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experimentally or(and) via modeling and simulation. However, among the very limited
published CFD studies on the elevator aerodynamics, there is insufficient detailed
method and data been presented. Consequently, there is a very limited open-source
established method and preliminary data necessary for the elevator aerodynamic
study, restricting the potential improvement in this topic. Therefore, this paper studies
the behaviour and turbulence of the airflow induced by the elevator car movement in
the elevator shaft using the PIMPLE algorithm and the k-epsilon model. Details on the
theories and methods were explained and discussed, which include the computational
domain settings, governing principles and equations, numerical methods and
mechanisms, and boundary conditions. An unsteady, turbulent, incompressible, and
Newtonian airflow was assumed in the OpenFOAM simulation. The airflow was
affected mainly by the blockage effect and the Bernoulli’s effect. The simulation result
obeys the theories of fluid mechanics and physics, indicating its reliability to be the
preliminary data for further study.
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1. Introduction

Rapid development, population growth, and land scarcity lead to the vertical development of
buildings and infrastructures. Along with the increasing demand for vertical transport, aerodynamics
study on the elevator system is increasingly important to evaluate the acoustic, ride comfort,
aerodynamics performance, airflow effect of the elevator movement, as well as the potential of
kinetic energy harvesting [1-6]. The earlier elevator aerodynamics studies were carried out based on
experiments only. For example, Hisashi et al., [7] carried out the study using the oil flow pattern
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technique and wind tunnel method to visualize and determine the pressure fluctuation distribution
respectively. Modeling and simulation were emerging to better study the aerodynamics of the
elevator by determining the significant measurement area and to extrapolate the inaccessible
conditions of experimental studies based on the initial input. Many studies use the new or past
experimental data as a guide to develop valid modeling and simulation set up and then solve the
numerical equations to produce the extrapolated results. At the earlier stage of modeling and
simulation technology, Hisashi [8] studied on the aerodynamics-induced acoustic effect of the apron
to the flow around the car using both experiments and numerical simulation. The experiments were
only used for visualization, while the numerical simulation provides quantitative results. Positively,
the advancement of technology enables a more accurate and comprehensive quantitative
experimental study, as well as a faster, realistic and flexible modeling and simulation of the airflow.
For example, the study on the effect of blockage ratio on the performance of high-speed elevator by
Wang et al., [9] using computational fluid dynamics (CFD) software reduce its computational cost
using a quarter model.

Naiver-Stokes equation and its derivatives are the main governing equations for the
aerodynamics studies. For the modeling and simulation using CFD software, different numerical
solvers and turbulence models were used based on the objective of the study. PIMPLE algorithm was
preferable for the unsteady incompressible turbulent flow. Modeling and simulation approaches of
Reynolds Average Naiver-Stokes (RANS) and Detached Eddies Simulation (DES) were commonly used
in the past studies on elevator aerodynamics. There are several turbulence models classified based
on the modeling and simulation approaches, for example, the k-epsilon model and the k-omega
model are under RANS, whereas the k-omega Shear Stress Transport (SST) model is under DES [10].

The standard k-epsilon model is suitable to be applied for high Reynolds number case. The
application of wall function skips the necessity of the simulation of the buffer region in order to save
the computational cost. This model is linear so has fast convergence and low memory demand, but
it is less accurate when there is an adverse pressure gradient, strong curvature or jet flow. It is
suitable for the flow with consistent pressure from inlet to outlet, and external flow around complex
geometries bluff body. It provides a good initial guess for preliminary study before using other more
complicated models or carrying out experiments [11-12]. The low Reynolds k-epsilon does not apply
wall function, so it requires a denser mesh. It is usually used after getting the initial guess value from
the preliminary study using the standard k-epsilon model, in order to simulate the problem more
accurately. For the case to study the overall airflow within the elevator system, the k-epsilon
turbulence model was used. For example, the study on flow effect to ride comfort, and the
aerodynamics performance of the elevator car [13-14].

The k-omega model is suitable for low Reynolds number flow yet the wall function can be applied.
It is non-linear thus has a slower convergence. It is sensitive to the initial condition value, so it
requires the preliminary study using a less sensitive model such as k-epsilon to obtain initial guess
values. K-omega is accurate for internal flow, and flow with strong curvature, separated flow, and jet
flow. For the case to focus near-wall interaction for smaller scale eddies, the k-omega turbulence
model was used [4,9,15]. For example, the studies on the small scale eddies, which contribute to the
aero-vibroacoustic factor were done to evaluate the lateral aerodynamic buffeting effects [15].

The advancement of the CFD solving method combines k-epsilon and k-omega as k-omega SST,
using the appropriate model based on the location of the problem, which is the k-epsilon for the free
stream far from the wall, and the k-omega for the near-wall flow. Its resolution is equal to that of the
k-omega and the low Reynolds number k-epsilon but without the weakness of the pure k-epsilon and
k-omega [11]. The k-omega SST provides an accurate initial guess as to the k-epsilon, and simulate
flow separation in adverse pressure gradient conditions as the k-omega. The past study on Fluid-
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Structure Interaction (FSI) using k-omega SST was done by Singh et al., [16] to analyze the airflow
effect within the elevator system.

Nevertheless, there are limited published studies on the behaviour and turbulence of the airflow
induced by the moving elevator car using CFD. A point often overlooked, is that most of these past
studies did not discuss the solving principles and methods of numerical solvers (algorithms) and
turbulence models used in detail. Many studies on aero-vibro and acoustic factors of the elevator
system did not specify the type of the numerical solver and turbulence model used [3,17-19].
Consequently, there is a very limited open-source established method to guide the elevator
aerodynamics studies, causing less exploration in this topic. Moreover, the preliminary data
necessary for the experimental study as well as advanced modelling and simulation of the elevator
car in the shaft are scarce. This restricts the potential improvement in the aerodynamics of the
elevator car thus far.

Therefore, this paper studies the behaviour and turbulence of the airflow induced by the elevator
car movement in the elevator shaft using the PIMPLE algorithm and the k-epsilon model. Details on
the numerical algorithm and turbulence model were explained and discussed, which include the
computational domain settings, governing principles and equations, numerical methods and
mechanisms, and boundary conditions. This study can determine the significant measurement points
in a wind tunnel experiment as well as provide initial guess value to be input into the modeling and
simulation using k-omega and k-omega SST.

2. Methodology

Pre-processing was done using Salome, meshing and solving were done using OpenFOAM, while
post-processing was done using Paraview.

2.1 Computational Domain and Set Up

The symmetry quarter of the elevator system was modeled to represent the elevator system. The
computational domain meshed into grids consisting of 142527 cells, which are 141897 hexahedra
and 630 polyhedra. Figure 1 shows the computational domain of the elevator system, which uses the
static mesh approach. The downward movement of the elevator car at 10 m s within the shaft was
represented by the air inflow and outflow from the base of the shaft and top of shaft respectively at
10 m s. Simulation period of 20 s with the time steps interval 0.003125 s was used since the
preliminary test shows its sufficiency for the flow to be stable with a relatively constant parameter
value and flow pattern.
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Fig. 1. Computational domain of the
elevator system
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2.2 Numerical Algorithm: PIMPLE Algorithm

The atmospheric pressure and air density reduction can be neglected since most of the elevator
shaft in high-rise buildings is less than 500 m [20-21]. Another point is that the elevator car is moving
at only 10 m/s, which is less than the speed of sound (340 m/s). The induced airflow has insufficient
energy to compress the air within the shaft. Moreover, most of the HVAC system in typical buildings
maintains the air properties at the ambient air condition [22]. In that case, incompressible flow is
assumed in this study. Since there is no strong thermal source in the elevator shaft, the air within it
is assumed as a Newtonian fluid, which has a constant viscosity of 1.864 X 10 . The unsteady
turbulent incompressible Newtonian viscous flow induced by the elevator car movement is governed
by the continuity equation, time-averaged Navier-Stokes equations (Reynolds Average Navier-Stokes
equations), and modified k-epsilon turbulence model equations. These equations work based on the
conservation of mass and momentum, with constant air temperature and thus constant density and
viscosity. Parameters simulated are air velocity in three directions, Uy, Uy, Uz kinematic static
pressure, p; turbulent kinetic energy, k and dissipation rate of turbulent kinetic energy, €.

PIMPLE algorithm assumes an unsteady, incompressible, viscous and Newtonian flow. The
simplified incompressible Navier-Stokes equations governing the PIMPLE algorithm are as in Eqgs. (1)
and (2). These equations are input with the boundary conditions and initial conditions, as well as the
turbulence parameters to solve a case.

V-u=0 (1)
%u + V- (uu) + (vepfV?u) = —Vp (2)

Where u is the velocity (m s1), p is the kinematic static pressure (m s?), and Vesr is the effective
kinematic viscosity.

It is the combination of the PISO and the SIMPLE algorithm. Initially, it uses the SIMPLE algorithm
to initiate the flow and determine the guess value for the following simulation. It uses the SIMPLE
steady-state treatment to compute the steady-state solution for each time step, which enables the
Courant number to be larger than one. However, it solves the weakness of the SIMPLE algorithm in
neglection of transient behaviour and development of flow, which is caused by its large time step. It
enables a larger time step yet maintaining the accuracy and accounting of temporal change as in the
PISO algorithm. This enables it to reduce the computational cost while accounting for the significant
transient behaviour and development of flow. Consequently, the higher computational cost of each
time step is needed but a larger time step is allowed in the PIMPLE algorithm. It is compatible with
all turbulence models in the OpenFOAM software.

It works based on the parameters of velocity, u (m s?) and kinematic pressure, P (m? s2), which
are input into the mechanism of pressure-momentum coupling with the following steps. Firstly, a
momentum matrix is constructed using the guess value, then the pressure matrix is constructed
based on this momentum matrix, and pressure is calculated. The velocity initial guess value is
corrected with the newly calculated pressure value. The momentum matrix is then reconstructed
using the new velocity value. The whole cycle is repeated again until the adjustment of the velocity.
The number of cycles (loops) per time step depends on the nOuterCorrector set, which is usually 2.
PIMPLE algorithm stabilizes the simulation using the relaxation factor by mixing the current result
with the previous one in between each time step to smoothen the convergence rate. It also
moderates the convergence rate using residual control and nOuterCorrector.
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2.3 Turbulence Model: k-epsilon Model

k-epsilon model was used in this study since it is suitable to be applied in the case with high
Reynolds (Re) and turbulence flow, which its pressure gradient from inlet to outlet is low [12].
Although it has a lower fidelity of the near-wall region, it is sufficient for this study, which aims to
study the overall airflow within the elevator system. The results are sufficient to be used to determine
the high velocity and low turbulence points, acting as the preliminary guide for experimental studies
such as wind tunnel, as well as the initial guess to be input to a higher-order accuracy solving
approaches or resolutions. This study only involves study on a big section of the shaft instead of
focusing on the specific near-wall region. Low turbulence k-epsilon and k-omega will be used for
further study after got the baseline study done using k-epsilon.

k-epsilon model is a two-equation model with parameters of turbulence kinetic energy, k (m? s
2); and turbulence dissipation rate, €. kis the kinetic energy per unit mass of the turbulent fluctuations
in a turbulent airflow. € is the rate of dissipation of k. For the Newtonian fluid, it is the decrement of
the k because the energy was used to fluctuate the viscous stresses that resist the change of the fluid
by the fluctuating strain rates [23]. It uses wall functions, which are kgRWallFunction and
epsilonWallFunction to reduce the computational cost for the near-wall region. For the isotropic
turbulence, the initial value of parameters can be estimated using the established formula as in Egs.
(3) to (5) [24-25].

k =3/2 (ul)? (3)
Where

u is the air velocity (m s)
| is the turbulence intensity

N w

k

S w

€= Cﬂ T (4)
Where

C, is the k epsilon model constant which typically valued as 0.09
k is the turbulence kinetic energy (m s?)
L is the turbulence or eddy length scale

1=0.07L (5)

Where
L is the characteristic length of the case

2.3.1 Standard k-epsilon model equations
Egs. (6) to (8) show the equations of the standard k-epsilon model, namely equation of k,
equation of €, and equation of turbulence viscosity respectively [26-27]. Most of the CFD software

uses these equations with the default value of the coefficients as shown in Table 1. However, some
software such as OpenFOAM uses the modified equations of the k-epsilon model.

D% (pk) = V - (pDy Vk) + G + G, — pe + S (6)
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D C 2

— (pe) = V - (pD Ve) + == (G + C3Gp) = Cop—+ Se (7)
k2

Ve = Cy? (8)

Where

% (pk) is the mean-flow material derivative of turbulent kinetic energy (local derivative + advection)

V - (pDy, Vk) is the turbulence transport of k

pe is the dissipation of k

Gy, is the buoyancy flux

Sy is the average rate-of-strain tensor with modulus

2.3.2 Modified k-epsilon model equations (applied in OpenFOAM)

Modified k-epsilon model equations incorporate the effect of Rapid Distortion Theory (RDT), but
exclude the buoyancy factor, G},. Its default values of model coefficients are similar as the standard
k-epsilon model equations, but with addition of the coefficient C;gpr. Table 1 shows the default
values of model coefficients of both standard or modified version k-epsilon model equations. Egs. (9)
and (10) shows the equations of the modified k-epsilon model, which are the equation of k and
equation of € respectively [25].

Table 1
The default value of the coefficients
of k-epsilon model equations

Coefficients Value
C, 0.09
C, 1.44
C, 1.92
C3,RDT 0
Ok 1
Oc 1.3
D 2
= (k) =V - (pDy Vi) + G = Sp(V-u) = S (9)
D C1G 2 2
o (p€) = V - (pD, Ve) + 1Tke — GG — Gror) p(V-w)e =G, P% + Se (10)

2.4 Boundary Conditions

Table 2 shows the boundary conditions (BC) of each parameter of this study using the PIMPLE
algorithm and the k-epsilon turbulence model. Dirichlet BC and Neumann BC have been applied
alternately at inlet and outlet to optimize the flow continuity and stability [1]. The fixedValue BC was
applied at velocity inlet so zeroGradient BC was applied at the velocity outlet to make sure the flow
is initiated and being continuous appropriately based on the initial conditions and Navier-Stoke
equations. The same goes for the pressure inlet and outlet. However, the pressure inlet was set as
zeroGradient while pressure outlet was set as fixedValue to avoid the contradiction between velocity
and pressure fields. For turbulence parameters, the inlet BCs specialized for the k-epsilon turbulence
model was applied, and zeroGradient was applied at the outlet. Equally important, for velocity and
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pressure fields, noSlip BC was applied at the solid wall. For turbulence parameters, the k-epsilon wall
function was applied. Uniquely, since an only symmetrical quarter of the elevator system was
modeled in this study, symmetry BC was used at the symmetry faces [4].

Table 2
Boundary conditions of each parameter.

Car and shaft

Inlet Outlet Car and shaft wall .
symmetry region
Velocity, u (ms?) fixed Value inlet Outlet No Slip symmetry
Kinematic static
pressure, zeroGradient fixed Value zeroGradient symmetry

p (m?s?)

turbulence kinetic .
Turbulent Intensity

energy, - inlet Outlet kgRWallFunction symmetr

;gy_z Kinetic Energy Inlet g ¥ ¥
k (m?s7?)
dissipation rate of

P . Turbulent Mixing .
turbulence kinetic oo . Epsilon Wall

Length Dissipation inlet Outlet . symmetry

energy, Function

5 3 Rate Inlet
€(m?s3)

3. Results and Discussion

Figures 2, 3, 4 and 5 show the development of 10 m s* airflow until a relatively stable state. These
figures show that the airflow was blocked by the large cross-sectional area of the car, separated into
two sides, and squeezed to passes through the narrow gap between the shaft and car side wall, from
the upstream end (base) of the car until the downstream end (top) of the car. The car’s blockage
effect and Bernoulli effect causes the air velocity immediate upstream of the car decreased, air
velocity within the narrow gap increased, and air velocity downstream the car decreased as shown
in Figures 2 and 6 (a). This phenomenon was also reported by a similar study [28]. Conversely, the
kinematic static pressure immediately upstream of the car increased, air velocity within the narrow
gap decreased, and air velocity downstream the car increased as shown in Figure 3. The same
observations were reported by similar past studies [4,9,18]. When the cross-sectional area decreases,
the airflow velocity and static pressure increase and decrease respectively under the constant force
[29]. The Bernoulli’s principle can be applied in this study since the airflow is at a high speed and
within a large cross-sectional area wind tunnel, with lower viscosity effects.

The airflow disturbance creates the turbulence eddies, with increasing size of the turbulent wake
region located downstream of the car (blockage of the flow). This turbulent wake region has a lower
velocity magnitude but higher velocity fluctuation (turbulence). Nonetheless, in Figures 2 and 3,
fluctuation in velocity and pressure field of the airflow was observed even after reached the relatively
stable state. This is caused by the persisting turbulent eddies within the airflow especially in the wake
region. The same phenomenon was reported by Timo [1]. Based on Figure 4, the turbulence kinetic
energy increases with the flow development due to the increasing velocity and its fluctuations. Based
on Figure 5, the dissipation rate of turbulence kinetic energy, € do not show significant changes, it is
relatively higher at the region between the lower side wall of the car and the shaft during the early
time but remain relatively constant at a lower value until the end of the simulation. This is because
initially when the flow is developing and not stable, the turbulence kinetic energy was used to
fluctuate the viscous stresses that resist the change of the fluid by the fluctuating strain rates. After
the flow reached its constant velocity and was fully developed with a larger turbulence or eddy length
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scale, the loss of its turbulence kinetic energy became negligible compared to its high turbulence
kinetic energy [23].

Insight into the turbulence aspect and turbulence model used, as the air velocity and Reynolds
number increase, small eddies are produced in the airflow. However, this spatially (small size) and
temporally (exist only for short period) small scale oscillations is computationally not worth to be
resolved using ordinary Navier-Stokes equation, since the airflow velocity (u) over time has only small
local oscillations (u’) that can be solved in a time-averaged way, which is less computational costly.
Moreover, these small local oscillations appear only in the wake region, instead of the high air
velocity region that is significant to be studied [11]. So RANS was used in most of the studies to
average up the air velocity along with the simulation time steps, assuming the simulation period is
sufficiently long to capture the turbulent fluctuations. Based on Figures 4 and 5, the simulated results
show only medium size eddies, showing a smaller wake region and high-velocity region. The same
results were reported by the studies using RANS k-epsilon by Li-qun et al., [14], as well as RANS k-
omega by Wang et al., [9] and Ling et al., [4]. This simulation approach is sufficient for the study that
aims to study the average flow patterns and parameter values as an initial guess to guide the
experimental study. For the studies simulated using the DES, all sizes of eddies were simulated,
showing a larger wake region and high-velocity region due to a higher fidelity especially for the near-
wall region Nishant Singh et al., [16]. This type of simulation approach is required for the studies that
aim to simulate all sizes of eddies and focus at the near-wall region, which will then be validated by
experimental study.
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Fig. 2. Streamline plot of the velocity field from the first until the last time steps of simulation
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Figure 6 (a) shows the velocity contour during the stable state of the airflow, with its range of the
airflow velocity in directions x, y, and z from 0.0470384 to 27.3158 m s'. The airflow velocity gradient
from the car wall to the distant air in x and z direction was caused by the no slip condition, which was
obeyed by all air regardless of the surface roughness. The air velocity decreases when approaching
the solid wall [29]. Figure 6 (b) shows the significant measurement points (white dots) for
experimental study, which has high velocity and low turbulence. High velocity and low turbulence
points can provide a sufficient and stable kinetic energy harvesting.
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Figure 6 (a) shows the velocity contour during the stable state of the airflow, with its range of the
airflow velocity in directions x, y, and z from 0.0470384 to 27.3158 m s'. The airflow velocity gradient
from the car wall to the distant air in x and z direction was caused by the no slip condition, which was
obeyed by all air regardless of the surface roughness. The air velocity decreases when approaching
the solid wall [29]. Figure 6 (b) shows the significant measurement points (white dots) for
experimental study, which has high velocity and low turbulence. High velocity and low turbulence
points can provide a sufficient and stable kinetic energy harvesting.

4. Conclusion

Generally, this study discussed the principles and working mechanisms of the PIMPLE algorithm,
the k-epsilon turbulence model, as well as the boundary conditions for this approach combination.
The airflow surrounding the car was affected by the car’s blockage effect and Bernoulli’s effect. They
were indicated by the flow separation at the bottom wall of the car and flow reattachment at a
distant point from the car top (downstream of the wake region), as well as velocity surge and pressure
drop at the narrow gap between the car and the shaft respectively. The turbulence of the airflow was
observed to increase with the fluctuation of airflow velocity. Overall, the results show a good
agreement with the theories of fluid mechanics and physics, as well as the past literature results.
Thus, the numerical results are reliable to be used as an initial guess input for further study using the
DES approach, as well as reference data for the experimental study. Moreover, significant points with
high velocity and low turbulence were determined in order to reduce the unnecessary measurement
points in an experimental study.
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