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Pelton Design Offers Low-Cost Solution to Low Flow

Although the helical turbine design has worked very well in many applications
over the years, the Pelton wheel turbine design is now capable of delivering
much lower flow detection rates at a much lower cost.

Robert D. McMillan & Corte Swearingen

What does a cow have to do with
a turbine flow sensor?
The Pelton turbine wheel flowmeter doesn’'t get much
attention these days, but it deserves more appreciation
for its design, economy of scale, low cost, and wide
applicability to flow applications. But first, the cow ...
As the story goes, around 1877, Lester Pelton was
chasing a cow from his landlady's property in
Camptonville, Calif. He hit the cow with a bucket
of water and noficed how the water split when it hit
the cow’s nose, circling around and then moving
back out in the opposite direction. It was this observa-
fion that supposedly led Pelton fo connect small
twin buckets to the periphery of a wheel to create
a more efficient version of the turbine (Figure 1).
Although this story has been circulated for some
fime, David Stern describes Pelton’s invention a bit
differently in his article “From Stargazers to Starships’
(www.istp.gsfc.nasa.gov/Education/Intro.html):
Pelton was watching a spinning
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T water turbine when the key
4-:;'-}:; _H_ holding its wheel onto ifs shaft
== 1 ;" slipped, causing it fo become

-i_!:!:,_: J misaligned. Instead of the
-_.;.-‘_;h [water] jet hitting the cups in

their middle, the slippage made
it hit near the edge; rather than
| the water flow being stopped,
- it was now deflected info a

Figure 1. Drawing for an 1889 patent issued to Lester Pelton for an
improved water wheel.

half-circle, coming out again with reversed direc-

fion. Surprisingly, the furbine now moved faster. That

was Pelton’s great discovery. In other furbines, the
jet hit the middle of the cup and the splash of the
impacting water wasted energy.

Of course, there have been many refinements since
Pelton’s first designs but, surprisingly, the basic concept
remains the same. Let’s take a brief look at the current
frend of traditional variable-area flowmeter replace-
ment. After this, we can then compare the classic heli-
cal furbine design fo the more modern turbine Pelton
wheel sensor, which offers many benefits, especially for
measuring very low flows.

Rotameter Replacement

Quite a number of years ago, designers of low-flow
sensors recognized a need for very inexpensive
products that could meet the needs of certain gas
analyzer manufacturers and laboratories that were
then using ball and tube flowmeters (known as
variable-area flowmeters or rotfameters) fo determine
flowrates. Although this segment of the industry was
beginning to switch to computer-aided laboratory
and analyzer automation, jumping from a $200
variable-area flowmeter to a $1,000 electronic
flowmeter was not a viable option. The flowmeter
industry responded fo this need and small, inexpensive
electronic flow sensors began to arrive on the market.
Today, these sensors have been greatly improved
and costs have contfinued fo drop, narmowing the
price gap between electronic sensors and traditional
variable-area flowmeters.



As a result, the liquid/gas analyzer segment of the
flow sensor market has seen fremendous growth since
the early nineties. Among this group of flow sensors
that scientists and engineers routinely use, we find
many applications of the Pelton wheel design. Why is
this a popular consideration? There are four obvious
reasons: low cost, reliability, excellent repeatability,
and the ability to measure flowrates below 15 mi/min
or 20 SCCM for a wide ranging number of liquids and
gases. But for prospective users of this very novel and
simple class of flow sensors, a question may arise ...
What were the principle design considerations that
brought about this type of very low flowrate Pelfon sen-
sor? In an effort to answer this question, before we look
info some of the new Pelton designs let's take a quick
look at the traditional helical blade furbine meter.

Helical Blade Turbine Meter
All turbine designs share one thing in common
— the fluid, as it passes through the flowmeter,
causes the rotation of a wheel or helical bladed
wheel. The rotation is directly proportional to the
flowrate of the fluid. Signal generators, usually
located within the wheel or helical blade, provide
magnetic pulses that are electronically sensed
through a pickup coil, which then provides the
basic electronic signal that can be correlated o
the fluid flow. The electrical output is usually a
square wave voltage pulse with a frequency that
is linearized and proportional to the fluid flow.

In a helical tfurbine design with embedded
magnets (Figure 2), the output signal will typically

be a sine wave voltage (V) of the form:
V = Kosin(Nwt)
Where:

* K = The amplitude of one sine wave
¢ o = The rotational velocity of the blades

* N = The number of blades that pass the pickup
in one full rotation
et =Time

The main advantages of the helical-blade design
are its high accuracy, usually between (plus or
minus) 0.5 to 1 percent of full-scale flow. In addi-
tion to its inherent high accuracy, the helical-
blade turbine meter also has good repeatability,
fast response (down to a few milliseconds), high
pressure and temperature capabilities, and a
generally compact and rugged construction.
Some manufacturers have
taken the helical design to
the next level by incorpo-
rafing advanced elec-
fronics that perform tem-
perature compensation,
signal conditioning, and
linearization. This
advanced fechnology
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Figure 2. An example of a modern turbine flowmeter design.

Photo Courtesy of Great Plains Industries



allows the meter to quickly com-
pensate for viscosity and density
changes, an important considero-
tion, especially for gas applications.
The main disadvantage of the
helical design becomes evident at
lower fluid flows. As the flow drops to
the low end of the flow range, most
designs start to show a loss of lineari-
ty. This is especially frue of designs
that use an embedded magnet, as
the drag caused by the magnets
becomes more of an issue the slow-
er the blades are turning. Another
possible disadvantage can be the
change in bearing friction over time,
although most turbine meters share
this problem. As we will see later,
clever bearing designs can virtually
eliminate this problem. Another issue
to be aware of is the effect of vis-
cosity. Unless the meter electronics
are capable of compensating for net
fluid viscosity changes, viscosities of
approximately 10 to15 centistokes and
greater will cause a loss of accuracy.
Finally, price may be another factor as
a low-flow steel turbine meter will gen-
erally start at around $600 and can
run well over $1,000. This makes the
technology cost prohibitive in some
applications, especially in original
equipment manufacturer programs. It
should also be noted that most helical
turbine meters are typically designed
for flows above one L/min, which
makes them unusable in smaller scale
lab applications where flows in the
ml/min range must be measured.

Figure 3. An example
of a small low-flow
Pelton sensor.

Photo Courtesy of McMillan
Company

Modern Low-Flow

Pelton Wheel Design
Although the helical furbine design
has worked very well in many appli-
cations over the years, the Pelton
wheel turbine design is now capable
of delivering much lower flow detec-
tion rates at a much lower cost. The
basic design is shown in Figure 3. In
this design, a turbine wheel is mount-

ed on a sapphire shaft. The bearings
are also constructed of sapphire,
allowing the wheel to measure very
low flowrates without any loss of
accuracy due fo friction between the
shaft and bearings. As flow passes
through the flow sensor, it is directed
ontfo the teeth of the wheel using a
precision-machined orifice, which is
sized according to the required flow
range. The flow is projected onto the
wheel, spinning the wheel faster as
flow increases.

In order to convert the furbine
wheel rotation into an electrical
signal, an electro-optical system can
be used. This system consists of an
infrared diode beaming light
through a glass window onto the tur-
bine wheel. “Spokes” deposited on
the turbine wheel alternately reflect
and absorb the light. The reflected
light is sensed by a photo-diode,
and advanced electronics convert
those pulses into a signal proportion-
al to the flowrate.

Such designs have proven suc-
cessful for fluid flowrates between
13 ml/min and 10 L/min.

Design Considerations

By far, the greatest design problem
of the Pelton wheel meter occurs
when the wheel is required to rotate
at very low gas flowrates. Why?
Because the gas directed to the
Pelton turbine wheel will have an
impact force much lower in grams
than the same flowrate of a liquid
flowing through the same nozzle.
Let’s look at the results of some
early test data that indicates how
the nozzle and turbine wheel should
be designed in order to maximize
accuracy and repeatability for
both gas and liquid flows.

Figure 4 shows actual test data
that shows the impact force from
the gas streaming from two different
sizes of nozzles versus turbine wheel
teeth spacing. To obtain the maxi-
mum of impact force, it becomes
obvious that the blades receiving
this impact force must be closely
spaced. Test data confirms that
blade or tfeeth spacing should not
exceed 0.1 inch.
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Figure 4. A graph of impact force versus
turbine wheel tooth spacing.

Next, fo obtain the lowest consis-
tent repeatable flowrate using a
Pelton furbine wheel, the diameter
of the wheel becomes a considera-
tion along with the type of bearings
used to support the turbine wheel.
As the turbine wheel diameter
increases, so does the weight of the
wheel. Further, the larger the diame-
ter of the turbine wheel, the greater
the need to dynamically balance
the wheel to reduce both static
torque at initial starting and, as flow
increases thus causing the rotational
speed of the wheel to increase, to
minimize centrifugal force which
could reduce the life of the furbine
wheel bearings and shaft. Therefore,
a small wheel is a desired design
objective. The question then
remains, how small should the tur-
bine wheel be?

To obtain the answer, the designer
must first determine the choice of
bearings and shaft. A good solution
would be to examine prior designs
to learn what others skilled in flow
sensor design have done. It seems
that for small sensor designs, the
usage of sapphire jewel bearings
combined with pointed fip sapphire
shafts to support the turbine wheel
have proven to be a good choice.
Making the furbine wheel from a thin
lightweight plastic is required to
reduce the deadweight of the
wheel on the bearing surface. Then
the diameter of the turbine wheel
must be considered. By actual
experiments, a designer can deter-
mine the frictional torque required to
be overcome before the gas
through the nozzle will rotate the
wheel, thus it is easier fo determine
the radial torque arm that the desired
flowrate will need to induce wheel
rotation. These experiments have
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Figure 5a. The actual turbine wheel in this
design is about the size of a U.S. dime.

been carried out and the results
show that turbine wheels as small as
a U.S. dime and about 0.03 inch thick
are opfimum. This is about the size of
the turbine wheels found in the flow
sensors shown in Figure 5a and 5b.
For both gas and liquid flow sensors,
the very light weight turbine wheels
cause minimal wear on the sapphire
shafts and bearings. In fact, in most
liquids, these turbine wheels literally
float in the liquid being measured. This
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Figure 5b. The tfooth spacing on these low-
flow turbine sensors is less than 0.1 inch.

phenomenon virtually eliminates shaft
or bearing wear, allowing a very long
service life.

So, for exiremely small Pelton wheel
designs and to keep weight
to the absolute minimum, photo-
opfical sensors have proven to
be the best way to measure wheel
rofation. To obtain an output signal,
spokes or small holes are uniformly
placed around the turbine wheel so
the photo-opfical signal can detect
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wheel rotation. Thus, the photo-
optical beam is pulsed in direct
proportion to the flowrate. Figure 6
schematically shows the arrangement
used to obtain an output signal.

Figure 6. Small holes
on the turbine
wheel alter-

nately reflect

and absorb

light, creating a
frequency signal
proportional to

the flow.

Applications for Gas

Flow Measurement
Low-flowrate gas Pelton wheel flow
sensors are finding a wide range of
applications in both the OEM mar-
ket and in a variety of laboratory
applications. The flow sensor enjoys
a higher accuracy level than ball
and tube rotameters, primarily
because they produce a signal pro-
portional fo the flowrate, allowing
the user to monitor flowrate during
periods when the activity is unat-
tended. This is especially important
in gas analyzer applications where
the flow can be digitally displayed
and the sensor signal can be used
to automatically vary the span of
the analyzer with changing
flowrates. In certain situations when
a gas analyzer is remotely located,
diagnostic signals showing flowrate
can be monitored. If a loss of criti-
cal flow occurs, the analyzer would
know this and could either shut
down the operation or notify a con-
frol station or both. In such situa-
tions, it is evident that slowly chang-
ing flowrates at or near atmospheric
pressure are most suited for flowrate
measurements by the micro turbine
gas flow sensors. Where very rapid
flowrate changes are fo occur, then
the gas turbine flow sensor may not
be the best choice. However, in
many laboratory and analyzer
applications, the micro turbine gas
flow sensor is typically the most
cost-effective option.



Figure 7. When combined with a display, the Pelton wheel design
offers a complete low-flow solution.

Photo Courtesy of McMillan Company

Applications for Liquid Flow Measurement
Pelton ligquid furbine flow sensors and flowmeters are
exceptionally qualified to measure low flowrates of lig-
uids with maximum viscosities of 10 centistokes. This low
value of viscosity is necessary to ensure good linearity of
the flow sensor. A number of companies will specify the
usage of Pelton-type turbine flow sensors in liquid appli-
cations at viscosities considerably higher than 10 cen-
fistokes, but in such cases external electronic lineariza-
fion circuitry is typically employed and costs will
increase if accuracy is to be preserved. However, for
low-viscosity applications, such as water, Pelton turbine
wheel liquid flow sensors are available with full-scale
accuracies in the order of 1 percent or even 0.5 per-
cent in flow ranges from 13 ml/min to 10 L/min.

These liquid flow sensors are commercially available
in a variety of materials, both of plastic and metal
construction. This variety allows a wide range of liquids
fo be measured with a high level of precision. When
combined with a display meter, the flow sensor is trans-
formed info a flowmeter, as shown in figure 7.

Besides being a rugged workhorse in many labora-
fory applications, these flow products have seen appli-
cations in military and commercial scenarios. Low-flow
measurements of diesel and gasoline fuel have been
performed for a number of research applications.
OEMs are using such sensors because of their low cost
and high accuracy. It has been estimated that up fo
50 percent of all Pelton turbine wheel sensors are sold
to OEMs for custom applications.

Micro Pelton design offers many benefits and
advantages for a variety of low-flow liquid and gas
applications. @
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