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ARTICLE INFO ABSTRACT
Keywords: Oil-free positive displacement machines are used in various industries where presence of oil in the process is
Leakage flow prohibited. Due to the lack of cooling, they experience high temperatures and thermal growth of rotors and

Roots blower casing. Therefore, clearances between rotors and casing are increased to avoid contact. It is important to

}S)::Z . minimise operational clearances but retain reliable operation. This requires numerical methods able to calculate
Ra diil gap leakage flows accurately. A recent PIV measurement revealed that leakage flows in radial gap of roots blower are

Deforming rotor grid sensitive to rotor speed. This research is aimed to perform a numerical study to evaluate various grid generation

Smoke seeding and modelling techniques for estimation of leakage flows and comparing results with data obtained by Particle
Imaging Velocimetry measurements. This study considered 2D static mesh with moving wall boundary condition,
2D unsteady dynamic layering mesh and full 3D deforming rotor grid model. Additionally, to accurately replicate
the shape of the rotor tip and gap size, a deforming 3D grid with filleted tip and hybrid gap model was developed.
CFD model also included change in air density due to the seeding required for PIV.

Velocity magnitude and profiles in clearances, discharge flow and gas temperature predictions were validated
against experimental data. Full 3D grid with hybrid gap, 5 % smoke seeding and axial gap size of 80 um agree
more with experimental data than simplified models. Discharge flow and temperature deviations from experi-
ment were within 7 %. The validated model captured leakage flows accurately and can be applied to various
rotor profile shapes.

feature lobes generally with involute profiles. Moreover, roots blowers

1. Introduction are oil-free positive displacement machines recognized for their simple
design and moves a fixed volume of air per revolution, making them
Rotary positive displacement machines find diverse applications, advantageous for many applications. Like other compressors, these
particularly in energy generation and conversion systems for industrial machines also have clearance gaps namely radial, interlobe and axial.
and commercial purposes. Compressed air systems account for 10 % of Among those gaps, the radial leakage gap accounts for major losses. The
the total industrial energy usage and contribute significantly to the radial gap, located between the rotor tip and the casing, has been the
emission of greenhouse gasses. It is anticipated that they will play a focus of recent studies to analyse the flow field using both experimental
pivotal role in future energy systems, particularly in compressed air and numerical techniques [23-25].
energy storage [1]. Twin screw compressors take a significant share of Clearance gaps between rotating and stationary parts in such ma-
industrial air compressors used today. Around 87 % of these compres- chines is crucial for efficient and reliable operation. During the opera-
sors are oil-injected, but it is predicted that the demand of oil-free tion, thermal and pressure forces cause variations in gap sizes and
compressors will increase based on achieving clean and non-polluting influences the local flow. Kovacevic et al. [3] reported the effects of
gases. The development of oil-free rotary machines is having their thermal distortions using fluid-solid interaction analysis. The study
own challenges to be addressed in terms of heat management and wear revealed that fluid-induced forces cause significant deformations in
and tear of the parts [2]. This study is carried out considering a roots rotor and casing. Although deformations are small but it can have
blower which consists of a meshing pair of straight lobes with parallel impact on performance of the machine as the clearance alters. Gener-
axes housed within a casing with timing gears. These types of positive ally, using lower order models for the prediction of physics is less ac-
displacement machines are used for low-pressure ratios of up to 2 and curate, and therefore Computational Fluid Dynamics (CFD) is used for
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Nomenclature

P Pressure (bar)

Tq Torque(N-m)

N Rotational speed (rpm)

qvi Volume Flow Rate(m>/sec)
k Specific heat ratio(gas)

v Velocity (m/s)

n Efficiency

® Rotational velocity(rad/sec)
\Y% Volume (m®)

Acronyms

PR Pressure Ratio

RPM Rotation per minute

CFD Computational Fluid Dynamics
PIV Particle Image velocimetry
pum Micrometres

MRF Moving Reference Frame
SMM Sliding Mesh Method

RANS Reynolds Averaged Navier Stokes
URANS Unsteady RANS

DNS Direct Numerical Simulation

leakage flows study and performance prediction as outlined by
Kovacevi¢ et al. in [4]. Another study by Kovacevi¢ & Rane [5]
mentioned the challenges of modelling 3D CFD for rotary positive
displacement machines indicating the need for good quality mesh and
adequate refinement to calculate single-phase or multiphase flows. A
study carried out by Kovacevic et.al [6] indicated the influence of the
CFD solver on the prediction of results. They reported differences in the
results while comparing two different approaches namely segregated
cell-center based and coupled vertex-center based schemes. The study
indicated the future aspects of numerical simulation based on the use of
different solvers and grids technologies by comparing results with the
test. The same also on the performance of oil-free compressors with
moving boundaries have outlined the transient characteristics of flow,
making numerical models challenging in terms of grid generation
technology, topology, and refinement.

Several papers report on how to address the issues of grid generation
in screw machines. Rane et.al [7] investigated the key-frame re-meshing
technique which supplies pre-generated unstructured grids to the solver
at different time steps. In their study, they analyzed three strategies
namely diffusion equation mesh smoothing, user-defined nodal
displacement analytical method and key-frame remeshing. They
concluded that existing grid deformation strategies had significant
limitations for the complex geometry of screw machines. Therefore, they
sought for the development of customized grid generation tools specif-
ically for these machines. One of the significant developments in grid
generation for rotary PDMs was reported by Rane & Kovacevi¢ [8] and
its validation in literature [9] for a dry twin screw compressor. This
work builds on the foundation of pioneered work on grid generation
method by Kovacevi¢ et.al [10] for screw rotors using an algebraic
method that featured boundary adaption and transfinite interpolation.
The single-domain computational grid generation method is based on
casing-to-rotor topology resulting in the elimination of the
non-conformal interface between Rotors, which are incorporated in the
SCORG a deforming rotor grid generation software based on the pioneer
research work by Kovacevi¢ [11] in his thesis. Ye et al. [12] has reported
in their CFD simulation of rotary vane energy device for waste heat
recovery that rotational speed and tip clearance have significant effect
on performance. To discretize rotating and deforming domain, they
innovated analytical approach based on user defined nodal
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displacement. They notified that the axial clearance contributed to the
2.9 % loss of the volumetric losses. Ye et al. [13] in their another
research presented a new analytical grid generation method for sliding
vane rotary machine based on user defined nodal displacement
approach. Their investigation reported that the developed method can
be used for broader range of design configuration. The comparison be-
tween different approach available for meshing and current, new
analytical grid found to be significantly faster. Neeraj et al. [14] per-
formed initial study on modelling of radial tip gap of roots blower using
moving reference frame method and simulated the effect of different
combinations of the tip profile to find leakage flow amount. Most of the
previous researches on CFD applications to screw machines features
innovative techniques for generating meshes to adequately resolve flows
in clearances. However, an alternate approach is demonstrated by
Rowinski et.al [15] utilizing the automatic grid generation based on a
modified cartesian cut-cell technique. This approach was used in the 3D
CFD modelling of the hook and claw type hydrogen pump by Lu et al.
[16]. It was reported that the simulation setup is simpler for this tech-
nique and facilitates the creation of dynamic grids which can represent
the intricate and moving boundaries. Theofanidis et al. [17] performed
CFD simulation using cut-cell Cartesian meshing method to handle
complex moving geometry to investigate the influence of discharge port.
Tutar et al. [18] presented a literature on Lattice Boltzmann method to
simulate thermodynamic process of tri-rotor compressor using thermo-
dynamic computational modelling approach. This approach eliminates
the use of time-consuming classical fluid domain meshing. This study
also validated their modelling with experiment results. Ma et al. [19]
reported a CFD simulation using CFX of internal flow field in the dry
screw vacuum pump using structured dynamic grid. They also indicated
that the clearance is the most important factor affecting the performance
of the vacuum pump.

Various research efforts have been reported on the investigation of
leakage flow in clearance gaps experimentally and numerically. Other
than grid technology, numerical models are also affected by the speci-
fication of boundary conditions and turbulence models. Kauder &
Stratmann [20] reported work on using different turbulence models to
predict velocities in the clearance gap numerically and its validation
using the Schlieren experiment. In another study in terms of a different
approach to defining physics, Vimmr & Fryc [21] analysed a 2D
simplified numerical model of a screw compressor using the Moving
Reference Frame and reported that the speed of the rotor has a negligible
effect on the flow field inside clearance gap at a given pressure ratio.
Using a more realistic method to define flow in the machine, Sun et al.
[22] established a 3D Unsteady numerical model of a roots blower to
study the internal flow field in the gaps. In their extended study in
literature [23], Sun et al. conducted a study on Roots vacuum pumps,
where they validated the flow field in the working chamber and the
inlet/outlet pockets using 3D unsteady flow simulation. Further, Sun et.
al [24] used a numerical model of roots blower in reference [22] to
predict the flow field and its validation with PIV. They found that flow
losses in the tip gap mainly happen at the entrance of the gap. Using the
setup discussed in [24], Singh et al. [25] validated numerical models
against PIV data in the clearance gap. This study discussed the effect of
the clearance gap on the overall flow field using different rotational
speeds and at different crank angles. They utilized deforming rotor grid
generated in SCORG [11] with casing-to-rotor conformal topology re-
ported by Rane et.al [7-9]. Similar research has been performed using
other types of compressors. One of them is a study by Zhang et.al [26] on
a scroll-type hydrogen pump using a 3D deforming grid and transient
model. They reported that the deviation of CFD results by 9 % from the
test.

Few other studies have been carried out using fluid-structure in-
teractions for the analysis of leakage flow. Chen et al. [27] employed the
immersed boundary method to simulate unsteady flows in a compressor,
utilizing a turbulent wall model established by Tamaki et al. [28]. The
method demonstrated promising results in comparison to the test data.
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Other study using fluid-structure interactions by Seyyed et al. [29] have
utilized the partitioned FSI approach. This method enables the separate
simulations of fluid and solid mechanics in interactive way. Using a
different method known as the fictitious domain method for the simu-
lation of the compressible flow in a rotary volumetric pump was re-
ported by Voorde et al. [30]. This study discussed the incompatibility of
such methods for compressible flows because flow with variable density,
enforcement of a kinematic restraint is not equivalent to enforcement of
a mass flux. They noticed large back-flow through the rotors which
made pressure build-up almost impossible. Considering the effect of the
selection of boundary conditions, Coull & Atkins [31] studied the in-
fluence on Tip leakage flow in a gas turbine. They reported that the
cascade of inlet condition and relative casing motion of the turbine rotor
have a significant effect on the pattern of leakage flow. In the extension
of work in [31], a study was performed by Maynard et al. [32] on the
unsteady structure of compressor tip leakage flow using DNS to identify
the flow structure in the tip flows. They reported that the shape of the
corner of the tip are the main cause of altering flow steadiness. Many
researchers have preferred SST K-omega turbulence models over many
available models for rotary machines. Praveen et al. [33] utilized SST
K-omega in their Fluid- Structure Interaction modelling of wind turbines
to find out the lifespan of blade by introducing a small cracks and holes
in main geometry. These irregularities were then analysed by loads,
deflection and stress levels.

Applying various approaches discussed earlier which are based on
different physics setups, grid generations and problem formulation to
improve the overall numerical prediction, researchers have tried to
understand the physics of fluid flow using heat transfer in the clearance
by developing the conjugate heat transfer models. Patel et.al [34] used
conjugate heat transfer simulation and validated the model using an
Infrared Thermography test data obtained in this research. They also
outlined the need for improvements towards the CHT model. A Research
work by Henshaw & Chand [35] proposed a new numerical method for
modelling temperature dependent fluid flow and coupling to heat
transfer in solids ability to compute transient and steady state problems.
They used centred discrete approximations to the interface equations.
They also reported future directions related to the use of this method in
deforming solid cases. One study on turbulent convective heat transfer
in rotor-stator systems by Dang et al. [36] used the numerical technique
of mixing plane model for coupling the rotating and stationary domains
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to improve the CHT. Rane et al. [37] developed a bi-directional system
coupling for CHT and variable leakage gap CFD analysis of twin-screw
compressors. In this study, the deformation of the rotor was calibrated
to match the test results. Another study on CHT was done by Mario et al.
[38] using a roots blower and its validation with the infrared ther-
mography test results. A comprehensive study on the effect of heat
transfer using conjugate heat transfer modelling on the overall flow was
presented by Ding et al. [39]. They established an innovative approach
to conjugate heat transfer using the Mixed Timescale Coupling method
between different media. This approach can address the time scale dif-
ference in the propagation of heat in both the fluid and solids. Recently,
Ding et al. [40] established a two-way coupling of CFD conjugate heat
transfer with solid thermal expansion in twin screw compressors to
accommodate the change in the size of the gaps from deformation. They
used Simerics-MP+ solver generated mesh and Mismatched Grid Inter-
face (MGI) to connect the fluid volumes. Wang et al. [41] used a variable
pseudo density for solids in the simulation of the transient heat transfer
characteristics between the compressed gas and the solid. They found
that the pseudo-density method gives similar numerical accuracy as
other coupled methods, and it is significantly low in computational cost.
A study by Cai et al. [42] that formulates a correlation for the coupling
error, together with the Proportional-Integral-Derivative (PID) control
method, to propose an adaptive fluid-solid coupling time step algorithm,
which dynamically adjusts the coupling time step such that the
computational efficiency can be improved without sacrificing accuracy.

Meanwhile, a recent experimental study by Brijesh et al. [43] used a
PIV setup to measure radial leakage flow through optical access under
machine operating conditions. The optical access was created using
sapphire glass assembled by removing part of casing material. The use of
sapphire glass increased the radial gap from 0.1 mm to 0.72 mm because
of the sealings to avoid external leakage passage. The velocity data was
captured at 45° crank angle of tip and at 20 mm far from one of the axial
ends. There is more description is written in methodology section. They
found that the rotational speed of the rotor at a pressure ratio affects the
leakage flow field and velocity field is higher at RPM1800 than
RPM2000 at given pressure ratio. Also, the flow field was found to be
discontinuous in the clearance gap and wake. These results obtained by
Patel et al. [43] are in contradiction with past studies by Vimmr et al.
[21]. Since the recent PIV test has indicated that the flow field is affected
by the change in rotor speed and fluid flow changes it’s gradient, it is

T (b)
ST Z
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Measurement plane

(

Side of clearance

visualization
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i 0.72mm
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Fig. 1. (a) Radial optical access of Roots blower (b) Measurement plane, position and Tip dimensions.
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Fig. 2. (a) Velocity contour, (b) & (c) Velocity profile through & across the gap at PR1.6 respectively.

important to compare these findings numerically by improving current
methodologies.

While researchers have made significant advancements in grid gen-
eration techniques, utilizing different approaches and turbulence
models to enhance the accuracy of leakage flow models, conducting in-
depth numerical analysis of leakage flow in radial gap and its verifica-
tion with experiments is lacking. The numerical study presented here
aims to investigate the radial leakage flow dynamics using variety of
modelling approaches. A number of techniques starting with the
simplified model to realistic 3D model are presented in order to compare
and improve understanding of challenges and benefits of each method.
First, modelling, analysis and comparison was made between two
simplified models of a static mesh with moving wall boundary specified
at the rotor tip, and an unsteady dynamic layering mesh technique for
moving mesh. In the second step, the 3D deforming rotor grid was used
as presented in [25]. Issues of the change in the tip profile was identi-
fied. To address the issues identified in 3D deforming rotor grid, study
developed a grid which maintains the profile of the rotor and capture the
tip fillet accurately. Furthermore, the test setup contained an optical
access to the leakage gap for capturing velocity field using Particle
Image Velocimetry (PIV). This study extended the development of grid
to accommodate the assembly of the optical window. Finally, the study
considered to include modelling of smoke and air mixture by altering the
molecular weight of the fluid composition, to match the condition of
seeding in PIV test. The same modelling technique can also be applied to
different profiles of the tip and different types of smoke seeding.

2. Methodology

This section outlines the experimental test setup and various nu-
merical simulation schemes employed to analyse the leakage flow
through the radial gap of the Roots blower. In addition, the numerical
schemes of steady mesh with moving wall boundary condition, unsteady
dynamic layering mesh technique and finally a full 3D deforming rotor
grid approach will be described in detail. This section also explains
modelling of the seeding with smoke.

2.1. Particle image velocimetry set-up

An experimental study of radial leakage flows in a Roots blower
using PIV measurements is detailed in [43]. The Particle Image Veloc-
imetry (PIV) is an optical velocity measurement technique which pro-
vides quantitative measurement of instantaneous and mean velocities.
In this setup, an optical access through the sapphire glass window was
used for the measurement of velocities in the radial clearance gap of
Roots blower. The glass window was used to replace a small section of
the casing on the side of the driven rotor. Fig. 1(a) illustrates the as-
sembly of the installed glass window. As shown in Fig. 1(a), optical
access was provided from both radial and axial directions. The radial
access is used to illuminate the domain with a laser sheet while the axial
window is utilised for visualization of flow in the radial clearance gap
between the rotor tip and the housing using a high-speed camera. Due to
the setup of the glass assembly, the tip clearance gap between the lobe
tip and the glass was increased from the nominal 0.1 mm to 0.72 mm, as
shown in Fig. 1(b). The gap size is a significant parameter which affects
flow in clearances. The suction flow is seeded by smoke to provide
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Table 1
Experiment Input conditions.

PR RPM Pour/Pin [kPal Tout/Tin [K]
1.6 2000 161.2/100.8 425.0/305.0
1800 418.0/304.0
1.2 2000 121.6/100.8 330.8/303.1
1800 330.1/302.5
1500 332.1/302.1
Table 2
Reference performance measurements.
Pressure Speed Discharge Discharge Torque Spec
Ratio [RPM] Temp [ °C] flow rate [kg/ [Nm] Power
s] [kW/m?/
min]
1.203 1500 59.37 0.0063 2.10 1.016
1.202 2000 57.70 0.0092 2.08 0.930
1.406 2000 91.20 0.0078 3.63 1.914
1.599 2000 150.16 0.007 5.06 2911

tracking particles for PIV.

The data were captured in and around the clearance gaps as shown in
Fig 1(b). The measurement plane for PIV data recording is 20 mm inside
from the end face of the lobe. The PIV data were collected at a 45° crank
angle where the radial gap is 0.72 mm. The rotor with the stepped shape
of the tip, and other clearance dimensions are also indicated in the
layout shown in the same Fig. 1(b). The velocity contours obtained by
PIV in Fig 2(a) show variation of flow velocities in the gap through the
clearance. The magnitude of velocity in the radial clearance gap at
rotational speed 1800 rpm is higher than for 2000 rpm as shown in Fig. 2
(b) & (c). The reference measurements for the current study at varied
pressure ratios and rotational speeds are given in Table 1.

The experimental setup used variety of sensors to obtain integral
performance parameters. Various parameters such as flow, pressure,
temperature, torque and power at different pressure ratios and rota-
tional speeds combinations were measured, as shown in Table 2.

2.1.1. PIV data processing

The data processing is divided into three main steps. First step is
called pre-processing, which is performed on the images captured to
reduce the error brought by incorrect vectors. The background noise is
reduced to minimum level by subtracting the minimum intensity ob-
tained by each ensemble of 200 captured images from each individual
image. In second step, a coherence-filter based post processing is applied
to calculate the raw velocity field using Dantec Dynamic Software as
detailed in [43]. The last step is also post-processing, which is performed
with the help of Tecplot software [43]. Tecplot is post-processing tool
widely used in numerical and experimental analysis. The raw velocity
field data from Dantec Dynamic Software is exported to Tecplot for final

(a) Casing:
Wall BC

AN

Rotor Tip:
Moving wall BC

Upper and lower
surfaces(in z-dir.)
: Symmetry BC
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post-processing in order to obtain contours, extract field parameters by
creating lines or points in the flow field, creating vector plots etc. Fig. 2
(a) is the contour obtained from Tecplot and profiles in the Fig. 2(b) are
obtained by creating points through the gap in the centre of the gap and
across the gap at the exit of the rotor tip where magnitudes of flow field
parameters are extracted. For post-processing, the total length of the line
for velocity data through and across the gap were kept same for both PIV
and CFD. The total number of points on the line through the gap is 30
and across the gap is 25. The start and end point of these two velocity
lines (through and across) were kept same for both PIV and CFD. The
detailed velocity line position and configuration description is shown in
Fig. 16 of Section 3.2.1.

2.2. Numerical modelling of the radial gap flow

In this study, simplified 2D and 3D domains as well as the full 3D
fluid domains are considered. Numerical mesh for stationary parts is
generated using ANSYS workbench while the deforming rotor domains
are meshed with the SCORG rotor grid generator [11]. The flow solver
Fluent was used for stationary mesh, dynamic layering and sliding mesh
methods, while CFX was used for calculations on the 3D deforming grid.
Air is used as a working medium. It is considered an ideal gas with
specific heat of 1006.43 J/kg-K, thermal conductivity of 0.0242 W/m-K
and viscosity of 1.7894e-05 kg/m-s. The operating parameters shown in
Table 1 are used for calculation all cases. Cases modelled in this study
are:

o Simplified 2D static numerical mesh

e Simplified 2D moving numerical mesh using unsteady dynamic
layering method

o Deforming 3D rotor mesh with filleted tip and hybrid clearances

e Mixture of smoke and air based on the molar weight ratio

2.2.1. Simplified 2D static numerical mesh

This study was performed using a stationary 2D simplified mesh of
the Roots blower with a one cell thickness of 5 mm in the direction
perpendicular to the 2D domain as shown in Fig. 3(a). In this model,
boundary condition on the rotor tip is a no slip moving wall with pre-
scribed angular velocity calculated from the rotor speed and rotor
diameter while the casing is stationary. The SST K-omega turbulence
model was applied. The inlet and outlet boundary conditions are
assigned as pressure inlet and pressure outlet respectively. The side
walls have been assigned a symmetric boundary condition. The nu-
merical grid is shown in Fig. 3(b) with the refinements in the boundary
layer zone at both casing and rotor tip. This grid has total of 262,959
cells with minimum mesh size of 0.0002 mm and 10 cells in the
boundary layer near walls.

Fig. 3. (a) 2D Simplified computation domain for Steady-state simulation (b) Mesh refinement view.
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Fig. 4. 2D Simplified computational domain for dynamic layering technique.

2.2.2. Simplified 2D moving numerical mesh using unsteady dynamic
layering

Dynamic layering technique is a method to generate numerical mesh
with moving parts. This meshing method is utilized across various fields
such as automotive, turbomachinery and ocean engineering [44]. For
modelling rotating parts of the machine, researchers have also been
utilizing the moving mesh such sliding mesh method [45]. Daniel et al.
[46] adopted this method with Large Eddy Simulation (LES) for
modelling vertical axis wind turbine. But in this study of roots blower,
dividing a very small gap (100um except at sapphire glass location) into
two different fluid zones, one stationary and other rotating, is not very
accurate setup to replicate the rotating fluid between solid casing and
rotor. However, the Dynamic layering technique sequentially adjusts the
movement on boundaries by generating cells at one end and collapsing
them on the other end. In this approach, the position of internal nodes is
automatically determined based on the specified boundary/object mo-
tion, cell type, and meshing schemes. Within prismatic hexahedral
and/or wedge mesh zones, dynamic layering is employed to add or
remove layers of cells adjacent to boundaries. The dynamic mesh model

Pout=

Pref + Phigh .
Outlet l Z,/I\‘x ;{ -
BC: Outlet- =
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in ANSYS FLUENT enables the specification of an ideal layer height on
the inlet and outlet boundaries, allowing cells adjacent to the inlet and
outlet boundaries to be split or merged with the neighbouring layers of
cells. This method captures the motion of moving boundary of complex
geometries and have better simulation stability. However, the setup can
be complex and requires careful consideration of boundary conditions
and has higher computational cost. The computational domain and
boundary conditions used in this study are shown in Fig. 4. Inlet and
Outlet pressure boundary conditions were assigned to inlet and outlet
respectively. The upper and lower walls were assigned symmetric
boundary conditions. The PISO P-V coupling model [47] and k-omega
SST turbulence model were adopted. In order to perform dynamic
layering technique, first, the steady-state calculation was carried out to
define boundary conditions as shown in Fig. 4. Inlet and outlet boundary
walls were not allowed to deform while the immediate fluid volume
connected to them were allowed to deform.

2.2.3. Deforming rotor grid: full 3D fluid domain model

SCORG is customized grid generation tool used for screw machine,
expanders, pumps and motors [8,11]. This tool can produce two
different topologies, Rotor-to-casing and Casing-to-rotor. In the first one
the whole domain is rotating with the rotor rotation while in the second
one the domain remains static and is deformed by the movement of the
rotor. In the Rotor-to-casing topology rotor volumes are generated
separately and connected via a non-conformal interface. Casing-to-rotor
is a single domain structured grid that eliminates the need for
non-conformal interface between the rotors.

Application of the casing-to-rotor setup was earlier presented by
Singh et al. [25]. However, this topology did not allow to retain the
original shape and size of the rotor tip at all time-steps. Therefore, the
rotor-to-casing topology is utilised in this work and proved to be more
convenient to maintain the size and shape of the tip more accurately,
despite the non-conformal interface between domains. The numerical
mesh generated using rotor-to-casing topology is shown in Fig. 5(b).

The inlet & outlet were assigned as opening and outlet boundary
conditions respectively as shown in Fig. 5(b). As shown in Figs. 5(c) &
(d), the generated rotor tip does not fall exactly on the original tip ge-
ometry (black line) but it retains its shape in all positions of the rotor.
The rotor mesh had 45 radial divisions, 180 angular divisions, 220

Fig. 5. (a) Computational domain, (b) & (c) Details of the tip on the leading & trailing edge.
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Fig. 7. Detailed mesh of (a) Standard Tip Corner (b) Developed Sharp Tip (c) Grid development area by angle.

circumferential divisions, 65 interlobe divisions and 35 axial divisions.
The total number of elements of rotor fluid zone is 1050,000. The radial
gap of 0.720 mm in all clearances.

2.3. Deforming 3D rotor mesh with filleted tip and hybrid clearances

The method described above does not represent geometry of the tip
accurately since sufficient number of nodes in the tip could not be
specified. Therefore, to represent geometry of the leakage gap properly,
firstly the fillet radius of the rotor tip was measured using a 3D scanner
and the radial gap was measured using filler gauges. Fig. 6(a) is the view
of Roots blower section where the glass window is assembled for optical
access. Figs. 6(b) and (c) are showing the measured radial gap of 0.72
mm, the tip length of 6.4 mm and fillet radii of R0.45 mm in the root and
RO.5 at the tip. The overall length of the Roots blower rotor is 40.498
mm. However, as shown in Fig. 6(a) the glass window covers only
38mmof that length. The clearance between the glass window and the
rotor tip is 0.72 mm while the clearance between the casing and rotor tip
in all other parts of the Roots blower is 0.1 mm.

2.3.1. Development of the grid to accurately represent the original shape of
the rotor tip

Previous research work by Singh et al. [25] using SCORG generated
deforming grids was carried out without considering the changes in
representation of the shape and size of the rotor tip over the simulation
time (Fig. 7(a)). In the present study, a node alignment algorithm was
developed to maintain the size of the tip length Fig. 7(b). As the size of
the tip through movement of the nodes the rotor tip was maintained, it
resulted in reduced quality of the mesh in the calculation domain, and
therefore the algorithm was improved further to align the nodes of the
casing to maintain the local grid quality. Since the accurate radial
leakage flow is required only at the main rotor side, the grid develop-
ment was limited only to that region while the other rotor tip was not
modified. The modification of the male rotor tip was performed only for
angles between 60° to 180° as shown in Fig. 7(c)

The new algorithm required to model fillets on the tip is shown in
Fig. 8. Steps in the development of the new mesh are explained in the
flow chart in Fig. 9. The procedure to accurately represent the fillet
shape increased the total number of the grid points on the rotor. The
same number of nodes were inserted on the casing. To improve quality
of the mesh, the distribution of nodes between the rotor and casing
boundary was modified.



N. Bikramaditya et al.

—
_—
——
e ———
—_—
==
’ =
7 ==
> 7 =
7 ————
/ % /, 1
% =
% /// e
777/
////)/ /,
/ v
__/—'—"’Y
"‘_FF—— /S /
| —— //
S

Fig. 8. Detailed mesh of Fillet tip.

2.3.2. Development of the mesh with hybrid clearances

The procedure for representing two different clearances, one in the
area of the glass window and the other of the original casing is shown in
Fig. 10. The algorithm starts with generating the first numerical mesh
for the clearance of 0.1 mm and replacing nodes in the area of the glass
window with clearance of 0.72 mm.

The resultant 3D geometry with hybrid clearances is shown in Fig. 11
(a). Numerical meshes for the flow domain around the main and gate
rotors are separately created and connected through the non-conformal
interface. Additionally, one set of grids for the main and gate rotors was
created of the length of 38 mm covered by the glass window with the
clearance between the main rotor and casing of 0.72 mm. Another set of
grids was generated for the remaining length of 12.498 mm and clear-
ances of 0.1 mm. These two sets of grids which represent fluid domain of
the main rotor were connected through a non-conformal interface as
shown in Fig. 11(b). Figs. 11(c) and 11(d) show that variable radial gap
in the region of the glass window. In addition to the radial and interlobe
clearance gaps which are inherent part of the numerical mesh generated
with SCORG, axial gap of 0.07 mm was added as an additional domain
on both sides of the rotor end faces.
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2.4. Mixture of smoke and air

The PIV test requires seeding of the flow with particles which are
tracked to determine flow velocity in clearances. The n-Octanol liquid
was used to generate smoke for the test. The amount of injected smoke
changes density of the air and smoke mixture and it is necessary to
investigate the influence on flow simulation results. The properties of air
and smoke are listed in Table 3. The study considered two concentra-
tions of smoke in air; 5 % and 15 %.

Since in the current study, a single-phase flow has been solved with
the density of an ideal gas, Eq. (1) is applied to the molecular weight of
air and smoke to get an equivalent mixture molecular weight.

P =D P )

where, p,, is the mixture molecular weight, p, is the material molecular
weight and r,, is volume fraction.

The corresponding molecular weights of the mixture for cases
modelled here are 35 g/mol for 5 % and 45 g/mol for 15 % smoke
concentration in the mixture.

3. Results and discussion

The numerical results of velocity field, discharge flow and temper-
ature are compared against the experimental data. Velocity contours
and profiles are compared with PIV results while the discharge flow and
temperature are compared with the experimental results given in
Table 2. For the verification of the Full 3D model, discharge mass flow
rate and temperature are compared with measured values. The test re-
sults are averaged over running time of approximately 15 mins. Simi-
larly, numerical results are averaged across the 10 cycles of rotation.

3.1. Velocity magnitude in clearances

This section compares the flow pattern through and across radial
clearance gap as shown in Fig. 16 considering velocity magnitude ob-
tained at different rotational speeds and pressure ratios. The results of
PIV measurements from literature [41] were used to compare the ve-
locity field obtained by simulation with the experiment. The flow field of
simplified CFD models is compared with the PIV results for the test
conditions listed in Table 1. The results of velocity profile are compared
at 45° crank angle of the main rotor.

@008 [ Boundary distribution for rectangular tip ] G008
0.006 s - = = - \
Modify sharp corners to fillets using
004 following equation
x=X0+r1*cos(0) X0, YO = centre,
0.002 y=YO0+r*sin(0) r=radius
) = = ’
0 Replace boundary points with fillets in the
-0.05% -0.05 -0.049-0.048 main rotor text file.
-0.002 -
' B
Use developed Python code to match the
-0.004 nodes on the casing with rotor nodes
\. J
4 N
06 Update grid files of rotor and casing in SCORG]|
grid generator and generate deforming Rotor
-0.008 fluid volume -0.008
/

Fig. 9. Flow chart of development stages from sharp corner (left) to fillet (right).
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Fig. 10. Flow chart of development stages to represent Sapphire Glass.
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Fig. 11. (a) 3D model with hybrid gaps, (b) Rotor volumes connected via an
interface, (c) Closer view of the mesh with hybrid clearances, (d) Sapphire glass
covering 80° in 2nd quadrant of the Roots blower.

Table 3
Fluid Properties.

Property (at 25 °C) Air Smoke/n-Octanol
Composition N2(78 %) + 02(22 %) CH3(CH2)sCH-0H
Molecular Weight (p,) 28.97 g/mol 130.23 g/mol
Density 1.225 kg/m? 820 kg/m*
Specific Heat Capacity (Cp) 1.005 kJ/kg-K 2.0 kJ/kg-K
Dynamic Viscosity (1) 1.831e-5 Pa-s 7.31e-3Pa-s

3.1.1. Velocity magnitude for simplified 2D schemes

The calculated velocity field with two 2D simplified schemes, namely
static mesh with moving wall boundary condition and dynamic layering
mesh at two different pressure ratios of 1.6 and 1.2 and three different
rotational speeds of 1500, 1800 and 2000 RPM was compared with PIV
results. Fig. 12 shows the comparison of velocity contours at pressure
ratio of 1.6 and 2000 RPM. The comparison shows modelling conditions
with no-smoke and 5 % smoke. In the case with no smoke, both
modelling techniques resulted with higher velocity magnitude than PIV
as shown in Fig. 12(b) and (c). The case of 5 % smoke showed better
agreement with PIV test as shown in Fig. 12(d) and (e). The dynamic
layering technique with 5 % concentration of smoke in air has shown
more variation in velocity gradient through the gap which better agrees
with measured results. This technique is more suitable for modelling of
the gap flow using simplified 2D methods.

The velocity contours for other pressure ratios and rotational speeds
and smoke concentration of 5 % are shown in Fig. 13. The velocity
gradients at the tip-exit are more pronounced for the dynamic layering
(Fig. 13(3)) than for the static mesh (Fig. 13(2)) due to the rotational
effect of the moving mesh. The dynamic layering (Fig. 13(3)) has also
more accurately captured the physics of flow at the tip entrance. Results
indicate that the leakage flow is sensitive to the speed of the rotor. It is
expected that the accuracy of modelling could be improves with the full
3D numerical mesh.

3.1.2. Velocity magnitude for the 3D model with filleted tip and hybrid
clearances

This section discusses velocity magnitude obtained by the full 3D
model of the Roots Blower with improvements for representing filleted
tip and hybrid clearances. The comparison of velocity magnitudes ob-
tained using this 3D mesh with the PIV test results is shown in Fig. 14 for
pressure ratio 1.6 and speed of 2000 RPM. The model considers all gaps
including hybrid radial gap (0.72 mm and 0.1 mm), interlobe gap of 0.1
mm and the axial gap varied from 0.07 mm to 0.08 mm as well as
seeding with 0 %, 5 % and 15 % of smoke in air. The velocity magnitude
for the case without seeding shown in Fig. 14(b) shows velocity mag-
nitudes higher than in measurements. The 15 % smoke seeding signifi-
cantly decreased the velocity magnitude throughout the clearance
because of the high density of the mixture as shown in Fig. 14(c). The
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Fig. 12. Comparison of velocity contours of PIV, Static mesh- Moving Wall BC and Dynamic Layering at PR1.6 & 2000 RPM.
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Fig. 13. Velocity contours comparison for (1) PIV, (2) for Static mesh and (3) for Dynamic Layering mesh.
case with 5 % smoke seeding and 0.07 mm axial gap produces improved mm is the distance from the tip entry point. The 3D model with rounded
velocity magnitude and is closer to PIV as shown in the Fig. 14(d). The tip, hybrid clearances, 70 um axial gap and 5 % smoke is closest to the
result of axial gap 80 pm and 5 % smoke seeding has similar velocity measured results with <5 % deviation.

magnitude as in the case of 70 um but produces more variation in the
velocity magnitude in clearances.

Fig. 15 shows deviation between the calculated and test results of
velocity magnitudes in the middle of the clearance gap. The X value in

10
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Fig. 15. Velocity magnitude deviation from the PIV measurement at pressure
ratio 1.6 and 2000RPM (the ordinate value X represents the location through
the gap as shown in Fig. 17 of next section).

3.2. Velocity profile, flow rate and temperature in clearance gaps

3.2.1. Velocity profiles in clearance gap

Fig. 17 shows comparison of the velocity profiles of all considered
numerical schemes with PIV test results. Lines alongside which the ve-
locity profiles are compared through and across the gap are displayed in
Fig. 16.

The velocity profile at the pressure ratio 1.6 and speed of 2000 rpm,
for all schemes is compared through the gap as shown in Fig. 17(a) and
across the gap as shown in Fig. 17(b). All simulations show more
changes in flow gradients though the gap than what is observed by PIV.

11

0.72mm Vel.

< S X Line
Tip Exit Y M, | across
/\ the gap

Vel. Line
through
the gap

X=0mm
AN

Fig. 16. Velocity lines indication in clearance gap for obtaining velocity pro-
files with corresponding start and end values of X; black color for across gap
line and green color for through gap line.

Stationary mesh with the moving wall boundary and 5 % seeding shows
higher velocity magnitude in comparison to the other methods. The
dynamic layering technique produces higher velocity at the tip-entry
similar to the stationary mesh but the velocity profile in the clearance
gap and at the tip exit is closer to the PIV results, as shown in Fig. 17(a).
The 3D model with hybrid clearances and smoke seeding have shown
improved velocity profile and magnitude through the clearance from the
tip-entry to tip-exit. The mesh with 70 pm axial gap and 5 % smoke
seeding is in the best agreement with PIV measurements. All numerical
models have shown tendency towards higher velocity at tip-entry than
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Fig. 17. Comparison graph of velocity profiles (a) & (b), (¢) & (d), (e) & (f) and (g) & (h)- through & across at PR1.6/2000, PR1.4/2000, PR1.2/2000 and PR1.2/

1500 respectively.
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Table 4
Discharge Flow Rate & Temperature comparison of 3D mesh models.
Conditions Cases Discharge Flow Discharge
Rate Temperature
mkg/ %A T( %A
m) °C)
PR1.6/ Test 0.420 150.1
RPM2000
Axial gap 70um 0.492 17.1 132.0 -12.1
% %
Axial gap 70 um + 15 0.798 90.0 93.0 -38.1
% seeding % %
Axial gap 70 ym + 5 0.498 18.6 129.7 -13.6
% seeding % %
Axial gap 80 um + 5 0.447 6.4 % 140.0 —6.8 %

% seeding

what is observed with PIV. However, the velocity profile across the gap
shown in Fig. 17(b) indicates that 15 % smoke seeding results are closer
to PIV which is contradictory with the pattern of the velocity profile
through the gap. With numerical models it was possible to obtain ve-
locity values at the wall and its vicinity. However, due to reflection, with
PIV measurements it was not possible to obtain velocity values near
walls. It is observed that the flow pattern across the gap for numerical
models and PIV measurements show the same trend. The flow propa-
gation in the direction of fluid movement is higher for cases without
smoke seeding.

At pressure ratios of 1.2 and 1.4, only the smoke seeding concen-
tration or 5 % was considered. Velocity profiles for the pressure ratio of
1.4 and speed of 2000 RPM are shown in Fig. 17(c) and (d). The velocity
profile in the clearance gap obtained by the dynamic layering technique
is matching well with PIV. However, it deviates significantly at the tip-
entrance and the tip-exit. 3D mesh with hybrid clearances shows good
agreement in all three zones of the tip-entry, tip-clearance and tip-exit.
The across velocity profile shown in Fig. 17(d) indicated that the dy-
namic layering is in the best agreement with the test results in the
clearance region.

At the lowest pressure ratio of 1.2 and speeds of 2000 and 1500
shown in Fig. 17(e) - (f) and (g)-(h) respectively, the dynamic layering
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technique has shown better agreement with PIV than the stationary
mesh and 3D mesh with hybrid clearances. At these conditions, the
velocity profile is not much affected by rotational speed. It is reasonable
to say that numerical models are in good agreement with PIV test results.

3.2.2. Discharge flow rate and temperature

This section is dedicated to the comparison of the integral flow and
temperature data. The integral parameters in the experimental results
are recorded at steady state conditions after sufficient time for all pa-
rameters to stabilise. The results of the numerical model with the 3D
numerical mesh, are averaged over 10 cycles of rotation. At the speed of
2000 and pressure ratio of 1.6, the discharge flow rate and temperature
obtained with the 3D model with axial gap of 80 ym and 5 % seeding is
showing good agreement with the test as shown in Table 4. The 3D
model with 70 um axial gap and 5 % seeding has shown higher deviation
from the test but is well within the acceptable range. However, in all 3D
modelling schemes, the mass flow is overestimated, and temperature is
underestimated. It is possible to make some adjustments by changing the
size of the gate rotor radial gap [26]. However, it is assumed that this is
not required for this study as it focuses on the leakage flow for which
deviations were found to be within the acceptable level.

In case of positive displacement compressor models such as roots
blower, a highly deforming mesh is required in the rotor domain. The
performance estimated from these models namely mass flow rate and
indicated power is dependent on the accuracy of velocity, pressure and
temperature field. In actual working condition, the gaps between the
rotor and housing vary to a certain extent. In the current study, these
gaps have been fixed as demanded by the CFD model. However, using
test data their values have been calibrated as indicated in Table 4 using
axial gap.

3.3. Pressure, density and temperature distribution

In this section, pressure, density and temperature variations will be
analysed. The comparison is made for 5 % seeding in both simplified
models and 3D models with 70 um and 80 um axial gap. Fig. 18 shows
the comparison of the pressure field of all numerical schemes at pressure
ratio of 1.6 and speed of 2000 RPM. The pressure drop across the tip is
105 kPa for static mesh, 71.82 kPa for dynamic layering, 59.8 kPa for 3D
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Fig. 18. Pressure contours at pressure ratio 1.6 and speed 2000 RPM.
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Fig. 20. Density contour comparison at pressure ratio 1.6 and speed 2000 RPM.

mesh with 70 um axial gap and 61.91 Pa for 3D mesh with 80 pm axial
gap. The pressure difference is higher for simplified models than for the
3D mesh with hybrid clearances. Simplified models therefore have
higher values of velocity in the clearance gap.

Fig. 19 is the comparison of the temperature profile among all the
numerical schemes. Temperature difference across the tip is 51.7 °C for
static mesh, 44 °C for dynamic layering, 45.2 °C for 3D mesh with 70 pm
axial gap and 49.55 °C for 3D mesh with 80 um axial gap. The maximum
temperature difference was observed in the static mesh and the lowest is
in the dynamic layering mesh.

Fig. 20 shows the comparison of the density contours for used nu-
merical schemes. The density recorded in the centre point between the
tip entrance and tip exit is 1.25 kg/m® for static mesh, 1.28 kg/m® for
dynamic layering mesh, 1.23 kg/m® for the 3D mesh with 70 um axial

14

clearance and 1.24 kg/m® for the 3D mesh with 80 um axial clearance.
The variation of density in the leakage gap across the used methods is
negligible.

Table 5. shows the summary of all numerical schemes applied in this
study. The 3D mesh with hybrid clearances produces results closest to
the experiment and has shown better sensitivity to the rotational speed
of the rotor.

4. Conclusion

This work has presented the validation of numerical model for radial
leakage flow in roots blower using PIV experimental data. Numerical
study utilized and compared three approaches, namely the 2D simplified
static mesh with the moving wall boundary, unsteady dynamic layering
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Table 5
Summary of numerical schemes.

Results in Engineering 26 (2025) 105578

Criteria Simplified 2D Methods Advanced 3D Methods
Static Mesh Dynamic Layering Hybrid Clearances
Description - Steady state - Unsteady state - 3D Deforming rotor grid
- Moving wall boundary conditions - Rotor tip - Grid moves in the flow field - Unsteady, Full rotation of rotors.
Tangential velocity - Time step - per 0.1° rotation - Hybrid clearance method to represent two different
radial clearances.
Numerical - Modelling is easy - Relatively complex modelling. - 3D representation of the model.
Aspects - Total simulation time is approx. 25mins - Total simulation time is approx. 600mins - Grid generation and Calculation is carried out on
different solvers.
- Total simulation takes around 4800 mins
Velocity - Velocity field is affected by the speed of the rotor but has higher magnitude than the test -Velocity field is significantly affected by speed of the
magnitude Rotor and closer to test

Velocity Plots -Higher deviation at tip-entry and at high PR

Accuracy - Less accurate
- Based on modelling assumptions. removal of mesh layer.
Sensitivity - Flow is sensitive to the rotational speed.
Ability - Limited to leakage flow
Limitation -Instantaneous flow field are primarily captured.

-Discharge flow and temperature cannot be measured.

- Accuracy depends on smoothness of addition and

-Lower deviation at high PR but higher deviation at
lower PR

- Highly accurate since it completely replicates the
geometry of the fluid domain

- Main flow, leakage flow as well as power can be
estimated

- Deviation in the leakage flow is dependent on the gap
size.

mesh technique and the 3D deforming rotor grid technique. The
Deforming grid model was found to be more accurate as it replicated the
features of rotor profile with rotating motion. Further, the 3D deforming
grid was improved by developing a grid for filleted tip and imple-
menting hybrid clearances to mimic the physical geometry. Also, the
fluid composition was changed by interpolating between molar weights
of air and smoke to capture the effect of smoke seeding. The study was
performed with 5 % and 15 % concentration of smoke. Axial gap in 3D
model was varied from 70 pm to 80 pm. The numerical schemes were
compared with experimental data considering velocity field, discharge
flow and discharge temperature.

Numerical results indicate that the gap flow field is sensitive to the
rotational speed of rotors, similar to what was observed through the PIV
experiment. It was noticed that influence of the rotor speed on the flow
field is higher for the higher-pressure ratios than for the low-pressure
ratios. Numerical schemes without smoke seeding have shown on
average 80m/s higher peak velocity compared to the test results.
Conversely, smoke seeding has shown significant improvement in the
gap flow profile. The deviation of the velocity field for the 3D mesh, with
5 % smoke seeding and 70 um axial gap is found to be well within the 5
% range when compared to the PIV measurements. With an axial gap of
80 um, with 5 % smoke the discharge flow rate and temperature was
closest to the measured data, but velocity was found to be slightly higher
by about 1 % near the tip inlet. The modelling procedures presented in
this research can be adopted to twin screw compressors and other pos-
itive displacement machines.
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