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1.  EXECUTIVE SUMMARY

Rowan Williams Davies & Irwin Inc. (RWDI) was retained by Plasticair Inc. to assess the

performance of a revised air-induction stack design by conducting concentration and velocity profile

measurements through the use of physical modelling in a boundary-layer wind tunnel.  These tests

were performed in continuation to a previous assessment conducted in 2004, for which a final report

was issued on August 3, 2004 (RWDI Report #04-1506A).  In addition to the above, concentration

and velocity measurements were also conducted for a bifurcated stack design and for a second

Plasticair stack design.

The stacks’ performances were assessed by calculating entrainment ratios (ER) while varying

inlet and outlet flow conditions such as discharge velocities, wind speeds and wind approach angle

to the stacks.  Performance was also assessed by measuring the discharge velocities at the top of the

stack and by using smoke to visually observe inlet and outlet flows.

Based on our findings, we conclude that on average, an ER of 1.89 would be obtained

independently of the wind speed (up to 20 mph), approach angle of the wind and nozzle velocity

(between 3,500 and 4,000 fpm).  Approximately 99% of the time, we expect that ERs calculated

would fall within a range of 1.80 to 1.97 for Design #1.  While an average ER of 2.05 was calculated

for Design #2 at 4,000 fpm, we expect that ERs ranging between 1.92 to 2.18 would be obtained

99% of the time under those specific operational conditions.  Data for the bifurcated stack was also

found to be similar under varying nozzle speed and wind angle, but showed statistically meaningful

differences under 10 and 20 mph, with ERs ranging between 1.22 to 2.43.  Although included in the

report, velocity measurements were not used to assess the performance of any stack design because

of the large degree of variability observed in the measurements.
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2.  INTRODUCTION

RWDI was retained by Plasticair Inc. to assess the performance of two Plasticair and one

bifurcated nozzle design.  Photos of each stack configuration as installed and tested in our wind

tunnel are shown in Figures 1 to 3.  The Plasticair Designs #1 and #2, along with the measurement

points sampled, are shown in Figures 4 and 5, while the bifurcated nozzle design is shown in Figures

6 and 7.  While the nozzles between the two Plasticair configurations, Design #1 and #2, remained

the same, differences between the two stacks included increased porosity of the wind foils and the

addition of a baseboard and blockage at the base of the stack.

3.  METHODOLOGY

Similar test protocols and methodologies as those described in our previous final report

(RWDI Report #04-1506A) were used for this round of tests.  Tests were conducted using both tracer

gas and velocity measurements.  Tests were conducted for two inlet speeds of 3,500 and 4,000 fpm

for the two Plasticair stack designs.  Flow rates to the bifurcated stack were adjusted to obtain nozzle

discharge velocities of approximately 3,500 and 4,000 fpm which, based on our experience, are

below optimum operational conditions.  Tests were conducted for three wind conditions (i.e., 0, 10

and 20 mph) and for two wind approach angles (i.e., P1 and P2) as shown in Figures 4 to 7.  The

performance of each nozzle design was assessed by calculating the entrainment ratio (ER), which

represents the ratio between the total air volume at the top of the stack and total air volume coming

into the stack through the fan.
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4.  PROJECT OBJECTIVES

The main objectives of this project were to:

• Assess the performance of the Plasticair and bifurcated stack designs by calculating ERs;

• Determine how ERs vary with wind speed, wind approach angle and nozzle velocity; and

• Conduct visual observations of the stacks using smoke.

5.  FINDINGS AND DISCUSSION

Raw data for the tracer gas measurements (in parts per million (ppm) of carbon monoxide)

obtained at the top of the stacks and for each stack design tested are presented in Appendix A.

Velocity measurements (in feet per minute) are presented in Appendix B.

5.1 Entrainment Ratios (ERs)

A summary of the ERs calculated using concentrations, and for each of the scenarios tested,

are presented in Table 1.  ERs calculated using velocity measurements are presented in Table 2. 

Although raw velocities (see Appendix B) and ERs calculated based on those measurements

are included in this report, we recommend against their use due to the high degree of variability

found within the data.  Velocity measurements were highly sensitive to location of the sampling

point; in some instances, velocities more than doubled when moving the sampling port less than ½

inch from one location to another.  We believe that this large degree of variability is due to the

complex nature of the velocity profile at the top of the stack.  This variability also increased with

discharge velocity.
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Table 1: Summary of Entrainment Ratios (based on concentration measurements)

Tested Wind
Speed (mph)

Plasticair Design #1 Plasticair Design #2 Bifurcated Design

3,500 fpm 4,000 fpm 3,500 fpm 4,000 fpm 3,500 fpm 4,000 fpm

P1 P2 P1 P2 P1 P2 P1 P2 P1 P2 P1 P2

0 1.93 1.65 -- 1.57 1.98 1.96

10 1.88 1.88 1.90 1.90 -- -- 2.09 1.99 2.09 1.91 2.22 2.13

20 1.92 1.93 1.86 1.84 -- -- 2.10 2.04 1.70 1.50 1.97 1.71
Note:
– Not tested in the wind tunnel.

Table 2: Summary of Entrainment Ratios (based on velocity measurements)

Tested Wind
Speed (mph)

Plasticair Design #1 Plasticair Design #2 Bifurcated Design

3,500 fpm 4,000 fpm 3,500 fpm 4,000 fpm 3,500 fpm 4,000 fpm

P1 P2 P1 P2 P1 P2 P1 P2 P1 P2 P1 P2

0 1.68 2.21 -- 2.23 1.48 1.33

10 2.24 2.03 2.21 2.03 -- -- 2.22 2.01 1.33 1.59 1.29 1.50

20 1.91 1.58 2.15 1.80 -- -- 2.11 1.79 1.38 1.28 1.31 1.07
Note:
– Not tested in the wind tunnel.

As shown in Table 1, ERs calculated with concentrations varied between 1.65 and 1.93 for

Plasticair Design #1, while those calculated for Plasticair Design #2 varied between 1.57 and 2.10.

ERs calculated for the bifurcated stack varied within similar ranges, between 1.50 and 2.22 as shown

above.  One of the notable features of the bifurcated design is the low velocity measured on the outer

ring at the top of the windband (i.e., at Receptors 4, 10, 14, 19, 23, 29, 34 and 38) which indicate

poor entrainment within that area.

As shown in Appendix A, downwash of tracer gas on the downwind side of the nozzle (see

Receptor 24) was observed for Plasticair Design #1, especially under higher winds, and was found

to decrease with increased nozzle speeds.  Downwash at the downwind receptor of Plasticair Design

#2 was not evident from the concentration measurements, but was visually observed in localized

areas using smoke.  It is unclear whether the absence of impacts is the result of design modifications

between Designs #1 and #2, or the result of a different location for the downwash receptor which

was brought closer to the base of the stack for Design #2.  Although downwash was also noted for

the bifurcated stack design, the magnitude of tracer gas concentrations was lower than that measured

for Design #1.
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5.2 Data Interpretation

When comparing data sets against each other, it is important to statistically analyse the data

to determine if the differences between measurements are simply the result of variability and

repeatability of the measurement methods.  A statistical analysis of the data determines whether or

not the differences observed are in fact the result of the varying test parameters.

Several statistical tests are available to determine if variability within data sets is statistically

meaningful.  Of the methods available, RWDI selected and conducted Student t-tests for the

concentration ERs shown in Table 1 to determine if the differences observed between data collected

for inlet velocities of 3,500 and 4,000 fpm; approaching wind speeds of 10 and 20 mph; and between

wind positions P1 and P2 are indeed from the changes in test parameters or from repeatability

variations in the data.  Data sets collected between the Plasticair Design #1 and #2 were also

compared against each other.  The Student t-test statistical method is well suited to compare two

small data sets against each other. 

  

The results of these statistical analyses showed that differences observed between ERs

calculated for 3,500 and 4,000 fpm are in fact not statistically meaningful and can be attributed to

repeatability of the test method.  In other words, operating the stack at 3,500 or 4,000 fpm does not

significantly increase ERs.  The same is also true for ERs calculated for 10 and 20 mph, and for ERs

calculated for wind angles P1 and P2.  Thus, meaningful differences cannot be attributed to changes

in inlet velocities, wind speeds or approach angles within the ranges tested.

Average ERs calculated for each of the data sets are presented in Figure 8 below.  The

associated error bars represent a 99% interval, which means that ERs for each of the different

scenarios would fall within each of the ranges shown approximately 99% of the time.  Since

differences between each data sets were not significant, an overall average ER was calculated for

Design #1.  Based on these results, we expect that on average, an ER of 1.89 would be obtained

independently of the wind speed (up to 20 mph), approach angle of the wind and nozzle velocity

(between 3,500 and 4,000 fpm).  Approximately 99% of the time, we expect that ERs calculated

would fall within a range of 1.80 to 1.97.
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Summary of ERs
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Figure 8: Summary of ERs Calculated for Each of the Data Sets (Plasticair Design #1)

The ERs calculated for 4,000 fpm and for Plasticair Designs #1 and #2 were also statistically

compared against each other.  In this case, differences between the two data sets were found to be

statistically meaningful; an average ER of 1.89 was calculated for Design #1, while an average ER

of 2.05 was calculated for Design #2 (which was only tested at a velocity of 4,000 fpm).

Approximately 99% of the time, we expect that ERs calculated for Design #2 would fall within a

range of 1.92 to 2.18.

Data for the bifurcated stack was also statistically analysed using the same methodology

described above.  The following data sets were compared against each other; data collected at 3,500

and 4,000 fpm; at wind positions P1 and P2; and at 10 and 20 mph.  Based on the results of this

analysis, we find that no significant differences can be noted between ERs calculated for the 3,500

and 4,000 fpm, nor for the P1 and P2 data sets.  However, differences between data measured at 10

and 20 mph were noted.  These results imply differences in performance under these wind speeds,

with ERs ranging between 1.75 and 2.43 at 10 mph, and between 1.22 and 2.22 at 20 mph.  Thus,

the ERs are lower for the higher wind speed.
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5.3 Smoke Flow Visualization

Smoke flow visualization was conducted for each of the three stack designs tested.  The

following observations were made for each of the stacks:

• A large wake region was observed behind the Plasticair stack.  This zone appeared to be

larger than that observed for the bifurcated stack, which may lead to greater stack tip

downwash.

• Air foils located on the bottom portion of the Plasticair Designs #1 and #2 did not appear to

re-direct the wind as intended (i.e., towards the centre of the foils).

• No notable suction on the downwind or upwind sides of either the Plasticair or bifurcated

stacks was observed, especially under the higher wind cases.  In both cases, entrainment was

observed only immediately beneath the windband.

• Although dead zones were noticeable for the Plasticair designs, the velocity profile appeared

more uniform than the one observed for the bifurcated stack. 

• Entrainment did not appear to take place between the two nozzles of the bifurcated stack.

Flow visualization showed that air flowed freely between the gap when the wind was

perpendicular.

6. CONCLUSIONS

Based on our findings, we conclude that on average, an ER of 1.89 would be obtained

independently of the wind speed (up to 20 mph), approach angle of the wind and nozzle velocity

(between 3,500 and 4,000 fpm).  Approximately 99% of the time, we expect that ERs calculated

would fall within a range of 1.80 to 1.97 for Design #1.  While an average ER of 2.05 was calculated

for Design #2, we expect that ERs ranging between 1.92 to 2.18 would be obtained 99% of the time

under those specific operational conditions.  Data for the bifurcated stack was also found to be

similar under varying nozzle speed and wind angle, but showed statistically meaningful differences

under 10 and 20 mph, with ERs ranging between 1.22 to 2.43 which were noticeably lower at the

higher wind speed.  Although included in the report, velocity measurements were not used to assess

the performance of any stack design because of the large degree of variability in the measurements.
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