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Summary 

The stack sampling system at the 325 Building (Radiochemical Processing Laboratory [RPL]) was 
constructed to comply with the American National Standards Institute’s (ANSI’s) Guide to Sampling 
Airborne Radioactive Materials in Nuclear Facilities (ANSI N13.1–1969). This standard provided 
prescriptive criteria for the location of radionuclide air-sampling systems. In 1999, the standard was 
revised (Sampling and Monitoring Releases of Airborne Radioactive Substances From the Stacks and 
Ducts of Nuclear Facilities [ANSI/Health Physics Society [HPS] 13.1–1999]) to provide performance-
based criteria for the location of sampling systems.  

Testing was conducted for the 325 Building stack to determine whether the sampling system would 
meet the updated criteria for uniform air velocity and contaminant concentration in the revised ANSI/HPS 
13.1–1999 standard under normal operating conditions (Smith et al. 2010). Measurement results were 
within criteria for all tests. Additional testing and modeling was performed to determine whether the 
sampling system would meet criteria under set-back flow conditions. This included measurements taken 
from a scale model with one-third of the exhaust flow and computer modeling of the system with two-
thirds of the exhaust flow.  

This report documents the results of the set-back flow condition measurements and modeling. Tests 
performed included flow angularity, uniformity of velocity, gas concentration, and particle concentration 
across the duct at the sampling location. Results are within ANSI/HPS 13.1–1999 criteria for all tests. 
These tests are applicable for the 325 Building stack under set-back exhaust flow operating conditions 
(980–45,400 cubic feet per minute [cfm]) with one fan running. The modeling results show that criteria 
are met for all tests using a two-fan configuration exhaust (flow modeled at 104,000 cfm). Combined with 
the results from the earlier normal operating conditions, the ANSI/HPS 13.1–1999 criteria for all tests are 
met for all configurations: one, two, or three fans (normal). 



 

iv 

Acronyms and Abbreviations 

AD aerodynamic diameter 
ANSI American National Standards Institute 
CFD computational fluid dynamics 
CFR Code of Federal Regulations 
cfm cubic feet per minute 
COV coefficient of variation 
EPA Environmental Protection Agency 
ft foot/feet 
HPS Health Physics Society 
Hz hertz 
in inch(es) 
kg kilogram(s) 
L liter(s) 
mm millimeter(s) 
OPC optical particle counter 
PNNL Pacific Northwest National Laboratory 
RPL Radiochemical Processing Laboratory (325 Building) 
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1.1 

1.0 Introduction 
The stack sampling system at the 325 Building (Radiochemical Processing Laboratory [RPL]) was 

constructed to comply with the American National Standards Institute’s (ANSI’s) Guide to Sampling 
Airborne Radioactive Materials in Nuclear Facilities (ANSI N13.1–1969). This standard provided 
prescriptive criteria for the location of radionuclide air-sampling systems. In 1999, the standard was 
revised (Sampling and Monitoring Releases of Airborne Radioactive Substances From the Stacks and 
Ducts of Nuclear Facilities [ANSI/Health Physics Society {HPS} 13.1–1999]) to provide performance-
based criteria for the location of sampling systems. Testing was conducted for the 325 Building stack to 
determine whether the sampling system would meet the updated criteria for uniform air velocity and 
contaminant concentration in the revised ANSI/HPS 13.1–1999 standard.  

The 325 Facility emission point exhausts air from all areas of the building where radioactive  
materials are handled. The exhaust stream passes through high-efficiency particulate air filters located  
just upstream of the exhaust fans. The stack (Figure 1.1) is 88 feet (ft) tall and 8 ft in diameter, with flows 
at approximately 140,000 cfm. The sampling system is located approximately 80 ft above the ground  
(see the platform in Figure 1.1). 

 

Figure 1.1. The 325 Building Stack 

Because of the difficulty in taking measurements at the elevated sampling location and to avoid 
possible disruptions to facility operations, a scale model was used for the tests. The scale model was 
fabricated on an outside concrete pad. Scaffolding was used as support for the stack section and to gain 
access to the sample ports. Four variable speed fans were connected to the scale model in a configuration 
geometrically similar to the actual stack. The 325 facility normally operates only three of the four fans 
and alternates the standby fan. Therefore, a similar arrangement was used in the first set of testing  
(Smith et al. 2010). Testing results from measurements taken in 2002 demonstrated that the sampling 
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location on the 325 Building met the criteria in the 1999 standard for a well mixed location under normal 
operating conditions.  

Subsequent testing was conducted in 2004 to determine whether the stack sampling system at the  
325 Building would meet the 1999 standard criteria for uniform air velocity and contaminant 
concentration if the exhaust air flow was reduced to one-third to reduce energy use. The same scale model 
was used for these reduced flow tests. Tests performed included flow angularity, uniformity of velocity, 
gas concentration, and particle concentration across the duct at the sampling location. Tests were 
conducted with the fan nearest to the stack operating and the fan farthest from the stack operating in order 
to test the two extremes of fan configuration. Results are within ANSI/HPS 13.1–1999 criteria for all 
tests. These tests are applicable for the 325 Building stack under reduced flow operating conditions 
(below 45,400 cfm) with any single fan running.  

In addition to the scale model testing, a computational fluid dynamics (CFD) model was used to 
predict results for a two-fan configuration. Results from the fluid dynamics model were also within 
ANSI/HPS 13.1–1999 criteria for all tests and bridged the data between the one- and three-fan 
configurations tested using the scale model.  
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2.0 Test Information and Results 
This section discusses testing of a scale model of the RPL final exhaust system to determine whether 

the sampling system location met the criteria in ANSI/HPS N13.1–1999 for a well mixed location. The 
approach, test methods, and results are provided. 
 
2.1 Test Plan 

The objective of these tests was to demonstrate whether the EP-325-01-S exhaust stack meets the 
applicable regulatory criteria regarding the placement of the air-sampling probe under reduced exhaust 
flow. This has already been demonstrated for the normal flow-rate with three operating fans (Ballinger  
et al. 2004, Smith et al. 2010). This retest demonstrates whether the criteria are still met if the system 
flow-rate is reduced from the normal value by a factor of three when only one fan is used. The tests were 
conducted by Pacific Northwest National Laboratory (PNNL) staff. The standard governing the 
performance of the tests, test methods, and acceptance criteria is ANSI/HPS N13.1–1999, Sampling and 
Monitoring Releases of Airborne Radioactive Substances From the Stack and Ducts of Nuclear Facilities 
(ANSI 1999). The test plan for this series is included in Appendix A. 
 
2.2 Scale-Model Testing Criteria 

The ANSI/HPS N13.1–1999 standard contains acceptance criteria for the use of a similarly designed 
stack, including a scale-model, as a substitute for the actual stack (Section 5.2.2.2 of ANSI/HPS N13.1–
1999). The acceptance criteria are summarized as follows:  

1. The scale model and its sampling location must be geometrically similar to the actual stack, with 
components influencing contaminant mixing and velocity profile proportional in the scale model 
proportional to those in the actual stack.  

2. The scale model’s mean velocity times hydraulic diameter must be within a factor of six of the actual 
stack. The stack diameter of the scale model must be at least 250 millimeters (mm) at the sampling 
location. The Reynolds number for the prototype and scale model stacks must be greater than 10,000. 

The scale model results are considered valid if: 

1. The velocity profile in the actual stack meets the uniformity criteria, and 
2. The difference between velocity coefficients of variation (COVs) of the two systems is not more than 

5% COV units. 
3. The sampling location is placed at a geometrically similar location in the actual and scale model 

stacks. 

A scale model was used for these tests because of the difficulty in taking measurements at the 
elevated sampling location and to avoid possible disruptions to operations in this nuclear facility. The 
scale model of the RPL final exhaust system was designed with consideration for the above criteria. The 
portion of the RPL exhaust system containing the final exhaust fans, downstream ducting, and stack was 
considered a sufficient segment to model velocity and contaminant mixing adequately. Several scales 
were considered that fit the criteria above, with a 1:5.33 scale selected based on convenient stack and duct 
size (the scale model was 18 ft high and 18 inches [in; 46 cm] in diameter), and similarity of stack 
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velocity. See the test plan in Appendix A for more detail on considerations for the scale model. Figure 2.1 
shows a side view of the scale model after it was completed.  
 

 

Figure 2.1. Side View of Scale Model of RPL Final Exhaust System 

2.3 Uniformity of Air Velocity 

The uniformity of air velocity in the stack cross section where the air sample is being extracted 
ensures that the air momentum in the stack is well mixed. The method used to demonstrate air velocity 
uniformity and the results obtained are detailed in the following sections. 
 
2.3.1 Method 

To facilitate the performance of this and subsequent tests, it was first necessary to correlate the fan 
speed controller (a variable frequency drive) with the stack flowrate. Following the procedure in 
Appendix B, a velocity uniformity measurement (Run VT-LOW1) was made at the midrange fan speed 
setting (30 hertz [Hz]) to identify a single measurement point that best represented the average velocity. 
The air velocity was then measured at that point as a function of fan speed setting. The results are plotted 
in Figure 2.2. The set point for the balance of the tests reported here (37.1 Hz) was estimated from the 
plot. The Run VT-LOW1 also provided a data point for velocity uniformity. 
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Figure 2.2. Air Velocity as a Function of Fan Speed 

For this and most other tests, either the fan nearest to or farthest from the stack (Figure 2.3) was 
running. These configurations were used because they are expected to bracket the cases for stack mixing. 
Disturbances closer to the sampling port are expected to be more disruptive to uniform mixing than those 
further away; thus, the near fan configuration should provide the worst case for velocity uniformity.  

 

Figure 2.3. Fan Configuration 

The method to determine velocity uniformity is an adaptation of 40 Code of Federal Regulations 
(CFR) 60, Appendix A, Method 1. The equipment included a standard Prandtl-type pitot tube and a 
calibrated electronic manometer as shown in Figure 2.4. The procedure is detailed in Appendix C. The 
grid of measurement points was laid out in accordance with the U.S. Environmental Protection Agency 
(EPA) procedure for eight points on each of two linear traverses, arranged perpendicular to each other. 
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The center point was added for additional information over what is otherwise a long distance between 
points 4 and 5. Thus, there were 9 points along the northeast/southwest direction and also along the 
southeast/northwest direction.  
 

 

Figure 2.4. Velocity Uniformity Measuring Equipment 

2.3.2 Results  

The acceptance criterion for uniformity of air velocity is that the COV of the air velocity must be  
≤20% across the center two-thirds of the area of the stack. The measured COVs for air velocity in the 
center two-thirds of the area of the scale model stack are listed in Table 2.1 and range from 1.6 to 9.4. The 
data sheets are included in Appendix C. All of the scale model test results for velocity uniformity meet 
the criterion that the air velocity COVs be ≤20%. On the actual stack with one fan operating, the full-scale 
velocity uniformity COVs range from 3.9 to 10.7 (Recknagle et al. 2008). The scale model and the full 
scale results show good agreement. This agreement meets the acceptance criterion (±5% COV units) for 
validating the scale model results. Figure 2.5 shows a bar graph of the mean velocity measured at each 
point for Run VT-1, one of the scale model results. 

Table 2.1. Scale Model Velocity Uniformity Results 

Runs 
Fan Frequency 

Setting (Hz) 
Stack Flow Rate 

(cfm) % COV 
Near Fan 

VT-LOW1 30 1100 9.4 
VT-1 37.1 1389 4.0 
VT-3 37.1 1421 3.4 

Far Fan 
VT-2 37.1 1334 1.6 
VT-4 37.1 1335 1.9 
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Figure 2.5. Velocity Measurements over the Measurement Grid for Run VT-1 

2.4 Angular Flow  

The angular flow measurement in the stack cross section where the air sample is being extracted 
ensures that the flow angle is not more than 20° across the sampling plane. The method used to 
demonstrate the angular flow and the results obtained are presented below. 
 
2.4.1 Method 

The test method used was based on 40 CFR 60, Appendix A, Method 1, Section 2.4, “Verification of 
the Absence of Cyclonic Flow.” This test was conducted at the scaled set-back flowrate in the model 
stack. Measurements were made using a type-S pitot tube, a slant tube or electronic manometer, and a 
protractor level attached to the pitot tube (Figure 2.6). The flow angle was measured at the elevation of 
the sampling nozzle and at the same points as those used for the velocity uniformity test. The pitot tube 
was rotated until a null differential pressure reading was obtained, and the angle of rotation was then 
recorded. Appendix D provides the detailed procedure. 
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Figure 2.6. Type-S Pitot Tube and Protractor Level used to Measure Angular Flow  

2.4.2 Results 

The acceptance criterion for angular flow is an average flow-angle of < 20° across the sampling 
plane. Measurements were made at the same grid points as for the velocity uniformity. The acceptance 
criterion (≤ 20°) was met in all cases. The results range from 8.0 to 14.3°. Table 2.2 shows a summary of 
the angular flow testing results. The data sheets for the angular flow test are presented in Appendix D.  

Table 2.2. Flow Angle Results 

Runs 
Fan Frequency 

Setting, Hz 
Mean Flow 

Angle 
Far Fan 

FA-1 37.1  9.5 
Near Fan 

FA-2 37.1 14.3 
FA-3  37.1 8.0 

 
2.5 Uniformity of Tracer Gases 

A uniform gas contaminant concentration at the sampling plane enables the extraction of samples that 
represent the true gas concentration within the stack. Testing for uniformity of tracer gases at the 
sampling plane was conducted on the scale model stack at the scaled set-back flowrate. 

 
2.5.1 Method 

The concentration uniformity is demonstrated with a tracer gas (sulfur hexafluoride) injected into the 
exhaust duct, in the same area as the discharge from the model heat recovery boxes for the near- and far- 
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fans. The concentration of the tracer gas is then measured at the sampling location using the same grid of 
points as used in the other tests. From the measurements, the COV and maximum deviation from the 
mean are calculated as measures of uniformity. 

The gas samples are withdrawn from the stack through a simple probe and a gas analyzer (Figure 
2.7).  A Bruel and Kjaer (Naerum, Denmark) Model 1302 calibrated for the tracer gas, is used for the 
measurements. The procedure and data sheets are detailed in Appendix E. 
 

 

Figure 2.7. Tracer Gas Probe and Analyzer 

2.5.2 Results 

The acceptance criteria for uniformity of tracer gases are: 

1) the COV of the tracer gas concentration be ≤ 20% across the center two-thirds of the sampling plane 
2) the average concentration, for each measurement point, differ from the mean concentration by < 30%.  

Table 2.3 lists the tests performed and their results. Five injection points were used at each injection 
location. Corner injections were made within 1 in (25% of a hydraulic diameter) of the walls at the 
corners of the duct (Figure 2.3). The worst case result was repeated as Run GT-11, where the uniformity 
results ranged from 1.6 to 5.5% COV. The absolute value of the maximum deviations from the means 
ranged from 2.6 to 12.6%. In all cases, the acceptance criteria were met. Figure 2.8 is a bar graph of the 
results of Run GT-1. 
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Table 2.3. Summary of Gas Tracer Uniformity Results During Simulated Setback Condition 

Run Injection Point % COV 
Max % 

Dev 
Near Fan 

GT-1 Top-south 4.75 12.6 
GT-11 Top-south 5.48 –10.2 
GT-2 Top-north 2.49 –4.2 
GT-3 Center 3.54 6.3 
GT-4 Bottom south 3.75 –6.9 
GT-5 Bottom-north 3.88 8.1 

Far Fan 
GT-6 Top-south 1.63 –2.6 
GT-7 Top-north 1.82 3.4 
GT-8 Center 2.28 4.8 
GT-10 Bottom south 2.22 4.1 
GT-9 Bottom-north 2.50 –4.4 

 

 

Figure 2.8. Plot of GT-1 Results 

2.6 Uniformity of Tracer Particles 

A uniform particulate contaminant concentration at the sampling plane enables the extraction of 
samples that represent the true particulate concentration within the stack. Testing for uniformity of tracer 
particles at the sampling plane was conducted on the scale model stack. The method for determining 
uniformity of tracer particles and the results of the tests are detailed in the following sections. 
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2.6.1 Method  

The test method for uniformity of tracer particles is similar to that of tracer gases, with the tracer gas 
replaced by tracer particles. However, only the centerline injection position is required. The concentration 
of the tracer particles, in the size range of interest, was measured at the same test points used in the other 
tests. Spraying vacuum-pump oil through a nozzle mounted inside a chamber produced the particles 
measured by the testing. These particles were then injected into the duct entrained in a stream of 
compressed air as shown in Figure 2.9. 

Figure 2.9. Typical Particle Generator Setup 

A simple probe was used to extract the sample from the stack and transport it to the optical particle 
counter1 (OPC) arranged as shown in Figure 2.10. The OPC sorts the number of particles into six size 
channels. Only the readings from the size channel that measures particles in the 9 to 11 µm size range are 
used for statistical calculations. Each data point consists of the number of particles counted during a one-
minute sampling period. Three readings were taken at each point and averaged. The COV of the average 
concentration readings at each point is calculated and the result compared to the acceptance criterion for 
uniformity. The detailed procedure and data sheets are included in Appendix F. 
 

                                                      
1 Met-One Model A2408, Hach Analytics, Grants Pass, OR. 
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Figure 2.10. Optical Particle Counter and Probe Arrangement for a Particle Uniformity Test 

2.6.2 Results 

The acceptance criterion for uniformity of tracer particle is a COV less than 20% for tracer particles 
of the 10-μm range across the center two-thirds of the sampling plane.  

The particle concentration uniformity is demonstrated with tracer particles injected into the exhaust 
duct, in the same area as the discharge from the model heat recovery boxes for the near- and far-fans. 
Tests were conducted at the simulated set-back flowrate. The results are summarized in Table 2.4 and the 
data sheets are included in Appendix F. The results show slightly more uniformity for the near fan 
configuration than for the far fan configuration. However, in all cases, the performance criterion was met. 
Figure 2.11 is a bar chart showing the normalized concentration data for the worst case test, PT-1. 

Table 2.4. Particle Tracer Uniformity Results for the Center Two-Thirds of the Stack 

 Injection Point 
Un-normalized 

% COV 
Normalized  

% COV 
Far Fan 

PT-1 Center 10.5 11.6 
PT-3 Center 10.5 7.4 

Near Fan 
PT-2 Center 8.5 8.3 
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Figure 2.11. Bar Chart of PT-1 Results 

The COV results are shown in Table 2.4 with and without any normalization with time. The results 
after normalization also are shown. The normalization method adjusts all of the concentration readings by 
the same amount so that the center point readings taken from the two traverse directions were equalized. 
The effect of normalization would be more pronounced in cases where there was a shift in concentration 
with time. All of the normalized data met compliance criteria. 
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3.0 Computational Fluid Dynamics Model 

In previous modeling work, a three-dimensional CFD model was created and validated for flow 
simulations of the RPL effluent stack (Recknagle et al. 2008). The CFD model from this previous work 
included the ability to simulate the operation of both the scale-model and the full-scale final exhaust 
system with any number or combination of the four fans. For the present work, this model was exercised 
to simulate operation in each of the six permutations of two-fan operation, each fan operating at 52,000 
cfm for a total of 104,000 cfm air flow. Results of these simulations were then analyzed to determine the 
effectiveness of each fan combination to meet the ANSI/HPS N13.1–1999 criteria for well-mixed flow at 
the stack sampling location. 
 
3.1 Method 

The STAR-CD2 code was used to simulate the stack flow and analyze the simulation data to 
determine if the conditions at the sampling point would meet the criteria in ANSI/HPS N13.1–1999 for 
uniformity of air velocity, flow angularity, and uniformity of tracer gas and particles. In the calculations 
for the tests, STAR-CD solved the finite-volume Navier-Stokes (conservation of mass and momentum) 
and transport equations to obtain the steady-state flow field and species concentrations at each location 
within the system. For the sulfur hexafluoride tracer gas simulations, a Eulerian two-phase flow model 
was used in the calculations. A Lagrangian dispersed two-phase flow model was used for the aerosol  
(oil droplet) release simulations. The Lagrangian methodology includes models for droplet collision, 
breakup, drag, and turbulent dispersion of the dispersed phase (oil droplets). In all simulation cases,  
the generation and dissipation of turbulence was modeled using the κ-ε turbulence model for large 
Reynolds number flow (as implemented in the STAR-CD code). The κ-ε model is a widely tested and 
validated two-equation (partial differential equation) closure model for the turbulent transport terms  
in the time-averaged Navier-Stokes system of equations for fluid momentum transport. In the model 
equations, κ is the turbulence kinetic energy, and ε is the rate of dissipation of that energy. This 
turbulence model is considered suitable for the flow conditions present in such a duct. Additional details 
on the modeling approach can be obtained from Recknagle et al. (2008). 

A three-dimensional model of the RPL final ventilation system was created to replicate the actual 
system geometry from the final exhaust fans to the stack exit (Figure 3.1). The view angle in the figure is 
slightly off vertical showing the horizontal orientation of the fan ducts and their perpendicular entry into 
the main duct (also horizontal), the 90° horizontal turn of the main duct, and the turn from horizontal to 
the vertically oriented exhaust stack. Fan 1 is located furthest from the stack and fan number increases 
with proximity of the stack. 

A simulation was run for each of the 2-fan configurations: fans 1 & 2, 1 & 3, 1 & 4, 2 & 3, 2 & 4, and 
3 & 4. Data from each of simulations was extracted to obtain flow velocity, flow angle, concentration of 
tracer gas, and concentration of particles at each traverse point at the elevation of the sampling system. 
The data was entered into spreadsheets to determine whether the ANSI/HPS N13.1–1999 criteria would 
be met. Data sheets and plots are included in Appendix H. 

                                                      
2 The CFD program STAR-CD, Version 3.15, Methodology Volume, is copyrighted by the CD-adapco Group (CD-
adapco, Seattle Office, 3150 Richards, Suite 204, Bellevue, WA 98005). 
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Figure 3.1. Three-Dimensional Model Geometry of the RPL Final Effluent Stack 

3.2 Results 

Detailed flow field results from the two-fan configuration case simulating operation with fans 1 and 2 
are shown in Figure 3.2 and in Appendix H. The figure shows flow velocity vectors in which high 
velocity is red and low velocity is blue. Figure 3.2 shows the flow in a horizontal plane entering the duct 
through fans 1 and 2, passing the non-operating fans 3 and 4, turning the 90° bend in the horizontal duct, 
and entering the vertical stack. Air from fan 1 was directed toward the main duct via turning vanes and 
joined by air from fan 2 in the main duct.  

 
  

Figure 3.2. Flow Velocity Vectors in a Horizontal Plane (2-Fan Configuration, 104,000 cfm)  
 

The transition from the horizontal duct to the vertical stack set up a swirl in the stack flow that can be 
seen in Figure 3.2 by the low velocity (blue) zone within the stack. A closer view of the horizontal section 
through the stack in Figure 3.3 shows the circulation zone at upper right with relatively higher speed flow 
surrounding the zone. This swirl was present in each flow case and contributed to the mixing within the 
stack. 
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Figure 3.3. Detail of Flow Vectors in a Horizontal Plane 

Results of each of the two-fan configuration simulations are shown in Table 3.1, along with criteria 
from ANSI/HPS N13.1–1999. As shown in the table, all criteria are met in each of the simulations. 

Table 3.1. Results from CFD Modeling of RPL Final Exhaust System 

Two-Fan Configuration 

Velocity 
Uniformity  

(COV %) 

Cyclonic 
Flow 

(Angle °) 

Gas Tracer 
Uniformity 

(COV %) 

Gas Tracer 
Uniformity 

(max deviation from 
and % of mean) 

Aerosol 
Uniformity  

(COV % , 
normalized) 

1, 2 5.75 11.4 6.83 13.8 6.72 
1, 3 5.83 11.2 6.18 13.3 7.60 
1, 4 5.84 12.4 9.29 23.2 10.4 
2, 3 5.61 10.8 6.22 14.3 7.12 
2, 4 6.00 11.5 8.80 20.3 10.8 
3, 4 6.02 11.4 8.74 20.4 10.9 
ANSI/HPS N13.1–1999 criteria ≤ 20 ≤ 20 ≤ 20 ≤ 30 ≤ 20 
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4.0 Conclusions 

A scale model was designed following criteria in ANSI/HPS N13.1–1999 of the 325 Building RPL final 
exhaust system. The scale model was used to determine whether the stack sampling system would meet 
criteria in ANSI/HPS 13.1–1999 for sampling system location under reduced exhaust flow conditions. A 
summary of the tests, measurement results, and criteria are provided in Table 4.1 and demonstrate that the 
sampling location on the 325 Building main stack meets the criteria in ANSI/HPS N13.1–1999 for a well 
mixed location during the set-back flow condition when only one fan is in operation.  

Table 4.1. Summary of Test Results for Low Flow RPL Exhaust 

Test 

Scale-Model 
Measurement 

(1-fan) 

Full-Scale 
Measurement 

(1-fan) 

CFD 
Simulation 

Results 
(2-fan) 

ANSI/HPS 
N13.1–1999 

Criteria 
Velocity uniformity (COV %) 1.6 – 9.4 3.9 – 10.7 5.6 – 6.0 ≤ 20 
Cyclonic flow (angle °) 8.0 – 14.3  10.8 – 12.4 ≤ 20 
Gas tracer uniformity (COV %) 1.6 – 5.5  6.2 – 9.3 ≤ 20 
Gas tracer uniformity (maximum deviation 
from and % of the mean) 2.6 – 12.6  13.3 – 23.2 ≤ 30 

Aerosol uniformity (COV %, normalized) 8.3 – 11.6  6.7 – 10.9 ≤ 20 

With regard to acceptance of the scale model as a substitute for the actual stack, the model used was 
designed to be geometrically similar to the actual stack. Components influencing contaminant mixing and 
velocity profile in the scale model were proportional to those in the actual stack, and the sampling 
location in the scale model placed in a geometrically similar location as in the actual stack. The velocity 
profile in the actual stack meets the uniformity criteria, and the difference between velocity COVs of the 
two systems is not more than 5% COV units (Table 4.1). The scale model stack diameter of 18 inches is 
greater than the minimum of 250 mm (10 in).  

The lowest flow used in the scale model testing was 1,100 cfm (Table 1.1) resulting in a Reynolds 
number of 91,000 which is well above the required minimum of 10,000. Reynolds number calculations 
are shown in Appendix G for the ranges of flows in the actual and scale model stacks under normal and 
reduced flow conditions. All Reynolds numbers are substantially above 10,000.  

Finally, the scale model’s mean velocity times hydraulic diameter must be within a factor of six of the 
actual stack. For the one fan configuration, the scale model’s mean velocity times hydraulic diameter at 
the 37.1 Hz setting ranged from 930–1200 ft2/min. Using a factor of six, this corresponds to stack flows 
of 980–45,400 cfm (calculations in Appendix G).  

All combinations of two-fan configurations were evaluated using a three-dimensional CFD model. 
The CFD simulation results are shown in Table 4.1 and indicate that the stack sampling system also meets 
ANSI/HPS N13.1–1999 criteria for a well mixed location with any two fans operating. 

The scale-model measurement tests cover the reduced operating range of flows less than 45,400 cfm 
using a one fan configuration. Earlier tests were conducted on normal flow conditions covering three fan 
configurations ranging from 129,000 to 186,300 cfm (Smith et al. 2010). The three-dimensional CFD 
simulations were performed to evaluate all two-fan configurations. All measurements and simulations 
results showed that the sampling system location in the RPL stack meets the ANSI/HPS N13.1–1999 
criteria for flow angularity and uniformity of flow, tracer gas, and aerosol under one-, two-, or three-fan 
configurations and flow conditions.
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Test Plan for Qualifying the EP-325-01-S  
Stack Air Sampling Position for Set-Back Flow Condition 

August 10, 2004 
 
This series of tests will demonstrate whether the EP-325-01-S exhaust stack meets the applicable 
regulatory criteria regarding the placement of the air-sampling probe.  This has already been 
demonstrated for the normal flowrate with three operating fans.  This re-test will demonstrate whether the 
criteria are still met if the system flowrate is reduced from the normal value by a factor of three when only 
one fan is used.  This stack exhausts the filtered ventilation air from all areas of the 325 Building 
Radiochemical Processing Laboratory where radionuclides are handled, including hot cell, waste 
treatment and radiochemistry.  The tests will be conducted by Pacific Northwest National Laboratory 
staff.  The standard governing the performance of the tests, test methods, and acceptance criteria is 
ANSI/HPS N13.1-1999, Sampling and Monitoring Releases of Airborne Radioactive Substances From 
the Stack and Ducts of Nuclear Facilities.   
 
Performance Criteria 
 
The qualification criteria for the location of the air sampling probe are as follows (Table 4, ANSI/HPS 
N13.1-1999): 
 
1. Flow Angle - Sampling nozzles are usually aligned with the axis of the stack.  If the air travels up the 

stack in cyclonic fashion, the air velocity vector approaching the nozzle could be misaligned with the 
sampling nozzles enough to impair the extraction of particles.  Consequently, the flow angle is 
measured in the stack at the elevation of the sampling nozzle.  The average air-velocity angle must 
not deviate from the axis of the sampling nozzle by more than 20°. 

 
2. Air Velocity Uniformity - It is important that the gas momentum across the stack cross section where 

the sample is extracted be well mixed or uniform.  Consequently, the velocity is measured at several 
points in the stack at the elevation of the sampling nozzle.  The uniformity is expressed as the 
variability of the measurements about the mean.  This is expressed using the relative coefficient of 
variance (COV), which is the standard deviation divided by the mean and expressed as a percentage.  
The lower the COV value, the more uniform the velocity.  The acceptance criteria is that the COV of 
the air velocity must be ≤20% across the center two-thirds of the area of the stack. 

 
3. Gas Tracer Uniformity - A uniform contaminant concentration in the sampling plane enables the 

extraction of samples that represent the true concentration.  This is first tested using a tracer gas to 
represent gaseous effluents.  The fan is a good mixer, so injecting the tracer downstream of the fan 
provides worst-case results.  The acceptance criteria are that 1) the COV of the measured tracer gas 
concentration is ≤20% across the center two-thirds of the sampling plane and 2) at no point in the 
sampling plane does the concentration vary from the mean by >30%. 
 

4. Particle Tracer Uniformity - Uniformity in contaminant concentration at the sampling elevation is 
further demonstrated using tracer particles large enough to exhibit inertial effects.  Particles of 10-μm 
aerodynamic diameter (AD) are used by default unless it is known that larger particles are present in 
the airstream.  The acceptance criteria is that the COV of particle concentration is ≤20% across the 
center two-thirds of the sampling plane. 
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Scale Model Testing Criteria 
 
Testing to satisfy Criteria 1 – 4 will be conducted on a scale model of the exhaust ductwork and stack, 
from the heat recovery coils to the elevation of the sampling probe.  The ANSI/HPS N13.1-1999 standard 
sets acceptance criteria for the use of a scale model as a substitute for the actual stack.    
 

• The scale model and its sampling location must be geometrically similar to the actual stack.   
• The model’s mean velocity x hydraulic diameter product will be within a factor of six of the 

actual stack.   
• The Reynold’s number for the prototype and model stacks must > 10,000. 

 
The scale model results are considered valid if: 

• The velocity profile in the actual stack  meets the uniformity criteria, and 
• The uniformity COV for the actual and model stacks agree within 5% COV. 

 
Conduct of Tests 
 
Compliance with each performance criteria is demonstrated through performing a specific test procedure.  
The four procedures to be used are briefly described below and in the order in which they are usually 
conducted.   Specific Test Instructions will be issued prior to the conduct of a test.   
 
The tracer tests result in the emission of tracer gas (sulfur hexafluoride) and tracer particles (vacuum 
pump oil mist) from the scale model.  The estimate of emissions from these tests is given below.   
 
The Job Hazard Analysis (if any) and MSDS’s for the tracer compounds are to be reviewed by testing 
staff prior to the conduct of any test.  These documents are also to be kept available at the test site.   
 

1.0 Flow Angle Test 
 
The air-velocity vector approaching the sample nozzle should be aligned with the axis of the nozzle, 
within an acceptable angle, so sample extraction performance is not degraded.  The test method is based 
on 40 CFR 60, Appendix A, Method 1, Section 2.4, “Verification of the Absence of Cyclonic Flow.” 
 
This test is conducted on the scale model stack.  The flow angle is measured at a grid of points in a cross 
section of the stack at the scaled elevation of the actual sampling probe.  The grid is an array of points in 
an x-pattern.  One line of points is aligned in the same direction as the existing sampling probe on the 
actual stack.  The other line will be perpendicular to that.  The number and distance between 
measurement points is based on the EPA procedure 40 CFR 60, Appendix A, Method 1.   
 
Measurements are made using a type-S pitot tube, a slant tube or electronic manometer, and a protractor 
level or angle indicating device attached to the pitot tube.  The procedure EMS-JAG-05 Test to Determine 
Flow Angle at the Elevation of a Sampler Probe provides the general procedure for the determination of 
mean flow angle.  Instructions specific for this stack will be given in a test instruction. 
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2.0 Air Velocity Uniformity Test 
 
The uniformity of air velocity where the air sample is being extracted ensures that the air momentum in 
the stack is well mixed.  To determine uniformity, air velocity is measured at the same grid of points used 
for the angular flow test.  The method used is based on 40 CFR 60, Appendix A, Method 1.  The 
equipment includes a standard Prandtl-type or S-type pitot tube and a calibrated electronic manometer.  
Procedure EMS-JAG-04, Test to Determine Uniformity of Gas Velocity at the Elevation of a Sampler 
Probe, is used for this test.  This test takes about 90 minutes.  A test instruction will be issued specifically 
for this test. 
 

3.0  Gas Tracer Uniformity Test 
 
A uniform contaminant concentration in the sampling plane enables the extraction of samples that 
represent the true concentration.  Procedure EMS-JAG-01, Test to Determine Uniformity of a Tracer Gas 
at a Sampler Probe, is used for this test.  The gaseous contaminant concentration uniformity is 
demonstrated using a tracer gas (sulfur hexafluoride) injected into the ductwork at various positions.  For 
each injection position, the tracer concentration is measured at the sampling plane at the same grid of 
measurement points as used for the above tests.  The uniformity is expressed as the COV of the measured 
tracer concentrations. 
 
Tracer gas concentration is measured with a Bruel and Kjaer (Naerum, Denmark) Model 1302 gas 
analyzer calibrated for the tracer gas.  The absolute calibration of the analyzer is unimportant to the test 
results; however, the analyzer response is checked using calibration standards prior to the conduct of the 
test.  If the indicated concentration is within 20% of the standard, the response is acceptable. 
 
For the proposed reduced flow condition, any one of the available four fans would be used to maintain the 
reduced airflow.  There is a heat recovery box between each fan and the final exhaust duct.  The planned 
tracer gas injection locations are just downstream of the heat recovery boxes nearest and farthest from the 
stack.  These should represent the best and worst case conditions.  An optional location would be in the 
duct just upstream of the breach to the stack.  The tracer is injected along the centerline of the duct and at 
four locations near the corners of the duct.   
 
For the single operating fan configuration, the five tracer injection points will be used for each injection 
location.  The test will be repeated for the injection point found to have the least favorable result.  Other 
repeat runs may be made at the discretion of the test director after a review of the preliminary results.  
Therefore, there will be a minimum of 11 test runs.  Each run takes about 90 minutes.  A test instruction 
will be issued specifically for this test. 
 
The usage and emission of the tracer gas, sulfur hexafluoride, is based on a stack flow of 1442 cfm, a 
desired concentration of 1 ppm, and 13 tests.  The total emission would be about 0.30 kg for 13 tests, or 
about 0.022 kg/test. 
 

4.0 Particle Tracer Uniformity Test 
 
The test for uniformity of tracer particles is similar to the test for uniformity of tracer gases.  The general 
approach is to inject particles of a range of sizes, including the size of interest, into the center of the 
airstream.  The concentration of the particles of the size range of interest is then measured at several 
points in the cross section of the sampling plane using an optical particle counter (OPC, Met-One Model 
A2408, Grants Pass, Oregon).  A simple probe is used to extract the sample and deliver it to the OPC.  
The measurement points are the same as used for the above tests.  The OPC should be within calibration. 
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The particles are made by spraying vacuum-pump oil through a nozzle housed in a chamber.  The 
chamber provides a controlled means for injecting the particles into the airflow through a probe.  
Compressed air and an injection probe are required for the operation of the chamber. 
 
The tracer injection port is the same as for the gaseous tracer; however, only the centerline injection point 
is used.  The layout of measurement points is the same as for all of the other tests, except where the size 
of the probe does not permit sampling as close to the inside of the stack wall. 
 
The OPC’s sort the number of particles into six size channels.  Each concentration reading is the count of 
particles collected in the 9- to 11-μm channel.  The readings are recorded on a data sheet.  Three readings 
are taken at each point and averaged.  The coefficient of variance of the average concentration readings at 
all points is calculated and the result compared to the acceptance criteria for uniformity.  The particle 
mixing is acceptable if the COV of the tracer particles of 10-μm aerodynamic diameter (AD) is less than 
or equal to 20% across the center two-thirds of the sampling plane.   
 
There will be a minimum of 5 test runs, one for each injection position (used for the gas tracer uniformity 
tests) and flowrate, and one repeat test.  Each test run can require up to four hours.  Procedure EMS-JAG-
02, Test to Determine Uniformity of a Tracer Aerosol at a Sampler Probe, is used for this test.  A test 
instruction will be issued specifically for this test. 
 
The usage and emission of the tracer aerosol oil (Fisherbrand 19 vacuum pump oil) may be as about high 
as 50 g per test run.  (The use rate has never actually been measured.  In any demonstrations that we have 
done, it has always been less than 0.5 L total.)  Three tests can be completed in an 8-hour period.  
  

Fan Configuration  
 
In the actual fan house, there are four electric fans, three of which are normally used at a time.  The 
capacity of the electric fans are about 46,000 cfm each.  With three fans operating, the exhaust airflow is 
about 138,000 cfm.  With one fan running in the reduced flow condition, the exhaust airflow would be 
about 46,000 cfm.  The fans are housed in a small building.  Each fan discharge’s upward and into a heat 
recovery box, where coils and heat transfer fluid recover heat from the exhaust airflow.  Each heat 
recovery box discharges into the main plenum which connects to the stack.  Figure 1 is a diagram of the 
scale model for this part of the ventilation system.  The parameters for the scale model are given in Table 
1.  The 5.33:1 scale results in a convenient stack and duct size of 18 inches to represent the actual 8 feet.  
It also results in a velocity close to that of the actual system.  (With three fans operating, the actual and 
model velocities would be 2755 and 2449 fpm respectively.)  To remain within the scaling parameters 
(velocity times hydraulic diameter within a factor of six) the model flowrate of 1442 cfm corresponds to 
46,157 cfm, or one-third the stack flowrate of 138,473 (the average of eleven separate stack flow 
measurements). 
 
There are plans to upgrade the fan capacities to about 50,000 or 60,000 cfm each.  That would be a 
flowrate around 50,000 – 240,000 cfm depending on the fan usage.  The overall flowrate range is then 
45,666 (based on the lowest 3-fan stack flowrate measured) – 240,000 cfm.  The corresponding minimum 
scale model flowrates would then be 1427 – 7500 cfm. 
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Table 1.  Possible Scale Model Parameters 
 
Flow parameters in scale models  Sheet protected for data entry, no password 
(colored values are inputs)   Want to keep velocity < Mach 0.3, or <19700 fpm 
John Glissmeyer 4/13/01       
Fluid characteristics:   Prototype Stack characteristics:  
Mol. Wt. 28.95   Diam 8.00 ft  
Temperature 70 F  Flow 138473 cfm  
Pressure 1 atm  X-area 50.265 sq. ft  
Gas Density 0.0748 lb/ft3  Mean U 2755 ft/min  
Viscosity 0.000176 g/cm-s  Reynolds 2.33E+06   
        
Range of Reynolds number for scale model:   Range of Q/D for scale model: 

Min 3.88E+05 1/6 prototype  Min 2.88E+03 1/6 prototype 
Max 1.40E+07 6 X prototype  Max 1.04E+05 6 X prototype 

     Prototype 1.73E+04  
Range of DV for scale model:       

Min 3.67E+03 1/6 prototype     
Max 1.32E+05 6 X prototype     

Prototype 2.20E+04       
        
    Scaled ft at 1:X 

Section 
Prototype 
ft 3.20 4.00 5.33 7.00 1.00 1.00 

Round Duct Section Stack             
Diam, ft 8.00 2.500 2.000 1.500 1.143 8.000 8.000 
Area, ft2 50.3 4.91 3.1 1.8 1.0 50.3 50.3 
Flow at min Q/D, cfm 138473 7212 5770 4327 3297 23079 23079 
Vel fpm 2755 1469 1837 2449 3214 459 459 
Re 2.3E+06 3.9E+05 3.9E+05 3.9E+05 3.9E+05 3.9E+05 3.9E+05 
Ratio Re  6.00 6.00 6.00 6.00 6.00 6.00 
Round Duct Section Stack             
Diam, ft 8.00 2.50 2.00 1.50 1.14 8.00 8.00 
Area, ft2 50.3 4.91 3.1 1.8 1.0 50.3 50.3 
Flow at min Q/D, cfm 45666 2378 1903 1427 1087 7611 7611 
Vel fpm 908 485 606 808 1060 151 151 
Re 2.3E+06 1.3E+05 1.3E+05 1.3E+05 1.3E+05 1.3E+05 1.3E+05 
Ratio Re  18.19 18.19 18.19 18.19 18.19 18.19 
Round Duct Section Stack             
Diam, ft 8.00 2.500 2.000 1.500 1.143 8.000 8.000 
Area, ft2 50.3 4.91 3.1 1.8 1.0 50.3 50.3 
Flow at min Q/D, cfm 240000 12500 10000 7500 5714 40000 40000 
Vel fpm 4775 2546 3183 4244 5570 796 796 
Re 2.3E+06 6.7E+05 6.7E+05 6.7E+05 6.7E+05 6.7E+05 6.7E+05 
Ratio Re  3.46 3.46 3.46 3.46 3.46 3.46 
Round Duct Section Stack             
Diam, ft 8.00 2.500 2.000 1.500 1.143 8.000 8.000 
Area, ft2 50.3 4.91 3.1 1.8 1.0 50.3 50.3 
Flow at min Q/D, cfm 60000 3125 2500 1875 1429 10000 10000 
Vel fpm 1194 637 796 1061 1393 199 199 
Re 2.3E+06 1.7E+05 1.7E+05 1.7E+05 1.7E+05 1.7E+05 1.7E+05 
Ratio Re  13.85 13.85 13.85 13.85 13.85 13.85 
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Test Runs 
 
Table 2 lists the estimated number of runs of the individual tests that will be performed for the reduced 
flow configuration.   
 

Table 2.  Minimum Test Runs to be Performed for the Reduced Flow Configuration 
 
 Estimated number of test runs 
Configuration Scaled Stack 

Flowrate 
Flow Angle Air Velocity  Gas Tracer Particle 

Tracer 
Current Fans 1427 1 2 11 3 
 
All measurements are planned to be conducted at the simulated sampling probe elevation of the stack.  
The probe centerline is about 55.94-ft (?) above the top stack breach.  That should be 10.5 ft on the scale 
model.   
 
The test strategy underlying Table 2 is outlined in Table 3. 
 

Table 3.  Proposed Test Sequence 
 
Test Run Injection Points Comments 

One Fan Configuration 
Flow Control Cal. VT-1, VF-1 N.A. VT-1 at 30 Hz on 

controller, VF-1 at 5-
Hz increments 

Velocity Uniformity VT-2, VT-3, VT-4 
and VT-5 

N.A. First two where fan 
closest to the stack is 
used.  Second two 
where the farthest fan 
is used 

Flow Angle FA-1, FA-2, FA-3 N.A. One run per condition 
plus one repeat 

Gas Tracer GT-1 to GT-5 With injection 
downstream of Fan 4 

1427 cfm 

GT-6 to GT-10 With injection 
downstream of Fan 1 

1427 cfm 

GT-11 Repeat of worst case 
from above 

1427 cfm  

Particle Tracer PT-1 to PT-3 Centerline after Fan 1 
and 4 and repeat of 
worst case 

1427 cfm 
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Figure 1.  Scale Model Drawing for 325 Stack 
 

 
 





 

 

Appendix B 
 

Flow Calibration Procedure and Data 













 

 

Appendix C 
 

Velocity Uniformity Procedure and Data 
 

































 

 

Appendix D 
 

Flow Angle Procedure and Data 
 
 
 

































 

 

Appendix E 
 

Tracer Gas Uniformity Procedure and Data 
 

 
 





































































 

 

Appendix F 
 

Particle Tracer Gas Uniformity Procedure and Data 
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Calculations for Scale Model Criteria 
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Calculations for Scale Model Criteria 
 
Reynolds Number Calculations 
Re = rho * V * D/ u 
Where Re = Reynolds Number 
D = hydraulic diameter = diameter for cylinders 
rho = air density = 1.1769 kg/m3 
u = air viscosity = 1.85E-05 Pa s 
Density and viscosity of air at 300K from Fundamentals of Momentum, Heat, and Mass Transfer, Welty, Wicks, and Wilson 1976 
V = velocity = Q/A in m/s 
Q = stack flow rate m3/s 
A = stack area = π*r2 in m 

Configuration Stack Flow 
cfm 

Stack Flow 
m3/s 

Diameter 
in 

Hydraulic 
Diameter 

ft 

Hydraulic 
Diameter 

m 

Area 
m2 

V 
ft/min 

V 
m/s 

Re 

High Flow (Actual) 145,400 68.34 96 8.00 2.44 4.667 2894 14.6 2,275,629 
Low Flow (Actual) 133,000 62.51 96 8.00 2.44 4.667 2647 13.4 2,081,559 

High - 1 fan (Proposed) 48,467 22.78 96 8.00 2.44 4.667 965 4.9 758,543 
Low - 1 fan (Proposed) 44,333 20.84 96 8.00 2.44 4.667 882 4.5 693,853 

Scale Model - 3 fan 5,823 2.74 18 1.50 0.46 0.164 3297 16.7 486,052 
Scale Model - 3 fan 4,391 2.06 18 1.50 0.46 0.164 2486 12.6 366,521 
Scale Model - 1 fan 1,370 0.64 18 1.50 0.46 0.164 776 3.9 114,355 
Scale Model - 1 fan 1,413 0.66 18 1.50 0.46 0.164 800 4.0 117,945 
Scale Model - 1 fan 1,100 0.52 18 1.50 0.46 0.164 623 3.2 91,818 

 
Flow range using scale model: 
Test Hz Average 

Velocity, fpm 
hydraulic  
diameter, ft 

Velocity x diam 
ft2/min 

Six Times One-Sixth stack diam 
ft 

Stack Vel fpm Stack flow cfm 
High Low High Low 

VT-LOW1 30 622 1.5 933 5598 155.5 8 699.8 19.4 35155 977 
VT-1 37.1 786 1.5 1179 7074 196.5 8 884.3 24.6 44425 1234 
VT-3 37.1 804 1.5 1206 7236 201 8 904.5 25.1 45442 1262 
VT-2 37.1 755 1.5 1132.5 6795 188.75 8 849.4 23.6 42673 1185 
VT-4 37.1 756 1.5 1134 6804 189 8 850.5 23.6 42729 1187 
      area (ft2)=  50.24     
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Computational Fluid Dynamics Model Details 
 

 

 
 
Figure H.1.  Detail of flow vectors entering the main duct via fans #1 and #2 (for configuration of fans 1 
& 2 farthest from the stack operational). 
 
 

 

 
 
Figure H.2. Detail of flow vectors in the 90° bend in the horizontal duct (for configuration of fans 1 & 2 
farthest from the stack operational). 
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Results: Operation of Fans 1 and 2  
 

 
a)        b) 
 

 
c)       d) 
 

 
e)       f) 
 
Figure H.3. Simulated flow velocity vectors and tracer gas concentrations for the case with fans 1 and 2  
in operation: a) flow velocity in fans and lower ductwork, b) flow velocity in stack, c) velocity 
distribution in the stack at the elevation of the sampling system, d) tracer gas concentrations in the lower 
ductwork; tracer gas injected downstream of the fan nearest the stack, e) tracer gas concentrations in the 
stack, f) tracer gas distribution in the stack at the elevation of the sampling system. 
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a) 

 
b) 
 
Figure H.4. Simulated results for the 2-fan configuration 1,2: Concentrations of a) SF6 tracer gas, and  
b) oil droplets at the elevation of the sampling system. 
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Figure H.5. Simulated results for the 2-fan configuration 1, 2: Flow velocity distribution at the elevation 
of the sampling system. 
 

 
Figure H.6. Simulated results for the 2-fan configuration 1, 2: Cyclonic flow angle at the elevation of the 
sampling system. 
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Results: Operation of Fans 1 and 3 
 

  

  

  
 
Figure H.7. Simulated flow velocity vectors and tracer gas concentrations for the case with fans 1 and 3  
in operation: a) flow velocity in fans and lower ductwork, b) flow velocity in stack, c) velocity 
distribution in the stack at the elevation of the sampling system, d) tracer gas concentrations in the lower 
ductwork; tracer gas injected downstream of the fan nearest the stack, e) tracer gas concentrations in the 
stack, f) tracer gas distribution in the stack at the elevation of the sampling system. 
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a) 

 
b) 
 
Figure H.8. Simulated results for the 2-fan configuration 1, 3: Concentrations of a) SF6 tracer gas, and b) 
oil droplets at the elevation of the sampling system. 
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Figure H.9. Simulated results for the 2-fan configuration 1, 3: Flow velocity distribution at the elevation 
of the sampling system. 
 

 
Figure H.10. Simulated results for the 2-fan configuration 1, 3: Cyclonic flow angle at the elevation of 
the sampling system. 
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H.8 

Results: Operation of Fans 1 and 4 
 

  

 

  
Figure H.11. Simulated flow velocity vectors and tracer gas concentrations for the case with fans 1 and 4  
in operation: a) flow velocity in fans and lower ductwork, b) flow velocity in stack, c) velocity 
distribution in the stack at the elevation of the sampling system, d) tracer gas concentrations in the lower 
ductwork; tracer gas injected downstream of the fan nearest the stack, e) tracer gas concentrations in the 
stack, f) tracer gas distribution in the stack at the elevation of the sampling system. 
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a) 

 
b) 
 
Figure H.12. Simulated results for the 2-fan configuration 1, 4: Concentrations of a) SF6 tracer gas, and 
b) oil droplets at the elevation of the sampling system. 
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H.10 

 
Figure H.13. Simulated results for the 2-fan configuration 1, 4: Flow velocity distribution at the elevation 
of the sampling system. 
 

 
Figure H.14. Simulated results for the 2-fan configuration 1, 4: Cyclonic flow angle at the elevation of 
the sampling system. 
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Results: Operation of Fans 2 and 3 
 

 

  
 
Figure H.15. Simulated flow velocity vectors and tracer gas concentrations for the case with fans 2 and 3  
in operation: a) flow velocity in fans and lower ductwork, b) flow velocity in stack, c) velocity 
distribution in the stack at the elevation of the sampling system, d) tracer gas concentrations in the lower 
ductwork; tracer gas injected downstream of the fan nearest the stack, e) tracer gas concentrations in the 
stack, f) tracer gas distribution in the stack at the elevation of the sampling system. 
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a) 

 
b) 
 
Figure H.16. Simulated results for the 2-fan configuration 2, 3: Concentrations of a) SF6 tracer gas, and 
b) oil droplets at the elevation of the sampling system. 
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Figure H.17. Simulated results for the 2-fan configuration 2, 3: Flow velocity distribution at the elevation 
of the sampling system. 
 

 
Figure H.18. Simulated results for the 2-fan configuration 2, 3: Cyclonic flow angle at the elevation of 
the sampling system. 
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Results: Operation of Fans 2 and 4 
 

  

 

  
Figure H.19. Simulated flow velocity vectors and tracer gas concentrations for the case with fans 2 and 4  
in operation: a) flow velocity in fans and lower ductwork, b) flow velocity in stack, c) velocity 
distribution in the stack at the elevation of the sampling system, d) tracer gas concentrations in the lower 
ductwork; tracer gas injected downstream of the fan nearest the stack, e) tracer gas concentrations in the 
stack, f) tracer gas distribution in the stack at the elevation of the sampling system. 
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a) 

 
b) 
 
Figure H.20. Simulated results for the 2-fan configuration 2, 4: Concentrations of a) SF6 tracer gas, and 
b) oil droplets at the elevation of the sampling system. 
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Figure H.21. Simulated results for the 2-fan configuration 2, 4: Flow velocity distribution at the elevation 
of the sampling system. 
 

 
Figure H.22. Simulated results for the 2-fan configuration 2, 4: Cyclonic flow angle at the elevation of 
the sampling system. 
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Results: Operation of Fans 3 and 4 
 

  

 

  
Figure H.23. Simulated flow velocity vectors and tracer gas concentrations for the case with fans 3 and 4  
in operation: a) flow velocity in fans and lower ductwork, b) flow velocity in stack, c) velocity 
distribution in the stack at the elevation of the sampling system, d) tracer gas concentrations in the lower 
ductwork; tracer gas injected downstream of the fan nearest the stack, e) tracer gas concentrations in the 
stack, f) tracer gas distribution in the stack at the elevation of the sampling system. 
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a) 

 
b) 
 
Figure H.24. Simulated results for the 2-fan configuration 3, 4: Concentrations of a) SF6 tracer gas, and 
b) oil droplets at the elevation of the sampling system. 
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Figure H.25. Simulated results for the 2-fan configuration 3, 4: Flow velocity distribution at the elevation 
of the sampling system. 
 

 
Figure H.26. Simulated results for the 2-fan configuration 3, 4: Cyclonic flow angle at the elevation of 
the sampling system. 
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