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ABSTRACT 

A flow measurement system was developed to measure, in real-time, the exhaust gas 
flow from vehicles. This new system was based on the vortex shedding principle using 
ultrasonic detectors for sensing the shed vortices. The flow meter was designed to measure flow 
over a range of 1 to 366 Ips with an inaccuracy of 21% of reading. Additionally, the meter was 
engineered to cause minimal pressure drop (less than 125mm of water), to function in a high 
temperature environment (up to 650OC) with thermal transients of 15OC/s, and to have a response 
time of 0.1 seconds for a 10% to 90% step change. The flow meter was also configured to 
measure bi-directional flow. Several flow meter prototypes were fabricated, tested, and 
calibrated in air, simulated exhaust gas, and actual exhaust gas. Testing included gas 
temperatures to 6OO0C, step response experiments, and flow rates from 0 to 360 Ips in air and 
exhaust gas. Two prototypes have been tested extensively at NIST and two additional meters 
have been installed in exhaust gas flow lines for over one year. This new flow meter design has 
shown to be accurate, durable, fast responding, and to have a wide rangeability. 
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INTRODUCTION 

A need was identified by the auto industry for an economical, real-time exhaust gas flow 
measurement system. New Environmental Protection Agency's (EPA) specifications for low 
concentration levels of pollutants in vehicle exhaust emissions provided the motivation for the 
development of sophisticated vehicle emissions testing programs. The advanced analytical tools 
being developed to measure the low concentration emissions depend on the ability to accurately 
measure the total exhaust gas flow in real time. While a near-tern benefit of this flow 
technology is the capability to certify a vehicle's ability to meet the new EPA regulations, 
additional possibilities include an aid to new engine development (real time flow and emissions 
data) and environmental monitoring for a variety of industries. 

The significant design goals for this flow measurement systems were: 

0 Flow range of 1 to 146 Ips, 
0 Exhaust gas temperatures from -3OOC to 65OoC, 
0 Maximum pressure drop across the meter of 127mm of water, 
0 Response time (10% to 90% of a step) of 0.1 second, 
0 Maximum temperature transient of 15OC per second, and 
0 Accuracy of +1% of reading. 

A commercially available flow meter did not exist, even after over 40 years of various 
attempts. Oak Ridge National Laboratory (ORNL) and J-Tec Associates, Inc. teamed together to 



develop a new flow measurement device to meet the above criteria [ 11. This team received 
valuable insights from the auto industry through the Environmental Research Consortium (ERC). 

MEASUREMENT TECHNIQUE 

The vortex shedding principle [2,3] was chosen to make the required flow velocity 
measurement. This method works by placing a non-streamline bluffbody in the flow path. 
Above a critical Reynolds number, Von Karman vortices are shed from the bluff body. The 
vortices are shed from alternating sides of the downstream edge of the bluff body or strut and are 
essentially the same distance apart regardless of the gas properties. The size and shape of the 
bluff body was chosen such that the commencement of the vortex creation will occur at a flow 
velocity below the minimum design flow. For this particular application, circular cylinders were 
chosen for the struts. Downstream of the struts, diametrically opposed, were ultrasonic 
transmitters and receivers. An ultrasonic beam was transmitted across the pipe through the 
vortex path. As the shed vortices pass through the beam, the sonic rays are deflected due to the 
vectorial addition of the rotational velocity of the vortex and the sonic velocity of the sound 
beam. This effect causes the ultrasonic beam to be alternately "focused" and "unfocused or 
spread" as the vortices pass. This produces varying intensity of the ultrasonic energy that is 
received and sensed by the detector. The fiequency of the varying energy is the vortex shedding 
frequency. The vortex frequency is related to flow velocity as shown in Equation 1, 

Vortex Shedding Frequency x Bluff Body Diameter 

Strouhal Number 
V =  Eq. 1 

where V is the flow velocity and the Strouhal Number is a non-dimensional term that becomes a 
constant value at Reynolds' numbers > 10,000. 

To be able to measure bi-directional flow, in case reverse flow occurs in the exhaust line, 
three struts were placed in the flow stream with two sets of transmitterddetectors. The 
arrangement of the bluff bodies and ultrasonic transducers are shown in Figure 1. 
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Figure 1. Schematic Diagram of Bluff Bodies, Transducers, and Vortices 



In forward flow as shown in Fig. 1, the vortices shed by the first 3.2mm-diameter strut 
are detected by the first set of ultrasonic transducers (A). The vortices shed by the middle strut 
(5 mm in diameter) are sensed by the second set of transducers (€3). Referring to Eq. 1, the 
smaller diameter strut will produce a higher shedding frequency for the same velocity as 
compared to the larger, center bluff body. With transducer pair A measuring the higher 
frequency than pair B, the flow direction is known, lefi to right. If the flow reverses direction, 
then transducer pair B will have the higher frequency and the flow direction is known to be from 
the right to left. 

MEASUREMENT SYSTEM DESIGN 

To accommodate the dynamic range of flow from 1 to 366 Ips, two separate flow meters 
were used; one was 50 mm in diameter and the second one was 76 mm in diameter. The 50-mm 
diameter flow tube measurement range was 0.9 to 146 Ips and the 76-mm diameter meter had a 
measurement range of 7 to 366 Ips. To prevent condensation inside the flow tube, which would 
cause a significant measurement error, the flow tube was heated with externally mounted heat 
tape to approximately 90°C, which was above the exhaust gas dew point temperature of -7OOC. 
A pressure sensor and thermocouple were installed with the flow meter so the actual flow rate 
could be converted to standard flow conditions. EPA requires the flow rate to be presented in 
standard volumetric units. 

Pressure transients are fairly slow in a vehicle exhaust system but temperature transients 
are quite rapid, 15OC per second. If the temperature measurement device is not fast enough to 
keep up with the transients, errors in correcting the actual flow to standard flow could be as high 
as 5%. To mitigate this possible error, a 1-mm, type-N, exposed junction thermocouple was 
selected. A thermal model [4] was used to size the thermocouple, its material, and the need for 
one concentric radiation shield. 

For use in the auto industry to test vehicles in their emission test stands, both the 50-mm 
and 76-rnm flow meters were housed in one unit with a user interface located remotely. The 
ultrasonic transducers used have a Curie temperature of 365OC. Therefore cooling air was 
provided to limit their temperature to 100°C. A photograph of the overall system is shown in 
Figure 2. 

Figure 2. Photograph of the prototype Exhaust Gas Flow 
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FLOW METER TESTING AND CALIBRATION 

The time response of the entire measurement system was determined by 
“instantaneously” changing the airflow with fast acting shutoff and bypass valves. The flow was 
varied from 0% to 50% of MI scale (FS), from 50% to 0% FS, and from 25% to 50% FS. The 
time response (10% to 90% of the input step size) was less than 100 ms for all cases. A 90-ms 
filter in the system software primarily determined the response time. A typical response curve is 
illustrated in Figure 3. 

Time Response 

is < looms 
(10 to 90% of step) 

Time (100 mddiv) 

Figure 3. Time response curve for a step input 

Initial air testing of the 50-mm and 76-mm flow meters indicated that the device output 
was linear with flow rate and had wide rangeability. The 50-mm test results are shown in Fig. 4. 
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Figure 4. Frequency Output Vs Flow for the 50-mm Prototype Flow Meter 



The 50-mm flow meter was also calibrated in air to verify the accuracy of the prototype. The 
data for the low end of the calibration run is shown in Figure 5. 
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Figure 5. Air Flow Calibration of the 50-mm Vortex Flow Meter 

Additional testing in an engine test stand showed that the vortex flow meter could 
withstand temperatures up to 6OO0C and function properly. However, measurement system 
problems were discovered that were attributed to pressure fluctuations in the exhaust line. This 
particular test stand did not have a muffler or catalytic converter so pressure fluctuations due to 
valve movements were not dampened before reaching the vortex flow meter. The signal 
processing algorithms and filtering ahead of the ultrasonic receiver were modified to handle the 
system dynamics. Subsequent testing on the engine test stand indicated that the modifications 
corrected for the excessive noise on the detector output signal. 

A 50-rnm diameter prototype vortex flow meter was sent to NIST to undergo calibration 
testing in air and simulated exhaust gas flow. The NIST flow stand can run at temperatures up to 
260°C with actual exhaust gas constituents. The prototype sent to NIST did not have pressure or 
temperature measurements or tube wall heaters. The prototype measured the actual volumetric 
gas flow. 

Data taken at NIST in room temperature air (2OoC) is shown in Figure 6. The data was 
plotted in terms of output frequency divided by the flow rate (the slope of the frequency Vs flow 
curve) versus the NIST determined flow rate to better show the results. For flow rates above 
about 5 Ips the variation in the frequency/flow value is less than 22%. For flows <3 Ips the 
variability in the frequency/flow term was 230%. These variations for flows under 5 Ips are 
illustrated graphically in Figure 7. 
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Figure 6. NIST data for the 50-mm flow meter using air at 20°C 
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Figure 7. Uncertainty in data for the 50-mm flow meter using air at 20°C 



The prototype flow meter was then tested with air and exhaust gas at higher temperatures. 
The data from these experiments are shown in Figures 8-10. The variation in the output./flow 
term for air at 12OoC became larger than +2% below 7 Ips, slightly higher than at 2OoC data. At 
air temperatures of 26OoC, the variability becomes > 2% for flows below -17 Ips (Figure 9.) 
Figure 10 contains data with simulated exhaust gas. The variability in the output&low term is 
larger than 22% at flows lower than 6.5 Ips, approximately the same as the 12OoC-ak case. It 
appears that the meter functions the same in air as in exhaust gas. It was later determined that 
excessive transducer cooling airflow caused the apparent rise in the frequency divided by flow 
data at low meter flow rates. When a later NIST test was made on the 76-mm unit this problem 
did not appear. 
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Figure 8. NIST data for the 50-mm flow meter using air at 120'C 
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Figure 9. NIST data for the 50-mm flow meter using air at 26OoC 
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Figure 10. NIST data for the 50-mm flow meter using simulated exhaust gas at 12OoC 

In attempting to understand why temperature was affecting the flow meter 
performance and gas mixture was not, the vertical temperature profile was measured in 
the flow duct. Significant variations in the gas temperature were measured at the top and 
bottom of the flow duct as shown in Figure 11. In the NIST test stand, the meter was 
preceded by a straight pipe about 6-m long, which was heated to the same temperature as 
the gas flow. As the flow travel down the pipe the higher temperature gas drifted 
towards the top of the pipe. It is believed this temperature stratification caused the flow 
profile to become distorted with higher flows towards the top of the pipe and hence the 
strut. There were different flow rates along the vortex strut and this caused some 
uncertainty in the vortex formation and thus, the flow measurement. As the flow 
increases and better mixing occurs, the temperature difference becomes smaller. When 
the temperature difference was less than 5'C, the outpudflow value variation was <2%. 
This phenomenon held true for the 26OoC air data and the 120'C exhaust gas data. To 
achieve higher accuracy at the low flows, better mixing is required. 

To test this theory a flow straightener that was designed to mix the flow was 
added upstream of the 76-mm vortex flow meter. 
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Figure 1 1. Temperature profile in flow duct for air at 12OoC 

Temperature difference data with the straightener in and out of the flow duct for air at 12OoC is 
shown in Figure 12. The mixer reduced the temperature difference at the lower flows ( 4 0  Ips) 
by 2OoC to 3OoC. At about 12 Ips the temperature difference was the same with or without the 
mixer. For flows above 18 Ips the mixer cause a higher temperature difference than occurred 
with no mixer in place. 
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Figure 12. Temperature Difference with and without a flow mixer for air at 120'C 



ability of the flow meter to measure accurately is affected by temperature distribution in the flow 
duct. If the temperature difference between the top and the bottom of the flow duct is less than 
5OC, the meter will maintain its stated accuracy. The six-meter heated upstream pipe in the MST 
test stand likely caused much of the temperature stratification. In most applications it is unlikely 
that long, heated pipe lengths will be used which would create the stratification problem. Ifthere 
were a long horizontal heated pipe, then installing the flow meter in a vertical pipe section wouid 
minimize or prevent this problem. 

An interesting result that was uncovered during the testing at NIST was that a flow 
straightenerhixer did not necessarily improve the temperature distribution within the flow duct. 
It may be that the device straightens the flow but is not effective at mixing the flow. Only one 
test was conducted with the mixer but the data indicated that the mixer was of help at low flow 
rates and a detriment at higher flows. 
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