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Summary 

This report documents a series of tests used to assess the proposed air sampling location in the 
Hanford Tank Waste Treatment and Immobilization Plant (WTP) LAB C3V (LB-S1) exhaust stack with 
respect to the applicable criteria regarding the placement of an air sampling probe.  Federal regulations(a) 
require that an air sampling probe be located in the exhaust stack in accordance with the criteria of 
American National Standards Institute/Health Physics Society (ANSI/HPS) N13.1-1999, Sampling and 
Monitoring Releases of Airborne Radioactive Substances from the Stack and Ducts of Nuclear Facilities.  
These criteria address the capability of the sampling probe to extract a sample that represents the effluent 
stream. 

Testing was performed on a scale model of the stack as part of the River Protection Project—Waste 
Treatment Plant Support Program under Contract No. DE-AC05-76RL01830 according to a statement of 
work issued by Bechtel National Inc. (BNI 24590-QL-SRA-W000-00101 Rev. 2, N13.1-1999 Stack 
Monitor Scale Model Testing and Qualification) and Work Authorization 09 of Memorandum of 
Agreement 24590-QL-HC9-WA49-00001, and modified by Subcontract Change Notices 123 and 126.  
The internal Pacific Northwest National Laboratory (PNNL) project for this task is 53024, Work for 
Hanford Contractors Stack Monitoring.  The testing described in this document was further guided by the 
Test Plan, Air Sampling Probe Location Tests for Waste Treatment Plant LAB C3V (LB-S1) Air Exhaust 
System (TP-WTPSP-094). 

Tests consisted of various measurements taken over a grid of points in the duct cross-section at the 
designed sampling probe location.  The ANSI/HPS N13.1-1999 criteria and the corresponding results of 
the test series on the scale model are summarized below. 

1. Uniform Air Velocity—The gas momentum across the stack cross-section where the sample is 
extracted should be well mixed or uniform.  Uniformity is defined as the variability of the 
measurements about the mean and expressed as the percent coefficient of variation (%COV).  The 
%COV is calculated as the standard deviation divided by the mean and expressed as a percentage; 
thus, the lower the %COV value, the more uniform the velocity.  The qualification criterion is that the 
%COV of the air velocity must be ≤20 across the center two-thirds of the cross-section of the duct 
where the sampling probe is to be located. 

2. Angular Flow—The purpose of this test is to determine whether the air velocity vector is aligned with 
the sampling nozzle.  The average flow angle relative to the nozzle axis should not exceed 20°. 

3. Uniform Concentration of Tracer Gases—A uniform contaminant concentration in the sampling plane 
enables the extraction of samples that represent the true concentration.  The two qualification criteria 
are that 1) the %COV of the measured tracer gas concentration is ≤20 across the center two-thirds of 
the duct cross-section, and 2) the gas concentration at any of the measurement points does not deviate 
from the overall mean concentration of all of the measurement points by >30 percent. 

                                                      
(a) Title 40 of the Code of Federal Regulations (CFR), Part 61, National Emissions Standards for Hazardous Air 

Pollutants (NESHAP), Subpart H, National Emission Standard For Emissions of Radionuclides other than 
Radon from Department of Energy Facilities. 
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4. Uniform Concentration of Tracer Particles—Uniformity in contaminant concentration at the sampling 
probe was further demonstrated using tracer particles large enough to exhibit inertial effects.  
Particles of 10 μm aerodynamic diameter were used.  The qualification criterion is that the %COV of 
particle concentration is ≤20 for the measurement points in the center two-thirds of the duct at the 
sampling probe location. 

The results of the tests for the LB-S1 model are summarized in Table S.1.  The criteria for sampling 
probe locations given in ANSI/HPS N13.1-1999 were met in all cases.  These criteria address the 
capability of the sampling probe to extract a sample that represents the effluent stream.  Based on these 
scale model tests, the WTP prototypic sampling point, located 10.3 duct diameters downstream of the last 
90 degree elbow, meets the air sampling probe requirements of the ANSI/HPS N13.1-1999 standard.  
[Note:  The pipe fitting for the test port is 10.6 duct diameters from the last elbow, but the sampler turns 
90° and extends down the stack 19.4”.  These tests were conducted at the distance of the sampling plane 
rather than the pipe fitting.]  Additional velocity uniformity and flow angle tests on the actual stacks will 
be necessary during cold startup to confirm the validity of the modeled results.  Guidance on those tests is 
provided in the conclusion of this report. 

Table S.1.  Summary of Results for the LB-S1 Scale Model Stack 

 Acceptance Criteria Units LB-S1 

Velocity Uniformity ≤20 %COV 3.1–7.6 

Flow Angle ≤20 Degrees 3.5–6.9 

Gas Tracer Uniformity ≤20 %COV 1.0–7.3 

≤30 Maximum % Deviation from Mean 2.0–14.9 

Particle Tracer Uniformity ≤20 %COV 7.3–14.1 



 

v 

Quality Assurance 

The PNNL quality assurance (QA) program is based on the requirements defined in the U.S. 
Department of Energy Order 414.1D, Quality Assurance, and 10 CFR 830, Energy/Nuclear Safety 
Management, and Subpart A—Quality Assurance Requirements (a.k.a., the Quality Rule).  PNNL has 
chosen to implement the following consensus standards in a graded approach: 

 ASME NQA-1-2000, Quality Assurance Requirements for Nuclear Facility Applications, Part I, 
“Requirements for Quality Assurance Programs for Nuclear Facilities.” 

 ASME NQA-1-2000, Part II, Subpart 2.7, Quality Assurance Requirements for Computer Software 
for Nuclear Facility Applications. 

 ASME NQA-1-2000, Part IV, Subpart 4.2, Graded Approach Application of Quality Assurance 
Requirements for Research and Development. 

The procedures necessary to implement the requirements are documented through PNNL’s “How Do 
I…?” (HDI), which is a system for managing the delivery of laboratory-level policies, requirements, and 
procedures. 

The Waste Treatment Plant Support Program (WTPSP) implements an NQA-1-2000 QA program, 
using a graded approach presented in NQA-1-2000, Part IV, Subpart 4.2.  The WTPSP Quality Assurance 
manual (QA-WTPSP-0002) describes the technology life cycle stages under the WTPSP QA plan 
(QA-WTPSP-0001).  The technology life cycle includes the progression of technology development, 
commercialization, and retirement in process phases of basic and applied research and development 
(R&D), engineering and production, and operation until process completion.  The life cycle is 
characterized by flexible and informal QA activities in basic research, which becomes more structured 
and formalized through the applied R&D stages.  The work described in this report has been completed 
under the QA Technology level of Developmental Work as the data will be used for applying for air 
discharge permits. 

 DEVELOPMENTAL WORK—Developmental work consists of research tasks moving toward 
technology commercialization.  These tasks still require a degree of flexibility, and there is still a 
degree of uncertainty that exists in many cases.  The role of quality on developmental work is to make 
sure that adequate controls exist to support movement into commercialization. 

WTPSP addresses internal verification and validation activities by conducting an Independent 
Technical Review of the final data report in accordance with WTPSP’s procedure QA-WTPSP-0601, 
Document Preparation and Change.  This review verifies that the reported results are traceable, that 
inferences and conclusions are soundly based, and the reported work satisfies the test plan objectives.  
Appendix B lists the reviewed test plan, test instructions (TIs), and calculation packages used for the tests 
documented in this report. 
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%COV percent coefficient of variation 

acfm actual cubic feet per minute 

afpm actual feet per minute 

ANSI American National Standards Institute 
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BNI Bechtel National, Inc. 

CCP computer-assisted calculation package 

CFR Code of Federal Regulations 

DOE U.S. Department of Energy 

DV hydraulic diameter × mean velocity 

EPA U.S. Environmental Protection Agency 

HDI “How Do I…?” 

HEPA high-efficiency particulate air (filter) 

HPS Health Physics Society 

LB-S1 LAB C3V ventilation system emission unit 

NESHAP National Emissions Standards for Hazardous Air Pollutants 

OPC optical particle counter 

PNNL Pacific Northwest National Laboratory 
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scfm standard cubic feet per minute 
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sfpm standard feet per minute 
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1.0 Introduction 

The purpose of these scale model tests is to document the extent to which the current Bechtel 
National, Inc. (BNI) design for the LAB C3V (LB-S1) air exhaust stack in the Hanford Tank Waste 
Treatment and Immobilization Plant (WTP) meets the applicable regulatory guidance.  Title 40 of the 
Code of Federal Regulations (CFR), Part 61, National Emissions Standards for Hazardous Air Pollutants 
(NESHAP), Subpart H, National Emission Standard For Emissions of Radionuclides other than Radon 
from Department of Energy Facilities requires that a sampling probe be located in the exhaust stack 
according to the criteria of the American National Standards Institute/Health Physics Society (ANSI/HPS) 
N13.1-1999, Sampling and Monitoring Releases of Airborne Radioactive Substances from the Stack and 
Ducts of Nuclear Facilities(a).  The capability of the sampling probe locations to meet this standard has 
been demonstrated with a series of tests on scale models as described in the standard.  The resulting data 
will be used by BNI as input to the air discharge permitting process before WTP cold commissioning. 

This work is performed as part of the River Protection Project—Waste Treatment Plant Support 
Program under Contract No. DE-AC05-76RL01830 according to the statement of work issued by BNI 
(BNI 24590-QL-SRA-W000-00101, N13.1-1999 Stack Monitor Scale Model Testing and Qualification, 
Revision 2) and Work Authorization 09 of Memorandum of Agreement 24590-QL-HC9-WA49-00001 
and modified by Subcontract Change Notices 123 and 126.  The internal Pacific Northwest National 
Laboratory (PNNL) project for this task is 53024, Work for Hanford Contractors Stack Monitoring. 

PNNL personnel conducted the scale model tests in 2012.  No BNI personnel were directly involved 
in the tests.  BNI WTP point of contact and facility engineers provided the most current engineering input 
to support PNNL’s tests.  BNI retains responsibility for the technical design of the stack discharge and air 
monitoring systems. 

1.1 Qualification Criteria 

The qualification criteria for the location of a stack air monitoring probe are taken from ANSI/HPS 
N13.1-1999 and paraphrased as follows: 

1. Uniform Air Velocity—It is important to have fairly uniform gas velocity across the stack 
cross-section where the sample is extracted.  Consequently, the velocity is measured at several 
discrete points in the duct cross-section at the proposed location of the sampling nozzle.  Uniformity 
is defined as the variability of the measurements about the mean and expressed using the percent 
coefficient of variation (%COV).(b) The %COV is calculated as the standard deviation divided by the 
mean and expressed as a percentage; thus, the lower the %COV value, the more uniform the velocity.  
The qualification criterion is that the %COV of the air velocity must be ≤20 in the center two-thirds 
of the duct cross-section where the sampling probe is to be located. 

2. Angular Flow—Sampling nozzles are typically aligned with the axis of the stack.  If air travels 
through the stack in cyclonic fashion, the air velocity vector approaching a sampling nozzle could be 

                                                      
(a) Health Physics Society, McLean, VA 22101.  The standard has been reaffirmed in 2011 and is identical to the 

1999 version.  The regulations have not been updated yet, so the 1999 version is still referenced. 
(b) Coefficient of variation is considered dated terminology.  The modern equivalent is percent relative standard 

deviation.  Older terminology is used here for consistency with the standard. 
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sufficiently misaligned with the nozzle to impair the extraction of particles.  Consequently, the flow 
angle is measured in the duct at the proposed location of the sampling probe.  The average of the flow 
angle measurements (made at the same grid of points as the velocity measurements) should not 
exceed 20° relative to the sampling nozzle axis. 

3. Uniform Concentration of Tracer Gases—A uniform contaminant concentration in the sampling plane 
enables the extraction of samples that represent the true concentration within the duct.  The 
uniformity of the concentration is first tested with 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 
qualification criteria are that 1) the %COV of the measured tracer gas concentration is ≤20 across the 
center two-thirds of the duct cross-section at the sampling location, and 2) the concentrations at all the 
measurement points do not deviate from the mean by >30 percent. 

4. Uniform Concentration of Tracer Particles—The second set of tests addressing contaminant 
concentration uniformity at the sampling position uses tracer particles large enough to exhibit inertial 
effects.  Tracer particles with an aerodynamic diameter of 10 μm are used by default unless it is 
known that larger contaminant particles will be present in the airstream.  The qualification criterion is 
that the %COV of particle concentration is ≤20 across the center two-thirds of the duct at the 
sampling location. 

Tests to determine if all criteria were met were conducted on a scale model of the LB-S1 stack.  
Conducting tests on a scale model of the exhaust system allows for the designed air sampling location to 
be qualified before cold commissioning and, in the case that testing results are not satisfactory, for design 
compensations to be made.  Tracer concentration, velocity, and flow angle measurements were made 
using the same grid of points and duct cross-section.  The ANSI/HPS N13.1-1999 standard sets additional 
qualification criteria for the use of a scale model as a substitute for the actual stack, including the 
following: 

 the scale model and its sampling location must be geometrically similar to the actual stack 

 the product of the hydraulic diameter and the mean velocity (DV value) for the scale model must be 
within a factor of six of the DV value for the actual stack 

 the Reynolds number for the actual and model stacks must be >10,000. 

The scale model results are considered valid if it is further shown that: 

 the velocity profile in the actual stack meets the uniformity criterion (%COV ≤20) 

 the velocity uniformity COV values for the actual and model stacks agree within 5 %COV 

 the flow angle criterion (with a mean value ≤20°) is met. 

Subsequent sections of this report provide descriptions and results of scale model testing.  Tests to 
determine the validity of the scale model testing will be included in cold startup testing of the actual WTP 
stack under a separate test plan. 
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2.0 LAB C3V (LB-S1) Stack 

2.1 Stack Geometry 

Figure 2.1 provides the layout for the LB-S1 stack design.  Figure 2.2 and Figure 2.3 provide photos 
of the scale model used for testing.  Air was drawn in through four high efficiency particulate air (HEPA) 
filters to a common plenum.  Duct heaters were installed between the common plenum and the fans to 
facilitate cold-weather testing. (a)  Two fans were connected to duct A, B, or C.  At each fan outlet a 
damper was installed to simulate the flow turbulence of the backdraft damper in WTP BNI design 
documents.  In all cases, two fans were used and the unused inlet was blanked off.  It should be noted that 
the test system upstream of the backdraft dampers was not to scale. 

The test system was to scale from the backdraft dampers to the end of the stack.  Some of the scaled 
design dimensions are provided in Figure 2.1.  Test Port 1 represents the planned location for operational 
stack sampling according to current WTP BNI designs (10.3 duct diameters from the last pipe elbow to 
the sampling plane).  All injection ports are located downstream of the fans and are therefore considered 
conservative in terms of mixing.  Injection Port 2 is the WTP-based prototypic injection port and was 
used for most of the scaled testing.  Injection Port 1 was an optional injection location located further 
upstream in case mixing proved inadequate from the WTP prototypic location.  Mixing proved 
satisfactory for all cases.  Only one particle tracer test used Injection Port 1.  Injection Ports A, B, and C 
are additional optional injection locations located immediately downstream of the fans and were not used 
for this testing. 

The scaling ratio of the actual dimensions to the scale model dimensions is 5:1.  The scale model was 
constructed with a duct diameter of 12 in. for convenience and to maintain the ability to re-use duct 
sections for subsequent stack designs.  Table 2.1 lists the diameter of the actual stack with the scaling 
factor for the 12-in. scale model diameter.  The calculations of the key scale model dimensions were 
performed in spreadsheets and verified and validated in accordance with the Waste Treatment Plant 
Support Program (WTPSP’s) procedure QA-WTPSP-0304, Calculations.  ANSI/HPS N13.1-1999, 
Clause 5.2.2.2, requires that the models be geometrically similar to the actual stacks.  Acceptable 
deviations in key dimensions of the scale model arising from scaling and fabrication errors are within 
±5 percent for cross-sectional dimensions and 25 percent of a duct diameter in overall length between the 
sampling point and the flow disturbances.  These deviations have less impact on the test results than the 
normal standard deviation of repeat tests.  However, to minimize the deviations due to construction, the 
construction specification called for a tolerance of ± 1/8 in. per 10 ft parallel to the direction of flow and 
± 1/8 in. for cross-sectional dimensions.  The key scale model dimension for the as-built scale models 
were measured and recorded by testing staff. 

                                                      
(a) The air temperature in the operating WTP air exhaust stacks does not need to be simulated because it has 

negligible effect on the turbulence produced by the geometries of the systems.  However, the air temperature 
during particle tracer uniformity testing was maintained above 55°F so that the optical particle counters and gas 
analyzer would provide reliable data. 



 

2.2 

 

Figure 2.1.  Layout of the LB-S1 Test System 

 

 

Figure 2.2.  Photo of Outdoor (not-to-scale) Portion of the LB-S1 Test System 
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Figure 2.3. Photo of Air Inlet to the Scaled Portion of the LB-S1 Test System (configuration shown with 
fans connected to Ducts A and B with Duct C blanked off) 

Table 2.1.  Scaling Factor for 12-in. Diameter Scale Model Stack 

 Actual Stack Diameter Scaling Factor 

LB-S1 60 in. 5 

2.2 Stack Flows 

Tests of scale model stacks were conducted at flow rates that bracket the range of expected normal 
and accident flow rates and operating configurations.  Various combinations of flow rates and operating 
configurations were tested.  BNI provided normal, minimum, and maximum flow rates for each of the 
three systems tested in this group.  Maximum flow rates are approximately 120 percent of the normal 
flow rates, whereas minimum flow rates are approximately 83 percent of normal. 

Additional considerations come from Clause 5.2.2.2 of the ANSI/HPS N13.1-1999 standard.  The 
standard requires that the scale model’s DV value be within a factor of six of the actual stack.  For stacks 
with a circular cross-section, this is equivalent to requiring that the ratio of flow rate to stack diameter be 
within a factor of six of the actual stack.  In addition, the standard requires that the Reynolds number for 
the prototype and model stacks both exceed 10,000. 
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Three fans are available for the LB-S1 exhaust system, which exhausts air from the C3 ventilation 
system in the laboratory facility.  Two fans will be operated at a time and one will be on standby.  The 
maximum, normal, and minimum flow rates in the LB-S1 exhaust system are expected to be 84,900, 
73,350, and 62,750 standard cubic feet per minute (scfm), respectively.  At the design temperatures 
(maximum, normal, and minimum) and pressures the target actual flows to be scaled for modeling are 
88,800, 74,150, and 61,600 actual cubic feet per minute (acfm), respectively.  Each fan is equipped with 
an adjustable-speed drive to compensate for filter loading and pressure variations. 

Table 2.2 lists the range of design flow conditions for the actual stack, including the air flow (in 
acfm), air velocity (in actual feet per minute [afpm]) and the Reynolds number.  The table also lists the 
corresponding model operating parameters needed for the scale model’s hydraulic diameter × mean 
velocity (DV) value to be within a factor of 6 (i.e., 1/6) of the actual stacks.  The conditions prescribed for 
these scale model tests fulfill the criterion of a Reynolds number >10,000. 

Table 2.2.  Summary of Flow Parameters for the Actual and Scale Model Stacks 

Fan(s)–Flow 

Air Flow (acfm) Air Velocity (afpm) Reynolds Number 

Actual 
Stack 

Scale Model 
Minimum 

Actual 
Stack  

Scale Model 
Minimum 

Actual 
Stack 

Scale Model 
Minimum 

Dual fan – Max flow 88,800 2960 4580 3816 2.1E+06 3.6E+05 

Dual fan – Normal flow 74,150 2472 3824 3187 1.9E+06 3.2E+05 

Dual fan – Min flow 61,600 2053 3177 2647 1.7E+06 2.2E+05 

       

Table 2.3 lists the DV values for the actual and scale model stacks for the operating conditions given 
in Table 2.2.  It also lists the scale model DV when the air velocity in the model stack matches that of the 
actual stack, which is our preferred operating condition for the model if the fan capacity will 
accommodate it. 

Table 2.3.  Summary of DV Values for the Actual and Scale Model Stacks 

Fan(s)—Flow 

DV (ft2/min) 

Predicted for 
Actual Stack 

Scale Model 
Minimum 

Scale Model 
Maximum 

LB-S1 

Dual fans—Max flow 22,900 3816 4580 

Dual fans—Normal flow 19,120 3187 3824 

Dual fans—Min flow 15,885 2647 3177 
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3.0 Testing Methods 

The testing methods were based on the requirements of ANSI/HPS N13.1-1999, Clauses 5.2 and 5.3.  
A test plan, TP-WTPSP-094, Air Sampling Probe Location Tests for Waste Treatment Plant LAB C3V 
(LB-S1) Air Exhaust System, was prepared by PNNL and approved by BNI.  This plan referenced the use 
of PNNL procedures, which define, in general, how tests should be conducted.  A test instruction (TI) was 
prepared for each test type and each scale model stack.  These TIs contain specific instructions pertaining 
to the tests that are not addressed in the general procedures.  Such information includes the following: 

 layout of measurement points 

 location of tracer injection points 

 list of equipment and instrumentation 

 safety requirements 

 list of test runs 

 test description and measurement data sheets with hand entries 

 table of preliminary results. 

Because the final data sheets and a description of the test methods are included in this report, the TIs 
are not included.  This project’s quality assurance (QA) program is described in Section 3.1 of this report.  
A summary of the methods used for each test type is presented in Section 3.2. 

3.1 Quality Assurance 

The PNNL QA program is based on the requirements defined in the U.S. Department of Energy 
(DOE) Order 414.1D, Quality Assurance, and 10 CFR 830, Energy/Nuclear Safety Management, and 
Subpart A—Quality Assurance Requirements (a.k.a., the Quality Rule).  PNNL has chosen to implement 
the following consensus standards in a graded approach: 

 ASME NQA-1-2000, Quality Assurance Requirements for Nuclear Facility Applications, Part I, 
“Requirements for Quality Assurance Programs for Nuclear Facilities” (ASME 2001) 

 ASME NQA-1-2000, Part II, Subpart 2.7, Quality Assurance Requirements for Computer Software 
for Nuclear Facility Applications (ASME 2001) 

 ASME NQA-1-2000, Part IV, Subpart 4.2, Graded Approach Application of Quality Assurance 
Requirements for Research and Development (ASME 2001). 

The procedures necessary to implement the requirements are documented through PNNL’s “How Do 
I…?” (HDI), which is a system for managing the delivery of laboratory-level policies, requirements, and 
procedures. 

The WTPSP implements an NQA-1-2000 QA program using the graded approach presented in 
NQA-1-2000, Part IV, Subpart 4.2.  The WTPSP QA manual (QA-WTPSP-0002) describes the 
technology life cycle stages under the WTPSP QA plan (QA-WTPSP-0001).  The technology life cycle 
includes the progression of technology development, commercialization, and retirement in process phases 
of basic and applied research and development (R&D), engineering and production, and operation until 
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process completion.  The life cycle is characterized by flexible and informal QA activities in basic 
research, which become more structured and formalized through the applied R&D stages. 

 Basic Research—Basic research consists of research tasks conducted to acquire and disseminate new 
scientific knowledge.  During basic research, maximum flexibility is desired to allow the researcher 
the necessary latitude to conduct the research. 

 Applied Research—Applied research consists of research tasks that acquire data and documentation 
necessary to confirm satisfactory reproducibility of results.  The emphasis during this stage is on 
achieving adequate documentation and controls necessary to achieve reproducible results. 

 Developmental Work—Developmental work consists of research tasks moving toward technology 
commercialization.  These tasks still require a degree of flexibility because, in many cases, a degree 
of uncertainty still exists.  The role of quality on developmental work is to make sure that adequate 
controls exist to support movement into commercialization. 

 R&D Support Activities—Support activities are conventional and secondary activities that support 
the advancement of knowledge or development of technology, but allow the primary purpose of the 
work to be accomplished in a credible manner.  An example of a support activity is controlling and 
maintaining documents and records.  The level of quality for these activities is the same as for 
developmental work. 

The work described in this report has been completed as Developmental Work.  WTPSP addresses 
internal verification and validation activities by conducting an independent technical review of the final 
data report in accordance with WTPSP procedure QA-WTPSP-0601, Document Preparation and Change.  
This review verifies that the reported results are traceable, that inferences and conclusions are soundly 
based, and that the reported work satisfies the test plan objectives.  Appendix B lists the reviewed test 
plan, TIs, and calculation packages used for the tests documented in this report. 

3.2 Stack Tests 

The qualification tests described in the following sections were conducted under flow conditions 
between approximately 83 and 120 percent of the normal design flow condition listed in Table 2.2.  The 
test matrix included with TP-WTPSP-094 described the minimum number of tests required for the LB-S1 
stack. 

Before conducting the tests to determine whether the qualification criteria described in Section 1.1 
were met, two additional measurement sets were made.  First, the major features of the stack were 
measured, including the longitudinal distances from the fan ducts to the bends, reducers, and ports and the 
duct diameter at each port.  The second set of preliminary measurements determined the fan frequency 
drive settings needed to achieve the desired flow rates.  For these measurements, the location within the 
duct cross-section with velocity measurements closest to the mean velocity was determined at Test Port 1.  
Next, velocities were measured at this location in 5-Hz fan frequency increments.  By developing a 
frequency vs. velocity relationship for the scale model stack, the frequency setting needed to achieve the 
targeted flow conditions was determined. 

Measurements were made at specific locations within the duct for each of the four qualification 
criteria tests.  The number and distance between measurement points was based on U.S. Environmental 
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Protection Agency (EPA) procedure 40 CFR 60, Appendix A, Method 1, for circular stacks.  For 12- to 
24-in. duct diameters, eight traverse points are required at the relative positions shown in Figure 3.1.  
Measurements were also taken at the center point.  In lieu of using two measurement points nearest to the 
walls at 3.2 percent of the duct diameter from the duct walls, the minimum distance from the wall was set 
to 0.5 in., as prescribed by EPA Method 1.  The measurement point closest to the port was labeled Point 1 
and the point farthest from the port was labeled Point 8. 

 

Figure 3.1.  Cross-Section of the Duct at the Testing Ports With Measurement Points 

 
3.2.1 Velocity Uniformity 

The uniformity of air velocity at the stack monitoring location indicates whether the momentum in the 
stack is evenly distributed.  The method used to conduct the velocity uniformity tests was based on 
40 CFR 60, Appendix A, Method 1.  The criterion for qualification from the velocity uniformity test is 
that the %COV should be less than 20 in the center two-thirds of the duct (i.e., Points 2-7). 

For each run, three air velocity readings were obtained at each measurement point.  The measured 
velocity was the average of the three readings.  The measured velocity for each point was used to 
determine the mean and standard deviation of the velocity across the cross-sectional plane.  The %COV 
was calculated as the standard deviation divided by the mean expressed as a percentage. 
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Air velocity and duct air temperature measurements were made using a handheld thermal 
anemometer.  The thermal anemometer compensates for temperature and barometric pressure to report 
velocity in standard feet per minute.  Figure 3.2 shows the thermal anemometer (TSI, Model 9535, 
Shoreview, Minnesota) used for this test.  Testing was conducted in accordance with EMS-JAG-04 and 
TI-WTPSP-098. 
 

  
 (a) (b) 

Figure 3.2. Thermal Anemometer Used for the Velocity Uniformity Test:  (a) Thermal Anemometer 
Device, and (b) Close-Up of Thermal Anemometer Probe Tip 

3.2.2 Flow Angle 

The air velocity vector approaching the sample nozzle should be aligned with the axis of the nozzle 
within an acceptable range so that the sample extraction performance is not degraded.  The test method is 
based on 40 CFR 60, Appendix A, Method 1, Section 11.4, “Verification of the Absence of Cyclonic 
Flow.”  The term “flow angle” refers to the angle between the velocity vector of the flow in the duct and 
the axis of the sampling nozzle.  For testing activities, the flow angle was measured at a grid of nine 
points across two axes in a cross-section of the duct (see Figure 3.3).  The qualification criterion for the 
flow angle test is that the average angle should not exceed 20°. 
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(a) 
 

(b) 

 
(c) 

Figure 3.3. Equipment Used for the Flow Angle Test Included (a) an S-Type Pitot Tube Inserted in a 
Measurement Port With the Protractor Plate, and (b) a Slant-Tube Manometer; (c) Shows the 
Openings at the Tip of the S-Type Pitot Tube 

Flow angles were measured using an S-type Pitot tube (Dwyer Instruments, 160S-36, Michigan City, 
Indiana) attached by flexible tubing to a slant-tube manometer (Dwyer Instruments, 400-5) and a 
protractor plate attached to the sampling port as shown in Figure 3.3.  For this test, the Pitot tube was 
rotated so that the planes of the two openings at the tip of the tube were parallel to the flow in the duct.  
The protractor plate (metal plate and pointer in Figure 3.3a) indicates angles using markings at every 
degree from -30 degrees to +30 degrees.  When the pressures on both tubes of the S-type Pitot tube were 
equal (as indicated by the manometer), the Pitot tube was perpendicular to the flow.  The measured flow 
angle for each point is the average of the three readings.  These measured values were used to calculate 
the mean absolute value of the flow angle across the duct.  Testing was conducted in accordance with 
EMS-JAG-05 and TI-WTPSP-099. 

3.2.3 Gaseous Tracer Uniformity 

The gaseous contaminant concentration uniformity was demonstrated using the tracer gas sulfur 
hexafluoride (SF6).  A compressed gas cylinder and a flow controller were used to deliver a constant 
stream of SF6 into the duct.  For this testing the gaseous tracer was injected into the duct through Injection 
Point 2 (WTP prototypic location) downstream of the fans.  Figure 3.4 shows the injection locations with 
an injection probe positioned in the port.  For separate test runs, the injection probe was positioned at one 
of five different locations in the duct cross-section as illustrated in Figure 3.4.  For some tests, only the 
centerline position was used.  The remaining four injection locations were within a specified distance of 
the duct wall.  For a nominally 12-in. diameter duct, the four wall injection locations are within 2.4 in. of 
the wall. 



 

3.6 

 

Figure 3.4. Illustration of Five Injection Points in a Circular Duct.  Note:  Max L is the maximum 
distance from the wall, which is 20 percent of the radius.  Therefore, Min R, the minimum 
radius from the duct center, is 80 percent of the hydraulic radius.  In the case of a round duct, 
the hydraulic diameter is equal to the physical diameter (D). 

 
For each test run, the tracer concentration was read three times at each measurement point.  The 

measured concentration for each point is the average of the three readings.  These measured 
concentrations were used to calculate the overall mean, standard deviation, and %COV.  These 
calculations were also performed just for the measurement points in the center two-thirds of the duct.  The 
qualification criteria for the gaseous tracer test are that 1) the %COV should be ≤20 within the center 
two-thirds of the duct, and 2) the concentration at any measurement point should not deviate from the 
overall mean by more than 30 percent. 

A photoacoustic gas analyzer (Brüel & Kjær, Model 1302, Ballerup, Denmark) was used to measure 
tracer gas concentrations.  Because concentration variation is the important result for this test, calibration 
bias is not important.  However, the analyzer response was checked against calibration standards before 
testing, on a weekly basis during testing, and after all tests were completed to verify adequate instrument 
response.  The response was considered acceptable if the concentration from the instrument was within 
10 percent of the calibration standard. 

A simple probe was used to extract samples and deliver them to the gas analyzer.  A small pump drew 
air from within the stack through the probe.  The gas analyzer samples the air from the sample line for 
analysis. 

Figure 3.6 shows the equipment setup for this test.  Testing was conducted in accordance with 
EMS-JAG-01 and TI-WTPSP-100. 

 

D
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(a) 

 
(b) 

 
(c) 

Figure 3.5. Equipment Used for the Gaseous Tracer Sampling:  (a) example showing sampling probe 
installed in a port, (b) gas analyzer, and (c) sampling pump 

 

3.2.4 Particle Tracer Uniformity 

Particulate contaminant concentration uniformity was tested using polydisperse pump oil particles as 
a particle tracer.  Vacuum pump oil was drawn into a spray nozzle (driven by compressed air) housed in a 
plastic chamber.  The aerosol particles were injected into Injection Port 2 (downstream of the fans) as 
shown in Figure 3.6.  Collectively, the plastic chamber and spray nozzle assembly are referred to as the 
aerosol generator.  The aerosol was injected at the centerline of the duct.  Some test runs were replicated 
to determine reproducibility. 
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Figure 3.6.  Equipment Used for Particle Injection 

 

The concentration of the particles was measured at the sampling grid points with a calibrated optical 
particle counter (OPC, Hach, Met-One Model 3415, Loveland, Colorado).  A simple probe was used to 
extract the sample and deliver it to the OPC.  Figure 3.7a and b show the sampling setup with the sample 
probe connected to an OPC at the Particle Count Reference Port and Test Port 1, respectively.  Figure 3.8 
shows the sampling probe used.  For the LB-S1 testing only the L-shaped probe was used.  The OPC sorts 
the particles into eight size channels.  As mentioned in Section 1.1, the particles of interest have an 
aerodynamic diameter of 10 m.  Therefore, only data in the 9- to 11-m channel of the OPC were used. 

The particle concentration was measured three times at each of the measurement points across the 
cross-section of the duct.  The measured concentration for each point is the average of the three readings.  
From these measurements, the overall mean standard deviation and %COV were calculated for all of the 
points and also just for those within the center two-thirds of the duct.  The qualification criterion for the 
particle tracer test is that the %COV should be ≤20 within the center two-thirds of the duct.  Testing was 
conducted in accordance with EMS-JAG-02 and TI-WTPSP-101. 

Aerosol 
Generator 

Injection 
Probe 
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 (a) (b) 

Figure 3.7. Particle Counters Used for the Particle Sampling:  (a) Reference Measurement Installed in 
Particle Count Reference Port, and (b) Sample Measurement Installed at Test Port 1 

 
 
 

 

Figure 3.8.  Sampling Probe Used for Particle Sampling 

 

Air Flow 
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4.0 Stack Testing Results 

This section summarizes the results of the stack testing activities for LB-S1.  The primary, reportable 
results are the data and data calculations used to confirm that the requirements of the ANSI/HPS 
N13.1-1999 standard have been met.  Independent reviews were performed to verify the data transcription 
and calculations.  Calculations were performed using Microsoft Excel and documented in 
computer-assisted calculation packages (CCPs) in accordance with WTPSP procedures.  The final data 
sheets are included in Appendix A.  Tables summarizing test results are presented in the following 
sections. 

4.1 LB-S1 Velocity Uniformity 

Test results used to determine the fan frequency setting for the LB-S1 model are included in 
Appendix A.1.  Table 4.1 lists the results for the velocity uniformity tests performed on the model LB-S1 
stack (VT-1 through VT-20).  In all cases the results were well within the criterion of %COV values ≤20.  
The mean velocity during testing ranged from 2573 to 4319 afpm (with corresponding flow rates of 2007 
to 3375 scfm).  The completed data sheets from these tests are included in Appendix A.2. 

Table 4.1 also lists the targeted velocity range.  The lower bound of the range meets both the 
Reynolds number and DV value criteria and the upper bound of the range corresponds to expected 
velocities in the stack under normal, maximum, and minimum flow conditions.  The mean velocity tested 
was approximately 1 percent lower than the targeted range for fans AB, minimum flow conditions (i.e., 
VT-9 through VT-12).  All other maximum, normal, and minimum flow conditions tested were within the 
targeted velocity range.  The broader velocity range tested for fans AB met the %COV criteria.  Further, 
the targeted velocity range was met with fans AC and BC, which also met the %COV criteria.  The data, 
in totality, indicate the acceptability of the Test Port 1 location based on the velocity uniformity criteria. 

The radial orientation of the test port in the actual LB-S1 stack had not been finalized as of this 
testing.  To evaluate possible impacts due to changes in test port orientation, Runs V-19 and V-20 were 
conducted with the test port rotated 45°, which is the maximum possible angular deviation from the 
baseline.  Table 4.1 indicates that V-19 and V-20 were in line with other measurements and well within 
20 %COV.  Therefore, changes in test port orientation are not expected to impact %COV and should not 
alter the conclusions of this report. 

Table 4.2 summarizes the velocity uniformity %COV results as a function of operating fan and flow 
condition.  In general, the %COV decreased with decreasing flow rate for all fan configurations, which is 
consistent with results for other stack configurations reported by Glissmeyer (2011).  The %COV for fans 
AC are comparatively high for all flow conditions.  This is likely an artifact of higher wind speeds during 
this testing (VT-13 through VT-15 were carried out in the same afternoon with wind speeds approaching 
the limit for testing).  Nevertheless the %COV values are far below the qualification criterion of 20, 
regardless of any possible impacts due to wind speed.  Results indicate that Test Port 1 is an acceptable 
location based on the %COV criterion. 
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Table 4.1.  Summary of LB-S1 Velocity Uniformity Tests 

Operating 
Fan(s) 

Flow 
Condition Run No. 

Targeted 
Velocity 
(afpm) 

Mean 
Velocity 

(afpm) %COV 

AB 

Maximum 
(~120%) 

VT-1 3816-4580 4274 5.9 
VT-2 3816-4580 4319 7.6 
VT-3 3816-4580 4154 5.2 
VT-4 3816-4580 4220 5.6 

 VT-19(a) 3816-4580 4247 4.0 
 VT-20(a) 3816-4580 4232 4.3 

Normal VT-5 3187-3824 3596 3.9 
(100%) VT-6 3187-3824 3612 3.4 

 VT-7 3187-3824 3585 4.2 
 VT-8 3187-3824 3566 4.2 

Minimum VT-9 2647-3177 2573 3.5 

(~83%) VT-10 2647-3177 2614 3.3 

 VT-11 2647-3177 2614 3.3 
 VT-12 2647-3177 2616 3.1 

AC 

Maximum VT-13 3816-4580 4210 7.2 

(~120%) VT-14 3816-4580 4146 7.4 

Minimum 
(~83%) 

VT-15 2647-3177 2939 6.4 

BC 

Maximum VT-16 3816-4580 4071 3.4 
(~120%) VT-17 3816-4580 4221 4.0 

Minimum 
(~83%) 

VT-18 2647-3177 2934 3.4 

Similar test conditions are alternately shaded and unshaded. 
(a)  Test Port 1 was rotated 45 degrees. 

 

Table 4.2.  LB-S1 Velocity Uniformity (%COV) as a Function of Operating Fans and Nominal Flow Rate 

Flow Rate Regime Fan AB Fan AC Fan BC 

Max (~120%) 6.1 7.3 3.7 
Normal (100%) 3.9 -- -- 

Min (~83%) 3.3 6.4 3.4 

Entries for a specific combination of flow regime and operating fans 
are average results from multiple tests when available; otherwise, 
the entries are the results from single tests.  Although averaging is 
not the traditional statistical way to combine %COV values, it 
suffices for data summary purposes. 

4.2 LB-S1 Flow Angle 

Table 4.3 lists the results for the flow angle tests performed on the model LB-S1 stack.  Results for all 
tests were well within the criterion of mean flow angle values ≤20°.  Overall, mean absolute flow angle 
ranged between 3 and 7°.  Individual mean flow angle measurements from specific locations were more 
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variable ranging between -14 and +19°.  Each measurement point was measured three times with an 
average standard deviation of 1.7°.  The standard deviation is an indication of the precision in the flow 
angle measurement as well as the actual variability within the stack at a particular point.  Run FA-10 had 
the highest uncertainty in individual measurements with a standard deviation of 4.6°, almost 3 times the 
average.  Winds during this test approached 18 mph.  FA-10 conditions were repeated (with lighter wind 
conditions) in FA-11 and FA-12 and the standard deviation at each measurement point decreased to near 
the average (1.9 and 1.7°, respectively). 

Table 4.3.  Summary of LB-S1 Flow Angle Tests 

Operating 
Fans 

Flow 
Regime Run No. 

Approximate Air 
Velocity (sfpm) 

Mean Absolute 
Flow Angle (°) 

AB 

Maximum 
(~120%) 

FA-1 4407 5.2 

FA-2 4573 5.2 
 FA-10(a) 4273 4.7 
 FA-11(a) 4324 3.5 
 FA-12(a) 4257 4.2 

Normal 
(100%) 

FA-3 3789 5.9 

FA-4 3820 6.6 

Minimum 
(~83%) 

FA-5 3140 5.7 

FA-6 2931 6.8 

AC 
Maximum 
(~120%) 

FA-7 4361 6.9 

FA-8 4468 6.4 

BC 
Maximum 
(~120%) 

FA-9 4455 6.0 

Similar test conditions are alternately shaded and unshaded. 
(a)  Test Port 1 was rotated 45 degrees. 

The radial orientation of the test port in the actual LB-S1 stack had not been finalized as of this 
testing.  To evaluate possible impacts due to changes in test port orientation, FA-10, FA-11, and FA-12 
were conducted with the test port rotated 45°, which is the maximum possible angular deviation from the 
baseline.  Table 4.3 indicates that the flow angles were in line with other measurements and well within 
the qualification criterion of ≤20°.  Therefore, changes in test port orientation are not expected to impact 
flow angle and should not alter the conclusions of this report. 

Table 4.4 summarizes the flow angle results at the flow regimes tested for each of the three fan 
configurations.  Results indicate that the Test Port 1 is an acceptable location based on the flow angle 
criterion.  The completed data sheets from these tests are available in Appendix A.3. 

Table 4.4.  LB-S1 Mean Flow Angle (°) at Three Flow Regimes as a Function of Operating Fan 

Flow Rate Regime Fan AB Fan AC Fan BC 

Max (~120%) 4.6 6.7 6.0 
Normal (100%) 6.3 -- -- 
Min (~83%) 6.3 -- -- 

Entries for a specific combination of flow regime and fans are 
average results from multiple tests when available; otherwise, the 
entries are the results from single tests. 
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4.3 LB-S1 Gaseous Tracer Uniformity 

Table 4.5 lists the results for the gaseous tracer uniformity tests performed on the model LB-S1 stack 
for Test Port 1 and the tracer injection at Injection Port 2.  In all cases, the tracer was well mixed, with 
results well within the criteria of %COV values ≤20 and absolute values of maximum deviation 
≤30 percent.  The %COV values ranged from 1.0 to 7.3.  The absolute value of the maximum deviation 
from the mean ranged from 2.0 to 14.9 percent.  The completed data sheets from these tests are available 
in Appendix A.4. 

Table 4.5.  Summary of LB-S1 Gas Tracer Uniformity Tests 

Fans 
Injection 

Port 
Test 
Port 

Injections 
Position Run Nos. 

Target 
Avg. (fpm) 

Approximate 
Air Velocity

(afpm) % COV 

Abs % Max 
Deviation from 

Mean 

AB Max 2 1 

Center GT-13 

3816-4580 

4368 2.2 4.3 
Far GT-14 4379 3.7 7.4 

Near GT-15 4376 3.8 6.3 
Bottom GT-16 4384 5 8.4 

Top GT-17 4166 5 11.1 

AB 
Normal 

2 1 

Top GT-18 

3187-3824 

3686 4.8 11.5 
Center GT-19 3670 3 5.5 

Far GT-20 3644 3.8 7.7 
Near GT-21 3681 5.2 10.9 

Bottom GT-22 3691 5.3 9.3 

AB Min 2 1 

Bottom GT-23 

2647-3177 

2859 7.3 14.9 
Center GT-24 2924 2.5 5.5 
Center GT-25 2952 3.6 6.1 

Far GT-26 2964 4.6 8.8 
Near GT-27 2923 3.5 11.9 
Top GT-28 2915 3.6 10.9 

AC Max 2 1 

Center GT-7 

3816-4580 

4491 1.0 2.0 
Far GT-8 4358 1.7 4 

Near GT-9 4523 1.8 4.4 
Bottom GT-10 4486 2.9 6.5 

Top GT-11 4477 1.4 2.9 

AC Min 2 1 Center GT-12 2647-3177 3058 1.6 3.5 

BC Max 2 1 

Center GT-1 

3816-4580 

4386 3.4 7 
Far GT-2 4398 5.2 12.4 

Near GT-3 4324 3.6 10 
Bottom GT-5 4246 6.4 13.4 

Top GT-4 4332 5.4 9.9 

BC Min 2 1 Center GT-6 2647-3177 3005 3.5 9.9 

AB Min 
repeats 

2 1 
Bottom GT-29 

2647-3177 
2952 5.9 14.2 

Bottom GT-30 2933 4.6 11.6 

AB Min 
45 deg 
offset 

2 1 
Bottom GT-31 

2647-3177 
2904 4.1 11.6 

Bottom GT-32 2903 5.3 9.1 

Figure 4.1 and 4.2 show gas tracer %COV and %maximum deviation from mean, respectively, 
plotted as a function of operating fans and gas injection location.  The plots have similar trends and 
indicate a correlation between the criteria.  Regardless of operating fan, the center injection point had the 
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least %COV indicating best mixing from a center injection location.  Off-center injection points had 
higher %COV with the bottom injection point having the highest.  Fan speed did not significantly impact 
these trends.  Regardless of tracer gas injection location, the gas tracer %COV results were all well below 
the limit of 20 %COV and the percent absolute value of the deviation from the mean was well below the 
limit of 30 percent.  Results indicate that the Test Port 1 is an acceptable location based on the criterion 
for gaseous tracers. 

 

Figure 4.1.  Gas Tracer %COV Displayed as a Function of Injection Location and Operating Fans 

 

Figure 4.2. Absolute Value of the Maximum Deviation Displayed as a Function of Injection Location 
and Operating Fans 
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4.4 LB-S1 Particle Tracer Uniformity 

Table 4.6 lists the results for the particle tracer uniformity tests performed on the scale model 
LB-S1 stack.  Tests were conducted with two fans running simultaneously.  The completed data sheets 
from these tests are available in Appendix A.5. 

Table 4.6.  Summary of LB-S1 Particle Tracer Uniformity Tests 

Operating 
Fans 

Injection 
Port & 

Location Test Port 

 
Flow 

Condition 
Run 
No. 

Approximate 
Air Velocity 

(sfpm) %COV 
Normalized 

%COV 

  1 Max PT-3 4399 12.4 11.1 

  1 Max PT-4 4477 7.8 9.2 

 2 Center 1 Max PT-5 4469 13.9 10.1 

AB  1 Norm PT-6 3633 17.6 7.3 

  1 Min PT-7 3089 13.8 11.4 

AC 2 Center 1 Max PT-2 4392 11.3 10.2 

 2 Center 1 Max PT-1 4364 13.8 14.1 

BC 1 Center 1 Max PT-8 4564 19.2 9.7 

Similar test conditions are alternately shaded and unshaded. 

Previous testing has shown that particle concentration measurements were usually higher through the 
bottom port (Glissmeyer et al 2011, 2012).  Troubleshooting was unsuccessful in determining a consistent 
cause for this behavior.  However, to mitigate errors, the concentration bias encountered between the two 
traverse directions at the measurement ports was removed by adjusting the data from the traverse with the 
lower concentration upward by a factor to match the concentrations at the center of the duct (the common 
point between the two traverses).  These results were then termed “normalized.”  Figure 4.3 provides an 
example of variability in the aerosol production and a systematic bias between the bottom and side port 
measurements.  The result of normalization is also illustrated in Figure 4.3 for PT-8 with side traverse 
data adjusted up by a factor of 1.4. 

Table 4.6 shows the %COV values both with and without normalization.  The %COV values ranged 
from 7.8 to 19.2.  Although data normalization was not necessary to meet the criteria, the normalized data 
better match the reference data and the bottom data.  This suggests that there is a sampling bias 
introduced when sampling through the side.  Because there is no reason to suspect an actual bias in the 
horizontal versus vertical traverse, the normalized data are believed to better represent the actual 
variability and are the reported test results.  Normalized %COV ranged from 7.3 to 14.1.  In all cases, the 
results were within the criteria of %COV values ≤20.  Results indicate that the Test Port 1 is an 
acceptable location based on the criterion for particle tracers. 
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Figure 4.3. Measurement and Reference Particle Test Data from PT-8 on the LB-S1 Stack.  The side and 
bottom lines represent measurement traverses from the side and bottom of Test Port 1, while 
the reference line represents the concentration at the center point of the Reference Port.  This 
plot is an example of variability in the aerosol production and a systematic bias between the 
bottom and side port measurements.  Normalized data are shown with dotted line.  The data 
collected from the side port have been adjusted up by a factor of 1.4. 
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5.0 Conclusions 

The results of the tests for the LB-S1 model are summarized in Table 5.1.  The criteria for sampling 
probe locations given in ANSI/HPS N13.1-1999 were met in all cases.  These criteria address the 
capability of the sampling probe to extract a sample that represents the effluent stream.  Based on these 
scale model tests, WTP’s proposed sampling location for LB-S1 simulated by Test Port 1 meets the air 
sampling probe requirements of the ANSI/HPS N13.1-1999 standard. 

Table 5.1.  Summary of Results for the LB-S1 Scale Model Stack 

 Acceptance Criteria Units LB-S1 

Velocity Uniformity ≤20 %COV 3.1–7.6 

Flow Angle ≤20 Degrees 3.5–6.9 

Gas Tracer Uniformity ≤20 %COV 1.0–7.3 

≤30 Maximum % Deviation from Mean 2.0–14.9 

Particle Tracer Uniformity ≤20 %COV 7.3–14.1 

The radial orientation of Test Port 1 had not been finalized in the actual LB-S1 stack as of this testing.  
Velocity uniformity and flow angle tests were conducted with the test port rotated 45°, which is the 
maximum possible angular deviation from the baseline.  Results from these tests were in line with other 
measurements.  Therefore, any change in test port radial orientation in the actual stack should not change 
the conclusions of this qualification testing. 

According to the ANSI standard, velocity uniformity and flow angle tests on the actual stacks will be 
necessary during cold startup to confirm the validity of the scale model results in representing the actual 
stacks.  Specifically the standard requires that the velocity uniformity test results for the actual stacks 
must be within 5 %COV of the range of results listed above for the scale model so that scale model results 
can be said to be representative of the stack.  For example, if the actual LB-S1 stack sampling probe is 
located in a position corresponding to Test Port 1, the measured velocity uniformity %COV should be 
between 0.0 and 12.6 %COV (non-negative value for 3.1 – 5 = 0.0 and 7.6 + 5 = 12.6).  The velocity 
uniformity test results summarized in Table 5.1 cover a range of flow conditions which are expected to 
bracket the conditions of the actual stack.  For cold startup tests, the DV value and Reynolds number 
should meet the criteria listed in Section 1 (i.e., DV within a factor of six and Reynolds number >10,000).  
The velocity uniformity acceptance range would be constructed using the scale model results that 
correspond to the probe location and fan operating conditions present during the test on the actual stack. 
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Appendix A.1:  LB-S1 Calibration of Ventilation  
Flow Controller Data Sheets 
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VELOCITY vs. FREQUENCY DATA FORM

Site LB-S1 model Run No. VF-1
Date 10/11/2012 Stack Temp 75.3

Tester CA,JEF Ambient RH% 29%
Stack Dia. 11.8906 in. Ambient Press 29.53 in Hg

Stack X-Area 111.0 in2 Fan Configuration AB
Test Port 1 Start/End Time 1647/1810

Dist. from disturbance 123.5 inches Reference point from velocity test VC    : Bottom 8
Velocity Readings, units = fpm

Target Target Estmtd
cfm fpm Hz

2960 3816 40.2 max
2472 3187 34.2 normal
2053 2647 28.9 min

 Hz 1 2 3 Mean StDev 2 StDev cfm
5 248 263 253 254.7 7.6 15.3 196.4

10 694 725 700 706.3 16.4 32.9 544.7
15 1137 1183 1168 1162.7 23.5 46.9 896.6
20 1656 1682 1681 1673.0 14.7 29.5 1290.1
25 2356 2181 2188 2241.7 99.1 198.2 1728.6
30 2693 2750 2754 2732.3 34.1 68.2 2107.0
35 3146 3199 3142 3162.3 31.8 63.6 2438.6
40 3736 3605 3684 3675.0 66.0 131.9 2834.0
45 4770 4157 4230 4385.7 334.8 669.7 3382.0
50 5136 5060 4814 5003.3 168.3 336.6 3858.3
55 5615 5271 5249 5378.3 205.3 410.5 4147.5
60 5867 5854 5711 5810.7 86.6 173.1 4480.9

Instuments Used: Cal Exp. Date:
TSI VelociCalc  S/N T95351203001 01/12/13

Fisher Scientific S/N 90936818  12/7/2012

Entries made by: Carmen Arimescu Technical Data Review performed by:

Signature/date   Signature/date   GBJ 10/18/2012

10/11/2012
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y = 103.74x - 355.91
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VELOCITY vs. FREQUENCY DATA FORM

Site LB-S1 model Run No. VF-2
Date 10/15/2012 Stack Temp 77

Tester CA, XY Ambient RH% 38%
Stack Dia. 11.8906 in. Ambient Press 29.53 in Hg

Stack X-Area 111.0 in2 Fan Configuration AC
Test Port 1 Start/End Time 1:00/209

Dist. from disturbance 123.5 inches Reference point from velocity test VC    : Bottom Cente
Velocity Readings, units = fpm

Target Target Estmtd
cfm fpm Hz

2960 3816 40.2 max
2472 3187 34.0 normal
2053 2647 28.6 min

 Hz 1 2 3 Mean StDev 2 StDev cfm
5 346 308 335 329.7 19.6 39.1 254.2

10 736 772 735 747.7 21.1 42.2 576.6
15 1242 1238 1220 1233.3 11.7 23.4 951.1
20 1737 1726 1762 1741.7 18.4 36.9 1343.1
25 2276 2261 2236 2257.7 20.2 40.4 1741.0
30 2725 2746 2777 2749.3 26.2 52.3 2120.1
35 3273 3175 3243 3230.3 50.2 100.4 2491.0
40 3779 3790 3939 3836.0 89.4 178.7 2958.1
45 4426 4299 4343 4356.0 64.5 129.0 3359.1
50 4869 4800 4803 4824.0 39.0 78.0 3720.0
55 5323 5304 5294 5307.0 14.7 29.5 4092.5
60 5902 5796 5840 5846.0 53.3 106.5 4508.1

Instuments Used: Cal Exp. Date:
TSI VelociCalc  S/N T95351203001 01/12/13

Fisher Scientific S/N 90936818  12/7/2012

Entries made by: Carmen Arimescu Technical Data Review performed by:

Signature/date   Signature/date   GBJ 10/18/2012

10/15/2012
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y = 101.49x - 260.32
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VELOCITY vs. FREQUENCY DATA FORM

Site LB-S1 model Run No. VF-3
Date 10/16/2012 Stack Temp 67

Tester EA, CA Ambient RH% 35%
Stack Dia. 11.8906 in. Ambient Press 29.47 in Hg

Stack X-Area 111.0 in2 Fan Configuration BC
Test Port 1 Start/End Time 1000/1045

Dist. from disturbance 123.5 inches Reference point from velocity test VC    : Bttom 7
Velocity Readings, units = fpm

Target Target Estmtd
cfm fpm Hz

2960 3816 39.5 max
2472 3187 33.3 normal
2053 2647 28.0 min

 Hz 1 2 3 Mean StDev 2 StDev cfm
5 324 362 391 359.0 33.6 67.2 276.8

10 851 839 825 838.3 13.0 26.0 646.5
15 1385 1271 1274 1310.0 65.0 129.9 1010.2
20 1860 1697 1807 1788.0 83.1 166.3 1378.8
25 2373 2233 2234 2280.0 80.5 161.1 1758.2
30 2934 2845 2782 2853.7 76.4 152.7 2200.6
35 3441 3194 3292 3309.0 124.4 248.7 2551.7
40 3969 3832 3791 3864.0 93.2 186.4 2979.7
45 4508 4343 4353 4401.3 92.5 185.0 3394.1
50 5055 4868 4971 4964.7 93.7 187.3 3828.5
55 5473 5412 5372 5419.0 50.9 101.7 4178.8
60 5881 5815 5899 5865.0 44.2 88.5 4522.8

Instuments Used: Cal Exp. Date:
TSI VelociCalc  S/N T95351203001 01/12/13

Fisher Scientific S/N 90936818  12/7/2012

Entries made by: Carmen Arimescu Technical Data Review performed by:

Signature/date   Signature/date   GBJ 10/18/12

10/16/2012
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Appendix A.2:  LB-S1 Velocity Uniformity Data Sheets 
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Appendix A.3:  LB-S1 Flow Angle Data Sheets 
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Appendix A.4:  LB-S1 Tracer Gas Uniformity Data Sheets 
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Appendix A.5:  LB-S1 Tracer Particle Uniformity Data Sheets 
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Appendix B:  Document List 

Project Plan PP-WTPSP-045 Rev. 1 Air Sampling Probe Location Tests for Waste Treatment Plant HV-S1, 
HV-S2, IHLW-S1 (Group 3-4), and LAB C3V (LB-S1) Air Exhaust 
Systems 

Test Plan TP-WTPSP-094 Air Sampling Probe Location Tests for Waste Treatment Plant LAB 
C3V (LB-S1) Air Exhaust System 

Test Instructions TI-WTPSP-096 Measurements of LB-S1 Scale Model 

TI-WTPSP-097 Calibration of Ventilation Flow Controller for LB-S1 Scale Model Stack

TI-WTPSP-098 Velocity Uniformity Measurements of LB-S1 Scale Model 

TI-WTPSP-099 Determine Flow Angle in LB-S1 Scale Model Stack 

TI-WTPSP-100 Tests of Gas Tracer Mixing in LB-S1 Scale Model Stack 

TI-WTPSP-101 Tests of Particle Tracer Mixing in LB-S1 Scale Model Stack 

Calculation Packages 

CCP-WTPSP-1120 
CCP-WTPSP-1294 

LAB C3V (LB-S1) Scale Model Flowrate Calculations 
Scale Model Exhauster Dimensions LAB C3V (LB-S1) 
 

CCP-WTPSP-1298 Calibration of Ventilation Flow Controller for LB-S1 Scale Model 

CCP-WTPSP-1299 Determine Air Velocity Uniformity of LB-S1 Scale Model Stack 

CCP-WTPSP-1300 Determine Flow Angle in LB-S1  Scale Model Stack 

CCP-WTPSP-1175 Gas Tracer Mixing in LAB C3V (LB-S1) Scale Model Stack 

CCP-WTPSP-1174 Determine Particle Tracer Uniformity of LAB C3V (LB-S1) Scale 
Model Exhausters 
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