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GAS MIXING FOR ACHIEVING SUITABLE CONDITIONS FOR

SINGLE POINT AEROSOL SAMPLING IN A STRAIGHT TUBE:

EXPERIMENTAL AND NUMERICAL RESULTS

M. Anand, A. R. McFarland, and K. R. Rajagopal*

Abstract—Experimental measurements of velocity and tracer
gas concentration are taken in a straight tube to evaluate the
effectiveness of mixing in achieving conditions as required by
ANSI N13.1-1999 for single point extractive sampling from
stacks and ducts of nuclear facilities. Mixing is evaluated for
inlet turbulent intensities of 1.5%, 10%, and 20%, achieved by
introducing various bi-plane grids, and for conditions gener-
ated by a commercial static gas mixer. The data obtained (at
Reynolds number � 15,000) highlight the importance of inlet
turbulence intensity in the process of turbulent dispersion of a
dilute gas. The gas mixer does not introduce significant
pressure losses and unlike bi-plane grids, the turbulence
downstream of the mixer is not homogenous. A judicious
choice of the release location that uses the large scale eddies
and inhomogeneity of the turbulence ensures that the specified
ANSI N13.1-1999 criteria are attained within 7 diameters
downstream of the duct inlet. This is significantly more
effective than a bi-plane grid where even with 20% inlet
intensity the criteria are met only at 21 diameters downstream.
The predictions of a proposed semi-empirical correlation
match favorably with data. For example, at 18 diameters
downstream with inlet intensities of 1.5% and 10%, the
predicted coefficients of variation (COVs) of 150% and 65%
are close to the actual values of 154% and 50%; where the
COV of a set of measurements is the ratio of the standard
deviation of the set to its mean value. The corresponding
results obtained using commercially available software are
141% and 12%. Results from a particle-tracking model show
good qualitative trends, but they should not be used to
determine compliance with the requirements of the ANSI
standard.
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INTRODUCTION

REGULATIONS THAT govern radionuclide air emissions from

stacks and ducts of Federal nuclear facilities are specified

by the U.S Environmental Protection Agency (EPA), and

these mandate continuous emission sampling (CES) for

stacks and ducts that can potentially emit significant

quantities of radionuclides into the atmosphere (U.S.

EPA 2001c, d). The U.S. EPA presently requires that

sampling of radionuclides from stacks and ducts follow

the protocol of the American National Standards Institute

(ANSI) Standard N13.1-1969 (ANSI 1969) at a location

complying with the requirements of 40CFR60, Appendix

A (U.S. EPA 2001a, b). The ANSI standard has under-

gone a significant revision (Health Physics Society

1999), which aims to replace the prescriptive nature of

some guidelines by more suitable performance-based

ones. Included in the recommendations of the current

standard is the use of single point extractive sampling

from a location in a stack or duct where both the fluid

momentum and contaminant concentration are relatively

uniform across the cross section of the stack or duct.

Currently, the U.S. EPA is considering how to replace

ANSI N13.1-1969 with ANSI N13.1-1999, and, while

this review is taking place, U.S. DOE facilities are

permitted to use Alternate Reference Methodologies

(U.S. EPA 1994) that embody the principles for aerosol

sampling found in the new ANSI N13.1.

CES systems in nuclear applications typically pro-

vide aerosol samples that are integrated over approxi-

mately 1-wk periods. Deficiencies in methodology for

continuous sampling with ANSI N13.1-1969 prompted

the revision of the ANSI standard. In this context,

McFarland and Rodgers (1993) proposed the Alternate

Reference Methodologies. These recommendations,

along with the changes in the ANSI standard, provide for

better guidance in the design and operation of sampling

systems.

Single point sampling, as recommended in the

Alternate Reference Methodologies (ARM) and the re-

vised ANSI standard, has substantial advantages com-

pared with rakes of multiple isokinetic nozzles, which

were previously acceptable technology. However, to

comply with the requirements of the new ANSI standard,
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and for single point sampling to be applicable, the

velocity and contaminant concentration profiles must be

nearly uniform at the sampling location. While in some

cases the stack or duct design will be such that the mixing

is complete at a candidate sampling location, in others it

may be necessary to engineer the flow to achieve this

objective. It is thus important to have an idea of the

degree of mixing that can be obtained in typical stack or

duct configurations.

In this study, experimental data are obtained for

mixing in straight pipes and are used to develop a

correlation to characterize the degree of mixing in a

straight pipe. The results presented herein serve to

illustrate the importance of inlet turbulence and turbulent

kinetic energy (as quantified by the turbulent intensity)

over Reynolds number in the turbulent dispersion of

dilute gases. A tracer (SF6, 0.1% v/v in air) is released by

means of a small circular tube (0.6 mm internal diameter)

located coaxially at various release locations in the

mainstream flow similar to a jet. The ratio of tracer gas

jet speed to wind tunnel air speed is maintained at 0.2, a

value for which the jet is underexpanded and thereby

does not show initial expansion-induced dispersion. The

experimental data are compared with numerical simula-

tions performed with FLUENT software (FLUENT Ver-

sion 5.4, Lebanon, NH) to evaluate the possibility of

using commercially available particle-tracking models to

predict mixing.

A few studies have been carried out on mixing in

straight ducts following static mixing elements (Baker

1991; Cybulski and Werner 1986; Pahl and Muschelk-

nautz 1982). These studies do not deal with velocity and

contaminant concentration profiles over the center 2/3

(�67%) of the cross sectional area of ducts (as required

by the ANSI standard), and hence their results cannot be

used to determine compliance with stack mixing criteria.

A recent review of the sampling methodology for com-

pliance with the ANSI standard was undertaken by Los

Alamos National Laboratory (McFarland 1998), and

field tests of mixing have been conducted on a stack at

Los Alamos by Rodgers et al. (1996). Hampl et al. (1986)

tested the mixing in straight ducts with some of the test

configurations involving mixing elements upstream of

ducts. Tracer gas was discharged from one to four points

in the upstream region of the configurations. However,

there were no bell mouths at the entrance of the duct

mixing element configurations and this led to flow

separation at the entrance, which caused artificial en-

hancement of mixing. The experimental results of Gupta

(1999) make a clear case for such a line of thought.

Significant differences are seen between the gas mixing

results obtained with and without the flow straighteners.

This suggests that the results of Hampl et al. (1986)

cannot be used to infer compliance with the mixing

requirements of the ANSI standard. It is seen that flow

straighteners inhibit mixing of contaminants leading to

longer duct length (and greater energy requirements) to

ensure compliance with the mixing requirements of the

ANSI standard. Langari (1997) presents some data for a

straight pipe as a mixing element that are obtained at

locations that conform to EPA Method 1. However, in

his study, the tracer gas is introduced at a distance of

approximately 10 diameters downstream of a flow

straightener. Importantly, the exact flow conditions, vis-

a-vis the nature of turbulence and the uniformity of

velocity profile at the release location, are not easily

captured because of the emphasis on a prescriptive

guideline for the release location. In this regard, the data

presented here document the flow development down-

stream of the release location and the mixing element

(velocity profile, turbulent intensity and nature of

turbulence) and correlate it with the gas mixing. The

use of commercially available computational fluid

dynamics software also allows us evaluate the suitabil-

ity of the particle-tracking model for flow and gas

mixing calculations. A similar procedure has been

adopted by McFarland et al. (1997) who used a

particle-tracking approach proposed by Abuzeid et al.

(1991) to study the problem of aerosol deposition in

bends and document the importance of turbulent fluc-

tuations in the process. McFarland et al. (1999b)

present experimental data for development of COVs in

straight ducts downstream of some static mixing

elements and bend configurations, and highlight the

need for suitable predictive models for gas mixing.

The numerical study and the semi-empirical correla-

tion are steps in this direction.

EXPERIMENTAL SETUP AND METHODS

The experiments were conducted in a Schedule 40,

PVC straight duct of inner diameter 152 mm (6 inch)

fitted with a vacuum blower (Fig. 1). A bell mouth at the

entrance of the pipe ensured a smooth flow transition and

prevented flow separation in the duct entrance region. To

create the condition of homogenous turbulence and

uniform velocity at the inlet, various elements were

introduced at the entrance of the pipe section. A steel

screen, 8 � 8 mesh/inch, with a wire diameter of 1.19

mm (0.047 inch) and 38.9% open area (resistance coef-

ficient � 2.8, Laws and Livesey 1978) was fitted at the

entrance of the bell mouth. This created a uniform

time-mean velocity profile at the inlet of the bell mouth

section. An additional steel screen (40 � 40 mesh/in)

with a wire diameter of 0.254 mm (0.010 inch) and

36.0% open area (resistance coefficient � 2.8) was
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located at the beginning of the duct section. The

turbulence just downstream of the latter screen had an

intensity of 1.5%. Bi-plane grids (two arrays of paral-

lel, uniformly spaced cylinders) were designed with a

spacing-diameter ratio of 5.33 to generate turbulence

intensities (at the inlet) of 10% and 20%. Grids with

spacing of 25.4 mm (1 inch) and 50.8 mm (2 inch)

were used to generate intensities of 10% and 20%,

respectively. The gas mixer used in the test program

was placed at the pipe entrance in lieu of the bi-plane

grids, Fig. 2.

The experiments relate to some configurations that

are encountered in the nuclear industry. Often, elements

like flow straighteners or security grates are placed in a

stack, which tend to reduce swirl, retard mixing, and

create relatively uniform velocity conditions in straight

duct configurations.

Experimental parameters
The principal variables considered are the COVs

for velocity and tracer gas concentration and the mean

turbulence intensity variation along the duct length

(see Appendix for a list of symbols). At a mean

velocity of 1.45 m s�1, the pressure drop across the

various bi-plane grids is about 5 to 10 Pa while that

across the gas mixer is about 10 Pa (0.04 inches of

water).

The coefficient of variation (COV) for any general

variable � is defined as

COV� �

��
i�1

n

��i � �� �2

n � 1

��
, (1)

where

�� �

�
i�1

n

�i

n
. (2)

Here n is the number of sampling points. The COV is

used for defining mixing criteria in the ANSI standard.

Fig. 1. Layout of the apparatus used to test various mixing elements with a straight pipe.
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Turbulence intensity (I), used to characterize turbulence

in this study, is defined as

I �
��u�z�

2

Uz
�

, (3)

where uz� represents the fluctuating component of the

instantaneous velocity and U� z represents the time-

averaged component of the instantaneous velocity, Uz

(eqn 4):

Uz � Uz
� � u�z . (4)

For a near one-dimensional flow situation, as in our case,

the intensity (I) is directly proportional to the turbulent

kinetic energy (k).

Sampling grid
The sampling grid (points across the duct cross

section) used in this study is the 16 point EPA Method 1

velocity traverse grid (U.S EPA 2001a). The 16 traverse

points are located at the centroids of equal area sectors of

the duct cross sectional area. There is no traverse point at

the center of the grid. However, in this study readings are

taken at the center point to verify the symmetry of the

velocity profile. The criterion on COVs, as specified by

the ANSI, covers an area of the duct that encompasses

not less than 2/3 (�67%) of the center of the duct cross

sectional area. Herein, the COVs are based on the center

12 points covering 75% of the duct cross sectional area.

The outer points of the grid are not used because they are

too close to the wall, and it is not possible to obtain

reliable data with the equipment at hand. Velocity read-

ings at these points with the hot-wire probe register

turbulence intensity levels of 40% and higher (Sandborn

1972) owing to the boundary layer and interference from

the probe support. This usually leads to tripping of the

hot wire anemometer measuring circuits to prevent any

damage to them.

The grid for the concentration measurements is

based on a refined EPA Method 1 grid that has 32 points.

We choose the 20 center points that cover an area slightly

less (62.5%) than 2/3 (�67%) of the duct cross sectional

area. The difference from the 2/3 (�67%) requirement

does not affect the nature of conclusions that are drawn.

The outermost sampling location for the 32-point grid is

separated from the outermost sampling location for the

16-point grid by a distance of just 2.7 mm in the radial

direction. Also, there is an estimated error of 1.5 mm

associated with each location on the sampling grid so that

within the limits of uncertainty, at the outermost sam-

pling location, the center 2/3 (�67%) of the duct is

encompassed. This refined grid is chosen because it has

the ability to capture the concentration profiles in more

detail than the 16-point grid. Importantly, the relative

error at each sampling point is �11% for the COVs

associated with the 32-point grid as compared with a

relative error of 24% for the 16-point grid; the relative

error for COV being calculated from at least three sets of

measurements for a particular inlet condition.

Velocity and tracer gas concentration measurements
The velocity measurements are made with a hot-

wire anemometer (Model IFA 100/200, TSI Inc., St.

Paul, MN), and the velocity COVs are calculated from

the values obtained at the 12 traverse points in the center

of the 16-point EPA Method 1 grid. The anemometer

samples a total of 2,000 readings within a 2-s period, and

parameters like intensity (I) are obtained along with the

Fig. 2. Scale drawing of bi-plane grids (l/d � 5.33), and three-
dimensional scale drawing of the commercial gas mixer.

85Single point aerosol sampling in a straight tube ● M. ANAND ET AL.



time-averaged velocity. The turbulence intensity mea-

surements are also taken at the center of each cross-

section area along the duct length for all cases studied.

The hot-wire anemometer is calibrated with a pitot tube

connected to a micro-manometer (Microtector, Model

1430, Dwyer Instruments Inc., Michigan City, IN) with a

least count of 0.0254 mm (0.001 in) gauge of water.

Velocity measurements were made to identify a time

T over which readings must be taken in order to compare

the experimental data with the numerical results. The

time T must be large compared with the integral time

scale (time scale over which a variable is correlated with

itself; repeated measurements would not yield a station-

ary time-average). A selection of time T � 2 s gives an

error for the time averaged velocity that is within 0.3%,

and yet allows reliable readings to be obtained in

reasonably quick time intervals (Table 1).

Gas concentration tests are conducted by releasing a

continuous stream of dilute sulfur hexaflouride (SF6) gas

into the flow. Samples are extracted, over a time period

of 2 s, from the locations on the sampling grid (center 20

points of a 32-point EPA Method 1 grid) with 60-mL

syringes. The syringes are immediately capped and

subsequently analyzed with an electron capture gas

chromatograph (Model 101 Autotrac, Lagus Applied

Technology Inc., San Diego, CA). The error for the

time-averaged concentration is less than 2%. Syringes

are flushed prior to every test and a dry sample is taken

prior to the actual sample in order to prevent erroneous

concentration readings. The reproducibility of results for

velocity and tracer gas concentration measurements at a

fixed spatial location is also shown by McFarland et al.

(1999b).

For tests involving the screen and the bi-plane grids,

which resulted in uniform velocity profiles and homog-

enous inlet turbulence, the gas was released from a single

point (center of the duct cross section) immediately

downstream of the element involved. For the commercial

static gas mixer, three cases were studied. These included

release of gas at a single point located at the center either

immediately downstream of the mixing device or nearly

one diameter before the inlet plane. The other case

studied involved gas release at a single point located at a

distance, within 20% of the duct diameter, from the wall

at the exit plane of the gas mixer. For each case studied,

at least three tests are performed and the average COV is

calculated.

Numerical simulations
In this study, flow field calculations are performed

with the Reynold Stress model, however, the k-� model

is used whenever stability problems are encountered.

Both models are popular for turbulent flow (Rodi 1984).

The Lagrangian particle tracking model imbedded in

FLUENT is used with the Eulerian flow field that has

been calculated using the appropriate turbulence model.

We choose, over others, a Stochastic Separated Flow

(SSF) model wherein the particle trajectories are gener-

ated based on the solution of a particle momentum

equation. The dispersive effect of the turbulent fluctua-

tions on the motion of the particles is modeled by a

Discrete Random Walk approach. This stochastic method

is based on the eddy-lifetime concept and assumes that

the velocity fluctuations at any point are maintained over

the lifetime of the eddy (Shirolkar et al. 1996).

Mesh generation for the flow field was done using

FLUENT, and the mesh contained 15,000 computational

nodes. Because of the axisymmetric nature of the flow,

only half of the tube needed to be modeled. The velocity

profiles at each axial location and the COV profile along

the duct length are calculated for the EPA Method 1 grid

that is used for the corresponding experimental readings.

The tracer gas properties are incorporated by employing

small-diameter inertia-less particles. The gas concentra-

tion COV was then calculated by tracking the number of

particles passing through control volumes located at the

center 20 points of the 32-point EPA Method 1 grid.

RESULTS

In this section, the inlet turbulence intensity and the

nature of inlet turbulence (homogenous or otherwise)

will characterize each test, and, unless mentioned explic-

itly, the Reynolds number is 15,000. Reynolds number

does not have a significant impact on the velocity COV

as may be noted from the data given in Table 2.

McFarland et al. (1999a) also noted that Reynolds

number has little effect and concluded that the mixing is

dependent on geometry.

Table 1. Variation of error in time-averaged velocity with sam-
pling time (T).

Sampling time (T), s Relative error, %

0.2 0.36
1.0 0.38
2.0 0.28

10.0 0.26

Table 2. Variation of velocity COV with Reynolds number (Re)
(Inlet intensity � 1.5%).

Downstream location Re COV (%)

2 D 6,940 2.36
2 D 9,200 2.64
2 D 15,160 2.62
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Graphs of velocity COVs at various downstream

distances are shown in Figs. 3 and 4 for cases where

bi-plane grids were used to setup turbulence intensities of

1.5% and 10% (homogenous) at the inlet of the duct. The

experimental results show a trend consistent with the

assumption of a (statistically steady) uniform velocity

profile evolving towards a fully developed profile. Ve-

locity COV values one diameter downstream of the

bi-plane grids are 2.1% and 3.0% for the inlet intensities

of 1.5% and 10%, respectively. The velocity COV profile

for the case of 20% inlet intensity is not obtained;

however, the velocity COV two diameters downstream

of the bi-plane grid is 3.2%. Also, for the 20% inlet

intensity case, the COV 22 diameters downstream is

11.9%, which is consistent with the results for the inlet

intensity of 10%. In all these cases, the final COV varies

from 8.2% to 11.9% and is well below the ANSI limit of

20%. This also compares favorably with the value of

7.7% calculated from an established power law profile

for fully developed flow at a Reynolds number of 15,000

(Fox and McDonald 1994):

U� z

U� Z�max�

� �1 �
r

R
�

1

5.9

. (5)

The numerical results of the k-� model and the

Reynolds Stress Model for the two cases compare favor-

ably with the experimental data (Figs. 3 and 4). It should

be noted that the experimentally-measured inlet COV for

velocity for all these cases is not zero, which would be

expected for a uniform velocity profile. This is attributed

to non-uniformities associated with sampling in the wake

of the biplane grids and to errors associated with the

measurements.

The tracer gas concentration COV profiles for the

cases of 1.5%, 10%, and 20% inlet intensities are shown

in Fig. 5. It is intuitive to expect enhanced mixing with

increased inlet intensity, and the experimental results

bear this out. It is only for an inlet intensity of 20% that

the gas concentration COV falls below the ANSI limit of

20% within the duct length studied (27 diameters from

the release point). For an inlet intensity of 10%, the gas

concentration COV nears the limit of 20% at a distance

of 25 diameters from the release point. For an inlet

intensity of 1.5% the gas concentration COV is approx-

imately 100% at a distance of 25 diameters from the

Fig. 3. Velocity COVs at various downstream locations from a
bi-plane grid. Inlet turbulence intensity � 1.5%. Error bars
represent �1 standard deviation.

Fig. 4. Velocity COVs at various downstream locations from a
bi-plane grid. Inlet turbulence intensity � 10%. Error bars repre-
sent �1 standard deviation.

Fig. 5. Tracer gas concentration COVs at various downstream
locations from a bi-plane grid. Inlet intensities of 1.5%, 10%, 20%.
Error bars represent �1 standard deviation. Smooth curve fit is
drawn for the “Numerical (I�10%)” data.
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release location. Theoretically, the COV of gas concen-

tration for molecular species that do not attach to the

walls (e.g., SF6) will approach zero as the distance tends

to infinity.

The numerical predictions using the particle-

tracking model compare favorably with the experimental

data for an inlet intensity of 1.5%. However, the predic-

tions for the case of 10% inlet intensity do not match the

experimental data well. The numerical results predict, for

example, that the gas COV drops below 20% at about 7

diameters from the release point, whereas the data shows

that the COV nears 20% only at 25 to 30 diameters from

the release location. The predictions for 20% inlet inten-

sity were not obtained (owing to stability problems with

the models) but it is believed that the match between data

and predictions would be along lines similar to that for

10% intensity.

In the FLUENT particle-tracking model eddy life-

time (�L) can be controlled by a coefficient denoted by c

(eqn 6):

�L � c
k

�
, (6)

where k represents the turbulent kinetic energy, while �

represents the rate of turbulent energy dissipation. The

parameter c depends on the turbulence model used and

can also be varied based on turbulence intensity. Increas-

ing c leads to increased eddy lifetime and consequently

greater mixing. A value of c � 0.5 is chosen for the

mixing results for an inlet intensity of 1.5%, while a

value of c � 0.3 is more appropriate for the mixing

results for the intensity of 10%. These values are chosen

based on the requirements of the code for the turbulence

model used for the flow field.

Performance of commercial gas mixer
Enhanced inlet intensity with the bi-plane grids does

not meet ANSI mixing requirements in a relatively short

distance, so tests were conducted with a commercially

available static mixer to determine the degree to which it

enhances mixing. The increase in pressure drop due to

the inclusion of the mixer is estimated by the manufac-

turer to be 25 Pa (0.1 inches of water) when the velocity

in the duct is 1.4 m s�1. A measurement showed that it

was closer to 10 Pa, which is negligible in comparison to

a pressure capability on the order of 1,000 Pa for the fans

that are used to move air through continuously monitored

stacks and ducts. These stacks and ducts are fitted with

air pollution control equipment (e.g., HEPA filters),

which cause the large pressure drops. Unlike the bi-plane

grids, the velocity profile at the exit of the mixer is not

uniform, nor is the turbulence homogenous. Hence, apart

from the turbulent intensity, the release point of the tracer

gas also plays an important role. The results for the three

release locations are shown in Fig. 6.

When the tracer gas is released at the center of the

exit plane of the gas mixer, the COV falls below the 20%

limit at about 22 diameters from the duct inlet. When the

release point lies at the center of a plane that is located 1

diameter upstream of the inlet plane of the gas mixer, the

COV reaches the 20% value at a distance of 16 to 17

diameters downstream. However, the better results, in

terms of the shorter distances to reach ANSI limits, are

for the release location at the exit plane of the gas mixer

that is at a distance within 20% of the duct diameter from

the wall (Fig. 6). The gas concentration COV drops

below 20% within 6 to 7 diameters from the exit plane of

the gas mixer (also the duct inlet). Another requirement

of the ANSI N13.1 1999 Standard, that the maximum

value of the concentrations obtained on all points of the

EPA grid not be greater than 30% of the average value,

is also met.

The radial vanes of the gas mixer ensure introduc-

tion of large scale eddies and flow swirl along the outer

area of the duct cross-section, and smaller eddies in the

central region of the duct cross-section. The high turbu-

lence intensity at the exit plane of the gas mixer decays

within 6 diameter lengths. These eddies interact as the

flow develops and ensure that the flow is well mixed.

Hence, introducing the tracer gas into the larger eddies

ensures that the gas is mixed quickly and uniformly. The

velocity COV drops from a maximum value at the inlet

to a value of 22.8% at the 2-diameter location and to

8.5% at the 22-diameter location.

The velocity profiles at the 22-diameter location

correspond to a nearly fully developed flow profile, and

there is almost no difference between the velocity profile

Fig. 6. Tracer gas COV profiles for tests with various release
locations for gas mixer.
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for an inlet intensity of 10% and the velocity profile with

the gas mixer at the inlet. They also compare well with a

profile for fully developed flow obtained using an em-

pirical model (eqn 5).

Correlation of gas COV with intensity profile
The principal idea behind the correlation of the gas

concentration COV data with the intensity profile is the

hypothesis that the intensity, which is related to the

turbulent kinetic energy and scale, is the critical factor

that determines the extent of mixing, more so than the

Reynolds number. A higher intensity (at the inlet) leads

to a greater scale of turbulence leading to enhanced

mixing. Gupta (1999) and McFarland et al. (1999a, b)

found that the variation of mixing, due to Reynolds

number, is negligible. In our case, the variation of

velocity COV over the low Reynolds number range from

6,000 to 16,000 is verified to be negligible (Table 2). It

is concluded that the Reynolds number does not play a

very significant role in the gas mixing process, and the

effect of turbulent intensity on mixing, at constant

Reynolds number, is studied.

The experimental data shows that the gas concen-

tration COV curve drops steeply in the first few diameter

lengths from the gas release point and has a gradual

gradient beyond this initial distance. This behavior can

be tied to the evolution of the (average) turbulence

intensity along the duct. The average turbulent intensity

is obtained at each cross-sectional location from the

values at the 12-point EPA Method 1 grid.

The gas concentration COV is correlated with the

averaged turbulent intensity. The model is developed

based on the concept of eddy diffusivity, and the assump-

tions are outlined below. The model has restricted appli-

cability because effects like flow swirl or separation are

not captured. It is developed for the case where turbulent

intensity is the primary mechanism driving mixing.

Starting with the general diffusion equation (eqn 7) and

given that there is no generation of the gas constituent,

we assume an axi-symmetric variation of concentration

(cSF6) with DSF6-air being the molecular diffusion coeffi-

cient:

��U� � 	cSF6� � div�DSF6-air	cSF6� � 0. (7)

Additional approximations, based on experimental data,

include neglecting the concentration gradient along the

duct length and also the terms due to molecular diffusion.

Each variable in the resulting equation is split into a

time-averaged component and a fluctuating component.

The equation is then time-averaged to yield

Uz

	cSF6

	z
� Ur

	cSF6

	r
�

	u�zc�SF6

	z
�

	u�rc�SF6

	r
� 0. (8)

A further approximation is that the turbulent transport of

the gas (as represented by its concentration) varies

steeply in the radial direction as compared to its variation

along the duct length. The details of the model are

discussed by Mohan (2001). The simplified equations are

integrated to yield a model similar to that suggested by

Langari (1997). The model (eqn 9) allows us to account

for the effect of the history of the intensity variations in

predicting the current extent of gas mixing:

COV � COVo�exp��1.5

D2

lm


t
�

0

z

I�l �dl	

1/ 2

. (9)

Here D is the pipe diameter, l is length along the tube, 
t

is the turbulent Prandtl number (a constant for most

flows; we use 
t � 0.7, the value for a round jet (Rodi

1984)), and lm is the characteristic (Prandtl) mixing

length in the pipe. The parameter lm is determined

empirically for complex flows, but in our simple case we

use a constant value for the mixing length calculated to

be 0.12 mm (Rodi 1984). This is a simplification because

lm can vary along both the length and diameter of the

pipe. However, in our calculation for the gas COV, we

use an average value (determined along with the velocity

measurements) for the turbulent intensity at each cross-

sectional location, I(l), and hence the assumption of a

constant mixing length is justified. The predictions of the

new model compare favorably with experimental data

(Fig. 7). For example, the new model predicts a gas COV

of 140% at the 22-diameter location comparable to the

experimental average of 125%.

Fig. 7. Comparison of results of proposed model with experimen-
tal data for inlet intensity of 1.5%.
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DISCUSSION OF ERRORS

The errors associated with the measurements are

recorded, and the reproducibility and reliability of the

obtained data is verified. Individual readings of velocity

and tracer gas concentration have relative precision

levels of �3.6% and �3.0%, respectively. The accuracy

of the velocity measurements made by the hot-wire

anemometer is set by the accuracy of the manometer used

to calibrate the sensor. In this case, the accuracy of the

velocity readings is about 1 to 2%. The electron gas

capture chromatograph is calibrated daily with a calibra-

tion gas, and the system is used for the SF6 concentration

range of 0.18 to 50 ppb. The calibration error (relative

difference between calibration gas concentration and

instrument reading) was within 4% for the range of 0.5 to

21 ppb, and was within 10% for the range of 0.18 to 50

ppb. The manufacturer reported zero calibration error at

5 ppb, and this was the target gas concentration in the

experiments. The calibration gas had a relative precision

of �2%, i.e., around 0.1 ppb error for a concentration of

4.92 to 5 ppb. This set the accuracy of the concentration

readings to within 0.05 ppb. The background noise of the

instrument was around 0.04 ppb in the 0.1 to 10 ppb

range, 0.06 ppb in the 10 to 20 ppb range, and around

0.08 to 0.1 ppb for readings greater than 20 ppb.

The velocity and gas concentration COVs (I�20%)

at a few locations are documented in Table 3. The

relative precision of the tracer gas COV at any location

varies between 5% to 16%; a COV value of 10% would

thus have a standard deviation of 0.5% to 1.6%. The

relative precision of the velocity COV, obtained at any

location, varies between 1% to 5%. This is a useful

measure to check the reproducibility of the data and

trends obtained, especially for this study where the COV

value regularly exceeds the 20% standard.
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APPENDIX

List of Symbols

cSF6 � (Instantaneous) tracer gas concentration

(mol m�3);

cSF6� �Fluctuating component of tracer gas con-

centration (mol m�3);

COV �Coefficient of variation (%);

D �Diameter of pipe (m);

DSF6-air �Molecular diffusion coefficient (SF6-air)

(m2 s�1);

I �Turbulence intensity (%);

k �Turbulent kinetic energy (m2 s�2);

l �Length along pipe (m);

lm �Characteristic mixing length (m);

r �Radial coordinate (m);

R �Radius of pipe (m);

Ur � (Instantaneous) velocity along ‘r’ coordi-

nate (m s�1);

U� r � (Time-averaged) velocity along ‘r’ coordi-

nate (m s�1);

u�r �Fluctuating component of velocity along

‘r’ coordinate (m s�1);

Ux � (Instantaneous) velocity along ‘x’ coordi-

nate (m s�1);

U� x � (Time-averaged) velocity along ‘x’ coor-

dinate (m s�1);

uz� �Fluctuating component of velocity along

‘z’ coordinate (m s�1);

z �Axial (along pipe length) coordinate (m).

Greek Letters

� �Rate of dissipation of turbulent kinetic energy

(m2 s�3);

� �Density of tracer gas (kg m�3);


t �Turbulent Prandtl number (dimensionless);

�L �Eddy lifetime (s).

f f
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