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Contactless seals are mainly used in order to avoid possible damage caused by friction. This work focuses on the study of one type of non-contact seal -the viscoseal, which is also known as the helical groove seal.

).

Advantages

The viscoseal has multiple advantageous characteristics, such as zero leakage, radial compactness and, most importantly, an inherent long service life because there is no solid contact between the stator and the rotor, which provides low friction and a low wear rate. However, the viscoseal requires a high degree of radial and axial precision and its initial cost is relatively high.

Although the viscoseal has several advantageous characteristics compared with other types of sealing devices, only a few studies exist, which focus on the experimental validation of numerical models that aim to predict its performance.

Historically, Asanuma was the first to consider the problem -both theoretically and experimentally. In 1951 Asanuma [1] started a series of experimental and theoretical studies of the viscoseal that aimed to determine the optimum channel configurations to achieve effective sealing.

For instance, he found that, for maximum sealing performance, the seal helix angle should be 11°; the groove density should be 0.5 and the thickness ratio, the ratio of the clearance to the clearance and groove depth sum [c/(c + h 0 )], should be 0.2. He also observed that the performance of the grooved shaft within a plain sleeve was the same as a plain shaft within a grooved sleeve.

In 1965, Ludwig et al. [2] analysed the effect of the helical profile of the seal on the pressure distribution, and found that each groove-land pair repeats the same pressure pattern around the seal in a saw-tooth profile.

At about the same time, McGrew and McHugh [3] designed a test facility that included a vertically mounted viscoseal with fluid above the grooved rotor. They predicted that eccentric operation of the viscoseal could cause as much as a 50% increase in the sealing coefficient obtained under concentric conditions. However, one year later, contrary results were found by Bowman. [4] In this case experimental evidence indicated that the effect of eccentricity on the laminar regime is negligible.

Stair [5] reported in his test series a phenomenon termed "air ingestion", which was observed. Air ingestion is a condition in which air is ingested -by the action of the grooves exposed to air -into the seal. Stair reported that air ingestion was not observed during laminar operation. This article, which is published in two parts, describes research that focuses on the analysis -through an experimental study -of the sealing behaviour of a non-contact dynamic sealing device known as a viscoseal (or sometimes called a helical groove seal). Despite its reliability and its advantageous characteristics, compared with other types of sealing devices, the viscoseal is still under-researched because of its complex characteristics. The experimental apparatus used in this work is equipped with two different test cells. This first, made from acrylic glass, is transparent and is used for the visualisation of the liquid-air interface within the viscoseal. The second cell, used for pressure measurement, is composed of bronze. The experimental results are compared with numerical results obtained using the Reynolds model and also with computational fluid dynamics code. The first instalment, which appears here, includes a general introduction and covers the experimental set-up and relevant references. Part II will be published in the September issue.

Experimental and numerical investigation of a viscoseal: part I
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However, as the rotational speed and turbulence increased, air bubbles began to appear in the pressure tap lines. Air ingestion tended to decrease the pressure gradient near the atmospheric boundary of the seal which, in turn, increased the wetted length in the seal.

In other research, [6] Stair conducted an experimental study to investigate the influence of a viscoseal's groove geometry on the sealing coefficient for a Reynolds number varying from 20 to 6000. Stair particularly stated that the viscoseal performance in the turbulent regime is relatively insensitive to variations in the ratio of the axial groove width to the groove depth.

More recently, Kanki and Kawakami [7] studied the leakage characteristics of a viscoseal, and found that the pumping effect of the groove becomes dominant at a high rotational speed, leading to a decrease in the leakage flow-rate.

Exclusively numerical

Most recent research covering the viscoseal is exclusively numerical.

For instance, Meng Zhang et al. [8] studied the friction on the viscoseal for different groove angles, using computational fluid dynamics (CFD) code. A simulation was performed in steady state, employing water as the sealing liquid. The results showed that the friction in the seal has an upward trend with a reduction in the groove angle.

More recently, Targaoui et al. [9] investigated the optimal geometrical characteristics of the viscoseal by applying the finite element method, using a model based on the Reynolds equation. The authors based their analysis on the sealing length, that is, the wetted length in the seal.

The work done by Targaoui et al. showed that in order to provide highly satisfactory sealing performance, the groove angle should be between 20° and 40° at a high speed of rotation, the thickness ratio should exceed 0.35, and for a groove angle of 30°, the groove density should not exceed 0.75, without falling below 0.25.

Jarray et al. [10] investigated the suitability of an interface-tracking approach to predict viscoseal performance. Good concordance between previous experimental work and numerical results were found. Souchet et al. [11] studied viscoseal performance in the laminar and turbulent regime and proposed a numerical model that is able to predict viscoseal performance with acceptable accuracy in the turbulent regime.

The main purpose of the work that is described here is to build an experimental apparatus that is capable of testing viscoseal performance by simulating industrial operating conditions.

Experimental set-up

In order to study the sealing performance of the viscoseal, we designed the test system shown in Figure 2. The test area includes the following main parts:

• a hydraulic power station, containing a cooling system with an air-oil exchanger, to supply 10 l/min of oil at a maximum pressure of 1 MPa (and also enable the pressure to be regulated from 0 MPa to1 MPa); • two electrical cabinets -one for the power supply and the another containing the data acquisition system; • test-bench; and • control station.

Mechanical characteristics

The pressure regulation in the cell is controlled by a hydraulic power unit, where an air-oil exchanger keeps the oil supply at a temperature set by the user. The unit provides the test sleeve with sealant oil that can reach a flow rate of 10 l/min at a controlled pressure. Oil returning from the cell is collected in a sump tank. By using this arrangement, the oil is given more time to settle in the tank in order to prevent the formation of air bubbles. The sealant tank contains a relief valve and pressure gauges to monitor the sealant supply pressure, and to guarantee a safety backup for the pressure regulators.

An electric motor with an operating range of between 500 rpm and 4000 rpm is used to rotate the shaft in the system. The speed of the motor is adjusted by a regulator and monitored by data acquisition software. Figure 3 shows a schematic drawing of the experimental apparatus containing the viscoseal.

Two viscoseal housings were tested -one is made from transparent acrylic glass poly(methyl methacrylate) (PMMA), with an interior diameter of 60.738 mm (Figure 3), whilst the second one, which is made from bronze (Figure 4), has an interior diameter of 60.598 mm.

The transparent housing enabled the rate of oil flow and the sealing length to be observed visually, whilst the bronze housing enabled the pressure along the viscoseal to be measured, via equally distant holes along the cell.

The stator is mounted on two rolling bearings in order to allow an axial degree of freedom. The labyrinth seal is used to ensure that leaked lubricant is collected. Since the labyrinth seal is a contactless seal, its effect on torque measurement is negligible.

Considering the small radial clearance between the seal and the housing, seal concentricity is important and should be maintained within certain limits of precision. Hence, during the mounting of the housing, we conducted a careful and lengthy eccentricity manoeuvre to guarantee that the concentricity with the shaft was lower than 15 µm. Centring is ensured by fine-tuning micrometre screws attached to the housing.

The geometrical characteristics of the viscoseal employed in this test are shown in Table 1. In the table, n is the number of grooves; D the diameter; β is the helix angle; h 0 ,the groove depth; L is the seal length; and Χ is the groove density. Χ = I g /(I g + I r ), where I g is the groove width normal to the groove and I r is the ridge width normal to the groove (see Figure 1).

Cell instrumentation

The purpose of the test-rig is to operate the mechanical seal and record its performance data in real time.

The bronze cell is equipped with nine thermocouples and eight pressure sensors. The distribution of hydrodynamic pressure along the axial direction is an important data output, because besides the pressure distribution, the pressure gradient can give an indication of the effective seal length, which can indicate the increment of pressure per increment of seal length. Therefore, it is important that the limit of precision on the pressure indication system is as small as possible. Hence, in order to obtain the pressure distribution of the sealing elements located inside the housing, 12 pressure sensorsequally spaced (10 mm) apart from one another -are mounted on the housing. The sensors used are the Keyence GP-M10 model. They have a measuring range of -0.1 MPa to1 MPa (with 1% of measurement precision). Data acquired from the sensors are transferred to the 16-channel data acquisition device (manufactured by National Instruments).

Pressure-measuring holes of 0.5 mm were made in such a way that they had a negligible effect on the results.

Figure 5 presents details of the numerical simulation that was carried out using ANSYS 
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Fluent software to illustrate the influence of the sensor holes on the pressure distribution in the lubricant channel along which they were expected to be made. A velocity of 2.5 m/s was applied to the inlet (on the left side). Data are extracted along the x axis for y = 0.25 mm, and y = 0.1 mm. As can be seen from the figure the disturbance induced by the holes, through which the measuring instruments pass, is of the order of 2-4 Pa, which is extremely low, and hence, negligible. Therefore, it is assumed that the measuring holes do not affect the measurements.

Metrology

One important consideration that should be taken into account, before mounting the experimental apparatus, is the circularity and vertical straightness of the housing and viscoseal.

Considering the small clearance space, an error in the circularity and vertical straightness may lead to measurements being incorrectly interpreted. Therefore, measuring these features after manufacturing is of paramount importance. Circularity and vertical straightness tests were conducted using an ultra-precision roundness tester (Talyrond 365 instrument). Several tests were conducted to ensure that the measurements were represented correctly in relation to the sample.

Since milling PMMA is difficult, we focus primarily on the transparent test-cell. Figure 6 presents the vertical straightness measured along fours vertical lines 90° apart, around the transparent housing. It can be seen that the maximum deviation occurs at the cell extremity, inlet side, and does not exceed 20 µm.

Geometrical measurements of circularity were also carried out. Different circularities were measured at subsequent locations along the cylindrical axis. The plot obtained, shown in Figure 7, shows the maximum, minimum and average "out of roundness" taken across 13 planes, equally spaced along the housing. It is perhaps worth noting that the out of roundness is the maximum deviation inside and outside a perfect reference circle.

The reference circle is defined by the radial separation of two concentric circles positioned to enclose the measured profile such that their radial departure is minimum. The black plot in Figure 7 represents the average circularity. It was found that the circularity error of the transparent housings was less than 20 µm.

Figure 8 shows circularity measurements across the bronze cell. These were obtained using the Talyrond 365 instrument. The bronze test-cell has a higher manufacturing accuracy, with an average interior radius of 60.598 mm.

Figure 9 shows the viscoseal and the vertical straightness obtained along two vertical lines, 90° apart, around the seal. An imperfection in the bottom of the groove is noticed and should be kept in mind when analysing the experimental results. It is noteworthy that numerical tests were conducted to assess the effect of this imperfection. It was found that it has a negligible effect on the pressure distribution and sealing length.

In parallel, measurements using a threedimensional measuring machine (Mc 1004 E) made it possible to accurately determine the diameter of the grooved shaft. The average radius measured 60.016 mm at room temperature (25°C). The radial clearances of the transparent test-cell and bronze cell are 0.361 mm and 0.291 mm, respectively.

Control station

A control station located (see Figure 2) near the experimental apparatus was used to control of the systems used in this experiment. The control software was written in the LabView development environment (National Instruments).

During the entire signal-acquisition process, the LabVIEW program monitored, controlled, analysed and displayed the experimental results, with the data acquisition being managed by subroutines that enabled recording at an imposed frequency and sampling size.

Security conditions were also incorporated into the software to stop the test-bench in the event of an anomaly. The conditions for initiating the security process are based on a critical threshold of the friction torque, pressure, supply flow-rate or average oil temperature. The userinterface for controlling the test-bench is shown in Figure 10.

Start/stop buttons are located in the upper left, whilst indicators in the bottom left give instantaneous temperature measurements. In the centre the rotational speed is displayed beside the two torque measurement dials, and immediately 
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Part II, which will be published in the September 2019 issue of Sealing Technology, will present the results by comparing the experimental findings with the predictions of numerical models, and provide a conclusion. This feature article is based on a paper entitled 'Experimental and numerical investigation of viscoseal' that was presented at the 17th EDF-Pprime workshop, which was held in EDF Lab Paris-Saclay, France, on 4 October 2018.
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