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Avrticulo de investigacion

Researching of a vacuum pump system based on the numerical computations

NCCIIEAOBAHUE CUCTEMbBI BAKYYMHOI'O HACOCA HA OCHOBE YHNCJIEHHBIX
PACYHETOB

Recibido: 12 de agosto del 2019

Abstract

This article explores the operation of the GB5601
vacuum pump system created by Engineering
GmbH based on the 1D model. The system
includes a root pump and a liquid ring vacuum
pump. The main objective of the study is to

develop and verify a numerical model of a

vacuum pump system for analysis in various
operating modes. Performance assessment was
carried out in the software Simcenter AMESIm
1D, where the models are assembled in the
libraries Signal, Control, Pneumatics and
Thermal.

Keywords: Simcenter AMESim, 1D modeling,
vacuum system, Roots booster, liquid-ring
vacuum pump.

Introduction

Vacuum technology is one of the most
widespread technologies in the contemporary
industry. The first vacuum pump developed by
Otto von Guericke in 1650 made it possible to
use rarefied air in almost all areas of life - from
household appliances to satellites. Despite
widespread use, calculating the behavior of the
working medium for gas is rather difficult,
especially in an interfaced system with two
vacuum pumps. Calculations are performed
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AHHOTAIMA

B »sr0it crathe paccMaTpuBaeTcs pabora
CHUCTEMBI ~ BaKyyMHBIX HacocoB  GB5601,
cosmanHoii Engineering GmbH Ha ocHoBe
Momemn 1D. Cucrema BKIIOYaeT KOPHEBOH
HAacoC W JKUIKOCTHBIN KOJIBLEBOH BaKyyMHBIH
Hacoc. OCHOBHOH  [eNBI0  HCCIIEIOBaHUS
SIBIIETCSL pa3paboTka W TpPOBEpPKa YHUCICHHOM
MOJIEIM BaKyyMHOW HAaCOCHOW CHCTEMBbI s
aHanM3a B Pa3IUYHBIX peXHUMax paOOTHI.
OlnieHka MPOU3BOJUTENBHOCTH TPOBOAUIACH B
IPOrPaMMHOM obecrieueHu Simcenter
AMESIim 1D, rane w™ogenu coOpaHbl B
oubmorekax Signal, Control, Pneumatics u
Thermal.

Karouesbie ciaoBa: Cumuentp AMESim, 1D
MOJICIUpOBaHNe, BaKyyMHas CHUCTeMa, Oyctep
Roots,  >KHAKOCTHO-KOJBIIEBOM  BaKyyMHBIH
Hacoc.

manually with parameters selected from the
technical data tables depending on the
differential pressure (PromHimTech, 2003).
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Metodology

The object of simulation is the existing vacuum
pump system manufactured by ZM Engineering.
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The model simulates only the gas contour (red
highlight in Figure 1) except separator and filter.
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Figure 1. The principal scheme of the GB5601 system: Filter, Roots Booster, Liquid-ring vacuum pump,
Separator

The heat transfer between the liquid and the gas
inside the liquid ring vacuum pump (LRVP)
simulates through two separate models: a gas
compressor, and the second PID controller,
which reduces the temperature to preset values.

According to the technical requirements of the
installation, the following boundary conditions
are established:

e Inlet pressure is 10 mbarA,;

e Outlet pressure is 1230 mbarA,;
e Otlet temperature is 40 °C.

The vacuum pump installation model in
Simcenter AMESIim

The authors developed a 1D model of the system
in Simcenter AMESim software (Figure 2) in
accordance with the following works (Rundo
2017; Wang et al., 2017; Mouloud et al., 2011;
Guangyu et al, 2016; Pugi et al., 2014;
Kopczynski, et al., 2019).
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Figure 2. The model of the vacuum pump system GB5601 in Simcenter AMESim: Common
characteristics, Roots Booster Qlocal inlet

The model includes the next parts:

1. Submodels characterizing the physical
properties of the environment,
atmospheric features and the required
temperature of the gas at the outlet of
the system.

The Roots Booster pump.

3. The liquid-ring vacuum pump.

N

4. Cooling contour.

Description of the environment physical
properties.

Submodels characterizing the physical properties
of the environment, atmospheric features, and the
required gas temperature at the system exit are
shown in Figure 3.

Q=

Figure 3. The submodels of properties, atmosphere and gas temperature at the outlet

Air is selected as a working fluid with ideal
properties. It should be noted that the main
property is the density, which varies depending
on the temperature value (Figure 4). The
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with the polynomial equations in the NASA
catalog (McBride Bonnie and Zehe Michael,
2002).
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Figure 4. The density gas curve
Atmosphere pressure is 101325 Pa, the outlet gas viscosity is 0,018463, thermal conductivity is
temperature is 40 °C, density is 1.183624 =5, 0,026027 ——.

specific heat is 1004,725480 L absolute ) )
kg 'K Roots Booster pump in the model showed in

Figure 5.
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Figure 5. Roots Booster pump in the model
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The roots booster pump is modeled on the basis were performed for each frequency of the roots
of a standard air compressor operating under booster pump shaft. This is necessary for
vacuum in accordance with the peer-reviewed interpreting the data received from Aerzen
works (Heng, et al., 2018; Arztmann, 2008; (Figure 6) to the AMESIim software format
Sadovskiy, et al., 2018). A series of calculations required by Simcenter.
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Figure 6. Characteristic curves of the roots booster Pump at 2950 r/min from Aerzen data
The software AMESIm requires table data in compiled for obtaining the table data at each
format Pressure ratio = f (dm (k_g), w (—)) for work modes of the engine with different values
s min . . . r
compressor submodel. The curves of dependence at the inlet (Figure 7 depicts curves at 1800 -
compression ratio mx and mass flow rate were roots vacuum pump).
T, 1800 r/min

mbarA

Figure 7. Dependence of compression ratio 7k and mass flow rate at 1800 ﬁ work mode
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These results presented in the Simcenter current stage, we manually installed data files for
AMESIim software and the following each pressure value at the pump inlet for
performance data are shown in Figure 8. At the adequate model operation.
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Figure 8. The pump characteristics in Simcenter AMESim software

To determine the relationship  between each mode, an approximation was carried out and

volumetric efficiency, inlet pressure, and linear trend equations were created (Table 1),

compression ratio efficiency, a series of where x - mass flow (X9, y - compression ratio
N

calculations were performed in a separate root

amplifier model (Figure 9). At the next step, for T

Table 1. The equations of linear trend of the roots booster pump

r/min Trend equation
1500 y = —23,428-x + 32,603
1800 y =-21,631-x+ 24,516
3000 y =-22,094-x+ 19,214
3600 y =—20,395-x + 15,596
4800 y =—25,197 - x + 11,352
6000 y=-21,186"-x+ 7,9958
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Outlet

Fig 9. The single roots booster pump model

The calculated curves transported to the Simcenter AMESim software became to look according to Figure
10.
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Figure 10. The final roots booster pump characteristic in Simcenter AMESim software

The convergence of the results corresponded to Simcenter AMESim software. Thus, the pump
Aerzen technical data when modeling the model model can be used in other similar models.

in various modes after introducing the calculated

characteristics of the roots booster pump into the Liquid-ring vacuum pump showed in Figure 11.
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Figure 11. Liquid-ring vacuum pump part in the model

The LRVP model based on the explored works
(Prananto et al. 2017; Bannwarth, 2005; Olsiak
et al., 2018; Levchenko et al., 2011) and divided
into 2 parts:

1. Gas compressor part.
2. Heat exchange part
3. Gas compressor

950

850 +

To simulate gas compression in LRVP, we used
a submodel of a simple gas compressor. The inlet
temperature and pressure values are transferred
from the root output of the roots booster pump.
The outlet pressure is 1230 mbar (indicated in the
user requirements).

The characteristic of the liquid-ring vacuum
pump described in Figure 12.

650 +
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Figure 12. The received characteristic curves of LRVP

Simcenter AMESIim software requires a
minimum of 3 curves for adequate calculation, so
the characteristic curve was interpolated at 1600
rpm of the pump. In addition to interpolation, all
the curves were expanded to almost zero flow.
The volumetric flow rate values are transferred to
the mass flow rate unit. Y axis size has been

changed to compression ratio 7, = 2, where

l
Pout

pin NOted accordingly to the x-axis values in the
Figure 12, mbarA; p,,: = 1013 mbarA, due to
the design of curves calculated under standard

conditions. It should be noted that AMESim does
not perceive the opposite change in the angle of
the curve after 120 mbar, therefore, the gas flow
rate does not decrease depending on the increase
in pressure, but remains constant. The last
assumption is accepted, because in actual
operation the LRVP does not work in high-
pressure modes. The final calculated curves of
the liquid ring vacuum pump shown in Figure 13,
and their interpretation in the Simcenter
AMESim software in Figure 14.
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Figure 13. The recalculated characteristic curves of LRVP
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Figure 14. The recalculated characteristic curves of LRVP in Simcenter AMESim software

If the characteristic curves are entered into
Simcenter AMESIim and the constant outlet
pressure is 1230 mbar, the simulation results will
display values in accordance with the technical
data for various operating modes and inlet
pressures.

One of the most important features of the model,
which includes two vacuum pumps, is the need
to bring together the performance map of both
vacuum pumps in each operating mode. At the
current stage of model development, there are no
common ground between the LRVP and the root
amplifier, therefore, the model is disconnected

due to a failure of the convergence stream of the
stream. Theoretically, the model should work
according to the following algorithm: the
pressure at the outlet of the roots booster pump
increases, while the flow rate in the liquid ring
vacuum pump remains at its original value.
Implementation of the aforementioned logic
requires modification of the current characteristic
curves in the range above 120 mbar to a higher
flow rate (Figure 15). It is worth noting that this
assumption is reasonable, since the real
installation is not used in similar operating
modes.
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Figure 15. LRVP characteristic with the flow rate assumption

Simulation of heat transfer between a gas and a
liquid phase in a liquid-ring vacuum pump,
modeled on the basis of articles (Salakhov et al.,
2017; Misbakhov et al. 2015).

and calculation methods. The temperature in the
PID controller drops to the set value (default
value is 40°C).

Work principle and verification
Temperature stabilization after LRVP is carried
out using a PID controller installed at the output
of the model due to the lack of calculated data

Figure 16 depicts the stages of the model work.

|G>——)®' Corrrron chara cteristics 0

Roots Booster
Qloc Inlet

Liquid Ring
VacuumPurmp

Rodts Booster Cooling part

G Qref Qloc

Figure 16. Working stages of the model

model requests submodels of the
working fluid and the state of the
atmosphere.

Gas enters the model at the inlet with
predetermined temperature and pressure
parameters (1 ° C and 10 mbar,
respectively).

0. At each stage of the calculation, the 2.

The gas is compressed and heated in the
roots booster pump and passes through
the mass and volume flow detectors to
the next stage.

The compressor part of the vacuum-
liquid vacuum pump uses gas selected
from the roots booster pump outlet and
increases its temperature and pressure.

o
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4. Hot and compressed gas enters a 5. Compressed gas is discharged out of the
volumetric container with a heat system.
exchanger, in which the temperature of
the working fluid decreases to the Results and discussion
temperature noted in the submodels
from the first point (the default value is Verification of the model was carried out in
40°C). accordance with the photograph of Nizhnekamsk

production at nominal operation mode (Figure
17) and on the basis of technical requirements at
the inlet and outlet (Figure 18).

PIC672A
PV 23.7T mbarA
AUT sv 20.0 mbarA

QlA4814
v 0.0%

GB6601A2 0 - -

Figure 17. Nominal work mode of the installation GB5601

Figure 17 describes the following useful e The frequency of the roots booster
information: pump is 2529,5 r/min.
e  The temperature of the gas at the inlet is
e The pressure at the inlet of the roots 28,4 °C.
booster pump is 23,7 mbarA.
FATED FLOW (DRY) (Nm*/h)
How pacxon (oo cyx razv)
INLET VOL. FLOW 1175 (m’/h)
Ofnen pacxon BEx0OH
TEMP. SUCTION 1.0 (°C)
Teun Boaca
MAX. MIN (*C)
Maxc Mem
TEMP. DISCHARGE (=C)
Temn Harmeraams
PRESS. DISCHAFRGE. 123 (kPaA)
Jlaan  Harmerasme _ (KIla abc )
SUCTION. 1.066 (kPaA)
Bcac (KTTa abc.)

Figure 18. The actual part of the technical requirements

Encuentre este articulo en http://www.udla.edu.co/revistas/index.php/amazonia-investiga o www.amazoniainvestiga.info
ISSN 2322- 6307



- AMAZONIA

Investiga

The technical requirements state the need for
pumping out 1175 m3/h at nominal operation at
a pressure of at least 1230 mbar.
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Values of volumetric flow and pressure are
detected in the indicated areas in Figure 19.

Roots Booster

Qloc Inlet Roots Booster

G Qref Qloc

)‘.

|

[

[

Liguid Ring
VacuumPurrp

Cooling part

Qref Qloc

Figure 19. Positions of pressure and flow rate values detecting:
1 — Inlet the system; 2 — roots booster outlet; 3 — outlet the system

The data obtained as a result of modeling at
2529.5 rpm of the roots booster frequency and

1450 rpm of the LRVP frequency are presented
in Table 2.

Table 2. Simulation results

GB5601A Simcenter AMESim

Inlet pressure, mbarA 23,7 23,70

Standrad volumetric flow rate, nm3/hr 1175 1253,87

Inlet temperature, °C 28,4 28,40

Outlet roots booster pressure, mbarA 40 108,81

Outlet roots booster temperature, °C 104,15 138,09

Outlet pressure, mbarA 1230 1230,97

Outlet temperature, °C 40 41,51

Mass flow rate, kg/hr 1484 1509,43

Based on the results, it can be argued that all the
necessary conditions for the specification are
met. The relative error is in the acceptable range,
therefore, the model is verified.

In this work, the vacuum system model was
developed in the Simcenter AMESim software,
the pump performance diagrams were
recalculated and transferred to the required
format in the vacuum model of the roots booster
and liquid ring pump. The main problem was
identified in the calculations at different
operating modes. This is a special pressure curve
in the LRVP that has a constant flow rate while
decreasing the compression ratio compared to the
roots booster pump, which has a standard pump
pressure curve. Consumption increases with
decreasing compression ratio on the standard

curve. The current circumstance can probably be
solved by changing the LRVP characteristic
curve at a low compression ratio. The latest
change allows the model in Simcenter AMESim
software to solve the problem of stream
convergence.

Conclusion

The GB5601 vacuum pump installation model
created by ZM Engineering GmbH was
developed in the present work by the Simcenter
AMESim software. In addition, the characteristic
curves for the vacuum roots booster pump and
the liquid ring pump were recalculated and
transferred to the corresponding submodels. The
numerical model is tested on the basis of a real
vacuum setup. Finally, the simulation results for
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various operating modes of the vacuum pump
system are analyzed.

The obtained data on the interpretation of the
pressure characteristics of vacuum pumps from
technical data sheets in the required Simcenter
AMESiIm format can be used in the calculations
of other vacuum plants. This information can
help to avoid significant waste of modelling time.
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