inaccuracy in a choice based
solely on the main effects. The interaction plots are shown in Figure 8. These plots show
a strong interaction between some parameters. Generally speaking, in an interaction plot,
parallel lines show no interaction, non-parallel but matched increasing or decreasing lines
show moderate interaction, and non-parallel and non-matched increasing or decreasing
lines show strong interaction. For example, for interaction between inlet configuration
and flow equalization distance, the top left plot, we see a non-parallel and non-similar
increasing or decreasing lines showing a strong interaction between inlet configuration
and flow equalizer distance. At flow equalization distance of 4, inlet configuration 1 has
the highest standard deviation, but at an flow equalization distance of 12, inlet
configuration 1 has the lowest. This and many of the other interactions could be
anticipated on physical grounds since the flow equalization device was primarily inline
with the main plenum inlet and thus would be expected to have its greatest effect on inlet

configuration 1 and only a small effect on inlet configuration 3.
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Figure 8. Interaction plots for the optimization test.

2.5 Analysis

For the optimum configuration predicted as inlet configuration 3, flow equalization
distance 12, flow restriction level 3, and flow equalization disk size 18, the model
predicted a standard deviation of 0.31 percent. Note however that the interaction plots
showed that although the lowest average standard deviation for the levels of inlet
configuration was level 3, the lowest single value of standard deviation occurred with
inlet configuration 1, when the other parameters were at the level predicted to be the
optimum. Because of the high interaction levels, verification testing was done for inlet
configuration at all three levels, while the other three parameters were held at the
predicted optimum levels. The predicted and measured results are shown in Table 4.

These verification tests show that although all actual measured standard deviations were
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well within Standard 70 guidelines, they were higher than predicted by the model. Also,
instead of plenum inlet configuration 3, configuration 2 had the lowest standard
deviation. These inaccuracies in the model can be attributed to the interaction between
parameters. The experimentally verified optimum configuration, test number 2 in Table
4, had a standard deviation of 0.8158 percent. This means that any value must be off by
slightly over six standard deviations to reach the limit of £5 (6*0.8158 = 4.8948) percent

variation. This happens less than one time per million.

Table 4. Verification testing results.

Test Test Parameter Configuration Total s
es
Number Flpw ' Flpw ' Star}dgrd
Inlet equalization Flow equalization | Deviation
configuration | distance [in] | restriction | diameter [in] [%]
1 1 12 3 18 1.3763
2 2 12 3 18 0.8158
3
(predicted 3 12 3 18 2.6261
optimum)

Through plenum optimization testing, it was determined that by having the inlet cone
directly on the diffuser inlet gave the least among of variance in flow at the diffuser inlet.
2.5.1 Performance Variation Effects Due to Inlet Duct Length

It was later determined that for a perforated diffuser with an 8-inch inlet that had 0-
inches of added height from cone to diffuser inlet lead to significantly decreased distance
in throw from the diffuser when compared to testing using the vertical duct method of
Standard 70. Further investigation showed that a section of 7-10 inches of straight duct
added to the 8-inch diffuser inlet, as shown in Figure 9, resulted in diffuser output

identical to using the ducted method. Table 5 shows that, experimentally, the addition of
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the straight duct onto the 12-inch inlet resulted in slightly higher standard deviation of

flow velocity across the inlet of the diffuser.

Figure 9. Duct height added from diffuser inlet to inlet cone.

Table 5. Effect of added height variations for 12-inch diffuser inlet.

Added height between Cone
and Diffuser Inlet
Location | 15 [in] 10 [in] 4 [in] 0 [in]
E[1] 1.00616 | 0.992602 | 0.99046 | 1.008282
S[2] [0.982781 | 0.978368 | 0.976613 | 1.00112
W3] |0.977307 | 0.979422 | 0.9947 | 1.006629
NT[4] |0.984915 | 1.002091 | 0.997462 | 0.997264
MID [5] | 1.048838 | 1.047517 | 1.040764 | 0.986704
STDEV | 0.02942 | 0.028321 | 0.024157 | 0.008632
STDEV
CIR 0.012659 | 0.011344 | 0.009257 | 0.005069
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2.5.2 Performance Variation Effects Due to Inlet Cone Design

One improvement to flow equalization might be to have a cone with a smooth rate of
increase in cross-sectional area such as an exponential horn. This report used a linear
cone, with a constant rate of cross-section area increase. That cone was very inexpensive
to obtain, yet may have caused flow variation at the diffuser inlet. Figure 3 shows the

linear cone as it would be installed directly on the diffuser inlet.
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CHAPTER 3
BASELINE DIFFUSER CHARACTERIZATION
Ideal diffuser performance data was collected experimentally for six typical ceiling
diffuser types using primarily an airflow supply plenum in accordance with ASHRAE
Standard 70. Testing covered two diffuser parameters, diffuser type and inlet diameter,
and one system parameter, diffuser inlet neck velocity. From the experimental data,
diffuser throw, sound power, and pressure differential across the diffuser was determined
for each test condition. These results were used as a baseline for comparison against

results from typical field installation conditions.

3.1 Background

ANSI/ASHRAE Standard 70-2006 is the accepted method of testing the performance
of air outlets. [9] The standard defines laboratory methods of testing air outlets used to
terminate ducted and non-ducted systems for distribution and return of building air. For
air outlet testing, the standard describes two methods of testing, ducted and plenum. The
plenum method was the primary method used in these experiments because it allows for
quick change-out of diffusers with different inlet sizes and shapes, and in some cases a
smaller requirement for vertical space above the ceiling in the test facility. Details of the
plenum design and qualification were given previously in Chapter 2. For one case (12-
inch inlet, round diffuser) the ducted method was used because the diffuser size was too
large for the plenum outlet. As a crosscheck of the two methods, a few diffusers were

tested using both plenum and ducted methods.

24



3.2 Objective
The objective was to obtain diffuser throw, sound power, and backpressure
performance data when operating at what is considered ideal installation conditions. The
data was collected at three different flow rates on eighteen different diffusers (six
different types of ceiling diffusers, each at three different inlet neck sizes). This data was
the basis of comparison against real world field installation conditions that are examined

in Chapters 4 and 5.

3.3 Methodology
Output measures and derived output measures included:
1. Room 1/3 octave band sound power level and resulting room NC.
2. Pressure difference between the inside of plenum and inside test room.

3. Diffuser throw distance from center of diffuser.

Sound power level in the test room was measured at 1/3 octave bands from 25 to
10,000 Hz. From a subset of those levels, the octave band sound power levels from 125
to 4,000 Hz is calculated, which are then used to determine the room Noise Criteria (NC)
level based on ANSI/ASA 12.2 as recommended by ASHRAE. [9] The total pressure in
the plenum is measured according to ANSI/ASHRAE Standard 70-2006 as the difference
between the pressure in an air line with four pressure taps spaced around the perimeter of
the inside of the plenum and the pressure in the throw room. The static pressure in both
the plenum and the throw room are assumed to be the same as the total pressure in each

space. In the few cases where a vertical duct was used for the diffuser inlet instead of the
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plenum, the static pressure was measured at three duct diameters from the diffuser inlet.
Total pressure in the duct was determined by summing the static pressure and the velocity
pressure, which was based on inlet size. Draft air velocity is measured with a horizontal
scan from the diffuser using a vertical array of draft sensors. The measurement thus
covered a vertical plane. That plane was normally perpendicular to the edge of the
diffuser, but in a few cases, the maximum throw direction was found to be non-
perpendicular to the diffuser edge. The maximum throw direction was identified from
results of a scan in the vertical plane parallel to the diffuser edge and six feet
downstream. From diffuser throw scans in the maximum throw direction, the maximum
velocity at each distance from the diffuser is the maximum velocity measured in the
vertical plane from which the 150, 100, and 50 fpm throw distances are determined.
3.3.1 Laboratory Instrumentation

A National Instruments LabView virtual instrument was used to monitor and record
airflow, supply air temperature, room temperature, supply static pressure, draft meter
array position and draft meter readings. Sound level measurements were made with all
systems off except for the air supply, boom microphone and the monitoring and recording
computer. Sound measurements were taken with the air supply on and off to record the
diffuser generated sound due to airflow and a background or ambient noise level without
airflow.
3.3.2 Experimental Setup

As described in the previous chapter, the plenum was designed so that the flow
entering the diffuser inlet would be symmetrical with a maximum of 10 percent variation

at any point measured around the inlet as per Standard 70. The diffuser was installed
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flush with the suspended ceiling, and ten feet from the nearest wall. There were no
obstructions breaking the plane of the ceiling.

To crosscheck the plenum method used for Standard 70 testing, for several cases, a
replicate test was conducted using the vertical ducted method described in the
ANSI/ASHRAE Standard 70-2006. This method called for a minimum vertical inlet duct
length of six diameters and a pressure ring measurement at three diameters from the
diffuser inlet. In this setup, shown in Figure 10, the vertical duct should be sufficiently
long for the flow to stabilize with a uniform velocity cross-section before entering the
diffuser. The results showed that the results from the plenum testing were nearly identical
to results from the vertical duct method.

All tests for this project were run under steady-state conditions. Volume airflow
corresponding to the required inlet velocity was set and allowed to stabilize. Testing was

performed under isothermal conditions.

Figure 10. Standard 70 vertical ducted method.

The ideal energy transformation is for air to flow into the diffuser inlet and exit at the

diffuser discharge with no pressure loss other than velocity pressure, no sound generation
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and the intended discharge velocity profile. Actual ideal installation measurements show
variations from ideal output due to flow restrictions in the diffuser, turbulence induced in
the flow due to diffuser structure and anomalies in discharge throw due to the geometry
of the diffuser design.

Sound measurements were made using a rotating boom microphone placed in a
location that was determined to be in the reverberant field, meaning the reverberant field
was dominant. Physically, it was as far from the diffuser as possible, near a corner while

maintaining a distance of five feet from either wall as shown in Figure 11.

Figure 11. Boom microphone configuration.

The sound signal was captured by the analysis computer and converted to 1/3 octave
band sound levels. In post-processing, the 1/3 octave band levels were transformed to 1/1
octave band levels and corrected for a room background sound level. Then, for each
octave band a room reverberation correction and a standard room correction of minus 10
dB, to convert from sound power to sound pressure, were applied to the noise criteria
curves to obtain the noise criteria level (NC) for the sound generated by the discharge. [3]
The room reverberation correction was an average of corrections derived from both the

time it takes for the sound pressure level in a room to decrease 60 dB and the measured
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sound level in the room with a calibrated source. It was recommended by ASHRAE, in
Standard 70, that the 1/1 octave band levels of most significance were: 125, 250, 500,
1000, 2000 and 4000 Hz center frequencies. [9] The 1/3 octave band frequencies that
make up the 125 Hz 1/1 octave band frequency are 100, 125 and 160 Hz. A simple
equation was used to take the sound pressure level averages from each 1/3 octave band
frequencies and average them into the 1/1 octave band center frequency sound pressure
level, Lp, of 125 Hz, measured in decibels. Table 6 shows the other 1/1 center

frequencies and the corresponding 1/3 octave band frequencies suggested in Standard 70.

Table 6. 1/1 and 1/3 octave band center frequencies.

1/1 Octave Bands 1/3 Octave Bands
125 Hz 100,125,160 Hz
250 Hz 200,250,315 Hz
500 Hz 400,500,630 Hz
1000 Hz 800,1000,1250 Hz
2000 Hz 1600,2000,2500 Hz
4000 Hz 3150,4000,5000 Hz

The noise criterion curves produced by Beranek specify maximum sound levels permitted
in each octave band for a specific NC curve. [11] Algorithms based off the NC curve
levels for each center frequency determined the overall NC level for each test.

A vertical array of draft meters, as shown in Figure 12, was used to record diffuser
throw velocities at varying distances from the diffuser. The height of each sensor is listed

in Table 7 where TV17 is the top sensor. The draft sensor vertical array was scanned in
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the direction of maximum flow velocity on the diffuser side that had the longest run
distance from the center of the diffuser. This gave the greatest amount of useful data that

could be used for comparison with the future field installations.
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Figure 12. Array of draft meters.
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Table 7. Vertical draft meter sensor locations.

Height from | Height from
Sensor # | Floor [in] | Ceiling [in]
TV17 107.25 0.75
TV16 104.75 3.25
TV15 102.5 5.5
TV14 100 8
TV13 97.75 10.25
TV12 95.5 12.5
TVI11 93 15
TV10 90 18
TV9 85 23
TV8 78.75 29.25
V7 73.75 34.25
TV6 67.75 40.25
TVS 56 52
TV4 44 64
TV3 31 77
TV2 25 83
TV1 16 92

Inlet duct velocity was the noise condition for the Standard 70 testing. Inlet duct
airflow velocities used were 1200, 800, and 500 fpm. These velocities cover a large span
of typical diffuser flow conditions, including what is typically seen in actual installations.
For the test array, this parameter was considered a noise condition because it is not
controlled by the installation. Under modern systems, where a VAV unit of some type is
used, a typical diffuser will be required to perform under large variations in airflow.

Two design parameters were used in the performance characterization experiment.

They were diffuser type and diffuser inlet diameter. The design parameters and noise

condition with corresponding levels are shown in Table 8.
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Table 8. Test parameters and noise conditions with corresponding states.

Parameter | State 1 State 2 State 3 State 4 State 5 State 6
1.Diffuser Perforated D
Square Plaque Core Round | Louvered
Type Round Neck
Perforated
2.Inlet 8 inches | 10 inches 12 inches
Diameter
Noise Low Medium .
Condition State State High State
1.Diffuser
inlet 500 fpm | 800 fpm 1200 fpm
velocity

A full factorial array was used to set up the experiment. The experimental outputs were
used to extract the main effects of the test parameters and the variation of those main
effects due to the noise conditions. The test array has 18 runs, one parameter at six levels
and one parameter at three levels. There were three sets of output measures, one for each
noise condition. The array is shown in Table 9. Note that for diffusers with a square inlet
(modular core and louvered), a round to square adaptor was used.

From the diffuser velocity profile data, the data was normalized so that diffusers of
the same type with different inlet sizes, at differing velocities, could be compared side-
by-side. To do this, the zone plot method of the diffuser velocity data was used. This
method 1s described in Appendix C of ANSI/AS