
Smith Meter® Turbine Meters
Turbine meters have been used for the custody transfer of 
refined petroleum products and light crude oils for over 50 
years. When correctly applied, they offer high accuracy and 
long service life over a wide range of products and operat-
ing conditions. Traditionally turbine meters were used for 
the measurement of low viscosity liquids and PD meters for 
higher viscosities. However, new developments in turbine 
meter technology are pushing these application limits while 
increasing reliability and accuracy. This paper will examine 
the fundamental principles of turbine meter measurement 
as well as new developments including: smart preamps 
for real-time diagnostics, helical turbine meters for higher 
viscosity applications, high performance flow conditioners to 
increase accuracy and viscosity compensation to extend the 
application limits.

History
With the development of jet engines and liquid propellant 
rockets in the 1950s, the need arose for an accurate, quick 
response meter that could be used on exotic fuels and 
oxidizers at extreme temperatures. The turbine meter met 
this need. It was soon applied in many other industrial flow 
measuring applications.

Turbine meters began to be applied extensively in the petro-
leum industry in the mid-1960s. Since the publication of API 
Standard 2534 “Measurement of Liquid Hydrocarbons by 
Turbine Meter Systems” in March, 1970, the turbine meter 
has gained broad acceptance for custody transfer of petro-
leum liquids such as liquefied petroleum gases (LPGs), light 
distillates, and light crude oils, primarily at large petroleum 
storage and transfer terminals.
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Types of Meters
Fluid flow meters can, in general, be classified as either 
positive displacement or inference type meters. Positive 
displacement (PD) meters can measure volumetric flow 
directly by continuously separating (isolating) a flow stream 
into discrete volumetric segments and counting them. Infer-
ence meters infer volumetric flow rate by measuring some 
dynamic property of the flow stream. Turbine meters fall in 
the latter category.

The most common examples of inference meters are orifice 
plates, Coriolis mass meters, vortex meters and ultrasonic 
meters.

Meter Housing
The meter housing sub-assembly is normally constructed 
of a flanged pipe spool in sizes ranging from ¼" to 24", with 
virtually any type of end connection and pressure rating. 

Materials are selected to be compatible with the product 
being measured. Typically, only the pipe spool comes in 
contact with the fluid. Therefore, the flanges (being non-wet-
ted) generally need not be compatible with the fluid. Thus, 
carbon steel flanges are normally used, with an alternative 
such as stainless steel, being available for  
corrosive atmospheres. 

A deflector ring is used with rimmed rotors to prevent the 
flow stream from impacting on the rotor rim and to provide a 
smooth flow transition into the rotor area.

To obtain reliable signal generation, it is essential that the 
material in the immediate vicinity of the pickup coil be non-
paramagnetic. However, a small paramagnetic plug directly 
beneath the pickup coil tip is sometimes used to focus the 
magnetic flux field generated by the pickup coil.

When a second pickup coil is used, it is located so the 
signal is approximately 90 degrees out of phase with the 
initial pickup coil. This allows for automatic direction sensing 
for bi-directional turbine meters and/or signal comparison for 
signal transmission security.

Construction
There are three basic sub-assemblies in a conventional 
turbine meter (see Figure 1):

1. Meter Housing Maximum Flow Rate

2. Internal Assembly 
a. Open Bladed Rotor (1A) 
b. Helical Rotor (1B) 
c. Rimmed Rotor (1C)

3. Pulse Pickup Assembly 

Figure 1
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Internal Parts Sub-Assembly
The only moving part in a turbine meter is the rotor, which 
is free to rotate on a bearing, mounted on a shaft that is 
suspended in the flow stream by a stator or stators. Tra-
ditionally, rotors are a series of blades that are fixed to a 
hub at a specific angle, causing rotation when in the fluid 
stream. Rotors may be open bladed (rimless) or rimmed 
type. Open bladed (rimless) rotors are most commonly used 
on smaller meters with line sizes of less than 6 (six) inches 
and are typically constructed of 400 series stainless steel or 
another paramagnetic material that can be easily detected 
by reluctance type pickup coils. Rimmed rotors are typical 
in larger meters and are used to add rigidity to the blades 
and increase the pulse resolution by adding more detection 
points per rotor revolution.

There are a variety of bearing types and materials, but hard-
surfaced journal bearings have been proven to be the most 
suitable for petroleum applications. The bearings are highly 
polished to reduce frictional drag and are lubricated by the 
fluid media. Hard-surfaced thrust washers are also required 
with these designs to limit rotor endplay. In many journal 
bearing designs, however, a floating rotor is utilized so that 
the rotor bearing only contacts a thrust washer during start-
up, changes in flow, or if the meter is operating outside the 
meter’s normal flow range. Good bearing design is not only 
important for long service life, but also for repeatability and 
accuracy.

Stator designs are of two types; one supports the rotor at 
both ends and the other is a cantilever design that sup-
ports only the upstream end. The cantilever-type support 
is sufficient for light weight rotor assemblies used in small 
size meters whereas dual supports are required for larger 
meters.

Pulse Pickup Assembly
The detector sub-assembly normally consists of a reluc-
tance-type pickup coil, preamplifier, and explosion-proof 
junction box. The pickup coil is threaded into the pickup coil 
“boss” that has been welded to the housing in a location 
directly in line with the rotor. Signal transmission wires from 
the pickup coil are connected to the preamplifier inside the 
explosion-proof junction box, which is normally threaded to 
the outside of the pickup coil “boss”.

A typical reluctance-type pickup coil has an outer case of 
stainless steel, threaded at the bottom for mounting on the 
meter. At the bottom, the threaded end of a paramagnetic 
pole piece (tip) projects out to help focus the magnetic field 
onto the path of the paramagnetic material (blades or rim 
buttons) on the rotor periphery. The tip does not penetrate 
the housing wall. The air gap, or distance between coil tip 
and rotor rim or blades varies from approximately 1/16" to 
5/16" depending on meter size. A two-pin connector mounts 
on top for signal connections to the transmission line.

The main internal parts of a reluctance-type pickup coil are 
the coil bobbin and permanent magnet. The coil bobbin 
consists of thousands of turns of fine wire wrapped around 
a paramagnetic core. This core is simply an extension of 
the pole piece (tip) previously mentioned. On top of the coil 
bobbin is a permanent magnet. It is magnetized North-
South longitudinally along the main coil axis. The coil wire is 
brought up to the connector in protective sleeves. The entire 
assembly is potted for thermal and mechanical protection.
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Signal Generation
Signals are generated by the rate of change of magnetic 
flux passing through the coil bobbin. The output voltage is 
proportional to the number of turns of coil wire and the rate 
of change of magnetic flux in the coil bobbin. Peak-to-peak 
voltage is thus proportional to rotor speed.

In Figure 2A, the approaching paramagnetic blade or button 
creates an increase in the magnetic flux in the coil. As the 
flux changes from a low level to a higher level, the chang-
ing flux generates a positive portion of the output signal. 
Amplitude is proportional to the number of turns of wire and 
how fast the flux level changes. 

In Figure 2B, the paramagnetic material in the rotor periph-
ery is directly opposite of the coil. The rate of change of flux 
is zero since the coil bobbin has reached its highest level of 
flux density. The voltage drops to zero.

In Figure 2C, the paramagnetic material is leaving the 
field of the coil, reducing the flux density from maximum 
to minimum. This causes the rate of change of flux in the 
opposite direction, generating the negative portion of the 
output signal.

Finally, in Figure 2D, the paramagnetic material has left the 
pickup coil’s field of influence. Both the rate of change of 
flux and the output signal are reduced to zero.

Performance

Figure 3 – Typical Performance Curve

The performance characteristics (Figure 3) essential for the 
proper application of a turbine meter are:

• Turndown Ratio – The range over which the meter can 
accurately measure. Turndown ratio can be in terms of 
flow range, viscosity, and/or Reynold’s  
Number

• Accuracy – The difference from the actual measure-
ment and the meter’s indicated measurement.  
Typically meter accuracy is stated in the following 
terms:

• Repeatability – The meter’s ability to reproduce the 
same measurement for a set of constant conditions 
of flow rate, temperature, viscosity, density and 
pressure.

• Linearity – The meter’s ability to maintain a nearly 
constant calibration factor throughout the stated 
flow range.

Basic Assumptions 
Turbine meters infer flow rate from the measurement of 
rotational movement (angular velocity) of a bladed rotor or 
impeller suspended in the flow stream. Thus, two levels 
of inference (basic assumptions) are necessary to obtain 
volumetric flow rate from a turbine meter.

First Assumption

Given a constant volumetric flow rate (Q), the fluid velocity 
(V) and the flow area (A) are inversely proportional: 

Q = V x A

Second Assumption

The rotational speed of the rotor (V_R) is directly propor-
tional to the linear speed of the fluid (V_F):

V_R ∝ V_F
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Figure 2 – Principle of Reluctance Signal Generation

Magnetic Blade
or Button

Repeatability Linearity

Turndown

Flow rate10% 100%

K-
Fa

ct
or

Time

Volts

A

C

B

D



5Bulletin TP02001 Issue/Rev. 0.2 (4/15) Bulletin TP02001 Issue/Rev. 0.2 (4/15)

Factors Affecting Meter Accuracy
Exceptionally high accuracy can be obtained from high qual-
ity turbine meters under proper operating conditions. How-
ever, it is important to understand how certain operational 
factors can significantly degrade turbine meter performance. 
The various factors that can reduce meter accuracy actu-
ally do so by affecting the validity of one or both of the two 
previously mentioned basic assumptions required to obtain 
volumetric flow rate from a turbine meter.

Constant Flow Area Assumption
If the volumetric flow rate being moved through a meter 
remains constant, a change in flow area will produce a  
corresponding inverse response in fluid velocity. That is,  
if the flow area decreases, the flow velocity must increase 
to maintain the same volumetric flow rate and vice-versa. 
Since the turbine meter infers volume as a function of  
velocity, any abnormal change in velocity can affect the 
volume indicated by the meter. Some examples of this  
phenomenon that can produce a change in flow area are:

1. Erosion – from abrasive contaminants (sand)

2. Corrosion – from corrosive contaminants (acid) 

3. Deposits – from solids precipitating out (wax)

4. Boundary Layer Thickening – from high viscosity  
or lower flow

5. Cavitation – from low back pressure

6. Obstructions – from trash, “grass”, upstream  
buildup, etc

Erosion
Even a seemingly small buildup or erosion of the bladed 
rotor between meter provings can have a significant                            
effect on meter performance. For Example, a one mil 
(0.001") buildup on all surfaces of a 4" rotor will decrease 
the flow area through the rotor, and thus the K-Factor by 
about 0.5%.

Laminar v. Turbulent Flow Range
There are two types of flow that occur in a pipe, laminar flow 
and turbulent flow. In laminar flow, the fluid flows smoothly 
through the pipe and the fluid exhibits a parabolic velocity 
profile. This simply means that due to the friction between 
the fluid and the inside of the pipe wall, the fluid in the 
center of the pipe moves faster than the fluid at the edges. 
In the turbulent flow range, the friction between the fluid and 
pipe wall creates turbulence in the flow stream that “mixes” 
the flow across the open area of the pipe. Since the flow 
is relatively even across the area of the pipe, the velocity 
profile is relatively flat.

The flow range is determined by a parameter call Reynold’s 
Number. Reynold’s Number is a ratio of the fluid’s inertial 
forces to the fluid’s viscous forces. It can also be consid-
ered as a numeric method of describing flow in a pipe. 

The basic equation for Reynold’s Number is:

  Re =  (V x D)  
               v

Where: V = Fluid Velocity
 D = Pipe Diameter
 v = Fluid Kinematic Viscosity

Reynold’s Number can easily be calculated using the  
following derivation:

 Re =        (2,214 x Flow Rate (BPH))  
          (Meter Diameter (Inches) x Viscosity(cSt))

The laminar flow range is typically defined as having a 
Reynold’s Number of less than 4,000 while the turbulent 
flow range is typically defined as having a Reynold’s Num-
ber of greater than 10,000. The range between those two 
values is referred to as the “transition range”.

Turbine meters always produce a more linear response 
when operated in the turbulent flow range. It is gener-
ally recommended that a proper turbine meter application 
should have a Reynold’s Number of greater than 10,000. 
Figure 4 shows the response of a typical turbine meter over 
the Reynold’s Number range.
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Figure 4 - Universal Turbine Meter Performance Curve
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Reynold’s Number
Viscosity (cSt) 400 (BPH) 4,000 (BPH)

1 147,400 1,474,400
5 29,480 294,800

50 2,948 29,480
100 1,474 14,740
500 295 2,948

Table 1

Cavitation
Cavitation (the local vaporization of product) substantially 
reduces flow area through the rotor, thereby dramatically 
increasing fluid velocity through the rotor, and the meter 
K-Factor, as shown in Figure 5. Cavitation is eliminated by 
increasing system back pressure on the meter. API recom-
mends:

BP = 2 x ∆P+1.25 x VP

Where: BP = Minimum back pressure at the meter
 ∆P = Pressure drop at maximum flow rate  
 VP = Vapor pressure of the liquid

Figure 5 – Turbine Meter Performance with Cavitation

Obstructions
Temporary obstruction, such as trash or “grass” immediately 
upstream of the bladed rotor can substantially decrease 
effective flow area through the rotor, as well as cause a 
pronounced shift in fluid velocity profile.

Constant Rotor/Fluid Velocity 
Ratio Assumption
The second basic assumption is that the average fluid ve-
locity is directly proportional to the measured rotor angular 
velocity. This assumed constant rotor/ fluid velocity can be 
affected by:

1. Rotor Blade Angle

2. Rotor Stability

3. Velocity Profile and Swirl

4. Rotor Bearing Friction

5. Viscous Drag

6. Fluid Density

Rotor Blade Angle
The angle of the rotor blade can change if it is struck by 
a foreign object. Also, a blade designed with poor rigid-
ity characteristics can flex to a different angle for different 
blade loading conditions. 

Rotor Stability
The major factors affecting rotor stability are rotor balance 
and rotor/shaft bearing fit. Good rotor balance is crucial to 
good meter performance. Rotors can be unbalanced by 
uneven deposits or erosion. Bearing fit is also affected by 
deposits and wear. The effect of increased rotor instabil-
ity is primarily increased rotor drag (mechanical friction at 
bearing).
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Figure 8 – API Recommended Flow Conditioning

Rotor Bearing Friction
The friction factor between the rotor and platform bearings 
is determined by the finish of the bearing surfaces and high 
lubricity in the clearance between them. The hard surfaced 
journal bearings normally used in high accuracy turbine me-
ters have a 2-3 micron mirror-like surface finish. The clear-
ance dimension between bearings is tightly controlled to 
ensure there is a liquid film on which the rotor rides. Bearing 
friction can increase substantially if extremely fine particles 
become lodged in the bearing clearance.

In some turbine meter designs, rotor thrust bearing friction 
is eliminated by hydraulically balancing the rotor over its 
normal flow range. This is done by using a technique similar 
to that shown in Figure 9.

Figure 9 – Floating Rotor Turbine Meter

Velocity Profile and Swirl
Variations in velocity profile or fluid swirl are common 
causes of measurement errors that can be minimized by 
proper installation. Figure 6 depicts both an ideal symmetri-
cal velocity profile and a distorted profile, which changes the 
proportion between rotor velocity and fluid velocity. Figure 
7 depicts the effect of swirl, which can erroneously increase 
or decrease the average stream velocity. Both conditions 
become more pronounced when multiple meters are fed 
from a common header, meters are operated over a wide 
flow range, and lighter viscosity fluids are metered. To mini-
mize flow distortion, API Chapter 5.3 recommends the use 
of upstream and downstream flow conditioners as shown in 
Figure 8. New flow conditioners have been recently intro-
duced which can further reduce flow distortion over a wider 
range of operating conditions. 

Figure 6 – Velocity Profile Distortion after Gate Valve

Figure 7 – Effect of Fluid “Swirl”
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Viscous Drag on Rotor
The viscous drag on the rotor is related to the fluid viscosity, 
the distance between the rotor blade tips (or rim) and hous-
ing, and the surface finishes in this area. Erosion, corrosion 
and deposits in this area can have a significant effect on a 
meter’s performance.

Fluid Density
The rotor driving torque available to overcome rotor drag 
forces is directly proportional to the fluid density and fluid 
velocity squared. Therefore as the fluid density decreases, 
as with gasoline or LPG products, the driving torque de-
creases, resulting in a decrease in performance at lower 
flow rates. To maintain the proper driving torque the mini-
mum flow rate must be increased by: 

 Rate Increasing Factor =  S1

               √S2

Where:  S1 = The specific gravity used by the  
 manufacturer to establish the flow range

 S2 = The specific gravity of the product  
 being metered

The maximum flow can also be increased using the above 
equation but it cannot exceed the maximum specified rating 
of the meter.

New Developments In Turbine Meters
Smart Preamplifiers
A smart preamplifier is a dual-purpose device which pro-
vides traditional signal conditioning and real-time perfor-
mance diagnostics. The device uses a high-speed micro-
processor to continuously monitor and analyze the rotation 
of the turbine meter rotor. A high-speed (2 MHz) clock is 
utilized to capture data on the characteristics of the signal 
generated between each blade. Initially, the meter is proven 
and the data collected at this time is stored to provide a 
signature signal profile defined as “perfect” for accurate 
measurement. The output signal is continually monitored 
against this “perfect” signature. Then utilizing sophisticated 
algorithms, measurement problems can be identified. A 
few conditions the smart preamplifier can detect are a bent 
blade, bearing wear, a bad pickup coil, and/or meter over-
speed.

Helical Turbine Meters
Helical (multi-viscosity) turbine meters can accurately mea-
sure over a wider range of viscosities. Their unique rotor 
design also minimizes the effect of wax or other deposits 
on meter performance. Figure 10 shows the typical applica-
tion ranges for conventional turbine meters, multi-viscosity 
turbine meters, and positive displacement meters.

 

Figure 10 – Meter Application Ranges
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10" Helical Turbine Meter

Figure 12 – Meter Performance With and Without  
Compensation

Conclusion
Turbine meters can provide highly accurate flow measure-
ment over a wide range of fluids and operating conditions if 
properly applied, installed and operated. With new develop-
ments in turbine meters, accessories, and processors, the 
scope of applications has been even further expanded.

High Performance Flow Conditioners
Maintaining uniform flow profile is critical to achieving pre-
cise turbine meter measurement. A conventional flow con-
ditioner (that is a pipe spool with a tube bundle) adequately 
eliminates rotational flow, but has only a limited effect in 
reducing flow distortion. The new high performance-type 
conditioners (a fin type shown in Figure 11) virtually elimi-
nates both flow distortion and rotation over a wide range of 
viscosities and flow rates. 

Figure 11 – High Performance Flow Conditioner

Viscosity Compensation
Two fluid parameters, velocity (flow rate) and viscosity, high-
ly affect turbine meter performance. By plotting flow rate/
viscosity versus K-Factor we can define the meter’s per-
formance over a wide range of fluids and flow ranges. The 
universal performance curve can be defined mathematically 
and programmed into a meter-mounted microprocessor. The 
microprocessor then monitors flow rate and viscosity input 
to determine the meter’s current position on the universal 
performance curve. The instrument output can then be cor-
rected based on the actual viscosity and flow rate. Figure 12 
shows meter performance with and without compensation.
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