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Abstract

:

This paper presents simulation and bench test results for a special type of centrifugal pump that enables the transport of dispersive foaming liquids and simultaneous separation of the liquid phase. During the design phase, CFD (Computer Fluid Dynamics) simulations were performed using Ansys Fluent. The simulations covered changing the operating parameters of the pump (mass/volume flow rate), pressure analysis for the first impeller, and structural optimization of the pump components. In the second stage of the research, the pump and a measuring station were constructed to validate the results of the numerical simulations.
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1. Introduction


In response to increasing competition and regulatory pressure, the food processing and chemical industries are seeking some solutions to limit energy demands. One of the ways is to increase overall processes efficiency and limit the environmental impact of their production. Moreover, competitive conditions force the use of computer simulations at every stage of product design. Process modeling directly influences the effectiveness of the process as well as its expenses [1,2,3]. The scale of products manufactured in large quantities and with low margins significantly increases the importance of effective design and process optimization [4]. The process design and modelling influence the industrial engineering practice. Moreover, it leads to the continuous improvement of the practical skills of engineers [5,6].



During the various stages of process and equipment design, computational packages, known as process simulators, are used to model flowsheet configurations [7,8]. Such flowsheet configurations are often highly integrated, to improve efficiency and profitability [9,10]. Modeling often refers to the determination of material and energy balances for a designed product, along with the necessary constitutive relations. The simulation includes (numerical) approaches to solving the previously mentioned balance equations [11]. Optimizations can be used to improve products at various stages. At the conceptual level, the optimal flowchart is selected from a set of possible solutions (usually based on abbreviations/approximate representations of unit operations). On the other hand, the detailed design consists of determining the dimensions of the device and its operating conditions (pressure, temperature, flow rate). The use of computer techniques allowed for the building of a detailed process structure [12,13,14].



In the 1950s, the food and chemical industries’ development of simulation tools for individual unit operations began [15]. The advantages of that improvement included the decrease in economical spending [16,17,18,19]. The use of computer techniques has become a daily practice in companies that are able to invest in the purchase and implementation of commercial simulation software. Teams of researchers dealing with process systems engineering have made a significant contribution to the development of large-scale process optimization [20,21]. Actually, some of the existing commercial process simulation packages offer very extensive optimization solutions. Computational optimization is often carried out with simplified process models or by considering only parts of the flowsheet [5]. Despite many solutions existing in the field of optimization, there are many examples that explain the reasons for the discrepancy between research progress, software capabilities, and the implementation of specific solutions in practice [17,20]:




	
No clear conviction whether the application of rigorous optimization techniques is correct, e.g., due to uncertainties related to the system parameters (physical properties).



	
No evidence that hardware costs can be reduced when practically using optimization results, especially in the early stages of conceptual design.



	
Problems with the proper definition of the tasks, including the determination of decision variables and existing constraints.



	
Difficulties in estimating the necessary preparation time and calculations in situations with tight timeframes for project implementation. This is often directly related to the robustness of numerical algorithms and their reliability (highly nonlinear systems, complex systems of equations), for which it is difficult to accept possible preliminary assumptions [22,23,24,25].









2. Background and Description of the Study Approach


Reliable operation is critical if food processing plants are to meet their production targets. For just-in-time plants, stopping production can result in lost sales and unmet demand, which has a direct impact on profit. These downtimes can affect selected operations in the plant, subsystem operations or single unit operations. One of the factors that may disrupt the production process in a plant and the functioning of its installations is the formation of foam in the pumped liquids.



Foam is a dispersed gaseous phase in a small amount of liquid. The presence of surface-active substances (surfactants) facilitates the formation of foam, by reducing surface tension and increasing viscosity. The foam forming requires an appropriate volume fraction of gas relative to the solution of surfactants for each system, e.g., the dispersed systems (suspensions, emulsions). In this case, the foam is characterized by high complexity, as described in detail by Tsay et al. [25]. As an effect of intensive mechanical, chemical, and thermal processes, foam adversely affects the course of technological processes by randomly changing the physicochemical properties of the pumped liquid. The most important negative impacts related to the formation of foam in liquids include:




	
Disturbances to the proper operation of conventional pumps, resulting from the variability of liquid inflow (reduction in mass flow) to the rotors.



	
Mass fluctuation of the liquid flowing into equipment on the process line, causing difficulties in maintaining the required process parameters.



	
Unstable flow in pipelines leading to measurement errors for flow rate, liquid density, and pressure, resulting in incorrect input data for automatic process control.








Such problems require steps to limit or eliminate the formation of foam. Physical and chemical methods of foam destruction are commonly applied. Chemical methods include the use of anti-foaming agents, which may also act as inhibitors, depending on the stage of the process. Physical methods of foam breaking include mechanical transmission of stress via contact with the blade of the breaking element. Another physical method of foam destruction is ultrasound, which has been discussed extensively [26,27,28,29,30].



Chemical methods of defoaming, although widespread, have drawbacks. Most importantly, they may affect the course of reactions in the liquid and cause contamination, which is in some cases unacceptable [29]. The chemicals used must meet a number of requirements like safety [30]. Many anti-foaming agents are added to products intended for human consumption. Sometimes substances used to regulate the formation of foam must be removed during the treatment process, as in the production of baking yeast [31]. The chemical elimination of foam has been discussed by P.R. Garret [32,33] as well as Exerowa et al. [34].



Although manufacturers state that chemical anti-foaming agents pose no risk to health and preserve all the valuable sensory and nutritional properties of food, there is an increasing preference for physical methods of foam elimination. This is especially true among small food producers, who can then present their products as healthy and natural. However, physical methods also have several drawbacks. Frequently, large devices are used with relatively low performance parameters and high energy usage. Moreover, the foam produced during production processes is removed, but the tendency of the liquids to form foam is not eliminated.



In this study, computer simulations and bench tests of a pump with a special design were conducted that allows for the transport of dispersive foaming liquids and simultaneous separation of the liquid and gaseous phases. The liquid phase can be used in further technological processes, whereas the gaseous phase is removed from the hydraulic system. Due to the lack of mathematical models for performing pump calculations, it was decided to use process modelling techniques based on CFD (Computer Fluid Dynamics) tools. The results of simulations were compared with the bench tests on the pump prototype, enabling validation of the numerical model.




3. Materials and Methods


Figure 1 shows a diagram of the skimming pump. It consists of a chamber (1) divided by a partition with holes (2) and two rotors mounted on a common shaft. The first rotor separates the foam and pumps the liquid (3). The second rotor (4), in a two- or three-stage destruction process, mechanically breaks up the foam and removes air and liquid residues. The pump consists of two sections placed in a single casing. These sections are separated by a disc perforated with holes. Each of the sections has a rotor. The rotors are attached to a common shaft. The first rotor separates the phases and pumps the liquid. The second rotor mechanically breaks up the foam and removes the air and liquid residues. The applied solution enables the pumping of liquids with high gaseous phase content. In conventional centrifugal pumps, the gaseous phase content must not exceed 4% [27]. Otherwise, gas accumulates near the axis of the impeller and liquid flow ceases. In the proposed solution, it is possible to pump both uniform and unstable liquids with a gaseous phase content of up to several tens of per cent.



Figure 2 shows a 3D (axionometric) visualization of the designed pump. The rotating impeller (3) introduces a mixture of liquid and foam into the rotation. The hydrodynamic pressure on the outlet pipe creates a liquid ring in the impeller (3). Foam bubbles accumulate near the rotor axis and are partially broken up by the rotating impeller. The foam-free liquid escapes through the outlet pipe to the plant. The gas released and the remaining foam pass through the opening in the baffle (2) and enter the second chamber. The second rotor (4) breaks up the remaining foam and the gas is removed through the second pump outlet. The remaining liquid from the broken foam is also removed through this outlet.



The prototype used for bench tests was characterized by the following parameters:




	
Volume flow   Q ˙   = 8.0–12.0 m3/h.



	
Outlet pressure p2 = 1.0–1.5 bar.








The assumed parameters refer to a two-phase liquid/gas medium. The nominal pump speed was n = 1400 min−1. The potential users of the pump include primarily small producers of natural foods, including drinks, fruit and vegetable juices, and ecological dairy products.



3.1. Research Stand


A test stand was designed and constructed to verify the results of the numerical analyses. Figure 3 shows a schematic diagram of the test stand, and Figure 4 shows photos of the test stand. The test stand consisted of a main tank for the pumped liquid (a) and an intermediate tank (b) with a nominal pipeline diameter (dn) equals 50 mm (c) control damper installed between the tanks. The discharge side of a pump had a 50 mm pipeline, which returns the liquid to the main tank. It also has a 50 mm control throttle (d) and sight glass (e). A dn = 25 mm pipeline discharges air and residual liquid into the intermediate tank.



Endress Hauser pressure gauges were used for bench measurements. A pressure sensor (p1) type PMP21 with a measuring range of 1–10 bar was mounted at the pump inlet. A pressure sensor (p2) type PMP21 with a measuring range of 0–10 bar was mounted on the discharge pipeline. In addition, the stand was equipped with a flow meter (  Q ˙  ) Promag10D (2” with a measurement range of 2.1–60 m3/h). It was possible to measure the demand for electric power on the stand. An N = 11.0 kW pump motor was used, controlled by an inverter.




3.2. Computational Fluid Dynamics Model Assumptions


Computational fluid dynamics (CFD) flow simulations were performed in Ansys Fluent Software, in which turbulence flow analysis processes are described using turbulence models based on RANS (Reynolds Averaged Navier-Stoeks Equations). This group includes the Spalart Alimaras single equation model and two or more equation models: Standard k-ε, RNG k-ε, Realizable k-ε, Standard k-ω, SST k-ω, or the Reynolds stress model. Mathematical descriptions of these models can be found in [35,36,37,38,39]. The k-e Realizable turbulence model (from the group of k-ε models) is suitable for flows with a low degree of turbulence and local flow disturbances, such as tearing off the wall layer of the fluid. This model is often used to test the flow of pumps and shows the highest compliance with the results of bench tests [40,41]. It is also efficient in terms of calculation [42].



A numerical model of the geometry of the tested unit was made for the simulation. A model prepared in an * stp file and converted from Autodesk Inventor was used as the base. The model was discredited in Ansyss Meshing. An unstructured polyhedral grid of over 4.6 million elements was generated. The grid was introduced into the Ansys Fluent slower in order to combine the advantages of a hexahedral grid (i.e., high accuracy of results) with those of a tetrahedral grid (e.g., high generation speed). The main advantage of a polyhedral grid is that each element has many adjacent elements, so the gradients of the variables can be better approximated than with tetrahedral meshes [43,44]. In addition, polyhedral grids are able to generate fewer elements than tetrahedral grids, which reduces the time required for calculations and lowers hardware requirements. A model with 4.6 million nodes was used for the simulation. The simulations were made on the largest mesh allowed by the hardware capabilities (amount of RAM). The tests were carried out on the following meshes: 500,000, 4,000,000 and 6,000,000. For the last two meshes, the difference in mass flow and average pressures did not exceed 2%. The 4,600,000 mesh was used.



In the first stage of the analysis, a single-phase liquid (water) was assumed as the medium. In the second stage, a two-phase mixture (water with air) was assumed as the medium. Both phases were non-compressible, with densities of ρ1 = 998.2 kg/m3 and ρ2 = 1.22 kg/m3, respectively, and remained in thermal equilibrium. The roughness of the hydraulic system was omitted from the calculation model. The simulations were conducted until the moment of flow stabilization and mass stream equalization, or until there were no further periodic changes in flow.




3.3. Computational Fluid Dynamics Simulations and Rotor Bench Tests


The following procedure was adopted to make the prototype. The geometrical dimensions of the main rotor (3) were initially decided and CFD simulations were made for those dimensions. In the next step, a prototype of the pump was made and bench tests were carried out. The results enabled the numerical model to be adjusted to correspond with the real working conditions. Simulations were then performed for the whole pump, consisting of the impellers, (3) and (4), and the chamber baffle (2).



The first simulations were conducted under the assumptions that the working medium/medium was water, that the pump operated without an impeller (4), and that the baffle plate (2) had no gas phase outlets. The simulations were performed under three process conditions, defined by the model input parameters: pump inlet pressure (p1) and outlet pressure (p2). The result of the calculations was the liquid flow (  Q ˙  ). Table 1 shows data from each of the simulation series (process conditions) for pump inlet and output pressure, as well as liquid flow, volume flow, and mass flow of the pumped liquid (water).



Figure 5, Figure 6 and Figure 7 show the pressure distribution of the liquid pumped by the rotor, according to the simulations. Figure 5 shows the simulation for working point 4, as shown in Table 1. Figure 6 shows the simulation of operating point 5 and Figure 7 shows the simulation for operating point 6 (as shown in Table 1).



When the simulations were complete, positional tests were performed with the following assumptions: free liquid inlet to the pump from the main tank (control throttle “c” opening 100%); outlet pressure control by means of control damper “d”. The maximum pressure (Figure 7) was small, approx. 1.2 bar (2.201 × 105 Pa) and it would have a low impact on the durability and sealing of the pump housing.



Figure 8 shows the rotor operation characteristics according to bench measurements. The data obtained during the simulation are also plotted in the graph.



As can be seen in Figure 8, points of the simulation (red) coincide with the curve determined during the bench tests (black). For the first work point, the liquid volume flow rate is about 14% lower than that obtained in the bench tests. The numerical model was, therefore, found to reflect the actual rotor sufficiently to be used as the basis for further work. The relatively high flows without the rotor breaking the foam for pure liquid (water) suggested that when pumping a two-phase water/air mixture the pump would achieve the assumed capacities.



However, the lifting pressures obtained in bench tests were lower than expected. The pressures had to be adjusted downwards to obtain the appropriate mass flux (as in the tests), because during the simulation higher pressure was obtained at the inlet compared to the pressure during the bench tests. Therefore, the pressure was reduced by 0.1 bar. Using the criterion of similarity between the operating parameters of geometrically similar pumps (at the same rotational speed H1/H2 = (d1/d2)2 [4,24]), the rotor was, therefore, simulated again (3). The structural dimensions of the pump casing were not changed. The rotor diameter was increased by 10 mm (up to 180 mm). The internal blades of the rotor were extended by 10 mm (up to 35 mm). Simulations were performed for the new rotor geometry, corresponding to the process conditions of work point 2—i.e., p2 = 1.0 bar and liquid volume flow    Q ˙    = 23.9 m3/h.



The simulations revealed that changing the rotor geometry had a negative impact on pump performance. Decreasing the distance between the wall of the pump chamber and the external diameter of the impeller caused disturbances in the liquid flow near the pump outlet port, as a result of which some of the liquid was driven back into the area of the impeller. This reduced the liquid output at the pump outlet (Figure 9).




3.4. Computational Fluid Dynamics Simulations and Pump Bench Tests


Further tests were conducted to determine the operating parameters of the pump including all structural elements—i.e., pumping rotor, baffle plate, and breaking rotor. The calculation model assumed the presence of a water ring enabling the release of low-dispersion liquids into the discharge pipe and air flow into the foam chamber. The research was conducted in two stages. In the first stage, bench tests were performed; the second stage comprised verification of the CFD simulations. This sequence of tests was adopted due to the particularity of the device, in which flow and pressure do not clearly determine the operational performance of the pump. The purpose of the pump is to obtain liquid with the lowest possible share of gaseous phase in the discharge pipeline. Moreover, several tens of simulations would have been necessary to determine the potential characteristic work points (input parameters for numerical tests). Due to the limited possibilities for performing such large numbers of simulations, the reverse sequence of tests was adopted—i.e., bench tests were carried out which, on the basis of qualitative analysis of the degree of liquid dispersion at the pump outlet, enabled the identification of three distinct working points (low, intermediate, and high liquid dispersion at the outlet). The CFD simulations were then performed for the designated work points, providing graphical distributions of liquid flow through the impeller (3). This enabled the optimization of the flow, mainly thanks to visualization of the liquid ring created inside the rotor. Visualization allowed us to measure the ring thickness, the image of the two-phase mixture stream, and the distribution of individual liquid/gas phases in the entire rotor volume.




3.5. Bench Tests


The following assumptions were made for the positional conditions:




	
Clean water medium.



	
Free flow of liquid to the pump from the intermediate tank to the pump.



	
The water does not fill the entire section of the inlet stub.



	
The inflow is uneven.



	
Air enters the pump chamber.








The supply of water was regulated by a throttle (c) in front of the intermediate tank, whereas the back pressure on the discharge pipeline was regulated by a throttle (d) behind the pump (Figure 3). The results of the bench tests are presented in Figure 10, where the working points p2 = f(  Q ˙  ). are shown by marking the degree of dispersion in each area. Figure 11 shows pictures of the liquid flow in the discharge pipeline for three selected parameters of the pump operation: (A)—low dispersion; (B)—intermediate dispersion; (C)—high dispersion.



As can be seen in Figure 11, for each of the tested flows the two-phase mixture at the outlet from the stub pipe of the tested pump has a bubble structure, in which small gas bubbles are dispersed at a speed close to that of the liquid flowing upwards. The degree of dispersion of the liquid also varies, depending on the outlet back pressure of the pump. For low back pressure (p2 = 0.4–0.6 bar), no water ring is formed in the impeller (3). This causes the outlet liquid to have a high degree of dispersion, whereas for back pressures in the range of p2 = 0.8–0.9 bar the liquid has a low degree of dispersion.





4. Results and Discussion


Validation simulations were performed for three cases of liquid flow and dispersion (A, B, C), shown in Figure 11, resulting from the assumed outlet pressure and liquid flow at the pump outlet. A 70/30 water/air mixture was assumed as the medium. The assumed inflow to the pump was similar to that in the bench tests, i.e., incomplete inlet cross-section (obscuration about 65%). Three series of simulations corresponding to three degrees of liquid dispersion were performed: SYM 1—low step, where p2 = 0.85 bar and    Q ˙    = 7.1 m3/h (average pressure and average mass flow of area A as shown in Figure 12); SYM 2—intermediate step, where p2 = 0.72 bar and    Q ˙    = 16.8 m3/h (average pressure and average mass flow of area B as shown in Figure 12); SYM 3—high step, where p2 = 0.46 bar and    Q ˙    = 32.7 m3/h. During the simulation for SYM 1 and SYM 2 it was necessary to correct pressure p2: for SYM 1 from 0.85 bar to 0.75 bar and for SYM 2 from 0.79 bar to 0.70 bar.



The results are collected in Figure 12, which shows the water/air phase patterns from the view of the disc separating the pump chamber.



Figure 13 shows the phase patterns in the water ring and low-pressure zone. The zones of phase changes are marked with colors: red is 100% liquid, blue is 100% air.



A graphical representation of the amount of liquid and the backpressure affecting the degree of liquid dispersion was obtained on the basis of CFD analysis. Low flows and higher pressures ensure that a water ring forms on the outer diameters of the impeller and thus air accumulates near the pump axis, resulting in a high degree of phase separation. For SYM 1, almost 100% gaseous-free (air) liquid phase outflow was achieved at the pump outlet. Simulations show the influence of the geometry of the pump chamber dividing partition on the low-pressure zone (SYM 3). In the test case of a disc with two rows of holes, a large low-pressure zone is noticeable, and thus the thickness of the water ring is small. The thickness of the ring can be increased by raising the back pressure on the discharge, but then some of the liquid enters the foam breaking chamber, disturbing the process of pumping the liquid.



The results obtained during the simulation of the flows in the pump were compared with the results obtained during the experiments carried out on the test stand. The following power requirements were measured for the tested pump:




	(a).

	
For water pumping tests without a foam breaking impeller, the values were from N = 1.3 kW for   Q ˙   = 15 m3/h to N = 2.5 kW for   Q ˙   = 40.2 m3/h.




	(b).

	
For pumping a liquid-foam mixture, respectively from N = 1.1kW for area A (Figure 10) to N = 1.6 kW for area C (Figure 10).









The volumetric flow has been ranged from 6.0–9.0 m3/h (work area A) for the liquid-foam mixture (at the pump inlet) and foam-free liquid at the outlet port.



Due to the fact that the proposed solution has been innovative, and the issue of foam destruction was a complex problem that depended on various criteria. There were no comparative studies that allowed us to compare our results to other mechanical methods of foam separation and elimination. The use of mechanical foam separation allowed us to remove the chemical compounds responsible for the foam destruction. The mechanical method does not change the physicochemical properties of the liquid, and, therefore, the liquid’s tendency towards foam does not decrease.




5. Summary


This paper has presented simulation and bench test results for a special type of centrifugal pump, which enabled the transport of dispersive foaming liquids and simultaneous separation of the liquid phase. The results demonstrated a high correlation between the numerical model and the prototype of an innovative pump. The difference in flow through the pump of liquids with and without foam was demonstrated. The direct influence of the structure of the rotor and the foam destructor (number of holes) on the degree of liquid dispersion was also demonstrated. The number of holes determined the rate of liquid dispersion as well as the composition of the water ring in the rotor front within the low-pressure zone. The presented numerical model could be used as the basis for constructing other types of pumps, as well as for the optimization of the presented design.
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Nomenclature




	  Q  
	volumetric flow rate, m3/h



	   m ˙   
	mass flow, kg/s



	p1
	inlet pressure, bar



	p2
	outlet pressure, bar



	ρ1
	water density, kg/m3



	ρ2
	air density, kg/m3



	N
	electrical power, kW



	n
	rotation speed, min−1
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Figure 1. Schematic diagram of the skimming pump: 1—casing; 2—baffle plate; 3—liquid pumping rotor; 4—foam breaking rotor. 
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Figure 2. Axionometric drawing of the tested pump: 1—casing; 2—baffle plate; 3—liquid pumping rotor; 4—foam breaking rotor. 
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Figure 3. Components of the test stand: a—main tank; b—intermediate tank; c, d—control throttle; e—pipe sight glass; p1, p2—pressure sensors;   Q ˙  —flow meter. 
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Figure 4. View of the test stand; (a)—general vie of the stand, (b)—pump section, (c)—measuring devices. 
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Figure 5. Pressure schedules of the pumped liquid for simulation 4. 
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Figure 6. Pressure schedules of the pumped liquid for simulation 5. 
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Figure 7. Pressure schedules of the pumped liquid for simulation 6. 
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Figure 8. Diagram of changes in lifting height p2 as a function of pump   Q ˙   volume flow in the impeller bench test. 






Figure 8. Diagram of changes in lifting height p2 as a function of pump   Q ˙   volume flow in the impeller bench test.



[image: Energies 14 01740 g008]







[image: Energies 14 01740 g009 550] 





Figure 9. Liquid jet profiles in the area of the pump outlet port for both impeller designs: primary impeller (left), impeller with larger diameter (right). 
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Figure 10. Results of the pump station tests. Working points p2 = f(  Q ˙  ) show the degree of dispersion in areas A, B, and C. 
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Figure 11. Liquid images for three two-phase flow conditions. (A)—low dispersion; (B)—intermediate dispersion; (C)—high dispersion. 
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Figure 12. View from the separating disc of the pump chamber; (SYM 1), (SYM 2), (SYM 3). 
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Figure 13. View from the rotor front with low pressure zone and water ring; (SYM 1), (SYM 2), (SYM 3). 
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Table 1. List of parameters used in the calculation model.
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Simulation/Working Point




	
Parameter

	
1

	
2

	
3

	
4

	
5

	
6






	
p1, bar

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1




	
p2, bar

	
0.7

	
0.8

	
0.9

	
1.0

	
1.1

	
1.2




	
  Q ˙  , m3/h

	
30.8

	
29.4

	
26.7

	
23.9

	
18.6

	
15.3




	
  m ˙  , kg/s

	
8.55

	
8.16

	
7.41

	
6.63

	
5.15

	
4.25
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