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We have developed a new positive-displacement type rotary clap pump. Its structure, working principles and pumping performances

have been introduced and analyzed in the previous studies. In this study, the experiment using prototype rotary clap pump was

conducted to verify the analyzed pump performances. The simulated flow rate, differential pressure, driving torque, and efficiencies

for the prototype rotary clap pump were compared with the measurement results. We confirmed the applicability of the analysis model,

because the most of simulated values agreed well with the measured values. The parametric study for the prototype rotary clap pump

was conducted using the analysis model. The used parameters were the clearance between the rotor jaws and chambers, the number

of jaws, the jaw width, and the jaw height, which are known as the important variables in the pump performance. Base on the

parametric study, we found optimized condition that can increase overall efficiency up to 96.3%. The rotary clap pump generates

relatively low pressure pulsation and can increase its displacement with low vibration and power loss compared to the reciprocating

pump. This pump could be a better option for high-viscosity fluids at a high flow rate than any other positive-displacement pumps.
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1. Introduction

A novel rotary clap pump was developed to convert the positive-

NOMENCLATURE

ΔpFM: Pressure head caused by the flowmeter, Pa

Q: Flow rate, m3/sec

ρ: fluid density, kg/m3

f6-7,d, f6-7,s: Friction factors in discharge and suction pipe

l6-7,d, l6-7,s: Length of discharge and suction pipe, m

D6-7,d, D6-7,s: Diameter of discharge and suction pipe, m

Q6-7,d, Q6-7,s: Flow rate in discharge and suction pipe, m3/sec

A6-7,d, A6-7,s: Cross section area of discharge and suction pipe, m2

K: Loss coefficient for pipe component

h6-7,d, h6-7,s: Height of discharge and suction pipe, m

δ1, δ2: Clearances between chamber and rotor jaws, m 

N: Number of jaws

Wj: Width of jaw, m

h: Jaw height, m

ηv: Volumetric efficiency

ηt: Torque efficiency

η: Overall efficiency

p7,d – p6,d: Differential pressure in the discharge pipe, Pa

p7,s – p6,s: Differential pressure in the suction pipe, Pa

p0: Gas charging pressure, Pa

pm: Mean pressure of the pump system, Pa
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displacement reciprocating pump actions into a rotary mechanism.

There are two previous studies about the developed rotary clap pump:

One described its structure and working principles through a kinematic

analysis1 and the other investigated pump performance such as pressure,

driving torque, and efficiency characteristics by analytical methods

using related theories.2 In the former, important design parameters and

their inter-relationships were analyzed. The determination of important

variables such as crank radius, pin distance, gear teeth and rotor sizes

considering mechanical constraints and inter-relation characteristics

were studied, and it was found that the thickness angle of the jaw and

inner radius of the rotor were the most significant constraints affecting

the crank radius and pin distance of the mechanism. In the latter, the

clearance between the rotor jaws and chambers, the number of jaws,

the jaw width, and the jaw height were found to be important variables

determining the pump performance.

In the two studies, we confirmed the operability and functionality of

the rotary clap pump. However, those are analytical studies including

some simplified assumptions. The experimental study is necessary to

verify the developed analysis model, and to assure actual operational

characteristics of the rotary clap pump.

In this study, an experimental verification was conducted for the

prototype rotary clap pump. The pump performances derived from the

analysis model and experiment were compared with each other.

Parametric study and performance optimization to maximize the overall

efficiency were also conducted using the verified analysis model. At

the final step, the advantages of the rotary pump were discussed by

comparing with conventional positive-displacement pumps.

2. Verification Test

2.1 Experimental setup

We manufactured a prototype pump with four rotor jaws to perform

verification test. Its specifications are shown in Appendix A. The pump

installed in test equipment as shown in Fig. 1, and the specifications of

the piping system for the pump test are shown in Appendix B. A

flowmeter, suction and discharge pressure sensors, torque meter, and

speed sensor were used to measure the flow rate, suction and discharge

pressures, input torque and speed of crank shaft, respectively. A throttle

valve at the end of the discharge port is used to control the pressure at

the pump. A geared motor and inverter were used to precisely control

the input at low speed. The rated power and torque of the geared motor

were 3.7 kW and 9.6 kgf·m, respectively, and the gear ratio was 1/5. The

rated power of the inverter was 3.7 kW, and the efficiency was 98%.

All sensor signals were stored in a laptop through a DAQ with eight

analog and digital channels of a 32-bit resolution. The accuracy of the

torque and speed sensors was 0.09%, and the signals were amplified by

indicators. The measurement range of the flowmeter was 7.5~75 l/min.

The oil temperature was maintained at 40°C by a temperature controller.

Table 1 presents the specifications of the testing equipment.

2.2 Analysis model

We used four different kinds of piping components in the test

equipment, i.e., nipple, ball valve, 90° elbow, and tee (Fig. 1). The

numbers of each component used and their loss coefficients are in

listed Table 2. The flowmeter on the discharge pipe also generated

pressure head. Most manufacturers present pressure losses of a flowmeter

Fig. 1 The system used for pump testing

Table 1 Specifications of pump testing equipment

Items Specifications

Geared motor

Model: Samyang Max II, 3 phase

Power: 3.7 kW, Ratio: 1/5

RPM & Torque: 350 rpm & 94.18 N·m

Torque and

rpm sensors

Model: SETech YDR-1K(torque) & MP-981(rpm)

Type: Brush, Rated capacity: 9.8 N·m

Accuracy: 0.09%

Pressure

transducer

Model: sensys PSHB C010K

Range: -0.01~0.98 MPa, Accuracy: 0.15%F.S 

Flowmeter

Model: Hydrotechnik Hysense QT 110

Type: Volumetric, turbine

Measuring range: 7.5~75 l/min

Error limit: ±2.5%

Allowed working pressure: 42 MPa

Viscosity range: 1~100 mm2/s

Inverter
Model: ABB ACS 800

Power: 3.7 kW, Efficiency: 98%

Test oil

Model: Kixx RD HD 32

ISO viscosity grade: ISO 32

Kinematic viscosity: 31.3 mm2/s @40°C

DAQ

Model: DEWE-43

Power supply: 6-36 VDC

Analog: No. of channels: 8

 Sampling rate: simultaneous 200 kS/sec.

Counter: No. of channels: 8

 Resolution: 32 bit
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according to the flow rates. Fig. 2 shows a second-order polynomial

regression model between flow rates and differential pressure provided

by the manufacturer.4 Accordingly, the pressure loss caused by the

flowmeter can be expressed as follows.

(1)

The total pressure losses in the discharge pipe from 6,d to 7,d can

be expressed as Eq. (2) by adding the flowmeter effect to the analytical

equation of previous study.2

(2)

In the same way, the total pressure losses in the suction pipe from

6,s to 7,s can be expressed as Eq. (3).

(3)

The pressure in the pump and piping system can be simulated using

Eqs. (2) and (3). Other analytical pump performance characteristics can

be derived by directly using the equations of previous study.2 The

calculation with regard to the analysis model was conducted using

Microsoft Excel.

2.3 Comparison of results derived from analysis model with

experimental results

2.3.1 Flow rate, pressures, driving torque, and efficiencies

The clearances between the rotor jaws and pump chamber, δ1 and

δ2, should be known to verify the pump performance of the rotary clap

pump.2 However, it is difficult to accurately measure those values.

Therefore, we calculated them from the test results. Fig. 3 shows the

measured flow rate as a function of the crank speed when the throttle

valve was fully open. The analytical volumetric efficiency is also

appeared in the numerical value, and it reached its maximum value

when the crank speed was 125 rpm. Therefore, we calculated the

clearances δ1 and δ2 based on that speed. We assumed δ1 and δ2 to have

the same value. As a result, the volumetric efficiencies of the measured

and simulated data had the same values when the clearances δ1 and δ2

were 0.2572 mm. Fig. 4 compares the test and simulated data for the

volumetric efficiency as a function of the crank speed at that clearance

values. Although we found some differences between the measured and

simulated data when the crank speed were the lowest and the highest,

in general the data showed good agreement. Therefore, we used 0.2572

mm of clearance values in the analysis model. 

We verified the simulated data for the flow rate, differential pressure,

and driving torque by comparison with experimental data under the

same conditions. We measured the flow rate using a flowmeter installed

between points 6,d and 7,d, as shown in Fig. 1. The suction and discharge

pressure sensors were installed at points 6,s and 6,d, respectively.

Therefore, we compared the measured and simulated pressures at those

points. Fig. 5 shows the measured and simulated flow rates when the
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Table 2 Loss coefficients for pipe connections5,6

Components
Suction line Discharge line

No. Coefficients No. Coefficients

Nipple 6 EA 0.85 6 EA 0.90

Ball valve 2 EA 0.07 1 EA 0.08

90° elbow 1 EA 0.69 1 EA 0.75

Tee 1 EA 0.46 1 EA 0.50

Fig. 2 Second-order polynomial model representing the differential

pressure vs. flow rate of a flowmeter4

Fig. 3 Measured flow rate as a function of the crank speed with the

throttle valve fully opened

Fig. 4 Comparison between the measured and simulated volumetric

efficiency as a function of the crank speed when the clearances

δ1 and δ2 were 0.2572 mm
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speed of the driving shaft was 125 rpm. The measured and simulated

values agreed well in terms of their magnitudes and periods. Figs. 6~8

compare the measured and simulated pressure and driving torque. These

values also correlated well in terms of their magnitudes and periods.

Fig. 9 compares the measured and simulated efficiency characteristics

of the prototype pump as a function of the crank speed when the throttle

valve was fully open.

Although the simulated volumetric efficiency agreed well with the

measured data, it was much lower than that of conventional pumps,

possibly because the clearances between the pump chambers and rotor

jaws were large. Fig. 10 shows the clearances between the pump

chambers and rotor jaws, between 0.25 and 0.28 mm, as measured with

a feeler gauge. That result agreed well with the simulated values.

On the other hand, the simulated torque efficiency did not agree

with the measured data, and the difference increased with the crank

speed. Mechanical friction in the pump is not considered in this study

because the friction is relatively small in many practical cases.3

Furthermore, abnormal mechanical friction caused by component

misalignment, 0~0.2 mm, occurred periodically in the prototype pump

as shown in Figs. 11 and 12. The misalignment of the components

could have been aggravated as the differential pressure and crank speed

Fig. 5 Comparison between the simulated and measured flow rates in

the time domain

Fig. 6 Comparison between the simulated and measured suction

pressures in the time domain

Fig. 7 Comparison between the simulated and measured discharge

pressures in the time domain

Fig. 8 Comparison between the simulated and measured driving

torques in the time domain

Fig. 9 Comparison between the measured and simulated pump

efficiency as a function of the crank speed
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increased. Therefore, we estimated that this misalignment of the

components is the cause of the differences.

2.3.2 Pressure pulsation and cavitation

Pressure pulsation and cavitation are important factors, especially in

positive-displacement pumps, because they have bad effects on the

system. Cavitation can reduce delivery because vapor occupies a much

larger volume than the liquid from which it is derived. In this case, the

accompanying loss in delivery must not be confused with slip.3 In

positive-displacement pumps, cavitation can generally be decreased with

pressure pulsation damping. The representative method for decreasing

pressure pulsation is the use of multi-pumps or a pulsation dampener.

In the case of rotary clap pumps, pressure pulsation and cavitation

are likely to occur because of their operational characteristics which

cause large and frequent pressure changes. The effects of the multi-pumps

and pulsation dampener to reduce a pressure pulsation are presented

below.

2.3.2.1 Multi-pumps

In reciprocating pumps, pulsation can be reduced by adding multi-

cylinders and timing the pumping strokes for small overlaps. The same

method could reduce pressure pulsation in the rotary clap pump. Table

3 compares the effects of using different numbers of pistons on flow

variations between the two types of pumps. It demonstrates that the

pulsation of rotary clap pumps is smaller than that of reciprocating

pumps with the same number of pistons (rotor pairs).

2.3.2.2 A pulsation dampener

Pulsation dampeners are frequently used to reduce piping pressure

pulsations. However, there is no standard method for evaluating or ranking

their effectiveness.9,10 Therefore, the initial volume of a pulsation dampener

is generally determined based on the experience of the manufacturer.

The gas charging pressures are commonly determined as follows:9

(4)

To confirm the effect of the pulsation dampener on the rotary clap

pump, we added them to the discharge and suction lines to the test

equipment, as shown in Fig. 13. We also installed an air compressor to

supply pressure in the pulsation dampeners.

Figs. 14 and 15 show the effects of the pulsation dampener on

variations in the flow and discharge pressure. We used the pulsation

dampener only during the second half of the test period. During the

first half, the maximum, minimum, and mean flow rates were 35.18,

7.66, and 22 l/min, respectively. The total variation was 125%. In

contrast, during the second half (with the dampener in use), the

maximum, minimum, and mean flow rates were 21.26, 17.49, and 19.80

l/min, respectively. Thus, the total variation was 19%. In the same

manner, the total variation in the discharge pressure was 220% and 61%,

respectively. After a pulsation dampener was added, the flow fluctuation

and discharge pressure pulsation were decreased to 15% and 28%,

respectively, of the previous values. However, the mean flow rate and

mm
p.pp. 8050

0
≤≤

Fig. 10 Measurement of the clearances with a feeler gauge

Fig. 11 Measurement of the crank misalignment with a dial gauge

Fig. 12 Fluctuation of friction torque caused by the crank misalignment

Table 3 Effect of the number of pistons or rotor pairs on flow variation

Reciprocating pumps7,8

No. of pistons Above mean (%) Below mean (%) Total (%)

1 - - -

2 60 100 160

3 6.1 16.9 23

4 24 22 46

5 2 5 7

Rotary clap pumps

No. of rotor pairs Above mean (%) Below mean (%) Total (%)

1 62.3 99 161.3

2 9.6 18.4 28

3 4.4 8.3 12.7

4 2.9 4.8 7.7

5 1.6 2.9 4.5

Above mean: (Qmax − Qmean) / Qmean × 100

Below mean: (Qmean − Qmin) / Qmean × 100

Total = Above mean + Below mean
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discharge pressure decreased 10% more than before pulsation dampeners

were used, indicating that cavitation in the suction line increased when

using the pulsation dampeners, perhaps because the pulsation dampener

was not optimized for the rotary clap pump conditions.

Fig. 16 compares the measured and simulated pressure-flow rate

curves when the crank speed was 500 rpm. The dotted curve represents

the simulated data considering the cavitation. We calculated the pressures

based on the measured flow rate. It can be known that the simulated

pressure was similar to the measured value.

Most of the simulated values agreed well with the measured data.

Although there were some differences between the two results, we

validated their causes, and as a result, our analysis model can be used

to predict the clap pump performance. In addition, it could be predicted

that the pressure pulsation and cavitation are smaller in the rotary clap

pumps with double rotors and optimized pulsation dampeners than in

the reciprocating pumps with triple pistons and pulsation dampeners.

3. Optimization of the Prototype Rotary Clap Pump Using

Analysis Model

3.1 Parametric study

The number of jaws N, jaw width Wj, and jaw height h are the main

parameters that affect pump performance of the rotary clap pump.1,2

The parameters in appendix A that we used to design the prototype

pump were not optimized. Therefore, we analyzed the effects of those

parameters on pumping performance and optimized the prototype

pump in the view of efficiency.

As discussed earlier, the clearances δ1 and δ2 between the jaws and

chambers were calculated to be 0.2572 mm in the prototype pump.

Those clearances are much larger than those of conventional pumps.

The clearances influenced on the flow slip and the forces caused by the

fluid viscosity.2

We compared the efficiencies as the clearances increased under the

conditions given in appendix A. As shown in Fig. 17, the results

showed that the volumetric efficiency decreased with the clearances,

whereas the torque efficiency increased. The overall efficiency reached

its maximum value when the clearances δ1 and δ2 were 0.06 mm.

We analyzed the efficiencies according to the jaw height h and

number of jaws N under the clearances of 0.06 mm. The maximum

volumetric, torque, and overall efficiencies were 98.98%, 96.07%, and

95.07% for jaw heights of 16, 14, and 14 mm, respectively. The torque

and overall efficiencies increased with the number of jaws, but the

volumetric efficiency decreased.

3.2 Optimization of the prototype pump

We here present performance predictions for several cases based on

the analysis results.

Fig. 13 Pulsation dampeners installed in the pump testing system

Fig. 14 Effect of the pulsation dampener on flow variations

Fig. 15 Effect of the pulsation dampener on discharge pressure

variations

Fig. 16 Comparison between measured and simulated p-Q curves

when the crank speed was 500 rpm
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The first prediction was made under the following initial conditions.

1) We neglected the misalignment caused by manufacturing

tolerances and did not consider mechanical friction.

2) The clearances between the jaws and chambers δ1 and δ2 were

0.2572 mm.

3) The other conditions are given in appendix A.

Thus, the initial state of the prototype pump did not invoke the

problems discussed in 2.3.

Fig. 17 Efficiency vs. clearance when n = 100 rpm, h = 10 mm, and

N = 4

Fig. 18 Efficiency vs. jaw height when n = 100 rpm, δ1 = δ2 = 0.06

mm, and N = 4

Fig. 19 Efficiency vs. number of jaws when n = 100 rpm, δ1 = δ2 =

0.06 mm, and h = 10 mm

Fig. 20 Performance curves under the initial conditions (crank speed

n = 100 rpm, clearance δ1 and δ2 = 0.2572 mm)

Fig. 21 Pump efficiency as a function of μn/Δp under the initial

conditions (crank speed n = 100 rpm, clearance δ1 and δ2 =

0.2572 mm)
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Figs. 20 and 21 show the predicted performance curves and efficiency

characteristics as a function of Δp and μn/Δpc under the initial

conditions and crank speed n = 100 rpm. The overall efficiency was

predicted to decrease from 83.11% to 57.54% as the differential

pressure Δp increased from 0.08 kgf/cm2 to 0.56 kgf/cm2. The volumetric

efficiency and overall efficiency were low because the clearances δ1

and δ2 were larger than those of conventional pumps. Therefore, our

second performance curves assume clearances δ1 and δ2 with an

optimized value of 0.06 mm. That change increased the maximum

overall efficiency greatly from 83.14% to 95.86%. Figs. 22 and 23 show

Fig. 22 Performance curves under the optimized clearance condition

(crank speed n = 100 rpm, clearance δ1 and δ2 = 0.06 mm)

Fig. 23 Pump efficiency as a function of μn/Δp under the optimized

clearance condition (crank speed n = 100 rpm, clearance δ1

and δ2 = 0.06 mm)

Fig. 24 Volumetric efficiency before and after jaw height optimization

(crank speed n = 100 rpm)

Fig. 25 Torque efficiency before and after jaw height optimization

(crank speed n = 100 rpm)

Fig. 26 Pump efficiency before and after jaw height optimization

(crank speed n = 100 rpm)
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the performance curves and efficiency characteristics as a function of

Δp and μn/Δp under optimized clearance values.

We next compare and analyze the performances before and after

optimizing the jaw height h. As discussed in 3.1, the overall efficiency

reached its maximum value when the jaw height h = 14 mm. Therefore,

we predicted the efficiency again after increasing the jaw height h from

10 mm to 14 mm. Figs. 24~26 compare the efficiencies before and after

jaw height optimization. All efficiencies after optimization are higher

than those before. Figs. 27 and 28 show the predicted performance

curves and efficiency characteristics as a function of Δp and μn/Δp

under the final conditions (optimized clearance and jaw height

conditions) and crank speed n = 100 rpm. The predicted maximum

overall efficiency was 96.3%.

4. Comparison between the Conventional Positive-

Displacement Pumps and the Rotary Clap Pump

The main reasons for using positive displacement pumps are to

move highly viscous fluid, maintain constant flow, obtain high vapor

pressure conditions, and for self-priming. However, it is difficult to

select from several positive-displacement pumps because they use many

types of pumping principles. Some types of pumps can be suitable for

a particular application, but other pumps might have limitations that

prevent their use under a given condition. The most representative

factors for selecting positive-displacement pumps are flow, pressure,

viscosity, and temperature.12

Comparing conventional positive-displacement pumps and rotary

clap pumps requires an understanding of the most representative feature

of each pump. Fig. 29 compares cross-sections (chamber volumes) in

the conveying chamber between the rotors and the housing for several

types of pump. External and internal gears and vane pumps have a

relatively small cross-section. Conversely, lobe and reciprocating pumps

have a relatively large cross-section, therefore, they can easily be a

compact size and reduce its rotational speed.

The parameters, h and Wj, of the rotary clap pump related to size of

cross-section can adjust freely because they are not inter-related with

other parameters of the mechanism.1 Therefore, the rotary clap pump

can be designed with having a larger cross-section than lobe and

reciprocating pumps.

Shear stress of the pump is proportional to shear rate with a given

viscosity.2 The shear rate is dv/dy. This term is an important factor in

pumps when moving highly viscous or shear-sensitive fluid. It is not

good for a pump to increase its shear rate. Highly viscous fluid can

generate a large amount of viscous torque when it passes through the

chamber of a pump. Furthermore, a shear-sensitive fluid's properties

can be altered. Therefore, shear rate should be kept as low as possible.

The two main ways to minimize shear rate are to decrease pump speed

and increase the cross-section of the conveying chamber between the

rotors and the housing. In this respect, the rotary clap pump is structurally

good. It can be used with high-viscosity fluid, a high flow rate, and low

and middle pressure, as shown in modified Table 4, which was originally

presented in a previous study.3 Table 5 shows comparisons among the

conventional positive-displacement and rotary clap pumps using

common and representative features from the literature.3,7,11-14

Fig. 27 Performance curves under the optimized clearance and jaw

height conditions (crank speed n = 100 rpm)

Fig. 28 Pump efficiency as a function of μn/Δp under the optimized

clearance and jaw height conditions (crank speed n = 100 rpm)
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5. Conclusions

The analysis model for the rotary clap pump was verified through

a prototype experiment. The important pumping performances such as

flow rate, differential pressure, driving torque, and efficiencies were

selected as verification parameters. The parameters were derived from

both analysis model and experiment, and the comparison of the two

results was performed for the purpose of this study. Most of the

simulated values agreed well with the measured data. Although there

were some differences between the two results, we validated their

causes, and as a result, our analysis model can be used to predict the

clap pump performance.

Using the verified analysis model, we optimized the prototype pump

by parametric study of the important design variables such as number

of jaws, jaw width, and jaw height. The overall efficiency of prototype

pump increased up to 96.3% through this optimization.

The effect of pulsation dampener to reduce a pressure pulsation was

also evaluated experimentally. In the results, the total variation in the

discharge pressure and flow rate decreased with a pulsation dampener.

However, the mean flow rate and discharge pressure decreased 10%

and 17.7% compared to without a pulsation dampener, indicating that

cavitation in the suction line increased with the pulsation dampener.

The rotary clap pump showed typical characteristics of the positive-

displacement rotary pump. This pump generated relatively low pressure

pulsation and can increase its displacement with low vibration and

power loss compared to the reciprocating pump. This pump could be a

better option for high-viscosity fluids at a high flow rate than any other

positive-displacement pumps.
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R N VG B VB
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· Bi-directional
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APPENDIX

Appendix A Specification of the rotary clap pump used in the

performance test

Appendix B Specifications of piping system for the pump test

Parameters Values

Performance

Flow rate 11.5 l/min@100 rpm

Max. differential pressure 5 kgf/cm2

Kinematic viscosity of fluid 32 mm2/sec

Kinematic

No. of rotor jaws 4

Crank radius rc 4 mm

Distance between

pins P1 and P2 L
64.6 mm

Maximum relative angular

displacement between

rotors 1 and 2 (θrel)max

26°

Jaw width Wj 30 mm

Jaw height h 10 mm

Outer radius of rotor ro 53.5 mm

Gear module m 1

No. of teeth on the gear

of the shaft link Zp

30

No. of teeth on the fixed

internal gear Zr

40

Reference pressure angle α 25°

Moment of inertia

of the rotors IR

9.99×10-4 kg·m2

Common parameters

ρ 855.00 kg/m3

f 64/Re Re : Reynolds’s number

Suction line parameters Discharge line parameters

l1-2,s variation l1-2,d variation

l2-3,s 0.0050 m l2-3,d 0.0050 m

l3-4,s 0.0065 m l3-4,d 0.0065 m

l4-5,s 0.0100 m l4-5,d 0.0100 m

l5-6,s 0.0700 m l5-6,d 0.0600 m

l6-7,s 1.2400 m l6-7,d 1.8700 m

A1-2,s 0.00120 m2 A1-2,d 0.00120 m2

A2-3,s 0.00038 m2 A2-3,d 0.00025 m2

A3-4,s 0.01678 m2 A3-4,d 0.01510 m2

A4-5,s 0.00051 m2 A4-5,d 0.00029 m2

A5-6,s 0.00051 m2 A5-6,d 0.00029 m2

A6-7,s 0.00051 m2 A6-7,d 0.00029 m2

h5-6,s -0.07 m h5-6,d 0.07 m

h6-7,s -0.35 m h6-7,d 0.6 m

W1-2,s 0.0300 m W1-2,d 0.0300 m

W2-3,s 0.0120 m W2-3,d 0.0080 m

W3-4,s 0.0400 m W3-4,d 0.0360 m

Dh1-2,s 0.0598 m Dh1-2,d 0.0598 m

Dh2-3,s 0.0174 m Dh2-3,d 0.0128 m

Dh3-4,s 0.0730 m Dh3-4,d 0.0663 m

D4-5,s 0.0254 m D4-5,d 0.0191 m

D5-6,s 0.0254 m D5-6,d 0.0191 m

D6-7,s 0.0254 m D6-7,d 0.0191 m

∑K1-2,s 0.00 ∑K1-2,d 0.00

K2,s Variation K2,d Variation

∑K2-3,s 0.00 - ∑K2-3,d 0.00 -

∑K3-4,s 0.00 - ∑K3-4,d 0.00 -

∑K4-5,s 0.00 - ∑K4-5,d 0.00 -

∑K5-6,s 0.85 - ∑K5-6,d 0.90 -

∑K6-7,s 5.54 - ∑K6-7,d 5.83 -
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