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ABSTRACT

Fuel cell system has gained extensive attentiontduecreasing tendency of environmental protectemmd Roots
blower has great potential as the recirculation pumits hydrogen recirculation system while thare rare of
research about this ancillary component. In thisepaa three-dimensional, transient model of aettobe Root
pump was established and solved and the interpat fiharacteristic was investigated. The resultswskitat

pressure ratio can influence the mass flow ratetarglie significantly and high pressure ratio \ehd to mass flow
reflux. The most dramatic variation of pressureussén the moment that the displacement chambeneszia with

the exhaust region. The vortex will arise from bthle inlet and outlet pocket. Different methods aeeded to
reduce the vortexes since their position are glifferent in the inlet and outlet pocket.

Keywords FCV, Hydrogen recirculation pump, Roots blower, Cif@nsient modeling, leakage flow

1. INTRODUCTION

Fuel cell vehicles (FCV) are considered as the tastlidates for internal electric engine in theifetbecause of its
high power density, low emission, low operation pemature and short start-up time. In a PEM fudl gdtem, the
hydrogen fuel must be supplied with more than reguired for a given load. The best way to usedhexcess gas
at the exit of fuel cell stack is to recirculatebéck to stack's inlet. Some researches about gdreecirculation
system (HRS) and the associated control systems been carried out in recent yéafs Different recirculation
types, including recirculation pump, ejector, conation of pump and ejector or pumpless system Heeen
researched to achieve high efficiency. However,pihislished literatures are mainly focused on thmm@hensive
system of HRS or the influence of it to the ovep@tformance of FCV, and there are rare of reseabciut the
ancillary components for proper fuel cell systenermion.

Roots blower has great potential in this applica@s the recirculation pump due to its advantagek as low cost
and high reliability, and it has been widely resbad as a kind of general machinery. Most prioeaesh focused
on geometric design or different shapes of rotiglisami and Pennacchi®! examined dynamic pressure loads acting
on the helical and spur shaped rotors, indicativeg increasing the reservoir and using helical staptors can
improve dynamic loads regularity and decrease systibrations. Hwang and C.F. Hsi&H proposed new rotor
profiles using the trochoidal curve or cycloid oeirwith variable trochoid ratio to improve sealingrformance
between the rotor tip and the chamber and achiigrevolumetric efficiency. Tong and Yang etl®%presented a
complete synthesis procedure to design rotor grdélr high-sealing roots pumps by deriving a nodeviation
function with given flow rate functions.

24" International Compressor Engineering Conferendeuatue, July 9-12, 2018



1269, Page 2

With the rapid development of CFD simulation in lbbebftware and hardware, numerical simulation reoine
one of the three main methods to deal with comgleosblems in fluid mechanics. Houzeaux and Coéiha
developed a finite element method to simulate b fn rotary displacement pumps, a method tha¢ éblsolve
leakage problems in the gap and gear intersectlile wihe transient Navier-Stokes equations mussddeed in a
series of configurations. Huang and Hlused RNG ke turbulent model, second-order upwind differendeesee
to simulate an involute-type three-lobe positivectiarge blower, and the results were compares fhasesemi-
empirical formulas. Stras$&} applied a simulation of a large-scale meteringr gmamp through a moving-
deforming grid method, and Second-order upwindimg) laounded central differencing schemes were usestiuce
numerical diffusion. Shu-Kai S#f! established two simulated 3D cases to analyze ftbaracters in working
chambers and inlet/outlet pockets of a Roots puynpsing a dynamic mesh method, and the results wadigated
by tests. Heidh?! compared the difference between cylindrical andwdype Roots pumps in terms of their outlet
flow rates and pressure pulsation.

Although much research has been conducted abolRdbts mechanical, its applications are limitedheesvacuum
pump, blower or compressor, and the working medarm focused on air or liquids as water in the shgd
literature. While hydrogen recirculation pump hasignificant difference with traditional Roots megiical in
operation condition and characteristics of the wagkmedium. So it is an important issue to reaffmefluid flow in

the hydrogen Roots pump. The mathematical modeflaidianalysis are presented and discussed itfioll@ving

sections.

2.NUMERICAL SIMULATIONS

2.1 The Geometry of Roots Pumps

The roots pump in this project had two three-lott®ns, as seen in Fig.1la. The rotors have a dianétg7.5mm
and a length of 50mm. Theoretical suction volumet efas 0.72~1.67 m3/min with rotational speed 300100
r/min. The gaps between the rotors and the caserg WQum and between two rotors 1@0. The fluid domain
included the deforming part which was the cavitwaen rotors and pump’s cylinder and the statiomary which
included the suction and discharge ports as weheasolid regions as shown in Fig.1b.

2.2 Grid Generation

The deform-and-remesh or dynamic method is on@etbmmon methods in modeling the flow filed inasifive
displacement machine but often causes bad quality @legal grids due to the significant changeslape of fluid
domains. The overlapping grids or overset meth@ddemfortable approach to investigate the rotfluémce inside
a PD machine, but it often lakes of conservatiorahbse the interpolation between meshes and a iginynumber
of elements is necessary to resolve the gaps debura

Customized grid generation can avoid disadvantafesbhove two methods. Kovaccevic et al. pioneeredrid
generation for screw rotors with algebraic methoagh the computer code called SCORG( Screw Casspre
Rotor Grid Generation), and Twinmesh is anotherhimgssoftware to generate high quality grids fag thoving
parts of PD machines.

a) Geometry of rotors b) Geometry of suction and discharge ports
Figurel: Geometry of rotors and stationary ports
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In this project, Twinmesh was used to pre-gendfaeéhexahedral structured meshes of the defornhiig) domain
as shown in Fig.2a. The fluid domain between thersoand the casing was divided into two parts, aad
connected via an interface contour. Meshes for eagh rotor position needed to be generated indallgwand all
of them had same mesh topology and node numbeRB &ligpwed the meshes in a 2D cross section inl detciwe
can see that there was high resolution of gapseftoaf micrometers) and smooth changes between gapsd and
larger chambers (several centimeters).

a) Grids of deforming domain b) Griosstationary domain
Figure2: Meshes of simulation

All other meshes, i.e. the supply pipes at suctiod discharge sides, and the solid regions werergtd with
ANSYS Meshing (Fig.2b) and the whole stationanjditegions consisted of 149,294 elements. In suentokal
global fluid domain consisted of 641,750 elemenlidirrg 229,500 elements of each part of deformingala.

Figure 3: Details of structured grids of deforming domain

2.3 Simulation Setup

The meshes for different parts were connected Githeralized Grid Interface and the model of Rootsp was

carried out based on ANSYS CFX platform. The fluids hydrogen, with its density changed as an idasal In

these simulations, the Shear Stress Transport (8®0el was used, which can resolve large turbudénicture

while still modeling the smaller and near-wall gsalTransient term discrete method of the goveramgtions was
the implicit time step -- a second order backwanteE(2nd order accurate).

The working process was similar to an adiabatic@ss due to high rotation speed and the wall cdomdivas
assumed to be adiabatic. Both total pressure angemature were given at inlet and outlet boundahe inlet
pressure was 1.0bar and temperature 293.15 K hanolutlet pressure changed in pressure ratio ab1125.

With TwinMesh, the meshes were generated and storinils case for every 1 rotation angle, and tme tstep size
was decided by both rotation angle size and rotasipeed. The simulation was considered as steady \he
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difference of average mass flow between the imdt@utlet boundary was lower than 1%.

3. RESULTSAND DISCUSSI ON

3.1 Mass Flow and Torques

The variation of mass flow at inlet and outlet @aodjue on both rotors over rotation angle unddedit pressure
ratio is shown in Fig.4. It can be seen that thesrilow rate at both inlet and outlet shows regpkaiodic variation,
while the fluctuation at outlet is more violent thia at inlet. High pressure ratio amplifies thectiuation and when
the pressure ratio is 1.5, a mass flow reflux caoliserved at inlet and outlet. In a rotor rotatigcle, the flow rate
shows six fluctuations because of the interactibmwm rotors, and the frequency of this variatientwice the
number of rotor’s lobes. In the variation of torgbecause of same profile design two rotors beaegarque value
and change cycle of 120° which is two times of nfkss change, the only difference is a phase déffee of 60°.
High pressure ration also means large fluctuatamye in the variation of torque.
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Figure4: Mass flow and torque under different pressure ratio

3.2PressureField

Pressure fluctuation of the internal flow is knoterplay a crucial role in understanding and preédgcthe unsteady
flow and noise generation mechanisms. Fig.5 desgribe pressure distribution of a stable cycle @as¢éhich the
suction pressure is 1.0bar and discharge pressaivar] rotating speed is 6000r/min, and the clea&05mm.

Pressure
Contour 1

l 1.581e+005
1.503e+005
- 1.425e+005
1.347e+005
I 1.270e+005
1.192e+005
1.114e+005
1.036e+005
9.587e+004
l 2.809e+004
8 032e+004
[Pa]

a)0=0°/120°/240° b) 6=30°/150°/270°
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c) 6=60°/180°/300° @590°/210°/330° ) 6e110°/230°/350°
Figure5: Pressure fields on middle face with rotation angle

From a to e the rotating angle of the rotor is @©°1 and that of another two rotors 120°~230° aad°2350°
respectively. A complete cycle is represented endiagram as the suction process of a-e-a, digpkxteprocess a-
¢, and the last compressing and discharge proeessc. This set of images clearly shows that tiesgure remains
relatively stable and has small fluctuation in ithtake region, increases slowly in in the displaeatrthamber and
has an undulant fluctuation around a higher vatu¢he exhaust region. The variation range of thesgure is
82.5kPa to 174.1kPa, and the most dramatic vaniati@urs in the moment that the displacement chactdreects
with the exhaust region.

3.3 Vdocity Field
Fig.6 shows the variation of velocity in Roots puyrapd the legend is fixed in the range of 0 to 2@0im order to
show the whole velocity field better. Fig.6 a) ias same rotation angle with Fig.5 a), and so g6 b-e).

The fluid flows into the suction region and movésng the surface of rotors. A vortex arises in thdial direction
with the rotation angle of 30°. The vortex moveshwthe rotor as the rotor rotates and then disappeafter the
rotating angle of 90°. This is because that theneation channel between the working chamber arakéntegion
becomes narrow at this time and the flow tendsetglbw. When the angle is 120°, the working chanbetosed
and then maintained with rotor’s rotating until tregle reaches 180°.

Welocl!
Vot 1

3.000e+002

I 2.250e+002
- 1.500e+002
7.500e+001

0.000e+000
[ms*-1)

a) 0=0°/120°/240° bp=30°/150°/270°
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Figure6: Velocity fields on middle face with rotation angle

After 180°, the closed chamber connects with theaast region. The high-pressure fluid flows inte thorking
chamber anccollides with the normal flow. So a vortex distribd alternately in two rotors’ chambers is formed.
After the pressure in the chamber is high enough fluid begins flow into exhaust pocket with résomtating and
causes the pressure in exhaust pocket rises affaem. another flow-back will be taken place. Thiadkiof fluid
back-flow in exhaust pocket repeats itself and esuistensified discharge pressure pulsation.

It can be seen that the rotation angle has gréattefon the distribution of inlet and outlet vetgcThe fluctuation
of outlet velocity is much higher than that of inkelocity. The vortex exists at both the inlet andlet pockets, and
it is the main cause of discharge pressure pulsai the aerodynamical noise made by the pumpyvdtiex in
the inlet pocket is close to the rotors while ie thutlet pocket is near the cylinder wall. Thisiaades different
methods are needed to reduce the vortexes andsnoise

N Ry
/ \ i
a) Distribution of velocity b) Velocity ingap A ¢) Velocity in gap B d) Velocity in gap C
Figure7: Distribution of velocity vector at rotating anglé°1

Fig.7 shows the distribution of velocity vectorsniddle face at the rotating angle of 10°. At thiement, we can
see that compared with other regions, the velanityap A(0.05mm), gap B(0.05mm) and gap C(0.1mra)mauch
larger. The velocity in gap A is larger than thatgap B because there is a greater pressure diffefeetween the
two sides of the chamber. Moreover, the flow dimttn three gaps is all in the opposite directiéithe main flow.
It can be seen that the high pressure at exhagkepbas a strong influence on the whole velocisyrithution and
the high-speed back flow will lead to significamieegy dissipation.

4. CONCLUSIONS

A numerical simulation of the three-dimensionalteasly flow in a Roots pump for hydrogen recircaatused in
fuel cell system was presented in this paper. Twistimwas used to generate structured meshes okfbaming
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fluid domain in cylinder which has a high resolutiof gaps and smooth changes between small gapkayet

chambers. The governing equations were solved séttond order backward Euler scheme using SheassStre

Transport turbulent model. The following conclusiaran be drawn from the results of investigation:

e The mass flow variation at the outlet is more vidl¢han in the inlet. High pressure ratio amplifibe
fluctuation and will lead to mass flow reflux. Thiequency of mass flow variation is twice the numbé
rotor's lobes in a rotor rotation cycle. Two rotdmsar same torque value and its change cycle iditags of
mass flow change.

*  Pressure remains relatively stable and has smaituition in the intake region, increases slowlyirirthe
displacement chamber and has an undulant fluctuatiound a higher value in the exhaust region. mbet
dramatic variation occurs in the moment that tiepldicement chamber connects with the exhaust region

*  The velocity field of the Roots pump is influend®gdthe pressure field. The gaps between rotorsasithg, as
well as between two rotors, are filled with the lkblow gas with high velocity. This will lead togificant
energy dissipation. The vortex will arise from bdlle inlet and outlet pocket. It is close to theors in the
inlet pocket, while near the cylinder wall in thetlet pockets. This indicates different methodsrageded to
reduce the vortexes and noises.
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