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Abstract
SPINDLE, a new type of differential-pressure flowmeter is described. The pressure drop is generated via the primary flow element, a spindle-shaped body installed in the center of the pipe. Thus, an annular channel is formed between the central body and the housing. Numerical simulation indicates that, as the central body will modify the pipe flow into an annular channel flow, SPINDLE is able to condition the different flow characteristics upstream the meter, as present in industrial environments, into a very stable, repeatable and well characterized flow. Different from other primary flow elements, such as orifice plate, Venturi-cone etc, SPINDLE minimizes the drag of the central body as its shape has been optimized by genetic algorithms. As a result, no separation occurs, while keeping the differential pressure as high as possible. The streamlined shape also provides a self-cleaning function. The SPINDLE flow meter has been calibrated in different facilities, including the water calibration rig of NMI of China and the air calibration rig of CEESI, United States. The calibration at PTB of Germany, with different piping configurations for flow disturbances according to OIML R 137, has verified the high performance of SPINDLE at configurations as typical for industry. The calibration results have shown that the SPINDLE flow meter exhibits a very constant dependence of discharge coefficient C on the Reynolds number Re for Re larger than 1 x 105. Uncertainties of 0.2 % in water and 0.5 % in air have been achieved because of the very stable flow and the very rigid structure of SPINDLE. The repeatability of the measurement of the flow rate is better than 0.06 % for water.
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1. Introduction

[bookmark: OLE_LINK28][bookmark: OLE_LINK29][bookmark: OLE_LINK30]Flowmeters are diverse for different purposes with different requirements. Custody transfer and high-end process metering require flowmeters with high accuracy in any configuration. Some type of flowmeters may not be able to meet the requirements because of lower accuracy or severe installation effects. Improvement of existing type of flowmeters or development of new type of flowmeters to meet the custody transfer is still a challenge, which requires feedback loop between R&D activities, calibration activities and field tests for verification. R&D activities, final verification and certificates for end user require calibration capabilities of different complexity and accuracy.
DP flowmeters are refered as traditional flowmeters which is sometimes interpreted as outdated in contrast to so-called new technology flowmeter. However, the most new technology flowmeters are also confronted with installation  problem after they are calibrated in a fully developed pipe flow(in laboratory) and put into applications, that are usually different from the flow conditions in the laboratories.
To overcome this disadvantage various straghteners or conditioners have been developed. However the flow condition (velocity profile) after a conditioner is still not the same as it calibrated. A lengthy pipe is still needed. Moreover the conditioner always induces permanent pressure loss.
The present authors argue that it is possible to improve the concept of DP flowmeters and meet the requirements for custody transfer.  This is because the primary flow element that throttles the flow to generate pressure difference in DP flowmeter may also act as a flow conditioner to modify the coming flow into the  flow condition that is same as in calibration tests.  
This paper reports experiences made during the development and market entrance of a new type of DP flowmeter

2. Basic consideration

When developing a new DP flowmeter, the typical expression for measuring the mass flow rate is 


                    (1)

Equation (1) is based on hypothesis of Bernoulli effect, which is applicable only for incompressible and inviscid flow. When used in pipe flow some corrections are necessary. C and  in equation (1) are two correction factorsHowever, the physical meaning of C and are ambiguous, even though this equation has been used for many years and verified in practice. In order to fully understand C and  a dimensional analysis is carried out. Suppose all factors involved in flow measurement are included equation (2)    


                （2）

The quantities in parentheses are pressure difference,  density, pressure, velocity, diameter of the pipe, equivalent diameter of the opening and viscosity respectively. The subscript 1 indicates the upstream condition.



If ，，  are chosen as reference quantities, the remaining variables in equation (2) can be non-dimensionalized as follows





, , , 
 
Eventually  we have

                          (3)

Equation (3) indicates clearly that Reynolds number Re and Mach number M must be taken into account besides geometry Comparing equation (3) with (1), it can be concluded that C and are the correction factors for viscosity and compressibility.
The argument is whether a DP flowmeter could be independent of Reynolds number and Mach number? If not, how to obtain a simplest expression for C and  
Installation effect is a grand challenge for  flowmeters to be applied in industries, especially for custody transfer. Essentially installation effect is an issue of similarity criterion between calibration in laboratory and  measurement in application. In wind tunnel tests, similarity criteria are defined clearly. If all criteria are satisfied, the test results can be used in realities correctly. If not, the most important criteria must be selected and satisfied.  However, It is very difficult to satisfy the similarity criteria for flowmeters in calibrations and applications, because the flow fields, i.e. velocity profiles, in industrial practice are usually unknown. To relieve the difficulties, lengthy pipes upstream and downstream are required. But this requirement sometimes is also difficult in practice. Flow conditioner or straightener is another option. The problem is that a straightener might straighten the flow, but the velocity profiles still differ from calibration condition. In addition, straighteners certainly  induce severe permanent pressure loss. This must be taken into account when develop a new flowmeter.    

3. Description of SPINDLE

Figure 1 shows the detail of a new type of differential pressure flowmeter, named SPINDLE，which has been developed, optimized, patented and brought to use in industry from 2012 in China.
In figure 1, the numbered parts represent 
1. low pressure tap
2. high pressure tap
3. measuring tube
4. temperature measurement
5. central body (throttle)
6. front fins
7. rear fins

[image: ]
 Figure 1: Configuration of SPINDLE

The pressure drop used to measure the flow rate is caused by a spindle-like body as primary flow element installed at the centre of the meter and fixed by fins. The pressure drop is measured at pressure taps located in the wall of the pipe in front of SPINDLE and at the annular channel between the central body and the wall of the pipe. 
The shape of the central body together with the fins are  optimized by genetic algorithms with the objective of lowest drag and no flow separation. As a results, the flow within the meter is very stable and repeatable. This is an important feature of SPINDLE. SPINDLE is also featured by the capabilities that modify arbitrary flow upstream into the annular channel flow in the meter. As accurate flow measurements require the same flow conditions (same velocity profile, same Reynolds number, same turbulence level, and same geometry of pipeline etc.) when the flowmeter is calibrated in laboratory and when operated in industry. The third feature of the SPINDLE is the capacity of self cleaning, as the shape is well streamlined and no dirty can be accumulated on the surface.
The SPINDLE is structurally reliable. The fins are designed and optimized so that they well fasten the central body at the centre of the flowmeter. This design can protect the central body from impact when there are shock waves in gases or water hammers in liquids.

4. CFD analysis

4.1 Flow characteristics in the meter
Before calibration, CFD (stands for Computational  Fluid Dynamics) analysis is implemented to investigate the flow characteristics in the meter. 
Figure 2 shows the velocity profiles at different locations along the annular channel. The profiles indicate that the boundary layers at both sides restart with uniform flow in the middle. The results indicate  that it might be possible to have a measurement characteristics independent of Reynolds number because the boundary layers would be thinner with increasing Reynolds number, which means less viscosity effect. 

[image: ]

Figure 2: Velocity profiles in the SPINDLE

In order to explore the capabilities for the SPINDLE to modify or condition the coming flow, an arbitrary profile of coming flow is supposed and the development  of flow are shown in figure 3. When an arbitrary flow is approaching the central body the distorted flow  become flat, and eventually the velocity profiles in the annular channel are similar to those in figure 2. This means that the SPINDLE can measure the flow rate no matter what flow condition is. Installation effect for SPINDLE is much less. 

[image: ]

Figure 3: Modification of arbitrary flow


4.2 Permanent pressure loss
A disadvantage for DP flowmeters is permanent pressure loss, when flow is throttled. One of the objectives for central body optimization is minimum pressure loss.

[image: ]
Figure 4: Pressure distribution at streamwise positions

Different from orifice plate, V-cone etc, in which the lower pressure is generated by flow separation and vortices, the SPINDLE taps the lower pressure at the narrow annular channel so that a large differential pressure for flow rate measurement is obtained, as shown in figure 4. To minimizes the drag of the central body(throttle), the shapes of the central body and the fins have been carefully optimized so that no flow separation occurs while keeping the pressure drop as large as possible. As a result, most part of the pressure drop can be recovered. 

4.3 Installation effect
Numerical simulation is also carried out for the SPINDLE following an elbow immediately. The results are shown in figure 5.  The upper is velocity nephogram and the lower is pressure nephogram.
[image: ]

Figure 5: installation effect

As expected, the irregular flow field and the pressure after the elbow become symmetric when the flow enters into the annular channel. The velocity nephogram indicates that the wake behind the central body is very short and the pressure recovers even more uniform. This means that the SPINDLE would not produce strong  interference to the devices downstream.   This feature is important and useful when some functional devices downstream require  uniform flows. 

[bookmark: OLE_LINK26][bookmark: OLE_LINK27]5. Calibration

[bookmark: OLE_LINK3][bookmark: OLE_LINK4]5.1 Calibration in water
In equation(1) two factors C and  are to be determined through calibration process. In order to clarify the role each factor plays, the first calibration was carried out for DN50 in water facility of National Institute of Metrology, China. As the compressibility effect could be ignored for liquid, the equation (1) is simplified as


                    (4)
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Figure 6: Discharge coefficients with Reynolds number
[bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK5][bookmark: OLE_LINK6]The calibration gives the discharge coefficients changed with increasing Reynolds number (increasing flow rate) in figure 6. It is clear that the discharge coefficient is a constant, independent of Reynolds number, for Reynolds number larger than 105.  When Reynolds number less than 105 , the viscous effects become visible. However, the results reveal that the repeatability within the range of lower Re (i.e. flow rate) is satisfied.

[bookmark: OLE_LINK11][bookmark: OLE_LINK12]5.2 Calibration in gas facility of PTB
In order to determine the expansible factor , A DN 80 SPINDLE was sent to PTB, Germany and calibrated in  gas calibration facility (critical sonic nozzle), with uncertainty of 0.08% (K=2). 
Figure 7 shows the performance of discharge coefficient verses Reynolds number (flow rate).

[image: ]
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]Figure 7： Calibration of DN80 gas meter in PTB

[bookmark: OLE_LINK9][bookmark: OLE_LINK10]The results of the DN80 gas meter are similar to that of DN50 SPINDLE in water calibration. Again, the discharge coefficient is a constant (0.8705), independent of Reynolds number for Reynolds number larger than 105. When Reynolds number less than 105, the viscous effects become visible. However, but the repeatability within the range of lower Re less than  105 is satisfied.

5.3 Calibration in gas facility of CEESI
The same SPINDLE that calibrated in PTB was also sent to Colorado Experiment Engineering Station Inc (CEESI）and calibrated at different pressures.
[bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK17]Figure 8 indicates the results of calibration at pressure of 101KPa. The Reynolds number is about 1*105 to 2*105. The discharge coefficient is 0.8679, independent of Reynolds number. 

[image: ]
[bookmark: OLE_LINK18][bookmark: OLE_LINK19]Figure 8: Calibration of DN80 at 101KPa in CEESI

Comparing this results with that in PTB, the deviation is less than 0.3%.
[bookmark: OLE_LINK24][bookmark: OLE_LINK25]Figure 9 shows the result of calibration at pressure of 240KPa. The Reynolds number is also about 1*105 to 2*105. The discharge coefficient is 0.8671, independent of Reynolds number. 

[image: ]
Figure 9: Calibration of DN80 at 240KPa in CEESI

The deviation of the discharge coefficients at different pressures is less than 0.1%.
In figure 10, all results for gas (air) obtained from different conditions are put together for comparison. In table 1 the averaged discharge coefficients C for different cases are summarised. 

[image: ]

Figure 10: Comparison of calibration at 3 conditions

[bookmark: OLE_LINK20][bookmark: OLE_LINK21]Table 1：  Averaged discharge coefficient for Re>105
	
	PTB
	CEESI-1
	CEESI-2

	C (Re>105)
	0.8705
	0.8679
	0.8671

	Standard 
deviation
	0.053%
	0.025%
	0.020%




6. Investigation of installation effects

Experimental investigation is implemented in PTB (see figure 11). The facility is the same as the calibration tests. Figure 12 summarize the results of all the test cases with single and double bending at different orientations. For the worst case the deviation is less than 1%.   

[image: ]
[image: ]

Figure 11: Experiments of installation effect in PTB
[image: ]

Figure 12:  Experiment results of installation effect 

7. Applications in industry and customers’ response

The SPINDLE exhibits a very constant dependence of discharge coefficient for Reynolds number larger than 1x105. The uncertaities of 0.2% in water and 0.5% in air are achieved because of very stable flow and very rigid structure. The repeatability is better than 0.05%. The calibration in PTB also shows high accuracy.
The hollow central body is light and very easy to balance any high pressure in the pipe with a small hole that connects the inside and the outside. There is no sharp edge, any harsh environment, like high temperature, corrupt medium and etc. would have no influence on the shape and flow characteriscts of the meter.  
All the deviations from fully developed pipe flow, due to different disturbances upstream of the flowmeter, like valves, elbows, etc., will be minimized in the annular channel. 
SPINDLE, ranging from a size of diameter of 2 cm to 320 cm have been installed in research organizations and industry since 2012. In fact, there would be no upper limit in diameter.

[image: 2]

[image: DSC_0008]

Figure 12: Applications in gas fields

Customers’ response is excellent. One example is the application in a coking plant where coal gas has to be measured. As the coal gas is from furnace, the flow teems with so much dusts that no flowmeters can work properly and sustainably. The SPINDLE with diameter of 2.8m, however, works very well. This is because the central body is well streamlined so that no dust could be accumulated on the surface. The self-cleaning feature can keep the geometry of meter as designed and the metering continue for more than 5 years already, comparing with 8 months they required. Another example is application in a gas field, Changqing, Shanxi province, China. The flowmeter is connected directly an elbow (figure . The data from the SPNDLE show the correct measurement because the vertical flow after the elbow is conditioned into an annular channel flow which is very stable as the meter was calibrated.       

8. Conclusions

1， Custody transfer and high-end process metering are still challenge which require developing flowmeters with high accuracy in any configuration.
2， DP flowmeter is one of the most promising type of flowmeters that could modify or condition the incoming flows in applications as they are calibrated in laboratory, depending on the design of the primary flow element.
3， SPINDLE as a new type of the DP flowmeter that modifies the pipe flow into annular channel flow inside the meter, so that the installation effects are minimized. 
4， The shape of the primary flow element has been optimized to avoid flow separation, so that very constant dependence of discharge coefficient on Reynolds number is achieved.
5， As the central body and the fins, which support the central body, are well streamlined, SPINDLE is also featured by low pressure loss, self-cleaning and reliability in structure,
6， Calibrations in high qualified facilities (PTB and CEESI) and applications in complex industrial configurations indicate that SPINDLE is one of most suitable for custody transfer and inter-comparison.


References

[1] Roger C. Baker, Flow Measurement Handbook (Cambridge University Press) September 29, 2005
[2] G.K. Batchelor, An Introduction to Fluid Dynamics  (Cambridge University Press), October 4th 2010 
[3] Zhong W,  Ming X, “Numerical Simulation of the Flow Field in Spindle”, ACTA MECHOLOGICA CINICA, Vol28(3), 262-265, 2007, in Chinese 
[4] J. Yoder, “DP Maintains a Powerful Place in the World of Flow Measurement”, www.flowresearch. com    

FLOMEKO 2016, Sydney, Australia, September 26-29, 2016	   Page5
oleObject1.bin

image2.wmf
0

)

,

,

,

,

,

,

(

1

1

1

1

=

D

m

r

d

D

v

p

p

f


oleObject2.bin

image3.wmf
1

r


oleObject3.bin

image4.wmf
1

v


oleObject4.bin

image5.wmf
D


oleObject5.bin

image6.wmf
2

1

1

2

1

v

p

r

D


oleObject6.bin

image7.wmf
b

=

D

d


oleObject7.bin

image8.wmf
Re

1

1

1

=

D

v

r

m


oleObject8.bin

image9.wmf
2

2

1

1

1

2

1

1

2

1

M

v

p

k

r

=


oleObject9.bin

image10.wmf
p

d

M

f

q

m

D

=

1

2

2

2

4

)

,

(Re,

r

p

k

b


oleObject10.bin

image11.png




image12.png
[ |

5.86+01
5.57e+01
5.28e+01
4.99e+01
469e+01
4.40e+01
4116401
3.81e+01
3.52e+01
2.23e+01
2.94¥01
2.64e+01
2.35e+01
2.06e+01





image13.png
-

arbitrary profile

[




image14.png
Static
Pressure
(pascal)

20000.00
15000.00
10000.00

5000.00
0.00
-5000.00

-10000.00

-15000.00

-20000.00

-25000.00

-30000.00

pressure loss

pressure recovery

l

200

-100 0 100 200 300 400 500
Streamwise Position (mm)




image15.png
velocity

pressure




image16.wmf
1

2

4

2

4

1

r

p

b

p

d

C

q

m

D

-

=


oleObject11.bin

image17.png
DNS50 for water Rex 10°




image18.png
C1
08
03
o3





image19.png
0.9
0.3

0.1

Rex10°




image20.png
09
Cog

or

15 Re x10%6

2





image21.png
sooeoo n

Rex10%

e e ———
~
e
==

s 1 s 2 B




image22.png




image23.png




image24.png
€%

1.00

0.80

0.60

0.40

0.20

n-+-anl

bmm-e

o> |o X o m

oD m

0.00

me

53

-0.20

soml >i> O

o o e

-0.40
-0.60

@

—0.800

0.5

1.0

1.5
Rex10°

2.0

25




image25.jpeg




image26.jpeg




image1.wmf
1

2

4

2

4

1

r

p

b

e

p

d

C

q

m

D

-

·

=


