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As aresult of the 1990 Clean Air Act Amendments?, electric
power plants must reduce their emissions of sulfur dioxide
and nitrous oxides—the primary causes of acid rain. The
U.S. Environmental Protection Agency (EPA), in its pro-
“osed rules?, designates the 111 Phase I fossil-fueled plants
roughly 268 boiler units) that must have continuous emis-
sions monitoring systems (CEMS) installed, certified and
operational by November 15, 1993. The EPA also designates
the 662 Phase II plants (roughly 2,200 boiler units) that
have a January 1, 1995 deadline.

Under the rules, each plant is assigned an SO, and NOx
mass emissions allowance in tons per year. One allowance
authorizes the emission of one ton (2000 lbm) of SO, per
year, Plants that exceed their allowances are fined $2000
for each excess ton per year.

Plants that release less than their annual allowance re-
ceive one credit per ton of SO,. Through an emissions credit
trading market, utilities can sell or trade their credits to
plants exceeding their allowances. At this writing, the esti-
mated market value of each credit is $300 to $500.

Plant operators must monitor SOz emissions continuous-
ly, recording a data point at least every 15 minutes. Each
plant must report the hourly average of SO, emissions, and
compliance with the annual allowance is determined from
the sum of the hourly mass emissions over a year.

To monitor SO, mass emissions dw/d¢ (lbm/h), the opera-
tor must monitor both the SO, concentration C (Ibm/scf)
and the mass flow rate @ (scf/h) of the stack gas, because:

dw/dt = CQ

Table 1: EPA’s frequency of RATAs

= Results of Previous RATA Test
Before . After Frequency
Jan 1, 2000 Jan 1, 2000
+15.0% +10.0% Semi-Annual
P . 1100% - {57.5%. Annual

This means that a flow monitor must now be included in

systems that monitor dw/dt. Called continuous emissions
monitoring systems (CEMS), these systems consist of:
® A sampling probe,
® Gas analyzers for SO, and NOx,
® Opacity meter and flow monitor,
® Data acquisition and handling system.
The accuracy and reliability of the CEMS is far more critical
than conventional emissions instrumentation packages be-
cause this system becomes something of a money meter —a
meter that determines either the amount of a fine or, hope-
fully, savings in the bank.

The following will analyze the performance of differential
pressure, ultrasonic, and thermal flow monitors in three
typical continuous emissions monitoring locations, all of
which are characterized by nonuniformities in velocity pro-
file and, in some instances, temperature. To help the plant
operator choose the right flow monitor for a given CEMS ap-
plication, an analysis is presented of the errors in accuracy
of the three flow monitors when deployed side by side at the
three CEMS locations.

EPA’s specifications for flow monitors

The EPA uses performance specs® for CEMS flow moni-
tors and describes three basic instrumental methods:
e Differential pressure (AP),
® Ultrasonic (A¢), and
e Thermal (AT).

According to the rules, CEMS flow monitors must be lo-
cated at least 2.0 diameters from an upstream flow distur-
bance, such as an elbow, expansion, or contraction, and at
least 0.5 diameters from a similar downstream disturbance.
Meeting this criterion in stack locations is usually easy.
However, in the duct work leading to the stack, it is often
impossible, and the operator must apply to EPA for a special
certification.

All flow monitors must properly span the monthly aver-
age flow rate, but this isn’t a problem with digital electron-
ics. In addition, all flow monitors must undergo periodic
Relative Accuracy Test Audits (RATAs). During these au-
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dits, the measured flow rate is compared, using paired tests
at different plant loads, with the reference flow rate deter-
mined by multipoint traverses of the channel’s cross sec-
tion (as specified in EPA’s Method 1 2 using the type S pitot
tube specified in EPA’s Method 2 ). The relative accuracies
required are shown in Table 1.

In addition, the EPA requires a daily electronic drift test,
which checks out the entire flow monitoring system, except
its primary sensing elements. Some flow monitors also do a
daily calibration error test, which checks the flow monitor’s
active sensing elements. These monitors have more repro-
ducibility than those that do only electronic drift tests. Asa
result, they are more likely to pass the RATA limits shown
in Table 1—reducing the frequency of expensive, risk-bear-
ing RATAs from twice a year to once a year.

One utility tells us that it spends roughly $40,000 in di-
rect and indirect costs per RATA. Thus, moving from semi-
annual to annual RATAs would save that utility some
$40,000 per year.

Neither differential pressure nor most thermal flow mon-
itors offer daily calibration error testing because they can’t
test their active elements (the multiple sensing ports, in the
case of differential pressure devices, and the multiple ther-
mal sensors, in the case of thermal flow monitors). Devices
that do provide daily calibration error tests include the
thermal flow monitor shown in Fig. 1 and 2, plus most ul-
trasonic flow monitors.

EPA’s specification also requires differential pressure
flow monitors to back-purge their probes periodically to
prevent clogging of the sensing ports, and thermal flow
monitors to provide a means, operated daily, to ensure that
the thermal sensors avoid error-causing particulate build-
up. All commercial differential pressure flow monitors pro-
vide back-purging, and the thermal flow monitor shown in
Fig. 2 eliminates errors due to particulate build-up by:

1. Operating each thermal sensor continuously at a high
differential temperature above stack temperature, thereby
using thermophoretic forces to repel smaller particles and
keep them from impacting the sensor’s surface;

2. Popping off particulates by applying even higher differ-
ential temperatures during a three-minute auto-self-clean-
ing cycle several times daily, much like a self-cleaning oven.
Principle of operation

Let’s now look in more detail at the operation and mea-
surement capabilities of differential pressure, ultrasonic,
and thermal flow monitors (Fig. 3).

The differential pressure flow monitor, as shown in Fig.
4, consists of an array of one or more probes located at
z = 2g. The channel’s cross section A is divided into n equal
areas, as shown in Fig. 5. Each probe has an upstream bore
and a downstream bore. Small ports are drilled along the
stagnation line of the upstream bore at locations coinciding
with the centroid (x;, y;, 25) of each equal area A/n. One or
more ports per probe are drilled in the downstream bhore to
sense static pressure P. A single differential pressure trans-
mitter is hooked up between the ends of the upstream bores
and the ends of the downstream bores. It measures a differ-
ential pressure AP ;..

All differential pressure flow monitors have secondary
flows, as shown in Fig. 4. Secondary flows enter the probe
via ports with high free-stream velocities and exit ports
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Fig. 1: Thermal monitor has mass flow & temperature sensors.

with lower velocities. The passage of such secondary flows
through the ports, as well as wall-friction effects within the
upstream hore, all create pressure drops that cause errors
in measuring the average velocity.

The net result of all such secondary flows is a total pres-
sure loss that we’ll call APy, Since APy, is proportional to
the ratio of the port diameter to the bore diameter raised tc
the fourth power, the effect of secondary flows is minimizea
by reducing the diameter of the ports and maximizing the
diameter of the bore. However, port diameters can only be
reduced so much before clogging by particulates becomes a
problem. The measured pressure AP,;,, therefore, is ex-
pressed as:

APave= %Z('Pz _P)_APL

i=1

Ultrasonic flow monitors

The ultrasonic flow monitor (Fig. 6) consists of two ultra-
sonic transceivers mounted on the channel at angle o (typi-
cally 45° but can range from 6° to 60°) to each other.
Multipath configurations, such as one or two “X’’ patterns,
can be deployed to reduce the effect of nonuniform flows.®
In operation,® transceiver 1 transmits an ultrasound tone
burst (typically 50 kHz) to transceiver 2. Once received by
transceiver 2, this unit then sends an identical tone burst
back to transceiver 1. The flow monitor measures the tran-
sit times ¢; and /s, respectively, of the two tone bursts.

To derive &,,0qs for ultrasonic flow monitors, we must
first assume that the velocity V, and temperature T are
uniform, or constant, over the channel’s cross section A.
Under these assumptions, the speed of sound, a, in the me-
dium is constant, and we can apply the expression:

~ Speed = Distance/Time

From analysis, we draw the following conclusions:
1. The monitor assumes that the flow velocity and temper-
ature are uniform;
2. The flow velocity is an average along a line path, is not
weighted by area or mass, and does not cover the channel’s
entire cross section;
3. Separate temperature and pressure transmitters are re-
quired, thereby compounding the measurement errors.




Fig. 2 (left): A complete thermal flow
monitor system uses several sensors.

Thermal flow monitors
Figures 1, 2, 5, and 7 describe the
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A is divided into n equal areas A/n,
similar to that shown in Fig. 5. A typi-
cal array consists of four probes—each
with five, four, or three thermal sen-
sors —for a total of 20, 16, or 12 points,
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™ Fig. 3 (above): This is the coordinate system for CEMS moni-
" tors. The only velocity component contributing to the net flow
rate Q is V, which is usually expressed in units of fls.

Fig. 4 (below): Principle of operation of a differential pressure
flow manitor., The device consists of an array of one or more
probes—each with an upstream and a downstream bore.
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The total number of points and the
configuration of the equal areas are
identical to those required by EPA’s Method 1: a minimum
of 16 points for CEMS monitoring locations between 2 and 6
hydraulic diameters from an upstream disturbance, and 12
points for greater than 6 hydraulic diameters from an up-
stream disturbance.

All CEMS certification and RATA tests are made at the ex-
act same points in the cross section as the thermal flow
monitoring array. The thermal flow monitor shown in Figs.
1 and 2 has a rail system along the side of each probe facili-
tating repeatable, aerodynamically noninterfering travers-
al of the type S pitot tube. To reduce the large errors” asso-
ciated with EPA’s Method 2, the type S pitot tube used for
RATAs is:

1. Manufactured to close tolerances;

2. Individually calibrated accurately in a wind tunnel;

3. Dedicated specifically to the RATA tests at one plant site;
4. Carefully stored between tests at the plant in an instru-
ment box;

5. Deployed for all RATA tests by the same stack testing
team using the same electronic manometer.

Careful attention to the above factors greatly improves
the repeatability of the Method 2 tests and, thereby, the
passage of RATAs by any flow monitor.

The principle of operation of each thermal sensor is based
on the first law of thermodynamics which states that the
electrical power E,,%/R,, supplied by the electronics to the
velocity sensor shown in Fig. 1 is equal to the heat convect-
ed away by the flowing stack gas, or

E,%R, = hA(T,-T)
where k is the film coefficient; A is the

surface area of the cylindrical sensor;
T, is the temperature of the velocity
sensor; and 7"is the temperature of the
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Fig. 5 (left): Typical 20-point arrays in
rectangular duct and circular stack for
differential pressure and thermal flow
monitors. Each array has four probes.
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Fig. 6 (above): Principle of operation of an ultrasonic monitor.

Fig. 7 (below): Principle of operation of thermal flow monitors.
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mal sensor directly monitors the mass flow rate at the cen-
troid of each equal area in the channel’s cross section. The
product kA usually is expressed empirically as hA = a; +
ay (pV)™", where a;, ap, and m are empirically determined
constants; and pV is the mass velocity of the stack gas. Solv-
ing the equation (above) for the de-

=N

velocity sensor and the resistance Ry of the temperature
sensor. These values are compared with those stored in
memory, and a series of additional tests are conducted to in-
sure that the active elements—the velocity and tempera-
ture sensors—are in calibration.
The origin of flow nonuniformities

The three most common locations for a CEMS are:
e The rectangular duct work leading to the stack;
e Circular stack at low elevations (3 diameters height, ap-
proximately) and;
® Circular stack at high elevations (6 to 10 diameters
height, approximately).

As shown in Fig. 8, all three locations are characterized
by highly nonuniform velocity profiles, swirling flows, and,
in the case of the high and low stack locations with multiple
units feeding a single stack, temperature stratifications.

The nonuniform flows shown in Fig. 8 are generated pri-
marily by elbows preceeding the CEMS location. The duct
work leading to stacks almost always has at least one elbow
upstream of the CEMS location, and often has two elbows in
the same or different planes. Since the one or more ducts
leading to a stack usually are perpendicular to the stack, the
high and low stack locations also have upstream elbows.
Downstream of the elbows, the momentum of the gas car-
ries most of the stream to the far wall (top wall in Section
A-A of Fig. 8), creating a skewed velocity profile. Immedi-
ately downstream of an elbow, the velocity gradients ar
high, and, hence, the viscous forces tending to make the
flows uniform are also high. In these instances, the flow is
developing and not only varies in the x and y directions, but
also in the axial, or z, direction. This will be the case for the
duct work and low stack CEMS locations, but not the case
for the high stack location, which is nearly fully developed
and varies negligibly in the z direction.

Elbows also create secondary flows in the form of vortices

sired quantity pV we get

1 Es ik e
PV[Z[W]]

The electronics shown in Fig. 2 mea-
sures EUE/RU and maintains constant
the temperature differential T;, — 7.
Hence, this type of thermal flow moni-
tor is called a constant temperature
anemometer, in contrast to another
type called a constant current ane-
mometer. The advantage of constant
temperature anemometers is that they
have fast response to velocity changes
(typically 2 s) versus constant current
anemometers (typically 60 s). The
temperature sensor shown in Fig. 1 re-
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or swirls. Referring to Section A-A of
Fig. 8 we see that the skewed velocity
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Fig. 9: (left): Three velocity profiles. Curve 1 is the velocity distribution measured by the
ultrasonic flow monitor at the duct work and low stack locations. Curve 2 is for reference.
Curve 3 is the axisymmetric, fully-developed velocity profile at the high stack location.

Fig. 10 (above): Swirling flow model assumes that the ultrasonic path intersects one
swirl; the swirl is circular; and the swirl rotates as a solid body at constant velocity .

Table 2: Flow monitor errors caused by nonuniform flows

*4 probes x 5 points per probe = 20 points total in the array.

Using the high stack location for error analysis
We will use the high stack location to analyze the errors

—

in the three flow monitors in the “best-case’ location sce-
nario. Figure 9 shows the model for the fully developed axi-
symmetric velocity profile at the high elevation CEMS loca-
tion. Based on cylindrical coordinates, the expression for
this profile is:

V,(0) Ve = (60/49)(1—1)Y7

where ' = 1/rg

This familiar one-seventh power law is applicable to the
commonly encountered length-to-diameter ratios in circu-
lar stacks in the range of 6 to 10. All three flow monitors
measure the profile in the equation above; the ultrasonic

flow monitor has an angle « = 45° and the four probes for
the differential pressure and thermal flow monitors are 90°
apart, as shown in Fig. 5. The true average velocity V; .. is
found by integrating the velocity profile over the entire cir-
cular cross section.
Swirling flows in ultrasonic flow monitors

Figure 10 shows the model for swirling flows in ultrason-
ic flow monitors. In this model, we assume:
1. The ultrasonic path intersects only one swirl;
2. The swirl is circular;
3. The swirl rotates as a solid body at constant angular ve-
locity ¢; and
4. The axial velocity V, is constant over the channel’s en-
tire cross section.
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Table 2 shows the results for swirling flows in a rectangu-
lar duct. These results assume that the swirl angle ¢ is 10°,
the size of the single swirl D¢/D is 0.4, and the axial velocity
V. is constant over the entire cross section. The swirl re-
sults for the differential pressure and thermal flow monitor
are based on wind-tunnel tests. The errors due to swirl in
Table 2 can be considered as additional to the errors at the
three CEMS locations due to nonuniform velocity profiles.
Conclusions

Table 2 shows the errors in accuracy of the three flow
monitors when deployed side by side using the three models
for nonuniform flow profiles. The differential pressure flow
monitor has large errors (9 to 17%) in the duct work and
low stack CEMS locations, small errors (1%) in the high
stack CEMS location, and small errors (0.4%) due to swirl.
The ultrasonic flow monitor has large errors.in the low
stack location (40%), moderate errors in the duct work loca-
tion (3 to 5%) and high stack location (7 to 8%), and moder-
ate errors due to swirl (3.5%). The 20-point thermal flow
monitoring array has small errors (2.0% max.) at all loca-
tions and with swirl. The thermal flow monitor has zero er-
ror when compared with the reference method at all CEMS
locations. Table 2 also reveals that a 16-point thermal flow
monitoring array can be used at the duct work and low
stack locations, and the 12-point array can be used at the
high stack location.

Since swirling flows are always accompanied by large
scale turbulence, the ultrasonic flow monitor will have a re-
duced signal-to-noise ratio, which can cause additional er-
rors in measuring transit time. It is true that the errors
shown in Table 2 are systematic except for swirls, and,
therefore, theoretically correctable by applying a bias factor
prior to EPA certification. This procedure may be suitable
for differential pressure and thermal flow monitors whose
arrays provide coverage over the channel’s entire cross sec-
tion. On the other hand, the ultrasonic flow monitor, with
its line path coverage, can not sense major alterations in the
velocity profile in the remainder of channel resulting from
changes in plant load and boiler operating conditions — es-
pecially in stacks fed by one or more boiler units. In this
case, the bias factor may not be applicable.

The total cost of ownership of all of the flow monitors,
which includes installation and maintenance costs as well
as initial cost, must be considered by the plant operator in
selecting the right flow monitor for a given application. All
flow monitors have reduced errors at the high stack CEMS
location. Unfortunately, this location is accessible only via
an elevator, as shown in Fig. 8, instead of being ladder-ac-
cessible like the two lower CEMS locations. As a result, the
installation cost, as estimated by one utility, is $250,000 to
$1,000,000 higher, Therefore, using the high stack location
to avoid nonuniform flows is costly. The ultrasonic flow
monitor also requires the added expenditure of $30,000 to
$50,000 for the extra offset platform at all CEMS locations.

The thermal flow monitor is the plant operator’s best
choice for the duct work and low stack CEMS locations be-
cause it performs accurately in the nonuniform flows char-
acterizing these locations. ®
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